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I. Introduction

Carboranes are a class of carbon-containing polyhe-
dral boron-cluster compounds that have been known
since the 1960s!? as a relatively younger subdiscipline
of boron cluster chemistry.? Earlier pioneering work
in this area and later experimental extensions of car-
borane chemistry! have shown that carbon and boron
atoms are virtually interchangeable within wide, but
well-defined limits.!*7 Thus, carboranes are generally
defined as boron cluster compounds with one or more
polyhedral boron vertices replaced by carbon.

In most cases known so far, the presence of cage
carbon centers usually enhances chemical stability of
carboranes in comparison with equivalent borane
structures. The ingenious recognition by Hawthorne
in 1965° that carboranes with open polyhedral struc-
tures can act as polyhapto ligands to form extremely
stable sandwich-type complexes with transition metals
has also initiated a vast area of metallacarborane
chemistry® (for more recent reviews see refs 7f,g, 9-10,
for example), with structures and bonding principles
that have influenced so much the recent development
of organometallic and inorganic-cluster chemistry.*

The extreme stability of many carborane compounds
has also led to intensive studies by industrial research
groups aimed at developing novel carborane-based
polymers designed for special uses.! Much of the recent
practical interest has also been derived from the rela-
tively broad chemical flexibility of carborane com-
pounds toward modifications with “biologically active”
organic substituents, leading to compounds targeted for
use in neutron capture therapy (see refs 12, 13 for ex-
ample).

The presence of carbon atoms in an electron-deficient
deltahedral moiety also dictates novel structural fea-
tures never encountered in comparable polyborane
chemistry. In particular are the open-structured car-
boranes of the nido and arachno classes that are in-
creasingly attracting the attention of both experimental
and theoretical chemists. The differences outlined

Received July 9, 1991 (Revised Manuscript Received January 13, 1992)

Bohumil Stibr, born in 1940 at Slany, Town of Hops, Czechoslo-
vakia, graduated in Inorganic Chemistry at the Institute of Chemical
Technology in Pardubice in 1962. He has been active in the area
of cluster boron chemistry in the Institute of Inorganic Chemistry
of the Czechoslovak Academy of Sciences since 1963, especially
in the area of carborane and heteroborane chemistry. His pressnt
position is Principal Research Fellow. In 1972 he worked for six
months with M. F. Hawthomne (University of California, Los Angeles)
in the area of metallacarborane chemistry, and for six months in
1989 with N. N. Greenwood and J. D. Kennedy (University of Leads,
UK) as a Royal Society Fellow in the area of metallacarborans and
heteroborane clusters. He is a founding member of the Anglo-
Czech Polyhedral Collaboration (ACPC) in the above area, which
began in 1987.

above immediately engender novel reaction principles
applicable to both the skeletal and exoskeletal reaction
spheres. Taking these and related factors into account,
carborane chemistry offers an immense chemical and
structural diversity, well comparable to that of organic
chemistry. The former chemistry, being much younger
and much more underdeveloped in comparison with the
latter, is expected to provide chemists with still un-
suspected reaction and structural principles, especially
in conjunction with metallacarborane and inorganic
cluster chemistry.

The aim of this review is to cover carborane chemistry
since approximately 1980, when the last comprehensive
review appeared.” The reader should also note that
many partial reviews relating to general carborane
chemistry have appeared that included the work of
individual groups,”!'"'418 brief annual reviews,'>? or
specialized structural®?> agspects. Organic carborane
derivatives were reviewed by Koester? to reflect the
state-of-the-art up to approximately 1984. The recent
chemistry of the twelve-vertex C,B,,H,, carboranes is
exempted from this review since it is discussed in an-
other contribution to this issue, although some nido
compounds of this class will be mentioned in the con-
text of the chemistry of smaller-cage carborane systems.

Inspection of the literature over the reviewed period
(approximately 1980 to early 1991) suggests that dom-
inating trends in the carborane area have been the
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development of simple, rational synthetic strategies for
the preparation of the known carboranes, detailed
studies of exoskeletal reactivity leading to designed
syntheses, and detailed structural studies using NMR
and X-ray diffraction techniques. Less frequently have
been made attempts to synthesize structurally novel
carborane-cage systems through many new reaction
principles, such as metal-promoted cluster condensa-
tion,1416 regiospecific cluster degradation and cage-
growth reactions,!® have been developed to demonstrate
the immense versatility of such synthetic approaches.

The carborane area, especially that of smaller-cage
systems, has also attracted the attention of several
groups of theoretical chemists who have justified the
experimentally obtained structural data via various
methods of quantum chemistry at different computa-
tional levels. Of these the most valuable are the com-
putations directly related to “real” experimental results
and high-level ab initio calculations which probe subtle
details of cluster geometries which are not always
available from direct structural investigations.

This review deals with the chemistry of individual
compounds sequenced approximately according to the
cage size and the number of cage carbon atoms. How-
ever, the author is aware of the inconveniences that
such an approach can bring, especially in discussing
general synthetic principles and strategies, and has tried
to keep these to a minimum. In the process of com-
piling this review, it became also apparent that the
numbering conventions for carborane molecules were
sometimes not consistent from author to author, par-
ticularly in structural work. The author, although being
aware of the complex five-part descriptor nomenclature
system?¢ suggested for unambiguous, structurally def-
initive description of deltahedral structures, has opted
for the usual closo, nido, and arachno convention used
in much of the original literature. Where difficulties
arise, the reader is advised to consult the general num-
bering schemes used in structures I-XXIV (section II
below) and other structural drawings. A brief survey
of recent theoretical work that is related to the general
bonding and structural aspects of carborane chemistry
has also been incorporated.

The author hopes that not only will boron cluster
chemists find in this review, in conjunction with other
reviews of this issue, basic synthetic and structural in-
terrelations intrinsic to carborane species but also some
inspiration for their work.

II. General and Theoretical Considerations

Polyhedral carborane cluster structures may be re-
garded as being based on {BH} and {CH} units held
together by multicenter bonding. Alternatively, car-
borane structures can be derived from those of equiv-
alent borane types via notional replacement of one or
more {BH7} units by the equivalent number of isolobal®
{CHj groups. Taking the earlier reported electron count
and cluster arguments? into consideration, we can de-
fine a basic prototype (BP) (see refs 7b, 27 for example)
of a given n-vertex polyborane cluster as a compound
having only n exoskeletal hydrogen atoms. Thus we
arrive to a series of [B,H,]°" anions which represent a
basic set of closo (¢ = 2), nido (¢ = 4), arachno (¢ = 6),
and hypho (¢ = 8) borane anions with n + (c/2) skeletal
bond pairs.

Stior

An isolobal replacement by x {CH} units as outlined
above then generates a series of carborane BP’s of the
general formula [C.B,__H,1**. For instance, in the case
of tetracarbaboranes (x = 4) this approach leads to a
series of [closo-C,B,_H,]?*, [nido-C,B,_H,]° (neutral
species), [arachno-C,B, H, )%, and [hypho-C B, H,]*
tetracarbaborane BP’s. This approach also readily
suggests that a formal replacement of all boron vertices
(n = x) engenders “nonclassical” carbocationic com-
pounds.”

There is one more consequence of this formalism to
be briefly mentioned that consists in a formal, se-
quential addition of protons (see refs 7b, 11c, 28 for
example), which does not change the total number of
cage electrons, to any of the [C.B,_ H,]** BP’s. Asan
example, for the nine-vertex series of nido-dicarbabo-
ranes (n =9, x = 2, and ¢ = 4), this formalism leads to
compounds [C,ByH,;]%, [C,BoH,]", and C,BoH,g; some
positional isomers of these are already known. It should
also be noted that the “extra protons” thus added are
typically accommodated in the open part of a given
structure (see refs 27b,d for example). Several authors
have recently used EHMO,? MNDO, and ab initio®-32
calculations to rationalize the positions of bridging
protons in existing boranes and carboranes or of protons
added to boranes in real or hypothetical situations.

The principal architectural feature intrinsic to car-
boranes is a closed deltahedral (fully triangulated)
framework of closo (n + 1 skeletal electron pairs) com-
pounds [general structures I, IV, VII, X, XIII, XIX, and
XXII (Chart 1)] from which nido (n + 2), arachno (n
+ 3), and hypho (n + 4) compounds can be derived by
formally removing one, two, and three vertices of higher
cage connectivity, respectively,!cd:26

This concept is seen from the general structures I-
XXIV (Chart 1). For instance, the removal of the
vertex 1 from the closo six-vertex structure IV imme-
diately generates the five-vertex nido structure II and,
generally, removal of x vertices from the n + x structure
leads to n-vertex nido to hypho structures, when x =
1, 2, and 3, respectively. Application of this formal
procedure (the “debor principle”) leads, for instance,
to the general nido (II, V, VII, XI, XTIV, XVII, XX, and
XXIII) and arachno (IT1, VI, IX, XII, XV, XVIII, XXI,
and XXIV) structures which are indeed adopted by
almost all carborane species dealt with in this paper.
A modified CNPR (Coordination Number Pattern
Recognition) and fragment systematics for the nido
carboranes has recently appeared.!i°

As discussed in more detail in previous work,! ¢ the
deltahedral constitution of borane and carborane cluster
compounds is a direct consequence of the involvement
of the three-center, two-electron bonding dictated by
boron’s electron deficiency. In this respect, no attempt
is made to portray the structures in terms of localized
two-center, two-electron bonds. Unless otherwise
stated, the structures presented in this review will be
drawn in terms of the usual “ball and stick” descriptions
that should only indicate bonding connectivities within
individual cages. (Black citcles indicate carbon; small
black circles extra protons; and white circles denote
boron positions. Terminal hydrogens are omitted for
clarity.)

The reader should be reminded that each cage boron
and carbon contributes three atomic orbitals and two



Carbaboranes Other than C,B,¢H,,

CHART 1
41 /1\ 1
¢ O 7y
I I m

[

1 1 %
43/‘\5/*2 L,{é_s\}e 3\5//-4\}—6,5 n=6
\

v \ i
P7ANS AT AT
t.,3< ?\246 “\‘57_/3_\_\1// 3\\”//2\\ / ne?

VI VI IX

1
/ ,\ b7 Sy
W3 87
N/ Xi Z-\——/}ﬁ LAY/
W Ad &

X X1 XII
7\1’,3\\/ IS b

Tk \S 6
W B BA

X1 X1V XV

I~

—\—=2 6 Y 6 y

3/ ] —— —
l’\—\—bﬁl l/>5\—-,/1§<| /4\5\‘410/\\\ n=10
g N <

1 M
A e
X R A a2
B’Q\QF_;// ? A7 \\1'/

XIX XX XX1

XX11 XXI1I1 XXV

and three electrons, respectively, to the cluster bonding
proper, while the fourth orbital is used for exoskeletal
two-electron, two-center bonding. Thus, the combina-
tion of Lipscomb’s topological theory® and the polyhe-
dral skeletal electron pair theory (PSEPT)1¢26bd yields
the basic relation (n + (c/2) = s + ¢t + x + y) between
the number of skeletal electron pairs [(n + (c/2)] and
the usual styx symbols (s = number of bridging hy-
drogens, t = number of two-electron three-center bonds,
y = number of two-electron, two-center bonds, and x
= number of {BH,} units) defined by Lipscomb,?® where
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¢ =2, 4, 6, and 8 for closo, nido, arachno, and hypho
compounds, respectively.

Over the period reviewed, the Lipscomb’s topological
theory® and the PSEPT concept, as simple and ingen-
ious concepts usually are, have been extended into
many areas, such as nonconventional borane, metal-
laborane, and inorganic-cluster chemistry.3® Another
extension has been suggested by Chinese theoreticians.3
With increasing cluster symmetry and cluster size the
original localized-bond treatments® become less ade-
quate and molecular orbital descriptions are then gen-
erally held to be more suitable. A brief summary of the
recently developed methods related to carborane
chemistry might help the reader to get a basic orien-
tation in this field.

Dewar and McKee® reported MNDO calculations on
some of the known monocarbaboranes, nido-2-CB;H,
and [closo-1-CB,;H;,]", closo-dicarbaboranes C,B,_,B,
(n = 5~12), nido-dicarbaboranes C,B,, oH,.s (n = 6,
9"11), [CngHm]—, and [C2B9Hu]2_, and the C3B3H7
tricarbaborane. On the basis of MO calculations Jem-
mis®*37 proposed a “siz-electron rule” to substantiate
the previously recognized fact that carbon atoms usually
tend to adopt the least connected positions in carborane
structures.!1°?ac Stabilities of selected closo-carborane
isomers were correlated with the orbital overlap pref-
erences of {BH} and {CH} cluster units. Whereas the
latter group was found to prefer bonding to three or
four-membered boron rings, the former prefers five-
membered rings.

EHMO calculations of carborane stabilities based on
topological charge stabilization (TCS) considerations,
reported by Ott and Gimare,3® predicted a qualitative
ordering of stabilities of positional isomers among
various classes of closo-C,B, oH,, (for n = 5-12) carbo-
ranes. The T'CS rule states that the positions of cluster
carbons in a structure are related to the distribution of
atomic charges that are determined by connectivity or
topology for an isoelectronic, isostructural, and ho-
moatomic reference system.

The AM1 calculations reported by Dewar® are an
improvement upon the MNDO method because the
latter overestimates the repulsive interactions between
atoms. The systems studied included a range of small
monocarba- and dicarbaborane cages CB;H;, CB;Hj,
C,B;H;, and C,BH;. Of general relevance and appli-
cability to carborane chemistry are the recent EHMO
calculations by Wade et al.,”” who included a wide range
of basic prototype compounds of the closo to arachno
series, and predicted relative stabilities and isomer
preferences. A number of calculations aimed at ra-
tionalizing the endo bridging hydrogen positions in nido
and arachno boron-cage systems®’® and explaining the
long-established observation22¢ that no hydrogen
bridges are allowed between carbon and boron and why
the {CH,} group is preferred in arachno carborane sys-
tems have been reported and are of special theoretical
significance for carborane chemistry.

Stone“®4! has outlined the theoretical basis for the
tensor surface harmonic (TSH) concept which is of
general applicability to all closed cluster systems. The
method yields a general proof of the electron-counting
rules for boron cluster compounds and similar transition
metal cluster compounds. It also substantiates the
common preference for triangulated polyhedral struc-
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tures. This theory has been generalized for nido and
arachno cages? and extended to allow quantitative
assessment of MO energy levels in various boron-cluster
compounds**6 including closo carboranes, metallabo-
ron, and inorganic cages.*’*°

Another useful approach to the theoretical treatment
of metallic clusters, which is generally applicable to
carborane compounds, is Teo’s topological electron-
counting (TEC) theory.?*52 This is based on Euler’s
theorem and the effective atomic number (EAN) rule
and has been used to predict electron counts for a wide
range of polyhedral clusters. The TEC theory was
generalized® and its arguments were merged with those
of the PSEPT by Teo* and Mingos.®

The application of the graph theory by King%-58 to
the area of polyhedral systems has proved of general
interest. Among other aspects, this topological and
group-theoretical approach was used to distinguish
between inherently rigid clusters and those for which
one or more diamond-square-diamond (DSD) rear-
rangement processes® are possible. This was done on
the basis of purely geometrical arguments. An inter-
esting approach to cage energetics and rearrangement
mechanisms in boron-cage species has been reported by
Fuller and Kepert,®6! who used a simple relation be-
tween bond energy and internuclear distances. The
bonding in closed borane structures (n = 5-12) is con-
sidered to be a function of the sum of possible n(n-2)/2
interboron interactions.

A considerable amount of theoretical work has been
reported on cluster-rearrangement processes. Usually
variations of the Lipscomb’s DSD concept®® seem to
offer the most acceptable explanations although other
alternatives have been suggested. Theoretical aspects
of carborane rearrangement (DSD) mechanisms have
been recently reviewed by Gimarc and Ott.%2 Stone and
Wales®® applied the TSH concept to cluster rear-
rangements in boranes to show that this theory can
provide very simple selection rules for distinguishing
between symmetry-allowed or symmetry-forbidden
processes. Wales and Mingos!148 have extended and
generalized this appraoch for many metallaborane and
inorganic clusters.

In carborane chemistry, NMR spectroscopy is the
most widely used experimental method for structure
investigation in the carborane area. A very useful
chapter by Kennedy®? on boron NMR, with emphasis
on polyhedral-boron-containing species, has appeared
in an important textbook which seems destined to be-
come a standard reference work in multinuclear NMR
for chemists. Hefmanek et al.!”%? and Teixidor® have
defined and reviewed empirical rules for predicting
3(11B) chemical shift values which are of general sig-
nificance for !B NMR signal assignments within a
broad variety of closed and open borane/carborane
clusters. The rules are based on various effects in-
cluding those related to hybridization,® bridging hy-
drogens,® endo- and exo-cluster substituents, coordi-
nation number,®56¢ cluster shape,®® and antipodal at-
oms.% These predictive rules have partially lost their
value since the introduction of the novel two dimen-
sional NMR techniques, such as [1!B-11B]-COSY®7-8°
and ['H-'H]-COSY™ gpectroscopy. These techniques
usually allow unambiguous 'H and !B signal assign-
ments for most borane and carborane compounds.

Stibr

Boron-11 NMR shifts have also been the subject of
various quantum chemical treatments, such as INDO,”
Fenske-Hall,”? and IGLO" calculations. A mechanism

- of the antipodal effect®® has been recently postulated

on the basis of an analysis of the calculated electron
densities™ and substantiated by the Fenske-Hall MO
treatment.”

Onak et al.”® correlated the aromatic-solvent-induced
IH NMR shifts (ASIS effect) observed for a series of
closo-dicarbaboranes (n = 3-10) to PRDDO-derived
hydrogen charges (). Linear correlations between A7
and @ markedly improve when nearest-neighbor cage
hydrogen effects are considered. From these relation-
ships a procedure was developed to obtain the hydrogen
charges from Ar values only. The same group’® corre-
lated the magnitude of 'J(}!B-H) values for individual
boron atoms in closo-carboranes (n = 5-12) with both
the number of adjacent cage carbon atoms and cage
“umbrella” angles (). These latter contribute signifi-
cantly to changes in the observed WJ(}'B-'H) value. A
good agreement between predicted and experimental
values of coupling constants was achieved for nonflux-
ional carboranes. Williams et al.””” reported a useful
correlation between 13C and !B NMR shift values for
boron hydrides and corresponding nonclassical carbo-
cationic compounds. Dolansky et al.” correlated elec-
tronic structures and !B NMR shifts for selected
nine-vertex mono- and dicarbaboranes with parameters
obtained from STO-3G and CNDOQ/2 calculations.

I1I. Monocarbaboranes

Monocarbaboranes, compounds of the general for-
mulas closo-CB,_H,.,, nido-CB,,_H, .5, and arachno-
CB,_H, s for neutral compounds, are still a less ex-
plored area of carborane chemistry, but many examples
of new smaller-cage types of monocarbaboranes have
been reported over the last decade. Typical synthetic
routes are based either on methods involving one-
carbon insertion into a borane moiety or, more com-
monly, on diverse variants of boron- or carbon-degra-
dation reactions.

1. Small Monocarbaboranes

The smallest cage monocarbaborane that has been
isolated is closo-1-CB;H; (1),! and it is surprising that
the deprotonated form, the parent [closo-1-CB;Hg]~
anion (2), has not yet been reported. Brint and
Sangchakr®? have carried out comparative MNDO
calculations on 2 and the isoelectronic borane and
thiaborane systems [BgHg)> and SB;H;. No new
chemistry of 1 has been discussed in the recent litera-
ture, perhaps due to the difficulties associated with its
preparation. A theoretical study by McKee™ has ap-
peared, describing hydrogen scrambling reactions for
1. Barrier lengths were calculated at the MP2/6-31G*
level on 3-21G optimized geometries and were corrected
for differences in zero-point energy. The extra hydro-
gen in structure 1 was predicted to migrate in the vi-
cinity of boron atoms with a barrier of 14.8 kcal/mol.
In contrast to the results of the earlier reviewed® elec-
tron diffraction study, which found the extra hydrogen
almost perfectly face bridging, calculations at the
HF/3-21G level point to the hydrogen bridging between
two borons [B(2,3) or B(2,6)] and only weakly inter-
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acting with the third boron. Brint et al.** have calcu-
lated the geometry of closo-1-CB;H, at the MNDO-6-80
level and found a good agreement with the experimental

bond lengths.

1 2 3

More recent chemistry has been associated with that
of the nido congener of the above compounds, nido-2-
CB;H;, (3). DeKock and Jasperse®! used MNDO cal-
culations to estimate the proton affinities for 3 and
predicted carbon protonation. Sneddon et al.8#! jso-
lated a mixture of the positional isomers of 3, 2-R’-3-
RCH,-2-CB;H; and 2-R’-4-RCH;-2-CB;H, from the
thermolysis at 355 °C of cis-2-RCH=C(R’)-B;H; com-
pounds (derivatives of nido-B;H,, see structure II, R,R’
= Me,Me; H,Me; or Me,H). The mechanistic study
unequivocally points to the cage-boron addition to the
a-carbon of the alkene. Thus the a-carbon is incorpo-
rated into the cage, while the g-carbon forms an RCH,
group.

RCH=C(R))B;H; - R-RCH,CBH, (1)

2. Eight- to Eleven-Vertex Monocarbaboranes

The traditional source for this class of mono-
carbaboranes is the [6-NC-arachno-B;;H;5]* anion®? (4)
which, according to the recently reported X-ray dif-
fraction study,® displays a unique endo configuration
of the CN group. This arrangement accounts for the
observed direct insertion of the CN carbon into the cage
on protonation with hydrochloric acid® which produces
7-H;N-nido-7-CBoH,, (structure 5, L. = H;N) and 6-
H;N-nido-6-CBgH,, (structure 6, L = H;N):

[B;oH;sCNJ* + 2H* — HgNCB,oH;, (2)
[BmHmCN]z_ + 2H30+ + H20 -

H,NCBH;; + B(OH); + 2H, (3)

Equations 2 and 3 suggest that the latter reaction is

accompanied by partial cluster degradation, evidently

due to hydrolytic removal of the B(9) vertex in structure
4. The ratio of 5 and 6, resulting from reactions 2 and

3 seems to be primarily controlled by temperature and
acid concentration.®* Both compounds 5 and 6 (L =
H;N) were separated by tedious chromatographical
procedures® % as their N-methyl derivatives until a
more efficient method was developed.?” This method
relies on the sharply different reaction rates of the am-
minates 5 and 6 with acetone. The predominant
product, 6-Me,C=NH-nido-6-CByH,;, is then easily
separable from unreacted 5. The N-isopropylidene
group can be smoothly removed to regenerate the above
mentioned HyN derivative of 6. Reactions at the ni-
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trogen center led to the isolation of the [6-H,N-nido-
6-CByH,;]™ anion and 6-Me,S-nido-6-CBgH,; (both of
structure 6).%

The trimethylamine derivative of 6 has been used
recently to prepare the [closo-1-CBgH,4]- anion
(structure 7) by treatment with excess piperidine (70°,
3 days)® in 68% yield:

MegNCBgHu + pipe. nd
Me;N + [pipe.H]"[CByH,0]~ (4)

The reaction, eq 4, represents a straightforward nido
to closo conversion and is a convenient alternative to
the previously reported®#? method of Knoth. A
structural study® of 7 made on the ionic compound
[(n*-CsMe;),Ir,Cls]*[1-CBgHy]~ led to the following
mean cage distances: C(1)-B 155.5, B-B(upper belt)
182.0, B-B(interbelt) 179.5, B-B(lower belt) 185.9, and
B(10)-B 162.5 pm; the B(7)~B(8) distance was found
to be considerably longer at 191.7 (37) pm than the
equivalent bond length in the isoelectronic [B,H;]*
anion,® which is indicative of a partial cage opening,
a phenomenon often encountered in metallaborane
chemistry. Anion 7 was also used by Russian workers
for the preparation of a series of salts with a variety of
miscellaneous countercations that included those of
alkali metals® and complex cations of Co(Il) and Ni(II)
(complexed by benzoylhydrazine and (m-nitro-
benzoyl)hydrazine).?!%2

Of key importance for the synthesis of nine- and
ten-vertex species of the monocarbaborane family is the
high-yield (80%) preparation of the parent [nido-6-
CBgH;,]” anion (8)%¢ from the reaction between 6 (L
= Me;N) and sodium metal in liquid ammonia (eqs 5
and 6).

Me3NCB9H11 + 3e” — MeaN + [CB9H10]3_ + ]/2H2
‘ (5)

[CB.H,,]* + 2H,0 — [CB,H,,]" + 20H-  (6)

Anion 8 (trimethylammonium salt) was found to react
almost quantitatively with sodium in liquid ammonia
in a straightforward nido — closo conversion leading
to the isolation of the [arachno-6-CBgH,,]" anion (9),%%
an analogue of the prototype borane anion [B,,H,]*
(see schematic structure XVIII):

[CBgH,,)™ + 26" — [CBgH > (7
[CB9H12]3_ + 2H20 - [CBQH]A]— + 20H- (8)

It should be noted that the trianions involved in egs 5
and 7 are proposed intermediates based on the stoi-
chiometry of these reactions but neither has been iso-
lated so far.

A conceptually different and efficient route to nine-
and ten-vertex compounds of the monocarbaborane
family is outlined in Scheme 1. All reactions in Scheme
1 are based on selective removal of a defined number
of boron vertices together with one cage carbon atom
from the [nido-7,9-C;B,oH;3]~ anion®%® (structure 10
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SCHEME 1

in Scheme 1). The structure of this anion has been
determined by using X-ray methods®” and in solution
by using NMR.?® Treatment of anion 10 in aqueous
THF with trimethylamine®® (path i in Scheme 1)
resulted in the isolation of 9(endo)-Me-8-MeyN-ara-
chno-6-CBgH,, (structure 11 in Scheme 1). This com-
pound is an asymmetrically substituted ligand deriva-
tive of the parent anion (9) with the endo-Me group
generated from one of the skeletal carbons in structure
10 upon hydrolytic degradation of the B(8) vertex:

[CZBIOHIS]- + I'I:;O+ + 2H20 + Me3N -
MeaN'CHacBngg + B(OH)3 + H2 (9)

A straightforward arachno — nido conversion was
observed in the reaction of 11 with acetone in the
presence of potassium carbonate (path ii in Scheme
1).9%% This generated the nido analogue of 11, 9-Me-
8-Me;N-nido-6-CBgH,, (structure 12 in Scheme 1) in
high yield (85%):

M93N‘MeCB9H12 + M32CO g
Me,CHOH + MesN-MeCBgH,, (10)

The molecular structure of a structurally similar com-
pound, the [8-HO-9-Me-nido-6-CByH,,]~ anion (8,9-
disubstituted derivative of 8), was determined by X-ray
diffraction®® on its PPh** salt [selected bond distances:
C(6)-B(5) 152.0 (8), C(6)-B(7) 152.8 (5), B(5)-B(10)
189.5 (6), B(7)-B(8) 1.962 (5), B(8)-B(9) 179.1 (5), and
B(9)-B(10) 178.5 (6) pm].

Acid-promoted degradation of 10 in the presence of
Lewis bases as in eq 11 (path iii in Scheme 1) resulted
in the degradation of one carbon and two boron vertices
from structure 10, with the formation of a series of
nine-vertex ligand derivatives of the 6(exo0)-L-ara-
chno-4-CBgH,, type (structure 13 in Scheme 1, L =
Me;N, Me,S, urotropine, and py; yields 20-60% ):%:%

[C;BycHys]” + H,0* + 4H,0 + L —
LCBgH,, + B(OH), + CH,B(OH), + 2H, (11)

Silor

These compounds are structurally similar and isoelec-
tronic to arachno dicarbaboranes of the C,B;H,; series
(structures 59 and 60 in section IV).

The action of sodium hydride on 13 (L. = Me;N) in
THF at 60 °C (path ix in Scheme 1) resulted in the
formation of the first representative of the eight-vertex
closo series of monocarbaboranes, the [1-closo-CB;Hg]~
anion® (structure 14 in Scheme 1) (yield 60%). This
was found to exhibit fluxional NMR behavior in solu-
tion within a wide temperature range® as does its bo-
rane-prototype congener [closo-BgHg)?".1%

Another result of the degradation reactions of 10 is
the formation of the first eight-vertex arachno-mono-
carbaborane 4-CB;H,; (structure 15 in Scheme 1) and
the earlier reported’®! 2-Me-nido-BgHj (structure 16 in
Scheme 1) borane upon acidification of 10 with dilute
hydrochloric acid (path iv in Scheme 1).% The ultimate
product 16 is probably formed by degradation of the
B(5) boron from the cage of 15.

[CgB10H13]_ + H30+ + 7H20 -
CB.H,, + CB,B(OH), + 2B(OH), + 3H, (12)

[C,ByHys]” + HyO* + 10H,0 —
CH,B.H, + CH,B(OH), + 3B(OH), + 5H, (13)

Scheme 1 (paths vi and vii) also shows another useful
variation of a [C,B,;H;5]-based synthesis of lower-cage
monocarbaborane systems. This reaction sequence is
a convenient preparation of the parent nine-vertex
arachno-monocarbaborane 4-CBgH;, (structure 17 in
Scheme 1) (yield ca. 50%, based on the starting o-
carborane). The reaction of anion 10 with dimethyl
sulfide and concentrated hydrochloric acid initially
produces the unique compound u-6,9-[B(OH)CH,]-9-
Me,S-arachno-6-CBgH,, (structure 18 in Scheme 1) as
an isolable intermediate:!%?

[CoByoH 5] + HiOF + MeyS —
Me,SB(OH)CH,CB,H,, + H, (14)

Me,SB(OH)CH,CB.H,, + 4H,0 —
CB,H,, +CH,B(OH), + B(OH); + Me,S + 2H,
(15)

Compound 18 then undergoes rapid hydrolytic degra-
dation (eq 15) to give carborane 17 as a sole product.!
Moreover, this carborane can be converted in 90% yield
into [nido-6-CBgH;,]", by the action of sodium tetra-
hydroborate in boiling THF:102

CBgH,, + BH,” — [CBgH,,|" (16)

The reaction sequence according to eqs 14—16 is a new
and safe synthetic route to nine- and ten-vertex mo-
nocarbaboranes from the commercially available o-
carborane or at least a good alternative to the previously
reported® synthesis of compounds 17 and 8. Reaction
17 (80% yield), which is in fact a reverse process of
reaction 16, is promoted by ferric chloride.3°

[CBQHIQ]_ + H30+ + 2H20 -
CB.H,, + B(OH), + 2H, (17)

Howarth et al.1®® have measured the two-dimensional
NMR spectra of 4-CBgH,, and its anion, [4-CBgH;3]"
(structure 19), to confirm the original signal assign-
ments®* and to assign all 'TH NMR resonances of the
cluster {BH} units in both compounds. The former
compound is known to lose dihydrogen upon thermo-
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TABLE 1. Monocarbaboranes with 6-10 Cage Atoms

compound structure  measured data ref(s)
2-Me-3-Et-2-CB;H, 3 1H, UB, MS 80, 81
2-Me-4-Et-2-CB;H, 3 1H, UB, MS 80, 81
2-Et-2-CB;H; 3 H, !B, MS 80, 81
4-Et-2-CBgH, 3 1Y, 1B, MS 80, 81
[1-CB,H,]" 14  H B 95, 99a
4-CB;H,, 15 'H, !B MS 95
6(ex0)-L-4-CBgH 11 He 1B MS 95, 99a
1-CBgH,, 20 IHe UBs MS 84c, 104
4-CB¢H,, 17 IH,s 1B MS 84c, 103
{1-CBgH,q]" 7 IH, !'B, XR 95, 99a
[6-CBgH,,]" 8 IH, !B 84c, 87
6-L-CBgH,,* 6 H, !B, MS 84c, 87
6-Me-8-Me;N-6-CBgH, 12 1Hpe 1B MS, mp 95, 99
[6-CBgH,,]" 9 IH, 1B MS 93, 94
[6-Me-8-HO-6-CBgH, )" 9 HfUBSXR 99

6-Me-8-Me;N-6-CBH,, 11 'Hs 1B, MS, mp 95, 99a

92.D measurements. *L = Me;N, Me,S, Py. °L = H3;N, Me;N,
Me,C=NH, Me,S, and NH,~.

TABLE 2. Compounds of the Eleven-Vertex
L-nido-7-CB,H,,X Type (Cage Structure 5)

compound [X, L] measured data ref(s)
H, 7-H;N mp, 'H, B, Ry 105
H, 7-MesN H, 1B, Ry 105
H, 7-Me,C=NH mp, 'H, !B, Ry, IR 105
H, 7-(CH,);C=NH mp, !H, !B, Ry, IR 105
H, 7-PhC(PhCH,)=NH mp, H, !'B, Ry, IR 105
H, 7-Me,S mp, 'H, !B, Ry, IR 105
H, 7-(CHy)eN, mp, 'H, !B, Ry 105
H, 7-HOCONH, mp, !H, !B, R, IR 105
H, 7-MeCONH, mp, H, !B, Ry, IR 105
H, 7-PhCONH, mp, 'H, !B, TLC,IR 105
H, [7-NH,J upg 105
8-C¢H,,, 7-'‘BuNH,, 2-Me,S mp, 'H, !B, IR, XR 106
H, 8-Me,S mp, 'H, !B, IR 107
H, 8-PPh, mp, 'H, "UBS IR, XR 107
7-(Me;Si),CH, 8-Me,S mp, 'H, !'B,° IR 108
7-(MesSi),CH, 8-PPh, mp, 'H, !B IR 109

22-D measurements.

lysis at 350 °C and to generate nido-1-CBgH,, (20),%
whose structure and its relation to the binary borane
anion [nido-BgH,,]~ (schematic structure XIV) has been
confirmed unambiguously by [!!B-!'B]-COSY NMR
spectroscopy.1%

Selected compounds of the six- to ten-vertex series
of monocarbaboranes are listed in Table 1.

19 20

The eleven-vertex series of monocarbaboranes is
represented by the parent anions [closo-2-CBgH;;]~ (21)
and [nido-7-CB,oH;;]~ (22) reviewed earlier.1>> The
usual synthesis of these monocarbaboranes starts from
7-ligand derivatives of anion 22, 7-L-nido-7-CB;oH;, (5)
(L = H;N and Me;N), which are accessible from nido-
B,oH,, as in eq 2% or from the reaction of decaborane
with isonitriles.®

The author’s group!% has employed the H;N deriv-
ative of 5 to prepare a series of compounds of the same
type by using various chemical modifications of the
exoskeletal H;N group. These reactions afforded com-
pounds with modified ligands on the carbon vertex in
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Figure 1. Schematic representation of the 2-Me,S-7-‘BuNH,-
8-CgH,;-nido-7-CBgH,, structure.!® Selected mean exocage
distances were B(2)-S 188.9 (9), mean S-C(Me) 179.9, C(7)-N
147.3 (9), and N-C(*Bu) 149.8 (9) pm. For mean cage distances
see Table 3.

C(Ph)

B(1)

Figure 2. Simplified representation of the structure of 8-
PPh;i-nido-7-CBmH12 (23). Selected exocluster bond distances
were % B(8)-P 194.8 (4), P-C(Ph) 180.3, and C-C(Ph) 137.6 pm.
For numbering see Figure 1 and for mean cage distances Table

structure 5 (L = Me,C=NH, (CH,);C=NH, PhCH,-
(PhCH=)N, Me,S, urotropine, HOCOCH,NH,, Me-
CONH,, PhCONH,), with yields varying from 11 to
92%. These “organic-like” reactions demonstrate
chemical flexibility of the exoskeletal H3N group for
designed syntheses of compounds for targeted research.
Measured properties for individual compounds of the
eleven-vertex nido series are summarized in Table 2.
Boron-substituted compounds of the general nido-7-L-
7-CB,,H,, type are available from boron-substituted
precursors derived from both {nido-B,y} and {nido-CB,}
cage systems. Thus, 2-Me,S-7-'BuNH,-8-(cyclo-
hexyl)-nido-7-CB,oH,, was prepared!'® by a variation
of the original isocyanide synthesis.?> The structural
details of this compound were determined by X-ray
crystallography, as shown in Figure 1.

Another positional isomer of the same series, 8-
Me,S-nido-7-CB,(H,, (see the PPh; analogue 23 in
Figure 2), was prepared!®” from the reaction between
[7-CB;H;;]” and dimethyl sulfide in the presence of
concentrated sulfuric acid:

[CB10H13]- + Megs + H* — MeQSCBwHu + H2

(18)

The dimethyl sulfide derivative was converted to 8-
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B(1)

Figure 3. Schematic drawing of the molecular structure of 7-
(Me;Si),CH-9-PPh;-nido-7-CB,H,, (24). Selected exocage dis-
tances were'® B(9)-P 192.8 (5), C(7)-C 156.2 (7), mean C-Si 189.6,
and C(Me)-Si 186.8 pm. For numbering see Figure 1 and for cage
distances Table 3.

TABLE 3. Comparison of Mean Cage Distances (pm) for
Structurally Deiermined Eleven-Vertex Nido Compounds of the
{L-7-CB,(H;,;X| Type (Cage Struciure 5)

L 2-Me,S-7-NH,Bu 8-PPh,’

9-PPhy-

distance X 8-CgH,® 7-(Me;Si),CH®
B(1)-B 1771 174.5 176.8
B-B (lower beit) 175.8 177.5 176.7
B-B (interbelt) 178.2 176.6 178.0
C-B (interbelt) 171.1 170.1 170.0
C-B (open face) 167.4 163.5 165.6
B-B (bridge) 187.2 184.6 187.1
B(9)-B(10) 187.8 185.9 186.8

4From ref 106. ®From ref 107. <From ref 109.

PPh;-nido-7-CB,(H,, (23) by refluxing with tri-
phenylphosphine in benzene (80% yield).'"” The sim-
plified molecular structure of 23, as determined by
X-ray diffraction, is depicted in Figure 2.

A new route to monocarbaboranes of the {nido-7-
CB,,} type is provided by the reaction of decaborane(14)
and bis(trimethylsilyl)acetylene in boiling benzene!%®
in the presence of dimethyl sulfide (eq 19). This leads
to 9-Me,S-7-(Me;Si),CH-nido-7-CB,(H,, (see similar
structure 24 in Figure 3) (28% yield) and 5-Me,S-6-
[(MesSi),C=CH]-nido-B,,H,, (21%). While the latter
compound is a product of hydroboration at the B(6) site
of the decaborane cage (schematic structure XVII), the
former is apparently formed by direct one-carbon in-
sertion into the area of the cage defined by the B-
(5,6,9,10) atoms in structure XVII.

(M03Si)202 + BIOHH + Mezs -
Me,S-(Me;Si),CHCB,H,, + H, (19)

R,C, + ByyH,»:(SMe,), —
R,C;B,oH,, + 2Me,S + H, (20)

The reaction depicted in eq 19 contrasts with the
long-established?® two-carbon insertion process (eq 20)
leading to twelve-vertex dicarbaboranes. Inspection of
the former equation also indicates that the carbon in-
sertion is accorapanied by the « — § migration of the
silyl substituent along the C=C bond of the primary
hydroboration intermediate. Ligand exchange between
the Me,S derivative and triphenylphosphine yielded the
corresponding 9-PPh;-7-(Me;Si),CH-nido-7-CB,H;,
analogue (24) (80% yield),'®® the X-ray structure of
which is outlined in Figure 3. Bond distances for
structurally determined compounds of the {nido-L-7-
CByoH,} type are in Table 3.

In the light of previous® and recent!'? review work,
compounds of the {nido-L-7-CB,} type are used exclu-
sively to generate monocarbaboranes of the eleven-
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Figure 4. Simplified molecular structure of 2-(Me;Si),CH-6-
Me,S-closo-2-CB,,H, (25).'% Selected exocage bond lengths were
B(6)-S 189.5 (5), mean C(Me)-S 177.9, C(2)-C 153.2, and mean
C(Me)-Si 185.4 pm. For cage distances see Table 4.

Figure 5. Schematic representation of the X-ray structure of
2-(Me;Si),CH-4-HO-6-Me,S-closo-2-CBH, (26).1%  Selected
exocage bond lengths are B(6)-S 189.4 (4), B(4)-0 138.4 (5),
C-C(2) 154.2 (4), C-Si 190.1 (4), and mean C(Me)-Si 186.3 (5)
pm. For numbering see Figure 4 and for cage distances Table
4,

vertex closo series, typified by the [closo-2-CB, H,;]
anion (21), by reaction with suitable reagents which
result in the net removal of two cage electrons. Recent
work in this area represents a continuation of this
strategy and has brought another useful synthetic
variation.

Two groups'®1%” have modified the preparation of the
parent anion 21 by treatment of 8-Me,S-nido-7-CB,oH,,
with basic reagents. The best result has been achieved
by sodium hydride:!?

Me,SCB,H,, + H- — [CB,H,,]" + Me,S + H, (21)

Reaction 21 represents a straightforward nido — closo
conversion accompanied by expulsion of Me,S. Ther-
mal dehydrogenation of 8-Me,S-7-CB,,H,, in boiling
toluene afforded 4-Me,S-closo-2-CB,gH,,'”" a 4-sub-
stituted derivative of 21. A similar thermal treatment
of the Q'Megs'T'(Me3Si)ch'7'CB10H11 deriv&tive af‘
forded!%® 6-Me,S-2-(Me;Si),CH-closo-2-CB,H, (25), i.e.
2,6-disubstituted derivative of 21. A 4-hydroxy deriv-
ative of the last compound, 4-HO-6-Me,S-2-(Me;Si),-
2-CB,,Hj (26), was obtained as a minor product from
the thermolysis reaction in the solid state. A variation
of the reaction represented in eq 21 was observed with
9'M32$'7'(Measi)ch'7'CB10Hl1 and NaH (Or Li-
BHELt,) in THF. The product was a silylated derivative
of 21, the [2-(Me;Si),CH-2-CB,;H,(]™ anion (27), which
was isolated as Cs*, Li*, Na*, and [Cp,Co]* salts.!%
Structures of the closo compounds 25-27 have been
analyzed by X-ray crystallography and, simplified, they
are depicted in Figures 4-6.
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Figure 6. Schematic drawing of the X-ray structure of
[CpoCo]*[2-(Me;Si),CH-closo-2-CBoH o]~ (27). Selected mean
exocage bond distances are®® C-C(2) 154.0 (6), mean C-Si 190.3,
and mean C(Me)-Si 185.5 pm. For cage distances see Table 4.

TABLE 4. Mean Cage Bond Distances (pm) for
Crystallographically Determined Derivatives of the
Eleven-Vertex closo-{2-CB,y} Type (Data from Ref 108)

compound

25¢° 26° 27¢
C(2)-B(1) 164.6 (5) 165.6 (6) 164.1 (8)
C(2)-B(4,5) 159.2 157.6 159.2
C(2)-B(8) 169.3 (6) 170.3 (6) 168.2 (7)
B(1)-B(3) 174.7(8) 17756 (6)  170.4 (9)
B(1)-B(6,7) 198.6 199.7 203.0
B(8)-B 176.5 178.1 178.1
B(9)-B 177.0 176.3 1754
B(10)-B(11) 181.8 (7) 1806 (6) 179.5 (9)
B(4,5)-B(10,11) 176.6 178.2 (6) 177.2
B(6,7)-B(10,11) 175.7 175.4 176.2
B(4 or 5)-B(7 or 6) 164.7 165.2 164.5

¢Data for 2-(Me;Si);CH-6-Me,S-closo-2-CB;cHy. ®Data for 2-
(MegSi),CH-4-HO-6-Me,S-closo-2-CB,jH;.  °Data for [Cp,Co)*[2-
(MegSi),CH-closo-2-CB, H, ]~

TABLE 5. Monocarbaborane Compounds of the Eleven-Vertex
L-closo-2-CBH X Type

X L structure measured data ref(s)
H H- 21 H, 4B, IR, UV, DTA 11,112
H 4-Me,S 21-type 'H, 1B, MS 107
2-(Me,Si),CH 6-Me,S 25 1H, UB, MS, XR 108
2-(Me;Si);CH 6-Me,S 26 H, !B, MS, XR 108
4-HO
2-(MegSi),CH H- 27 H, 1B, XR 108

Kuznetsov et al.!'!:!!2 have extended the cationic
chemistry of 21 by isolating salts with various count-
ercations [including all alkali metals, R.N* (R = Me,
Et, and "Bu), and PPh,*] and determined some of their
properties. Selected compounds of the eleven-vertex
series of monocarbaboranes are in Tables 2 and 5, and
selected mean bond distances for structurally deter-
mined compounds are in Tables 3 and 4.

3. Twelve-Vertex Monocarbaboranes

Compounds of the twelve-vertex closo family, repre-
sented by the parent [closo-1-CB,;H;,]” anion (28), have
been extensively studied in recent times. Structural
work has been reported for a variety of compounds that
contain 28 as the main cluster constituent. Reed’s
group has found this anion to be the least coordinating
of ligands for the complexation of transition metals,
such as Ag and Fe. The complexes included [(n!-
CeHg)Ag(closo-1-CB,H;,)]-CeHe,!13 [Fe(TPP)(closo-1-
CB,;H,,)]-C;H,,!14115  [Ir(CO)(PPh;),Ag(closo-1-
CB].].I'IH)],]']'G'I17 and [Cp(CO)zFeCBnI'Ilz],n'7 all of which
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TABLE 6. Comparison of Mean Cage Bond Distances (pm)
for Crystallographically Determined Compounds of the
{closo-1-CB,;} Type (Cage Structures 29 and 30)

29° 29 30¢ 304

C(1)-B 170.1 169.8 172.3 172.3
B-B (upper belt) 177.3 175.7 178.1 177.0
B-B (interbelt) 178.3 175.3 176.5 175.4
B-B (lower belt) 178.6 178.3 171.6 176.4
B(12)-B 177.6 171.0 177.6 176.8

¢Data for AgCB,;H,, from ref 113. ®Data for Fe(TPP)CB,;H,,
from ref 115. ¢Data for 1-MeyN-1-CB,,H,, from ref 127. 4Data for
NMe,*[1-Me;N-1-CB,;H;;]" from ref 129.

were structurally characterized via X-ray diffraction
studies. The complexes contain a o-bonded carborane
anion with a common [M-H-B;;CH;,} structural motif
(29), whose intrinsic feature is the M-H-B(12) bridging
group (for selected bond distances of some structurally
determined compounds of the {closo-CB,;} type, see
Table 6).

Kuznetsov et al.l'®'22 have extended the cation-
modification approach to the chemistry of 28 in order
to isolate a series of salts with alkali metals and cobalt
and nickel cations complexed by (m-nitrobenzoyl)-
hydrazine, 2,2’-bipyridine, and o-phenanthroline. They
characterized these salts by DTA, IR spectra, and ele-
mental analyses.

The author’s group has developed an alternative
synthetic route to the compounds of the {closo-1-CB,,}
series, based on cluster-expansion reactions between the
7-L-nido-7-CB,H;, (L = H;N and Me;N) compounds
and triethylamine borane at elevated temperatures
(180-200 °C). Variations of this method have generated
compounds of the 1-L-closo-1-CB;;H;, type (30) (L =
H;N and Me,NH),'23-125 hoth of which can be meth-
ylated to give 1-Me;N-1-CB;H;;. As documented by
19B-tracer studies,!? the reaction is site-selective, in
agreement with a clean insertion of one boron vertex
into the open pentagonal face of the {nido-CB,¢}-type
cage (5 or 22). Thus, reactions of [nido-7-CB,H;5]” and
7-Me;N-7-CBoH,, with Et;N°BH; produced [closo-1-
CB,;H,,]" and [1-Me;N-closo-CB,;H,;] compounds re-
giospecifically labeled by 1°B at the B(2) position.12
However, the same reaction with 8-PhCH,-7-Me;N-7-
CB,¢H;; results in the rearrangement of the benzyl
substituent to yield 1-Me3;N-7-PhCH,-1-CB,;H,,.1%

Useful variants of the capping reaction described
above are the direct formation of the parent [1-CB;-
H,;]" anion by the treatment of 8-Me,S-nido-7-CB;oH;,
with "BusP-BH;'%" and the thermal-decomposition re-
action (eq 22).126 This reaction, combined with the

[BH,(NMe;),]*[7-CB,oH;3]" —

MeaN'l'CBan + M33N + 2H2 (22)
electrophilic substitution of 28 by treatment with
H,NSO;H,'% yields all three possible B-substituted

isomeric derivatives of the L-closo-1-CB,;H;; type, 2-,
7', and 12'MG3N'1'CB11H11.
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TABLE 7. Substituted Derivatives of the [closo-1-CB,H,,}"
Anion (Cage Structure 28)

substituent(s) measured data ref(s)
H- (parent) 1H, 1B, IR, DTA 112-122
1-H,N 1H, UB, Ry 125
1-MeHN IH, UB, Ry 124
1-0-HC=NMe IH, UB, IR, Ry 124
1-Ph(0)C=NMe IH, UB, IR, Ry 124
1-HO 'H, UB, Ry 125
1-MeO H, UB, Ry 125
7,89,10,11,12-D, IH, UB, Ry 125
7,8,9,10,12-Cl; IH, 1B, R 125
7,8,9,10,11,12-Clg 'H, B, Ry 125
7,8,9,10,11,12-Brg IH, UB, R, 125
121 1H, UB, R; 125
7,12-1, IH, UB, Ry 125
1-HS,1-MeS 1H, B, Ry 125

TABLE 8. Compounds of the L-closo-1-CB,H,, Type

L measured data ref(s)
1-H,N 1Y, UB, MS, Ry 125
1-MeH,N H, UB, MS, Ry 123
1-Me,HN H, UB, MS, Ry 1283, 124
1-Me;N H, UB, MS, Rp, XR  123-125
1-Me;N-7-PhCH, H, 1B, MS, Ry, mp 126
7-MegN 14, UB, MS, Ry 125
1-MeEtHN 1H, UB, MS, Ry 125
1-HO—HC=NMe H, !B, MS, Ry, IR 125
1-Ph(HO)C=NMe 'H, UB, IR, MS, Ry 125
1-Me,S 1H, UB, IR, MS, R, 125
12-Me,S K, !B, IR, MS, Ry 125

12- (MOS)QCHZ
15, 7-, and 12-Me;N

'H, B, IR, MS, Ry 125
'H, !'B, MS, Ry 126

Figure 7. Schematic drawing of the X-ray structure of 1-
Me;N-closo-1-CB;;H;, (30). Selected mean exocage bond lengths
were'?” C(1)-N 154.7 (1) and C(Me)-N 151.2 pm, the mean angle
abonit the N atom being 110.17°. For selected cage distances see
Table 6.

Compounds of the 1-L-closo-1-CB,;H,,; type (30) (L
= H,N and Me,NH) have been used to isolate a broad
range of further ligand-derivatives of the same family
(L = [MeHN]", MeH,N, HO—HC=NMe, [0—HC=
NMel", MeEtHN, Ph(HO)C=NMe, [Ph(0)C=NMe]",
Me,S, HO", and MeO") on reactions of the exoskeletal
amine group!?41% (for other data see Tables 7 and 8).
A detailed insight into the structures of compounds of
this class has been provided by X-ray diffraction studies
on 1-Me;N-1-CB,;H,;!?"1%8 (Figure 7) and the [1-
Me,N-1-CB,H,,]" anion'® (Figure 8). Selected in-
teratomic distances for some structurally determined
compounds of the {closo-1-CB,,} type are in Table 6.
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Figure 8. Schematic representation of the X-ray structure of
NMe,* [1-MeyN-closo-1-CBy; Hy;]~ (deprotonized 30).'® The mean
bond angle about the N atom at 112° indicates an almost regular
sp® disposition of N-C bonds with no substantial donation of the
lone electron pair on the nitrogen center to the cage. For cage
bond lengths see Table 6.

1V. Dicarbaboranes

The chemistry of dicarbaboranes, i.e. of compounds
of general formulas closo-C,B,_.H,, nido-C,B,_sH, 14,
arachno-C,B,_,H, ., and hypho-C,B,_;H, . for neutral
species, is the oldest and most investigated area of
carborane chemistry. This class of compounds is gen-
erally available from carbon cluster-expansion reactions,
most typically from the reactions of alkynes with var-
ious borane substrates,!>5 from boron-degradation
procedures!® involving larger-cage carborane species, or
alternatively from metal-promoted cluster condensation
reactions.’® The smallest-cage dicarbaboranes ever
isolated are the two isomeric five-vertex C;B;H; com-
pounds while the largest ones are the isomeric C,B,oH;,
car)bora.nes (excluding coupled-cage or conjuncto spec-
ies).

1. Small Dicarbaboranes

Much of the recent chemistry of the small dicarba-
boranes (n = 5-7) has concerned the previously re-
ported?5 compounds 1,2- and 1,5-closo-C,BsH; (31 and
32), 1,2- and 1,6-closo-C,BH, (33 and 34), 2,3- and
2,4-closo-C,B:H; (35 and 36), and some nido structured
species, such as 1,2-C,B;H; (37), 2,3-C,B,Hj; (38), and
the {2,4-C,B,H,]" anion (39). Indeed, most of the
chemistry has been derived from compounds 31, 36, and
38, evidently due to their relative availability. It is
interesting to note that small-sized arachno- and hy-
pho-carboranes have not yet been prepared.
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Most of the chemistry of this field has been in two
areas: exopolyhedral substitution reactions (for a
partial review, see refs 7d and 1le,f) and the designed
syntheses of metalladicarbaborane clusters (for recent
review, see ref 16). Except for the innovative work
based on metal-promoted cluster condensation reac-
tions,!% relatively little attention has been paid to the
development of novel skeletal chemistry of small car-
boranes.

Fide

The small size of these compounds has attracted
considerable attention from theoretical chemists. Gi-
marc and Ott!®° have investigated the DSD rearrange-
ment mechanism for the C,B;H; carborane system at
the EHMO level to show that the rearrangements of
this type®® are blocked by HOMO/LUMO crossing,
indicating that these processes face a very high acti-
vation energy barrier. It was suggested that the closo
five-vertex dicarbaborane isomers should be stereo-
chemically rigid. The same result was achieved by the
THS® and ab initio!®!2 calculations, the latter indicating
a HOMO/LUMO crossing of ca. 80 kcal mol™?. A
mechanism based on the rotation of two equatorial
atoms (2 and 3) about an axis in the equatorial plane
and a new cyclopentene-like structure 40 with three
unsaturated boron centers for the 1,2-isomer were also
considered.!312 Relative energies have been calculated
for the CzB3H5, C2B3H4Me, and CzB3H2F3 Systems in
the isomeric forms 1,5-trigonal bipyramidal (closo),
1,2-planar, 1,2-trigonal bipyramidal (closo), 2,3-square
pyramidal, 1,3-planar, and 2,3-trigonal bipyramidal
(closo). The 1,5-closo form, 32, was found considerably
more stable than the other structures, for C,B;H; and
C,B;H Me, but the 1,2-planar and 1,5-trigonal bipy-
ramidal forms are about equally stable for C,BsH,F 151
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Semenov calculated electronic structures and local-
ized MO’s for 1,5-C,B;H; and 1,2- and 1,6-C,B H,,132134
and McKee!% carried out ab initio calculations on the
rearrangement mechanisms in the C,B,H; and C,B;H,
dicarbaborane systems. McKee!3 has also carried out
ab initio calculations on the cage (nido) (38) and chair
hexagonal (41) forms of C,B,H; at the MP2/6-31G* +
ZPC/3-21G level and found that the 41 form was 56.5
kcal mol™ higher in energy than the usual structure 38.
Whelan and Brint reported!3’ geometry-optimized ab
initio calculations at the STO-3G level on the molecules
2,3' and 1,6'02B4H6 and [2,3' and 1,6'02B4H7]+ and
found good agreement between the experimental and
calculated proton affinities. The site of protonation is
determined by the distribution of the HOMO and is
predictable on symmetry grounds. Similar calculations
by DeKock and Jasperse’! at the MNDO and selected
ab initio 3-21G levels predicted carbon protonation for
1,5-C,B;H; and B-B edge protonation for 1,6-C,B,H;
and 2,4-C,B;H-, from calculated proton affinities.
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TABLE 9. Substituted Derivatives of closo-1,5-C,B,H;
(Cage Structure 32)

substituent(s)® measured data ref(s)
1,5-Me-2,3,4-Et; !B, 13C 143
1,2,3,4,5-Ets up, 15C 143
2-R 14, UB, MS, IR 144
2,3,4-Rgy 14, !B, MS, IR 144
2-R! 1H, UB, MS, IR 144
2-R? 14, UB, MS, IR 144
2-R? 1H, !B, MS, IR 144
2-R* IH, 1B, MS, IR, R, PES, R, 145-147
2,3-(R%), 1H, !B, MS, IR, PES, R, 145, 146
1-R* 1H, UB, MS, IR, R, 146
1,2-(R%), 'H, UB, MS, IR, R, 146
2-R4-3-R® H, 1B, MS, IR, R, 146
2-R® H, 1B, MS, IR, R, 146

SR = cis-2-but-2-enyl; R! = 2-but-1-enyl; R? = trans-1-but-1-
enyl; R? = ethenyl; R* = 2'-[1",5"-C,B;H,]; R® = 1-[1",5'-C,B;H,];
R® = 2-[1",6-C,BH;].

Dixon!® has actually measured proton affinities for
1,6'02B4H6 (208 + 4 keal mOl—l) and 2,4'02B5H7 (173
+ 1 kcal mol™?) by using pulsed ion cyclotron resonance
(ICR) methods combined with bracketing techniques.
Gal’chenko et al. have determined standard enthalpies
of combustion and vaporization for both compounds.!®
Other authors have considered the bonding within 1,2-
and 1,6-C,B,H, by using the Roby projection density
method.¥* The general pentagonal pyramidal (struc-
ture VI) cage skeletal rearrangement was considered by
Huttner et al.,!*! who suggested a “tandem isomerisation
mechanism” via a trigonal prismatic intermediate. Ab
initio calculations by McKee*? at the HF /3-21 level
were aimed at studying the interaction of the closo- and
nido-carboranes C,B;H; and C,B;H, with ammonia.
The hypothetical nido-C,B;H;NH; adduct was found
to be less stable than the corresponding arachno species
CzB3H7’NH3.

Koester and Wrackmeyer'4? report 6(!!B) and 6(13C)
NMR shift values and some ‘J(*!B-'3C) and 'J(}!B-''B)
coupling constants for a series of selected pentaalkyl
derivatives of 32, of the general formula 1,5-R,’-2,3,4-
R;-1,6-C4B; (for individual compounds see Table 9).

Alkylation of the small carboranes closo-1,5-C,B;Hj,
'1,6'02B4H6, and '2,4'02B5H7, and nid0'2,3'CZB4H8 by
alkynes (acetylene or 1- or 2-butyne), catalyzed by
complexes of the general formula [(RC,R)Co,(CO)¢] (R,
R’ = H, Me, or Et), yielded a series of the corresponding
boron-substituted alkenyl (RHC=CR’—) carboranes
(for individual compounds see Tables 9-12). The de-
gree of substitution can be controlled by varying the
reaction conditions, and products have been obtained,
ranging from single substitution at only one boron site
to complete substitution at all boron positions. The
overall reaction corresponds to a catalyzed BH addition
of the carborane to the alkyne in a cis fashion. Internal
alkynes were found to be more reactive than terminal
and 1-butyne was found to give predominantly Mar-
kovnikov addition.!4

The coupled compounds 2:2’-[1,5-C,B;H,][1’,5'-
C,B;H,] (42) and 2:2',3:2”-[1,5-C,BsH,][1’,5-
C,B;H;][1”,56”-C,B;H,] (43) have been prepared from
the pyrolysis of 32.145 The structures 42 and 43 have
been explored using the MNDO quantum chemical
approach. The experimental and calculated results
clearly show that both of these conjuncto species are
coupled by exopolyhedral B-B bonds and demonstrate
that, with respect to rotation, 42 possesses a single
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stable conformation of D,; symmetry resulting from a
w-type interaction across the exopolyhedral B-B

bond.14
42 43

Under similar conditions, Astheimer and Sneddon!46
isolated 42, 43, and a number of previously unknown
low-yield products that included a boron—carbon linked
Compound 1:2’-[1,5-02B3H4] [1’,5"C2B3H4] (44) together
with two boron-carbon- and boron-boron-linked spec-
ies, 2:27,1":2"-[1,5-C,B;H,][1",5"-C,B;H;][1”,5”-C.BsH,]
(45) and 2:2,,3’:1”-[1,5'02B3H4][1’,5"02B3H3][1”,5”'
C,B;H,] (46). The pyrolysis of 1,6-C,B,H; did not give

Y

any linked products; however, the copyrolysis with
1,5-C;B;H; was found to give a coupled, mixed-cage
carborane 2:2'-[1,5-C,B,H,][1",6’-C,B,H;] (47) in 65%
yield. Later, the same group substantially improved the
synthetic route to compound 42 and also isolated
2:2/-[1,6-C,B,H;][1",6’-C,B,H;] (48) in quantitative
yields via platinum(II) dibromide-catalyzed dehydro-
coupling reactions of the corresponding carboranes 32
and 34.147 Sneddon et al.!*® have used high-resolution

Y 98
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10B and !B NMR to determine the details of boron-
boron coupling along the intercage B-B bonding vector
in the coupled-cage derivatives of 32 and in the pre-
viously reported!#? conjuncto derivatives of 36.
DeKock et al.1% reported MO and bond energy cal-
culations which probed the changes that occurred when
arachno-BH,, reacts with acetylene to form hydrogen
and the two isomeric six-vertex closo-carboranes 33 and
34. Bragin et al.!%! reported the vibrational spectra of
1,6-C,B,H; and assigned the vibrational fundamentals
in the IR and Raman spectra. Hosmane et al.1? pre-
pared the 1,2-bis(trimethylsilyl) derivative of closo-
1,2-C,B,H,, 1,2-(Me;Si),-1,2-C,BH,, in quantitative
yield via oxidative removal of the {Sn} vertex from the
[2,3-(Me3Si),-closo-1,2,3-SnC,B H,] stannadicarbabo-
rane, with stoichiometric amounts of either PtCl, or
PtCl, at room temperature:
2(Me;Si),SnC,B,H, + PtCl, —
Pt + 2(Me,Si),C.B,H, + 2SnCl, (23)
(Me;Si),SnC,B,H, + PtCl, —
Pt% + (Me,Si),C,B,H, + SnCl, (24)
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TABLE 10. Substituted Derivatives of closo-1,6-C,BH,
(Cage Structure 34)

substituent(s)® measured data ref(s)
Rt IH, !B, MS, IR 144
2-R! 'H, UB, MS, IR 147
2-Cl 14, 1B, MS 163, 155
2,4-Cl, H, !B, MS 153, 155
2,3,4,5-Cl, 1H, 4B, 8C, IR 167
2-Br H, B 155
2,4-Br, 1H, UB 155
2-Br,B 1H, UB 154
2,2-[B,H,] 1H, 1B MS 156

SR = cis-2-but-2-enyl; R! = 2'-[1',6’-C,B,Hg]. °All possible
mono- to tetrasubstituted B-alkyl compounds. ©Inclusive of [!!B-
LB)-COSY measurements.

A variety of boron substitution reactions of closo-
1,6-C,B,H; was reported by Onak et al.153-15 Fehlner
et al.”? have calculated !'B NMR shifts for this com-
pound and its halo derivatives, 2-X-1,6-C,B,H; (X =
F, Cl, and Br), using the Fenske-Hall MO method.
Some of the measured properties of the substituted
derivatives of closo-1,6-C,BH; are summarized in Table
10.

An important platinum(II) dibromide-catalyzed cage
growth reaction between 1,6-C;B,H; and excess di-
borane (48 h, room temperature) in decane,!* followed
by repeated vacuum fractionation of the reaction
products, yielded a cage-coupled carborane 2:1/,2-[1,6-
C,BH;]1[B,H;] (49). This compound is, however,
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unstable at 40 °C and reconverts to 34 and diborane.
Inspired by this work, McKee,'5" using ab initio calcu-
lations, investigated the structure and energetics of
carborane- and borane-coupled cages linked together
by a B-B bond or a pair of hydrogen bridges. In gen-
eral, these structures were found to be only slightly
perturbed from the corresponding noncoupled mole-
cules. From model calculations of 1,6-C,B,H; and
1,5-C,B3H; reacting with {BH,},157 activation barriers
were estimated for the exchange of terminal hydrogens
between the carborane and BoHg. In contrast to 1,6-
C,B,Hg/B,Hg, a low barrier (ca. 10 kcal mol™?) was
predicted for the exchange in 1,5-C,B;H;/B,H.

Grimes et al. reported a new bench-scale synthetic
route to the substituted derivatives of 38, consisting in
the reaction between pentaborane(9) and alkynes in the
presence of triethylamine:!58159

B5Hg + RICECRQ - R1R202B4H6 + Et3N'BH3 (25)

The pentaborane can be generated in situ from [BsHg]~
and HC], and all subsequent reactions can be carried
out in the same vessel. Apart from acetylene, a broad
range of alkynes can be used!6®% in reaction 25 to
obtain derivatives of 38 (see Table 11), many of which
have been later employed in designed syntheses of
multifunctional metalladicarbaborane and -tetracar-
baborane (see section V) systems.!#16 When the open-
chain dialkynes EtC=C(CH,),C=CEt (n = 4 and 6),



Carbaboranes Other than C,B.H,

TABLE 11. Substituted Derivatives of nido-2,3-C,B H,
(Cage Structure 38)

substituent(s)® measured data ref(s)
1-R! 'H, B, MS, IR, R, 144
4-R! 'H, B, MS, IR, R, 144
5-R! 'H, 1B, MS, IR, R, 144
2,3-Et, 14, UB, MS, IR 159, 160
2,3-(PhCHy,), 14, 1B MS, IR 161
2-Ph(CH,), 1H, !B, IR 162
2-R? 1Y, 1B, IR 163
2,3-R? H, 1B, IR 163
2-R3 1H, UB, IR 163
2,3-R? 'H, UB, IR 163
2,3-"Bu, 14, uB, 13C, IR, MS 164

2,3-(CsHy),
2,3-(°CeHya)s

H, !B, 3C, IR, MS 164
H, UB, 3C, IR, MS 164

2,3-Ph, IH, 1B, 3C, IR, MS 164
2-Me,Si 1H, 1B, ®§j, MS 166-169
2-Me,Si-3-Me 1H, 1B, %§j, MS 166
2-(Me,Si), 1H, UB, #Sj, MS 166, 167
2,3,4-Et, 1H, B, IR, MS 172
2,3-Et,-4-PhCH, 1H, 1B, IR, MS 172
2,3-Et;-4-MeCgH,CH,  'H, !B, IR, MS 172
2,3-Et;-4-Ph(CH,), 1H, 1B, IR, MS 172
2,3-(PhCH,),-4-Me 1H, 1B, IR, MS 172
2,3,4-(PhCH,), 1H, 1B, IR, MS 172

8R! = ¢is-2-but-2-enyl; R? = 1-indenylmethyl; R? = 9-fluorenyl-
methyl.

Figure 9. Representation of the GED structure of 2-Me4Si-
nido-2,3-C,B,H,. Bond lengths in the basal plane of the cage
were!® C-C 146.0 (11), C-B 154.4 (8), and B-B 175.8 (16) pm,
while mean distances to the B(1) apex were C-B 183.2 and B-B
172.4 pm. All C-Si distances were close to 188 pm, and the Si
atom was nearly in the basal plane.

trialkyne HC=C(CH,),C=C(CH,);C=CH, and the

cyclic dialkynes CH,(CH,),C=C(CH,),C=C— (n =
4-6) were used as reaction components,'®® all available
C==C units were transformed to carborane {nido-C,B,}
moieties. The corresponding carborane oligomers were
fully characterized by NMR, IR, and mass spectra.

Hosmane et al.!66167 reported a high-yield reaction
between silylated acetylenes, Me;SiC=CR (R = Me,Si,
Me, or H), and pentaborane(9) which generated the
corresponding disubstituted 2-Me;Si-3-R-nido-2,3-
C,B,H; at elevated temperatures. Heating liquid
2,3-(Me,Si),-2,3-C,B,H; with solid NaHF, at 140 °C or
with HCI resulted in partial desilylation to produce
2-Me;Si-2,3-C,B,H; in 90% and 62% yields,!6® respec-
tively. The molecular structure of this compound was
determined in the gas phase by electron diffraction as
presented schematically in Figure 9.

With the HCI procedure used in the preparation of
the last compound, but at higher temperatures
(160-170° for 4 days), the parent carborane 38 was
obtained!®® in improved yields (30%) along with
2,3,4,5-Cl,-closo-1,6-C,B,H,. The area of the tri-
methylsilylated derivatives of 38, inclusive of their main
group metal chemistry has been recently reviewed by
Hosmane and Maguire.!'f Von Arx et al.!”° employed
2-Me,;Si-2,3-C,B,H; in THF at room temperature as a
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source of hydrogen to reduce a series of ketones to the
corresponding alcohols.

Fessler et al.'"! have studied bridge deprotonation of
the substituted 2,3-R,R’-2,3-C,B,H; (R = alkyl, aryl-
methyl, or phenyl; R’ = R or H) species by the hydride
anion and determined the reaction rates and activation
parameters as a function of individual substituents.
The reaction was found to be independent of the metal
hydride present and to be primarily dependent on the
steric inhibition caused by the substituent. Davies et
al.'”? have also found that alkylation of the [2,3-R,-
2,3-C,BH;]" ions with organic halides (R’X) proceeds
in a highly regiospecific manner to generate enantiom-
eric 4-R’-2,3-R,-C,B,H; carboranes (for individual
compound see Table 11). The alkylation is proposed
to proceed via bridged u(4,5)-R’-2,3-R,-2,3-C,B H; in-
termediates, which rapidly rearrange to the corre-
sponding 4-substituted compounds.

Hosmane et al. reported the syntheses of the disily-
lated [2,3-(MesSi),-nido-2,3-C,BH,1>" 18 and [2,3-
(Me;Si)y-nido-2,3-C,B H;]~ anions.'™ The latter com-
pound was structurally characterized by an X-ray dif-
fraction study and multinuclear NMR spectra as
(C4H30Na+)2 [2,3'(Me3Si)2'”id0'2,3'CzB4H5-]2.

Abdou et al.!” reported an interesting “decapitation”
of the B(1) vertex in closo-2,4-C,B;H, (36) yielding the
[nido-2,4-C,BH;]™ anion (39). This was accomplished
by prolonged action of lithium dimethylamide on 36.

Of the “small dicarbaborane” compounds, probably
the most studied has been the most accessible com-
pound of the class, i.e. closo-2,4-C,B;H; (36).1° Recent
chemistry of its substituted derivatives has recently
been reviewed by Onak.’d!!¢ This review will therefore
outline only general features of the chemistry along with
the most recent developments in the area.

Carborane 36 is the compound on which the first
two-dimensional NMR study in the area of boron-
cluster compounds was performed.6” Durso et al.l?
have recently used microwave techniques to determine
the structure and dipole moment of 5-F-closo-2,4-
C,BsHg (for structure see 36). They found that the
interboron distances are comparable with those ob-
tained for the parent compound'® and the relatively
short B-F distance (133.0 (3) pm) was interpreted in
terms of partial double-bond character. Previous work
by Onak et al.”d on the electrophilic substitution reac-
tions of 36 have generated a number of chlorinated and
methylated derivatives, and more detailed studies on
the preparation, thermal rearrangements, and kinetic
stabilities of the substituted derivatives of 36 have now
been reported.

A number of halogenated (X = Cl, Br, and I) deriv-
atives of 36 (for individual compounds see Table 12)
were prepared from reactions between 36 and the cor-
responding halogens with or without the AICl; cata-
lyst.133177 The Aé(*!B) additivity constants for indi-
vidual halogens and cage positions were derived.!”’
Using competition studies, Nam and Onak!® estimated
the relative reactivities for closo-dicarbaboranes 1,6-
C,B,Hg, 2,4-C;B;H;, 1,10-C,BgH,,, and some of their
derivatives, toward electrophilic reagents of the type
RX/AICl; (RX = MeCl, EtCl, Cl,, and Br;). The 2,4-
C,B;H; carborane was found to be most reactive with
alkyl substituents generally enhancing and halogen
substituents decreasing the reactivity. The nature and
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TABLE 12. Substituted Derivatives of closo-2,4-C,B:H,
(Cage Structure 36)

substituent(s)® measured data ref(s)
R® IH, 1B, MS, IR, R, 144
Ry’ H, 1B, MS, IR, R, 148
R, 'H, 1B, MS, IR, R, 148
Ry H, UB, MS, IR, R, 148

IH, UB, MS, IR, R, 148

1,3,5,6,7-R;
1-R! B, 1JUB-IB] 148

3-R! up, 1J[11B-1B] 148

3-Ph 1H, B 154

3-R? up, 1J{11B-11B] 148

1- and 5-F 1H, 1B, MW 176, 179, 187, 188

3,5-F, 1H, UB 187, 188

Cl, Br, It 1H, uB 153, 177, 155, 179, 154,
188, 190

Cl,, Br,, L? H, 1B 153, 154, 155, 177, 179,
188, 190

2-Cl-4-Br IH, 1B 155

5-Cl1-6-Br 1H, 1B 179, 188

1-1-5,6-Br, up 179

1,7-1,-5,6-Br, up 179

1,7-1,-3,5,6-Br, up 179

Me® IH, UB 155, 188, 189

Me,® H, 1B 155

Me;? IH, UB 155

Me,? H, B 155

1,3,5,6,7-Me; IH, 1B 155

Et IH, UB 155, 178, 185

Et,® IH, UB 155, 178, 185

1-Me-5-Et IH, UB 155

5-Me-6-Et IH, UB 155

1-Me-5,6-Et, 1H, 1B 155

Me-Clt 1H, 1B 155, 191

6-Me-5-1 1H, UB 155, 185

1-Me-5,6-Cl, 1H, UB 155

3-Me-5,6-Cl, IH, B 155

Cl-Et,® up 178

5-[HO(CF);C]  'H, !B, F, MS, IR 182
5-[HO(C(CFy),);0] 'H, B, F, MS, IR 182

4R = cis-2-but-2-enyl; R! = 3-[2,4'-C,B;H,]; R? = 5-[2'4'-
C,B;H,]. ? All possible combinations of B-substituted derivatives.

cage position of the substituents on 2,4-C,B;H, appear
to have little or no influence on the site of further
substitution.

Ethylation of 2,4-C,B;H; and 3-Cl-2,4-C,B;H; by
EtCl/AIC]; has produced a series of 5-Et, 5,6-Et,, 3-
CIEt, and 3-ClEt, derivatives of 36 (see Table 12).178
The action of interhalogens, ICl or IBr, in the presence
of AlCl;, on 2,4-C,B;H; and its haloderivatives was
found to produce predominantly B-iodo products. In
contrast, in the absence of the catalyst, the same re-
action generates B-chloro and B-bromo derivatives,
which is indicative of a different (radical type) reaction
mechanism.!”® Nam and Onak!® also reported the re-
actions between 2,4-C,B;H- and boron trihalides, BX;
(X =Cl, Br, and 1), or BPh;, at elevated temperatures
(120-270 °C). These produced 3-, 5-, and 3,5-X,-sub-
stituted products in reasonable yields (1-52%), de-
pending on the site of substitution. The formation of
these products was suggested to involve a four-mem-
bered intermediate formulated as 50.

50
Beltram et al.!® investigated and assigned the Hel
photoelectron (PES) spectra of 5-X and 5,6-X, deriva-

tives of 36 (X = Cl, Br, and I). Besides the inductive
effects, r-type interactions between cluster surface (-
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endo) orbitals and filled halogen p orbitals successfully
account for the effects of halogen substitution on the
PES of the substituted carborane. Nam et al.!®! re-
ported several types of previously unobserved long- and
short-range spin couplings in 2,4-C,B;H, from the
resolution-enhanced proton and !B NMR spectra of a
wide range of 2,4-C,B;H; derivatives.

Free-radical substitution of the 2,4-C,B;H; cage was
reported by Astheimer and Sneddon!®? in the gas-phase
photolysis reaction at 3000 A with hexafluoroacetone.
This resulted in the formation of both 5-[HO(CF;),C]
and 5-[HO[C(CF;),],0] derivatives of 36. Zhigach et
al.!® reported a synthesis of carbon-substituted 2,4-
R,-2,4-C;B;H; compounds (R = D, Me;Si, HMe,Si,
ClMe,Si, BrMe,Si, MeOMe,Si, and EtOMe,Si) along
with some oligomeric silylated compounds.

Siwapinyoyos and Onak!841% studied the reaction of
3- and 5-Cl1-2,4-C,B;H; with Lewis bases (L. = Me;N
and Me;P) yielding a nido-structured L-C1C,B;H; ad-
duct. The addition of BCl; to this intermediate gen-
erated an ionic compound formulated as [3- or 5-L-
closo-2,4-C,B;Hg]*[BCl,]™ (see structure 35 for num-
bering), the net result being the elimination of chlorine
from the exocage position. A similar reaction of Me;N

LCIC,B;H¢ + BCl; — [LC,B:H]*[BCl,]~ (26)

with the 1-Cl derivative of 36 proceeds with more dif-
ficulty, but once formed, the 1:1 adduct combines with
BCl; to give the rearranged product {3-Mes;N-closo-
2,4-C,B;H ] *[BCL]". An unusual substituent-exchange
reaction was observed!® in the study of the 5-Br-2,4-
C,BsH¢/MesN reaction system in dichloromethane.
The Me;N-5-Br-2,4-C,B;H, adduct underwent quanti-
tative Br/Cl exchange with CH,Cl, to form 5-Cl-2,4-
C,BsH; and [Me;NCH,C1]*Br. This last reaction, re-
sulting in the net front displacement of bromine by
chlorine by the action of trimethyl amine, has initiated
a useful and unprecedent cage substituent-exchange
strategy.

In an extension of this work,8188 g site-specific
halogen exchange reaction was observed between B-
haloderivatives of 36 and tetraalkylammonium halides
(NBu,*, NCH,PhEt;*) in various solvents. The ex-
change appears possible only when the “reagent” halide
ion is smaller than the leaving exocage halide. Thus,
3-1, 5-Br, and 3,5-1; derivatives of 36 are quantitatively
converted to the corresponding B-fluoro derivatives,
3-F, 5-F, and 3,5-F,. Both 3- and 5-1-2,4-C,B;H; react
with Br~ to give the respective 3- and 5-Br isomers.
Similarly, the 5-Br isomer is converted to 5-Cl-2,4-
C.B;H; in the presence of Cl". The same halide reacts
also with Me;N-5,6-Br,C,B;H; to give both 5-Cl-6-Br-
2,4'C2B5H5 and 5,6'012'2,4'CQB5H5. The rate of the
substitution varied, in correspondence with the ex-
pected nucleophilicity trend F- > Cl- > Br~ in nona-
queous solvents. Another interesting Br — F exchange
reaction was observed between 5-Br-2,4-C,B;H, or
MegN-5-Br-2,4-C,BH; and Et,NSF; in nonaqueous
solvents.!7

One of the best examined areas of the 2,4-C,B;H,
chemistry are the substituent-rearrangement reactions
that include a number of mono-, di-, and trisubstituted
derivatives. Heating individual isomers always gener-
ates equilibrium mixtures of rearranged products (for
more detailed reviews see refs 7d and 11e). The relative
abundance of each isomer is dictated by the thermo-
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TABLE 13. Theoretically Predicted and Experimental
Stability Orders for Mono- and Disubstituted Derivatives

of closo-2,4-C,B;H, (Cage Structure 36)

experimental
substituent(s) predicted stabilities stabilities
B-monomethyl 3>5>1¢ 3>1>5°
B,B"-dimethyl 1,3>3,5>1,7>1, 1,3>38,5>1,7>
5> b, 6° 1,5>5,6°
B-methyl-B*-chloro 1,3>5,3>3,5>3, 1,3>3,5>3,1>
1>1,5>5,6>1, 5,3>1,5>5,6
7>5,1° >5,1>17¢
B-monoethyl 3>1>59 3>1>5¢
B,B"-diethyl ,3>35>1,7>1, 1,83>3,5>1,7>
5> 5,69 1,5>5,6°
B-monochloro 3>5> 19/ 3>5> 1%
5>3> 1k
B-monobromo 3>5>14 3>5>1
B-monoiodo 5>3>14 3>5>1
B,B’-dichloro 3,5>1,3>5,6>1, 3,5>1,83>5,6>
5>1,7° 1,5> 1, 7
B,B’-dibromo 3,6>1,3>5,6>1, 3,5>56>1,3>
5>1,7¢ 1,5>1,7
B,B’-diiodo 5,6>3,56>1,5>1, 56>35>1,56>
3>1,7 L,3>1,7

¢MNDO level, data from ref 192. ®Data from ref 189. ¢Data
from ref 191. MNDO level, data from ref 193. ¢Data from ref
178. /Gaussian-86 calculations, data from ref 193. £Data from refs
153 and 190. *Gaussian-86, STO-3G level, data from ref 180.
‘Data from ref 177.

dynamic stability at a given temperature. These stud-
ieg!83177178,18-191 produced a vast number of 2,4-C,B;H;
derivatives (see Table 13) of varying stabilities. The
experimental data were compared with results from
MNDOQ9%19 and ab initio calculations at different
levels.180198 The comparison of experimental and the-
oretical stabilities for individual isomer sets of mono-
and disubstituted compounds is outlined in Table 13.
The results are consistent with a DSD type of so called
“degenerate” rearrangement (without change in cage-
carbon positions) which was also endorsed by ab initio
SCF MO calculations by Ott et al.!1*¢ The last workers
have also predicted the expected order of stabilities for
closo-C,B;H, isomers: 2,4 > 23> 12> 1,7.

Beck et al.1%!% have developed a new moderate-yield
(50-60%) route to 2,3-Et,-closo-2,3-C,B;H; (cage
structure 35 above) by inserting a boron vertex into the
open face of nido-2,3-Et,-2,3-C,B,H; (cage structure 38)
by reaction with Et;NBHj, at 140 °C. The insertion of
the boron atom at the B(7) apex was confirmed by °B
tracer study. 2,3-Et,-closo-2,3-C,B;H; is also available
from the reaction of Li*[nido-2,3-Et,-2,3-C,B,H;]” with
Me,S-BH,, or alternatively, from the treatment of
Na*Li*[2,3-Et,-nido-2,3-C,B,H,])* with Me,SBHBr,.
Reaction of the dianion with PhBCl, or MeBBr, pro-
duced the expanded B-monosubstituted compounds
1-R-2,3-Et,-closo-2,3-C;B;H, (R = Ph and Me, respec-
tively). Halogenation of 2,3-Et,-2,3-C,B;H; with bro-
mine at room temperature resulted in the exclusive
formation of the 5-Br-2,3-Et, derivative. The 2,3-Et,
derivative of 35 undergoes rearrangement to the 2,4-
isomer in high yield at 350 °C.

A cage-opening reaction of 2,3-Et,-closo-2,3-C,B;H;
with 1 equiv of LiBEt;H resulted in the formation of
the first seven-vertex nido-carborane, the [4,5-Et,-3,4-
C,B,Hg] anion!®” (cage structure 51). A similar type
closo ~+ nido reaction with excess trimethylphosphine!®
gave 7-Me;P-4,5-Et,-nido-4,5-C,BsH; (cage structure 52,
L = PMe;). Both structures 51 and 52 contain a {BH,}
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group, held to be exceptional for all nido-dicarbabo-
ranes examined to date.

a4

2. Eight- to Ten-Vertex Dicarbaboranes

Eight- and nine-vertex compounds include the pre-
viously reviewed'® closo-dicarbaboranes 1,7-C,BsHjs (53)
and 1,7-C,B;H, (54) and the arachno-structured nido-
3,6-C,BgH,, species (55)° (general structures X, XIII,
and XII, respectively).

&Y w

Theoretical chemists have predicted possible DSD-
type rearrangement pathways for the dodecahedral
(D) and tricapped trigonal prismatric (D,,) structures
of 53 and 54. Wales and Stone® have shown that the
THS theory is very useful in rationalizing the energy
barriers to skeletal rearrangement in BgHg2" (general
structure X) for which a single DSD process leads to
a transition state of distorted C,, geometry (bicapped
trigonal prism). Gimarc and Ott1%-2 report ab initio
SCF MO calculations at the STO-3G level to analyze
geometries and possible rearrangement pathways for all
possible isomeric closo-C,B¢Hg and -C,B,H, dicarba-
boranes. King?’! has used graph theory arguments to
account for rearrangements in the eight- to ten-vertex
systems.

O’Neill and Wade?*? have considered the bonding in
nine-vertex Dg;, (structure XIII) clusters, including
[BgH,)? and C,B;H, in terms of edge-bonding or an-
tibonding characteristics of the nondegenerate tenth
and eleventh MO’s. Skeletal bonding was found to be
strongest when there are 20 skeletal bonding electrons
present. Gimarc and Ott?*® have shown that a rear-
rangement mechanism involving a single DSD process
for [ByHg)% or C,BgHj, is forbidden by the principle
of conservation of orbital symmetry but a double DSD
process is allowed.

Beck and Sneddon'% reported the formation of
ethyl-substituted derivatives of 53 and 54, 1,7-Et,-1,7-
C,BgH,, and 1,7-Et,-1,7-C,B,H,, from the reaction be-
tween 2,3-Et,-C,B,H; and Et;N-BHj; at 170 °C. The
author’s group prepared the first representative of the
eight-vertex arachno-dicarbaborane family, the [4,5-
C,BgH;;]™ anion (56), from the degradation of 1,2-
C,BszH,, (structure 61 below) in 5% aqueous sodium
hydroxide (47% yield).?®* Another member of the

b e

56 57 58

eight-vertex arachno family of dicarbaboranes, the
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TABLE 14. Eight- and Nine-Vertex Dicarbaboranes
cage

compound structure measured data ref(s)
1,7-Et,C,BgHg 53 'H, B, MS 196
1,7-Et,C,B-H; 54 'H, !B, MS 196
[4,5-C,BgH 1]~ 56 H, 1B 204
2,4-C,B.H,; 57 IH, UB, ¥C, MS 156
3,6-C,BgH 55 i 156
[7,8—Cngng]' 58 'H, !B, M8 205
4,5-C,B,H,, 59 1H, UBs 15C, MS  206-208
4,6-C,B;H, 5 60 H, UBs BC,MS 210

82.D measurements. ®Inclusive of 6-halo derivatives. ¢ Inclusive
of 3-halo and 3,5-dihalo derivatives.

uniquely structured 2,4-C,BgH;, (57) was isolated by
Corcoran and Sneddon!®® from the platinum di-
bromide-catalyzed cage-growth reaction between clo-
80-1,5-C,B;H; and diborane at room temperature. The
reaction is suggested to proceed via insertion of one
more boron into an unisolated coupled-cage [1,5-C,-
B;H,][B,H;] species. Dehydroisomerization of 57 at 65
°C leads directly to nido-3,6-C,BgH,, dicarbaborane (55)
and represents a new preparative route to this com-
pound. Jelinek et al.?% have developed a high-yield
preparation of the first hypho-dicarbaborane, the
[7,8-C;BgH 3] anion (58) (so-called “helmet anion”)
from the degradation reaction between arachno-4,5-
C,B;H,; (structure 59 below) and an aqueous solution
of the cyanide anion.

The author’s group published an efficient synthetic
route to the nine-vertex arachno-4,5-C;B-;H;, dicarba-
borane (59) based on the reaction of the [7,8-C,BgH;,]"
anion with formaldehyde in the presence of acid.?%

[CngHm]_ + H30+ + 5H20 + CH2=O -
C,B.H,; + 2B(OH), + CH,OH + 2H, (27)

The reaction (eq 27) is in agreement with the degra-
dation of two adjacent B(9) and B(10) vertices from
structure 74; a possible reaction path was proposed from
a deuterium-tracer study?’’ of a wide range of deuter-
ated derivatives of 74. Two papers?"?® have dealt with
the revision of the structure of carborane 59, which was
for a long time held as nido-C,B;H;;. Jelinek et al.2*®
reported halogenation reactions of 59 with hydrogen
halides and halogens leading to 6(exo)-substituted
species. The reactions were consistent with the so-
called EINS (electrophile-induced nucleophilic substi-
tution) mechanism. Similar halogenation of the isom-
eric 4,6-C,B;H,; (60) species®'? have generated mono-
(3-X) and disubstituted (3,5-X,) derivatives of 60 (X
= Cl, Br, and I). Selected compounds of the eight- and
nine-vertex family of dicarbaboranes are presented in
Table 14.

59 60

The ten-vertex closo series of dicarbaboranes includes
the well-known isomeric 1,2-, 1,6-, and 1,10-C;BzH;,
compounds (structures 61-63). Gimarc and Ott198-200
have employed ab initio SCF calculations to analyze
bond distances and predict total energies and the order
of stabilities of the four unknown C,BgH,, isomers.

Stlor

DSD-type rearrangement pathways among all seven
isomers were also outlined. Other authors?!! reported
a MNDO theoretical study of 1,10-C;BgH;; to demon-
strate the straightforward similarity of related struc-
tures, such as [Blon]Z_, 1,10-(N2)2B10H8, and 1'SB9H9.

61

The dimethyl derivative of 61, 1,2-Me,-1,2-C,BgHj,,
was prepared by the usual lithiation/methylation
route.?’? The same species is generated in 33% yield
from an interesting reaction between the coupled-cage
nido-1:2’-[B;Hg], borane and 2-butyne at 60 °C in the
presence of 2,6-lutidine.?!® Atavin et al.?!* determined
the molecular structure of the 1,10-isomer via the gas-
phase electron-diffraction technique. The bond dis-
tances were C-B 160.2 (2), B-B (tropical) 185.0 (5), and
B-B (intertropical) 182.9 (4) pm. Temperature de-
pendence of the Raman spectrum of the plastic solid
1,10-C,BgH,, was measured®' in order to investigate the
phase transition—orientational-disorder properties of
this compound. Nam and Onak!% isolated the 2-Cl
derivative of 63 from competitive reactions between
carboranes 36 and 63 and the Cl,/AICl; chlorination
system.

Of the nido ten-vertex dicarbaboranes the most
studied is the most available compound of this family,
5,6-C;BgH,, (64). It was converted into the levorotatory
isomer in a one-way conversion reaction by using
(+)-N-methylcamphidine (NMC) as the resolving
agent:?16

(*)'5,6‘CQB8H12 + NMC =

solution ol
(+)'NMCH+[(—)'5,6'021_B H;;]”" — (-)-5,6-C;BgH,;,
soli

(28)

The reaction according to eq 28 yields only the levo-
rotatory form on acidification of the solid diastereomer
in 85% yield (based on 64). On the other hand, once
isolated, (-)-64 is racemized on deprotonation by basic
reagents. This is in agreement with fluxional behavior
of the [5,6-C,BgH;;]” anion in solution. A reasonable
explanation seems to be the "B(9)-vertex-flip” mecha-
nism outlined in Scheme 2.

SCHEME 2

64 66

Shore et al.?!” reported the synthesis of the dimethyl
derivative of 64 from the reaction between arachno-
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Figure 10. Simplified structure of 8:3'-[nido-5,6-C,BgH,;]{clo-
s0-1",2"-CyB,oH,,] (65). Selected interatomic distances in the
{nido-5,6-C,BgH,,} subunit were? C(5)-C(6) 145.7 (2), C(5)-B(1)
165.7 (2), C(5)-B(2) 169.2, C(5)-B(10) 175.1 (2), C(6)-B(2) 169.1
(2), C(6)-B(7) 150.8 (2), and B-B (mean) 179.3 pm.

Et,0-BgH,; and 2-butyne in diethyl ether at ambient
temperature. The reaction was consistent with the

removal of one {BHj} unit from the general structure
XV.

EtzO'Bnga + 4M32C2 -
Me,C,B;H,, + B(MeC—=CC(Me)H); (29)

The author’s group reported?'® the definitive assign-
ments in the !B NMR spectrum of 64 on the basis of
data from its substituted derivatives. One of the in-
teresting derivatives of 64 is a conjuncto species 8:3-
[5,6'02B3Hn][1,,2"C2B10H11] (65) which was isolated
from a mild thermolysis of 7,8-C,BgH,; (structure 73
below) in boiling benzene?'® (10% yield). A more de-
tailed insight into the structure of 64 is provided by the
X-ray diffraction study?®® of 65 (see Figure 10).

The structure of another nido compound of the ten-
vertex carborane series, the [6,9-C;BgH;]% dianion (66),
was definitely assigned via high-field NMR measure-
ments??! that confirmed gross structural similarity of
66 to the arachno congener 6,9-C,BgH;, (67). The au-
thor’s group has substantially improved the synthesis
of 67 by heating 64 with sodium borohydride in etha-
nolic KOH.?22 The AlCl;-catalyzed halogenation of 67
was found to proceed exclusively at the B(1) site?2%223
to afford a series of 1-substituted (X = Cl, Br, and I)
derivatives. Of interest is the synthesis of 5-substituted
haloderivatives of 67 from the reaction between 66 and
anhydrous hydrogen halides:223:22¢

[CzBus]Z— + 3HX — XCZBSHIS + 2X- (30)

The overall mechanistic pathway of reaction 30, in-
volving the stereoselective addition of HX to the C-B
bond in 66, was proposed on the basis of a deuterium-
tracer study.??¢ A variation of the reaction 30 using
sulfuric acid led to the isolation of 5,5-X-(arachno-
6,9-C,BgH,5), compounds (X = O and 0SO;0) (68). Of
the two possible diastereomeric conformations, 68a and
68b (simplified structures oriented open face up), the
formation of the less sterically hindered 68a was con-
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Figure 11. Schematic drawing of the molecular structure of
6(ex0)-MegySi-arachno-6,9-C,BgH;; (69). Selected exocage dis-
tances were??” C(6)-Si 189.1 (2) and C(Me)-Si 185.2 pm. For
selected cage bond distances see Table 16.

TABLE 15. Ten-Vertex Dicarbaboranes

cage
compound structure measured data ref(s)

1,2-Me,-1,2-C,BgHg 61 H, UB, MS 212, 213
1,10-C,BgH, ¢ 63 GED? 214
[6,9-C,BH, 01> 66 IH, UB 221
5,6-C,BgH »° 64 ug 218
[5,6'CZB8H11]- 644 1H, ug 216a
5,6'M€2‘5,6'CngHm 64 llB, MS 217
6,9'02B8H14e 67 IH, llB,f MS, mp 222, 223
6'MBaSi'6,9'CzB8H13 67 1H, XIB’f MS, mp 227

5,5-X-6,9-(C,BsH,5), 68a  'H,UB/MS, XR, mp 223-226

3 Inclusive of the 2-Cl derivative. ®Gas-phase electron diffrac-
tion. ‘°Inclusive of the 4-, 8-, and 10-Cl and 2-Ph derivatives.
9Deprotonized. ¢Inclusive of the 1- and 5-halo derivatives. /2-D
measurements.

TABLE 16. Selected Mean Cage Bond Distances (pm) for
the Structurally Determined Derivatives of
arachno-6,9-C,BgH,, (Cage Structure 67)

68¢ 69°
C-B(open face) 174 173.3
C-B(2 or 4) 166 164.8
B(1 or 3)-B(2 or 4) 173 173.5
B(2 or 4)-B(open face) 178 176.7
B(1)-B(3) 180 179.5
B(1 or 3)-B(open face) 179 178.9
B-B(bridging positions) 188 188.5

3Data for the 5,5-O derivative from ref 226. ®Data for the 6-
(ex0)-Me;Si derivative from ref 227.

firmed by X-ray diffraction analysis??® of the oxygen
derivative.

@ oplene

Wermer et al.??” reported the formation of the 6-
(exo)-substituted derivative of 67, 6(ex0)-Me;Si-6,9-
C,B3zH,; (structure 69 in Figure 11; for selected bond
distances, see Table 16) from the cage-expansion reac-
tion between [2,3-(Me;Si);-nido-2,3-C,B,H;]™ (see de-
protonized structure 38) and pentaborane(9).

Measured structural data and selected cage distances
for characteristic ten-vertex dicarbaborane compounds
characterized over the reviewed period are in Tables 15
and 16, respectively.
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3. Eleven-Vertex Dicarbaboranes

The only closo compound of this series that has been
reported is the parent 2,3-C,B;H,, dicarbaborane (70),
with both cage carbons occupying the least connected
cluster sites. Theoretical chemists3%!% have calculated
optimal geometries and the order of stabilities for all
possible 20 C,B¢H;; isomers??® and have analyzed pos-
sible DSD rearrangement pathways.

In addition to the structure of the 2,3-Me, derivative
of 70,° Leonowicz and Scholer??® determined the mo-
lecular structure of a trisubstituted derivative, 4,7-
(HO)4-10-Br-2,3-C;BgHg. The structure exhibits severe
distortions from the idealized C,, symmetry, evidently
due to the back-donation effects from the substituents.
In comparison with the 2,3-Me, isomer, the B(1)-B(4)
distances are lengthened by 32 pm and the configura-
tion of this cage seems to be intermediate between the
closo C,, structure 70 and the Cs, icosahedral fragment
(see general structure XX).

The neutral nido-dicarbaboranes of the eleven-vertex
series (general structure XX) are represented by the
isomeric species 2,7-C,BgH ;3 (71) (known only as al-
kylated derivatives?%), 2,9-C,B;H;; (72), and 7,8-
C,BgH,; (73) reviewed earlier.® The two extra protons
in these species can be accommodated without diffi-
culties in the open pentagonal face. Formal or real
removal of one proton leads to the popular “dicarbol-
lide” anions, of which previously reported were the
isomeric [7,8'02B9H12]_ (74) and [7,9'02B9H12]_ (75)
species. The last two compounds are readily available
from the well-established?® degradation of the isomeric
1,2- and 1,7-C,B,oH;, twelve-vertex carboranes. The

long standing problem of the location of the extra hy-
drogen in structure 74 has recently been resolved by
means of high-level NMR%1232 gnd X-ray®! studies that
confirmed its H(10) endo position with some coupling
to the B(9) and B(11) boron sites, as indicated in 74.
The latest work?? also points to two endo protons, H(9)
and H(11), with some partial sharing to the B(10) center
in structure 73. No coupling of the extra hydrogen to
the carbon atoms in structures 73-75 was observed in
the ['TH-'H]-COSY NMR spectra.??? Leites et al.23
reported the detection of this peculiar extra hydrogen
in the Raman spectra of the anions 74 and 75 without
structural interpretation. Shevchenko et al.234-236 have
quenched anion 74 with various ammine complexes of
Co(III) and Cr(III) and determined DTA, IR, and UV
properties of the isolated salts. Two groups?:%7 have

Stibr

calculated the MO structure of 74 and its deprotonated
analogue, [7,8-C,BsH ;1%

The ready availability of 74 has recently led to a
relatively extensive exploration of its exoskeletal sub-
stitution chemistry. Antipin et al.?3® determined the
structure of the 9,10,11-Me; derivative of 74 by X-ray
diffraction. Zakharkin et al.?®® prepared a series of
9-benzyl-substituted derivatives of 74, and its 7,8-Me,
analogue, by treatment of the [7,8-R,-7,8-C,BgH,)%"
dianions with benzyl halogenides R'C;H,CH,X (R’ =
H, o-Me, m-Me, p-Me, p-Br; X = Cl, Br) in liquid am-
monia. Repeated benzylation gave 9,11-dibenzylated
isomers and iodination in THF gave the 9- and 9,11-1,
derivatives. An X-ray diffraction study of the 7-Ph
derivative of 74 was reported by Yanovski?*’ and that
of 7-(closo-1,2’-C,B,oH,,):74 [Rh(PPh,);* salt] by
Knobler et al % The TLC properties of other C-sub-
stituted anions of the 74 type on silica plates were re-
ported by Serino and Hawthorne.?! Of interest are the
fluorinated derivatives of 74 that arise from stereose-
lective degradation of the corresponding fluoro-
derivatives of o-carborane.?*2

One of the most versatile reagents based on 74 is the
7,8-dimercapto derivative, 7,8-(HS),-7,8-C,BH, (76),
which was prepared by Teixidor et al.24324 from the
corresponding 1,2-(HS), derivative of o-carborane and
structurally characterized by an X-ray diffraction
analysis.?** The two mercapto groups have proved to
be reactive and versatile reaction centers, particularly
toward alkylating and oxidizing reagents. Thus, oxi-
dation with KI; gave a disulfide product 7,7:8,8'-
(S9)-[7,8-C,BgH ] [7,8-CsBgH ] (schematic structure
77), whose molecular structure is in agreement with the
low-energy anti disposition of the two {C,Bg} subclus-
ters.244

Reflux of 76 with ethanol in the presence of di-
chloromethane? afforded a product with an expanded
10-membered intercage ring, 7,7':8,8’-(SCH,S),-[7,8-
C,BgH, [T, 8’-C2B9H10] (simpliﬁed structure 78). The

/S\s/E /S\EH/S 'D

same authors-x?‘“"z“7 have also bu1lt up exomacro-
polycyclic rings on the 74 moiety from a general reaction
involving 1,2-(HS),-1,2-C,B,,H;, as a starting material
at high dilution of the reagents:

(HS),C,B,H,, + 3EtOH + 30H- +
CICH,(CH,0CH,),CH,Cl — 2CI- + B(OEt); +

[CH,(CH,0CH,),CH,S,C,BH,]- + 3H,0 + H,
(31)

Moderate yields of the desired compounds were ob-
tained in the form of sodium salts. As shown by the
X-ray diffraction study of the derivative with n = 3, the
sodium ion is encapsulated in the exocyclic ring in a
crown ether manner via bonding to the O and S centers,
as in 79 [Na—S 294.2 (2) and Na—O (mean) 239.0 pm].
The synthesis as in eq 31 was extended®” by using other
alkylene dihalide-like reagents, such as (C1(CH,),NTs
(Ts = tosyl), Br(CH,),,Br (n = 3,4), to give the corre-
sponding exocyclic products.

Allcock et al.>*® have prepared 7-substituted cyclo-
triphosphazene derivatives of 74, 80, and 81 (X =
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CsH,oN and R = [7,8-C;BgH,;]) by the degradation of
the o-carborane analogues. Miszusawa et al.#*? prepared
7-R-substituted derivatives of 74 (R = p-NH,CzH, and
D-SCNCgH,) and converted the last p-isothiocyanato-
phenyl compound into [7-p-SCNCgH ,-9-1-7,8-C,BH (]~
The structure of this derivative was determined by an
X-ray diffraction study [selected exocluster distances
were B(9)-1 221.4 (8) and C(7)-C(Ph) 150.1 pm]. The
aim of the study was to develop a new multifunctional
compound for boron neutron capture therapy (BNCT)
with high affinity to antibody proteins. Numerous
other derivatives of 74 substituted by amino acid and
peptide functionalities have been recently reviewed by
Hawthorne?5® and will not be discussed here.

Zakharkin et al.?! report an interesting silylation of
[7,8-C,ByH,,}* with PhMe,SiCl in THF and isolated
either exo or endo 10-PhMe,Si derivatives of 74, de-
pending on reaction conditions. The last compound has
no extra hydrogen in the open part of the cluster.
Plesek et al.?52 have prepared the [1-H;B-closo-1,2-
C,B,oH;;]™ anion by heating 74 with excess Et;NBH;
at 200 °C. The anion can be hydrolyzed by hydrochloric
acid to give quantitatively 1,2-C,B;oH;s.

Selected substituted derivatives of 74 are in Table 17,
and selected mean interatomic distances for the struc-
turally determined compounds in Table 18.

An interesting variation of the earlier reviewed® cage
rearrangements among substituted derivatives of 74 and
75 (see ref 253 for example) was investigated?5425 by
Zakharkin et al.:

[8-R-7,9-R’»-7,9-C,ByHy]" ‘::—

(1) -2H*

- - - , - -
11-R-2,7-R'y2,7-CsByHyy ——

[9-R-7,8-R/;7,8-C.BHyo-  (32)
R = Me or PhGH,; R = Me or H

All of the compounds in eq 32, interconvertible by
protonation and deprotonation, were characterized by
NMR. An X-ray diffraction study of the 11-PhCH,-
2,7-Me,-2,7-C,B,H;, derivative®® [cage structure 71,
selected cage distances: C(2)-C(7) 165.0 (6), C(2)-B(3,6)
(mean) 167.3, C(7)-B(8,11) (mean) 164.4, and mean
B-B(bridging sites) 184.9 pm] has confirmed unam-
biguously the 71 constitution. The “protonation
rearrangement” outlined in eq 32 is applicable only for
the substituted derivatives of 75, while the parent
compound 75 is known to undergo dehydrogenative
rearrangement to closo-2,3-C;BsH,; (70) under compa-
rable conditions.?®® Leites et al.?*’ detailed the prepa-
ration of the 11-Me derivative of 71 and reported vi-
brational spectra of this compound. Bushby and
Hawthorne®® isolated the isomeric [2,9-C,BgH;,]™ anion
(deprotonated structure 72)%%° upon degradation of
1,10-C,B,oH;, with potassium hydroxide in the presence
of 18-crown ether.

Another well-known category of the eleven-vertex
nido-dicarbaborane family are species of the type
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TABLE 17. Derivatives of [nido-7,8-C,B¢H,,;]” (Cage Structure
74)

substituent(s) measured data ref(s)
H 1Ho 1B XR, Ram, 231-236, 239
UV, DTA

7-Ph XR 240a
7-(1,2’-C,BoHyy) XR 240b
9,10,11-Me; XR 238
9-RCH,CH,® IH, UB 239
7,8-Me,-9-RC;H,CH,* 1H, U 239

9-I and 9,11-1, 4, 1B 239
9,11-(PhCH,), H, 1B 239
7:7,8:8/-(S,), H, 1B, XR 244
7:7,8:8’-(SCH,S), IH, !B, 13C 245

7,8-SCH,(CH,0CH,),CH,8° 'H, !!B, 1*C, XR 2486, 247
7'p-NH206H4 lI‘I, llB‘ IR 249
7-p-SCNCgH, H, B, IR 249
7-p-(SCNCgH,)-9-1 H, 1B, IR, XR 249
7,8-Mey-9-1 IH, 1B, IR 239
10(exo and endo)-Me,PhSi  !H, !B, mp 251
6-F 1y, UB, 19F 242
1,6-F, 1H, 1B, VF 242
1,5,6-Fy 1H, 1B, UF 242
1,5,6,10-F, 1Y 1B, ¥ 242

49-D measurements. °R = H, 0-Me, m-Me, p-Me, and p-Br. ‘n =
1-3.

TABLE 18. Mean Cage Distances (pm) for Selected
Derivatives of [nido-7,8-C,BgH,,]" (Structure 74)

substituent/s
He R?® Rl¢ R2¢ R3¢ R4/ R5¢
C(7)-C(8) 154.2 158.4 158.1 159.4 159.6 152.3 163.0

C-B(interbelt) 171.7 172.0 170.1 172.5 173.1 1747 174.0
C-B(open face) 161.0 164.0 165.5 162.3 161.2 161.2 168.0
B(1)-B 1779 1742 1787 1770 1766 1784 178.0
B-B(lower belt) 177.1 1754 1768 177.2 177.2 1789 179.0
B-B(interbelt) 177.5 175.3 177.8 178.1 178.5 1774 180.0
B-B(open face) 183.3 181.0 180.4 182.5 180.3 1794 174.0

%Data from ref 231. ®R = 7-Ph, data from ref 240a. °R! =
7,8-(HS),, data from ref 243. ¢R? = 7:7",8:8'-(S,),, data from ref
244, ¢R3 = 7,8-SCH,(CH,0CH,);CH,S, data from ref 246. /R* =
7-(p-SCNC¢H,)-9-1, data from ref 249. ¢R5 = 7-(1/,2-C,B,oH;)),
data from ref 240b.

B(1)

Figure 12. Representation of the structure of 5-Me,SO-nido-
7,8C.BgH;;. Selected exocluster bond lengths were?! B(5)-S 188.0
(4), mean C(Me)-S 175.4, and S-O 145.4 (2). The extra hydrogen
is supposed to cap the open pentagonal face. For mean cage
distances see Table 20.

LC,BoH,, (L = Lewis base).5*® The presence of L and
the two cage carbons dictates many isomeric structural
variations with one extra hydrogen in the open part of
the general structure XX. Grushin et al.?! have re-
ported the synthesis of 5-Me,SO-7,8-C,BgH;; (for X-ray
structure see Figure 12) from the reaction between
closo-PhIC,B,,H;; and dimethyl sulfoxide. Leites et al.
have assigned the vibrational characteristics of the extra
hydrogen atom in the structure of the former com-
pound.?®?2 The X-ray diffraction study of the asym-
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Figure 13. Schematic drawing of the molecular structure of

9-Me,S-nido-7,8-C,BgH,,. Selected exocage bond distances were®®
B(9)-S 188.4 (3) and mean C(Me)-S 178.2 pm. For characteristic
cage distances see Table 20.

TABLE 19. Eleven-Vertex Carboranes of the
L'nid0'7,8'CzB’Hu Type

cage

L structure measured data ref(s)
5-Me,SO 74 IR, Ram, XR, mp 261, 262
9-Me,S 74 XR, !H, B¢ 98, 263
9-Ph,PH 74 1H, UB, 3P, 13C 266
9-Ph,PMe 74 1H, UB, %P, 3C 266
9-PhgP 74 1H, !B, 3P, XR 266, 267
10(endo)-Ph,PH 83 IH, !B, 3P, 135C 266
10(exo0)-Ph,PH 82 IH, U, 3p, 13C 266
10(ex0)-Ph,PMe 82 1y, up, %p, 13C 266
10(ex0)-Ph;P 82 1Y, U 266

@2-D measurements.

metrically substituted 9-Me,S-7,8-C,B;H;; derivative
was reported by Cowie et al.?®® (see Figure 13). The
data point to a localized B(10)-H-B(11) hydrogen
bridge, which is also in agreement with the recently
reported 2-D NMR measurements.”® The author’s
group has recently reported the preparation of the last
compound from the degradation of 10 with aqueous
FeCl; in the presence of dimethyl sulfide.?®

A symmetrical variation of these structures is that of
10'Megs(CH2)20(CH2)20'7,8'02B9H11,264 which was
prepared from the reaction between 73 and dimethyl
sulfide in boiling dioxane. The extra hydrogen atom
was found to be bound to the B(9, 10, and 11) atoms
in an asymmetric fashion (see schematic structure
82).265

The reaction between Ph,PCl and 74 in THF? gave
9-Ph,PH-7,8-C,BH;; via transfer of the extra hydrogen
to the P center. In contrast to the monoanion 74, the
same reaction with the [7,8-C,BgH;,]1% dianion produced
exo (82) and endo (83) isomers of 10-Ph,PH-7,8-
C,BgH;, that differ substantially in the location of the
H(10) hydrogen. The endo isomer can be converted
into the exo species by heating in THF. Methylation
of the Ph,PH ligand in the 9- and 10(exo0)-substituted
species by Mel/NaOEt gave the isomeric 9- and 10-
(ex0)-Ph,PMe-7,8-C,BoH;; compounds (see the related
structure in Figure 13 and schematic structure 82). The
structures of 9-PPh,Me-7,8-C,BgH,;?%¢ and of the
structurally similar 9-PPhg-7,8-C,B,H,,%" derivative
were determined by X-ray diffraction studies.

Selected compounds of the L-7,8-C,BgH;; type are
listed in Table 19 and salient bond distances are in
Table 20.
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TABLE 20. Mean Cage Bond Distances for Selected
Compounds of the L-nido-7,8-C,BH,, Type

ligand
Lis 1,26 L3¢ L4d Lbe
C(7)-C(8) 153.8 152.8 153.6 1549 154.7

C-Bl(interbelt) 169.6 1720 1780 1780 1713
C-B(open face) 160.8 159.7 160.8 160.9 159.8
B(1)-B 1771 1770 1763 1763 176.7
B-B(lower belt) 1755 1765 1756 1760 176.4
B-B(interbelt) 1776 1771 1776 1766 176.5
B-B(open face) 182.2 181.1 1843 1799 1828

SL! = 5-Me,SO, data from ref 261 (see Figure 12). °L? = 9-
Me,S, data from ref 263 (see Figure 13). ¢L? = 10-Me,S(CH,);0-
(CH,),0, data from ref 264. 4L* = 9-Ph,PMe, data from ref 266.
¢L5 = 10(ex0)-PH,PMe, data from ref 266.

Figure 14. Schematic drawing of the structure of 8-Me,S-
nido-7,9-C,BgH;;. Selected distances are”® S-B(8) 188.6 (4), mean
C(Me)-S 179.0, mean C-B(open face) 164.2, mean C-B(interbelt)
167.5, B(10)-B(11) 184.1 (6), and other B-B(mean) 177.5 pm.

Subrtova et al.28 have reported the X-ray diffraction
analysis of the previously reported cage?? isomer, 8-
Me,S-nido-7,9-C;B,H,; (see Figure 14).

L

82 83

V. Tri- and Tetracarbaboranes

Tricarbaboranes can be notionally derived by re-
placing three {BH} units by {CH} groups in the corre-
sponding [B,H,]* and [B,H,]¢ borane prototypes.
This formal procedure leads, after protonation, to the
neutral species nido-C3B, sH,.; and arachno-
CSBn—SHn+3'

The only new tricarbaborane reported over the re-
viewed period is the methyl derivative of nido-C;B;Hj;,
viz. 6-Me-5,6,9-C,B;H,;, (84). This compound was
prepared by Sneddon et al.?® from an interesting one-
carbon insertion reaction between acetonitrile and the
[arachno-4,6-C,B;H;,]” anion as in eq 33, followed by
the protonation of the resulting anion:

[C,BH,5]" + MeCN — [CH,C;B,H, + NH, (33)

Compound 84 is so far the only representative of the
ten-vertex family of tricarbaboranes. In this context
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it should be noted that the compound, originally for-
mulated as 5,6,10-Me;-5,6,10-nido-CsB,H; by the au-
thor’s group,?™ was later proved to be an isomeric
tetracarbaborane compound, 6,11-Me,-arachno-
5,6,10,11-C,B-;H,, (see structure 91).

Much more chemistry has been generated over the
past 10 years in the area of tetracarbaboranes, more
specifically compounds of the general formulas nido-
C.B, .H, and arachno-C,B,_H,.,. The smallest rep-
resentative of this class of carboranes is the long-
known?® six-vertex nido-2,3,4,5-C,B,H, compound (85).

Me
¢]§ -8 B~
N
8b 85 86

The recent chemistry of 85 derives from numerous
polyalkyl-substituted derivatives, of which the prepa-
ration is in part discussed in ref 271. Depending on the
nature of substituents, these compounds can also exist
in the classical nonpolyhedral form 86 (1,6-diboracy-
clohexadiene) and 87 (bicyclohexane).

Wrackmeyer?! reported 1B and 1*C NMR data for
a long series of peralkylated derivatives of 85, RsC,B
(where R is a combination of Me, Et, and ‘Pr substit-
uents on carbon and boron) and gathered all available
NMR information from these measurements, Van der
Kerk et al.?’2 have isolated peralkylated derivatives of
85, of the general formula 1,6-Me,-2,3,4,5-R,-C,B, (R
= Me and Et), from the so-called methylborylene-gen-
erating system, 2-CgK/MeBBr,, in the presence of
alkynes R,C, (room temperature, 6 days). The nido-
tetracarbaboranes were isolated only for R = Me, other
alkynes giving the corresponding derivatives of struc-
ture 86. Other authors,?’ however, failed to reproduce
the preparation of these last diboracyclohexadienes,
obtaining instead the corresponding peralkylated com-
pounds of type 85 in the presence of 3-hexyne and 5-
decyne (R = Et or Bu). Herberich et al.2™ have re-
ported the first amino derivative of 85, 1-Me-6-'Pr,N-
2,3,4,5-C,B,H,, which is available from the reaction of
Li2[(iPr2N)BC4H4]2_ with MeBBrz.

No representative of the seven-vertex class of tetra-
carbaboranes has so far been reported, but two
groups®2 have found efficient routes for the synthesis
of the C-peralkyl derivatives of the eight-vertex nido-
tetracarbaborane 4,5,7,8-C,B,H; (88). The first method,
by Fehlner,?’® consists of the photolysis of the nido-
[1,1,1-(CO)s-FeB,H,] ferraborane (20 °C, 360 nm) in the
presence of alkynes to give the R,C,B, compounds (R
= Me and Ph). Although a different structure was
suggested,?™ the constitution 88 proposed by Mirabelli
and Sneddon?™8 is in better agreement with the NMR
data and the carborane stability rules.?6a¢ The above
reaction generates also a number of other products in-
clusive of higher polycarbaborane species, such as
MegC¢B,H, and MesC:B,H,, as identified by mass
spectroscopy.

An efficient route to the C-peralkyl derivatives of 88
is the reaction between 2,3-Et,-2,3-nido-C,B,H; (cage
structure 38 above) and 2-butyne in the presence of
NiCl, and sodium hydride in THF.?’® The authors
suggest a reasonable mechanism, consisting of a met-
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TABLE 21. Eleven-Vertex nido-C,B;H,, and
arachno-C,B;H,, Tetracarbaboranes

isomer cage

substituent structure measured data ref(s)
nido

1,2,8,10 97 H, UB, ¥C, IR, MS, R, 146

2,7,8,11 95 14, 1B, MS 279

7,8,9,10 96 1H, 1B, MS 279
arachno

5,6,10,11-Me,® 91 Y, !!B,* IR, MS, XR 280

i50-5,6,10,11-Me, 93 IH, 1B, IR, MS, XR 280

5,6,9,11¢ 94 1H, UB,s MS 270

6,11-Me,-5,6,10,11 91 IH, !B, MS 270

¢2.D measurements. ?Inclusive of the 9-Br derivative.
¢Inclusive of the 9,11-Me, derivative.

al-promoted fusion of the alkyne with the {C,B,} cage
via an intermediate [(Me,C,)Ni(2,3-Et,-2,3-C,BH,)]
complex, which is decomposed to 4,5-Me,-7,8-Et,-
4,5,7,8-C,B,H, at room temperature:

[(Mezcz)Ni(Et202B4H4)] — Ni® + MezEtzc4B4H4
(34)

As far as the author is aware, no representatives of
the nine-vertex family of tetracarbaboranes have been
reported to date. Of the ten-vertex species of this class,
two nido compounds of the proposed cage structures
89 and 90 have been prepared. The structural ar-
rangement as in 89 was assigned by Koester et al.2”" to
the perethylated compound Et,C,B¢Et, that was pre-
pared from an interesting cage-fusion reaction between
Et;-closo-1,5-C,B; (cage structure 32 above) and po-
tassium metal, followed by oxidation with iodine. A
similar reaction of the 1,5-Me,-1,5-C,B;Et; derivative
of 32 was found to proceed via the Me,C,B¢Etg hexa-
boraadamantane, which on heating to 160 °C was
transformed to the isomeric nido-tetracarbaborane
1,3,4,6-Me,C,BcEt:.2"® Both peralkylated carboranes
thus prepared are fluxional in solution and were sug-
gested to adopt the unprecendented cage structure 89
with three carbon atoms at high-connectivity positions.
Williams has also proposed other structural alternatives
for the peralkylated derivatives of 89,1 In agreement

|
B
>
87 88 89

with Williams’ stability rules?2¢ is the parent nido-
carborane 5,6,8,9-C,BsH;, (90), which was isolated in
low yield (83%) as a side product from the reaction be-
tween 4,5-C,B,H,5 (59) and acetylene.?™

Relatively more explored has been the area of the
eleven-vertex tetracarbaboranes (for individual com-
pounds see Table 21). Finster and Grimes?® reported
the first species of this series, 5,6,10,11-Me,-arachno-
5,6,10,11-C,B H,, which is a tetramethyl derivative of
cage structure 91. The compound was prepared from
the degradation of the twelve-vertex Me,C,BgH; car-
borane (cage structure 98 below) by ethanol in air
(40-60%). Direct bromination of Me,-91 with AIClz/
Br, in CS, led to its 9-Br derivative (numbering as in
XXI), of which the structure was determined by X-ray
diffraction [selected cage bond distances in the open
part were C(6)-C(11) 154.6 (6), C(5)-C(6) 161.1 (5),
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C(5)-C(10) 151.6 (4), C(6)-B(7) 184.6 (6), B(9)-C(10)
169.8 (5), B(9)-C(11) 161.6 (6), B(8)-B(9) 193.7 (6), and
B(7)-B(8) 181.1 (6) pm (numbering as in XXI)].

st Tl

Deprotonation of Me,-91 with NaH in THF led to an
interesting rearrangement of the C(11) apex to generate
an isomeric anion iso-[5,6,10,11-Me,-5,6,10,11-C,B,H;]~
(92), which gave the neutral carborane 93 on protona-
tion.2®® Isomeric with carboranes 91-93 is the parent
carborane arachno-5,6,9,11-C,B;H,; (94), which was
isolated by the author’s group as the main product from
the reaction of dicarbaborane 59 with acetylene (hexane,
120 °C, yield 15%).2® This reaction is accompanied by
the formation of nido-2,7,8,11-C,B;H,, (95) and com-
pound 90 already mentioned above.2”® A similar re-

93

action with 2-butyne yielded the 9,11-Me, derivative of
94 (30%) and the 6,11-Me, analogue of 93 (15%).
Heating of an anion generated by the deprotonation of
94 (NaH/Et,0)?™ resulted in the formation of another
isomeric eleven-vertex nido-tetracarbaborane, the sym-
metrically structured 7,8,9,10-C,B;H,; compound (96).
Isomeric with compounds 95 and 96 is the parent
nido-1,2,8,10-C,B;H;; (97),146 which is one of the prod-
ucts from the gas-phase thermolysis of 31 in a hot—cold
reactor (400 °C, 5%).

96

The most systematically explored area of tetracar-
baborane chemistry is undoubtedly that of the C-sub-
stituted derivatives of the twelve-vertex nido-2,3,7,8-
C,BgH,, carborane (98) (numbering as in XXII), which
has not yet been isolated in the parent form. The
relevant chemistry has already been reviewed by
Grimes,'*¢ and therefore only new and general features
will be briefly mentioned.

The compounds R,C,BsHs (R = Me, Et, *Pr, "Bu,
iCsH,;, and 2C¢H,;)164281.282 gre known to be fluxional
in solution between structures 98a and 98b. Structure
98a with the two quadrilateral open faces is that found
in the solid phase for R = Me,?! while structure 98b
with the open hexagonal face was found in the solid
phase for R = Et.2%2 From variable-temperature NMR
measurements, the AH and AS parameters for the 98a
— 98b conversion, which involves a cleavage of a
framework C—C bond, were determined to be small (for
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TABLE 22. Selected Tetracarbaboranes of the
nido-R,C ,BsH,; Type (Structures 98a and 98b)

R measured data ref(s)
Me® 1H, 4B, IR, MS, XR 281, 282, 284
Et 'H, UB, IR, MS, XR 282, 284
"C;H, H, 4B, IR, MS 282
“Bu 1H, B, IR, MS 164
iICH,, 1{, uB, IR, MS 164
"CeH,a 1Y, 4B, IR, MS 164
PhCH, Y, UB, IR, MS, XR 283
Rib H, 4B, IR, MS 163
R2¢ 1H, UB, IR, MS 163

¢ Inclusive of the 4-ferrocenyl derivative. *R! = indenylmethyl.
°R? = fluorenylmethyl.

R = Me, Et, and *Pr).®2 Compounds with bulkier
substituents, such as R = PhCH,,!"2%8 jndenylmethyl,
fluorenylmethyl,'6? and also oligomeric derivatives,'8
are nonfluxional in solution and adopt the more open
configuration 98b.

As discovered by Grimes et al. more than a decade
ago,'%! all carboranes of the type 98 have been prepared
from the transition metal-promoted face-to-face fusion
of the two {nido-2,3-R,-2,3-C,B,H 2} ligands of the closo
complexes [(R,C,.B.H,)MH,] (MH, = FeH, or CoH)
(99), which are then quantitatively converted to the
R,C,BsHg carboranes on air oxidation in THF., The

%
SR

R

Hyx

9
fusion mechanism has been extensively probed, re-
vealing the existence of a paramagnetic diiron inter-
mediate complex!*16 that contains both low-spin and
high-spin Fe(II).2842% The fusion process was found to
be intramolecular, with respect to the carborane lig-
ands? and has been extended to the trisubstituted
carboranes of the type 2,3,4-Rg-nido-2,3-C,B,H; to ob-
tain hexasubstituted R¢C,BsH; compounds.!” Most
representative compounds of the 98 type, generated
from the fusion process are listed in Table 22.

Some of the homosubstituted carboranes 98 (R = Me,
Et, and PhCH,) were structurally characterized by
X-ray diffraction, and another crystallographically
characterized compound is the B-ferrocenyl-substituted
derivative of Me,C,BsH;, viz. 4-[(n5-CsHy)Fe(n®-
C:;H,)1-2,3,7,8-Me,C,BsH;. % Open-face bond distances
in selected compounds of types 98a and 98b are given
in Table 23.

A new, open area of transition metal-promoted fusion
reactions is the attempt to prepare fused products via
mixed-ligand complexes of the [(2,3-R,-2,3-C,B,H,)FeL]
type, where L is a different cage-borane ligand.?” For
instance, simultaneous treatment of the [2,3-Me,-2,3-
C,B,H,]” and [B;H;]™ anions with FeCl, in THF gave,
after the usual workup, low yields of supraicosahedral
tetracarbaboranes identified as Me,C,B.H, (x = 9-11)
in addition to the usual compound of the Me,-98 type.

Another variation of a fusion reaction leading to
mixed-substituted derivatives of the R,R’,C,BsHjg type
is the recently reported?3® series of reactions between
the complexes [(R,C,B,H,)Fe(5-CsH,o)] and the salts

9
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TABLE 23. Selected Cage Bond Distances (in pm with
ESD’s in Parentheses) for nido-R,C,B;H,

Tetracarbaboranes
R

Me*® Me? Et¢ PhCH,?¢
C(2)-C(3) 143 (1) 149.3(6) 136.2 (6) 140.7 (1)
C(2)-B(1) 166 (1) 172.0(6) 173.2(8) 174.8 (2)
C(2)-B(6) 170 (1) 1653 (8) 162.7 (6) 165.0 (2)
C(2)-B(11) 173 (1) 164.1(7) 218.1(8) 217.5 (3)
C(3)-C(7N) 153 (1) 151.5(8) 288.6 (2)°¢ 285.8 (1)¢
C(3)-B(1) 170 (1) 166.6 (7) 166.9 (6) 168.1 (3)
C(3)-B(4) 2156 (1) 225.6 (6) 160.3 (8) 158.1 (2)
C(3)-B(8) 150 (1) 149.0(6) 140.8(7) 141.8 (1)
C(MH-B(11) 215(1) 219.7(7) 157.4(6) 156.5 (2)
C(M-B(12) 162(1) 167.3(7) 1656(7) 1679 (3)
C(8)-B(4) 169 (1) 168.4(6) 214.5(7) 213.1 (2)
C(8)-B(9) 170 (1) 167.7(7) 167.2(7) 164.7 (2)
C(8)-B(12) 171 (1) 169.5(7) 176.3 (6) 174.7 (2)

¢Data from ref 280 (structure 98a). °4-Ferrocenyl derivative
(structure 98a), data from ref 286. °Data from ref 282 (structure
98b). 9Data from ref 283 (structure 98b). ¢Nonbonding distances.

Na+[2,3'R12'2,3'CgB4H5]_ (R = Et, “Bu, PhCHz; R =
Me, Et, "Bu, PhCH,) at 150 °C in the absence of sol-
vent. Multinuclear NMR studies of the carboranes thus
prepared indicated an equilibrium between the 98a and
98b forms in solution.

Hosmane et al.?® have reported an interesting high-
yield (82%) and stereospecific fusion reaction (without
involvement of a transition-metal complex) between two
molecules of 2,3-(MesSi),-nido-2,3-C,B,Hg, induced by
heating at 210 °C:

2(Me3Si)ZCQB4H6 - (Me3Si)ZC4B8H10 + 2Me38iH

(35)

The reaction is believed to involve the Me;Si* radical
and the isolated product is of structure 98a and is
nonfluxional in solution.
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