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I. Introduction

The synthesis and properties of dicarba-closo-dode-
caboranes were first reported at the end of 1963 in both
the United States and the USSR.™* Their chemistry
is one of the most complete in the field of boranes and
heteroboranes.

One of the most striking features of the carboranes
is the capability of the 2 carbon atoms and 10 boron
atoms to adopt the icosahedral geometry in which the
carbon and boron atoms are hexacoordinate. This
feature of the icosahedral structure gives rise to the
unusual properties of such molecules and their carbon
and boron derivatives.

The stability of the carborane cage is demonstrated
under the many reaction conditions used to prepare a
wide range of C- and B-carborane derivatives. It is
interesting to study such derivatives, especially the
properties of the unique B-substituted carboranes
compared with either the C-substituted, or tricoordi-
nated boron compounds. For this reason, this review
will emphasize the preparation and reactivity of com-
pounds in which the carborane cage system remains
intact, thus influencing the properties of the products.

The field of icosahedral carboranes has developed
extensively since the first publications almost 30 years
ago. The results of early investigations are cited in R.
Grimes’ monograph which completely covered the lit-
erature up to 1969.5 The literature and list of carbo-
ranes prepared up to 1984 are presented in the Gmelin
Handbook.®™ The latest theoretical studies on carbo-
rane structures, which utilize either a localized bonding
approach or a molecular orbital treatment of the
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skeletal bonding in closo-carboranes, are presented in
several monographs and papers.® These theoretical
concepts are usually applied to boranes, closo-
carboranes, and other carboranes. These concepts are
discussed in a separate review and are only cited here.
Carboranes with carbon-metal and boron-metal bonds
were reviewed in 19827 and boron-substituted carbo-
ranes in 1980% and 1988%, Developments in carborane
chemistry were reviewed yearly in Journal of Organo-
metallic Chemistry until 1979. Accordingly, only the
most important results of the synthesis, properties, and
derivatives prior to 1980 are briefly presented in this
review. The last five years will be covered in more
depth.

Vibrational spectra of icosahedral carborane mole-
cules and the application of boron compounds are re-
viewed in separate articles in this issue and will be
mentioned very briefly. The chemistry of the 1,2- and
1,7-C,BgH,, ions prepared by degradation of the car-
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Figure 1. 1,2-, 1,7-, and 1,12-dicarba-closo-dodecaborane(12).

borane cage is beyond the scope of this review.
According to IUPAC nomenclature the names of
these isomers are 1,2-, 1,7- and 1,12-dicarba-closo-do-
decaboranes(12). Usually the symbol
HG—CH

\
BioHio

is used to represent the ortho isomer, whereas HCB,

H,;,CH and HCB,;H;,CH denote the m- and p-
carborane isomers, respectively. In this review o-
C,B,oH,,, m-C,B,H;s, and p-CyB,oH,;, will be desig-
nated o-, m-, and p-carborane, respectively. These three
isomers and the numbering of the carbon and boron
atoms of the cage are shown in Figure 1.

I1. Synthesis and Propertles of 1,2-, 1,7-, and
1, 12-Dicarba-closo-dodecaboranes (0-, m-, and
p-Carboranes)

The dicarba-closo-dodecaboranes have been the most
extensively investigated of all known carboranes during
the last 30 years.

The first o-carboranes were obtained by the reaction
of acetylene with complexes prepared from decaborane
and Lewis bases such as acetonitrile, alkylamines, and
alkyl sulfides (eqs 1 and 2).1™*

BioHisa + 2L —= BygHirlz + H; (1
ByoHqz2elz + HC=CH —= HC—CH + H; + 2L (2)
\7/
BioHyo

L = CHaCN, AlksN, AlkoS

The reaction of decaborane with acetylenes in the
presence of Lewis bases is now a general method for
carborane synthesis (eq 3). The structure of 1,2-

ByoHie + RCIZCR' —+ RC—CR + 2H, @)
N/
ByoH1o

carborane and its derivatives has been established by
X-ray diffraction® and !B NMR studies.!® Electron
diffraction data have been reviewed.'®!” The 10 boron
and 2 carbon atoms of 1,2-carboranes form an almost
regular icosahedron, with the following interatomic
distances: C-C = 1.62-1.70; B-C = 1.70-1.75; B-B
1.70-1.79 A. The B-C distance in carborane is longer
than the B-C bond length in trimethylborane (1.578
A).® C-H and B-H bonds as well as the bonds of
substituted carbon and boron atoms have normal-length
o bonds; the C-H length is 1.1 A, and the C-Me length
is 1.53 A.

Unlike the starting boron hydride, carborane is stable
in the presence of oxidizing agents, alcohols, and strong
acids and exhibits phenomenal thermal stability in
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temperatures up to 400 °C. Under inert atmosphere,
it rearranges to m-carborane between 400 and 500 °C.
This latter compound isomerizes to p-carborane be-
tween 600 and 700 °C.5
One of the most important features of a carborane
system is its ability to enter into substitution reactions
at both the carbon and boron atoms without degrada-
tion of the carborane cage. On the one hand, the strong
electron-withdrawing character of the o-carborane unit
facilit%tes the metalation of the carborane C-H group
(eq 4).
HCB,H,,CH + RLi - HCB,H,,CLi + RH (4)

On the other hand, direct electrophilic halogenation,’
alkylation,>'? sulfhydrylation,® and metalation?'2 take
place at the boron atom. The introduction of substit-
uents onto the carbon and boron atoms of the carborane
cage influences the reactivity of the unsubstituted at-
oms. These reactions are typical of aromatic com-
pounds, and for this reason the carborane molecule has
been characterized as a “pseudoaromatic” system.

According to !B NMR data and other physical
methods, substitution at one atom of the carborane cage
influences the overall charge distribution. Electrophilic
substitution usually occurs first at the 9,12 and then at
the 8,10 positions of the o-carborane cage. The carbon
atoms and the adjacent boron atoms do not appear
susceptible to electrophilic substitution. Although these
experimental results are in general agreement with
theoretical calculations of the charge distribution,!%23
they do not always correlate quantitatively.

A carborane charge distribution calculation was
performed for the first time by Hoffmann and Lip-
scomb.?* The NEMO method was then used to com-
pute the charge distribution on carboranes in numerous
theoretical studies.!®?522 On the basis of the experi-
mental pK, values of carboranecarboxylic acids,? hy-
droxycarboranes,®® mercaptocarboranes,®! and basicity
of aminocarboranes,%33 sequences for the electron
density increase on the atoms of the carborane units
were established. Electron density increases in the
order 1 (2) < 3 (6) < 4 (5,7,11) < 8 (10) < 9 (12) for
o-carborane, 1 (7) < 2 (3) <5 (12) < 4 (6,8,11) <9 (10)
for m-carborane, and 1 (12) < 2 (3-11) for p-carborane
(positions listed in parentheses are chemically equiva-
lent to those in front of the parentheses).

Recently Zakharkin and Ol'shevskaya® reported the
experimental evaluation of the charge distribution on
the skeletal atoms of 0-, m-, and p-carboranes using
carboranecarboxylic acids. The authors compared their
results with those of Pledek and HeFmanek,*! obtained
on HS-derivatives and from theoretical charge distri-
bution calculations. These data are summarized in
Table 1.

The pK, values of carboranecarboxylic acids are
compared with those of mercaptocarboranes in Table
IL

The charge distribution in icosahedral carboranes has
been investigated using UV photoelectron spectroscopic
studies of p-carboranes, 1- and 3-phenyl-o-carborane,
as well as several thio-o(m)-carboranes.®® The electron
density in o-carborane was shown to decrease in the
order 9 > 8 > 4 > 3 > 1. The electron density at the
B(9) position in m-carborane is approximately equal to
that in the B(8) position in o-carborane, and the B(2)
position in p-carborane is equivalent to the B(4) posi-
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TABLE 1. Charge Density Distribution®
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position 1 2 3 4t 5 6 7 8 9
1-0 0.172 0.156 0.29 0.239 0.29 0.22 0.38 0.49
1-m 0.132 0.080 0.15 0.183 0.04 0.24 0.03
1-p 0.115 0.059 0.15 0.160 0.02 0.04
2-m 0.034 0.10 0.048 0.09 0.13 0.04
3-0 0.017 0.08 0.027 0.26 0.07 0.22 0.03
4-0 -0.003 -0.03 -0.004 -0.02 0.02 -0.02 0.00
2-p -0.023 —0.012 -0.03 -0.004 0.00 -0.01
5-m -0.026 -0.03 -0.036 0.01 -0.06 0.00
4-m -0.030 0.002 -0.03 —0.041 0.02 -0.03 -0.01
8-0 -0.070 -0.071 -0.16 -0.097 -0.28 —0.16 -0.20 -0.05
9-m -0.080 -0.076 -0.16 -0.111 -0.19 —0.25 -0.05
9-0 -0.115 -0.100 -0.16 -0.160 -0.24 -0.17 -0.27 -0.05

¢ Determined from pK, values of carborancarboxylic acids (column 1) and mercaptocarboranes (column 2)% in comparison with charge
distribution obtained by means EHMO (column 3)* and NEMO (columns 5-9)'325-28 methods. Charge density values (¢) were determined
using pK, = pK,® - pe equation proposed by Plesek and Hefmanek.?! °Calculated charge density values for the case®* ¢(9-0) = —0.186.

TABLE I1. pK, Values of Carboranecarboxylic Acids and
MercaptoCarboranes in 50% C,H,OH

TABLE III. s-Constants of 0-, m-, and p-Carboranyl
Groups

position of X in

C2B10}IUX X = COOH X =SH
l-0 2.61 3.30
1-m 3.34 5.30
1-p 3.64 5.85
2-m 5.11
3-0 5.38
4-0 5.80
2-p 6.16 7.5
5-m 6.22
4-m 6.28 7.38
8-0 7.01 9.32
9-m 7.19 9.45
9-0 7.83 10.08

tion in o-carborane. The irregular electron density
distribution on the carborane vertices causes a differ-
ence in the electronic effects of the carboranyl group
depending on the position of the substituent in the
carborane cage.

The C- and B-carboranyl o-constants were recently
determined using the usual physical organic meth-
0ds.®48 These are presented in the order of decreasing
electron-withdrawing effect in Table III. Hammett
constants were determined using carboranylbenzoic
acids in 75% ethanol. Inductive and resonance con-
stants were determined by the Taft method using °F
NMR chemical shifts of (fluorophenyl)carboranes in the
equation: §,,F = -7.100; + 0.6 and 8, - §,,F = -29.505°.
General trends using different methods were estab-
lished: C-carboranyl groups have a strong electron-
acceptor effect which decreases in the order 0- > m- >
p-carborane. The electronic effects of the B-carboranyl
group changes according to the following sequence; the
more remote the boron atom is from the carbon atoms
in the carborane cage, the stronger are the electron-
donating effects of the B-carboranyl groups. Thus, 3-o0-
and 2-m-carboranyl groups are still electron acceptors,
whereas 4-0-, 4-m-, and 2-p-carboranyls are actually
electroneutral. 9-m-carboranyl and in particular 9-o-
carboranyl groups clearly show electron-donating
properties.

The relationship between inductive and resonance
effects and the problem of potential carborane aro-
maticity are still under discussion. Wu and Jones’ ¢ 'H
NMR studies of bridged benzo-o-carborane led them
to conclude that ring—-cage conjugation could play an
important role, whereas another study®® suggested that
the icosahedral cage effect is purely inductive and has

inductive and

resonance Hammett
position of constants constants
substitution o o oy O ref(s)
1-0 0.375 0.003 0.46 047 36
1-0 0.380 0.0 0.43 049 37,38
1-m 0.21 -0.05 37
1-m 0.194 -0.039 0.33 0.25 36,38
1-p 0.14 -0.002 39
2-m 0.12 0.05 0.15 0.14 40
3-0 0.11 0.07 0.19 019 37,38
3-0 0.01 0.06 41
2-p 0.02 0.02 42
4-0 -0.04 0.02 -0.05 -0.03 43,44
4-m -0.04 0.02 0.02 -0.02 45,46
9-m —0.12 -0.02 42
9-0 -0.16 -0.03 42
9-0 -0.23 -0.02 43, 44

no resonance component. The synthesis of bridged
benzo-o-carborane is presented in Scheme 1.

SCHEME 1

NH,NHTs BuLi
e e
MeOH sther
reflux 18 h reflux 12 h
NBS OMF =
benzene reflux 30 min
reflux 12 h

Unmarked vertices of icosahedra = BH
Unmarked vertices of rings = CH, or CH

Thermal and chemical stability, rearrangement, and
degradation of the icosahedral cage are other important
aspects of carborane chemistry. The results of a wide
range of their investigations are summarized else-
where,5%0-53

One of the most important reactions in carborane
chemistry was reported by Wiesboeck and Hawthorne
in 1964.5* They showed that o-carborane can be de-
graded using alcoholic alkali removing one boron atom
aamg4 forming the 1,2-dicarbaundecaborate(1-) ion (eq
5).

40°C

O'CZHZBIOHIO + CH30' + ZCH3OH -
C,BH,; + H, + B(OCH,); (5)
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Starting from this anion, Hawthorne et al. obtained
a number of “sandwich” derivatives which are analogues
of the transition metal cyclopentadienide derivatives.
The first member of this series was obtained by the
interaction of ferrous chloride with the dicarbollide ion,
C,B,H,,%", which was in turn prepared by the reduction
of the C;BoH,, ion (eq 6).% The extensive area of

Na or NaH FeClp
- 2_.
C2B9H12 CZBQHH

0,
(C,BsHy,)Fe*” — (C,BgH;;),Fe~ (6)

heterocarboranes has developed from these results but
a more detailed discussion is beyond the scope of this
review.

Both o- and m-carboranes are known to add two
electrons without hydrogen evolution under the action
of alkali metals in THF or liquid ammonia to quanti-
tatively form the C,B,,H;,?>" dianion.56-58

Recently, Zakharkin et al.?® have found that when
1-phenyl- or 1-methyl-o-carborane in acetonitrile are
treated with sodium the reaction proceeds unexpectedly
with hydrogen evolution to give the condensation
products of two carborane molecules instead of the
C,B,oH,;R? dianion. The dimers are dianions with one
closo- and one nido-carborane nuclei, which on pro-
tonation produce the 7-phenyl- or 7-methyl-12-(2’-
phenyl-1/,2’-dicarba-closo-dodecaborane-1'-yl)-7,8-di-
carba-nido-dodecaborate anions (Scheme II). They

SCHEME I1

CH4CN

_H2

Unmarked vertices are BH

were characterized as the methylpyridinium salts. The
same dimer is formed as a result of a new type of car-
borane cage degradation under the action of DMF or
DMSO on 1-phenyl-2-lithio-o-carborane (eq 7).

. DMF or DMSO
2 Ph-0-CB,H,,CLi m-‘
H,0
[nidO'Ph'CzBloHlo'CgBloHlo'Ph'ClOSO]2~Li2+ _—
[nidO'Ph'CzB10H11'02B10H10'Ph'01030]‘Li+ (7)

X.-ray diffraction studies have unambiguously estab-
lished the structure of the monoanion. It is of great
interest to compare these results with the results of
two-electron reduction of compounds which already
contain two carborane cages connected by a C—C bond.

Hawthorne et al.%! obtained an unusual product with
a double bond between the two carbon atoms con-
necting the carborane nuclei when C,C*bis(o-carborane)
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Figure 2. The structure of (C,B;;H;;=—C,B;,H,,)*".

was treated with 2 equiv of sodium metal in THF or
sodium naphthalide solution. The disodium salt of the
biscarborane dianion was converted to its triphenyl-
methylphosphonium salt, whose molecular structure
was determined (Figure 2).

The C12-C12’ distance is 1.377 (4) A, which reveals
the existence of substantial double bond character. The
biscarborane anion represents the first example of a
species that exhibits multiple bond character between
the carbon atoms of two adjacent carborane cages. The
reduction leads to the rupture of the polyhedral C-C
bonding interaction (the C7-C12 distance is 2.414 (4)
A). The C12-B9 and C12-B10 interatomic distances
(1.628 (4) and 1.643 (4) A) are shorter, but the C12-B8
and C12-B11 distances (1.838 (4) and 1.925 (4) A) are
longer than average C-B distances in carboranes. These
results seem to be similar to the rupture of B12-C7 and
B12-C8 bonding interaction in the dianion obtained by
Zakharkin et al. (Scheme II).

The action of alcoholic alkali on 9-fluoro-, 9,12-di-
fluoro-, 8,9,12-trifluoro-, and 8,9,10,12-tetrafluoro-o-
carboranes leads to their degradation under mild con-
ditions to give 6-fluoro-, 1,6-difluoro-, 1,5,6-trifluoro-,
5,6,10-trifluoro-, and 1,5,6,10-tetrafluoro-7,8-dicarba-
nido-undecaborate(-1) ions, respectively.52 For the first
time, it was shown that degradation of 8,9,12-tri-
fluoro-o-carborane proceeds regioselectively. Two iso-
mers of fluorine substituents in different cage positions
were identified using °F and !B NMR (Scheme III).

SCHEME III

Unmarked vertices = BH

One more example of carborane cage transformation
reactions is the insertion of the [Co(PEt;),] fragment
into the o-carborane icosahedron.®® Interaction of 1-
Me-1,2-C,B,H;;, with 2 equiv of [Co(PEt,),] in toluene
at room temperature for 3 h leads to an unusual 13-
vertex closo-carbacobaltaborane.
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The electrolysis of o-carborane at a nickel anode in
the presence of bipyridyl leads directly to the formation
of C,B,H,;Ni-bipy (bipy = bipyridyl) complex.5¢

An important aspect of carborane chemistry is the
mechanism of the thermal isomerization of o-carborane
to m- and p-carboranes. Recently, the following rear-
rangement processes have been reviewed:5%7 the dia-
mond-square-diamond (DSD) mechanism, the rear-
rangement based on a cuboctahedral intermediate, a
rotation of the bicapped pentagonal prism, a triangular
face rotation, and the rearrangement based on a 12-
vertex nido intermediate.

Wu and Jones® suggested a new and original model
of bridged o-carborane for studying the thermal isom-
erization process (Scheme IV). They introduced a

SCHEME 1V

Unmarked icosahedral vertices = BH

three-carbon bridge between a carbon and a boron at
the 4-position of the cage. The ability of such a small
bridge to span only adjacent atoms limits the possible
rearrangement products.

The synthesis of the bridged o-carborane was accom-
plished starting from o-carboranylacetic acid according
to eq 8, and its molecular structure was described.®

_ SOC, _ CHoN,
HC\ /CCH2COOH —& T HC\ lCCHgCOCl _—_>ether. 500
ByoH10 BioH1o

CuSO,
—_ —_— —_C—
HC\ /CCHECOCHNZ Tolvene: 110°C HC /C CHa (8)

ByoHso ByoHe—CHy™™"

On the basis of the experimental results, triangle
rotation was concluded to be the major contributor to
the rearrangement mechanism. This process was
named the extended triangle rotation (ETR) mecha-
nism, which focuses on the preservation of triangular
faces throughout the rearrangement, and was suggested
to rationalize both data from the literature and the
results from the pyrolysis of the bridged o-carborane.

The thermal isomerization of the bridged o-
carborane, as well as the previously described isomer-
ization of halogenated carboranes, takes place in sub-
stituted carboranes, and its mechanism may differ from
the isomerization mechanism of unsubstituted carbo-
ranes. However, the triangular-face rotation mechanism
wass;s supported by the calculations made by Gimarc et
al.

A different conclusion was reached by Edvenson and
Gaines® on the basis of a study of thermal isomerization
of an unsubstituted carborane, namely, regiospecifically
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10B-labeled icosahedral carborane. They proposed a
mechanism which involved the opening of the closo-
icosahedral structure to a nido structure.

The most fascinating result of the past year in the
field of carborane chemistry is the series of transfor-
mations of the o-carborane molecule via intermediate
formation of the 1,2-didehydro-o-carborane, a carborane
version of dehydrobenzene. Jones and co-workers8%7
discovered a way to the dehydro-o-carborane by treat-
ment of 1,2-dithio-o-carborane with 1 equiv of bromine
(Scheme V). 1-Bromo-2-lithio-o-carborane is stable

SCHEME V

&7~ P~
oG |

4

&

Unmarked icosahedral vertices = BH

below 0 °C. Its heating in the presence of dienes leads
to the formation of carborane derivatives typical of
dehydrobenzene reactions with dienes. Products of the
reaction of 1,2-didehydro-o-carborane with furans, an-
thracene, cycloxene, norbornadiene, hexadiene, 2,3-di-
methyl-1,3-butadiene, and other dienes were obtained
and studied.

Transformations of the 1,2-didehydro-o-carborane
present new evidence for the aromatic character of a
carborane molecule.

III. Carbon-Substituted Carboranes

Early investigations of carboranes showed that it is
in fact possible to prepare a variety of organic com-
pounds with carboranyl substituents. Two synthetic
methods leading to carbon substituted carboranes were
used in the early years: the reaction of substituted
acetylenes with decaborane and substitution on carbo-
ranyllithium. The properties of carboranyl derivatives
resemble organic compounds with electron-accepting
groups. The influence of such bulky electron-deficient
substituents on the properties of organic and organo-
metallic compounds has been extensively studied. The
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synthesis and properties of numerous carboranyl-sub-
stituted organic compounds are summarized in mono-
graphs.’ The last comprehensive review covering car-
bora7111e chemistry up until 1979 was written by Matte-
son.

During the past decade investigations in the field of
C-substituted carboranes were directed at creating new
models to be used in theoretical investigations (see the
elegant studies of Wu and Jones* in section 2) and at
improving the synthetic methods for known com-
pounds. These methods were used in the preparation
of organic and organometallic carboranyl compounds
used in the production of polymeric materials as well
as in biological and medical investigations. These
compounds proved particularly useful in the boron
neutron capture therapy for cancer (BNCT),

A. Organic Compounds with a C-Carboranyl
Group

Phase transfer catalysis conditions appear to be more
convenient in the preparation of some carborane de-
rivatives.

Kabachii, Valetskii et al. have developed a new me-
thod for the synthesis of 1,7-dichloro-m-carborane by
chlorination of m-carborane with CCl, using phase
transfer catalysis (eq 9).”2

[RN}*CI"; NaOH
-2NaCl; 2H,0

[RNJ*C-BycH;oC*[NR,] —>
CICB,,H,,CCl + 2[R, N]*CCl; (9)

R4N = Et3NBZ

Zakharkin et al. have obtained 1-alkyl- and 1,2-di-
alkyl-o-carboranes by alkylating o-carborane, and 1-
methyl- or 1-phenyl-o-carborane with alkyl halides in
solid alkali-THF (or DMSO) systems using dibenzo-
18-crown-8-ether (eq 10).”® Allyl ethers of 1-(hydrox-
0-C;H;B,oH;o + RX + KOH ————

ibenzo-18-crown-6-ether
0-RCCHB,H;+ KX + H,0 (10)
X =C]Brl
R = CHj;, C¢Hy,, C¢HsCH,, a-CyoHy

ymethyl)-0- and m-carboranes, and diallyl ethers of
1,2-bis(hydroxymethyl)-o- and 1,7-bis(hydroxy-
methyl)-m-carboranes were prepared by reacting allyl
bromide with 1-(hydroxymethyl)-o- and m-carboranes
and 1,2-bis(hydroxymethyl)-o- and 1,7-bis(hydroxy-
methyl)-m-carboranes respectively, in the CH,Cl,
aqueous alkali two-phase system using tetrabutyl-
ammonium bromide.”

Earlier, ethynylcarboranes were obtained by inter-
acting diacetylene with decaborane. Recently a new
method has been developed for the synthesis of 1-
ethynyl-o-, m-, and p-carboranes via carboranylcopper
compounds (eq 10a).”> The authors also studied the

HCB,,H,,CH —%+ HCB,H,,CLi ——»

HCB, H,,CCu —==. HCB,H;,CC=CR (10a)
R = Ph, Me;Si

stereochemical aspects of Bry, HCl, and HI addition to
1-ethynylcarboranes.”®

m-HCBmeCH
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The synthesis of a mono-C-substituted o-carborane
is a difficult problem due to the disproportionation of
monolithio-o-carborane which leads to the undesired
di-C-substituted product (eq 11).°

el e |l _
ZHC\ /CLI == LiC /CLI + HC\ /CH (11)
ByoHyo BioH1o BioHyg

Hawthorne et al.”® proposed to protect one carbon
atom of o-carborane by a new protecting group: tert-
butyldimethylsilyl (TBDMS). The protecting effect is
based on the ability of TBDMS to react only with
monolithio component of the equilibrium mixtures and
on the further facile removal of TBDMS in the depro-
tection step (eq 1la).

2. Toow 1. n-Buli
2. TBDMSCI 10
./ e ——— —C —SiMe.CM
HC\ /CH CeHg/Et20 (2:1);35°C HC\ /C SiMe,CMe, e D
ByoHyo ByoH4g ok
(yield 99%) refiux day
AG—C —SiMe,cMe; Y F 0 Re—cH (11a)
Ny et T i
BioH10 -76100°C  BjpHyo

30 min

Chari et al.”” have shown that the addition reaction
of o(m)-carboranylcarbene to olefins is largely stereo-
specific. Methyl(o-carboranyl)carbene behaves like
tolylcarbene in intramolecular reactions.

The synthesis of 1,2-ethano-o-carborane using this
method proved impractical since it involved several
steps. However, two new more efficient syntheses were
later described.” The elimination of p-toluenesulfonic
acid from the corresponding tosylate gives varying
amounts of 1,2-ethano-o-carborane, depending upon the
solvent (eq 12). This observation led to the first syn-
thetic method:

H,C—CH,
base
HG-EOHLCHOTS ——=  C—C  + HG-p—CH=CH, (12
ByoH1o BigH1o ByoH1o

In benzene/n-BuLi with an optimal solvent/base com-
bination the yield was 40% with the ratio of 1,2-
ethano-o-carborane to 1-vinyl-o-carborane as high as
99/1. The second, even better route is the decompo-
sition of 1-(1-o-carboranyl)-2-bromoethane over n-bu-
tyllithium in the gas phase at 140 °C.

Contrary to 1-(chloromethyl)-o-carborane, 1-(fluoro-
methyl)-o-carborane has been shown to alkylate aro-
matic hydrocarbons in the presence of AICl; (eq 13).7

CHC/(CH,F)B,Hy, + ArH ——
CHC(CH,AD)B,H,, + CHC(CH,C)B,,H,, (13)
ArH = CGHS! PhMe, p-M82C6H4

The interaction of 1,2-dilithio-o-carborane with per-
fluoropropene results in an unusual cyclization reaction
along with 1,2-bis(pentafluoropropenyl)-o-carborane
formation (eq 14).%

LiC\—/CLi + CF,CF=CF, —=
BigH1o
CFy

7\
CF3CF=CF—C\—/C-—CF=CFCF3 + FZC| \ICCFZCFS (14)
BioH1o c—cC
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The synthesis and reactivity of (trifluorocyclo-
butenyl)-o-carborane has been described.?! Zhakharkin
and Zhigareva®? proposed a new method of preparation
of 1-amino-o(m)-carborane (eq 15).

H/Ni
CHB,,H,,C—N—=N—Ph —
CHB,H,,C—NH, + PhNH, (15)

o-Carborane and its C-alkyl (C-aryl) derivatives were
reduced electrochemically on transition metals in
aprotic solvents and in the presence of tetraalkyl-
ammonium salts via a one-electron mechanism with the
cleavage of the C-H bond to form the corresponding
o-carboranyl anion. The electrolysis in the presence of
CO, leads to o-carboranecarboxylic acid (eq 16).3

+CO,
1,2-C,RB,Hy; m[l 2-C,RBHyo]” —
[1,2-RCB,H;,CCO0"] —= 1,2-RCB,,H;,CCOOH

(16)
R = H(45% yield), CH; (60%)

The synthesis and reactivity of peroxides with the
C-carboranyl group has also been described.®* The
C-carboranyl group was shown to increase the stability
of a phosphaalkene (eq 17).%°

m'HCBlonC—C(O)Cl + (Me3Sl)3P MegSiCl

m'HCBmHmC—C(0)_P(SIM93)2
m'HCBlonC_C(OSiMe3)=PSiMe3 (17)

The syntheses of isoxazoles and izoxazolines% con-
taining the carboranyl group and isocyanatocarboranes®
(eq 18) have also been reported.

O(m)-RCBlonC(CHz),,COCl + Me3SlN3
o(m)-RCB,(H,,C(CH,),CON; —

o(m)- RCBmHmC(CHz) NCO (18)

Reactions of lithio-o-carboranes with «,8-nitroolefins
and their functional derivatives have also been studied
(egs 19 and 20).%8 The regiospecificity of the reactions
and their possible application to the synthesis of di-
nitroalkanes, nitro esters, a-halonitroalkenes, esters of
hydroxamic acids, and secondary nitro acids containing
the carboranyl group have been shown.

100-110 °C

H
RC\—-CLI + NOCgHCH=CHNO, —= RC—’C—C\HCH:‘,NOZ (19)
ByoHio B1oH1° CQH‘NOZ
H’
RC—CLi + (CHj3):NCeHCH=CHNO, —™
\/
ByoHyo
RG—C—CHCHNO;  (20)
ByoHso sHa(CHy)2

For more than 25 years the chemistry of carborane-
containing polymers has been extensively studied. In-
troduction of carborane cages into the polymer chain
not only increases polymer thermal stability and solu-
bility in organic solvents, but also gives rise to other
important properties. The carborane unit has been
successfully incorporated into many classes of polymers
such as polyarylenes, polyesters, polyamides, polyfor-
mals, polycarboranylenes, and polysiloxanes. Advances
in this field have been described in a review® in 1984
and a monograph® in 1988. Recently the concept of
stabilization of aromatic polymers as exemplified by
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arylene carboranes was reported.”

The polycyclocondensation of C,C*bis[4-(4’-acetyl-
phenoxy)phenyl]-o-carborane has been studied.”! The
synthesis of a diacetylarylene containing o-carborane
is shown in eq 21.

O mmmmnees
C—Cm O0— Lacocl
/ AlCl,

H

@n

New soluble polymeric Schiff bases, containing m-
carborane have been prepared by the polycondensation
of m-carboranylenediamine, 1,7-bis[(4-aminopheny})-
carboxy]-m-carborane and 1,7-bis[(4-aminophenyl)-
amino]carbonyl]-m-carborane using different di-
aldehydes in various solvents (eq 22).93%

H.N—R—NH, + 2HOC-© e

O—CH =N—R—N=CH —@ + 2H,0 (22)
R= -cB,onO—.—< >—°°°°BvoH1o°°°°_©_'
-O—NHCOCB,OH,OOOONHO-O—

The carborane unit has been introduced into poly-
(naphthoylenebenzimidazole), thus increasing the sol-
ubility of the polymer.?> The synthesis was carried out
according to Scheme VI

SCHEME VI

_W @”8131}"

n
Unmarked icosahedral vertices = BH

The interaction of carboranes with aromatic com-
pounds at high temperatures (>200 °C) was shown to
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result in the formation of arylenecarboranes where the
carborane cage is linked to an aryl group via a boron
atom.”® On the basis of this investigation, a new type
of polymer was obtained.

The best known of the carborane polymers, the car-
borane—siloxane polymers, known under the trade name
Dexsil, were obtained in the mid 1960s. Numerous
investigations were reported during that time in the
fields of carborane-siloxane polymers and organosilicon
derivatives.

The reaction of lithiocarboranes with compounds
containing the Si-Cl bond was usually used in the
preparation of silicon derivatives of carboranes. But
the Si~C(carborane) bond is easily ruptured by both
nucleophilic and electrophilic reagents. Therefore, the
synthesis of more stable compounds using the Si—C-
H,-CB,;H,,C- fragment was carried out (eq 23).%
CH,CB,H,,CLi + CICH,Si(CH;),-~O-Si(CH,)

ether/benzene

boiling
CH3CB10H1()C_CH2Si(CH3)2—0"Si(CH3)3 +
(CH,);SiOLi + CH,CB,,H,,CSi(CH;),CH,CI (23)

Bis(hydridosilyl) derivatives of o-carborane alcohols
were obtained by the silylation of carborane alcohols
(eq 24) and used in cross-linking reactions of polymer
precursors of the polyphenylene type.%

HO~—(CHy),— G—C—(CHy)p—OH + HSHCHz)p—NH —Si(CHy)oH

ByoH1o /
7 NHs

HSi(CH3)p;— O—(CHy) ,— C—C~—(CHy),—O—Si(CHj),H (24)
\7/
ByoH10
n=12

Cross-linking reactions of polyphenylene type poly-
mers containing acetyl terminal groups with o-
carboranylmethoxy-containing organosilazanes were
also carried out. A carborane-containing oligoorgano-
silazane was prepared by the coammonolysis of (o-
carboranylmethoxy)dichlorophenylsilane and tri-
chlorophenylsilane (eq 25).%

CgHs—SiCLR + 2CgHs —SiCl; + 13NH; —=
CeHs R
—= /n —(—Si—NH —)2,,—(—éi—NH —),— + BNHCI (25)
[, e ]

R = HC—C—CHy—~0 —;n=5
\ i
ByoHyo

The first attempts at introducing the carborane unit
into molecules used for the purpose of boron neutron
capture therapy (BNCT) were carried out soon after its
discovery. However, it has been only during the past
few years that its development has intensified. A full
coverage of BNCT is beyond the scope of this review,
and we confine ourselves to citing some recent papers
in the field.

Using conventional carborane synthetic methods (via
the acetylene-decaborane reaction or via lithio-
carborane) carborane-containing steroids, nucleosides,
porphyrins, and proteins for BNCT were prepared and
studied.!®-10 The latest results in this field were
presented at the VII International Symposium on Bo-
ron Chemistry (IMEBORON).106
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B. Organophosphorus Derlvatives of Carboranes

The first carborane organophosphorus derivatives
were obtained by the reaction of lithiocarboranes with
phosphorus compounds containing a P-Cl bond.107-10¢
This is the principal synthesis of carborane trivalent
phosphorus derivatives. Their oxidation as well as
Arbuzov and Perkin type reactions result in the prep-
aration of P(V) compounds (eqs 26 and 27).110.111

HCB10H10CP(OCQH5)2 + 02H5I -
HCB,H,,CP(0)(OC,H;)C,H, (26)

RCB,,H,;CP(0C,Hj;), + CC1;CHO e

The anticholinesterase activity and other types of
biological activity of the carborane derivatives of the
esters of phosphorus acids proved interesting. The
lability of the P-C(carborane) bond does not permit the
achievement of a high anticholinesterase activity.!!2

It was necessary, therefore, to make the pentavalent
phosphorus acid esters with the carboranyl group in the
ester moiety of the molecule.!!® These compounds were
synthesized by the interaction of decaborane with
acitylene-containing organophosphorus compounds (eq
28).

CeHsN(CH
RRP(X)SCHCICH + BigHy, —em 2

RR’P(X)SCHQC\—/CH (28)
BioH+o
R= CH3, CsH5,_OC'gH5; R = CGH5, OCsz; X=0,8

Organophosphorus esters with the carborane unit in
the ester moiety were also obtained by the action of
lit}ﬁo?ﬁrborane on bis(dialkoxyphosphoryl) disulfide (eq
28a).

(RO),P(S)—S—S—P(S)}{OR), + RC—CLi —=
\/
ByoH1o
(RO)gP(S)—S—C\—,c—R' (28a)
ByoHso
R =CHjs, CzHs; R’ =H-0, H-m, CgHs, CHj3

o-Carboranylmethanol was found to undergo catalytic
phosphorylation when treated by POCl; or chloro-
phosphates in the presence of magnesium upon heating
for 0.5-3 h (eq 29).11%

a; Mg
HC\—/CCH",OH + RR’P(O)CI o HC\—/CCHZOP(O)RR’ (29)
B1oH1o BioH1o
R=R"=CLR=Cl R = CF;CH,0; R= R = CF4CH,0; R = R’ = PhO

Interaction of bis(2-methyl-o-carboran-1-yl)chloro-
phosphine with (2-methyl-o-carboran-1-yl)lithium re-
sulted in the unexpected formation of compounds
containing two phosphorus atoms and five methyl-
carborane units; two of them being linked by phos-
phorus atoms via a methylene group.!116

(CHac\—/C—)zP—CHZC—-C —P(—C —CCH)CH,C —CH

\ 7
ByoHso ByoHyo ByoHyo BygH10

This compound was characterized by X-ray diffraction.

C. Organometallic Derivatives of Carboranes

Carborane compounds with M—C and M-B ¢-bonds
are known for most transition and non-transition



Dicarba-closo-dodecaboranes C,B,H,,

metals, as well as some lanthanides. It is possible,
therefore, to have some understanding about the in-
fluence of the carboranyl group on the properties and
reactivity of organometallic compounds.

The first organometallic derivatives of carboranes
were obtained from the reaction of lithiocarborane with
compounds with metal-halogen bond (eq 30).1%1% The

RnMX + R’CBloHlocLi i
R,M—CB,,H,,CR’ + LiX (30)

synthesis and properties of these compounds were
summarized both in monographs®’ and a review.!!”

Carboranyl derivatives of non-transition metals have
been shown to possess unusual properties compared to
classical organometallic compounds. Thus, mercury
o-carboranyl derivatives with a Hg-C(carborane) bond
have a high thermal stability (up to 300 °C). Even after
refluxing in acetone solution with electrophiles such as
HC], Br,, and HgCl, they remain unchanged. The ac-
tion of nucleophilic reagents, however, results in
cleavage of the Hg—C(carborane) bond even at room
temperature. Bis(carboranyl)thallium halides contain-
ing the T1-C bond!!® exhibit similar behavior.

Bis(1-0-carboranyl) mercury was also obtained by the
action of mercuric salts in alkali solution on o-carborane
(eq 31).12°

20-RCB,H,CH + HgBr,> + 20H- ——
(O-RCBIOHIOC)ZHg + 4Br + 2H20 (31)

The interaction of Al, Ga, In, and Tl trialkyls with
carboranes in the presence of TMEDA, HMPA, or
DME leads either to metalation of the carborane cage
at a carbon atom or degradation of the carborane
cage.120

Thus, the interaction of trimethylgallium with o- and
1-phenyl-o-carborane in benzene in the presence of
TMEDA results in the formation of undecaborate(-1)
containing gallium. According to !'B NMR data, in this
anion the Me,Ga fragment occupies the place of the
extra hydrogen over the open face of the carborane
cluster.i2!

The metalation of decachloro-o-carborane, which has
more acidic C-H bonds than the unsubstituted carbo-
rane, proceeds in the absence of TMEDA without
degradation of the carborane cage (eq 32).12°

HCB,,CL,,CH + Me,M —>
HCB,,Cl,,CMMe,L, + CH, (32)

M=ALL=HMPA, n=3
M=Inh,L=DME,n=1

The interaction of o-carborane with (i-Bu),AlH gives
a mixture of carborane derivatives with a C-Al bond
as well as products of carborane cage degradation.!?

Zakharkin and Shemyakin presented a series of pa-
pers in the 1970s on the synthesis of cyclic carborane
containing compounds of the general formula:

ByoH
J 1\:: 1
/ \
V4 Z
\C c/

\ /

ByoHio

The six-membered ring consists of four carbon atoms
of two o-carborane cages and two groups of “Z” (where

Chemical Reviews, 1992, Vol. 92, No. 2 217

Z= Si(CH3)2, Ge(CH3)2, Sn(CH3)2, PCsH5, or ASCHg).
The synthesis of such cyclic carborane compounds was
based on the following method (eq 33):122

/31\0”‘0
CH, CH. —_
. Nl S Waik
LIC—C—S8i—C—CLi — Z Si (33)
/ \,/ 7/ \CH
BioHyo BioHyo c\—/c 3
BioH1o

Z= Ge(cHg)z, SH(CH3)2, PCGHs, or ASCH3

The introduction of one or two methylene groups into
the ring was also achieved. The molecular structure
determination of some of these compounds was possi-
ble.

In addition, five-membered heterocycles containing
two carbon atoms of the o-carborane unit, two methy-
lene groups, and Ni, Pd, Pt, Ti, Zr, Si, Ge, or Sn atoms,
as well as six-membered heterocycles containing four
carbon atoms of two o-carborane units, a silicon atom,
and Ni, Co, Pd, Cu, or S atoms, have been synthes-
ized.12312¢ The structure of the latter has been deter-
mined.!?

Transition metals were found capable of forming
o-bonds with the carbon atoms of the carborane cage.
So far derivatives with M-C(carborane) bonds are
known for the following transition metals: Cu, Au, Ti,
Zr, Mn, Re, Fe, Co, Rh, Ir, Ni, Pd, and Pt.

Some transition metal carboranyl derivatives are
unstable. Stabilization can be achieved by introducing
metals into the carborane-containing ring (previously
mentioned in this section) or by complex formation with
electron-donating molecules such as bipyridyl. The
synthesis and properties of these compounds were re-
viewed in 1982 by Bresadola.” Since 1982 there have
been no extensive developments in this area.

Bresadola and co-workers investigated the catalytic
activity of carboranyl-iridium compounds.!?6-1% The
complex Ir(s-C,B;oHg)(CO)(PhCN)(PPhg) was found
to be an effective catalyst for the homogeneous hydro-
genation of terminal olefins and acetylenes at room
temperature and normal pressure. This complex adds
hydrogen to give a cis-dihydroirridium adduct which
appears to be the true catalyst.

Ol'dekop et al.!3! developed a decarboxylation pro-
cedure for the preparation of complexes with the Ni-
C(carborane) o-bond stabilized by a bipyridyl ligand (eq
34).

O
NIClz (bipy)
LiC\—/C—-COOLi E—— OC\/ \Ni(bipy) —
ByoH1o C\—-/C
B10H10
/C
(bipy)Ni ByoHio (34)
N

Compounds with a Co—C(carborane) s-bond were
obtained by the interaction of lithiocarboranes with
bipyridyl complexes of CoCl, (eqs 35 and 36).1%2

HCSL + CoClylbipy) —= (HG—L),Colbiy (35)
BioHyo B1oH1o
LiC\—/CU + CoCly(bipy) —= (bipy)CO\ /B1°H1° (36)

BioHso C
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A new synthesis of the organogold derivative of car-
borane using the direct auration of o-carborane with
[O(AuPPhy);]*BF~ was achieved in THF in the pres-
ence of catalytic amounts of NaH (eq 37).13 The

HC—CH + [O(AuPPh)g]'BF,” —= HC—CAuPPh,  (37)
\/ \/
B1°H1° B‘0H10

substitution of a hydrogen atom at just one carbon atom
of o-carborane takes place. X-ray diffraction studies
of the molecule were carried out revealing an Au-P
bong 2.271 (2) A long and Au-C bond equal to 2.039
(8) A.

Carboranyl derivatives of lanthanides were obtained
by two routes. The first one involved interaction of
C-mercurocarboranes with metallic lanthanides to give
divalent Yb and trivalent La and Tm compounds (eqs
38 and 39).1%4

THF
(RC\—/C—)zHg + Yb oo (RC\—/C—)szTHF + Hg (38)

BioHso BioH1o
R = CHj, C¢Hs
(RO=S—lHg + Ln —= (RC=C—)LmTHE, + Hg (39
ByoH1o BioH1o

R= CH3, CsHs; Ln=La, Tm; n=1-3

The second route involves the reaction of lithio-
carborane with lanthanide chlorides (eq 40).135136
RC—CLi + LnCly3THF —= (RC—C —).LnCly_THF,, (40)
\/ \,/
B1(3H1¢) B10H10
Ln=La, Tm, Yb;n=1-3; m=1-6

Mono-, di-, or tri-substituted derivatives or ate-com-
plexes are formed depending on the reaction conditions.

1V. Boron-Substituted Carboranes

The chemistry of boron-substituted carboranes is not
as developed as that of the carbon analogues due to the
difficulty of introducing functional groups at the boron
atom of the carborane cage. B-Halogenated carboranes,
the first boron-substituted species, appear to be inert
to substitution reactions. However, it is of interest to
compare the properties of functional groups on the
hexacoordinated carborane boron atom with those of
organoboron compounds.

The chemistry of boron-substituted carboranes de-
veloped rapidly after the discovery of the reaction that
would introduce an amino group at the boron atom of
the carborane nucleus. B-Carboranyl compounds can
be viewed as analogues of organic compounds because
the B-carboranyl group acts as either an alkyl or aryl
group in most transformations.! We will, therefore,
consider the properties of B-carboranyl compounds
compared with the corresponding organic compounds
such as hydrocarbons, acids, hydroxy, and amino com-
pounds, their sulfur and halogen derivatives, as well as
their organometallic analogues.

The latest review® devoted to this field was published
in 1988, therefore, only the main advances before 1987
will be cited together with a summary for the last four
years.

A. Boron-Carboranyl Analogues of Organic
Compounds

The first compound with a C-B(carborane) bond was
obtained by the reaction of acetylene with a mixture
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of 1- and 2-ethyldecaboranes in acetonitrile to give a
mixture of 8- and 9-ethyl-o-carboranes (eq 41).!

CH;CN
1- and 2-C,H;B,oH,; + HC=CH —
8- and 9'02H5B10H902H2 (41)

The second route to alkylcarboranes involves the
electrophilic alkylation of carboranes with alkyl hal-
ides'® or vinyltrichlorosilane!*” in the presence of AlCl,
(eqs 42 and 43).

C,H,BoHy, + RX ——= C;H,BiHyo R, (42)
C,H,B,H,, + CH,—CHSICl, ——2.
C;H,ByoH 0., (CH,CH,SiCLy), (43)
n=1-3
The mechanism of this alkylation is similar to that
of the Friedel-Crafts’ reaction.!3” Recently, 1-iso-

propyl-o-carborane was alkylated with 4-chlorobutyric
acid (eq 44).'®® o(m)-Carboranes were not alkylated

. AlCl,/CS,
l'C3H7'O'CzHB10H10 + CI(CH2)3COOH

i-CyH;-0-C;HB, o Hy(CH,);,COOH-9 and -12 (44)

under these conditions.

Electrophilic alkylation of o(m)-carborane with per-
fluorotoluene in the presence of SbF; occurs accordingly
to eq 45.1%

C,H,B,H,, + C;F;CF; [CeFsCHLF] +
[C.H,B, HpF] —
C,H;B,o(CH,CeF5)HF + C,H,B, H.F, (45)

B-Arylcarboranes as well as some oligomeric products
with B-C bonds were formed by the reaction of car-
borane with free B-centered carboranyl radicals!4®
generated by thermolysis of tert-butyl peroxide.

High-temperature condensation of carborane with
1,2-dichloroethylene was shown to result in the forma-
tion of B-(B-chlorovinyl)carborane and oligomeric
products (eq 46).14!

C,H,B,H,, + CHCI=CHCI —
02H2B10H9_0H=CHC]. +
Cl—[CH=CH—CH=CH—C,B ;H,—],—H (46)

Irradiation of ethyl diazoacetate in a C4Fg solution
of o-carborane leads to four products containing a C-
B(carborane) bond (eq,47).14%

CZH2B10H10 + NchCOOEt ->
C,H,B,H,CH,COOEt (47)

Carbenes (CH,, CCl,, CF,) were reported to attack
o-carborane at the boron atoms in the positions 4, 9, 3,
and 8,'4?® but this conclusion appears to be incorrect.

Simple pyrolysis of o-carborane in the presence of
dialkyl acetylenedicarboxylates and trialkyl methane-
tricarboxylates in sealed tubes at 200-275 °C produces
9-alkyl-o-carboranes in reasonable yield (eq 47a).1432

$0,/8bF;

HC—CH — = HC—CH {47a)
\/ 275°C N/
BioHyo ByoHgR

esters = ROOC —C =C-—COOR and {ROOC),CH;
R= CH;, 02H5|C3H7, S-C4H9

o-Carborane was suggested to be acting as a mild cat-
alyst in this Friedel-Crafts-like alkylation reaction.
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o-Carborane reacts with the cluster [(u—H);s-
(CO)¢Os3(u3—C)]3(03B50;) in the presence of BF; to
form the boron-substituted complex with B(9)~C bond
which is stable on air (eq 47b).1#*® m-Carborane does

1,2-CzBlBo]}'I12 + [(1—H)3(C0)40s5(15—C)135(03B403)
— (u1—H)4(C0)084(us—C)(C,B oH,;) (47b)

not react under the same conditions.

An organic group was introduced at the boron atom
of the carborane cage through reaction of iodo-
carboranes with organomagnesium compounds in the
presence of Ni and Pd complexes (eq 48).144145

C,H,B,oHol + RMgX — C,H,B,;H,R  (48)

The first carborane functional derivative with a B-C
bond, 3-carboxy-o-carborane, was synthesized in 1968
by the oxidation of 3-vinyl-o-carborane with chromic
anhydride (eq 49).146  3-Carboxy-o-carborane has

C,H,B,;H,CH=CH, ——% C,H,B;H;,COOH  (49)

properties typical of common organic acids.

Contrary to the C-carboranyl derivatives, B-
carboranylethylenes readily add HCl in the presence of
AlCl;. In this respect B-carboranyl compounds resem-
ble organic compounds to a greater extent than their
C-carboranyl analogues.

The first B-aminocarborane was obtained by Zak-
harkin and Kalinin in 1967. They showed that the
dicarbadodecaborate(14) anion, formed by the addition
of two electrons to the carborane nucleus, reacts with
liquid ammonia at low temperature to give a B-
aminated dianion which was then converted to 3-
amino-o-carborane by oxidation with KMnO, or CuCl,
(eq 50).147 The 3-amino-o-carboranes show reactions

NH;, (lig)
C.H,BoH;o m" (CoH;B1oH10)* H,
KMnO, or CuCl,
(CH,B,oHyNH,)* NH, C.H,B,,H,NH,

(50)

typical of aliphatic and aromatic primary amines. They
are readily arylated and acylated with formic acid or
acetic anhydride.

Like aliphatic and aromatic formamides, formyl de-
rivatives of o-carboranes react with phosphorus oxy-
chloride in pyridine to give o-carboran-3-ylisonitriles (eq
51).148 The latter are used as ligands in transition metal

POC,
C,H,B;(H,NHCHO ——— CQHZBmHQNC (1)
complexes (Mo, W, Mn, Re, Fe, Ru, Rh, Nj, Pd, Pt).1#°

B-Hydroxycarboranes were obtained by the oxidation
of carboranes with HNO3;, KMnO,, or CrO;. Unlike
borinic acids, B-hydroxy-o-carboranes are similar in
their properties to the organic hydroxy derivatives.
They react readily with boric acid, (CH,);SiCl and PCl,
to form the corresponding esters.1%0

Plesek and Hefmanek!%% obtained the first carborane
with a B-S bond by the action of elemental sulfur on
carborane in the presence of AlCl; (eq 52).

AlC),
C2H2B10H10 + Sg —— CszBmHgSH (52)

Another method for the introduction of sulfur to the
carborane icosahedron consists of the action of sulfur
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chlorides in the presence of AICl;. The same routes
were used for the preparation of selenium and tellurium
derivatives (eq 53).15%2 The latter were used for the

AICY
C.H,B,oH;o + Se,Cl, —— (9-C,H;B,(Hy),Se;  (53)

preparation of 0,0-dialkyl Se-(o-carboran-9-yl) sele-

nophosphates (eq 54).1512 Several types of 9-thio- and

(9-02H2B10H9)2Se2 + (R0)3P -
(RO),P(0)SeB;oH,C,H, (54)

9-gselenocarborane derivatives of the phosphorus esters
were obtained in a search for biologically active com-
pounds.

The reaction of 9-mercaptocarboranes with the
chlorides of phosphorus acids was carried out (eq
54&) 151b

EtaN
HG—CH + RIRO)P(OICI — HC—CH (54a)
B, HoSH B1cHgSP(O)R(R'0)

0,0-Diethyl S-(o-carboran-9-yl) thiophosphite was
prepared from diethyl chlorophosphite and o-
carborane-9-thiol in ether in the presence of Et;N at -30
°C. It reacts with oxygen, sulfur, and selenium to give
the corresponding derivatives of pentavalent phospho-
rus (eq 54b).!1%%¢ The interaction of o(m)-carborane-9-

EtaN (X]
HC—CH + (EtO),PCl —— HC\——ICH + —
ByoHaSH B1oHgSP(OE),
HC\—ICH (54b)
BngSIPl(OEl)z
X
X=0,8, Se

selenol!%?2 with S-8-bromoethylthiophosphonate in the
presence of Et;N leads to 0,0-diethyl S-8-(carboran-
9-ylseleno)ethyl thlophosphates (eq 55).152®  These

il EtsN
HC\-—/CH + BrCH,CH,SP(OEt); —
B,oHgSeH o
RC\—ICH Il (55)

B, HgSeCH,CH,SP(OE),

compounds hold interest as potentially physiologically
active compounds.

Li and Jones proposed a modification of the synthesis
of 3-bromo-o-carborane.!®3 They found that in the
method of Roscoe, Kongpricha, and Papetti!®*® com-
plications are introduced by the necessity of separating
an unreported side product identified as 3-ethoxy-o-
carborane (eq 55a). The source of this side reaction

Lia{BgCaHy4] HC>—BCH + HC—CH (55a)
3-BrB,Hy 3-E1OBoHg

is the formation of EtOBBr, from Et,0 and BBr; and
its interaction with Li,[BsC-H,;]. In order to avoid this
side reaction BBr; was replaced by Me,S-BBr; complex
which serves to convert Liy,[B4C,H;,] into 3-bromo-o-
carborane without complicating side products (eq 55b).

Lip{BoCoHyq] + Me,SeBBr, —— HC—CH (55b)
(vield 65.4%)

Andrews, Zayas, and Jones!%¥* found that the syn-
thesis of 9-iodo-o-carborane by treatment of o-carborane

BBI‘a
—
E10
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with I, and AICl, in CCl, described previously'® leads
to a mixture of halogenated carboranes containing only
28% of 9-iodo-o-carborane. The use of CH,Cl, instead
of CCl, was investigated, and this procedure gave 9-
iodo-o-carborane in 93% yield and high purity. After
this publication Zakharkin et al.!5% studied in detail the
electrophilic monohalogenation of o- and m-carboranes
by iodine and bromine in the presence of AICl; in po-
lychloromethanes. The yield of 9-iodo-o-carborane was
shown to depend on the solvent, on the quality and
quantity of AlCl;, and on the time of the reaction.

Selective fluorination of o- and m-carboranes with
SbF; resulting in the preparation of 9-fluoro-, 9,12-di-
fluoro-, 8,9,12-trifluoro-, and 8,9,10,12-tetrafluoro-o-
carboranes and of 9-fluoro- and 9,10-difluoro-m-
carboranes!® has been reported.

The use of these compounds in synthesis was, how-
ever, limited due to the low reactivity of the halogen
linked to the boron. When carboranes containing the
boron-onium halogen bond were prepared (eq 56)15°
their potential utility improved. The high reactivity

cy
9-0(m)-C,HB1oHyl —— 9-0(m)-C,H,B o H,ICl,
CFsCO0Ag )

CH,CN

1. PhH; H*

9-0(m)-C,H,B,,H;(OCOCF,), -
9-0(m)-C,H,B,H,I*PhBF, (56)

of such onium compounds toward nucleophilic reagents
makes them useful in the synthesis of otherwise poorly
accessible boron-substituted carboranes. Their syn-
thesis and reactions have been reviewed.®

One new synthetic use of carboranylhalonium salts
is in the synthesis of the previously unknown bis(9-m-
carboranyl)ether by alkaline hydrolysis of phenyl(9-m-
carboranyl)bromonium tetrafluoroborate.!® X-ray
structural analysis as well as the vibrational spectrum
of this ether have been published.'®”

Recently the influence of the nature of the onium
halogen atom on the reactivity and the reaction path-
ways of phenyl(m-carboran-9-yl)halonium compounds
have been discussed. Authors suggested three path-
ways, i.e. nucleophilic substitution, one-electron re-
duction, and degradation of the carborane icosahe-
dron.!%8

B. Carboranes with Boron-Non-Transition
Element Bonds

Carboranes with boron—non-transition metal bonds
became widely available when the direct mercuration
and thallation of carboranes were discovered (eqs 57
and 58).2.22

CZR2B10H10 + (CF3C02)2Hg - CF3C02HgB10HQC(2R2)
57

C2R2B10H10 + (CF3002)3T1 -
(CF4C0,),TIB,;H,C,R, (58)

The reaction of boron-mercurated carboranes with
the salts of non-transition metals allowed the prepara-
tion of the carborane derivatives in which the boron
atom is linked with an atom of an element of main
groups III-V (eq 59).

(CoR;B,oHy)oHg + EX,, — C,RyB;(HoX,,; (59)
E = Ga, In, T, Sn, P, As, Sb

Bregadze

Organometallic compounds and boron—carboranyl
derivatives of non-transition metals react similarly with
a wide variety of reagents. Comprehensive reviews for
these covering the years up until 1987 are available.&15°

Recent interest in this field concerns the formation
and reactivity of boron-centered and metal-centered
radicals (eqs 60 and 61),160.161

uv
(C,H,B,Hy),Hg —> C,H,B;(Hy" + 'chszBm(Hg)
60

C,H,B oHsMX, —> C,H,B,cHy* + *MX, (61)
M = Ga, In, Tl

The photodecomposition of bis(m-carboran-9-yl)-
mercury and (m-carboran-9-yl)thallium bis(trifluoro-
acetate) in arene medium gives aryl-m-carborane (>-
50% yield) with 90% substitution in the 9 position of
the carborane nucleus (eq 62).162

uv

(m'CzHgBlng)zHg —;;;’
m-C,H,B,0HsAr + (m-C;H,B,0Hy), + m-C,H,B o H,,
(62)

Ar = CsH5, C6F5, 1,4'M8206H3

The reactions of bis(m-carboran-9-yl)mercury with
trichloroethylene and tetrachloroethylene are believed
to proceed via the formation of B-centered and Hg-
centered radicals (eq 63).163

uv

80°C

M-CoHyBioHgCH=CCl, + m-CoHoBioHgCl + m-CoHoBioHyg
(50%) (8%) (10%)

(m-C3HzB1gHg)oHg + Clo,C=CHCI

©2C=COl_  mCyHaB1oHeCCI=CCl, + m-CoHyBygHgHgCl +

Uv. 100°C (35%) (35%)
M-CoHyByHeCl  (63)
(10%)

Photolysis of bis(carboranyl)mercury in trimethyl
phosphite!® or PCl,!%% results in the formation of the
corresponding carboranyl compounds with a B-P bond
(eq 64).

(CH40)3P
(C2H2BoHg)2Hg v CaH2BioHgP(O)(OCH,), + Hy + CoHpBioHig

PCI
%- CoHaBygHPCl, + CoHaBioHGHGC (64)

Carboranylmercuric compounds with boron-mercu-
ry—phosphorus bonds were synthesized by two methods
(eq 64a).!%> Electrochemical properties of these com-

o{m)-CzH,BigHgHGC! + (RO),PONa

\

o{m)-C;H,B,,HgHgP(O)(OR),

(o(m)-C;HoBygHgl,Hg  + [(RO),P(O)),Hg (64a)

pounds were studied on a platinum electrode in aceto-
nitrile.!5% The mechanism of the electrochemical redox
process of the o-carborane derivatives was shown to
differ from that of the corresponding m-carborane de-
rivatives. In the first case the rupture of the boron-
mercury bond occurred on a platinum cathode, in the
second case the rupture of the phosphorus-mercury
bond took place.



Dicarba-cioso -dodecaboranes C,B,oH;,

The decomposition of the P-Hg bond by UV light in
C,H,B,,H,;HgP(O)(OR), was shown by spin trapping
in an ESR experiment.155

C. Carboranes with Boron-Transition Metal
Bonds

Carboranes with boron-transition metal bonds were
obtained for the first time only in 1970 by Zakharkin
and Orloval®® (see eq 65).

C,H,BH,COCI + NaFe(C0),CsHyr ——
170 °C

C2H2B loHQCOFe(CO)2C5H5'7I' _-C‘O—’
C,H,B,H,Fe(CO),C.Hy- (65)

Up to 1981 there were few developments until Kali-
nin, Usatov, and Zakharkin discovered the intramo-
lecular oxidative addition of carborane B-H bonds to
transition metal atoms.!®” An example of such carbo-
rane cyclometalation reactions is represented in eq 66.

CyHyg: 100 °C
4«!0\—/ccr+2r\4(<:2;45>2 + CH4Re{CO)s

B10H10
HC —/CCHZN(CZHS)Z (66)

B1 ng—Re(CO)4

The results obtained in this field are summarized in
the review found in refs 8b and 168.

V. Conclusion

An interesting peculiarity of carboranes is their ability
to take part in electrophilic substitution reactions typ-
ical of aromatic compounds. The course of these re-
actions and the influence of the substituent on the
electron charge distribution are similar in many respects
to the corresponding organic reactions. It seems suit-
able, therefore, to call such carborane three-dimensional
systems “superaromatic” or “pseudoaromatic”.

Rapid development in the field of B-substituted
carboranes reveals their peculiar resemblance to the
chemical properties of organic alkyl and aryl com-
pounds. B-Metalated carborane behavior is in agree-
ment with this point of view. In addition, compounds
with a B-M bond undergo reactions typical of organo-
metallic compounds.

Although carborane chemistry has been the source
of much exciting chemistry there are still many im-
portant aspects awaiting future investigation.
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