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1 INTRODUCTION

The reaction of decaborane(14) with acetylenic
compounds in the presence of Lewis bases has
resulted in members of a class of
organoboranes.”™ A typical reaction of 1,2-
dicarba-closo-dodecaborane(12), C,B,;H;,, and
its thermal rearrangement have been well
studied.”™ The structure of this compound shows
a regular icosahedron with two carbon atoms at
adjacent vertices." In addition, there are two
other isomers* !¢ in the C,B,cH,, family, namely
1,7-C,B,H;, and 1,12-C,B,H;, (Fig. 1), which
are identified as m-carborane and p-carborane.
The icosahedral carboranes, 1,2-, 1,7- and
1,12-C,B,(H;, are in general use as high-boron-

shielding purposes or for firing to form ceramics
related to boron carbide.”

O-carborane and its derivatives have been de-
scribed as superaromatics on the basis of exten-
sive molecular orbital calculations.”>* However,
it is not in as much accordance with the experi-
mental thermodynamic stability as is the case for
benzene and its derivatives.”® The o-carboranes
display strong electron-withdrawing character
with respect to substituents attached at the carbon
atoms.” To make a comparison between the addi-
tions of phenylcarbene and carboranylcarbenes,
the additions of o- and m-carboranylcarbenes to
olefins have been observed through the reactions
of diazomethyl-o-carborane with various olefins.?
It was concluded that the addition of o- and m-
carboranylcarbenes occurs in a largely stereo-
specific fashion (Eqns [1] and [2]).
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Figure 1 Structure of icosahedral carborane isomers.
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Based on another point of view, the carbene
insertion products were generated by the reaction
of o-carborane directly with the reactive carbenes

(Eqn (3)).”
C—==C

Y + ZCR2 —
BygH1p

The strong electron-withdrawing effect of the
1-o-carboranyl group results in an essentially
increasing acidity of functionally connected acid,
hydroxy, amino and mercapto substituents.” !
The acidity of CH, protons in 1-methyl-2-benzyl-
o-carborane has been shown to be higher than the
acidity of the C~H bond of o-carborane on the
same scale.” It would be expected that the
exchange of the phenyl group in 1-methyl-2-
benzyl-o-carborane with a more electron-
withdrawing group (carbomethoxy) would pro-
mote increasing acidity of the CH, protons. In
order to test the ability of carboranylacetic esters
to form a stabilized carbanion, the palladium-
catalyzed allylation of carbonucleophiles was car-
ried out under neutral conditions using allylic
carbonates (Eqn [4]).%

c—cC
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medicines for boron neutron capture therapy
(BNCT).* Hexadecyl-o-carborane was synthe-
sized by the reaction of l-octadecyne and decar-
borane in a solution of acetonitrile and benzene.”
However, the yield was somewhat low (30%). A
new compound for BNCT was synthesized
recently, i.e. 5-(1,2-dicarba-closo-dodecaborane-
(12)-1-yl)-2-aminopentanoic acid i.e. (1), which
acts as a good receptor to bind cancer cells selecti-
vely by using an alkylation of the boron cage
skeleton.” The receptor compound is obtained
via alkylation of imidazolidine with a protected
alkylsilyliodoalkylcarborane.  Alkylsilylcarbor-
anes are very important protecting reagents for
the synthesis of receptor compounds.

A new approach to the synthesis of disilacar-
borane has been reported, including the success-
ful synthesis of a disilacarboranyl polymer, by the
reaction of bis(dimethylamino)silanes with decar-
borane (Egn [5]).”

H,C(H)Si[N(CH;), ], + B1oHis

d HZ + (CH3 )QNH + 6,9-[(CH3 )NH]szle

—1n  RC—=C CHCOMe .
THF, Np, r-t. B, YH
1810
From a large number of candidates,
Lipophilic clusters including closo-carborane  '“B-enriched o-carborane derivatives were

derivatives have been synthesized for useful

selected recently for use in clinical trials.
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Soloway et al. attached o-carboranyl cages to
phenothiazine derivatives (2)*® and to the 5-
position in pyrimidine nucleosides” linked
through an appropriate spacer to the 5-position of
the base (3).

5-Carboranyluracil was synthesized as a versa-
tile intermediate for the synthesis of a pumber of
nucleoside analogs, starting from the commer-
cially available S-iodourcil, by Goudgaon er al.
(Scheme 1).%

Many synthetic routes to 5-(1-o-carboranyl-
methyl)-substituted pyrimidines have been
reported, including the successful synthesis of
2, 4 - dichloro - 5 - (1 - o - carboranylmethyl) - 6 -
methyl-pyrimidine.*"*

The various reaction procedures by which pyri-
midines and their nucleosides are utilized in the
cell make these bioactive molecules a particularly
attractive target for boronation in order to con-
centrate B in actively replicating tissue.
Furthermore, a successful approach provides a
strategy for the synthesis of 2,4-dichloro-5-(1-o-
carbgranylmethyl)-6-methylpyrimidine (Egn
[6])-

Cl
L
HaC N"ci BigHia [6]
CHACN
= Toluene

BioH10
Though decarborane reacts on pentanoate deri-

vatives (Eqn [7]), the reaction has been shown to
be depended on the acetonitrile concentration.

OCH4
OCHg
Bigtha ~
—————PCH S OCoHg [7]
OC2H5 3CN
Toluene
/
/
BygH1g

A parallel second-order reaction was observed
by the reaction of nido-B,H,, with alkynylpy-
rimidines.* Competitive generation of nido-
[B;oH;;C]"[MeN"H,] and closo-B,;H,;CHCR is
observed from the reaction (Scheme 2).

Pyrimidine , closo-BsH;cCHCR (R = Pyrimidine ring)

CH,CN nido-[B,H;;C] [CH;N*H;,]

Scheme 2

B10H14

Other closo-C,B,_,H, carboranes, with n=
612, were synthesized.” These carborane mole-
cules react with organic molecules, and isomers
can be generated by movement of the polyhedral
carbon atoms relative to each other over the
polyhedral surface.’*

Synthesis of a molecule which contains both an
o-carborane and an organic molecule such as
pyrimidine is especially difficult because o-
carborne is a quite stable solid. Furthermore, its
o-carboranyl anion is a weak nucleophile. This
behavior suggests that the Sy2 reaction of the
o-carboranyl anion with primary alkyl halides will
not occur easily. Sy2 reaction with a sterically
encumbered molecule such as a tertiary alkyl
halide will not give an o-carboranyl compound.

We have now investigated the possibilities of a
new synthesis of o-carborane derivatives using
very rective precursors (carbenes) and describe in
the next section the synthesis and the reaction
mechanism.

2 BORON CLUSTER EXPANSION
REACTIONS

Our original interest in the chemistry of boron
cluster expansion reactions grew out of our stu-
dies of the reactions of carbene precursors with
polyhedral boranes. In particular, we were inter-
ested in the development of new methods of
promoting carbene insertion reactions on boron
clusters. Boron cluster expansion by reaction of
decaborane with nitriles has usually involved
initial electrophilic addition at nitrogen to pro-
duce carboranylnitriles (Eqn [8]).>"™

ZR(EN + B10H14‘—) 6,9‘(RCN)281()}1]2 + H2 [8]

We felt that nido-decaborane (B H,;) might
also be able to undergo similar types of expansion
reaction using reactive intermediates such as car-
benes. Reactive carbenes act as electrophiles,
nucleophiles or ambiphiles.”* Dihalocarbenes
(:CCl,, :CBr,) seem to behave as electrophiles.
The relative reaction rates decrease continuously
with decrease in the z-electron donor ability of
the olefines, ™ % %42

Dihalocarbenes can react with both electron-
rich and electron-poor alkenes, but the reactivity
depends on the nature of the alkene. Two borons
at the 6- and 9-positions in decaborane might
behave as electrophilic centers for reaction with
dihalocarbenes, and then undergo intramolecular
rearrangements to yield the expansion cluster
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Figure2 Mechanism for formation of 1,2-Br,C,BgH,,.

compound. Indeed, we found that decarborane,
B, H;s, reacts with dibromocarbene, :CBr,, to
give 1,2-dibromo-o-carborane (Egn [9]).®

nidO'B10H14 +2 :CBrz"') 1,2'Br2C2B10H10 [9]

The dibromocarbene precursor, phenyltribro-
momethylmercury, was prepared by Seyferth’s
method (Eqn [10]).%%

C¢H;HgBr + CHBr; + +-BuOK
— C¢HsHgCBr; + KBr ++-BuOH [10]

Phenyltribromomethylmercury produces dibro-
mocarbene by photolysis or thermal decompo-
sition (Eqn [11]).5®

hv

C6H5HgCBr3—> :CBI'Z + CGHSHgBr [1 1]
A

nido-B,,H,, did not react with the phenylmer-
curic species but reacted selectively with :CBr,.
The yield of 1,2-Br,C,;Hy increased from 45% to
70% when :CBr, was produced in the presence of
Nal in a solution of CCl, and C¢F,, more than in
the presence of -BuOK (Eqn [12]).

nidO'B 10H14 + ZCGHngCBr:, + 2NaI
hv, reflux
—1 ,2'BI'2C2B 10H10 + ZCGHngBr

CCly, CsFs

+2NaBr + 2HI + H, [12]

The product, 1,2-Br,C,B,,, was characterized
by a combination of 'H, "B and *C NMR, IR and
Mass Spectrometry.®

The "B NMR spectrum (CDCl;) showed four
peaks at 0y —2.79, —1.04, 1.25 and 8.10 ppm. The
B—H proton peaks for the positions, 4,5,7,11
appeared at 8, 2.83, B—H positions for 8,9,10,12
at 6y 2.01, and the 3,6 B—H positions at 0y 3.62
in the 'H NMR (CDCl;). One peak correspond-
ing to the two C—Br in 1,2-Br,C,B,(H ¢ appeared
at ¢ 81.6.

The observed formation of 1,2-Br,C,B,,H,, as
one produce by the reaction of B, H;, with a
unique carbene was unexpected and its reaction
mechanism seems to be complicated. However, a
reasonable mechanism for formation of
1,2-Br,C,B;yH,, might be explained from this
work as shown in Fig. 2.

The first step in this reaction (Eqn [9]) is the
addition of two molar equivalents of dibromocar-
bene produced from phenyltribromomethyl mer-
cury to nido-ByH,,, which then generates the
produce through loss of H,. The ten boron atoms
of the nido structure remain in a fixed state in
their polyhedral arrangement before the cluster
expansion.®

The insertion of :CBr, in nido-B,H,, probably
proceeds through deprotonation of the acidic
centers of B(9) and B(6) of nido-ByH,, by the
lone electron pair of the carbene.

After deprotonation, the cluster rearrangement
from 4a to 4b occurs rapidly and then a new
neutral bond between the two carbon atoms
forms to give the final product, as shown in Fig. 2.

1,2-Br,C,B,yH,, is very unstable at room tem-
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perature and is stable in methanol. The potassium
salt of 1,2-Br,C,B,H,;, however, is stable in
water.

Irradiation of decaborane with trimethylsilyl-
diazomethane (5) generated closo-compound 6,
which was isolated as an air-stable, white, solid
product (Egn [13]).® As well as the product (6),
6,9-(N,CH,SiMe;),B,,H;; (7) was formed concur-
rently as minor component (Eqn [14]).

nido-B,oH,, + 4(CH, );SiCHN,
5

hv, reflux
e 4 CIOSO-l ,2'(SiMe3 )2C2B9H11
CeHsCHy "

+HB(N,CHSiMe, ), + 2N, +2H, [13]

nidO‘B10H14 + 2(CH3 )3SICHN2
5

hvy, reflux
—— nido-6,9-(N,CH,SiMe, ),B(H;, [14]
CgHsCH3 7

The yield of products 6 and 7 vary with
duration of irradiation or heating conditions, as
shown in Table 1.® Irradiation of diazo com-
pound 5 can lead to a reactive carbene interme-
diate, e.g. Me;SiCH:, but thermal reaction in the
dark gives a less reactive azine intermediate,
Me;SiCH=N—N=CHSIMe;.” Compound 7 is
soluble only in solvents such as N,N-dimethyl-
formamide and dimethyl sulfoxide.

Compound 7 melted with decomposition above
198 °C. This results from weaker B—N bonding in
the nido structure. However, when nido-B,H,,

Table1 Relative yields of reaction of decaborane with
trimethylsilyldiazomethane®

Conditions

Product Temp. (K) Radiation Yield (%) Relative yield

6 383 hy 37 1.00
323 hy 19 0.52
293 hy 5 0.14
383 (Darkk) 0 0.00
7 383 hy 34 1.00
383 (Dark) 34 1.00
293 hy 18 0.53
293 (Dark) 18 0.53

Figure3 Structure of closo-1,2-(SiMe;),C,BH,; (6) and
nido-6,9-(N,CH,SiMe, ),BoH, (7).

was reacted with the diazo compound (5) with
irradiation in toluene, a white precipitate was
formed after a 10 h reflux. The structures of the
reaction products 6 and 7 are shown in Fig. 3.

Product analysis and geometry-optimized cal-
culations indicate that 6 has a deltahedral
structure.® Two C—Si(Me); vertices are substi-
tuted for two B—H vertices of nido-decaborane.
Neighboring, similarly charged, C—Si(Me), ver-
tices repel each other so that charge smoothing
tends to favor closo-carborane wherein the two
carbons are separated as nonadjacent sites.”""!
The Si-C bond distances (1.827 A, on the aver-
age) in 6 are very close to those of 1,2-dimethyl-
1,2-disila-closo-dodecaborane(12). The B-B
bond distances in 6 are very similar to the closo-
carborane structures, supported by the fact that
the C-Si bond distance is within the normal C-Si
single-bond range.” Compound 6 is a closo struc-
ture with four aberrant open faces, as shown in
Fig. 3. However, the structure of 7 is of a four
open-faced nido-form.

Other B-B-B and B-B~-C bond angles in 6 are
similar to those in other four-faced closo-
carborane compounds.”™ The "B NMR spectrum,
taken in CDCl; solution, shows the five peaks at
Op —7.84, —7.51, —12.3, —16.7 and —22.9 ppm.
The SiMe, peak appears at 6 0.053-1.22 ppm in
the '"H NMR spectrum of 6 in CDCl;, moving
downfield in CD,Cl, to 0.69-1.28 ppm. The IR
spectrum of 6 was measured in the region
450-3500 cm™' and its Raman spectrum was also
obtained in the region 400-3600cm™’.
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Polarization measurements of Raman lines were
carried out in a saturated solution in benzene.

The most prominent features of the vibrational
spectra of all cage closo-boranes are the v(BH)
multiplet in the region 2490-2520cm™' and the
polyhedron ‘breathing’ mode near 781 cm™’. In
the case of 6 the »(BH) medium bands show near
2519cm™". In the case of 6 the v(BH) medium
bands show near 2519cm™! and the breathing
mode comes near 695 cm™', both features being
markedly shifted to lower frequencies compared
with the closo-carboranes. The frequency shifts
seem to be caused by weakening of molecular
bonding in 6 as compared with that in closo-
carborane. The most intense peak in the Raman
spectrum is the strongly polarized 912 cm™' band,
which corresponds to the v(C—B) mode of
alkylboranes.”

The polarized Raman line at 705 cm™! seems to
be the symmetrical stretch of the exo-polyhedral
Si—C bands. This frequency lies in the usual
range of Si—C bonds and is similar to that of the
»(Si—C) mode in Si(CH;),’® and (CH;);SiCL.”

The formation of 6 as one product of the
reaction of decaborane with a diazo compound

(5) was unexpected and its reaction of decaborane
with a diazo compound (5) was unexpected and
its reaction mechanism seems to be complicated.
A reasonable interpretation of the formation of 6
is under investigation. However, a reaction
mechanism for the formation of 6 is proposed as
follows. The first step in this reaction is the
addition of two molar equivalents of 8, a Lewis
base, to nido-B,gH,,. Adduct 9a was generated
through loss of H, and N, as shown in Scheme 3.
The ten boron atoms of the nido structure remain
in a fixed state in the polyhedral arrangement
during the cluster expansion. The formation of
adduct 9a proceeds through deprotonation of the
acidic center of B(9) and B(6) by intermolecular
attack of the lone electron pair of the carbene,
:CHSiMe,. Rapid rearrangement of the neutral
BBCHSiMe; bond from 9a occurs to produce 9b
as depicted in Scheme 3. Additional
(CH5;);SiCHN, reacts with the B—H (3-position)
of 9a to remove the carbon atom from the adduct
9b. In the final step, which results in the forma-
tion of 6, there is an intramolecular rearrange-
ment to make a new bond to form the final closo
compound.

Si(CH3)3
Si(CHZ),

+ 2N2 + H2
+2(CH;)3SiCHN, _ hv
A (9a)
(8)
2(CH,);SiCHN,
- N=N-CHSiMe,
HB N=N-CHSiMe,;
(9b)

Scheme 3
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3 ALLYLATION OF o-CARBORANYL
ESTERS

There has been considerable interest in the syn-
thesis of mono- or di-substituted icosahedral
1,2-C,B,(H,, carborane derivatives. However,
many of the complex organic structures desired
are not always possible to attain through known
synthetic methods for C-substituted o-carborane
species. A limited number of C-substituted o-
carborane derivatives have been synthesized by
using monolithiation” of o-carborane and the
conversion reaction” of t-butyldimethylsilyl chlor-
ide with o-carborane.

We have investigated the synthesis of new types
of C-substituted o-carborane derivatives using
stabilized carbonucleophiles based on the strong
electron-withdrawing effect of the cage-
carboranyl group.

To test the ability of carboranylacetic esters to
form stabilized carbanions, palladium-catalyzed
C-allylation of carbonucleophiles has been car-
ried out under neutral conditions using allylic
carbonates.® The strongly electron-deficient cage-
carborane 1-0-C,BoH,, results in an essentially
increasing acidity for connecting with basic
substituents.” !

Treatment of methyl 2-(2-phenyl-o-carboran-1-
yl)acetate (10) with excess (about 3 mol) of ethyl
cinnamylcarbonate(11),  bis(dibenzylidencace-
tone (Pd(dba),) and 1,2-bis(diphenylphosphino)-
ethane (DPPE) in THF at 60 °C under nitrogen
for 5h, gave the corresponding disubstituted
C-allylated product 12 in good to excellent yields
(Eqn [15].%

PhCWCCHZCOZMC + 3 Ph\/\/OCOzE[ d. A‘Cat
BIOHIO
(10) (11)
[P [15]

PI\CWC CO,Me

HIOBIO
Pl

(12)

Palladium-catalyzed C-allylation of the o-
carboranylacetic ester 10 with the corresponding
carbonates in THF was very sensitive to the
CH-acidity of the carbonucleophiles. To find opti-
mum conditions for C-allylation of 10, the molar
ratio of palladium catalysts has been investigated.

The yield of disubstituted C-allylated product 12
was affected significantly by the reaction con-
ditions. The yield of 12 was influenced by the
molarity of Pd(dba), and by the reaction tempera-
ture.

" A small amount of the catalyst, below 2 mol%,
gave poor yields (about 50%); however, increas-
ing the molar ratio of Pd(dba),, to 3—10 mol%
enhanced the yield of product 12 to 80-90%. The
most effective amount of reaction catalyst was
about 5 mol% .*

The reaction of methyl 2-(2-phenyl-o-carboran-
1-yl)acetate (10) with 1 mol of ethyl cinnamyl-
carbonate (11) in the presence of Pd(dba), and
DPPE in THF at room temperature gave the
mono-C-allylated product (13) as previously
reported (Eqn [16]).%

PRC 5 CCH,COoMe

O Pd. cat.
B1ooH1o AN .
(10) aan
ij ™[]
PhC 5 CCHCO,Me

B\1/0"‘10

(13)
A very simple additional allylation of

carbonucleophile 10 occurred easily by the reac-
tion of the C-allylated compound, methyl 2-(2-
phenyl-o-carboran-1-yl)-2-allylacetate (14), with
iodobenzene in the presence of Pd(OAc), in ace-

tonitrile (Eqn [17]).%
Ph
PR ClH COpMe

PA(OAC),
PhC\6/C HCOoMe | ph| —_—
BioH1o

B0H1g Meen
(14) (15)

(17]

This reaction has limited utility because of the
neced to use a stoichiometric quantity of
Pd(OAc),. When the molar ratio of Pd(OAc), to
14 was 4 mol%, the most effective reaction time
was 6 h for the formation of methyl 2-(2-phenyl-o-
carboran-1-yl)-2-cinnamylacetate (15). The cor-
responding di-substituted C-allylated o-carborane
derivatives were prepared from mixtures of
methyl 2-(2-phenyl-o-carboran-1-yl)-2-allyl-
acetate (14), ethyl cinnamylcarbonate (11),
Pd(dba), and DPPE in THF at room temperature

(Eqgn [18]).
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L == dba, OAc Nu

AT WK
‘\

<)
PhCVCCHCOZMe

ByoHyp

Ph OCOQ,Et
N2\

EVAN

=2 L— Pd\ — L
L—Pd"— L
- OCO,Et
EtOH\
NuH /-\g\
L—pdt— L
-OEt
Scheme 4

PhCchHCOZMe + Ph\/\/OCOZEx ——-bPhCWC CO,Me
HiByo HyBio

Ph

(14) ) 18 [18)

In this reaction the starting material, 14, was
prepared by the synthetic route for 13. Mono- or
di-substituted C-allylations of o-carborane deriva-
tives using palladium catalysts can be explained
by a previously proposed mechanism® ¥ as shown
in Scheme 4.

Oxidative addition of the ethyl allyl carbonate
(in this case the cinnamyl carbonate) to the
palladium(0)—phosphine complex gives the -
allylpailadium carbonate, which undergoes decar-
boxylation to form a z-allylpalladium ethoxide.
As soon as the ethoxide anion is formed, abstrac-
tion of an active hydrogen from an active methy-
lene on the carboranylacetic ester occurs to
generate a carbanion. The carbanion forms with-

out addition of bases when allylation occurs with
allylic carbonates. Finally, nucleophilic attach of
the carbanion on the s-allylpalladium gives the
allylated product and palladium(0)—phosphine is
regenerated.
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