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Abstract. The state-of-the-art in investigations into the supra-
molecular catalysis by metal complexes using macrocyclic recep-
tor molecules is surveyed. The emphasis is placed on issues related
to the design of novel metal complex catalysts capable of molec-
ular recognition and to their applications in organic synthesis, in
particular, in such reactions as hydrogenation, hydroformylation,
carbonylation, hydroxylation, Wacker oxidation, biomimetic
oxidation, and some others. The factors affecting the activity,
stability and selectivity of such catalytic systems are discussed.
The bibliography includes 159 references.

1. Introduction

Nowadays, the vast majority of industrial processes are based on
catalytic reactions. Catalysts are utilised in diverse fields ranging
from large-scale processes, such as petroleum refining, hydro-
treatment, production of ammonia, etc., to the synthesis of drugs
and chemical reagents and sewage and exhaust gas purification. In
this respect, catalysis is a key element of technological progress,
since development and implementation of new highly efficient and
selective catalysts will stimulate production and contribute to the
solution of global problems, such as rational exploitation of
natural resources and environmental protection.

Although numerous homogeneous and heterogeneous cata-
lysts for oxidation, hydrogenation, hydroformylation, carbon-
ylation, etc. are known, these catalysts do not always possess high
selectivity for reactions involving substrates with several active
sites. Furthermore, if the substrates contain heteroatoms, systems
of conjugated bonds and functional groups, the reactions should
be carried out under conditions as mild as possible in order to
avoid side reactions, e.g., isomerisation or decomposition. Ordi-
nary catalysts often exhibit low activities or selectivities under
mild conditions. Metal complex catalysts represent an important
alternative.

The application of principles of supramolecular chemistry,
which deals with studies of ordered molecular ensembles secured
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by intermolecular forces,! ~3 to catalysis has an enormous poten-
tial in the design of novel highly selective catalysts. The design of
compounds capable of molecular recognition of cations, anions or
neutral molecules is the main area of progress in the chemistry of
molecular ensembles and intermolecular bonding. When such
compounds are used as catalysts, the conversion of reactants
into reaction products is preceded by formation of a ‘supra-
molecule’ due to selective binding of a substrate molecule by the
respective receptor molecule.!-%7 This approach enables develop-
ment of catalysts whose activity and selectivity is governed by the
intermolecular interactions of a substrate with the catalyst.

Among molecules capable of molecular recognition, macro-
cyclic receptors (e.g., cyclodextrins and calixarenes) are of pri-
mary interest. These can form host—guest complexes with
substrates due to intermolecular interactions, such as van der
Waals forces or H bonds.!~7 These molecules possess hydro-
phobic cavities with diverse shapes enabling selective binding of
the substrates that match the size and shape of the cavity, which
implies molecular recognition.!-8-9

The present review is devoted to issues related to the design of
novel metal complex catalytic systems containing macrocycles,
primarily cyclodextrins and calixarenes.

Itis of note that, despite intense development of investigations
into supramolecular catalysis,® it is only recently that macrocyclic
receptor molecules capable of molecular recognition have started
to be exploited as components of metal complex catalytic systems,
predominantly as models of enzymes.”-1°~13 The number of
publications on this subject is relatively small as compared to,
for instance, supramolecular catalysis with the use of dendrimers,
which has been thoroughly surveyed.!4~20

Cyclodextrins are cyclic oligomers built up of 1,4-linked
D-glucopyranose residues.?! ~27
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Figure 1. The arrangement of the hydroxy groups in cyclodextrins (),
the sizes of cyclodextrin molecules and of their internal cavities (b).

The most common representatives of this class are a-, B- and
y-cyclodextrins containing, respectively, 6, 7 and 8 glucose resi-
dues. The size of the cavity inside the macrocycle increases from
57A t0 9.5A on going from a- to y-cyclodextrin (Fig. 1). The
hydrogen atoms H(3) and H(5) are always directed inward,
toward the molecular cavity, whereas the hydroxy groups are
directed outward. As a result, a hydrophobic cavity is formed,
which is capable of accomodating fragments of molecules with
suitable sizes and polarities to yield respective host—guest com-
plexes. In the case of calixarenes, which represent cyclic oligomers
of phenol and formaldehyde with different numbers of aromatic
units, the non-polar cavity formed by several monomeric units has
a bowl-like shape.?® 32 An increase in the number of these units
from 4 in calix[4]arene to 8 in calix[8]arene substantially increases
the sizes of the macrocycle and the cavity (Fig. 2 a). Both cyclo-
dextrins and calixarenes can readily be functionalised with various
complex-forming groups, which allows synthesis on their base of
metal complex catalysts capable of molecular recognition.

Calix[4]arene (n = 1), calix[6]arene (n = 3),
calix[8]arene (n = 5)

Figure 2. Calixarenes (a) and ‘molecular clips’ (b).

A few examples of metal complex catalysts based on other
macrocycles, e.g., modified ‘molecular clips’ [synthesised from
diphenylglycoluril (Fig. 2 5)] and cyclophanes will also be given.

The review is subdivided into two sections. The first considers
catalytic systems involving non-coordinated macrocyclic recep-
tors. The second section is devoted to metal complex catalysts
where the corresponding receptor molecules act as ligands.

I1. Metal complex catalytic systems based on non-
coordinated receptor molecules

Catalytic systems based on metal complexes can include com-
pounds capable of forming host—guest complexes as their com-
ponents. In the first step, the formation of an inclusion complex of
the macrocyclic receptor with either the metal complex or the
substrate occurs. Thus, the macrocyclic receptor can affect the
mechanism of a catalytic process in two ways that are depicted in
Figs 3 and 4.

D
C D

‘ and O are groups available and unavailable for reaction.

Figure 3. Formation of a host —guest complex with the substrate.
A isasubstrate; B! and B? are inclusion complexes with the substrate; L,M
is a metal complex; C is an inclusion complex with the product; D is a

reaction product.
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Figure 4. Formation of a host—guest complex with the metal complex
L.M.

A is an inclusion complex, B is a substrate, C is the inclusion compound
metal complex —substrate, D is a reaction product.

In the first case, which is postulated in the majority of studies,
the substrate inclusion complex rather than the substrate itself is
involved in the catalytic cycle. The selectivity of the reaction with
respect to the substrate is determined by the stability of the
respective host—guest inclusion complex, which in turn depends
on the size and structure of the host molecule (see Fig. 3).

The host molecule acts as a ‘microreactor’ and can stabilise the
transition state of the reaction thus increasing its rate.>%7
Furthermore, the formation of the inclusion complex can signifi-
cantly affect the regio- and stereoselectivity of the process by
favouring a specific orientation of the substrate (complexes B! or
B?). Some parts of the substrate molecule can be shielded and thus
escape reaction. The reaction product can also form an inclusion
complex with the receptor (C). This leads to a decrease in the
concentration of the receptor molecules and to deceleration of the
reaction [the so-called product inhibition effect (see Fig. 3)].

In the second of the two above cases, it is a ligand or the metal
complex itself that acts as a guest in the formation of the inclusion
complex (see Fig. 4). The role of the macroligand-host can consist
of stabilisation of a catalytically active complex and the respective
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activated complex or of the ligand environment of the metal atom.
The regioselectivity and stereoselectivity of the reaction are
governed by the orientation of the substrate in the metal complex.

The stability of the host — guest complex strongly depends on
the nature of the solvent used for the reaction. In aqueous media, it
is the hydrophobic interactions that make the dominant contri-
bution to the energy of formation of the complex and thus
substantially enhance its stability. In this respect, the use of
calixarenes and cyclodextrins as components of biphasic catalytic
systems based on water-soluble metal complexes is of particular
interest.!3-33-35 An advantage of this approach is that the water-
soluble catalyst can easily be separated from insoluble products
and recycled.

It should be stressed that the activities of traditional catalysts
in the case of substrates poorly soluble in water are low. Owing to
the formation of the host —guest inclusion complexes, the macro-
cyclic receptors can both affect the activity and the selectivity of
the reaction and act as phase-transfer carriers of the substrate
from an organic medium to the aqueous phase.

1. Oxidation

Catalytic systems involving cyclodextrins and calixarenes have
been tested for Wacker oxidation, hydroxylation, oxidative cou-
pling and oxidation of hydrocarbons (Table 1).

Biphasic Wacker oxidation of unsaturated compounds to
ketones, catalysed by systems based on palladium and copper
salts in combination with different cyclodextrins, has been
studied.3~42 In this case, a complex of cyclodextrin and alkene
is formed and transferred to the aqueous phase, where the
oxidation reaction occurs (Fig. 5).

Table 1. Oxidation and hydroxylation reactions catalysed by systems conta

NN

Organic phase

Aqueous phase

(0]
A
Pd° P42+
Cu2* Cu*

(073

Figure 5. Cyclodextrin-assisted Wacker oxidation of alkenes.

The addition of B-cyclodextrin at the optimum concentration
accelerates oxidation of dec-1-ene more than 20-fold.3%37 The
activity of the catalytic system for the oxidation of linear alkenes
and dienes depends on the nature of the cyclodextrin. Generally,
systems containing f-cyclodextrin are somewhat more active than
those containing a-cyclodextrin and substantially (by several
times) more active than y-cyclodextrin systems. In particular, the
initial rate of the oxidation of dec-1-ene in the case of B-cyclo-
dextrin is virtually the same as in the case of a-cyclodextrin and
more than three times higher than in the case of y-cyclodextrin.3¢

ining receptor molecules.

Catalytic system Reaction Ref.
Wacker process
Pd2+/Cu?* or Pd2* /Cu2* /Hs 1 o[PVaMo12_,040], 0.0 JOK 3644
n = 1-3, non-modified and modified cyclodextrins X = R
(0]
24 1O+ g ; _
Pd?*/Cu?™", water-soluble calixarenes A H,0, O, RJK 34,45-47
Hydroxylation
O 1O
Fe’*, oxyethylated B-cyclodextrin 34, 4850
R = H,OH
Iron(111) tetrakis(n-hexadecyloxyphenyl)- 51
porphyrinate chloride, f-cyclodextrin PhIO_
and 2,6-dimethyl-B-cyclodextrin
Iron(11I) tetrakis(n-hexadecyloxyphenyl)- PhIO )\/\/ 51
porphyrinate chloride, B-cyclodextrin
and 2,6-dimethyl-B-cyclodextrin + HO_~_~~ + /\(\/
OH
Oxidation
. R H>0, R
Fe3*, B-cyclodextrin —_— 52
O(CHz)zNMez Y  O(CH»);NMe;, O(CH2);NMe,
H202 T Y.
Fe3*, B-cyclodextrin Bn Bn 52
Y = O; H, OH
Oxidative coupling
OH
. H:05 H
Fe3 ™", a- or y-cyclodextrin 53
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Presumably, the difference in the activity is due to different
stabilities of the respective host—guest inclusion complexes with
the substrates. For a-cyclodextrin, complex formation is ham-
pered by the relatively small volume of its cavity; for y-cyclo-
dextrin, the entrance to the cavity is too wide such that the
resultant complex becomes unstable.*3

It should be emphasised that the oxidation in the cases where
terminal alkenes and isomeric alkenes with internal double bonds
were present in the reaction mixture proceeded regioselectively:
methyl ketones were the single carbonyl products. The rate of
oxidation of non-terminal alkenes is too low due to the structure
of the respective inclusion complexes: for such substrates, the
double bond occurs inside the cyclodextrin cavity and thus is
unavailable for reaction.3¢-38-40 Jsomeric ketones were detected
as the oxidation products of dec-1-ene in the presence of a- or
v-cyclodextrins only where the reaction was conducted in a
homogeneous solution (water —propan-2-ol), i.e., when no for-
mation of the inclusion complexes occurred.3®

The substrate selectivity has been revealed for the oxidation of
a number of linear alkenes in the presence of the catalytic systems
listed in Table 1.3%3% In the case of systems containing o-cyclo-
dextrin, the maximum reactivity at atmospheric pressure of oxy-
gen was found for non-l-ene whereas the system based on
B-cyclodextrin is most active towards dec-1-ene.*® Apparently,
these two substrates provide the optimum matches to the sizes of
the respective cyclodextrin molecules. This suggestion is further
supported by data on the stability of complexes of B-cyclodextrin
with linear alcohols: the complex with decan-1-ol is the most
stable.** At elevated oxygen pressures, hept-1-ene manifested the
highest rate of oxidation among alkenes studied.*> With an
increase in the cyclodextrin concentration, the reaction rate first
abruptly increases and then remains virtually constant, which
could be due to diffusion-limited formation of the complex.33

The rate of substrate interphase transfer can be substantially
increased if modified B-cyclodextrins are used, in which methyl
[2,6-dimethyl-B-cyclodextrin (1)] or hydroxypropyl (the com-
pounds 3, 4) groups substitute some of the hydrogen atoms of
the hydroxy groups.3> 37

(29

k R=Mek+m=14(1), k + m=21(2);

© R = CH,CH(OH)Me: k + m = 4 (3), 6 (d);

R=SO3Na*:k +m=6(5);

w R =Ac:k +m=6(6),14(7),21 8);
@ R = (CH>CH2O),H: k + m=8,n=2-5(9);
(OR) R = CH>CH,OH: k + m = 5 (10).

This gives rise to enhanced activity with retention of the
substrate selectivity. The maximum activity with respect to
oxidation of alkenes was observed for the system containing
B-cyclodextrin 1, which is well soluble in water and partly soluble
in organic solvents thus providing fast phase transfer of the
substrate. If respective sulfate 5 (which is insoluble in the organic
phase) is used instead of B-cyclodextrin, the activity drops. Similar
results were obtained for permethylated B-cyclodextrin 2 and
partially or fully acylated B-cyclodextrins 6—8 that are virtually
insoluble in water. A decrease in the binding constant of a methyl
ketone, i.e., the reaction product, to the respective cyclodextrins is
yet another factor that enhances the activity of catalytic systems
contaning substituted cyclodextrins. Indeed, no additional stabi-
lisation of the complex of substituted cyclodextrins with the
reaction product is possible, whereas for non-substituted cyclo-
dextrins it is achieved through the H-bonding with the hydroxy
groups.3> 4!

The catalytic activity of water-soluble sulfonated and glycidyl-
ated calixarenes 11—15 in the Wacker oxidation of alk-1-enes has
also been studied 34 45-46

R! = R2=SO3Na*:n = 1(11), 3 (12), 5 (13);

R! = R2 = (CH>CH2(OH)CH20),: 11 = 1, m = 2—4 (14),
n=3,m=2-4(15); R! = R2 = CH:NMes: 1 = 1 (16);
R! = CH,NMe,, R? = But: n = 3 (17), 1 (18).

These systems are characterised both by high chemoselectivity
(as regards formation of the respective methyl ketones) and
substrate selectivity, which is governed by the correspondence
between the sizes of the cavity within the host molecule and the
substrate molecule, as for cyclodextrins considered above. In the
oxidation of hex-1-ene, the reaction rate is a maximum in the case
of water-soluble calix[4]arenes 11 and 14 and calix[8]arene 13.
Similarly, in the oxidation of oct-1-ene, calix[6]arenes 12 and 15
were the most active (Fig. 6).47 The catalytic activity correlates
with the stability constants of the respective host—guest com-
plexes.**

Calixarene Stability constant (ks) /litre mol—!
hex-1-ene oct-1-ene
Tetrasodium calix[4]arene- 280 50
tetrasulfonate (11)
Hexasodium calix[6]arene- 20 85

hexasulfonate (12)

In the oxidation of different styrenes, the maximum yield of
products was observed where the size of the substrate matched the
size of the calixarene cavity: p-methylstyrene is the optimum
substrate for calix[6]arene 12 whereas styrene is the optimum for
calix[4]arene 11.47

Modified B-cyclodextrins have been used as components of
catalytic systems for the oxidation of aromatic hydrocarbons.
Hydroxylation of benzene with hydrogen peroxide, catalysed by
iron ions in a phase-transfer system containing f-cyclodextrin,
gave rise to phenol in 29% yield. The yield increased to 69% with
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The number of carbon atoms in the alk-1-ene

EE Tetrasodium calix[4]arenetetrasulfonate (11)
1 Hexasodium calix[6]arenehexasulfonate (12)
3 Octasodium calix[8]areneoctasulfonate (13)

Figure 6. The substrate selectivity of the catalytic system
PdSO4— CuCl, —water-soluble calixarene in the Wacker oxidation as a
function of the nature of the calixarene and the number of carbon atoms in
the alk-1-ene.*4
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oxyethylated B-cyclodextrin 9, which is well soluble both in water
and benzene 34 48-30

Upon similar hydroxylation of phenol in the system dichloro-
ethane—water, products with the hydroxy group in the para-
position, i.e., quinone and hydroquinone, are predominantly
formed. The selectivity of hydroquinone formation was >95%
with oxyethylated cyclodextrin. The reaction proceeds through
the host —guest complexes,’® 3457 in which all the carbon atoms
of the benzene ring except for that at the para-position are
shielded, which results in the high selectivity (Fig. 7). Oxidation
of alkyl-substituted aromatic hydrocarbons in the presence of
oxyethylated cyclodextrins involves the alkyl groups yielding the
corresponding ketones as the major products. In these cases, the
whole aromatic moiety in the host—guest complexes is shielded
against attack, and the reaction has been used in the synthesis of
(hydroxyphenyl)acetic acids.>®

ann = (OCH,CH,),OH, n = 2-4.

Figure 7. Orientation of the phenol molecule in the cavity of cyclodextrin
9 in the hydroxylation (a) and orientation of the hex-1-ene molecule in the
cavity of B-cyclodextrin upon oxidation by PhIO (b).

The arrows indicate positions available to attack by the active species.

It has been shown that the formation of host — guest complexes
with cyclodextrin can also affect the direction of the oxidative
oligomerisation of alkylphenol derivatives.’! In particular, in the

oxidation of p-cresol by iron ions, the addition of a-cyclodextrin
substantially increases the yield of a trimer whereas the addition of
y-cyclodextrin favours formation of a dimer. In the latter case, the
complex of the dimer and y-cyclodextrin is insoluble in the
reaction medium, which prevents further oligomerisation.

In the oxidation of cyclohexane by a PhIO—iron(Ill)tetra-
kis(n-hexadecyloxyphenyl)porphyrin chloride catalytic system,
the yield of cyclohexanol (relative to the oxidant consumed)
increased from 0.8% to 9% and 14% upon addition of B-cyclo-
dextrin and methylated cyclodextrin 1, respectively.

In the oxidation of n-hexane by the same catalytic system, an
abrupt increase in the comparative reactivity of the methyl groups
was observed. This was explained by partial shielding of the
secondary C—H groups of the substrate in the host—guest
complex that is formed in a biphasic system. The relative reactivity
per terminal C—H bond in benzene as a solvent is 0.01 [the unity
reactivity corresponds to that of the C(3)—H bond in hexane],
whereas the use of catalytic systems containing -cyclodextrin or
2,6-dimethyl-B-cyclodextrin increases this reactivity up to 0.59
and 0.77, respectively.>?

The oxidation of bencyclane [1-benzyl-1-(3-dimethylamino-
propoxy)cycloheptane fumarate] represents yet another example
of the influence of B-cyclodextrin on the reaction selectivity.>?
Only C—H bonds of the cycloheptane ring in the molecule
undergo oxidation in the presence of B-cyclodextrin whereas the
aromatic moiety, being incorporated in a host—guest complex, is
shielded and thus does not react. In a biphasic water —substrate
system, the ratio of cis- and trans-isomers of y-hydroxybencyclane
is 7: 1, while without the receptor, the respective ratio is ~1:1.
Presumably, this increase in the stereoselectivity is due to specific
orientation of the substrate in the inclusion complex.

2. Reactions with hydrogen and carbon monoxide
Receptor molecules were also employed as components of metal
complex catalytic systems for such reactions as hydrogenation,
hydroformylation and hydrocarboxylation (Table 2).

Table 2. Catalytic systems containing receptor molecules for reactions with hydrogen and carbon monoxide.

Catalytic system Starting compound Reagent Reaction product Ref.
0 Hydrogenation
[(1,3-HD)RhCl,]> — B-cyclodextrin Ar)J\R H, ArCH»>R 59-61
RuCl;—-TPPTS —Nal RC(O)H H» RCH,OH 60, 61
RhCl; — TPPTS — B-cyclodextrin R COH H, RN-COH 62
CoCl,—~ KCN-KCl-KOH - B-cyclodextrin R‘WOH H, R _A~_R? 63
R2
H + = 64
>/ \< ’ >/ < > <
A C0.H H, ~SCo.H 64
A CN H, ~CN 65
[Rh(COD)CI], - chiral amine — B-cyclodextrin 0 i”
Ph” ~CO-Me H> Ph” ~CO-Me 66
Hydroformylation
H(CO)Rh(TPPTS);, modified B-cyclodextrins X CO+H, r-CHO | R J\CHO 35,67-70
COH
Rh;(u-SBut)2(CO)o(TPPTS),, B-cyclodextrin R CO-H,0 RNACOH 35,71-74
R
CO,H
H(CO)Rh(TPPMS)3, a-cyclodextrin R CO-H,0 RO R 72-74
. . COH
PdCl,—TPPTS, modified cyclodextrins R CO-H,0O 7274

R CO-H R)\

Note. 1,3-HD is cyclohexa-1,3-diene, COD is cycloocta-1,5-diene, TPPTS is trisodium tris(m-sulfophenyl)phosphine, TPPMS is monosodium

(p-sulfophenyl)diphenylphosphine.
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The use of supramolecular catalytic systems for selective
hydrogenation and reduction of substrates containing functional
groups (e.g., alcohols, aromatic carbonyl compounds, linear
aldehydes, dienes, etc.) enhanced the activity of metal complex
catalytic systems and selectivity of the reactions.>*~7?

Hydrogenation of aromatic aldehydes and ketones by hydro-
gen in THF in the presence of rhodium(hexa-1,3-diene) chloride
results in complete deoxygenation to yield alkylbenzenes. The
addition of B-cyclodextrin accelerates the process more than
fourfold and enhances the selectivity of hydrocarbon formation.>®
It was demonstrated 73 that alkyl aryl ketones form 1 : 1 inclusion
complexes with B-cyclodextrins. In these complexes, the benzene
ring is located inside the cavity and thus is protected from the
attack by the reagent. This leads to enhanced selectivity of the
reaction of the carbonyl group. If a-cyclodextrin is used instead,
the reaction rate drops due to the low stability of the complexes
formed by this receptor with aromatic ketones in THF.

Similar effects were observed in the hydrogenation of aro-
matic ketones catalysed by Ir/Al,0O3 and Pt/C.7% 77 In these cases,
the addition of B-cyclodextrin to the catalytic system abruptly
decreased the yield of the hydrogenation product of the aromatic
fragment. Hydrogenation of substituted pyridines catalysed by
Pd/C is also decelerated in the presence of cyclodextrins.”®

The rate of reduction of normal aldehydes by formate anions
in the presence of ruthenium(II), rhodium(I) or iridium(I) com-
plexes with sulfonylated triphenylphosphine ligands is abruptly
decreased upon addition of B-cyclodextrin, which is explained by
steric hindrance associated with formation of the inclusion com-
plexes of the aldehyde with cyclodextrin.®® However, in the case of
hydrogenation of the same aldehydes by hydrogen in biphasic
systems (water—aldehyde) catalysed by ruthenium complexes
with trisodium tris(m-sulfophenyl)phosphine (TPPTS), the addi-
tion of cyclodextrin significantly increases the yield of the product,
i.e., normal alcohol, as in the case of the aforementioned Wacker
oxidation. Substituted B-cyclodextrins, viz., hydroxypropyl- (3,
4), hydroxyethyl- (10) and 2,6-dimethylcyclodextrins (1) are even
more active. The latter compound provides the maximum reaction
rate, which was explained by the lowest stability of the complex
with the reaction product and faster formation of the host— guest
complexes. 6162

The RhCl;—TPPTS system containing p-cyclodextrin is
highly active in the hydrogenation of unsaturated acids in aqueous
media. The use of B-cyclodextrin both accelerates the reaction and
affects its selectivity due to structural features of the inclusion
complexes formed. For instance, complete reduction of maleic
and fumaric acids in the absence of B-cyclodextrin required 83 h
and 104 h, respectively. Meanwhile, in the presence of cyclo-
dextrin, 100% conversion of maleic acid was achieved in 17 h
whereas the level of conversion of fumaric acid was still as low as
45% after 96 h. Hydrogenation of acrylic acid was slower than
that of cinnamic acid in the absence of cyclodextrin. The opposite
situation was observed after the receptor was added to the
catalytic system. Presumably, this difference was due to formation
of the inclusion complex, where the double bond of the substrate is
located inside the cyclodextrin cavity and the active rhodium sites
interact with the hydroxy groups of the host molecule. This
suggestion also explains the fact that the difference in the hydro-
genation rates for the two substrates is substantially decreased if
methylated cyclodextrin 1 is used instead of B-cyclodextrin.
Furthermore, the degree of hydrogenation of cinnamic acid
using the catalytic system containing B-cyclodextrin was 2%
after 50 h as compared to 80% after 24 h in the case of cyclo-
dextrin 1.3

Lee and Alper showed ** that the use of cyclodextrins for the
reduction of allylic alcohols to alkenes by hydrogen, catalysed by a
system containing aqueous potassium hydroxide and the complex
HCo(CN)3~ generated in situ, allows one to significantly increase
the activity of the catalyst and change the selectivity of the
reaction. Without cyclodextrin, a mixture of cis- and trans-alkenes
is obtained whereas trans-isomers are exclusively produced in its

presence. However, in the case of those allylic alcohols that should
yield terminal alkenes, virtually no reaction occurs. Presumably,®*
the trans-selectivity of the reaction is due to formation of a host—
guest complex of cyclodextrin and the catalytically active anion
HCo(CN)3~, with subsequent reaction inside the cavity of cyclo-
dextrin. Thus, it represents one of a few examples of a reaction
proceeding according to the scheme depicted in Fig. 4. As in the
previous cases, the activity of the system depends on the size of the
cyclodextrin ring. The yields (%) of the reduction products of
cinnamic alcohol in the presence and in the absence of cyclo-
dextrins are listed below.

(E)-PhCH = CHCH,OH —> (E)-PhCH = CHMe + Ph(CH,);0H

No cyclodextrin 62 12
a-Cyclodextrin 70 26
B-Cyclodextrin 80 11
v-Cyclodextrin 3 15

Hydrogenation of dienes in a water—benzene system, like
reduction of allylic alcohols, yields only trans-alkenes, the reac-
tion occurs mainly as 1,2-addition due to shielding of one of the
double bonds in the inclusion complex.®> Hydrogenation of o,f-
unsaturated carboxylic acids and of their deriatives gives rise to
the products of the C=C bond reduction.®® It is noteworthy that
the use of catalytic systems containing B-cyclodextrin made it
possible to achieve high yields of reduction products in the cases of
acrylic acid (81%) and methacrylonitrile (80%). Furthermore, in
these cases, no dimerisation occurred due to the formation of the
inclusion complexes.

Asymmetric hydrogenation of a-keto esters to R-isomers of
a-hydroxy esters is catalysed by a complex of N,N’-dimethyl-
(1R,2R)-diphenylethylenediamine with rhodium cyclooctadiene
chloride.”! The addition of B-cyclodextrin to the catalytic system
enhances both the reaction rate and the selectivity. It was
suggested 71-7° that it is the complex of cyclodextrin and the
substrate that reacts; this changes the polarity of the micro-
environment and increases the yield of the R-product.

The addition of cyclodextrins to catalytic systems containing
TPPTS and palladium dichloride substantially increases the rate
of hydrocarboxylation of alkenes by carbon monoxide in aqueous
media.?>72 A comparison of different modified cyclodextrins as
regards their activities in the hydrocarboxylation of dec-1-ene
showed that hydroxypropyl- (3, 4) and poly(oxyethyl)cyclodex-
trin (9) are nearly as active as B-cyclodextrin. Meanwhile, the
activity and selectivity of methylated cyclodextrin 1, as in other
reactions studied, were significantly higher. In all cases, the effect
of inhibition by the reaction product was observed due to the
formation of H bonds between the carboxy group of the substrate
and the oxygen atoms of cyclodextrin.3?

In the example of the hydroformylation reaction catalysed by
rhodium complexes in biphasic systems, it was shown that the
influence of cyclodextrin on the reaction rate and selectivity can
differ substantially depending on the structure of the host—guest
complex involved. In the case of the hydroformylation of hex-1-
ene by a rhodium complex with monosulfonylated triphenylphos-
phine [(4-NaO3;SC¢Hy4)PhyP), viz., HRh(CO)(TPPMS)s], the
addition of a-cyclodextrin gives rise to a decrease in the yield of
aldehydes from 55% to 11%.7> A similar effect was observed upon
addition of a-cyclodextrin to the catalytic system based on the
complex HRh(CO)(PPh3);_,(TPPMS),. Presumably,®’ in this
case, a complex of cyclodextrin with TPPMS is formed, which
inhibits the reaction.

In contrast, in the hydroformylation catalysed by a rhodium
complex with trisulfonylated phosphine (TPPTS), the addition of
B-cyclodextrin, acylated cyclodextrin 7 or 2,6-dimethylcyclodex-
trin 1 increased the yield of aldehydes from 6% to 19%, 45% or
even 80%, respectively.3>%8-70 The selectivity of aldehyde for-
mation is also enhanced from 60% (without cyclodextrin) to 95%
(in the presence of cyclodextrin 1). This system also manifests the
substrate selectivity related to different stabilities of the respective
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inclusion complexes: the reaction rate in the case of dec-1-ene is
significantly higher than that for undec-1-ene or dodec-1-ene.
Vinylcyclohexane, styrene, propenyl- and butenylbenzenes react
faster than n-alkenes. Finally, alkenes with an internal double
bond are virtually inert in this reaction since such a bond is
shielded in the inclusion complex.

The increase in the activity of the catalytic system Rh—TPPTS
in hydroformylation upon addition of cyclodextrins is explained
by the formation of not only host—guest complexes of the
substrate with the receptor molecule, but of analogous complexes
of B-cyclodextrin with TPPTS as well.33-80 The existence of the
latter complexes was confirmed by several methods.”381-84 The
stability constant of the complex is 7110 M—! at 298 K and
decreases to 610 M~ ! with an increase in temperature to 348 K.
In the case of cyclodextrin 1, the stability constant of the 1:1
complex with TPPTS is 2800 M~ ! (see Refs. 82, 84). Structural
studies of these complexes revealed that the phosphorus atom
therein is arranged in a way that prevents its coordination to the
metal ion. The addition of cyclodextrin changes the equilibrium
between the rhodium complexes in the solution thus facilitating
formation of the complex with an alkene, which leads to accel-
eration of the reaction. It is of note that this effect is weakened
with an increase in the concentration of TPPTS. Meanwhile, the
activity of the catalytic system significantly increases with an
increase in the concentration of cyclodextrin up to a cyclodex-
trin : thodium molar ratio of 30: 1. It was shown that at elevated
temperatures, the reaction rate is limited by diffusion of the
inclusion complex into the aqueous phase. The activation energy
of the reaction above 60 °C is slightly more than 5 kJ mol—! (see
Ref. 80).

In the hydroformylation of alkenes catalysed by
Rha(p-SBut)2(CO)(TPPTS),, the addition of B-cyclodextrin to
the catalytic system significantly increases their conversion into
aldehydes but decreases the fraction of linear isomers.”* In
particular, the selectivity with respect to n-nonanal is 98% in the
absence of cyclodextrins and decreases to 76% in the presence of
B-cyclodextrin. With cyclodextrin 1, the selectivity with respect to
n-nonanal under identical conditions is 92%.

The decrease in the selectivity was rationalised assuming
specific orientation of the substrate in the cavity of cyclodextrin,
which favours an attack on the terminal CH, groups of the alkene
by the rhodium hydride species.” 85 If cyclodextrin 1 was used,
the rates of the hydroformylation were equally high for alkenes
Cg—C, 3485

It should be noted that the rate of hydroformylation in the
presence of B-cyclodextrin decreases with an increase in the
number of carbon atoms in the alkene (the rate for dodec-1-ene
was only 2% of the value observed for oct-1-ene).

In the case of cyclodextrin 1, the activity of the catalytic
system in an aqueous phase increases upon repetitive use.
Dessoudeix et al.% explained this fact by the formation of supra-
molecular associates composed of two cyclodextrin molecules and
the active rhodium complex in the solution.

3. Miscellaneous reactions

Decomposition of allyl carbonates catalysed by palladium com-
plexes with sulfonylated triphenylphosphine in the presence of
various modified cyclodextrins has been studied by Monflier and
co-workers 8¢-87

a
RC(O)OW — A/NEIZ
(a) PA(OAc),—TPPTS, modified cyclodextrins, NEts3, A.

The activity of these catalytic systems is several times higher
than that of systems containing unsubstituted B-cyclodextrin. The
maximum activity was found for the system containing methyl-
ated cyclodextrin 1, then the activity decreases in the following
series: permethylated B-cyclodextrin 2, hydroxypropyl- (3, 4) and
hydroxyethyl-B-cyclodextrin 10. For this reaction, the depend-

ence of the reaction rate on the substrate structure was elucidated
in detail. It was found that, among alkyl allyl carbonates with
linear substituents, the maximum activity is manifested by the
derivative having 12 carbon atoms in the alkyl chain. For allyl
decyl and allyl dodecyl carbonates it was shown that the intro-
duction of additional methyl groups into the alkyl radical virtually
did not affect the reaction rate whereas the introduction of bulkier
substituents decelerated the reaction. The activity of allyl f-naph-
thylbenzyl carbonate was two times higher than that of allyl
a-naphthylbenzyl carbonate; a similar situation was observed for
allyl p-phenylbenzyl carbonate in comparison with allyl o-phenyl-
benzyl carbonate. These results can be rationalised in terms of
correspondence between sizes of the cyclodextrin cavity and of the
substrate molecule.®”

Isomerisation of p-allylanisole to anethole catalysed by iri-
dium trichloride in a water—substrate system was studied by
Barak et al.®® The addition of either a- or B-cyclodextrin led to
acceleration of isomerisation several-fold and to a decrease in the
energy of activation of the process. Presumably, a complex of
iridium trichloride with the substrate and cyclodextrin is formed
in this case.

~ a
4-MeOCHy™ N > 4MeOCH,” X"
(a) IrCl3— B-cyclodextrin.

Hydrosilylation of alkenes on platinum- or palladium-con-
taining catalysts represents yet another example of an increase in
the product yield upon addition of B-cyclodextrin to a catalytic
system. Thus, the rate of hydrosilylation of styrene by triethoxy-
silane or trimethylvinylsilane on Pt catalysts is increased in the
presence of B-cyclodextrin by a factor of two and more than three,
respectively. In the case of Pd-containing catalysts, the rate of the
last mentioned reaction is negligibly low. The increase in the
reaction rate can be explained by stabilisation of the transition
state due to the formation of the host—guest complex. These
reactions are nearly completely inhibited by decane, which itself
forms stable complexes with B-cyclodextrin.®?

Water-soluble calixarenes (11, 12, 16— 18) and B-cyclodextrin
have been tested as components of catalytic systems for the cross-
coupling of iodobenzene with phenylboronic acid (the Suzuki
reaction), catalysed by a palladium complex with sulfonylated
triphenylphosphine.®®

PhB(OH) + Phl —>

(a) PACl,—TPPTS, B-cyclodextrin or modified calixarenes.

The addition of the receptors increased the yield of biphenyl
more than twofold. Amino-containing calixarenes manifested the
maximum activity. The stability constants for the respective
inclusion complexes as well as the rates of their formation were
substantially higher than those for non-substituted calixarenes
(Table 3).

Table 3. The stability constants (ks) of calixarene complexes with iodo-
benzene and yields of products in the Suzuki reaction.”®

Calixarene ks of the ‘guest—host’ Relative yield
complex /M~!
Tetrasodium calix[4]arene- 60 2.4
tetrasulfonate (11)
Hexasodium calix[6]arene- 56 2.9
hexasulfonate (12)
Tetrakis(p-dimethylamino- 402 5.8

methyl)calix[4]arene (16)

Note. Relative to the yield obtained in the absence of the receptor
molecule.
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I11. Catalysis by metal complexes with ligands
based on receptor molecules

The catalysts that combine, within one molecule, properties of a
metal complex and a phase-transfer reagent together with capa-
bilities of molecular recognition, attract special attention from
researchers.!2-13.23.26 Sych catalysts include a metal centre and a
ligand containing one or several macrocyclic receptors (e.g.,
cyclodextrin, calixarene, etc.) (Fig. 8).91-%3

Figure 8. Different types of binding of a substrate by a metal complex
containing fragments of receptor molecules.

Lis a ligand bound to the receptor molecule; M is a metal ion; A is a group
accessible for reaction; B is a group in the guest molecule.

(a) binding of two fragments of a guest molecule; (b) additional coordina-
tion of the group B in the guest molecule to the metal atom.

This combination of a host and a metal centre in one molecule
not only retains all the features typical of catalytic systems
discussed in the previous section but also confers new catalytically
important properties. First of all, binding of a substrate by the
cavity of the receptor ligand strictly defines its orientation with
respect to the metal centre, which can strongly affect both the
product distribution and the substrate selectivity of the reaction.
The most interesting examples of this approach are enzyme
models containing several host fragments in one ligand (Fig. 8 a).

It has to be emphasised that if the substrate embedded into the
host—guest complex is additionally coordinated to the metal
centre in the course of reaction (Fig. 8 b), the stability of this
inclusion complex, as well as of the transition state of the reaction,
can be enhanced by several orders of magnitude. This effect is
referred to as ‘double recognition’.%?°3 Due to concerted binding
of the substrate, no additional step of the interaction of the
substrate inclusion complex with the metal ion (which was typical
of all catalytic systems considered in Section I) is necessary. As a
consequence, such catalysts provide a substantial decrease in the
energy of activation and the entropy of the reaction and thus
increase its rate.!3-%4

Complexes with receptor molecules were initially tested as
models of hydrolytic enzymes.!?92.93.95-101 p to now, issues
related to the design and catalytic activities of such complexes
have been elucidated in biomimetic oxidation, epoxidation,
hydroxylation, Wacker oxidation, oxidation of sulfides and
alcohols, hydroformylation, hydrogenation and other reactions.

1. Oxidation

Breslow et al.'92-107 demonstrated the possibility of selective
oxidation of different compounds on manganese porphyrinate
complexes capable of selective substrate binding due to the
presence of two or more cyclodextrin fragments.

The manganese complexes 19, 20 enable epoxidation of
unsaturated compounds by iodosylbenzene in aqueous media.
The product yield is strongly dependent on the matching of the
structures of the substrate and the metal complex.!?? In particular,

S

Lep

CD is cyclodextrin; R = H (19), F (20).

in the presence of compex 19, the substrate 22 is epoxidised
50 times faster than the substrate 21 due to the presence of
nitrophenyl groups, which are strongly bound by the cyclodextrin
fragments. The activity of the complex 23, in which the substrate is
cooperatively bound by two cyclodextrin fragments simultane-
ously, is comparable to that of 19. The activity of the catalyst 24
(where the arrangement of the receptor fragments does not
correspond to the substrate shape and one of the cyclodextrin
units does not take part in the substrate binding) is significantly
lower.

R 0
HO-C N N
0 21,22 R
R = H (21), 4-NO,CeH, (22).
Rl
" :
23,24

23:R! = H, R? = C¢H4SCH,CD; 24: R! = C¢H4SCH>CD, R? = H.

The iron porphyrinate complex 25, containing two cyclo-
dextrin fragments above and below the porphyrin plane, manifests

25
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selectivity in the epoxidation of unsaturated compounds: in the
case of cyclohexene, the reaction rate is several times higher than
that of styrene. Furthermore, in the presence of a similar por-
phyrinate complex containing no cyclodextrin fragments, cyclo-
hexene reacts significantly slower than in the presence of the
complex 25.108

The selectivity of the oxidation of C—H bonds with PhIO,
catalysed by cyclodextrin-containing manganese porphyrinate 19,
also depends on the matching of the arrangement of binding
centres within the ligand and the substrate structure.'93-107 In
particular, in the oxidation of substituted 1,2-diphenylethanes, the
aromatic moieties are not affected while the benzylic sites are
selectively oxidised.

OH
CeHyR-4 PhIO )\/C H.R-4
4RCHy™ 7T — > 4 RCeH, o

R = OCH(CO,H)C¢H4Bu'-4.

Manganese porphyrinate complexes modified by cyclodex-
trins can catalyse selective oxidation of specific C—H bonds in
steroids 26—30. It was demonstrated that the selectivity is gov-
erned by the orientation of the substrate in the host—guest
complexes due to specific binding of aromatic fragments of
auxiliary groups in the steroid molecule. 92104

Rl = 4-Bu‘C6H4CHCH2C(O)O; Rz = CONHCH2CH2803H
CH,R?

HO™

For instance, oxidation of steroid 26 catalysed by the complex
19 yields exclusively the 6-o-hydroxy derivative. Meanwhile,
compound 27 devoid of one substituent R! yields a mixture of
nine components.!?2 The activity of manganese porphyrinates 20,
31 and 32 containing tetrafluorophenyl groups is significantly
higher. 105107

Selective oxidation of steroid 28, catalysed by the complexes
20, 33 and 34, yields the 9-hydroxy derivative as the major
product.'%7 This could be due to involvement of all three cyclo-
dextrin fragments in steroid binding. A minor hydroxylation
product at C(15) is formed due to involvement of only two
cyclodextrin fragments in binding. Therefore, oxidation of steroid
29 catalysed by porphyrinate 20 yields oxidation products at C(9)
and C(15) in nearly equal proportions. The catalysts 31 and 32
enable strictly selective hydroxylation at C(9).

It is of note that substrate binding by only one cyclodextrin
fragment allows selective introduction of a hydroxy group into a
steroid molecule. In particular, oxidation of compound 30 cata-
lysed by porphyrinate 20 yields mainly the hydroxylation product

R! X S CD

|
31,32 R2
R'=R2=H,X =C(@31);R! =F, X =N, R?is absent (32).

CDﬁ

33,34 CgH4R-2
N
H ~
R = NO,(33), N - (34).

O

at C(15) whereas neither the double bond nor the hydroxy group
are affected.

Manganese porphyrinate 35 containing cyclophane frag-
ments 19° catalyses oxidation of compound 26 but the selectivity
is significantly lower compared to that of the analogous complex
containing cyclodextrin fragments [the ratio of the hydroxylation
products at C(6) and C(15) is 3:1]. In the case of steroid 28, the
selectivity of hydroxylation at C(9) is only 60%. Apparently, the
substrate, even bound by the cyclophane fragments, retains
sufficient mobility resulting in non-oxidation.

R

(X = C(O)(CH2):NHMej Cl-).
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Similar effects of the ‘rigidity’ of substrate binding are
observed for the oxidation of B,B-carotene 36 and its analogue
37 by tert-butyl hydroperoxide catalysed by ruthenium porphyri-
nate 38 containing two cyclodextrin fragments.!10-113

Me  Me Me Me

14 12

OCH,CD

In this case, the stability constant of the host — guest complex is
very high (2.6x 10° M~") due to cooperative binding of the
carotene molecule by the cyclodextrin fragments. Nevertheless,
oxidation of carotene proceeds non-selectively: the cleavage
products of the C(15)—C(15), C(11")~C(12") and C(9")—C(10")
bonds are formed, although the two former products prevail. At
the same time, if one of the cyclohexene fragments is replaced by
an aromatic one (compound 37), the cleavage product of the
C(15)—C(15") bond is selectively formed. Probably, in this case
both the structural ‘rigidity’ of the inclusion complex and binding
constant are increased, the latter is 5.6 x 10° M—

The iron complex 39, containing B-cyclodextrins modified by
catechol groups, proved active with respect to phenol hydroxyla-
tion. Abnormally high regioselectivity was achieved in this system:
the yield of catechol exceeded 90%. The use of the metal
complexes results in a significant increase in the binding constant
of phenol; its specific orientation in the host—guest complex
owing to additional coordination provides selectivity for ortho-
hydroxylation (Fig. 9).344%-30-114 Tt was shown !1>116 that the

0 (6]
OH
HO._ /
HO____tFe3+
OH
(¢}
O
J)
39
Figure 9. Formation of a complex of the catalyst with phenol in the

hydroxylation of the latter by hydrogen peroxide.
The arrow marks the site available to hydroxylation.

iron complexes formed at pH 2.5, which contain two ligands per
iron ion, manifest the highest activity. The quantitative selectivity
as regards catechol formation was achieved in the reaction with
copper complexes containing ethylenediamine-modified cyclo-
dextrins and, noteworthy, non-modified B-cyclodextrin. In the
latter case, the catalytic activity is probably due to binuclear
copper complexes with B-cyclodextrin, which, in turn, form stable
complexes with phenol.!7- 121

Catechol is also formed as the main product in hydroxylation
of benzene by hydrogen peroxide, catalysed by the complex 39.
The yield of phenol, i.e., the primary hydroxylation product, being
about four times lower.34 %115 This is explained by the fact that
phenol formed upon hydroxylation of benzene remains in the
cyclodextrin cavity due to cooperative binding to the metal atom
and thus undergoes further oxidation to catechol. With iron
complexes containing B-cyclodextrin modified by catechol at the
primary hydroxy group, hydroquinone is predominantly
formed.!1>- 116

Copper complexes with cyclodextrins were used in the oxida-
tion of isoborneol and borneol by peracetic acid and hydrogen
peroxide in a acetic acid —pyridine mixture.!?? 123 The yield of
camphor, the main product, and selectivity of the reaction were
much higher than those in the process catalysed by copper sulfate.
The catalytic effect is explained by specific orientation of the
substrate molecule in the inclusion complex due to coordination
of the alcohol group to the copper ion.

The copper complex of pyridine-modified calix[6]arene
40 124128 jg active in the oxidation of benzene to quinone via
phenol and hydroquinone. It is of note that no catechol is formed
in this case. The same complex is active in the oxidation of
ethylene to acetaldehyde and acetic acid.'* A similar copper
complex of calix[4]arene modified by the imidazole groups 41
catalyses oxidation of 3,5-di-tert-butylcatechol, benzene and
ethanol by hydrogen peroxide to the corresponding quinone,
benzoquinone and acetaldehyde, respectively 129,130

//\NMS //}\IML

§ )

Interesting examples of supramolecular oxidation catalysts
are given by compounds based on ‘molecular clips’.!3! 136 The
copper complexes 42 and 43 of such molecules proved to be
selective catalysts for biomimetic oxidation of alcohols to the
respective aldehydes.!32~13* The analogous porphyrinates were
efficient in the epoxidation of stilbene and pinene by hypochlor-
ite.13%

The rate of oxidation of 3-hydroxy- and 3,5-dihydroxybenzyl
alcohols catalysed by the complex 42 was substantially higher
than that of benzyl alcohol. Presumably, H bonds are formed
between oxygen atoms of the oxy groups in the cavity and the
hydroxy groups in the aromatic ring of the substrate, in addition
to coordination of the benzyl group to the copper ions.!3?
Oxidation of phenols by air in the presence of the copper
complexes 43 and 45 with pyridine-containing ligands yields only
polymeric products of oxidative coupling.'?> Martens et al.
proposed 132 analogous catalysts 44 that are soluble in fluorous
solvents.!3* Manganese porphyrinates 46 containing pyridine as
an axial ligand are unstable. The use of 4-(zert-butyl)pyridine
made it possible to stabilise the catalyst owing to another type of
ligand coordination in the active complex: in contrast to pyridine,
it cannot be accomodated in the cavity of the receptor and thus is
coordinated from the outer side.!3> 136
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~ N=Cua)
N~ =N,

42

R R
R = H (43), SiMexRF (44) (R is perfluorinated hydrocarbon fragment).

43,44

CNPd(PhCN)Cl,

The palladium complex 47 with B-cyclodextrin modified by
cyanoethyl group manifested significantly higher activity than the
catalytic system PdCIly(PhCN),—B-cyclodextrin in the Wacker
oxidation of higher alk-1-enes. Its activity is due to cooperative
binding of the substrate and the increased stability constant of the
catalyst—substrate complex. It was shown that the stability
constants of the inclusion complexes significantly increase on
going from non-modified cyclodextrin to the metal complexes of
the type 47. The energy of activation of the reaction decreases
approximately twofold, which is explained 4> by additional coor-
dination of an alkene to the palladium atom in the inclusion
complex. The activity of the catalyst depends on the chain length
of the alkene and is a maximum for hept-1-ene.*?

The catalyst 47 demonstrates higher activity in reactions with
aromatic  substrates, e.g., styrene, than with linear
alkenes.3*42.50:137 Oxidation of styrene catalysed by a system
containing the palladium complex and non-modified cyclodex-
trin, yields acetophenone as the major product. If the cyclodextrin
in the catalytic system is modified by nitrile groups, phenyl-
acetaldehyde is formed in about the same proportion as aceto-
phenone. This means that the regiospecificity of the reaction is
altered.

Palladium complexes with sulfocalixarenes modified by
nitrile-containing groups manifest higher activities in the biphasic
Wacker oxidation of alk-1-enes compared to systems composed of
non-modified sulfocalixarenes. The catalytic activity strongly
depends on the size of the calixarene cavity: calix[4]arene and
calix[6]arene are most active towards hex-1-ene and oct-1-ene,
respectively.*?

Catalysts based on cyclodextrins are very promising for
performing enantioselective catalytic reactions. Oxidation of a
mixture of (S)- and (R)-pinenes by oxygen under irradiation with
visible light, catalysed by the iron complex with porphyrin
modified by 2,6-dimethyl-B-cyclodextrin (48), is an example of
this approach.'3% 139 Under these conditions, the (S )-isomer was
more reactive and the enantioselectivity was above 60%.

Ph 0
~""0CDMe»-2,6

48

Only a few studies were aimed at the synthesis of macrocyclic
receptors as catalysts of enantioselective reactions. Oxidation of
aromatic sulfides to sulfoxides catalysed by the molybdenum
complexes 49—51, containing modified cyclodextrins as ligands,
yields predominantly (R)-isomers. The yield of sulfoxide in the
oxidation of thioanisole by hydrogen peroxide in biphasic sys-
tems, catalysed by the molybdenum complex 49 containing cyclo-
dextrin with ethylenediamine as a substituent of one of the
primary hydroxy groups, was 91% [ee 59% (R)]. In the case of
the complexes 50, containing B-cyclodextrin, and 51, containing
B-cyclodextrin with ethylenediamine as a substituent of a secon-
dary hydroxy group, the enantioselectivities were substantially
lower (from 17% to 24%).140

NH, NH o NH,
\/ O 0k 0 \/ O
HN—[-Mol\  HN [ Me(/ HN--|-Mo_\
/ e} o~ \Vo / o)
(6] lo) O
49 50 51
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2. Hydrogenation and hydroformylation

A series of rhodium complexes 52 — 59 with cyclodextrins modified
by various phosphine groups have been synthesised as potential
catalysts for hydrogenation and hydroformylation reactions.

R PPh,
R =N__pph, 52

PPh,

SQN\/PPhZ ,n=2(53),3(54), 4 (55);

n

52 56 OPPhs (56),
R! R2 ,—Pphz
R! =N ,R2=0Me,n =5 m=14(57);

PPhy
R]
Rl

R2 = OCeH4(PPha)-4, n = 4, m = 12 (58);
R2 = PPho,n = 5,m = 14 (59).

57-59 \(OMe),,

Reetz et al®*141-142 showed that these complexes possess
substrate specificity in the hydrogenation of aromatic unsaturated
compounds. Furthermore, rhodium complexes with cyclodextrin
ligands are active in the hydroformylation of alkenes '3-34 142 and
similar platinum, rhodium and iridium complexes are efficient
catalysts for the hydrogenation of aromatic chloronitro com-
pounds 43 (Table 4).

Table 4. Complexes with cyclodextrin-containing ligands catalysing
hydroformylation and hydrogenation reactions.

Ligand  Reaction Conditions Ref.
52 Hydrogenation of toluene —water, 20 °C, 143
nitrobenzenes H,, 2 MPa
52-55, Hydrogenation, 25% DMFA in water, 12,13,
57 hydroformylation Hb>, 0.1 MPa or syn- 34,94,
thesis-gas under 10 MPa, 141,
25 °Cand 60 °C 142
56 Hydroformylation DMFA, synthesis-gas, 144
2 MPa, 80 °C
59 Hydroformylation methanol : water = 6:4, 145
synthesis-gas, 4 MPa,
60 °C
60 Asymmetric methanol, ethanol, THF, 146
hydrogenation acetone, Hy, 0.1 MPa

The use of rhodium complexes with the ligands 52—55 as
catalysts for hydroformylation increases the rates of the reactions
compared to those for catalytic systems containing non-modified
B-cyclodextrin and H(CO)Rh(TPPTS); . Furthermore, the selec-
tivity of formation of linear aldehyde is also increased, which is
explained by specific orientation of the substrate in the supra-
molecular complex with the cyclodextrin fragment. In contrast to
the catalytic systems based on H(CO)Rh(TPPTS);, rhodium
complexes with the ligands 52—55 enable conversion, in biphasic
solvent systems, of alkenes even with an internal double bond
[e.g., (E)-oct-3-ene]. The catalyst remains in the aqueous phase
and can be recycled. Hydrogenation of aromatic compounds on
the rhodium complexes with the ligands 52—55 and 57 is charac-
terised by much higher reaction rates than those of linear alkenes,
which suggests molecular recognition of the aromatic substrates.

In the hydrogenation of chloronitrobenzene, a platinum
complex with the ligand 52 provided the best selectivity. The
yield of aminochlorobenzene was >95%. Virtually no hydro-
dechlorination products were observed due to shielding of the
chlorine atom within the inclusion complex.'¥> Rhodium com-
plexes with methylated a-cyclodextrin (58) modified by phosphine

groups and with B-cyclodextrin (56) modified by phosphite
groups, have been tested as catalysts for homogeneous hydro-
genation.'#+ 145 In this case, substrate selectivity was also
observed: hydrogenation of aromatic compounds proceeded
much faster than that of alkenes due to the higher stability of the
respective host — guest complexes.

A rhodium complex with the permethylated B-cyclodextrin 59
modified by two triphenylphosphine groups at adjacent glucose
fragments, was active in the enantioselective hydrogenation of
various substituted o,B-unsaturated acids. The enantioselectivity
ranged from 49% to 92% depending on the substrate and solvent.
Apparently, in this case, cooperative binding of the substrate by
the ligand cavity and the metal atom defines its specific orientation
and favours formation of the R-isomer. !4

Nolte and co-workers '47 synthesised the rhodium phosphite
complex 60 with a non-polar cavity using molecular receptors
based on diphenylglycoluril. Aromatic allylic compounds can be
selectively hydrogenated in the presence of this complex with a
rate much higher than that in the case of catalytic systems without
host fragments, due to binding of the substrate in the cavity. The
activity of the catalyst towards hydrogenation of p-allylcatechol
could be increased by addition of resorcinol, probably owing to
cooperative binding of both molcules, viz., the substrate and
resorcinol, in the cavity of the host.!47-148

h
?Ph oPh PhO_ | _OPh
yd aw
PhO— P\ \\\\\ \]\—\[ oPh
Rh==
PhO_ " e P/ o
P,a— P —

PhO™ Pho”

A macromolecular rhodium complex containing modified
calixarene 61 as a ligand, was tested as a catalyst for hydro-
formylation in biphasic systems.!4’ Hydroformylation of oct-1-
ene was conducted in an alkene—water system without other
organic solvents; rhodium(I) acetylacetonatodicarbonyl served as
a precursor of the catalyst.

PAI‘2 AI'2P
SOsM MOsS
\
i
sosM {
MOsS
} 7)_SOM
J
OH
HO OH OH
61 Ar = Ph, CcH4SO3H-3.

At the pressure of synthesis-gas of 4.0 MPa and 100 °C, the
substrate was converted into aldehydes with normal and iso-
carbon skeletons in a ratio of 2: 1. The degree of conversion was
70% —95% after 12 h. It is of note that the catalyst is active in the
hydroformylation of not only alk-1-enes (e.g., oct-1-ene) but of
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such relatively inert substrates as oct-2-ene and oct-4-ene as well.
In the latter case, the reaction yielded a mixture of aldehydes.!>°

Complexes with calixarenes modified by phosphine and
phosphite groups were also tested as catalysts for reactions with
synthesis-gas under homogeneous conditions.!'>! =159 It should be
noted that in this case the fragment of the receptor molecule served
primarily as a template for the design of sterically hindered
phosphine and phosphite ligands. Unfortunately, the process of
formation of the inclusion complexes was not discussed by the
authors.

Hydroformylation of styrene and oct-1-ene using rhodium
complexes of calixarenes 62, 63 was described by Bagatin et al.!?
and by Fang er al.'>* Loeber et al.'>> have employed the complex
64 in the same reaction. Quantitative conversion of styrene into
2-phenylpropanal with a selectivity of 95% took 48 hat40 °Cand

4.0 MPa.

PPh,  Ph,P

Calixarenephosphite 65 (R = H) with a non-protected
hydroxy group was used as a ligand for the rhodium-catalysed
hydroformylation of hex-1-ene.!>¢ Virtually complete conversion
of the starting alkene was achieved in 3 h; the yield of aldehydes
was 80% —85%. Unfortunately, the selectivity was rather low: the
reaction mixture contained equal amounts of linear and branched
aldehydes. A series of analogous phosphites have been tested '57 as
components of catalytic systems for the hydroformylation of oct-
I-ene. It was shown that the nature and steric volume of the
substituent R insignificantly affects the major characteristics of
the process. In particular, the degree of conversion was
80% —90% in all cases and the selectivity of nonanal formation
about 60%.

But

o) O
\P/y OR

65

MeO
R = H, Me, Pri, Ar, Bz. OMe

The use of chelate biphosphonite 66 gave rise to a significant 1.

increase in the regioselectivity of nonanal formation

90% —92%.!5!

{0 mmg 12,

Hydroformylation of oct-1-ene in the presence of Rh com-
plexes with phosphorus-containing calixarenes 67 — 74 was studied
by Kunze et al.'>% 1> The maximum activity was observed for
complexes with the ligand 73, however, the presence of a calixar-
ene fragment in the ligand did not enhance the catalytic activity.
For instance, catalysts containing the ligands 67, 69 and 71
provided the same activity as their analogue without calixarene
whereas for complexes with the ligands 68 and 70, the activity was
even lower.

Me O
N 0
R!=H:R2=R3= P NMe (67), P j (68);
N—< [e)
Me o
Me O
/N /O
R! = Bu:R2=R>= P NMe (69), P j (70);
M ° p
€
e O o O/ \O
Ne Bu! Bu!
R2=Me,R*=P  NMe (71); R2=H,R* = O (72);
N
Me'o OMe OMe
070 0—P
R2 = Me, R? = O o (73), ‘O .O (74).

* * *

The data summarised in the present review demonstrate the
rapidly growing interest of researchers in the design of supra-
molecular metal complex catalytic systems based on macrocyclic
receptors. The number of publications in this area steadily
increases.

Since it is high selectivity that becomes an increasingly
important factor in chemical processes, there is no doubt that
catalysts capable of molecular recognition will find broad appli-
cations in chemo-, regio- and stereoselective reactions.
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