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The interest in functional supramolecular systems for the design of innovative materials and technologies, able to
fundamentally change the world, is growing at a high pace. The huge array of publications that appeared in recent years in
the global literature calls for systematization of the structural trends inherent in the formation of these systems revealed at
different molecular platforms and practically useful properties they exhibit. The attention is concentrated on the topics
related to functional supramolecular systems that are actively explored in institutes and universities of Russia in the last
10—15 years, such as the chemistry of host—guest complexes, crystal engineering, self-assembly and self-organization in
solutions and at interfaces, biomimetics and molecular machines and devices.

The bibliography includes 1714 references.
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1. Introduction

Supramolecular chemistry, that is, the chemistry of molec-
ular assemblies and intermolecular bonds,!-2 is one of the
dynamically developing areas of experimental and theoret-
ical chemistry. Supramolecular systems have rapidly burst
into modern scientific research and technology, with a wide
range of scientists from various branches of knowledge,
including chemists, biochemists, physicists, engineers and so
on, being involved in their creation. First of all, this is
caused by the unique properties of these structures, which
are capable of spontaneous formation and easy transforma-
tion under the action of external stimuli such as temper-
ature, composition of the environment, light, ezc., caused by
the dynamic nature of intermolecular interactions under-
lying their formation. It is difficult to disagree with Acad-
emician M.V.Alfimov, who stated that a supramolecular
system is the place where properties of the material are
born.3

The universality of these interactions allows one to say
that almost ‘everything around seems to be supramolecu-
lar’.# This is not a joke any more. Indeed, virtually in any of
the objects or processes around us, we can find supra-
molecular interactions endowing them with unique features,
ranging from the amazing properties of one of the simplest
molecules, water molecule, to the processes that occur in
living organisms and involve huge biomolecules demon-
strating fantastic molecular recognition abilities. Therefore,
Academician A.l.Konovalov redefined supramolecular
chemistry as ‘a bridge between nonliving and living mat-
ter’.> Indeed, according to Academician A.Yu.Tsivadze,
‘The concepts and notions borrowed from biology have
played a significant role in the formation of supramolecular
chemistry as a separate field of science. The most important
of such concepts are the molecular recognition and cooper-
ativity’.®

Supramolecular interactions appeared in the Universe
billions of years ago, when its temperature after the Big
Bang dropped to values at which such rather weak inter-
molecular contacts could occur. However, the field of
science studying supramolecular systems is quite young,
being formed in the 1960—1970s. It was based on the
works of D.Cram, C.Pedersen and J.-M.Lehn in the field
of macrocyclic compounds, which gave impetus to the
creation of structures capable of highly selective specific
intermolecular interactions, enabling the construction of
supramolecular assemblies on the principles of molecular
recognition and multi-site binding. For their pioneering
work in this field, these scientists were awarded the Nobel
Prize in Chemistry in 1987 with the formulation ‘for their
development and use of molecules with structure-specific
interactions of high selectivity’.

In recent years, particular interest has been drawn to the
design of self-organizing, functional supramolecular sys-
tems that have become the basis for advanced materials, in
particular smart materials with controlled and adaptive
properties.”® A new and very important research area
stemmed from supramolecular chemistry, namely, the
design and synthesis of molecular machines, which was
acknowledged in 2016 by the Nobel Prize in Chemistry,
awarded to J.-P.Sauvage, J.Stoddart and B.Feringa.!? 12
Indeed, a large number of molecular devices have been
developed based on various classes of chemical compounds
the motion of which can be controlled by external stimuli of
various nature: irradiation with light, changes in temper-

ature and pH, redox transformations, ezc.!> Furthermore,
the development of nanotechnology cannot be imagined
without the well-known bottom—up approach, where
highly organized nanosystems are formed spontaneously
from single atoms and molecules through supramolecular
self-assembly. The design and properties of such supra-
molecular systems are the subject of this review. The review
was not intended to cover all works on this topic that have
appeared recently in the scientific literature all over the
world. The authors limited themselves to the most relevant
areas in which intensive research has been carried out over
the past 10—15 years, in particular, by scientific organiza-
tions and universities in Russia. The material of this review
is grouped into four Sections reflecting the most actively
developed areas of modern supramolecular chemistry:
chemistry of host— guest complexes and crystal engineering,
self-assembly and self-organization in solutions and at the
interface, biomimetics and molecular machines and devices.

2. Host —guest chemistry and crystal engeneering

2.1. Supramolecular chemistry of tetrapyrrole macrocycles
From the point of view of developing functional supra-
molecular materials, tetrapyrrole compounds, such as por-
phyrins, porphyrazines, phthalocyanines and related
macrocycles, are among the most promising building
blocks. These compounds possess a number of unique
physicochemical properties that lead to their wide practical
application as dyes, photosensitizers for bio-visualization
and photodynamic therapy, catalysts, magnetic materials
and photo(or redox)-active and conductive components in
various optoelectronic devices. Control over the supramo-
lecular level of organization of tetrapyrrole compounds is
the basis for expanding the scope of their applicability. This
research is largely inspired by the high level of ordering of
porphyrinoids in natural objects, for example in photo-
synthetic plant systems. The possibility of using supra-
molecular assembly as a tool for fine-tuning the properties
of tetrapyrrole compounds opens up great opportunities for
creating materials with controllable properties, including
molecular switches, as the basis for new high-density infor-
mation storage technologies, development of sensing and
biomimetic systems, erc.!3- 14

The interest in the controlled supramolecular assembly
of porphyrins, phthalocyanines and related compounds
emerged almost simultaneously with the concept of supra-
molecular chemistry. This assembly is based on the use of
various types of non-covalent interactions, such as m—=
stacking, electrostatic and donor—acceptor interactions,
hydrogen and coordination bonds, ezc. Numerous examples
of the formation of supramolecular assemblies with partic-
ipation of these interactions have been systematized in
several reviews of the past decade, devoted mainly to the
formation principles of the assemblies and studying of their
structure (see, for example, Refs 15, 16). The aim of this
Section is to survey the results obtained mainly in the last
decade on functional supramolecular materials based on
tetrapyrrole compounds with a focus on their practical
applications.

2.1.1. Supramolecular assemblies formed by n—n and electrostatic
interactions

Tetrapyrroles are directly involved in the supramolecular
self-assembly through aggregation induced by intermolecu-
lar m—= interactions, which first of all decrease the solubil-
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ity of the compounds. In terms of practical applications,
aggregation of tetrapyrroles has long been viewed as an
adverse phenomenon that deteriorates the functional cha-
racteristics of materials based on them, such as quantum
yields of luminescence and singlet oxygen generation. Thus,
the use of porphyrins, phthalocyanines and related com-
pounds as agents for photodynamic therapy and diagnosis
of cancer, and for photoinactivation of pathogenic micro-
organisms !7 is largely limited by the ability of these mole-
cules to aggregate in aqueous media, which affects their
photophysical properties. In this regard, numerous efforts
of researchers were aimed at obtaining water-soluble com-
pounds that do not tend to aggregate.!®

Nevertheless, it was found that phthalocyanine-based
aggregates stable in aqueous solutions could be used for
biomedical purposes by implementing other mechanisms of
relaxation of excited states. For example, photochemical
properties of amphiphilic zinc phthalocyanine complex 1
containing one tris(dimethylaminomethyl)phenoxy group
have been studied (Scheme 1).!° It was shown that this
complex, when transferred from DMF to water or phos-
phate buffer, forms stable colloidal solutions. According to
dynamic light scattering and transmission electron micro-
scopy (TEM) data, molecules in these solutions form
spherical aggregates, nanodots nano-1 with a narrow size
distribution (55420 nm at a concentration of
20 umol L—1). The surface of the nanodots bears hydro-
philic tris(dimethylaminomethyl)phenoxy groups, which
ensure stability in aqueous solutions, while their interior
consists of hydrophobic phthalocyanine moieties bound by
stacking interactions. This architecture of nanodots causes
fluorescence quenching, restricts the excited state vibra-
tional relaxation and completely inhibits singlet oxygen
generation. However, these aggregates acquire the ability
to generate another reactive oxygen species, the superoxide
radical anion (O3 ). The formation of this species was
confirmed using hydroethidine, a blue fluorescent dye, as a
chemical probe. A study of the possibility of using nano-1
particles for photoinactivation of pathogenic microorgan-
isms showed their high efficiency: even at a concentration of
50 nmol L—!, they suppressed the growth of both Gram-
positive  (Staphylococcus aureus) and Gram-negative
(Escherichia coli) antibiotic-resistant microorganisms.

Controlled aggregation of tetrapyrrole compounds can
also be induced by using electrostatic interactions. Thus, the
interaction of anionic and cationic water-soluble phthalo-
cyanines 2 and 3 gave nano-aggregates nano-[2-3] of 30—
100 nm in size, which, unlike the initial phthalocyanines,
possess neither fluorescence nor singlet oxygen generation
capability.?® However, these aggregates exhibited a photo-
thermal effect: their colloidal aqueous solution with a
concentration of 5.6 pmol L—! warmed up from 22 to
43 °C under laser irradiation (with a wavelength of 655 nm
and a power density of 0.6 W cm—2) for 5 min, whereas

NMes Scheme 1

NMEQ

self-assembly
in aqueous
solution

Structures 2, 3

5)

SO;Na*,

NMe? |-

ArO

@)

nano-[2- 3]

solutions of the initial phthalocyanines warmed up to no
more than 35 °C under the same conditions. Based on this
observation, the possibility of using nano-[2-3] assemblies
for photothermal therapy was demonstrated in vivo with a
4T1 murine mammary carcinoma. In addition, these struc-
tures exhibited a pronounced optoacoustic effect under
laser irradiation (Fig. 1), which allowed their accumulation
and distribution in the tissues to be monitored by optoa-
coustic microscopy.

Electrostatic interactions between differently charged
porphyrins have been used to create binary ionic materi-
als.?!-22 Thus, the interaction of cationic tin porphyrin
complexes 4a,b with anionic porphyrin 5 produces either
crystalline plate aggregates nano-[4a-5] or X-ray amor-
phous clover-like structures nano-[4b - 5] (Fig. 2). The depo-
sition of such nanoparticles on the platinum surface

20 [ —a—1
E o2
_E' 15 —a— 3
& i ——4
g 10
a L
g- 05
<

| s | s |
700 750 800
Wavelength, nm
Figure 1. Amplitude of the optoacoustic signal obtained in water

(1) and in aqueous solutions containing phthalocyanines 2 (2), 3 (3)
and nano-[2- 3] (4).?° Reproduced with permission from Wiley.

Structures 4, 5
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Figure 2. Scanning electron microscopy (SEM) images of nano-
[4a-5] (a) and nano-[4b-5] (b). Reproduced with permission from
Tian et al.??

produced hybrid nanomaterials, which were used for the
photodegradation of water in the presence of methyl viol-
ogen and triethanolamine.??> The efficiency of these photo-
catalysts was determined by the structure of the aggregates:
a significantly higher rate of hydrogen evolution was
observed in the case of a photocatalyst based on nano-
[4b-5] (Fig. 3). This effect was explained on the basis of
X-ray crystallography data, indicating the absence of inter-
molecular interactions in the structure of nano-[4a - 5], which
are necessary for the appearance of electronic conductivity.
At the same time, the conclusion about the presence of such
interactions in nano-[4b-5] was made on the basis of
electron absorption spectroscopy data.

A number of studies are devoted to self-assembly of
tetrapyrrole systems via electrostatic interactions. For
example, the self-assembly mechanisms of protonated tetra-
kis(4-sulfonatophenyl)porphyrin (H4TSPP2—, 6) to form
porphyrin nanotubes due to electrostatic interaction of
zwitter ions were discussed in a review of Sheinin et al.?3
and a similar controlled formation of J- and H-aggregates
was also studied2* for its analogue 6’ with an inverted
porphyrin macrocycle (Fig. 4).25

The presence of an extended aromatic system allows
tetrapyrrole macrocycles to form supramolecular assemblies
with other polyunsaturated compounds, including carbon
nanomaterials, such as fullerenes, graphene, nanotubes,
etc., through intermolecular stacking interactions. In these

N
[
o
T
N

E Figure 3. Dependences
:f 200 of the amount of released
& 150 | hydrogen on time in the
g presence of nano-[4a-5]
g 1001 (I) and nano-[4b-5] (2)
2 50 | 1 aggregates coated with
=3 platinum nanoparticles as
T o0 50‘00 : 10600 ‘15060 photocatalysts.??> Repro-
) A duced with permission

Time, min from the RSC.

Structures 6, 6’
~0s8 SO5y SO;
~0s3S 6 (HsTSPP2-) SO3 SO3

e 1 o -
< e

Figure 4. Schematic representation of 6 (a) and H- (b) and
J-aggregates (c) it forms; and cryo-electron micrograph of single-
walled nanotubes formed by H4TSPP2~ (d). White arrows indicate
tubes oriented perpendicular to the surface.?® Image d is repro-
duced with permission from the American Chemical Society.

hybrid systems, tetrapyrroles act as electron donors, while
carbon components act as acceptors.?® As a result, under
the action of light, they efficiently generate charge separated
states and, hence, they are considered as promising compo-
nents of photovoltaic materials. A significant advantage of
supramolecular assembly of these systems compared to
covalent bonding is that the conjugation chain of the carbon
components is not broken and their unique photophysical
properties are preserved.

The introduction of additional receptor groups to the
periphery of tetrapyrrole compounds increases the effi-
ciency of their binding to carbon nanomaterials. Thus,
M(7) complexes containing eight conformationally flexible
O-benzyldiethylene glycol residues are capable of forming
supramolecular complexes with fullerenes Cep and Cro, and
the receptor molecules behave like octopuses capturing
spherical guest molecules by tentacles.?” It was shown that
the interaction of phthalocyanine derivatives of magnesium
Mg(7) and zinc Zn(7) is accompanied by quenching of
fluorescence of phthalocyanines due to the formation of
charge transfer complexes in the excited state.

Analysis of the fluorescence quenching curves using the
Stern— Volmer equation made it possible to determine the
stability constants of these assemblies.?’ It turned out that
the stability of the supramolecular complex with C7pis 1.5—
2.5 times higher than that for the complex formed with

Structures M(7)

) NN =S (0]
o o N MNN/N O-)
Q_\\/ d N = o
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Figure 5. Structure of the supramolecular assembly formed by
complex of Mg(7) with fullerene Cgo according to the data of
quantum chemical calculations (PM6-DH2). Reproduced from
Ref. 28 with permission of Wiley.

fullerene Cgo. This selectivity to Cy¢ is also consistent with
the results of quantum chemical calculations using the
PM6-DH2 Hamiltonian parameterized for the study of
non-covalent systems (Fig. 5). Based on the EPR data, it
was concluded that cobalt(Il) complex Co(7) binds to Cyo
via dipole—dipole interactions without changes in the spin
density distribution.?”

An increase in the selectivity of binding of various
fullerenes can be used to develop methods for the separation
of fullerene mixtures.?® For example, palladium acetate-
induced assembly of zinc meso-tetrakis(4-carboxyphenyl)-
porphyrin 8 with macrocyclic ligand 9 in acetonitrile yielded
macrocyclic capsule [(8)2-(9)4- (PdOAc)g]® . This capsule
was capable of binding fullerenes Cgp and C7¢ in a homoge-
neous solution; after being dissolved in acetonitrile, it can
extract solid fullerenes (Fig. 6).3° X-Ray diffraction data
indicate that, upon binding of fullerenes to this receptor, the
size of the cavity decreases to better adjust to the guest
molecule. The binding constants (log K,) of this capsule
with Cgo and Cy¢ found by spectrofluorimetric titration
were 7.47+£0.03 and 8.6040.30 L mol—!, respectively,
which is consistent with a significant increase in selectivity
of binding of fullerene C7o. Such a high difference between
the log K, values made it possible to develop a chromato-
graphic method for isolation of Cgp from a mixture of
fullerenes containing also C7o and Cga.

2.1.2. Cation-induced formation of supramolecular assemblies
based on crown-substituted tetrapyrroles

One of the most successful solutions to the problem of
controlling the assembly of tetrapyrrole compounds was the
synthesis of their crown-substituted analogues, from which

h'

~
&

T L e

o o

N Na* L ONET

Ccoo

0ooC 8

Pd(OAc)2 |
MeCN

[(8)2(9)4" (PdOAC)s]®*

[(8)2-(9)4" (PdOAC)s]®* @Ceo

Figure 6. Scheme of the formation of the capsule
[(8)27(9)4 (PAOAC)s]®* and the host—guest complex with fullerene
Ceo according to X-ray diffraction data. The figure was created by
the authors using the Cambridge Crystallographic Data Centre
(CCDC 1027669 and 1027670) and data of Ref. 30.

supramolecular assemblies of a given architecture can be
obtained using the cation-induced assembly method. In
addition, binding of alkali metal cations to crown-substi-
tuted tetrapyrroles directly affects the physicochemical
properties of these heterotopic receptors, which makes
them applicable for the fabrication of materials with con-
trolled properties.

Thus, porphyrazines (Pz) modified with azacrown
groups were proposed as fluorescent sensors for alkali
metal cations (Fig. 7).3! These sensors have no intrinsic
fluorescence because of the nonradiative deactivation of
their excited states via charge transfer from the azacrown
ether nitrogen atom to the tetrapyrrole macrocycle. How-
ever, binding to alkali metal cations blocks the conjugation
of the nitrogen lone pair with the porphyrazine ring, thereby
preventing the photoinduced charge transfer, which results
in the observed enhancement of the receptor fluorescence.
Thus, when receptor 10 interacts with potassium and
sodium cations, the fluorescence intensity increases by a
factor of 10.5 and 11.5, respectively; however, the presence

~
charge ZnPz—N-""377"-0
transfer ¢/ Figure 7. Operation principle
N charge of crown-substituted porphyra-
) h' transfer zine 10 as a fluorometric sensor
SBut . .
charge for the detection of alkali metal
e transfer Bu'S 10 SBut Pz is porphyrazine ions.3!
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of ions of other alkali, alkaline earth and heavy metals does
not increase fluorescence.

To exhibit a selective fluorescence response to potassium
or sodium cations, pincer receptors 11a,b containing a pair
of azacrown ether groups were synthesized.?? In this case,
the method of binding the cations depended on which crown
ether groups were introduced into the receptor molecule and
gave rise to selectivity.

Structures 11
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The fluorescence intensity of receptor 1la based on
12-azacrown-4 in the presence of sodium cations was
selectively enhanced 291-fold, whereas receptor 11b, con-
taining 15-azacrown-5 ether moieties exhibited selectivity to
potassium cations, enhancing fluorescence 22-fold (Fig. 8).
Importantly, the introduction of macrocycles 11a,b into
SiO» nanoparticles made it possible to obtain hybrid mate-
rials in which the receptors retained a selective fluorescence
response toward sodium and potassium cations.

a b
£SO cSg
‘N\ LOS(N \NI
a+
N LNAOA N lN
Q.9 o 3
O O

Figure 8. Coordination modes of alkali metal cations depending
on the size ratio of the ion and the crown ether moiety in macro-
cycle 11b.32

The above example emphasizes the importance of struc-
tural compliance and cooperative interaction between the
receptor (crown ether) and the substrate (alkali metal
cation) for the formation of supramolecular assemblies of
a given architecture and obtaining the required analytical
response.

Using these ideas, a highly sensitive sensor system for
detecting and determining the concentration of beryllium
salts was fabricated on the basis of zinc tetra(9-crown-3)-
substituted phthalocyanine complex Zn[(9C3)4Pc] (where
9C3 is 9-crown-3 ether, and Pc is phthalocyanine)
(Fig. 9).33 1t was shown that in the presence of Be?™
cations, this complex forms J-aggregates (Scheme 2),
which leads to significant changes in the absorption and
fluorescence spectra even at an analyte concentration of
10=2 mol L—!. Other cations (Li*, Na®™, K", Cs*, Mg? ™,
Ca’*, Ba?", AI3*, Co?*, Hg>*, Ni?*, Pb?>", Zn?™") cause
no changes in the absorption/fluorescence spectra of the
sensor.

b
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Figure 9. Changes in the absorption («¢) and fluorescence (b)
spectra of Zn[(9C3)4Pc] (/) upon the formation of J-aggregates
with Be?* cations (2). The figure was created by the authors using
data of Ref. 33, with permission from the American Chemical
Society.
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On going to 15-crown-5-substituted (15C5) complexes, it
was found that aggregation can be caused by cations with
large ionic radii, K*, Rb" and Cs*. In contrast to
Zn[(9C3)4Pc], the M[(15C5)4Pc] complexes in the presence
of these cations form cofacial supramolecular dimers with
effective intramolecular exciton interaction between the
aromatic systems.’* The formation of these dimers in
solutions was confirmed by various physicochemical meth-
ods not only for phthalocyanines, but also for their ana-
logues with extended aromatic systems such as
naphthalocyanines (Nc¢)3° and  oxanthrenocyanines
(Oc) 3637 (Scheme 3).

Only in 2018, the structure of supramolecular assemblies
formed by crown-substituted phthalocyanines in the pres-
ence of alkali metal cations was established using
X-ray diffraction analysis in relation to the dimer
{[Rbg(NicAl(15C5)4Pc)>(n-0)]>* (Nic~),}, where Nic is a
nicotinate (Fig. 10).3® This dimer was obtained by the
reaction of a hydroxy aluminium tetra(15-crown-5)-substi-
tuted phthalocyanine complex [(15C5)4Pc]AI(OH) with
rubidium nicotinate. It was shown that the supramolecular
assembly is accompanied by the formation of an p-oxo-
bridge between aluminium atoms. The Al—O — Al moiety
formed in this case has a linear structure and is located
perpendicular to the plane of phthalocyanine macrocycles,
with the Al— Al distance being 3.762 A.

The analogy between the architecture of these supra-
molecular dimers and the structure of dimers formed by
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Figure 10. Crystal structure of
{[Rba(NicAl(15C5)4Pc)2(u-0)]?* (Nic~)2} dimer according to
X-ray diffraction data. The figure was created by the authors
using the Cambridge Crystallographic Data Centre (CCDC
1566600) and data of Ref. 38.

Figure 11. Architecture of donor—acceptor assemblies — dyads (@)
and tetrads (b) — formed by Zn[(15C5)4Pc] in the monomeric or
dimeric state and 2-(4-pyridyl)-5-(5-ammoniopentyl)pyrrolidi-
no[3,4:1,2][60]fullerene.3°

M[(15C5)40c] M[(e-Bu0)s(15C5)40c]

chlorophyll a molecules in plant photosynthetic systems
made it possible to fabricate a donor—acceptor biomimetic
system, which formed a long-lived charge-separated state
upon photoexcitation. For this, an electron-donor zinc
crown-substituted phthalocyanine complex Zn[(15C5)4Pc]
was used as a donor, while 2-(4-pyridyl)-5-(5-ammoniopen-
tyDpyrrolidino[3.4:1.2][60]fullerene served as an acceptor
(Fig. 11).3° The lifetime of charge-separated state of
ZnPc' —Cgo~" was 4.8 ps, and it increased to 6.7 pus on
going from the dyad with a monomeric donor to the tetrad
in which a supramolecular dimer acted as the donor.
Indium(111) tetra(l5-crown-5)-substituted phthalocya-
nine complex ([(15C5)4Pc]In(OH)) was used to demonstrate
the possibility of targeted and reversible cation-induced
control of photophysical properties of compounds such as
luminescence, singlet oxygen generation and photostabil-
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ity.*? In the monomeric state, this complex had low photo-
stability due to its ability to generate singlet oxygen,
whereas supramolecular dimerization resulted in inhibition
of '0, generation and increased the photostability.

Reversible cation-induced supramolecular assembly was
also used to control the aggregation and photophysical
properties of crown-substituted macrocycles exhibiting an
increased propensity for intermolecular m—m interactions,
tetra(15-crown-5)naphthalocyanines M[(15C5)4Nc], where
M=2H, Mg, Zn>3> and tetra(l5-crown-5)oxanthreno-
cyanines M[(15C5)40c¢], where M =Mg, Zn.3¢

Using UV-vis spectroscopy, it was shown that naphtha-
locyanines M[(15C5)4Nc] exist in an aggregated state in a
CHCl3 + MeOH mixture.?> However, under the action of
potassium acetate, these aggregates are converted to soluble
supramolecular dimers 2 M[(15C5)4Nc¢c]-4 K. The removal
of potassium cations from the dimers in the presence of
[2.2.2]cryptand leads to the formation of monomeric forms
of complexes, which do not re-aggregate. It is important to
note that solutions containing supramolecular dimers and
aggregated forms of M[(15C5)4Nc] remained photostable
upon irradiation with white light. At the same time, sol-
utions of monomeric naphthalocyanines underwent rapid
photodegradation due to the generation of singlet oxygen,
which causes the destruction of tetrapyrrole macrocycles.
The  photostability of crown naphthalocyanines
M[(15C5)4Nc] decreased in the M series as follows:
2H > Mg > Zn, which is consistent with the increase in
the quantum yields of singlet oxygen generation on going
from the naphthalocyanine ligand to metal complexes.

Tetra(15-crown-5)oxanthrenocyanines  M[(15C5)4Oc],
structurally related to crown naphthalocyanines,3®
also formed soluble supramolecular dimers

2MJ[(15C5)40c]-4 K™ in the presence of potassium cations.
However, in contrast to naphthalocyanine analogues, the
destruction of these dimers in the presence of [2.2.2]crypt-
and did not lead to the formation of monomeric forms of
complexes. Instead, repeated aggregation of the complexes
was observed with the formation of nanoparticles charac-
terized by panchromatic absorption in the 250—900 nm
range.*!
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A hybrid material with graphite-like carbon nitride
modified with platinum nanoparticles was obtained using
an asymmetric photosensitizer, zinc 4-carboxybenzoannu-
lated tri(15-crown-5)phthalocyanine complex 12
(Pt/g-C3Ny), (Fig. 12).42

This material showed the ability to photocatalytically
form hydrogen from an aqueous solution of triethanol-
amine with a turnover number (TON) of 3105 h—! due to
photoinduced electron transfer from phthalocyanine mole-
cules 12 to an inorganic matrix with subsequent reduction
of protons to molecular hydrogen. It was shown that bind-
ing of alkali metal cations to crown ether substituents has
different effects on the quantum yield, the rate of hydrogen
evolution, and the TON of the catalytic system. These
characteristics virtually did not depend on binding of
lithium cations, while in the presence of sodium and
especially potassium cations, a significant increase in the
rate of hydrogen evolution was observed (Fig. 13). In the
latter case, the TON value reached 9067 h—!. The authors
used a wide range of methods, including time-resolved
fluorescence spectroscopy and quantum chemical calcula-
tions, to study the processes of electron transfer from a
photosensitizer to Pt/g-C3Ny.
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s tion of the hybrid material

2 2000 Pt/g-C3Ny (1); Pt/g-C3Ny4-12
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0 Pt/g-C3N4-12(K 1) (5).42

Reproduced with permission
from Elsevier.

In relation to the heteroleptic double-decker terbium(I11)
phthalocyanine complex [(15C5)4Pc]Tb(Pc), which behaves
as single-molecule magnet (SMM), it was shown that the
formation of a supramolecular dimer (Fig. 14 a) leads to a
1000-fold decrease in the relaxation rate of magnetization at
2 K, and the temperature range in which the hysteresis of
magnetization is observed expands from 7 to 15 K.** Such
an improvement in the magnetic properties is primarily due
to ferromagnetic interaction between the terbium ions. The
distance between the Tb3" cations (6.2 A), estimated from
NMR spectroscopy data, is in line with the value of 6.249 A
found by X-ray diffraction for a structurally similar six-
decker dimer obtained by supramolecular dimerization of
the complex [(15C5)4Pc]Y(Pc)Y(Pc) in the presence of
KBPhy (see Fig. 145).4* This structure is the first direct
evidence for the architecture of supramolecular dimers
based on sandwich crown-substituted phthalocyanine com-
plexes of rare earth elements.

It should be noted that the nature of the solvent and
heat treatment of crown phthalocyanines can also lead to
the formation of assemblies with new physicochemical
properties due to numerous non-covalent interactions
involving crown ether groups, aromatic moieties and sol-
vent molecules. Thus, it was shown that the supramolecular
self-assembly of the [(15C5)4Pc]Ru(Pyz)> (13) (Pyz is pyr-
azine) complex in a mixture of tetrachloroethane and
polymer composites with polyvinylcarbazole induced by
repeated heat treatment with heating the solution to 70 °C
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Figure 14. Structure of the supramolecular dimer 2 [(15C5)4Pc]Tb(Pc)-4K ™ (a),*? scheme of supramolecular dimerization of the complex
[(15C5)4Pc]Y (Pc)Y (Pc) and crystal structure of the six-decker dimer according to X-ray diffraction data (b).** The figure was created by the
authors using the Cambridge Crystallographic Data Centre (CCDC 1994699).
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Figure 15. AFM photomicrographs of films obtained from a sol-
ution of complex 13 in tetrachloroethane before (a) and after (b)
heat treatment.*> Reproduced with permission from the Royal
Society of Chemistry.

and subsequent cooling to 5 °C gives rise to a nonlinear
optical response of the material, which is absent in the case
of the monomeric complex (Fig. 15).4°

2.1.3. Supramolecular assembly of tetrapyrroles via hydrogen
bonding

Hydrogen bonds (H-bonds) play a crucial role in the
formation of supramolecular structures based on natural
tetrapyrrole macrocycles, providing their high activity and
exceptional selectivity in various biochemical processes in
life (chlorophyll in photosynthesis, haem proteins in oxygen
transport and in enzymatic processes). These structures can
arise via the formation of intermolecular hydrogen bonds

Chlorophyll structures
0}

A —
? N o 0]
phytol
Chlorophyll a

phytol
Bacteriochlorophyll a

between appropriate functional groups at the periphery of
the tetrapyrrole complex or via axial coordination of pro-
ton-donating small molecules to the complex-forming
metal, or via a combination of both types of binding.4¢-47

Figure 16 shows the hydrogen bonding between bacter-
iochlorophyll @ molecules and tryptophan (Trp) or tyrosine
(Tyr) residues in light-harvesting complex II from Gram-
negative purple non-sulfur bacteria Rhodoblastus Acidophi-
lus.*¢ Recently, model studies4” showed that H-bond for-
mation involving the keto group of chlorophyll «
(see Fig. 16) as a part of supramolecular complex with
protein in photosystem II of higher plants allows smooth
changes of the energy of electronic transitions in a supra-
molecular assembly, providing high efficiency of cascade
energy transfer by a light harvesting antenna.

Hydrogen-bonded supramolecular structures also play a
key role in haem protein structure and function. Participa-
tion of a distal water molecule coordinated to the haem in
the H-bonding to the tyrosine residue Tyr107 (Fig. 17 a) was
shown to regulate H,O, binding and activation in model
myoglobins,*® while H-bonding to histidine His29 (see
Fig. 17 b) determines their hydrolytic activity.*®

Similar principles of the assembly of supramolecular
systems via hydrogen bonding are used in the case of
synthetic porphyrins and their meso-aza-substituted ana-
logues (porphyrazines and phthalocyanines). Over the last
decade, this approach has been actively used for the



906

1.S.Antipin, M.V.Alfimov, V.V.Arslanov, V.A.Burilov, S.Z.Vatsadze et al.
Russ. Chem. Rev., 2021, 90 (8) 895-1107

Figure 16. Formation of hydrogen bonds in the structure of light-
harvesting complex II from Rhodoblastus Acidophilus between
residues Trpo44 and Tyro45 and molecules of the af-heterodimer
of bacteriochlorophyll a (B850).47 Reproduced with permission
from Elsevier.

Figure 17. Formation of hydrogen bonds with the distal water
molecule in model myoglobin structure with tyrosine (a) and
histidine (b). The figure was created by the authors using data of
Refs 48 and 49.

development of both biomimetics and new functional mate-
rials. These issues are addressed using the same types of
interactions that occur in nature, and the porphyrin macro-
cycle can serve as both a donor and an acceptor of H-bonds,
thus forming dimeric, oligomeric or polymeric framework
structures, which have been named hydrogen-bonded
organic frameworks (HOFs).

Free porphyrin bases generally have a planar structure,
their pyrrole NH groups form intramolecular H-bonds with
pyrrolenine nitrogen atoms and are incapable of intermo-
lecular interactions. However, protonation of these mole-
cules usually disrupts the planarity of the macrocycle and

= Haem structure

OH

Structure 14a

Figure 18. Photoactive supra-
molecular systems based on
dodecaphenylporphyrin dica-
tion (14a) and benzyl viologen
derivatives (15a) or Ru!! poly-
pyridyl complex (15b) (a) and
crystal structure for the latter.
The figure was created by the
authors using the data of
Ref. 50 and Cambridge Crys-
tallographic =~ Data  Centre
(CCDC 1902315).

changes the H-bonding capacity. For example, due to the
saddle-shaped distortion of the macrocycle in the diproto-
nated forms of porphyrins, especially in the case of dodec-
asubstituted derivatives, NH groups become good H-bond
donors and can form supramolecular structures via inter-
molecular hydrogen bonding to various anions. Thus,
various photoactive supramolecular systems with carboxyl-
containing redox-active guest molecules capable of photo-
induced electron transfer (H4DPP?", 14a) were derived
from  dodecaphenyl-substituted porphyrin  dication
(Fig. 18).59 Using benzyl viologen derivative 15a as an
electron acceptor, the H4DPP2" porphyrin mediated the
photoinduced electron transfer from decamethylferrocene
(indicated by the blue circle with the letter D in Fig. 18 @) to
the acceptor molecule. In the case of H4DPP2* binding to
the ruthenium(1l) polypyridyl complex 15b, intramolecular
photoinduced electron transfer was observed. This is the
first example of application of protonated porphyrins as
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photoactive platform for the creation of charge transfer
systems via hydrogen bonding. /

Extended two- and three-dimensional supramolecular
structures based on tetrapyrrole macrocycles formed via
H-bonds have recently attracted particular interest. Thus,
supramolecular assemblies of various dimensionalities were
obtained from dodecaaryl-substituted porphyrins 14b—d.>!

Structures 14b—d
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14b-d

A self-assembly process involving porphyrin 14b con-
taining two p-carboxyphenyl groups in the opposite meso-
positions resulted in one-dimensional chains (Fig. 19a).
Upon the introduction of four p-carboxyphenyl groups,
porphyrin 14¢ forms supramolecular 2D networks (see
Fig. 19¢). The presence of 3,5-dicarboxyphenyl groups in
the meso-positions of porphyrin macrocycle 14d results in
the formation of H-bonded ladder-type structures (see
Fig. 19d). An interesting feature of these supramolecular
structures is the presence of nanochannels containing
anions (see Fig. 19 5).

It has recently been shown that the self-assembly of
meso-tetrakis(4-carboxyphenyl)porphyrin-based HOF
(H>TCPP) can be finely tuned by kinetically and thermody-
namically controlled blocking of a portion of the carboxyl
groups upon interaction with DMF at various temper-
atures.>> Thus, HOFs with porphyrin— DMF stoichiometric
ratios of 1:2, 1:4 and 1:6 were obtained at 120, 130 and
140 °C, respectively. X-Ray diffraction analysis was used to

H.TCPP-6DMF

Figure 20. Nature of non-covalent interactions in HOF formed by
meso-tetrakis(4-carboxyphenyl)porphyrin and DMF. LP is lone
pair.>? Reproduced with permission from the American Chemical
Society.

elucidate the nature of the non-covalent interactions
responsible for the formation of each type of HOF
(Fig. 20). The resulting supramolecular structures were
used for the photocatalytic decomposition of 9,10-diphenyl-
anthracene, with the 1:6 assembly being the most active.
The same assembly showed the highest intrinsic photo-
stability.

Three-dimensional HOF-type supramolecular structures
can also be obtained by simultaneous introduction of two
types of functional groups, e.g., pyridyl and carboxy
groups, into the porphyrin molecule. For example, in the
Mn!! and Zn" complexes with 35,15-di(4-pyridyl)-10,20-
bis(4-carboxyphenyl)porphyrin (16), HOF structures are
formed through interaction of carboxyl groups among
themselves and with the pyridine moieties not involved in
coordination with metal cations (Fig. 21).>3

Figure 19. Chain structure (a) and
channels (b) in 5,15-bis(4-carboxy-
phenyl)-10,20,3-decaphenylporphyrin per-
chlorate (14b), and two-dimensional struc-
ture of  5,10,15,20-tetrakis(4-carboxy-
phenyl)-B-octaphenylporphyrin  chloride
(14¢) (¢) and the ladder structure of
5,10,15,20-tetrakis(3,5-dicarboxyphenyl)-§
-octaphenylporphyrin chloride 14d (d).3!
Reproduced with permission from the
Royal Society of Chemistry.
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Mn(OAc),
-

HO2C

Figure 21. 3D supramolecular HOF structures based on 5,15-di(4-pyridyl)-10,20-bis(4-carboxyphenyl)porphyrin (16).>3 Reproduced with

permission from Elsevier.

The formation of supramolecular structures through
hydrogen bonding is also possible upon the interaction of
tetrapyrrole macrocycles of various types. Thus, heterolep-
tic sandwich complexes of Eu!'' (17a,b) containing octyl-
amine-substituted tetraphenylporphyrin and
phthalocyanine ligands were used to form nanoaggregates
of various architectures via the formation of meso-
N---NHCgH7-n hydrogen bonds.

Complex 17a containing one octylaminophenyl group
forms nanorods organized into J-type aggregates (Fig. 22 a),
while its analogue 17b with four aminoalkyl groups forms
extended nanolayers which assemble into H-aggregates (see
Fig. 22 ). It was shown that H-aggregates based on com-
plex 17b have higher conductivity as compared to that of
J-aggregates of complex 17a.5*

Structures 17

= H, R2 = NHCsH17-n (a);
= RZ = NHC3H17-n (b)

Figure 22. SEM images of the assemblies formed by complexes 17a
(a) and 17b (b).>* Reproduced with permission from Elsevier.

Porphyrin 18 containing 2,4-diaminotriazine rings in
meso-positions was employed to obtain a highly porous
supramolecular HOF structure due to several types of non-
covalent interactions.’® First of all, molecules 18 form
dimers via hydrogen bonding between axially coordinated

Structure 18

Figure 23. Hydrogen bonds formed in compound 18 upon inter-
action of 4-(2,6-diaminotriazinyl)phenyl groups with a coordinated
water molecule (¢) and with each other (b), leading to a porous
supramolecular structure 3D-HOF (c¢). The figure was created by
the authors using the Cambridge Crystallographic Data Centre
(CCDC 1044789) and data of Ref. 55.



1.S.Antipin, M.V.Alfimov, V.V.Arslanov, V.A.Burilov, S.Z.Vatsadze et al.
Russ. Chem. Rev., 2021, 90 (8) 895-1107

909

water molecules and the nitrogen atoms of triazine hetero-
cycles (Fig. 23 a). Further, these dimers form intermolecular
hydrogen bonds involving diaminotriazine moieties (shown
in relation to 2,6-diamino-4-phenyltriazine; see Fig. 235),
which gives rise to a porous structure (see Fig. 23 ¢). Due to
specific structural features, this HOF system is capable of
selective sorption of COs.

Intermolecular hydrogen bonds play a paramount role
in the formation of supramolecular structures of tetrapyr-
role metal complexes with an axially coordinated water
molecule. The formation of H-bonded assemblies with
participation of water molecules is particularly character-
istic of Mg!! and Zn!' complexes, which efficiently adsorb
traces of water from solvents. For example, a recent study >°
demonstrated the formation of supramolecular dimers
based on magnesium(II) and zinc(II) aqua complexes with
unsubstituted phthalocyanine via hydrogen bonding
between the coordinated water molecule and meso-nitrogen
atoms of the adjacent phthalocyanine molecule; simultane-
ously, an H-bond was formed with the 4-methylmorpholine
solvation molecules (Fig. 24).

In the case of meso-aza-substituted porphyrins, in par-
ticular porphyrazines 19a—c¢, meso-nitrogen atoms can also

@c
o H
@N
@®o
Qg

Figure 24. Supramolecular dimer of magnesium phthalocyanine
aqua complex with 4-methylmorpholine solvation molecules. The
figure was created by the authors using the Cambridge Crystallo-
graphic Data Centre (CCDC 1872453) and data of Ref. 56.
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participate in the formation of intermolecular H-bonds.
Thus, for porphyrazines with annulated 1,4-diazepine moi-
eties, a unique complementary H-bonds were found to arise
between the meso-nitrogen atoms of one molecule and the
hydrogen atom of the methylene group having enhanced
acidity in the diazepine ring of another molecule, which
gives rise to stable dimers (Fig. 25).37-38

It was found that the tendency of tetrakis(1,4-diazepi-
no)porphyrazines to form dimers is influenced by the nature
of both the substituent in the diazepine rings and the
solvent.’”~3% Thus, complex 19a with a 4-tert-butylphenyl

Figure 25. Structure of the dimer formed by 19¢ by means of
complementary intermolecular H-bonds. Only the carbon atoms
of the substituents and the hydrogen atoms of the CH» groups are
shown. The figure was created by the authors using the Cambridge
Crystallographic Data Centre (CCDC 1489687) and data of
Ref. 58.

group in aprotic solvents (DMF, DMSO) exists in the
monomeric form, and upon the addition of water, dimers
are formed, which is accompanied by characteristic changes
in the absorption spectra.’” Additional stabilization of the
dimeric form can occur due to the m—m interactions of the
peripheral styryl substituents; therefore, the styryl-substi-
tuted complex 19b also exists as dimers in DMSQ.%.59
However, the addition of fluoride anions as strong H-bond
acceptors to the solution leads to the transformation of the
dimer into a monomer. Since the dimeric form, unlike the
monomeric form, does not show fluorescence, diazepino-
porphyrazines can be used as responsive fluorescent sen-
sors, for example, to detect water or fluoride anions in
aprotic solvents (Fig. 26).

Interestingly, the nature of the complexing metal also
plays a key role in the formation of H-bonded supra-
molecular assemblies involving water molecules. Thus, for
magnesium(II) and zinc(II) complexes with oxanthrenocya-
nine M[(a-Bu"O)s(15C5)40c], containing n-butoxy groups
in the o-position (see Scheme 3), single crystals were
obtained. X-Ray diffraction analysis showed that the mag-
nesium complex additionally contains two axially coordi-
nated water molecules, while the zinc complex contains only
one such molecule (Fig. 27).37 The oxanthrene moieties in
the complexes have an almost flat structure, with the crown
ether moieties participating in the formation of the crystal
packing via hydrogen bonding with the water molecules
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Figure 26. Changes in the fluorescence spectrum (/) of the styryl-
substituted complex 19b in DMSO: fluorescence quenching upon
the addition of water, which shifts the equilibrium towards the
dimer (2), and fluorescence enhancement upon addition of BujF,
which shifts the equilibrium towards the monomer (3). The figure
was created by the authors using data of Ref. 59.
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Figure 27. Fragments of the crystal packing of the complexes
M[(a-Bu"O)s(15C5)40c], where M = Zn!! (a) and Mg!' (b).%7
Reproduced with permission from the American Chemical Society.

axially coordinated to the metal cations. In the case of the
zinc complex, 1D coordination polymer is formed (see
Fig. 27 a), while for the magnesium complex, 2D network
arises (see Fig. 27 b).

It is noteworthy that the number of axially coordinated
water molecules determines the type of supramolecular
assembly and leads to different participation of these
crown-containing molecules in the formation of cation-
induced supramolecular assemblies.

The ability of crown ether macrocycles to form hydro-
gen bonds with ammonium ions enables the development of
functional multicomponent assemblies of various
architectures. The deposition of a solution of
tetrakis(15-crown-5)phthalocyanine (H[(15C5)4Pc]) on the
surface of an aqueous solution of poly(L-lysine) and sub-
sequent transfer of the assemblies to a quartz surface gave

Fluorescence intensity

700 710 720 730
Wavelenth, nm

Figure 28. Changes in the fluorescence intensity (/) of the supra-
molecular assembly formed by tetrakis(15-crown-5)phthalocyanine
and poly(L-lysine) in the presence of D- (2) and L-forms (3) of
glutamic acid (a) and schematic representation of change in the
degree of aggregation of Hy[(15C5)4Pc] upon binding to different
enantiomers (5).°° Reproduced with permission from the American
Chemical Society.

rise to fluorescent sensors capable of detecting chiral sub-
strates, sugars and amino acids (Fig. 28).°° The analytical
signals used to distinguish between enantio- and diaster-
eomers were either changes in fluorescence intensity
(enhancement, quenching) for amino acids containing addi-
tional carboxy groups (Glu, Asp) or changes in fluorescence
quenching rate for aromatic amino acids (Phe, His) or
D-monosaccharides (glucose, galactose, mannose). The
authors explained the observed patterns by changes in the
degree of aggregation of the H>[(15C5)4Pc] fluorophore
applied on the chirality-inducing poly(L-lysine) upon inter-
action with different stereoisomers. Thus, the degree of
aggregation increased upon interaction with D-enantiomer

Figure 29. Structure of rotaxanes based on tetrakis(benzo-24-crown-8)phthalocyanines M(20) and porphyrins M(21), M(22) («) and
principle of controlling the distance between rotaxane components [Cu(20)-Cu(21)] under the action of reversible protonation—

deprotonation (b).°! Ts is p-toluenesulfonyl (tosyl).
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of glutamic acid, leading to fluorescence quenching, while in
the case of L-enantiomer, a decrease in the degree of
aggregation was observed and the fluorescence intensity
increased. This conclusion was based, in particular, on
atomic force microscopy data.

Disubstituted ammonium cations are able to pass
through fairly large crown ether macrocycles to form
assemblies with the rotaxane topology. This approach was
used to prepare rotaxanes based on tetrakis(benzo-24-
crown-8) phthalocyanine M(20) and porphyrins M(21),
M(22) complexes containing four dialkylammonium sub-
stituents with terminal azide groups (Fig. 29a). For the
introduction of bulky stoppers preventing the dissociation
of rotaxanes, click reactions of azide groups with triethyl
phosphite ®' or with a cyclic strained alkyne were used;®?
this gave supramolecular structures [M(20)-M(21)] or
[M(20) - M(22)].

It was shown that the reversible deprotonation of
ammonium and amidodiester groups in rotaxane
[Cu(20)- Cu(21)] makes it possible to control the intramo-
lecular distance between the porphyrin and phthalocyanine
components, which affects the photophysical and magnetic
properties of the material.®! According to EPR and magne-
tochemical studies performed for a complex containing two
copper(Il) ions, the amplitude of motion was about 5 A
(see Fig. 29 ).

The presence of positively charged ammonium groups in
rotaxane leads to interaction with anionic porphyrins to
form heteronuclear supramolecular assemblies with a
strictly defined arrangement of metal centres.®®%* The
architectural control achieved in this way made it possible

a
Fe Fe(22)
I
N
~ I -
HN Fe NHy ) Fe(20)

to develop a catalyst with tunable properties based on
rotaxane [Fe(20) - (u-N) - Fe(22)] containing a (u-N)Fes cat-
alytic site for the ethane oxidation reaction (Fig. 30a).%>
The original rotaxane showed TON of 195 for ethane
oxidation by hydrogen peroxide (60 °C, 24 h), whereas
supramolecular assemblies Cu(23) and Ni(23) formed by
rotaxane with copper and nickel meso-tetrakis(4-sulfophe-
nyl)porphyrin complexes (MTSPP) had TONs of 376 and
394 respectively (see Fig. 30 a,b). These values surpass those
found for iron p-nitridobis(tetra-zert-butylphthalocyanine)
(TON = 289), which reported earlier to be the most efficient
catalyst for this reaction.®® An electrochemical study
showed that the interaction of rotaxane with porphyrin
M(23) leads to a decrease in the oxidation potential of the
complex. This indicates the electron-donating nature of
MTSPP with respect to rotaxane, and the enhanced cata-
lytic activity is presumably due to facilitation of the hetero-
lytic cleavage of the O — O bond in hydroperoxy complex A
to form the highly reactive oxo complex B (see Fig. 30 ¢).
Thus, the presented results demonstrate a great potential
of tetrapyrrole compounds as components of supramolecu-
lar materials. Prospects for the development of this research
area include the molecular design of novel macrocycles and
their complexes, development of synthetic approaches
related to the preparation of compounds with desired
properties, and investigation of supramolecular assembly
processes that determine the architecture and properties of
the resulting assemblies. Each of these stages contributes to
the development of all fields of modern chemistry, and the
functional diversity of the resulting materials includes both
biomimetic systems (catalysts and photosensitizers) and

b
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Figure 30. Scheme of fabrication of a trinuclear supramolecular assembly based on ionic interaction between cationic rotaxane
[Fe(20) - (u-N)-Fe(22)] and anionic complexes M(23) (a); characteristics of various catalytic systems for the oxidation of ethane with

hydrogen peroxide (60 °C, 24 h): rotaxane [Fe(20) - (u-N)- Fe(22)] (1),

rotaxane + Cu(23) (2), rotaxane + Ni(23) (3) and [BuyPcFe]»(u-N) (4)

(b); schematic mechanism of oxidation of organic substrates by hydrogen peroxide with the participation of p-nitride complexes of diiron
with tetrapyrrole ligands (¢). The figure was created by the authors using data of Refs 65, 66.
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assemblies that exhibit properties not found in nature, such
as molecular magnetism and optical confinement. Finally,
the molecular recognition underlying the supramolecular
assembly of tetrapyrroles enables the development of highly
selective sensor systems and smart materials.

2.2. Functional supramolecular coordination cages
Coordination cages, metal-organic cages (MOCs), metal-
organic capsules or metal-organic polyhedra (MOPs) are
hollow supramolecular discrete structures of hybrid nature,
formed as a result of interaction of organic ligands contain-
ing at least two sites for coordination to metal cations or to
metal complexes that have vacancies in the coordination
sphere. Coordination cages differ from their extended
structural analogues, coordination polymers, or metal-
organic frameworks (MOFs), which are also formed as a
result of binding of metal atoms to organic linkers giving
periodic structures of different dimensionality (1D—3D) in
the crystalline phase, by the presence of a limited number of
pores and solubility with preservation of the coordination
motif, which opens up additional opportunities for practical
applications.®7-68

Over the last decades, a large number of MOPs have
been synthesized and studied, which made it possible to
reveal the main regularities of their formation® and to
formulate the main design principles of these supramolecu-
lar architectures’? in order to obtain new functional and
multifunctional materials with targeted properties. Direct
control over the size and nature of the pores can be achieved
by rational selection of appropriate molecular building
blocks, i.e., ligands and the metal cation (metal connecting
node).”! It was found that the ability of MOPs to selectively
bind certain substrates, guest molecules, depends on their
constituent components. As a result of research, great
successes have been achieved in the preparation of various
MOPs, which have found application in the catalysis of
chemical reactions,’?~7° adsorption,0~82 separation,®3
storage,®* transport and delivery of drug molecules 8386
and anticancer therapy,?’-88 as well as in the development
of sensor materials.%?

This Section addresses current trends in MOP design
with the aim of obtaining new functional materials.

2.2.1. Main approaches to the fabrication of functional metal-
organic polyhedra

It is known that the properties of any material are deter-
mined by the nature of its constituent components and by
the spatial arrangement of these components relative to
each other within the material. In this regard, the methods
of supramolecular chemistry as a science that studies the
processes of self-organization of molecules at the nanoscale
represent an effective modern tools for solving various
applied problems, in particular, owing to the development
of sequential self-assembly of molecules according to the
bottom-up approach with a built-in recognition pro-
gramme. This gives rise to smart materials with unique
properties due to control over the spatial organization of
molecules.

Several basic approaches to the targeted design of
homoleptic (consisting of ligands of the same type) and
heteroleptic (consisting of ligands of different types) MOPs
have been developed as a result of studying the self-
organization of supramolecular systems.’® The formation
of structures with different topologies depends on the
arrangement of binding centres in both organic (ligand)

and inorganic (metal cation, metal complex) complemen-
tary molecular building blocks.

Various methods for the synthesis of functional MOPs
based on different types of molecular recognition between
certain functional groups and metal centres have been
described in the literature.’! There are known MOPs that
have been obtained by combining one metal cation with a
rigid coordination sphere and complex metal ligands con-
taining another type of metal. This approach was utilized to
prepare novel heterometallic coordination cages.’? The use
of ligands and metal complexes based on cavitands such as
calix[4]arenes,”? calix[4]resorcinarenes °4~°7 and pyrogal-
lol[4]arenes °8:°° displaying a pre-organized macrocyclic
structure, served for studying the regularities of formation
of macrocyclic coordination cages and coordination poly-
mers based on them.!00-105

The data available from the literature on the formation
of the most common motifs of homometallic coordination
cages (and their complexes) based on spatially pre-organ-
ized acyclic structurally rigid (aromatic) polytopic ligands
are analyzed below. Such ligands contain several (two to
four) homogeneous coordination sites that participate in the
molecular recognition with metal cations due to their
mutual complementarity in terms of spatial and electronic
factors. The selected models of molecular self-assembly of
coordination cages are classified according to increasing
coordination capacity of ligands containing monodentate or
bidentate (chelating) coordination sites and metal centres
(metal connecting nodes).

2.2.2. Cages based on V-shaped metallic connecting nodes and
polytopic ligands with monodentate coordination sites
One of the first types of molecular recognition forming the
basis for a large number of coordination cages was the
interaction of cations (metal complexes) that have two
(angular, or V-shaped metal connecting node) or four
(tetragonal metal connecting node) vacant sites for coordi-
nation to ligands containing monodentate coordination
sites (Table 1) in their coordination sphere. The V-shaped
metal connecting nodes usually include cations with a
square or octahedral coordination sphere (Pd?*, Pt>",
Ru?™, Ir?2™, Rh?™). In this sphere, two or four sites are
occupied by bidentate chelating co-ligands coordinated in
the cis-position (ethylene-1,2-diamine, ethylene-1,2-diphos-
phine, cyclohexane-1,2-diamine, 2,2’-dipyridine, etc.), while
the remaining two (or four) sites in the coordination sphere
are available for coordination of other ligands (Fig. 31). By
combining V-type metal connecting nodes 24 —28 with three
or four monodentate ligands, usually having a rigid struc-
ture (angular, trigonal or tetragonal geometry, respec-
tively), and pyridyl- or imidazolyl-containing ligands, one
can generate coordination cages of different geometries.

One of the first coordination cages was obtained using
intermolecular recognition of this type: interaction of tri(4-
pyridyl)triazine 29 with metal connecting node 24 afforded
cationic octahedral structure [(24)6-(29)4]'2" (type Al, see
Table 1) (Fig. 32). This electron-deficient structure was
subsequently used to adsorb water molecules, nitrate ions
and perfluorinated hydrocarbon molecules.'%® The size of
the inner cavity can be characterized by the distance
between the palladium atoms at the opposite vertices of
the octahedron: dpg_pa = 18.8 A.

Other ways of obtaining similar cages based on ligand 29
with various metal connecting nodes to fabricate new func-
tional materials have also been described in the literature. In
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Table 1. Geometry of the coordination cage based on V-shaped (angular) metal connecting nodes and polytopic ligands with monodentate binding

sites.106-113
Cage Ligand geometry V-shaped metal connecting node Coordination cage geometry
type

M62 Ph2

Mez th

(24) (25) @6)  Ho

B S 4 l ! !
C Semmmms == t

M = Pd, Pt

W

(28)

Note. Here and in Tables 2—5, the yellow and red triangles denote the complementary binding sites of the ligand and the metal connecting node.
Tildes in structures 24 —27 show the attachment site of the binding polytopic ligands.

Figure 31. Examples of tri- and tetrasubstituted monodentate
ligands 29—32 used to produce coordination cages with V-shaped
metal connecting nodes. The figure was created by the authors
using data of Refs 106—113.

particular, mention should be made of redox-active cage
[(27)6-(29)4]'>" (type Al, see Table 1) with a potential
between 0 and —2 V, which was obtained from complex
27 as the V-shaped metal connecting node. This system is of
interest as a promising electron-switchable supramolecular
container in an organic medium for binding—release proc-
esses of various substrates.!07

A similar supramolecular structure was obtained from
1,3,5tris(4-pyridylethynyl)trifluorobenzene 30 and complex
25. Compared with cage [(24)6-(29)4]'>", the analogue
[(25)6-(30)4]'2 " (type A!, see Table 1) (Fig. 33), as expected,

Figure 32. Crystal struc-
ture of the cationic octa-
hedral coordination cage
[(24)6-(29)4]'>". The fig-
ure was created by the
authors using Cambridge
Crystallographic ~ Data
Centre and data of
Ref. 106.

had a larger inner cavity (dpdq—_pa = 24.1 A). This fact
demonstrates the possibility of controlling the size of the
inner cavity of the cage by varying the ligand used to bind
certain guest molecules.!08

Using 4,4'-bipyridine (bpy) as a co-ligand, cationic cage
[(26)6-(29)2(bpy)3]'2 " (Fig. 34) was obtained as a trigonal
prism (type B, see Table 1). In this structure, two parallel
faces, represented by molecules 29 coordinated to the metal
centre of complex 26, were spatially separated by three
4,4 -bipyridine molecules due to interaction at the second
vacant site in the metal coordination sphere. This cage was
successfully used for the selective recognition of mononu-
cleotides in an aqueous medium and for the synthesis of
dinucleotides.'% In addition, a similar cage based on the
tetramethyl derivative of 4,4'-bipyridine, ligand 29 and
complex 1,2-ethylenediamine-coordinated Pd!! cations was
used for the formation of an inclusion complex of naph-
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Figure 33. Crystal struc-
ture of the cationic octa-
hedral coordination cage
[(25)6-(30)4]'2". The fig-
ure was created by the
authors using Cambridge
Crystallographic Data
Centre and data of
Ref. 108.

Figure 34. Crystal struc-
ture of the cationic octa-
hedral coordination cage
[(26)6-(29)2(bpy)s]'* "

The figure was created by
the authors using Cam-
bridge  Crystallographic
Data Centre and data of
Ref. 109.

thalene diimide with corannulene, which was accompanied
by flattening of the bowl-like structure of the latter.!10

Coordination cages are easily formed when the pyridine
ligands are replaced with molecules containing imidazole
binding groups. Thus, an octahedral supramolecular struc-
ture of type A? (see Table 1) was obtained via molecular
recognition of the tris(imidazole) derivative 31 and complex
24. The cage [(24)6-(31)4]'> " (Fig. 35) is more flexible than
[(24)6-(29)4]'2> ", which makes it adaptable to binding of
particular substrates. For example, it was shown that this
cage is capable of accomodating molecules of photosensi-
tive compounds such as azobenzene and a spiropyran
derivative, which can be reversibly uptaken and released
from the cage surface under the action of light; this was
used for the design of data storage media.!!!- 112

Using this method of molecular recognition, it s possible
to obtain, apart from octahedral structures, neutral coordi-

Figure 35. Crystal struc-
ture of the cationic octa-
hedral coordination cage
[(24)6-(31)4]'2". The fig-
ure was created by the
authors using Cam-
bridge Crystallographic
Data Centre and data of
Ref. 111.

©Ru
1\

®0 igure 36. Crystal struc-
ture of neutral cubic
coordination cage
[(28)4-(32)2]. The figure
was created by the
authors using Cam-
bridge Crystallo-
graphic Data Centre
and data of Ref. 113.

nation cage [(28)4-(32),] (Fig. 36) with a cubic geometry
(type C, see Table 1). This was demonstrated for metal
complex 28 and tetragonal planar tetrasubstituted mono-
dentate organic linker 32 containing four pyridine moieties.
It should be noted that complex 28, used as a metallic bis-
connecting node, was prepared in advance by the reaction
of [(cymene)RuCl,]» (cymene is 4-isopropyltoluene) with
3,4-dimethoxyfuran-2,5-dicarboxylate. Crystallization
experiments carried out in various solvents showed that
cage [(28)4-(32)2] is converted to dimer [(28)2-(32)] upon
recrystallization from a solution.!!3

2.2.3. Cages based on tetragonal metal connecting nodes and
polytopic ligands with monodentate coordination sites

One more method of obtaining cages based on polytopic
monodentate ligands is based on molecular recognition
between cage-forming monodentate ligands and metal cat-
ions with a characteristic square coordination sphere (Pd'l,
Pt'") in which all four sites are free for coordination or
octahedral cations in which two coordination sites in the
trans position are occupied by solvent molecules or anions
(Table 2). By varying the geometry of the monodentate

Table 2. Geometry of coordination cage based on tetragonal metal
connecting nodes and polytopic ligands with monodentate binding
sites. 114121

Cage Ligand Geometry of the tetragonal Coordination
type geometry metal connecting node cage
E geometry
M = Pd, Pt
‘ a
@
M = Pd, Pt
B
\)
r
|
“ I
()x—

M = Cu; X = Cl, Br, OH
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Figure 37. Examples of angular (33, 34, 35) and trisubstituted (36,
37) monodentate ligands used to obtain coordination cages with
tetragonal metal connecting nodes. The figure was created by the
authors using data of Refs 114—121.

binding sites of the ligand (Fig. 37) and the type of tetrag-
onal planar metal connecting node, it is possible to obtain
dimeric, octahedral and cuboctahedral coordination cages.

The coordination of Pd!! to bis(3-pyridylethynyl) ligand
33, which is capable of reversible photoisomerization under
the action of light owing to the bis(thienyl)ethene moiety,
leads to the cationic cage [PdY-(33)4** (Fig. 38) of a
capsular dimeric structure (type A, see Table 2). This cage
can be used for controlled binding and release of guest
molecules.This was demonstrated, in particular, in relation
to photocontrolled adsorption—desorption of the spherical
[B12F12]27 anion. 114,115

Molecular recognition between molecules containing
polyaromatic substituents and pyridyl binding sites and
palladium(I1) cations afforded coordination cages. The
cages were used for the adsorption of aromatic pigments

Figure 38. Crystal struc-
ture of the cationic
dimeric  coordination
cage [PdY-(33)4]**. The
figure was created by
the authors using the
Cambridge Crystallo-
graphic Data Centre
and data of Ref. 114.

Figure 39. Crystal struc-
ture of the cationic
dimeric  coordination
cage [PAY-(34)4]4 .
The figure was created
by the authors using the
Cambridge Crystallo-
graphic Data Centre
and data of Ref. 116.

and dyes from water, which is a relevant problem related to
environmental protection.®! Cages with anthracene moi-
eties, for example [PdY-(34)4*" (type A, see Table 2)
(Fig. 39) are capable of luminescent response depending
on the guest adsorbed in their cavity. The presence of
coumarin molecules leads to increase in the fluorescence of
this system.!16:117 In addition, this system was used as a
matrix for MALDI-TOF mass spectrometry experiments
for the detection of single sulfur clusters [Se], [Ss] and
[Sio].118

When naphthalene diimide derivative 35 acts as a
V-shaped cage-forming dipyridyl ligand, supramolecular
cage [Pd-(35)4]*" is obtained, which has a similar struc-
tural motif (type A, see Table 2). When dissolved in DMSO,
it forms a gel and exhibits selective sensing activity towards
pyrene and many anionic dyes (methylene blue and methyl
orange).'?

The reaction of Pd! and Pt'' cations with tripyridyl
derivative 36 with trigonal binding centres produced coor-
dination cages [ML-(36)s]'2 " (Fig. 40) of octahedral struc-

Figure 40. Crystal struc-
ture of the cationic
dimeric octahedral coor-
dination cage
[Pd-(36)]'2". The figure
was created by the
authors using the Cam-
bridge Crystallographic
Data Centre and data of
Ref. 120.

¢ Cu
eN
@®O(0OH)
\ @®Br

Figure 41. Crystal struc-
ture of neutral octahe-
dral coordination cage
[(Cu'(OH)Br)6-(37)s].

The figure was created
by the authors using the
Cambridge Crystallo-
graphic Data Centre
and data of Ref. 121.
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ture (type B, see Table 2). These cages were used for bind-
ing to neutral aromatic molecules such as anthracene,
pyrene and 1,8-naphthalimide. They are also able to bind
selectively to the anionic guest, p-toluenesulfonate, due to
spatial complementarity.!20

Neutral coordination cage [(Cu''(OH)Br)s-(37)s]
(Fig. 41) of octahedral shape (type B, see Table 2), in
which the octahedral Cu!! cation acts as a square metal
connecting node, was obtained using a relatively flexible
tridentate ligand based on tripyridyl derivative 37. The
resulting cage was found to form smart multifunctional
vesicles and to participate in controlled delivery of anti-
cancer drugs, such as doxorubicin (DOX), to living cells.
Control of the drug release from the vesicle can be achieved
by switching the pH of the medium. In addition, these
vesicles have demonstrated high stability in biological
media, allowing them to be used as biomembrane models.!?!

2.2.4. Cages based on V-shaped and trigonal metal connecting nodes
and polytopic ligands with chelating sites

Coordination cages obtained via complementary intermo-
lecular interaction of this type can be divided into two
groups, depending on the number of metal cations in the
metal centres: mononuclear and polynuclear ones.

Cages with mononuclear metal connecting nodes pro-
vide recognition between ligands having two, three or four
terminally located chelating moieties and transition metal
cations, usually Fe'"/1I Co!l, Zn!l, Ga'V, Sn'V, Ti'V, with an
octahedral coordination sphere. This results in the forma-
tion of either a trigonal metal binding centre (upon reaction
with bidentate functional groups) or a V-shaped metal
connecting node (when a tridentate chelating moiety is
used by the ligand to bind to a metal) (Table 3). Ligands
with N-donor centres, such as Schiff bases, bipyridyl or
similar bidentate moieties, can then act as chelates (Fig. 42).
Among chelating ligands containing O-donor cavities, cat-
echols are most encountered. Mixed-type chelating cavities
containing both O- and N-donor atoms have also been
described in the literature.!?> Thus, depending on the
number and geometry (linear, V-shaped, trigonal or tetrag-
onal) of the chelating cavities they have, ligand molecules
can form a dimeric, tetrahedral or cubic coordination cage
upon interaction with a trigonal metal connecting node. It
should be noted that due to the chelating type of ligand
binding to the metal cation possessing octahedral geometry,
both D and L enantiomers can be formed (Fig. 43).123-124

For ligands 38 and 40, containing two and three cat-
echol chelating moiety, respectively, anionic tetrahedral
coordination  cages [MIV-(38)¢]*—  (Fig. 44) and
[M1V-(40)4]3— were obtained (Fig. 45), in which hard octa-
hedral cations MV = Ga, Ti, Sn were used as the metal
coordination centres. Whereas in the cages formed by
dicatechol derivative 38, organic ligands are located along
the edges of tetrahedra (type A, see Table 3),!2%12¢ in the
supramolecular structure based on ligand 40 with a rigid
trigonal arrangement of catechol binding sites, organic
moieties of the cage occupy the positions of faces of the
supramolecular tetrahedron (type C, see Table 3).!1%7 It was
shown that such hollow structures can act as catalysts for
organic reactions,”® in particular, the cage [Gal’-(38)¢]8—
accelerates the formation of a C—C single bond in the
reductive elimination (cross-coupling reaction) taking place
in the coordination sphere of gold cations.!?3

The coordination cages of the cationic type were
obtained using ligands containing N-donor chelating moi-

Table 3. Geometry of the coordination cage formed by trigonal and
linear metal connecting nodes and polytopic ligands with bidentate
and tridentate chelating binding sites.!22~138

Coordination
cage geometry

Cage
type

Ligand
geometry

Trigonal metal
connecting node

FeII/III’ COH, ZI’IH,
GaIV’ SHIV, TilV

EE» DD

Coll

eties. The most common examples of coordination cages
reported in the literature are systems constructed using
molecular recognition between ligands with pyridine pyra-
zolyl coordination sites. For example, ligand 39a in combi-
nation with Co!' cations forms cage [CoX-(39a)2]!6*
(Fig. 46) of cubic geometry (type B, see Table 3), which
showed catalytic properties in the Kemp elimination reac-
tion (synthesis of cyanophenolates from benzoxazoles).!?® It
should be noted that the hydrophobic cavity of the cubic
cage [Cog-(39a)12]'64r demonstrated selective adsorption
properties towards carbon dioxide in the presence of nitro-
gen,'?® as well as towards alkylphosphonates '3° and iso-
quinoline N-oxide.!3!

At the same time, Piper et al.'3? found that a similar
cage [Cdi-(39b);5]'¢" is able to provide photoelectron
charge transfer from naphthalene substituents to the guests
adsorbed inside the cavity, which can be used in photo-
catalysis. In addition, the possibility of obtaining isostruc-
tural cages [MY-(39b);5]'¢* (type B, see Table 3) with
different metal cations (M = Ru, Os), meant for enhancing
the photoadsorption properties and consequently improv-
ing the photoelectron transfer function, was shown.

Upon the interaction of ligand 41, which has a trigonal
arrangement of dipyridyl coordinating moieties, with Fell
cations, coordination cage [Fell-(41)4]8* of tetrahedral
geometry (type C, Table 3) was obtained. It exhibits distinct
electron-deficient properties, which was utilized for selective
binding of the triflate anion (triflate is trifluoromethanesul-
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Figure 42. Examples of angu-
lar (38, 39), trisubstituted
bidentate (40—42) and tetra-
substituted bidentate and tri-
dentate ligands (43—45) used
O to obtain coordination cages
with metal cations in the octa-
hedral coordination environ-
/ ment. The figure was created
by the authors using data from
Refs 122-138.
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Figure 43. Formation
‘ of two enantiomers in
' the case of chelate

@
‘ complexes of M”"*
metal cations in the
y octahedral coordina-

tion environment.

Figure 44. Crystal struc-
ture of the anionic
tetrahedral  coordina-
tion cage [Gay'-(38)s]* .
The figure was created
by the authors using the
Cambridge  Crystallo-
graphic Data Centre
and data of Ref. 125.

fonate). In addition, such systems are capable of adsorbing
polyaromatic contaminants from aqueous media.®! Impor-
tantly, many Fell-based cages demonstrate spin-crossover
properties.!34

Another effective and common recognition model used  iminopyridyl binding sites (pyridine Schiff bases). The
to produce coordination cages is the interaction of octahe- advantages of this approach include the ease of formation
dral cations with bidentate N-donor groups (analogues of  of such functional groups in situ and the ability to design
dipyridyl and pyridyl pyrazolyl moieties) that contain




918

1.S.Antipin, M.V.Alfimov, V.V.Arslanov, V.A.Burilov, S.Z.Vatsadze et al.
Russ. Chem. Rev., 2021, 90 (8) 895-1107

Figure 45. Crystal struc-
ture of the anionic
tetrahedral ~ coordina-
tion cage [Tiy -(40)4]8.
The figure was created
by the authors using the
Cambridge  Crystallo-
graphic Data Centre and
data of Ref. 127.

Figure 46. Crystal struc-
ture of the cationic
cubic coordination
cage [Col-(39a);,]!6".
The figure was created
by the authors using
the Cambridge Crystal-
lographic Data Centre
and data of Ref. 128.

Figure 47. Crystal
structure of the
cationic  tetrahe-
dral coordination
cage
[Fell-(42)4]8*. The
figure was created
by the authors using
the Cambridge
Crystallographic
Data Centre and
data of Ref. 135.

Figure 48. Crystal
structure of the
cationic cubic
coordination cage
[Zng'-(d3)g]' "
The figure was
created by the
authors using the
Cambridge Crys-
tallographic Data
Centre and data
of Ref. 136.

supramolecular cages by varying both the amine and
aldehyde components.

Compound 42, containing three iminopyridyl groups
and an electron-deficient boron atom, was shown to be an
excellent cage-forming ligand. It reacts with Fe!l cations to
give cage [Fell-(42)4]8* (Fig. 47) with tetrahedral structure
(type C, see Table 3) capable of selective binding of fluoride
anions.!33

The use of ligand 43, which has a rigid structure with a
tetragonal arrangement of iminopyridyl coordinating moi-
eties, and Zn"! cations yielded supramolecular cage [Zn}'-
(43)6]'°" (Fig. 48), which has a cubic geometry (type D, see
Table 3). Owing to CH—=n and hydrophobic interactions,
this structure is able to effectively encapsulate anthranil-
amides and aromatic aldehydes, as well as to accelerate
successive condensation—amino addition reactions of
guests adsorbed in the cavity of the cage with participation
of 2,3-dihydroquinazolinone.!3¢

In addition, similar cubic cages were synthesized by
using porphyrin 44 and its complexes with Ni'l and Zn'"! as
building blocks. In this case, Fe!! cations behaved as metal
connecting nodes. The hollow positively charged structures
[Fell-(44)¢]'¢*, enclosed by electron-rich porphyrin moi-
eties, demonstrated high selective adsorption capacity
towards polyaromatic guests, such as coronene and higher
fullerenes (C79— Cgq).!38

An excellent result was obtained in the formation of
coordination cages using tridentate iminophenanthrolyl
binding sites located at the terminal positions of meso-
substituents in porphyrin 45. The interaction of compound
45 with zinc(11) cations gives a pseudo-cuboctahedral coor-
dination cage [Zn!5-(45)¢]?** (Fig. 49) (type E, see Table 3).
In this cage, metal atoms act as V-shaped (angular) metal
connecting nodes, which are coordinated to two tridentate
moieties of iminophenanthrolyl substituents incorporated
in two adjacent porphyrin molecules 45. A study of the
receptor properties of the resulting cage demonstrated its
affinity for fullerene molecules with efficient formation of
stable 1:2 inclusion complexes. This cage was also found to
bind various spherical anions CB;H;;, BPh; and
B, 21:%2—.137

Polynuclear species can be considered as one more
example of trigonal metal connecting nodes that have been
used to prepare MOPs with polytopic ligands containing
chelating groups. In particular, it was shown that the
complex Cp,Zr'VCl, (Cp is cyclopentadienyl) is hydrolyzed

Figure 49. Crystal

structure of the
cationic cubocta-
hedral coordina-
tion cage

[Znih-(45)6]* .
The figure was cre-
ated by the authors

using the Cam-
bridge Crystallo-
graphic Data

Centre and data of
Ref. 137.
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Figure 50. Structure of the cone-shaped trigonal building block
[CpaZrYY (u3-H20)(u2-0)3]3*: top view (a) and side view (b). The
figure was created by the authors using the Cambridge Crystallo-
graphic Data Centre and data of Ref. 139.

in situ in the presence of carboxylates to give triuclear
cluster [CpsZrlY (u3-H20)(u2-0)s]3+ (denoted by [Zrs]* ™),
in which three carboxy groups point outwards, thus forming
a conical trigonal metal connecting node (Fig. 50).'3° As the
organic counterparts, dicarboxyl ligands are often used
(Fig. 51), leading to the formation of capsular dimeric and
tetrahedral coordination cages (Table 4).

One of the first coordination structures obtained by
molecular recognition of this type was the neutral coordi-
nation cage [(Zr3)4-(46)¢] (Fig. 52) with a tetrahedral geom-

HO._O
HO._O HO._O SOsNa
}
o
NaO3S
HO S0 HO Yo s
(46) (47)
HO Yo
(49)

Figure 51. Examples of dicarboxylate ligands 46 —49 used to obtain
coordination cages with complex trigonal [Zr3]** connecting node.
The figure was created by the authors using data of Refs 139—144.

Table 4. Geometry of the coordination cage based on [Zr3]** trigonal
metal connecting nodes and linear ligands containing carboxyl binding
sites. 139 144

Coordination
cage geometry

Cage Ligand
type geometry

Geometry

of the complex
trigonal metal
connecting node

A Fmm—

[ZrsP+

Figure 52. Crystal struc-
ture of the neutral tetrahe-
dral coordination cage
[(Zr3)4-(46)¢]. The figure
was created by the authors
using the Cambridge
Crystallographic Data
Centre and data of
Ref. 139.

etry (type A, see Table 4).13° This structure was
subsequently modified by introducing amino groups into
the edge positions of the cage involving 2-aminoterephthalic
acid (47), resulting in the cage [(Zr3)4-(47)s] of a similar
structure (type A, see Table 4). This cage was found to
exhibit pronounced photocatalytic properties in the hydro-
gen evolution reactions.!4® Besides, the possibility of post-
synthetic modification was demonstrated: two cages were
cross-linked by the acylation reaction with a dicarboxylic
acid chloride containing a flexible hydrocarbon space-
r.141 This gave a new polymeric material with a micro-
porous structure. Thus, by covalent cross-linking of
coordination cages, it is possible to design new materials
with controlled porosity, and also to obtain new adsorbents
with tunable properties by varying the building blocks
(coordination cages and cross-linking reagents). Moreover,
this strategy allowed the synthesis of a microporous poly-
functional hybrid membrane based on imine binding
groups, which had water permeability and antibacterial
properties.!42

Another method of functionalization of cages of this
type consists in the introduction of additional binding sites
into the structure of the organic cage-forming ligand.
Coordination cage [(Zr3)s-(48)6] of tetrahedral geometry
(type A, see Table 4) has been obtained; the structure was
based on dipyridine chelating moieties capable of coordina-
tion to d-element cations. The use of Re(CO);Cl*" complex
cations gave rise to nanoreactors, which were successfully
used for photocatalytic reduction of carbon dioxide.!4

Coordination capsules [(Zr3)2-(49)3] (Fig. 53) (type B,
see Table 4) showed an interesting result in terms of
selective adsorption and also proton conductivity. It was

Oz
@ Na
LS
®o

Figure 53. Crystal structure of
the neutral dimeric coordination
capsule [(Zr3)>-(49)3]. The figure
was created by the authors using
the Cambridge Crystallographic
Data Centre and data of Ref. 143.
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found that the above complexes are capable of selective
binding of carbon dioxide in the presence of nitrogen and
oxygen molecules; owing to the presence of sulfonate
groups, they can adsorb a large number of water molecules
(via hydrogen bonding) promoting proton conductivity.!43

2.2.5. Cages based on bidentate tetragonal metal connecting nodes
and polycarboxylic ligands

It was shown that in some cases, the interaction of
d-element cations, such as Cr'l, Coll, Fell, Cull, Mo!l,
Rh'!', with carboxyl ligands under solvothermal conditions
leads to bidentate tetragonal paddle wheel-like metal con-
necting nodes [MY]**. They consist of two metal cations
that are in a pentagonal pyramidal coordination sphere and
are linked together at the base of the pyramids by four
carboxylate groups of adjacent organic linkers (Fig. 54). A
number of dimeric, octahedral and cuboctahedral coordi-
nation cages have been synthesized based on molecular
recognition of this type (Table 5). Li et al.'*> analyzed the
effect of the angle between the coordination sites of the V-
shaped organic linker and its size on the volume and
supramolecular motif of the resulting coordination cage.

It has been established that dimeric capsules (type A,
see Table 5) were formed most often when the carboxylate
sites of the ligands were located parallel to each other in the
molecule. In particular, the reaction of ligand 50 with Cu!!
cations gave neutral coordination capsule [(Cull),-(50)4]
(Fig. 55), capable of displaying the so-called gate opening
effect. It consists in the proneness of a crystalline material
to exhibit a strong cooperative increase in the adsorption
capacity, accompanied by a reversible solid-phase transition
in which the crystallinity is preserved. It was found that this
dimeric coordination cage is indifferent with respect to
adsorption of nitrogen molecules, but shows a gate opening
effect in the case of CO», allowing the adsorption of 12 CO,
molecules per molecule of the metal-organic complex in the
crystalline phase.!4®

While coordination cages based on metal connecting
nodes consisting of coordinatively unsaturated Cul! cations
exhibit adsorption properties towards carbon dioxide mol-
ecules, for octahedral [(M3)6-(51)12] (M = Cu, Cr, Mo; type
B, see Table 5 and Fig. 56) '47 and cuboctahedral systems
[(Mg)lz-(SZa)zA;] (M = Cr, Mo, Ru; type C, see Table 5 and
Fig. 57),'4% a pronounced affinity towards methane mole-

0 (R = But(a), Me (b), H (c)

n-C12H2s (d), OH (e),
/i

/\/\ (f),
(52a —1i)

f\ JH/ (g), Br (h),

Figure 54. Examples of di- (50—-52) and tricarboxylate ligands (53)
used to obtain coordination cages with bidentate tetragonal
M4+ metal connecting nodes. The figure was created by the
authors using data of Refs 145-161.

Table 5. Geometry of the coordination cage based on tetragonal
binuclear metal connecting nodes and angular and trigonal ligands
containing carboxyl binding sites.!43~16!

Coordination
cage geometry

Cage
type

Ligand
geometry

Geometry

of the complex
trigonal metal
connecting node

-
=
M3

M = Cr, Co, Fe, Cu,
Mo, Rh

*‘%@é‘% =

>

cules was found. Moreover, the adsorption properties of the
mdterial were improved by binding the cuboctahedral cages
[(MI)12-(52b)24] (M = Fe, Co) via additional coordination
of metal connecting nodes to 1,4-diazabicyclo[2.2.2]octane
(DABCO), which resulted in coordinated cross-linked
molecular cages.!4®

The cages of similar cuboctahedral structure
(MM 5-(52a)24] (type C, see Table 5) containing two
types of d-elements (M; = Cu, Ni, Zn; M> = Pd) in the
metal connecting node behave as efficient adsorbents for
binding hydrogen molecules due to the presence of coor-
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Figure 55. Crystal struc-
ture of the neutral
coordination capsule
[(Cul),-(50)4]. The fig-
ure was created by the
authors  using  the
Cambridge Crystallo-
graphic Data Centre
and data of Ref. 146.

Figure 56. Crystal struc-
ture of the neutral octahe-
dral coordination cage
[(Cre-(51)12]. The figure
was created by the authors
using the Cambridge
Crystallographic Data
Centre and data of
Ref. 147.

Figure 57. Crystal struc-
ture of the neutral cuboc-
tahedral coordination
cage [(Cr)12-(52a)24]. The
figure was created by the
authors using the Cam-
bridge  Crystallographic
Data Centre and data of
Ref. 148.

dinatively unsaturated metal cations in the desolvated
(activated) coordination cage structure.!° The use of ligand
52c¢ also resulted in a similar cuboctahedral structure
[(Cull) 2-(52¢)24] (type C, see Table 5), capable of absorbing
organic dye molecules and iodine molecules from aqueous
and ethanol solutions.!3!

Examples of coordination cage-based systems obtained
by post-synthetic modification to enhance their adsorption
properties and develop new polymeric functional materials
with controlled porosity are often encountered in the
literature. Two strategies are employed for this purpose.
The first one is to use the possibilities associated with the
additional coordination to coordinatively unsaturated
metal cations; the second one is based on covalent bonding
of cages to form a stable membrane with controlled poros-
ity. In both cases, the coordination cages play the role of
secondary building blocks. The coordination cage
[(RhiY) 2-(52d)24] (type C, see Table 5) was shown to form
coordination-bonded aggregates with constant porosity
upon the reaction with a bis(imidazolyl) derivative contain-
ing a phenyl spacer.!>?> The adsorption properties of this
solid phase material towards methyl orange dye were

superior to those of the initial
monomer.!33

It should be noted that the indicated molecular cage
[(Rhlzl)lz-(SZd)24] was used to fabricate ultra-thin mem-
branes (2.5 nm) for carbon dioxide extraction from gas
mixtures by the Langmuir — Blodgett method.!** Binding by
relatively labile sites in the coordination sphere of metal
cations in the metal connecting node of [(Rhi)i2-(52€)24]
(type C, see Tabel 5) was applied to separate thiophene and
thiophane molecules in heterogeneous liquid systems
(water —organic solvent).!33

The possibility of depositing cages of this type on the
surface of graphene and a single-walled carbon nanotube
has been demonstrated. It was found that the thus obtained
composite cage-based material [(Cull)i2-(52€)24] (type C, see
Table 5) shows catalytic properties in the synthesis of
propylene carbonate from propylene oxide and CO,.1%¢

As noted above, covalent binding of coordination cages
to one another was used to create new polymeric mem-
branes. Cages [(M3)12-(52f)24], where M = Cu, Rh, and
[(Culzl)lz-(SZg)24] (type C, see Table 5) were copolymerized
with each other and with n-butyl methacrylate'S? and
styrene.!®® The resulting microporous materials had
enhanced adsorption properties towards carbon dioxide
and methylene blue dye compared to the initial monomer
cages. This is probably due to the increased structural
stability of the cage pores in the covalently bonded polymer
matrix and to the appearance of new pores as a result of
copolymerization.

An important achievement in the development of sys-
tems simulating physiological processes was the synthesis of
the cage [(Cull)i2-(52h).4] (type C, see Table 5). It showed
high efficiency as a catalyst for hydrogen peroxide decom-
position at a pH of the medium close to that of a living
cell. 159

It is worth noting that varying the nature of the
substituent in the isophthalic acid makes it possible to
obtain coordination cages with photo-switchable adsorp-
tion properties. Coordination cage [(Culzl)lz-(SZi)24] (type C,
see Table 5) based on a ligand containing a photoisomeriz-
able azophenyl moiety is capable of controlled adsorption
of methylene blue dye (in solid form) from solutions and
release of the dye upon irradiation with UV light.!0 In
addition, deposition of this cage on a mesoporous silica gel
surface enhances its photo-switchable adsorption properties
towards propylene molecules and brilliant blue dye. This is
due to the fact that aggregation, which decreases the
adsorption capacity, is less pronounced for the cages depos-
ited on silica gel.!¢!

In addition to the dicarboxylate ligands, ligand 53,
which has a triangular geometry of the carboxyl binding
sites, was also used to produce a cage-based molecular
recognition of the indicated type. This resulted in the
octahedral  supramolecular  structure  [(Cul))e-(53)s]
(type D, see Table 5 and Fig. 58). The study of its adsorp-
tion properties in the crystalline phase showed that this
structure efficiently adsorbs carbon dioxide molecules
under ambient conditions.!4?

Thus, in this Section, we summarized the main types of
molecular recognition using different building blocks to
produce supramolecular functional coordination cages. It
was shown that by varying the geometry and nature of the
binding sites of both the ligand and the metal connecting
node, their structure and properties can be specifically
tuned up. The use of molecular recognition principles

coordination cage
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Figure 58. Crystal struc-
ture of the neutral octa-
hedral coordination
cage [(Cudl)e-(53)s]. The
figure was created by
the authors using the
Cambridge Crystallo-
graphic Data Centre
and data of Ref. 149.

makes it possible to control the spontaneous molecular self-
assembly of MOPs and produce new materials with specific
adsorption, catalytic, sensing and biological properties.

In recent years, the annual number of publications
focusing on metal-organic cages has been increasing. The
authors pay special attention to the description of possible
ways to stabilize these nanoscale structures in order to find
the optimal balance between their kinetic stability and the
potential for use as materials for various applications with a
controlled porosity. In this regard, approaches to the search
for new models of molecular recognition are actively devel-
oping, new building blocks are involved in the process, for
example, calixarenes!92-16> and resorcinarenes,!°% 167
which expands the possibilities of the design of discrete
nanoporous structures in order to endow them with the
desired functional properties combined with increased
stability. One of the possible options for increasing the
porosity of such materials is fabrication discrete multicage
structures based on a combination of the presented types of
molecular recognition.!68

Covalently bonded polymeric functional membranes,
micelles, gels and nanoscale films have been obtained
using modern methods of post-synthetic modification of
MOPs.1% In the future, coordination cages could become
parts of many new smart materials based on molecular
host—guest recognition and constructed using the bottom-
up approach, namely, membrane reactors, efficient molec-
ular transport systems for drug delivery to the cells, film
molecular separators, selective adsorbents, etc.

2.3. Supramolecular aspects of hydrocarbon separation on
metal-organic frameworks

Metal-organic frameworks (MOFs) are porous structures
consisting of metal ions and organic ligands binding them
along two or three directions.!”’~173 Owing to the presence
of pores, the size and surface properties of which can be
finely tuned by varying the structure of the organic ligand
and the nature of the metal ion, MOFs are fairly promising
materials for the storage and adsorption separation of
gases,!7#-178 ]iquid organic compounds '7°~18! and ions
and molecules in solutions.!82-183 This Section addresses
the supramolecular aspects of sorption and separation of
industrially important xylene isomers and cyclohexane—
benzene mixtures using MOFs.

2.3.1. Separation of xylene isomers

Mixtures of xylene isomers (molecular formula CgH o) are
formed in catalytic reforming and toluene disproportiona-
tion processes; xylenes are also present in light petroleum

coke products and pyrolysis gasoline. The world production
output of xylene isomers is ~40 million tons per year.!84
The separation of these isomers is considered to be highly
important for modern chemical industry.!®> Xylenes are
separated from other accompanying aromatic hydrocarbons
(mainly benzene and toluene) by fractional distillation '8¢
and then single isomers are isolated, of which p- and
o-xylenes are most valuable for industry. p-Xylene is then
oxidized to terephthalic acid or dimethyl terephthalate,
which are used as monomers to produce polyesters, first of
all, poly(ethylene terephthalate) (PETP). o-Xylene is oxi-
dized to phthalic anhydride, which serves for the production
of phthalates, used as plasticizers for polymers. m-Xylene is
converted to isophthalic acid — a monomer for the syn-
thesis of polyesters — and can also be isomerized to p- and
o-xylenes. Xylene isomers have similar physicochemical
properties (e.g., the boiling points of 0-, m- and p-xylenes
are 144.4, 139.1 and 138.4 °C, respectively);'87 therefore,
separation of these isomers is a challenge. The difference of
5 °C between the boiling points of o-xylene and the other
two isomers allows separation of o-xylene by distillation on
high-performance columns with high reflux ratios. The
similarity of the boiling points of m- and p-xylenes makes
their separation by distillation virtually impossible; there-
fore, pure para-isomer is isolated by crystallization (the
melting points of ortho-, meta- and para-isomers amount
to —25.2, —47.9 and 13.3 °C, respectively) 187 or by adsorp-
tion. The natural mineral Faujasite 8% 189 and synthetic
zeolites ZSM-5,190 SMZ-100 '°! and HZSM-5 92 were used
as sorbents. High industrial significance of p-xylene stim-
ulates further search for new methods for separating this
isomer from the mixture; therefore, extractive distillation 93
and simulated moving bed chromatography '°4 195 proce-
dures were recently proposed.

The possibility of wide variation of the pore size and
topology of metal-organic frameworks and the nature of
functional groups on their surface can be used to tune
MOFs for supramolecular recognition of a desired mole-
cule, which makes them fairly promising sorbents for the
separation of xylene isomers. The results of the first studies
of inclusion of p-xylene molecules into MOF based on zinc
ions and napthalene-2,6-dicarboxylic acid (H.ndc) were
reported in 2004.1°°¢ The authors demonstrated selective
inclusion of the para-isomer in the framework pores in the
presence of an equivalent amount of ortho- or meta-isomer
and determined the crystal structure of the p-xylene
inclusion compound described by the formula
{[Zn2(ndc)2(DMF)z]- CsHio},. Quantum chemical calcula-
tions showed that inclusion of p-xylene into the framework
causes the least structural rearrangement of the unit cell,
which accounts for the selectivity to this particular isomer.

The inclusion compounds of o-, m- and p-xylenes into
the complex {[Cd(ClO4)2(L"),]-H20}, (L! is 4-amino-3,5-
bis[3-(4-pyridyl)phenyl]-1,2,4-triazole) were studied by
X-ray crystallography.!®” It was found that the guest
molecules interact with the framework via the C—H---nt-
contacts with interatomic distances in the range of
29-32A. A study of the selectivity of formation of
inclusion compounds with three xylene isomers being
present simultaneously demonstrated that o- and m-xylenes
are adsorbed in approximately equal amounts, whereas
p-xylene does not enter the framework pores under these
conditions.

The complex [VO(bdc)], (commercial code MIL-47, bdc
is the terephthalate anion) was studied most comprehen-
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sively as applied to the liquid-phase separation of
xylenes.!”® This framework demonstrates selective adsorp-
tion of p-xylene from mixtures with other isomers and with
ethylbenzene with a selectivity coefficient of ~3. A powder
X-ray diffraction study of inclusion compounds formed by
xylenes and MIL-47 with Rietveld refinement showed that
encapsulation of the guest (xylene) into framework pores
almost does not change the unit cell parameters, although
each unit cell accommodates two xylene molecules The
p-xylene molecules are located in parallel planes, with
methyl groups being shifted relative to each other, which
ensures most efficient m— = interactions. Somewhat weaker
interactions are found for o-xylene, and the interactions
involving m-xylene are the weakest because of steric hin-
drance, which prevents molecules from being arranged in
parallel planes.!°® Finsy et al.'°° studied the adsorption of
xylenes with the MIL-47 framework from the gas phase and
demonstrated that virtually no selectivity is observed at low
partial pressures, but with increasing degree of filling of the
sorbent channels with xylene molecules, the selectivity
increases. As a result, it was found that the adsorption
selectivity can be controlled by varying pressure or temper-
ature. The adjustment of sorbent activation conditions
makes it possible to attain the selectivity coefficient of 14
for a p-xylene — m-xylene binary mixture.?%0

Chromium terephthalate [Cr3O(OH)(H20)2(bdc)s],
(MIL-101) was used as the stationary phase for the ana-
lytical separation of xylenes by gas chromatography 20!-202
and high-performance liquid chromatography.2°3 Analysis
of adsorption isotherms showed that aromatic hydrocar-
bons are more strongly adsorbed by the MIL-101 frame-
work than aliphatic hydrocarbons, with the highest Henry
constant being inherent in o-xylene.?°? This framework also
demonstrated record-high uptake capacity of xylenes equal
to ~ 120 mass %.202

Huang et al.?°* investigated sorption of xylene from an
equimolar liquid mixture of the three isomers by zinc
biphenyl-3,5-dicarboxylate  [Zn(p4-L?)],, which  had
extended one-dimensional channels with a diameter of
~1.7 nm. A predominant inclusion of p-xylene into this
framework was observed.

Causes for the selective adsorption of p-xylene by the
boron imidazolate framework [Zn>(BH(mim)s)>(obb)l,,
where mim is 2-methylimidazolate, obb is 4,4’- oxybis(ben-
zoate), (BIF-20), were addressed by Lyndon er al?%’
Despite high and nearly equal uptake capacities of o- and
p-xylene (~30 mass %), the p-xylene adsorption had a
selectivity coefficient of ~3 due to the smaller size of its
molecule compared with the ortho-isomer, which was char-
acterized by faster diffusion. The crystal structures of p- and
o-xylene inclusion compounds in the cavities of this frame-
work were determined. According to the results, the ortho-
isomer molecules are disordered to a much higher degree,
which indicates that they weakly interact with the frame-
work. The molecules of p-xylene are located near the
imidazole borate linkers and are involved in m—m interac-
tions with the imidazole rings and boron atoms (Fig. 59). It
is noteworthy that the aperture of framework pores (~3 A)
is markedly smaller than the kinetic diameter of xylene
molecules (~6 A). Nevertheless, xylene molecules can enter
the pores. This is attributable to structural mobility of the
framework, enabling conformational changes of the imida-
zole rings, which depart from the equilibrium conformation,
and hence xylene molecules can slip into the pores.?%>

Figure 59. Fragment of
the crystal structure of
the inclusion compound
of p-xylene into the
[Zn2(BH(mim)3)>(obb)],
framework (BIF-20). The
dashed lines show n—n
interactions. The figure

was created by the
authors using data of
Ref. 205.

The [Zn(mpba)], framework (MAF-X8), where mpba is
the 4-(1H-3,5-dimethylpyrazol-4-yl)benzoic acid dianion,
showed a selectivity towards p-xylene, which was only
slightly inferior to the selectivity of BaX zeolite currently
used in industry, while the uptake capacity of MAF-X8 was
markedly higher, which increased the operating life of the
sorbent between regenerations.?°¢ Molecular modelling
demonstrated that the channels of MAF-X8 match p-xylene
molecules almost perfectly.

Experimental and theoretical study of selective sorption
of p-xylene from an isomer mixture with the
[Cu(ndc)(DABCO)o 5], framework [DUT-8(Cu)] was
reported by Kim et al.?°7 DUT-8(Cu) is a 3D metal-organic
framework with 1D channels with a square cross-section of
9.6A side. In the adsorption of xylenes from a three-
component mixture, the selectivity coefficient for the p-iso-
mer was ~2. Molecular dynamics simulation showed that
p-xylene molecules are packed in the channels in an ordered
manner and mainly in the vicinity of DABCO linkers,
whereas the other two isomers fill the channels in a random
manner.

An interesting ‘molecular imprinting’ effect in the syn-
thesis of MOFs was demonstrated by Yang et al.?°® The
reaction of 4-(1H-pyrazol-4-yl)pyridine (Hpypz) with cop-
per(1) ions in the presence of p-xylene results in the
formation of the layered metal-organic framework
[Cuz(pypz)2]- 0.5 pX, where pX is p-xylene, (MAF-36) in
which zigzag-like channels are filled with the para-isomer
molecules. The removal of p-xylene molecules affords a
metal-organic framework, which retains high selectivity for
the p-xylene over other xylene isomers, despite the struc-
tural rearrangement taking place upon removal of the
guests. The adsorption of an equimolar liquid mixture
with MAF-36 demonstrated the record-high selectivity for
p-xylene, amounting to 51, which was several times as high
as that exhibited by other MOFs (7 to 10) and by the
commercially used BaX zeolite (~ 7).

Selective sorption of p-xylene, which has the smallest
kinetic diameter of the molecule among xylenes, can be
attained by using flexible ligands for MOF fabrication.
Mukherjee et al.'®* described the layered metal-organic
framework [Zn4O(L3)3(DMF)5],-xG (L3 is 4,4'-[(4-tert-
butyl-1,2-phenylene)bis(oxy)]dibenzoate with two flexible
ester groups, G is the guest molecule). The removal of
guests from the MOF pores leads to a considerable con-
traction of the framework: the fraction of free space in the
unit cell decreases from 34 to 12%. The repeated immersion
of the MOF into the medium of a guest with the appropriate
size of molecules, in particular p-xylene, leads to restoration
of the crystal structure and uptake of a considerable amount
of guest molecules into the framework (up to 4 p-xylene
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molecules per formula unit). Meanwhile, in the case of o-
and m-xylenes, only 0.08 and 0.34 molecules per formula
unit, respectively, are adsorbed.!84

The conformational mobility of the ligand with amide
groups played an important role in the selective
encapsulation of xylene into the Ilinear MOF
{[Cu(L*2(H20)(Cl04)2},, [L* is N',N*-bis(4-pyridylme-
thyl)fumaramide].2%° Upon crystallization, polymer chains
are assembled into layers through hydrogen bonding, while
the layers are stacked to form 19.3x 11.3 A channels. The
synthesis of such a metal-organic framework in the presence
of binary or ternary mixtures of xylene isomers leads to
competitive inclusion of only one of them, particularly, only
o-xylene is adsorbed from a ternary mixture and only the
m-xylene is adsorbed when a mixture of m- and p-xylenes is
used. It is worth noting that, depending on the adsorbed
xylene isomer, the dimensionality of the resulting MOF
bearing the guest molecules changes. Particularly, the pres-
ence of 0- and p-xylenes induced crystallization of 2D MOF
(Fig. 60), while the meta-isomer caused crystallization of
1D MOF.

There are also MOFs that demonstrate adsorption
selectivity not only for p-xylene, but also for other isomers.
Nicolau er al.?'? investigated the adsorption of xylene and
ethylbenzene vapours for binary and quaternary mixtures.
The authors showed that the [Zn(bdc)(DABCO)y 5], frame-
work exhibits selectivity for o-xylene with a selectivity
coefficient of 1.88 due to stronger interaction of this isomer
with the framework surface.

The layered metal-organic framework
[Co(bpy)2(NCS)3], showed high uptake capacities towards
o- and p-xylene (85 mass %), which are inferior only to
those of MIL-101.2'"" Powder X-ray diffraction of the
inclusion compounds [Co(bpy)2(NCS)z],-x CsHio demon-
strated that xylene vapour fills the space between MOF
layers (Fig. 61), the uptake being four xylene molecules per
formula unit. This is in line with the observed adsorption
capacity. The nature of the intermolecular interactions
between the guests and the framework is somewhat different
over the series of isomeric xylenes. The shortest distance
(4.003 A) between the xylene molecule and the pyridine

coordination

the
{[Cu(LH2(H20)](Cl04)2}, [L* is N',N*-bis(4-pyridylmethyl)fumar-
amide] with encapsulated p-xylene molecules. The ClO; counter-
ions are omitted for the sake of simplicity. The figure was created
by the authors using data of Ref. 209.

Figure 60. Layer of polymer

Figure 61. Fragment of the crystal structure of the layered MOF
[Co(bpy)2(NCS),], with encapsulated p-xylene (a) and o-xylene (b)
molecules. The dashed lines show n—n and C—H---r interactions.
Hydrogen atoms are omitted for the sake of simplicity. The figure
was created by the authors using data of Ref. 211.

rings of the linker is characteristic of the ortho-isomer. In
addition, the hydrogen atoms of the aromatic ring of
o-xylene are involved in the C—H-- -1 interactions, whereas
the meta- and para-isomers form contacts only by their
methyl groups. Finally, this MOF shows high selectivity
(~10) for o-xylene over p-xylene.?!!

A very high selectivity for o-xylene was found for
chromium terephthalate [Cr(OH)(bdc)], [MIL-53(Cr)]. The
o-xylene — p-xylene selectivity for sorption from a liquid
isomer mixture (13.75) makes this material a promising
alternative to zeolites in the industrial sorption processes
using a simulated moving bed.?!?

Among the factors affecting the selectivity of adsorption
of a particular xylene isomer is the presence of coordina-
tively unsaturated sites in the MOF structure. Gonzalez
et al.?!3 carried out a structural study of the compounds
formed wupon encapsulation of xylenes into the
[Cox(dobdc)], framework (dobdc is 2,5-dihydroxybenzene-
1,4-dicarboxylate). The framework contains hexagonal
channels, the inner surface of which has coordinatively
unsaturated cobalt(11) sites. It was found that encapsulation
of o-xylene induces a substantial distortion of three out of
each four framework pores and that each distorted pore
accommodates four o-xylene molecules, while the undis-
torted pores contain three such molecules (Fig. 62). In the
case of para- and meta-isomers, characterized by lower
adsorption capacity, no framework distortions were

Figure 62. Crystal struc-
ture of the MOF
[Coz(dobdc)], with
channels filled with
o-xylene molecules.
The figure was created
by the authors using
data of Ref. 213.
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detected. Three cobalt(11) cations can be identified as bind-
ing sites for o-xylene molecules, whereas only two such sites
are present for m-xylene and only one site is found for
p-xylene. As a result, the o-xylene—p-xylene selectivity is
3.9, while the volumetric capacity of this framework (3.8—
4.2 mmol cm—?) exceeds those of zeolites that are currently
used in industrial processes of xylene separation.?!3

2.3.2. Separation of benzene and cyclohexane

Cyclohexane is a large-scale product of chemical industry,
used as a raw material for the production of cyclohexanol,
cyclohexanone and caprolactam, which are, in turn, used
for the production of polyamide fibres and threads. Cyclo-
hexane is produced by catalytic hydrogenation of benzene,
and the unreacted benzene has to be separated in order to
isolate a pure product. Separation of small amounts of
benzene from cyclohexane is an energy-demanding task
complicated for implementation.'®> Due to close boiling
points (80.1 °C for benzene and 80.7 °C for cyclohexane),
conventional distillation is inapplicable. Therefore, azeo-
tropic and extractive distillation processes are used,?!4-210
which decreases the environmental and economic efficiency
of the processes. The methods of benzene separation from
cyclohexane by pervaporation using polymer membranes
appear relatively promising from the engineering stand-
point.217-220 In recent years, considerable attention of
researchers has been devoted to the adsorption separation
of benzene and cyclohexane using silica gels,>>! mesoporous
carbon 222 and also organic cavitands.??3-224

The first studies dealing with inclusion compounds
formed upon encapsulation of benzene into MOF pores
appeared rather long ago. In 2007, Shimomura et al.??’
reported the results of an X-ray diffraction study of the
compound {[Zn(na-TCNQ-TCNQ)(bpy)]- 1.5 PhH},
(TCNQ-TCNQ is 1,2-bis[4-(dicyanomethylene)cyclohexa-
2,5-dien-1-yllethane-1,1,2,2-tetracarbonitrile), which
showed that benzene molecules are strongly held by
C—H---m interactions (Fig. 63).

One of the first examples of comparative study of MOF
adsorption of benzene and cyclohexane was reported by
Tan et al?*® in 2012. For the three-dimensional MOF
{[Cuz2(obb)a(bpy)o.s(DMF)]-2 DMF},, the uptake capacity
for benzene adsorption from the gas phase was 20.6 mass %
and that for cyclohexane was 14.9 mass %. As specific
features of the process, the authors noted a wide hysteresis
in the adsorption isotherms and incomplete desorption

Figure 63. Crystal
structure  of  the
inclusion com-
pound {[Zn(pas-
TCNQ-TCNQ).
.(bpy)]-1.5PhH},.
Hydrogen atoms
are omitted for the
sake of simplicity.
The figure was cre-
ated by the authors
using data of
Ref. 225.
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related to the lock effect of the framework pores towards
the adsorbed molecules.

Basic amide groups and C—H---n and n— & interactions
were considered??’” to be responsible for the
increased benzene —cyclohexane selectivity of
[Cua(L?)4(NO3)4(H20)], MOF [L3 is di(4-pyridyl)-5-tert-
butylisophthalamide). The sorbent can take up ~2 benzene
molecules per formula unit when adsorbed from the gas
phase, with the selectivity over cyclohexane being 8.

Zhou et al.??® made an attempt to separate benzene and
cyclohexane by sorption under dynamic conditions with the
hep-UiO-66 MOF based on {Zr;2Os(OH)4} clusters and
terephthalic acid. The sorbent more efficiently retains ben-
zene with the selectivity coefficient of 2.39, which is suffi-
cient for separation of cyclohexane from mixtures with
relatively low contents of benzene.

Some MOFs exhibit inverse selectivity, that is, they
better retain cyclohexane than benzene. For example, the
[Zn(eim),] metal azolate framework, where eim is 2-ethyl-
imidazolate anion, (MAF-6) has a high concentration of
ethyl groups on the pore surface, which make it highly
hydrophobic. As a result, during gas chromatographic
separation, more lipophilic cyclohexane (lipophilicity:
logP =3.6) is held more strongly than benzene
(logP = 2.2).22°9

Logvinenko et compared the thermal
stability of benzene and cyclohexane inclusion
compounds into {[Zn»(bdc),(DABCO)]-4PhH}, and
{[Zn>(bdc)>(DABCO)]-3.5CsH 12}, MOFs. The compound
with cyclohexane was thermally more stable, despite the fact
that the boiling point and the enthalpy of vaporization of
cyclohexane are virtually equal to those of benzene. The
higher kinetic stability of the cyclohexane inclusion com-
pound was attributed to the entropy factor, related to the
conformational flexibility of the cyclohexane molecule.

As in the case of xylene adsorption, the presence of
coordinatively unsaturated sites in MOF often has a crucial
effect on the selectivity of benzene sorption. Liu et al.?3!
investigated sorption of benzene by the [Mg(dobdc)],
framework (Mg-MOF-74). This framework has channels
with a hexagonal cross-section with an inscribed circle
diameter of ~15 A; each magnesium atom coordinates
five oxygen atoms in a square-pyramidal environment.
Studying the adsorption isotherms of benzene from a
vapour revealed a high uptake capacity (8.2 mmol g—1)
and adsorbed benzene density of 815 kg m—3, which is
comparable with the density of liquid benzene
(870 kg m—3) and attests to a liquid-like state of the
adsorbed benzene molecules. When sorption was carried
out from an equimolar mixture of benzene and cyclohexane
vapour, only benzene was shown to be sorbed, and the
diffusion coefficient of pure cyclohexane in the sorbent was
1 -3 orders of magnitude higher than that for benzene. The
molecular dynamics simulation of the intermolecular inter-
actions of benzene and cyclohexane with the framework
surface indicates that benzene molecules are mainly
adsorbed near magnesium ions, with the average distance
from the centre of mass of the molecule to the nearest
magnesium ion being 3.78 A. Meanwhile, the low-polarity
cyclohexane molecules have a low affinity to coordinatively
unsaturated magnesium ions, with the average distance
between them being 4.65 A.23!

Benzene and cyclohexane sorption was studied for a
series of frameworks with various coordinatively unsatu-
rated sites [M(dobdc)],,, where M = Mn, Ni, Mg, Cu, Zn,

al.230
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Co, Fe (the codes are M-MOF-74). The benzene adsorption
capacity decreased in the series from manganese(Il)- to
iron(Il)-containing framework; this series coincides with
the order of decreasing ionization potentials of the metals.
For the Mn-MOF-74 framework, the saturation capacity
for benzene reached 9.38 mmol g—!, while that for cyclo-
hexane was only 0.25 mmol g—!. The calculation of the
benzene —cyclohexane selectivity using the ideal absorbed
solution theory (IAST) for Mn-MOF-74 gives a very high
value of about 103.232

Kondo et al.?33 reported the MOF [Cu(bpp)2(BF4)2],
[bpp is 1,3-di(4-pyridyl)propane], capable of solvent-
induced reversible transformation from the close-packed
non-porous 3D structure into a porous 1D structure. For
sorption from the gas phase, the uptake capacity for
benzene was 248 mg g~ ! (~2 benzene molecules per for-
mula unit), while the uptake of cyclohexane was negligibly
low. It is noteworthy that the adsorbed benzene molecules
are held very strongly by the MOF and are not released even
when the relative pressure drops to 10—2.

Modification of the inner surface of channels in the
two-dimensional MOF {[Cul(L®)]-(DMF)-H,0}, [L° is
4'-(anthacene-9-yl)-4,2":6' 4" -terpyridine] by anthracene
moieties provided high selectivity of benzene sorption
from the gas phase with the benzene —cyclohexane selectiv-
ity of ~42.234

The polar groups on the pore surface of the
[Zn(pbda)(dpni)], framework (pbda is 4,4'-[(2-tert-butyl)-
1,4-phenylene)bis(oxy)]dibenzoic acid, dpni is N,N'-di(4-
pyridyl)napthalene-1,4,5,8-tetracarboxydiimide) were indi-
cated 23° to be responsible for the selectivity of benzene
sorption (uptake capacity of ~4.5 mmol g—') over cyclo-
hexane sorption (the uptake is negligibly low).

With the goal of generating m-electron-deficient sites on
the surface of MOF channels, Manna et al.?3® proposed a
new ligand, 4-(4,6-diamino-1,3,5-triazin-2-yl)benzoic acid.
The reaction of this ligand with copper nitrate gave a 2D
MOF, the layers of which were combined into a three-
dimensional structure with 6.71 x 7.08 A channels through
hydrogen bonding. Due to the ©t— = stacking with electron-
deficient triazine rings, the m-electron density-rich benzene
molecules were efficiently adsorbed by the obtained MOF
with an uptake capacity of 1.5 mmol g—!, whereas the
uptake of cyclohexane was only 0.2 mmol g—!. The IAST
calculation of the sorption selectivity for an equimolar
benzene —cyclohexane mixture resulted in the value of
~200.236, 237

The role of m-acceptor 1,3,5-triazine moieties in increas-
ing the benzene — cyclohexane adsorption selectivity via t—n
interactions was also demonstrated in relation to the frame-
works {(EtsN)3[Ins(tatb)4]- (DEF)i6- (H20)11},, where tatb
is 4,4’ 4"-s-triazine-2,4,6-triylbenzoate, DEF is diethylfor-
mamide,?3® (code FJI-C1) and {[Cd(ataia)]-4 H,O}, , where
ataia is 5-[(4,6-diamino-1,3,5-triazin-2-yl)aminolisophtha-
late.?3® When adsorption was carried out from saturated
vapour at 298 K, the uptake capacity of FJI-C1 for benzene
was about 13.4 mass %, which was 111 times higher than
the capacity of the same MOF for cyclohexane.?3® For the
cadmium-organic framework the selectivity coefficient was
6.5.2%

The ligand flexibility and the presence of Lewis m-acid
sites on the pore surface of the three-dimensional MOF
[Znx(L7)2(DMF),], [L7 is 2,2'-(1,3,5,7-tetraoxo-5,7-dihydro-
pyrrolo[3,4-flisoindole-2,6(1 H,3 H)-diyl)dipropiolate] with
one-dimensional channels provide selective adsorption of

benzene, although the uptake capacity is moderate (one
benzene molecule per formula unit). Cyclohexane is virtu-
ally not adsorbed by this framework.240

The competing sorption of benzene and cyclohexane
from liquid and gaseous equimolar mixtures was studied 24!
in relation to a series of isostructural MOFs described as
[Zn2(tdc)s(gly)s(DABCO)s],, (Hatde is thiophene-2,5-dicar-
boxylic acid, gly is alkane-1,2-diol dianion). These MOFs
contain channels with a diameter from 1.4 to 4.8 A, depend-
ing on the alkyl chain length of the diol. The alkyl chain
length also affects the selectivity for benzene over cyclo-
hexane; it is maximum for ethane-1,2-diol and amounts to
20:1 for sorption from the gas phase and 92 :1 for sorption
from the liquid phase. Elongation of the alkane-1,2-diol
chain is accompanied by a decrease in the selectivity and, in
the case of butane-1,2- and pentane-1,2-diols, the selectivity
is reversed, i.e., cyclohexane is adsorbed predominantly.
The MOF with the pentane-1,2-diolate anion had a cyclo-
hexane selectivity over benzene equal to 5 for the gas phase
and 2.5 for the liquid phase.?*!

The sorption selectivity can be controlled by changing
the pore size in MOFs. Wang et al.?*? investigated the
adsorption of benzene and cyclohexane from their equimo-
lar liquid mixture by a series of MOFs obtained by ion
exchange: NH4@ZnPzC, MesNH@ZnPzC and
EtsNH@ZnPzC (PzC is 1H-pyrazole-4-carboxylate). On
going from the trimethylammonium cation to the triethy-
lammonium cation, the adsorption selectivity for benzene,
which has a smaller molecular size than cyclohexane,
increased from 3.1 to 14, which is consistent with decreasing
pore size of the framework.?*? A similar trend was observed
for a MOF based on copper(II) ions,
CAT@[Cus-(n3-OH)(u3-PzC)3],  (where  CAT = NHJ,
Et;N ™, Li™): the selectivity coefficient increased from 5 to
12 on going from the ammonium cation to the lithium
cation.?®3

The correlation between the kinetic diameter of the
benzene molecule (5.85 A) and the pore size of MOF
[Zn(ip)(bpa)],. , where ip is isophthalate, bpa is 1,4-di(4-pyri-
dyl)acetylene, (CID-23) endows the framework with an
enhanced selectivity for benzene; the benzene —cyclohexane
selectivity coefficient for adsorption from an equimolar gas-
phase mixture is 25.244

The possibility of template tuning of MOF for attaining
high sorption properties was demonstrated.?*® It is known
that the reaction of 4-(3,5-dimethyl-1H-pyrazol-4-yl)ben-
zoic acid (Hompba) with zinc(II) ions may give diverse
metal-organic frameworks. In the presence of benzene, the
MOF {[Zn>(Hmpba)>(mpba)]-2 PhH}, is formed with zig-
zag-like channels filled with benzene molecules. Guest
exchange may allow the preparation of inclusion com-
pounds with other guests, particularly cyclohexane. X-Ray
diffraction data indicate that the framework undergoes a
substantial restructuring as one guest is replaced by another
one. The obtained MOF was used as the stationary phase
for gas chromatographic separation of benzene and cyclo-
hexane with a selectivity coefficient of 2.85.24°

The first example of using MOFs for separating benzene
and cyclohexane (or other hydrocarbons) by liquid chroma-
tography was reported by Nuzhdin ez al.,>*® who used a
composite sorbent based on the framework HKUST-1 and
aerogel SiO; as the stationary phase. In this sorbent, MOF
ensures the selectivity towards unsaturated hydrocarbons
and silica gel improves the hydrodynamic properties of the
column.
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Thus, the diversity of MOF building blocks allows for
the fabrication of porous materials with high selectivity for
the desired xylene isomer or benzene, while the high
porosity of MOFs ensures the uptake capacity values that
cannot be attained for traditional sorbents. The progress in
the methods of MOF synthesis makes the frameworks more
and more economically accessible, and some of them can
even now compete with materials applied in the existing
industrial processes of hydrocarbon separation.

2.4. Coordination cages, supramolecular assemblies,
polynuclear systems based on metal clathrochelates and
reactivity of encapsulated ions

The state-of-the-art studies in the title area of supramolec-
ular chemistry up to the end of 2014 is described in detail in
the monographs The Encapsulation Phenomenon: Synthesis,
Reactivity and Applications of Caged Ions and Molecules>*"
and Cage Metal Complexes: Clathrochelate Revisited,>*3
published by Springer in 2016 and 2017, respectively.
Later, these monographs were translated into Russian. A
number of recent reviews 249-2%% address particular areas of
the chemistry and application prospects of metal clathro-
chelates and systems based on them. In particular, two
reviews 249250 are devoted to the prospects of using clathro-
chelate ligands in supramolecular chemistry and modern
materials science. It was shown that, with minor synthetic
effort, clathrochelate ligands can form nanosized molecular
assemblies, including coordination cages with unusual
geometry such as digonal gyrobicupola (gyrobifastigium)
or square orthobicupola and also large (>3 nm) supra-
molecular associates and linear or cross-linked clathroche-
late polymers with permanent porosity.>’® Since the cla-
throchelate cages decorated with functional groups in lat-
eral and apical positions are multimodal compounds, they
can form metal-organic frameworks and are also promising
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monomers for the production of metallopolymers and
conductive coatings of electrodes. The advances in the use
of 3d metal clathrochelates in the controlled radical poly-
merization of vinyl monomers are reflected in the
reviews 2°1-252 published in 2011 and 2016, respectively.
The achievements and prospects of biological and medicinal
applications of cage metal complexes and their supramolec-
ular assemblies with biomacromolecules are described in
detail in the review of Voloshin er al.?>3 The most recent
achievements in the studies of d-metal tris(dioximate) cla-
throchelates and functional hybrid materials based on them
as promising electro- and pre-catalysts for the production of
molecular hydrogen and synthesis gas were surveyed by
Voloshin et al.?>*

2.4.1. Coordination cages

The tritopic clathrochelate ligands 54, 55 based on arylbor-
onic acids 5658 and dioxime 59a shown in Scheme 4255
were used to prepare two larger-size Pd % Ls type coordina-
tion cages with Pd---Pd distances of up to 4.2 nm in the
presence of palladium complex 60.

The effect of the size and geometry of clathrochelate
ligands on the coordination-controlled association of M% L,
coordination cages of various types was studied both
theoretically and experimentally.?3%-257 It was found that,
instead of the tetragonal barrel-like (A) cages, the reaction
of mononuclear clathrochelate synthons with 2 equivalents
of (dppp)M(OTY), [61: M = Pd (a), Pt (b)] gives gyrobifas-
tigium-like (B) MY L, type cages, which are shown in
Scheme 5 %7 in relation to synthon 62a as an example.
Meanwhile, analogous synthons 62b—e and complexes
61b—e were converted to both barrel-like Pt L, cages and
PrE L assemblies with molecular weight of >23 kDa and
diameter of ~4.5nm. The geometry of compounds
obtained in this way depends on the structure of complexes

Scheme 4

Here and below only the charge on the metal atom, indicating its valence state,
is shown in the structures.



928

1.S.Antipin, M.V.Alfimov, V.V.Arslanov, V.A.Burilov, S.Z.Vatsadze et al.
Russ. Chem. Rev., 2021, 90 (8) 895-1107

Scheme 5

B<
o? 0 (dppp)M(OTH2
(M = Pd (61a),
_ Pt(etb) |

@ v -, e

O clathrochelate synthon 62a

Tfis trifluoromethanesulfonyl (triflyl)

eNe

61b—e. Indeed, when synthons 62d,e react with complexes
61d,e, the tetragonal barrel-like Pri/ L, cages A are formed;
synthons 62b,c,e and complex 61b react to give gyrobifasti-
gium-like PtiL, cages B; pentagonal barrel-like PrihLs
cages C are formed in the reaction of synthon 62¢ with
complex 61d; and the reaction of synthon 62¢ with complex
61c affords Pr’lLg assembly D (Scheme 6).257 The binuclear

Scheme 6

61b—e

61:R2 = Ph:n = 3(b), 2 (c);
R2 = cyclo-CgH11:
n=1(d)2(e)

62: R' = Et (b), Bu" (c), Ph (d);
R'—R" = (CHa)4 ()

. M = P2+

clathrochelate
Q synthons 62b —e

ManL-cages

Scheme 7

L 15

62,63: R = Me (a), But (b)

clathrochelate ligands 62a,b react with complex 61b to give
pentagonal PrihLs barrels 63a,b (Scheme 7).257

Cecot et al.?>® showed that during the formation of
Pt L, coordination cages, lateral groups can direct the
coordination-controlled self-assembly of clathrochelate
ligands by promoting the formation of a structure that
enables energetically favourable (i.e., associated with
minor steric restrictions) packing of bulky groups. Clathro-
chelate ligand 62f, containing four pyridyl groups in the
apical positions and three phenanthrene groups in the
lateral chelating moieties, was reacted with complexes
61b,c to give Pr/L, coordination cages with a tetragonal
prismatic geometry (Scheme 8).2°® In the case of clathro-
chelate ligand 61c with aliphatic n-butyl lateral groups,
gyrobifastigium-like Pri L, cages were obtained.258

Scheme 8

Pti!L ;-cages Pt/ 4-cages
(for 62f) (for 62c)
62: R = Bu" (c); . M = P2+
R—R = )
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Scheme 9
OH

OH
N_-R N

Fe2+ + I + @B/

=z N

N"TR = H
\ 56 © B-OH
OH

59a,b

64a,b

\fO

i

Pd2+

R—R = (CH2)4 (a);
CH2CH(Me)(CH>)2 (b)

Pd2+
Pd!!L 4-cages

Jansze et al.>>® reported the synthesis of bent ditopic
clathrochelate ligands 64a,b and 65a.b with terminal 3-pyr-
idyl groups. They were obtained by template condensation
of a mixture of the corresponding aryldiboronic (66, 67) and
3-pyridylboronic (56) acids on an iron(II) ion as the tem-
plate (Scheme 9).2%° These macrobicyclic synthons were
used for the coordination-controlled self-assembly of
Pd L, cages in the presence of palladium complex 60. It
was shown 237 that cages with nioxime (cyclohexane-1,2-
dione dioxime) substituents [R —R = (CH»)4] in the lateral
chelating moieties are more stable than their dimethylgly-
oximate analogues (R = Me).

2.4.2. Coordination polymers

Binuclear zinc and cobalt(Il) clathrochelates 68—71, con-

taining cyano groups at the periphery of encapsulating

ligands (Scheme 10), were prepared 2°° by two pathways:
— using the template polycondensation of CN-contain-

ing arylboronic acids (e.g., compound 72) and the appro-

priate phenoldioximate ligand synthons 73a,b on zinc or
cobalt(IT) ion as the template (for complexes 68, 69);

— post-synthetic cross-coupling of polybrominated
zinc(I1) clathrochelates 74a.,b, obtained from bromides
75a,b, with 4-cyanophenylboronic acid (72).

The reactions of clathrochelate ligands 68 —71, contain-
ing terminal cyano groups, with silver salts resulted in the
formation2%0 of heterometallic (Zn?>*, Ag™ and Co?™",
Ag™) coordination polymers.

Bila er al.?®! reported the formation of microporous
thermally and hydrolytically stable polymer networks with
permanent porosity based on ligands 76a—79a (Fig. 64).
These ligands were obtained in two ways. The first method
was based on the Suzuki— Miyaura covalent cross-coupling
of pre-synthesized iron(II) dibrominated clathrochelates
80a,b with reactive halogen atoms of compound 75b and
the corresponding diboronic acids 81, 82 (Scheme 11) and
the other method comprises Sonogashira—Hagihara poly-
cross-coupling of clathrochelate precursors 83a,b, contain-
ing terminal C=C bonds in the apical substituents, with
1,3,5-tribromobenzene (Scheme 12). The clathrochelate pre-
cursor 80b, derived from enantiomerically pure a-dioximate
ligand 59¢, was used 2°! to prepare chiral polymeric prod-
ucts, one of which adsorbed mainly D- tryptophan in
comparison with the L-epimer.

Fell, Felll_.heterobinuclear clathrochelates were obtained
by template condensation of 4-pyridylboronic acid (84) with
the corresponding phenol dioxime ligand synthon 73 in the
presence of iron(111) and/or iron(11) ions (Scheme 13). Their
macrobicyclic ligands can encapsulate iron ions in two
redox states to give either homobinuclear clathrochelates
85a,b with two encapsulated iron(II) cations or their hetero-
binuclear Fe!!,Fe!ll-analogues 86a,b, which easily undergo
reversible chemical or electrochemical oxidation or reduc-
tion.

Using a mixture of zinc or iron salts, Bila er al.>¢?
prepared Zn' Fe'-heterobinuclear clathrochelate 87
(Scheme 14). Studying ion exchange reactions of encapsu-
lated metal cations in these binuclear clathrochelates
showed 262 that Fe!!, Fe!'l-heterobinuclear cage complexes
86a,b are thermodynamically more stable than analogous
binuclear complexes of zinc (88) and cobalt(ll) (89)
(Scheme 15).

Palladium-catalyzed polycross-coupling of Fell,Felll-
heterobinuclear clathrochelate 90 with the terminal bromine
atoms in the encapsulating ligand and benzene-1,4-dibor-
onic acid (81) afforded?®? thermally and hydrolytically
stable coordination polymer with permanent porosity
(Scheme 16).

The template condensation of the corresponding phenol
dioxime ligand synthon with 3-(acrylamidophenyl)- or
3-(methacrylamidophenyl)boronic acids on cobalt or man-
ganese(11) ion templates yields binuclear boron-containing
macrobicyclic complexes 91a,b with reactive apical substitu-
ents.?%3 It was found that the type of supramolecular
clathrochelate network in the crystals of the product
depends on the nature of terminal groups at the cross-
linking boron atoms and that transition from 2D to 3D
supramolecular assemblies can be accomplished using
appropriate guests (Fig. 65).263

Iron(11) clathrochelates 92a—d with terminal 4-pyridyl
groups are converted 2%* to paddle-wheeled metal-organic
frameworks with N,N’-di(4-pyridyl)napthalene-tetracar-
boxydiimides via ligand exchange reactions.
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Figure 64. Formation of porous clathrochelate-containing material RN N 'l\‘l R B
based on ligands 76a—79a. The figure was created by the authors O\O /O O/O/ ~o
using data of Ref. 261. B R N\ N ,‘\1
T L reT )
O R I\‘IH N ’N R
2.4.3. Hybrid systems O O\Q 0
The first hybrid bi- and trinuclear Fe!l,Zr'V- and Fe!l, Hf V- B
porphyrinatoclathrochelates with one (93a,b) or two apical 8 76ab ]
meso-tetraphenylporphyrinato  moieties  (94a,b) were ' " \
obtained under mild conditions by transmetallation of R =H(a), Me (b) O
mono- (95) or di-antimony-containing (96) macrobicyclic
precursors on treatment with dichlorozirconium(IV)- or 77ab
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dichlorohafnium(1V)-meso-tetraphenylporphyrins 97a,b as
Lewis acids (Scheme 17).25 It was reported 2°¢ that the

reactive antimony-containing iron(II) clathrochelate 98 with Br PA(PPhs)s

a terminal vinyl group shown in Scheme 18 also undergoes

exchange reaction of the cross-linking group (transmetalla-

tion) under the action of the hafnium(Iv) phthalocyanine

complex (HfPc, 99a) as a stronger Lewis acid to give hybrid porous clathro-
binuclear HfPc-cross-linked iron(I1I) phthalocyaninocla- chelate polymer

throchelate 100.
Br 90
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Figure 65. Formation of supramolecular clathrochelate-containing 2D layer networks and their conversion to 3D supramolecular
assemplies. The figure was created by the authors using data of Ref. 263.

Structures 91

T
(3
\

M = Co,R = H (a);
M = Mn, R = Me (b)

N Structures 92

@
N7 R—R = (CHa)4 (c);

R = H (a), Et (b);
92a—d CH2CH(Me)(CHz) (d)

Antimony-containing iron and nickel(II) tris(pyridine-
oximates) 101a,b with the reactive triethylantimony cross-
linking group were prepared by template condensation of
2-acetylpyridineoxime and triethylantimony(V) dibromide
using the corresponding metal ion as the template.?%” These
labile complexes were readily transmetallated on treatment
with zirconium and hafnium(1Vv) phthalocyanine complexes
99a.b as Lewis acids to give binuclear iron (102a,b) and
nickel(11) (102c¢,d) tris(pyridineoximates) with a phthalo-
cyanine cross-linking group (Scheme 19, pathway a).
Subsequently, Dudkin er al.?%® proposed a more convenient
and efficient one-step preparation method of hybrid com-
plexes 102a—d in high yields, which consists in template
condensation of 2-acetylpyridineoxime with phthalo-
cyanines 99a,b in the presence of 3d metal salts (pathway b
in Scheme 19).

Scheme 17

M = Zr*+ (a),
Hf*+ (b)

pur
B
oo
OiNm
. M
NG 0] O
|

Scheme 18

The aggregation of four hybrid binuclear iron and
nickel(II) tris(pyridineoximates) shown in Scheme 19 with
metal phthalocyanine cross-linking moieties 102a—d was
studied by spectral methods both in solutions and in fluoro-
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ZNOH g4 spBr,

. NaH003
M2+ + >N —_—
| pathway a

99: M’ = Zr (a), Hf (b);
101: M2+ = Fe (a), Ni (b);

102: M = Fe,n = 2: M’ = Zr (a), Hf (b);
M = Ni,n=2: M = Zr (c), Hf (d);
M = Co,n = 3: M’ = Zr (e), Hf (f)

plastic thin films.?%° It was shown that these complexes
form H-type dimers in solutions or in poly(vinylidene
fluoride) — hexafluoropropylene (PVDF-HFP) copolymer
matrix, while the complexes immobilized on the surface of
polymers exist mainly as single molecules.

Similar pseudo-macrobicyclic cobalt(Ill) tris(pyridine-
oximates) 102e.f with phthalocyanine cross-linking moieties
were prepared 270 according to Scheme 19 (pathway b) by
direct template reaction of 2-acetylpyridineoxime with zir-
conium and hafnium(1V) phthalocyanine complexes 99a,b
and cobalt(Il) salt. During this reaction, the central
cobalt(Il) ion was oxidized to Co3". According to single
crystal X-ray diffraction,?’? the CoNg polyhedron of the
cross-linked binuclear ZrPc complex has a truncated trigo-
nal pyramidal geometry. The encapsulated cobalt(IlI) ion
occurs nearly at the centre of this polyhedron, which is
typical of low-spin cobalt(11I) complexes: this cation is only
slightly shifted along the molecular Co---Zr pseudo-Cs
symmetry axis of the semiclathrochelate cation.

The monopropargylamine iron(Il) cage complex 103,
obtained in a high yield by nucleophilic substitution reac-
tion of monochlorinated clathrochelate precursor 104 with
propargylamine, was introduced in the copper-catalyzed
click-reaction with o-carborane-12-methyl azide, resulting
in the formation of hybrid iron(I1) monocarborane clathro-
chelate 105 (Scheme 20; BH groups are located at the
dodecahedron vertices).27!

2.4.4. Supramolecular associates with protein macromolecules and
their macromolecular chelators

Iron(I1) n-butylborate hexachloroclathrochelate 106
showed 272 high cytotoxicity in vitro against human promye-
locytic leukemia (HL-60) cell line [the half-maximal inhib-
itory concentration (ICsg) was 6.5 umol L—1!]. This result
was correlated with the substantial (17-fold with respect to
the control) increase in the intracellular oxidative stress.

Scheme 19

NaClO4-H20,
NaHCO3

2+
pathway b ME

Scheme 20
HC‘\/
IS
L=
N

Relying on the reported results,?’? this effect can be attrib-
uted to the alkylation (shown in Scheme 21) of glutathione
(107) with highly reactive electrophilic clathrochelate 106.
This led to inhibition of the antioxidant defense system in
cells and to catalytic generation of reactive oxygen species
by the products of alkylation of this macrobicyclic complex,
e.g., compound 108.

A number of iron and cobalt(Il) mono- and bis-clathro-
chelates were tested in vitro in the transcription system of
Taq DNA polymerase (DNAP), which uses polymerase
chain reaction.?”? All of these complexes were found to be
micromolar transcription inhibitors in this system, but only
a few clathrochelates with terminal biorelevant groups
showed ICsp values in a low micromolar range (5 to
40 umol L—1). The highest in vitro inhibitory activity was
found?73 for homodifunctionalized iron(I1) dicarboxyl
monoclathrochelates. Meanwhile, their analogues such as
C —C conjugated bis(clathrochelates) and heterofunctional-
ized morpholine-containing cage complexes with one termi-

B Scheme 21
G ‘
B
o\ o
G \ G
! Se SN N s
G-SH =Ny = 2N
(107) N NI
| g N"IINDONT TS
| o |
o;/\B//o
| G Lo
106 Bu" 108 Bu
H CoH
N
G-SH = /(Y N
e} H
HO>C™ NH: SH
(107)
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nal carboxyl group and iron(II) monoclathrochelates with
two carboxyl-terminated alkyl sulfide groups and alkyl-
amine ribbed substituents containing terminal pyridine or
morpholine groups are much less active transcription inhib-
itors of the DNAP system.

Rhenium(IIT) semiclathrochelates 109 and 110, contain-
ing a biorelevant apical substituent, were synthesized from
rhenium(I1I) solvate complex 111 (Scheme 22).274 The tem-
plate condensation of 111 with nioxime and 3-formylphe-
nylboronic acid gives rise to rhenium(IIl) tris(nioximate)
109 with a terminal formyl group, which is subsequently
subjected to H*-catalyzed condensation with isoniazid
(112) to give rhenium(Ill) semiclathrochelate 113 with an
apical functionalizing vector substituent. Rhenium(III)
semiclathrochelate 110 with an apical hexadecyl group at
the bridging boron atom was prepared?’* by template
condensation of nioxime and hexadecylboronic acid, with
rhenium(IIT) ion serving as the template. In addition, cross-
linking of pre-synthesized non-macrocyclic rhenium(III)
tris(nioximate) 114 on treatment with cholesteryl boronic
acid 115 resulted in the synthesis of rhenium(IIl) semicla-
throchelate 116 with a cholesterol apical moiety (see
Scheme 22).

Zelinskii et al.?’> described monoribbed-functionalized
iron(I1) cage complexes, the molecular design of which
implied their efficient supramolecular binding to nucleic
acids, and determined their biologically important ADMET
characteristics.’

Heterodifunctionalized iron(II) clathrochelates 117 and
118, containing terminal biorelevant carboxyl groups and
reactive C=C bonds, were obtained as depicted in
Scheme 23.27¢ The two-step synthetic procedure included
stepwise nucleophilic substitution of dichloro clathrochelate
precursor 119 under the action of p-carboxyphenylthiolate
anion (to give intermediate 120) and the subsequent treat-
ment with 2-propargylamine. Clathrochelates 121 and 122,
prepared by the click reaction between alkyne 123 and
azides 124 and 125, were proposed as promising precursors

T ADMET means absorption, distribution, metabolism, excretion and
toxicity.

of macrobicyclic iron(Il) complexes.?’¢ These molecules
contain an optically active (first of all, luminescent) reporter
group or a radioactive label to visualize their cellular uptake
and/or biodistribution in a specified biological system.

Kovalska et al.?’” discovered the appearance of induced
chirality of metal clathrochelates 126a—m and 127, caused
by their supramolecular or covalent binding to both bio-
logical macromolecules and optically active organic mole-
cules, chirality inducers. In  particular, ribbed-
functionalized iron(Il) clathrochelates, when acting as
guests, were found to suppress the CD response (CD is
circular dichroism) upon the supramolecular binding to an
appropriate protein macromolecule as the host. Metal
tris(dioximate) clathrochelates have a Russian doll-like
structure (shown in Fig. 66): owing to the distorted trigonal
prismatic (TP)—trigonal antiprismatic (TAP) geometry, the
MNg coordination polyhedra have no inversion centre and
possess chirality, but due to equal probabilities of the
formation of levo- (A) and dextrorotatory (A) forms, they
give no CD signal. The selective fixation of one of
Cs-distorted conformations produces a CD signal in the
visible region, where intense charge transfer bands (CTBs),
d(M) — n*(L), are also observed. The supramolecular inter-
action of the initially CD-inactive iron(II) clathrochelates
containing terminal carboxyl groups with bovine serum
albumin (BSA) induces?’” molecular asymmetry. Hence,
the CD spectra of these clathrochelate-centred assemblies
exhibit intense signals in the 350—-600 nm range, whereas
their methyl esters and amide derivatives remain virtually
CD-inactive. It was shown that the supramolecular inter-
action of carboxyl-containing clathrochelates with BSA, or
their covalent binding to (R)-(+)-1-phenylethylamine
depend both on the solvent polarity and on the structural
isomerism of the clathrochelate CD reporter.

The induced circular dichroism (ICD) spectra of cla-
throchelate-centred isomeric macrobicyclic iron(Il) com-
plexes with six terminal carboxyl groups was used?’% to
determine the structural and conformational changes of
serum albumins. These clathrochelate CD reporters are
able to discriminate between transport albumins with sim-
ilar structure such as BSA and human serum albumin
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Figure 66. Schema-
tic image of metal
tris(dioximate) cla-
throchelates.?””

(HSA), the binding to which gives clathrochelate-centred
structures with intense ICD spectra. Variation of the shape
and intensity of the bands in these spectra was also used to
detect?’® changes in the tertiary structure of albumin
macromolecules. It was shown that the structural isomerism
of CD-inducing hexcarboxyl clathrochelates significantly
affects both the ICD response upon binding to the above-
mentioned proteins and the thermodynamic parameters of
the clathrochelate—albumin supramolecular assembly.
These iron(I1) clathrochelates were proposed 278 as promis-
ing three-dimensional molecular platforms for the design
and synthesis of sensitive CD reporting molecules able to
efficiently recognize specific elements on the surface of
protein macromolecules.

Iron(11) clathrochelates with two terminal carboxyl
groups were tested 27° as potential CD reporters for study-
ing the structures of various proteins. The authors obtained
structural isomers of heterodifunctionalized iron(Il) cla-
throchelate with two non-equivalent ribbed carboxyphenyl
sulfide groups. They studied the interaction of these cla-
throchelates and their homodifunctionalized isomers with
serum albumins, lysozyme, B-lactoglobulin (BLG), trypsin
and insulin using quenching of intrinsic fluorescence of the
protein and ICD spectra of clathrochelate-centred struc-
tures. High-intensity ICD signals were observed upon the
formation of 1:1 supramolecular assemblies of these cla-
throchelates with albumins. In the presence of BLG, various
structural isomers of dicarboxyl-containing iron(II) clathro-
chelate demonstrated ICD bands with opposite signs, which

Ji%
o,

MeO

B

Ok, o
130a—c N

e

MeOH

2
oM Isomers: 4,4’ (a), 3,3 (b), 2,2’ (c)

indicates that opposite (A or A) configurations are stabi-
lized in these assemblies upon the supramolecular binding
to the mentioned globular proteins.

Functionalization of terminal carboxyl groups in
iron(11) carboxyaryl sulfide clathrochelate isomers 128a—c¢
was used to prepare their macrobicyclic carboxymethyl
(129a—c) and carboxyamide (130a—c, 131a—c) derivatives
(Scheme 24).28° Quenching of the intrinsic luminescence of
the protein was used to investigate the reaction of com-
pounds 129 and 130 with BSA. It was shown that this
modification of the terminal groups of iron(II) clathroche-
lates reduces quenching of the intrinsic luminescence of this
protein by an order of magnitude and also alters the type of
influence of the clathrochelate isomerism on the quenching
of the BSA intrinsic luminescence. The most pronounced
luminescence quenching was observed for complexes 128
and, among them, by isomer 128c¢, which quenches the
intrinsic luminescence of BSA 16 times more strongly than
128a,b. The complexes with ester (129) and amide (131)
substituents affect to a much lesser extent the protein
luminescence intensity. In the case of amide-containing
clathrochelates 131, the most pronounced quenching is
observed for the ortho-isomer 131e¢, which quenches the
protein luminescence almost two times more efficiently than
complexes 131a,b.280

2.4.5. Reactivity and physical properties of encapsulated metal ions
Shykin et al.?81-282 reported efficient photochemical split-
ting of water on exposure to visible light catalyzed by
iron(IV) oxalyl hydrazonate clathrochelate 132. The possi-
ble catalytic cycle for this fast and efficient homogeneous
photochemical decomposition of water to O, is depicted in
Scheme 25 and includes the formation of FeV-containing
intermediate under catalytic conditions.

The first ‘classical’ iron(I) dioximate 133 was prepared
as shown in Scheme 26233 and was characterized by X-ray
diffraction. The chemical reduction of the macrobicyclic
precursor — iron(Il) hexachloroclathrochelate 106 — with
potassium graphite in the presence of 18-crown-6 ether
(134) results in a clathrochelate with an encapsulated
iron(I) ion. Complex 133 and its cobalt(I)-encapsulating
analogues were highly chemically stable to strong H-acids
such as trifluoroacetic acid.

Scheme 24
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Ozvat er al.>®* studied the effect of encapsulation of the
cobalt(ll) ion by the dinitrosarcophagine ligand on the
temperature dependence of the > Co NMR chemical shifts;
this chemical shift can be used to determine the local
temperature (so-called NMR thermometry). It was shown
that encapsulation of this low-spin ion (s = 1/2) increases its
temperature sensitivity. The temperature dependence of the
chemical shift (6) in the *>Co NMR spectrum (AS/AT ratio)
for the series of low-spin cobalt(Il) complexes 135—139
increases with increasing degree of encapsulation of
cobalt(ll) ion: hexaammoniate 135 with monodentate
ligands had a value of 1.44(2) ppm °C—!, while the value
for macrobicyclic dinitrosarcophagine complex 139 was
2.04(2) ppm °C—1.284

The temperature-dependent NMR spectroscopy can
serve for highly accurate determination of the anisotropy
of the magnetic susceptibility tensor (Ay) for paramagnetic
d-metal complexes. This approach was successfully imple-
mented 28> to study cholesteryl-containing cobalt(II)
pseudo-clathrochelates 140, 141 with a high anisotropy of
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the magnetic susceptibility tensor (Scheme 27). The confor-
mational rigidity and large size of the apical cholesterol
moiety, which contains a large number of magnetically non-
equivalent nuclei of hydrogen and carbon, ensured a high
convergence of the obtained experimental and theoretically
calculated 'H and '3C NMR chemical shifts. This allowed
for highly accurate determination of Ay and the zero-field
splitting energy for cobalt(1l) complexes of this type.

Paramagnetic complexes 140 and 141 were also pro-
posed 285 as promising single-molecule magnets and para-
magnetic labels for determining the structure of biological
macromolecules (in particular, cholesterol-binding proteins)
and as model compounds for determining chirality using
NMR spectroscopy.

2.5. Inorganic nanosized spherands — keplerates

Spherical polyoxometallates called keplerates were discov-
ered by Professor A.Miiller and co-workers?%® in
Germany in 1998. The first keplerate,
[MoYy Moy 0372(AcO)30(H20)72]42— (142), was obtained by
hydrazine reduction of an ammonium molybdate solution
in an acetate buffer. The keplerate anions have an icosahe-
dral symmetry and are composed of twelve pentagonal
{(MVYHMY"Y units (M = Mo, W), which occupy the vertices
of an icosahedron and are linked by thirty bridging moieties
(Fig. 67). The {(M)Ms} building blocks are composed of the

Figure 67. Keplerate with mononuclear (¢) and binuclear (b)
bridges. Blue colour designates the {M¢O2;(H20)s} groups and
gray colour shows the bridges. The figure was created by the
authors using data of Ref. 289.
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central pentagonal bipyramid {MO¢(H20)} and five {MOg}
octahedra connected to the central bipyramid at the equa-
torial edges. Single metal ions or dimolybdenum groups
form the bridges (B). The general formula of the keplerate
anion has the form [{MO21(H20)6}12B30]" ~. It is of interest
that all aqua ligands point inside the spherical shell, while
the terminal oxo ligands are located on the outer surface of
the sphere.?87,288

The keplerate anions possess a relatively large internal
cavity with a diameter of up to 17 A. An important feature
of the keplerate structure is the presence of 20 pores opening
the access into this cavity, the pore size being determined by
the type of bridges. In the case of keplerates with dimolyb-
denum bridges, the pore diameter is 7—8 A, while for the
keplerate with mononuclear linkers, the maximum pore size
is 6 A. Through these pores, small molecules and ions are
free to both enter the shell and return back to the solution.
The cavity of keplerates isolated from aqueous solutions
usually accommodates 60 to 150 water molecules.

2.5.1. Keplerates with mononuclear bridges
2.5.1.1. Keplerates containing {(Mo)Mos} type pentagonal units

The reaction of keplerate 142 with a solution of
FeCl;-6 H,O at pH 3 is accompanied by replacement of
the dimolybdenum {Mo0,04}?" bridges by the {Fe(H,O)}3 "
groups, This gives rise to compound [Mo72Fe3002s52(A-
CO)12{M0207(H20)}z{HzMOQOg(Hzo)}(HzO)gl] -150 H20
(143) (the condensed formula is {Mo72Fe30}), which con-
tains neutral discrete  spherical molecules. The
{Mo0,07(H20)} and {H>Mo0,05(H>0)} moieties (Fig. 68),
which are coordinated in the keplerate cavity in the tetra-
dentate fashion, are disordered.28°

IR A 0

Figure 68. Structures of the {M0,07(H,0)} and {H2Mo0,05(H,0)}
groups. Hydrogen atoms are omitted for the sake of simplicity. The
figure was created by the authors using data of Ref. 289.

The Raman spectra for the solution and crystals of
compound 143 are identical, which attests to the stability
of the spherical shell upon dissolution. Magnetochemical
measurements reveal weak antiferromagnetic exchange
interactions between the high-spin Fe3" ions.?® Owing to
the high spin ordering and high total magnetic moment, the
molecule of keplerate 143 is one of the most highly sym-
metrical magnetic bodies.??® In dilute aqueous solutions,
the molecules of 143 are rapidly assembled into large
spherical aggregates with a hydrodynamic radius of 34 nm,
comprising approximately 600 {Mo7,Fes} spherical mole-
cules (Fig. 69). The aggregate size can be controlled by
varying the keplerate concentration.?°!-292 The influence of
the solution pH on the assembly was studied. When
pH < 2.9, keplerate 143 is neutral and exists in solution as
single species, whereas in the pH range of 2.9-6.6, self-
assembly takes place.??3 Complexes of nanosized aggregates
with dimethyldioctadecylammonium (DODA) cation were
prepared; this allowed the aggregates to be transferred into
organic phase without degradation. Upon the coordination
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Figure 69. Hollow spheri-
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data of Ref. 292.

of DODA, the hydrodynamic radius of the spherical aggre-
gates increases to 60 nm.2%4

A decrease in the pH is accompanied by the formation of
the neutral keplerate [Mo72Fe300252(AcO)10{M0207(H20)}.
.{HzMOzOg(HzO)}3(H20)9]] - 140 H20 (144), which has two
acetate ligands less and the charge of which is counter-
balanced by an additional {H>Mo0,0g(H>0)}>~ oxomolyb-
date unit. When the crystals of keplerate 144 are dried in
air, the solid-state condensation reaction takes place to give
Fe— O —Fe bonds between the keplerates (Fig. 70). The
compound thus formed has a network structure with the
general formula {[H4MO72F€300254(ACO)10{M0207(H20)}.
.{H2M0,05(H20)}3(H20)s7] - 80 H,O},, (145).295-29¢

The reaction of iron(ll) sulfate with a sodium
molybdate solution acidified with sulfuric acid gives
rise to the partially reduced keplerate
NagK 5[KaoCMosa Moy Fell 052(S04)24(H20)7s] - 140 H-O (146).2%7
The cavity of anion 146, unlike that of keplerate 143, is
occupied by sulfate ligands, while the 20 keplerate pores
confined by the {FesMo30¢} rings are occupied by the K+
ions.

The reaction of a sodium molybdate solution acidified
with a considerable amount of glacial acetic acid
with iron(I11) chloride gives the keplerate
Na4[{Mo(,O 19} C {M072F€300252(ACO)20(H20)92}] -120 HQO
(147).2°% Unlike keplerates 143 and 144, complex 147 con-
tains, in the internal cavity, the hexamolybdate [Mo0¢O;9]>—
with the Lindqvist structure, which is not linked to the

Figure 70. Formation of infinite layers by condensation of kepler-
ate 144. Blue colour designates {Mo0¢O21(H20)s} groups and gray
colour shows the {FeOgs} bridges. The figure was created by the
authors using data of Ref. 295.



1.S.Antipin, M.V.Alfimov, V.V.Arslanov, V.A.Burilov, S.Z.Vatsadze et al.
Russ. Chem. Rev., 2021, 90 (8) 895-1107

939

Figure 71. Schematic image
of keplerate 148. Blue
lines designate the
{M06021(H20)6} groups
and gray lines correspond
to the {FeOg} bridges.
Pink colour corresponds
to the {PO4} tetrahedron
and light blue colour
marks the {MoOg¢} octa-
hedra. The figure was cre-
ated by the authors using
data of Ref. 299.

keplerate shell by covalent bonds. The addition of salts
FeCl, -4 H>O or FeCls-6 H>O to an aqueous solution con-
taining [PMo012040]>~ in air, some of Keggin anions are
destroyed to give the {MocO2;(H20)¢} building blocks,
which react with iron ions.??%-3%0 The remaining Keggin
anions act as templates for the assembly, resulting in the
OkcggmmOkcplcmtc shortest distances of approximately
2.6 A, which is typical of hydrogen bonding (Fig. 71).

When FeCl,-4H,O is wused, the reaction gives
[HA\;PM012040CMO72FCHI30(ACO)150252(1‘120)102] -120 Hzo (148),
which is a keplerate molecule with the encapsulated parti-
ally reduced [H PMo02040]>~ anion. In the case of
FeCl3-6 H>O, fully oxidized keplerate [PMo012040C
CMo7Fell (AcO)150252(H20)102] 120 H,0 (149) is formed.
Similar compounds, Nag[SiM 012040 C
CMo68Y"Moy Fell0,55(AcO)16(H20)100] - 120 H,O (150)27 and
NazK4[BW 1204 C Mo Mo} Feln 0255(AcO)16(H20)100] - 120 H,0
(151),3°!  were obtained with the Keggin anions
[SiM012040]47 and [BW12040]57.

When iron(Il) reacts with a solution of sodium molyb-
date in the presence of acetic acid, the compound
Nas[MoY;MoVsFeby (Ac0)200255(H20)s4]- 150 H>O (152) is
formed.3°? The {Fe"'(H,0),} and {MoYO(H»0)} bridges in
this product are randomly distributed over thirty positions.

The partial oxidation of keplerate 142 with air oxygen in
a solution with pH 2.5 in the presence of NaCl gives dark
blue crystals of [{M06021(H20)4(ACO)} 12{MOVO(H20)}30] :
-150 H,O (153). Apart from the thirty MoV metal centres,
which constitute the {MoO(H,O)}3 " bridges, the structure
contains six more MoV atoms, which are delocalized and
fall within the {MocO21(H2O)¢} pentagonal units. The
presence of 36 MoV centres was confirmed by the results
of cerimetric titration. An interesting feature of the
O=MoV(H,0) bridge is that the terminal oxygen atoms
point inside the spherical anion.303

The reaction of chromium(IIl) chloride with sodium
molybdate in acidified aqueous solution with high acetic
acid concentration gave the keplerate [{Na(H20):2}C
C{M07,CriH0252(AcO)19(H20)04}]- 150 H,O (154).3%4 An
interesting feature of this complex is the occurrence of the
{Na(H»0)2} " associate in the keplerate anion cavity, with
the oxygen atoms of {Na(H,0);2} " forming an icosahe-
dron. The associate is stabilized owing to the hydrophobic
environment formed by acetate ligands inside the shells. The
behaviour of complex 154 in solution resembles that of the
iron-containing keplerate 143: at low pH (<2.7) the com-
pound exists as discrete species, while the self-assembly
occurs in the pH range from 2.7 to 7.0.393

The addition of vanadyl sulfate to an acidified solution
of sodium molybdate in the presence of potassium cations

results in the formation of the keplerate anion
[K10C {M06021(SO4)(H20)3} 12{(VIVO)30(H20)20}?* ~({M072V30})
(155), which was isolated as the mixed
salts K 4Nag(VO),-[155]- 150 H-O  (Ref. 306) and
NagK 6(VO)(H20)s-[155]- 150 H,0.307 The assembly of
keplerate anions 155 in solution was studied by Kistler
et al.3%5 Unlike neutral keplerates 143 and 154, the kepler-
ate {Mo72V3o} has a high negative charge and exists in
aqueous solutions as discrete anions. The addition of
acetone to a solution of anion 155 induces the formation
of spherical aggregates, the size of which increases with
increasing concentration of acetone. The reduction of aque-
ous solutions of sodium molybdate and vanadyl sulfate with
sodium dithionite in the presence of potassium cations
gave the product KjyNag[Ko0C {M0sO2:1(SO4)(H20)3}12.
AVIVO(H20)}22{MoYO(H20)}5]- 140 H,O (156).3°% Each
{(Mo)Mos} pentagonal unit coordinates the sulfate anion
in the tridentate mode, while twenty potassium cations plug
the keplerate pores, being linked to six oxygen atoms.

Two mixed-metal keplerate complexes,
KosNag[{Moy /! 021(H20)3(S04)} 12(VIVO(H:0))15(MoVO(H-0))s.
(Fe"(H,0),)]- 150 H,O  (157) and K Nas[{Mo}/V'0,,.
(H20)3(804)}12(VIVO(H0))11(MoYO(H20))s(Fe™ (H20)2)11] -
150 H,O (158), were prepared by adding vanadyl and
iron(I1) sulfates to an acidified solution of sodium molyb-
date.?%® The [Fe'"'(H,0)]**, [VIVO(H,O)]?" and
[MoVO(H,O)]* " bridges present in this structure are stat-
istically disordered over 30 positions.

It was shown that Fe*" ions in keplerate 143 can be
partly replaced by larger cations, such as Ce3* and Pr3*.
The addition of the corresponding lanthanide chlorides
resulted in the synthesis of [{Mo0;3OesLn2(H20),}C
C{MO72F€24LI’160252(H20)105}] -200 HQO, where Ln = Ce
(159) and Pr (160).3'° The six lanthanide bridging ions are
disordered over 12 positions and are slightly elevated above
the keplerate surface. The structure of the moiety desig-
nated as {Mo;3OesL.n2(H20),} and encapsulated in the
keplerate cavity could not be reliably determined because
of its high disorder.

2.5.1.2. Keplerates containing {(W)Ws} type pentagonal units

The keplerate anion [(NH4)20C{W6021(804)}12{FC(H20)}30.
.(S04)13(H20)34]'>~ (161) is formed upon the reaction of
sodium tungstate with iron(IT) sulfate in the presence of
ammonium chloride.3!! The pores of keplerate 161 confined
by the {FesW3O¢} rings are occupied by twenty ammonium
cations.

The reaction of a tungstate solution acidified with
sulfuric acid with vanadyl sulfate in the presence of potas-
sium cations affords the keplerate K;4(VO):[Kz0C
C{W021(504)}12(VO)30(SO4)(H20)63] - 150 H,O  (162).312
Twelve out of the thirteen sulfate ligands located in the
internal cavity are coordinated to twelve {(W)Ws} units in
the tridentate fashion, while one more sulfate ligand links
one V atom and two W atoms and is disordered over eight
positions. Each of the 20 pores confined by the {V3W30O¢}
rings accommodates a potassium cation (Fig. 72).

One more method that can be used to prepare keplerate
anions {W72(VO)39} comprises the reaction of sodium
tungstate with ammonium vanadate in the presence of
potassium sulfite and hydrazine sulfate. The vanadyl cati-
ons are formed in solution in situ and constitute the
structure of keplerate 163, which was isolated as the com-
plex KoNajs[Na;4KeC{Ws021(H20)3(S04)} 12{ VO(H20)}30] -
‘90 H,O. In this case, no additional disordered sulfate
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Figure 72. Position of a
potassium cation in the
pores of keplerate 162.
Blue colour designates
the {We021(H20)6}
groups and gray colour
shows the {VOg¢} bridges.
Black colour corresponds
to the potassium atom
and red colour shows the
oxygen atoms of the coor-
dinated water molecules.
The figure was created by
the authors using data of
Ref. 312.

ligand is present in the cavity, and the pores are occupied by
sodium and potassium cations.3!3

2.5.2. Keplerates with binuclear bridges
2.5.2.1. Keplerates containing {(Mo)Mos} type pentagonal units
As has already been noted, the first known keplerate
[MoYIMogr0372(Ac0)30(H20)72]42~  (142) was obtained
from a solution of ammonium molybdate in the presence
of acetate ligands.?%¢ An important role in this reaction
belongs to pH of the solution, because it is necessary to
create conditions for the formation of the {MoVY!O7} pen-
tagonal bipyramidal groups, which form the basis for the
pentagonal {(MoY)Mo?"} building blocks. Upon the addi-
tion of hydrazine sulfate, molybdenum centres are partly
reduced and are converted to bridging {MO¥O4(ACO)}
groups, which are stabilized due to the high concentration
of bidentate acetate ligands. The assembly of keplerate 142
was studied in a water—acetone solvent mixture. It was
shown that the presence of counter ions is of crucial
importance, because both the assembly and destruction of
aggregates depend on the absolute magnitude of the charge
of keplerate: neutral species and highly charged anions do
not form aggregates. The aggregate size can be controlled
by changing the component ratio in the water—acetone
system.?!4 The reaction of an aqueous solution of keplerate
142 with a solution of DODA gives the corresponding salt
(DODA )40(NH4)2[(H20)50CM01320372(AcO)30(H20)72] (164),
which immediately migrates to the organic phase.3!3-316
When a solution of keplerate 142 is kept in air in the

presence of Na* cation, the product
Naug[Mogs M030331(AcO)30(H20)s6] 300 HoO  (165) s
formed.?'” The basket-shaped structure of the

[MogdMo0Y%,0331(AcO)30(H20)s6]*6~ anion can formally be
derived from the structure of anion 142 by removing one
{Mo6} = {(MoV)(MoYH(MoY)s} group (Fig. 73). Com-
pound 165 is substantially more readily soluble in water
than complex 142, owing to the easy access of solvent
molecules into the cavity.

The keplerate anions [Mo;320372(HCO2)30(H20)72]*?—
(166),%'%  [M01320372(CICH2CO2)30(H20)72]*2~  (167)318
and [MO1320372(EtC02)30(H20)72]22_ (168)319 were pre-
pared by reaction of hepta-ammonium molybdate with
formic, monochloroacetic and propionic acids in the pres-
ence of hydrazine sulfate. When butyric acid was used, the
[MO1320372(PI‘"C02)24(H20)84]167 keplerate anion (169)
was formed, with 24 butyrate ligands being coordinated in
the cavity, which is caused by steric reasons.??° In the inner
cavity of anion 166, self-organization of water molecules
takes place to form onion type hydrogen-bonded cluster.

5
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WiV - AYAVA.

Figure 73. Structure of the anion in compound 165, top view (@)
and side view (b). Blue colour designates the {MosO21(H20)e}
groups and gray colour corresponds to the {Mo020¢} bridges. The
figure was created by the authors using data of Ref. 317.

Six H,O molecules form a nearly trigonal antiprism with a
3.5 A distance from the centre of the onion. The second shell
(with 6.2-6.9 A size) contains approximately 35 closely
packed H,O molecules. The third shell (8.2—8.7 A) consists
of a smaller number of water molecules, which occupy
positions between bidentate ligands in the pore region.
This unusual arrangement is obviously possible only in the
presence of relatively small formate ligands, which coordi-
nate the {Moy} groups.

A specific feature of anions 168 and 169 is that the
{H,O+NHJ} associate with the O —N distance of 2.7 A,
disordered over nine possible positions, is incorporated in
each of the twenty pores of the shell. These keplerates were
shown to encapsulate molecules of hydrophobic alcohols
into the cavity.

One more method for preparing new keplerate anions is
replacement of labile acetate ligands in the cavity of kepler-
ate 142. For example, the reaction with oxalic acid
(H2C204) yielded keplerate (NH4)42[{M05021(H20)6}12.
A{M0204(0,CCO2H)}30] - {300 H,O + 2 H2C>04}  (170), in
which the acetate ligands have been replaced by oxalate
ligands.??! When a solution of compound 170 is kept at
room temperature, partial deprotonation and dissociation
of oxalate ligands take place to give the [{MoeOa;.
.(HzO)f,} 12{M0204(02CC02H)}8{M0204(02CC02)} 16{M0204.
.(H0),}6]>>~ keplerate anion (171). X-Ray diffraction data
confirm the presence of 24 partially deprotonated oxalate
ligands, which are statistically distributed over thirty posi-
tions, and six {M0,04}2" linkers each containing two water
molecules as ligands.

The introduction of a reactive azide group into the
keplerate cavity was attained by replacing the acetate
ligands in compound 142 in the presence of excess azido-
acetic acid, which gave [{Mo0sO21(H20)¢}12{M0204.
.(N3CH2C02)}13{M0204(H20)2}17]257 (172).322 The reac-
tion of complex 172 with excess propiolic acid at room
temperature afforded a mixed-ligand keplerate with coordi-
nated azidoacetate and propiolate groups over a period of
several minutes.3?2 On standing of the solution, the Huisgen
reaction product, keplerate [Mo;320372(triazole);;(H20);10]>*~
(173), where triazole-H is 4-carboxy- or 5-carboxy-1,2,3-
triazole-1-acetic acid, was isolated in a quantitative yield.
The NMR spectrum of compound 173 exhibited no signals
for the coordinated azidoacetic or propiolic acid, but
showed signals for free 4-carboxy- and 5-carboxy-1,2,3-
triazole-1-acetic acids in 4: 1 ratio relative to the keplerate.

The possibility of replacing acetate groups in the kepler-
ate anion with isobutyrate, pivalate and benzoate ligands
was studied by 'H NMR spectroscopy.??? For this purpose,
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keplerate 142 was several times treated with a 4 M solution
of sodium acetate buffer; this gave compound 174, which
was described as Na34[{M06021(H20)6}12{(M02O4)30.
.(AcO)22(H20)16}]- 300 H>O according to the data of ele-
mental analysis. The data of 'TH NMR spectroscopy also
confirmed the presence of 22 acetate ligands per each
keplerate. When aliquot portions of acids RCO,D
(R = Pri, But, Ph) were added to a solution of compound
174 in D,O, the substitution took place only in the case of
isobutyric and pivalic acids, but not with benzoic acid.
Whereas for R = Pri, the equilbrium in the substitution
reaction is attained as soon as within 17 min, in the case of
R = Bu!, this requires 45 days. This is attributable to the
size of substituent at the carboxyl group, which is smaller
than the keplerate pores in the former case. For larger But
group, entering the cavity requires a minor change in the
bond lengths and angles in the {Mo09Oy} group and/or other
reversible changes in the coordination environment of the
Mo metal centres.

The acetate ligands can also be replaced by other oxy-
gen-containing anion groups. The reaction of keplerate 142
with sodium hypophosphite at pH 2 resulted in the isolation
of product (NH4)42[{M06021(H20)6} 12{M0204(H2P02)}3o] :
-300 H>O (175), in which the keplerate core was preserved
without changes, except that all thirty acetate groups have
been replaced by hypophosphite groups.?!” The addition of
keplerate 142 to a solution of a mixture of sodium dihdro-
gen phosphate and ammonium chloride at pH 5 afforded
the anionic complex [{MogO21(H20)s} 12{ M0204(HPO4)30} 17>~
(176).3%* 1t is of interest that in this case, the solution pH
had to be increased (by adding, e.g., NH4OH) rather than
decreased, as in other cases. If this reaction is carried out at
pH 2, partial decomposition of keplerate 142 takes place,
giving rise to some free molybdate. The latter enters the
cavity as {MoVY!O3H} groups, each being bonded to three
phosphate ligands surrounding the {Mo09Oy} pores from the
inside. In view of geometric considerations, up to eight
molybdenum groups can be accommodated in the cavity;
however, only five {MoOsH} groups were actually found,
which corresponds to the formation of
[{MOGOQ[(HQO)G}]2{M0204(HPO4)30} (MOO3H)5]677 (177).324

Refluxing of a solution of keplerate 142 in the presence
of excess (NH4)2SO4 at pH 1 is accompanied by replace-
ment of the acetate ligands by thirty sulfate groups, thus
giving keplerate [(H20)s1 —, + (NHa4),C {M0sO21(H20)6}12.
AMo0204(SO04)}30]7?2~— (178).32°> A similar reaction at
pH 3 leads to partial replacement of acetate ligands to
yield the anionic complex [{MogO21(H20)6}12{M0204(SO4)} 1s.
{M0,04(AcO)}12]*— (179).32° The addition of CeCl; during
the synthesis of anion 178 induces the formation of kepler-
ate Ce3(NH4)54[CC3C{M06021(H20)6}12{M0204(SO4)}30]'
300 H,O (180).32% Three cerium cations reside in the cavity
of this compound, each of them being bound to the
coordinated sulfate ligand in the bidentate fashion. In the
presence of excess urea and sodium chloride,
{(NH2C(O)NHz)x0 + Naj3} C {M0gO021(H20)6} 12{M0204(SO4)} 301~
(181) is formed.3?* In this compound, 20 protonated urea
cations can fit inside the {Mo0¢Oy} rings, which confine the
pores, and they are hydrogen-bonded to the oxygen atoms,
while each of the 13 sodium cations inside the cavity is
linked to six oxygen atoms, three of which belong to sulfate
groups and the other three belong to the aqua ligands
(Fig. 74).

When keplerate 142 reacts with sodium sulfate at pH 2.5
and at room temperature, the acetate ligands are not
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completely replaced, but the process stops after the forma-
tion of the [Nag + (H20),C {M06021(H20)6}12{M0204(SO4)} 24.
A{Mo004(AcO)}6]°°~ anion (182).3?> Meanwhile, if the
reaction is carried out at pH 4.5 with long-term holding of
the reaction mixture at 30 °C, the [{MocO21(H20)6}12.
AM0,04(HSO4)} 18{M0504(AcO)}12]**~ keplerate anion (183),
containing hydrogen sulfate groups, is formed.3!”?

The reaction of keplerate 142 with Cs>SOy4 carried out
with heating (80 °C) gives the product Cs;o(NHg)so—,.
[{Cs10+ (H20)s1 1 + (NHa)} C{M06021(H20)6} 12{M 0204(SO4)} 30]
200 H>O (184).32% The caesium cations are coordinated to
keplerate pores, but due to too small size, they are not
located at the centre, but are slightly shifted towards the
sides. The reaction of complex 178 with calcium chloride
resulted in the synthesis of Cajs{Cax(H20)c0} C
C{M06021(H20)6}12{M0204(SO4)}30] (185).326 Twenty Ca2+
cations are arranged in the inner cavity of the keplerate,
being bound to the pores from the inside, while the other are
coordinated in the pores and on the outer surface of the
shells.

When CO; is bubbled through a neutral solution of

keplerate 142 in the presence of formamidinium
chloride, the anion [(HC(NH2)2)20C {M0cO21(H20)6}12.
AM0,04(CO3)}30]°?~ (186) is formed.?*?” In compound

186, all 20 pores are plugged with formamidinium cations,
which are hydrogen-bonded to the oxygen atoms of the
{Mo09Oo} rings. The ammonium salt of the same anion —
(NH4)72[{M06021(H20)s} 12{M0204(CO3)}30] - 260 H,O (186") —
was prepared in a similar way. At room temperature, salts
186 and 186’ gradually decompose, which is associated with
the release of coordinated CO» ; salt 186 decomposes much
more slowly due to the stabilizing effect of closed pores.

It was demonstrated that the hypophosphite ligands in
(NH4)42[{M06021(H20)6} 12{ M02,04(H2PO5) }30] - 300 H20 (175)
can be partially substituted.3!” On short-term heating (90 °C)
of a solution of compound 175 with guanidinium

Figure 75. Position  of
the guanidinium cation
in the pores of keplerate
187. Blue colour desig-
nates the
{Mo06021(H20)¢} groups
and gray colour corre-
sponds to the {M020¢}
bridges. Black colour
corresponds to the car-
bon atom, blue colour

marks the nitrogen
atoms, and light gray
shows the hydrogen

atoms. The figure was
created by the authors
using data of Ref. 328.
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sulfate, the guanidinium salt of the keplerate
anion [{[(NH2)3C]}20C{Mo0cO21(H20)6}12{M0204(SO4)} 10.
AMo0,04(H2PO2)}20]?>~ (187) is formed in a nearly 100%
yield.3?® In this product, 20 guanidinium cations are coor-
dinated to keplerate pores via hydrogen bonds (Fig. 75).

Apart from the dimolybdenum bridging group
{M0,0,(n-0),}2 ", there are other known examples of
binuclear linkers. A sulfide analogue keplerate
NaizsKs 5s(NMes)s s[{M06021(H20)6}12{M02:0:S2(AcO)}30] -
-(AcO);-200 H>O (188) 32° — was obtained by the reaction
of ammonium molybdate with a source of the
{Mo0202(n-S)2}2 " cations (Fig. 76).33% A similar reaction
carried out in the presence of sulfate anions yielded the
keplerate (NM62H2)27(NH4) 1 5[{M0502 1 (HzO)ﬁ} 12{M020282}30.
.(SO04)15(H20)30] - 90 H>O (189),33! in which the sulfate
ligands were disordered over thirty possible positions in
the {Mo0,0,S,} groups. Recrystallization of compound 188
gave a structure with the
[{M06021(H20)5}12{M020282}30(ACO)15(H20)30]277 anion
(190) characterized by a similar disorder of the coordinated
acetate ligands.3?°

2.5.2.2. Keplerates containing {(W)Ws} type pentagonal units
The first keplerate with dimolybdenum bridges containing
{(WYHWYDY type pentagonal units was reported in 2009.332
It was synthesized by adding a slight excess of the binuclear
complex (NH4)2[M0¥O4(C204)2(H20)2]'3H20 to a solu-
tion of sodium tungstate acidified with acetic acid. Apart
from thirty acetate ligands coordinated to the dimolybde-
num bridging moiety, the structure contains six disordered
acetate ligands, which are coordinated to pentagonal units
and bind the central W atom to a peripheral one.
Thus, the  keplerate  anion has the formula
[{WgOzl(Hzo)s(ACO)oAs}12{M02O4(ACO)}30]487 (191). In
solutions of compound 191 containing 30—-75% acetone,
spherical aggregates are formed, and their size increases
with increasing acetone concentration. This result is con-
sistent with the data that were obtained earlier for analo-
gous molybdenum keplerate 142.314

When an acidified solution of keplerate 191 reacts with
ammonium selenate, thirty coordinated acetate ligands are
replaced by selenate ligands.333 Six additional acetate
ligands are also substituted, but by water molecules. On
the basis of elemental analysis data, this keplerate was
described by the formula (NH4)72[{WsO21(H20)6}12.
AM0204(Se04)}30] - 150 H>O - 6 (NH4)>SeO4 (192). Recrys-
tallization of compound 192 in the presence of dimethyl-
ammonium cations affords the keplerate
(NH4)20(NH2Me2)32[{ W6021(H20)6} 12{ M 0204} 30(SeO4)20.
.(H20)20] - 150 H20O (193). Some of the selenate ligands are
lost during recrystallization, with their sites being occupied
by coordinated water molecules.

Using dimolybdenum monosulfide building block,
[Mo020,(p-O)(p-S)1>* (Ref. 334), the keplerate
[{Ws021(H20)6} 12{M02,03S(AcO)}30]*>~ (194) was pre-

the

the
{M0202(p-O)(1-S)} moiety and two boundary types of the pores
formed in keplerate 195. The figure was created by the authors
using data of Ref. 335.

Figure 77. Disorder  of bridging ligands in

pared. 335 When a solution of this anion was acidified with
sulfuric acid to pH 2 in the presence of methylammonium
chloride, the product Na4(MeNH3)6g[{W5021(H20)6}12.
AMo0203S(S04)}30]- 230 H,O  (195), containing sulfate
ligands, was obtained. Each of the thirty dimolybdenum
moieties is disordered with 50% probability between the
bridging oxide and sulfide ligands; this gives rise to four
types of pores on the keplerate surface — {W3Mo0sOo},
{W3MO(,OgS}, {W3M0607S2} and {W3MO6O(,S3} — differ-
ing in both the size and reactivity (Fig. 77).

The reaction of sodium tungstate with the
{M0,0(pn-S)2}2+ cation 330 gives rise to
[{W6021(H20)6} 12{ M0202S2(AcO)} 20{M020:S2(H20)2} 10]32 ~
(196).33¢ Upon the addition of CoCl,- 6 H,O to a solution of
anion 196, the crystals of [{WO21(H20)6}11{WcO2i.
.(H20)(H2M0,05(H20))} (M 0202S2)30(AcO) 10(H20)40]>*~ (197)
are formed. The {H>Mo0,05(H->0O)} inner group, which was
detected previously in keplerate 143,2%° is coordinated to
five oxygen atoms of the {(W)Ws} unit and is disordered
over four pentagonal units of this type.

2.5.3. Properties of keplerates

The diversity of keplerates is notable ‘...not only from an
aesthetic point of view, but also because they show proper-
ties of interest for different areas of science’,332 and this will
be clear from the examples given below.

3

2.5.3.1. Conduction of chemical reactions within the shell

It was shown that keplerate shell can affect the reactions
that take place inside the cavity. An example is the above-
described synthesis of keplerate 172,322 containing azidoa-
cetate ligands, followed by Huisgen cycloaddition of inter-
nal azide groups to propiolic acid. In the resulting keplerate
anion 173, the cavity accommodates coordinated triazole
ligands. It is noteworthy that the reaction within the shell is
markedly faster and more regioselective than this reaction
without the shell.

One more example concerns the possibility of controlled
removal of the internal acetate ligands of the
[Mo01320372(AcO)30(H20)72]*>~ anion (142). This gives rise
to the {Mo0,04(H,0),}%" bridges with labile water mole-
cules. These bridging groups are both Lewis and Brensted
acids and show catalytic activity. This was demonstrated for
model reaction: reversible cleavage and formation of tert-
butyl methyl ether in water under mild conditions.33”

2.5.3.2. Catalytic reactions involving keplerates

Catalytic properties of iron-containing keplerate 143 were
studied in the selective liquid-phase oxidation of thioethers
to sulfoxides.?3® With hydrogen peroxide and tert-butyl
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hydroperoxide as oxidants, the compound exhibited high
catalytic activity and good selectivity. The catalytic proper-
ties of the iron-containing keplerate 143 and also chro-
mium- ([{Na(Hzo)lz}C{MO72CI'300252(ACO)19(H20)94}],
154) and vanadium-containing (K ;4Nag(VO):[KoC
C{M0c021(SO4)(H20)3}12{(VO)30(H20)20}], 155) kepler-
ates were tested in olefin epoxidation with hydrogen per-
oxide.?3® All these keplerates catalyze this reaction; the
lowest activity was found for keplerate 143, while the
highest conversion and selectivity were observed for 154.
Their activity did not change over several catalytic cycles.
The same keplerates were studied in the catalytic oxidation
of various sulfides with hydrogen peroxide.?*® The highest
activity in this reaction was found for chromium-containing
keplerate 154, although compounds 143 and 155 were also
relatively active.

The keplerate [HxPMo012040CMo72Feso.
.(Ac0O)150252(H20)102] (148), bearing the phosphomolyb-
date {H,PMo0;2040} within the shell, catalyzes the oxidation
of alcohols to aldehydes and ketones by hydrogen perox-
ide.?*! A total of 19 alcohols were studied in this work. The
activity of keplerate 148 and the other two keplerates
Na()[SiMO12040CMO72F€300252(ACO)16(H20)|00] (150) and
NazK4[BW 12040 CMo72Fe300252(AcO)16(H20)100]  (151)
with encapsulated Keggin anions was studied in olefin
epoxidation reactions with hydrogen peroxide.?*?> The cata-
lytic activity of these keplerates proved to be appreciably
higher than that of the free Keggin anions or the ‘empty’
keplerate 143. The highest conversion and selectivity were
inherent in compounds 150 and 151. Keplerates 148, 150
and 151 were also used in the catalytic oxidation of sulfides
to sulfoxides or sulfones and oxidative desulfurization of
dibenzothiophene.?#3 The utilization of keplerates proved to
be more efficient than the use of free Keggin anions, with
the highest activity being inherent in compound 151.

The catalytic properties of the
[Mo01320372(AcO)30(H20)72]*>— (142) keplerate anion were
tested in the aerobic epoxidation of various olefins taking
place in an aqueous solution in the absence of radical
initiators.?** Most reactions gave the expected epoxides in
high yields and with good chemo- and stereoselectivity. The
keplerate stability over 10 catalytic cycles was confirmed by
Raman spectroscopy. It was also shown that the catalytic
reaction does not proceed if keplerate is replaced by MoOs
or common molybdenum(VI) salts — Na>MoO4-2 H,O or
(NH4)()M07024 -4 Hzo

2.5.3.3. Production of materials based on keplerates

In the reaction of an aqueous solution of keplerate 142 with
an excess of a chloroform solution of dimethyl-
dioctadecylammonium chloride, the compound
(DODA)36(NH4)6[M01320372(AcO)30(H20)72] - 75 H20,343
differing only slightly in the cationic composition from the
above-described keplerate 164, is extracted into the organic
phase. This salt exhibits liquid crystalline properties
between room temperature and the temperature of the loss
of a water molecule (260 °C). A phase with liquid crystalline
properties were also obtained using the
[{M06021(H20)6} 12{M0202S2}30(SO4)15(H20)30]*>~ kepler-
ate anion (189).34¢ Anion 189 was initially treated with a
solution of ammonium sulfate in order to replace water
molecules by SO4 groups, and then the keplerate was
extracted with a DODA-CI solution in chloroform. The
products thus formed had the following compositions:
(DODA)44(NH4)14[MO13256003|2(SO4)23(H20)36] (198) and

(DODA)s56(NH4)16[M0132S600312(S04)30(H20)72] - 15 H>O
(199). Polarized light microscopy shows the formation of a
liquid birefringent uniform texture, which suggests a liquid
crystalline nature of the samples.

In 2013, Jin et al.3*" reported for the first time the use of

spherical  keplerates in photoelectric  systems. A
composite film consisting of the
[Kz() C {W502 1 (SO4)} 12(VO)30(SO4)(H20)63] 18— keplerate

anion (162) and a water-soluble poly(p-phenylenevinylene)
derivative was obtained by layer-by-layer self-assembly. The
photocurrent response in this system is attributable to the
photoinduced electron transfer from the polymer part to
keplerate 162. This result indicates that {W72V30} type
keplerate could be a promising electron-withdrawing
material.

The interfacial contact and control of morphology are
highly significant for the fabrication of high-performance
planar photodetectors. It is supposed that substrates coated
by a perovskite film would direct the growth of a perovskite
crystal and would ensure an appropriate energy level for
efficient capture of photoelectrons. Recently, a film based
on keplerate 162 and polyethyleneimine was used for sub-
strate modification;34® furthermore, the amount of kepler-
ate was controlled via layer-by-layer self-assembly. The
results indicate that keplerate can not only facilitate the
electron transfer, but can also affect the crystal growth rate.
The film-modified sample demonstrated a twofold increase
in the photocurrent in comparison with the control sample,
from 4.5 to 9.1 pA.

In 2020, the possibility of aggregation of rhodamine B, a
xanthene dye, on the surface of the keplerate anion
[MO1320372(ACO)30(H20)72]42_ (142) was reported.349 By
using the Langmuir isotherms and Stern— Volmer complete
model, the authors were able to identify the thermodynamic
causes for adsorption on the keplerate surface of both
monomer mixture and H- and J-aggregated dye forms,
which can either coexist or be interconverted (UV and
fluorescence spectroscopy data). A method for switching
between H- and J-aggregates by functionalization of kepler-
ate 142 and rhodamine B associates was proposed; this can
be used in photovoltaics or bioimaging.

2.5.3.4. Potential biomedical applications of keplerates

In 2013, the acute toxicity of the neutral keplerate
[Mo72Fe300252(Ac0)12{M0207(H20)}2{H2M 0205 (H20)}.
.(H20)9:]- 150 H,O (143) as a candidate for targeted drug
delivery into the body was studied for the first time.?5° No
considerable deviations of biochemical characteristics of the
functional state of liver, kidney and pancreas from normal
values was detected. Study of the subacute toxicity did not
reveal accumulation of compound 143 or deviation of any
characteristics from normal values. Then the possibility of
transport of keplerate 143 through the rat skin was
revealed. The transport efficiency considerably increased
in an electric field.35! As a result, the authors selected the
optimal conditions of electrophoresis and established the
absence of changes in the biochemical values used in clinical
laboratory diagnosis to assess the functional state of the
heart, liver, kidneys and pancreas, which indicates the
possibility of clinical use of this compound. The ability of
keplerate 143 associates with polyvinylpyrrolidone and
lanthanum cations to penetrate the skin membrane was
studied in a similar way.3>? Polyvinylpyrrolidone is a bio-
compatible polymer, which serves for hiding nano-sized
keplerate 143 from the immune system. Presumably, lan-
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thanum cations can be used in these systems as ion tracers
to monitor the keplerate migration and distribution in the
body tissues. The diffusion coefficient of the associates was
found to be much lower than that for pure keplerate. This
effect seems to be related to the ability of keplerates to be
assembled into spherical associates, while the lanthanum
cations and polyvinylpyrrolidone can accelerate this process
by functioning as bridges between the anions. In turn,
increase in the size of associates retards their transport
across the skin membrane.

The electrophoretic transport of keplerate 143 through
the skin was simulated on the basis of experimental data.3>3
The physicochemical model of the keplerate transport under
the action of an electric field gives close values for calcu-
lated and experimental diffusion coefficients of keplerates in
the skin. This model implies an empirical concentration
dependence of the specific electrical conductivity of kepler-
ates in the skin membrane, which allows estimation of the
intrinsic electrical conductivity of the membrane. Thermo-
dynamic approach provided data that can be used to predict
the penetration depth of keplerates into the skin and the
possibility of their accumulation with time.

Further in vitro studies of the physicochemical aspects of
the electric transport of keplerate 143 made it possible to
determine the optimal operating conditions and to examine
polarization phenomena on native skin membranes. New
experimental data on the layer-by-layer distribution of
keplerates in the skin were obtained by X-ray fluorescence
spectroscopy.?>* Using a model setup, Ostroushko et al.35
explored the possibility of electrophoretic transport of
keplerate-associated biologically active compounds across
native membranes and determined the relevant diffusion
coefficients. Thiamine chloride (vitamin B;) and insulin
were chosen as parts of associates to model the membrane
transport. Additionally, features of formation of ionic
associates of keplerate 143 with biologically active mole-
cules such as thiamine chloride, insulin and albumin were
investigated and the arrangement of the thiamine molecules
on the keplerate surface was determined.3°

Danilova et al.3>7 studied the effect of keplerate 143 on
the content of histone proteins and heat shock proteins in
the peripheral blood and in the liver of rats after single and
multiple administration. The keplerate injection did not
induce a decrease in the amount of histone proteins in the
peripheral blood lymphocytes, which may indicate the
absence of pro-inflammatory factor gene expression. An
increase in the content of heat shock proteins (Hsp60 and
Hsp70) in the liver was detected; the magnitude of this
increase was found to depend on the duration of exposure
to compound 143. The assumption of the absence of pro-
inflammatory lymphocyte phenotype and the protective
action of heat shock proteins was confirmed by the fact
that the values characterizing the state of liver remain
normal throughout the keplerate exposure. The introduc-
tion of keplerates was also accompanied by increasing
number of cells containing heat shock proteins Hsp60 and
Hsp70 in the spleen and thymus, despite the presence of
blood —thymus barrier.3%%-35% No changes of blood values
indicating an inflammatory process or anaemia were
detected, and no significant morphological disorders were
found in the spleen or thymus.

The wide occurrence of anaemia and the presence of side
effects of the use of existing iron-containing drugs stimulate
the search for new therapeutic agents. The intramuscular
administration of iron molybdenum keplerate 143 (in a dose

of 1.5 mgkg—!) in anaemic rats promoted faster recovery of
the red blood count and hematocrit, haemoglobin level and
serum iron in blood plasma, and also the number of red
blood cell precursors in bone marrow in comparison with
the values measured for the control group of animals.3%°

The biological activities of the
[Mo01320372(AcO)30(H20)72]*2~ keplerate anion (142) and
neutral keplerate 143 were compared on normal and trans-
formed fibroblast cultures.3®! The dermal fibroblasts were
more resistant to keplerate 143, while anion 142 caused
extensive disorders of membrane organelles in both normal
and transformed fibroblasts. This result indicates that
keplerate 143 could be used in biomedicine, and keplerate
142 may be applicable for the therapy of cancer. In 2020,
Ostroushko et al3%?> summarized the results of studying
keplerates 142 and 143 in biological systems. The authors
evaluated their toxicity and the ability to bind to proteins,
drugs (e.g., insulin and antibiotic kanamycin A) and vita-
mins (vitamin B;). They also demonstrated the possibility of
electrophoretic transport of associates through the skin.

Sorption of nitric oxide and nitrogen dioxide by kepler-
ate 143 was studied under environmental conditions and in
an air —argon atmosphere.3%3 The composition of the prod-
uct was found to be [143—(NOy).]- (NO>), (where x = 6,
y = 144 3). Thermal analysis revealed the effect of NO,
coordination on the release of water molecules and decom-
position of acetate ligands in keplerate 143. Complex
[143 —(NO3).]-(NO>), has a relatively high NO, uptake
capacity, water solubility and pH-dependent decomposition
and is a potential donor of nitrogen oxides, which may find
use in biology and medicine.

In 2017, Elistratova et al.3%* showed the possibility of
obtaining colloidal particles based on the
[MO1320372(ACO)30(H20)72]427 anions (142) and (}(134r
cations. The idea of this study was to obtain contrast agents
for magnetic resonance imaging (MRI). An additional
stabilization of particles in dilute aqueous solutions was
attained using triblock copolymers based on polyethylene
oxide and polypropylene oxide moieties. It was shown that
the rates of magnetic relaxation of keplerate-based particles
are much higher than those of most other Gd3*-based
colloids. Colloidal particles have low toxicity. Also, the
interaction of [{M05021(H20)6}12.{M0204(HPO4)30}]727
(176) and [{M06021(H20)6}12{M0202$2(ACO)}30]427 (188)
anions with Gd3* was studied.3®> Upon replacement of
keplerate 142 by 188, which differs only in the nature of the
binuclear bridge, the relaxivity of the resulting colloidal
particles markedly decreased. In the case of compounds
176, which has a markedly higher negative charge, the
relaxivity also proved to be somewhat lower than that for
keplerate 142. It is important that the obtained colloids
were non-toxic in concentrations necessary for high-quality
magnetic resonance imaging. In addition, the magnetic
relaxation of colloids remains at a fairly high level in buffer
solutions of bovine serum albumin. The differences between
the behaviours of keplerates 142 and 176 towards Gd3*
ions were studied by NMR relaxometry with fast cycling of
magnetic field.?¢® Analysis of longitudinal relaxivity data
showed that [Gd(H,O)g]** ions interact, in both cases, with
the oxygen atoms of the {Mo¢QOg} pores. However, in the
case of keplerate 142, the number of bound Gd3* cations
proved to be ~ 3.5 times higher, which accounts for the high
relaxivity of the colloids. In 2019, Elistrativa et al.3%7
studied the complex formation with gadolinium cations
and aggregation of three more keplerates: neutral
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(143) and two anionic ones —
[K10C{(M0)M05021(SO4)(H20)3} 12{(VO)30(H20)20}]2°~ (155)
and [{Ws021(H20)5(AcO)o.5} 12{M0204(AcO)}30]*8~ (191).
The magnetic relaxivity of the complex of 191 with Gd3*
proved to be markedly higher than those for complexes
formed by 143 and 155. The structure of keplerate 191 also
affects the stability of gadolinium complexes, protecting
them from the oxidative degradation in solutions. The
optimal compositions possessing low cytotoxicity and high
stability and relaxivity in the range suitable for MRI
applications were determined in this study.

In conclusion, it is noteworthy that, despite the high
diversity of keplerates prepared over twenty and a few
years, it is still early to consider that synthetic chemists
have solved all the problems in this field. The search for new
possible mono- and binuclear bridges is in progress; ideas of
using longer linkers are being put forward for increasing the
size of the internal cavity and the sizes of pores of spherical
shells. It is possible to modify the internal cavity by
introducing ligands containing various functional groups.
The examples considered in the last Section give the idea of
modern applications of keplerates, but the applied potential
of these readily available, stable and easily tunable struc-
tures is far from being exhausted. In our opinion, the most
interesting facts concerning this class of compounds, called
keplerates, which is new on the scale of chemistry, are still
to be discovered.

2.6. Supramolecular analytical chemistry

Recognition of inorganic, organic and bioorganic ions and
molecules based on spontancous and selective binding of an
analyte (guest molecule) to an analytical reagent (host
molecule) is a common subject of supramolecular and
analytical chemistry, which are interdisciplinary fields of
chemistry. In the 21st century, integration of these two
fields gave rise to ‘supramolecular analytical chemis-
try’.368.369 However, for a number of reasons, both this
term itself and the relevant area of analytical chemistry have
so far attracted attention of only a small number of
analytical chemists. Therefore, currently, the potential of
supramolecular chemistry cannot be fully implemented in
the practice of chemical analysis.

Many publications of supramolecular chemists, espe-
cially when supramolecuar chemistry was in its infancy,
were aimed at demonstrating the selectivity of interaction of
a synthesized molecule with a substrate, high stability of
host—guest systems and the possibility of designing chem-
ical sensors. Usually, it did not come to the real design of
sensors or development of procedures for determination of
compounds, which is customary for analytical chemists.
Meanwhile, recognition makes it possible to detect and, in
some cases, identify a chemical compound, i.e., to carry out
qualitative analysis, which should logically be followed by
the next stage, that is, development of a procedure for
quantitative determination of this compound. Thus, the
possible integration of these branches of science stopped at
achieving the selectivity of detection, since this was the goal
of studying for supramolecular chemistry, but analytical
chemistry did not catch up the discovered effects and did
not bring the research to a procedure for determination of a
particular analyte in a sample. This can be seen when
considering the early monographs in supramolecular chem-
istry (see, for example, an encyclopaedia 37°), which present
numerous examples of self-assembly, studying the proper-
ties and application prospects of the products of synthesis in

diverse molecular devices (wires, switches, rectifiers, capsu-
les) and also in catalysis, photochemistry and nonlinear
optics; in the development of new functional polymers, gels
and molecular machines; in biomimetics; and as drug
delivery vehicles, but only rarely in chemical sensors.
Furthermore, the authors barely used the terms ‘analytical
chemistry’ or ‘chemical analysis’. The same conclusion can
be drawn from analysis of reviews37! =373 on this subject.
Hence, close cooperation between scientists specializing in
supramolecular and analytical chemistry has not yet been
widespread, and analytical chemists, in turn, have not
always paid attention to the nature of systems and phenom-
ena used in analytical procedures.

Among other factors, the lack of large-scale interest of
analytical chemists in the unique results obtained by supra-
molecular chemists is due to the fact that the synthesized
molecules possessing recognition ability are, most often,
exotic and difficult to obtain and, hence, they are relatively
expensive. For example, the practice of chemical analysis
does not utilize the unique effects of binding of sodium and
potassium ions to some spherands, cavitands and carcer-
ands with logKy = 10— 14 (K, is the stability constant).* 374
The unprecedented Na* /K" selectivity, amounting to 10'°
(Ref. 374), which cannot be attained by other methods, is
not utilized in any way either. Nevertheless, some research-
ers made attempts to apply the achievements of supra-
molecular chemistry for solving analytical problems and
deemed this approach to be well-timed.3%® The opinion that
self-assembly and recognition phenomena are most appro-
priate for the design of chemical sensors has been widely
accepted.?¢8-3%9 In this case, by sensor is meant a receptor
that interacts with an analyte in the dynamic mode to give a
product generating a definite analytical signal.

2.6.1. Development of approaches to understanding of the subject of
supramolecular analytical chemistry

Actually, an attempt to find ways for real integration of
analytical and supramolecular chemistry initiated the for-
mation of a new branch of analytical chemistry.?¢® Simulta-
neously, the fundamental questions related to
supramolecular analytical chemistry were formulated as
follows:

— which types of chemical reactions should be classified
as supramolecular interactions and whether the general
definition proposed by J.M.Lehn! fully covers this subject;

— whether there is any threshold in energy or in the
time of intermolecular interaction to distinguish between
supramolecular and other types of interactions, for exam-
ple, covalent exchange interactions;

— whether the supramolecular nature is inherent in
spontaneous selective reactions of complex formation
(Werner coordination) between metal ions and organic
reagents, widely used by analytical chemists, and whether
these reactions should be assigned to supramolecular chem-
istry;

— whether dynamic covalent interactions based on the
formation and exchange of reversible covalent bonds can be
assigned, together with the classical non-covalent supra-
molecular interactions, to supramolecular analytical chem-
istry;3¢9

The pioneering publication of Anslyn3%® presents a lot
of examples of applying host—guest pH systems, some
metal ions, inorganic and organic anions and various
uncharged organic compounds and enantiomers as optical
and electrochemical sensors. The use of arrays of non-
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selective sensors such as electronic nose and electronic
tongue, in particular for the recognition of the odour and
taste of food and other volatile products, was quite rightly
attributed to supramolecular processes.

More appropriate definition of the term ‘supramolecular
analytical chemistry’, further development of this concept
and classification and analysis of recent achievement in this
field were surveyed by Anslyn and co-workers.?®® The
supramolecular analytical chemistry is defined as a field
that explores the molecular recognition and self-assembly of
chemical structures using dynamic interactions that create
assemblies which result in signal modulations upon addition
of analytes.?®® The authors proposed to subdivide sensory
interactions into three types: sensing of single analytes,
sensing based on competing interactions of substances and
chirality sensing. For each of these types, several practical
approaches to the design of supramolecular sensors are
distinguished:

— direct detection based on the selective interaction of
the host (receptor) and analyte (substrate) molecules;

— indirect detection associated with displacement of the
indicator (probe) molecule by analyte molecule from the
cavity of the host;

— competitive detection requiring an array of nonselec-
tive sensors functioning as an electron nose or electron
tongue and subsequent use of chemometric methods for
the processing of analytical signal with a complex geometric
shape.

Spanish researchers37>~37% paid attention to another
aspect of analytical application of host—guest systems and
self-organized assemblies formed mainly by diphilic micelle-
forming surfactant molecules, that is, their application in
the separation and preconcentration and in determination
methods coupled to them. The interaction of receptor
molecules and polymolecular assemblies with an analyte is
of supramolecular nature, i.e., it is based on self-assembly
via non-covalent electrostatic, hydrophobic and donor-—
acceptor interactions and hydrogen bonding. Analysis of
the literature shows that cyclodextrins and calixarenes,
which are much more readily available and less expensive
than spherands, cavitands or carcerands, are used most
often in chromatographic analysis, capillary electrophoresis
and extraction with receptor molecules acting as hosts.

The so-called micellar nanosized objects or systems are
used even more widely as analytical reagents for separation,
preconcentration and determination of compounds. These
reagents include direct and reverse micelles and microemul-
sions, liposomes and vesicles formed by surfactant mole-
cules and even Langmuir—Blodgett films.330-383 The term
‘micellar systems’ covering all these objects was derived
from the name of the simplest representatives of these self-
organized systems, that is, surfactant micelles.382.383
Indeed, the presence of diphilic surfactant molecules as the
major constituent of a supramolecular assembly, the way of
their spontaneous formation and similarity of their proper-
ties are common features of all organized systems of this
type.382:383 Generally, the media in which the major solvent
contains receptor molecules or micellar systems are called
organized media.389 383 These media are usually transpar-
ent, optically isotropic solutions in which the major bulk of
the solvent (aqueous or non-aqueous one) contains nano-
sized pseudophase systems able to solubilize (co-dissolve)
substances insoluble in this solvent.?®3 Thus, liquid organ-
ized media are homogeneous and are single-phase on a

macroscale, but are nanoheterogeneous and two-phase on
a nanoscale.

Extensive use of supramolecular organized media
started back in the 1980s.38%-381 In the 21st century, Spanish
researchers 375-379.384 proposed to call these systems supra-
molecular solvents (SUPRAS), because, from the stand-
point of the authors, they replaced the classical aqueous,
aqueous organic and non-aqueous media by biosimilar
ones. According to these views, supramolecular analytical
chemistry was redefined as ‘an emergent science covering
the study and application of supramolecular systems (host
molecules and molecular aggregates) in analytical proc-
esses’ 375-379.384

It should be also borne in mind that the supramolecular
chemistry is closely connected with nanochemistry and
nanotechnologies, which are also based on bottom-up self-
organization processes, and, hence, with nanoanalytical
chemistry, which uses both nano-objects and self-assembly
in various stages and in various fields of chemical analy-
Sig.385-388

The classical chemical analysis is not reduced to mere
detection and quantitative determination of substances, but
also includes the preceding sequence of interdependent
processes (operations). Therefore, supramolecular analyti-
cal chemistry also should not be restricted to the recognition
effect, i.e., qualitative analysis, use of host—guest systems
and studying supramolecular assemblies as solvents of a
new type373-379 or nanoreactors.3®3 It is necessary to
consider all stages of analysis that involve supramolecular
effects and that provide data for qualitative and quantita-
tive determination of a sample component. These opera-
tions include sampling, sample conservation and
preservation of the sample composition, sample preparation
(including separation of components of a complex mixture
and analyte preconcentration), conduction of the analytical
reaction (process) under supramolecular conditions and
calculation of the content of the analyte. In some cases,
e.g., in strip tests and sensors, some of the indicated stages
may be absent.

This part of the review is meant to briefly consider the
role of supramolecular effects in particular stages of chem-
ical analysis on the basis of both literature data and our
own research. Examples of using supramolecular effects and
systems for sample preparation, separation and preconcen-
tration, as media for conducting chemical reactions or as
nanoreactors are presented. In addition, we describe self-
assembly phenomena that underlie the generation of the
analytical signal (effect) and are implied in the procedures
of quantitative determination in various methods of chem-
ical analysis. We did not claim to cover all phenomena,
systems, approaches and methods that can be attributed to
supramolecular analytical chemistry, but we intended to
outline the main trends, goals and achievements of this new,
emerging field of analytical chemistry. The number of
publications in which supramolecular effects and systems
were utilized for the development of analytical procedures is
several thousand, some of the original papers were inte-
grated in reviews and monographs. 368,369,375~ 383,389 398

2.6.2. Supramolecular objects in different stages of chemical
analysis

Analysis of the literature shows that two types of supra-
molecular objects (systems) are employed in the stages of
chemical analysis (sample preparation, separation, precon-
centration and determination). The first type are solutions
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of pre-organized receptor molecules (cyclodextrins, calixar-
enes, cavitands, cyclophanes, cyclopeptides, efc.), which act
as hosts with respect to analytes. The second type includes
solutions of self-organized micelle-like assemblies, which
serve as new media for solubilization, assembly and bring
together the components of analytical reactions, i.e., like
receptor molecules, they actually function as nanoreac-
tors.383 Micellar systems can also be formed in non-aqueous
solvents and on solid surfaces, being organized as hemi-
micelles and admicelles (adsorption bilayers).

Thus, supramolecular analytical chemistry, unlike nano-
analytics, is rather a new tool for conducting analytical
reactions than a new branch of analytical chemistry. This
tool is based on the use of receptor molecules and self-
assembled molecular aggregates (micellar systems) as media
(nanoreactors) for reaction components to approach each
other and for changing local properties of the microenviron-
ments of analytical systems, i.e., for creating conditions for
the whole sequence of reactions to occur. It is noteworthy
that both the analytical reactions and processes taking place
in supramolecular media (cavities of receptor molecules)
have supramolecular nature, because components interact
according to the self-assembly principle and serve as sources
of the analytical signal. In this connection, we will give a
number of examples of supramolecular interactions and
reactions of the supramolecular nature that have been
widely used in analytical chemistry for approximately 40
years.

2.6.3. Role of solubilization in chemical analysis

The simplest example of a supramolecular process used in
chemical analysis is solubilization, i.e., an analyte migrates
from the main bulk of the solvent into the receptor cavity or
into the nanosized space of the micellar assembly. Solubili-
zation results in increased solubility of poorly water soluble
hydrophobic organic reagents and analytes and changes the
polarity of their environment and their physicochemical
properties even at the stage of sample preparation for the
analysis and then throughout the whole analytical determi-
nation process.380-383.387 Solubilization extends the range of
compounds that can be determined in aqueous solutions by
titrimetric,380—382 photometric,380 383,389 lumines-
cence,389 391,399 electrochemical,392 chromato-
graphic 394.395,400-403 and electrophoretic 403-405 methods
and by atomic absorption and atomic emission spectrome-
try.4% The solubilization of participants of an analytical
process in the nanopseudophase of an organized system
(micelle, microemulsion, liposome, vesicle or cyclodextrin/
calixarene cavity) considerably changes their hydrophobic
properties, hydration, hardness and conformation of the
molecule, which modifies physicochemical, spectroscopic,
electrochemical, adsorption, protolytic, tautomeric, com-
plexing, redox and other properties.383,385,387,388,407,408
This also changes the pattern of charge distribution in the
molecule, the efficiency of intra- and intermolecular transfer
of the electronic excitation energy and electron transfer,
particle distribution among the phases, solubility and also
the rate, route and equilibrium state of analytical reactions.
As a result, the analytical signal intensity markedly
increases, the spectroscopic, electrochemical and chromato-
graphic parameters of the signal and conditions of electro-
phoretic separation are optimized and, as a consequence,
the sensitivity and selectivity of analytical determination is
enhanced.

A fundamental difference of microheterogeneous organ-
ized media from common homogeneous solutions (aqueous,
aqueous organic and non-aqueous solutions) is that local
effects play the crucial role in this case.?®3 This means that
changes in the properties of compounds solubilized in
organized systems are caused by changes only in the state
of their microenvironment, i.e., in their solvation shell, but
not in the whole bulk of the solution.#%?

It is possible to distinguish a number of consequences of
solubilization and formation of ionic associates of organic
reagents with surfactant counter-ions that are common to
analytical systems:38' —383,389,409,410

— the ability to bring together and preconcetrate com-
ponents of an analytical reaction in the nanopseudophase of
an organized system, even if the components substantially
differ in hydrophobicity;

— multicentre and multifunctional interactions (electro-
static, donor—acceptor, van der Waals and hydrophobic
interactions and hydrogen bonding) of components or parts
of the nanopseudophase with the solubilized substrate, with
hydrophobic interactions being predominant;

— clear-cut oriented sorption and cavity effect, in which
the nature and geometric matching between the host and the
guest are the decisive factors for analyte binding to the
substrate;

— significant microheterogeneity of the medium within
the nanopseudophase along the direction from the interface
with water (solvent) towards the centre, manifested as a
sharp change in the dielectric constant, microviscosity,
micropolarity, microacidity and other physicochemical
properties of the medium.

An important advantage of micellar systems and recep-
tor molecules is the possibility of controlling their compo-
sition and the properties of assemblies formed in solution
(charge, hydrophobicity, micropolarity, etc.), and, hence,
solubilization of reagents and analytes. This control is
directly related to the supramolecular nature of assemblies
and can be accomplished in several ways:383

(1) targeted choice of the type of organized system:
direct or reverse micelles, cyclodextrins, microemulsions
[oil-in-water (o/w) and water-in-oil (w/0)];

(2) adjusting the nature of surfactants that form the
organized systems, in particular varying the hydrophilic
group (cation, anion, oxyethylene chain length) or hydro-
phobic moiety (aliphatic, aromatic, oxypropylene); varying
the hydrophilic—lipophilic balance of surfactant molecules
and analytes and the sizes of receptor cavity and the
analyte;

(3) adjusting the properties of the organized nanosized
assemblies, in particular:

— charge density and surface potential of the micelle,

— hydration and hydrophobic properties of the micelle
interface,

— micropolarity and microviscosity of the micelle nano-
pseudophase,

— size and aggregation number of micelles and micro-
emulsions,

— distance between the reactants,

— degrees of electronic excitation energy transfer and
electron transfer,

— substrate exchange kinetics in the micelle—solvent
system,

— concentration of oxygen and other gases in micelles,

— charge and hydrophobicity of the groups grafted at
the entrance of the receptor molecule.
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2.6.4. Chemical analysis methods using supramolecular effects

The occurrence of solubilization not only considerably
improves characteristics of the known methods for separa-
tion, preconcentration and determination of many inor-
ganic and organic compounds, but has also resulted in the
development of some new methods. The most well known
among them is micellar extraction (called also ‘cloud point
extraction’ or ‘supramolecular solvents’), proposed in 1977
by Ishii and Watanabe.#!! It is successfully combined with
determination of compounds, by, for example, gas*'? and
liquid 34413 chromatography and capillary electrophore-
sis 406-413 and  with photometric,380-381.406,414  Jymines-
cence,??3-415 atomic absorption and atomic emission ¢
determination methods. There are two dozens of reviews
dealing with the micellar extraction alone in sample prepa-
ration, spectrometric determination of metal ions and
inorganic anions, organic compounds and biomolecules.

Other examples of the effective use of supramolecular
effects include micellar liquid chromatography (MLC)#16
and micellar thin layer chromatography,*'’” which were
proposed by Armstrong and co-workers. Micellar TLC has
been widely used in Russia and in Ukraine.*00-418-422 One
of the numerous reviews on MLC including analysis of both
author’s own works and studies of foreign colleagues !
was published in 1999. The most widespread among these
methods are micellar electrokinetic chromatography
(MEKC), developed by Terabe er al.,*?* and its micro-
emulsion version (MEEKC), proposed by Watarai.*?4 The
use of micelles and microemulsions provided an unusually
high separation efficiency for both ionic and neutral com-
pounds, because the number of theoretical plates reached in
some cases 3—5 million.#?> The results of application of
MEKC, MEEKC and capillary electrophoresis with cyclo-
dextrin mobile phases are comprehensively integrated in a
monograph.4>> The use of micelles and cyclodextrins
allowed simultaneous separation of hydrophilic and hydro-
phobic, charged and neutral, optically active and inactive
molecules, eliminated the necessity of regeneration of chro-
matographic column and made it possible to use electro-
chemical detector with gradient elution and to perform
direct injection of biological fluids as micellar solutions
into the column.

Organized media have found use almost in all types of
luminescence spectrometry employed in chemical analysis:
fast, photoinduced, sensitized fluorescence, room temper-
ature phosphorescence (RTP) and sensitized RTP (s-RTP),

immunofluorescence and chemiluminescence; this is
reflected in a number of books and fundamental
reviews, 380- 381,426,427, 382,383,389 - 391, 393,399,415 Spectral

changes and analytical effects were found to be more
significant in luminescence than in photometry. In some
cases, 100- and 1000-fold increase in the analytical signal
intensity was attained, and the limit of detection decreased
to a nano-, pico- or femtogramme level.390-391,426.427 New
results were obtained in phosphorimetric analysis, because
it became possible to observe an analytical signal in
micelles, microemulsions and cyclodextrins at room temper-
ature rather than at liquid nitrogen temperature
(77 K).390.391,426 The main conditions for observing phos-
phorescence at room temperature are the presence of a
heavy atom and removal of oxygen from the solu-
tion.#28-430 The sensitized RTP based on the triplet —triplet
(T—T) transfer of the electron excitation energy proposed
in our study appears most interesting. This procedure
substantially increased the selectivity of the phosphorimet-

ric determination of polycyclic aromatic hydrocarbons; this
was the first implementation of the idea of using analytical
organic reagents in the triplet state.3! —433

One more type of luminescence based on the supra-
molecular transfer of electron excitation energy that is
affected by organized media is the sensitized fluorescence
of lanthanides. In this case, upon light absorption, a
chromophoric chelating ligand passes from a singlet to a
triplet excited state via intersystem crossing, and the energy
transfer from the triplet level of the ligand to the lower-
energy resonance level of the lanthanide ion is accompanied
by characteristic sensitized fluorescence. This conversion of
the energy absorbed by one or several ligands to lanthanide
ion emission as a result of intramolecular transfer of the
excitation energy was called ‘antenna
effect’.390-399,427,434,435 The chelate formation brings about
one more effect, namely, displacement of lanthanide-coor-
dinated water molecules by organic ligands, which results in
quenching of the metal excitation energy by these water
molecules. Therefore, mixed-ligand complexes are often
used instead of complexes with one ligand. This allows
displacement of more lanthanide-coordinated water mole-
cules. The use of micellar media is favourable for the
removal of coordinated water, increases the stability con-
stant of chelates, changes the rates of photophysical proc-
esses and increases the efficiency of energy transfer and the
sensitized fluorescence intensity. This is associated with the
change in the microenvironment of the solubilized chelate
and brings together the reaction components in a nanosized
space.*30-438 A combination of mixed-ligand complex for-
mation and introduction of a second lanthanide ion into the
micellar system (sensitized co-fluorescence effect) proved to
be especially efficient, resulting in an almost 1000-fold
increase in the fluorescence intensity.*3® An unusually high
3800-fold enhancement of the sensitized fluorescence signal
was found for a system containing warfarin, an anticoagu-
lant used in agriculture as a rodenticide and pesticide.*40 It
is noteworthy that supramolecular nature is inherent in not
only micellar media employed for increasing the lumines-
cence intensity, but also in the processes of energy transfer
from the excitation energy donor to an emitting acceptor in
a micelle.3°

2.6.5. Miscellaneous examples of using supramolecular effects in
analysis
Chemical sensors make use of dynamic interaction of a
sensing element with an analyte in solution or in the gas
phase. Their major benefit is the possibility of obtaining
direct information (detection and recognition) about the
presence and amount of one (pH of the solution, contents of
glucose, oxygen, biogenic amine, etc.) or several compo-
nents using an array of electrochemical or optical sensors.
The reversibility of interaction between the receptor layer
and the analyte is the main factor of supramolecular nature.
The number of publications on chemical sensors is a few
tens of thousands; some examples can be found in
reviews.368,369,441-443 The sensors that appeared in the last
10—15 years comprise, as a rule, various nanoparticles,
which participate in supramolecular reactions 369-444,445
Supramolecular nature is characteristic of numerous
immune and enzymatic reactions meant for determining
biologically active compounds.44°

Thus, it can be stated that analytical chemistry would
further extend the range of supramolecular systems and
interactions that would be utilized to develop methods of
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analysis of various specimens, especially new materials and
biological fluids.

3. Self-assembly and self-organization in solution
and at the interface

3.1. Amphiphilic (thia)calix[4]arenes: synthesis and
functional colloidal systems based on them
Supramolecular chemistry is one of the youngest and
extensively developing fields of modern chemistry. Owing
to the ability to self-assemble, supramolecular structures
can be used in the development of biomimetic systems,
molecular receptors, nanoreactors, catalysts, molecular
machines, etc. Of special attention are amphiphilic mole-
cules forming highly ordered assemblies in water, starting
from traditional micelles and vesicles to more complex
morphologies such as nanotubes, nanotapes, nanofibres,
nanosheets and other.#4’” The morphology of such molec-
ular assemblies can be tuned by appropriately modifying the
structure of the elementary unit, i.e. an amphiphilic mole-
cule, and also by varying reaction conditions such as
concentration, temperature, ionic strength and pH of the
medium. 448

Among the diversity of amphiphilic molecules, an
important role belongs to amphiphilic macrocycles. Like
traditional linear amphiphilic molecules, they comprise
hydrophobic and hydrophilic sites enabling their self-assem-
bly in aqueous solutions. A particular feature of amphi-
philic macrocycles is molecular recognition. According to
the definition of Shinkai et al.,**° amphiphilic macrocycles
are amphiphilic molecules containing host— guest type rec-
ognition sites. Owing to high concentration of the binding
sites on the surface of their aggregates, amphiphilic macro-
cycles acquire the ability for multisite binding of guests,
which in turn can enhance their sensitivity (selectivity) to
molecular recognition in aqueous solutions.

Among amphiphilic macrocycles, calix[n]arenes and
their thia analogues have a special place (Fig. 78).

Calixarenes are unique in the possibility of chemical
modification of their upper and lower rims, the diversity of

1,2-Alternate

1,3-Alternate
R” = H, Alk; X = CHy, S

Figure 78. Structures of calix[4]arenes and their thia analogues.

their stereoisomeric forms, the possibility of attaching more
than one receptor moiety for multisite binding, ezc. These
factors rendered them a very convenient macrocyclic plat-
forms to construct amphiphilic structures with receptor
properties, which has been described in detail in several
recent reviews.*0-455 Even being unmodified with polar
groups, a calix[n]arene molecule can display amphiphilic
properties. Thus, as early as 1989, it was found 4°¢ that
calix[6]arene 200 can form vesicles having an average
diameter of 50—100 nm and produce stable 10 A mono-
layers. Later, it was demonstrated that tetra-O-dodecyl-
substituted calix[4]arene 201 bearing no ionized moieties
can also form stable monolayers at the water/air interface
and produce submicrometre-sized particles of 400 nm diam-
eter in solution.*>’

Structures 200, 201
OH o (0] ‘
C12H2s-n
200 201

Nevertheless, to improve their solubility in water and
endow them with amphiphilic properties, calix[#]arene mol-
ecules are most often functionalized with polar ionic and
non-ionic groups to construct amphiphilic macrocycles in
the cone and 1,3-alternate stereoisomeric forms (Fig. 79).

R R R Polar

N AN L e ®
J\/X

>\>/ ‘x/ /U/)\ X/O

X
o O
s

X =CH2, S

Figure 79. Structures of amphiphilic macrocycles in the cone and
1,3-alternate stereoisomeric forms.

These stereoisomeric forms provide optimal spatial
separation of hydrophilic and lipophilic parts of the mole-
cule.

In this Section, special attention will be given to the
synthetic approaches to construct amphiphilic macrocycles
based on both classical calix[n]arenes and their thia ana-
logues, thiacalix[n]arenes. The prospects of the click chem-
istry modular approach for designing amphiphilic
structures based on (thia)calix[n]arenes are discussed, and
examples of the application of colloidal systems derived
based on them are provided.

3.1.1. Amphiphilic calix|r]arene derivatives bearing anionic polar
head groups

3.1.1.1. Synthesis and properties of amphiphilic sulfonate
calix|n]arenes

The first calixarene 202 with surface-active properties was
synthesized by Shinkai et a/.#*® in 1984 by alkylation of
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sulfonate calix[6]arene with n-hexyl bromide in the presence /[ /[
of NaOH (Scheme 28). In 1986, a series of amphiphilic 2N N\ —
sulfonate calix[6]arenes was complemented with hexam- N N N N
mp \—/ 217 \—/  218(66%)

ethyl- and hexadodecyl-substituted macrocycles 203,
204,% and two years later, n-butyl-substituted (3) NaOH, DMSO, H.0, 80 °C
calix[4(6,8)]arenes 205-207 were prepared (see

Scheme 28).459-460

Several novel derivatives of calix[n]arene 208 —215 bear-
ing propyl sulfonate groups at the lower rim and various
alkyl groups in the para-position of the aromatic ring were
synthesized by Shinkai er al.4°° in 1989. Calix[n]arenes
unsubstituted at the lower rim reacted with propane sultone
in the presence of sodium hydride (Scheme 29).

o, ,0 Scheme 29
R s/ R
o
—_
NaH
OH n (6] n
208-215 SOszNa
Com- n R Yield (%) || Com- n R Yield (%)
pound pound
208 6 Bu" 75 212 6 H 30
209 6 n-CeHiz 86 213 8 H 23
210 6 n-CioHzs 60 214 6 But 75
211 4 H 10 215 8 But 76

The pioneering works of Shinkai and co-workers con-
cerning sulfonate calixarenes were continued by other
researchers. Thus, Reinaud and co-workers“®! proposed
an original method to use precursors 216, 217 in the
synthesis of sulfonate calixarene 218 (Scheme 30) via the
regioselective ipso-chlorosulfonylation followed by alkaline
hydrolysis. Imidazole moieties deactivated the electrophilic
attack, due to their ability to be protonated; as a result, the
reaction proceeded selectively on the anisole moieties of the
macrocycle.

A study of the aggregation of macrocycle 218 in water
showed that despite the absence of the typical amphiphilic
architecture, it can form polydisperse multilamellar vesicles
of the pH-dependent size (450 nm at pH 8.5 and 50 nm at
pH 6.5).462 The addition of Ag! ions was found to affect the

aggregation process, resulting in the formation of compact
micelles of 2.5 nm diameter; this was related to a change in
the macrocycle packing parameter as a result of complex-
induced contraction of the macrocycle lower rim (Fig. 80).

Modification of calix[n]arenes with propane sultone was
proposed by Puntoriero and co-workers,*®3 who succeeded
in reacting p-tert-butylcalix[5]arene (219) with 1,4-butane
sultone in the presence of sodium hydride to obtain water-
soluble sulfonate 220 (Scheme 31). Using the diffusion-
ordered NMR studies and fluorescence spectroscopy, it
was demonstrated that macrocycle 220 can form a supra-
molecular amphiphilic structure with n-dodecylammonium
chloride, due to encapsulation of the latter into the macro-
cyclic cavity, and also to form micelles of 2.6 nm diameter
(Fig. 81).

Liu and co-workers#* carried out chlorosulfonylation
of calixarene 221 with chlorosulfonic acid followed by the
treatment with NaOH in anhydrous ethanol and thus
obtained the tetrasodium salt of p-sulfonatocalix[4]arene
tetraheptyl ether 222 in a good yield (Scheme 32).

Figure 80. Aggregation of macrocycle 218 in water in the presence
and in the absence of silver(I) ions. The Figure was created by the
authors using data of Ref. 462.
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Figure 81. Scheme for the formation of an amphiphilic structure

(0] 6]

é7H15-n4 é7H15-n ¢ from compound 220 and n-dodecylammonium chloride and
o micelles based on this structure. The Figure was created by the

221 222 (73%) authors using data of Ref. 463.
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Figure 82. Scheme for the formation of aggregates based on calixarene 222. The Figure was created by the authors using data of Ref. 464.

|
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Figure 83. Scheme for the formation of liposomes based on calix-
arene 205. The Figure was created by the authors using data of

Ref. 465.
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Macrocycle 222 can co-assembly with high amounts
(46%) of antipsychotic drug Chlorpromazine to afford
joint nanoaggregates in aqueous solutions (Fig. 82). More-
over, due to electrostatic interactions, the resulting aggre-
gates successively react with trimethylated chitosan, which
can actively transfer nanoparticles across the blood —brain
barrier via absorption-mediated transcytosis.

The same research team#®> prepared functional lipo-
somes from  tetra-O-butyl-substituted  sulfonylated
calix[4]arene 205 and a zwitterionic phospholipid, dipalmi-
toyl phosphatidylcholine (DPPC), for living cell imaging
and targeted drug delivery (Fig. 83). Due to electrostatic
interactions, the liposome was functionalized with biotiny-
lated pyridinium salt as a targeting agent and a fluorescein-
containing pyridinium salt as a fluorescent probe. The
liposomes thus obtained were internalized into the MCF-7
cancer cells through the receptor-mediated endocytosis,
thus demonstrating great prospects for their therapeutic
and diagnostic applications.

Stoikov and co-workers#%® successfully implemented
Shinkai’s approach to modification of calix[n]arenes with
propane sultone to functionalize p-rert-butylcalix[4]arene
(223). Propanesulfonate 224 (Scheme 33) proved to be able
to form colloidally stable fractal hybrid nanodendrites of
95 nm size with silver ions. Later, the same research team 4¢7
carried out the reaction of 1,3-propane sultone or
1,4-butane sultone with calix[4]arene 225 bearing tertiary
amino groups to produce sulfobetaines 226a.b (see
Scheme 33) in high yields. These macrocycles can form
stable submicron-sized aggregates with silver ions.

Scheme 33
O (0]
But \\S/: But
P
B — e
S NaH, THF,
A,48h
OH 4 O 4
223
224 (36%) SOzNa
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(@] 4
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L A, 72h L
HN S0 HN N0
\NJ) \+ J)
\ 225 (
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= 3 (a, 79%), 4 (b, 82%)

3.1.1.2. Synthesis and properties of amphiphilic carboxylate
calix[n]arenes

Meier and co-workers 48 carried out consecutive removal of
the tert-butyl groups in p-tert-butylcalix[4]arene 227, alky-
lation with dodecyl iodide and bromination followed by
replacement of the bromine atom with lithium and direct
carboxylation to produce tetra(carboxyl)-substituted calix-
arene 228 (Scheme 34).

Scheme 34
n-C12H2I,
NaH, DMF
AICl3,
OH PhMe OH \

1) NBS, MeC(O)Et CO2H

2) Bu'li, THF, —78 °C

3)CO,, —78°Ctort

— >
C12H25 -N C12H25 -N
201 228 (88%)

NBS is N-bromosuccinimide

Using the data from dynamic and static light scattering
and cryogenic transmission electron microscopy, macro-
cycle 228 was shown to form vesicles in aqueous solutions
and stable bilayers at the water/air interface.

Shahgaldian and co-workers %% revealed that Langmuir
films obtained from macrocycle 228 can react with drugs
such as salicylic acid, acetylsalicylic acid and acetamino-
phen.

Suwinska er al.#7° used a quinone methide approach,
which had been earlier developed by Gutsche and co-work-
ers,*”! to replace the trimethylammonium moiety in
calix[4]arenes 229a—k with sodium cyanide with subsequent
hydrolysis of intermediate tricyano derivatives 230a—k. As
a result, a series of tri(carboxymethyl)-containing calix[4]-
arenes 231a—k was synthesized in high yields (Scheme 35).

‘ Scheme 35
N\ CN
OO =
— —
OR OH °
229a-k 230a-k
COzH
(a) 1) Mel, DMSO, 30 min;
2)NaCN, A, 3 h;
(b) 1) KOH, EtOH, H20,
A, 72 h; 2) 20% HCI
231a—-k

R = Me (a, 70%), Et (b, 73%), Pr" (¢, 78%), Bu" (d, 75%),
n-C5H11 (e, 72%), n-CgH13 (f, 79%), n-C7H15 (g, 78%),
I’]-CsH17 (h, 80%)), n-CgH1g (i, 79%), I’]-C10H21 (j, 82%),
n-C11H2s (k, 85%)

It was demonstrated that macrocycles 231a—k form
micelles in aqueous solutions at pH > 6, when a significant
part of the carboxyl groups are ionized, and the critical
aggregation concentration (CAC) decreases with the elon-
gation of the hydrophobic alkyl substituent in the macro-
cycle.

Hirsch and co-workers#’? carried out reduction of
dinitrocalix[4]arene 232, decorated with four dodecyl sub-
stituents at the lower rim, followed by the reaction with
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(a) 1) CIC(O)CH2CO2Me, THF, 5 h; 2) NaOH, THF, H>0; 3) HCI; (b) 1) 234, DCC, HOBT, DMF, 48 h; 2) CF3CO2H, PhMe, 24 h;
C12Hzs is n-dodecyl; Ni-Ra is Raney nickel, DCC is dicyclodecylcarbodiimide, HOBT is 1-hydroxybenzotriazole

methyl malonyl chloride, hydrolysis of the resulting com-
pound 233, and carbodiimide cross-linking of the inter-
mediate diacid with amino-substituted dendrimer 234 to
afford amphiphilic dendrocalix[4]arene 235, containing 18
carboxyl moieties in the polar part of the molecule
(Scheme 36).

Using cryo-TEM and 3D reconstruction techniques, it
was found that dendrocalix[4]arene 235 forms 7.5 nm
micelles composed of seven macrocycle molecules. Later,
the same research team employed a similar synthetic strat-
egy to prepare a macrocycle containing a terephthalic
spacer instead of the malonic one. This derivative possessed
intrinsic fluorescence and was able to form micelles com-
prising 12 macrocycle molecules at pH 7.473

In a follow-up study,*’* a fundamentally different
approach was implemented to construct amphiphilic macro-
cycles by introducing carboxyl groups into the lower rim of
the macrocycle, and functionalizing the upper rim with
perylene moieties 236, prone to intensive m—7 stacking
(Scheme 37).

In a tetrahydrofuran—water mixture, macrocycle 237
tends to form nanowires having a diameter of 6.5—8.4 nm
and a length of a few hundred nanometres. By molecular
dynamics calculations, it was demonstrated that the con-
formation of this molecule changes from tetrahedral (per-
ylene moieties are remote from each other) to a closed one
(two perylene moieties approach each other due to m—=
stacking).

Scheme 37
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CO,But
0
(a) 1) K2CO3, MeCN, A, 12 h; 2) KOH, MeCO, rt, 4 days; 3) HCI; ) G 6 4 CsHun
(b) 85% HNO3, 100% AcOH, CH2Cl», 0°C, 15 min; (c) DMT-MM, THF, rt, 4 h; 236 = O O N
(d) NH2NH, - H20, Pd/C, EtOH, A, 12 h; () 1) 236, Zn(OAc), quinoline, 120 °C, 2 h; O O K CsHin
o)

2) HCO2H, CHCl3; DMT-MM is 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium

chloride
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A convenient and facile method for the synthesis of
acylamino calix[4]arene derivatives 238a—c and 239 from
readily available calixarene amines 240a—c was proposed
by Song et al.*’> The reaction with succinic or glutaric
anhydride at room temperature gave the corresponding
products in high yields within 2 h (Scheme 38).

It was found that in aqueous solutions, macrocycles
238a—c and 239 can change their morphology over time: the
nanospheres formed initially are transformed into nano-
fibres, which induce gelation of the solution. The hydrogel
thus formed was utilized as a template for the preparation
of silica nanotubes.47>

3.1.1.3. Synthesis and properties of amphiphilic phosphorus-
containing calix[n]arenes

p-Phosphonylmethylcalix[4]arenes obtained by Ungaro and
co-workers#7¢ by the classical Arbuzov reaction from
p-chloromethylcalix[4]arenes and trialkyl phosphites repre-
sented early examples of phosphorylated calix[4]arenes.
However, amphiphilic structures 24la—d bearing long-
chain alkyl substituents were first synthesized by Kalchenko
and co-workers.*”7 The parent calix[4]arene was functional-
ized with long-chain acyl moieties, then intermediates
242a—d were treated with diethyl chlorophosphate in the
presence of triethylamine (Scheme 39). The diethoxyphos-
phoryl groups were successfully converted to phosphoric
acid moieties by the treatment of compounds 243a—d with
trimethylsilyl bromide followed by refluxing in methanol.

Scheme 39
O§ R
his
R™cCl (EtO)2P(O)CI
2T Ty
AlICl3, CHCl3, NEts,
PhNO2, 4 h A,20h
OH 4 OH ’
242a—-d

B0 |
Et0” Y0
243a—d

HO
Ho~ 0
241a—d

OH OH

(a) 1) Me3SiBr, CHCls, rt, 48 h; 2) MeOH, A 24 h;
R = Bu" (a), n-CeH13 (b, 90%), n-CsH17 (¢, 89%), n-C1oHz21 (d, 90%)

Dihydroxyphosphoryloxy-containing macrocycles
241a—d were established to form stable Langmuir films,
and elongation of the acyl moiety induced an increase in the
collapse pressure of the monolayer in this series of com-
pounds.

Phosphorylation of the upper rim of p-tetrabromo-
substituted calix[4]arenes 244a,b with triisopropyl phosphite
in the presence of NiBr> (Scheme 40) followed by the
treatment of intermediates 245a,b with trimethylsilyl bro-
mide and methanol gave dihydroxyphosphoryloxy-contain-
ing macrocycles 246a,b.478

Scheme 40
(0] ) (0]
B [ _OPri \F\)/OH
' ~opr ~OH
a b
— —

OR 4 OR 4 OR 4

244a,b 245a,b 246a,b

(a) P(OPri)3, NiBrz, PhCN, 170 °C, 1 h;
(b) 1) Me3SiBr, CHCl3, rt, 30 h; 2) MeOH, 50 °C, 2 h;
R = n-C1oH21 (a, 95%), n-C12H2s (b, 92%)

Using dynamic light scattering and atomic force micro-
scopy, it was found that macrocycles 244a.b assemble into
submicron-sized aggregates with a diameter of 130—170 nm
with a low polydispersity index.

Martin et al.*’® substantially expanded the range of
dihydroxyphosphoryloxy-containing macrocycles. They
prepared derivatives bearing hexyl, octyl, and tetradecyl
substituents at the lower rim of the macrocycles using
triethyl phosphite in place of triisopropyl phosphite. A
study of the toxicity of the prepared series of dihydroxy-
phosphoryloxy-substituted macrocycles in the PC12 cell line
showed that the lowest toxicity was achieved for a calixar-
ene bearing no alkyl groups at its lower rim. Also, it was
demonstrated that octyl-substituted macrocycle can form
micelles of 4—5 nm in diameter, which were stable in a wide
range of pH values and can enclose curcumin as a model
antioxidant into their cavities, with the micelle toxicity
decreasing significantly as compared to that of the mono-
meric form of the same macrocycle. Later, in relation to the
oxidative stress of PC12 cells under the action of H,O,,
menadione and glutamate, the same research team #3° found
that dihydroxyphosphoryloxy-containing calix [4]arenes per
se are potent antioxidants, which is a great advantage for
development of safe carriers for drug delivery.

Using a modified procedure of Ungaro and co-work-
ers,*7¢ Mo er al 3! synthesized a phosphonomethyl calix[4]-
arene derivative 247 (Scheme 41).

According to dynamic light scattering and TEM data,
macrocycle 247 forms vesicles of ~100 nm diameter. Using
a set of physical methods including NMR spectroscopy and
mass spectrometry, it was shown that this compound forms
an inclusion complex with carboplatin, opening up pros-
pects for the targeted delivery of this drug to the cancer
cells.

An effective nano composition was prepared on the
basis of associates formed by macrocycle 247 with paclitaxel
and carboplatin anticancer drugs.*8> The composition
inhibited the invasion and migration of HT-29 cells more
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effectively than these free drugs taken separately and also
inhibited the tumour growth in mice.

3.1.2. Amphiphilic derivatives of calix[r]arene bearing cationic
polar head groups

3.1.2.1. Synthesis and properties of amphiphilic amino(ammonio)-
containing calix[n]arenes

A pioneering work of Shinkai et al.#% described amphi-
philic calixarenes with cationic head groups (Scheme 42).

These compounds were synthesized by alkylation of
nitro-substituted calix[4]- (248) and calix[6]arenes (249)
with alkyl halides in refluxing sulfolane, and the corre-
sponding O-alkylated nitro calixarenes were then reduced
with hydrazine hydrate in the presence of iron(I1l) chloride
and activated charcoal. Alkylation with methyl iodide
followed by subjecting the products to the Cl—-type ion-
exchange column furnished chlorides 250 and 251a,b in 29,
45 and 76% yields, respectively. It was shown that only
calixarene 251b bearing long-chain octyl substituents forms
micelles in aqueous solutions.

Shinkai and co-workers4®3 also prepared a series of
macrocycles 252255 substituted with cationic groups in
the come and 1,3-alternate stereoisomeric forms by the
reaction of a chloromethyl calix[4]arene derivative with
triethylamine and N,N-dimethylaminobutanol (Scheme 43).

Scheme 42
NO, NO2
RHal FeCls, N2Hg, Cact
B —— e
S//O HO(CH_2).OMe, A
\\O‘
OH Jn A OR In
248, 249
, CI=
NH2 1) Mel, DMF, A NMes
2) Cl— , exchange
column
OR n OR n
250, 251a,b

n = 4 (248, 250), 6 (249, 251); R = Me (250, 251a), n-CgH17 (251b);
Cact is activated charcoal

The authors demonstrated that a stereoisomeric form
affects the shape and type of aggregates generated by
amphiphilic compounds. The amphiphile shape depends
on the critical packing parameter (Ns) representing the
ratio of volumes of the hydrophobic and hydrophilic units
of the molecule. The N, value determines the aggregate
shape: Ns < 1/3 for spheric micelles, 1/3 < N < 1/2 for rod-
like micelles, and 1/2 < Ny < 1 corresponds to formation
bilayer structures.

As illustrated in Fig. 84, calixarenes in the cone stereo-
isomeric form preferably form micelles, while those in the
1,3-alternate conformation, assemble into bilayer struc-
tures, including vesicles.

In addition to the synthesis of tetracarboxy-calix[4]arene
228, Meier and co-workers 4% carried out chloromethyla-
tion of tetra(octyloxy)- (256) and tetra(dodecyloxy)-con-
taining calix[4]arenes (201), which was followed by the
treatment with trimethylamine and gave ammonium calix-
arenes 257a,b (Scheme 44).

Macrocycles 257a,b were established to form 5 nm
micelles, unlike their carboxylate analogue 228, which self-
assembled into vesicles. The authors explained this fact by
the existence of a hydrogen bond between carboxyl groups
in 228 and the absence of this bond or the presence of
electrostatic repulsion between the ammonium moieties in
257a,b; this alters the packing of molecules and results in
the formation of micelles.

Micelle

- kb

Bilayer

1,3-Alternate

Figure 84. Dependence of the shape and type of aggregates on the
stereoisomeric forms of the starting amphiphilic macrocycles.
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Schatz and co-workers #%* prepared a number of imida- OC12Hzs |,
zolium macrocycles 258a—e in high yields (Scheme 45). C12Has is n-dodecy 264 (75%)

Derivative 227 was used as the starting compound, and the
multistep reaction proceeded via the formation of function-
alized calixarenes 259—262. Products 258 can form stable
palladium N-heterocyclic carbene complexes, which are
reactive towards the Suzuki cross-coupling, and also act as
receptors for anions such as sulfates, phosphates, chlorides
and bromides.*8>

Kalchenko and co-workers#8¢ synthesized macrocycles
263 and 264 bearing cationic groups at the upper rim and
dodecyl groups at the lower rim (Scheme 46). According to
dynamic light scattering (DLS), atomic force microscopy
and polyacrylamide gel electrophoresis data, the produced
macrocycles can form micelles of 3—6 nm diameter in
aqueous solutions and effectively condense the model calf
thymus DNA into nanoparticles with average diameters of
55 and 65 nm for 263 and 264, respectively (Fig. 85).

Liu and co-workers#87 alkylated tetra(chloromethyl)-
substituted calixarene with trimethylamine to afford macro-
cycle 265. The complex of this macrocycle with adenosine
triphosphate (ATP) (Fig. 86) proved to be a very promising
system for the targeted drug delivery. Upon complexation
of compound 265 with ATP, its critical micelle concentra-
tion (CMC) significantly decreases, as the positive charges
of the macrocycle head groups are counterbalanced by the
negative charge of ATP. When this system is treated with
phosphatase, adenosine diphosphate (ADP) is formed, the

+"\‘/\/OH

~
Cl—

(264)

%L

Figure 85. Micellization of calixarene 264 and condensation of the
micelles with the model DNA to form nanoparticles. The Figure
was created by the authors using data of Ref. 486.

OCi2H2s |4

surface charge neutralization decreased, thus causing the
disassembly of the aggregates.

Stoikov and co-workers #8% synthesized thiacalixarenes
266a—e in the cone conformation (Scheme 47). The parent
p-tert-butylcalix[4]arene (267) was first converted to tetra-

Scheme 45
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Bu PhOH, Pro|, 1) BunLi )
AICl5, NaH, NBS, BurLi (2 equiv.),
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CO.H CH,0OH CH2CI
D0 ] e [0 )] e
— —_— —_—
OPm OPrm |, OPn OoPrm Pm OoPrm 12

260

(6]
262

R = Me (a, 96%), Pr (b, 98%), 2,4,6-Me3CsH> (¢, 91%), 2,6-PryCsH3 (d, 91%), cyclo-CsH11 (e, 96%)
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Figure 86. Aggregation of calixarene 265 with ATP and destruction of the aggregates under the action of phosphatase. The Figure was

created by the authors using data of Ref. 487.

Scheme 47
But But But
HoN T>"N7
N a,
MeOH, PhMe,
Sla " A 72n 5], s],
O
Et j j |+ j
~o0 Yo SNTNTONTN0 N TN 0
| H |‘q NO;3 H
267 268 266a—e

(a) 1) RX, MeCN, A, 72 h; 2) AgNO3, MeCN, rt, 27 h;
R = Me (a, 95%), Et (b, 98%), CH>-CO2Et (¢, 94%), Bn (d, 90%),
(CH2)2Pht (e, 96%); Pht is phthalimido

amidoamine derivative 268, which was quaternized under
the action of various alkylating agents in acetonitrile. The
subsequent replacement of the counterion with a nitrate ion
via the reaction of the intermediates with AgNOs3 gave the
target products 266.

These amphiphilic derivatives effectively react with
silver nitrate, while macrocycles 266a,e form 1:1 complexes
with fluorescein. As shown by DLS and spectrophotometry,
the complexes of macrocycles 266a,e with fluorescein react
with BSA to produce a structure of 6—8 nm in size.

Using a similar approach, the same research team 439
introduced chiral L-tryptophan residues into the p-tert-
butylthiacalix[4]arene molecule to obtain macrocycles both

Scheme 48
t t
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—
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OC1oH21-n J4 OC1oH21-n |4
270 271 (82%)

in the cone and 1,3-alternate conformations. According to
TEM and DLS data, these macrocycles form aggregates
with diameters of 86—134 nm. Also, the aggregates were
found to be chiral and to possess intrinsic fluorescence
depending on the solvent polarity.

Recently, Ma and co-workers#°® used a traditional
approach of calixarene chemistry, namely, ipso-nitration of
calixarene 269 followed by the reduction of tetranitro
derivative 270, to obtain tetraaminocalix[4]arene 271
(Scheme 48).

The authors deposited macrocycle 271 onto the inner
surface of a capillary chromatographic column and
obtained excellent characteristics for the separation of
both aromatic amines and traditional aliphatic analytes of
various polarities. The column demonstrated good repro-
ducibility of results and was thermally stable up to 240 °C.

3.1.2.2. Synthesis and properties of amphiphilic guanidinium-
containing calix[n]arenes

Guanidinium-containing calix[n]arenes are of special inter-
est since this functional group can be effective in binding
anionic guests (carboxylates, phosphates, sulfates, nitrate,
etc.) and is particularly relevant in DNA binding. The
synthesis and systematic studies of amphiphilic guanidi-
nium-containing calix[n]arenes were carried out by Ungaro
and co-workers.**! The reaction of appropriate p-amino-
calix[n]arenes with N,N-di(zert-butoxycarbonyl)thiourea
(272) in the presence of catalytic amounts of HgCl, and
the subsequent Boc-deprotection (Boc is fert-butoxycar-
bonyl) on treatment with hydrochloric acid affords macro-
cycles 273—-275 in high yields (Scheme 49).

All newly formed macrocycles were found to exhibit low
cytotoxicity and bind to plasmid DNA, and lipophilic
macrocycle 273b forms aggregates in water. In the follow-
up studies, a similar synthetic route was used to prepare a
series of calix[4]arenes in the cone (276) and 1,3-alternate
(277) conformations and conformationally mobile macro-
cycle 278.492

The authors studied in detail the interaction of calixar-
enes with plasmid DNA and found (Fig. 87) that lipophilic
macrocycles 273b and 276 condense DNA to form a dense
core and facilitate the cell transfection, whilst conforma-
tionally mobile macrocycles bearing methyl substituents at
the lower rim form large gorgon-like structures, which do
not condense DNA and do not promote transfection.
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Scheme 49
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(b) HCI, dioxane, rt, 24 h; n = 4: R = Pr" (273a), n-CgH17 (273b);
R = Me: n =6 (274), 8 (275)

(a) (272), HgClz, DMF, NEts, rt, 10 h;

Structures 276 -277

4
Cl—4 H2N _ Ha Cl— +
HoN _ Ho HZN\r Ha2
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OCeH13-n 4 OMe 4
cone mobile
276 (95%) 278 (89%)

+
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Cl—
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277 (87%)

Macrocycle 277 in the 1,3-alternate conformation occupies
an intermediate position, as it condenses DNA into more
compact structures, but this occurs only due to the electro-
static interactions and, hence, does not promote transfec-
tion.

It was further established that being incorporated into
the phospholipid membrane, macrocycle 273b exhibited a
ionophoric activity and enabled the selective transfer of
chloride ions due to binding to guanidinium moieties.*?3

The same research team 4°4 found that macrocycle 279
containing two guanidinium moieties at the upper rim and
four ethoxyethoxy units at the lower rim can act as a
synthetic ~ phosphodiesterase  effectively  hydrolyzing
2-hydroxypropyl p-nitrophenyl phosphate taken as a RNA
model. In addition, in the recently obtained #°> macrocycle

Structures 279, 280
C|7+
Cl— 4 HoN NH2
H>N H> -
O NH
HN
2 2
OI OI O\L OI
(0] O (0] (6]

~ N

279

~ N

280

1,3-Alternate, or mobile

conformation
cl-,
HoN NH
c-, A
H2N Y NH.
OCgH43-n 4
C|’+

H2N NH,
Y
OMe 4

280 containing a carbonyl spacer between the macrocyclic
platform and guanidinium moieties, the mobility of guani-
dinium groups is increased, which promotes cleavage of the
phosphodiester bonds.

Guo and co-workers,**® employing the synthetic
approach similar to that applied by Ungaro s team, synthe-
sized calix[S]arene 281 bearing five guanidinium units at the

Figure 87. Scheme for the interaction of
calixarenes 276—278 in various confor-
mations such as cone (a) and mobile, or
1,3-alternate (b) with plasmid DNA. The
Figure was created by the authors using
data of Ref. 492.

HaN R
2 2 _
" "o
0
= - (281) - HO{
% o}

Figure 88. Mechanism of action of
a probe based on calixarene 281 for
lysophosphatidic acid. The Figure
was created by the authors using
data of Ref. 496.
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upper rim and isopentyloxy moieties at the lower rim. This
macrocycle has been successfully used in the design of an
ultrasensitive fluorescent sensor for lysophosphatidic acid
(Fig. 88), a biomarker for early diagnosis of ovarian cancer
and other gynaecological malignant neoplasms, which oper-
ates on the principle of displacing the fluorophore (fluo-
rescein) from the calixarene complex. The unique feature of
this system is that the untreated blood serum can be used as
a raw material.

3.1.3. Click chemistry modular approach in the synthesis of
amphiphilic derivatives of calix|n]arenes

In 2001, Sharpless and co-workers*°7 first introduced the
term click chemistry. According to the proposed classifica-
tion, click reactions should meet the following criteria: be
stereospecific, versatile and atom-economic, provide high
yields of the products and proceed under mild conditions to
afford only safe by-products. Azide—alkyne cycloaddition
catalyzed by copper salts (CuAAC) and furnishing 1,4-di-
substituted triazoles under particularly mild conditions and
in high yields became most popular among the click
reactions. However, later several research teams (e.g.,
Ref. 498) showed that these reactions can be successfully
catalyzed by ruthenium, gold, silver, iridium, nickel, zinc or
lanthanum salts or metal complexes. In this case, both 1,4-
and 1,5-disubstituted triazoles can be produced depending
on the metal nature. A key advantage of the CuAAC
reaction is an exceptional functional group tolerance as
allowing the straightforward introduction of even ionized
moieties without the use of protecting groups. These reac-
tions open access to libraries of various compounds, includ-
ing amphiphilic ones, by varying azide- or alkyne-
containing units (Fig. 89).499,500

Hydrophilic unit —N3 + 4@

Hydrophobic

[Cu]
unit \

/N =N
—N
Figure 89. Diagram of the synthe- =

sis of amphiphilic structures via

the click reaction. Amphiphile

One of the earliest studies that made use of the modular
approach and provided a variety of amphiphilic calix[4]ar-
enes was performed by Sharma and co-workers.>°! By the
reaction of readily available tetra- and dichloromethyl
calix[4]arene derivatives (262) with sodium azides under
microwave (MW) irradiation, they synthesized the corre-
sponding tetra- and diazides 282 and 283 over a period of
20 min in almost quantitative yields (Scheme 50). Such
azides were employed in the CuAAC reaction with amino
acids, dipeptides and disaccharides bearing a propargyl
moiety. The reaction was also carried out under microwave
heating, and products 284 — 293 were isolated in moderate to
quantitative yields.

Later, Shen and co-workers’%? implemented the
CuAAC reaction to prepare amphiphilic star copolymers.
For this purpose, the starting p-tert-butylcalix[4]arene was
successively functionalized with two propargyl and two
methyl acetateoxyl moieties, which were then reduced to
give alcohol 294 (Scheme 51). Compound 294 was poly-
merized with g-caprolactone in the presence of SnOct; (Oct

Scheme 50
R

A

cl Ns N
7
a =R
— LY
b
oPm 4 oPm 4 m

OPm
282 (92%) 284-289
(¢] N3
O = I =
—_— B e
b
OPrm OPm  J» OPrm (O] 2] L P
262 R 283 (95%)

=
N\N//N (a) NaN3, DMF, MW,
90 °C, 20 min;
—> (b) AscNa,
O O Cu(S04)2, DMF, 90 °C, 30 min;
Asc is ascorbate,
OPm Tris 2,4,6-trimethylphenyl
(trityl);

OPrm |2
290-293

.NHBoc
R = .
}{\O COz;Me

o}
;{\O/\(002Et _ Wo&“‘”

NHTr ’ NHBoc

(284, 60%; 290, 47%) (285, 40%; 291, 30%) (286, 83%);
CO,Et MeOLC O>\_<NHB°°
NHBoc = N bri
(287, 89%) o H
(288, 58%; 292, 60%);
AcO

AcO o) AcO
¢ % %ox (289, 100%; 293, 88%)
OAc O
AcO AcO OAc

is 2-ethylhexanoate) as a catalyst to yield macrocycles 295
with a polymerization degree from 11 to 40. In these
macrocycles, polyoxyethylated moieties composed of 25 or
45 units were introduced via the CuAAC reaction.

Macrocycles 296 form aggregates in aqueous solutions;
by varying the length of oxyethyl arms, one can affect the
aggregate size. Thus, with decreasing the content of poly-
oxyethylated units, the aggregate size increased from 10 to
30 nm, while further decrease resulted in the formation of
vesicles ranging in size from 100 to several hundred nano-
metres.

Sansone and co-workers 3% applied the click chemistry
modular approach to prepare bolaamphiphile 297 substi-
tuted with four glucose residues. Tetraalkylazide-containing
calix[4]arene 298 in the [,3-alternate conformation
(Scheme 52) formed initially was reacted with 2,3,4,6-tetra-
O-acetyl-1-propargyl-B-D-glucopyranoside under micro-
wave heating. The reaction product was treated with
sodium methoxide and deacetylated by being passed
through ion exchange resin to afford macrocycle 297 in a
quantitative yield.
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C82C03,
DMF,
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(a) 1) CuSO4, AscNa,
DMF —H20 (4:1), MW (150 W),
80°C, 40 min; 2) MeONa, MeOH, 4 h, then Amberlite IR-120 (H™)

Mixed liposomes composed of macrocycle 297 and 1,2-
bis[(9Z)-octadecenoyl]-sn-glycero-3-phosphocholine
(DOPC) were obtained. This compound was found to
decrease the permeability of liposomes by rigidifying the
lipid bilayer. Also, mixed liposomes were found to interact
with the glucose binding protein concanavalin A, which is
promising for the targeted drug delivery.

The same research team>%* used tetraazidomethylca-
lix[4]arene 299 and alkyne 300 to obtain macrocycle 301
decorated with four guanidinium moieties in a quantitative
yield (Scheme 53).

The authors compared the efficiency of DNA trans-
fection for macrocycle 301 and its analogue bearing an
amide spacer in place of the triazole one and found that
the amide-spacered compound is slightly more efficient. In
this case, the transfection efficiency for macrocycles con-
taining amide or triazole units between the macrocyclic
platform and guanidine residue proved to be significantly
higher than that for calix[4]arenes containing four guanidi-
nium moieties directly attached to the aromatic rings. An
increase in the transfection efficiency was attributed to the
presence of additional nitrogen atoms, which, due to their
ability to be reversibly protonated, impart a certain buffer-
ing ability to the macrocycle and its complex with DNA,

297 (100%)

Na Scheme 53

NaN3, DMF,
40°C,16h

B ——

300
—

OC6H13-I’] 4 OCGH13-FI 4

299

OCeH1z-n |, 301 (100%)

(a) 1) Cul-P(OEt)s, DIPEA, Me,CO, A, 24 h; 2) TFA—TIS—H>0
(95:2.5:2.5), 0.1 M HCI; PBfis 2,2,4,6,7-pentamethyldihydro-
benzofuran-5-sulfonyl, DIPEA is diisopropylethylamine,

TFA is trifluoroacetic acid, TIS is triisopropyl silane
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thus facilitating the endosome release via the ‘proton Scheme 55
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Recently, Jawhari and co-workers3% synthesized cal-
ix[4]arene 302 bearing three glucose residues. Tri(azi- % %
doethyl)-containing precursor 303 is formed through the Ns N //N N— //N
exhaustive methylation of tri(carboxymethyl)calix[4]arene N N
304 followed by the reduction of ester groups and replace-
ment of hydroxyl groups with diphenyl phosphoryl azide = R2 borc
. . R —_—
(DPPA) (Scheme 54). The CuAAC reaction was carried out a (for
using the Cul - DIPEA catalytic system, and deacetylation 308a,b)
. g . . OR!' 4 OR? 4 OR? 4
was accomplished by treatment with sodium methoxide in
methanol, thus providing product 302 in high yield. 306a,b; 307a—c; 305a,b

In aqueous solutions, compound 302 forms monodis-
perse micelles of 6 nm average hydrodynamic diameter,
composed of 20 macrocycles. This compound can stabilize
membrane proteins for a long period of time (more than
45 days) with a negligible loss in their activity, significantly
outperforming other known surfactants.

During the last decade, a series of amphiphilic triazoles
bearing cationic (305a,b), zwitterionic (306a,b) and non-
ionic (307a—c) head groups have been prepared 06311
(Scheme 55). As a basic molecular platform, azidomethyl-
containing calix[4]arenes in the cone configuration with
alkyl chains of various lengths at the lower rim were used,
and the target amphiphilic macrocycles were formed in high
(including quantitative) yields. In the case of salts 305a,b,
amido derivatives 308a,b were initially obtained.

Considerable work was undertaken to study physico-
chemical properties of the newly synthesized triazoles.
Thus, it was shown 3% that calixarene 305a forms micelles
in the acidic pH region, while with increasing pH, the
micelles transform into cylindrical structures as a result of
deprotonation. At the same time, for a macrocycle with
longer-chain alkyl substituents (e.g., hexyl), micelles trans-
form into vesicles. More lipophilic calixarene bearing nonyl
substituents formed cylinders even at low pH values. Calix-
arene 305b containing cysteine residues was used as a
template in the synthesis of monomodal gold nanoparticles
of 2 nm diameter, which exactly matches the size of the
cavity formed by the adjacent cysteine moieties attached to
the calix[4]arene platform.3°7 Calixarenes 306a.b bearing a

308a,b

(a) CuSO4, AscNa, DMF or DMSO, 90 or 80 °C, 24-38 h;

(b) CH2Cl2, 0 °C, 2 h (for 308a); (c) TFA, Et3SiH, HCI,

2 h (for 308b); R2 = CH,NMe; (CH2),OP(=0)(OMe)O:

R'" = Pr" (306a, 76%), n-CeH13 (306b, 70%);

R'" = n-CsH11: R2 = CHO(CH>CH20),Me (n = 11 (307a, 74%),

22 (307b, 80%), 42 (307¢, 70%)); R" = Pr": R2 = CH,NHBoc (308a);
R3 = CH,NH; CI— (305a);

R' = BuM: R2 = CH,NHC(O)CH(NHBoc)CH,STr (308b),

R3 = CH,NHC(O)CH(CH>SH)NH; CI~ (305b)

choline phosphate moiety proved to be able to form mono-
disperse micelles having diameters of 1.9 and 26 nm,
respectively. Moreover, mixed micelles based on macro-
cycles and phospholipid DOPC were actively taken up by
the cells via endocytosis, which is a significant advantage for
the design of carriers for drug delivery systems.>*® A unique
ability of macrocycles 307a,b with polyethylene glycol arms
to form micelles with a stationary aggregation number
corresponding to the number of vertices of regular polyhe-
dra, the so-called Platonic micelles, was demonstrated.>!!
Thus, macrocycle 307a forms only dodecameric particles,
while macrocycle 307b with longer-chain polyethylene gly-
col arms assembles into octamers. It is noteworthy that
macrocycle 307c with the longest polyethylene glycol moi-
eties is unable to form stable micelles due to a strong shift of
the hydrophilic—lipophilic balance.
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During the last decade, active studies of amphiphilic
derivatives of calix[4]arene have been pursued in the Kazan
Federal University (KFU). For example, the stepwise mod-
ification of the starting p-rert-butylthiacalix[4]arene (223)
via the Mitsunobu reaction led to a series of distally
disubstituted p-tert-butylthiacalix[4]arenes 309a—c bearing
alkyl substituents of various lengths.>'2-514 By the Mitsu-
nobu reaction or Williamson alkylation under microwave
heating, the corresponding macrocycles were successfully
functionalized with various bromoalkyl moieties, and the
resulting macrocycles 310a—i were obtained in the /,3-
alternate stereoisomeric form (Scheme 56).

Thiacalixarenes 310 proved to be versatile precursors for
the synthesis of amphiphilic macrocycles both via reactions
with various nitrogen-containing nucleophiles (amines, het-
erocycles) and via conversion of 310 to azides 311-313.
Using the click chemistry modular approach, the latter
compounds gave rise to macrocyclic amphiphiles decorated
with anionic and cationic head groups (Scheme 57).

The azide —alkyne cycloaddition with acetylene dicar-
boxylic acid gave tetra(carboxyl)-containing macrocycles
314316 (see Scheme 57).513

To improve their colloidal stability, macrocycles 314 —
316 were embedded into phospholipid vesicles of DPPC
(Fig. 90). The mixed DPPC-316 vesicles proved to be
effective sensitizing antennas for terbium ion, exhibiting
intense luminescence. The DPPC—316 —Tb!!! ternary sys-
tem was used do design a fluorescence probe for pyridoxine
[4,5-bis(hydroxymethyl)-2-methylpyridin-3-ol], which func-
tioned through the competitive binding and stripping
terbium ions from the surface of vesicles, thus quenching
the luminescence. This sensor can detect pyridoxine at a
concentration of 7 mol L—! in the presence of a 100-fold
excess of other biomolecules.

Macrocycles 317 -319 bearing two ammonium moieties
were obtained in high yields via the CuAAC reaction of
azide-containing calixarenes 311-313 with N-propargyl-

Et N
\+/Et Et\ /E+t °
N\ N
- Et -
T BT
N,

Bu' © HO.C—= oozHla
COH HOC
N N
/] \
N /Z/( N
\N COZH HO.C N/

(a) MexCO, 60 °C, 8 h;

(b) Cul, Et3N, PhMe, DMF, 60 °C, 12 h;

(c) Cul, EtsN, PhMe, rt, 18 h;

(d) HCI, dioxane, 30—45 h;

n =4 (314, 74%; 318, 75%; 320, 95%; 323, 80%),
8 (315, 70%; 318, 84%; 321, 94%; 324, 78%),

14 (316, 61%; 319, 81%; 322, 90%; 325, 73%)

But But Scheme 56
u

aorb
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5 S|
OH O O
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H2n+1Cn CnH2n+1
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But Byt
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ST S

L+ uZHuo/
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310a—-c

(a) Br(CH2)30OH, DEAD, PhMe, 70 °C, 24 h;

(b) Br(CH2)mBr, K2CO3, Me2CO, MW (400 W), 130 °C;
(c) NaN3, DMF, 110 °C, 3—8 h; n = 4 (309a; 311, 52%),
8 (309b; 312, 69%), 14 (309c; 313, 72%);

DEAD is diethylacetylene dicarboxylate

Compounds 310 n m Time, h Yield (%)
a 4 3 24 76
b 8 3 24 87
c 14 3 24 85
d 4 4 8 64
e 8 4 8 60
f 14 4 8 63
g 4 5 12 55
h 14 5 12 57
i 4 6 15 40
Ns Scheme 57

323 —-325: R =NHBoc
d[
320-322: R =NH{ClI-
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Figure 90. Scheme for the embedding of amphiphilic structures
314-316 into vesicles of dipalmitoyl phosphatidylcholine (DPPC).
The Figure was created by the authors using data of Ref. 513.

N,N,N-triethylammonium bromide>!> (see Scheme 56). It
was found that macrocycles 317—319 can react with BSA
and that the logarithm of the stability constant doubled
with increasing macrocycle hydrophobicity, due to the
ability of more lipophilic macrocycle 319 to interact both
with the negatively charged BSA surface and with its
hydrophobic pocket.

Macrocycles 317-319 were employed to prepare a
fluorescent probe capable of determining alkyl sulfate
surfactants (Fig. 91).51¢ In aqueous solutions, they form
130 nm aggregates, with the critical aggregation concentra-
tion decring on moving to more hydrophobic macrocycle
319 containing tetradecyl substituents. When macrocycles
reacted with the anionic dye eosin, the CAC value signifi-
cantly decreased (> 15 times), and the aggregate sizes were

NH2 NH>

But

But

But But

—
b
—
\ 3 /
OH OH OH HO Q
227 R R R R

(@) RBr, K2CO3, MeoCO, 130 °C, MW (400 W); (b) RBr, NaH, DMF, rt; (c) 1) HNO3, CH,Cl2, 0 °C;

Figure 91. Mechanism of action of a fluorescence probe based on
macrocycles 317—319. The Figure was created by the authors using
data of Ref. 516.

reduced to 90 nm, which is associated with a partial
neutralization of the charge of ammonium moieties and, as
a result, with a decrease in the repulsion between the
neighbouring macrocycles.

It was found that the addition of alkyl sulfate surfac-
tants leads to eosin displacement from the joint aggregates
with calixarene, while the addition of other surfactants
(anionic, cationic and zwitterionic) does not produce such
an effect. This is due to the tetrahedral structure of the
sulfate ion and, consequently, to the possibility of more
effective electrostatic interactions to occur with ammonium
groups of calixarene as compared, e.g., with carboxylate
ion.

Polyammonium macrocycles 320—322 were synthesized
using the click chemistry modular approach from azides
311-313 followed by deprotection of Boc derivatives
323-325. These calixarenes proved to form stable aggre-

Scheme 58

326: R= Bu" (97%);
327:R = I"I-CsH17 (98%)

328: R = Bu" (93%);
329: R = n-CgH17 (85%)

2) NHoNH;, Ni/SiO2/Al,03, EtOH, A; (d) 1) 100% HNO3, AcOH, CHoClz, 0 °C;

2) NHoNH2 , Ni/SiO/Al,03, EtOH, A; () NaN3, NaNO2, AcOH, DMF, 0 °C



964

1.S.Antipin, M.V.Alfimov, V.V.Arslanov, V.A.Burilov, S.Z.Vatsadze et al.
Russ. Chem. Rev., 2021, 90 (8) 895-1107

gates of 50—150 nm in size in aqueous solutions and to
interact with the model calf thymus DNA to displace the
DNA intercalator such as the fluorescent ethidium bromide
dye.>!7 It was found that with increasing lipophilicity of the
macrocycle, the efficiency of the displacement of ethidium
bromide increases twofold. Macrocycles 320322 lead to
condensation of DNA and reduce the DNA size in water up
to 5 times.

Chemists from the KFU developed a method for the
synthesis of calix[4]arene derivatives bearing azide moieties
at the upper rim. Copper-catalyzed aryl substitution of
bromo derivatives of calix[4]arene with sodium azide>!8
and diazotization of available di- and tetraamino calix[4]-
arene derivatives in a DMF —acetic acid medium>!° fur-
nished aryl azides 326329 in almost quantitative yields
(Scheme 58).

With the use of click chemistry, these azides served as a
platform for the synthesis of amphiphilic polyamine macro-
cycles (compounds 330—333), containing 6 or 12 amino
moieties,®'® and  amphiphilic  octaacids  334-336
(Scheme 59).320

Eosin H complex with aggregated calix[4]arene 331 was
used to develop an optical sensor for adenosine diphosphate
in aqueous solutions, which functioned through the com-
petitive dye displacement.!'® It was found that the selectiv-
ity to adenosine diphosphate results from its
complementarity to the cavity of macrocycle 331. Macro-
cycle 331 and N-(2-aminoethyl)pentacosa-10,12-diamide
were employed to obtain polydiacetylenic vesicles, which
allowed for the naked-eye sensing of adenosine diphosphate
in aqueous solutions via the colour change (Fig. 92).

Studies of the aggregation characteristics of macrocycles
334-336 in aqueous solutions showed that their CAC
values decrease with increasing lipophilicity.3?° Macrocycles
334 and 335 containing octyl and tetradecyl moieties can
form compact micelles of 20—30 nm in diameter, whilst

Scheme 59
t
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Figure 92. Operating principle of the optical sensor based on
macrocycle 331. The Figure was created by the authors using data
of Ref. 519.

more lipophilic macrocycle 336 forms submicron-sized
aggregates. When macrocycle 336 was used as a micellar
catalyst for the Suzuki cross-coupling reaction of phenyl-
boronic acid with various iodo-, bromo-, and chloroarenes,
the conversion turned out to be high even with inactive aryl
chlorides.

In addition to the non-covalently bound functional
polydiacetylenic species, the authors of this part of the
review and co-workers321-522 obtained thiacalix[4]arene
derivatives containing photopolymerized pentacosa-10,12-
diynamide moieties. For this purpose, propyl azide and
polyphthalimide moieties were successively introduced into
the starting p-tert-butylthiacalix[4]arene 223, after which
tetrasubstituted macrocycle 337 was subjected to hydrazi-
nolysis and acylation with pentacosa-10,12-diynoyl chloride
to afford azide 338 in a good yield (Scheme 60). The azide—
alkyne cycloaddition produced peripheral triazole rings in
thiacalixarenes decorated with carboxyl (compound 339),
sulfonate (340a)>22 and diethylenetriamine (340b)>23 moi-
eties.

It was shown that embedding of macrocycles 339 and
340a into vesicles formed by pentacosa-10,12-diynoic acid
led to stable submicron-sized particles having a diameter of
~300 nm.>?2 An increase in the content of calixarene in the
vesicles caused a slight decrease in the polymerization
degree of diynoic acid; however, the addition of calixarene
promoted the appearance of a colorimetric response of
photopolymerized vesicles to lanthanide ions with a detec-
tion limit of down to 8 mmol L—!. The colorimetric
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response of a series of lanthanides is dependent of the ionic
radius, with the highest response being found for the Lalll
ion.

Macrocycle 340b proved to be capable of forming
submicron-sized particles with a 200 nm size and surface
potential of +43 mV.523 With the use of ethidium bromide,
it was found that this compound intercalates into the calf
thymus DNA to give a lipoplex with a surface potential of
—30 mV. Macrocycle 340b was used to synthesize mixed
polydiacetylene species with N-(2-aminoethyl)pentacosa-
10,12-diynamide (Fig. 93). These species responded to
DNA, which was visible to the naked eye at 20 mol L—!
concentration of the calf thymus DNA.

As noted above, thiacalix[4]arene-containing dibro-
mides 310a—i are versatile precursors to obtain amphiphilic
macrocycles due to the possibility of not only replacement
of the bromine atom with the azide group and subjecting the
latter to click reactions but also the direct alkylation of
N-heterocycles. Some of these bromines were reacted with
amines [triethylamine, N-methylmorpholine (NMM)] and
nitrogen-containing heterocycles such as pyridine (Py) and
N-methylimidazole (NMI) to give products 341-348
(Scheme 61).524

It turned out that steric hindrance caused by bulky terz-
butyl substituents hampers the reaction of simple tertiary
amines, whilst planar heterocycles afforded the expected
products in high yields. Elongation of the linker between the
bromine atom and the macrocycle decreased the steric
hindrance, thereby enabling the reaction with N-methyl-
morpholine.

Having this procedure in hand, Burilov et al.>? pre-
pared a series of (benz)imidazolium salts of calixarenes 344,
346, 348 —355 with various substituents at the heterocyclic
nitrogen atom (Scheme 62, Table 6).

Heating these salts with palladium acetate in dioxane
gave rise to a series of bis(N-heterocyclic) (NHC) chelate
complexes 356 —365. The structure of these complexes was
established by the X-ray diffraction analysis, which con-
firmed the trans arrangement of ligands relative to the

60 °C or Cul, NEts, PhMe, rt, 12 h; R2 = R3 = CO2H (339, 65%);
R® = H: R2 = CH,S03Na (340a, 60%), CHoN(CH2CHoNH2)2 - 2 HCI (340b, 93%)

\j? = DNA 1

Buf Figure 93. Scheme for the for-

mation of mixed polydiacety-

( > 0 lenic  species based on

/ 8\\8 macrocycle 340b and N-
\\ (2-aminoethyl)pentacosa-10,12-

// \\ -diynamide and their interac-

tion with DNA. The Figure
" (340b) 7 was created by the authors
using data of Ref. 523.

palladium ion. The -catalytic activity of the obtained
Pd""—NHC complexes in the Suzuki—Miyaura cross-cou-
pling reaction involving aryl halides and phenylboronic acid
was studied. A twofold increase in the conversion of
4-bromoanisole was observed when moving from pure
DMF to a water— DMF (3:1) mixture due to the combina-
tion of micellar and transition metal catalysis. The resulting
NHC complexes demonstrated high activity in a model
reaction of p-nitrophenol hydrogenation with sodium bor-
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Scheme 61  Table 6. Synthesis of (benz)imidazolium salts of thiacalix[4]arenes and
palladium complexes with N-heterocyclic ligands (see Scheme 62).
Bu' But!
Br q BT A 20 equiv), Com- n R f,h Yieldof 2 h Yield of
( o | O(J) MeCN, pounds the salt the complex
m o, m 0 o
s—L 3 - s 130 °C (%) (%)
‘O ? 344,356 4 Me 10 85 27 99
o g 346,357 14 Me 23 75 30 86
Bl & I Bu 348,358 4  Bun 27 82 28 70
O 349,359 14  Bun 2770 31 84
350,360 4 Pr 27 87 48 70
N N/ '\\‘ 351,361 14 Pri 48 70 48 67
A= @ . [ /> . [ j 352,362 4 But 50 74 50 70
= N o 353,363 4 Mes 50 87 38 52
(Py) (NMI) (NMM) 354,364 4 2,6-Pri;CeHs 50 60 60 50
355,365 4 Me? 50 50 30 50
Compound Nucleophile (A)  n m Time. h Yield (%) zoie.HMes (mesyl) is 2,4,6-trimethylphenyl. # X — X is benzo, otherwise
3 Py 4 3 37 88
342 NMI 4 3 34 87 Thus, the material presented above demonstrates that
343 Py 4 4 12 84 the scope of applicability of amphiphilic macrocycles is
344 NMI 4 4 10 85 indeed enormous, and the amphiphilic calix[n]arenes per se
ully correspond to the felicitous definition o inkai et
345 NMM 4 4 45 81 full d to the fel def f Shink
al.,** since they have host—guest sites of molecular recog-
346 Py 14 4 25 79 ]..449 hev h h £ lecul
347 NMI 14 4 23 75 nition. Nevertheless, the synthesis of amphiphilic macro-
348 NMM 14 4 31 73 ’

ohydride. It was established that the apparent rate constant
increases by a factor of 2.5 when switching from complex
357 to a more lipophilic complex 358, which can be
explained by the additional concentration of nitrophenol
in the aggregates due to the higher hydrophobic capacity.

Scheme 62
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cycles decorated with anionic and cationic head groups is
accomplished by quite different synthetic procedures, which
are often multistep and require the use of starting macro-
cycles with various functionalities. In this regard, the click
chemistry approach, which involves the modular design of
the target molecule from single building blocks prepared in
advance, opens up great opportunities for the rapid varia-
tion of polar groups and hydrophobic moieties. In this way,
by changing the configuration of the macrocyclic platform,
one can directly affect the geometry of the resulting amphi-
phile.

3.2. Self-assembly of supramolecular and hybrid systems at
the interface
A promising area of research in supramolecular chemistry is
the design of molecular devices, defined as structurally
organized and functionally integrated chemical systems.
Components and the devices that they constitute perform
their functions at molecular and supramolecular levels.
These devices containing supramolecules or assemblies are
generally used as functional layers and coatings deposited
on to a solid substrate. Currently, 2D systems are exten-
sively studied in order to elucidate the factors that control
the supramolecular 2D ordering, which finally should
provide a more stringent control of the self-assembly and
allow the application of new functional molecules and
particles for the design of complex smart devices.
Supramolecular chemistry of surface systems signifi-
cantly differs from traditional supramolecular chemistry
dealing primarily with the assembly of aggregates in sol-
utions and crystal engineering.>2® The surface-based self-
assembly can occur via both physical adsorption and
chemisorption of molecules. The self-organization at the
interface results in 2D structures organized to a certain
extent. The thickness and degree of order of these structures
depend on a lot of factors, such as the physical (aggrega-
tion) state and composition of the substrate, the material,
the way of deposition of modifying layers, etc. As opposed
to more common 3D systems, the manipulations with 2D
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structures limit the number of possible mutual orientations
of the molecules and functional groups and interactions
between them. On the other hand, the substrate surface
provides not only the geometric specificity of adsorption
layers but also, due to interfacial interactions, the occur-
rence of effects, which are not typical of 3D systems. These
interactions are often the key factors responsible for strong
adhesion of the molecules to the substrate. If high adhesion
is not required, the final result of self-assembly depends on
the competition between lateral and orthogonal (interfacial)
intermolecular interactions. These interactions can lead to a
change in the structure of not only the film but also the
surface layer of the substrate due to its reconstruction. The
self-assembly process and the properties of the fabricated
supramolecular systems are determined by interactions of
the solvent, serving as the basis for the film formation, with
the building blocks (tectons) and the substrate, thermody-
namic and kinetic factors and many other parameters.

At least two assembly modes should be considered: the
formation of functional films, which, together with the
substrate, are an indispensable component of the manufac-
tured devices, and the deposition of auxiliary templates,
which initiate the subsequent assembly of the target supra-
molecular structures. The molecular assembly on the sur-
face is used to address relevant practical issues (this
approach was applied to design such devices as sensors
and biochips, photovoltaic cells, fuel cells and biomimetic
materials) and provides a tool for the formation of single-
and multilayer supramolecular structures to study the
energy and electron transfer and control surface reactions.
The selection of an optimal method for the self-assembly of
well-organized functional supramolecular architectures on
the surface is essential for the success in addressing these
challenges.

Three main approaches are currently used to fabricate
thin films: the self-assembled monolayer (SAM) method,
the Langmuir—Blodgett (LB) method and the layer-by-
layer (LbL) assembly. This Subsection considers the princi-
ples of formation of each type of systems, areas of their
application and characteristic features of molecules and
substrates providing the functional potential of the resulting
coatings and films.

3.2.1. Self-assembled monolayer method

In essence, self-assembled monolayers, like those prepared
by the layer-by-layer assembly of films, are adsorption
layers formed by adsorbate/substrate pairs with a certain
combination of characteristics. In 1946, Zisman and co-
workers 527 prepared ad-layers by adsorption of surfactants
from solutions onto metal surfaces, which are the most
similar to modern SAMs. The distinguishing feature of
these films, mentioned by the authors, was their high
molecular ordering achieved due to the self-assembly of
amphiphilic molecules (aliphatic carboxylic acids, amines).
Modern SAMs are characterized by much higher stability
provided by special terminal functional groups of unsym-
metrical molecules. Therefore, self-assembled monolayers
are ultrathin films of one molecule thick that are self-
assembled through the immersion of an appropriate solid
substrate into a solution of a surfactant.

3.2.1.1. Organosilane self-assembled monolayers

Organosilane monolayers on the silicon dioxide surface
(and other hydroxylated surfaces) belong to the earliest
type of self-assembled monolayers. Haller 528 was the first

to use alkylsilanes to fabricate films on silicon and gallium
arsenide surfaces. Sagiv>2° contributed significantly to the
development of research on stability of alkylsilane films.33¢
The author fabricated these films by the reaction of tri-
chloro- or trialkoxysilanes with the hydroxylated silica
(Si0O») surface.

Such films can be prepared on substrates, the surface of
which contains hydroxyl groups, such as glass, aluminium,
zinc oxide, indium—tin oxide (ITO), polyvinyl alcohol,
mica, graphene oxide, efc. The properties of the films,
including the chemical composition, thickness, orientation
and lateral order of alkyl chains, as well as stability in an
aqueous medium were characterized in the publica-
tions. 531533

An important step in the fabrication of high-quality
SAMs on a silica surface is the preparation of the surface,
including its cleaning and the formation of the maximum
possible number of silanol active sites. As rightly pointed
out in the study,’3! it is difficult to determine the precise
localization of the interface between SAMs and silica. The
chemical nature of the interface depends on such factors as
the surface hydration and the presence of water trace in a
solution of the organosilicon precursor. The silane/silica
interface is schematically presented in Fig. 94. It is assumed
that only 10—20% of the chains are bonded to the surface.

Parker er al.>3* noted that investigations of supramolec-
ular interactions between SAMs attached to the planar
surface and the guest distributed in the solution are impor-
tant for an understanding of the behaviour of complex
dynamic supramolecular systems. Photocontrolled supra-
molecular interactions between a-cyclodextrin and an azo-
benzene derivative covalently attached to a self-assembled
monolayer of (3-aminopropyl)triethoxysilane were studied
using an integrated optical Bragg grating sensor (Fig. 95).

Yan et al.>35 investigated the effect of three important
characteristics of alkylsiloxane SAMs on the structural
dynamics of alkyl chains using 2D infrared vibrational
echo spectroscopy:

— the mode of attachment of the alkyl chain to the
amorphous silica surface,

— the chain length,

— the packing density.
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Figure 94. Schematic of the interaction between hydrocarbon
chains and Si—O bonds of adjacent silanol groups as a driving
force for the self-assembly of organosilane SAMs.>3! Published
with the permission of Royal Society of Chemistry.
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Figure 95. Schematic of the azobenzene-modified self-assembled
monolayer on the surface of an integrated optical Bragg grating
sensor. The formation of the guest—host inclusion complex
between azobenzene attached to the surface and an aqueous
solution of a-cyclodextrin is dynamically triggered through photo-
isomerization of the azobenzene moiety.>3* Published with the
permission of Royal Society of Chemistry.

Alkylsiloxane monolayers on the SiO, surface were
formed using two procedures. In one case, dialkylmono-
chlorosilane was utilized to fabricate monolayers, in which
independent chains were directly linked to the silica surface
via a single bond. In another case, trichlorosilane served as
the precursor to form a network of siloxane bonds. To study
the effect of the alkyl chain length, the authors used
alkylsilanes containing three, four and eleven CH» groups.
Finally, the chain density (¢) was varied by preparing
samples ranging from ~15% to the maximum coverage
(100%). It was found that the manner of attachment of the
chains to the substrate has no significant effect on the
structure of alkylsilane monolayers on the silica surface.
The investigation of the dependence of the chain dynamics
on the distance to the substrate showed that motions of the
chains near the substrate are significantly slower than those
further away and that the structural fluctuations for suffi-
ciently long chains are little sensitive to the chain length.
For SAMs containing 11 CH» groups, the reduction from
full coverage (¢ = 100%) to 50% has an insignificant effect
on the structural dynamics of the monolayer. However, for
the 25% and 15% coverage, the dynamic characteristics of
SAMs radically changed. Thus, a single-exponential time
dependence is observed for 100% coverage, whereas two
regions exist for substrates with ¢ = 25 and 15%. One of
them corresponds to a fast process with a time constant
much smaller than that for the monolayer with 100% chain
density, while another one corresponds to an exceptionally
slow process, the time constant of which cannot be meas-
ured in the experimental time window determined by the
vibrational lifetime. It was suggested that the observed
changes in the chain dynamics for monolayers with a low
chain density are due to the collapse and entanglement of
alkyl chains.

Ou et al®3¢ used the condensation between Si—OH
bonds of hydroxylated octadecyltrichlorosilane (OTS) and
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Figure 96. Schematic illustration of an APTES/GO/OTS three-
layer film on a Si wafer.>3® Published with the permission of
American Chemical Society.

C—OH bonds on the graphene oxide (GO) surface to graft
OTS onto the GO-based dual-layer film, which was com-
posed of a GO outerlayer and a (3-aminopropyl)triethox-
ysilane (APTES) self-assembled underlayer, on a Si
substrate (Fig. 96). It was shown that this three-layer film
exhibits much better tribological behaviour compared with
APTES — GO- or APTES — stearic acid-based films, which
have been studied previously ¥ as lubricant films in nano- or
microelectromechanical systems (NEMS or MEMS, respec-
tively).

3.2.1.2. Self-assembled monolayers based on sulfur-containing
compounds

The second type of SAMs is based on sulfur-containing
compounds, most often alkanethiols. These systems were
first proposed by Nuzzo and Allara>37 in 1983. They
prepared ordered dialkyl disulfide monolayers on gold
surfaces. Once the fundamental issues concerning the sub-
strate/S-sublayer interface have been mainly addressed, a
new era of the assembly of complex systems using supra-
molecular chemistry methods has begun.

Depending on the destination, SAMs can contain hydro-
carbon chains of different lengths. It is assumed that in the
case of saturation of all adsorption sites on the surface,
which provides rather dense initial structure of the film,
weak van-der-Waals forces between the chains result in the
2D crystallization of alkyl groups. It should be noted that a
small number of CH, groups (n < 9) does not ensure a
sufficient integrated force for stabilization of a two-dimen-
sional quasicrystal. At n > 24, there is a higher probability
of preparing 2D crystals with an excessive number of
defects. Molecules containing from 9 to 24 methylene
groups are optimal for the assembly of ordered structures.
Along with supramolecular interactions, the molecular
mobility plays an important role in the formation of surface

1See J.Ou, J.Wang, S. Liu, B.Mu, J.Ren, H.-Wang, S.Yang. Langmuir, 26,
15830 (2010).
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crystals. Thus, the molecules should have sufficient time for
terminal thiolate groups to occupy proper sites in the dense
packing on the surface and for alkyl chains to form a
quasicrystal.>38

A high degree of SAM organization, provided by supra-
molecular interactions, is essential also for topochemical
reactions on the surface of films containing terminal func-
tional groups >3 and for self-healing mechanisms.>#0

Ermakova et al.>*! reported the fabrication of a respon-
sive layer of a chemical sensor based on surface plasmon
resonance (SPR sensor). The authors prepared a SAMI/
LBF-C12 bilayer film consisting of a rarefied self-assembled
monolayer (SAM1) of octanethiol on a gold substrate
topped with a Langmuir — Blodgett monolayer of the amphi-
philic ligand 1,8-diaminoanthraquinone modified by two
[(acetylamino)methyl]diethoxyphosphoryl groups and two
dodecyloxy groups (LBF-C12, where LBF is a Langmuir—
Blodgett film). In each step of the formation of the SAMI1/
LBF-C12 bilayer, the transfer of monolayers to the gold
substrate was controlled by cyclic voltammetry and electro-
chemical impedance spectroscopy. The electrochemical data
are indicative of the formation of a dense nanostructured
defect-free film, which restricts the access of the electrolyte
to the surface of the gold electrode. These SPR sensors can
selectively detect and determine mercury cations in aqueous
solutions at concentrations down to 10~ !! mol L—! inclu-
sive. High stability of the responsive bilayer allows its use
for at least five times without loss of analytical perform-
ance.

The application of SAMs makes it possible not only to
significantly increase the activity of conventional catalysts
but also to gain a deeper insight into the mechanisms of
catalytic processes using monolayers with a certain archi-
tecture.>*? Schoenbaum ez al.’*3 used SAMs on platinum
and palladium surfaces to create a more favourable surface
environment, providing the specific pathway of the hetero-
geneous catalytic reaction. The data obtained for SAMs
with different surface densities showed that the hydrogena-
tion of furfural affords target products primarily at the
edges and steps of surface inhomogeneities, whereas unde-
sirable products are formed on terraces. An increase in the
density of alkanethiolate SAMs restricts the access to active
sites located on terraces of catalysts, while leaving the access
to the sites at particle edges and steps largely unaffected.

Another route for controlling the catalytic activity is
based on the tuning of the structural and chemical param-
eters of the tail moiety of the thiol molecule in order to
position reactant molecules in a desired orientation. This
approach was applied for the catalytic hydrogenation of
cinnamaldehyde containing an aromatic phenyl moiety. The
use of a phenyl-containing thiol with a sufficiently long
tether group made it possible to achieve >90% selectivity
towards the reaction of the aldehyde group. On the con-
trary, the utilization of a modifier, in which the phenyl
moiety was closer to the catalyst surface increased the
selectivity towards the hydrogenation of the C=C double
bond due to the reorientation of the molecule to form a
face-on structure. It was also demonstrated that SAMs
facilitate the hydrogenation of polyunsaturated fatty acids
giving monounsaturated fatty acids but inhibit further
hydrogenation to completely saturated acids due to the
formation of a sterically hindered kink shape.

In recent years, supramolecular chemistry and nano-
chemistry have shown increasing interest in biological
molecules, such as proteins, peptides and nucleic acids as

building blocks in the design and construction of materials,
the structural features of which allow their use to address
challenging functional issues to. The tendency of these
molecules to undergo self-assembly leads to a great diversity
of nanoscale functional structures. Due to the development
of supramolecular chemistry methods, an insight was gained
into the principles of the control of assembly of such
complex molecules to functional structures. Protein mono-
mers are assembled through oligomerization to form sys-
tems of different scales and complexity, such as viral
capsids, filaments and regulatory complexes. Owing to the
structural diversity, these proteins are attractive candidates
as building scaffolds.>**

An example is the enzyme peroxiredoxin with anti-
oxidant properties (Fig. 97). The proteins of this family
are prone to undergo self-assembly to form a wide range of
well-ordered quaternary structures, ranging from dimers
and toroids to stacks and tubes, catenanes and (under
certain conditions) cages.’*>

Domigan et al.>*> used SAMs for the adsorption of
different  structures of human peroxiredoxin III
(HsPrx3-6His) onto gold substrates. Two types of SAMs
were prepared. For this purpose, the gold surface was
modified with 4-mercaptobenzoic acid (4-MBA) or the
nitrilotriacetic acid (NTA)—thiol (SH) system conjugated
to Ni2* ions. In the former case (Fig. 98 @), the protein is
covalently bound to the surface via interactions between
carboxyl groups of the modifier and amino groups of the
protein in the presence of 1-(3-dimethylaminopropyl)-3-
ethylcarbodiimide (EDC) and N-hydroxysuccinimide
(NHS) mediating the amide bond formation. In the latter
case, histidine residues form chelates with nickel cations
located on the outer side of SAMs (see Fig. 98 b).

Therefore, self-assembled monolayers, provided by
supramolecular chemistry, immobilized on substrates are
widely used as thin-film coatings in various areas of science
and technique, ranging from surface templating, corrosion
inhibition, sensorics and catalysis to bioengineering. Self-
assembled monolayers have a great potential in nanoscale
optical and electronic devices. The stability of SAMs and
their functional potential are increased by means of con-
structing special molecules, which exhibit strong adhesion
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Figure 97. The pH-triggered assembly of the protein in solution:
the structure of the dodecameric protein HsPrx3-6His (see the text)
formed by the monomers highlighted in alternate colours (blue and
teal) (a) and the self-association of HsPrx3-6His existing as a
dodecameric torroid at pH 8.0 to form stacked toroids at pH 7.2
(b).>* Published with the permission of AIP Publishing.
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Figure 98. Schematic illustration showing two modes of SAM
formation on Au surfaces for the binding of the protein HsPrx3-
6His (for more detail see the text).>* Published with the permission
of AIP Publishing.

(in particular, multidenticity) to substrates and contain
peripheral groups capable of undergoing controlled struc-
tural and chemical transformations.

3.2.2. Langmuir — Blodgett method

The history of the development of the Langmuir— Blodgett
method dates back to 1774, when Benjamin Franklin
published a prominent paper.S In this paper, he described
an experiment performed in 1765 on the surface of the
Mount Pond at Clapham Common, London, resulting in
stilling of waves over a large area by means of a small
volume of oil. This was the first description of a surface
chemistry experiment. More than a century later, lord
Rayleigh repeated Franklin’s experiment, calculated the
film thickness and evaluated the size of oil molecules
(~2 nm). Agnes Pockels made a great contribution to the
development of tools to study oil films on water. At the end
of the 19th —beginning of the 20th century, she was the first
to devise a surface balance and used it to measure pressure —
area isotherms.

Outstanding contributions of Irving Langmuir to theo-
retical and experimental fundamentals led to the birth of
this interesting area of research. In his famous work ‘The
Constitution and Fundamental Properties of Solids and
Liquids’ published in 1917, Langmuir described a balance
for determining the surface tension, currently known as
‘Langmuir surface balance’, and demonstrated the applica-
tion of this device to determine the size and shape of
molecules and their orientation on the surface in different
two-dimensional phase states. In 1932, Langmuir was

§ For the history of the discovery, see R.F.De Oliveira, A.De Barros,
M.Ferreira. In Nanostructures. (Amsterdam: William Andrew Publishing,
Elsevier, 2017). P. 105.

awarded a Nobel Prize for his discoveries and investigations
in surface chemistry. Monomolecular films of insoluble
amphiphilic substances on liquid surfaces are called Lang-
muir films. In 1919, Langmuir reported on the transfer of a
monomolecular film of fatty acid from the water surface to
a solid substrate (the vertical deposition method). In con-
clusion to the paper, Langmuir expressed appreciation to
Katherine Blodgett for help in experiments. In 1934, Blod-
gett published a paper showing that multilayer films can be
built up by repeated dipping of a plate in and out of a
monolayer-covered liquid. These multilayer films are called
Langmuir—Blodgett films. Vincent Joseph Schaefer, an
apprentice of Langmuir, proposed another method for the
transfer of films onto a solid substrate from the liquid
surface (the horizontal deposition method). Langmuir and
Schaefer applied this method for the first time to prepare
protein films.>4¢

The Langmuir — Blodgett technique is a synergistic com-
bination of two powerful techniques of surface chemistry —
the Langmuir monolayer technique and the Langmuir—
Blodgett (Schaefer) film technique. The Langmuir mono-
layer technique at the air/water interface (Langmuir film
technique) can not only be used to pre-organize molecules
for their subsequent transfer as monolayers onto solid
substrates but also serves as a tool for investigating and
controlling the structure and properties of monolayers.
Apart from conventional techniques such as Langmuir
surface balance, surface potential methods, Brewster angle
microscopy and rheology, state-of-the-art tools for studying
monolayers on the liquid surface include optical spectro-
scopic methods and X-ray diffraction with synchrotron
radiation.>*754% Methodological possibilities are signifi-
cantly expanded in studies of LB films on solid substrates.

The monolayer technique is a unique tool for investigat-
ing the supramolecular assembly because the air/water
interface provides an experimental situation strictly speci-
fied with respect to the energy and geometry, thereby
allowing one to consider individual steps of the self-assem-
bly of 2D systems. Currently, systematic studies of mono-
layers at the air/water interface are commonly carried out in
relation to characterization and rational design of target
molecular structures capable by themselves of performing
certain functions in particular devices. Langmuir mono-
layers are successfully employed as model structures to
investigate physicochemical properties of ordered 2D struc-
tures, in particular vitally important bilayer mem-
branes.>30-352

Taking into account the importance and prospects of the
use of 2D colloidal systems containing metal nanoparticles,
quantum dots, 2D layered materials of different nature or
their mixed monolayers bearing functional molecules, it is
particularly relevant that the monolayer technique can be
used not only to study interactions between molecules
(particles) at precisely controlled distances from each other
and in a strictly set mutual orientation but also to perform
the synthesis (assembly) of such low-dimensional hybrid
structures. The possibility of performing chemical reactions
in a limited volume, under anisotropic conditions or involv-
ing molecules fixed in a specially chosen template allows the
preparation of unique materials and the functional model-
ing of complex supramolecular and biological systems.

The second component of the LB methodology is the
Langmuir— Blodgett (Schaefer) film technique. Langmuir—
Blodgett films are ordered single- or multilayer molecular
structures fabricated via successive transfer of monolayers
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of insoluble compounds from the air/liquid subphase inter-
face to solid substrates. These films are used in different
areas of science and technique, such as electronics, optics,
applied chemistry, micromechanics, biology, medicine,
etc.>>3

The LB method has found broad applicability in recent
years because it allows researchers to study relevant issues
and address challenges using new compounds and to
employ new and known molecules and particles for the
design of desired functional systems.

An important problem is to control the alignment of
liquid crystals on transparent conducting substrates (most
often, on ITO-coated glass plates). Choudhary et al.>>*
addressed this issue using the LB method and a new type
of surfactants, bent-shaped liquid-crystal (LC) molecules or
bent-core liquid crystals (BCLCs). Langmuir monolayers,
serving as precursors of orienting sublayers, were fabricated
from asymmetrically nitro-substituted BCLC molecules
containing 12 (BN1) or 18 (BN2) carbon atoms in the
aliphatic chain (Fig. 99).

Studies by atomic force microscopy (AFM) and X-ray
diffraction demonstrated that the vertical transfer of BN2
molecules onto a glass substrate resulted in the formation of
a partial bilayer film with defects, on which nematic liquid-
crystal (E-7) molecules are in a planar orientation. This
orientation of LCs occurs at all surface pressures for BN2
transfer (from 2 to 20 mN m~!'). Monolayers of BNI
transferred at low surface pressures form defect-rich struc-
tures on solid substrates and induce a planar orientation of
E-7. These monolayers transferred at high surface pressures
form uniform monolayers, supporting a homeotropic ori-
entation of the nematic LC (Fig. 100).

It is worth noting that this type of amphiphiles >>> and a
new class of compounds, supra-amphiphiles>3%-357 have
attracted extensive attention due to the prospects of their
use for the preparation of supramolecular systems.

It is known that the limitation of the degrees of freedom
of light-sensitive dyes can significantly affect both the
formation of an excited state and its major relaxation
pathway.>>® Hence, the optical characteristics of the system
can be efficiently modulated by changing the packing of the
dye molecules to form well-organized 2D films. The char-
acteristic features of light absorption, conversion and emis-
sion in well-organized 2D systems and the role of
aggregation of the molecules at the interface in these
processes are considered in detail in a review.>>® The
possibility of controlling the optical and receptor properties
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Figure 99. The 3D space-filled model for the BCLC molecules BN1
and BN2.%>* Published with the permission of Taylor and Francis.
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Figure 100. Schematic representation of the homeotropic («) and
planar (b) alignment of liquid crystals on Langmuir — Blodgett films
of BCLCs deposited onto an ITO substrate.>>* Published with the
permission of Taylor and Francis.

of LBFs through structural pre-organization of a mono-
layer was convincingly demonstrated in publications.>¢0~363

The structural organization of the monolayer, the type
and degree of its aggregation significantly affect also the
electrophysical properties of ultrathin films fabricated from
the monolayer. This effect is due to the dependence of
cooperative properties of molecular conductors on intermo-
lecular interactions, which are determined by the mutual
arrangement of the molecules in 2D systems.304~567

Capabilities of the LB method, which can provide an
exact ratio of components in mixed monolayers and their
adsorption on a solid substrate at a particular distance from
the surface determined by inert layers, are traditionally used
to perform elegant studies on non-radiative transfer of
excitation energy.>08 370

The rapid development of physical methods of inves-
tigation of nanoscale structures made it possible to study
the non-radiative energy transfer in planar systems with
separated donor and acceptor monolayers at very small
(down to 2 A) distances between the components. The
behaviour of such systems significantly differs from that
predicted by the classical Forster theory, which describes
the dependence of the efficiency of non-radiative energy
transfer on the distance. It was demonstrated >7!-372 that the
efficiency of light energy transfer can be controlled both in a
mixed monolayer and multilayer LBFs with different struc-
tures. The authors found for the first time that the depend-
ence of the efficiency of non-radiative energy transfer in a
multilayer film with separated donor and acceptor layers on
the thickness of the spacer layer has an extreme character.
The most efficient energy transfer is observed in the case of
a non-zero thickness of the layer separating the donor and
acceptor monolayers.

Dexter 373 was the first to give an idea of silicon photo-
sensitization using ultrathin films, suggesting that the gen-
eration of electron—hole pairs in silicon can occur via
energy transfer from excited dye molecules deposited on
the silicon surface. Light-absorbing organic layers com-
bined with thin silicon semiconductor layers (<1 um) are
of interest for the fabrication of solar cells due to possibility
of decreasing the amount of the required semiconductor
material by two orders of magnitude. The control of
molecular organization and intermolecular distances is a
key factor in the development of these structures. In order
to achieve high efficiency of excitation energy transfer, it is
essential to exclude non-radiative dissipative (quenching)
side processes.

To address this issue, Fang et al.>’* deposited mixed
Langmuir — Blodgett monolayers of the carbocyanine dye
(3,3'-dioctadecyloxacarbocyanine perchlorate, DiO) and
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SA LB film adequately described interactions between the dye and
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Figure 101. Langmuir—Blodgett films of mixed monolayers of the
dye and stearic acid deposited onto silicon substrates with stearic
acid (@) and silicon dioxide spacer layers (b) and onto the control
glass substrate (c).>’# Published with the permission of Taylor and
Francis.

stearic acid (SA) onto glass (control) and silicon substrates
(Fig. 101). The spacer layers were made of pure stearic acid
(LB transfer) or silicon dioxide films deposited by plasma-
enhanced chemical vapour deposition. For the control glass
substrate, the ratio of DiO and SA molecules in the layer
was varied from 1:1000 to 1:1 in order to study the effect
of this ratio on the energy transfer between the resulting
particles. Monomer emission was observed at low mixing
ratios of DiO and SA (at low concentrations of the dye). At
high concentrations, the emission spectrum shows two
broad bands assigned to two types of aggregates (dimers
and higher aggregates), the excitation energy transfer from
the dimers to aggregates being the major process.

In the case of silicon substrates, the SA monolayer
mixed with the dye was separated from the semiconductor
surface by a SA monolayer with a thickness (d) of up to
80 nm or a silicon dioxide monolayer (d up to 350 nm).

It was found that the fluorescence lifetime of the dye
monolayer is significantly shortened when it is deposited
close to the silicon surface, which is indicative of efficient
energy transfer. The dissipation of the excitation energy of
chromophore molecules deposited on the silicon surface is
explained in terms of the classical Chance—Prock —Silbey
theory ¥ developed for metals. This approach satisfactorily
describes the behaviour of the system for the distances
larger than 50 nm (far field). However, the theory does not
work for small thicknesses of spacer layers (near field). At a
close distance from the silicon surface, this model gives the
lifetime () as proportional to the cubic distance d with the
constant of proportionality determined by the imaginary
part of the dielectric permeability.

Danos et al.’’® also studied the efficiency of silicon
photosensitization using dye monolayers and varying the
distance to the substrate surface. The perylene derivative,
bis(n-decylimido)perylene (PTCD-C10), was examined as a
photosensitizer. The supramolecular assembly of a mixed
monolayer of PTCD-C10 and SA, which was separated
from the Si(111) surface by pure SA monolayers, was
performed by the LB technique. Close distances between
the photosensitizer and the silicon surface were kept
through grafting of PTCD-C10 to the Si(111) surface
functionalized with vinyl and allyl groups. Studies by
steady-state and time-resolved fluorescence and confocal
microscopy showed that the energy transfer efficiency was
up to 90% for distances less than 1 nm. It was noted that

¥See R.Chance, A.Prock, R.Silbey. In Advances in Chemical Physics.
Vol. 37. (Eds I.Prigogine, S.A.Rice). ) (New York: Wiley, 1978). P. 1

silicon at distances of < 5 nm, for which the estimated
Forster radius was 2.5 nm (an inverse cubic dependence of
the transfer rate constant on the distance). For the distances
in the range from 10 to 50 nm, it is necessary to take into
account other processes, in particular photon tunneling.

The Langmuir— Blodgett technique made it possible to
discover and investigate an interesting phenomenon — the
two-dimensional redox isomerization that is induced by
molecular reorientation at the interface and controlled by
the surface pressure in the monolayer. In the studies,>’¢—578
the authors fabricated ultrathin films of donor-substituted
cerium (Ce?"/4%) and europium (Eu?*/3") bis(phthalocya-
nine) complexes in a required redox isomeric state, which
affects all physicochemical properties of LBFs.

In recent years, researchers engaged in chemistry and
physics of supramolecular systems have focused on the
design of hybrid materials.>7%- 380 Hybrid materials (hybrids)
are heterogeneous systems composed of several components
of different kinds and classes (most often organic and
inorganic) with a specific structure, giving rise to useful
properties not inherent in the starting compounds. Apart
from the chemical composition of the components and
interactions at interfaces, the internal architecture of the
hybrid plays an important role in the properties. This
architecture can be considered as an additional degree of
freedom used for the tuning of the functional properties of
the material. Generally, such hybrid materials are not found
in nature but are fabricated artificially. Many supramolec-
ular systems, in particular metal complexes, belong to
hybrid materials.>8!

Organic—inorganic hybrid materials can not only com-
bine useful properties of both organic and inorganic com-
ponents but also generate new properties and
functionalities. In the past decades, various types of func-
tional organic-inorganic hybrid structures were developed,
characterized and tested. These structures showed promise
in the design of materials and devices, thin-film architec-
tures being of great importance due to their wide applica-
tion. When assembling hybrid thin films, particular
attention is given to the control of their structure, the
distance between different layers and their total thickness.
The Langmuir — Blodgett method is one of the most efficient
tool for the fabrication of ordered hybrids.

Hybrid systems based on 2D materials, such as gra-
phene, hexagonal boron nitride (hBN) and transition metal
dichalcogenides (MoS,, WS, etc.582-384) have attracted
great attention in the past decade. The supramolecular
organization in these systems can significantly differ from
that in organic thin-film structures deposited onto conven-
tional solid substrates. This allows the fabrication of
hybrids with new properties, which appear only due to the
unique characteristics of 2D materials. Graphene stands out
among these materials. It possesses unique properties, such
as transparency, high charge mobility, thermal conductivity
and mechanical strength. Graphene is regarded as a prom-
ising candidate for transparent conducting electrodes, tran-
sistors, hydrogen storage devices, gas sensors, efc.

Thin-film structures composed of alternating layers of
graphene nanoflakes (or nanoflakes of graphene deriva-
tives) and an organic component are fabricated using the
LB technique.8% 386 Unlike polymer composites filled with
graphene or its derivatives, in which graphene particles are
randomly distributed in polymer templates, layered struc-
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tures consist of alternating layers of the polymer and carbon
material nanoflakes. Graphene hybrids are utilized as mem-
branes and thin films in photoelectric devices. These archi-
tectures were made from graphene oxide films, which were
deposited by the Langmuir— Blodgett method onto films of
polyelectrolytes [poly(allylamine hydrochloride) (PAH) and
poly(sodium 4-styrenesulfonate) (PSS)] fabricated via layer-
by-layer assembly (Fig. 102).°%% Micromechanical measure-
ments demonstrated an increase in the elastic modulus by
an order of magnitude, from 1.5 GPa for membranes with-
out a graphene oxide layer to 20 GPa for 8 vol.% GO-
encapsulated membranes (generally, graphene composites
contain at least 50% of this filler). These reinforced nano-
composite films with a thickness of only 50 nm can be
freely, without destruction, suspended over large (up to a
centimetre) apertures and sustain large mechanical defor-
mations.

To fabricate supramolecular coatings acting as tem-
plates, it is necessary to solve many problems associated
primarily with the effect of interactions between the tem-
plate and the substrate on the structure, stability and func-
tional characteristics of the fabricated system. Currently,
self-assembled monolayers are most commonly utilized as
structure-mediating templates, which have a limited applic-
ability.

In order to address this issue, Ermakova et al.>%7
proposed a strategy for the design of a new type of
templates consisting of two monolayers, each being func-
tionally relevant to the neighbouring material (the substrate
and the coating deposited onto the template). The fabrica-
tion of the template involves the one-step assembly of the
bilayer in a Langmuir trough. For this purpose, a self-
organized monolayer of functionalized porphyrin is formed
on the surface of an aqueous graphene oxide solution. After
the adsorption of a graphene oxide layer on a porphyrin
monolayer, the bilayer is LB transferred to a solid substrate.
This strategy allows the fabrication of templates on solid
substrates of any nature without using self-assembled
monolayers.

Interesting amphiphilic hybrid molecules were pre-
pared>®® by click chemistry from fullerene and linear
poly(ethylene oxide) (PEO) chains of different lengths:
31.6 (subscript n1) and 63.2 (n2) nm. Nanoparticles of Cgo
were linked to one end of the polymer chain (C60-PEO,)
and to two ends (C60-PEO,-C60) (Fig. 103). Monolayers of
these molecules were formed on the water surface and then

Graphene

Figure 102. Schematic representation of the fabrication of the
(PAH-PSS),PAH/GO/(PAH-PSS),PAH multilayer membrane.>%*
Published with the permission of American Chemical Society.

O ) U

C60-PEO,1 C60-PEO,, C60-PEO,1-C60 C60-PEO,»-C60
Figure 103. Schematic  representation of C60-PEO, and
C60-PEO,-C60 monolayers with different PEO chain lengths.>%8
Published with the permission of Springer Nature.

Figure 104. AFM images (8 x 8 pm) of LB films fabricated at the
surface pressure of 15 mN m~!: C60-PEO,; (a), C60-PEO,» (b),
C60-PEO,,1-C60 (¢) and C60-PEO,;»-C60 (d).>%8 Published with the
permission of Springer Nature.

transferred to solid substrates via the Langmuir— Blodgett
method.

Due to crystallization ability of PEO chains, LB films of
these giant amphiphilic molecules showed fractal growth
patterns (Fig. 104). The PEO chain length and the geometry
of the molecules affect the fractal growth behaviour. The
LB technique enables the precise control of the molecular
packing on the water surface and, consequently, provides a
platform for investigating the effect of the polymer chain
density on the fractal growth of crystallized polymer chains
at the interface.

Therefore, the LB method is an efficient tool in supra-
molecular chemistry. The scope of this method is extended
far beyond traditional amphiphilic molecules. So far, vir-
tually all molecules or nanoparticles have been deposited on
the water surface of the Langmuir trough and, with some
success, compressed and transferred to solid substrates. The
advantage of this method in supramolecular chemistry is the
simplicity of the determination of the receptor properties of
the ligand for water-soluble substrates (analytes) introduced
in the subphase. Hence, this method is of great importance
for investigation of biological and medical issues.
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3.2.3. Layer-by-layer assembly technique

The layer-by-layer assembly (LbL) of thin films is a univer-
sal, simple and commonly used method for the fabrication
of functional supramolecular materials and devices.>89~393
This method is a cyclic process, in which a charged material
(polyelectrolyte) is adsorbed from an aqueous solution onto
a substrate and, after rinsing, an oppositely charged mate-
rial is deposited on top of the first layer. This results in the
formation of one bilayer with a thickness of usually a few
nanometres. The process can be repeated until a multilayer
film of a desired thickness is assembled. This assembly can
be considered 3*4395 as a universal top—down technique
(Fig. 105).

The layer-by-layer assembly technique was first pro-
posed by Iler 37 in 1966. He deposited alternating positively
and negatively charged colloidal particles from soles onto a
smooth glass substrate. Based on the results of this inves-
tigation, Iler concluded that this kind of electrostatic self-
assembly can be accomplished using multivalent ions,
surfactants and water-soluble polymers. The assembled
films were visualized using colloidal silica or polystyrene
latex particles of large sizes (100 um). This approach was
described in detail for the first time by Decher,’*® who
studied the electrostatic layer-by-layer self-assembly of
electrolytes. He drew an important conclusion that the
self-assembly can be performed using different systems,
which will allow the fabrication of ordered nanoscale
systems (e.g., molecular machines) described by Feyn-
man,599- 600

This universal approach can be applied to a wide range
of materials as building components, including polymers,
functional ligands, lipids, proteins, surfactants, dye mole-

(1) polyanion adsorption, rinse;
(2) polycation adsorption, rinse;
(3) multilayer film deposition;
(4) template dissolution

Figure 105. Layer-by-layer assembly of polyelectrolytes on planar
substrates (a) and colloidal particles (5).5°° a: An oppositely
charged polyelectrolyte is adsorbed onto a substrate with an
inherent charge; after thorough rinsing, the material with a reverse
charge is adsorbed onto the first layer. The process is continued
until the desired thickness of the multilayer film is achieved. b: The
core (template) is dissolved to give hollow polyelectrolyte capsules.
Published with the permission of Royal Society of Chemistry.

cules, nanoparticles, ezc., and can be used to perform the
assembly on different substrates due to interactions typical
of supramolecular systems, such as electrostatic, hydrogen
and halogen interactions, coordination bonds, charge trans-
fer interactions, biospecific interactions (e.g., sugar —lectin),
host—guest and cation—dipole interactions and their com-
binations.590- 592.601 603

The removal of the substrate after the assembly of a
multilayer film results in the formation of free nanostruc-
tured materials with different morphology and various
functions. This approach, known as the layer-by-layer
templating technique,®** allows the fabrication of macro-
scopic ultrathin films, for example membranes or free
micro- or nanoscale films that form hollow capsules.®93
Figure 106 presents the schematic illustration of nanostruc-
tured (supramolecular) materials fabricated via the layer-
by-layer assembly on different templates. The central circle
represents different types of templates; the medium ring, the
layer-by-layer assembly (templated material); the outer
circle, the results of self-assembly: free-standing films
(from nonporous planar templates), nanotubes (from
porous planar templates), nanoporous particles (from
porous spherical templates), macroporous materials (from
crystalline arrays of colloidal particles), nanotubes (from
nonporous rods and fibres) and capsules (from solid
spheres). Polymers, functional ligands, lipids, proteins, dye
molecules and nanoparticles served as building blocks in the
layer-by-layer assembly.

The enzyme immobilization in capsules and pores of
metal-organic frameworks, prepared via layer-by-layer
assembly, or on their surface significantly extended the use
of enzymes due to the hundred- to thousand-fold enhance-
ment of their stability.®07-08 Enzymes are biological cata-
lysts of protein nature, which accelerate chemical reactions
essential for viability of organisms. Unlike chemical cata-
lysts, enzymes exhibit much higher specificity. Thus, each
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Figure 106. Schematic illustration of various nanostructured
(supramolecular) materials prepared via the layer-by-layer templat-
ing technique (see the text).®*¢ Published with the permission of
American Chemical Society.
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enzyme catalyzes only a particular reaction or a group of
reactions in the body. However, enzymes are much more
sensitive to changes in the environmental conditions than
chemical catalysts. In particular, enzymes function in a
much narrower temperature range and are active within a
definite pH range.®®® Immobilized enzymes are not only
more stable but also acquire new properties, which are not
typical of their free state, e.g., they can function in a
nonaqueous medium and exhibit activity in wider temper-
ature and pH ranges and in the presence of heavy metal ions

(Hg, Pb, Cd).
In recent years, researchers have begun to wrap up
individual enzymes in single enzyme nanoparticles

(SEN) 99 prepared via layer-by-layer assembly. By control-
ling the parameters of the shell, one can control the
interaction of the enzyme with the environment and, con-
sequently, its catalytic activity and access of external reac-
tants. This elegant approach offers prospects for a
significant increase in the catalytic performance and service
life of enzymes under conditions intolerable for nonisolated
protein molecules and also enables the switching of the
activity by modulation of the outer material layer.

A glucose-sensitive multilayer film was fabricated via
layer-by-layer assembly using positively charged star-like
poly[2-(dimethylamino)ethyl methacrylate] and negatively
charged insulin and glucose oxidase.®!® The unique proper-
ties of the film components and the film structure provide
the switching of the response of the system for the stepwise
glucose addition (insulin release only in the presence of
glucose). Besides, the multilayer film continuously released
a sufficient amount of insulin in vivo after being subcuta-
neously implanted in streptocozotin-induced diabetic rats
and reduced the blood glucose level for at least two weeks.
This system may have a considerable potential as a glucose-
sensitive carrier for insulin.

Kazakova et al'! demonstrated the possibility of
encapsulating enzymes (lactate oxidase, peroxidase and
glucose oxidase) together with sensitive dyes to prepare
capsule-based sensors with a micrometre size. Calcium
carbonate nanoparticles served as the sacrificial template.
The enzymes are confined to the interior of the capsule,
while the fluorescent dyes [tris(4,7-diphenyl-1,10-phenan-
throline)ruthenium(11) dichloride and dihydrorhodamine
123] are incorporated into multilayer shells of microcap-
sules of polyelectrolytes [poly(styrene sulfonate) and poly-
allyamine] via electrostatic and hydrophobic interactions
with the shell material. These multicompartmentalized cap-
sules (Fig. 107) were utilized as chemical sensors and bio-
sensors to detect oxygen, glucose and lactate, a single
capsule being able to act as a sensing element.®'?> The

Figure 107. SEM image of capsules containing glucose oxidase (@)
and the confocal microscopy image of capsules containing glucose
oxidase and a fluorescent probe (b).°'! Published with the permis-
sion of Springer Nature.

calibration of capsule-based sensors demonstrated that
millimolar concentrations of glucose and lactate are easily
detected by fluorescence.

Therefore, the simultaneous encapsulation of enzymes
and fluorescent dyes, enabling the optical monitoring of
biologically important metabolites in a single microcapsule,
provides a tool for preparing unique systems to study a
biological microenvironment and evaluate real-time
changes in the concentration of biologically relevant com-
pounds. Encapsulation-protected enzymes maintain suffi-
cient activity towards the conversion of analytes, which
diffuse across the semipermeable shell to the product
detected by localized fluorescent dyes. The sensor should
be placed at a distance of a few millimetres away from the
skin in the human body, and the information is processed
by optical methods. It was shown ©13-614 that capsules can
be incorporated into cells in order to monitor metabolites
during the cell cycle.

Electrostatically assembled films are insufficiently stable
for the application under extreme conditions, such as high
or low pH values and high salinity. To enhance the stability,
the deposition is often followed by the chemical treatment
of these films. 615616

The biomimetic synthesis of nacre is an interesting
example of the application of layer-by-layer assembly to
fabricate layered hybrid structures.®'” Natural nacre con-
sists of 0.5 um-thick hexagonal-shaped aragonite tablets
(crystalline calcium carbonate) with a width of 10—20 um
arranged in parallel layers. These inorganic layers are
separated by organic matrix layers consisting of elastic
biopolymers (chitin-like horn-shaped substance of protein
type). The organic portion of artificial nacre was fabricated
by the successive deposition of polyacrylic acid and poly-
vinylpyridine layers. Calcium carbonate was crystallized on
the organic layer bearing receptor carboxyl groups. By
carefully designing the strategy of cyclic deposition, the
authors managed to prepare a structure that approximates
biological nacre in both optical and mechanical properties.
An investigation of the replication of nacre and the prepa-
ration of a biomimetic material are essential for an under-
standing of biological principles of the growth of this
biomineral in nature, providing a route to the fabrication
of new materials using cheap components under environ-
mental conditions.

A considerable progress has been made in micro(nano)-
capsulation. These systems have great potential in biomedi-
cine, because they can be used for targeted drug delivery at
a specified instant of time at the desired concentra-
tion.®18:619 The capsule shell prevents the release of the
cargo, making it possible to use, in particular, toxic com-
pounds and increase the duration of drug action. The
permeability of the polymer shell significantly depends on
its chemical composition and thickness, the template and
the chemical composition, temperature and acidity of the
environment, where carriers are present. Smart shells can
release their cargo in response to external stimuli.

Hammond and co-workers ©2° reported the first in vivo
application of polymer multilayer capsules built on gold
nanoparticles as a core with a size of 20 nm. The authors
found the key parameters responsible for stability of ten-
layer capsules in the blood stream. Degradable polyelectro-
lytes, such as poly(L-lysine), dextran sulfate and hyaluronic
acid, were utilized as components of the film. The degrada-
tion of the capsule was evaluated by measuring the concen-
tration of poly(L-lysine) containing a fluorescent probe. It
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was found that the outer layer of hyaluronic acid signifi-
cantly extends the circulation time of the colloidal system.
The optimization of films via LbL technique made it
possible to fabricate stable nanoparticles for cancer appli-
cations.

Paramasivam et al.%?! used gold nanorods (the axial
ratio varied from 3 to 16) coated with chitosane—dextran
sulfate LbL multilayers. The capsules served for the immo-
bilization of water-soluble antibacterial agents, such as
ciprofloxacin hydrochloride. The efficacy of drug loading
of rod-shaped capsules was 13—14% higher compared to
spherical capsules. The advantages of the developed system
are that it can be used for the targeted delivery of encapsu-
lated drugs and their release in response to external stimuli
and that the capsules can serve as imaging agents for near-
IR biological visualization.

The assembly of ultrathin films of metal-organic frame-
works, called SURMOFSs (surface-mounted metal-organic
frameworks), is the brightest illustration of the potential of
the layer-by-layer assembly technique for the fabrication of
synthetic supramolecular systems on solid substrates. These
systems are extended ordered structures of nanometre thick-
ness, perfectly oriented in the direction of the substrate. The
lateral ordering of SURMOF components within a single
domain may be structurally perfect, which is typical of
supramolecular systems prepared by the Langmuir— Blodg-
ett method.®?? Publications on SURMOFs are rather few in
number compared to the publications on polycrystalline
MOFs integrated with the solid surface. Nevertheless,
SURMOF systems were fabricated based on most types of
organic linkers, which are utilized for the formation of bulk
MOFs derived from trimellitic, terephthalic,°?3 diphenyldi-
carboxylic acids,®?* perylene,%2%-92¢ porphyrins,®?7 etc. In
this field, SURMOFs based on chromophores, such as
porphyrins and perylenes, and SURMOFs based on lantha-
nide metal clusters ®>® are of particular importance due to
their high practical potential for application in the catalysis,
nonlinear optics, solar power and organic nano- and micro-
electronics.%??

Due to high order of MOFs, resulting from an arrange-
ment of components via directional coordination bonds, the
LbL method was successfully adapted to the assembly of
SURMOFs on different planar substrates. As applied to the
fabrication of SURMOFs, this method is often called the
quasiepitaxial layer-by-layer growth.622.630.631 Tt allows the
anchorage of the crystallographic plane of the framework
that directs the growth of the latter from the substrate
surface via layer-by-layer deposition of organic linkers and
metal coordination sites (metal salts). Generally, the fab-
ricated films are characterized by high homogeneity and low
roughness.®3? The attachment of the linker to the surface
limits the spatial access or reduces the reactivity of func-
tional groups of the organic molecule. Therefore, for the
subsequent formation of the coordination bond even in the
first layer, the surface may significantly affect the molecular
organization in SURMOFs. For a large number of SUR-
MOF structures assembled by the epitaxial method, the
observed packing of the components does not correspond to
the known structures of bulk MOFs of the same composi-
tion.®33 The epitaxial layer-by-layer deposition can be
applied to fabricate not only two-component highly ori-
ented MOFs based on a linker of one type but also multi-
component layered systems combining several types of
linkers. For example, these are the structures [M,L,P],
where M = Cu, Zn, L is naphthalene-1,4-dicarboxylate,

P = DABCO;%** ML(DABCO) 5, where M = Cu, Zn, L is
naphthalene-1,4-dicarboxylic acid or tetrafluorobenzene-
1,4-dicarboxylate;*35 and SURMOFs based on carboxy-
and pyridyl-substituted porphyrins.®3¢ The opposite state-
ment is also true. Thus, many types of coordination net-
works of MOFs cannot be prepared by the LbL method in a
thin film on a solid substrate due to the specificity of the
fabrication procedure.

The main distinguishing feature of the quasiepitaxial
layer-by-layer assembly of SURMOFs is the use of an
adhesive layer for the attachment of the growing network
to the surface. The adhesive layer should have inherent
smoothness (atomic or nearly atomic) to avoid the creation
and accumulation of defects in the crystal lattice of
SURMOFs and possess the functional activity towards
components of SURMOFs for strong adhesion with the
framework structure. These requirements are met by self-
assembled thiol and silane monolayers, which are utilized in
most cases for the formation of SURMOFs by means of
combined application of the LbL and SAM methods repre-
senting two main approaches to the synthesis of supra-
molecular systems at the interface.

The first SURMOF system of the HKUST-1 type was
assembled in 2007 from the metal cluster Cu?*"[Cu(OAc)
and benzene-1,3,5-tricarboxylic acid (H3;BTC)]%%? on the
carboxylated octanethiol SAM surface deposited onto a
gold substrate. The procedure used for the assembly
remains a gold standard for the fabrication of SURMOFs.
It includes the successive immersion of the substrate into
solutions of inorganic and organic components in organic
solvents and rinsing of each layer to remove the excess of
the deposited compound at 20—50 °C. Generally, the first
SURMOF layer is formed by metal centers linked to func-
tional groups of SAM followed by the deposition of the
orientation-directing layer of linkers.®3> The deposition
sequence of the layers and the nature of functional groups
of SAM play a key role in the packing of SURMOFs, which
confirms the effect of the surface on the supramolecular
self-assembly process. Thus, films grown on carboxyl-termi-
nated SAMs are generally highly oriented along the [100]
direction,®23-937 films grown on hydroxyl-terminated SAMs
favour the [111] direction,®?? the growth along the [001]
direction is strongly preferred for films on pyridyl-termi-
nated SAMs, %33 whereas methyl groups completely suppress
the growth of SURMOFs.637

The choice of the method for controlling the growth of
SURMOFs of uniform thickness is determined by the
nature of the linker. Electronic spectroscopy is the most
convenient method for chromophore linkers, for example,
porphyrins or bisperylene derivatives.®2%-63¢ This method
provides information about the relationship between the
increase in absorption intensity and the amount of the
deposited compound in each layer. For linkers, which do
not have strong chromophoric properties, quartz-crystal
microbalance (QCM)%3® and atomic force microscopy %3°
can be employed. The former method provides reliable, fast
and accurate measurements of the increase in the weight of
SURMOFs fabricated on the surface of gold electrodes of
quartz crystal resonators. Atomic force microscopy,
although being more time consuming compared to spectro-
scopic and gravimetric methods, allows the direct evalua-
tion of changes in the thickness and roughness of
SURMOFs.

The assembly of SURMOFs can be performed using,
apart from SAMs based on functionalized thiols, silane-
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based SAMs functionalized with terminals, making it pos-
sible to integrate SURMOFs into optical elements.®3! The
drawback of silanes is that they are not perfectly smooth as
opposed to thiols with small head groups, which can lead to
the formation of a defect structure of SURMOFs. The
sensitivity of the packing to the roughness of the adhesive
layer is most significant for bulky linkers (e.g., porphyrin
metal complexes) due to a large free volume for these
molecules in the well-organized assembly. In particular,
well-resolved diffraction patterns were not obtained for
SURMOF based on the zinc tetracarboxyphenylporphyrin
complex ZnTCPP and zinc acetate deposited on the surface
of the (3-aminopropyl)triethoxysilane monolayer despite a
uniform increase in the film thickness.®3¢

Graphene oxide can serve as an alternative to silane
monolayers. Due to the presence of oxygen-containing
functional groups, graphene oxide can efficiently adsorb
metal (Zn', Cull, Mg, erc.) acetates utilized for the
fabrication of SURMOFs. Adhesive GO monolayers are
formed via their transfer from the oil/water interface (GO
exhibits properties of a mild surfactant and spontaneously
forms adsorption interfacial layers ¢#%). The LbL assembly
of SURMOFs on such monolayers is accomplished by a
standard method.®*' The advantages of the assembly of
SURMOFs on graphene oxide monolayers, formed on
quartz and silicon substrates, were demonstrated for sys-
tems based on Zn(OAc), and different types of polyaro-
matic linkers (e.g., perylene-3,4,9,10-tetracarboxylic acid
N,N’-dipropionate ©2¢ and Zn complexes with tetrasubsti-
tuted porphyrins).®*! Well-resolved X-ray diffraction pat-
terns obtained for these SURMOFs are indicative of their
high quality, the morphology of the systems varying
depending on the type of interactions stabilizing the frame-
work. Delocalized electrostatic interactions between metal
clusters and carboxyl groups give rise to roughness features
due to accumulation of shear defects, and the self-assembly
via directional coordination bonds involving pyridyl groups
affords SURMOFs with exceptional surface smoothness at
the atomic level (on a millimetre scale).%*?

It is worth noting that X-ray diffraction patterns col-
lected even for high-quality SURMOFs on standard labo-
ratory X-ray diffractometers generally show single
reflections corresponding to the lattice parameters in the
direction away from the substrate. The complete description
of the SURMOF structure can be obtained only using
synchrotron radiation. For example, for SURMOF based
on deprotonated porphyrin [meso-tetrakis(4-carboxyphe-
nyl)porphyrin] and cobalt(Il) acetate, the formation of a
hexagonal packing of porphyrins in each layer with tilting
of the macrocycle plane of 60° relative to the surface of the
substrate was confirmed by grazing incidence small-angle
X-ray scattering and X-ray reflectivity.®*> The packing of
SURMOFs can be successfully modelled using well-resolved
X-ray diffraction patterns from a vertical structure, such as
SURMOFs based on zinc porphyrin complexes of different
structures on the GO monolayer surface, by means of
analytical approaches applied to calculate the structures of
layered minerals.®4?

The wunique structural features of SURMOFs are
responsible for the exceptional characteristics of these
systems (sensitivity, selectivity, the rate of generation of
optical or electrochemical response), which are important
for a number of practical applications, from medicine %44
and catalysis ®*> to nonlinear optics.®*® Due to porosity of
SURMOFs comparable with this property of bulk

MOFs %47 combined with a small thickness and a consid-
erable potential for the directed functional design of the
appropriate organic components, these systems are among
the most promising nanoscale materials for the integration
with sensor platforms.®>® The tuning of the structural
characteristics of SURMOFs allows the creation of selective
elements for monomolecular recognition, e.g., zinc-based
optical sensors (ZnTCPP) selective for adenosine mono-
phosphate 48 or gravimetric MOFs based on Co(TCPP)
and Co(OAc), (PIZA-1) for the selective binding of ben-
zene,% and also can be applied to assemble multisensitive
gravimetric sensors. A similar electronic nose-type system
was assembled from three QC resonators with deposited
HKUST-1 SURMOFs for the selective detection of six
types of volatile compounds (geraniol, citronellol, ezc.).%%°

An important application of SURMOFs is in the catal-
ysis of photochemical reactions. An increase in the rate and
selectivity of these reactions is achieved via supramolecular
control, enabling the fixation of reactants in the SURMOF
structure.®3! A vivid example of the application of this
strategy is the oxidative photocyclization giving phenan-
threne in bilayer Zn(TPE-BDC) SURMOF (TPE-BDC is
4 4" -(1,2-diphenylethane-1,2-diyl)-(£)-bis([1,1’-biphenyl]-4-car-
boxylate). The reaction affords one isomer with an increase
in the yield of the product by more than 70% due to
hindered rotation about the C=C bond of tetraphenyl-
ethylene in the rigid framework structure.®?

The design of SURMOFs based on organic chromo-
phores, primarily porphyrins, which are utilized in optics
and electronics, is the most rapidly growing area of
research. This is associated with both photophysical proper-
ties of porphyrin molecules and the adaptive potential of the
LbL method for the available manufacturing technologies
of elements for microcircuits and optical chips
(Fig. 108).646.653,654 According to transition state absorp-
tion spectroscopy, the exciton diffusion length in some
porphyrin SURMOFs can theoretically reach several micro-
metres and is limited in real SURMOFs only by interactions
of excitons with lateral defects of the structure within
crystalline domains with an average size of ~100 nm.%%5
Therefore, the improvement of the procedure for assem-
bling structurally ideal SURMOFs is related to the possi-
bility of improving their optical properties.

Haldar er al.%%% showed that the computational screen-
ing of a library of compounds can be used to select
appropriate porphyrin for the fabrication of SURMOFs
with specified properties. The algorithm predicts the spec-
tral characteristics of the framework depending on the
composition and structure of functional substituents of the
macrocycle and allows the tuning of these characteristics by
changing the strength of intermolecular interactions in the
framework structure. The photoelectric properties of por-
phyrin SURMOFs can be significantly improved by intro-
ducing strong electron acceptors, e.g., fullerenes, integrated
into SURMOF pores via layer-by-layer assembly of a
ZnTCPP-based film.®*” Due to the ordered SURMOF
structure, the interaction with a light beam provides the
efficient separation of charge carriers, the hole transfer in
organized layers of porphyrins as donors and the electron
transfer through channels formed by Cep molecules. It is
worth noting that the LbL method, which allows the control
of the spatial organization of components in each layer, can
be applied to achieve the functional characteristics of this
type of hybrid structures.
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Figure 108. Schematic illustration of the integration of ITO-mounted SURMOFs into a Gritzel cell: the sequence of the quasiepitaxial
assembly of ZnTCPP followed by calcination (a) and the experimental setup for the deposition and rinsing of layers (b); the normal (¢) and
lateral (d) structures of assembled SURMOFs.%3 Published with the permission of Wiley.

Therefore, due to simplicity, versatility and nanoscale
control provided by the layer-by-layer assembly, this tech-
nology is commonly used to fabricate supramolecular and
hybrid multilayer structures. This method is easily adapted
to a wide range of compositions of the coatings and enables
their deposition onto both planar substrates and substrates
of different shapes.

Supramolecular chemistry at the interface is one of the
most rapidly growing areas, which employs intermolecular
interactions for the assembly of not only alike molecules but
also nanoscale structures formed under the effect or with
the direct involvement of surface layers of the substrate.

This Section considers three main methods of the
assembly of supramolecular structures on the surface,
which have been already employed to fabricate numerous
nanoscale materials and devices for different applications.
These methods are used for the self-assembly of layered
structures with a desired thickness and sequence of layers on
substrates of different nature and of various shape. A great
advantage of all three methods is that the films are fab-
ricated under mild conditions, generally in aqueous media,
which is particularly important both in the case of essential
biomolecules and for the solution of challenging problems
of green chemistry.

3.3. Structures and phase transitions of low-dimensional
self-organizing systems with different symmetry

The use of self-assembly and self-organization of supra-
molecular nanostructures for the fabrication of smart mate-
rials, i.e., materials sensitive to external stimuli (changes in
the temperature and pressure, electric or magnetic field), the
chemical composition of the environment and so on, is an
important area of research in materials science.®>8 662 First,
it is necessary to give exact definitions of the terms ‘self-
assembly’ and ‘self-organization’, which are often used as
synonyms in the research community. By the self-assembly
we mean the formation of supramolecular aggregates via
weak noncovalent interactions. Examples are inclusion

compounds,’%3-671 Langmuir monolayers,360-672-675 ]yo-
tropic liquid-crystalline aggregates,®’°~¢78 including colloi-
dal systems,®79-%81 etc. The self-organization is the
formation of extended macroscopic phases (often with low
symmetry, such as nematic, smectic, columnar phases with
different symmetry, platelet crystals and so on) based on
aggregates or molecules of a particular shape or with a
specific function. The self-organization of complex systems
has attracted attention of many theoretical researchers, who
developed different approaches to the investigation of this
phenomenon. Worthy of mention are Haken’s synergetic
model based on the order parameter concept and the slaving
principle,®8? thermodynamic models of nonequilibrium
processes (the dissipative structure theory) put forth by
Prigogine,®®3 self-organized criticality models (the self-
organization at the edge of chaos) introduced by Bak,°%4
the formation and evolution on nonstationary structures in
aggravation regimes developed by Samarsky and
Kurdyumov,®85-687 ¢,

It is worth noting that both the self-assembly not
accompanied by self-organization (inclusion compounds)
and the self-organization not accompanied by self-assembly
can occur in nature. Thus, in diblock and triblock copoly-
mers consisting of two and three incompatible units,
respectively, the mutual repulsion and induced segregation
of different blocks leads to the requirement of minimization
of interface energy with a constant curvature (H). The
latter value is determined primarily by the composition of
the block copolymer (for a diblock copolymer, it is suffi-
cient to introduce the volume fraction (f) of one compo-
nent). Symmetric diblock copolymers (f=1/2) are
characterized by the presence of a lamellar phase.%88. 689 In
the case when the number of one type of blocks is only
slightly larger than the number of blocks of another type,
the formation of a gyroid bicontinuous cubic phase is
observed. This phase is described in detail below. If this
difference is significant, the minor blocks are arranged in
columns, which are surrounded by a matrix phase of the
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major block and are packed in a two-dimensional hexagonal
lattice. A further increase in the asymmetry results in the
formation of spherical aggregates of the minor block
arranged in a body-centred cubic phase. Finally, in the
extreme cases (f— 0 and f— 1), one phase is distributed in
another one in a disordered manner.

This behaviour of the systems was reported for two
extreme cases: weak (y N ~ 10) %0 and strong (y N >> 10) ©°!
segregation (y ~ 1/T is the Flory—Huggins parameter,
which describes the interaction between the blocks of the
copolymer, N is the total degree of polymerization). The
theory that combines two extreme regimes was considered
by Matsen and Bates. %88 Therefore, the phase behaviour of
diblock and triblock copolymers depends on the following
two factors: on the one hand, the average interfacial
curvature of homopolymers is dictated by the segregation
of blocks (the energy contribution to the enthalpy); on the
other hand, the tendency for uniform filling of the space
with a polymer material (the entropy contribution) 692694
leads to a deviation of the interfacial curvature (6) from the
average value. The systems, in which the entropy factor is
negligible, are characterized by the following sequence of
classical phase states: lamellar phase — two-dimensionally
ordered columnar phase — three-dimensionally ordered
cubic phase — isotropic state, for which § ~ 0. The account
of the entropy contribution explains the formation of
complex phases, such as gyroid and metastable hexagonally
perforated lamellar phases, in the weak segregation regime.
A mathematically similar mechanism of formation of
liquid-crystalline aggregates and extended systems occurs
in lyotropic colloidal systems.%8!

Another example of the self-organization not accompa-
nied by self-assembly are orientationally disordered meso-
phases ®> having different crystal lattices. Thus, a cubic
lattice is observed for plastic crystals; a two-dimensional
hexagonal or rectangular lattice, for rotationally crystalline
mesophase, with aggregates in the sites of the latter rather
freely rotating with respect to each other. The plastic crystal
state is typical of compounds with a nearly spherical
molecular shape, such as neopentane (MesC), fullerene
Ce0, adamantane, a series of tetrasubstituted halogenated
methane derivatives,®®® dicarboxylic acid nitriles or their
mixtures,®®” hybrid perovskites,®?%-6% dendrimers,’%° ezc.
Rotationally crystalline mesophases in polymers are char-
acterized by the absence of a long-range order along the
chain axis and, correspondingly, the two-dimensional pack-
ing of macromolecules.’®!-792 In the case of flexible linear
macromolecules [polytetrafluoroethylene (PTFE), halogen-
ated polyethylenes, trans-polybuta-1,4-diene, polyethylene,
poly(p-xylylene), etc.], the violation of the order along the
chain axis is due to disturbance of the regularity of the
polymer chain. This may be associated, for example, with
the formation of conformational defects, which occupy a
small volume and leave the direction of the macromolecule
unchanged. Therefore, the transition to the orientationally
disordered mesophase is generally accompanied by a sig-
nificant increase in the entropy with small free energy
changes.”’%3 Due to the above-described structural features,
the hexagonal columnar mesophase is highly promising for
the processing of polymer materials bearing a flexible chain,
because a relatively low (compared with an isotropic melt)
content of molecular units and connectivities provide high
flexibility of the polymer chains. This fact significantly
facilitates the polymer processing; in the case of high-
molecular-weight materials, there is often no alternative

for the processing through the formation of a rotationally
disordered mesophase.704.705

This Section considers the self-assembly followed by the
self-organization of sector-shaped dendrons of different
nature and also the practical aspects of their applications
to address important technological issues. As shown below,
these compounds are characterized by a great diversity of
the structures of supramolecular aggregates and phase
behaviour. However, their major common feature is the
formation of columnar aggregates, which, in turn, form
two-dimensional columnar mesophases of a certain type.
Hereinafter, we will distinguish two types of columnar
mesophases — ordered and disordered — depending on
the presence of the order within individual columns. Gen-
erally, X-ray scattering patterns of ordered columnar mes-
ophases show narrow small-angle peaks, which characterize
a two-dimensional crystal lattice formed by cylindrical
supramolecular aggregates, and broad wide-angle peaks
determined by the structure of individual aggregates. It
should be noted that a two-dimensional ordered columnar
mesophase cannot be referred to as a crystalline one,
because there is no correlation between the structures of
its individual columns. Upon the transition of the ordered
columnar mesophase into the disordered state, the violation
of the order within the cylindres leads to the disappearance
of the scattering peaks at wide angles, whereas small-angle
peaks become significantly narrower due to an increase in
the size of liquid-crystalline domains.”06- 707

Several types of dendrons can be distinguished depend-
ing on the driving forces for the self-assembly of supra-
molecular aggregates. Ionic liquid-crystalline (ILC)
dendrons consist of cation—anion pairs, in which the cation
and the anion can be either of organic or inorganic nature.
However, one or both ions include a rigid sector-shaped
moiety and one or several aliphatic tails containing from six
to eighteen carbon atoms. In turn, aliphatic substituents can
be branched or linear, saturated or containing double or
triple bonds.

For instance, in the past decade considerable attention
has been given to ILCs based on imidazolium salts 708720
and guanidinium salts.”?!-722 Thus, Butschies et al. 7?3 used
cation —anion pairs composed of guanidinium cations (Ia,b)
or imidazolium cations (II) and I~ or ArSO3 anions; alkyl-
containing phenyl groups served as sector-shaped substi-
tuents (IIla—d). (The alkyl groups considered in this Section
have a normal structure.)
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Tonic liquid crystals based on congruent ion pairs con-
sisting of mesogenic cations or anions of the same shape
have attracted interest because they are an attractive tool
for the fine tuning of the physical and thermal properties of
the resulting mesophases. A comparative analysis of the
structures and properties of imidazolium and guanidinium
salts was performed by differential scanning calorimetry,
polarized optical microscopy and X-ray scattering.”?3 It was
shown that if the cation or anion bears only one dodecyloxy
tail and the cation—anion pair contains no more than three
these groups, such pairs form a smectic mesophase of
type A. If the total number of alkoxy tails is equal to four
or five, a columnar mesophase is formed regardless of the
nature of the sector-shaped unit. However, in the case of
longer aliphatic tails, their steric repulsion becomes to play
an important role in the formation of supramolecular
aggregates.

Guanidinium sulfonates with symmetric anions formed
a hexagonal columnar mesophase, whereas no mesophases
were observed for asymmetric anions. On the contrary, the
formation of cubic mesophases for symmetric cation—
symmetric anion and symmetric cation—asymmetric anion
pairs was observed in the case of imidazolium sulfonates.
Imidazolium sulfonates with asymmetric cations formed a
hexagonal columnar mesophase. The detailed study of the
structures of the columnar mesophases showed that indi-
vidual columns in these mesophases consist of supramolec-
ular discs. Their structural constant is the number of
aliphatic tails equal to 12. As is seen in Fig. 109 a, a single
disc can contain from six to four ions depending on the
number of aliphatic tails in an individual dendron. Besides,
Fig. 109 b represents the proposed schemes of aggregation
of ions of different symmetry.
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Figure 109. A model of discs consisting of six, five and four ions
(a) and the schematic illustration of aggregation of different-
symmetry ions: (/) two symmetric cations and two symmetric
anions; (2) and (3) two symmetric cations and two asymmetric
anions; (4) two asymmetric cations and two asymmetric anions
(b).?3 Published with the permission of Taylor and Francis.

The structure of columnar mesophases in ILCs was
studied in most detail for asymmetric and symmetric salts
of tri(alkoxy)benzenesulfonic acids 366 and 367, respec-
tively.’?4-727  Thus, the investigation of the phase
behaviour of caesium 3,4,5-tri(dodecyloxy)benzenesulfo-
nate (345-BSA-Cs, 366a, n =12, X = Cs) demonstrated
that, at room temperature, this material is characterized by
the presence of large domains of an ordered hexagonal
columnar mesophase. Its supramolecular aggregates
4.88 nm in diameter consist of discs composed by twelve
dendrons, the long axes of which are perpendicular to the

Structures 366, 367
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axis of the column. Meanwhile, to overcome the steric
hindrance associated with the packing of 36 aliphatic tails,
on the one hand, and to facilitate m-interactions between
adjacent dendrons in the layer, on the other hand, the
345-BSA-Cs molecules form a large propeller angle, i.e.,
the rotation from the plane of the layer about the line
normal to the column axis (Fig. 110).

Figure 110. Structure of
the layer in supramolecu-
lar aggregates of the
ordered columnar meso-
phase formed by dendrons
of caesium 3,4,5-tri(dode-
cyloxy)benzenesulfonate
366a at room tempera-
ture.

Upon heating, the cylindre diameter of the columnar
mesophase changes insignificantly; however, the phase tran-
sition to a disordered columnar mesophase composed of
supramolecular aggregates 3.67 nm in diameter occurs at
the temperature (7') ~ 120 °C. Therefore, a decrease in the
cylindre diameter (D) compared to that in the ordered
columnar phase is AD/D ~ 25%. The mechanism of this
strong structural change of the material calls for a special
attention. The reconstruction of electron density distribu-
tion (EDD) from the relative intensities of small-angle
reflections showed that the order—disorder transitions in
cylindres of the columnar mesophase causes the largest
changes in the central parts of these columns. In EDD
maps (Fig. 111), the highest electron density regions,
coloured in red, can be assigned to the caesium cation—
benzenesulfonate ion pair, whereas the low electron density

Figure 111. Electron density distribution in the plane perpendicu-
lar to the cylindre axes for a columnar mesophase formed by
caesium 3,4,5-tri(dodecyloxy)benzenesulfonate 366a ordered at
room temperature (a) and disordered at 7= 120 °C (b). The
boundaries of the central supramolecular aggregates are indicated
by dashed lines. The Figure was drawn by the authors of the review
using data of Ref. 706.
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regions (coloured in green and shades of blue) correspond
to positons of aliphatic tails.

At room temperature, a relatively low electron density
region ~9 A in diameter is observed in the centres of the
columns; this region is surrounded by high-density meso-
genic groups and the bound caesium ions. As demonstrated
in the comprehensive review,’¢ the reconstruction of EDD
provides a rather low resolution. Therefore, in regions
neighboring the most dense regions, the interfaces are
always blurred, resulting in a significant increases in the
density of the adjacent regions. Hence, it can be concluded
that cylindres of the ordered columnar mesophase of com-
pound 366a actually contain almost hollow central coaxial
channels formed through a mutual alignment of the focal
regions of the dendrons — cation—anion pairs.

The intensity of thermal motion increases with increas-
ing temperature, which leads to violation of this order and,
correspondingly, to the closure of the central channels in the
columns. It is also worth noting that the loss of the central
channel is associated with at least a 65% total decrease in
the column diameter after the order—disorder transition.

Fall et al.7?® made an attempt to perform a theoretical
analysis of the order—disorder transition using statistical
physics methods in terms of the formalism of magnetic spin
chains for compounds similar to 345-BSA-Cs, namely,
lithium and  sodium  3,4,5-tri(dodecyloxy)benzoates
(345-BCA-Li, 366b; and 345-BCA-Na, 366¢, respectively).
The authors demonstrated that this transition is driven
predominantly by the entropy change of the end chains.
The quantitative fitting of the expression for the energy of
the column showed that the free energy of aliphatic tails is
the only temperature-dependent term. The entropy of these
groups increases with increasing temperature due to the
accumulation of gauche conformers, which, in turn, leads to
the ejection of one dendron from the column. This results in
a decrease in the positive contribution to the free energy of
the column, thereby making the attraction between the
remaining dendrons sufficient for stabilization of the new
column.

The expulsion of a monodendron from the cylindres of
the columnar phase was experimentally confirmed in blends
of 345-BCA-Li and higher alkanes.”?® For these blends, a
sharp shift of X-ray reflections to the small-angle region
was observed at the transition temperature due to the
formation of a superlattice, which involved simultaneously
columns consisting of four (stable at low temperatures) and
three (stable at high temperatures) dendrons. Unfortu-
nately, the authors did not publish the X-ray diffraction
patterns for the compound 345-BCA-Li at temperatures
higher than the temperature of the transition from one
columnar phase to another. Hence, it cannot be ultimately
stated that the order—disorder transition occurs within
cylindres of the hexagonal columnar mesophase.

Another successful example of the theoretical analysis of
the self-organization of complex liquid-crystalline meso-
phases, which is also related to the theory of magnetism, is
a multicolour hexagonal-shape confetti network and its
application to gain an understanding of the self-organiza-
tion of T-shaped bolamphiphiles 368a,b (Fig. 112).730-733

It is worth noting that the established relationships
between the structure and the phase behaviour are not
typical of single compounds of a particular type. The thing
is that the physical chemistry of sector- and cone-shaped
dendrons can use libraries of compounds, in which one
structural parameter (the size of the focal group, the length
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Figure 112. Electron density distribution maps for columnar mes-
ophases formed by T-shaped amphiphiles 368: a mixture of trian-
gular and square columns (@), columns with a round cross-section
(b) and pentagonal columns (c).”3! Published with the permission of
American Association for the Advancement of Science.

of aliphatic tails, the symmetric or asymmetric mode of
binding to mesogenic moieties) is varied in small increments
with the other parameters kept constant. Thus, for tri(alky-
loxy)benzenesulfonic acids, a comparative analysis of the
structure and phase behaviour was performed in the follow-
ing series:

— alkali salts of 2,3,4-tri(dodecyloxy)benzenesulfonic
acid (investigation of the role of the counterion size);’?>

— 3,4,5-tri(dodecyloxy)benzenesulfonic acid derivatives
containing bulky focal groups;’2°

— 2,3,4-tri(dodecyloxy)benzenesulfonic acid derivatives
containing focal organic groups and alkali metal ions of a
comparable size;”?’

— caesium 2,3,4- and 3.4,5-tri(dodecyloxy)benzenesul-
fonates (investigation of the role of the binding mode of the
focal group);

— caesium 3,4,5-tri(alkyloxy)benzenesulfonates with
aliphatic tails containing from six to eighteen carbon atoms.

It was shown that small changes in the structure of the
dendrons lead to predictable changes in the phase behaviour
of the material, such as the sequence of phase states, the
temperature of the order—disorder transition in cylindres of
the columnar mesophase, the region of existence of the
columnar mesophase, efc. Figure 113 represents the phase
diagram characterizing the dependence of the phase behav-
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Figure 113. Dependence of the phase behaviour of alkali metal
2,3,4-tri(dodecyloxy)benzenesulfonates on the temperature and the
cation size.”?> ColHO is an ordered columnar mesophase, ColHD is
a disordered columnar mesophase, ISO is an isotropic melt region.

iour of alkali metal 2,3,4-tri(dodecyloxy)benzenesulfonates
on the temperature and the cation size.

Consequently, 2,3,4- and 3,4,5-tri(alkyloxy)benzenesul-
fonic acid derivatives are characterized by the formation of
an ordered hexagonal columnar phase, which undergoes a
transition to a disordered hexagonal columnar mesophase
upon heating. Cylindres of the ordered columnar meso-
phase contain coaxial channels, the sizes of which allow the
use of these compounds as working substances for ion-
selective membranes. The order—disorder transition leads
to the closure of the pores. Hence, the fabricated mem-
branes can be controlled by varying the temperature. Since
the phase behaviour of dendrons changes in a predictable
pattern upon varying a particular parameter of their struc-
ture, the performance characteristics of ion-selective mem-
branes can be controlled by choosing an appropriate
dendron.

To manufacture high-tech items from these promising
materials, several conditions should be fulfilled. First, the
appropriate orientation of the ion channels with respect to
the membrane surface should be provided. Second, since
ILCs are generally waxy substances or exist as dispersed
particles, the synthesized compounds should be additionally
processed to fabricate ion-selective membranes suitable for
use under environmental conditions.

One approach to address these issues is the self-assembly
of dendrons with unsaturated tails, the formation of a
columnar mesophase in the compound and the subsequent
cross-linking of the tails exposed to a certain external
stimulus. Bakirov et al.73* studied the phase behaviour of
sodium 2,3,4-tris(11-methacryloylundecyloxy)benzenesulfo-
nate (234-BSA-Na*, 369). At room temperature, an ordered
columnar hexagonal phase with a cylindre diameter of
3.80£0.01 nm formed in this compound. Upon heating to
53 °C, this phase underwent an irreversible transition to a
disordered columnar hexagonal mesophase. The distin-
guishing feature of the temperature behaviour of compound
369 is that the temperature dependences of the column
diameter [D(T)] are significantly different for different
samples and, what is more, the column diameter depends

not only on the temperature but also on the duration of the
experiments. A significant change in the solubility of the
material is also worthy of note. Thus, fresh samples of
234-BSA-Na* were completely dissolved in cyclohexane,
whereas samples irradiated with X-rays for ~100 h in a
Kratky camera were insoluble. Therefore, since the transi-
tion to the columnar phase is irreversible, it can be
suggested that the X-ray irradiation and(or) heating of
compound 369 trigger the chemical linking between ali-
phatic substituents at methacryloyl functional groups, with
the participation of dendrons both belonging to one supra-
molecular columnar aggregate and from different aggre-
gates (the loss of solubility of the samples).

Let us consider the main factors responsible for the
linking of methacryloyl groups in compound 369. For this
purpose, two sample of 234-BSA-Na* were used. One
sample was heated to 50 °C, and then the intensity of
X-ray scattering was measured for 15 min in a narrow
region of the first reflection of the tenth columnar meso-
phase. Another sample was irradiated in an X-ray camera
overnight, then heated to 50 °C and again cooled to room
temperature. As a result, both samples had the same
temperature history; however, the irradiation dose of the
latter one was higher than that of the first one by 2.4 Gy.
The cylindre diameter of the columnar phase was 3.87 nm
for the initial samples, 3.85 nm for the non-irradiated
sample and 3.77 nm for the irradiated sample. Therefore,
the irradiation of the material plays an important role in the
chemical linking of the compound.

An attempt was made to prepare a xerogel from a 2%
solution of 234-BSA-Na* in styrene (see Fig. 114a). The
photomicrographs show thin fibres with a diameter of
~0.1 pum. Each fibre is apparently a bundle of supramolec-
ular cylindres of the columnar mesophase. Consequently,
this material holds great promise for the creation of highly
oriented materials not only on a nanoscale but also at a
microlevel. Besides, the stretching of the material at temper-
atures corresponding to the region of existence of the
disordered columnar phase afforded macroscopic oriented
samples. Small-angle X-ray scattering patterns of these
fibres (see Fig. 114 b) show three reflections of the columnar
phase with a cylindre diameter of 3.67 nm (see Fig. 114¢).

Columnar phase
D = 3.67 nm

1 1

Figure 114. Photomicrograph of gel fibrils prepared from a 2%
solution of compound 369 (234-BSA-Na*) in styrene (a), a sche-
matic illustration of the molecular packing in columnar supra-
molecular structures (b) and the small-angle X-ray scattering
pattern of an uniaxially oriented fibre (c).”** In Fig. b, the focal
group is in green, the aliphatic chain is in light green, functional
tails are in dark green. Published with the permission of Springer
Nature.
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Figure 115. Schematic illustration of the self-organization of compound 370 and its use for the soft confinement-assisted fabrication of a
thin film with pores aligned parallel to the layer director.”3¢ (a) The structure of conical dendrons of 245-BSA-Na*; (b) domains of the
hexagonal columnar mesophase possessing central pores with a dimeter of ~1 nm; (¢) a submicrometre-thick film obtained by casting a
dilute solution of compound 370 in tetrahydrofuran onto a silicon substrate followed by solvent evaporation (in the film, cylindrical liquid-
crystalline aggregates are aligned parallel to the surface of the substrate); (d) the reorientation of supramolecular columns to the vertical
position by imposing a soft polydimethylsiloxane pad followed by thermal annealing; (¢) the formation of a film, using UV-cross-linking,

that can be easily detached from the substrate.

Their azimuth width does not exceed 30°, which is indicative
of a relatively high fibre orientation. Therefore, the newly
synthesized compounds based on the benzenesulfonic acid
salt can be used to fabricate stable oriented chemically
cross-linked materials characterized by the presence of
functional ion channels.

A similar approach was applied for the self-assembly of
films based on sodium 3.,4,5-tris(11-acryloyloxyundecyl-
oxy)benzoate (370, 345-BCA-Na*).735 It was demonstrated
that the magnetic-field alignment of a disordered columnar
phase of this compound results in the formation of highly
ordered liquid-crystalline domains with an orientational
order parameter of up to 0.95 (small-angle X-ray scattering
and polarized optical microscopy). The diameter of ion-
selective channels in the material was ~1 nm. The ionic
conductivity measurements showed at least 85-fold
enhancement of the conductivity over magnetically non-
aligned samples. This research group73® developed also
another approach using the same material, which was
based on the soft confinement of a self-organized meso-
phase (Fig. 115). For this purpose, liquid-crystalline films
were fabricated by casting a dilute solution of compound
370 in tetrahydrofuran onto silicon substrates and the
subsequent solvent evaporation. Then a soft polydimethyl-
siloxane pad was imposed on an ILC film followed by
thermal annealing. It was confirmed that most of columns
of the hexagonal phase were in a vertical orientation. The
UV-induced cross-linking of aliphatic tails of dendrons
afforded a membrane, which can be easily detached from
the substrate and the ionic conductivity of which is three
orders of magnitude higher than that of the nonaligned
material.

An interesting example is the fabrication of ion-selective
membranes based on 3,4,5-tri(dodecyloxy)trimethylammo-
nium tetrafluoroborate and hexafluorophopshate.’3¢ Both
compounds are characterized by the following phase

sequence: crystal —» columnar rectangular mesophase
1 — columnar rectangular mesophase 2 — columnar hex-
agonal mesophase — isotropic phase. Unfortunately, the
authors did not address the issue of the alignment in
columnar aggregates of the observed phases. However,
grazing incidence small-angle X-ray scattering patterns for
the high-temperature rectangular phase show one narrow
reflection corresponding to the interplanar spacing of 4.8 A.
The transition of this phase to a disordered hexagonal
columnar mesophase was accompanied by an increase in
the conductivity by at least three orders of magnitude.

It is also worth noting that the hexagonally ordered
channels are not the only candidate for the fabrication of
controlled ion-selective membranes. Another approach is
based on the use of a gyroid bicontinuous cubic mesophase
with symmetry Ia3d.737 This phase consists of a system of
non-interpenetrating tubes, the basic units of which are
composed of two tripods with planes rotated with respect
to each other by 70.53° (Fig. 116).

Figure 116. Structure of a gyroid cubic mesophase with symmetry
Ia3d (a) and the schematic illustration of the basic unit of the
gyroid structure consisting of two connected tripoids rotated with

respect to each other by 70.53°: the lateral view (b) and the top view
(¢).706.737
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From a technological standpoint, this bicontinuous
structure is more interesting for the fabrication of selective
membranes than the hexagonal structure. In the latter, the
charge diffusion length in the channel at a specified mem-
brane thickness is much shorter, but the material in the
gyroid phase does not require the preliminary alignment,
whereas the branched system of channels can mediate ion
transport in the case of any domain alignment. In this
respect, the publication by Ichikawa et al.”?® is of particular
interest. The authors demonstrated the occurrence of a
gyroid phase for analogues of 3,4,5-tri(dodecyloxy)triethyl-
ammonium tetrafluoroborate with unsaturated aliphatic
tails. The gyroid phase was stabilized by the UV-induced
cross-linking of the tails (diene and acryloyl). In the result-
ing membranes, the conductivity jump at a temperature of
the transition from the gyroid to hexagonal columnar
mesophase was negative; however, the value of this jump
was insignificant (see Fig. 8 in the publication 738).

Approaches were developed to fabricate self-organized
ILCs responsive to different external stimuli such as
light,73°-743  particular  chemical compounds,’#4-747
mechanical pressure,’#® electric field.”#® Other applications
of ILCs, both sector-shaped and linear, are reviewed by
Kato et al.”°

Apart from the above-mentioned ILCs, the following
self-organized ILCs are known: with pyridinium, pyrimidi-
nium and quinolinium cations,”’!  isoquinolinium
cations,’>? 1,10-phenanthrolinium cations,”>3 4-hydroxy-
pyridine derivatives,”> amino acid derivatives,’*® nano-
biphasic systems based on hydrophobic phosphonium salts
and hydrophilic ammonium salts,?33. 756 ¢z, 757761

Another type of dendrons includes systems self-organ-
ized through van der Waals forces (LCWdV). Since rela-
tively strong Coulombic interactions in ion pairs and
interactions between ion pairs play a key role in the mutual
alignment of dendrons, the self-assembly of ILCs generally
affords flat discs, which form cylindres of a columnar phase
stabilized by m-interactions between aromatic moieties. The
self-assembly of LCWdV has no this limitation, the angle of
rotation of the dendron being only rarely a divisor of 360°.
Hence, these dendrons most often form supramolecular
aggregates with helical symmetry.

In recent years, classical LCWdV based on gallic acid
derivatives with long aliphatic tails (compounds 371) 762764
became classical compounds. Since the beginning of the
1990s, these compounds have been systematically
studied.737- 765770

Some representatives of this class of compounds are
prone to undergo self-assembly to form supramolecular
cylindres. The latter, in turn, are organized in a block state
to form either a two-dimensional ordered (¢@on) or disor-
dered columnar LC phase (¢n) (Fig. 117). With increasing
temperature, two phase transitions were observed in the
synthesized compounds: the disorder in the columns and

HZWCHO@CHZ—O
H2n+1Cn04©*CH2*O
Han+ 1Cn04©7CH270
371

Xis a focal group (e.g., OH) or a polymer chain

Structures 371
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c-LocH.CH, };x
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Figure 117. Model of the ordered supramolecular structure of
polymethacrylates containing bulky side substituents and their
macromonomers (the lateral view (a) and the top view (b)) and
the schematic illustration of the transition from the ordered to
disordered columnar LC phase (c).”37-7%° Rigid columns composed
of mesogenic groups (shaded rings) are located in a continuous
aliphatic template.

their subsequent melting. Besides, it was found that the
order—disorder transition temperature, the isotropization
temperature and, on the whole, the ability of the macro-
monomers and polymers containing bulky sector-shaped
side groups to form a columnar phase depend on the
structure of the monomer, namely, on the length and the
chemical structure of the spacer and the nature of the
mesogenic group and the alkyl tails.

The distinguishing structural feature of gallic acid-based
supramolecular aggregates is the tilt of individual dendrons
with respect to the column axis (tilt angle) to facilitate
n-stacking between individual molecules in the column. The
order —disorder transition within columns is a cooperative
process and involves the successive melting of aliphatic tails,
disorder of dendrons and an increase in the amplitude of
thermal vibrations. As a result, the average tilt of dendrons
with respect to the axes of supramolecular aggregates in a
disordered columnar phase is 90°. Therefore, the transition
to the disordered columnar phase leads to a sharp increase
in the diameter of columnar aggregates rather than to a
decrease in this diameter, as in the above-considered exam-
ples of ILCs. It is also worth noting that supramolecular
aggregates have helical symmetry different for different
dendrons (see Fig. 117 a).

Many biological macromolecules (proteins’’! and
DNA 772.773) require the chiral organization of their supra-
molecular aggregates. Hence, in recent years, researchers
have paid great attention to the self-assembly and self-
organization of optical stereoisomers of different
nature.”74-783

Let us consider the most interesting, in our opinion,
example intermediate between the self-assembly and self-
organization. Six helicoidal molecules based on [7]-hetero-
helicene (372) form helical aggregates of the first level,
which, in turn, are arranged in supramolecular columns
with symmetry 135. The helical symmetries of the aggregates

Structure 372
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Figure 118. Electron density distribution in an ordered columnar
phase composed of [7]-heterohelicene molecules 372: the calculated
model of the supramolecular aggregate composed of six molecules
is superimposed on the high electron density zone (a); structural
parameters (b) and the results of simulation (c), the top view (d)
and the lateral view (e¢) of helical cylindres, formed by [7]-hetero-
helicene.”® Ry is the distance from the centre of gravity of the
molecule to the column axis; yo is the angle of rotation of the
molecule around the radius of the helix (fan angle), wy is the angle
of rotation of the molecule around the intramolecular axis y (tilt
angle), Z, is the vertical shift of two adjacent molecules with respect
to each other. Published with the permission of Wiley.

of different levels are significantly different. Supramolecular
columns are characterized by the presence of a rather wide
axial channel with a size of 7-8 A (Fig. 118). The self-
assembly of supramolecular aggregates leads to the selec-
tion of optical isomers. Thus, each individual column is
composed of molecules with the same chirality.786- 787

3.4. Supramolecular design of functional nanosystems based
on amphiphilic compounds: fundamental aspects and
prospects for biomedical applications

Supramolecular systems based on amphiphilic compounds
(surfactants, lipids, polymers, macrocycles) are widely used
in modern nano- and biotechnology to create drug delivery
systems, modify and stabilize various dispersions in the
food and cosmetics industry, agriculture, production of
protective coatings, erc.’88-78% The practical application of
supramolecular systems is based on the amphiphilic nature
of building blocks, which ensures their affinity to both
hydrophilic and hydrophobic objects (molecules, surfaces,

particles), as well as the related ability to self-assemble at
the interfaces and in the bulk solution to form nanoscale
aggregates of various morphology: micelles, microemul-
sions, vesicles, liquid crystals.”®%-7°0 An important property
of such aggregates is their solubilizing activity toward
poorly soluble compounds.’®! This explains the high level
of interest in the use of supramolecular systems based on
amphiphiles of open-chain and macrocyclic structure as
nanocontainers for concentrating, stabilizing and delivering
drug substances for various purposes.”??

This part of the review focuses on two relevant areas
that attract the attention of researchers at the current stage
of development of supramolecular and colloidal chemistry.
The first one is related to the problems of self-assembly and
functional activity of cationic amphiphilic compounds, their
biomedical potential in drug delivery and design of
lipoplexes, micellar and microemulsion nanocontainers,
liposomes and supra-amphiphilic structures involving mac-
rocycles. The second area concerns nonequilibrium supra-
molecular carrier systems based on non-ionic surfactants
(niosomes, nanoemulsions, transferosomes), which have
broad prospects for practical use as drug delivery systems
and the development of compositions based on them with
improved mucoadhesive properties suitable for noninvasive
drug administration.

3.4.1. Supramolecular systems based on cationic surfactants:
self-assembly, construction and modification of nanocontainers
and complex formation with biopolyanions

In biomedicine, cationic surfactants have received quite a
lot of attention due to their high affinity to cell membranes
and intracellular organelles (in particular mitochondria),
biopolyanions, for example, DNA, high antimicrobial
activity, erc.’°3794 Despite the large number of publica-
tions, the search for new amphiphilic compounds that meet
the criteria of modern technologies remains a relevant task.
The main requirements are low aggregation thresholds,
reduced toxicity, biodegradability and the capacity for
multipoint interactions that enhance the binding of guest
molecules (drugs and diagnostic probes). For this reason,
the current scientific literature covering fundamental and
applied aspects of supramolecular systems focuses on the
design of novel amphiphilic compounds and evaluation of
their characteristics.”>

3.4.1.1. Cationic surfactants containing a pyrimidine moiety

The introduction of natural moieties into amphiphilic
molecules is a pronounced trend in the design of amphi-
philic compounds and is aimed at obtaining biocompatible
supramolecular systems with affinity to biomolecules.
Reviews of Zakharova et al.’°%7°7 summarize the results
of systematic studies of various surfactants, including pyr-
imidine-containing macrocyclic (pyrimidinophanes) and
open-chain mono-, di- and multicationic compounds differ-
ing in hydrophobicity (the number and length of alkyl
chains) and in the nature of the spacer. These publications
establish the regularities of self-assembly of pyrimidine-
containing surfactants characterized by the presence of a
bulky pyrimidine moiety in the spacer and the macrocyclic
structure of the molecule, which prevent the dense packing
of the surfactant during aggregation. These factors cause
rather high values of the packing parameter and a specific
association pattern differing from that of the conventional
cationic trimethylammonium (TMA) surfactants. Most of
pyrimidine surfactants tend to form large aggregates with
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diameters close to 100 nm and are capable of structural
rearrangements. The loose packing of pyrimidine-contain-
ing surfactants in aggregates underlies a unique phenom-
enon, a shift in solution pH above the critical micelle
concentration. The probable cause of this is ionization of
water molecules in the head group shells due to low degree
of binding of counterions and excess surface charge of the
aggregates. As a consequence, a hydroxide—hydroxonium
ion pair is generated, with the hydroxide ions remaining in
the Stern layer due to electrostatic interaction with the
positively charged head groups, and the hydroxonium ions
located in the bulk phase. The controlled self-assembly
ability, the morphological lability and the presence of a
natural moiety complementary to the nucleotide units of
DNA formed the basis for the development of supramolec-
ular nanocontainers made of pyrimidine-containing surfac-
tants for the delivery of gene material and hydrophobic
bioactive substances, including pH-dependent low-toxic
nanocontainers.”6 797

3.4.1.2. Biodegradable amphiphilic compounds
One of the most important criteria when selecting amphi-
philic building blocks is their biodegradability. In this
connection, much attention is paid to the design of so-called
degradable surfactants, which contain groups that are
detached under the action of enzymes, such as ester, amide
and carbamate groups.”’?® In accordance with this trend, a
homologous series of carbamate-containing surfactants
373a—d with ethyl and butyl substituents in the carbamate
moiety was synthesized.”®-800 It was shown that introduc-
tion of carbamate moiety decreases the CMC (~ 5-fold) and
the Krafft temperature (by up to ~15 °C) in comparison
with those for typical surfactants with TMA head group
and increases the half-lethal dose (LDsg) from 27 [for
cetyltrimethylammonium bromide (CTAB)] to 80—
100 mg kg—!. Consequently, this series of cationic surfac-
tants belongs to the category of moderately toxic com-
pounds. It was shown that carbamate-containing surfac-
tants can be used as effective micellar nanocontainers for
hydrophobic guest molecules. They provide higher solubili-
zation activity in the low concentration range than conven-
tional TMA-containing surfactants, probably due to the
additional contribution of hydrogen bonds to the aggrega-
tion and binding of the guests. A significant advantage of
carbamate-containing surfactants is their antimicrobial
activity, which is comparable or superior to that of com-
mercial products Norfloxacin and Ketoconazole, and also a
combination of antibacterial and antifungal activities.”®®
Further improvement of the aggregation and functional
properties of compounds 373b,¢c was undertaken by Mirgor-
odskaya er al.8°© Mixed micellar systems and oil/water
microemulsions with the addition of nonionic surfactants
Tween 80, Tween 20 and Triton-X-100 were formed in
order to reduce the CMC and improve the toxicity charac-
teristics. A negative deviation of the behaviour of these
binary systems from the ideal mixing behaviour was shown.
In the course of the research, the mixture composition was
optimized in order to achieve a balance between practically
valuable characteristics of both surfactants: retention of the
positive surface charge, high solubilization capacity and
antimicrobial activity of cationic surfactants in combination
with low CMC and low acute toxicity of nonionic amphi-
philes. Low-toxicity nanocontainers of micellar and micro-
emulsion types for the hydrophobic drug Meloxicam were

obtained as a result of optimization, allowing increasing its
solubility in water by a factor of 575.

Supramolecular systems based on carbamate-containing
surfactants can act as selective traps for binding and
concentrating polycyclic aromatic pollutants.8°! High sol-
ubilization capacity of 373b-based systems toward naph-
thalene was found, exceeding that toward anthracene by
two orders of magnitude. Moreover, an example of the use
of carbamate-containing surfactants 373a,b as adjuvants
enhancing the efficiency of plant protection products was
reported 892 (Fig. 119). Nanoscale supramolecular composi-
tions based on the Lontrel pesticide were developed to
improve its wetting effect and penetration in the treatment
of plants. The main factors controlling the efficacy of such
compositions are surfactant structure and concentration,
treatment time and temperature. The greatest effect was
detected for compound 373a, for which a higher increase in
efficacy was observed with increasing temperature.

Structures 373
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Figure 119. Structure of Lontrel and effect of temperature on its
content in the plant in the absence (/) and in the presence of
carbamate-containing surfactants 373a (2) and 373b (3) and CTAB
(4). Cherb is the concentration of Lontrel herbicide when delivered
to the plant in an aqueous or aqueous micellar solution.80?
Published with permission from Elsevier.

3.4.1.3. Cationic surfactants with imidazolium head group

Imidazolium surfactants constitute a separate class of
amphiphilic compounds and ionic liquids, which is widely
demanded in the design of polyfunctional supramolecular
compositions and their use in synthetic and technological
development of drug delivery systems.803 Therefore, the
design and study of new imidazolium surfactants is of
significant interest from both theoretical and practical
points of view. Samarkina et al.8°4 805 synthesized a homol-
ogous series of imidazolium surfactants 374a—d and carried
out a systematic study of their self-organization at the
interface between phases and in the bulk solution; a signifi-
cant potential of these products in the field of biomedicine
was demonstrated. For imidazolium surfactants 374a-—d,
the CMC was found to decrease fourfold with an increase in
the length of the alkyl substituent by one methylene unit.
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The morphological behaviour of the lower and higher
homologues is significantly different. The tetradecyl deriv-
ative 374b is characterized by the formation of small
spherical micelles <10 nm in size, and the higher homo-
logues form large aggregates with a hydrodynamic diameter
(Dn) of ~100 nm. The C-potential of the aggregates
increases with increasing alkyl chain length in the range of
65-90 mV. At the same time, the solubilization activity of
the systems changes little with hydrophobicity of the sur-
factant.

An important property of amphiphilic compounds is
their membranotropic activity, i.e., the ability to integrate
into the lipid bilayer of cell membranes. For the homolo-
gous series of imidazolium surfactants, it was established
that the membranotropic properties depend on the length of
the alkyl substituent. For compounds 374b,c, a significant
decrease in the main phase transition temperature of dipal-
mitoyl phosphatidylcholine in the presence of surfactants
was shown, which is associated with disordering of the
bilayer due to the integration of surfactant molecules.
Meanwhile, in the case of surfactant 374d, the main phase
transition temperature increases, which correlates with the
stabilization of the bilayer structure. For hydrophobic drug
Indomethacin, it was shown that it does not penetrate into
the lipid bilayer, while the integration of the imidazolium
surfactant 374b into the liposome provides the membrano-
tropic ability of the system.

Cationic surfactants are widely used as nucleic acid
transporters.8%¢ The interaction of positively charged sur-
factant head groups with the phosphate anions of nucleo-
tide units leads to charge neutralization and compaction of
the DNA macroion, which facilitates its delivery across cell
membranes. Imidazolium surfactants 374a—d were inves-
tigated as nanocontainers for oligonucleotides. It was
shown that the surfactant—oligonucleotide complexes
(lipoplexes) do not exceed 250 nm in size and, in the case
of higher homologues, they are formed at rather low ratios
of surfactant to oligonucleotide. A specific feature of this
series of homologues is the absence of recharging of lip-
oplexes with an increase in the surfactant concentration: in
the course of complexation, a compensatory change in the
{-potential was observed, but no change in the negative
charge of phosphate anions with increasing proportion of
surfactants was detected. Probably, in contrast to the TMA
series, complexation occurs not only due to electrostatic
interactions, but also due to alternative mechanisms, includ-
ing, for example, the contribution of hydrophobic and
intercalation effects.

Studies of the interaction of imidazolium surfactants
with natural polyanions were continued by Samarkina
et al.3% in relation to the interaction of the homologous
series of imidazolium surfactants 374a—d with BSA. The
surfactant — protein systems are of interest from the point of
view of the effect of amphiphilic compounds on the proc-
esses of denaturation and stabilization of biopolymers, and
also for studying the mechanisms underlying a number of
serious diseases of the central nervous system.307 It was
found that the addition of BSA has a synergistic effect on

the aggregation of imidazolium surfactants, providing a 50-
fold decrease in CMC values. The formation of nanocom-
plexes with a hydrodynamic diameter of ~ 10 nm is medi-
ated by the contribution of tryptophan moieties of the
protein, which is confirmed by the data of polarization
fluorescence spectroscopy. Polymer-colloidal complexes of
374a—d with BSA exhibit improved solubilization activity
toward hydrophobic spectral probes and drugs (for exam-
ple, Metronidazole) in comparison with separate compo-
nents, and this activity increases with increasing hydro-
phobicity of surfactants. Nanocontainers based on binary
systems provide prolonged drug release (fourfold retarda-
tion) and the ability to penetrate the lipid bilayer.

To improve the aggregation and functional character-
istics and also the biomedical potential of imidazolium
surfactants, amphiphilic compounds 375a—¢ containing an
additional carbamate moiety were synthesized.®%® The func-
tionalization resulted in a 2-3 times lower CMC and
enhanced membranotropic activity of the systems compared
to their imidazolium analogues. In addition, this series
exhibited more diverse morphological behaviour, which
was controlled by hydrophobicity and surfactant concen-
tration. In particular, a transition takes place from small
spherical micelles formed in solutions of compound 375b at
low concentrations to large aggregates (~ 100 nm) formed
at higher concentrations.

- Structures 375
R Br o)
+
SN\ J\ _Et R = n-C14H20 (a),
\\/N*(CHz)zo H n-C1eHas (b),
375a-c n-CreHar (¢)

The biomedical potential of supramolecular systems
based on surfactants 375a—c was confirmed by the effective
formation of lipoplexes. In contrast to imidazolium surfac-
tants, the complexation of compounds 375a—c¢ with the
oligonucleotide was accompanied by recharge of the system,
which indicates the predominant contribution of the elec-
trostatic mechanism. In addition, this homologous series
exhibited improved antimicrobial properties against a num-
ber of bacterial and fungal strains, which are superior to
those of commercial reference drugs in the concentration
range characterized by a low hemolytic activity of surfac-
tants (not more than 0.9%).

An evaluation of the surfactant complex-forming ability
in relation to BSA showed a synergistic nature of the
interaction, which is confirmed by a 5—8-fold decrease in
the aggregation threshold.8%%-810 The use of a combination
of fluorescence spectroscopy and circular dichroism techni-
ques shed light on the nature of the interaction between the
components. It was shown that complex formation involves
tryptophan residues of the protein and occurs via contribu-
tions of van der Waals and electrostatic forces in combina-
tion with hydrophobic effect, with the balance between
them being controlled by the length of the alkyl group of
the surfactant. Using compound 375b as an example, it was
shown that the addition of a surfactant causes partial
reversible destruction of a-structures and an increase in
the fractions of B-structures and disordered hydrophobic
domains.

An effective technique to modify the properties of
amphiphilic molecules is their functionalization with
hydroxy-containing moieties, which makes it possible to
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change the micropolarity and involves hydrogen bonding
into the processes of aggregation and binding of guest
molecules. A series of imidazolium surfactants 376a—c
with a 2-hydroxyethyl moiety was synthesized.®!! The
presence of OH in the head group of these surfactants
somewhat reduces the CMC and enhances the solubilization
activity of the systems, while maintaining a high level of
antimicrobial properties. As in the case of compounds
375a—c, the introduction of a new structural moiety
increases the diversity of the morphological behaviour of
supramolecular systems: transition from spherical micelles
formed for lower homologues to large aggregates
(~100 nm) with increasing hydrophobicity of surfactants
is observed. When the particles are visualized by electron
microscopy, the formation of cylindrical micelles in the
system based on surfactant 376b is detected.

Structures 376
_ =
Br . ’\{/\N —(CHz)>0OH
n‘H2n+1Cn/ n=12(a), 16 (b), 18 (c)
376a—c

OH-functionalization enhances the membranotropic
activity of the compounds, which increases in the following
surfactant series: TMA < imidazolium < hydroxyethylated
imidazolium.3!1-812 In the case of hydroxyethylated imida-
zolium surfactants 376a—c, the effect depends on the length
of the alkyl substituents. For lower members of the series,
disordering of the lipid bilayer (decrease in the main phase
transition temperature) with increasing surfactant:lipid
ratio was observed, while compound 376c¢ stabilized the
bilayer, contributing to the liquid crystal —gel transition.

A study of the complex formation of hydroxyethylated
imidazolium surfactants with oligonucleotides 819 confirmed
the regularities first established for unsubstituted imidazo-
lium surfactants. The formation of nanosized (200-—
250 nm) lipoplexes was shown. Despite the high binding
efficiency of the components confirmed by quenching of the
fluorescence of the ethidium bromide intercalator, no
recharging of the complex occurs, indicating the domina-
tion of alternative mechanisms over electrostatic interac-
tions. Probably, the key role in this case is played by the
structure of the head group (transition from TMA to
imidazolium derivative), whose functionalization with
hydroxyethyl moieties has no significant effect. Meanwhile,
as shown above, carbamate-containing imidazolium surfac-
tants caused not only the compensation of the negative
charge of the phosphate anions, but also the transition to
the region of positive {-potentials, as in the case of TMA
analogues and some other cationic surfactants with pyrimi-
dine and morpholinium moieties.”% 797 Fluorescence micro-
scopy visualized the internalization of lipoplexes by
M-HeLa cells,8°® which confirms the potential of the
formed supramolecular systems as nanocontainers for intra-
cellular delivery of gene material.

3.4.1.4. Gemini surfactants

Among the new generation of amphiphilic compounds,
much attention has been paid to dimeric (gemini) surfac-
tants, which contain two head groups linked to alkyl chains
and a spacer of variable length.813-814 Along with the key
factor of hydrophobicity of amphiphilic compounds, which
determines their level of aggregation activity, the properties

of gemini surfactants are largely controlled by the nature,
length and flexibility of the spacer and by the presence of
heteroatoms and rings. Therefore, the current literature is
focused on aspects related to the design of gemini surfac-
tants and elucidation of structure — property relationships in
homologous series.

In contrast to conventional gemini surfactants, their
OH-functionalized counterparts have hardly been studied,
although significant effects of hydroxyalkyl moieties on the
aggregation properties and functional activity have been
shown for monocationic surfactants.®!> This gap was parti-
ally filled by Zakharova and co-workers,?1%8!17 who per-
formed a systematic study of a series of gemini surfactants
377a—d with different spacer lengths containing a hydrox-
yethyl moiety in the head group. A comparison of com-
pounds 377c¢ and 37883'® shows that OH-functionalization
of the spacer has less effect on surfactant properties than in
the case of introduction of substituents in the head groups.
This may be due to lower accessibility of the OH groups in
the spacer for hydrogen bonding with guest molecules.

A comprehensive study of the self-assembly of a series of
gemini surfactants 377a—d was initiated by the results
demonstrating a high efficiency of transfection of eukary-
otic cells, which was comparable or superior to that of
commercial products and was regulated by the length of the
spacer, increasing in the series of compounds
377b < 377a < 377d.8'% The highest level of transfection
found for surfactant-based lipoplexes with a dodecamethy-
lene spacer should have been determined by the specific
structural characteristics of the systems. The set of data
from diffusion-ordered NMR spectroscopy, DLS and fluo-
rescence anisotropy showed the formation of spherical
aggregates of 4—7 nm in size in all systems in the CMC
region. With an increase in the surfactant concentration, an
increase in the size, aggregation numbers, and {-potential of
the particles was observed. A specific structural feature of
aggregates based on compound 377d is a looser molecular
packing and labile morphological behaviour, which is con-
sistent with the calculation of the packing parameter,
fluorescence anisotropy, higher micropolarity in the site of
location of the fluorescent probe and a higher degree of
hydration of the peripheral region of the aggregates. In
addition, compound 377d exhibits enhanced membrano-
tropic properties.®!7 An increase in the efficiency of trans-
fection with increasing spacer length correlates with a
higher efficiency of complexation of surfactant with oligo-
nucleotides found for surfactant 377d by quenching of the
ethidium bromide fluorescence and with neutralization of
the charge of nucleotide units. However, this effect is not
confirmed by the data of gel electrophoresis and docking,
which attest to a low degree of electrostatic interaction of
the components in the 377d —oligonucleotide system. Prob-
ably, in this case, the key factors are hydrophobic inter-

Br— ‘ ‘ Br— Structures 377, 378
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actions and conformational and morphological lability of Br Structures 379
the .amphiphile, \x{hich al.lows for a favourable orientation YA R = n-C14Hze , MX = La(NO3)s (a):
during the formation of lipoplexes. R*NfN'MX R = n-CigHas: MX = La(NOa)3 (b),

3.4.1.5. Metal-containing surfactants

Supramolecular systems based on an amphiphilic matrix
incorporating an inorganic structural moiety can be used to
design new hybrid organic-inorganic nanomaterials, which
have a range of specific properties required in modern
technologies. Such amphiphilic building blocks include
metal-containing surfactants (metallosurfactants),”®® which
are widely used in template synthesis and homogeneous
catalysis, as well as in biomedical applications as non-viral

CuBrz (c¢), Cu(NO3)2 (d), Co(NO3)2 (e),

379a—-g Ni(NO3)2 (f); R = n-C1gHs7, MX = La(NO3)3 (@)

Despite the widespread use in practice, fundamental aspects
of the formation of supramolecular systems based on metal-
losurfactants have been little studied. For example, a series
of works819-824 is devoted to the synthesis, self-organiza-
tion and functional activity of complexes 379a—g of cati-
onic surfactants based on 1,4-diazabicyclo[2.2.2]octane

vectors, diagnostic probes, antimicrobial agents, efc.
Table 7. Quantitative  parameters characterizing the aggregation and solubilization activities of cationic  surfac-
tants.799- 800,804, 806,808, 811,816,818 - 826
Cationic CMC (tens.), Dy, nm Nagg {-potential, mV p S
surfactant mmol L—!
373a 1.0 — 69 — 0.56 0.0125 (1)
373b 0.24 3-5 35 1064 0.51 0.024 (1)
0.451 (2)
0.007 (3)
0.375(4)
0.226 (5)
373c 0.75 - 29 — 0.54 0.027 (1)
0.186 (5)
373d 0.09 — 23 — 0.55 0.0207 (1)
374a 10 4-6 — 40 - —
374b 2.7 6—10 — 65 0.90 0.01 (1)
374c¢ 0.9 100 - 75 091 0.014 (1)
374d 0.7 118 — 90 0.94 0.019 (1)
375a 1.3 2-4 16 50 - 0.0037 (1)
375b 0.3 2-120 40 80 - 0.0021 (1)
375¢ 0.1 2-10 38 60 - 0.0075 (1)
376a 2 2-4 44 59 0.73 0.02 (1)
376b 0.6 80150 142 76 0.80 0.031 (1)
376¢ 0.2 90-250 150 89 0.95 0.037 (1)
377a 0.0014 <10 12 — — 0.029 (1)
377b 0.0045 <10 18 — — 0.036 (1)
377d 0.008 <10 28 50-80 - 0.016 (1)
378 0.03 - - — - 0.034 (1)
379a 2.37 5-6 21-46 20-60 0.33-0.4 0.028 (1)
379b 0.33 4-6; 24-27 - 0.85-0.95 0.103 (1)
69-83; 339 0.126 (6)
379c 0.65 1-6; 20-29 50-80 0.76—-0.90 0.0495 (1)
120-240 0.254 (7)2
0.0167(7)°
379d 0.38 4-6; 16-25 37-75 0.85-0.90 0.053 (1)
2868 0.120 (8)
379e 0.60 5-7;44-105 23-44 37-75 - 0.034 (1)
379f 0.56 6—7;50-59 21-64 5-25 0.28-0.30 0.023 (1)
379g 0.097 39-61; 228 10-30 50-60 0.49-0.7 0.109 (1)
380d 2.0 - 11 78¢ 0.45 0.029 (6)
0.013 (1)
380e 0.33 1.7 6 92¢ 0.50 0.043 (6)
0.020 (1)
380g 0.10 3.4 2 108¢ 0.75 0.054 (6)
0.0277 (1)

Note. The following designations are accepted: CMC (tens.) is critical micelle concentration obtained by tensiometry; Nag is the micelle
aggregation number; f3 is degree of binding of counterions by micelles; S is solubilization capacity in relation to Orange OT (/), naphthalene (2),
anthracene (3), Indomethacin (4), Meloxicam (5), Sudan 1 (6), Nitrofurantoin (7), Griseofulvin (8). # In the pre-micellar concentration range. ® In

the area above the CMC. ¢ Surface potential.




990

1.S.Antipin, M.V.Alfimov, V.V.Arslanov, V.A.Burilov, S.Z.Vatsadze et al.
Russ. Chem. Rev., 2021, 90 (8) 895-1107

derivatives (DABCO-n, where n is the number of carbon
atoms in the alkyl substituent) with transition metal salts.

Complexes 379b,d —f formed by the hexadecyl derivative
with Lalll, Cul!, Co!l, Nil nitrates, respectively, exhibit
higher aggregation activity compared with the amphiphilic
ligand DABCO-16, and the CMC value changes, depending
on the mnature of the metal, in the series
Co ~ Ni > Cu ~ La.?20-821 1t was found that vesicle—
micelle morphological rearrangements take place in solu-
tions of metal complexes, which is confirmed by a decrease
in the fluorescence anisotropy and decrease in the aggregate
size (Dyp) from >100 to <10 nm with increasing surfactant
concentration (Table 7) and also by increasing pyrene
eximerization coefficient, equal to the ratio of fluorescence
intensity of the excimer and pyrene monomer in the region
preceding the CMC. According to DLS data, a bimodal
aggregate size distribution occurs for the majority of metal-
losurfactants. This probably indicates the coexistence of
micelles and vesicles in the studied systems, which are in
dynamic equilibrium, but micellar nanoparticles dominate
as the fraction of metallosurfactants in the solution
increases.

Acute toxicity assays showed 2-6 times higher LDsg
values for metal complexes 379 compared to those of a
classical surfactant, CTAB, which allowed them to be
classified as moderately or low toxic. The lowest toxicity
was found for complex 379b (DABCO-16 with lanthanum
nitrate). Like the parent ligand, the metal complexes have
antimicrobial activity accompanied by higher selectivity and
are superior to Norfloxacin against several strains (Staph-
vlococcus aureus, Bacillus cereus).

Metallosurfactants exhibit high potential as micellar
nanocontainers.829-821 Their solubilization capacity toward
the hydrophobic spectral probe Orange OT was shown to
increase in the series 379f < 379e < 379d < 379b (see
Table 7). These findings were used to increase the solubility
of the hydrophobic antifungal agent Griseofulvin.$2* Micel-
lar nanocontainers based on DABCO-16 complexes with
Cu'! (379d) and La''" (379b) nitrates were formed, for which
an even higher solubilization capacity was achieved than
that of Orange OT. An additional advantage of these
systems is their activity in a low concentration range: the
solubilization capacity of the pre-micellar aggregates was
higher than that of the micellar structures. In addition, the
drug efficacy was enhanced by the antimicrobial activity of
the amphiphilic metal complexes themselves.

Zhiltsova et al.82?-823 synthesized a DABCO-16 complex
with copper dibromide (379¢), which showed a slightly
lower aggregation activity than the complex with copper
nitrate. DLS studies confirmed the tendency of metallosur-
factants to polymorphism: transition from large vesicular-
type aggregates formed in the low-concentration range to
small micelles was observed as the CMC was attained.
Evaluation of the solubilization capacity of such systems
showed similar values for DABCO-16 complexes with
copper nitrate (379d) and bromide (379¢) toward Orange
OT (see Table 7). Micellar nanocontainers based on 379¢
were used to increase the solubility and bioavailability of
the antimicrobial drug Nitrofurantoin.®23 A high solubiliza-
tion capacity (S = 0.254) of this compound was found in the
premicellar range, which was 15 times higher than the effect
found in the concentration range above the CMC
(S =0.0167). As in the case of traditional amphiphilic
compounds, the properties of metallosurfactants are largely
controlled by the length of the alkyl substituent. In relation

to lanthanum nitrate complexes, it was shown that the
CMC values were 2.37, 0.33 and 0.097 mmolL—! in the
series of 1igands with R = H-C14H29 (3793), n-C16H33 (379b)
and n-Ci;gHs; (379g).8'° The solubilization capacity
increases by a factor of five on going to higher homologues.

3.4.1.6. Cationic surfactants with a phosphonium head group
Amphiphilic compounds with phosphonium head group
have high potential for biomedicine. First of all, this
concerns triphenylphosphonium (TPP) derivatives 380a—g,
which are considered as highly effective systems of drug
delivery into mitochondria,.””* The aggregation behaviour
of TPP—surfactant series significantly differs from that of
conventional cationic surfactants.823-826 It was shown 823
that, although the slope of the linear dependence of
log CMC on n (n is the number of carbon atoms in the
alkyl group), characterizing the surfactant aggregation
activity, is close to 0.3 and coincides with that for a wide
range of cationic surfactants, the plot of this dependence for
TPP series lies much lower than that for other surfactants.
This attests to superior aggregation properties of this
homologous series. Another significant advantage com-
pared to TMA analogues is high solubilization capacity of
TPP-based nanocontainers. It was suggested 825 that the
additional non-polar domain formed by the benzene rings
of such surfactants contributes to the solubilization process.
Furthermore, the selectivity of micellar TPP containers to
guest molecules of various structures, in particular the
spectral probes Orange OT and Sudan I, is noteworthy
(see Table 7).

Zakharova et al 8?7 reported the first example of a study
of TPP surfactants as nanocontainers for DNA decamer. A
high degree of component affinity was shown, which
increased with increasing surfactant hydrophobic substitu-
ent length, indicating the contribution of cooperative bind-
ing involving surfactant aggregates. The cytotoxicity assay
revealed a dependence of the effect on the surfactant hydro-
phobicity: the highest cytotoxicity was observed for com-
pounds 380d,e, while for the terminal members of the series
(380a,g), the cytotoxicity decreased. In addition, charge
neutralization during formation of lipoplexes was also
accompanied by a decrease in the toxicity. Thus, high
aggregation activity, pronounced membranotropic proper-
ties and the ability to form lipoplexes cause a high level of
scientific interest in these compounds and confirm their
practical potential for the development of drug delivery
systems.

Structures 380

Br—
+
©7P7CnH2n+ 1-N

380a—g

n=7(a),9(b),10(c), 12 (d),
14 (e), 16 (f), 18 (g)

3.4.1.7. Liposomes modified with cationic surfactants

Liposomes are the most demanded drug delivery systems.828
In order to improve their properties, first of all, the
efficiency of loading and encapsulation, duration of circu-
lation and targeted delivery and to reduce side effects,
several generations of liposomal systems have been devel-
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oped to date. One of the effective approaches to improve the
properties of liposomes is their modification aimed at
increasing stability and specificity to diseased cells. The
frequently applied methods include liposome pegylation,
covalent functionalization with targeting moieties, ezc. In
contrast to the covalent strategy, non-covalent liposome
modification is a relatively new method, little described in
the literature.

The interest in cationic carriers is associated primarily
with the search for systems for DNA transport and targeted
drug delivery to cell organelles, in particular to mitochon-
dria. There are only few studies dealing with the fabrication
of cationic liposomes using the non-covalent strategy.
Kuznetsova et al.$2%-330 fabricated DPPC-based liposomes
modified with cationic surfactants with imidazolium and
TPP groups. When creating liposomal delivery systems, the
authors optimized the composition in order to maintain a
balance and preserve the advantages of both lipid compo-
nents (low toxicity, biocompatibility) and cationic surfac-
tants (the presence of a positive charge, providing the
affinity for cell membranes and particle stability). In the
case of imidazolium surfactants, liposomes of 70—100 nm in
size and with high (-potential (up to 45-70mV) were
obtained and remained stable for six months. The proper-
ties of liposomes were controlled by varying the surfactant
to lipid ratio and surfactant hydrophobicity. The composi-
tionally optimized liposomes were used to encapsulate
Metronidazole; the highest encapsulation efficiency (75%)
was obtained for octadecyl derivative 380g. Prolonged
release of this drug from modified liposomes was demon-
strated.

Kuznetsova er al.®3° reported one of the first examples
of non-covalent modification of liposomes with a TPP
surfactant. For the first time, systematic optimization of
the composition of liposomes was carried out and the
influence of the structural factor on the properties and
stability of systems was revealed. The best results were
obtained using dodecyl (380d) and tetradecyl (380e)
derivatives of TPP surfactants. Using Rhodamine B as

Modified cationinc
liposomes

-OFD

. is Rhodamine B;

(1) prolonged release time;
(2) colocalization with mitochondria

Mitochondrion

Figure 120. Mitochondria-targeted cationic liposomes modified
with TPP bromides and loaded with hydrophilic substrates.53¢
Published with the permission from the Royal Society of
Chemistry.

an example, it was shown that an increase in the surfac-
tant content promotes accelerated release of guest mole-
cules. Successful highly efficient encapsulation of Metro-
nidazole and Doxorubicin was performed and prolonged
drug release was demonstrated. All functional parameters
of modified liposomes (stability, loading and release)
were higher by a large factor than those of lipid lip-
osomes. Using the example of pancreatic tumour cells, it
was for the first time reliably shown by confocal micro-
scopy that non-covalently modified liposomes containing
an amphiphilic TPP cation provide a higher degree of
colocalization with mitochondria than unmodified car-
riers (Fig. 120).

3.4.1.8. Supramolecular amphiphiles based on surfactants and
macrocycles
One of the promising methods for obtaining functional
assemblies is to combine various components through non-
covalent interactions. This approach avoids lengthy proce-
dures for the formation of complex nanostructures using
organic solvents, which meets the criteria of green chem-
istry. The supramolecular amphiphiles (supra-amphiphiles)
are fabricated with participation of flexible open-chain
surfactant molecules and macrocyclic molecules with a
rigid skeleton. Unlike traditional amphiphilic compounds,
in supra-amphiphilic systems, hydrophobic and hydrophilic
parts are linked via non-covalent interactions.®3! The
dynamic nature of the formation of non-covalent bonds in
supra-amphiphiles determines a reversible change in their
physicochemical properties, which is important for creating
smart stimuli-responsive nanomaterials. The wide opportu-
nities of modifying the rims of the calixarene platform with
various functional groups allow for the design of such
systems, which is confirmed by recent reviews 433 ~455,832
Sulfonate derivatives of calix[4]arenes are most often
used to fabricate supra-amphiphilic systems. The complex-
ation of these macrocycles with cationic surfactants affords
supra-amphiphiles, which are capable of aggregation at
lower concentrations than single surfactant molecules. It
should be noted that, in contrast to other macrocycles
(cyclodextrins and cryptands), the CMC value of gemini
surfactants can decrease 1000-fold in the presence of sulfo-
nate calix[4]arene 381a.833 Moreover, a comparison of
complexation of cyclodextrins, cucurbiturils and sulfonate
calix[n]arenes (n = 4, 5 or 6) with ammonium derivative of
tetraphenylethylene showed that, in addition to the electro-
static factor, pre-assembled cyclic scaffold and the encap-
sulating capacity of the inner cavity of calix[4]arene play a
decisive role in the efficient co-aggregation.834
Supra-amphiphiles based on sulfonate calix[4]resorci-
narene 381b and a cationic viologen surfactant with a
hexadecyl substituent, in turn, can aggregate into various

Structures 381
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assemblies that can function as nanocontainers for both
hydrophobic and hydrophilic substrates.®35 Varying the
ratio of the macrocycle to surfactant in these systems allows
for the control over substrate binding and release by
changing the morphology of assemblies,®3¢ which makes
this supramolecular approach promising for biomedical
applications. However, in the case of co-aggregation of
calix[4]arenes with a cationic surfactant, it is necessary to
take into account the toxicity of the latter.837-83% Co-
aggregation of sulfonate calix[4]arenes can also be realized
with an anionic surfactant, sodium dodecyl sulfate (SDS), if
besides sulfonate groups, pH-dependent amino groups, such
as piperidine moieties, are present in the macrocycle struc-
ture at the upper rim (381¢c).83° Acidification leads to
protonation of the amino groups of the macrocycle and
electrostatic interaction with negatively charged sulfo
groups of the surfactant. As a result, a morphological
transition from spherical surfactant micelles (Fig. 121 a) to
mixed rod-shaped aggregates (Fig. 121 b) occurs, accompa-
nied by an increase in solubilization of the hydrophobic
flavonoid quercetin (Fig. 121 ¢).

Analysis of the literature data indicates a high level of
interest in the design of functional supramolecular systems
based on amphiphilic compounds, especially cationic sur-
factants, and their broad demand for targeted drug and
gene delivery, increasing the solubility and bioavailability of
hydrophobic compounds, prolongation of therapeutic
action and overcoming biological barriers. Despite their
high biotechnological potential, nanocontainers based on
cationic surfactants have a number of limitations related to
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Figure 121. AFM images for solutions of the samples containing 1
mmolL—! of compound 38l¢ and 10 mmol L—! of SDS at
pH 8.5 (a) and 1.5 (b); and UV spectra of rutin (red lines) and
quercetin (black lines) in aqueous solution of 1 mmol L=! of
compound 381c and 10 mmol L—! of SDS at pH 2.7 (I, 1),
4.2(2,2"yand 6.3 (3, 3") (T = 25 °C, light path length of 0.1 cm)
(¢).83° Published with the permission from Elsevier.

their toxicity, which can be overcome by targeted function-
alization of the amphiphilic matrix, for example by creating
metallomicelles,319-824 mixed compositions with non-ionic
surfactants 890 or hybrid liposomes.®29-830 Furthermore,
micellar nanocontainers are dynamic systems capable of
uncontrolled decay under biomicroenvironment conditions.
The material presented below in this Section focuses on
alternative systems based on non-ionic surfactants, which
include nanoemulsions, liposomes, transferosomes, efc.
Particular attention is paid to the modification of the
systems to improve their mucoadhesive properties in order
to increase the therapeutic effect of noninvasive drug
administration.

3.4.2. Micellar and vesicular drug delivery systems based on non-
ionic surfactants
Poor water solubility of drug substances, degradation under
physiological conditions, short biological half-life due to
extensive intestinal and hepatic metabolism and, conse-
quently, low bioavailability of drugs are often overcome
by using micellar and vesicular aggregates as carriers of the
active ingredient. Since amphiphilic compounds are widely
used to fabricate such aggregates, surfactant-based delivery
systems play an important role in enhancing the safety and
efficacy of biologically active molecules, including antitu-
mour, antiviral, anti-inflammatory, antimicrobial drugs and
proteins.792.840 844

Non-ionic polymeric surfactants, Pluronics (block
copolymers of ethylene oxide and propylene oxide), can be
used in the design of effective drug delivery systems.
Curcumin solubilization in aqueous systems of such surfac-
tants is performed by thin film hydration, presumably
because the slow dynamics of micellar rearrangement proc-
esses generates obstacles to direct solubilization. Ganguly et
al 3% solved this problem by dissolving curcumin directly
into micellar solutions of Pluronic P123 by heating these
systems up to the phase separation temperature. The result-
ing micellar solutions containing curcumin exhibited cyto-
toxicity against human breast carcinoma cells with ICsg
values similar to those of the free curcumin solution. When
the mucoadhesive polymer x-carrageenan was added, these
solutions turned into gels containing curcumin. In these
solutions, in the presence of NaCl, structural transitions
from spherical to worm-like aggregates and from micelles to
vesicles were also implemented. The curcumin-containing
aggregates thus formed exhibited kinetic stability upon
dilution, which is important for their use in drug delivery.

Non-phospholipid vesicles formed from non-ionic sur-
factants may be a promising alternative to the widely
studied liposomes. Various types of nanosized vesicles
based on non-ionic surfactants improve both permeability
and bioavailability of poorly water soluble drugs.346-847
Mixtures of cholesterol and non-ionic surfactants such as
polyoxyethylene ethers of alcohols and phenols and poly-
oxyethylene esters are often used for bioadhesive drug
delivery systems. Such molecules are not only capable of
forming vesicular particles, niosomes, which have similar
physical properties to phospholipid vesicles, but also have a
number of benefits. Of particular note is their relatively low
cost, which makes them attractive targets for the pharma-
ceutical and cosmetic industries. Moreover, the preparation
of niosomes for routine and large-scale production can be
done without the use of organic solvents.348

Niosomes can be generated from a non-ionic surfactant
Span 20 and then surface-modified with chitosan gluta-
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mate.®4° The added polymer is able to bind to nasal mucin,
which prolongs the residence time of the niosome in the
nasal cavity and facilitates drug delivery to the brain.
Niosomes also showed a significant improvement in the
ocular bioavailability of naltrexone hydrochloride 850 and
prednisolone.®3! Abdelbary et al.33? prepared vesicles by
mixing three surfactant molecules, Span 20, Span 60 and
Span 80, with cholesterol in three molar ratios (1:1, 1:2
and 1:3). The size of the obtained niosomes was 500 nm
and their encapsulation efficiency toward Lomefloxacin
exceeded 78%. Transcorneal permeability improved with
increasing amounts of Span 20 and Span 80 in contrast to
niosomes containing Span 60. The revealed transport prop-
erties may be related to the low phase transition temper-
atures of Span 20 and Span 80 or to the small size and
polydispersity of the niosomes based on them. Despite the
negative (-potential of these niosomes, the increase in
penetration of Lomefloxacin loaded into them was more
significant compared to a solution of the pure drug.

A wider range of different surfactants (Span, Tween,
Pluronic, Bridge, Cremophor) was used to prepare Carbo-
pol-based pro-niosome gels, which rapidly transformed into
nanosized niosomes after oral saliva hydration.®33 The pro-
niosome gel composition consisting of Span 60, lecithin and
cholesterol proved optimal, as its 243 nm nanoparticles
showed the highest encapsulation of Lornoxicam (99.8%).
In addition, this composition demonstrated the rheological
and mucoadhesive properties necessary to achieve optimal
clinical efficacy and higher penetration parameters com-
pared to Carbopol gel containing the same dose of lornox-
icam.

Di Marzio et al®5* assessed the possibility of using
Polysorbate 20 vesicles as systems for oral drug delivery.
In vitro stability studies showed that pH and enzymes of
gastrointestinal fluids (pepsin and pancreatin) did not affect
the stability of these vesicles. However, in the presence of
bile salts, nanosized vesicles showed the release of a fluo-
rescent marker: ~11% after 2 hours and ~28% after
4 hours. In addition, pegylated vesicles had the ability to
adhere to mucin in the intestinal medium rather than in the
stomach. Despite the fact that these results were obtained in
vitro, the presented data may be useful in the development
of innovative drug delivery systems for oral administration.

Vesicular nanoparticles can be formed from non-ionic
surfactants and bile salts and then embedded in chitosan
gels. Mixtures of Span 60 and sodium deoxycholate in a
ratio of 80:20 form spherical vesicles with a diameter of
203 nm with Acetazolamide encapsulation efficiency of
90%.8%% Due to the negative {-potential of this composition
(—38.1 mV), the resulting vesicles were embedded in chito-
san nanogels, obtained by ionic cross-linking with sodium
tripolyphosphate. Nanogels showed good mucoadhesion
times with the least irritating effect compared to drug
dispersion. Moreover, a decrease in intraocular pressure
was found with the use of nanogels compared with oral
administration of Acetazolamide tablets.

Another equally interesting type of vesicular aggregates
are transferosomes, which are deformable and very flexible
vesicles composed mainly of phospholipids and permeabil-
ity enhancers that soften lipid bilayers. The deformability
allows them to change their shape and easily squeeze
between cells, enhancing permeation.®3¢-357 Salem et al.838
obtained transferosomes containing a mixture of surfac-
tants (Cremophor RH 40 and soy lecithin), which could

effectively encapsulate resveratrol. These transferosomes
are non-toxic and are transported through the nasal mucosa
to a greater extent than an oral suspension of this drug.

3.4.2.1. Surfactant-based emulsion compositions

Dispersed systems such as nanoemulsions are promising as
a means of drug and bioactive compound delivery. Nano-
emulsions stabilized with surfactants®%° have great poten-
tial for effective treatment of dry-eye diseases.860-861
According to existing concepts, nanoemulsions lose stability
when mixed with the tear film, resulting in oil fusion with
the lipid layer of the tear film, and surfactant molecules
bind to the mucus layer.862-863 The replenishment of the
lipid layer of the tear film with the appropriate lipid
components by fusing with the oil droplets possibly causes
the tear film to stabilize. In addition, surfactant-based
nanoemulsions effectively deliver drugs with limited water
solubility to the corneal segment, ensuring its delayed and
sustained release.84

Nanoemulsions can be used to improve the bioavail-
ability of the immunomodulator cyclosporine A (Restasis®,
Allergan).8¢! Various ophthalmic forms of cyclosporine-
based nanoemulsions are used in the therapy of dry eye
syndrome. This medication is a preservative-free anionic
nanoemulsion of castor oil and water loaded with cyclo-
sporine A, emulsified and stabilised with Polysorbate 80
and a carbomer copolymer. Lacrinmune® (manufactured
by Bausch&Lomb) has a composition similar to that of
Restasis®, except for the addition of sodium hyaluronate,
which increases the viscosity of the composition to prolong
the time it remains on the eye surface. Ikervis® (Santen
Pharmaceuticals) is a cationic nanoemulsion of triglycerides
emulsified and stabilized with tyloxapol, Poloxamer 188
and cetalconium chloride. The latter formulation contains
cetalkonium chloride, an alkyl derivative of benzalkonium
chloride, which imparts a positive charge to the oil nano-
droplets and enables their electrostatic interaction with
negatively charged mucins on the eye surface, improving
the pre-corneal stay of the preparation.®¢> The retention
time of cyclosporin A on the ocular surface is longer with
Ikervis® than with Restasis® .86 Mucoadhesive chitosan
can be used as a positive charge carrier in similar nano-
emulsions.®¢” The incorporation of chitosan into nanoemul-
sions is realized through electrostatic interaction with
negatively charged lecithin, which is a natural lipid mixture
of phospholipids, including phosphatidylcholine and phos-
phatidylethanolamine, which are commonly found in tears.
Kolliphor®EL (non-ionic surfactant) was used as a second
more hydrophilic surfactant to optimize the size and stabil-
ity of this nanoemulsion.

An important characteristic of ophthalmic topical prep-
arations is their biocompatibility with the corneal epithe-
lium. Surfactant molecules are capable of non-specific
distribution in the plasma membrane, causing its fluidiza-
tion. This is not only due to a concentration-dependent
increase in permeability, but also to possible abrasion of the
epithelium by the surfactant.8¢® Non-ionic surfactant mol-
ecules, such as polysorbates, have lipophilic and hydrophilic
moieties. This structure allows them to be distributed
between the lipid matrix and hydrophilic protein domains,
thereby accelerating the solubilization of lipid components
and thus facilitating drug penetration into intercellular
areas.3%°
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3.4.2.2. Fatty acid-based drug delivery systems

Fatty acids can be used as surfactants to create effective
delivery systems. The effect of unsaturated fatty acids (e.g.,
linoleic and oleic acids) on buccal absorption of salbutamol
sulfate from polymeric films has been reported.87° For films
based on hydroxypropyl methylcellulose, oleic acid
increased the permeability most effectively compared to
films without fatty acid. According to the authors,37° the
factor promoting absorption of oleic acid is due to the
presence of a double bond, which facilitates interaction with
the lipid components of the buccal epithelium. The linear
chain present in the structure of this surfactant has the
ability to disrupt the organization of the long n-alkyl chains
of ceramides, which provide the barrier function of the
buccal epithelium.

Favacho et al.®7! studied in vitro the effect of a combi-
nation of biocompatible polymers (pullulan and hydroxy-
propyl methylcellulose K100LV) and a mixture of
surfactants (oleic acid and Polysorbate 80). These polymers
act as enhancers of penetration of drugs such as Prilocaine
and Lidocaine hydrochlorides through the porcine esoph-
ageal epithelium and mucosa. The authors of this work
observed no significant effect of the type of mucoadhesive
polymer on drug release, whereas the rate of drug release
from the tablets was reduced in the presence of surfactants.
Moreover, surfactant molecules enhanced the mucoadhe-
sive properties of pullulan compared to those of hydrox-
ypropyl methylcellulose. There was also a significant
synergistic effect of pullulan and surfactant on the perme-
ability and retention time of both drugs. The improved
buccal drug permeation with pullulan compared to that
with hydroxypropyl methylcellulose can probably be attrib-
uted to the fact that after hydration of the polymeric matrix,
pullulan does not increase its viscosity as much as the
mentioned polymer. Due to the reduced viscosity of the
pullulan solution, diffusion of drugs through the polymeric
matrix is facilitated, their bioavailability increases, and
penetration through the epithelium is enhanced due to the
effect of surfactants.

3.4.2.3. Mucoadhesive systems based on macrocycles

It was noted above that among various methods of drug
delivery and modification of dosage forms to increase the
bioavailability, the phenomenon of mucoadhesion, i.e., the
ability of compositions to adhere to the mucosal surface
(mucosa), is of particular importance. In order to keep the
encapsulated drug in the body tissues (in the mucous
membranes of the internal organs, oral cavity, digestive
tract, respiratory system, urinary tract) for a long period of
time, the drug nanocontainer must have mucoadhesive
properties. In this regard, understanding the mechanisms
of mucoadhesion is of paramount importance for the
creation of effective drug delivery systems in the human
body.

It is known that cyclodextrins (CDs) can increase the
solubility of various lipophilic molecules by forming rela-
tively stable inclusion complexes. Chemical modification of
CD molecules makes it possible to obtain derivatives with
improved physicochemical properties (good solubility, opti-
mal size and charge) compared to natural CDs, which can
positively influence their biomedical efficacy.3’> Mucosa
functions are largely due to specific glycoproteins (mucins),
which directly contact epithelial cells. Sialic acids, which
have a negative charge at neutral pH, can act as mono-
saccharide moieties in mucosal glycoproteins.®73 Positively

charged CD derivatives have become particularly important
for oral delivery because of their affinity for negatively
charged mucosal membranes. The complex formation of
ethylenediamine-modified y-CD with daidzein, a natural
isoflavonoid of soybean origin, has been studied.®’* The
obtained complexes penetrated well into nerve cells in vitro
and reduced the level of cellular mucopolysaccharides
(glycosaminoglycans).

It was found®’> that the cationic derivative of y-CD
modified with propylenediamine is also mucoadhesive,
resistant to a-amylase and can be an effective carrier for
oral delivery of the berberine alkaloid. When complexed
with the macrocycle, the alkaloid more easily penetrated
into the lipid membrane than in a free form, but both
dosage forms penetrated both normal and cancer cells of
the mammary gland of mice. In normal cells, both free and
encapsulated berberine were evenly distributed in the cyto-
plasm and were non-toxic up to a concentration of
131 mol L—!. In tumour cells, the free alkaloid was also
homogeneously dispersed, but it was toxic to 25% of the
cells at a concentration of 131 mol L—!, while the complex
with CD was localized in lysosomes and was twice as active
as free berberine.

A similar study was performed with the berberine
complex with non-cationic macrocycles, B-CD (Ref. 876)
and its 2-hydroxypropyl derivative.®”7 In both cases, an
increase in the activity of the encapsulated drug was
observed due to modulation of P-glycoprotein activity.
However, a significant difference was found in the distribu-
tion of berberine delivered using these two CD derivatives.
The B-CD complex with the alkaloid showed increased
intestinal absorption, and oral absorption of berberine was
improved using 2-hydroxypropyl-B-CD. Nevertheless, the
results of another study ®7% indicate increased penetration of
poorly soluble genipin through the intestinal mucosa due to
complexation with 2-hydroxypropyl-B-CD. The complex
formed with the participation of hydrogen bonds between
CD and the drug is able to aggregate and interact with
P-glycoprotein responsible for the absorption of pharmaco-
logical drugs in the intestine.

To improve mucoadhesion to mucosal surfaces, CD
derivatives are also thiolated to provide covalent binding
to mucin subdomains, thus forming disulfide bridges with
cysteine. The surface of the bladder mucosa has mucin-
glycocalyx domains, which can form covalent bonds with
the thiol groups of CDs and thereby increase the residence
time of CD-encapsulated drugs.87 Thiolated CDs (TCD, a
monomeric unit represented by structure 382) can be used
as drug carriers due to high mucoadhesive properties and
due to the formation of disulfide bonds with glycoproteins
of mucus enriched with cysteine.$8°

a-TCD can encapsulate almost 100 times more iodine
than unmodified a-CD.%8! The resulting complex does not
exhibit cytotoxicity against Caco-2 colon adenocarcinoma
cells, but has antimicrobial activity against Gram-positive
Staphylococcus aureus and Gram-negative E.coli. More-
over, the mucoadhesion of such a complex on freshly cut

SH Structure 382

ot

OH
382

o

HO



1.S.Antipin, M.V.Alfimov, V.V.Arslanov, V.A.Burilov, S.Z.Vatsadze et al.
Russ. Chem. Rev., 2021, 90 (8) 895-1107

995

pig intestinal mucosa was 38 times more effective than in the
case of unmodified a-CD. The residence time of o-TCD on
the pig intestinal mucosa increases due to the formation of
covalent bonds with free thiol groups of mucus glycopro-
teins.®82 However, aqueous solution of o-TCD is unstable at
pH > 5 due to oxidation of the thiol group if it is not stored
in sealed containers.®83 Mucoadhesive interaction between
a-TCD and the mucus layer decreases due to premature
oxidation, which leads to a decrease in the efficacy of the
thiolated macrocycle. One solution to improve the stability
at higher pH values could be covalent grafting of the
cysteine —2-mercaptonicotinic acid conjugate containing
disulfide bonds to the carbonyl groups of oxidized a-CD.
The disulfide bonds within the macrocycle can be reduced to
free thiol groups on treatment with NaBH4 884

B-TCD and y-TCD can also serve as platforms for
mucoadhesive excipients for the preparation of oral dosage
forms.880.885.886 3. TCD has better water solubility com-
pared to unmodified B-CD, it dissolves well lipophilic
acyclovir and exhibits improved mucoadhesive proper-
ties.887 2-Hydroxypropyl-B-TCD is able to form a reversible
water-soluble inclusion complex with Budesonide, increas-
ing its adhesion to the esophageal mucosa. This composi-
tion must be prepared in an aqueous medium at pH < 5,
which guarantees binding to mucosal surfaces through the
formation of covalent bonds (disulfide bridges) with thiol
groups of mucin cysteine residues.%8

To create effective mucoadhesive systems, the B-CD
molecule can be functionalized with diphenyl carbonate to
form hyperbranched cylindrical structures with a size of
40 nm and a {-potential of —19 mV.88° This system is
capable of encapsulating Norfloxacin to a greater extent
than individual B-CD and exhibits mucoadhesive properties
with increased permeability and antibiotic activity in vivo as
compared to the free drug.8°° Despite the negative charge of
the formed drug carrier, bioadhesion is probably associated
with the formation of hydrogen bonds between the chemical
groups of the macrocycle and the mucus layer.

Cyclodextrin molecules can be used as excipients in
ophthalmic preparations due to their ability to increase the
water solubility of riboflavin®! and econazole nitrate.8°?
The water solubility of riboflavin can also be improved by
combining with another class of macrocycles, crown ethers.
The latter are capable of extracting calcium ions from the
corneal epithelium, which weakens tight junctions of cell
membranes and enhances the penetration of riboflavin into
the cornea in vitro.8%> However, in vivo experiments per-
formed on rats did not show any statistically significant
increase in permeability compared to the drug without the
crown ether.

Studies on the solubility of Indomethacin using sulfo-
butyl ester of B-CD and 2-hydroxypropyl-f-CD have shown
better potential of the latter as an adjuvant agent for eye
drops.®94 Nanoparticles based on y-CD and dexamethasone
provide a high concentration of drug on the surface of the
eye and can deliver the drug to its posterior segment.893
Cyclodextrin molecules are responsible for extracting cho-
lesterol and other lipids from the ocular cell membrane,
which causes increased drug permeability. However, drug
crossing of different barriers does not depend only on the
action of the encapsulating macrocycle, but also on the size
of the drug molecule. Corneal pretreatment with a B-CD-
based composition provides higher permeability for low
molecular weight compounds such as sodium fluorescein,
but does not improve the penetration of larger molecules.$%¢

Thus, analysis of the literature data shows that supra-
molecular strategy aimed at the formation of nanoscale
systems based on amphiphilic molecules of open-chain and
macrocyclic structure and non-covalent binding of biolog-
ically active guest molecules is an effective tool to solve the
problems of drug delivery, increase bioavailability of poorly
soluble drugs, overcome biological barriers and reduce side
effects by concentrating drugs in nanocontainers. The
supramolecular approach has a high potential and versatil-
ity and can thus be successfully used for the modification of
a wide range of nanocontainers for the delivery of different
drugs. This makes it possible to impart the required proper-
ties (charge, membranotropic activity, affinity to various
biosurfaces and sites) and to adapt such systems for a wide
range of biotechnological applications.

3.5. Supramolecular catalysis
Supramolecular interactions play a key role in catalysis,
determining the high selectivity and activity of the system as
a whole. Supramolecular interactions supplement the con-
ventional covalent interactions between an active site and a
substrate (whether a small area of the surface of a hetero-
geneous or nanoscale catalyst or substrate coordination to
an atom of a metal complex), thus providing specific
orientation of the reacting species for an optimal course of
the process.897-898

‘Directing’ covalent interactions are well known in the
asymmetric transition metal catalysis. Thus, the enantiose-
lectivity of epoxidation and hydrogenation is provided by
the pre-orientation of the substrate towards the active site
due to coordination of a ‘directing’ group to the metal
centre. Nature has demonstrated the possibility of pre-
organization via non-covalent interactions (van der Waals
forces, hydrogen bonding, and also hydrophobic, m-ionic,
C—H:--n- or m—m-interactions, efc.) by the example of
catalytic enzymes, which are unique in their selectivity and
activity per catalytic site. This effect indicates the presence
of one more way to influence the activity and selectivity of
catalytic systems.?3-899-900 [t results from additional supra-
molecular interactions altering the primary and secondary
structures of an enzyme upon activation and thereby pro-
viding a specific binding of the reacting species and lowering
the transition state energy.’®! Attempts to design novel
acceptable models of artificial enzymes gave rise to a new
trend in catalysis, namely, supramolecular catalysis, which
implies the targeted construction of catalysts by introducing
the moieties responsible for an additional non-covalent
binding of substrates (Fig. 122).902-904

Hosseini and Lehn 95906 have defined supramolecular
catalysis as a chemical transformation of a bound substrate,
the main prerequisites of which are the steps of the complex
formation and recognition. Due to the relationship between
the specificity of non-covalent interactions for a given
substrate and the reaction pathway, supramolecular cata-
lytic systems are capable of molecular recognition. Sub-
strates for which these interactions lower the activation
energy of the catalyzed process to a greatest extent react
considerably faster; therefore, the catalyst recognizes such
substrates, thus providing the high reaction selectivity not
only to certain products but also to the substrate itself.
Specific geometry, which is set by these interactions, can
also determine, in large part, the selectivity of the process to
afford a particular product.®07-908

In addition to high selectivity, supramolecular systems
are also characterized by higher reaction rate due to the pre-
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Figure 122. Examples of the molecular recognition for the sub-
strate S via non-covalent interactions:*°2~°04 conventional catalysis
(a); supramolecular catalysis with participation of one molecular
recognizing reactant (b); supramolecular catalysis with participa-
tion of two substrates (¢). Cat is catalyst, S is substrate, P is
product, R is reactant.

binding of the substrate. The increase in the reaction rate is
explained primarily by the increase in the local concentra-
tion of the reactants and, simultaneously, by changing in the
entropy of the system upon binding, which can be described
using the concept of ‘effective molarity’ (Fig. 123). This
notion is defined as the ratio of the rate constant or
equilibrium constant k; for a unimolecular reaction gener-
ating supramolecular complex AB to the rate constant or
equilibrium constant k> for a hypothetical bimolecular
process involving substrates A and B, as if there were no
binding.20%: 910

Effective molarity reflects the theoretical reactant
concentration at which the reaction rate is equal to the
rate for a bimolecular process in the complex, which is
largely due to the corresponding decrease in entropy
because of the convergence of the reactants and thus the
loss of conformational mobility. Compared to a non-
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Figure 123. Definition of the effective molarity.??%°10

(@) Supramolecular catalysis involves non-covalent binding of
substrates A and B (or substrate A and catalyst B), which contain
moieties capable of molecular recognition to afford complex with
the stability constant K. Within the resulting supramolecular
complex, A and B approach each other and then react by unim-
olecular mechanism. (b) When no moieties responsible for molec-
ular recognition are present in structures of A and B, the
supramolecular complex is not formed, and the reaction occurs by
bimolecular mechanism.

catalyzed reaction, the presence of enzymes increases the
reaction rate by several orders of magnitude, whereas for
supramolecular catalysts this increase rarely exceeds
10 times. This is attributable to the partial entropy con-
servation upon the polymolecular complex formation due
to supramolecular interactions, since during the reaction,
the transition state entropy is reduced even further.?!1.912
The increase of the reaction rate is determined by a
decrease not only in the entropy but also in the whole
transition state energy. The latter is possible if the config-
uration and the electronic state arising from the prelimi-
nary binding of reactants in the catalyst (e.g., ligands in a
metal complex) are as close as possible to the transition
ones. The significant structural differences for the stable
supramolecular complex and the transition state can
reduce the reaction rate, since non-optimal structure
leads to the need for a significant conformational rear-
rangement of reactants during the transformation and, as
a consequence, to an increase in the activation energy. In
some cases, e.g., when the reaction is conducted in water,
the solvent entropic change upon the substrate binding
can play a decisive role.”!3-°14 Desolvation of the reacting
species in a supramolecular complex is also significant.!?3

R4

-
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Figure 124. Molecular imprinting steps:°2!-922 (1) formation of a precursor, (2) fixing of the structure, (3) removal of the template. In the
first step, the moieties of the future catalyst (R', R%, R3, R#) being capable of molecular recognition are assembled aroung the complex
template molecule (T) having a specified structure. In the second step, these moieties are bound to each other, and the structure is fixed by
the template molecule. In the third step, the template is removed, and the resulting catalyst, capable of molecular recognition, selectively
interacts only with those substrates whose structure is similar to that of the template.
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Depending on the specificity of interactions between the
catalyst active site and the substrate, supramolecular cata-
lytic systems can be grouped broadly in the following
categories: % 915,916

— catalysts providing the substrate pre-organization
due to the hydrogen bonding, electrostatic, m-ionic or
C—H---n-interactions;

— catalysts promoting the formation of host—guest
complexes (cyclodextrins, calixarenes, resorcinarenes, verc-
lands, cucurbiturils, etc., and assemblies based on glycoluril
moieties, molecular capsules with metal ions);

— more complex supramolecular catalysts based on
transition metal nanoparticles, dendrimer-containing sys-
tems, gels, polymers, efc.

Special mention should be made of the formation of
catalytic systems during the self-assembly of components
driven by the non-covalent interaction with template mole-
cules, which are analogues of the substrate or transition
state in the molecular imprinting process.’!’=92% In this
case, the catalyst is synthesized in the presence of such
template, while after the structure is immobilized and the
template is removed, the resulting material retains its ability
to recognize molecules structurally similar to the guest
molecule used (Fig. 124).921.922

The molecular imprinting can improve the substate
selectivity due to the selective binding of a substrate which
is structurally similar to a template (this effect is achieved
using the catalysts based on cyclodextrin-containing
oligomers in the Wacker oxidation®??) or increase the
reaction rate using a transition state analogue (e.g., in the
selective amidolysis 924 or hydrolysis °2%).

Examples demonstrating the main features of supra-
molecular catalytic systems are further considered.
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Figure 125. Hydrogen bond formation providing the selective
supramolecular catalysis in the oxidation of the C—H bonds
using Mn complexes 383 (a) and 384 (b).230-931

3.5.1. Hydrogen bonding and other non-covalent interactions
Orientation of a substrate relative to the active site due to
the hydrogen bonding provides high selectivity of organo-
catalytic systems and conventional enzymes.®?® This
approach has been applied for developing a variety of
selective metal complex catalysts.??” A classic example of
such system is a binuclear manganese complex 383. 928930
The oxidation selectivity for substrates bearing a terminal
carboxyl group is governed by the formation of the hydro-
gen bond with the carboxyl group of the ligand.Thus, the
selectivity of ibuprofen oxidation at the a-position of the
side chain exceeded 98% (Fig. 125 a).

It has recently been shown that this approach is suitable
for the pre-orientation of substrates due to hydrogen bond-
ing between the amide moieties of the manganese porphyrin
complex 384 and dihydroquinoline substrate.”3! As a result,
oxidation of the C—H bonds proceeded not only regio- but
also enantioselectively (see Fig. 1255).

The possibility to control the selectivity of metal
complex catalysis via hydrogen bonding was demonstrated
in the  hydroformylation of  but-3-enoic  acid
(Scheme 63).932:933 The use of Rh! complex 385 with phos-
phine ligands containing acylguanidine moieties led to an
increase in the reaction rate and selectivity to the linear
product with the linear/iso product ratio exceeding
20.934.935 The bidentate binol ligand providing the selective
binding of the carboxyl group, on the one hand, favorous a
high selectivity to the linear product for terminal carboxylic
acids and, on the other hand, leads to inversion of the
traditional selectivity in the hydroformylation of 2-carb-
oxyvinylarenes giving iso-aldehyde as the major prod-
uct.?32.933,936,937 Qimjilar approach was also applied in the
enantioselective hydrogenation in the presence of rhodium
complexes.?38-940

Scheme 63
‘C‘J CO/H2 (1/1),
e 385, PRg W
W\OH EtNP
n rz, CHzC|2,
40°C

(up to 97%)

PR> = PPh,, P-binol;

o OO
—0. . HO"
; | =
binol HO

RZP"I}h‘* PR2
oC

It should be noted that the hydrogen bonding largely
determines the high efficiency of dendrimer-containing
polymer-immobilized catalysts based on noble metal nano-
particles. Thus, for the systems based on poly(propylene
imine) dendrimers and ruthenium nanoparticles, the hydro-
gen bonding is a key factor for high catalyst activity in
hydrogenation of phenols and levulinic acid.?#! —945

Moreover, the reaction selectivity related to the supra-
molecular complex formation (e.g., 386) can be significantly
improved by the use of ligands bearing functional groups
being able to bind positively charged species in the sub-
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Structure 386

386

strate. In particular, crown ethers. Thus, the oxidation of
Ci0— Ci4 alkylammonium salts by hydrogen peroxide in the
presence of a manganese complex proceeded only at the
C(8) and C(9) atoms, whereas for complexes comprising no
crown ether moiety, the reaction was unselective.?*®

The C—H---w-interactions govern the stereoselectivity
of the ketone hydrogenation catalyzed by ruthenium mne-
complexes with arene %47-94% or styrene polymerization
catalyzed by scandium complexes in THF medium.®# It is
noteworthy that such interactions are important for the
hydrogenation of aromatic compounds on heterogeneous
catalysts.950.951

3.5.2. Catalytic systems based on receptor molecules

The use of receptor molecules capable of forming host—
guest complexes with a substrate offers various approaches
for the development of supramolecular catalysts (Figs 126,
127) ranging from phase transfer catalysts acting as a kind
of protective groups for the moiety encapsulated within the
host cavity to the design of complex systems providing the
selective binding and pre-orientation of the substrate rela-
tive to the active site. Application examples for catalysts
based on various receptor molecules are considered below.

3.5.2.1. Receptor molecules as phase transfer catalysts
The use of modified host molecules such as cyclodextrines,
calixarenes, resorcinarenes and cucurbiturils of different
ring size (Fig. 126) as components of two-phase systems,
in which the metal complex is located in the aqueous phase
and the non-polar substrate is in the organic phase
(Fig. 127 a) provides high reaction rates and the possibility
for the catalyst to be reused in the aqueous
phase.907-908,952-971

In this case the increase in the reaction rate for non-
polar substrates depends on the compatibility between the
cavity size of the receptor molecule (3.8 and 5.0 A for
calix[4]- and calix[6]phenolarenes;*>° and 5.7, 7.8 and
9.5 A for o-, -, and y-cyclodextrins, respectively®’!), on
the one hand, and the size and properties of the guest
substrate, on the other hand. For the Wacker process with
calixarenes sulfonated at the lower rim, the increase in the
reaction rate was the highest for the pairs of calix[4]arene
and hex-l-ene, calix[6]arene and oct-1-ene, while when
cyclodextrins were used, styrenes reacted much faster than
terminal alkenes.?07-908.957-959 I the oxidation of disubsti-
tuted cyclohexanes with persulfate, y-cyclodextrin provided

Calix[n]arenes
n=1,35

o-, B-, y-Cyclodextrins
n=>5-7

O 0
Cucurbit[4]urils

Calix[4]pyrroles

Figure 126. Structures of the host molecules.

Organic phase

D, P

SZ

Aqueous phase

Cat

Catalytic transformations
inside the host cavity where
the active catalytic site is located

Phase transfer and
reaction in the aqueous
phase or at the interface

Host molecules: cyclodextrins,
water-soluble calixarenes,
resorcinarenes, pillararenes
and cucurbiturils

Host molecules: catalysts
based on molecular cages,
glycolurils and resorcinarenes,
hemicryptophanes

Host molecules: complexes
based on modified cyclodextrins,
calixarenes and molecular cages
based on resorcinarenes and
hemicryptophane

Catalytic transformations
outside the host cavity

Figure 127. Types of catalytic systems (a—c¢) based on various host
molecules.
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much higher product yields than lower-sized cyclodex-
trins.%7?

For such systems, a host molecule can serve as a kind of
the protective group, since when the catalyst is present in
the reaction medium, the groups being arranged inside the
cavity do not react, hence substantially increasing the
regioselectivity. Thus, the hydroxylation of phenol with
hydrogen peroxide in the presence of iron salts using oxy-
ethylated cyclodextrins afforded hydroquinone and benzo-
quinone as the major products, while in the oxidation of
disubstituted alkyl aromatics, only substituents located
outside the cavity of B-cyclodextrin participated in the
reaction.?08-953-955 [n the oxidation of 3,7-dimethyloctyl
esters of aromatic acids in the presence of B-cyclodextrin,
the yield of alcohol at position 7 was markedly increased.®”3

The use of host molecules in two-phase systems influen-
ces the regioselectivity of consecutive processes, for exam-
ple, the stepwise hydrogenation. If the stability constant for
the complex with one of the products is sufficiently high, the
complex leaves the reaction medium; as a consequence, an
unusual selectivity to intermediate products can be
observed. Thus, when introducing modified cyclodextrins
into the catalytic system based on rhodium nanoparticles
stabilized with polyacrylic acid, hydrogenation of phenol
yielded cyclohexanone as the major product; this was
accompanied by the formation of cyclohexenones with the
double bond conjugated with the carbonyl group.°’#

Rhodium complexes can be used in hydroformylation of
vinylarenes in the presence of unmodified cyclodextrins
without solvent under mechanochemical activation. In this
case the selectivity to the normal aldehyde increases due to
the formation of the host—guest complex in which the
substrate is deeply immersed into the B-cyclodextrin cav-
ity.?7> Cyclodextrins showed high efficiency in the hydro-
formylation®60=26¢  and hydroamination of triglycer-
ides,?76-978 cross-coupling °7° and oxidative desulfurization
reactions.%80

It is worth noting that in some cases, the formation of
the host—guest complexes between cyclodextrin and the
substrate molecule is hampered because of the competition
from the ligand; therefore, to maintain high selectivity to
the substrate, a special design of ligands is required.”8!-982
Thus, the use of cyclodextrins modified with methyl or
hydroxypropylene groups significantly improved the activ-
ity of catalytic systems in various processes. The sharp
increase in the reaction rate in the presence of amphiphilic
cyclodextrins should be particularly noted. Thus, being
involved in the reaction, P-cyclodextrin modified with
methyl ester of succinic and oleic acid dimer increased the
rate of aqueous hydroformylation of dodec-l1-ene by a
factor of 4 as compared to that in the presence of methy-
lated cyclodextrin.?®3 The use of B-cyclodextrin dimer
provided the mutual orientation of the substrate and the
metal complex, where non-polar substrate was bound by
one cyclodextrin moiety, while the metal complex contain-
ing the specially designed ligand was bound to another
moiety. As a consequence, the reaction rate increased more
than twofold.?%*

Water-soluble calixarenes and resorcinarenes were
employed as phase transfer catalysts in the Suzuki cross
coupling and Wacker oxidation processes.?®>- 98¢ The system
based on calix[4]arene modified with diethylammonium
moieties at the lower rim and polyoxomolybdate showed
high selectivity in the oxidation of a variety of aromatic
sulfides to sulfoxides with hydrogen peroxide.®8”

Water-soluble pillar[5]arenes modified with carboxylic
or oxyethyl groups proved to be very effective in the two-
phase hydroformylation of higher alkenes in the presence of
rhodium complexes.?®® They also acted as phase transfer
catalysts in the heteropolyacid-catalyzed oxidation of alde-
hydes to the corresponding carboxylic acids.??

Cucurbiturils (see Fig. 126), the host molecules of
another type, were used in the reduction of unsaturated
compounds by formic acid under two-phase conditions in
the presence of ruthenium complexes as catalysts.”>? Also
cucurbiturils significantly improved the performance of the
hydrogenation and Suzuki cross-coupling catalysts based
on palladium nanoparticles.??%-%°! In relation to hydro-
carbon oxidation by hydrogen peroxide or iodosobenzene
catalyzed by the vanadyl complex [CB[6]- VO]*" (CB[6] is
cucurbit[6]uril), the existence of substrate selectivity for
cucurbiturils was demonstrated: whereas cyclohexane was
not oxidized because of steric restrictions arising from the
formation of the host—guest complex with cucurbit[6]uril,
the oxidation of n-alkanes, on the contrary, proceeded
rather rapidly.®?

3.5.2.2. Catalytic systems based on molecular capsules and cages
A characteristic feature of another type of supramolecular
catalytic system, which can be assembled from receptor
molecules, is that the process per se occurs directly inside
the cavity of the receptor molecule, in which the catalyst
active site is encapsulated (see Fig. 127 ). In this case, the
host molecule acts as a molecular nanoreactor, ie. a
‘molecular flask’ in which the reaction is carried out.”8-97

Examples of supramolecular transition metal catalysts
based on macrocyclic receptors include vanadyl complex
387 bearing a hemicryptophane moiety,?3 %94 platinum
complex 388 of modified resorcinarene °°> and a molecular
clip 389 containing a Mn porphyrin complex.®71-996,997

Systems of this type are characterized by the high
substrate selectivity due to the specificity of the substrate
binding to the receptor molecule. The features of substrate
pre-orientation inside the cavity determine which part of the
substrate remains accessible for the reaction and, as a
consequence, the regioselectivity of the reaction, as well as
the possibility for mono- and bimolecular cyclization reac-
tions.77-78,125,671,998-1002 The most commonly used systems
are those based on molecular capsules, molecular cages,
etc., for which a straightforward design of catalysts for
carrying out the reactions within a confined space is
pOSSibl€.76’ 78,916,1001, 1003, 1004

Among the organic host molecules, resorcinarenes and
hemicryptophanes, the cavities in which are formed by one
or more rings of the initial macrocycle and a metal complex
(see structures 387, 388), proved to be most suitable for the
construction of such systems.®”! Catalysts based on hemi-
cryptophanes were used for oxidative desulfurization and
oxidation of alkanes and alcohols. In particular, owing to
the fact that the reaction occurred in the cavity formed by
the terphenylene rings, vanadium hemicryptophane com-
plexes 387 were three times more efficient in the oxidation
of methyl phenyl sulfide with hydrogen peroxide than the
macrocycle-free system.%93.994

Likewise, copper complexes with structurally similar
ligand displayed higher stability and twice higher efficiency
than the typical low-molecular-weight system for cyclohex-
ane oxidation with hydrogen peroxide; moreover, cyclo-
hexane appeared more preferable substrate than
adamantane.!005- 1006 Rythenium complexes with this ligand
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provided higher selectivity to the formation of aldehydes in
the oxidation of primary alcohols with oxygen as compared
to secondary alcohols.!007

The use of resorcin[4]arenes as ligands made it possible
to sandwich the active catalytic site, e.g., platinum complex
388, between two macrocycles forming a molecular capsule.
The resulting complex provided a high substrate selectivity
in the hydroformylation of styrene.”®> Resorcinarene cap-
sules showed high activity in the hydration of alkynes
catalyzed by gold complexes of N-heterocyclic car-
benes.76-97.1008-1010 Tp the case of aliphatic alkynes, the
highest hydration rate was found for substrates bearing
cyclohexyl moieties,”6-%7-1008 whereas for arylalkynes it
sharply decreased with increasing size of substituent in the
para-position relative to the C=C bond.!?% The hydration
of 4-phenylbutyne using gold NCH-complex in the presence
of resorcinarene capsule resulted in 4-phenylbutanal, 1,2-
dihydrotetralin and 4-phenylutan-2-one simultaneously,
while in the absence of resorcinarene, 4-phenylbutan-2-one
was the major reaction product.'009,1010

A similar effect was also observed in the oxidation of
sulfides to sulfoxides by hydrogen peroxide; the substrate
was bound here through the formation of capsules consist-
ing of six resorcinarene molecules.”® 1011 The capsules based
on resorcin- and pyrogallolarenes showed high activity and
selectivity in the hydrogen transfer imine reduction, terpene
cyclization, amide synthesis, intramolecular hydroxyalkyla-
tion, Friedel—Crafts alkylation of heterocycles, metathesis
of alkenes and carbonyl compounds.’® %97 At the same
time, it was found that under certain conditions, resorcinar-
ene cages can hinder the oxidation of sulfides 7¢ and alkyne
dimerization.!00°

An example of cyclodextrin-based molecular cages are
gold and copper complexes of N-heterocyclic carbene
390.1009. 1012 For gold complexes with benzylated cyclodex-
trin, an effect of substrate cooperative binding in the cage
and pre-organization in the cycloisomerization of 1,6-
enynes was observed: instead of a five-membered ring
typical of a low-molecular-weight analogue, a six-membered
ring was formed due to stabilization inside the host cav-
ity.1913 The use of similar copper complexes of a- and
B-cyclodextrins in the hydroboration of substituted phenyl-

Structures 387 —-389

acetylenes resulted in a sharp difference in the selectivity as
compared to unmodified ligands: the cooperative binding of
the substrate inside the cage led to the predominant for-
mation of an iso-product, in which the boron atom was
bonded to the a-carbon at the phenyl substituent.!014

Structure 390

M = CuCl, AgCl, AuCl;
n=1or2
[(oc-ImCD)M or (B-ImCD)M]

Molecular cages based on glycoluril clips and manganese
porphyrin complex (see structure 389) were proposed in the
early 2000s by Nolte and co-workers as catalysts for the
C=C double bond epoxidation with sodium hypochlo-
rite 996-1015 and oxygen combined with benzaldehyde.!010
The substrate binding inside the cavity occured upon activa-
tion of complex 391 with dipyridine or 4-tert-butylpyridine,
which was coordinated to manganese(Il1) from the outside of
the cavity to form complexes 392a,b (Scheme 64).997-1017

This system provided an access to selective epoxidation
of polymers such as polybutadiene, with the catalysts
functioning as a kind of a molecular machine, moving
along the polymer backbone. The mechanism of action of
cages based on clip molecule 392b is illustrated in
Scheme 65 (the arrows indicate the direction of the
clip).997- 1015, 1018

Over the past decade and a half, considerable attention
of researchers has been focused on molecular cages with a
regular structure of the [ML,J¥* type, in which metal
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Scheme 65

— [O]
* * Mn3 porphyrin
n

complex

atoms occupy polyhedron vertices.”7-78-1000-1002 [p  thijs
case, the metal complex can be fixed both on the wall and
inside the cage, the shape and size of which determine the

Scheme 64

Structure 393

/
NTEN \
= N =
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393

regio- and stereoselectivity of the process. Thus, the high
efficiency of octahedral complexes [PdsL4]'?" [e.g.,
2,4,6-tris(4-pyridyl)-1,3,5-triazine complex 393] as catalysts
for the Wacker oxidation78-1019.1020 and epoxidation of
hydrophobic substrates was demonstrated in the early
2000s.192! Excellent performance and regioselectivity of
such systems were achieved due to high stability constants
with hydrophobic substrates: binding inside the cage made
the substrate inaccessible for a subsequent reaction. In
particular, epoxidation and the Wacker oxidation of
alkenes selectively proceeded at the terminal double bond,
which was located outside the cage.!020,1021

The use of a tetrahedral molecular cage Fes(ZnL)s with
zinc porphyrin complex 394 in the edge allowed the immo-
bilization of rhodium tris(4-pyridyl)phosphine complex 395
inside the cage due to coordination to the zinc atoms in
porphyrin moieties (Scheme 66).1022.1023

The tetrahedral geometry of the complex led to the
equatorial arrangement of phosphine ligands at the rho-
dium atom, thus facilitating the predominant formation of
n-aldehydes in the hydroformylation of terminal alkenes of
the normal structure. The reaction occurring within the cage
was substrate-selective: alkenes with an even number of
carbon atoms underwent hydroformylation much faster
than alkenes with an odd number of carbon atoms or
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Fe4(ZnL)4

Fe?*

styrenes, which was attributed to peculiarities of complex
formation within the molecular cage.!022-1923 Thus, hydro-
formylation of an equimolar mixture of styrene and oct-1-
ene gave a mixture of alkyl- and arylalkylaldehydes in a
ratio of 6.6: 1.

Encapsulation of rhodium complex with an optically
active monodentate ligand based on binol phosphite within
a Pdg(ZnLl), cage (where ZnL is a porphyrin-containing
moiety), owing to coordination of pyridine units to the zinc
atoms, resulted in catalyst 396, providing styrene hydro-
formylation with the enantioselectivity of up to 74% ee.!024

Epoxidation of styrenes in a two-phase system using
iodobenzene as an oxidant was catalyzed by Mn porphyrin
complex encapsulated in a cavity of Feg(ZnL)s cubic cavity.
For sterically hindered substrates a 2- to 3-fold decrease in the
reaction rate was observed, while for unsubstituted styrene,
the rate, on the contrary, drastically increased.'9?> Tetrahe-
dral copper-containing cages proved to be active in the allylic
oxidation of a series of substrates such as tetralin, dihydroin-
dole, ethylbenzene, isopropylbenzene and diphenyl by tert-
butyl hydroperoxide; the substrate activity increased at the
nitrate anion encapsulation into the cavity.192¢

An interesting example of substrate selectivity is a
system in which a positively charged rhodium complex was
immobilized within a negatively charged tetrahedral cage
assembled from gallium complex. Catalyst 397 (whether it
comprised rhodium or ruthenium) facilitates a successful
isomerization of allyl alcohol to n-propanal, with only
unsubstituted alcohols undergoing the reaction.!027-1028

396

LA~

Scheme 66
‘ 1 \L

\ / P"Rh‘/P = OC— R‘h\L
17 O+
0Ot \
N

E 5 N

t Et 39
Fe2*
/N\ N NE -
N /N /= &8
t Et

E
394

Structure 397

-

An equally interesting effect was observed when hydro-
genation of unsaturated alcohols was carried out in the
presence of such catalyst (Scheme 67). With substrates
containing double ot triple bonds in the B-position to the
terminal methyl group, the reaction proceeded smoothly to
give the corresponding saturated alcohols. If a multiple
bond was more distant from the terminal carbon atom, the
reaction was very slow and the yields of the saturated
products did not exceed 5%. The observed substrate selec-
tivity was attributed to steric hindrances, interfering with
the formation of the m-complex between the ruthenium

Structure 396

Zn'"-5,10,15,10-tetrakis(4-carboxy-
phenylporphyrin)
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Scheme 67 tion.960-962,964.966.1023,1041.1043  [{joh performance and
H,, 307, 20 h selectivity of such systems were attained via the cooperative
XN 0H + oy 2R binding effect: the receptor molecule provided the desirable
NN PN pre-orientation of the substrate, which immediately under-

OH + = OH went a transformation on a proximate metal centre.
(91% yield) (96% is retained) Thus, when reducing acetophenone with isopropyl alco-
hol in the presence of palladium complex 398 with B-cyclo-
S e VNI O e Hz, 397,20 h dextrin modiﬁed l?y N-(2-pyri<.1yl)-1,3-diaminopropane, a
twofold increase in the reaction rate was observed as
—> NN 0 + N 0 compared to the system consisting of a low-molecular-
(91% yield) (96% is retained) weight palladium complex and unmodified B-cyclodextrin;

Ho, 397,
50°C, 15 h
e

. OH
/\/\OH "

-_—> /\/\/\OH + —
(91% vyield)

OH

(96% is retained)

atom and the ethyl-substituted double or triple bond.!0?°
Encapsulation of the gold complex of trimethylphosphine
into such cage helped to avoid the hydratation during the
cyclization of propargyl ethers.!030

3.5.2.3. Supramolecular catalytic systems displaying the
cooperative binding effect

The design of systems in which different parts of the
receptor molecule simultaneously bind both the substrate
and the metal centre, thereby providing their interaction
(see Fig. 127 ¢) is one of the most successful trends in the
supramolecular catalysis.”3-908,971,986,1031-1034 Ag 4 classic
example of such systems, one may mention the Breslow
enzyme, a manganese porphyrin complex modified with
cyclodextrins, which provide the desirable pre-orientation
of the substrate towards the active site.!035-1040 Ag a result,
oxidation occurs strictly selectively on the C—H bond at
position 6 of the steroid substrate (Fig. 128).

Catalysts based on nanoparticles and transition metal
complexes with modified cyclodextrins were applied in the
Wacker oxidation,?08.954,955,957.962 hydroxylation of phe-
nols,?>3-955 hydrogenation, 963- 10411043 and hydroformyla-

o OH

HO—O
HO
HO-/ O/U
41>

in the absence of cyclodextrin, changes in the reaction rate
were negligible.!%4* A significant rate enhancement as com-
pared to the low-molecular-weight analogues took place in
the presence of palladium complexes with modified cyclo-
dextrins in the cross-coupling reactions!045-1049 and for
ruthenium complexes in the metathesis polymerization of
diols.1050

Simultaneous substrate binding with both rhodium
atom and cavity of the host molecule, namely, B-cyclo-
dextrin modified with sulfonated diphenylphosphine moiety
(catalyst 399), resulted not only in a sharp increase in the
reaction rate but also in a change in the selectivity of
hydroformylation. The normal to iso product ratio reached
2.6 vs 1.7 for the system with unbound sulfonated triphe-
nylphosphine.!5! Furthermore, the presence of the sulfonyl
moiety hindered the formation of the inclusion complex
between the phenyl group of the phosphine ligand and the
cyclodextrin cavity, thus preventing ‘self-poisoning’ of the
catalyst. In addition, a conceptual possibility of developing
the polymeric hydroformylation catalysts containing both
cyclodextrin moieties and sulfonated phosphine ligands was
been demonstrated; in this case, the aldehyde yield
increased up to 60% (vs 1% in the presence of a low-
molecular-weight catalyst based on sulfonated phosphine
solely); however, the normal to iso product ratio was only
1.9 (vs 2.7 for the low-molecular-weight catalyst).!%32 Rho-
dium complex 400, containing optically active sites in the
cyclodextrin moiety, displayed high enantioselectivity in
the hydroformylation of styrene (the proportion of
R-isomer reached 93-95%).1053

Figure 128. Supramolecular oxidation system based on manganese complex with porphyrin modified with cyclodextrins, proposed by

Breslow. 1039.1040
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A plethora of studies is devoted to the application of
resorcinarenes, calixarenes and calixpyrroles as platforms
for preparing catalysts capable of cooperative binding (see
Fig. 126). Thus, based on calix[4]pyrroles, there were deve-
loped catalysts for epoxidation of alkenes!'?>* and for
hydrogenation of levulinic acid 1955 and nitrobenzene.!05¢

Modification of calix[4]- and calix[6]arenes with phos-
phine ligands opens access to high-performance catalysts
for hydrogenation and hydroformylation.?¢7-1057 Varying
the size of calixarene, the nature and number of phosphine
moieties as well as their position at the upper or lower rim
of calixarene, the selectivity of the catalyst can be tuned (see
structure 401) in such a way as to obtain an aldehyde of
strictly normal or iso structure.!957

Modified calixarenes were used to prepare catalysts for
polymerization of ethylene 10381059 and cyclic esters,!060
epoxidation 196! and cross coupling.!?%? Palladium com-
plexes with nitrile-substituted calixarenes performed well
in the Wacker oxidation.?8¢

The calixarene conformation has a significant effect on
the possibility of cooperative binding of the substrate and,
consequently, on the reaction rate and selectivity. Thus, the
conformation of complex 402 did not allow the cooperative
binding of the substrate, resulting in the absence of supra-
molecular effects in the Suzuki cross-coupling reaction.!063
At the same time, the reaction rate significantly increased
when palladium NCH-complex with amphiphilic calix[4]-
arenes 403 in the /,3-alternate conformation was used for
the reaction the carried out in water. Apparently, in the
aqueous medium there arises a configuration favourable for
the cooperative binding.5?5 For nickel N-heterocyclic car-
bene complexes with modified calix[6]arenes, it was demon-

Structures 401 —405
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strated that a reasonable reaction rates and product yields
can be achieved only at an optimal distance between the
nickel centre and calixarene cavity providing an effective
binding (see structure 404).1064

Similarly to calixarenes, resorcinarenes can also find
application in the design of catalytic systems capable of
cooperative substrate binding via the formation of a host—
guest complex and its simultaneous coordination to the
metal centre, fixed on the larger rim of the macrocyclic
cone and located above the cavity of the receptor mole-
cule.!995 Depending on the nature of substituents or func-
tional groups used to modify resorcinarene and the location
of the metal centre in the receptor molecule, one can attain
high selectivity to different substrates. Thus, the allylic
alkylation in the presence of palladium complex 405 dem-
onstrated a much higher reaction rate for the substrated
bearing cyclohexyl substituents as compared to the reaction
with their analogues with iso-structure of the carbon-con-
taining moiety.!%% For rhodium complex 406, an unusual
substrate selectivity was observed in the hydrogenation of
hex-1-ene, which reacted almost 40 times faster than
branched 3-ethylpent-1-ene; this can be explained by the
lack of interaction of the latter with the macrocycle cavity
upon coordination to the rhodium atom.!967

Structures 406
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Similarly, gold complexes of resorcinarenes provided a
considerable growth of the reaction rate and selectivity in
the dimerization of substituted acetylenes due to the addi-
tional supramolecular interaction of the substrate with the
receptor cavity, 10681070

The results obtained over the past 25 years since the
appearance of the first supramolecular systems provide the
basis for the design of more complex, not only homoge-
neous, but also heterogeneous, catalysts.!®”! For each of the
above-mentioned types of homogeneous catalysts based on
macrocyclic receptors, the corresponding analogues among
heterogeneous systems can be found. Thus, for molecular
cages, this will be metal-organic frameworks, the crystalline
structures with metal atoms the nodes linked by rigid
organic linkers.'7?2 For cyclodextrins, one may mention
different types of polymers, including those stabilizing
metal nanoparticles or forming gel-like systems.!073-1076
For calixarenes and other aromatic host molecules the
most suitable analogues for designing heterogeneous cata-
lysts are regular porous systems based on resols, ordered
phenol formaldehyde resins,!077-1081  or polyaromatic
frameworks.!082-1087 The above-mentioned trends are of
special interest for the development of supramolecular
catalysis.

3.6. Co-self-assembly of macrocyclic compounds: new
prospects for the design of supramolecular systems

Various classes of macrocycles such as cyclodextrins,!988
(thia)calix[n]arenes,*>* cucurbit[n]urils 198° and pillar[n]-
arenes '°°0 are important building blocks (Fig. 129) for
supramolecular assemblies on the nanoscale.

Analysis of the literature data 434 1088-1090 shows that
there are two main strategies for the supramolecular assem-
bly of macrocyclic compounds for the design of various
types of materials with a controlled dimensionality of the
internal architecture:

— fabrication of supramolecular assemblies based on
host—guest complexes,

0]
OHo
o
OH
B-Cyclodextrin

Cucurbit[6]uril

— — —> host—guest complexes

7777777777777 - layer-by-layer supramolecular
assemblies

Figure 129. Examples of macrocyclic structures, components of supramolecular assemblies.
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— layer-by-layer assembly of supramolecular assemblies
due to ion—ion interactions.

The first approach is based on the fact that macrocyclic
compounds are able to encapsulate guest molecules or their
fragments into their cavities (see Fig. 129), thus forming
host —guest complexes. This unique ability of macrocycles
to molecular recognition is used for their supramolecular
assembly via incorporation of parts of connecting blocks
into the molecular cavity. The second strategy involves
functionalization of macrocyclic compounds with charged
groups, which allows the formation of layer-by-layer supra-
molecular assemblies due to ion—ion interactions.

The formation of continuous porous structures through
self-assembly of macrocyclic compounds can not only
provide cooperative binding of guest molecules, but also
introduce new properties that would differ from simple
host—guest type complexation. For example, one-dimen-
sional (1D) channels constructed by linking macrocyclic
systems can be used as transmembrane channels for water,
ions or neutral small molecules. Additional voids can be
formed in two-dimensional (2D) and three-dimensional
(3D) structures of assemblies, which also provide new
binding sites for more complex molecules such as proteins,
DNA and RNA. Most supramolecular assemblies are
obtained through non-covalent interactions such as hydro-
gen bonds, metal coordination bonds, host—guest interac-
tions and mw—m stacking based on a single macrocyclic
platform. Recently, combination of multiple macrocyclic
platforms to increase the diversity of supramolecular nano-
particles has become a relevant trend.!%°!-1095 Extension
and systematization of studies of the systems obtained by
the co-self-assembly of two macrocyclic platforms contrib-
ute to understanding of self-assembly patterns and allow
deliberate selection of components guided by the acquired
knowledge. Combining several macrocycles often leads to
better results than using each of them separately. From the
point of view of synthesis and applications of new polyfunc-
tional particles, these solutions significantly expand the
possibilities of using macrocycles.

This part of the review addresses two trends of co-self-
assembly of macrocyclic compounds:

— formation of new materials with desired properties
due to the ability of macrocycles to encapsulate guest
molecules in their cavity,

— layer-by-layer assembly of macrocycles through elec-
trostatic interactions with the formation of supramolecular
assemblies for creation of biomimetic systems.

3.6.1. Supramolecular assemblies based on host — guest complexes

Using the ability of pillar[S]arenes to bind linear aliphatic
guest molecules, Lin er al.'°% constructed a two-dimen-
sional supramolecular framework formed through the
host—guest interaction (Fig. 130). For this purpose, two
pillar[5]arenes were chosen, one of which was functionalized
with two thioacetylhydrazine moieties (407a) and the other
with two 5-bromohexyl groups in the para-position of the
aromatic ring (407b), with fragments of the latter acting as
guests for the second host. Compared to the dense struc-
tures constructed by lateral m—m stacking of pillar[5]arenes
in which macrocycles as polyhedra are closely arranged to
one another with their faces and interact non-covalently by
overlapping with neighbouring m-orbitals of the aromatic
system, this assembly appears less dense and, as a conse-
quence, more porous.!%® The free bis(thioacetylhydrazine)
moieties not involved in complexation demonstrated a high

Structures 407a,b

supra-
molecular
% self-assembly

= 407a; = 407b

Figure 130. Schematic representation of the two-dimensional
supramolecular framework formed by the host—guest interaction
involving derivatives of pillar[5]arene 407a,b.!0%¢

ability to bind Hg? ™, Cr3*, Cu?* and Fe?* cations as well
as to detect F—, Br— and L-cysteine anions through their
sensitive fluorescence response.

These planar 2D structures can easily be constructed
from identical pillar[5]- or pillar[6]arenes. Most of such
supramolecular assemblies are similar due to the use of the
same building blocks; as a consequence, the diversity and
functionality of such structures is very limited.#34,1092-1098
To expand their range, so-called self-sorting materials based
on two different macrocyclic platforms, crown ether 408
and pillar[S]arene 407¢ were synthesised 1°°° (Fig. 131). In
this case, the ability of pillar[r]arenes to form complexes

407c

Films Nanorods Micelles

Figure 131. Self-sorting materials based on two macrocyclic plat-
forms, crown ether 408 and pillar[5]arene 407c.
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Structures 407c, 408

K‘/CsHﬂ-n

408 NC

with positively charged and neutral molecules combined
with the propensity of crown ethers to bind ammonium
groups was exploited. This strategy involves the integration
of these two types of non-covalent interactions to produce
supramolecular alternating polymers capable of forming
zero- to three-dimensional hierarchical materials, by vary-
ing only solvent evaporation rate.

More complex self-sorting systems were obtained by
Manganaro et al.!'% Self-sorting was based on the ability
of different molecules to selectively recognize their mutual
counterparts even in the presence of competing molecules.

addition of
crown ether

protonation and @)
polymerization

e ©

L3

ion exchange
_—

= 409a; = 409b; .OI = 410;
& = AB—; @ = CI—,picrate

Figure 132. Self-sorting system based on two macrocyclic plat-
forms, calix[S]arene 409a and crown ether 410, in the presence of
the ArsB~ organic anion [Ar = 3,5-(F3C),CcH;].'100

A multicomponent supramolecular system consisting of two
different hosts (calix[5]arene 409a and dibenzo-24-crown-8-
ether 410) and two different guests (alkyl- and dialkylam-
monium cations) is able to self-assemble into a strictly
defined supramolecular architecture. This is due to the
self-sorting of the host—guest pairs, calix[S]arene with a
primary alkylammonium ion (NH7) and dibenzo-24-crown-
8-ether with a secondary dialkylammonium ion (NHJ),
controlled by the action of counter ions (Fig. 132). In light
of recent applications 1101-1103 of polypseudorotaxanes in
nanomedicine and materials science, Manganaro et al.!1%
demonstrated a new approach to produce highly organized
supramolecular materials.

Structures 409, 410

! 0) S R = NH(CH2)12NH> (a),
/{/{ 5\ i>1]>\N+Hz<CHz)mN+Ha(b)

409a,b

¢
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The combination of self-assembly and the self-sorting
principle in a multicomponent system comprising two hosts
(crown ethers) and three guests was used !1°! to assemble
two new tris[2]pseudorotaxanes (Fig. 133). The multicom-
ponent assembly was controlled by the implementation of
two types of non-covalent interactions (metal—ligand and
host—guest interactions), while self-sorting was controlled
by the size of the guest molecules and steric effects.

Heteropseudorotaxanes were obtained involving cucur-
bit[8]urils and cyclodextrins 1921103 by mixing two com-
plexes, cucurbit[8]uril complex with adamantanyl viologen
and PB-cyclodextrin complex with 2-hydroxynaphthalene.
During the formation of this system, exchange of guest
molecules was observed, so that the adamantyl moiety was
located in the cyclodextrin cavity, while naphthalene was
located in the cavity of cucurbituril. Cyclodextrin played a
key role in the assembly of this system. In the absence of
CD, cucurbituril mainly bound the adamantyl moiety of the
guest molecule, so its cavity could not participate in the
formation of a stable charge transfer complex of adaman-
tanyl viologen with hydroxynaphthalene.

The application of cooperative assembly of cucurbituril
and cyclodextrin can also be extended to the construction of
more complex supramolecular architectures, two-dimen-
sional pseudopolyrotaxanes. For instance, a pseudorotax-
ane was synthesized from monosubstituted B-cyclodextrin
and cucurbit[6]uril.!'%4 The subsequent addition of a linear
polymer to this pseudorotaxane led to the formation of
pseudopolyrotaxanes simultaneously in the main and side
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Figure 133. Schematic representation of the synthesis of tris[2]-
pseudorotaxane based on self-assembly and the principle of self-
sorting.!10!
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chains. Notably, the 2D-pseudopolyrotaxane in the main
chain transformed into 1D pseudopolyrotaxane in the
presence of a base. Subsequent addition of a-cyclodextrins
can lead to a reverse switching to 2D-pseudopolyrotaxane.
The topological structures and reversible interconversions
of pseudopolyrotaxanes are not only applicable for the
development of novel supramolecular polyrotaxanes and
multicatenanes, but also provide an opportunity to design
and develop molecular switches and machines based on
pseudopolyrotaxane.

Hetero[4]rotaxanes were synthesized on the basis of
cucurbit[6]uryl and pillar[6]arene.!!?> In these structures, a
pillar[6]arene molecule located between two cucurbit[6]uril
moleculess is conformationally mobile in solution and
assumes energetically advantageous conformation with
C;syp local symmetry in solid state. This study demonstrated
the importance of hydrogen bonds for accelerating alkyne —
azide 1,3-dipolar cycloaddition reactions in which cucur-
bit[6]uryl acts as a template.

Mixing of five- and six-membered macrocycles can lead
to warping of the surface to give spherical assemblies similar
to fullerene Cgo molecule. Indeed, three-dimensional vesic-
ular assemblies were obtained !1° by co-assembly of the
pentagonal pillar[S]larene and the hexagonal pillar[6]arene

Pillar[6]arene

i >

Fullerene-like vesicle

Pillar[5]arene

Figure 134. Schematic representation of three-dimensional vesicu-
lar assemblies formed by the co-assembly of pentagonal a pillar[5]-
arene and a hexagonal pillar[6]arene.''°¢ Published with permission
from the American Chemical Society.

(Fig. 134). As shown above, the highly symmetric pillar[6]-
arene easily forms 2D layers. The addition of a low-
symmetry pillar[S]arene leads to surface bending and tran-
sition from a layered (2D) structure to a three-dimensional
(3D) structure. When the ratio of five- and six-membered
macrocycles is 12:20, the co-assembled structure becomes
similar to the structure of fullerene Cgp molecules, also
composed of penta- and hexagons. The five-membered rings
in fullerene provide the curvature required to form its
spherical structure. Thus, pillar[5]arene provided the curva-
ture for the formation of the vesicular structure.

Consequently, using the ability of macrocyclic com-
pounds to encapsulate guest molecules into their cavity,
not only host—guest type complexes can be obtained, but
also new materials of various dimensionality (1D, 2D, 3D)
can be formed upon combination of either similar or differ-
ent macrocycles.

3.6.2. Layer-by-layer assembly of supramolecular assemblies
through ion—ion interactions

The pillar-like shape of pillar[n]arenes is ideal for surface
modification and formation of one-dimensional (1D) chan-
nels.!'1%7 The regular polygonal prism shape of pillar[n]ar-
enes facilitates the construction of highly ordered
structures, such as two-dimensional (2D) layers and three-
dimensional (3D) spheres. The multilayer films obtained by
layer-by-layer alternation of pillar[S]arene 407d containing
ten positively charged terminal moieties and pillar[5]arene
407e with ten anionic groups selectively bind the guest
molecules, dinitrobenzene derivatives, according to their
geometrical size (Fig. 135). For instance, the cavity size of
pillar[S]arene is ~4.7 A, which is larger than that of the
p-dinitrobenzene molecule (~4.3 A), but smaller than that

Structures 407d,e
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Figure 135. Multilayer films obtained by layer-by-layer alternation
of pillar[5]arenes 407d,e.''%® Published with permission from the
American Chemical Society.

of the o-dinitrobenzene (~5.9 A) or m-dinitrobenzene
(~5.9 A) molecules. Therefore, this multilayer film selec-
tively binds only p-dinitrobenzene.!108

The volume of such pores can be controlled by varying
the number of deposited layers, which is a new method for
constructing controlled microporous thin films that can
potentially find application in molecular separation and
storage of substrates.

Layer-by-layer structures of this kind were obtained
using another macrocyclic platform, thiacalix[4]arene.
Yakimova et al.''%° carried out self-assembly of supra-
molecular building blocks, cationic and anionic derivatives
of thiacalix[4]arene, and thus obtained polyionic mixed
nanoparticles of various sizes with different stability and
morphology. Quaternary ammonium salts 411a,b based on
thiacalix[4]arene in the cone and 1,3-alternate configura-
tions were used as cationic macrocycles. The second build-
ing block was an oppositely charged macrocycle,
thiacalix[4]arene 411c¢ in the cone configuration, functional-
ized at the lower rim with four alkylsulfonate fragments
(Fig. 136). The authors have shown that by changing the
configuration of the macrocycle included in the associate, it
is possible to change its affinity to biopolymers.

The self-assembly of water-soluble pyridinium-substi-
tuted porphyrins with functionalized calixarenes containing
carboxylate moieties at one rim and sulfonate moieties at
the other rim leads to the formation of associates with well-
defined stoichiometry, which is regulated by pH.!''0 At
pH 2 and 6 and various porphyrin:calixarene ratios, two
types of architectures are formed. Both complexes are
stabilized by the synergism of non-covalent interactions
such as

— electrostatic interactions between the positively
charged groups on the porphyrin rings and the anionic
sulfonate groups,

— n—m= stacking between the porphyrin rings,

— CH---&t interactions between the N* — Me group and
the calixarene molecule.

The same stoichiometry of the complexes is maintained
both in solution and in the solid state.

By combining water-soluble bis(p-sulfonatocalix[5]-
arenes) 412a,b and cationic porphyrins 413a,b, Guo

Structures 411

But But But

g

= 411c

Figure 136. Layer-by-layer structures based on the cationic and
anionic derivatives of thiacalix[4]arene 411a—c in the cone and 1,3-
alternate configurations.'' Figure adapted from Ref. 1109 and
published with permission from Springer Nature.

et al.''!! obtained two types of supramolecular nanoarchi-
tectures with 2D network and one-dimensional linear topo-
logical structures (Fig. 137). When forming these architec-
tures, charged moieties of the porphyrin macrocycle act as
guests, and self-assembly itself is driven by electrostatic
interactions. The combination of two types of intermolecu-
lar interactions makes it easy to synthesise high-purity
supramolecular aggregates by simple stoichiometric mixing.
The result is well-ordered nanostructures with well-defined
size, shape and spatial distribution that can be controlled by
the design of host and guest binding sites. Moreover, in
these supramolecular systems, calixarenes and porphyrins
act not only as interacting tectons, but also as efficient
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Figure 137. Supramolecular nanoarchitectures with two-dimen-
sional network and one-dimensional linear topological structures
based on water-soluble p-sulfonatocalix[S]arenes 412a,b and cati-
onic porphyrins 413a,b.!!!! Published with permission from Wiley.

donor-acceptor electronic systems. As a consequence, the
constructed supramolecular aggregates exhibit photoelec-
tric properties with electron transfer between building
blocks in the nanoscale region. These results are important
for potential applications in artificial photosynthesis, as
well as in engineering molecular electronics and optoelec-
tronics.

Xu et al.'''> made use of the heterovalence principle
widespread in Nature to combine two different macrocyclic
receptors (amphiphilic calixarene 414 and cyclodextrin 415)
into one assembly intended for heteromultivalent molecular
recognition of model peptides (Fig. 138). These receptors
were used to study interactions with proteins, in particular,
inhibition of fibrillation and dissolution of amyloid B-pep-
tides through interactions with the 42-membered amyloid
B-peptide (AP 42). This approach is currently very relevant,
since the implementation of the principle of heteromultiva-
lence via covalent cross-linking of various macrocycles into
one framework is still a challenge, as labourious procedures
are often required to fabricate complex covalent structures.

Thus, the relative ease of functionalization of some
macrocycles, such as (thia)calix[n]arenes and pillar[n]arenes,

Structures 412, 413

allows the development of new approaches to the synthesis
of polyfunctional species for medical puposes, providing
high regularity of their structure, hydrophilic—hydrophobic
balance and compatibility with biological receptors, high
affinity towards substrates with different structure, hydro-
philicity and molecular weight, as well as the possibility to
control the above properties by varying the nature of the
host substituents in the polyelectrolyte associates.

To summarize the material in this Section, we can
conclude that the co-assembly of macrocyclic compounds
of different classes opens up the possibility of obtaining 1D,
2D and 3D supramolecular assemblies using two basic
approaches:

— polyelectrolyte assembly of polyions (layer-by-layer),

— application of host—guest complexes (with inclusion
complexes as a special case) characteristic of macrocycles.

The simultaneous implementation of the above
approaches is often possible for a limited range of macro-
cyclic derivatives, such as (thia)calix[n]arenes and
pillar[n]arenes. However, in the case of most synthetically
difficult to access polyfunctional macrocycles (cucurbiturils,
cyclodextrins, crown ethers), self-assembly is usually based

Structures 414, 415
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Figure 138. Supramolecular assemblies based on amphiphilic

calix[5]arene 414 and cyclodextrin 415.'112
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on their ability to form inclusion complexes. The co-self-
assembly of several macrocycles allows the creation of
intricately organized biomimetic systems according to the
heterovalence principle, which can become a fundamental
basis for the construction of artificial biological systems.

3.7. Self-organization and self-assembly of nanostructures
based on short-chain oligopeptides
3.7.1. Oligopeptides and nanostructures based on them
Oligopeptides are natural or synthetic substances the mol-
ecules of which are composed of amino-acid residues linked
by amide bonds. The number of amino acid residues in
oligopeptides is not clearly defined and can vary from 2 to
10.1113-1115 Tp the solid state and in solution, oligopeptides
exist mostly in zwitterionic form, and in the gas phase, they
exist in the molecular form.!'16-1117 Depending on the
nature of the side chains in the o-amino acid residues
occurring in oligopeptides, their molecules can display
hydrophobic, hydrophilic, basic and acidic properties,''!'8
and also possess various capacities for self-assembly and
self-organization.!119- 1121

An important feature of oligopeptides is their ability to
form porous or plate-like crystals!!1% 1122 and various
nanostructures including particles,'!?? fibres,!!?4 rods,!123
tubes,!!12¢  spheres,''?7 dendritic structures, 1?8  erc.1120
(Fig. 139). These nanostructures can exhibit piezoelec-
tric,''2 nonlinear optical,!!3? semiconducting ''3! or lumi-
niscent ''32 properties and demonstrate electrochemical
activity ''3% and unique stiffness, which exceeds that of
steel.!133 Due to their low toxicity, biocompatibility and
environmental friendliness, oligopeptide nanostructures are
often considered as good alternatives to inorganic nano-
materials, 1119.1122,1134

Twisted nanofibres

SN

Nanoribbons

The scope of application of materials based on oligo-
peptides (Fig. 140) is constantly expanding.!!35.1136 They
are employed in biosensing systems for selective detection of
neurotoxins,!!37 for producing hybrid organic-inorganic
1138 and composite nanomaterials, including energy storage
devices 113° and microfluidic reactor systems,!!#? for pro-
ducing stable supramolecular hydro- ''#!' and organo-
gels, 124 self-cleaning superhydrophobic surfaces,!'#? high-
performance catalysts,''*3 piezoelectric materials for bio-
medicine,''#* biodegradable hybrid materials for elec-
tronics,!!4% triboelectric energy generators,!!4® optical
waveguides,''*” and materials for optoelectronic devi-
ces.!1® Porous crystals of oligopeptides can be used for
gas separation,!!*? desalination of seawater through reverse
osmosis,'1%% and encapsulation of volatile anaesthetics.!!3!

To be effectively used in various fields and technologies,
oligopeptide-based structures should meet the specific
requirements for supramolecular architecture. For example,
biomedical applications relating to tissue engineering or
drug delivery systems require biocompatible fibrillar struc-
tures tending to form gels,''>2 or cell-penetrating
vesicles.!133 High-sensitivity sensor systems or energy stor-
age devices require highly stable nanotubes.!!>> When
developing superhydrophobic or self-cleaning surfaces,
nanorods are preferably used.!!'>* Porous crystals of oligo-
peptides proved to be suitable for the effective separation of
gas mixtures and binding of single gases.!149- 1155

3.7.2. Methods for producing nanostructures based on oligopeptides
Organic nanostructures and crystals of oligopeptides can be
produced via self-assembly from solutions in various sol-
vents,''17-1156 by treatment of amorphous oligopeptide
films with vapours of compounds at elevated tempera-
tures,!'>* by vapour deposition from powders,!!37 by
plasma-enhanced chemical vapour deposition 158 and enzy-

/ Nanotubes

Nanowires

fm

Nanovesicles

e

Figure 139. Nanostructures based on diphenylalanine (Phe-Phe) derivatives.!!20
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Figure 140. Application of nanostructures based on diphenylala-
nine.!!3% Reproduced with permission from the Royal Society of
Chemistry.

matic catalysis.!'5® Below, thermodynamic features of the
formation of oligopeptide-based nanostructures are consid-
ered.

3.7.2.1. Molecular self-organization and molecular self-assembly
As mention above, self-association of oligopeptide mole-
cules to form well-ordered structures occurs as a result of
self-assembly or self-organization, which can be defined as
processes of ordering of molecular units into supramolecu-
lar structures due to intermolecular non-covalent interac-
tions.!160-1162 From a thermodynamical point of view, self-
assembly and self-organization are different processes.!163
Self-assembly occurs as a spontaneous ordering of mole-
cules into supramolecular architectures due to specific and/
or non-specific interactions. Self-assembly decreases the free
energy of the system, and the system reaches thermody-
namic equilibrium. Self-organization, on the contrary,
occurs away from thermodynamic equilibrium in open
systems with an external energy source. Self-organizing
systems are involved in interaction with the environment;
therefore, the outcome of self-organization depends both on
the structure of interacting species and on the environ-
mental conditions.!163

The driving forces of self-assembly and self-organization
of oligopeptides, and forces stabilizing the resulting struc-
tures, include specific and non-specific intermolecular inter-
actions such as hydrogen bonding, mw—m stacking,
electrostatic, hydrophobic and van der Waals forces and
also surface tension.!133.1164-1166 Depending on the struc-
ture of oligopeptides, the contribution of each type of
interaction to the self-association processes can vary, thus
providing nanostructures of different structures and proper-
ties.

3.7.2.2. Kinetic and thermodynamic control of oligopeptide
self-association
The thermodynamic stability of the formed nanostructures
is defined by a combination of the above-mentioned non-
covalent interactions occurring in the system. At the same
time, due to the relatively low energy of these interactions,
self-association can be usually controlled by varying ther-
modynamic and kinetic parameters including the concen-
tration of oligopeptide, temperature, pH value, type and
ratio of the solvents, ezc.!'®7 Under the controlled change of
kinetic parameters, the resulting nanostructures can be fixed
in the metastable states such as fibrils (gel), ribbons and
nanospheres (NS) (Fig. 141). Further, if the kinetic param-
eters stop changing, the generated metastable structures
transform into thermodynamically more favourable states,
e.g., crystals, nanotubes (NT), and nanowires (NW) (see
Fig. 141).1167

However, it should be noted that significant progress in
the field of producing oligopeptide structures with a given
molecular organization or methods for predicting the type
of structure formed under specific conditions still has to be
achieved. The main challenge is that self-assembly and self-
organization processes proved to be very sensitive to the
influence of various factors.

3.7.3. Factors affecting the self-association of oligopeptides

The outcome of self-assembly and self-organization of
oligopeptides depends on the type,''!'® sequence 1% and
number 121- 1169 of amino acid residues in the molecules,
presence of protecting groups,''’% concentration of oligo-
peptide in solution and pH of the medium in which the
structures are formed,''”! physicochemical properties and
the ratio of solvents,!168- 1172, 1173 expnosure to low or high
temperatures,'!7!> 1174 UV irradiation,''7> acoustic,!%® mag-
netic 1176 and electric''77 fields, the type of substrate on
which the structures are assembled,!!?8- 1178 the presence of
traces of the second solvent,''” relative humidity of the
system,!180- 1181 the type of vapour used to saturate the
oligopeptide film,!!182-1184 ¢rc. On one hand, the above
factors offer important opportunities for control of the
self-association of oligopeptides to prepare various micro-
and nanostructures with specific properties. On the other
hand, they make it much more challenging or even impos-

7 ~
4 N
/7 N
Monomers \ =
[———— o & - 3
\\ /,/ \\ AG1
e N 2
AG Gel/ribbon/NS... \
= NOAG
Kinetic control <
Crystal/NT/NW...

Figure 141. Self-association of oligopeptides under thermody-
namic and kinetic control.''®” Under thermodynamic control
(orange solid line), the final structures occur in the minimum free
energy states. By varying parameters that affect the self-assembly
kinetics (pH, temperature), one can ‘freeze’ metastable states (blue
solid line), which can further transform into thermodynamically
more preferable states (blue dashed line). Reproduced with permis-
sion from the Royal Society of Chemistry.
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sible to predict the type of structures that can be formed in
the systems. Therefore, the search for correlations between
each of the above-mentioned factors or group of factors and
the result of self-association of oligopeptides is a trend of
critical importance for the production of functional materi-
als based on these systems with specified structure and
properties.

3.7.3.1. Effect of the type and sequence of amino acid residues in the
oligopeptide molecule
Depending on the type of amino acids making up oligopep-
tides, their self-assembly can lead to porous crystals con-
taining hydrophilic or hydrophobic helical channels or
plate-like crystals with two- or three-dimensional hydro-
gen-bond network (Fig. 142).1119, 1122

The effect of the sequence of amino acid residues on the
self-assembly outcome is clear from the example of Leu-Ile
and Ile-Leu dipeptides (see Fig. 142). The crystals of Leu-Ile
contain hydrophobic columns, the inner space of which is
inaccessible to the solvent molecules, whereas Ile-Leu forms
porous crystals with hydrophilic channels, the diameter of
which allows them to retain water molecules.!!!® The
oligopeptides Ala-Val and Val-Ala crystallize to form
porous crystals comprising hydrophobic channels of similar
size,!119 but the interaction of the films of these dipeptides
with vapours of organic compounds considerably changes
the morphology of the Val-Ala film, unlike that of
Ala-Val.!182

A change in the sequence of amino acid residues in
tetrapeptides also influences the outcome of their self-
assembly. Under similar conditions, the tetrapeptide
Phe-Phe-Pro-Pro forms nanorings, Pro-Pro-Phe-Phe gener-
ates fibrils, and Pro-Phe-Phe-Pro produces globules
(Fig. 143).1185 The chirality of amino acid residues consti-
tuting oligopeptides is yet another factor strongly affecting
their supramolecular behaviour and self-assembly outcome
even at a similar sequence of amino acid residues.!186-1188

There are currently no approaches to elucidate the effect
of the oligopeptide structure on the type of nanostructures
assembled from them. Self-assembly processes are studied
by simply varying combinations of various amino acids,
focusing on those systems and oligopeptides that provide
any ordered structures. An original approach proposed by
Ziganshin er al''®® may facilitate the process of such
screening. The authors demonstrated the possibility to
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Figure 142. Types of crystals based on dipeptides.''!® Reproduced
with permission from Wiley.

predict the results of changes in morphologies of crystals
and amorphous films of oligopeptides under the action of
organic vapours. For this purpose, the Sx MRp product
was used, where S is the adsorption capacity of oligopeptide

-

O =~ NW Moo N © O o
m

Figure 143. AFM images of structures based on peptides Phe-Phe-Pro-Pro (a), Pro-Pro-Phe-Phe (b) and Pro-Phe-Phe-Pro (c).!'$>

Reproduced with permission from Wiley.
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towards an organic guest (moles of guest per mole of host)
and MRp is the molar refraction of the guest representing
the size parameter of the molecule. The S value was
measured experimentally using quartz crystal microbalance
sensor,'1%0 the oscillators of which were coated with the
oligopeptide layer. Organic guests with maximum S x M Rp
values, according to the data of the sensor study, can
initiate the self-assembly of the studied oligopeptide to
give various structures.!!83

3.7.3.2. Effect of the number of amino acid residues in the
oligopeptide molecule
By varying the number of amino acid residues in molecules
of homo-oligopeptides, one can dramatically change the
results of their self-assembly under similar conditions.!!"!
When going from diphenylalanine (Phe-Phe) to triphenyla-
lanine (Phe-Phe-Phe) and further to tetraphenylalanine
(Phe-Phe-Phe-Phe), the type of evolving structures changes
from well-ordered nanotubes to plate-like structures com-
posed of B-sheets (Fig. 144),''14 and back to nanotubes,
showing, however, a lot of structural imperfections com-
pared to those based on Phe-Phe.!192

Another feature of tripeptides is their tendency to
crystallize 1191189 under conditions where dipeptides form
amorphous films 1178, 1182, 1183 (Fig 145),

3.7.3.3. Effect of temperature on self-organization of oligopeptides
Temperature is a significant kinetic factor that determines
the pattern of self-organization of oligopeptides !193.1194
and induces transformation of some structures into other
ones. 1951196 A typical example of the temperature effect is
the formation of various nanostructures of ferrocene-modi-

Figure 144. SEM images of nanotubes based on diphenylalanine
(a) and plate structures based on triphenylalanine (b).!!'* Repro-
duced with permission from Elsevier.

O =2 N W H OO N 0 ©

Figure 145. AFM images of the surface of an amorphous film of
dipeptide Gly-Gly (@) and crystals of tripeptide Gly-Gly-Gly ()
formed on the surface of highly oriented pyrolytic graphite
(HOPG) from a methanol solution.!1¢?

fied diphenylalanine at different temperatures. For this
dipeptide, the plate-like crystal packing is thermodynami-
cally stable. Variations of the temperature provide control
over its self-organization in solution (Fig. 146).'193 At
temperatures >37 °C, path / is implemented, resulting in
the formation of helical nanostructures (kinetic control). At
T < 30 °C, due to low self-organization rate, thermody-
namically stable flat crystals are formed (path 2, thermody-
namic control). In the range of 30 < 7 < 37 °C, the
originally formed metastable helical nanostructures are
converted within 1-3 days to thermodynamically stable
structures representing large crystals (path 3).

Pathway 1
“ (T>37°C)

> .
<8 I N N T
o Pathway 3.
0 (30<T<37°C) ..
(0] .
w . ’

Pathway 2 platele

Nsxa\s
(T < 30°C) oyeE

&y

Time

Figure 146. Scheme for the kinetically controlled self-organization
of ferrocene-modified diphenylalanine. Adapted from Ref. 1193
and published with permission from the American Chemical
Society.

Heating oligopeptide-based nanostructures above a cer-
tain temperature enables their transformation into other
structures possessing different properties. For example,
nanotubes derived from Leu-Leu and Phe-Phe and nano-
spheres obtained from Phe-Phe-Phe transform into fibrils at
> 180 °C (Fig. 147).1121. 1195 Ag a result of this transforma-
tion, nanostructures lose their piezoelectric and nonlinear
optical properties, but become able to generate visible
(green and blue) photoluminiscence emission. The reasons
for the observed transformation of nanostructures at ele-
vated temperatures will be discussed below.

3.7.3.4. Thermally induced chemical reactions of oligopeptides in the
solid state

The main challenge in the thermal treatment of oligopep-
tides to produce nanostructures is in the uncertainty of the
final state of the system. Heating can promote chemical
reactions in the solid state of oligopeptides similar to those
which are well known for their solutions, namely, cycliza-
tion reactions to afford 2,5-diketopiperazine deriva-
tives.!196.- 1197 Chemical  transformations might be
responsible for the formation of various nanostructures
(nanowires and nanotubes) on the surface of an amorphous
diphenylalanine film upon heating to 150 °C under aniline
vapour or by incubation with water vapour at 25 °C.1198
The same reason can also account for the loss of piezo-
electric properties by a diphenylalanine nanotube upon
heating to 140—-150 °C and for the observed transition of
hexagonal packing of oligopeptide to the centrosymmetric
orthorhombic crystal system.!!%?
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Figure 147. Scheme for the formation of nanostructures from oligopeptides and their transitions at elevated temperatures.''?! Reproduced

with permission from the American Chemical Society.

Meanwhile, thermally induced cyclizations of oligopep-
tides in the solid state remain underinvestigated. Glycyl-
glycine is known to form a cyclic product in a yield of
>60% when heated above 219230 °C.1169.1200 The for-
mation of 2,5-diketopiperazine derivatives in the quantita-
tive (close to 100%) yield was found for diphenylalanine
and isoleucylalanine, which began to react at 147—150 °C
(Refs 1201, 1202) and 206 °C,'293 respectively. Heating of
Leu-Leu above 177 °C leads to the formation of its cyclic
product, which undergoes self-assembly to afford plate
structures.!204 Therefore, for the results of thermal treat-
ment of oligopeptides to be properly interpreted, it is
necessary to know the critical temperature above which
self-organization of the products of chemical reactions
occurs rather than self-organization of the initial molecules.
At the same time, the development of methods for the
preparation of 2,5-diketopiperazine derivatives in high
yields is a practically relevant task, since these compounds
are of great interest for biomedicine, food industry and
various production processes. 2031206

Analysis of the onset point of solid-state cyclization as a
function of oligopeptide structure revealed that an increase
in the size of substituents in amino acids that make up the
dipeptides generally decreases the reaction temperature
(Fig. 148).1203 The detected correlation can be used to
estimate the temperature range in which a linear dipeptide
would form ordered structures without undergoing a chem-
ical transformation.

3.7.3.5. Effect of the solvent on the self-assembly of oligopeptides

The physicochemical properties of solvents can significantly
affect the self-assembly of oligopeptides and the type of the
resulting structures,!168,1172,1173,1183,1203 thereby allowing
for the fabrication of various materials using only one
oligopeptide. For example, the self-assembly of Val-Ala
oligopeptide from methanol generates tubular structure
and that from acetonitrile, isopropyl alcohol and chloro-
form leads to irregular fibre structures; in the case of

Tonset; OC
230 |- Gly-Gly
210 ¢ o lle-Ala
190
Leu-Leu
170

= —1.4767 x+236.62

150 -R? = 0.9839 Phe-Phe

130 1 1 1
0 20 40 60

MRS, cm3 mol—1

Figure 148. Correlation between the onset point (Tonset) of dipep-
tide cyclization and the values of molar refraction of substituents in
their molecules (EMR).1203 R2 is the correlation coefficient.
Reproduced with permission from Wiley.

pyridine, close-packed rectangular crystals are formed,
while in the case of toluene and n-hexane, layered structures
are obtained (Fig. 149).1168

One of the main properties of solvents affecting the
oligopeptide self-assembly is their ability to form hydrogen
bonds. 1124, 1168, 1178, 1183 Therefore, the presence of even
small (trace) amounts of H-donor or H-acceptor solvents
in aprotic media can drastically change the outcome of self-
assembly of an oligopeptide. Thus, the addition of water to
a solution of Phe-Phe in ethanol leads to self-assembly of
the oligopeptide into nanotubes rather than nanorods.!'#7
From the solution of Phe-Phe in dichloromethane, flat
crystalls are formed, while the addition of small amounts
of a second solvent such as ethanol, N,N-dimethylforma-
mide or acetone gives rise to fibre structures in which the
hydrogen bonding of the oligopeptide with the second
solvent plays a crucial role (Fig. 150).1179
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Figure 149. SEM images of Val-Ala structures obtained from
various solvents: pyridine (@), propan-2-ol (), ethanol (¢), meth-
anol (d), acetone (e), toluene (f), n-hexane (g), acetonitrile (4) and
chloroform (i).!'%® Reproduced with permission from the American
Chemical Society.

A trace amount of water present in benzene is sufficient
for generating a supramolecular organogel from
cyclo(leucyl-leucyl).!?4 A study of the mechanism of water
influence on the self-assembly processes suggested that
water induces aggregation and nucleation involving oligo-
peptide molecules 1297 and stabilizes the intermediate struc-
tures, which are further transfomed into final stable
products. 1208, 1209

Various nanostructures can be produced by treating
amorphous oligopeptide films deposited onto solid sub-
strates with vapours of various solvents at room temper-
ature.!182.1183.1210 Qatyration of an amorphous Leu-Leu
film obtained from a methanol solution on the surface of
highly oriented pyrolytic graphite (HOPG) (Fig. 151a)
with chloroform vapour produces helical crystals (see
Fig. 151b). Under similar conditions, dichloromethane
vapour induces self-assembly of the oligopeptide into fibril-
lar structures (see Fig. 151 ¢).!'83 The observed dependence
of the morphology of oligopeptide nanostructures on the
molecular structure of the solvents used in this way is an
example of molecular recognition.!?!!

To predict the possibilities of preparing nano- and
microstructures on the surface of amorphous oligopeptide
film by treatment with certain organic vapours, the Hansen
solubility parameters are sometimes used.!!”$

HM

25

20

CH.Cl, "‘~‘ o
dipeptide _ dipeptide " = 4
hydrogen bonds C'I
rystals
CHCl, + traces
of a second solvent
X . dipeptide — solvent —
Dipeptide dipeptide hydrogan bonds
Gel

Figure 150. Scheme for the formation of various nanostructures
from a solution of the dipeptide in pure dichloromethane and in
dichloromethane containing traces of a second solvent (ethanol,
DMF, acetone).!!'” Reproduced with permission from the Ameri-
can Chemical Society.

3.7.3.6. Effect of air humidity on the self-assembly of oligopeptides
The self-assembly of oligopeptides is critically affected not
only by water contained in the solvents but also by water
present in the air. Water vapour with thermodynamic
activity T < 0.5 (air humidity < 50%) does not affect the
morphology of the amorphous film of diphenylalanine
(Fig. 152). In the 0.5—-0.9 range of thermodynamic activity,
water triggers self-assembly of oligopeptide into small
spherical aggregates, whereas at the activity of water
above 0.9, diphenylalanine forms nanorods (see
Fig. 152).1123

Air humidity also affects the self-assembly of oligopep-
tides on the solid substrates. The deposition of a methanol
solution of Val-Val onto the surface of HOPG followed by
evaporation of the solvent at 50% air humidity leads to the
formation of a film non-uniformly coated with pyramidal
microcrystals (Fig. 153 @).!'%* An increase in the air humid-
ity up to 60% promotes the formation of two groups of
pyramidal objects differing in size. The height of the first
group is 24—50 nm (see Fig. 153 b), while the height of the
second one is 50—95 nm. Further increase in the air humid-
ity (up to 80%) alters the outcome of the Val-Val self-
assembly: complex objects shaped as truncated cones
appear on the film surface (see Fig. 153 ¢).

3.7.3.7. Effect of the substrate on the self-assembly of oligopeptides
When obtaining nanostructures based on oligopeptides
through their self-assembly from solutions or amorphous
films on solid surfaces, it is necessary to take into account
the properties of the substrate, since they can have a
significant effect on the configuration of the first adsorbed

T This dimentionless value is calculated as the ratio of the water vapour
pressure over a salt solution to the vapour pressure over pure water.

HM

Figure 151. AFM
images of the surface
of an amorphous Leu-
¢« Leu film obtained on
| HOPG from methanol
solution (@) and satu-
rated with chloroform
(b) or dichlorome-
thane (c) vapour.!183
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Figure 152. Effect of water activity on the morphology of nano-
structures formed on the surface of the amorphous film of diphe-
nylalanine (Phe-Phe).!!'?> Reproduced with permission from the
American Chemical Society.

layer and eventually on the type of formed micro- and
nanostructures. 1212, 1213

The absence of strong interactions between the HOPG
surface and Gly-Gly facilitates the formation of an amor-

pm

phous film of the dipeptide upon drying of its solution
(Fig. 154 a).'178 The amorphous Gly-Gly film is also formed
on the surface of mica (see Fig. 154 b). However, in this
case, the causes for amorphization include good wettability
of the substrate, resulting in the formation of a virtually
two-dimensional droplet of the oligopeptide solution, and
the presence of a negative charge on the mica surface, which
prevents the diffusion of oligopeptide molecules necessary
for crystal growth. On a silicon wafer, Gly-Gly dipeptide
deposited from an aqueous methanol solution forms elon-
gated objects with tapered ends (see Fig. 154 ¢) due to the
limited wettability of the substrate and the presence of
carbonyl and hydroxyl groups orienting the oligopeptide
molecules in the first adsorption layer.

3.7.3.8. Effect of the oligopeptide concentration in solution on the
self-assembly

A change in the concentration (C) of the cationic oligopep-
tide H-Phe-Phe-NH> - HCI in solution makes it possible to
initiate its self-assembly into vesicular structures (upon
dilution) or into nanotubes (upon concentrating)
(Fig. 155).1214 The study carried out by the molecular
dynamics method!'?! revealed that at low concentrations
of the oligopeptide, the aggregation of its molecules to form
small vesicles is preferable. At the same time, at high
concentrations, self-assembly first produces bilayers, which
are then bent into nanotubes. Interestingly, according to the
performed calculations, the formation of various nano-
structures results from a subtle balance between oligopep-
tide—oligopeptide and oligopeptide—water interactions.
This conclusion once again highlights the need for taking
into account the water content (even in trace amounts) in
organic solvents used to obtain nanostructures. Consider-
ation should also be given to the fact that self-assembly will
lead to a decrease in the concentration of the oligopeptide in
the solution. Consequently, crystallization from solutions

Figure 153. AFM
images of the surface of
dipeptide Val-Val film
deposited onto HOPG
at an air humidity of 50
(a), 60 (b), and 80%
(c).'184 Reproduced with
permission from
Springer Nature.

Figure 154. AFM
images of Gly-Gly films
deposited from an aque-
ous methanol solution
onto HOPG (a), mica
(b) and silicon wafer
(c).1178 Reproduced
with permission from
Taylor and Francis.
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Figure 155. TEM image of a nanotube (C = 10 mg mL—!) (@) and
AFM image of vesicles (C = 1 mg mL~") of the cationic dipeptide
H-Phe-Phe-NH, - HCI (b).'?!* Reproduced with permission from
Wiley.

should provide structures that are stable at low concentra-
tions.

3.7.3.9. Effect of pH of the medium on self-organization
The existence of the zwitterionic form of unsubstituted
oligopeptides and the presence of the carboxyl group in
protected oligopeptides provide for the control over their
self-assembly and the properties of materials by changing
pH of the medium.!?16: 1217 For example, using the indicated
method, various nanostructures were obtained from sub-
stituted oligopeptide Fmoc-Phe-Phe (Fmoc is 9- fluorenyl-
methoxycarbonyl). At pH 9.5-10.2, nanofibrils are formed
that reassemble into nanoribbons when pH is decreased to
5.2—-6.2 with the subsequent aggregation and precipitating
(Fig. 156).1216

The mechanism of this transformation is associated with
a change in the secondary structure formed by the oligopep-
tide at different pH values. In an aqueous solution, the
molecules of Fmoc-Phe-Phe are neutral and during the self-
assembly, they form B-sheets that assemble into flat fibrils.
An increase in the pH of the medium leads to deprotonation
of the oligopeptide to generate negatively charged species,
for which self-organization into helical fibrils consisting of
a-spirals is preferable.!2!8

To conclude, it should be noted that in the last decade,
biocompatible micro- and nanostructures based on oligo-
peptides have become objects of intensive research, due to
the possibility of their practical applications as functional
materials in various technologies and in medicine. The
methods for producing nanoobjects in a diversity of shapes
have been elaborated, and the basic conditions for their

Clear solution Translucent solution

pH95 pH6.2

peptide
self-assembly

fibre thickening

Turbid viscous solution

formation have been found. Meanwhile, the factors affect-
ing the self-assembly and self-organization of oligopeptides
are not limited only to those listed in this Section. Their
diversity, as well as possible solid-state chemical reactions,
provide almost infinite opportunities for obtaining materi-
als with different structures and properties based on oligo-
peptides. A complex mechanism of the dependence of the
self-assembly and self-organization processes of oligopep-
tides on external factors makes it relevant to elucidate the
relationships between molecular structure, self-association
conditions and nanostructure type to create new functional
bionanomaterials.

4. Biomimetics

4.1. Dye— DNA complexes: interaction principles, biological
and medical applications

Deoxyribonucleic acid is a macromolecule that is able to
store genetic information, transmit it from generation to
generation and execute the genetic programme for the
development and functioning of living organisms.!219,1220
It is a polymer composed of nucleotides as monomeric
units.'22! A nucleotide consists of three main components:
a carbohydrate moiety (deoxyribose), heterocyclic residue
(adenosine, guanosine, thymine or cytosine) and phosphate.
The structures of 2’-deoxyadenosine-, 2’'-deoxyguanosine-,
2'-deoxycytidine- and 2’-deoxytymidine 5’-monophosphates
(416—419, respectively) are shown.

The DNA molecule consists of two antiparallel strands
of nucleotides. The antiparallelism lies in the opposite
direction of the two strands of the DNA double helix; one
strand has a direction from 5’ to 3’, the other from 3’ to 5’
[the numbers 5’ and 3’ indicate the number of the carbon
atom in the sugar residue that starts or ends the chain
(Fig. 157)]. The nitrogenous bases of the two strands are
linked by hydrogen bonds, which stabilize the structure,
together with the interactions that occur between the
parallel planes of the nucleobases. In addition, nucleotide
chains twist in space around each other and a common axis,
forming a double helix.

DNA molecules exhibit polymorphism and exist in
several conformations.!??2 The main conformations,
A-DNA, B-DNA and Z-DNA, differ in the degree of
twist, the orientation of the nucleobase planes relative to
the helix axis and biological functions. The B-form, which
includes a minor and a major groove, differing in width and
depth 1?23 (Fig. 158), is the predominant one.

Two phases

+ water

aggregation
and precipitation
Figure 156. Effect of pH
on self-organization of

the substituted oligopep-
tide Fmoc-Phe-Phe.!2!¢

Degree of ionization («)

v

Reproduced with per-
mission from the Ameri-
can Chemical Society.
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The DNA molecule is able to bind to various species
such as metal ions and drug and dye molecules. The
formation of complexes with low-molecular-weight ligands
can lead to changes in the DNA structure, disrupt the
transmission of genetic information (replication, transcrip-
tion and translation), cause single- and double-strand
breaks in DNA, as well as block protein synthesis and
cause genetic abnormalities. Ligand binding to the DNA
of pathogens leads to inhibition of their reproduction and,
in the case of cancer, can inhibit unregulated division of
cancer cells.!??3 The interaction of dyes with DNA mole-
cules provides fluorescent labelling of biopolymers. The
development of highly specific fluorescent markers has
given rise to a new field of biomedical imaging, fluorescence
molecular imaging, the scope of research of which ranges
from the subcellular level to the whole organism level.!?24
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Figure 157. Fragment of a DNA molecule. The red dashed lines
show hydrogen bonds.

Major groove

} Minor groove

Figure 158. Minor and major
grooves in the B-form of
DNA.

There are three types of interactions between low-
molecular-weight molecules and double-stranded DNA
(Fig. 159).1225.1226 . Among these interactions, hydrogen
bonds, electrostatic, hydrophobic and n—= stacking inter-
actions and van der Waals forces are important.

1. The external binding mechanism is based on electro-
static interactions between positively charged atoms in the
binding molecule and negatively charged DNA phosphate
groups, which link nucleosides.

2. Intercalation is the second mode of ligand binding to
DNA. The main interactions are reduced to the insertion of
an intercalator molecule between DNA base pairs. The
intercalator molecule must be flat, sufficiently hydrophobic
and capable of m—m= stacking interactions with nucleobases.

3. Ligand binding in the DNA groove is the third type of
binding of molecules to DNA. The positioning into DNA
minor or major groove differs in terms of steric effects and
hydrogen bonding energy. The minor groove tends to
accommodate longer molecules because it is longer and
deeper. Therefore, the minor groove is a more attractive
target for complexation of low-molecular-weight substances
with DNA. Proteins or other biomolecules are usually
embedded into the major groove.1220,1225,1226

Compounds acting as intercalators or binding to the
DNA minor groove are usually potentially suitable for the
development of drugs based on them. However, external
electrostatic ligand —DNA interactions also play an impor-
tant role, as the association of positively charged counter-
ions with the DNA polyanion has a strong influence on the
conformation and stability of the nucleic acid molecule and
on its ability to bind to RNA or other biomolecules.!22¢- 1227

Most intercalating agents are used as antibacterial,
antiparasitic and antitumour drugs, since their intercalation

Figure 159. Three types of ligand bind-
ing to DNA.122°



1020

1.S.Antipin, M.V.Alfimov, V.V.Arslanov, V.A.Burilov, S.Z.Vatsadze et al.
Russ. Chem. Rev., 2021, 90 (8) 895-1107

inhibits DNA replication and transcription, thereby sup-
pressing cell division and growth 12281230

Molecules that bind to the DNA minor groove often
show high potential as therapeutic agents.'?3! Sequence-
specific ligands can be used in chromosomal analysis. In
addition, such compounds exhibit various biological activ-
ities: antitumour, antiprotozoal, antiviral and antibacterial.
Most of the studies on compounds binding to the DNA
minor groove are devoted to the development of anticancer
drugs.

To date, a large number of organic molecules demon-
strating affinity for DNA have been identified.!?32-1234 In
this section, complexes of DNA with styryl dyes, which are
often used for the determination of nucleic acids, are
considered. Styrene derivatives have a high DNA binding
affinity and show intense fluorescence when fom complexes
with nucleic acids. A pronounce increase in the quantum
yield of fluorescence upon immobilization of styryl dyes in a
biopolymer molecule is associated with the suppression of
nonradiative relaxation as a result of hindrance of intra-
molecular rotation of the chromophore groups. As a result,
radiative relaxation (fluorescence), which is an analytical
signal, becomes the main relaxation channel of molecules in
an excited state. In addition, styrene derivatives are able to
penetrate into the cell, which is used for visualization of
intracellular DNA.1235

However, DNA imaging is not the only application of
styryl dyes in biology. For example, bis-styryl derivatives
have been used to determine amyloids and inhibit the
formation of amyloid aggregates and fibrils. Amyloids 8
(AB) and their fibrillar deposits in tissues result from
protein misfolding and are a sign of serious diseases such
as Alzheimer’s and Parkinson’s diseases, type II diabetes,
etc.

Mono-, bis- and tris-styryl dyes have the ability to bind
to DNA, with bis-styryl derivatives being the best ligands.
For this reason, a large number of studies are devoted to
complexation of bis-styryl derivatives with DNA, while
information on the interaction of mono-styryl and tris-
styryl derivatives with DNA is scarce.

Dye 420 can be regarded as an example of a styrene
derivative demonstrating external binding of a dye to
DNA.1236 Compound 421 was also used for a comparative
analysis of the association with DNA. These compounds
have low fluorescence intensity in aqueous solutions, but
when double-stranded DNA is added, a ponounced fluo-
rescence enhancement is observed, confirming the dye bind-
ing to DNA. The calculated stability constants (Kp) of the

formed complexes with DNA are 3.06x10° and
1.08 x 10° L mol—! for compounds 421 and 420, respec-
tively.

However, when salts (NaCl or KCl) are addded to a
solution of the DNA-420 complex, fluorescence is
quenched, which is associated with the destruction of this
complex. Indeed, inorganic cations are coordinated to the
outer phosphate groups of DNA, thus displacing the dye
molecules. This effect is not observed for compound 421,
for which the authors assumed that DNA binding occurs

Structures 420, 421
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through an intercalation mechanism. Studies of the action
of dyes 420 and 421 on HeLa cells (MMT assay) showed
that the compounds have low toxicity and can be used for
two-photon detection of DNA in living cells.

Ustimova et al.'?37 investigated the effect of the N-sub-
stituent in the 4-styrylpyridine dye on the mode of inter-
action with the calf thymus DNA (Fig. 160, Table 8). For
this purpose, two compounds were taken, dyes 422 and 423.

The data presented in Table 8 indicate that the inter-
action of dyes 422 and 423 with DNA leads to a change in
the optical characteristics of the compounds, which was
used to calculate the stability constants of complexes with
DNA and to evaluate the binding site.

N-Methyl-substituted dye 422 has a lower binding con-
stant and a moderate interaction area with DNA (n = 3.74),

~
—N
422

Structures 422, 423
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Figure 160. Image of
DNA complexes with
dyes 422 (a) and 423
(b).'?37 Published with
permission from
Elsevier.

Table 8. Characteristics of free and DNA- or polynucleotide-bound
dyes 422 and 423.1237

Ligand Jiabs , M g1, nm Imax/Io (plfirge:nd/ K, n
Ploand L mol~!
see® see® see? see®
ctDNA
422 373 395 501 501 2.1 1.20/2.33 2.4x10% 3.74
(see©)
423 382 404 511 506 2.3 3.36/6.49 2.5x10* 7.46
(see®)
Poly(dG-dC ),
423 382 396 515 512 0.47 3.36/1.0 1.3x10* —
(seed)
Poly(dA-dT)»
423 382 393 515 514 49 3.36/14.4 1.3 x10* —
(see )

Note. A.bs and A are wavelengths of the absorption and emission
maxima, respectively; Imax/lo and @ﬂFggnd/mﬁgﬁ,‘l‘g-bound are relative
changes in the fluorescence intensity and quantum yields upon binding
of a dye to DNA; n is the number of heterocyclic base pairs included in
complexes with dyes in an aqueous buffer: ctDNA is calf thymus
DNA, poly(dG-dC); and poly(dA-dT), are polynucleotides.  For free
ligand; ®for bound ligand; ©calculated using McGhee—von Hippel
method; 9 calculated using SpecFit/32 program.
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indicating intercalation of the dye between DNA base pairs.
The N-(3-pyridiniopropyl) substituent provides a stronger
binding to DNA and has a larger binding site. Considering
additional data on the interaction obtained by circular
dichroism, the authors concluded that dye 423 is able to
reside in the DNA minor groove. As a rule, compounds that
fit into the groove show specific binding to the A —T pairs of
DNA. For compound 423, this fact was also established
by comparing the interaction with poly(dG-dC), and
poly(dA-dT), polynucleotide chains.

Further studies of 4-styrylpyridine dyes as DNA ligands
involved the modification of the alkyl substituent in the
phenyl core of the dye (424a—c) as well as the synthesis and
study of bis-styryl dyes 425a—c¢ containing two 4-styrylpyr-
idine moieties.!238

— Structures 424, 425
—N

424a—-c
-
)
TsOM°<CH2>"0 @xc _
425a-c — TsO—

n =3 (a), 6 (b), 10 (c); Tsis p-toluenesulfonyl (tosyl)

It was found that variation of the length of the alkyl
substituent in the benzene ring of the monostyryl dye has a
crucial effect on the mode of interaction with calf thymus
DNA. Thus, compound 424a (n = 3) intercalates with
DNA, compound 424b (n = 6) fits into the minor groove
of DNA, and compound 424c¢ (n = 9) fits into the major
groove. In the case of bis-styryl dyes 425, no intercalation
was detected upon interaction with DNA, compounds
425a,b are inserted into the DNA minor groove, and
compound 425¢ is bound in the major groove. Note that
the fact of location of relatively simple molecules in the
major groove, established in this study, is quite unique,
since it was previously believed that this is possible only for
large biomolecules.

Apart from substituents, the nature of the heterocyclic
moiety plays an important role in the association of the
monostyryl dye with DNA. For instance, Berdnikova
et al.'?3 varied the nature and structure of the heterocycle
in the monostyryl moiety and also compared the results for
bis-styryl analogues. It was shown that increase in the
heterocyclic moiety from pyridine to acridine leads to
increasing strength of the associates with DNA. Moreover,
in the case of compounds 426a—c the interaction with DNA
occurs via intercalation, whereas for acridine derivative
426d a mixed interaction mode is observed: along with
intercalation, binding of molecules in the minor groove
also takes place. Comparison of the binding of compounds

o e
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426a,b and dimers 427 and 428 showed that the para-
arrangement of the styryl moiety relative to the pyridine
nitrogen atom produces a structure more suitable for bind-
ing to DNA, which provides for higher complexation
constants.

The presence of a crown ether moiety has no specific
effect on the coordination to DNA. Berdnilova et al.'?*°
analyzed the complexation with DNA in the presence and in
the absence of metal salts capable of being located in the 15-
crown-5 ether cavity and found no differences. This fact was
also noted in the analysis of complexation with DNA of
bis-styryl dyes connected through a 18-crown-6 ether
moiety. 1240

The interaction of styryl derivatives containing various
heterocyclic residues with DNA has been studied.!24!.1242
The studies confirmed the fact that cationic styryl dyes are
appopriate ligands for DNA, their binding constants are in
the range of 105—10° L mol—"'.

Akbay et al.'?*3 addressed the interaction of a series of
mono- and bis-styryl dyes 429a,b and 430a,b with double-
stranded DNA. The results they obtained led to a number of
important conclusions. Thus, monostyryl compounds inter-
calate between DNA base pairs, and bis-styryl dyes are
located in a minor groove. The latter was confirmed by the
fact that bis-styryl dyes have a large binding site (n = 14.5,
Table 9) and preferential coordination to A-T pairs. The
introduction of an N-alkylammonium substituent (com-
pound 429b) into the molecule leads to an increase in the
binding constant by a factor of 3 in comparison with the
analogous parameter of dye 429a (see Table 9). For bis-
styryl dye 430a with a positively charged linker, the binding
constant to DNA increases by a factor of 5 compared to the

Structures 429, 430
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Table 9. Stability constants of dye—DNA complexes and numbers of
heterocyclic base pairs included in the complexes with dyes 429 and 430
in an aqueous buffer.!243

Dye Ky-10=4, L mol—! n
429a 1.84+0.3 3.440.8
429b 6.240.9 2.340.5
430a 10.0+1.4 49422
430b 2.7+0.8 145+£32

initial monomer 429a. However, the DNA binding constant
of another bis-styryl dye (430b) is close to that of compound
429a (see Table 9). Thus, the position of the binding linker
and its structure significantly affect the DNA affinity.

As noted above, the most intensive research is carried
out in the field of the synthesis of ligands for DNA based on
bis-styryl dyes. Some of these ligands are considered
below.!244-1247 In general, dyes 431 —-435 give a significant
fluorescence response when bound to nucleic acids: the
fluorescence intensity of these dyes increases 2.9 —134-fold
in the presence of DNA, 4—25-fold in the presence of RNA,
and 1.2—55-fold in the presence of BSA. Hence, compounds
431435 are promising fluorescent markers for biological
assays.

Intensive studies of bis-styryl dyes as ligands for DNA
have not only established the fundamental laws of the
complexation mechanism, but also identified practical
applications for this knowledge. For example, recently, the
interest of researchers in the two-photon fluorescence
microscopy has increased. An advantage of this method
over confocal microscopy is high localization of excitation
and a significant depth of imaging (up to 1 mm), which
allows studying various processes in tissues and organs. In
addition, the use of lower energy photons for excitation
protects the samples from photodegradation. The combina-
tion of nonlinear optical properties and DNA affinity of the
styryl chromophore gives rise to ligands with necessary
properties for use in two-photon fluorescence microscopy
of biological objects. Mono-, bis- and tris-styryl pyridinium
derivatives 436a—c were obtained on the basis of the
triphenylamine moiety. These products have a large photon
absorption cross-section, and compounds 436b,c also
showed high affinity for DNA duplexes.!?*® One- and two-
photon confocal cell imaging using these compounds

showed that dyes 436b,c performed red staining
© N—(CH»)o—N_
MegN@—//—@ ’ N NMe,
21" 431a-d
= 1(a), 2 (b), 5(c), 10 (d)
A Q
SN N _N_S
(CHa)s” N(CH2)~ @+
41— SN
2
NMez NMe2

NMez

(An = 660—680 nm) of nuclear DNA with excellent con-
trast.

The successful use of styrene compounds as markers for
biological tissue imaging requires a solution to the problem
of selective binding to a particular cell component. Testing
libraries of styryl derivatives allowed Feng et al.'?#° to find
a bis-styryl dye 437, which can selectively bind double-
stranded DNA (ds-DNA) in cell culture samples.

This compound fluoresces in the green spectral range
(An = 540 nm) and allows visualization of the nuclei of
A549 and HeLa cell lines both in vitro and in vivo
(Fig. 161). The binding capacity of dye 437 to ds-DNA
was found to be 10 times greater than that to RNA, far
exceeding that of the commercially available SYTO dye and
comparable to that of Hoechst and DAPI dyes used in
biochemical assays.!250-1252 Besides imaging, dye 437 was
successfully used to quantify cellular DNA content by flow
cytometry.

Taking into account the structure of known inhibitors of
the formation of AP fibrils, a number of bis(styryl)pyridine
and bis(styryl)benzene derivatives with A inhibitory activ-
ity were obtained.!?>> An advantage of most of these
compounds over known analogues is their higher inhibitory
activity combined with low cytotoxicity.

Figure 161. Imaging of live (a, b) and fixed (¢, d) A549 and HeLa
cells, respectively, using dye 437 under flow cytometry condi-
tions.!?4? Published with permission frrom the Royal Society of
Chemistry.
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Structures 436, 437
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Another area of application of styryl dyes in biology is
the determination of the histochemical localization of the
activity of peroxidase enzymes using fluorescence micro-
scopy. In this case, the mechanism of action of the styryl
label is the covalent binding of the fluorescent marker to the
enzyme. Krieg’s research team !'2>* obtained several bis-
styryl dyes based on pyridine, quinoline, benzothiazole
and indole that could act as fluorescent labels for the
visualization of mast cells, nucleic acids, keratin and carti-
lage tissues. The efficiency of interaction of a molecular
probe with the listed objects increases with increasing
number and donor capacity of functional groups in the
dye molecule. In addition, it was shown that the selectivity
of binding of a fluorescent label to a particular cell structure
can be controlled by changing the length of the bridging
group between monomer units.

A photocontrolled ligand for binding to DNA was
proposed on the Dbasis of 2-styrylbenzothiazole
(Scheme 68).12%> The discovered phenomenon is based on
the fact that uncharged (FE)-2-(3,4-dimethoxystyryl)ben-
zo[d]thiazole (438) is unable to be coordinated to DNA.
Upon irradiation with light at 300 nm, the compound is
converted to a positively charged polycyclic derivative via
photochemical electrocyclization. The aromatic cation 439
does react with DNA. It was shown that the transformation
of styrene 438 into heterocyclic cation 439 proceeds in the
presence of DNA without affecting the latter. In a later
study, the products of photochemical electrocyclization and
other styrylazines demonstrated a high DNA affinity.!23¢

This reaction formed the basis for the construction of a
complex system that simulates the delivery of a substituted
2-styrylpyridine molecule 440 to DNA as a part of a
complex with (2-hydroxypropyl)-B-cyclodextrin
(HP-B-CD), photocyclization of styryl into heterocyclic
cation 441, its release from the cyclodextrin cavity and

Scheme 68
S
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S OMe hy, O,
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N OMe
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Published with permission of the Royal Society of Chemistry.1255
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Figure 162. Scheme of DNA binding to dye 440.'2°7 Published
with permission from the Royal Society of Chemistry.

intercalation between the DNA base pairs (Fig. 162).1257
The release of the heterocyclic cation 441 from DNA was
performed using cucurbit[7]uril (CB [7]). It is known that
this container molecule is capable of binding positively
charged species.

Another example of a supramolecular complex with the
inclusion of a styryl dye molecule, DNA and cucurbit[7]uril
was considered by Chernikova et al.'>*® Compound 442, in
which two 4-styrylpyridinium moieties are connected to
each other through a diaza-18-crown-6-ether spacer, was
used as a dye component.

\ Structure 442
° - N
1~ N—
+ /7 / N N / \ . I,
—N
__/
442

A three-component assembly was obtained when one of
the styryl moieties of bis-styryl 442 occupied the DNA
minor groove with the simultaneous penetration of another
styryl moiety into the cucurbit[7]uril cavity (Fig. 163).128
The structure of the formed assembly was proved by a
combination of methods of optical spectroscopy, NMR
spectroscopy and circular dichroism, in combination with
quantum chemical calculations. This study demonstrates an
example of the construction of mixed organo-biological
assemblies of molecules using a set of non-covalent inter-
actions.

Thus, styryl dyes are promising ligands for DNA. Their
ability to bind to DNA can be varied by introducing
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DNA: 5'-C1-G2-C3-G4-A5-A6-T7-T8-C9-C10-C11-G12-3'
3'-G12-C11-G10-C9-T8-T7-A6-A5-G4-C3-G2-C1-5'
Drew — Dickerson dodecamer (DD)

442-DNACBJ[7]

442-DNA

Figure 163. Scheme of DNA binding (Drew—Dickerson dodeca-
mer) to dye 442.!258 Red rectangles are moieties of bis-styryl dye
442, yellow cylinder is CB[7] molecule. Published with permission
fom the Royal Society of Chemistry.

suitable substituents and switching from monomeric to
dimeric structures. These compounds are photostable,
unlike the currently widely used cyanine dyes. In addition,
styryl dyes demonstrate both high biological activity and
properties of markers for biomolecules.

4.2. Supramolecular biochemical systems
based on proteins and nanoparticles for bionanotechnology
and fundamental medicine
This part of the review addresses the fabrication methods
(various techniques and approaches, including rational
design), the structure—property relationships and applica-
tions of supramolecular biochemical systems (SBS) based
on proteins and various sorts of nanoparticles (NPs).
Proteins of the following types are considered:

— albumins as the most representative human and
animal globular serum proteins,!23%-1261

— various lipases: water-soluble enzymes with a hydro-
phobic pocket in the active site, 12621264

— rhodopsins as relatively simple membrane proteins
with photoreceptor and transport functions. 2651268

Understanding of molecular mechanisms of interaction
between these proteins and the most widely used nano-
particles such as gold,!?0%- 1271 gilver,!272-1274 some other
metal and metal oxide 12751276 NPs is a necessary condition
for the development of bionanohybrid materials. When
considering the rational design of various types of SBS,
researchers focus on the formation of the protein adsorp-
tion layer on the nanoparticle surface (a sort of corona),
which is described in a number of studies.!?77-1282 It s
known that the interaction of nanoparticles with proteins is
a dynamic process, with the exchange between the surface-
bound and bulk proteins occurring on different time scales
(Fig. 164).1277 1282

Indeed, proteins with low affinity for nanoparticles
rapidly interact with the NP surface (see Fig. 164, system /)
and are replaced over short time periods (seconds or
minutes). Initially, caps of single protein molecules are
formed (see Fig. 164, system IT) via adsorption—desorption
processes (k1 and k_,, respectively), which is followed by
the formation of so-called ‘soft corona’ (k> and k_») with a
low surface coverage by the protein (see Fig. 164,
system I11).'277-1282 Proteins with high affinity for the NP

Protein

B T

&

NP

Figure 164. General scheme of formation of supramolecular bio-
chemical systems via interaction of proteins with nanoparticles:
(1) initial time point before interaction of the protein with nano-
particles; (/1) proteins with low affinity for nanoparticles form caps
of single protein molecules; (/I]) soft corona with a large number of
defects on the NP surface; (/V') hard corona with a high coverage of
the NP surface with the protein. k; and k_; are the dissociation and
association constants in the protein—nanoparticle system, respec-
tively. 12771282

surface slowly exchange in adsorption-—desorption proc-
esses (k3 and k_3) and form a ‘hard corona’ with a high
surface coverage (see Fig. 164, system /V'). In this case, the
structure of tightly bound protein molecules of the inner
adsorption layer is retained for rather long periods of time
(hours or even days).!277-1282 Modern data 12771282~ 1284
indicate that particularly the protein corona on the nano-
particle surface 128271284 (rather than the NPs themselves)
determines the biological identity of SBS (in particular,
immunogenicity 1279~ 1283) under physiological conditions.
The protein corona acts as the boundary layer between NP
and the cell, intercellular space and so on.!284-1286 Below
we consider in detail the processes and parameters that
influence the formation and composition of the corona such
as particle size 287 and shape,'?%® surface properties,!?”7
protein concentration in the medium, the rate of protein—
NP association and dissociation 1?83 and the properties and
composition of the biological fluid.'?7?~1282 The formation
mechanism and composition of the corona are very impor-
tant for the toxicity,!?78~ 1282 internalization '28% and other
biomedical aspects of SBS application, 1278~ 1282, 12861288 T
our knowledge, most of studies were carried out for SBS
with long-lived and fairly stable hard corona; furthermore,
these SBS can be quantitatively isolated (separated from the
incubation medium, etc.) by centrifugation and
washing.!286 In this Section, we consider, first of all, gold
and silver nanoparticles, because they are most popular
scaffolds for the fabrication of nanostructured materials
meant for biological systems.

4.2.1. Systems based on albumins and nanoparticles
4.2.1.1. Albumin and its analogues

Albumin and its analogues are of considerable interest for
physicochemical biology and medicine, because they are
most abundant proteins of blood plasma (serum), milk and
human and animal tissues.'?°°~1261 These are globular
proteins readily soluble in water, stable over a broad pH
range (from 4 to 9) and resistant to some organic solvents
(e.g., alcohols). In addition, albumins have fairly good
biocompatibility and high storage stability when used in
in vitro models, which is especially important for bio- and
nanotechnological applications. Albumins have quite a few
important biochemical functions: regulation of blood pH
and osmotic pressure; binding and transport of both neces-
sary ions or metabolites (calcium, fatty acids of various
types, degradation products of haemoglobin, ezc.) and
hazardous substances (heavy metals, undesirable biologi-
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cally active compounds, reactive oxygen species, etc.), thus
controlling the blood levels of these compounds.!239-1261
Albumin and its analogues can be derived from various
sources such as bovine blood serum (BSA), human blood
serum (HSA), milk (lactoalbumin), egg (ovalbumin), blood
sera of small laboratory animals (mice and rats) and
gramineous plants (soy and other).!2591261,1277-1281,1289
It is important that BSA, HSA and ovalbumin are commer-
cially available and inexpensive; therefore, they are more
often used as standards in biophysical and biochemical
research than other albumins and other proteins. The key

characteristics of ovalbumin, BSA and HSA are shown
below: 12591261, 1289

Parameter Ovalbumin BSA  HSA
Molecular weight (MW), kDa 43 66 66
Isoelectric point 4.8 4.7 4.7
Number of S—S bridges 1 17 17
Number of free SH groups 4 1 1
Number of amino acids 385 583 585

Ovalbumin, BSA and HSA have very similar molecular
structures: all three proteins are globules formed from a
single polypeptide chain consisting mainly of a-helices (60
to 70%); they contain hydrophilic and hydrophobic areas
and exhibit acidic properties. The structures of these pro-
teins differ insignificantly. Below we consider only BSA,
which is most important for biomedical and bionanotech-
nological applications. This protein consists of three homol-
ogous domains, which are products of two subdomains and
differ in the specificity (affinity) in metabolite binding and
formation of ligand — protein complexes. The slight intrinsic
fluorescence of BSA is mainly caused by the presence of two
tryptophan residues (Trp-134 in the first domain and Trp-
212 in the second domain) and other aromatic amino acid
residues, which is helpful for BSA detection and use as a
drug delivery agent.!259—1261,1289

4.2.1.2. Fabrication strategies of supramolecular biochemical
systems from albumin and nanoparticles

Characteristics of the structural domains of albumin allow
its binding to biologically active compounds and various
metal nanoparticles. In the general case, SBS structures
composed of NPs on the protein surface can be
obtained '289-1297 (Fig. 165), or albumin can serve as a
nanocage, with NPs or other compounds being encapsu-
lated within the cage (especially if NPs are smaller than
large protein globule).!277 1282, 12891292

The formation of such systems can be attained in several
ways.

1. Passive adsorption (see Fig. 165a)!277-1289-1292 g g
process in which proteins can interact with NP surface via
numerous charged groups or dipoles. Nanoparticles can be
attached by either covalent bonds (between the SH groups
of cysteine residues and metal ions on the NP surface) or
non-covalent interactions (simple adsorption of NPs upon
incubation in a protein solution). The process is imple-
mented without the use of additional reagents or drastic
conditions, and the ease of implementation is combined
with economic feasibility.!277-1289-1292 Thjg can be consid-
ered as a preparation method of SBS of the first level of
complexity.

2. Active adsorption (see Fig. 165 b) 1277-1289-1292 g an
integrated process involving protein modification (e.g., by
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Figure 165. Types of interaction of BSA with nanoparticles: pas-
sive interaction of BSA with the gold NP surface (a); active
interaction of BSA modified by functional groups for improving
binding to the NP surface (b); growing (co-synthesis) of NPs in a
BSA solution giving NPs encapsulated into BSA (c); coacervation
allowing cross-linking of the whole protein globule with encapsu-
lated NPs by chemical agents (d); emulsification, that is, formation
of an emulsion of BSA with NPs, promising for the encapsulation
of lipophilic drugs (e); gelation due to a change in the structure of
the protein upon change in temperature (f). 12821297

carboxylation or thiolation of albumin, which changes the
overall charge of the protein). This process can include the
stage of preliminary adsorption of polymers [for example,
polyethylene glycol (PEG) or polyvinylpyrrolidone (PVP)]
on the NP before incubation with BSA, which markedly
increases the number and strength of bonds between mole-
cules — components of SBS of the second level of
complexity.

3. In the co-synthesis (see Fig. 165 ¢),1289 12921294 3]py-
min is used as either a reducing agent or a building block for
the NP@BSA type SBS. When BSA is added during one-
pot synthesis, NPs are efficiently coated by the pro-
tein,!292- 1294 which formally corresponds to SBS of the
first level of complexity. In order to synthesize SBS of the
second level of complexity, foaming, stabilizing and other
agents are used.!2°2- 1294 In addition, encapsulation of NPs
into the protein globule is possible, which allows loading of
poorly soluble agents and protect compounds from decom-
position.1277. 12921294

4. Coacervation (see Fig. 165d)128%1295 is a process
involving cross-linking of not only the surface, but also the
interior of the protein globule with encapsulated NPs by
chemical agents (e.g., glutaraldehyde). Most often, NPs are
added to a protein solution as seeds for the formation of
capsules, and then an organic solvent (methanol, ethanol or
acetone) is gradually added until albumin aggregates are
formed and cross-linked,'277- 1295 which corresponds to SBS
of the third level of complexity.

5. Colloidal chemical method (see
Fig. 165¢) 1289.1294-1296 congists in mixing of an albumin
solution with an oil phase to obtain an emulsion (owing to
hydrophobic or functionalized parts of the molecule), which
forms the shell around the core for the interaction with NPs.
The solvent can be removed by evaporation, in particular at
a reduced pressure.'?®® This strategy is promising for
encapsulation of lipophilic compounds to increase
their biocompatibility and solubility in aqueous
medium,1289- 12941296
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6. Physicochemical method (see Fig. 165f) 12891297 jg
based on the change in the protein structure (e.g., by
gelation) upon temperature increase (or, in some cases,
decrease). In the simplest case of thermal gelation, an
aqueous solution of albumin is heated to induce unfolding
of the protein molecule, which results in linking of both NPs
and protein molecules via hydrophobic, electrostatic, disul-
fide or hydrogen bonding.'?°7 This NP and protein self-
assembly is a simple and efficient method for the fabrication
of first level SBS, but preparation of systems with a
specified structure and functional properties is question-
able.

4.2.1.3. Surface adsorption of albumin on gold nanoparticles
It is known that modification of the surface of gold nano-
particles with albumins 1286-1290 is among the most vivid
examples of fabrication of both standard and functional
SBS. In addition, it considerably improves the parameters
of dispersion of gold NPs in water, increases their colloidal
stability and biocompatibility, modifies cellular uptake and
intracellular transport processes and also improves charac-
teristics of blood circulation of these NPs (in comparison
with the initial nanoparticles).'279-1297 Functionalization of
AuNPs with single BSA molecules or their complexes with
biologically active compounds and polymers (e.g., PEG,
PVP) reduces the interaction of these SBS with plasma
proteins, decreases the nanoparticle phagocytosis and accu-
mulation in liver and spleen, increases their half-life in the
bloodstream and allows selective NP delivery to tumour
cells.'?”® The coating of AuNPs with albumin can be
accomplished both via electrostatic or hydrophobic inter-
actions between NPs and albumin and via chemisorption of
thiol groups preliminarily grafted to the gold surface.!?%?
Procedures involving direct incubation of AuNPs in a
protein solution with controlled parameters such as concen-
tration, ionic strength and pH of the medium have recently
appeared. Control of pH is needed to adjust the degree of
ionization of the AuNP@BSA system with allowance for
the albumin isoelectric point and {-potential of NPs in order
to enhance the electrostatic interaction between the compo-
nents. A remarkable result concerning AuNP@BSA encap-
sulated systems was reported by Murawala et al.'3°° The
indicated SBS were used to load a large amount of metho-
trexate for the delivery of this drug to breast cancer cells.

The active and passive transport of NP@BSA systems is
now studied with the goal to develop systems for drug
delivery to a tumour. The former implies the interaction of
the nanosystem with the overexpressed or specific receptors
of the tumour, which leads to drug uptake and further
internalization at the tumour site or within cancer cells. For
example, albumin can interact with a number of specific
receptors, in particular with glycoproteins (Gp18, Gp30 and
Gp60) and SPARC protein (secreted protein acidic and
cysteine rich), which is responsible for its uptake and trans-
cytosis.!3%! Owing to the biocompatibility and the possibil-
ity of active transport, SBS of this type were proposed for
overcoming the drawbacks of unmodified drugs. It is
important that several albumin-based drugs have already
been approved and are now actively used for the treatment
of some diseases.!300-1302

Thus, BSA- and NP-based SBS are among the few types
of nanotransporters that demonstrate a broad range of
benefits for the drug therapy '3°! over single components —
albumin or NPs, 1298-1302

Both the size of initial nanoparticles (which often
determines the size of SBS, since the size of BSA is virtually
constant) and the nature of interaction between NPs and
albumin are important factors for biomedical applications.
Small gold nanoparticles interact with albumin more effi-
ciently than larger ones; nanoparticle shape also consider-
ably influences the protein adsorption, which was
repeatedly described in relation to AuNPs.1303-1305 Iy the
case of BSA adsorption on branched-shaped nanoparticles
(BNPs), the hydrodynamic radius of the resulting SBS
increases.!3%5 This is facilitated by higher surface area to
volume ratio of BNPs. It was shown that among BNP types,
the predominant type are nanorods (NRs),!303-1305 which
induce certain changes in the stability and structure of
human albumin. These changes depend on both NP geom-
etry and the nature and thickness of the adsorption layer.
For example, a CTAB layer coated on the NP surface
resulted in a higher aggregation level of the system, which
was attributed to the positive charge of the cation, whereas
pegylated (PEG-coated) NPs have a nearly zero charge.!30¢

A comparison of the BSA interaction with AuNPs of
various geometries 1307-1308 showed that

— AuNRs have higher permanent adsorption values,

— geometric shapes with large flat surfaces (nanoprisms
and nanocubes 1303-1305) Jead to lower adsorption of BSA
(i.e., flat surfaces reduce the accessibility and the level of
interaction with the protein).

To summarize the discussed results, it can be concluded
that the deformation of albumin decreases in the following
order, depending on the NP geometry and the nature of the
adsorption layer:!307.1308

CTAB—AuNR@BSA > CTAB—AuBNP@BSA >
> Au@BSA —CTAB > AuNR@BSA —PEG >
> AuBNP@BSA —PEG > AuNS@BSA —PEG.

Thus, the stability and structure of adsorbed albumins
depend on both the NP geometry and the nature and
thickness of the adsorbed surfactant or polymer layer on
the NP surface.

4.2.1.4. Bovine serum albumin on the surface of silver nanoparticles
Bovine serum albumin is one of the first proteins to be
successfully adsorbed on the silver nanoparticle surface.!278
Since BSA is a relatively simple and adequate model system,
it is widely used to study the interactions with
AgNPs.1278-1284 For example, Treuel et al.'?%* carried out
a detailed comparative study of BSA adsorption on th
following silver nanoparticles:

— citrate-coated NPs 20 nm in diameter (with a surface
area of 3 x 10'* nm? mL—1);

— citrate-coated NPs
(3 x 10! nm? mL—1);

— PVP-coated NPs 70 nm in diameter.

The unfolding of the polypeptide chain upon adsorption
of the protein on silver NPs was evaluated by determining
the content of a-helices in a BSA globule using circular
dichroism spectroscopy.!?%* The CD signal (i.e., the inten-
sity ratio at 208 and 220 nm wavelengths) decreased with
increasing surface area of citrate-coated AgNPs present in
the mixture, which corresponded to a decrease in the
content of a-helices in the BSA globule. The total amount
of the protein (removed from the solution) and the surface
area of all citrate-stabilized AgNPs determined by Treuel
et al.'?®* were in good agreement with the calculated

40 nm in diameter
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amount of the protein that can be adsorbed as a monolayer
on a particular type of nanoparticles.!?84 Conversely, the
adsorption of BSA on the PVP-stabilized silver nanopar-
ticles resulted in a considerable decrease in the intensity of
the band at 208 nm in comparison with the relative mini-
mum at 220 nm, which emphasizes a more intricate pattern
of BSA interaction with Ag-PVP nanoparticles than with
citrate-coated silver NPs (Ag-Cit).1284

Treuel et al.'3% confirmed the substantial influence of
polymer coatings on the interaction of albumin (and some
other analogous hydrophilic proteins) with metal nano-
particles using surface enhanced Raman scattering. The
strong interaction between the sulfur-containing groups of
the protein and the metal surface in the Ag-Cit@BSA
system was reduced in the presence of a polymer coating
(for the Ag-PVP@BSA system).!3%® A subsequent study of
Podila et al.'319 allowed the authors to estimate not only the
physicochemical, but also physiological parameters for the
interaction of BSA (as a simple protein corona) with silver
nanoparticles stabilized by either PVP or citrate. According
to transmission electron microscopy and dynamic light
scattering data, uncoated silver nanoparticles (obtained by
laser ablation and designated by LA-Ag) were spherical and
had a unimodal diameter distribution (24 nm), and they
bound more protein at 37 °C in 1 h than citrate- or PVP-
coated AgNPs with a similar average diameter (~20 nm).
Furthermore, citrate- and PVP-coated AgNPs were aggre-
gated when interacted with the protein, which indicates
insufficient electrostatic stabilization of their surfaces,
unlike that of LA-Ag nanoparticles. It is known that the
ILi630/11650 ratio, determined by FTIR spectroscopy, is a
quantitative measure of the change in the protein entropy
upon transition from disordered structures to elements of
the secondary structure such as a-helices. For native BSA,
this ratio is always <1, which attests to prevalence of
ordered forms in the protein (i.e., implies a large fraction
of o-helices). After the interaction of BSA with nanopar-
ticles, this value was ~1.5, ~2.5 and ~9.5 for Ag-Cit,
Ag-PVP and LA-Ag nanoparticles, respectively, which
attests to increase in entropy and conformational mobility
of the protein and decrease in the content of a-helices in this
series.

This conclusion is in line with the results of Shannahan
et al.,”3"" who found that 20 nm AgNPs bind to hydro-
phobic proteins more strongly than the same NPs of larger
size (110 nm). The differences in the formation of protein
corona for AgNPs of different sizes are probably related to
both the curvature of the NP surface and the energy of
protein adsorption and agglomeration processes.!3!! These
results are important for interpreting the data on NP
interaction with albumin and other blood plasma pro-
teins.1260,1277-1280,1285-1290 The details of electrostatic and
hydrophobic interactions involved in the formation of the
protein corona around the nanoparticles also affect the
biological and toxicological properties of
SBS.1277-1280.1285-1290 Bovine serum albumin was also
used as an emulsifier and/or stabilizer in the synthesis of
NPs of various metals (Pt, Cu, Se, Ni, etc.) and Ag— Au or
Ag—Pt bimetallic compounds, but there are no systematic
biomedical data for such SBS in the literature as yet.

4.2.1.5. Interaction of albumin with metal oxide or sulfide
nanoparticles

Recently, a lot of attention has been paid to fabrication of
SBS and materials based on metal oxide nanoparticles and

proteins.!312-1317 We will consider only the most advanced
systems meant for biomedical and veterinary applications.
Nosrati et al.'3'?2 demonstrated loading of NPs with curcu-
min (CUR) — a natural biologically active polyphenol of
plant origin. This gives structures Fe@BSA@CUR of
56+11 nm size and with a negative {-potential
(—10.1 mV); the magnetic properties of these structures
are slightly worse than those of iron. However, all cytotoxic
properties of curcumin are retained upon loading into NPs
at a level of 6.88% and upon quantitative release from
Fe@BSA@CUR at 37 °C in buffer solutions. Nosrati
et al.'312 carried out thorough cytotoxicity assays using
HFF-2 cell culture and Fe3O4, Fe@BSA and
Fe@BSA@CUR nanoparticles in concentrations from 15
to 950 umol L—'. After incubation for 72 h, no significant
differences from the control (without addition of NP) were
found, except for Fe3O4 NPs. The latter represented nano-
particles without an additional adsorption layer, the cyto-
toxicity of which markedly increased at higher
concentrations. More encouraging results were obtained
using Fe@BSA@CUR and their analogues against the
MCF-7 cell line (invasive human breast adenocarci-
noma).!3!2 It was found that the cytotoxicity of
Fe@BSA@CUR and free curcumin increased with increase
in their concentrations and, especially, in the incubation
time (from 72 to 96 h), unlike that of Fe@BSA or the
control. The LDsy values for MCF-7 were 275 and
915 pmol L~ upon incubation with Fe@BSA@CUR and
300 and 730 pmol L—! upon incubation with free curcumin
for 96 and 72 h, respectively. Thus, the cytotoxicity of
Fe@BSA@CUR increased 3.2-fold as the incubation time
increased from 72 to 96 h, which makes this system promis-
ing for the treatment of cancer.

Interesting data were obtained in the synthesis of so-
called non-degradable nanoparticles and SBS derivatives
meant for the theranostics of cancer.!3!3 The authors
developed a simple method of biomineralization using
BSA to obtain SBS based on polymer gallic acid (GA) and
Fel'l NPs, the combination of which was proposed by Todd
et al'3'* These complex systems designated as
Fe-GA@BSA (i.e., BSA-coated GA and Fe nanoparticles)
were ultrasmall (3.5 nm) and showed pronounced absorp-
tion in the visible near-IR range.!3!3> They had low hemol-
ysis (<0.33%), good biocompatibility and low cytotoxicity
(~80% at concentrations of ~200 pumol L—!) against
HEK?293T cells and human macrophages (using the
CCK-8 assay) and against red blood cells obtained from
healthy BALB/c mice. The longitudinal (r;) and transverse
(r2) relaxivity values of water protons for the Fe-GA@BSA
system were 0.89 and 0.95 mmol s—! for the times 7 and
T», respectively. These results were comparable with the
data for other contrast agents used in magnetic resonance
imaging (MRI). Since the ry:r; ratio found for
Fe-GA@BSA was 1.06, which is below 3 (found previously
for other MRI agents), Mu et al.'3'3 first suggested and then
experimentally proved that this SBS provided a good T)-
weighted contrast and was superior in this characteristic to
other MRI agents.

Zukiene er al.'3'5 studied SBS based on albumin and
ZnO NPs with an average size of ~20 nm, which were
coated with BSA at temperatures of 4—20 °C by means of
covalent and non-covalent interactions. The interaction of
ZnO NPs with BSA was studied by UV and visible spectro-
scopy, conventional and synchronous fluorescence and
various modifications of Raman spectroscopy. The Raman
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spectra of BSA in the presence of ZnO NPs confirmed for
the first time a decrease in the content of a-helices and
increase in the content of disordered BSA structures. The
synchronous fluorescence spectra showed that the hydro-
phobicity of the tyrosine residue of the protein was
decreased, and that of the tryptophan residue was increased.
This observation was confirmed by Ledesma et al.'3'¢ by
Raman and FTIR spectroscopy. It was shown that when the
BSA concentration was >30 pmol L—!, the protein signal
overlapped with emission of ZnO nanoparticles due to self-
oligomerization. The authors!3!¢ predicted that the most
probable binding site of BSA is located near domains IB
and IIA, and ionic interactions are the main cause of
binding to ZnO NPs.!31¢ For the first time, these changes
in the BSA structure were found to be related to ZnO NP
cytotoxicity, which was evaluated considering the viability
of CHO cells and formation of reactive oxygen species
(ROS) in vitro.13!> Both covalent and non-covalent binding
to BSA reduced the cytotoxicity of ZnO NPs (which also
depended on the conformational changes in the protein)
and suppressed the formation of ROS. 1313 Interestingly, the
denaturation temperature of BSA increased from 57 to
65 °C in the presence of ZnO NPs, and their esterase-like
activity improved.!316

Naskar ez al.'3'7 synthesized the ZnO@ZnO-rGO (ZG)
composites from ZnO nanoparticles (obtained using poly-
vinyl alcohol foam precursor), which were combined with
reduced graphene oxide (rGO) in the presence of hydrazine.
The parameters of ZG nanocomposite (crystallinity, shape,
size, polydispersity, efc.) were determined by X-ray diffrac-
tion analysis, field emission scanning electron microscopy,
transmission electron microscopy, FTIR spectroscopy and
Raman spectroscopy. The results confirmed the complex
formation between the rGO functional groups and ZnO/
Zn?* to give ZG nanocomposite.!3!7 The interaction of
BSA with ZG nanocomposite, which was proved by UV-Vis
and photoluminescence spectroscopy,!3!7 resulted in ‘bio-
functionalization’ of metal oxide nanoparticles, which may
be used in pharmacology, drug delivery and oncology.

Huang et al.'3'8 investigated SBS based on albumin and
copper sulfide NPs (CuS@BSA) using directly copper salts
and thioacetamide. The CuS@BSA nanocomposites were
nearly spherical, had diameters ranging from 10 to 35 nm
and good dispersibility, depending on the BSA concentra-
tion. The nanocomposites formed by BSA and sulfur-con-
taining NPs were comprehensively studied by a set of
physicochemical methods and showed good prospects for
application in biomedical engineering and microelectronics.

In conclusion, mention should be made of a small
study '31° which demonstrated the formation of a BSA
corona on synthetic Co, Cr and Mo oxide nanoparticles
and not only on pure (standard) oxide materials incubated
with BSA. The important achievements of this study are,
first of all, fundamental results establishing the highest BSA
affinity for MoO NPs in comparison with other metal oxide
NPs, in particular, in the presence of blood serum proteins.
In practice, systems of this type serve as the models for
studying wear of hip implants in the presence of serum
albumin. Apparently, the NP composites with various
blood serum proteins would form the most promising SBS
for various technological and biomedical applications.

4.2.2. Systems based on lipase and nanoparticles
Supramolecular biochemical systems based on enzymes are
employed in virtually all fields of human activity: various

branches of industry, medicine, agriculture and science, e.g.,
theoretical biochemistry and physicochemical bio-
logy.1262-1264,1320  Both the fundamental research and
applied studies are complicated by problems related to
high cost of many enzymes (especially highly purified
products), their low stability on storage and under thermal
or electrophysical impacts, difficulty of repeated use and
isolation of enzymes from reaction mixtures.!32! 1323 These
problems obstruct the use of enzyme-based SBS.
Immobilization is known to be the most facile way for
the fabrication of SBS based on enzymes with a set of
desired characteristics such as stability, possibility of reuse,
easy purification, higher yield of products of hydrolysis in
comparison with native enzymes, etc. For example, immo-
bilization of lipase is promising for addressing problems of
disposal of waste oil products, removal of complex fat
contaminants, water treatment and environmental protec-
tion.!321-1323 Metal and metal oxide nanoparticles are
actively studied and already practically used as enzyme
carriers; these carriers are subject to high requirements
concerning technological and cost issues. The following
Sections describe the immobilization of lipases of various
origins on metal and metal oxide nanoparticles.!322~ 1327

4.2.2.1. Gold nanoparticles for lipase immobilization

Gold nanoparticles are often used in the laboratory enzy-
mology 13221324 of lipases, but they are rather expensive for
the application in industrial biotechnology.!320 Lv er al.!3%4
described immobilization of porcine pancreatic lipase on
gold NPs and also proposed bioreactors using reversible
immobilization of the enzyme on a special porous support.
This support contained thiol groups to be further function-
alized with AuNPs. The support was obtained by thermal
polymerization of glycidyl methacrylate and ethylene dime-
thacrylate in the presence of cyclohexanol and 1-dodecanol
as porogens.'3?4 For repeated use of this support, the
following operations were conducted: inactive enzyme was
stripped from the NP surface by treatment with 2-mercap-
toethanol, and a fresh portion of lipase was deposited on the
cleaned nanoparticles (Fig. 166).1324

Monolithic
support
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774 lipase
functionalization . —
with gold immobilization
particles

removal of lipase

reg LR
by F

/
. 2-mercaptoethanol
> reversible immobi-
lization

fresh lipase

Figure 166. Scheme of formation of composite SBS: fabrication of
the AuNP-functionalized support and enzyme immobilization fol-
lowed by regeneration.!3?* Published with permission from Wiley.
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Tributyrin (glyceryl tributyrate) served as the substrate
for the model reaction on this SBS, and the continuous cycle
in the reactor allowed control over time (4 h) and temper-
ature (37-40 °C) for process optimization.!'3?4 This system
proved to be highly active, and the maximum reaction rate
(5.0 mmol L~ "min—"') was 1000 times as high as that for
non-immobilized lipases.!3?* The benefits of the proposed
immobilization procedure include both the strong adsorp-
tion of lipase on AuNPs 320 and the possibility of lipase
regeneration.

Brennan et al.'3?5 reported an efficient process for
enzyme immobilization on nanoparticles, which was devel-
oped rather recently owing to the appearance of click
chemistry approaches. Azide-functionalized gold nanopar-
ticles were covalently bound to lipase from Thermomyces
lanuginosus and incubated for 3 days at room temperature
(the reaction was catalyzed by copper salts). The resulting
aqueous dispersions of AuNPs@lipase were stable for
~90 days (at 4 °C in the dark) and had initial activity of
1.82x10=3 U mL~! (at 37 °C). According to calculations,
this corresponds to immobilization of ~ 7 lipase molecules
per AuNP. Unfortunately, the incubation of AuNPs for
> 72 h considerably decreased the lipase activity. For
further discussion of these important results, it is appropri-
ate to cite Brennan et al.,'3?5 who stated that immobiliza-
tion of lipase on gold nanoparticles stabilizes lipase,
increases its thermal stability and makes it more resistant
to denaturing factors. In our opinion, this statement is not
entirely true for the case of long-term incubation of lipase
with NPs at a temperature > 18 °C.

4.2.2.2. Silver nanoparticles for lipase immobilization

The fabrication of SBS based on silver nanoparticles and
lipase is an exceptionally important line of research, because
immobilization of proteins on nano-sized silver is used
rather widely.!324-1326. Dumri and Anh 326 studied the
interaction of AgNPs (10—20 nm size) with polydopamine
and effect of this system on the pancreatic lipase activity. It
was found that this SBS has antibacterial properties. A
drawback of this study is that good results on lipase
activation (by 10—20%) and lipase stabilization (6 h at
temperatures of 50-55°C) after the fabrication of
AgNP@lipase SBS were attained in the presence of
Tween 80. The latter is a fairly exotic substrate for
lipases,!32¢ even when their activity is determined by spec-

PCMA,
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—
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trophotometry (in this case, at 232 nm). This approach
requires special attention to the length of the molecular
spacer 1320 between AgNP and lipase, since too short
spacers or no spacer may considerably inhibit the enzyme
catalytic activity.!320- 1322

4.2.2.3. Metal oxide nanoparticles for lipase immobilization
Among enzyme carriers, mention should be made of a large
group of metal oxide NPs. In view of the restricted size of
this part of the review, we will consider only magnetite
(Fe304) and its analogues,!322- 13271329 which have a set of
unique properties and are widely used in various fields of
science and technology.'3?! Surface functionalization of
NPs of magnetite and its derivatives with various biomole-
cules, polymers and medicinal agents, which endow them
with the desired properties such as therapeutic activity,
higher stability, lower toxicity and the capability for specific
interactions with target molecules 1322-1329 (¢.g., cell recep-
tors), is becoming a global trend in science. A promising
method is the fabrication of a carbon-based layer with
various functional groups on the magnetite surface for
binding to lipases.!322-1327.1328

Qi et al.'3?7 immobilized lipase isolated from porcine
pancreas on Fe3;O4 NPs (Fig. 167) that were cross-linked
with glutaraldehyde to poly(carboxybetaine methacrylate)
(PCMA) to form the PCMA — Fe;04@]lipase SBS. This
system efficiently hydrolyzed 4-nitrophenyl palmitate as a
substrate.

The PCMA —Fe3;Os@lipase system was relatively stable
up to a temperature of ~75 °C; in addition, the optimal
temperature for functioning of this SBS was ~45 °C, which
was higher than that for the initial lipase. Moreover, this
system perfectly withstood changes in the pH, while the
initial lipase loses a considerable part of its activity in this
case. After seven operation cycles, the PCMA —Fe;04@li-
pase system retained > 60% of its initial activity, and its
catalytic efficiency (Kcat/Km ratio, where K, is the catalytic
constant, K, is the Michaelis constant) was higher than that
for the initial lipase by 50%. It is noteworthy that PCMA —
Fe30,4 particles did not exhibit cytotoxicity.!327

Wang et al.'3?% described an SBS based on lipase from
Candida rugosa adsorbed on the hydrophobic surface of
magnetite NPs, which were coated by trimethoxysilane
derivatives containing various alkyl substituents (propyl,
octyl and octadecyl). The sizes of such systems were 13.5 to

,3
'f:)sl

Immobilized lipase

Activated substrate

i ”5/ lipase
W

Figure 167. Scheme of SBS preparation by immobilization of lipase on magnetic PCMA —Fe304 composites.!3?” Published with

permission from Elsevier.
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14.0 nm depending on the chain length in the alkylsilane.
The specific activity of the Fe;Os@lipase SBS
(~2.1x107% mol min—! mg—! towards p-nitrophenyl ace-
tate) was also directly correlated with this parameter.!328 It
is important that the activity of lipase-containing SBS was
>2 times higher than the activity of native lipase
(0.76 x 10~ mol min—! mg—"') or lipase adsorbed on
naked magnetite particles (1.07 x 10~° mol min—! mg—1).
This is attributable to an increase in the SBS hydrophobicity
and increase in the distance between lipase and the surface
of magnetite NP [in the case of trimethoxy(octadecyl)si-
lane]. In addition, the authors noted the possibility of
enzyme regeneration: after seven operation cycles of immo-
bilized lipase, the SBS activity amounted to 65% of the
initial activity. Relying on the obtained results, 322, 13271329
one can state that magnetite NPs are promising materials
for the design of biocatalytic SBS with good biocompati-
bility.

Analysis of the published data 1322-132% demonstrated
that lipase immobilization on inorganic NPs has a beneficial
effect on many operating parameters of SBS such as
activity —stability, pH—temperature, reusability—afford-
ability and other relationships, which is an undoubted
advantage for their practical application. Among all
NP@lipase systems described above, in our opinion, struc-
tures containing Fe3Os4 NPs modified by polymers for
decreasing their toxicity for interaction with biological
objects are most multifunctional and cost-efficient for
enzyme engineering.

4.2.3. Systems based on bacteriorhodopsin and nanoparticles
4.2.3.1. General characteristics of bacteriorhodopsin

Rhodopsins are membrane proteins with a polypeptide
chain that forms seven transmembrane a-helices (A, B, C,
D, E, F and G), permeating the lipid bilayer of plasma
membranes of the photoreceptor cells of animals and
halophilic bacteria.!265-1268 Bacteriorhodopsin (BR) occur-
ring in the purple membrane (PM) of bacteria has a
polypeptide chain consisting of 248 amino acids (MW
~26.5 kDa) with retinal linked to residue Lys216; the
structure and conformational changes of retinal were
studied by a set of physicochemical methods.!265-1268 The
results of X-ray diffraction, SEM and other studies 12651268
indicate that the key structural unit of PM is a 2D
hexagonal lattice with a ‘unit cell’ composed of three BR
molecules and 12—14 lipid molecules;'3?° moreover, only
this structure (so-called functional unit '265) is efficient for
proton transfer.!265-1268 The processes is triggered by the
action of light (at 500—600 nm) on BR(PM), which results
in converion of the all-trans configuration of the chromo-
phore (retinal) to 13-cis configuration,!?¢5-1268 j ¢ expo-
sure to light induces the transition of the initial state bRses
(with Amax = 568 nm) to form Muyi2 (with
Amax = 412 nm).!33% The back relaxation of BR takes place
when H™ is transported across the PM into the medium
(Fig. 168).1330

The following features of BR(PM) are especially valua-
ble for bionanotechnological applications: fast transition
from bRses to M4z and back giving rise to a photopotential
(photocurrent) and to the difference ApH; and multiple
repetitions and complementarity 133° of these events
without significant influence on other
characteristics.!265~12608,1330-1333 Generally, both BR(PM)
and other photosensitive systems are unique objects that
convert light energy to other types of energy '33° necessary
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Figure 168. Fabrication of SBS based on purple membranes and
quantum dots (@) and optical properties of this SBS (5).'330 () BR
molecule (violet figure) contains a chromophore that absorbs in the
visible range, and the energy transfer (yellow arrows) from QD
(orange sphere) to the BR chromophore occurs by the FRET
process; (b) absorption spectra of PM (/), membranes without a
chromophore (2) and one of the QD types that absorb in the whole
blue-hatched area (3); fluorescence spectrum of these QDs (4).
Published with permission from Springer.

for the body to provide movement of cells and bacterial
flagella and synthesis of high-energy bonds of adenosine
and guanosine triphosphates (ATP and GTP) and other
similar molecules.!265~1268,1330-1333 This makes BR(PM)-
based SBS unique structural and functional components of
promising bionanotechnological materials.!330

4.2.3.2. Bionanohybrid materials based on bacteriorhodopsin and
quantum dots

For bacteriorhodopsin, most appropriate is fabrication of
its associates or conjugates (i.e., immobilization by various
methods 1265-1268,1330) with quantum dots (QDs).!333-1336
Unique features of QDs include 13331336 an exceptionally
wide absorption band (with QD emission taking place in a
very narrow spectrum range), a quantum yield exceeding
70%, and photostability and absorption cross-section hun-
dreds of times higher than those of the best organic
fluorophores.!33% Since the fluorescence parameters of
QDs directly depend on their size, it is relatively easy to
obtain QDs that would emit in the absorption region of
BR.1333-1336. A combination of these properties makes it
possible to design conceptually new materials based on
BR(PM)- QD hybrid nanostructures.

It is known that visual and bacterial rhodopsins use only
<1% of energy of light between ~390 and ~ 760 nm that
falls on the photoreceptor membrane.!333-1336 The forma-
tion of BR complex with QDs (see Fig. 168 @) 1330 allows the
resulting system to use the whole range of light (from far
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UV to visible light) and provides efficient transfer of
quantum energy from QD to BR by the FRET mechanism
for consumption of this energy for the functions of this SBS.
An additional benefit is that the BR chromophore is located
approximately in the middle of the purple mem-
brane.!333-1336 This distance (even with allowance for the
QD radius) is smaller than the average Forster radius
(~5 nm), which is highly efficient for this mechanism of
energy transfer. The authors showed that it is possible to
synthesize QDs with an emission maximum corresponding
to the BR absorption range (see Fig. 168 5),1330 with the QD
absorption intensity being several-fold higher than that for
BR in the 450-600 nm range.'33!-133¢ An important con-
dition for the design of an efficient SBS is the adsorption of
QD on PM particularly in the areas where BR domains are
located.!33? This condition can be met by modifying the QD
surface with cysteine or thioglycolic acid.!?3° An SBS
structure of this type was visualized by AFM.!334 It was
shown that BR trimers (with a height of 0.4—0.5 nm and a
diameter of ~6.2 nm) considerably change upon conjuga-
tion of QD with the PM surface (QD:BR = 1:2),1330 in
particular, the height of associates increases by 1.3—1.5 nm
and the distance between BR trimers decreases by
0.1 nm.'334 Exactly at this ratio of QD and BR in the SBS,
BR domains are observed and QD binding to BR(PM) takes
place.!330-1334 This specific interaction between QDs and
BR(PM) in the SBS results in complete quenching of the
quantum dot fluorescence '33% when the QD to BR(PM)
ratio is from 1:2 (for the dots with Ag = 590 nm) or 1:1.2
(for the dots with Ag = 650 nm) to 1:1. A series of pub-
lications 334~ 1336 describe detailed studies of the specificity
of interaction of QDs with BR(PM) as a function of both
the QD size and charge and the thickness of organic coat-
ings on the QDs.!33% Thus, SBS consisting of the QD@BR
functional units and operating by the FRET mechanism can
be used in some fields of molecular electronics and for
sensing and photovoltaic devices, which attracts attention
of numerous researchers.!330, 13331341

For comparing the efficiency of various SBS, consider
the data on the formation of composite materials composed
of BR or BSA and QDs.!334-1336 In the CdTe(537)@BSA
system (1:9), fluorescence of the initial QDs does not
change (since BSA does not contain a chromophore absorb-
ing in the visible range), while in the CdTe(537)@BR(PM)
system (1:9), QD fluorescence markedly decreases (by 95%
of the initial value for single QDs), i.e., effective energy
transfer from QD to BR takes place.!?3> An important
achievement of Nabiev et al.'33> was the development of a
QD- and BR-based SBS capable of generating direct current
and reversible photoelectric changes upon light activation
(4 = 410 nm) with a power of 7 mW cm~—2. These photo-
currents differ in the magnitude and in the form from those
generated in the same SBS on exposure to light with a power
of 6.5 mW cm—2 (1 = 570 nm) or in the control BR(PM)
system with the Myjo form!33¢ The authors proposed a
model explaining the FRET and generation of stationary
photocurrents in the QD@BR system, which could not be
done before.!330-1333 In another series of experiments,!337
simultaneous double-beam illumination (4 = 570 £10 and
4104+ 10 nm) of CdTe@BR(PM) SBS was carried out. The
authors claimed that protons are not released to the
extracellular space, but oscillate inside the membrane,
which accounts for the generation of a stationary photo-
current under these conditions.!33%-1337 Similar double
beam illumination models in various combinations were

considered by other specialists,!338133% which generated
prospects for the use of hybrid QD@BR SBS as a new
type of multifunctional materials.

Griep et al.1340-1342 proposed an original method for the
fabrication of the layered QD @BR(PM) system with a 23%
increase in the photovoltaic output in comparison with the
control. In addition, fluorescence quenching 34! of 54.0 and
43.8% relative to the control was detected for
CdSe/ZnS@BR(PM) (I) and CdSe/ZnS + streptavidin@-
biotin + BR(PM) (I7) systems, respectively. It is surprising
that a minor change (from <1.5 nm to 68 nm '3#!) in the
distance between BR(PM) and CdSe/ZnS for systems 7 and
11 is accompanied by the above-indicated decrease in the
fluorescence intensity. The photopotentials of system /7 are
306 and —200 mV for light switching on and off, respec-
tively, while these potentials for the control system are 249
and —158 mV.!34! Hence, the CdSe/ZnS + streptavidin@
biotin + BR(PM) system is more efficient in the photo-
voltaic parameters due to the FRET effect.!340-1342 Regard-
ing the possible practical application, active patenting !343
of the SBS based on BR and QD layers and the results of
their test functioning is an encouraging factor. Griep
et al.'340-1343 traced a regular increase in the characteristics
of these systems, which is promising for their subsequent
use in both optical and molecular electronics 332 and other
bionanotechnological fields.

4.2.3.3. Interaction of bacteriorhodopsin with gold and silver
nanoparticles
Studies of the plasmon effects of gold and silver
NPs 13301334 ip relation to the photoinduced changes in
BR(PM)-based systems !265-1268,1330 represent a relevant
trend in the field of development of SBS for bionanotech-
nology. For example, the plasmon effects of
AgNPs 1330-1334 in these SBS are manifested as a change in
the kinetic and spectral characteristics of BR(PM) following
variation of the size and shape of nanoparticles, especially
when these systems are irradiated with blue light
(Fig. 169 a).1330

Experiments showed that the combined action of blue
light and short-pulse laser excitation (4 = 532 nm) on BR in
the presence of AgNPs markedly accelerates both regener-
ation of the ground state (bRseg) from the M-form (Muajo)
and the rate of proton pumping across the membrane as a
result of direct conversion of form M to the ground state via
a bypass, which takes ~200 ns (instead of 15 ms) (see
Fig. 169 @).1330 It is surprising that the rates of transforma-
tion of Muyjo in the presence of AgNPs with sizes of 40 and
8 nm differ 400-fold! 1344 The authors attributed this result
to both enhancement of the plasmonic field and more
efficient overlap of the Muyjo absorption bands with the
bands of 40 nm AgNPs compared with that for smaller
nanoparticles.!343

This difference (400-fold) is close to the calculated value
of 375. This value is the product of the change in the
plasmonic field strength with increasing AgNP size
(~125-fold) and acceleration of the energy transfer in this
SBS due to enhancement of the spectral overlap (~ 3-fold).
It was suggested 1342— 1346 that acceleration of the
bRses > Muajo ‘reversible transition’ may make an addi-
tional contribution to this effect. Furthermore, Chu
et al.'3%¢ developed the following original engineering
approaches for optimization of all processes in a complex
SBS:
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Figure 169. Electromagnetic field effect in the SBS based on
BR(PM) and AgNPs.'330 (q) Photoinduced transitions from bRses
to Majo (M! and M? forms) via intermediate forms J, K, L and back
transition via intermediate forms O, N; (b) plots for rate constants
in the normal (ky1, plot ) and shortened (k3, plot I7) BR photo-
cycles in the SBS containing AgNPs of 8 (7, 3) and 40 nm (2, 4) size
in the absence (/, 2) and under the action of blue light irradiation
(3, 4) of BR(PM); (¢) areas of spectral overlap of the spheres (/, 2),
cuboids A (3) and B (4) and cubes (5) of 40 nm AgNPs with form
My (blue hatched area); (d) electromagnetic field strength (Eiznc)
near AgNPs as a function of NP shape: for spheres with a diameter
of 40 nm (on the right) and cubes with a 40 nm edge (on the left).
Published with permission from Springer.

— increase in the efficiency of charge carrier separation
by photoactivation of the system in the proton-selective
Nafion membrane;

— retention of the maximum plasmonic field effect by
using polyvinylpyrrolidone as a polymer coating of nano-
particles;

— use of specially synthesized nanoparticles of a speci-
fied shape (spheres, cubes and cuboids with high curvature
surface sites), which increases the efficiency of electromag-
netic field enhancement (see Fig. 169 d).1330

Yen et al.'3** published unique results on measurement
of the photocurrent (~210 nA cm~2) in SBS based on
BR(PM) and AgNPs of specified size and shape. Electro-
chemical cells with LB films comprising a large number of
alternating BR(PM) and polyelectrolyte layers character-
ized by photocurrents of ~100—-420 nA cm—2 were also
obtained.!347— 1349 In the Langmuir — Schaefer PM films, the
photocurrents were ~50—200 nA cm—2,'330 while those in
the bilayer lipid membranes with PM varied from 100 to
150 nA cm—2.135! The indicated values 347—1352 are com-

parable with those presented above (see Ref. 1347) or are
even higher.!33° Efficient nanobiohybrid SBS based on BR
with various types of NPs are not commercially manufac-
tured so far; however, it is beyond doubt that that they will
be in-demand as technological materials in the future.

Thus, albumins, lipases and rhodopsins are promising
biologically active compounds for the interaction with NPs
and for the development of SBS with a set of specified
properties. This can be used to design new and to improve
existing bionanomaterials. The proposed methods for fab-
rication of SBS provide increase in their stability, decrease
in the interaction with blood plasma proteins, biocompati-
bility and other important properties. Albumin-based sys-
tems demonstrate a considerable practical potential regard-
ing the space- and time-controlled release, in addition to
their theranostic applications. Systems composed of BSA
and metal NPs are among the few types of nanotransporters
in vivo that exhibit a dual capability (passive and active
targeting of a tumour) and a wide range of drug therapy
possibilities compared with the single components. Lipases
tend to interact with metal oxide NPs to give SBS with high
catalytic properties and stability for practical applications
in vitro.

The SBS based on rhodopsins and QD type nanopar-
ticles, possessing a set of unique photodynamic properties,
are most promising for biomedical diagnosis. However, the
QD carriers are fairly toxic when used without an additional
polymer coating, which imposes certain restrictions on the
selection of SBS for biomedical purposes.

Thus, the demonstrated approaches to the fabrication of
SBS based on structurally and functionally different pro-
teins and nanoparticles make it possible to create modern
bionanomaterials with a set of properties required to solve
particular biomedical problems.

4.3. Development of multifunctional nanoparticles for
biomedical applications on the basis of silica nanoplatforms
The development of modern diagnostic techniques for
various pathologies, such as magnetic resonance imaging,
computed tomography, positron emission tomography
(PET) and fluorescence imaging, requires the development
of new effective and safe contrast agents. 3331356 When
different techniques are used simultancously, artifacts are
reduced, facilitating more accurate disease diagnosis.!33¢ In
addition, the creation of bimodal materials that have a
magnetothermal, photothermal, or photodynamic effect on
cancer cells is considered today as a promising basis for the
development of new types of theranostics that simultane-
ously perform therapeutic and diagnostic func-
tions. 13571360

In the last decades, the design of new methods for the
synthesis of multifunctional nanosized polymer particles
performing a dual function has become a priority area of
nanomedicine and biology.!337-1360 A silica matrix could be
a promising basis for multifunctional polymeric NPs of
various sizes and porosities.The main advantages of silica
NPs are the simplicity of synthesis, which does not require
high temperatures, the absence of swelling of NPs in
solution with a change in pH, transparency and low
toxicity.!3¢! Doping of various compounds into silica NPs
is widely used to fabicate functional materials. The inclu-
sion of dopants into the silica matrix eliminates or reduces
the problem of their toxicity and increases their stability,
while the simplicity of methods for modifying the silica
surface by introducing anchor groups necessary for binding
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biological objects 1271,1362-1364 ¢an serve to vary the mor-
phology and functional properties of nanoparticles.!363, 1366

Silica NPs are synthesized most often using the Stober
method,!367-1379  reverse water-in-oil microemulsion
method 1363-1367.1380-1397 and direct oil-in-water microe-
mulsion method.!398-1404 These methods are based on
alkaline hydrolytic polycondensation of tetraethoxysilane
to form spherical three-dimensional structures.'3¢* The
choice of one or another synthesis technique is often
determined by the nature of the dopant introduced into
the silica matrix. This Section focuses on the theoretical and
applied aspects of the development of multifunctional NPs
based on silica matrices.

4.3.1. Methods for producing silica nanoparticles
4.3.1.1. Stober method

Historically, the Stdber method,!?¢” based on alkaline
hydrolysis of orthosilicic acid esters and the subsequent
polycondensation in aqueous alcohol, was the first method
for preparing silica NPs. This procedure gives spherical
particles of controlled size (10 nm and above) with variable
polydispersity by varying the nature of reagents (alcohols
and bases), their concentrations and ratio.!367-1379 The
method is relatively simple, does not require purification
from surfactants and can afford particles with inclusion of
both water-soluble and water-insoluble inorganic and
organic compounds.

There are several approaches to the synthesis of silica
NPs using the Stéber method, each having advantages and
disadvantages.

The first approach is based on doping of the polymer
matrix with one (or more) water- or alcohol-soluble com-
ponents that act as seeds (nuclei) for the formation of
spherical silica NPs (Fig. 170 @). Electrostatic interactions
between the dopant and the silica matrix usually promote
incorporation of positively charged components and pre-
vent inclusion of negatively charged ones.!3%°~1372 The most
common examples are the introduction of fluorophores
such as fluorescein and its derivatives,!3°8 rhodamine B 1368
and positively charged ruthenium(lI) complexes.!369 1372
The non-covalent adsorption of positively charged dopant
on a negatively charged silica surface followed by additional
silica coating produces particles with dopants introduced
into different layers of the polymer matrix.!369-1371

The second approach involves preliminary covalent
binding of the dopant to a silicon derivative and its
subsequent introduction as a precursor into silica synthesis
(see Figure 170 p).1368.1374-1377 Covalent binding leads to
dopant attachment and prevents its leaching from the silica
matrix.!37¢ Disadvantages of this method are poor solubility
of the resulting silicon derivative in a water—ethanol
mixture, complexity of synthesis and low doping effi-
ciency.1376. 1377

The third approach is based on the pre-synthesis of
nuclei containing a dopant followed by the addition of new
portions of tetraethoxysilane (TEOS) during the reaction
(see Fig. 170¢).1372.1373 This method is based on the use of
amino acids as catalysts for alkaline hydrolysis of TEOS
and can be implemented at lower pH (~9—10). Its advan-
tages are the formation of particles of a specified size and
controlled monodispersity.!372: 1373 The method can be used
to incorporate both positively charged 1372 and neutral dyes,
such as rhodamine B and fluorescein, into a silica particle
without peliminary covalent binding to 3-aminopropyltri-
ethoxysilane (APTES).!373
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Figure 170. Approaches to the synthesis of silica nanoparticles
containing a dopant by the Stober method (a—d, see text). The
figure was created by the authors using data of Refs 1367—1379.

The fourth approach consists in the introduction of

preliminarily obtained stabilized NPs [iron oxide, silver(0),
gold(0) NPs and quantum dots] as precursors for the
subsequent growth of the silica layer on their surface (see
Fig. 170d).1376-1379 The crucial factor affecting the mono-
dispersity of the obtained silica NPs is the colloidal stability
of the initial nanoparticles in a water—ethanol medium.
Double superparamagnetic highly luminescent silica par-
ticles [with a diameter (d) of 97 nm] based on Fes;Oy4
(d =18 nm) and CdSe@CdS@ZnS quantum dots (QDs)
(d = 4.5 nm) were obtained by the modified St@ber
method.'37® The presence of thiol groups provided for
efficient adsorption of oleate-stabilized quantum dots on
the silica surface of iron oxide nanoparticles through ligand
exchange. To increase the colloidal stability and reduce the
toxicity of QDs, the authors used an additional thin silica
coating, thus obtaining the Fe;04@SiO>@QD NPs system.
These magnetic-luminescent nanoparticles can be used for
multimodal cell separation.!378

4.3.1.2. Microemulsion methods
More recently developed methods for producing monodis-
perse silica NPs are microemulsion methods, which are
based on the formation of thermodynamically stable
water-in-oil 1363 1365.1366, 13801397 1. oil-in-water 1398~ 1404
type microemulsions.

Reverse water-in-oil microemulsion method. A reverse
water-in-oil microemulsion typically consists of four com-
ponents: oil (most commonly cyclohexane), water, surfac-
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Figure 171. Synthesis of dopant-containing silica nanoparticles by
the reverse microemulsion method. The figure was created by the
authors using data of Ref. 1377.

tant (Triton X100, Bridge 30, Igepal or AOT) and co-
surfactant (heptanol or octanol). Nanosized water droplets
in oil stabilized by surfactant and co-surfactant molecules
serve as nanoreactors for hydrolysis of orthosilicic acid
esters and the subsequent polycondensation to form spher-
ical monodispersed silica particles (Fig. 171). The size of
particles obtained by reverse microemulsion method can be
varied in a controlled manner from 15 to 200 nm by varying
conditions such as water to surfactant ratio, nature of
organic solvent and surfactant, ammonia concentration,
amount of added TEOS and the nature of dop-
ant,1363.1365.1366, 1377, 1380 - 1397

A key advantage of the microemulsion synthesis over
the Stober method is the production of silica nanoparticles
with a narrow size distribution. In addition, this technique
yields smaller particles of more complex morphology.!380 It
should be noted that for purification of the obtained silica
nanoparticles from surfactants and unreacted substances in
the reverse microemulsion method, a sequence of washing,
ultrasonic treatment and centrifugation is usually repeated
many times. However, it was shown 136413771397 that com-
plete removal of surfactant traces from the silica surface is
vitually impossible; this can affect the properties and
applications of the dispersions.

Water-soluble compounds such as tris(dipyridine)-
ruthenium(1r),30-3! lanthanide(111) com-
plexes 1363.1365.1366, 13831385 o1 metal clusters 1386~ 1388 are
commonly used as dopants in the reverse microemulsion
method. Unlike the Stober method, in the microemulsion
technique, the dopants can be either electrically neutral or
negatively or positively charged.!380

The hydrophilicity of the doping dye and its aggregation
behaviour during the growth of silica NPs have a significant
effect on the distribution of the dopant in the silica matrix
and the photophysical characteristics of the obtained fluo-
rescent silica nanoparticles (Fig. 172).1364.1389,1390 Indocar-
bocyanine dyes differing in the number of sulfonate groups
and, hence, in the hydrophilicity, were used to demonstrate
the possibility to control the distribution of the fluorophore
in the silica matrix (in the core or near the silica/water
interface) by varying the hydrophilicity of the dopant (see
Fig. 172).
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Figure 172. Schematic view of the dependence of the dopant
distribution in a silica matrix on the dopant hydrophobicity. The
figure was created by the authors using data of Ref. 1389.

Fluorophores with low hydrophilicity are distributed
throughout the entire volume of the silica matrix, which
leads to the absence of concentration quenching of their
photoluminescence in the NPs.!3%° High hydrophilicity and
water solubility of fluorophores, on the contrary, lead to
their aggregation in nanoparticles, which deteriorates the
photophysical characteristics in comparison with those of
less hydrophilic fluorophores (see Fig. 172).

The influence of aggregative behaviour of lanthanide
complexes in silica nanoparticles on their photophysical
properties was studied with the participation of the authors
of this Section. For this purpose, double silica nanoparticles
characterized by intense luminescence in the green and near-
infrared (NIR) spectral regions were obtained on the basis
of isostructural lanthanide(111) complexes (Fig. 173).1383

The photophysical characteristics of the obtained dou-
ble silica NPs were found to significantly depend on the
method of addition (as a solution or a dispersion) and the
aggregation state of isostructural lanthanides(Ill) com-
plexes. The energy exchange between lanthanide blocks
was shown to occur in relation to isostructural p-sulfonato-
thiacalix[4]arene =~ complexes  of  terbium(Ill) and
ytterbium(Ill) in the silica matrix (see Fig. 173). It was
found that Tb—Yb silica nanoparticles are characterized
by low leaching of the complexes from the silica matrix and
insignificant toxicity. They were able to efficiently and
quickly penetrate into cells while maintaining a luminescent
response, which is a prerequisite for their use as cell
markers. 1383

Shahabi’s research team group reported '3°! the prepa-
ration of silica NPs with double luminescence by adding
organic fluorophores. It was shown that, depending on the
structure of fluorophores, the optimal introduction method
can be either the pre-synthesis of luminescent silica nuclei
by covalent binding of dyes to APTES or their non-covalent
doping into the silica layer. Such particles are characterized
by double high-intensity luminescence in the green (blue)
and red regions of the spectrum; they have low toxicity and
have a great potential for various biological studies
in vivo.13°1

A number of studies address the incorporation of
various metal clusters into the silica matrix to produce
structures characterized by the distribution of cluster units
(or their aggregates) throughout the volume of the silica
matrix.!386-1388 For example, Aubert er al.'3%7 doped rhe-
nium-based metal clusters, K4[ResSs(OH)g),
K4[Ress€3(OH)5] and C51A68K2‘32[R6558(CN)4(OH)2], into
the silica matrix. The obtained particles exhibit lumines-
cence in the red spectral range and may find application in
biotechnology.
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There are examples of incorporation of water-insoluble
hydrophilic nanoparticles [in particular, NPs of gold(0),
silver(0), and ZnFe>O4 stabilized by hydrophilic ligands]
into a polymer silica matrix. The NPs act as nuclei that are
subsequently coated with a silica shell.!380,1392,1393

More recent papers describe examples of hydrophobic
water-insoluble nanoparticles [NPs of iron oxide or lantha-
nide oxides and salts and gold(0) and quantum dots] doped
into the silica matrix.1379 1380, 1383—-1385,1394-1396 The reason
for the successful incorporation of hydrophobic NPs into
the silica matrix using the reverse microemulsion method is
ligand exchange with the replacement of hydrophobic
ligand (oleylamine or sodium oleate) on the surface of the
original nanoparticle with surfactant or TEOS (or orthosi-
licic acid), which facilitates the formation of monodisperse
colloidal stable silica particles.!380-1394

Direct oil-in-water microemulsion method. Direct oil-in-
water microemulsions are used for the synthesis of ultra-
small and highly dispersed silica NPs. The method is mainly
used to obtain organically modified silica nanoparticles
(ORMOSIL).13% A direct oil-in-water microemulsion is
based on alkaline hydrolysis of a silicon derivative of vinyl-
triethoxysilane (VTES) and APTES followed by polycon-
densation in oil (I-butanol) nanodroplets stabilized by
surfactants (AOT or Tween-80) and DMF (or DMSO) in
water. The addition of APTES in the direct microemulsion
method generates a weakly alkaline medium and thus stops
further growth of nanoparticles.!'?*® The size of NPs
obtained by the direct microemulsion method can vary
from 5 to 100 nm.!377 Many examples of ORMOSIL par-
ticles doped with various water-insoluble dyes (Nile red,
indocyanine green),!399-1400 agents for photodynamic ther-
apy,!491  antitumour agents (doxorubicin, curcu-
min) 1400,1402,1403  and  water-insoluble hydrophobic NPs
(iron oxide, quantum dots) can be found in the litera-
ture.!399-1404 Since the surface of silica nanoparticles
obtained by the direct microemulsion method is more
porous, preliminary covalent binding of dopants to silicon
derivatives is preferable, in order to reduce leaching of the
dopant from the silica matrix.!3%® However, the presence of
pores may give rise to NPs for which a slow release of the
dopant from the polymer matrix is a necessary stage fo
biomedical application. For example, Prasad’s research
team 40! obtained a number of luminescent ORMOSIL
particles containing doxorubicin. It was found that these
NPs can release 70% of the drug within two weeks; they are

of silica nanoparticles based
on Tb!l and Yb!!! complexes
with  p-sulfonatothiacalix[4]-
arene (TCAS) and energy
transfer mechanism («); con-
focal laser microscopy micro-
graphs of normal cells
incubated with amino-modi-
fied silica nanoparticles based
on Tb" and Yb'! complexes
with TCAS (b).13%3

able to enter the pancreatic cancer cells and have a cytotoxic
effect. Doxorubicin-containing ORMOSIL nanoparticles
can be used for further incoporation of photosensitizers
functioning as agents for photodynamic therapy.

A new type of bimodal ORMOSIL particles was devel-
oped on the basis of doxorubicin and the indocyanine green
dye, which exhibits luminescence in the red and near-IR
spectral regions.!4%0 To obtain bimodal ORMOSIL par-
ticles, the authors used two strategies: non-covalent doping
of indocyanine green by physical adsorption and non-
covalent (or covalent) doping of doxorubicin. Bimodal
ORMOSIL particles with a covalently bound drug had
pronounced colloidal properties and showed low cytotox-
icity against cancer cells. Upon IR irradiation of cells
incubated with the obtained products, the temperature
inside the cell increased and doxorubicin was released
from the polymer matrix to induce the destruction of cancer
cells. These bimodal particles can be used in chemotherapy,
hyperthermia and fluorescence imaging of cells.!400

4.3.2. Effect of the dopant on the size and polydispersity of silica
nanoparticles

At present, there is virtually no systematic information in
the literature on the effect of the dopant nature and
intrroduction method on the size, shape, and polydispersity
of silica nanoparticles obtained by the reverse microemul-
sion method. However, according to our data, nanosized
and molecular dopants are important components of
reverse microemulsions that can have a significant, not
always expected and unambiguous, effect on the size and
shape of the formed silica NPs.!365, 1381, 13831385

4.3.3. Mutual influence of components in composite silica
nanoparticles considered for nanoparticles of iron oxide, silver(0)
and metal complexes

Magnetic resonance imaging is widely used as a direct and
non-invasive method of medical diagnosis of various
pathologies.!403.1406 The development of new effective and
low-toxic contrast agents (CAs) meant to increase the image
contrast in the MRI method is a priority area of medicinal
chemistry.!407. 1408 A promising way to increase the effi-
ciency and reduce the toxicity of contrast agents is to
include them in polymer NPs.!40°-1411 [n addition, doping
of contrast agents into the same polymer matrix produces
so-called bimodal 7';- and 7>-contrast agents, the combined
use of which eliminates image artifacts, thus providing for
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more accurate imaging.!407-1408 Gadolinium(IIT) chelates
are used most widely as 7j-contrast agents in clinical
diagnosis, while superparamagnetic iron oxide particles
(SPION) are known for their high 75-contrast -effi-
ciency.!412-1414 There are many synthetic approaches for
combining Gd''' chelates (77-CA) and superparamagnetic
iron oxide nanoparticles (72-CA) in the same polymer
matrix, 1405, 1407, 1408, 14151417 A crycial factor determining
the dual contrast efficiency is the thickness of separation
layer between the 7- and T»>-components. The optimum
spacing at which there is usually no adverse effect of the
local SPION magnetic field on the spin—lattice relaxation
of Gd"! chelates, is >20 nm.'#07 In addition, the ratio of
transverse to longitudinal relaxivity values (r>: ;) should be
<9 1418.1419

Silica matrix is a convenient platform for the develop-
ment of bimodal 7- and T»-contrast agents with optimal
spacing between the two components. Like the Stober
method, the reverse microemulsion method allows the syn-
thesis of NPs of various morphologies with the incorpora-
tion of dopants into different layers of the polymer matrix,
thus producing nanoparticles with specified sizes and prop-
erties.!305.1366.1382.1384.1385  Eor  instance, Fedorenko
et al.'3% showed that preferential localization of gadoli-
nium(III) complexes with p-sulfonatothiacalix[4]arene
[GA(TCAS)] in the surface layer of silica nanoparticles
leads to a ponounced enhancement of their relaxation
characteristics and an almost tenfold incease in r; as
compared with those for similar species when the complexes
are localized in the core (Fig. 174). High relaxivity and low
cytotoxicity of the obtained NPs are due to doping of
gadolinium complexes into the surface layer of silica nano-
particles (55 nm in size); this prevents the complexes from
leaching from the silica matrix, but provides their effective
hydration.!363

The developed technique 13%° was used to obtain efficient
silica NP-based bimodal 7- and 7>-contrast agents with a
core—shell structure, SPION inclusion (4 = 6 nm) in the
core and preferential localization of Gd(TCAS) in the outer
silica layer (Fig. 175).13%* The poducts had high longitudi-
nal and transverse relaxation values (r; = 34.7 mmol —! s—!
and r» = 64.7 mmol—! s~ 1) and low r,:r ratio at 0.47 T.
The shorter distance between SPION and the Gd(TCAS)
complexes (~ 12 nm) resulted in a minor effect of suppres-
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Gd(TCAS 42 nm 55 nm
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Figure 174. Schematic view of silica nanoparticles with different
positions of the Gd(TCAS) complex in the silica matrix and r;
values for aqueous solution of Gd(TCAS) and aqueous dispersions
of silica nanoparticles.!3¢° Published with permission from Elsevier.

10-12 nm

Gd(TCAS) Fe203

rn=347mM"'s=1" rp=647mM"s"

Figure 175. Schematic view of a bimodal 7- and 7>-contrast agent
based on silica nanoparticles doped with Gd(TCAS) complexes and
Fe>O3 NPs and TEM image of the resulting sample.!3%* Published
with permission from Elsevier.

sion of iron oxide NP spin-—lattice relaxation (see
Fig. 175).1365.1384 The NP aggregation in the presence of
protein in buffer solutions led to a decrease in the longi-
tudinal and increase in the transverse relaxation. The
bimodal silica NPs provided efficient 7;- and T>-contrast
on a 1.5 T MRI scanner and had low cytotoxicity and high
colloidal stability in aqueous solutions.!384

Neramboug et al.!3%® also found a mutual influence of
dopants in silica NPs, which must be taken into account in
the design of multifunctional nanomaterials. In particular,
the authors intended to obtain magnetic-luminescent silica
NPs based on Fe>O3;, metal clusters [MogBri4]?~ and
plasmon Au® NPs. The synthesis included simultaneous
introduction of hydrophilic magnetic Fe,Os; cores and
metal clusters into a reverse water-in-oil microemulsion.
These bimodal nanoparticles had superparamagnetic prop-
erties and intense red luminescence. The signal intensity
significantly decreased with increasing size of the doped
iron oxide cores, which is due to their ability to absorb light
at 400—450 nm, which is used to induce the photolumines-
cence of the clusters. Coating of the bimodal nanoparticles
with gold(0) clusters was carried out by adsorption of Au3™
on the negatively charged silica surface at pH 12 followed
by reduction in exposure to UV radiation. The obtained
bimodal  magnetic-luminescent  silica  nanoparticles
[Cs2MogBri4— Fe;03]@Si0; — Au® can be used for biomed-
ical purposes and for theranostics. However, the question of
how alkaline hydrolysis of clusters, which is inevitable
under such alkaline conditions, affects the composition
and content of clusters within and on the surface of silica
NPs remained unanswered.

The permeability of the silica matrix to OH™ and H"
ions accounts for the degradation of the complexes both
within and on the surface of silica nanoparticles. This was
also noted in a number of studies in which silicaNPs
contained terbium(I11) complexes as dopants.!4?? For exam-
ple, hydrogen peroxide treatment of Tb(TCAS)-containing
composite silica nanoparticles coated with silver(0) nano-
particles was used to reduce the Ag® particle size tenfold
(from 30 to 3 nm) and promoted their uniform distribution
over the silica surface. However, the hydroxide ions gen-
erated under these conditions led to a decrease in the
terbium content in the composite sample and to a decrease
in the intensity of Tb-centered luminescence due to partial
destruction and washing out of complexes from the NPs.!420
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4.3.4. Covalent and non-covalent surface modification of silica
nanoparticles

Modification of the silica surface with target proteins or
other target ligands is a necessary stage in the production of
multifunctional silica NPs with a specific effect on the
targets.!42!

Covalent binding and physical adsorption are the main
ways to modify the surface of silica NPs. Physical adsorp-
tion of biomolecules or polymers [PEG, polyethyleneimine
(PEI)] is simple to implement, ergonomic and gives rise to a
crown on the silica surface. Coating the silica surface with
PEG affects the efficiency of particle uptake by cells,
reduces the particle cytotoxicity and increases their in vivo
stability. Also, it ensables the covalent binding of proteins,
enzymes, etc.'304 1422 Layer-by-layer adsorption of various
polymers (in particular, PEIs) can lead to recharging of the
surface of NPs, which can significantly affect their cellular
uptake.!'¥>>2 However, protein desorption, which occurs
when other biomolecules with higher NP affinity are present
in the system, significantly complicates the use of this
method. It is known that protein adsorption on the NP
surface can lead to undesirable changes in its structure and
functional activity. In addition, changes in pH or ionic
strength of the solution can also cause desorption of
proteins from the silica surface. Therefore, the conjugation
of biomolecules via covalent binding to nanoobjects is
preferable.!364

The high chemical reactivity of the Si—OH groups
pomotes surface decoration of silica nanoparticles. The
covalent binding of target ligands requires the presence of
certain functional anchor groups on the silica surface; most
commonly, amino, carboxy, thiol and epoxy groups serve
for this purpose.!364.1423,1424 Bjoconjugation can be per-

formed by applying cross-linking reagents, which are
chosen depending on the anchor groups present on the NP
surface. Both small molecules (e.g., folic acid) and macro-
molecules (e.g., oligosaccharides, peptides, proteins, anti-
bodies and aptamers) can be used as the target
ligands.1421. 14251430

The conjugation processes of biomolecules to micro-
and nanoparticles and the choice of cross-linking agents are
discussed most comprehensively in the publication of Her-
manson.!43° The main cross-linking agent for the conjuga-
tion of carboxy-modified NPs to biological objects contain-
ing amine or amino acid residues is 1-(3-dimethylamino-
propyl)-3-ethylcarbodiimide. 4?5~ 1430 The use of N-hydrox-
ysulfosuccinimide reduces the pobability of undesirable
hydrolysis of O-acylisourea, an active intermediate pro-
duced during the reaction.!430

Glutaraldehyde is widely used as a cross-linking agent
(cross-linker) for bioconjugation of amino-modified silica
NPs.!430 The reaction of covalent binding of biomolecules
proceeds through the formation of a Schiff base.!*3* How-
ever, the presence of a large number of amine residues in
biological objects and nanoparticles precludes selective
binding of biomolecules to certain groups and promotes
the formation of cross-linked particles, which can finally
lead to their irreversible aggregation.!363,1364,1430 More-
over, the choice of the bioconjugation strategy and cross-
linking agents has a significant impact on the production of
NPs with specified characteristics and properties.!363

Significant aggregation of amino-modified silica NPs
and formation of cross-linked nanoparticles when glutaral-
dehyde [SNs(COH)] is used as the cross-linking agent
prevent efficient decoration of particles with a target pro-
tein, o-bungarotoxin (ax-BGT), and affect the sensing
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Figure 176. Routes of a-bungarotoxin modification of silica nanoparticles doped with Tb(TCAS) complexes. The figure was created by the

authors using data of Ref. 1363.



1038

1.S.Antipin, M.V.Alfimov, V.V.Arslanov, V.A.Burilov, S.Z.Vatsadze et al.
Russ. Chem. Rev., 2021, 90 (8) 895-1107

capacity of modified particles (Fig. 176).13¢3 Conversely,
the successful bioconjugation of carboxy-modified silica
NPs (SNs(COOH)) with the a-BGT target protein through
interaction with EDC made it possible to localize nano-
particles in the synaptic cleft, as was established in ex vivo
experiments on frog muscle tissues.!363

The obtained o-BGT-modified silica nanoparticles
doped with Tb(TCAS) complexes were shown to be appli-
cable as pH sensors for the enzymatic hydrolysis of acetyl-
choline. In ex vivo experiments, fluorescence microscopy
demonstrated effective quenching of the terbium lumines-
cence of nanoparticles due to the release of acetic acid into
the synaptic cleft induced by the enzymatic hydrolysis of
acetylcholine upon electrical stimulation of muscle tis-
sues, 1363

A relatively new trend in bioconjugation is the use of
click chemistry, that is, reactions proceeding with high
regioselectivity and high product yield under various con-
ditions, including physiological conditions.!364-1430 How-
ever, the discussion of this issue is beyond the scope of this
Section.

Adsorption of inorganic nanoparticles (Ag®, Au®,
Cu,_ ,S) 1368, 14201431 o1 other compounds (dyes, clus-
ters) 14321433 on silica surface via electrostatic or coordina-
tion interactions is a widely known method for the
fabication of multifunctional silica NPs. Composite materi-
als based on silica particles coated with a shell of small
particles of noble metals (Ag®, Au®) are of great interest
because of their possible application in medicine, biosensor-
ics and catalysis.!420-1430.1431 The immobilization of metal
nanoparticles on a silica surface suppresses uncontrolled
aggregation of NPs in solution and represents a promising
alternative to their colloidal stabilization by coating with a
polymer matrix to form a core —shell structure.!392- 1420 For
example, coating of highly luminescent silica NPs based on
Tb(TCAS) complexes with ultrafine silver(0) nanoparticles
made it possible to obtain composite NPs, which were
effective cellular contrast agents capable of inducing cancer
cell death (Fig. 177).1420

Effective internalization of composite nanoparticles into
Hep-2 (human laryngeal adenocarcinoma) cells was demon-
strated using confocal laser and transmission electron
microscopy of ultrathin sections of cancer cells. Compara-

b
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tive analysis of the cytotoxicity of normal (DK-4) and
cancer (Hep-2) cells incubated with composite nanoparticles
at different concentrations showed a significant cytotoxic
effect on cancer cells (see Fig. 177 b). These results indicate
that the obtained composite nanoparticles are promising for
use in the diagnosis and treatment of cancer.!420

Irreversible or quasi-irreversible adsorption of aggre-
gates of luminescent complexes (including clusters) on a
silica surface is an effective method for obtaining multi-
functional silica nanoparticles. This approach provides for
attachment of a large number of luminescent complexes to a
silica surface without noticeable washing out for several
months. Irreversible adsorption is the result of cooperative
effect of electrostatic and coordination interactions of metal
complexes with silanol and amino groups on the NP sur-
face. Elistratova er al.1#33 described successful modification
of the surface of amino-modified silica NPs by adsorption
of luminescent hexamolybdenum clusters, known for their
ability to generate singlet oxygen, which can find applica-
tion in photodynamic therapy.'433

4.3.5. Correlation between cellular internalization and surface
properties of of silica nanoparticles

Monitoring and understanding of the mechanisms of cellu-
lar uptake of nanoobjects, their residence time in various
organs and tissues and cytotoxicity is a step forward from
the development and fabrication of nanoparticles to their
practical application in biomedicine. The rate and mecha-
nism of internalization of nanoobjects into cells and the
cytotoxicity significantly depend on the size and shape of
these nanoobjects.!422.1434-1438 Epndocytosis is the main
mechanism of cellular uptake of silica particles <50 nm in
sized.!435-1438 The optimal size of nanoparticles to allow
effective endocytosis depends on many factors, including
the surface properties of the particles and type of cell
culture used.'*3® The negatively charged surface of unmodi-
fied silica nanoparticles prevents their effective internal-
ization into cells.!#38-1441 The formation of a protein
corona upon physical adsorption of proteins on the surface
of nanoparticles when they are released into biological
fluids hides the particles, changes their colloidal stability
and affects their cellular uptake, the degree of accumulation
in organs and the rate of excretion from the body.!285 1442

Silica matrix

@AQ%;=Th(TCAS)
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Figure 177. TEM image of composite Tb(TCAS)-doped aminomodified silica nanoparticles coated with ultrafine Ag® nanoparticles (a);
dependence of the viability of cancer (Hep-4, curve /) and normal (DK-4, 2) cells on the concentration of incubated composite
nanoparticles (shown schematically) (») and confocal laser microscopy image of cancer cells incubated with composite nanoparticles (c).!42¢

Published with permission from Elsevier.
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There are many published examples of modification of a
silica surface with various target ligands or functional
groups that facilitate the penetration of particles through
the cell membrane.!304.1421,1425-1430 Thig procedure can
also be used to improve the colloidal stability of silica NPs
in biological systems and reduce toxicity.!4??- 1434 The intro-
duction of amino groups on a silica surface is the simplest
and most effective way to change the surface charge of silica
NPs. 1439~ 1441,1443 The protonation of NH, groups at phys-
iological pH leads to silica surface recharge, thus facilitating
the cellular uptake of amino-modified NPs. 1439~ 1441,1443

It is worth noting that the aggregation of amino-modi-
fied silica NPs does not significantly suppress their pene-
tration into the cells.!439-1441.1443 Moreover, it was
shown 381 that the presence of NH; groups on the silica
surface favours their uptake by motor neurons, providing a
greater penetration rate, in contrast to similar smaller
unmodified silica NPs (Fig. 178).

Location of double magnetic-luminescent aminomo-
dified silica NPs in the cytoplasm of motor neurons and
their movement under the action of a constant magnetic
field lead to increasing neuronal activity of motor neurons
due to the increase in calcium flux through mechanosensi-
tive N-type calcium channels (see Fig. 178).1381

Thus, the variety of ways to create multifunctional NPs
opens up wide new opportunities for obtaining various
nanomaterials for theranostics. The number of publications
in this area has increased significantly over the past decade.
A silica matrix is a versatile substrate that may povide
particles of different morphologies with specific sizes,
shapes and desired properties. The introduction of dopants
into the silica matrix reduces the toxicity of the dopants and
increases their colloidal stability. Non-covalent binding of
dopants to the silica matrix is more preferable, since it
allows a significant increase in the number of introduced
dopants, while increasing their kinetic and photo stability
with retention (or improvement) of the photophysical and/
or relaxation characteristics due to inclusion into the nano-
scale platform. In this case, the surface of the silica matrix
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remains free, which facilitates its modification with target-
ing molecules necessary for a targeted action.

4.4. Calixarenes and pillararenes containing amino acid
moieties: from supramolecular self-assembly to biomimetics
Oligo- and polyamino acids are of interest from the point of
view of their application not only in molecular biology and
in the design of targeted delivery systems, but also in
technologies that are in demand for the development of
organic nanomaterials.?3- 1444 Combination of peptide and
amino acid moieties on various synthetic platforms (ranging
from aromatic compounds to inorganic nanoparticles) are
used in the development of biomimetic systems.!#** In the
last decade, interesting results have been obtained in the
study of the properties of amino acid and peptide deriva-
tives of the most accessible and popular macrocyclic plat-
forms, namely, calix[n]arenes (including thiacalix[4]arenes,
resorcin[4]arenes) and pillar[n]arenes (Fig. 179).

The use of lateral macrocyclic structures as peptidomi-
metics is relevant due to their optical activity and a wide
variety of functional groups to which amino acid residues
can be attached. It has been shown that these macrocycles
are able to bind, with high selectivity, a wide range of
substrates, such as metal cations, anions, small optically
active organic molecules, proteins, nucleic acids.”3 1444 The
unique properties of supramolecular systems based on
amino acid and peptide derivatives of macrocycles open up
prospects for solving various research tasks in the molecular
recognition chemistry and in the creation of biomimetic
structures.

4.4.1. Amino acid derivatives of calix|[#]arenes and their applications
Currently, calix[n]arenes are among the most studied classes
of cage host molecules 43! and belong to metacyclophanes:
their aromatic moieties are linked together by bridging
methylene groups located in meta-positions relative to
each other. Efficient and selective receptors for a variety of
ions and molecules have been designed on the basis of
calix[n]arenes. The relatively low toxicity of these macro-

b

a a0 N
o o0 o o o

Calcium level
in the cell (%)

2 _=

before

-

with a magnet after

Figure 178. Schematic view of bimodal magnetic-luminescent silica nanoparticles based on Fe304 and Ru(bipy)3" used to increase the level
of Ca?" in motor neurons (a); average Ca?™" level in motor neurons before, during and after the application of the magnetic field (b);
orthogonal projections (xy, xz and yz) of the cells after 24 h of incubation with magnetic luminescent nanoparticles, obtained by confocal
laser microscopy (c). The figure was created by the authors using data of Ref. 1381.
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Figure 179. Structures of synthetic macrocyclic platforms designed
for amino acid modification.

cycles suggests that they are suitable for biomedical appli-
cations, especially in the study of the molecular basis for the
regulation of biological processes and in the development of
new therapeutic agents.”> The introduction of amino acid
moieties into calix[n]arene molecules leads to macrocyclic
structures capable of recognizing cations, anions, amino
acids, carbohydrates, proteins and nucleic acids.!444

Initially, the attention of researchers was focused on the
recognition of low-molecular-weight guests such as cations,
anions, amino acids. It has been shown that the presence of
amide groups in amino acid derivatives of calix[n]arenes
promotes their effective and selective interaction with metal
cations.'#** Moreover, the introduction of a tryptophan
residue into calix[4]arene molecule allows for studying of
the complexing properties of the obtained compounds by
fluorescence spectroscopy.!443-1446 Calix[4]arene 443 with
two tryptophan residues at the lower rim is an effective
receptor for Li*, Na*, K*, Rb*, Cs*, Eu** and NHj,
H;0" cations.!#4> Calix[4]arene 444, modified with four
tryptophan moieties, is capable of forming the
[Na —444 — F] ternary complex.!44¢ In this case, the sodium
cation is coordinated at the oxygen atoms of the oxy-
methylene and amide groups, while the fluoride anion
interacts with the NH group of the indole moiety. The
structures of other currently known amino acid derivatives
of calix[n]arenes 445—484 are given in Table 10.
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Research teams led by Professors Ungaro and
Casnati %47 have extensively investigated approaches to
the preparation of calix[4]arene derivatives containing res-
idues of amino acids (glycine, alanine, isoleucine, arginine,
lysine) and peptides at the upper and/or lower rim and
demonstrated their use as selective receptors and targeted
delivery systems.

For instance, it was shown 447 that calix[4]arene 445
tetrasubstituted with alanine moieties forms inclusion com-
plexes with a-amino acids (tryptophan, tyrosine, phenyl-
alanine, leucine, valine, alanine, glycine) and ammonium
salts (tetramethylammonium, trimethylphenylammonium,
benzyltrimethylammonium chlorides). Compound 445 was
found to interact most efficiently with the guest molecules
containing aromatic moieties, which is attributable to the
formation of host —guest complexes due to the inclusion of
aromatic moieties into the cavity of the macrocycle.

A number of p-tert-butylcalix[4]arene derivatives sub-
stituted at the lower rim 446451 containing simultane-
ously urea moieties and glycine, L-alanine and L-isoleucine
residues were obtained.'#47 Using NMR spectroscopy and
electrospray ionization mass spectrometry (ESIMS), it was
shown that the ability of such compounds to bind the
anions of N-acetyl-D,L-alanine and N-acetyl-D,L-phenyl-
alanine decreases with an increase in the size of the amino
acid side chain. In this case, compound 450 has the ability to
effectively bind the N-acetyl-D-phenylalaninate anion with
high enantioselectivity (the ratio of binding constants
KP/KL = 4.14). The authors attributed this enantiomeric
discrimination to a special type of three-point substrate
binding.

Enantioselective sensors for the recognition of chiral
carboxylic acids and amino alcohols have been developed
on the basis of tryptophan derivatives calix[4]arenes 1,3-di-
substituted at the lower rim (452—454).1448 Receptor 452
exhibits excellent enantioselective fluorescence recognition
of the N-Boc-protected alanine anion, and compound 453
exhibits good enantioselective ability in recognizing the
enantiomers of mandelic acid anion (2-hydroxy-2-phenyl-
acetate).!461

Under the guidance of Prof. Yilmaz,'4350-1453 g series of
calix[4]arenes 457 —463 functionalized with proline residues
were synthesized. These compounds can be used as organo-
catalysts for enantioselective aldol condensation. It was also
shown that their low-molecular-weight non-macrocyclic
analogue containing one proline moiety is catalytically
inactive. The authors explained the high enantioselectivity
(up to 95% ee) of substituted calix[4]arenes by the presence
of a hydrophobic macrocyclic cavity.

Functionalization of the upper rim of calix[4]arene with
one or two proline moieties gave rise to organocatalysts
464 —-469, which were used for enantioselective aldol reac-
tions involving cyclic ketones and aromatic aldehydes in the
presence of water.!4* It should be noted that these com-
pounds were superior to their 1,3-di- and tetrasubstituted
analogues in the enantioselectivity (up to 99% ee) and
diastereoselectivity (the ratio of diastereomers reached
99:1) of the above reactions.

The use of amino acid derivatives of calix[n]arenes as
receptors is not limited to the recognition of only low-
molecular-weight substrates. The literature contains exam-
ples 14551460, 1462, 1463 of chiral recognition by such macro-
cycles of carbohydrates, heparin, proteins and nucleic acids,
which may be in demand for the design of sensors for
biomacromolecules and systems for their targeted delivery.
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Table 10. Amino acid derivatives of calix[r]arenes.
Com- R! R2 R3 R* R> Yeild  Ref.
pound (%)
443 Bu! But But Me CH,C(O)-Trp-OMe 55 1446
444 Bu! But But! CH>C(O)-Trp-OMe CH>C(O)-Trp-OMe 64 1446
445 CH,C(0)-Ala-OH CH-C(0)-Ala-OH CH,C(O)-Ala-OH Pr» P 99 1447
446 Bu! Bu! Bu! H (CH,);NHC(0)-Gly-OMe 70 1447
447 Bu! Bu! But H (CH,);NHC(0)-Ala-OMe 88 1447
448 But But But H (CH,);NHC(0)-Ile-OMe 90 1447
449 Bu! Bu! Bu! Prn (CH,);NHC(0)-Gly-OMe 88 1447
450 But But But Rig (CH»);sNHC(O)-Ala-OMe 83 1447
451 But Bu! But! Prn (CH2)3;NHC(O)-1le-OMe 89 1447
452 Bu! Bu! But! H CH>C(O)-Trp-OMe 38 1448
453 But Bu! But H CH>C(O)NHNH-Trp-Boc 23 1448
454 Bu! Bu! Bu H CH-C(O)NH(CH,),NH-Trp-Boc 28 1448
455 Bu! Bu! Bu! (CH»)sNH-Ala-Ts H 58 1449
456 Bu! But But (CH»)sNH-Val-Ts H 60 1449
457 Bu! But! But H (CH3);NH-Pro 70 1450
EA NH BN NH
458 HN HN Bu! H H 99 1451
COzH COzH
459 But Bu! But! H CH>C(O)NH(CH>)>NH-Pro 71 1450
)r\/H
T r° OMe
460 But But Bu! H 0O o D—\( 83 1452
N
H H
X\N/N 0
461 But Bu But H o J m 44 1452
N
H H
){\H/N \/]/O
462 But But But! H o o D—\{ 82 1452
%—\\ H 5—\\ H H
N—NH N N—NH N
463 /\/_Q % Bu! H CH>CO>Me 80 1453
0 OH 0 OH
g
464 H J?N CLH H pr pr 90 1454
o o COzH
/ Asj//
465 HN @H HN C\'f H P pr® 71 1454
COzH COzH
50
466 H Z—>\ H Prm Prm 81 1454
N~ TCOzH
H
%0
467  OH U pr Pr 64 1454
N CO2H
H
//O
468 H ﬁo@[' H pro pro 68 1454
COzH
/O //O
469 ﬂo@[' ﬁo@[' H pro pro 65 1454
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Table 10 (continued).

Com- R! R2 R3 R* R> Yeild Ref.
pound (%)
470 Sec® (X = Bn) See® (X = Bn) H CH,CO,Et CH,CO;Et 73 1447
471 See? (X = CHInd) See? (X = CHzInd) H CH,CO,Et CH,COEt 35 1447
472° CH,NH-Lys CH>NH-Lys CH>NH-Lys Prn Prn 80 1455
473 CH»C(0O)-Ala-OMe CH,C(0)-Ala-OMe H By Rig 76 451
474 CH,C(0O)-Ala-NHC(O)CH,OPh CH,C(0O)-Ala-NHC(O)CH>OPh H P Prn 67 451
475 CH»-Pro-OH CH>-Pro-OH CH>-Pro-OH H H 77 1456
- - -
/N \ /N \ /N \

476 N, N, N, N Prn P 77 1457

N—Glu N—Glu N—Glu

H H H
477 NH-Lys NH-Lys NH-Lys n-CeH 3 n-CeH 3 75 1458
478 NH-Arg NH-Arg NH-Arg n-CeH 3 n-CeH 3 99 1458
479 H H H (CH,);NH-Arg  (CH,);NH-Arg 65 1458

- - -
/N \ /N \ /N \

480 N\\N N\\N N\\N n-C¢H 13 n-Ce¢H i3 67 1459

N—Arg N—Arg H*Arg
481 Bu! But But CH,C(0)-Pro-OH CH,C(O)-Pro-OH 85 1460
482 H H H CH,C(0)-Pro-OH CH,C(O)-Pro-OH 80 1460
483 Bu! Bu! Bu! H CH,C(O)-Pro-OH 85 1460
484 H H H H CH,C(O)-Pro-OH 80 1460

O H O % y 0
" RI_R2 = J P N b, — Q; -4 e
R!'—R XLAIa/N ﬁﬁo O/\(N Ala)\f\ ;P 8; in other cases n = 4; Ind is 3-indolyl.
X X

By introducing a cyclic moiety with an alanine residue
into the upper rim of the calix[4]arene, the macrobicyclic
receptors 470 and 471 were obtained.!*4” Compound 470 is
an effective and selective receptor for simple carbohydrate
derivatives, which was confirmed by 'H NMR spectro-
scopy. The authors attributed this selectivity to the syner-
gistic effect of the introduction of the phosphate group and
the amino acid residues.

It was shown that positively charged calix[8]arene 472
with lysine residues can interact with heparin and neutralize
it both in physiological saline and in blood.!4%? The authors
compared the recognition of heparin molecules by deriva-
tive 472 with the action of two other heparin antagonists,
protamine and polylysine. It was found that the arrange-
ment of several functional groups on the flexible macro-
cyclic core of calix[8]arene, compared to the
conformationally rigid protamine and low-ordered polyly-
sine, allows for mutual adaptability between the polyca-
tionic calixarene and heparin, which significantly improved
the recognition characteristics. Subsequently, a new poly-
meric material for the fabrication of filters or membranes
that can remove heparin from the blood was developed on
the basis of macrocycle 472. Calix[8]arene 472 can also
recognize the surface of the trypase (serine protease)
enzyme.'4>> Inhibitors of this enzyme have been proposed
to be used as therapeutic agents in the treatment of some
diseases.

To create new systems for targeted drug delivery, it is
initially necessay to establish the possibility of supramolec-
ular self-assembly of the macrocyclic compounds. Peptide
moieties promote self-assembly due to the tendency to form
multiple intermolecular hydrogen bonds. Calix[4]arenes 473

and 474, 1,3-disubstituted at the upper rim with alanine
moieties, were synthesized and found to form self-organized
nanotubes in the solid state due to intermolecular hydrogen
bonds between the peptide groups of substituents of neigh-
bouring macrocycles.*>!

Calix[4]arene 475, functionalized with proline residues
along the upper rim, is capable of forming hydrogels.!4%¢ A
study of the macrocycle structure in solution and in the
solid state showed that the formation of a hydrogel occurs
when a proline moiety is embedded in the adjacent cavity of
the macrocycle, resulting in the formation of extended
helical structures.

Enantiomers of compound 475 containing L- and D-pro-
line residues were investigated as promising agents against
human papillomavirus (HPV).'4%3 For this purpose, the
interaction of compound 475 with the capsid protein L1 of
HPV 16 was studied using 'H NMR spectroscopy,
MALDI # mass spectrometry and quantum chemical calcu-
lations. It was found that calix[4]arene 475, being bound to
the protein, prevents the formation of its pentamer. The
authors believe that this opens up the possibility of deve-
loping enantioselective and inexpensive inhibitors of L1
capsid protein pentamer formation based on compound
475 to be used as a new type of agent against HPV and
other viruses.

The amphiphilic calix[4]arene derivative 476 contains
propyl groups at the lower rim and glutamic acid moieties at
the upper rim.!'%7 The shape of micelles obtained by self-
assembly of macrocycle 476 in water changes with pH
variation from spherical in acid media to cylindrical in

I MALDI is matrix assisted laser desorption/ionization.
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neutral media and again to spherical in alkaline media. The
authors explained their results by the fact that in the pH
range of 6 to 12, the compound is in the zwitter-ionic form,
while at pH <6 and pH > 12 it is positively and negatively
charged, respectively.

It is known that peptides with a large number of
positively charged lysine and arginine residues are capable
of efficient penetration into the cell and can be used as
carriers of various molecules inside the cell.’%4 Calix[4]ar-
enes 477—479, tetrasubstituted at the upper or lower rim
with arginine and lysine moieties, were capable of efficient
delivery and transfection of DNA into various cell lines.!4>8
The authors noted that compound 478 with arginine resi-
dues interacts more efficiently with DNA than compound
477 with lysine residues. This can be explained by the high
affinity of guanidinium moieties for DNA phosphate resi-
dues.

The use of peptide nucleic acids (PNA, i.e., DNA with-
out carbohydrate and phosphate moieties) for gene therapy
is limited by their low cellular uptake. One of the most
promising approaches to overcoming this drawback is the
covalent modification of the PNA structure with polyargi-
nine moieties; in this case, each PNA molecule must be
modified, which is very expensive and difficult to imple-
ment. On the basis of argininocalixarene 480, tetrasubsti-
tuted at the upper rim, systems for the cellular delivery of
PNA were devised, the efficiency of which was comparable
to that of PNA covalently modified with eight arginine
residues.!#%® These results are of interest for the develop-
ment of new systems for targeted delivery of unmodified
PNA into cells, which can simplify and accelerate their
study and use in gene and antisense therapy of cancer.

New 1,3-di(proline)- and tetra(proline)-substituted cal-
ix[4]arenes have been investigated as potential antitumour
agents.!4%0 The cytotoxicity of these compounds was eval-
uated in vitro on human tumour cells (HEPG2, PC-3, A-549
and DLD-1 lines) and on healthy human epithelial cells
(PNT1A). Compounds 475, 481 —484 have cytotoxic effects
on human colorectal carcinoma cells (DLD-1) with half-
maximal inhibitory concentration (ICso) values of 29—
65 pmol L—!. Macrocycle 481 leads to apoptotic cell
death, especially in the early stage of apoptosis. The authors
suggest that such macrocycles could be considered as
potential drugs for the treatment of lung and colon cancer.

Resorcinarenes, 1,3-hydroxybenzene tetramers, repre-
sent a rather attractive class of macrocycles with a hydro-
phobic cavity capable of encapsulating small molecules. The
functionalization of resorcinarenes usually consists in the
modification of hydroxy groups and aromatic moieties, as
well as in the variation of the structure of the aldehyde used
in the synthesis of the macrocycle. To date, only resorcinar-
enes modified with amino acid residues along the upper rim
have been synthesized, while the hydroxy groups remain
unsubstituted.

The complexing properties of resorcinarenes 485 and
486, containing proline residues in the upper rim, towards a
series of ammonium and imidazolium derivatives were
studied by polarometry.'#¢* Due to electrostatic Coulomb
and m—m interactions and desolvation effects of such
reagents, 1:1 and 1:2 host—guest type complexes are
formed.

Wenzel 145 found that chiral resorcinarene derivatives
containing amino acid residues (L-proline, hydroxy-L-pro-
line, a-methyl-L-proline, L-pipecolic acid) can be used as
reagents for enantiomer differentiation in NMR spectro-

Structures 485—-493

R2 = CH»-Pro-OH:

R! = Prn (485),
(CH2)2SO3Na™ (486);
R = (CH2)ZSO§Na*:

RQ:%\N €O (as),
4 CO.H
N
(488),

OH
CO,H %—\ CO.H
(N § (490);

-+
N (489),
OH

R' = Me: R? = CH,-Gly-OH (491), CH»-Ala-OH (492),CH.-Pro-OH (493)

485-493

scopy. The upper-rim tetrasubstituted resorcin[4]arene
derivatives 486—490 are efficient chiral NMR solvating
agents for water-soluble compounds with phenyl, pyridyl,
bicyclic aromatic or indole moeties. These aromatic com-
pounds form host—guest complexes with resorcin[4]arenes
486 —490 in water. It was suggested that the complexation
of substrates with the macrocycle is facilitated by the
hydrophobic effect, with association constants with more
hydrophobic bicyclic substrates being greater than those
with similar phenyl-containing compounds.

Resorcinarenes 491 —493 containing glycine, alanine and
valine residues have been synthesized.!#6%~ 1468 The resorci-
n[4]arene 491 —sodium dodecyl sulfate (SDS) supramolecu-
lar system can encapsulate the hydrophobic drug 2,2'-
bibenzimidazole depending on the pH. In acidic medium,
protonation of the nitrogen atom of the macrocycle pro-
motes a more efficient interaction between resorcin[4]arene
molecules 491 and SDS, which reduces the solubilizing
properties. In alkaline medium, the upper rim of resorci-
n[4]arene 491 acquires a negative charge due to dissociation
of carboxyl groups. The electrostatic repulsion of these
groups from each other and from the SDS molecules gives
rise to a space for 2,2'-bibenzimidazole in the hydrophobic
part of the SDS micelles.

Thiacalix[4]arenes are heterocyclic analogues of the
classical calix[4]arenes in which the methylene bridges are
replaced by sulfur atoms.!4%® Because of this, the thiaca-
lix[4]arene platform is more mobile and more prone to form
different geometric isomers (cone, partial cone and 1,3-
alternate conformations), unlike calix[4]arenes, the modifi-
cation of which usually results in the cone conformation.
Due to high flexibility of molecular structure and ability to
bind metals (presence of S bridges) thiacalixarenes are more
frequently used to developm supramolecular structures than
conventional calixarenes.

To compare the properties of the amino acid derivatives
of calix[4]arene and its thia analogue, derivatives 455, 456
and 494, 495 containing two alanine and valine molecules
were synthesized.'##® The products were able to recognize
N-tosylate derivatives of L- and D-amino acids in chloro-
form. The thiacalix[4]arene derivatives were found to rec-
ognize the enantiomers of amino acids more efficiently than
their carbon analogues. In particular, thiacalix[4]arene 494
showed the highest efficiency in recognizing tosylated leu-
cine, while receptor 495 was most efficient in recognizing
tosylated phenylalanine. The authors attributed this differ-
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ence to different patterns of hydrogen bonding between the
guest and host molecules.

The synthesis of 1,3-di(lysine)- (496) and tetra(lysine)-
substituted (497) thiacalix[4]arenes has been described.!470
The authors noted that the tetrasubstituted compound 497
is in the 1,3-alternate conformation. On the basis of these
thia analogues, dendrimeric structures were derived, which
can be further used as molecular receptors or targeted drug
delivery systems.

The difficulty of using tetrasubstituted (thia)calix[4]ar-
ene derivatives is their low solubility in water. One of the
solutions to this problem is to introduce an additional polar
group, for example, an ammonium group, into the mole-
cule. A number of thiacalix[4]arene-based ammonium salts
498 -500 containing amino acid residues (glycine, alanine,
tryptophan) in the cone and 1,3-alternate conformations
were synthesized by the research team of Prof. Stoi-
kov.1471-1473 Tt was shown that thiacalix[4]arene derivative
498 with glycine residues interacts with salmon milt DNA to
form nanoparticles of 99192 nm size; this was confirmed
by means of TEM and dynamic light scattering techniques.
Macrocyclic ammonium salt 500, containing tryptophan
residues, is capable of forming chiral fluorescent nano-
particles in water with a hydrodynamic diameter of 86—
134 nm.*®% It was shown by NMR spectroscopy that the
mutual repulsion of charged ammonium groups makes the
peptide bond with the tryptophan residue sterically acces-
sible to enzymes.'474 Subsequently, using kinetic methods, it
was shown that compound 500 in the cone conformation is
able to competitively inhibit the enzyme chymotrypsin.!475
The mechanism of inhibitory action was established to
consist in the binding of tryptophan residues of the macro-
cycle to the active site of the enzyme, thus blocking the
active site.

Structures 494 —-500

= (CH2)sNH-Ala-Ts (494),
CH2 4NH-Val-Ts (495),
CH2CeH4C(O)NH(CHy)NHLys-4 (496)

R2

R2 = But,

= CH,C(O)NH(CHa)sNMej CHC(0)X
(X = Gly-OEt (497), Ala-OEt (498),
Trp-OEt (499));
R" = CH2CsH4C(O)NH(CH2)2NHLys-4,
R? = H (500)

497-500
1,3-Alternate

Thus, using the example of calix[n]arene derivatives, it
was shown that the introduction of amino acid residues is a
promising trend of the design of supramolecular biomimetic
systems. These systems have a wide range of applications
ranging from binding of cations, anions and amino acids to
the recognition of proteins, carbohydrates and nucleic
acids. They can also be used to create selective catalysts

for organic reactions, potential systems for targeted drug
delivery and drugs for cancer therapy.

4.4.2. Amino acid derivatives of pillar[n]arenes and their
applications

Pillar[n]arenes, representing para-cyclophanes of a new class
(see Fig. 179), were obtained for the first time In 2008 and
described in detail by Ogoshi et al.'4’® Currently, the
pillar[n]arene platform is one of the most promising due to
their easy synthesis, unique shape of the macrocycle, inter-
esting host —guest complexing properties and peculiar
supramolecular assembly characteristics.!4”7” Amino acid
derivatives of pillar[5]- and pillar[6]arenes are represented
by structures 501 —513 and 514517, respectively.

Structures 501-517

OR?

501-513

R' = R2 = CH,C(0)-Gly-OH (501), CH,C(O)-Gly-NHNH; (502);
R' = R? = CH,C(0)-Gly-Gly-OH (503), CH,C(0)-Gly-Gly (504);

z N/\/\H /LyS

R = n-CsH11 , Rz = (505),

/
N=N

/o\
R = R2 = (CH,)sNHC(O)-Trp-OH (506), WN
N=N

Ala (507),

(CH2)3SCH2CH(CO2H)NHACc (508), CH>C(O)X

(X = Phe-Phe-Phe-OH (509), Phe-Phe-Phe-OEt (510),
Phe-Phe-Arg-OEt (511), Phe-Arg-Phe-OEt (512),
Arg-Phe-Phe-OEt (513))

OR?

R20

514-517

R' = R2 = CH,C(0)X (X = Phe-OH (514), Phe-Phe-OH (515),
Phe-Phe-Phe-OH (516), (CH2),NH-Ala (517))

The Prof. Stoikov’s reseach team synthesized pillar[5]-
arene derivatives 501504 with glycine residues.!478- 1481
Macrocycles 501 and 503 were shown to efficiently interact
with the Bismarck brown Y dye and with alkali metal
cations (Li*, Na*, K*, Cs*). Pillar[5]arenes 502 and 504,
containing hydrazide groups along with glycine residues,
actively encapsulate the anticancer drugs 5-fluorouracil and
floxuridine (5-fluoro-2’-deoxyuridine). These drugs are
used to treat colorectal, liver and gastric cancer, but their
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high toxicity causes numerous side effects. The addition of
pillar[5]arenes 502 and 504 results in reduced toxicity.

Like in the case of calyx[n]arene derivatives, self-
assembled supramolecular structures based on pillar[n]ar-
enes were fabricated; they can be used as promising systems
for targeted drug delivery. Amphiphilic macrocycle 505
containing both positively charged lysine moieties and
pentyl groups was shown to self-assemble in water into a
bimolecular micelle, in which alkyl tails face each other and
the hydrophobic parts are completely covered by long
hydrophilic groups.!482

Water-soluble decasubstituted pillar[S]arene 506 with
tryptophan moieties forms a host—guest complex capable
of self-assembling into vesicles.!*83 These vesicles efficiently
encapsulate the anticancer drug doxorubicin (DOX). The
DOX-loaded vesicles demonstrate sensitivity to pH: in
acidic medium, rapid release of the drug occurs, and the
entry of the drug into the body can be conbtolled in this
way. The supramolecular system showed higher cytotoxicity
against cancer cells compared to free DOX.

It is worth noting that, unlike metacyclophanes,
pillar[n]arene molecules have inherent planar chirality,
which, in combination with chiral amino acid moieties,
gives rise to unique properties. Modification of the gold
electrode surface by pillar[5]arene 507 containing alanine
residues produced an electrochemical sensor suitable for
quantitative determination of calf thymus DNA with a
detection limit of 0.159 +0.001 pg mL—!.1484 The authors
suggest that these results can be used to design chiral
biodevices that will combine the advantages of chiral
surfaces and functional materials.

Due to the unique hollow-column-like shape of pillar[5]-
arene molecules, they represent the molecular analogues of
carbon nanotubes.!*®> For this reason, pillar[5]arenes can
be embedded in membranes and used to create artificial
molecular and ion channels. Due to the fact that in the
molecules of pillar[5]arene amino acid derivatives, the
amide and carbonyl groups form multiple intramolecular
hydrogen bonds, the use of these derivatives to create
channels is quite promising.

Hou and co-wokers 43¢ obtained peptide derivatives of
pillar[n]arenes (n =5, 6) 509—-512 containing D- and/or
L-phenylalanine residues. Using 'H NMR and IR spectro-
scopy, the authors found that molecules of these com-
pounds form a tubular architecture in solution and in the
lipid bilayer membrane. Kinetic measurements using fluo-
rescent labelling with lipid vesicles showed that the obtained
molecules can efficiently transport amino acids (glycine,
alanine, serine, threonine, valine, leucine, phenylalanine)
across lipid membranes.

In the subsequent work,'487 this research team synthe-
sized pillar[5S]arene derivatives 509, 511-513, containing
tripeptide moieties with phenylalanine and arginine resi-
dues, with the goal to fabricate a transmembrane channel. It
was shown by fluorescence spectroscopy and patch clamp
experiments that by varying the potential, it is possible to
force the macrocycle molecules to be inserted into and
released from the lipid bilayer and thus to switch on and
off the transport of K* ions. Macrocycle 512 was also
found to exhibit antimicrobial activity against Bacillus
subtilis. The half-maximal inhibitory concentration was
10 mmol L—!, which is close to this parameter for the
natural potential-controlled channel-forming peptide ala-
methicin (ICsp = 2 mmol L—1).

Macrocycle 509 was used to develop highly permeable
artificial water channels.!'*®® It was shown that incorpora-
tion of pillar[5]arene molecules 509 into a polymeric mem-
brane results in a system with a water conductivity of
3.5+ 1.0 x 108 mol. H,Os—!, which is close to the values
for natural water channel proteins, aquaporins
[(3.4—40.3) x 108 mol. HOs~!] and carbon nanotubes
(9.0 x 10® mol. HOs—!). In addition, channels based on
pillararene 509 can self-assemble into two-dimensional
arrays in lipid bilayers. The authors claim that the obtained
water channels have an advantage over the known natural
and synthetic channels due to their relatively easy synthesis,
chemical stability and tendency to form arrays.

The next step in improving the efficiency of water
channels was to study the effect of chirality of the pillar[5]-
arene platform.!4®° It was found that channels based on
pR-pillar[5]arene (pR)-509 compete with aquaporins in
terms of water permeability and are far superior to those
based on diastereomers (pS)-509. Using the molecular
dynamics computations, the authors showed that the
reduced water permeability in the case of pS-diastereomers
is explained by the arrangement of phenyl moieties of
phenylalanine perpendicular to the membrane, impeding
water movement.

Professor Li’s research team '4°0 investigated the possi-
bility of developing new molecular and ionic channels by
modifying the existing synthetic nanochannels with pillar[-
nlarene derivatives. It was found that dodecasubstituted
pillar[6]arene 517 with L-alanine residues forms a host—
guest complex with a guest fixed on the surface of a poly-
ethylene terephthalate membrane. By controlling the trans-
membrane ionic current, it was shown that a channel made
of a membrane modified in this way can be switched off by
D-glucose and swithed on by L-glucose. The authors showed
that the host —guest complex selectively interacts with
D-glucose (10 times more efficiently than with L-glucose)
due to the formation of multiple hydrogen bonds. The
adsorption of D-glucose molecules on the channel surface
leads to a decrease in the transmembrane ionic current and
its switching off.

In a later publication of this research team,'*! a
molecular channel capable of protein transport was
obtained. To fabricate this channel, the authors performed
self-assembly of pillar[5]arene 508 molecules with acetylcys-
teine moieties on the surface of a synthetic channel modified
with hexane-1,6-diamine. The resulting molecular channel
had good selectivity for the histone protein. The authors
showed that this protein channel could be controlled by
varying the pH of the solution. In acid medium, the free
carboxyl groups of macrocycle 508 are protonated; this
results in its precipitation and destruction of the host—
guest complex. Thus, the protein channel is switched off.
Repeated addition of this macrocycle causes the channel to
switch on.

Thus, selective receptors for metal cations and biolog-
ically important dyes have been developed on the basis of
amino acid derivatives of pillar[n]arenes. A special field of
application of polypeptide derivatives of pillar[5]arenes is
the design of supramolecular biomimetic systems, molecular
and ion channels, which can be used to fabricate cell
membrane models and new porous materials.

In conclusion of this Section, we would like to note that
development of supramolecular systems using amino acid
and peptide derivatives of macrocycles is a promising area,
which would give rise to new systems for the targeted
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delivery of drugs and functional materials. It is particularly
worth noting that the design and study of the properties of
biomimetics as models of biological systems of living
organisms allows a better understanding of the molecular
mechanisms of biological processes.

4.5. Supramolecular recognition in the chemistry

of 3,7-diazabicyclo[3.3.1]nonanes: design of biologically
active molecules, functional materials and catalysts

This Section addresses features of the structure and appli-
cations of 3,7-diazabicyclo[3.3.1]nonanes — saturated bicy-
clic carbon backbones containing two nitrogen atoms
(Scheme 69).

Scheme 69
N _N
- > ~
R é\» E—— é\» — %\/ R
N\ /N N\R /N
BC R R ¢c R CB

The introduction of two nitrogen atoms into any carbo-
cyclic structure, on the one hand, reduces the possibility for
its functionalization compared to the carbon analogue
(three instead of four substituents), but on the other hand,
the presence of lone pairs dictates a set of conformations
different from carbocycles, determined by stereoelectronic
interactions, and provides a donation of electron density to
Lewis acid sites such as protons or metal ions. Moreover,
the high polarity of the nitrogen—carbon bond allows for
cost-efficient unique synthetic procedures, facilitating the
synthesis of target azaalkanes from readily available pre-
cursors. The presence of two nitrogen atoms gives way to
the chelation of such compounds in specific conformations,
which contributes to the production of coordination supra-
molecular assemblies with higher thermodynamic stability.

3,7-Diazabicyclo[3.3.1]nonane (or bispidine), abundant
in living nature, is a functional building block (scaffold).
This compound is being intensively studied by specialists in
the field of organic and supramolecular chemistry and
catalysis.'#*°2 It combines the complexing properties of
nitrogen atoms, preorganized into a chelating configuration
in the chair—chair conformation, and the rigid geometry of
the bicyclic cage. In this case, lone pairs of heteroatoms are
directed towards approximately the same region of
space.!#?3 This results in selectivity in the complexation
with metal ions and neutral molecules the size of which fits
into the free space of the receptor.!4°* Broad opportunities
for modification, choice of substituents in the backbone and
control of the conformational equilibrium of six-membered
rings allow fine tuning of bispidine for solving specific
problems.

For half a century, bispidines have been a preferred
object of conformational analysis.!#*> The main conforma-
tional equilibrium of this bicycle is the boat—chair (BC) —
chair—chair (CC) — chair—boat (CB) equilibrium (see
Scheme 69).

Control over the conformational equilibrium is a key
problem in the design of bispidine derivatives for specific
applied purposes such as complexation, catalysis, synthesis
of biologically active compounds. In most cases, it is
necessary to lock the double chair conformation, which
can be accomplished in several ways, namely, by protona-
tion, complexation with metals, acylation and conversion

Scheme 70
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into tetraone derivatives (Scheme 70). Of particular note is
the occurrence of a stable configuration of 2-metalla-1,3-
diazaadamantane A upon the formation of bispidine che-
lates.

In principle, the stability of the double chair conforma-
tion can be due to the same factors as stability of the chair
conformation of piperidine derivatives. However, in the
3,7-diazabicyclic structure, additional repulsive interactions
between the lone pairs of the nitrogen atoms directed
towards the same region of space may occur (the ‘hockey
sticks’ effect).!493- 1496 Nevertheless, we have demonstrated
the existence of an attractive interaction between the nitro-
gen atoms, which stabilizes the double chair conforma-
tion.'#°7 All of the considered transitions have energies
around 3—4 kcal mol—!, which allows the researcher to
control the conformation over a wide range by introducing
additional substituents to the nitrogen atoms.

Another way to reach a stable double chair conforma-
tion is the protonation of one or two nitrogen atoms. For
example, Cui et al.'**® found that N,N’-unsubstituted
bispidine reacts with dichloromethane to give a number of
products, from which mono- and dihydrochloride were
isolated, and studied by X-ray diffraction analysis. In
these structures, mono- and diprotonated bispidines are
assembled into one-dimensional supramolecular polymers
by intermolecular hydrogen bonds with the participations
of chloride anions.

In our study,'#® protonated 1,5-dimethylbispidinone
was shown to crystallize with an acetate counter-ion to
afford supramolecular polymers, in which bispidine moi-
eties are bridged by acetate anions. Also, the simple hydrate
of the same bispidinone forms a one-dimensional supra-
molecular polymer with an original conformation of the
N —H units in the crystal: they are directed inside the cavity
and form hydrogen bonds with the oxygen atom of water.
The key role of intermolecular hydrogen bonding in the
formation of bispidine-containing supramolecular polymers
in the crystal and gel phases has been recently established by
Vatsadze and co-workers.!590

While characterizing the general properties of bispi-
dines, one has to mention that some researchers classify
these compounds as ‘proton sponges’.!30!

4.5.1. Coordination compounds of bispidines: general issues

The first bispidine coordination compounds were synthe-
sized in 1957.1392 Potentially tetradentate glycine derivative
of bispidinone was first described by Stetter and Die-
minger,'3%3 who have prepared its complex salts with Co'l,
Ni!l, and Cull. The authors measured the stability constants
of these salts but reported no structural data. Only in 2006,
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Figure 180. Structural types of bispidine complexes.!>® M is
metal; X;, X> are counter-ions or co-ligands of different nature;
Xg and Xa are in-plane equatorial (trans to N3) and axial (trans to
N7) co-ligands. D; and D, are intramolecular moieties for complex-
ation. Reproduced with permission from Wiley.

Vatsadze et al.'5%4 synthesized and structurally character-
ized a series of N»O» type tetradentate ligands and their
Cu'l complexes. High geometric complementarity of the
arrangement of four donor atoms of the ligand and divalent
copper ion is reflected in the redox stability of the resulting
chelates.

The intensive development of the coordination chemis-
try of bispidines began around the end of the 1990s; the
studies published from that time until 2007 are summarized
in a fairly voluminous and professionally written review of
Comba et al.'3% This Section highlights the most notable
achievements on this topic over the past 14 years, with most
of the information being given in Section 4.5.3 devoted to
catalysis, since this is the main field of application of
bispidine complexes.

According to Comba s classification, structurally char-
acterized complexes of bispidines can be divided into 6 types
(Fig. 180).

The hallmark of all known bispidine complexes with
metals is a rather narrow distribution of the N---N bond
lengths, averaging 2.9 A. Such a restriction is due to the
relative conformational rigidity of the bicyclic backbone
supplemented by the presence of a metal atom in position 2
of the ‘metalladiazaadamantane’. This property has far-
reaching implications in the case when the stability and the
possibility of the formation of a complex with one or
another metal are considered. Indeed, bispidines display
high supramolecular selectivity towards relatively small ions
such as Cull, Ni!, Pd! and Zn!". It is this fact that
determines the prevalence of certain transformations with
the participation of bispidine complexes as catalysts; this
also places certain limitations on the possible types of such
reactions, which depend primarily on the nature of the
complexing metal.

In conclusion of this brief look at the general issues of
bispidine complexes, it should be noted that compounds
containing substituents in positions 1 and 5 with metal
coordinating groups have not yet been reported. It is also
important to point out that, according to the available data,
bispidines were not used as ligands or components for the
production of coordination polymers, metal-organic frame-
works or similar supramolecular architectures.

4.5.2. Application of bispidine complexes as bioimaging materials
High stability constants, good solubility in water, and redox
stability of bispidine complexes with metals, particularly
with copper(1l), have enabled the development of several
types of compounds that can serve as components of
bioimaging materials. The main use of such complexes
presented in the literature is positron emission tomography
(PET).

Positron emission tomography refers to non-invasive
bioimaging methods that track the behaviour of various
molecules in the human body.'3%¢-15% For this purpose, a
biologically active molecule is labelled with a radionuclide
undergoing B-plus decay. The emitted positrons are annihi-
lated with the electrons of the surrounding molecules giving
rise to two y quanta, which are recorded by a tomograph.
The applicability of PET is largely determined by the pool
of available biologically active labelled compounds, the so-
called radiopharmaceuticals, which are preliminarily intro-
duced into the human body.!>!® The radiolabels used for
PET include biologically relevant short-lived ('8F,
Ref. 1511) and ultra-short-lived (!!C, *N, '50) positron-
emitting radionuclides.!®!% 1513 1t is important to mention
that in recent years, alternative positron emitters have
begun to be used, including those with longer half-lives,
which makes it possible to diagnose processes with slow
pharmacokinetics. Among such radionuclides, °®Ga and
64Cu are already used, while 3°Zr and 3%°Y have good
prospects.!514-1516

When designing metal-containing radiopharmaceuticals,
the following requirements should be addressed: the com-
plex must be formed quickly, be soluble in water and
biological fluids, stable for a sufficiently long time under
these conditions, highly resistant to redox transitions into
other valence states (important for copper), and exhibit low
toxicity.

To be successfully used in PET, ligands are required
with a large number of donor atoms, usually containing one
or two macroheterocycles. It is clear that bispidine deriva-
tives ideally suit this role. In the design of such ligands for
the copper variant of PET, three approaches could be
distinguished:

— introduction of additional donor groups into posi-
tions 2 and 4 of the backbone (compound 518),!517

Structures 518 -521
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— introduction of donor groups into the substituents at
the nitrogen atoms (compound 519), 1518 and

— combining these two approaches (compounds 520
and 521)_1519, 1520

When pursuing any approach, it is necessary to envisage
the possibility of attachment of ‘vector’ moieties for the
selective delivery of a positron-emitting radionuclide to the
target organ.!32!

To conclude this subsection, mention should be made of
successful attempts to use coordination compounds of
lanthanides (Sm'"', Eu'l, Tb!, Dy Ho!) with bispidine
ligands for producing bioluminescent labels.!>22

4.5.3. The use of bispidine derivatives in catalytic transformations
Combination of the ability of bispidines and their deriva-
tives to coordinate metal atoms and the possibility of fine
tuning of the electronic properties and steric hindrance of
the approach of reactants during the functionalization of
bispidines makes them promising ligands for metal complex
catalysis. The publications focused on the catalytic proper-
ties of bispidines that appeared before 2010 are detailed in
reviews.!923-1524 Here only new advances in this important
field of chemistry are considered.

Biomimetic pentadentate Fe"/IV complexes with ligand
522a have a high Fe!'V/V.redox potential and are highly
efficient catalysts for the oxidation of alkenes
(Scheme 71).152% To enhance the performance of the cata-
lytic complex by increasing the rigidity of its backbone,
Comba et al.'>?¢ introduced an additional phenyl moiety
into the only conformationally flexible pyridinemethylene
substituent in ligand 522a. The use of Fe'/IV complex with
the optimized ligand 522b in styrene oxidation with PhIO
indeed increased both the catalytic activity and (what is
particularly important!) the reaction selectivity: whereas the
complex with ligand 522a provided the ratio of styrene
epoxide and benzaldehyde of 3.4:1, in the case of ligand
522b, this ratio exceeded 50:1. Ligand 522b has an asym-
metric centre and was obtained in optically pure form;
however, because of the remoteness of the chiral C-atom
(marked with an asterisk) from the catalytic centre, asym-
metric induction was virtually absent when this ligand was
used.!32¢ Complex of ligand 523 with Mn'V=0, prepared
by the treatment of Mn!-containing precursor with
cerium(IV) ammonium nitrate, proved to be effective in

Structures 522, 523

522a—c

R = CH2Py-2 (a), C*H(Ph)Py-2 (b), (CH2)2CgF17-n (c)

Scheme 71

PhiO R
1mol.% Fe'l'V 522a b

oxidation of thioanisole to the corresponding sulfoxide
using water as a source of oxygen.!527

Fluorine-containing bispidinone 522¢, being a ligand of
the same structural type, was successfully employed in
(2,2,6,6-tetramethylpiperidine-1-yl)oxyl (TEMPO)-pro-
moted aerobic oxidation of benzyl alcohols to give the
corresponding aldehydes in an aqueous medium
(Scheme 72).152% The presence of a fluorinated aliphatic
substituent in the ligand gives it the surfactant properties
and accelerates the reaction compared to those with non-
fluorinated analogues devoid of long-chain aliphatic sub-
stituents. The replacement of copper atoms with iron atoms
in various oxidation states proved to be ineffective. It is
noteworthy that oxidation under these conditions pro-
ceeded also in the absence of ligands, though in lower yield.

Scheme 72
air, TEMPO, H20
_— >

CuBr (5 mol.%),
522c (5 mol.%)

ArCH>0OH ArCHO

The manganese peroxo complex with ligand 523 was
used to carry out the deformylation of 2-phenylpropanal to
acetophenone (Scheme 73).152° Studies of the kinetic fea-
tures of this reaction resulted in the assumption that the
reaction preferably proceeds via the hydrogen transfer
rather than via nucleophilic addition to the aldehyde carbon
atom.

Scheme 73
\

H ¢ H /O
[MnO2(L)1*
— B —

—HCO2H,
—MnO(L)

Going to ligand 524, in which the pyridinemethylene
and benzyl substituents at nitrogen atoms changed places as
compared to compound 522, led to an increase in the rate of
the deformylation reaction by a factor of 5.153° The similar
reaction mechanism involving hydrogen transfer was also
proposed for copper-containing complex [Cull-525-
(OOBU‘)] + .1531

Structures 524, 525

Bispidine ferrocene palladium complex 526 proved to be
an effective catalyst for cross-coupling reactions including
the Suzuki and Heck reactions (Scheme 74).1532 The process
provides high yields, in some instances quantitative ones.
The use of complex 526 has proved to be more effective than
its ferrocene bipyridine analogue.

The replacement of cobalt-based siccatives for alkyd
resins, which are widely used in paints and inks, is an
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important issue concerning the possible carcinogenicity of
Co complexes.!>33 Tron-based complex 527 was shown to
efficiently catalyze curing of alkyd resins.!>3* It must be
pointed out that parameters of the curing kinetics in the
presence of compound 527 differ significantly from those of
commercial cobalt-containing siccatives, which suggests
further research.

The conformationally rigid structure of bispidines
makes them a promising basis for the design of ligands or
organocatalysts for asymmetric transformations. Examples
of the use of monosubstituted a-amino acid-derived bispi-
dines 528 (Scheme 75) as organocatalysts for aldol reaction
and the Michael reaction, which were published before
2010, are considered in detail in the review.!>3> Thus, the
use of compound 528a (R = Ph) as a co-catalyst in the
reaction of cyclohexanone with 4-nitrobenzylidenemalonate
529 gave rise to the corresponding Michael adducts 530 in
quantitative yields and high dia- and enantioselectivities
(see Scheme 75).1536 3 5-Dinitrosalicylic acid served as the
second, achiral component of the organocatalyst, while
water proved to be an optimal solvent. The authors
assumed that the high stereoselectivity of the reaction is
due to the ability of bispidine 528 to activate simultancously
both components affording supramolecular complex 531
with a specified site of attack.

The complex of ligand 532 with CuCl, proved to be an
effective catalyst for the asymmetric Henry reaction

Scheme 75
2 7 EtO,C.__ COzEt
0 2 2
EtO OEt 528a o)
N \ (15 mol.%)
3,4-dinitro- ‘ O
salicylic acid,
OaN 529 H,0 530 NO

\ o""H g

H N
_ .
L o )~
HN™ TR OEt
528 H
531

532 533

between aromatic or aliphatic aldehydes and nitrome-
thane.!337 The yields of the desired products were 77—-95%
with an enantiomeric excess (ee) ranging from 73 to 89%
(Scheme 76).

The use of complexes of bispidinone-based ligands 533
and 534 for the asymmetric catalysis of this reaction with
Cu(OAc)> (0.1 mol.%) was significantly less efficient (see
Scheme 76).133% Despite good yields (up to 93%), enantio-
meric excess values were moderate: in the case of ligand 533,
they ranged from 10 to 74%, depending on the substituent
in the aromatic ring of the aldehyde. Under catalysis of
copper-based complexes with ligand 534, the enantiomeric
excess did not exceed 20%. Both ligands led to racemic
products of the Henry reaction when aliphatic aldehydes
were used as substrates. It may be assumed that high
conformational mobility of ligands 533 and 534 hampers
effective asymmetric induction.!338-1539

To sum up, owing to wide opportunities for varying
substituents and conformational mobility, bispidines are
attractive scaffolds for the design of catalytic systems. The
use of metal complexes not only makes it possible to carry
out redox reactions but also further increases the rigidity of
the structure, therefore, most examples of the successful
implementation of bispidine compounds specifically relate
to metal complex catalysis.

4.5.4. The use of bispidine derivatives and their complexes with
metals to interact with biological targets

The combination of a bulky rigid backbone and conforma-
tionally flexible six-membered rings makes bispidines
attractive compounds for the targeted design of ligands
interacting with various biological targets. Thus, based on
the results of chemoinformatic analysis, bispidine was
recommended as one of the highly promising biomimetic
scaffolds for the design of new drugs.'>* In a recent
review,!34! biological properties of many bispidine deriva-
tives are described in detail, their antimicrobial activity is
especially highlighted. This Section addresses only those
publications in which complexes of bispidines with metals
were used or the features of intermolecular interactions of
bispidine ligands with biological targets were discussed.

In the last decade, significant attention has been paid to
the design of novel analogues of cisplatin using Pt com-
plexes of bispidines. Platinum-containing compounds are
rather highly demanded as anticancer drugs; however, they
have various side effects, and tumours are capable of
developing resistance to them.!>#2 Therefore, the search for
novel types of ligands to produce biologically active Pt
complexes remains an ongoing challenge. Bispidine-based
complexes 538 — 540, analogues of cisplatin (535), carbopla-
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tin (536) and oxaliplatin (537), respectively, showed lower
cytotoxicity against tumour cell lines compared to original
drugs, particularly in the case of oxaliplatin.!>*3 At the
same time, the study of the anticancer activity against the
cisplatin-resistant cell line showed that when using com-
pound 538, no such a sharp decrease in activity occurs
compared with the cisplatin-sensitive cell line, as was
observed for cisplatin. As a result, complex 538 exhibited
even a slightly higher activity against the cisplatin-resistant
cells than cisplatin. At the same time, the activity of
complex 540 against the resistant tumour cells was compa-
rable to that of oxaliplatin. To improve the hydrophilicity
of bispidine-based complexes and affect their configuration,
9,9-dihydroxy analogues of complexes 538 —540, namely,
compounds 541a, 542a, 543a were synthesized.!>** In
organic solvents (DMF, DMSO), these compounds were in
equilibrium with their keto analogues, resulting from dehy-
dration. Complexes 541a, 542a and 543a were less potent
against A2780 ovarian cancer cell line than cisplatin,
carboplatin and oxaliplatin, respectively, but in contrast to
these drugs, they were almost non-toxic against condition-
ally normal HEK?293 cell line. Dihydroxy derivatives 541a,
542a and 543a also proved to be less active than their
bispidine analogues 538—-540. Replacing hydroxyl groups
with fluorine atoms in bispidine ligands (compounds 541b,
542b, 543b) led to a further decrease in antitumour activ-
ity.!3#> The authors assumed that this effect can be associ-
ated with the possible reduction in the membrane perme-
ability of fluorine-containing complexes.

A large pool of bispidine amides 544 and 545 was
synthesized and tested for their ability to bind to nicotinic
acetylcholine receptors.!>*¢ Nicotinic acetylcholine receptor
agonists (nAChR) are considered to be promising drugs for
improving memory and symptomatic treatment of

Alzheimer’s disease.!”*” Compound 545 turned out to be
the most active ligands for nACh receptors, with the
absolute configuration of carbon atoms in the cyclopropane
substituent being of critical importance. The most active
compound (1S5,2R)-545a (R = Me) showed high affinity to
a4pB2-subtype of nACh-receptor in the nanomolar concen-
tration range. At the same time, it exhibited low selectivity,
interacting also with other nAChR subtypes (¢34, o7) in
the nanomolar concentration range. This compound was
shown to act as an agonist of the a3p4-, but not a4p2R-
receptor. Based on molecular modelling, it was assumed
that novel inhibitors form hydrogen bonds with Trp149 and
Tyr197 residues of the receptor «3B4 subtype, which
involved the basic nitrogen atom and the oxygen atom of
the amide moiety of substituted bispidine, respectively.!348

A novel structural type of positive allosteric modulators
of ionic AMPA receptors (AMPA is a-aminomethylisoxa-
zolepropionic acid) was developed based on dimethylbispi-
dinone.!>*° Such modulators could be useful in the therapy
of various neurological disorders including depression,
schizophrenia, Alzheimer’s and Parkinson’s diseases, etc.
Diamide derivative 546 increased the AMPA receptor
currents in vitro and also reduced the duration of amnesia
induced by scopolamine and maximal electroshock in the in
vivo studies. Based on the molecular modelling data, it was
suggested that two molecules of bispidinone 546 can bind to
the positive allosteric site of the AMPA receptor to provide
the observed pronounced biological effect.

With the use of bispidine scaffold, a novel high-selective
serine protease factor Xa inhibitor was developed, promis-
ing for use as an antithrombotic agent.!5°0 Ligand 547 was
proposed based on analysis of the X-ray diffraction data for
the complex of its analogue with protease factor Xa. The
authors suggest that it was precisely due to the introduction
of a bispidine moiety containing a hydrophilic substituent
that it was possible to significantly increase the activity of
inhibitors of this class. Another type of compound exhibit-
ing anththrombotic activity was developed based on bispi-
dinol.!3%% Compounds 548, containing a halogen atom in
the benzyl substituent, moderately inhibited thrombin in
in vitro studies to form, as was suggested based on molec-
ular modelling studies, hydrogen and halogen-n-bonds with
the Tyr-228 residue.!331- 1552 Figure 181 illustrates examples
of possible intermolecular interactions of bispidine deriva-
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Figure 181. Possible intermolecular interactions of bispidine deriv-
atives with amino acids, which form active sites of thrombin («) and
factor Xa (b). The figure was created by the authors using data of
Refs 1551 and 1552.

tives with amino acids producing active sites of thrombin
(S4 pocket) and factor Xa (S3 pocket).!32

The di(Boc)-protected conjugate of bispidine 549 bear-
ing two tryptophan moieties exhibited high antiviral activity
against mosquito-borne Japanese encephalitis.!>>3 Interest-
ingly, Boc-deprotection led to the complete disappearance
of the antiviral effect. The authors suggest that the impor-
tance of the presence of the bispidine moiety is associated
with its ability to mimic the secondary structure of proteins.
Inhibition of virus replication was shown to occur at the
step of replication of viral RNA, and as potential targets,
RNA polymerase NS5 or RNA helicase NS3 can be
considered.

Due to the sufficiently rigid three-dimensional cage of
bispidine and the possibility to tune its conformations via
changing the pH of the medium,!** bispidine conjugates
with amino acids, for example, complex 550, can mimic the
protein secondary structure.!>>> It is important that even
short bispidine—peptide conjugates, including compound
551, can adopt a right-handed helical conformation.!55¢
Protected amino acid 552, in which the amine and acid
functionalities are located at the bridging carbon atom
leaving the bispidine nitrogen atoms available for further
modification, provides additional opportunities for the use
of substituted bispidines in the design of synthetic peptide
analogues.!337
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A unique ability to perform efficient transmembrane
transport of H* and Cl— ions was demonstrated for
bispidine derivative 553, which contains two melamine
moieties substituted with n-butyl groups.!>>® According to
X-ray diffraction data, such bispidines form intricate supra-
molecular complexes with protons and Cl— ions (see struc-
ture 554), capable of transporting ions through model
membranes. As a result, two molecules of compound 553
can deliver up to four ions at a time across membranes. An
alternative approach to the design of the Cl~ ion trans-
porter based on melamine involved the attachment of three
substituted pyridine residues to melamine. Compound 555
in the presence of HCIl formed a cavity shaped by three
bispidine molecules and allowing an efficient transport of
chloride ions across the membrane.!3%°

pH-Mediated conformational changes in bispidine 556
(Scheme 77) bearing long-chain aliphatic arms opened
access to liposomes with acid-driven membrane permeabil-
ity.13%0 With the use of bispidinone 557 it was possible to
control the permeability of liposomal membranes by adding
aqueous solutions of divalent copper salts.!>®! pH-Depend-
ent changes of a liposomal membrane charge were observed
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Scheme 77  occurring via enzyme-mediated cascade reactions.!>’! The
NG NO second class comprises synthetic macrocycles in which the
O.N 2N H+ OZN% 2 core is assembled by either macrocyclization of separate
N7 CisHzrn e ANA terpene moieties or introduction of terpene residues into the
N n_H27C13/NxH/N\C13H27-n macrocyclic platform via various transformations.!366 1569
n-Hz7Cq37~ 556 556.H+ Among natural macrocyclic meroterpenoids, prenylated
(‘) ) flavonoids and phenols,'398-1572 isoprenoid lipids,'73 pre-
NG Hoeen nylated amino acids 374 and alkaloids and isoprenylpolyke-
N 121 tides '°%7 have been studied most comprehensively. All these
N macrocyclic meroterpenoids are isolated directly from nat-
n-Hp7C13~ 557

also for analogues of compound 557 containing long ali-
phatic amide substituents.!562

To conclude, unique architecture of a bicyclic bridged
backbone and the possibility of its relatively simple func-
tionalization make bispidine an attractive base unit for the
design of various biological targets and also molecular
machines for the controlled change of membrane perme-
ability, which can be used for targeted drug delivery, for
example, to tumour cells.

4.6. Suprampolecular systems based on macrocyclic
meroterpenoids: biological activity and membranotropic
properties
At the current stage of development of medicinal chemistry,
scientists pay increasing attention to natural compounds
and their analogues.!>%3 This is due, first of all, to ready
availability and diversity of natural organic compounds
exhibiting a broad spectrum of biological activity.!563.1564
Among the variety of natural structures, several classes of
compounds of mixed biogenetic origin deserve particular
attention. These products of conjugate biosynthesis contain
isoprene units and some other natural metabolite groups
(flavonoid, alkaloid, etc.) synthesized by routes other than
isoprenoid pathway.!3%3-1566 Compounds of this type that
contain an isoprene residue (most often, hemiterpene or
monoterpene one) as a functional group are designated by
the prefix ‘mero’ (e.g., meroterpenoids).!364. 1566

The chemistry of meroterpenoids has been actively
developed in the last decade,'5¢7-1568 which is due to their
unique properties. The role of plant feedstock as a source of
meroterpenoids gradually decreases, being replaced by syn-
thetic methods for the production of these compounds.!56?
This is caused by the necessity to prepare relatively large
amounts of products meant for wide practical application.
Therefore, it is important to develop new synthetic
approaches for functionalization of compounds of various
classes with terpenoid pharmacophore moieties with the
goal to increase their biological activity and to decrease
their toxicity.!370

The combination of structures of different types in one
molecule for fabricating synthetic receptors can be attained
by combining fragments of several organic molecules into
one hybrid macrocyclic platform. Such macrocyclic mero-
terpenoids would exhibit properties of the moieties that
make up the molecule. Terpenoid moieties are attractive
pharmacophore groups, the presence of which in the macro-
cyclic platform may reduce the toxicity and increase the cell
membrane affinity and susceptibility to self-association and
aggregation.

Macrocyclic meroterpenoids can be divided into two
main classes. The first class includes natural macrocycles
prepared by conjugate biosynthesis, with macrocyclization

ural sources. The formation of macrocyclic secondary
metabolites during biosynthesis is a thermodynamically
favourable process, because one metabolite can be con-
verted to a series of final biochemical products via trans-
annular cyclization of the macrocyclic structure.!’> Zhang
et al.137% showed that alcohol dehydrogenase (IkaC) cata-
lyzes an unusual reductive cyclization of compound 558 to
ikarugamycin (559) with the formation of internal five-
membered ring (Scheme 78). Usually, ikarugamycin is iso-
lated from the bacterial strains Streptomyes. Apart from
exhibiting strong antiprotozoal, antiulcer, antibacterial,
antiviral, cytotoxic and apoptosis-inducing activities, com-
pound 559 inhibits penetration of oxidized low-density
lipoproteins into macrophage cells, thus preventing the
formation of atherosclerosis plaques, and also inhibits
clathrin-dependent endocytosis, which opens up the possi-
bility of using this compound as a therapeutic agent.

Scheme 78

Studying the formation of secondary metabolites in the
fungi Stachybotrys, namely, the mycelial culture DSMZ
12880 (chemotype S), resulted in the detection of three
novel meroterpenoids 560 —562.1572 These compounds con-
tain a chromene ring moiety with an attached isoprenoid
side chain. Considering the biosynthetic pathway, it can be
assumed that stachybotrychromene C (562) is the final
product, while stachybotrychromene A (560) and stachybo-
trychromene B (561) are intermediates. Compounds 560
and 561 showed a moderate cytotoxic action on HepG2
cells after a 24-h exposure, whereas meroterpenoid 562 did
not show cytotoxicity in the tested concentration range
(0.1-100 pmol L—1).1572

The Diels— Alder reaction is one of the most popular
synthetic transformations that can give rise to complex
natural products and their analogues.!>’” However, there

Structures 560 —562
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are only several examples of application of this reaction for
enzyme-mediated cascade reactions in the biosynthesis of
macrocyclic meroterpenoids.!>78:1579  Hu and co-wor-
kers 1580 reported the use of intermolecular hetero Diels—
Alder reaction in the biosynthesis of macrocyclic sesquiter-
penes. It is noteworthy that neosetophomone B (563), iso-
lated as an optically pure isomer from various fungi, can be
prepared by one or two tandem hetero Diels—Alder reac-
tions (Scheme 79). This compound contains three annulated
rings — 1l-membered macrocycle and dihydropyran and
tropolone rings — and has a high antitumour activity (in
the nanomolar concentration range). It was shown that
hydroxymethyl-containing tropolone 564 is dehydrated
under the action of the EupfF enzyme to give reactive
o-quinone tropolone 565, which provides additional stereo-
selective control of the subsequent intermolecular hetero
Diels— Alder reaction with (1E,4FE,8Z)-humulenol (566),
which is obtained from farnesyl pyrophosphate (FPP)
under the action of the terpene cyclase enzyme. This gives
enantiomerically pure neosetophomone B (563), which is
treated with an excess of tropolone 565 to give eupenifeldin
(567) — a neosetophomone containing two dihydropyran
rings.

It is noteworthy that although most of natural meroter-
penoids obtained in the enzyme-mediated cascade reactions
of conjugate biosynthesis are macrocyclic compounds, they
do not exhibit classical supramolecular properties. They are
important secondary metabolites formed in various bio-
chemical processes. Many of these compounds show rela-
tively high biological activities, which makes them potential
drug candidates.!>*3> However, compounds that behave as
supramolecular systems still can be found among natural
macrocyclic meroterpenoids. This refers to prenylated bac-
terial non-ribosomal lipopeptides,!38! which represent the

smallest group of isoprenoids obtained by conjugate biosyn-
thesis, but which have been actively studied in the last
decades. Studying prenylated macrocyclic peptides as allos-
teric activators of chambered bacterial proteases showed
that they can be considered to be potential antibiotics. The
first representatives of these compounds are acyldepsipep-
tides 568 _ 570.1574. 1581, 1582

Since the structure and composition of non-ribosomal
lipopeptides are not limited or not determined by the
genetic code, they may contain non-proteinogenic (orni-
thine, homoserine, B-amino acids) and modified (hydroxy-
lated, chlorinated, N-methylated or glycosylated) amino
acids in L- or D-configurations. The fatty acid moiety
contains, most often, linear, cyclic or branched terpene tail
of variable length (usually, C¢— C;3g) and functional groups
(e.g., hydroxy or amino group). The macrocycle of preny-
lated non-ribosomal lipopeptides is formed between the
C-end of the peptide and the hydroxy, phenolic or amino
group that belongs to either amino acid side chain or the
terpene moiety. The macrolacones or -lactams thus formed
differ in the ring size and contain 4 to 16 amino acids.!>74

Many prenylated non-ribosomal lipopeptides possess
amphiphilic properties, which allow them to be used as
efficient biosurfactants.!383 They affect the biofilm forma-
tion or degradation by changing the surface tension of the
surrounding medium. Prenylated non-ribosomal lipopepti-
des also have membranotropic properties. In addition, they
are capable of forming supramolecular associates contain-
ing water-insoluble nutrients, which provides cellular
uptake of even poorly water-soluble nutrients.!>84

Synthetic macrocyclic meroterpenoids are prepared by
combining classical macrocyclic platforms such as cyclo-
dextrins or meta- and paracyclophanes with various terpe-
noid moieties or by macrocyclization of several terpene
derivatives.136¢

Hu et al.'385 synthesized a new macrocycle from 18b-
glycyrrhetinic acid (571) using click chemistry methods
(Scheme 80). This acid was allowed to react with propargyl
bromide in the presence of caesium carbonate, which gave
derivative 572 in 89% yield. The subsequent acylation of
572 afforded bromo derivative 573 in a good yield. To
accomplish the final cyclization, precursor 573 was con-
verted to azide 574, which was subjected to the Huisgen
reaction. The target macrocycle 575, which was isolated in
11% yield, showed a remarkable selectivity in the recogni-
tion of fluoride ions via C—H---F~ hydrogen bonding. It
was also highly selective in the recognition of Hg? " via the
1,2,3-triazole moiety and the carbonyl group as the binding
sites.

Carreira s research team '8¢ obtained novel calix[4]ar-
ene derivatives 576 and 577, containing four meroterpenoid
amphotericin B moieties. The synthesized macromolecules
take a cone conformation, which mimics the structure of the

Structures 568 —570
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transmembrane pore. The antifungal activity of 576 and 577
proved to be similar to that of the starting amphotericin B:
the minimal inhibitory concentrations (MIC) were 0.10 and
0.25 mol L=, respectively. Also, the new derivatives were
much less hemotoxic (by a factor of at least 10) than
monomeric amphotericin B. Finally, the ability to form
ion channels in the lipid bilayer was demonstrated for 576
and 577.158¢6

Lai’s research team !’87 synthesized the first liquid
crystals from calix[4]arene-cholesterol derivatives 578 and
579 (50—80% yields). Their liquid crystal behaviour was
studied by polarized light microscopy, differential scanning

Structures 576579
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calorimetry and X-ray diffraction. Compounds 578 and 579
showed mesomorphic properties.

Wang and co-workers 1383 used pillar[6]arene 580 func-
tionalized by a cholesterol derivative as a low-molecular-
weight gelator. In a cyclohexane—n-hexanol mixture
(10:1 v/v) at 10 °C, this compound forms an organogel,
which reversibly responds to temperature changes and
forms host—guest complexes.

Varshosaz et al.'3%° successfully synthesized meroterpe-
noid 581 based on B-cyclodextrin and folic and retinoic
acids. In water, macrocycle 581 formed stable submicro-
metre self-associates. The stability of the colloidal system
thus formed was additionally confirmed by {-potential
measurement. It was shown that macrocycle 581 can effi-
ciently encapsulate the antitumour drug doxorubicin.!38°

Structures 580, 581

581

Xiao et al.'>0 reported a series of water-soluble mer-
oterpenoids 582 —584, which were prepared in good yields
from a-cyclodextrin and pentacyclic titerpenoids 585 —588.
Inhibition of the entry of hepatitis C virus (HCV) into the
cell is a key problem for the therapy of chronic hepatitis C.
The activity of HCV entry inhibition was determined by
analyzing the entry of virus pseudo particles (HCVpp/
VSVGpp). The best results were observed for compounds
582 and 583, which showed the most promising inhibitory
activity against HCV entry with average ICso values of 1.18
and 0.25 mmol L—!, respectively. The in vitro cytotoxic
activity of these two compounds against model mammalian
epithelial cells (MDCK) was not observed at a concentra-
tion of 100 mmol L—!. To determine the mechanism of
their action, five stages of binding were identified. Com-
pounds 582 and 583 were found to show an inhibitory
activity after binding to glycoproteins in the HCV envelope
and to prevent the virus entry into the cell.130

These results are in line with the results obtained for
B-cyclodextrins.!>*! Previously, it was found that oleanolic
(585) and echinocystic (586) acids isolated from Dipsacus
asperoides inhibit the HCV entry into the cell. The main
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problem faced when using this type of tritepenes is their low
solubility in water. The introduction of hopanoid moieties
585588 into a- and PB-cyclodextrins increases the water
solubility of terpenes. In the case of meroterpenoid 589
based on B-cyclodextrin, moderate inhibition of the HCV
entry was found. None of the meroterpenoids showed
cytotoxicity according to the alamar Blue assay carried out
for HeLa, HepG2 (human hepatocellular carcinoma cell
line), MDCK and 293T cells. It is also noteworthy that
combining terpene and -cyclodextrin moieties in one
molecule resulted in disappearance of the hemolytic activity
of triterpenes. A facile synthetic approach to the prepara-
tion of meroterpenoids exhibiting the properties of both
B-cyclodextrin and pentacyclic triterpenoids is based on the
use of click chemistry concept and gives rise to a new class
of inhibitors of HCV entry into the cell.!390. 1591

Thus, the above data provide the conclusion that devel-
opment of the supramolecular chemistry of macrocyclic

%\HH%
oOH

HO

OH
HHo OHo o

589

Structure 589

HO

meroterpenoids can be used to design highly efficacious
drugs and to develop new-generation non-toxic materials.
Large resources of renewable natural raw materials
stimulate continuation of studies directed towards the syn-
thesis of new representatives of this class of natural com-
pounds and  determination of  structure—activity
relationships for the products.

5. Molecular machines and devices

5.1. Development of photoactive supramolecular machines
and devices

Currently, it has become clear that the mainstream of the
development of global technosphere is related to miniatur-
ization of devices and machines. There are two key strat-
egies for the design of nano-scale architectures, bottom-up
and top-down ones. According to the latter strategy, nano-
particles and nano-scale systems are obtained by disintegra-
tion of larger objects. The bottom-up strategy can be
implemented, first of all, by organic synthesis and supra-
molecular self-assembly.!>92

At the present time, a new trend has formed in the
bottom-up nanotechnology, that is, supramolecular engi-
neering of supramolecular devices and machines for various
purposes. 393159 Supramolecular devices are structurally
organized and functionally integrated chemical systems.
The devices in which the implementation of some function
is associated with physical motion of components relative to
each other are classified as supramolecular machines.!-#
Both the former and the latter can be used to design
mechanisms for generation, conversion and transfer of
energy, for motion at the nanolevel and to develop tools
for the monitoring and diagnosis of nano-quantities of
materials and substances.!3- 15971602

Supramolecular devices and machines can be controlled
in different ways by means of various external stimuli:

— photoswitching (under the action of &v),

— electrochemical switching (e ™),

— chemical switching (H* or M%),

— thermal switching (A).

Light, which can be easily controlled as regards both the
wavelength and the intensity, is the most convenient type of
stimulus. 1603, 1604

In the living nature, photoactive supramolecular systems
provide for photosynthesis and phototropism in plants,
visual perception of animals and phototaxis in bacteria: by
absorbing a photon, chlorophyll and retinal molecules
undergo rearrangements, resulting in changes in their reac-
tivity.1005.1606 I these systems, light acts as the trigger,
which initiates a number of vital processes. The major
photochemical processes that take place in this case include
fluorescence, energy transfer, electron transfer and light-
induced structural changes.

Thus, molecules that compose photoactive supramolec-
ular systems must have an antenna to absorb a photon with
subsequent change in the molecular structure and a moiety
(functional block) that can change its reactivity as a result
of photoinduced structural rearrangement (Fig. 182).

For a long time, attempts have been made to fabricate
artificial photoactive supramolecular systems of different
degree of complexity, which would, on the one hand,
possess the most valuable properties inherent in natural
objects and, on the other hand, provide the possibility of
new applications.
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Figure 182. Basic diagram of changes in the photoactive supra-
molecular system upon absorption of a photon.

Photochromic derivatives of anthracene and spiro com-
pounds (e.g., compound 590) were studied as light harvest-
ing antennae for supramolecular devices and machines.!97
However, most often, azobenzene derivatives containing
N=N bond were used for this purpose
(Scheme 81).1608.1609 A key drawback of azobenzenes is
that they are able to undergo only trans—cis and cis— trans
photoisomerization reactions.!610

Scheme 81
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In this regard, compounds containing a carbon—carbon
double bond (unsaturated compounds) have a number of
advantages. The major one is the ability to undergo not only
photoisomerization,'®!! but also other reversible photore-
actions resulting in considerable structural changes, e.g.,
[2+ 2]-photocycloaddition reactions, giving rise to cyclo-
butane derivatives (Scheme 82).1612. 1613
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The most popular functional blocks, i.e., molecular
moieties highly responsive to a change in the molecular
structure upon photoswitching, are crown compounds.
These are macrocyclic compounds containing heteroatoms
with lone pairs of electrons, capable of forming coordina-
tion bonds with metal ions. A fundamental feature of these
molecules is the capability (highly dependent on the chem-
ical and spatial structure) of self-assembly in solutions,

Scheme 83
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together with ions or other molecules (guests), to give
systems of higher complexity (Scheme 83).1014

If a crown ether and a photoactive compound are linked
by covalent bonds in such a way that one or two heter-
oatoms of the macrocycle are in conjugation with the
chromophore, the additivity of the specific properties of
such crown-containing photoactive compounds would be
disrupted. Transformations of the photoactive moiety
under the action of light would change the efficiency of
binding of metal cations to the crown ether moiety, while
self-assembly, in turn, would change the spectral and photo-
chemical characteristics of the photoactive moiety. Conju-
gate reactions of this type take place in the supramolecular
structures formed upon self-assembly involving molecules
of the crown-containing photoactive compounds and metal
ions, which is used to develop and fabricate photoswitch-
able supramolecular devices.

Thus, photoswitchable supramolecular devices based on
unsaturated compounds and crown ethers can be sketched
in the following way (Fig. 183): these are hybrid molecules
that contain an unsaturated moiety as the antenna and one
or two crown ether moieties capable of binding a metal
ion.1235,1615-1617 Iny this case, self-assembly to give supra-
molecular structures would change the spectral and photo-
chemical characteristics of the unsaturated moiety, with the
self-assembly of these crown-containing molecules being, in
turn, controlled by light.

o
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Figure 183. Sketch of photoswitchable supramolecular devices
based on crown-containing unsaturated compounds (CUC).

As the prototypes of photoswitchable supramolecular
machines in which the components can physically move
relative to each other (Fig. 184), one can consider the
shuttle-like pseudorotaxane complexes involving unsatu-
rated compounds (axis) and macrocyclic cucurbiturils or

O EEE O

Figure 184. Sketch of light-controlled supramolecular machines
based on unsaturated compounds and cucurbiturils or cyclodex-
trins.
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cyclodextrins (rotor). For this purpose, the components
must not be connected by strong chemical bonds.

Cucurbiturils (see Fig. 129), which are used as rotors in
the pseudorotaxane complexes, are macrocyclic compounds
(C6sHsN40O5),, with their shape resembling a pumpkin
(cucurbita in Latin) or a barrel. Their inner cavity can
accommodate organic molecules as guests to form com-
plexes. Oxygen atoms of highly polarized carbonyl groups
are located at the barrel top and bottom.!08% 1618 Thig
facilitates the formation of inclusion complexes, especially
with positively charged guest molecules, which refers to
most of photoactive unsaturated compounds.'¢!?

Cyclodextrins (see Fig. 129) are cyclic oligosaccharides
consisting of a-D-glucopyranose residues connected by 1,4-
glycosidic bonds. The shape of the cyclodextrin molecule
resembles a hollow truncated cone. The cavity of the cone is
hydrophobic, since all OH groups in cyclodextrins are
located on the outer surface. These structural features give
cyclodextrins the ability to form inclusion complexes with
hydrophobic molecules, in particular with the molecules of
photoactive organic compounds, in aqueous solutions.!020

In the living nature, the enormous diversity of supra-
molecular architectures is based on limited sets of compo-
nents. An example of such molecular meccano is the set of
nucleotides,'®?! which are used by nature to construct
nucleic acids of different degrees of hierarchy.

The molecular meccano strategy could become a versa-
tile technique for the bottom-up construction of photo-
active supramolecular devices and machines with a specified
architecture and diverse properties. However, no such
approaches have yet been developed in nanotechnology.

Crown-containing unsaturated compounds (CUC) with
the C=C bond as the light harvesting antenna and an aryl
and hetaryl substituent at this bond were synthesized.!¢2?
This allowed photoswitching of the molecule to be accom-
plished by visible light. Simultaneously, methods have been
proposed for the synthesis of a number of compounds
undescribed previously, but highly promising for the design
of various types of photoactive supramolecular devices,
namely, crown ether derivatives, including hard-to-prepare
ones, e.g., derivatives containing various combinations of
N, O and S atoms in the macrocycle. This might suggest
that the self-assembly of the CUC molecules and metal
cations would give rise to intricate supramolecular com-
plexes, also capable of photoswitching.

It was found that crown-containing styryl dyes 591a,b,
which have the SO3 terminal anionic group capable of
coordination, are most promising among CUC for the
design of photoswitchable supramolecular devices. These
dyes and metal cations were self-assembled to give supra-
molecular complexes (Scheme 84).

Depending on the actinic light wavelength, these com-
plexes may ‘put on’ and ‘take off’ their anionic cap (SO3

group), i.e., they are capable of supramolecular photo-
Scheme 84
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(Scheme 85).1623,1624

It was also shown that the cis-isomers of the above styryl
dyes form much more stable complexes than the trans-
isomers (the ratio of the stability constants reaches 500).
This means that using light, it is possible to change the
affinity of these CUC for the metal cation, i.e., to control
the complex formation. These supermolecules are com-
monly referred to as photoswitchable supramolecular devi-
ces. Thus, photoswitchable supramolecular devices were
obtained for the first time on the basis of crown-containing
styryl dyes.

Supramolecular complexes based on CUC also offer
opportunities for the design of more intricate photoswitch-
able supramolecular devices.

According to the results of photochemical studies, in the
presence of metal cations, the crown-containing styryl dye
molecules are self-assembled to give photoactive sandwich
structures (head-to-tail dimers), in which the C=C bonds
are arranged one above the other. If solutions of these
supramolecular dimeric complexes are exposed to light at a
definite wavelength, highly efficient photocycloaddition
reaction takes place to give cyclobutane derivatives 592a,b
(Scheme 86).162>

If the cation is removed, cyclobutane 592 can be con-
verted to the starting styryl dye 591 by irradiation at a
shorter wavelength, and then the formation of the dimeric
complex can be repeated. In addition, it turned out that

Scheme 86

(591a,b-Mg2*),
(Head-to-tail dimer complex)

boj
592a,b-2Mg?*
(Cyclobutane complex)



1058

1.S.Antipin, M.V.Alfimov, V.V.Arslanov, V.A.Burilov, S.Z.Vatsadze et al.
Russ. Chem. Rev., 2021, 90 (8) 895-1107

these cyclobutane derivatives bind metal cations much more
efficiently than the initial dyes. Hence, in this case, too, the
complex formation can be controlled by light and the
dimeric complexes are also photoswitchable supramolecular
devices. 1013
It is noteworthy that the supramolecular photocycload-
dition gives only one out of the 11 theoretically possible
cyclobutane isomers; in other words, this reaction is stereo-
specific.'626 This allows for targeted design of photoswitch-
able supramolecular devices of a strictly definite structure.
According to the currently available data, it can be
stated that metal cations in the CUC dimeric complexes do
not have a direct effect on the photocycloaddition reaction;
they act as a ‘molecular glue’, bringing the molecules closer
together to a distance at which the reaction is already
possible and simultaneously ensuring relative orientation
of the C=C bonds that is favourable for this reaction.1627
Unlike anion-capped complexes, photocycloaddition
products, that is, crown-containing cyclobutanes without
metal ions, represent a new type of photoswitchable host
molecules, possessing two cation binding sites. Considering
the arrangement of crown ether moieties in these molecules,
one can expect their simultaneous participation in the
formation of a sandwich type complex with a large metal
cation such as Ba?™ or Cs™ or a small organic cation.
Thus, photoswitchable supramolecular devices with
specified characteristics can be obtained from two CUC
molecules and two metal cations via self-assembly of supra-
molecular dimeric complexes in solutions followed by pho-
toconversion to crown-containing cyclobutanes, which
differ in the complexing properties. If necessary, it is
possible to disassemble cyclobutanes into the initial com-
pounds by irradiation with light at a shorter wavelength.!615
It was of interest to find out how the presence of an
additional C=C bond in crown-containing butadienyl dyes
affects their complexing and photochemical properties.
Among butadienyl dyes, an example of simple photoswitch-
able supramolecular device with a switching time of 20 ps
was found (Scheme 87). In complex 593-Ca?*, the metal
cation forms coordination bonds with all heteroatoms of
the crown ether moiety; however, upon photoexcitation of
the complex, the calcium—nitrogen bond is cleaved (see
structure 594) and is formed once again after deactivation
of the excited state. Thus, in this photoswitchable supra-
molecular device, the calcium —nitrogen bond formation is
the controllable function.!628

Scheme 87
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Photoinduced recoordination reaction

A supramolecular device characterized by photoswitch-
able intramolecular complex formation involving hydrogen
bonds in the absence of metal cations was obtained by
introducing the long N-ammonioalkyl substituent into the
heterocyclic moiety of the styryl dye (compound 595,
Scheme 88).1629
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Styryl dyes 596a.,b, which have shorter ammonioalkyl
substituents at the heterocyclic nitrogen atom, can form
dimeric complexes 597 in solution via spontaneous supra-
molecular self-assembly involving hydrogen bonding
(Scheme 89).

It was shown that the chromophore moieties of two
molecules in complexes 597a,b are located at a short
distance and are nearly parallel to each other, with the
mutual orientation of the central C—=C bonds being favour-
able for [2+2]-photocycloaddition to give, for example,
cyclobutane 598b (Scheme 90).163° 1t is not surprising that
in this case, stereospecific [2 + 2]-photocycloaddition reac-
tions were conducted in solution with exceptionally high
quantum yields. The discovered feature gives hope that
these new photoswitchable supramolecular devices would
be used in the optical data recording and storage techno-
logy.

An important line of research is self-assembly of photo-
controlled supramolecular machines based on photoactive
unsaturated compounds and cucurbiturils.!62>-1626 Tt was
found that cucurbiturils form relatively stable host—guest
inclusion complexes with positively charged unsaturated
compounds.

Scheme 90
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The quantum yield
of photocycloaddition is 0.38



1.S.Antipin, M.V.Alfimov, V.V.Arslanov, V.A.Burilov, S.Z.Vatsadze et al.

Russ. Chem. Rev., 2021, 90 (8) 895-1107

1059

It was of interest to study the possibility of photocontrol
over physical motion in supramolecular machines. The
simplest supramolecular machine of this type was developed
using the inclusion complex of 4-(2-naphthyl)pyridine (599)
with B-cyclodextrin. In this case, photoirradiation leads to
reversible protonation and, as a consequence, to the phys-
ical displacement of the guest molecule in the macrocycle
cavity (Scheme 91).163!

599 - H,O@HP-B-CD

Scheme 91

599-H*OH~-@HP-B-CD

A simple fast photocontrolled supramolecular machine
is based on the inclusion complex of styryl dye 600 and
cucurbit[7]uril (CB[7]). It was found that considerable
increase in the fluorescence lifetime of dye 600 is associated
with the physical movement of the electronically excited dye
cation inside the cavity of the host molecule in the first
several picoseconds (Scheme 92).1632

Scheme 92
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A more complex photocontrolled supramolecular
machine is based on the pseudorotaxane complex of cucur-
bit[8]uril (CBJ[8]) with bis(quinolyl)ethylene derivative 601.
In this case, irradiation with light causes reversible trans—
cis-photoisomerization of the unsaturated guest molecule
(Fig. 185).1633 The spatial structure of this supramolecular
machine after light irradiation determined by X-ray diffrac-
tion (see the lower part of Fig. 185) indicates that the
intricate physical movement of the guest molecule 601 in
the cavity of the host macrocycle, which resembles coiling,
is easy to implement.

It was found that the cucurbit[8]uril cavity can accom-
modate two molecules of (E)-3-[4-(3,4-dimethoxystyryl)-
pyridinium-1-yl]propanesulfonate betaine (602).
Figure 186 presents the structure of the corresponding
supramolecular pseudorotaxane inclusion complex 603.1634
The relative positions of the unsaturated moieties of two
molecules of dye 602 in this complex proved to be favour-
able for the photocycloaddition to occur. It was shown that
the cyclobutane thus formed is bound to cucurbituril less
strongly than the starting components, i.e., not only the
physical motion of photoactive molecules inside the macro-
cycle, but also the strength of binding of the components
can be controlled by light.

These properties were exploited to develop a cucurbi-
t[8]uril-based light controlled supramolecular assembler.!634

+ +
“ N""NHs hvy
= —
+ h\«'2
i Q

Pseudorotaxane inclusion complex
of the trans-isomer of 601

Inclusion complex of the cis-isomer of 601

Figure 185. Light controlled supramolecular machine based on
pseudorotaxane inclusion complex of bis(quinolyl)ethylene deriva-
tive 601 with cucurbit[8]uril.'®3? Published with permission from
the Royal Society of Chemistry.

02'A

ols) f
013'A) g
| S(1A)

oit) L { / 0147

Figure 186. Residence of two molecules of styryl dye 602 in the
cucurbit[8]uril molecule in the pseudorotaxane inclusion complex
603.1934 Published with permission from Wiley-VCH.

The term assembler is referred to supramolecular machines
capable of directing chemical reactions by changing the
positions of molecules (i.e., guest molecules are the moving
parts of the machine in this case). In the living nature,
ribosome represents an example of assembler meant for the
synthesis of cellular proteins from amino acids. In our case,
the presence of only 5 mol.% cucurbit[8]uril provides for
complete stereospecific conversion of the starting styryl dye
600 to cyclobutane derivative 604 on exposure to light
(Scheme 93; functioning of the light-controlled supramolec-
ular assembler is shown in Fig. 187).

Thus, using cucurbituril, it is possible to assemble
trimolecular pseudorotaxane complexes, perform photo-
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Scheme 93
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Ar

[> = N-ethyl-
pyridinium;
Ar = 3,4-C6H3(OM6)2

Figure 187. Photocontrolled supramolecular assembler based on
cucurbit[8]uril for the assembly of cyclobutane derivatives from
styryl dyes.!®3* Published with permission from Wiley-VCH.

cycloaddition reaction in these complexes and repeat this
cycle as many times as needed.

In the supramolecular systems considered in this Sec-
tion, all the main types of photoprocesses are imple-
mented,1615.1623.1626, 1635

The results imply that unsaturated and macrocyclic
compounds form the basis of a molecular meccano of
photoactive supramolecular systems, possessing a unique
set of required characteristics:1615

— availability from the standpoint of organic synthesis,

— tendency to self-organization into diverse supramo-
lecular architectures,

— ability to undergo various types of photochemical
reactions depending on the structure,

— capacity for highly efficient molecular photoswitch-
ing.

The above characteristics provide the possibility to
assemble photoswitchable supramolecular devices, light-
controlled supramolecular machines and photoactive supra-
molecular systems with a specified architecture and diverse
properties in solutions, at interfaces and in the solid state.

It is necessary to pay attention to the applied potential
of these studies, as they offer a new methodology for the
fabrication of materials for supramolecular and nano pho-
tonics, which was demonstrated, first of all, by the design of
photoswitchable supramolecular devices, light-controlled
supramolecular machines, supramolecular switches, optical
chemosensor materials and systems for optical data record-
ing and storage.!6231626.1636

5.2. Dendrimer porphyrin-based supramolecular devices:
synthesis and practical applications

Much effort has been made in recent years to develop
dendrimer porphyrin-based supramolecular devices that
mimic the naturally occurring molecular recognition and
directional energy transfer processes.'937-1047 Analysis of
the literature suggests that the dendrimer architecture can
serve as a useful tool for tuning the optical properties and
reactivity of the dendrimer tetrapyrrole core.!600, 16481651
The use of different dendrons and spacers offers opportu-
nities to vary considerably the diffusion rate of certain types
of guest molecules in the bulk of dendrimer shell. Conse-
quently, the accessibility of the core to both the solvent and
the guest molecules can vary within several orders of
magnitude. This phenomenon can be considered both in
terms of both useful shielding and adverse effect that slows
down the recognition processes.

It is known that deactivation pathways of excitation
energy in tetrapyrrole compounds depend on the nature and
state of the coordination centre: whether the ligand contains
a metal cation or is in molecular, protonated, or deproto-
nated forms. The electronic nature of the substituents, steric
hindrances and conformational flexibility of the dendrimer
branches and tetrapyrrole macrocycle, local changes in the
viscosity and polarity of the medium and the accessibility of
the coordination centre for molecular oxygen significantly
affect the photophysical and spectral characteristics of the
porphyrin dendrimer.!600, 1648 —1651

The unique properties and practical applications of
porphyrin dendrimers are determined by the synergistic
combination of the °‘local chemistry’ of the dendrimer
periphery and limited accessibility of its tetrapyrrole core.
Owing to this structure, these systems are widely used as
building blocks for the design of nanoscale systems for
selective delivery and prolonged release of broad-spectrum
drugs.!4- 16521656 The application of the general concept of
active core isolation in polyfunctional systems is extremely
relevant for the fields at the boundary between chemistry,
biology and materials science such as the design of light-
harvesting antennas and the development of advanced
optoelectronic devices.!¢57-1662 This Section addresses
methods of controlling the shape, size and optoelectronic
properties of porphyrin dendrimers, characteristic features
of their self-assembly processes and promising applications,
thus illustrating the main trends in the development of the
chemistry of these compounds and supramolecular devices
based on them.

Scheme 94
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Table 11. Synthesis of homogeneous dendrimers based on tetraaryl-
porphyrins by the convergent method (see Scheme 94).

Compound X! R M Ref.

605 4-X! OBu» 2H 1663
606 3,5-X)  OMe Zn 1648
607 3,5-X) €Oy Zn 1648
608 3,5-X)  C(O)NH(CH,),N*Me; Zn 1648
609 4-X2 Me (m = 0) 2H 1650
610 4-X2 H(@m=1) 2H 1650

5.2.1. Types of porphyrin dendrimers and methods for their synthesis
The first works on porphyrin dendrimers began to appear in
the 1990s. At present, the chemistry of porphyrin den-
drimers has developed into a separate independent branch
of research.1000,1648-1651 Tn most cases, the tetrapyrrole
macrocycle in such systems acts as the core. However,
compounds in which porphyrin molecules are fragments of
dendrimer branches have no less interesting proper-
ties.1659.1661

Currently, there are two main strategies for dendrimer
synthesis: divergent and convergent approaches. Both
approaches consist of iterative sequences of reaction steps,
each resulting in the synthesis of one generation layer (i.e., a

dendrimer or dendrons of generation G are converted to
generation G + 1 macromolecule). In the divergent method,
the synthesis is carried out from the centre of the dendrimer
towards the outer layer, while in the convergent method, the
synthesis proceeds from the periphery towards the centre.

Usually, in the convergent approach, the dendrimer
branches of various generations are constructed separately,
and the tetrapyrrole core itself is formed in the last step of
the synthesis, which is cyclocondensation of pyrrole and an
aldehyde containing the dendrimer moieties (Scheme 94,
Table 11).% This method facilitates the purification of com-
pounds due to the pronounced differencen between chro-
matographic mobilities of key intermediates and target
compounds, but loses out in product yields because it
strongly depends on the flexibility of the molecular frag-
ments involved in the cyclocondensation forming the den-
drimer.1664

The divergent approach (Scheme 95) implies grafting of
dendrimeric branches onto an already formed tetrapyrrole
core. The most common reaction centres of porphyrin
macrocycles are readily modifiable carboxy, hydroxy,
amine, azide or fluoride reaction centres.!003-1677 Por-

§In this Section, square brackets with a lower index n are used in some
cases to denote the generation of dendrimers.
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Scheme 95

Y, Y/ = OH, COzH, NHz, N3, efc. 611-634

phyrin macrocycles 611-634 with dendrons containing
benzyl ether (X?),17! triazole, triazolecarbazole and carb-
azole (X3 —X7),1650,1666-1668 holyamidoamine (PAMAM)
(X3, X14),1669.1670 amino acid (peptide) (X —X!1),1672
glycol (X2, XI5, X16)1650.1673-1676 macrocyclic (X7,
X18),1678.1679 polymeric (X19, X20),1680. 1681 coumarin (X21,
X22)1682,1683 and other moieties have been synthesized by
this method. The divergent method allows consecutive
generation of dendrimer branches,!°% thus creating homo-
geneous (611-632: X/ = X/; Table 12) or heterogeneous
dendrimers. The latter contain substituents of different
nature and can be represented by structures 633 [M = Zn:
Xi=X!'(R =O0OMe, n=1), X/ = X418 and 634 [M = Zn:
X/ = X! (R = O(CH,CH,0):Me, n = 1, X/ = X2].1677
Supramolecular dendrimers formed by non-covalent
interactions were described by Maurer er al.'®®* and
Concellon et al.'9%5 In the case of system 635, dendrimers

Structures 635, 636

O 0 .
%+ N O*O
o : Jo@
O‘ON n/oo\
o

n=12

Table 12. Synthesis of homogeneous dendrimers based on tetraaryl-
porphyrins by the divergent method (see Scheme 95).

Compound  (n or the position of R) M Ref.
611 4-X3 Zn 1671
612 3,5-X3 (n=2) Zn 1666
613 4-X6 (4-R, 3,5-Ry) Zn 1667
614 3,5-X$ (4-R); 2,4,6-Me; Zn 1667
615 3,5-X8 (3,5-R2); 2,4,6-Mes  Zn 1667
616 4-X7(n=1) Zn 1668
617 4-X7 (n=2) Zn 1668
618 4-X8 Zn 1672
619 4-X9 2H 1672
620 4-X10 2H 1672
621 4-x11 Zn 1672
622 4-X12,2.3,5,6-F, Zn 1676
623 4-X13(n=1,2) 2H 1669
624 4-X14 2H 1670
625 4-X15 (n = 1-3) 2H 1673, 1674
626 4-X16 (n = 1,2) 2H 1650
627 3,5-XY7 Zn 1678
628 3,5-X38 2H 1679
629 4-X19 2H 1680
630 4-X20 Zn 1681
631 3,4,5-X3! 2H,Zn,Cu 1682
632 3,5-X%2 2H 1683

were obtained due to electrostatic interactions between the
peripheral cationic pyridyl groups of meso-tetrakis(4-pyr-
idyl)porphyrin (or its Zn complex) with the anionic carb-
oxylate groups of coumarin dendrons.!680

In another case, the formation of supramolecular den-
drimers involves binding of dendrons to already existing
dendritic chains of the tetrapyrrole macrocycle. For exam-
ple, Maurer et al.'%%* synthesized chiral supramolecular
dendrimers 636 (M = 2 H) with depsipeptide dendrons con-
taining cyanuric acid moieties as binding sites. Supramo-
lecular porphyrin dendrimers also include tetrapyrrole mac-
rocycles containing dendritic ligands of the same or differ-
ent nature at the axial positions of the macrocycle coordi-
nation centre.'%37 Optimized versions of the considered
approaches make it possible to obtain porphyrin den-
drimers with various numbers, natures and relative posi-
tions of complex dendrimer branches.

5.2.2. Possible practical applications of supramolecular devices
based on porphyrin dendrimers
The practical application of porphyrin dendrimers in many
cases involves the use of their inner space, e.g., for the
encapsulation of a target compound or as a nanoreactor.
Consequently, they can act as carriers in the targeted
delivery (active or passive) of various biologically active
molecules. Porphyrin dendrimers can be used to modify the
bioavailability, stability and rate of release of the drugs they
carry, thus reducing systemic toxicity and providing the
desired therapeutic effect at lower drug doses.!686— 1688
Another relevant application of porphyrin dendrimers is
the design of light-harvesting antennae, which can be useful
in artificial photosynthesis systems. In the design of light-
harvesting systems, it is necessary to introduce a large
number of chromophores into the molecule to form a high
effective absorption cross-section. In addition, these chro-
mophores must be spatially organized to facilitate cooper-
ative directed energy transfer.!68%-1692 These requirements
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are met by dendrimer structures in which large numbers of
porphyrin chromophores are placed at the periphery of
dendritic macromolecules and/or in their branches. In this
Subsection, the receptor properties of such dendrimers and
examples of practical applications of porphyrin dendrimer-
based supramolecular devices in biomedicine and design of
synthetic light-harvesting antennae are discussed.

5.2.1.1. Recognition and selective binding of substrates of various
nature

Porphyrins and their metal complexes are interesting
objects of supramolecular chemistry, since they can effec-
tively bind substrates of various nature and form supra-
molecular assemblies of a high degree of complexity. Chem-
ical modification of the tetrapyrrole macrocycle by den-
drimer branches of various generations gives rise to systems
with specific properties not observed in small molecules. In
such systems, the effects of spatial constraints, encapsula-
tion, and multicentre interactions become decisive. Spatial
effects are especially important in cases where communicat-
ing cavities or channels are deeply embedded in the dendri-
meric environment of the tetrapyrrole macrocycle. Den-
drimers can contain a large number of retention cavities,
which can actively participate in substrate —receptor inter-
actions.

The receptor capacity of porphyrin-based dendrimers
towards various small substrates (guest molecules) is largely
determined by the nature and number of generations of
dendritic chains, which affect the size and shape of intra-
molecular cavities above and below the porphyrin core. An
increase in generation of the dendrimer, especially in the
case of flexible-chain dendrons, leads to the formation of
fully or partially closed intramolecular cavities (Fig. 188).
An increase in the number of branches at the periphery of
the dendrimer makes both the binding of guest molecules
and their release through the shell more dfficult. In small
dendrimers of the first or second generation, the presence of
rigid dendritic chains provides the formation of open intra-
molecular cavities of a unique shape.

The receptor functions of dendrimers 605, 606, the Zn
tetraphenylporphyrin core of which contains dendritic
branches of several generations based on benzoic acid ester
in meso-positions of the macrocycle, for 3- and 4-substituted
pyridine derivatives caused by substrate coordination on
zinc cation were reported by Shinoda er al.'%%° The com-
plexing cavity above the coordination centre of the por-
phyrin cores in these dendrimers (even in the case of fourth-
generation dendrimers) is relatively open; nevertheless, the
conformational mobility of the dendritic chains in solution

Protein

Figure 188. Schematic view of dendrimers (marked in purple)
based on Zn porphyrins with closed (a) and open (b) intramolecular
cavities, which can contain substrate molecules (S, S', S?), pocket
dendrimers (¢) and proteo-dendrimers representing hydrophobic
dendrimers with a partially hydrophilic surface (shown in beige)
(d). The figure was created by the authors using data from
Refs 1664—1679, 1683 —1698.

has a significant inhibitory effect on the binding of the guest
molecule.

The so-called pocket dendrimers (see Fig. 188 ¢), com-
pounds with asymmetrical arrangement of dendritic
branches, possess high selectivity towards small organic
molecules. Shinoda and Tsukube 1°77 described dendrimer
receptors 634, in which the Zn tetraphenylporphyrin core
contained a polybenzyl ether shell of several generations in
positions 5, 10 and 15 of the macrocycle. Since one of the
meso-positions of the tetrapyrrole macrocycle is not sub-
stituted, such dendrimers form pockets capable of selective
binding of substrates of a particular type, like pyridine and
its derivatives. The introduction of the diamidopyridyl
moiety into position 20 of the macrocycle enables the
dendrimer to accomplish simultaneous selective binding of
two guest molecules of different nature, pyridine (S1) and
thymine (S2) molecules containing benzoic acid moieties. It
was shown that when the pyridine derivative is coordinated
to the zinc cation of the reaction centre of tetrapyrrole
macrocycle, the corresponding thymine derivative binds to
the meso-diamidopyridyl moiety through oxygen atoms via
hydrogen bonding to form complex [634(S")(S?)] (see the
depicted structure; blue colour highlights the porphyrin
core, the dendritic shell is pink).

Kimura et al.'%¢ synthesized a series of dendrimers 612,
in which the polybenzyl ether shell was linked to the Zn
tetraarylporphyrin core through 1,2,3-triazole spacers. In
the study of the absorption and fluorescence spectra of
dendrimers, the possibility of intramolecular coordination
of triazole moieties of the dendron environment by zinc
cations was established, with the position of triazole moi-

Structures 612, [634(S")(S?)]
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eties having a strong effect on the stability of intradendri-
meric axial complexes. In the case where the porphyrin core
is linked to aryl ether dendrons through triazole spacers, a
significant increase in the rate of photoinduced electron
transfer is observed as compared to that for a similar
porphyrin dendrimer, in which there are no triazole moi-
eties. Consequently, the coordination of the triazole moiety
provides the transfer of an electron between the Zn por-
phyrin cores and the peripheral electron acceptors of the
dendron environment. Such complexes are good models of
natural biosystems involved in photosynthesis, oxygen
transport and catalysis.

Dendrimers with triazolecarbazole dendrons 613615
do not exhibit similar intramolecular binding of triazole
moiety by the zinc cation of the macrocycle. However,
owing to the four rigid-chain carbazole branches, den-
drimers 614 and 615 have intramolecular cavities, which
provide efficient binding of amine, imidazole and cryptand

6 Scheme 96

Ces@617

derivatives, e.g., [2.2.2]cryptand ([2.2.2]).1693-1695 In the
case of cryptands, reversible substrate binding processes
are cation-controlled for Lit, Na™t, K+
(Scheme 96).1694,1695

Porphyrin dendrimer 617 containing carbazole moieties
shows recognition ability for fullerenes Cgo, C79 and
Cgy .1668,1696 Tny this case, the receptor properties of the
dendrimer can be controlled by additional axial coordina-
tion of small organic ligands by the metal cation of the
reaction centre on the opposite side of the tetrapyrrole
macrocycle.

Examples of nanoscale protein receptors include por-
phyrin dendrimers 618-622, 625, 626 and 633, which
contain amino acid, peptide or glycol molecules in their
dendritic chains.!663.1665,1674-1677 Dendrimer 633 has sev-
eral key features:!663.1677

— asymmetric distribution of polyanionic heptaglut-
amine moieties responsible for interactions with the poly-
cationic region on the surface of cytochrome c;

— zinc porphyrin core, which functions as a fluorescent
signalling device;

— hydrophilic polyether surface to enhance solubility in
water;

— non-peptide dendritic components
peripheral hydrophobic structure.

Owing to its structure, dendrimer 633 is able to bind to
cytochrome ¢ proteins in aqueous medium, and this process
is easily detected by quenching of fluorescence of the metal
porphyrin core. The aryl ether moieties of the dendrimer do
not imply specific interactions with proteins, but they
favourably influence the protein —dendrimer interactions.

High selectivity towards cytochrome ¢ and ferredoxin
was shown for dendrimers 618—621 containing amino acid
and peptide moieties in the dendritic branches.'’7 For
example, dendrimers with asparagine and tyrosine units in
their dendrons have the highest affinity for cytochrome c,
whereas ferredoxin binds efficiently to dendrimers with
alternating lysine and tyrosine residues in their dendrons.
The amino acid moieties provide electrostatic interactions
with the complementary protein surface, while the tyrosine
moieties are crucial for stimulating protein— protein inter-
actions.

The glycosylated porphyrin dendrimers 622 synthezised
by Wang et al.'®”> demonstrated the ability to recognize

providing a

Structures Cgo, C70, Cga@617
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lectin, efficiency of singlet oxygen generation and high
thermal sensitivity and selectivity to tumours as photo-
sensitizers for photodynamic therapy (PDT) of cancer.
Ramirez et al.19%%-1670 addressed the receptor properties
of porphyrin dendrimers towards metal cations of various
nature. It was shown that porphyrin-PAMAM dendrimers
of various generations (623, 624) bind Pb!l, Cr'! and Fe!!
cations with the retention factor of 99% and bind more than
50% of Coll, Cul!, Cd"" and Ag!. It should be noted that in
the latter case, the ions are rediced to give metal particles.
The processes of supramolecular self-assembly of por-
phyrin dendrimers 627, 628 containing eight cyclodextrin or
adamantane moieties (four moieties on each side of the
tetrapyrrole macrocycle) to give nanorods were described
by Fathalla et al.'678-167° The nanorods were formed either
from dendrimer 627 due to double-sided binding to fulerene
Ceo molecules or from dendrimers 627 and 628 by complex-

H

a
627 628
\
v =p-CD; =1-Ad;(_ )= Ceo
Ad is adamantyl
c

[Ceo@627],

[627 - 628],,

Figure 189. Schematic view of dendrimers 627, 628 («) and exam-
ples of their self-assembly into nanorods with fullerene Cgo (b) and
with one another (c¢). The figure was created by the authors using
data from Refs 1678, 1679.

Structures Ceo@637, Cs0(@638

X = X" (R = OMe):
n =3 (637), 4 (638)

ation of cyclodextrin cavities of one dendrimer and ada-
mantane moieties of the other (Fig. 189).

Tashiro and Aida'%7 synthesized dendrimer 637, in
which the core of cyclophane dimeric porphyrin is sur-
rounded by a shell based on benzoic acid ester. The
incorporation of fullerenes into the interporphyrin cavity
in such systems occurs not only due to van der Waals
interactions, but also due to m-electron charge transfer
from metal porphyrin moieties of the host molecule to the
guest fullerene molecules. The receptor ability of the den-
drimer towards fullerenes can be tuned by changing the
nature of metal cations in the coordination centre of the
tetrapyrrole macrocycle.

Tashiro and Aida '°7 also synthesized another type of
host dendrimer containing an acyclic zinc porphyrin dimer
in the core. It was found that in the presence of fullerenes
Céo and C79, dendrimer 638 self-organizes into a low-
dimensional nanostructure (supramolecular peapod), in
which the included fullerene molecules line up along the
dendrimer-coated cavity of supramolecular porphyrin
nanotube (Fig. 190 a). Self-organization of the dendrimer
occurs through the formation of hydrogen bonds between
the terminal carboxy groups (see Fig. 190 b). The nanotube
is several micrometres long and 15 nm in diameter.

With the goal of developing photoactive composite
materials, Ozawa et al.'%*8 synthesized dendron-protected
porphyrin wires and one-dimensional assemblies (639) of
gold nanoparticles chemically bound to the wires (Fig. 191).

For this purpose, gold nanoparticles containing 2-(4-
pyridyl)ethylsulfanyl and (2-methylundec-2-yl)sulfanyl
groups on their surface were deposited using the Lang-
muir — Blodgett films, which were obtained from m-conju-
gated Zn porphyrin polymer wrapped into dendron wedges
based on benzoic acid ester. It was shown by circular
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Figure 190. Schematic view of a carbon nanotube containing
coordinated fullerene Cgp molecules (shown in blue) («) and its
self-assembly mechanism (b). The figure was created by the authors
using data from Ref. 1697.

x=«i%x1 (R=0Me,n=2)

Figure 191. One-dimensional assemblies 639 of gold nanoparticles
chemically bonded to dendron-protected porphyrin wires. The
figure was created by the authors using data from Ref. 1698.

dichroism that porphyrin dendrimers having 12, 24 and 36
macrocyclic units of the zinc porphyrin complex are capable
of recognizing chiral dipyridine.

5.2.2.2. Design of light-harvesting antennae

In the photosynthesis, sunlight is mainly absorbed by
antenna chromophores, which transmit singlet excitation
energy to reaction centres to convert it into useful electro-
chemical energy. In fact, for implementation of so-called
antenna effect, which is important for biological systems,
many chromophore-containing dendrimers have now been
developed. Among them, porphyrin dendrimers attract

Structure 640 - 641

energy

energy

" electrons

640- 641

particular attention, since natural systems use porphyrin
derivatives as light-sensitive pigments.

For the design of porphyrin-containing light-harvesting
antennae, Gar et al.'%% obtained molecular hexamer 640,
containing two porphyrin moieties and four coumarin
chromophores, located as para-substituents in the hexaphe-
nylbenzene backbone. Light absorbed by any of the cou-
marin moieties of the hexamer is transferred to the
porphyrin macrocycle over a period of 1 to 10 ps, depending
on the site of initial excitation. The quantum yield of the
singlet —singlet energy transfer is 1.0. The rate constants of
energy transfer are consistent with the Forster dipole—
dipole mechanism. Hexamer 640 containing zinc porphyrin
complex moieties is capable of coordinating pyridyl-sub-
stituted fullerene 641 with the formation of the 640-641
heptamer. It was found that the charge separated state
Por'™ —Cgp"~ (Por is the corresponding porphyrin) is
formed as a result of photoinduced electron transfer with a
total quantum yield of 1.0 and decays in a 1,2-difluoroben-
zene solution with a time constant of 230 ps.

Guo et al.'®7 synthesized porphyrin dendrimers 632
[R = Et (a), n-CgH;7 (b)] containing eight coumarin moi-
eties, promising for the design of light-harvesting antennae,
on the basis of meso-tetrakis(3,5-dihydroxyphenyl)por-
phyrin. Study of the photophysical properties of these
dendrimers in dichloromethane solution and in thin films
revealed intramolecular energy transfer from coumarin
units to the porphyrin core. Comparison of the optical
properties of dendrimers showed that the energy transfer
efficiency is higher for compound 632b both in the solid film
and in solution. This can probably be explained by the
presence of a longer octyl side chain in this dendrimer,
which improves the solubility of the dendrimer and, as a
consequence, prevents the self-quenching of the coumarin
moieties. Dendrimers 632a,b emit red light with higher
fluorescence quantum yields compared to that of the parent
porphyrin.

Fujumoto et al.'°®! devised supramolecular light-har-
vesting devices that mimic the chromophores of plant
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Figure 192. Schematic view of the structure of supramolecular
light-harvesting antennae based on metal-coordinated bis(8-
hydroxyquinoline)-substituted porphyrin dendrimers 642.'6¢!

antennae on the basis of metal-coordinated bis(8-hydrox-
yquinoline)- substituted porphyrin dendrimers 642
(Fig. 192). It was found that the generated photocurrents
in the obtained supramolecular light-harvesting antennae
can be optimized according to two methods of self-assembly
of porphyrins owing to the antenna effect — a change in the
number of collected porphyrin monolayers and the number
of generations of metal-coordinated porphyrin dendrimers.
In the former self-assembly method, one side of the
8-hydroxyquinoline moiety of porphyrin is adsorbed on
the TiO, electrode, and the other one is used to form
metal-coordinated porphyrin networks (type 7). The latter
method involves preliminary preparation of metal-coordi-
nated porphyrin dendrimers and their subsequent adsorp-
tion on a TiO; electrode (type /7). Type I is adsorbed on
TiO> by the central porphyrin block, while type II is
adsorbed by the terminal porphyrin moieties. Quantum
chemical calculations established that the effect of the
light-harvesting antenna is most significant when the dis-
tance between the porphyrin centres of the dendrimer is
16 A. 1t was shown that intermolecular interactions of
porphyrin moieties in the seventh generation dendrimer
lead to a significant decrease in the photocurrent.

Light-harvesting antenna 643, containing three sorts of
porphyrins with different numbers of ethynyl groups in the
meso-positions of macrocycles (Por-1, Por-2 and Por-3,
highlighted in green, blue and yellow, respectively) was
synthesized by Uetomo et al.'®®® Antenna 643 exhibits
intense absorption across the entire visible spectrum (up to
700 nm). It was found that energy transfer from the singlet
excited state occurs from the peripheral porphyrin moieties
(Por-2 and Por-3) to the central moiety (Por-1) with an
efficiency of >90% and rate constants of the order of
109 s— 1. Considering the fact that benzyl groups in antenna
643 can be easily replaced by other dendritic structures, this
approach may be promising in terms of the design of light-
harvesting snowflake-like antennas with a large number of
chromophores of various natures.

The method of electrostatic self-assembly can be effec-
tively used to form pH-sensitive aggregates of porphyrin
dendrimers in water on the basis of cationic porphyrin,
tetrakis(4-tetramethylammoniophenyl)porphyrin  (TAPP),

Structure 643

pH 11
( )+ P
pH 2

TMPYyP  G7.5

Figure 193. Schematic view of the formation of [TAPP-G7.5]
aggregate formation. The figure was created by the authors using
data from Ref. 1700.

and anionic dendrimer, poly(amidoamine) with ethylenedi-
amine core (G7.5) (Fig. 193).1700

It was found that, depending on the pH of the environ-
ment, the resulting dendrimers form J- or H-aggregates,

Excitation Emission

) self-assembly
'+ n —

Phycocyanin

Dendrimer

Figure 194. Schematic view of the electrostatic self-assembly of the
phycocyanin scaffold protein and the star-shaped dendrimeric
porphyrin 630 into a garnet-like light-harvesting nanosystem. The
figure was created by the authors using data from Ref. 1681.
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which are characterized by a high fluorescence quantum
yield and exhibit the ability to generate singlet oxygen under
visible light irradiation. Using the model photocatalytic
oxidation of an anionic dye, methyl orange, it was shown
that J-aggregates of the porphyrin dendrimer [TAPP-G7.5]
exhibit a 1.5-fold higher ability to generate singlet oxygen
than H-aggregates and can be used as light-harvesting
systems for the conversion of solar energy.

Liu er al.'%®! performed electrostatic self-assembly of
star-shaped dendrimer porphyrin 630 with poly[2-(dimethy-
lamino)ethyl methacrylate] moieties and phycocyanin,
directed by this scaffold protein to obtain a micelle-like
hybrid core—shell light-harvesting nanosystem. It consists
of a centrally located acceptor (phycocyanin) and multiple
donors (porphyrins) in the shell (Fig. 194). The specific
garnet-like structure of the nanosystem ensures efficient
transfer of excitation energy (~80.1%) from 179 porphyrin
donors to a single phycocyanin acceptor. This regular multi-
donor and single-acceptor structure is similar to the natural
light-harvesting system of plants and could be useful for
creating a biomimetic high-efficiency light-harvesting
antenna with a high donor-to-acceptor ratio.

5.2.2.3. Biomedical applications

Due to their unique photophysical properties (fluorescence
emission, large absorption cross section, photosensitizing
ability, etc.), porphyrins are widely used as photofunctional
nanodevices, 4 16521656, 1673.1680. 1701 - 1714 When excited by
light they can fluoresce or transfer their excitation energy or
electron to an appropriate acceptor molecule. This unique
property makes porphyrins useful for the study of micro-
environments and for the use as photosensitizers in PDT.
However, since porphyrins are hydrophobic and capable of
strong m-conjugation, they often form aggregates. Aggre-
gated porphyrins lose their photofunctional properties with
time.!¢75 Meanwhile, the dendrimeric forms of these mole-
cules are soluble in an aqueous medium due to the large
number of anionic functional groups on the shell surface. In
addition, large dendritic wedges efficiently prevent aggrega-
tion. The high solubility of porphyrin dendrimers allows
their use in PDT for the treatment of cancer. This method
consists in the systemic administration of photosensitizers
followed by irradiation of the target tissue with laser light.
Irradiation excites photosensitizers, which transfer their
excitation energy or electrons to oxygen molecules in the
target tissue to generate highly toxic reactive oxygen spe-
cies, which ultimately destroy tumour cells.

The ionic surfaces of porphyrin dendrimers are effec-
tively used to form micelles of polyionic complexes via
electrostatic interactions. Experiments in vitro and in vivo
have shown that micelles of polyionic complexes can be
successfully used for PDT. The inclusion of dendrimer
molecules into spherical polyionic micelles increases their
ability to selectively accumulate in tumour tissue due to the
effect of increased permeability and retention. Immobiliza-
tion of the dendrimer into a micelle almost completely
eliminates aggregation, which leads to an increase in the
generation of singlet oxygen.

It was shown 1706.1707 that zinc porphyrin dendrimers
with ionic surfaces can be successfully used as a new class of
photosensitizers for PDT. Experiments using Lewis lung
carcinoma (LLC) cells demonstrated that porphyrin den-
drimers 607 and 608 can be absorbed by LLC cells and
ultimately localize in organelles separated by a membrane.
Upon photoirradiation, positively charged dendrimer 608

Me(OCH20H2)27QCH2N(CO(‘:HNH)42H

I ((‘3H)4 [/\ ’
2w (g,
O \ J / ./ :
" O ‘ ’
+ \7 >
Je self-assembly _ ‘ 1

— ~

Anionic porphyrin Polyionic complex
or phthalocyanine with a core of porphyrin
dendrimer dendrimers

Figure 195. Scheme of the formation of supramolecular micelles,
polyionic complexes of porphyrin and phthalocyanine dendri-
mers.The figure was created by the authors using data from Refs
1706 and 1707.

exhibits a higher photosensitizing ability (by several orders
of magnitude) compared to protoporphyrin IX, which is
commonly used for PDT. The effect of negatively charged
dendrimer 607 is much less pronounced than that of com-
pound 608, probably due to electrostatic repulsion between
the CO, groups of porphyrin and negatively charged cell
membranes. Dendrimer 607 exhibits a lower propensity for
cell association than dendrimer 608. Both porphyrin den-
drimers have much lower dark toxicity to cells than proto-
porphyrin IX. It was also found that the inclusion of
dendrimer 607 in the micelle of the polyionic complex
(PIC) (Fig. 195) obtained by mixing this porphyrin with a
positively charged block copolymer (for example,
poly(ethylene glycol)—poly(L-Lys)) increases its cellular
uptake 6—8-fold. PIC micelles are very stable even at high
salt concentrations, but they are sensitive to changes in pH
(they can be easily destroyed in the weakly acidic environ-
ment of tumour tissues). Approximately 38 molecules of
dendrimer 607 are clustered within the micelle, but they do
not cause fluorescence quenching even after the PIC
micelles are absorbed by the cells. This unique photochem-
ical property is provided by the insulating effect of the large
dendrimer shell.

Conventional porphyrin derivatives absorb light at
wavelengths between 400 and 600 nm, and in vivo excitation
of porphyrin derivatives is hindered by skin tissues. For this
reason, zinc phthalocyanine dendrimer 644, which absorbs
light at a longer wavelength than its porphyrin analogues,
was used as a potential photosensitizer for PDT.1704-1707

This dendrimer can also be applied as a sensitizer in
photochemical technologies that use light to facilitate the
delivery of DNA, drugs and other biologically active species
directly inside cells.!®4® In this case, plasmid DNA packed
with cationic peptides (Fig. 196) is surrounded by anionic
phthalocyanine dendrimers. The endocytic uptake of such
ternary complexes by polarized cells results in their pre-
dominant localization in endosomes and lysosomes. Upon
photoirradiation, dendrimer 644 generates 'O, which dis-
rupts endosomal-lysosomal membranes and releases a ter-
nary complex suitable for DNA transport.
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Figure 196. Scheme of the formation of a ternary complex by
electrostatic self-assembly of plasmid DNA, cationic peptides and
anionic phthalocyanine dendrimer 644. The figure was created by
the authors using data from Ref. 1648.

Herlambang er al.!7°8 obtained a spherical micelle based
on self-organizing Si phthalocyanine 645 having a hydro-
phobic part and containing a bulky hydrophilic polyaryl
ether dendritic moiety with terminal carboxy groups as one
of the axial ligands. It was shown by gel permeation
chromatography and electron microscopy that a micelle is
formed in highly dilute solutions, and, depending on the pH
of the medium, it can move between the aqueous and
organic phases, capturing the hydrophobic molecules
present in the solution. Thus, when acetic acid is added to
an aqueous solution containing a micelle, the micelle is
destroyed and dendrimer 645 is extracted into the organic
phase (Fig. 197). When an excess of KOH solution is added
to the resulting two-phase system, the dendrimer returns
back to the aqueous phase with the formation of the initial
micelle. The latter can be used as a molecular capsule for
pH-dependent binding, transfer across the interface and
release of substances. The presence in the considered micelle
of phthalocyanine moieties exhibiting photo and redox
activity makes it promising for PDT of cancer.

x1 Yo
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X\% N i@’w Ve
)

Figure 197. Schematic view of possible den-

drimer conformations in aqueous and organic
2 phases.The figure was created by the authors
using data from Ref. 1708.

It is known 1680.1709 that Pd!l and Pt!! porphyrin com-
plexes exhibit phosphorescence in an inert atmosphere.
Phosphorescent dyes based on Pt and Pd porphyrins, tradi-
tionally used as phosphors in biological oxygen measure-

Structures 646 — 648
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ments, exhibit extremely low two-photon absorption cross
sections. Brias er al.'%%0 developed a nanosensor for the
detection of molecular oxygen. The central component of
the design of this sensor is polyfunctional Pt porphyrin
(compound 646) with strong emission in the triplet state at
ambient temperature, which occurs in the near infrared
region. Chromophores (in particular, coumarin) are chosen
in such a way that their absorption is maximum in the near-
IR region and their fluorescence bands overlap with the
absorption bands of meta porphyrin, which is necessary to
ensure effective antenna—core resonance. The metal por-
phyrin antenna structure is embedded into a protective
dendritic shell, which isolates the core from interaction
with biological macromolecules, controls oxygen diffusion
and makes the entire sensor water-soluble. A pair of
coumarin-343 and a Pt complex of meso-tetrakis(4-alkoxy-
phenyl)porphyrin (647) was used to create a probe in which
the antenna moieties were linked to the core by polyaryl-
glycine dendrons.!7!° Dendrons, forming an insulating layer
between porphyrin and the antenna, simultaneously control
the rate of fluorescence quenching by oxygen (Stern-—
Volmer quenching constant). Modification of the dendrimer
periphery with oligoethylene glycol residues makes the
probe signal insensitive to the presence of proteins and
other macromolecular solutes.

The dependence of fluorescence of porphyrin ligands on
the protonation or deprotonation of nitrogen atoms of the
macrocycle coordination centre was used to develop poly-
esteramide (610, M =2 H, n = 4) and polyglutamate den-
drimers (648) for pH detection in biological systems.!7!!

The polyesteramide (610, M = 2 H, n = 4) and polyglu-
tamate (648) dendrimers form an effective indicator pair for
proton gradient determination.!”!'! Peripheral groups with
charges on the dendrimers ensure complete membrane
impermeability of the synthesized indicators. This was
demonstrated by placing porphyrin dendrimers with two
spectroscopically different cores inside and outside the
phospholipid vesicles and independently determining the
pH of the medium in both moieties using bulk spectroscopic
measurements (Fig. 198). In the selective arrangement of
dendrimers 610 and 648 inside and outside the phospholipid
vesicles, respectively, only the fluorescence spectra of the
outside dendrimers 648 respond to changes in pH of the
medium caused by the addition of acid or base to the
solution. In the presence of the channel-forming peptide

Liposome

Figure 198. Phospholipid liposome (yellow rim) with trapped den-
drimers 610 inside and dendrimers 648 left outside. The figure was
created by the authors using data from Ref. 1711.

Dendrimer

Hollow nanocapsule

Figure 199. Schematic view of nanocapsules with a thickness of
19 nm and a cavity radius of 35 nm formed by dendrimers 629. The
figure was created by the authors using data from Ref. 1712.

gramicidin, however, both dendrimers respond to changes
in pH, which is reflected in their absorption and fluores-
cence spectra.

Hsu et al.'712 described the synthesis and structure of
hollow nanocapsules (vesicles) formed by self-assembly of
dendrimeric four-arm porphyrins 629, in which the role of
arms is played by polylactic acid (PLLA) moieties. These
nanocapsules (Fig. 199) can be used as a new stable plat-
form for ultrasound imaging and selective drug delivery to
the sites of their functioning. In particular, nanocapsules
filled with doxorubicin showed high efficiency in chemo-
therapy and photodynamic therapy of cancer.!7!3

Multifunctional nanocapsules were obtained by layer-
by-layer self-assembly of anionic porphyrin dendrimer 607
in the presence of polyallylamine hydrochloride on nega-
tively charged polystyrene nanoparticles followed by
removal of the polystyrene matrix (Fig. 200).!7'% They
showed high efficiency as a means of delivery of anticancer
drugs in combination therapy of cancer.

The surveyed examples demonstrate that due to their
unique receptor and photofunctional properties, porphyrin
dendrimers can be successfully used as supramolecular
devices for targeted drug delivery and prolonged drug
release, effective photosensitizers for PDT and artificial

Polyallylamine

hydrochloride Dendrimer
JV\ N .
—_ E——

Polystyrene

i

Nanocapsule shell
consisting of several layers

7/

—

Figure 200. Scheme of layer-by-layer self-assembly of anionic
porphyrin dendrimer 607 (M = Zn, n=2) in the presence of
polyallylamine on negatively charged polystyrene nanoparticles.
The figure was created by the authors using data from Ref. 1714.
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light-harvesting antennas with a spatial organization of
porphyrin chromophores enabling joint directed energy
transfer. Further development of this field of research will
certainly provide new opportunities for the design of effi-
cient polyfunctional nanomaterials for optoelectronics and
biomedicine.

6. Conclusion

In conclusion, we would like to note that the prospects of
application of functional supramolecular materials based
on various molecular platforms would certainly be
expanded in the near future. This line of research will affect
more and more fields of modern technology, medicine and
materials science. Ordering and self-assembly of molecular
building blocks result in the spontaneous formation of
supramolecular structures by means of weak non-covalent
interactions between them. The diversity of these structures
is restricted only by chemist’s imagination and ability to
synthesize the conceived molecules with atomic precision.

Targeted control over intermolecular interactions ena-
bles supramolecular engineering of molecular assemblies,
crystals, polymers, efc.; this promotes the development of
supramolecular materials science. These dynamic assem-
blies often behave as living polymers, which are able to
grow and shorten, restructure their motifs, exchange com-
ponents, undergo annealing, self-heal and adapt. Even now,
the use of principles of supramolecular engineering makes it
possible to propose elegant approaches and elements of
technologies of control over nanoobjects and nanoparticles.
The implementation of these techniques is expected to
induce revolutionary changes in almost all branches of
industry and in everyday life of people, for example, in
quantum electronics and photonics; in the fabrication of
nanoporous electrodes in supercapacitors, storage batteries
and solar cells; and in the development of nanosensors and
smart coatings, which change their properties depending on
the external conditions.

The diversity of functional supramolecular systems and
their properties depicted in this review demonstrates fan-
tastic opportunities for using these systems in the bottom-
up design of self-assembled materials and devices that
function according to molecular recognition and multipoint
binding principles.
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7. List of acronyms and abbreviations

234-BSA-Na* — sodium 2,3,4-tris(11-methacryloylun-
decyloxy)benzenesulfonate,

Abu — (S)-2-aminobutyric acid,

ADMET — absorption, distribution,
excretion and toxicity,

ADP — adenosine diphosphate,

AFM — atomic force microscopy,

Ala — alanine,

AMPA — a-amino-3-hydroxy-5-methylisoxazole-4-pro-
pionic acid,

APTES — (3-aminopropyl)triethoxysilane,

Asc — ascorbate,

ATP — adenosine triphosphate,

BCLC — bent-core liquid crystals,

BD — butadienyl dye,

a-BGT — a-bungarotoxin,

BLG — B-lactoglobulin,

BNP — branched-shaped nanoparticle,

Boc — tert-butoxycarbonyl,

bpa — 1,4-bis(4-pyridyl)acetylene,

bpp — 1,3-bis(4-pyridyl)propane,

bpy — 4,4’-bipyridine,

metabolism,
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BR — bacteriorhodopsin,

BSA — bovine serum albumin,

15C5—15-crown-5 ether,

9C3 —9-crown-3 ether,

C12-1,8-diaminoanthraquinone modified with two

[(acetylamino)methyl]diethoxyphosphoryl groups and two
dodecyloxy groups,

CA — contrast agent,

CAC — critical aggregation concentration,
CBJ[7] — cucurbit[7]uril,

CBI[8] — cucurbit[8]uril,

CD — circular dichroism (Section 2.4),

CD — cyclodextrin (Sections 3.4—-3.6, 4.1, 4.2)
CMC — critical micelle concentration,

Cp — cyclopentadienyl,

CTB — charge transfer band,

CTAB — cetyltrimethylammonium bromide,
CuAAC — copper catalyzed azide—alkyne cycloaddi-

tion,

CUC — crown-containing unsaturated compounds,
CUR — curcumin,

DABCO — 1,4-diazabicyclo[2.2.2]octane,

DCC — dicyclohexylcarbodiimide,

DEDC — 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide,
DEF — diethylformamide,

DiO — 3,3’-dioctadecyloxacarbocyanine perchlorate,

H>TSPP — meso-tetrakis(4-sulfophenyl)porphyrin,
Heim — 2-ethylimidazole,

hBN — hexagonal boron nitride,

Hep-2 — human laryngeal adenocarcinoma cell line,
HCV — hepatitis C virus,

HCVpp /VSVGpp — hepatitis C virus pseudo particles,
HepG2 — human hepatocellular carcinoma cell line,
HfPc — hafnium(IV) phthalocyanine complex,

HKUST — Hong Kong University of Science and

Technology,
Hmim — 2-methylimidazole,
Hmpba — 4-(3,5-dimethyl-1H-pyrazol-4-yl)benzoic

acid,

HOF — hydrogen-bonded organic framework,
HOPG — highly oriented pyrolytic graphite,
Hpypz — 4-(1 H-pyrazol-4-yl)pyridine,

HPV — human papillomavirus,

HSA — human serum albumin,

IAST — ideal adsorbed solution theory,
ICso — half-maximal inhibitory concentration,
ICD — induced circular dichroism,

ILC — ionic liquid crystals,

K-4 — human embryo skin cells,

Ile — isoleucine,

ITO — indium tin oxide,

LB — Langmuir— Blodgett,

DLS — dynamic light scattering,

DMT-MM — 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-
methylmorpholinium chloride,

DNAP —DNA polymerase,

DODA — dimethyldioctadecylammonium,

DOX — doxorubicin,

dpni — N,N’-di(4-pyridyl)naphthalene-1,4,5,8-tetracar-

LBF — Lanmuir— Blodgett film,

LbL — layer-by-layer (assembly),

LC — liquid crystal,

LCWdV — liquid crystals formed through van der
Waals forces,

LDso — half-lethal dose,

Leu — leucine,

boxydiimide, MCF-7 — human invasive breast adenocarcinoma cell
DPPC — dipalmitoylphosphatidylcholine, line,
EDC — [1-(3-dimethylaminopropyl)-3-ethylcarbodii- MEKC — micellar electrokinetic chromatography,
mide, MEEKC — microemulsion electrokinetic chromatogra-
EDD — electron density distribution, phy,

Fmoc — 9-fluorenylmethyloxycarbonyl,

FRET — Forster resonance energy transfer,

FT-IR — Fourier transform infrared spectroscopy,

GA — polymeric gallic acids,

Gly — glycine,

GO — graphene oxide,

Hsataia — 5-[(4,6-diamino-1,3,5-triazin-2-yl)amino]-

isophthalic acid,

H,bdc — benzene-1,4-dicarboxylic acid,
Hstde — benzene-1,3,5-tricarboxylic acid,
H.dobdc — 2,5-dihydroxybenzene-1,4-dicarboxylic

acid,

H,DPP — dodecaphenylporphyrin,

H»gly — 1,2-diols,

H»ip — isophthalic acid,

Hompba —  4-(1H-3,5-dimethylpyrazol-4-yl)benzoic

acid,

H>ndc — naphthalene-2,6-dicarboxylic acid,

H>obb — 4,4'-oxybis(benzoic) acid,

HOBT — 1-hydroxybenzotriazole,

HP-B-CD — hydroxypropyl-B-cyclodextrin,

H,PzC — 1 H-pyrazole-4-carboxylate,

Hstatb — 4,4',4"-s-triazine-2,4,6-triylbenzoic acid,
H>TCPP — meso-tetrakis(4-carboxyphenyl)porphyrin,
Hstdc — thiophene-2,5-dicarboxylic acid,

MDCK — model mammalian epithelial cells,
Met — methionine,

MLC — micellar liquid chromatography,
MOC — metal-organic cages,

MOF — metal-organic frameworks,

MOP — metal-organic polyhedra,

MRI — magnetic resonance imaging,

MW — molecular weight,

Nc — naphthalocyanine,

NBS — N-bromosuccinimide,

NHS — N-hydroxysuccinimide,

Nic — nicotinate anion,

NIR — near infrared spectral region,

Ni-Ra — Raney nickel,

NP — nanoparticle,

Oc — oxanthrenocyanine,

ORMOSIL — organically modified silica nanoparticles,
OTS — octadecyltrichlorosilane,

ONu — oligonucleotide,

PAH — polyallylamine hydrochloride,
PAMAM — polyamidoamine,

pbda — [(2-(tert-butyl)-1,4-phenylene)bis(oxy)]-4,4'-

dibenzoic acid,

Pc — phthalocyanine,
PCMA — poly(carboxybetaine methacrylate),
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PDT — photodynamic therapy,

PEG — polyethylene glycol,

PEO — polyethylene oxide,

PET — positron emission tomography,

PETP — poly(ethylene terephthalate),

Phe — phenylalanine,

Pht — phthalimido,

PM — purple membrane,

Pro — proline,

PNA — peptide nucleic acid,

PSS — poly(sodium 4-styrenesulfonate),

PTCD-C10 — bis(p-decylimido)perylene,

PVDF-HFP — polyvinylidene fluoride and hexafluor-
opropylene copolymer,

PVP — polyvinylpyrrolidone,

Pyz — pyrazine,

QCM — quartz crystal microbalance,

QD — quantum dot,

rGO — reduced graphene oxide,

RNA — ribonucleic acid,

RNA polymerase NS5 — nonstructural protein 5 repre-
senting RNA polymerase,

RNA helicase NS3 — nonstructural protein 3 represent-
ing RNA helicase,

ROS — reactive oxygen species,

rt — room temperature,

RTP — room-temperature phosphorescence,

S — sublayer,

SA — stearic acid,

SAM — self-assembled monolayers,

SBS — supramolecular biochemical systems,

SC[4]A — sulfonate calix[4]arene,

SC[4]R — sulfonate calix[4]resorcinarene,

SDS — sodium dodecyl sulfate,

SEM — scanning electron microscopy,

Ser — serine,

SMM — single-molecule magnet,

SPIONP — superparamagnetic iron oxide nanoparticle,

SPR — surface plasmon resonance,

s-RTP — sensitized room-temperature phosphores-
cence,

SURMOF — surface-mounted metal-organic frame-
work,

TAP — trigonal antiprismatic,

TCAS — p-sulfonatothiacalix[4]arene,

TCD — thiolated cyclodextrin,

TCNQ-TCNQ — 1,2-bis[4-(dicyanomethylene)cyclo-
hexa-2,5-dien-1-yl]lethane-1,1,2,2- tetracarbonitrile,

TEM — transmission electron microscopy,

TEMPO — (2,2,6,6-tetramethylpiperidin-1-yl)oxyl,

TEOS — tetracthylorthosilane,

TMA — trimethylammonium,

TON — turnover number,

TP — trigonal prismatic,

TPP — triphenylphosphonium,

triazoleH — 4(5)-carboxy-1,2,3-triazole-1-acetic acid,

Trp — tryptophan,

Tr — triphenylmethyl (trityl),

Ts — p-toluenesulfonyl (tosyl),

TPM — two-photon fluorescence microscopy,

T-T — triplet —triplet energy transfer,

TPE-BDC — 4',4""-(1,2-diphenylethane-1,2-diyl)(E) -
bis([1,1’-biphenyl]-4-carboxylate),

Tyr — tyrosine,

Val — valine,

VTES — vinyltriethoxysilane,

r1 and r» — longitudinal and transverse relaxivity,

T, and 7> — longitudinal and transverse relaxation
times of water protons,

Ay — anisotropy of the magnetic susceptibility tensor.
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