
1. Introduction

The chemistry of polyhedral boron hydrides emerged as a

new field of chemical science in the early 1960s and made a

considerable contribution to the development of the struc-

tural theory of chemical compounds.1 Studies of the proper-

ties of polyhedral boron hydrides significantly extended the

knowledge of two-electron three-centre and multicentre

bonds and led to the concept of three dimensional aroma-

ticity, which is currently used to describe the structures of

not only polyhedral boron hydrides 2 ± 5 but also fullerenes,3

p complexes 6 ± 8 and clusters of transition metals 9, 10 and

their derivatives (see p. 283 in the monograph 11 and the

publication 12). The formal replacement of two boron atoms

in the icosahedral dodecaborate anion [B12H12]27, which is

a purely inorganic system,13 by two carbon atoms affords

neutral carboranes C2B10H12 existing as ortho, meta and

para isomers. Due to the acidic character of CH groups in

carboranes, a great diversity of methods of organic chem-

istry can be employed to modify these compounds.11 In the

reaction with strong nucleophilic reagents, one boron atom

directly bonded to both carbon atoms of ortho-carborane

can be removed to form the anionic nido-carborane [7,8-

C2B9H12]7, which has a pentagonal open face with one

bridging proton (Fig. 1). The treatment with strong bases

leads to the removal of this proton to give the dicarbollide

anion [7,8-C2B9H11]27, as an isolobal analogue of the

cyclopentadienyl anion (Cp7). This anion forms sandwich

and half-sandwich p complexes with transition metals (see

the monograph,11 p. 711). The cobalt bis(dicarbollide) [3,30-
Co(1,2-C2B9H11)2]7 (see Fig. 1) is the most well-studied

representative of these complexes.14, 15

Derivatives of polyhedral boron hydrides are not only of

theoretical interest but also of practical importance due to a

number of unique properties.12, 16 In particular, cobalt

bis(dicarbollide) derivatives are used in various fields,

from nuclear waste reprocessing 17 ± 21 and design of new

materials 22 ± 30 to medical technologies.31 ± 35 The employ-

ment of cobalt bis(dicarbollide) derivatives in medicine is
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Figure 1. Polyhedral boron hydrides. The Figure was prepared by
the authors using the data of Refs 13 ± 15.
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largely due to good solubility of their sodium salts, low

toxicity 36 and the ability to penetrate biological mem-

branes.37, 38 An important area of potential application of

cobalt bis(dicarbollide) derivatives in medicine is boron

neutron capture therapy (BNCT) of cancer. This is a binary

treatment modality for cancer based on the selective accu-

mulation of boron compounds in a tumour followed by its

irradiation by a thermal (slow) neutron flux, resulting in the

selective destruction of tumour cells with the preservation of

the surrounding normal tissues during an intracellular

nuclear reaction 39

10B+nth [11B]* a+7Li+2.31 MeV (1)

Apart from the selective accumulation of boron com-

pounds in a tumour, an important requirement for BNCT

is the achievement of their clinically relevant therapeutic

concentration (520 mg of 10B per gram of tumour).40

Therefore, cobalt bis(dicarbollide) containing 18 boron

atoms per molecule can be considered as a promising

compound for the design of BNCT agents. One approach

to the selective delivery of a boron component to the

tumour site is based on the attachment of this component

to molecules that are able to accumulate in tumour

cells.41 ± 45 Therefore, there is a need to develop methods

for the synthesis of various functional cobalt bis(dicarbol-

lide) derivatives. A characteristic feature of the chemistry

of polyhedral boron hydrides is the formation of cyclic

oxonium derivatives via the electrophile-induced nucleo-

philic substitution (EINS) mechanism.46, 47 Thus, the

reaction of cobalt bis(dicarbollide) with dimethyl sulfate

in the presence of sulfuric acid in 1,4-dioxane or tetrahy-

dropyran affords the dioxane derivative closo-[8-

O(CH2CH2)2O-3,30-Co(1,2-C2B9H10)(1
0,20-C2B9H11)], 1)

and the tetrahydropyran derivative closo-[8-(CH2)5O-

3,30-Co(1,2-C2B9H10)(1
0,20-C2B9H11)], 2), respectively

(Scheme 1).48, 49 Compound 1 can also be synthesized

using Et2O .BF3 as Lewis acid (see Scheme 1).50 The

presence of a charge on the onium substituent causes a

significant electron density redistribution in the metal-

lacarborane cage accompanied by the deactivation of the

second dicarbollide ligand, which, as opposed to many

other substitution reactions,14, 15 results in the formation

of exclusively monosubstituted products.

One of the general approaches commonly used for the

functionalization of polyhedral boron hydrides and their

binding to different biomolecules is based on the nucleo-

philic ring opening of cyclic oxonium derivatives. These

compounds are characterized by rather high stability

compared to organic oxonium salts due to the stabilizing

electron-donating effect of the boron cage and can act as

alkylating agents.46, 47 This approach was successfully

applied to cyclic oxonium derivatives of cobalt bis(dicar-

bollides) 1 and 2. The C7O bond cleavage by a nucleo-

philic (Nu) pharmacophore gives products, in which a

boron cage is attached to the functional group through a

chain of atoms that are formed via the ring opening of

cyclic ester. The presence of a functional group allows

these compounds to react with different molecules, and

the presence of a long spacer reduces the steric and

electronic effects of the boron cluster on the biologically

active part of molecule. It is also worth noting that the use

of different cyclic esters gives rise to spacers with a differ-

ent degree of hydrophilicity or lipophilicity (Scheme 2).

Apart from cobalt bis(dicarbollide), this approach can

also be employed to synthesize functional derivatives of iron

bis(dicarbollide).51 The chemistry of this compound was

much less studied because of its paramagnetic character,

which is an obstacle to the use of NMR spectroscopy. As

opposed to cobalt bis(dicarbollide), not only dioxane (3)

and tetrahydropyran (4) derivatives but also the tetrahy-
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drofuran derivative (5) are known for iron bis(dicarbollide)

(see {).52, 53

It should be noted that recent years have witnessed a

rapidly growing number of publications on the use of the

nucleophilic ring opening of cyclic oxonium derivatives of

cobalt and iron bis(dicarbollides) in the synthesis of boron-

containing biologically active molecules. The application of

this approach went far research dealing with the chemistry

of polyhedral boron hydrides and extended the range of

synthetic tools used by many researchers working in the

fields of bioorganic and pharmaceutical chemistry. This

resulted in the accumulation of a great deal of experimental

data on this issue, which were not addressed in a systematic

fashion. Hence, the comprehensive review and critical

analysis of the results of studies from different researchers

are of great interest. This prompted us to write the review,

which may be helpful for researchers in the field of boron

chemistry and related areas, including organic, bioorganic

and heteroorganic chemistry.

This review summarizes the published data on the

application of ring opening reactions of cyclic oxonium

derivatives of cobalt and iron bis(dicarbollides) with differ-

ent types of nucleophiles (O-, N-, S-, P-, C-, Hal-nucleo-

philes) in the targeted synthesis of a wide range of

functional derivatives and considers methods for the syn-

thesis of various bis(dicarbollide)-containing biologically

active molecules, including amino acids and peptides,

phthalocyanines and porphyrins, nucleosides and nucleoti-

des, lipids and liposomes. The review covers the studies

published mainly between 2005 and 2020, with relevant

earlier publications being included.

2. Oxonium ring opening with nucleophilic
reagents

2.1. Oxygen nucleophiles
The reactions of cyclic oxonium derivatives of cobalt

bis(dicarbollide) [8-O(CH2CH2)2O-3,30-Co(1,2-
C2B9H10)(1

0,20-C2B9H11)] (1) and iron bis(dicarbollide)

[8-O(CH2CH2)2O-3,30-Fe(1,2-C2B9H10)(1
0,20-C2B9H11)] (3)

with oxygen nucleophiles were studied in most detail. The

simplest example is the nucleophilic ring opening of the

1,4-dioxane moiety of compounds 1 and 3 with a hydroxide

ion (Scheme 3). The reaction of derivative 1 with KOH in a

water ± benzene mixture in the presence of dibenzo-18-

crown-6 (DB18-crown-6) 55 or with NaOH in water ± diethyl

ether,55 water ± 1,2-dimethoxyethane (DME) 56 or

water ± 1,4-dioxane mixtures 57 affords the corresponding

alcohol [8-OH(CH2CH2O)2-3,3
0-Co(1,2-C2B9H10)(1

0,20-
C2B9H11)] (6a) in nearly quantitative yields. The reaction

of compound 3 with NaOH in a water ± 1,4-dioxane mixture

gives [8-OH(CH2CH2O)2-3,3
0-Fe(1,2-C2B9H10)(1

0,20-
C2B9H11)] (6b) in moderate yield.52

Alcohol 6a was used to prepare extractants 7a,b con-

taining three carbamoylphosphine oxide (CMPO) moi-

eties,58 capable of the selective extraction of Eu3+ and

Am3+ cations from nitric acid solutions (Scheme 4).59

Apart from hydroxide, dioxane derivative 1 easily reacts

with alkoxide and phenoxide ions. Thus, the reactions of 1

with methanol, ethanol, methyl or ethyl cellosolve at room

temperature in the presence of NaOH as a base affords

ethers 8a ± d (Scheme 5).50 The reaction of compound 1 with

ethylene glycol and oligo(ethylene glycols) in tetrahydro-

furan in the presence of NaH as a base gives the corre-

sponding products containing one (8e ± i) or two (9a ± c)

boron clusters depending on the initial ratio of reagents (see

Scheme 5).56, 60 ± 62

Derivatives bearing oligo(ethylene glycol) units can

coordinate alkali or alkaline metal ions, cobalt bis(dicar-

bollide) being involved in the coordination through B7H

bonds, resulting in stabilization of its cisoid conformation

(Fig. 2). It was expected that such compounds can be used

as extractants for radioactive waste produced during

operation of nuclear power plants. However, in strongly

acidic media, the oxygen atom bonded to boron was found

to be protonated, as in the case of related derivatives of

the closo-decaborate anion,63 resulting in the release of the

coordinated metal atom. More recently, cobalt bis(dicar-

bollide) derivatives with oligo(ethylene glycol) substitu-

ents were proposed as anionic components of molecular

liquids.56, 64

The adverse effect of the protonation of the boron-

bound oxygen atom can be avoided by conjugating crown

ethers with cobalt bis(dicarbollide). A series of such com-

pounds 10a ± c were synthesized by the reaction of complex

1 with crown ethers containing the hydroxymethyl side

group in the presence of NaH as a base (Scheme 6).65 The

investigation of the extraction properties of these products

for Na+, Cs+ and Sr2+ ions in a nitrophenyl hexyl ether ±

water mixture in the presence of HNO3 showed that the

separation coefficients of crown ethers 10a ± c for Cs+ and

Sr2+ are comparable with those of the corresponding initial

crown ethers in a mixture with a hexachloro derivative of

cobalt bis(dicarbollide).

7
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Structures 3 ± 5

(a) KOH, DB18-crown-6, PhH, H2O, D, 4 h; (b) NaOH, Et2O,H2O,

rt, 12 h; (c) NaOH, DME, H2O, 75 8C, 45 min; (d ) NaOH, 1,4-dioxane,

H2O, D, 2 h; rt is room temperature
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or c,
or d
(for 6a)

d
(for 6b)
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Scheme 3

{The reaction of cobalt bis(dicarbollide) with tetrahydrofuran in the

presence of Lewis or Brùnsted acids is accompanied by the ester polymer-

ization even at room temperature.54
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A series of interesting products were synthesized by the

reaction of the dioxane derivative [8-O(CH2CH2)2O-3,30-
Co(1,2-C2B9H10)(1

0,20-C2B9H11)] (1) with alcohol deriva-

tives of ortho-carborane in the presence of n-butyllithium

as a base [Schemes 7 and 8; hereinafter, the abbreviation

2EG-COSAN stands for cobalt bis(dicarbollide) containing

two ethylene glycol untis, (CH2CH2O)2-3,3
0-Co(1,2-

C2B9H10)(1
0,20-C2B9H11)].66, 67 The synthesized dendrimers

11 ± 13 contain 46 to 118 boron atoms and can be consid-

ered as potential candidates for the use in BNCT of cancer.

Alcohols containing non-nucleophilic functional groups

can also be employed as nucleophilic reagents for the

oxonium ring opening. Thus, a series of functional deriva-

tives 14 containing the terminal acetylene group were

6a[Me3NH]
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O

O
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X=

(R= Ph, OEt)O
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Figure 2. Crystal structures of 8b[Na] (a) and 9b[Na2] .Me2CO (b). The Figure was prepared by the authors using the data of Refs 50 and
62, respectively.
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synthesized by the reaction of oxonium derivatives of cobalt

bis(dicarbollide) 1 and 2 with alkoxides of acetylenic alco-

hols (prop-2-yn-1-ol, but-1-yn-3-ol, pent-4-yn-1-ol)

(Scheme 9).68 ± 70 It was shown that these compounds can

be subjected to the CuI-catalyzed [3+2]-dipolar cycloaddi-

tion with organic azides (click reaction) giving 1,4-substi-

tuted triazoles 15 (see Scheme 9).70

The ring opening of derivative 1 with benzyl alcohol-

based alkoxides proceeds in a similar way to give products

16 ± 18 (Scheme 10).57, 62, 71

A series of boron-containing dendrimers 19a ± d were

prepared by the reaction of complex 1 with a,a0-bis[3,5-
bis(hydroxymethyl)phenoxy]-m-xylene, a,a0-bis[3,5-bis(hy-

droxymethyl)phenoxy]-p-xylene, a,a0-bis{3,5-bis[3,5-bis(hy-
droxymethyl)phenoxymethyl]phenoxy}-m-xylene and a,a0-
a,a0-bis{3,5-bis[3,5-bis(hydroxymethyl)phenoxymethyl]phe-

noxy}-p-xylene in the presence of ButOK in DMSO.72

The reactions of oxonium derivatives of cobalt and iron

bis(dicarbollides) with phenoxide ions are among the most

commonly employed ring opening reactions. Initially, it was

proposed to use phenoxides to synthesize cobalt bis(dicar-

bollide) derivatives soluble in low-polarity solvents (tol-

uene, xylene, cumene), which can be applied as extractants

for radioactive waste disposal. The reactions of dioxane

derivatives 1 and 3 with 2-methoxyphenol (guaiacol), 2-ben-

zylphenol and 4-tert-octylphenol in a mixture of toluene

crown= 15-crown-5, 18-crown-6,

21-crown-7

10a[Na]: n= 1 (58%);

10b[Na]: n= 2 (48%);

10c[Na]: n= 3 (71%)
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and tetrahydrofuran in the presence of NaH as a base

afforded ethers 20a ± d in high yields (Scheme 11).52, 73

Like other derivative with oligo(ethylene glycol) sub-

stituents, compounds 20a,d can coordinate alkali metal ions

(Fig. 3).

Phenols containing various functional groups are readily

available reagents commonly used in the synthesis of a wide

range of functional cobalt and iron bis(dicarbollide) deriv-

atives, which can be conjugated with different biologically

active molecules. The reactions of compound 1 with hydro-

quinone,61 p-hydroxybenzaldehyde,74 p-hydroxybenzoic

acid,75 methyl p-hydroxybenzoate 60 and p-vinylphenol 76

in the presence of K2CO3 as a base in acetonitrile or acetone

give products containing the hydroxy (21a), aldehyde (21b),

carboxy (21c), ester (21d) or vinyl groups (21e), respectively.

Iron bis(dicarbollide) derivative 21f bearing the terminal

vinyl group is produced under the same conditions as

compound 21e (Scheme 12).

The Ru-catalyzed cross-metathesis of derivatives 21e,f

with octavinylsilsesquioxane afforded dendrimers 22 bear-

ing eight metallacarborane units (Scheme 13).76
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The ring opening of the dioxane derivative

([8-O(CH2CH2)2O-3,30-Co(1,2-C2B9H10)(1
0,20-C2B9H11)], 1)

and the tetrahydropyran derivative ([8-(CH2)5O-3,30-
Co(1,2-C2B9H10)(1

0,20-C2B9H11)], 2) of cobalt bis(dicarbol-

lide) with hydroquinone monopropargyl ether in the pres-

ence of K2CO3 or K3PO4 as a base gave terminal acetylenes

23a,b in good yields (Scheme 14).69, 77 It was shown that

these products can be used in the CuI-catalyzed [3+2]-

dipolar cycloaddition with organic azides to form 1,4-sub-

stituted 1,2,3-tirazoles 24a,b.

The dioxane ring opening of derivative 1 with 4-acet-

amidophenoxide affords amide 25, its acid hydrolysis gives

amine 26 and the subsequent treatment with diphosgene

produces isocyanate 27 (Scheme 15).78

The reaction of carbollide [8-O(CH2CH2)2O-3,30-
Co(1,2-C2B9H10)(1

0,20-C2B9H11)] with polyatomic phenols

O

O

O
O

O

O
2EG-COSAN

2EG-COSAN
2EG-COSAN

2EG-COSAN

47

19a[K4] (62%)

O
O

O

O

O

O

2EG-COSAN

2EG-COSAN

2EG-COSAN

2EG-COSAN

19b[K4] (51%)

47

O

O

O

O

O

O

O

O

O

O

O

O

O

O

2EG-COSAN

2EG-COSAN

2EG-COSAN

2EG-COSAN

2EG-COSAN

2EG-COSAN

2EG-COSAN

2EG-COSAN

19d[K8] (41%)

OO
OO

O

O

O

O

O O

O O O O

2EG-COSAN

2EG-COSAN
2EG-COSAN

2EG-COSAN

2EG-COSAN

2EG-COSAN2EG-COSAN

2EG-COSAN

19c[K8] (47%)

87

87

Structures 19

a b

H

B

C

Co

O

Na
Fe

Na

Figure 3. Crystal structures of 20a[Na] .H2O (a) and 20d[Na] .H2O (b). The Figure was prepared by the authors using the data of Refs 52
and 73, respectively.

A.A.Druzina, A.V.Shmalko, I.B.Sivaev, V.I.Bregadze

Russ. Chem. Rev., 2021, 90 (7) 785 ± 830 791



7

M
a or b

7

M

21a ± f

O

O
+

R

O
O

O

1: M=Co;

3: M=Fe

(a) RH, K2CO3, Me2CO or MeCN, D (for 21a ±d);

(b) 1) K2CO3, MeCN, D; 2) Me4NCl,

EtOH7H2O (for 21e,f)

Compound M R Yield (%)

21a[K] Co OH 79

21b[K] Co CHO 90

21c[K] Co CO2H 96

21d[K] Co CO2Me 99

21e[Me4N] Co CH=CH2 99

21f[Me4N] Fe CH=CH2 32

Scheme 12

21e[Me4N]: M=Co;

21f[Me4N]: M=Fe

M

O
O O

7

Cat., CH2Cl2, rt OO
O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

22a[(Me4N)8]: M=Co (83%);

22b[(Me4N)8]: M=Fe (45%)

M

M

M

M

87

M

M

M

M

Cat is a first-generation Grubbs catalyst

OSi SiO

Si OO Si

O Si

O

O

O

Si O
O

Si
O

O
Si

OSi SiO

Si OO Si

O Si

O

O

O

Si O
O

Si
O

O
Si

Scheme 13

24a[K]: R = Bn (81%);

24b[K]: R=CH2CO2Me (79%)

Co

7

O

O
O

O

N
N

N R
O

O
X

O

a b

(a) 4-HOC6H4OCH2C:CH, K2CO3 or K3PO4, MeCN, D, 5 h; (b) RN3, CuI, Et3N, MeCN, D

1: X=O;

2: X=CH2

Co

7

O

X
+

23a[K]: X = O (87%);

23b[K]: X=CH2 (98%)

Co

7 Scheme 14

A.A.Druzina, A.V.Shmalko, I.B.Sivaev, V.I.Bregadze

792 Russ. Chem. Rev., 2021, 90 (7) 785 ± 830



gave derivatives bearing several metallacarborane units. For

example, aryl ethers 28a ± c were synthesized by the reac-

tions of compound 1 with catechol, resorcinol and hydro-

quinone in 1,2-dimethoxyethane in the presence of

n-butyllithium as a base (Scheme 16). Ether 28c is also

produced in the presence of K2CO3 as a base in acetone

(see Scheme 16).61, 62, 71

Dendrimers 29 bearing three metallacarborane units

were synthesized by a similar reaction of

[8-O(CH2CH2)2O-3,30-Co(1,2-C2B9H10)(1
0,20-C2B9H11)] with

1,3,5-trihydroxybenzene (phloroglucinol) under different

conditions (Scheme 17).71

Dendrimer 30 bearing three metallacarborane units

based on 1,3,5-tris(4-hydroxyphenyl)benzene was prepared

using two synthetic approaches. One approach is based on

the divergent synthesis involving compound 1 and 1,3,5-

tris(4-hydroxyphenyl)benzene in refluxing acetonitrile in the

presence of K2CO3 or in refluxing tetrahydrofuran in the

presence of NaH (Scheme 18).79, 80 The convergent syn-

thesis (another approach) of dendrimer 30 occurs in two
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steps, involving the reaction of complex 1 with 4-hydrox-

yacetophenone in the presence of K2CO3 to form ketone 31

and its subsequent cyclotrimerization in the presence of

SiCl4 in ethanol to form the target dendrimer 30.80 Related

dendrimer 32 based on 2,4,6-tris(4-hydroxyphenyl)triazine

was also synthesized using two different approaches. The

divergent synthesis was accomplished starting from the

appropriate triazine and dioxane derivative 1. The conver-

gent synthesis involved the dioxane ring opening of com-

pound 1 with 4-hydroxybenzonitrile in the presence of

K2CO3 followed by cyclotrimerization of the resulting

nitrile 33 in the presence of trifluoromethanesulfonic acid

in chloroform (see Scheme 18).79 It is worth noting that the

divergent approach is preferable because it affords the

target dendrimers in almost quantitative yields.

The convergent approach is based on the reaction of

derivative 1 with 3,5-dihydroxyacetophenone in the pres-

ence of K2CO3 in acetonitrile followed by the cyclization of

the resulting ketone 34 with SiCl4 in ethanol afforded

dendrimer 35 bearing six metallacarborane units

(Scheme 19).79

The divergent approach was also applied to synthesize

cyclotriphosphazene core-based dendrimers. Dendrimers 36

and 37 bearing six and twelve metallacarborane units,

respectively, were produced by the reaction of dioxane

derivative 1 with cyclotriphosphazenes decorated with

hydroquinone and phloroglucinol, respectively, in the pres-

ence of K2CO3 (Scheme 20).81

Boron-containing calixarenes provide another example

of boron-containing compounds, which were prepared by

the nucleophilic ring opening of dioxane derivative 1 with

phenoxide ions. These compounds were shown to be good

ligands for the solvent extraction of metals during the

nuclear fuel reprocessing. The possibility of varying the

nature of substituents in calixarenes over a wide range

allows the control of their extraction properties. Com-

pounds 38a ± f containing up to four metallacarborane

units were synthesized by the oxonium ring opening of

29a[Na3] (57%),

29b[Li3] (93%)
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derivative 1 with phenoxide sites of calixarenes

(Scheme 21).82 ± 84 Compounds 38 can coordinate metal

ions both through diethylene glycol bridges and the calix-

arene basket (Fig. 4).

The similar ring opening of compound 1 by phenoxide

and alkoxide sites gave a series of resorcinarenes bearing

metallacarborane units in the upper (39a ± d) or lower

(39e,f) rim of the ligand (Scheme 22).

Carboxylate ions are another type of O-nucleophiles

employed for the oxonium ring opening of derivative 1.

The reactions of [8-O(CH2CH2)2O-3,30-Co(1,2-
C2B9H10)(1

0,20-C2B9H11)] with sodium acetate, benzoate

and salicylate in 1,2-dimethoxyethane or with methacrylic

acid in the presence of K2CO3 in acetonitrile at room

temperature afford esters 40a ± d in nearly quantitative

yields (Scheme 23).30, 71 Derivative 41 bearing two bis(di-

carbollide) units were prepared by the heating of complex 1

(2 equiv.) with terephthalic acid and K2CO3 under reflux in

1,2-dimethoxyethane (see Scheme 23).85

The reaction of derivative 1 with sodium 1,3,5-benzene-

tricarboxylate in diethyl ether at room temperature in the

presence of 18-crown-6 gave dendrimer 42 based on trimesic

acid (Scheme 24).71

The dioxane ring opening of complex 1 with para-

carborane-based carboxylate or dicarboxylate yields the

products containing one (43) or two (44) cobalt bis(dicar-

bollide) units (Scheme 25).85

Compound 40c proved to be an efficient antibacterial

agent against methicillin-resistant Staphylococcus aureus,

and complexes 41 and 44 are efficient antifungal agents

against the diploid fungi Candida albicans.85

The free-radical copolymerization of derivative 40b with

polyethylene glycol monomethyl ether (PEGM) followed by

the ion exchange afforded lithium ion conducting polyelec-
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trolyte 45. The latter is characterized by a low glass-

transition temperature (from 753 to 749 8C) and has

high electrochemical stability, thereby making it possible

to use this compound in rechargeable batteries

(Scheme 26).30

2.2. Nitrogen nucleophiles
Along with O-nucleophiles, nitrogen nucleophiles are also

often used for the ring opening of oxonium derivatives of

cobalt and iron bis(dicarbollides). For instance, the reaction

OR1 ONa

But But 2
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7

n7
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O
+
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Figure 4. Crystal structure of compound 38b[Cs2]. The Figure was
prepared by the authors using the data of Ref. 84.
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of complex 1 with potassium phthalimide in DMF at room

temperature followed by the phthalimide deprotection of

compound 46 with hydrazine gave cobalt bis(dicarbollide)

47 with the terminal amino group as an intramolecular

ammonium salt (Scheme 27).55 Compound 47 proved to be

an efficient antibacterial agent against the microorganisms

S. aureus.86

Related iron bis(dicarbollide) derivative 48 was synthe-

sized by the reaction of [8-O(CH2CH2)2O-3,30-Fe(1,2-
C2B9H10)(1

0,20-C2B9H11)] (3) with an aqueous solution of

ammonia in THF at room temperature (Scheme 28).87

The reaction of amino derivative 47 with 3-nitronaph-

thalene-1,8-diracboxylic anhydride in the presence of trie-

thylamine gave naphthalimide 49 exhibiting cytotoxic

properties against the human hepatocellular carcinoma cell

line (HepG2) and the non-invasive cell line (RPMI 2650)

(Scheme 29).88

The similar reaction of amine 47 with perylene-3,4,9,10-

tetracarboxylic acid derivatives in imidazole gave redox-

controlled fluorescent molecular switches 50 and 51

(Scheme 30).89

The dioxane ring of derivative 1 is easily cleaved with

different primary amines and diamines to form the corre-

sponding protonated ammonium derivatives 52a ± j and

53a ± c (Scheme 31).60, 61, 86, 90 ± 93

The oxonium ring opening can be induced even by

sterically hindered amines. However, such reactions are

very slow. An example is the synthesis pf extractants 54a,b

by the reaction of oxonium derivative 1 with amine con-

taining the tertiary alkyl group with three carbamoyl

methylene phosphine oxide moieties. These compounds

can be used to extract Eu3+ and Am3+ from nitric acid

solutions (Scheme 32).59

The reactions of compound 1 with secondary and

tertiary amines proceed in a similar way and give intra-

molecular tri- and tetraalkylammonium salts 55a ± e, respec-

tively (Scheme 33).55, 60, 86

Cyclic oxonium derivatives of iron bis(dicarbollide) also

react with amines to form the corresponding ammonium

salts. For example, the reactions of compounds 3 ± 5 with

morpholine on heating in mesitylene afford N-alkylmor-

pholinium salts 56a ± c (Scheme 34).53

Since the oxonium ring opening in the reactions of

bis(dicarbollides) with primary and secondary amines

results in the formation of intramolecular protonated
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ammonium salts, compounds containing several boron

cages can be prepared in the presence of a non-nucleophilic

base and an excess of an alkylating agent. This process can

also be performed in a sequential manner through the

deprotonation of the intramolecular ammonium salt,

which is produced in the reaction of amine with one

equivalent of the cyclic oxonium derivative, followed by

the addition of the second equivalent of the oxonium

derivative to the resulting free amine. This method was

applied to prepare ammonium salts 57a ± i bearing two

bis(dicarbollide) units. It was shown that these compounds

can act as HIV protease inhibitors (HIV is human immu-

nodeficiency virus).31, 94

Derivatives 58 ± 61 with a high boron content were

synthesized by the reaction of dioxane derivatives of cobalt

and iron bis(dicarbollides) with amino derivatives of differ-

ent polyhedral borane anions in the presence of NaH as a

non-nucleophilic base.94, 95 Compounds 58 and 59 are

efficient HIV protease inhibitors.94

The ring opening of cyclic oxonium derivatives of iron

and cobalt bis(dicarbollides) with dimethylalkylamines con-

taining different functional groups can be considered as a

convenient route to the synthesis of functional derivatives,

in which the negative charge of the bis(dicarbollide) unit is

compensated by the positive charge of the intramolecular

ammonium cation. Products 62a ± i containing the terminal

amino, hydroxy or acetylene groups were synthesized by the
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reaction of cyclic oxonium derivatives of bis(dicarbollides)

1 ± 5 with protected N,N-dimethylethylenediamine, N,N-

dimethylethanolamine and N,N-dimethylpropargylamine

(Scheme 35).53, 61, 96

The reaction of compound 1 with the cage-like tricyclic

tetraamine Ð [64]-adamanzane Ð affords zwitterionic

derivative 63 with four quaternized nitrogen atoms, which

can form inclusion compounds with I7, HCOÿ3 , SCN7,

BFÿ4 , etc. anions (Scheme 36).97

The dioxane ring in cobalt and iron bis(dicarbollide)

derivatives is also easily cleaved with different nitrogen-

containing aromatic heterocycles, such as pyridine, acri-

dine, phenazine, 1,10-phenanthroline and benzothiazole, to

form the corresponding N-alkylated products 64a ± g
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(Scheme 37).55, 60, 61, 87 Pyrrole (65a,b), indole (65c,d) and

carbazole (65e,f) derivatives were prepared by the oxonium

ring opening of complexes 1 and 2 with potassium salts of

the corresponding heterocycles (see Scheme 37).49

The reactions of cyclic oxonium derivatives were also

performed with other amino-containing N-nucleophiles.

For instance, the dioxane ring of derivative 1 is cleaved

with anions of urea, acetamidine, guanidine, aninoguani-

dine, N,N 0-diaminoguanidine, trimethylaminoacetohydra-

zide (Girard reagent T), 2-aminoimidazole and

2-ethylaminoimidazole (Scheme 38).60, 61, 90, 91 Guanidine-

containing derivatives 66c,d,f efficiently regulate NO syn-

thase, which is involved in many physiological processes

and performs different regulatory and immune functions.91

Deprotonated amides can act as N-nucleophiles in the

ring opening of oxonium cyclic derivatives. For example,

the reaction of two equivalents of complex 1 with N,N 0-
di(isooctyl)diamide of fumaric acid in the presence of NaH

gave amide 67 (Scheme 39). This compound was used as a

negative charge-bearing linear component of rotaxanes,

resulting in the hindered rotation of the positively charged

cyclic component.98

Amides containing cobalt bis(dicarbollide) units can

be synthesized by the acylation of secondary amines,

which are generated through the ring opening of oxonium

derivative 1 with primary amines. For example, the acyla-

tion of boron-containing secondary amines 47 and 52 with

p-nitrophenyl esters of alkyl phenyl phosphoryl acetic acid

in the presence of NaH afforded CMPO-containing com-

pounds 68a ± h (Scheme 40) acting as highly efficient

extractants for lanthanides and actinides from nitric acid

solutions.91, 92
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Other promising cobalt bis(dicarbollide)-based extrac-

tants are derivatives 69a ± h bearing two metallacarborane

units linked together by a diglycol diamide chain. These

compounds can be synthesized from secondary amines,

which are generated through the ring opening of cyclic

oxonium derivative 1 with primary amines and then acy-

lated with diethylene glycol dichloride (Scheme 41).99 It was

found that the efficiency of the extraction of Eu3+ and

Am3+ by extractants 69 from nitric acid solutions is two-

three orders of magnitude higher compared to mixtures of

hexachlorinated cobalt bis(dicarbollide) and N,N 0-tetra-n-
octyl diglycol diamide (TODGA).

Amino derivatives of cobalt and iron bis(dicarbollides)

47 and 48 were used to modify multilayer carbon nano-

tubes,87 graphite oxide 100 silicon dioxide.101

The azide ion is another N-nucleophile widely used for

the ring opening of cyclic oxonium derivatives of cobalt and

iron bis(dicarbollides). The reaction of derivatives 1 ± 3 with

NaN3 affords azide-containing oxonium ring opening prod-

ucts 70a ± c (Scheme 42).68, 70 In the presence of CuI and

triethylamine in acetonitrile, the 1,3-dipolar [3+2]-cyclo-

addition reactions of azides 70a,b with propargyl alcohol,

but-3-yn-1-ol, phenylacetylene and octyne produce 1,2,3-

triazoles 71a ± g (see Scheme 42).68 Under the click reaction

conditions, a similar reaction of azides 70a,b with alkynes

14b,e gives 1,2,3-triazoles 72a ± d bearing two metallacar-

borane units (see Scheme 42).70, 102

2.3. Sulfur nucleophiles
As opposed to O- and N-nucleophiles, examples of the use

of S-nucleophiles for the 1,4-dioxane ring opening of the

cobalt bis(dicarbollide) derivative closo-[8-(CH2CH2O)2-

3,30-Co(1,2-C2B9H10)(1
0,20-C2B9H11)] (1) are much less fre-

quent. For instance, the reaction of compound 1 with NaSH

in refluxing THF affords thiol 73 (Scheme 43).103

The dioxane ring of derivative 1 is cleaved in the

presence of non-nucleophilic bases (e.g., NaH) with other

S-nucleophiles, such as propane-1,3-dithiol, 2-(dimethyl-

amino)ethanethiol, thiourea and thiosemicarbazide, to

form the corresponding derivatives 74a ± d (Scheme 44).68, 90

Derivative 74c was found to efficiently regulate NO syn-

thase.91

Lithium salts of sulfanylcarboranes were also employed

as S-nucleophiles in reactions with complex 1, resulting in

the formation of compounds 75 and 76 bearing one or two

metallacarborane clusters, respectively (Scheme 45).71

Apart from different thiolates, such weak nucleophiles

as dialkyl sulfides can be used for the dioxane ring opening.

For example, the reaction of compound 1 with dimethyl

N
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68: n=1, R2=Ph: R1=Bun (a, 95%),

n-C12H25 (b, 91%), Bn (c, 82%),

tert-C8H17 (d, 84%), H (e, 82%),

Ph (f, 82%);

R1= tert-C8H17: n=1, R2=n-C8H17 (g, 42%);

n=2, R2=Ph (h, 44%)

47, 52c ± e,i,j
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sulfide in dichloromethane at room temperature affords

dimethylsulfonium derivative 77 (Scheme 46).104 Although

trialkylsulfonium salts are less reactive than trialkyloxo-

nium salts, they are widely used in organic synthesis as

alkylating agents. Since the sulfonium centre of compound

77 bears substituents of two different types, its reactions

with nucleophiles would be expected to form a mixture of

two products generated through the abstraction of the

methyl group and the replacement of the dimethyl sulfide

group. However, this process proved to be selective, the

type of the reaction product being dependent on the nature

of the nucleophile. Thus, the reaction of compound 77 with

triethylamine (a strong nucleophile and a strong base) in

1

Co

7

O

O
+
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7
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O
O SH
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refluxing acetonitrile leads to the selective demethylation of

the sulfur atom and the methylation of the nitrogen

atom to form (Et3NMe)[8-MeS(CH2CH2O)2-3,3
0-Co(1,2-

C2B9H10)(1
0,20-C2B9H11)] (78a). The similar reaction

with the iodide ion (a nucleophile, which does not have

basic properties) in DMF at 120 8C affords Na[8-

MeS(CH2CH2O)2-3,3
0-Co(1,2-C2B9H10)(1

0,20-C2B9H11)] (78b).

On the other hand, the reaction of compound 77 with a

weakly nucleophilic base (potassium tert-butoxide) in dime-

thoxyethane at room temperature is not accompanied by

the replacement of the Me2S group, but leads to the side-

chain shortening to form the hydroxy derivative

K[8-HOCH2CH2O-3,30-Co(1,2-C2B9H10)(1
0,20-C2B9H11)] (79)

(see Scheme 46).104 It is worth noting that the behaviour

of the dioxane derivative of cobalt bis(dicarbollide) 1 is

significantly different from that of the corresponding deriv-

atives of the closo-decarborate ([2-B10H9O(CH2CH2)2O]7)

and closo-dodecarborate ([B12H11O(CH2CH2)2O]7) anions,

which do not react with dimethyl sulfide even on heating.

This difference is attributed to the stronger electron-donat-

ing effect of the closo-decarboranyl and closo-dodecarbor-

anyl groups, resulting in higher stability and lower

reactivity of their cyclic oxonium derivatives.105

The length of the spacer between the boron cluster and

the biologically active part of the molecule can exert a

significant effect on the biological properties of the com-

pound. Generally, the length of the spacer generated

through the ring opening of cyclic oxonium derivatives can

be increased by the rational choice of an appropriate

nucleophile. Some examples are given above (see Scheme 5).

Meanwhile, the reaction of dioxane derivative 1 with

dimethyl sulfide followed by the treatment of sulfonium

derivative 77 with a strong base provides a convenient route

to the shortening of the diethylene glycol chain generated

through the 1,4-dioxane ring opening. This approach was

used to prepare a series of functional cobalt bis(dicarbol-

lide) derivatives containing different terminal groups, such

as hydroxy, amino, thiol and azide, separated from the

boron cluster by a three-atom chain, of the general formula

[8-XCH2CH2O-3,30-Co(1,2-2B9H10)(1
0,20-C2B9H11)]7 (X=

OH, NH2, SH, N3). Thus, the reaction of mesylate 80,

generated from alcohol 79, with sodium azide in dimethyl-

formamide at 120 8C affords azide 81, and the reaction of

the latter with phenylacetylene in the presence of CuI and

Et3N in acetonitrile gives triazole 82. The reaction of

mesylate 80 with potassium phthalimide in DMF at 120 8C
produces phthalimide derivative 83, and its treatment with

hydrazine hydrate in ethanol gives amine 84. The reaction

of mesylate 80 with thiourea in refluxing acetonitrile affords

the corresponding derivative 85, which is transformed by

alkaline hydrolysis into thiol 86 (Scheme 47).104

The reactions of derivative 1 with other alky sulfides are

also accompanied by the dioxane ring opening. For

instance, the heating of derivative 1 with thioxane under
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reflux in acetonitrile affords sulfonium derivative 87, which

is inert towards triethylamine and pyridine, but reacts with

potassium tert-butoxide in dichloromethane to form com-

pound 79 as the side-chain shortening product

(Scheme 48).104

9-Methylthio-nido-carborane [9-MeS-7,8-C2B9H11]7

can be used as the S-nucleophile for the 1,4-dioxane ring

opening of complex 1. The reaction of this S-nucleophile in

refluxing acetonitrile yields sulfonium derivative 88 with

three different substituents (Scheme 49). The sulfonium

centre in compound 88 is additionally stabilized due to the

strong electron-donating effect of the nido-carboranyl

group and, consequently, it remains inert towards triethyl-

amine in refluxing acetonitrile. Meanwhile, under similar

conditions, the reactions of compound 77 and the

dimethylsulfonium derivative of nido-carborane

[9-Me2S-7,8-C2B9H11] give the demethylation products.104

A similar reaction of the tetrahydropyran-containing

cobalt bis(dicarbollide) 2 with dimethyl sulfide in dichloro-

methane at room temperature gives dimethylsulfonium

derivative 89, and the treatment of the latter with triethyl-

amine in refluxing acetonitrile leads to the demethylation to

form methyl sulfide derivative 90 (Scheme 50).78

2.4. Phosphorus nucleophiles
There are only a few examples, in which P-nucleophiles

were used in the ring opening reactions of cyclic oxonium

derivatives of cobalt and iron bis(dicarbollides). The reac-

tions of compounds 1 and 2 with triphenylphosphine in

acetonitrile at room temperature produce the corresponding

triphenylphosphonium derivatives 91a,b (Scheme 51).76, 102

Product 91c was synthesized by the reaction of the dioxane

derivative of iron bis(dicarbollide) 3 with triphenyl-
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phosphine in a refluxing mixture of toluene and 1,2-di-

methoxyethane (see Scheme 51).52 The heating of triphenyl-

phosphonium derivative 91a with NaOH under reflux in

ethanol leads to the side-chain shortening and the formation

of compound 79 (see Scheme 51).104

A similar reaction of cyclic oxonium derivatives of iron

bis(dicarbollide) 3 ± 5 with 1,2-bis(diphenylphosphino)-

ethane in mesitylene affords phosphonium derivatives

92a ± c (Scheme 52).53

Boron-containing phosphonic acid esters 93 were syn-

thesized by the Michaelis ± Becker reaction of compound 1

with mono- and dibutylphosphites (Scheme 53).73

2.5. Carbon nucleophiles
Examples of the ring opening of cyclic oxonium derivatives

with C-nucleophiles are also scarce. The first example is the

reaction of compound 1 with cyanide in dichloromethane

giving nitrile 94. The treatment of the latter with sodium

hydroxide in ethanol causes the elimination of acrylonitrile

to form side-chain shortening product 79 (Scheme 54).55

The dioxane ring of cobalt bis(dicarbollide) 1 can also be

cleaved with Grignard reagents. Thus, the reactions of

compound 1 with methylmagnesium bromide and allylmag-

nesium chloride afford the corresponding ethers 95a,b

(Scheme 55).71

Lithium derivatives of carboranes can also act as

C-nucleophiles. The reactions of complex 1 with lithiated

ortho-, meta- and para-carboranes in a molar ratio of 1 : 1 or

2 : 1 in THF give products 96 ± 99 (Scheme 56).106

2.6. Halogens as nucleophiles
The oxonium ring of derivative 1 can also be cleaved with

hydrogen halides in THF at room temperature to form

halogen-containing complexes 100a ± d. Alcohol 79 can be

synthesized by the treatment of compound 100c with

magnesium in the presence of 1,2-dibromoethane in THF

followed by hydrolysis of the intermediates (Scheme 57).103

3. Cobalt and iron bis(dicarbollide) conjugates
with biologically active molecules

3.1. Amino acids and peptides
One intrinsic difference between normal and tumour cells is

their altered metabolism. Oncocytes are characterized by

elevated consumption of amino acids compared to normal

cells. Therefore, amino acid derivatives can be considered as

a unique platform for targeted drug delivery to tumour

sites.107 The blood-brain barrier (BBB) is a significant

obstacle to boron neutron capture therapy of malignant

brain tumours. This barrier is a selectively permeable

membrane, which controls the transport of numerous mol-

ecules towards and from the neuronal micromedium. Gases

and small lipophilic molecules are transported via simple

diffusion, whereas large molecules are transferred by special

3 ± 5
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transport systems, e.g., large neutral amino acid transporter

1 (LAT-1). This transporter efficiently transfers different

L-amino acids (tyrosine, phenylalanine, tryptophan, histi-

dine, valine, leucine, isoleucine) across the BBB. It was

found that LAT-1 is also overexpressed on the cytoplasmic

membrane of many types of tumour cells.108 ± 110 Therefore,

the synthesis of different boron-containing amino acids as

potential BNCT agents has attracted great interest.111 ± 119

Several examples of the synthesis of amino acids con-

taining the cobalt bis(dicarbollide) cluster were described in

the literature. First boron-containing amino acid 102 was

synthesized by the dioxane ring opening of compound 1

with diethyl acetamidomalonate proposed by Sùrensen

followed by the acid hydrolysis of product 101. This acid

was isolated as intramolecular salt, in which the charge of

the metallacarborane anion is compensated by the proto-

nated amino group (Scheme 58).55

Besides, a number of oxonium ring opening reactions of

complex 1 with natural amino acid derivatives were

described. Amino acids contain at least two nucleophilic

centres Ð the amino group and the carboxy group; some

acids include also other functional groups, which can serve

as nucleophilic centres. Therefore, the synthesis of amino

acids based on cobalt bis(dicarbollide) generally requires

1

Co

7

O

O
+
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7

Co

7

Co

1) Mg, BrCH2CH2Br,
THF, rt

2) Me4NCl, H2O7EtOH

O
OH

1

Co

7

O

O
+ (for X = Br)

O
O

X

Scheme 57

7 7

Co Co

1

Co

7

O

O
+

HC(CO2Et)2NHAc

MeCN, K2CO3, rt, overnigth
O

O
NHAc

CO2Et

CO2Et

101[K] (76%)

O
O

CHCO2H

NH3

102 (75%)

+

HCl

D, overnigth

Scheme 58

A.A.Druzina, A.V.Shmalko, I.B.Sivaev, V.I.Bregadze

Russ. Chem. Rev., 2021, 90 (7) 785 ± 830 807



the protection of one or several reactive nucleophilic

centres. For instance, the oxonium ring opening of com-

pound 1 with amino groups of o-amino acids, such as

glycine and g-aminobutyric acid, was accomplished using

their esters, and the resulting derivatives 103 were subjected

to alkaline hydrolysis to the corresponding N-alkylated

amino acids 104 (Scheme 59).120

In some cases, the reactions proceed in a selective

manner even without involving protecting groups. For

example, the reaction of complex 1 with arginine results in

the selective alkylation of the a-amino group to form

product 105 (Scheme 60).95

An importance of the proper choice of protecting

groups was demonstrated using L-tyrosine as an example.

The reaction of N-Boc-L-tyrosine (Boc is tert-butoxycar-

bonyl) with compound 1 in acetonitrile in the presence of

K2CO3 leads exclusively to the oxonium ring opening with

the carboxylate ion. Under the same conditions, the

reaction of N-(trifluoroacetyl)-L-tyrosine ethyl ester

(106a) gave the corresponding tyrosine ethyl ester based

on cobalt bis(dicarbollide) Ð compound 107a. However,

an attempt to remove protecting groups in this compound

failed. The success was achieved only in the case of

(4S)-3-tert-butoxycarbonyl-4-(4-hydroxybenzyl)-5-oxazo-

lidinone (106b), the reaction of which with complex 1 gave

protected amino acid 107b. The treatment of the latter

with a solution of NaOH in aqueous ethanol at room

temperature led to the hydrolysis of the aminal acetal

moiety, and the subsequent treatment with SOCl2 in

ethanol resulted in the removal of Boc protection to

form boron-containing tyrosine 108 isolated in the N-pro-

tonated form (Scheme 61).121

A similar reaction of complex 1 with N-Boc-L-serine

(109a) in acetonitrile in the presence of K2CO3 involves the

oxonium ring opening with carboxylate to form ester 110a;

in the case of alkoxide ions, N-Boc-L-serine ethyl ester

(109b) is required, and the reaction affords the correspond-

ing protected amino acid 110b (Scheme 62).121
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7

Co

7

Co

+O
O N CO2R

H2

n

103a: n= 1, R = Et (88%);
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The reaction of compound 1 with N-Boc-cysteine methyl

ester in acetonitrile in the presence of K2CO3 produced

boron-containing protected amino acid 111 (Scheme 63).78

An attempt was made to synthesize an analogue of

S-methylmethionine [Me2S+CH2CH2CH(NH2)COO7], a

sulfur-containing compound essential for plant metabolism,

which is involved in the methylation and regulation of

methionine biosynthesis.122, 123 However, the reaction of

the dioxane derivative of cobalt bis(dicarbollide) 1 with

N-Boc-methionine in acetonitrile at room temperature gave

methyl ester 113 rather than the expected sulfonium deriv-

ative of methionine 112. Apparently, this compound is

produced via the intramolecular methylation of the car-

boxyl function of amino acid 112, generated in the first step,

with the sulfonium methyl group (Scheme 64).104

Natural peptides exhibit high biological activity and are

involved in the regulation of different physiological proc-

esses. Cobalt bis(dicarbollide) conjugates with thymosin b4
(Tb4), a therapeutic peptide with pleiotropic activity, were

described. This type of activity is responsible for the

enhanced regeneration and healing of injured tissues,124, 125

for example, cardiac repair after myocardial infarction.126 It

is worth noting that Tb4 contains 12 free carboxy groups

distributed along the amino acid sequence. The solid-phase

synthesis by the reaction of derivative 1 with carboxy

groups of Tb4 gave conjugates 114, in which metallacarbor-

ane clusters are bound to thymosin through ester bonds

(Scheme 65). It was found that the modification of amino

acids at particular sites of thymosin causes a significant

increase in its anti-inflammatory activity after cardiac

rupture and supports survival of cardiomyocytes (cardiac

muscle cells).127 Besides, this modification enhances their

promigratory effect on human fibroblast cells in wound

healing.128

3.2. Phthalocyanines and porphyrins
Due to the unique properties of porphyrins and phthalo-

cyanines, such as their selective accumulation in cancer

tissues and the emission of far-red fluorescence, these

compounds are good transport systems for the targeted

delivery of boron clusters to tumour sites. Hence, these

7
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compounds can be used both in BNCT 39, 41 ± 45 and photo-

dynamic therapy (PDT) 129 ± 131 of cancer or their combina-

tion. Various boron-containing phthalocyanines and also

synthetic and natural porphyrins were described.132 ± 140

This Section addresses boron-containing phthalocyanines

and synthetic and natural porphyrins bearing cobalt and

iron bis(dicarbollides) [3,30-M(1,2-C2B9H11)2]7 (M=Co,

Fe) as boron clusters.

Phthalocyanines containing cobalt bis(dicarbollide) as a

substituent can be synthesized using the following two

approaches:
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Ð the synthesis of a boron-containing phthalonitrile

derivative followed by its tetramerization (phthalonitrile

method);

Ð the introduction of a boron cluster into pre-function-

alized phthalocyanine (phthalocyanine method).

The phthalonitrile method was applied to prepare a

series phthalocyanines containing one or two cobalt bis(di-

carbollide) units. Boron-containing phthalonitriles 115a,b

were synthesized by the nucleophilic dioxane ring opening

of compound 1 with 3,6-dihydroxyphthalonitrile or its

monomethylated analogue in the presence of K2CO3 . The

reaction of the latter with a 40-fold excess of phthalonitrile

and zinc acetate in quinoline at 220 8C affords the corre-

sponding phthalocyanines 116a,b (Scheme 66).141

The reactions of compound 1 with 3-(4-hydroxyphen-

oxy)phthalonitrile and 3-pyridylphthalonitrile give phtha-

lonitriles 117a,b, and the template cyclotetramerization of

the latter with a 30-fold excess of phthalodinitrile and zinc

acetate produces phthalocyanines 118a,b (Scheme 67).142

The introduction of a boron cluster at the peripheral

position of the phthalocyanine macrocycle has almost no

effect on the degree of singlet oxygen generation. However,

the use of this approach is limited because of very low yields

of boron-containing phthalocyanines.

Several boron-containing phthalocyanines were synthe-

sized by the phthalocyanine method. Thus, the reaction of

dioxane derivative 1 with phenol-containing phthalocyanine

in acetone in the presence of K2CO3 produced phthalocya-

nine 119 (Scheme 68).143 It is worth noting that under these

conditions, N,N-dimethylaniline groups are not involved in

the oxonium ring opening.

The reaction of complex 1 with phthalocyanine contain-

ing four phenol groups at the macrocycle periphery in

acetone in the presence of K2CO3 afforded phthalocyanine

120 bearing four metallacarborane units bound to the

macrocycle through diethylene glycol spacers

(Scheme 69).144

Phthalocyanine 121 decorated by eight metallacarbor-

ane units was synthesized from compound 1 and phthalo-

cyanine bearing four resorcinol substituents in acetonitrile

in the presence of K2CO3 (Scheme 70).145 It was found that

compound 121 can accumulate in human glioblastoma cells

(GL-6), but its concentration was insufficient for effective

BNCT.

Cobalt bis(dicarbollide) was conjugated with synthetic

porphyrins via the ring opening reaction of dioxane deriv-

ative 1 with N- and O-nucleophiles. For instance, the

reaction with 5,10,15,20-tetraarylporphyrins, in which one

to four phenyl groups are replaced by pyridyl rings,

afforded zwitterionic conjugates 122a ± e (Scheme 71).74, 146

It was demonstrated that porphyrins 122 can penetrate the

HEp2 epithelial cells (human larynx adenocarcinoma) and

accumulate mainly in lysosomes. The accumulation depends

both on the number of metallacarborane units bound to the
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porphyrin macrocycle and their location. Thus, the accu-

mulation of porphyrin 122e bearing four metallacarborane

units is higher than that of porphyrin 122a with one metal-

lacarborane unit, while porphyrin 122b containing metal-

lacarborane units in adjacent positions showed higher

accumulation than porphyrin 122c with substituents in the

opposite positions of the macrocycle.

The reaction of complex 1 with 5-4-aminophenyl)-

10,15,20-triphenylporphyrin giving a mixture of mono-

and disubstituted products (123 and 124, respectively; see

Scheme 72) 147 is another example of the synthesis of boron-

containing porphyrins using the ring opening of oxonium

derivatives with N-nucleophiles.

It should be noted that in the absence of peripheral

nucleophilic centres in porphyrin, the oxonium ring of

derivative 1 can be cleaved with the pyrrole moiety of the

macrocycle to form conjugates 125. In the presence of a

base, these conjugates can be transformed into products 126

(Scheme 73).147 These conjugates show different degrees of

distortion of the porphyrin macrocycle, exerting a strong

effect on their spectroscopic and electrochemical properties.

In particular, the cores of N-substituted conjugates exhibit

significant fluorescence quenching compared to that of

unsubstituted macrocycles.

X1=N, X2=X3=X4=R2=R3=R4=CH,
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The ring opening reactions of the dioxane derivative of

cobalt bis(dicarbollide) 1 with different hydroxy derivatives

of 5,10,15,20-tetraphenylporphyrin are more commonly

used. Thus, the reactions of compound 1 with 5-(4-hydroxy-

phenyl)-10,15,20-triphenyl- and 5,10,15,20-tetrakis(4-

hydroxyphenyl)porphyrins in the presence of a base afford

porphyrins 127a,b bearing one and four metallacarborane

units, respectively (Scheme 74).74, 146, 148 Besides, porphyrin

127b can be synthesized by the condensation of the appro-

priate aldehyde with pyrrole under Lindsey conditions

(BF3
.Et2O as the catalyst and 2,3-dichloro-5,6-dicyano-

1,4-benzoquinone (DDQ) as the oxidant); however, the

yield of the products was at most 20%. Porphyrins 127 are

effective HIV-1 protease inhibitors in vitro,148 the presence

of boron clusters in the molecule playing a key role. Thus,

the activity of derivative 127b bearing four cobalt bis(di-

carbollide) units is four times higher than that of conjugate

127a with one boron cluster.

A similar reaction using monosubstituted 5,10,15,20-

tetrakis(4-hydroxyphenyl)porphyrins, upon activation of

hydroxy groups with potassium carbonate, afforded

boron-containing porphyrins 128a ± c bearing three metal-

lacarborane units. Porphyrin 128c containing the human

immunodeficiency virus HIV-1 Tat 48 ± 60 peptide sequence

showed good accumulation in the human carcinoma cells

HEp2.149

Boron-containing porphyrins 129a ± e bearing two to

eight metallacarborane units, which are linked to the

macrocycle by a flexible diethylene glycol spacer, were

synthesized using the same approach and varying the

number of oxygen nucleophilic centres in 5,10,15,20-tetra-

phenylporphyrin (Scheme 75). Figure 5 shows the molec-

ular structure of conjugate 129c. The accumulation of these
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porphyrins in the human epithelial cell line HEp2 depends

on the number of metallacarborane units at the porphyrin

periphery and their mutual arrangement. Conjugate 129b

bearing four metallacarborane units in adjacent positions

and conjugate 129d bearing six metallacarborane units

showed the highest intracellular accumulation. Lysosomes

are the major subcellular localization sites of conjugates

129.150

There are the following three main methods for the

conjugation of natural chlorins and bacteriochlorins with

cobalt bis(dicarbollide):

Ð the nucleophilic dioxane ring opening of a cobalt

bis(dicarbollide) derivative;

Ð the CuI-catalyzed 1,3-dipolar cycloaddition of termi-

nal alkynes to azides;

Ð the Pd-catalyzed C7C bond formation.

Bacteriochlorophyll a ± cobalt bis(dicarbollide) conju-

gates were synthesized using N-aminobacteriopurpurini-

mide. Due to the presence of the exocyclic amino group in

the latter compound, target conjugates can be prepared by

two methods. One approach is based on the modification of

metallacarborane with a carboxy group followed by the

formation of an amide bond [C(O)7NH] between the

boron cluster and the macrocycle. Another approach is

based on the formation of a conjugate via the direct

oxonium ring opening of derivative 1 with the NH2 group

of N-aminocycloimide. The condensation of N-aminobac-

teriopurpurinimide with boron-containing acid 21c using

dicyclohexylcarbodiimide (DCC) in the presence of 4-dime-

thylaminopyridine (DMAP) affords conjugate 130

(Scheme 76).75 A more efficient approach involves the

nucleophilic ring opening of complex 1 with the exo-amino

group of bacteriopurpurinimide in the presence of diisopro-

pylethylamine (DIPEA) as a non-nucleophilic base to form

conjugate 131 bearing two metallacarborane units (see

Scheme 76).93

The chlorin e6 ± cobalt bis(dicarbollide) conjugate was

synthesized by the [3+2]-dipolar cycloaddition of azides to

alkynes. Thus, the reaction of azide 70a involving the

terminal triple bond of the chlorin e6-based propargyl-

containing zinc complex in the presence of CuI and

DIPEA followed by the demetallation gave conjugate 132

(Scheme 77). This conjugate can accumulate in human lung

adenocarcinoma cells (A549); however, its intracellular

concentration is insufficient for BNCT applications.151

The cross-coupling of alkynylated cobalt bis(dicarbol-

lide) 14a with p-iodophenyl derivatives of chlorin e6 and

purpurinimide in a mixture of benzene and DIPEA in the

presence of Pd2(dba)3 (dba is dibenzylideneacetone) and

PPh3 gave conjugates 133a,b (Scheme 78). Conjugates 133

are capable of penetrating the A549 cell line and accumu-

lating in the cytoplasm.152

The oxonium ring opening of the dioxane derivative of

cobalt bis(dicarbollide) with amino groups of modified
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natural chlorins e6 gave the corresponding boron-contain-

ing conjugates 134a ± d and 135a ± c (Scheme 79).93 The

structures of these conjugates depend on the presence of a

non-nucleophilic base in the reaction mixture. The reaction

performed in the absence of a base allows the synthesis of

target conjugates 134 bearing one metallacarborane unit,

whereas in the presence of DIPEA, the reaction affords

conjugates 135 with two metallacarborane units. The selec-

tivity of the in vitro accumulation of these compounds in

human lung adenocarcinoma cells (A549) depends on two

factors: the number of metallacarborane units in the con-

jugate molecule and the length of the spacer between chlorin

and the metallacarborane unit. Compounds 134 bearing one

boron cluster are characterized by significantly higher

cellular accumulation ratios { compared to those of deriva-

tives 135 with two boron clusters. This is apparently due to

a lower total charge of the molecule, which enhances its

transport across the cell membrane. For conjugates 134 and

135 bearing the same number of boron clusters, the cellular

accumulation ratio increases with increasing spacer lengths.

Chlorin e6 conjugate 134c with one metallacarborane unit

that is linked to the macrocycle by the longest spacer (n=3)

proved to be the most promising for accumulation in

tumour cells. This conjugate showed the maximum accu-

mulation ratio in the in vitro assay in tumour cells

(80 : 1).153, 154

In vivo assays using the transplantable murine colon

carcinoma model (CT-26) demonstrated that compound

134c can selectively accumulate in oncocytes with a tumour

to normal tissue ratio of 3 : 1. Compound 134c showed low

accumulation in skin cells, thereby suggesting its low photo-

toxicity and possible use under light conditions. Good

fluorescence of chlorin allows the control of the boron

concentration in tissues and organs. The results of bio-
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concentration of the compound to its concentration in the incubation

medium.
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logical assays provide evidence that boron-containing con-

jugate 134c is a promising agent for the treatment of

malignant tumours by PDT and BNCT.155, 156 An analogue

of compound 134c based on iron bis(dicarbollide) (134d)

was synthesized using dioxane derivative 3 as the starting

compound (see Scheme 79). Conjugate 134d efficiently

accumulates in rat glioma cells (C6), providing the delivery

of >109 boron atoms per cell, which meets the requirements

for effective BNCT, causes photoinduced death of 80% of

the C6 cell line at a concentration of 80 nM and is not toxic

to cells in the absence of activating factors.157

Another group of conjugates was synthesized using

cyclic imides 136 as the chlorin unit. In these imides, the

terminal amino group is either directly attached to the

nitrogen atom of exocycle 4 (136a) or is spaced from this

atom (136b). The reaction of N-aminocycloimide 136a with

complex 1 in the presence of DIPEA affords disubstituted

product 137a, whereas in the absence of the base, the

reaction does not take place. A somewhat different reaction

pathway was observed for N-(aminoethyl)cycloimide 136b.

The reaction of compound 136b with derivative 1 in the

presence of DIPEA is accompanied by the addition of two

boron clusters to form conjugate 137b, whereas this reaction

in the absence of the base produces monosubstituted cyclo-

imide 138. The difference in the reactivity of cycloimides

136a,b can be attributed to low nucleophilicity of the amino

group directly attached to the imide nitrogen atom in the

former compound (Scheme 80).93

3.3. Nucleosides and nucleotides
Boron-containing nucleosides and nucleotides are com-

monly used in biology and medicines.158 They are consid-

ered as antiviral agents, antisense RNA agents, molecular

probes for diagnosis of genetic diseases, lipophilic pharam-

cophores, electrochemical and IR probes; the methods for

the synthesis of these compounds are described in

reviews.159 ± 162 Boron neutron capture therapy 163 is an

important area of potential use of boron-containing nucleo-

sides because nucleosides can selectively accumulate in

tumour cells, being converted into DNA and RNA nucleo-

tides in dividing cells.164 ± 166 The major drawback of car-

borane-containing nucleosides is their very high

lipophilicity, which hinders the study of their interaction

with phosphorylating enzymes and interferes with the eval-

uation of in vitro activity at the cellular level. Metallacar-

borane-containing nucleosides with different hydrophilic

substituents were synthesized in order to overcome this

drawback. This Section considers examples of the synthesis

of nucleosides modified with cobalt and iron bis(dicarbol-

lides), in which the boron cluster is attached to a carbohy-

drate residue or to a heterocyclic base.

First metallacarborane-containing nucleosides were syn-

thesized in 2003.167 The reaction of 20-deoxythymidine 139

bearing a protected carbohydrate residue with complex 1 in

the presence of NaH affords two protected alkylation

products at the N3 and O4 positions of the thymidine ring.

The removal of the acetyl and trityl protection from the 30-
and 50-OH groups gives two isomers, 20-deoxythymidine ±

metallacarborane conjugates 140a,b in a molar ratio of 1 : 2

(Scheme 81).

In subsequent studies, this research group 168, 169

reported the two-step synthesis starting from 30,50-(O,O-

dimethyl-tert-butylsilyl)-20-deoxyadenosine (141) and diox-

ane complexes 1 and 3 to form 20-deoxyadenosine ± cobalt
and iron bis(dicarbollides) conjugates 142a,b, in which the

boron cluster is attached to the nucleoside at the N6-amino

group. Derivative 142b was used to synthesize adenosine

50-monophosphate (AMP) 143 (Scheme 82).170 In the cited
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study, the authors developed an efficient method for the

synthesis of oligonucleotides, in which iron bis(dicarbollide)

complex 144 is immobilized on a solid support via the

H-phosphonate method (see Scheme 82).

The ring opening of derivative 1 with 30,50-(O,O-

dimethyl-tert-butylsilyl)-20-deoxycytidine (145) affords

20-deoxycytidine ± cobalt bis(dicarbollide) conjugate 146 as

the only N4-alkylated product (Scheme 83).168

However, the reaction of compound 1 with protected

20-deoxyguanosine 147a or 20-deoxythymidine 147b in the

presence of NaH in toluene produces a mixture of three

isomeric products due to the alkylation at the N and O

positions of both the purine and pyrimidine bases. The

deprotection gives products 148a ± c and 149a ± c

(Scheme 84).168

The CuI-catalyzed 1,3-dipolar cycloaddition reaction 171

of boron-containing azides 70 with 20-O-propargyluridine

(150a) and 3-N-(pent-4-yn-1-yl)thymidine (150b) in the

presence of aqueous copper sulfate and sodium ascorbate

gave 1,4-substituted 1,2,3-triazoles 151a ± d. In these prod-

ucts, the boron cluster is attached to the nucleoside through

the triazole ring at the 20-OH position of deoxyribose and

the N3 position of the pyrimidine base (Scheme 85).168
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A convenient method was developed for the incorpora-

tion of boron clusters at specific locations of the DNA

oligonucleotide chain based on the automated phosphor-

amidite method for the synthesis of oligonucleotides 152a,b

followed by the Cu-catalyzed 1,3-dipolar cycloaddition

(Scheme 86).172 The authors showed that antisense oligonu-

cleotides 153a,b bearing the boron cluster in the middle of

the oligonucleotide chain are much more effective inhibitors

of gene expression compared to unmodified oligonucleoti-

des.
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The click reaction of azide 70c with alkyne 154 was

applied to prepare oligonucleotide ± iron bis(dicarbollide)

conjugate 155, which can inhibit gene expression

(Scheme 87).173 A similar reaction with oligonucleotide

156 gave iron bis(dicarbollide) derivative 157, which was

used as a probe for the electrochemical determination of the

DNA sequence of avian influenza virus (AIV) serotype

H5N1 (see Scheme 87).174

The reaction of azidothymidine 158 (Ref. 68) with
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bate gives 1,4-substituted 1,2,3-triazoles 159a,b

(Scheme 88).68

The reaction of NMe2-modified 20-deoxyadenosines 160
with oxonium derivatives of cobalt and iron bis(dicarbol-

lide) 1 and 3 ± 5 at room temperature in acetonitrile produ-

ces zwitterionic 20-deoxyadenosine ± bis(dicarbollides)
conjugates 161a ± e, in which the nucleoside is attached to

the boron cluster through the 8 position of the purine

base.53, 175, 176 This method requires the protection of the

carbohydrate hydroxy group, unlike the method for the

synthesis of adenosine ± cobalt bis(dicarbollide) conjugate

161f. The latter method utilizes protected 8-(2-dimethyl-

aminoethyl)amino-20,30,50-tris(tert-butyldimethylsilyl)ade-

nosine (160c).177 Protected compound 160c is soluble in

polar organic solvent. Its reaction with complex 1 and the

subsequent deprotection give adenosine ± cobalt bis(dicar-

bollide) conjugate 161f (Scheme 89).175 The authors noted

that the addition of cobalt bis(dicarbollide) derivatives

161a,b dissolved in DMSO to the culture medium at con-

centrations of 0.1 ± 100 mM led to their precipitation, which

made it impossible to evaluate their cytotoxicity.

The oxonium ring opening of dioxane and tetrahydro-

pyran derivatives of cobalt bis(dicarbollide) 1 and 2 with the

NMe2 group of 5-ethynyl-20-deoxyuridine (162) in MeCN at

room temperature followed by the treatment with Bun4NF

produced boron-containing derivatives 163a,b

(Scheme 90).178 It is worth noting that the intramolecular

heterocyclization of 5-alkylated nucleosides is not accom-

panied by the formation of the furano[2,3-d ]pyrimidine

system as the side product due to the presence of two methyl

groups in the a position at the triple bond of alkynamine

162.

The Sonogashira reaction of alkynylated cobalt bis(di-

carbollides) 14 was described.70 The CuI-catalyzed cross-

coupling of boron-containing terminal alkynes 14a ± d with

5-iodo-20-deoxyuridine (164a) in DMF at room temperature

in the presence of Pd(PPh3)4 and Et3N followed by the

treatment of the reaction mixture with a saturated K2CO3

solution gave anionic 5-ethynyl-20-deoxyuridine ± cobalt
bis(dicarbollide) conjugates 165a ± d as water-soluble potas-

sium salts.179 This reaction is also not accompanied by the

formation of the furano[2,3-d ]pyrimidine derivative as the

side product.180, 181 Based on this fact, it can be suggested

that the successful use of O-unprotected nucleosides in the

coupling reactions of alkynes is determined by the choice of

an appropriate solvent (DMF) rather than by the presence

of a palladium catalyst. Cobalt bis(dicarbollide)-based fur-

ano[2,3-d ]pyrimidine nucleosides 166a ± d can be synthe-

sized by the direct cyclization of conjugates 165a ± d under

reflux in acetonitrile for 45 min in the presence of catalytic

amounts of Et3N and CuI. Acylated furano[2,3-d ]pyrimi-

din-2(3H)-one nucleoside ± cobalt bis(dicarbollide) conju-

gates 167a ± d were synthesized by the reaction of alkynes

14a ± d with (30,50-di-O-acetyl)-5-iodo-20-deoxyuridine
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(164b) in refluxing acetonitrile in the presence of palladium

on carbon (Pd/C), CuI and Et3N. The subsequent treatment

of compounds 167a ± d with 25% aqueous ammonia at

room temperature leads to the removal of acyl protecting

groups from the carbohydrate residue and the O7N

exchange to form (3H)-pyrrolo[2,3-d ]pyrimidin-2(3H)-one

nucleoside ± cobalt bis(dicarbollide) conjugates 168a ± d

(Scheme 91).179

The evaluation of cytotoxicity and antiviral activity of

conjugates 163, 165, 166 and 168 demonstrated that these

compounds, used at a non-toxic concentration, has almost

no effect on cytomegalovirus (HCMv), herpes simplex type

1 virus (HSV-1), human parainfluenza virus type 3

(HPIV-3), encephalomyocarditis virus (EMCV) and vesicu-

lar stomatitis virus (VSV). Exceptions are compound 166b

exhibiting anti-VSV activity (IC50= 0.9 mmol L71)

and 165c showing moderate anti-EMCV activity

(IC50= 4.0 mmol L71) with a relatively high selectivity

index (SI) }.179

3.4. Lipids and liposomes
Boron-containing liposomes mediate the selective delivery

of boron to tumour cells. Due to high blood vessel perme-

ability, blood stasis is formed within the tumour as a result

of the circulatory failure and lymphatic flow. These changes

lead to the enhanced permeability and retention (EPR)

effect: macromolecules and nanoparticles, the sizes of

which match the pore size of the vascular walls of capillaries

(*500 nm), extravasate from the tumour blood vessel into

the tumour interstitial space 182 and accumulate mainly in

tumour cells. By varying the size of liposomes, one can

regulate their accumulation in the tumour site due to the

EPR effect.183 Besides, tumour cells contain a large number
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} SI is the selectivity index (the CC50 to IC50 ratio), where CC50 is the

concentration of the agent that causes the death of 50% of non-infected

cells and IC50 is the effective concentration for 50% inhibition of virus

replication.
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of low-density lipoprotein receptors capable of binding to

liposomes.

Liposomes can be used for the boron delivery in two

ways: by the encapsulation of boron compounds into the

interior cavity of liposomes coated by natural phospholipids

or by the incorporation of boron-containing synthetic

analogues of lipids into the liposomal bilayer. A combined

approach is also possible.184 It was shown that the nature of

the spacer affects both the structure and toxicity of lip-

osomes.185, 186 Several lipid analogues based on polyhedral

boron hydrides are known.187 ± 189 Examples of such cobalt

and iron bis(dicarbollide) conjugates are considered in this

Section. The hydrophilic portion of these lipids contains the

bis(dicarbollide) cluster; the lipophilic portion, cholesterol

or diethanolamine dipalmitate.

The oxonium ring opening of the corresponding cobalt

and iron bis(dicarbollide) derivatives involving terminal

amino and carboxy groups of cholesterols 169a ± c afforded

lipids with different spacer lengths between the steroid

moiety and the terminal functional group 190 (Scheme 92).

The reactions of amine 169a with cyclic oxonium derivatives

of bis(dicarbollide) complexes 1, 4 and 5 produce charge-

compensated ammonium salts 170a ± c in high yields. Cho-

lesterol ± cobalt bis(dicarbollide) conjugates 171 and 172

were synthesized by the reaction of carboxylic acids 169b,c

with complex 1 in the presence of K2CO3. Lipid derivatives

171 and 172 form stable liposomes of the following compo-

sition: boron-containing cholesterol, 15%; 1,2- distearoyl-

sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethyle-

ne glycol)] (DSPE-mPEG), 5%; hydrogenated soybean

phosphatidylcholine (lecithin, HSPC), 80%. The average

diameter of these liposomes is 170 and 150 nm for lipid

derivatives 171 and 172, respectively. They are characterized

by the uniform size distribution. The efficiency of the

incorporation of boron-containing cholesterol into the

bilayer membrane is equal to 97.0 and 90.3%, respectively.

In the absence of thermal neutron irradiation, compounds

171 and 172 have no cytotoxicity against breast cancer cells

(MCF-7 cell line) and mammary epithelial cells (MCF-10A

cell line).

Another group of cholesterol ± cobalt and iron bis(di-

carbollide) conjugates was prepared by the Cu-catalyzed

[3+2]-dipolar cycloaddition of alkynes to azides. Modified

cholesterol 173 is used as the azide component; different

cobalt and iron bis(dicarbollide) derivatives with the termi-

nal triple bond (compounds 14, 23 and 62), as the alkyl

moiety. The reactions of these acetylenes with cholesterol-

based azide in refluxing acetonitrile or ethanol in the

presence of CuI and Et3N or DIPEA produce charged 69

(174a ± d, 175a,b) and charge-compensated 96 (176a ± d)

boron-containing cholesterols (Scheme 93).

The click reaction of cobalt bis(dicarbollide)-based

azide 70a with (17b)-17-ethynyl-17-hydroxyestra-
1,3,5(10)-trien-3-yl acetate (177) in the presence of the

catalyst CuI and Et3N as a base under prolonged reflux in

acetonitrile affords conjugate 178 containing cobalt

bis(dicarbollide) and the steroid hormone estradiol

(Scheme 94).70
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170c: Y is absent, M = Fe (83%)
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Boron-containing lipids based on cobalt bis(dicarbol-

lide) were prepared by the heating of compounds 1 and 2

with diethanolamine dipalmitate (179) under reflux in

MeCN for 10 h (Scheme 95). Thus, the dioxane and tetra-

hydropyran ring opening gave compounds with a hydro-

philic (180a) and hydrophobic (180b) spacer between the

boron cluster and the lipid portion.191

14a[Na]: X = O, n= 1;
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3.5. Miscellaneous biomolecules
A large number of methods are available for the labeling of

boron-containing conjugates and numerous types of probes

were developed. Due to the popularity of fluorescence

microscopy, considerable attention is given to fluorescent

probes, which are characterized by low toxicity and can be

used for safe staining of biological samples to monitor the

biodistribution of the boron-containing component. Several

cobalt and iron bis(dicarbollides) conjugated with fluores-

cent molecules were synthesized.

Conjugate 181a based on fluorescein and two cobalt

bis(dicarbollide) units was prepared by the ring opening of

complex 1 involving phenoxide groups of fluorescein in a

toluene ± dimethyl ether mixture at room temperature in the

presence of NaH. The 5- and 6-isomers of conjugate 181b

bearing one bis(dicarbollide) unit were synthesized in a

molar ratio of 2 : 1 by the reaction of 8-[2-(aminoethoxy)-

ethoxy]cobalt bis(dicarbollide) with fluorescein isothio-

cyanate in MeCN at room temperature.192 Derivatives 181

are poorly soluble in water and form large aggregates in

aqueous solutions. However, the incorporation of the com-

pounds into the cavity of cyclodextrins, which are often

employed in drug delivery systems, increases their solubility

in water. It was shown that conjugates 181 are easily

attached to the phospholipid bilayer, and the presence of

fluorescein allows the imaging of conjugates incorporated

into the membrane. Therefore, these conjugates can be

considered as promising dyes for diagnostic applications.

Fluorescent BODIPY anionic (BODIPY is 4,4-difluoro-

4-bora-3a,4a-diaza-s-indacene) conjugates with cobalt and

iron bis(dicarbollides) were synthesized by the dioxane ring

opening of compounds 1 and 3 with the OH group of

BODIPY derivative 182 in MeCN under reflux in the

presence of K2CO3 (Scheme 96).193 Conjugates 183a ± c

have no cytotoxicity against the HeLa cells (immortal

cervical cancer cell line, the cells of which can divide an

unlimited number of times), and the penetration of the

starting BODIPY derivative 182 across the cell membrane

is improved after its functionalization with a boron cluster.

Compounds 182 and 183 have very similar luminescence

properties with a quantum yield of 3 ± 6%. Due to a good

cellular uptake, the intracellular boron release and lumines-

cence properties, boron-containing derivatives 183a,b are

promising candidates as fluorescent probes for in vitro

assays in biology and medicine.

Fluorescent organotin compounds 185a,b were synthe-

sized from tin complexes and 4-hydroxy-N 0-[(2-hydroxy-
naphthalen-1-yl)methylidene]benzhydrazides 184a,b and

the dioxane derivative of cobalt bis(dicarbollide) 1.194

These compounds exhibit good luminescence quantum

yields in solution (24 ± 49%) (Scheme 97). Complexes 185

bearing the cobalt bis(dicarbollide) unit show cytoplasmic

staining of highly metastatic mouse melanoma cells

(B16F10). Therefore, these compounds can be considered as

promising candidates for the in vitro bioluminescence imag-

ing.

The Cu-catalyzed [3+2]-dipolar cycloaddition reaction

was applied to prepare cobalt bis(dicarbollide) conjugates

with tyrosine kinase receptor inhibitors. The reaction of

boron-containing azide 70a with alkynylated erlotinib

(186),195 lapatinib (187) 196 and sunitinib (188) 197 in the
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presence of aqueous copper sulfate and sodium ascorbate

afforded 1,4-triazoles 189 ± 191 in good yields (Scheme 98).

These conjugates exhibit antitumour activity against glioma

cells. Compound 189 shows 3.3 times higher activity com-

pared to the starting erlotinib. Therefore, this compound

can be considered as a potential anticancer agent with a

dual mechanism of action.

4. Conclusion

Since the 1960s, when the first publications on the synthesis

of polyhedral boron compounds appeared, researchers in

different countries made a lot of attempts to prepare such

compounds for their application in boron neutron capture

therapy of cancer, because their molecules contain a large

number of boron atoms. The synthesis of cyclic oxonium

derivatives of anionic polyhedral boron hydrides [closo-

deca- and dodecaborates, dicarbaundecaborate, cobalt and

iron bis(dicarbollides)] followed by the nucleophilic ring

opening is one of the most important ways to pursue the

goal. This approach gives exclusively monosubstituted

products, thereby facilitating the preparation of BNCT

agents. As follows from the analysis of the published data

on the synthesis of functional derivatives based on anionic

polyhedral boron hydrides, cobalt and iron bis(dicarbollide)

complexes containing the largest number of boron atoms

(18) have attracted the most attention. The ring opening of

these oxonium salts with nucleophilic agents allows one not

only to directly incorporate the bis(dicarbollide) unit into

biologically active molecules but also to prepare their

various functional derivatives, which can be employed for

the conjugation with biological molecules using conven-

tional methods of organic synthesis. This approach is highly

promising because it provides a convenient route to the

synthesis of compounds, in which the boron-containing unit

is separated from the biologically active portion of the

molecule by a flexible spacer. Hydrophilicity or lipophilicity

of the spacer is to a large extent determined by the choice of

the initial ethereal solvent and the employed nucleophile.

This method was applied to prepare a wide range of boron-

containing amino acids, phthalocyanines, synthetic and

natural porphyrins, nucleosides and nucleotides, lipids and

other biologically active compounds. Despite the rapid

development of this area of research and numerous pub-

lications, this publication is the first exhaustive review on

this issue. We hope that it will be helpful for a broad range

of researchers, who are interest in organic, bioorganic and

medicinal chemistry.

This review was written with the financial support of the

Russian Foundation for Basic Research (Project No. 9-13-

50459 Expansion) and the Ministry of Science and Higher

Education of the Russian Federation.

5. List of acronyms and designations

A549 Ð human lung adenocarcinoma cells,

AIBN Ð azobis(isobutyronitrile),

AMP Ð adenosine 50-monophosphate,

B16F10 Ð highly metastatic mouse melanoma cells,

BBB Ð blood-brain barrier,

BNCT Ð boron neutron capture therapy,

BODIPY Ð 4,4-difluoro-4-bira-3a,4a-diaza-s-indacene,
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Boc Ð tert-butoxycarbonyl,

CC50 Ð concentration of the agent that causes the death

of 50% of non-infected cells,

CMPO Ð carbamoylphosphine oxide,

dba Ð dibenzylideneacetone,

DB18C6 Ð dibenzo-18-crown-6,

DBU Ð 1,8-diazabicyclo [5.4.0]undec-7-ene,

DCB Ð dichlorobenzene,

DCC Ð dicyclohexylcarbodiimide,

DDQ Ð 2,3-dichloro-5,6-dicyano-1,4-benzoquinone,

DIPEA Ð diisopropylethylamine,

DMAP Ð 4- dimethylaminopyridine,

DME Ð 1,2-dimethoxyethane,

2EG-COSAN Ð cobalt bis(dicarbollide) containing two

ethylene glycol units;

EINS Ð electrophile-induced nucleophilic substitution,

EMCV Ð encephalomyocarditis virus,

IC50 Ð effective concentration for 50% inhibition of

virus replication,

GL-6 Ð human glioblastoma cells,

HCMv Ð cytomegalovirus,

HEp2 Ð human epithelial cells,

HeLa Ð immortal cell line, the cells of which can divide

an unlimited number of times,

HepG2 Ð human hepatocellular carcinoma cell line,

HIV Ð human immunodeficiency virus,

HPIV-3 Ð human parainfluenza virus type 3,

HSV-1 Ð herpes simplex type 1 virus,

L929 Ð mouse fibroblast cell line,

LAT-1 Ð large neutral amino acid transporter 1,

MCF-7 Ð breast cancer cells,

MCF-10A Ð mammary epithelial cells,

MRSA Ð methicillin-resistant Staphylococcus aureus,

Nu Ð nucleophile,

PDT Ð photodynamic therapy,

RPMI 2650 Ð non-invasive cell line,

rt Ð root temperature,

SI Ð selectivity index (CC50 to IC50 ratio),

Tb4 Ð thymosin b4,
TBS Ð tert-butyldimethylsilyl,

TODGA Ð N,N 0-tetra-n-octyl diglycol diamide,

VSV Ð vesicular stomatitis virus.
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