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A review of the chemistry of polyhedral cluster complexes in which s-, p-, d- and f-block
metals are incorporated mainly into Ceag-trimethylsilyl-substituted C.B4 carborane cages
is presented. While the main thrust of this review is on the results obtained in authors’
laboratories, comparisons are made to similar systems and to those involving both large-
and small-cage carboranes. In this way we hope to demonstrate the unique chemistry of the
small-CoB4-cage systems that has emerged over the last 40 years. However, a full picture of
the chemistry of these systems cannot be presented without heavy reference to the larger,
more stable 11- and 12-vertex cages, which in many ways preceded their more diminutive
cousins. The focus of much of the current research is directed toward systematizing the
chemistry of metallacarboranes with the aim of promoting their use as possible electronic,
ceramic, and/or catalytic materials. However, such endeavors are based on our knowledge
about the fundamental interactions that are at work in determining the structures and
properties of these cluster complexes. This review attempts to provide such an overview of

small-cage heterocarborane chemistry.

I. Introduction

Carboranes, or carbaboranes, are mixed hydride
clusters of carbon and boron in which these elements
occupy the vertices of “electron deficient” cages. These
clusters can be expanded by incoprating other atoms
into the cage structures to give heterocarboranes. When
the heteroatom is a metal, the compounds are referred
to as metallacarboranes. These compounds have been
the subject of a number of reviews that adequately cover
the general literature up to 1997, while later mini-
reviews exemplify the rapid expansion of the area.l=®
This review will focus specifically on the most promising
research that has been published in recent years on the
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complexes in which s-, p-, d- and f-block metals are
incorporated into CgBs carborane cages to form the
respective metallacarboranes.

The structures of the heterocarboranes can be ratio-
nalized using a series of electron-counting rules, col-
lectively called “Wade’s rules”.® Two polyhedral struc-
tures will be commonly encountered in this review: one
in which the cage atoms occupy all the vertices of a
closed polyhedron to give a closo structure, while in the
other one of the vertices is removed to give an open
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basket like, nido structure. More open geometries, such
as arachno and hypho, can be obtained by successively
removing other vertices from the nido structure. The
electron-counting rules give a simple relationship be-
tween the geometry and the number of skeletal electron
pairs. In a cluster having n skeletal atoms, a closo
structure is found when the number of skeletal electron
pairs is equal to n + 1, while a nido structure is
stabilized by n + 2 electron pairs, an arachno structure
by n + 3 pairs, and a hypho structure by n + 4 pairs.®
While these rules offer a simple and elegant electron
structure—geometry relationship for boranes and car-
boranes, they cannot be as easily applied to rationalize
the structures of many metallacarboranes where distor-
tions caused by size and other ligands can complicate
such relationships.1a:3b.4

The chemistry of the metallacarboranes originated
with the recognition that the nido-dicarbollide ion,
C2BgH 1127, was similar to the cyclopentadienide ligand
(Cp7) in that both could bond to metals using a set of
six electrons in delocalized 7-type orbitals directed above
the pentagonal face of the ligand.”® This has ultimately
led to the syntheses of metallacarboranes of two general
structural types: half-sandwich complexes, in which a
metal moiety occupies the missing vertex of a nido-
carborane, to form a closo-metallacarborane, or full-
sandwich compounds, in which a metal occupies a
common vertex of two carboranes, to give commo-
metallacarboranes. In general, the greater polarizability
of boron compared to that of carbon and the higher
ligand charge make the carboranes better ligands than
the Cp derivatives, especially for the higher oxidation
state metals.1%1! Consequently, a wide variety of metal
complexes of the carborane ligand systems have been
synthesized and characterized.

The chemistry of the smaller C3B4 carborane ligand
system has been much less studied than that of the
larger cages. One of the main constraints on the
development of these smaller carborane ligands has
been their synthetic procedures, which involve the gas-
phase reactions of alkynes with volatile pentaborane-
(9) at very high temperatures; these are hazardous
reactions.?2¢ Also, more times than not, the products
were complex mixtures of carboranes and organobo-
ranes, obtained in only millimolar quantities, which
required tedious separation by gas chromatography.
Unlike the icosahedral CoB19H12 precursors, none of the
smaller carborane compounds are available commerc-
ially.?2=¢ The second stumbling block for the develop-
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ment of the smaller carborane cage system has been the
difficulty in generating its most demanding dianion,
[ReC2B4H4]2™ (R = H or substituent group), even though
the corresponding monoanion has been known since
1966.99 A major breakthrough in the smaller cage
chemistry was the development of new and safer
methods for the multigram-scale production of reason-
ably air-stable carborane derivatives® " and their ready
conversion to the desired dilithium or sodium/lithium
salt of the C9B4 carborane dianion.’® There are two
isomeric arrangements of the atoms on the CoB3 bonding
face, one in which the two carbon atoms occupy adjacent
positions, the “carbons adjacent” isomer, and the “car-
bons apart” isomer, in which the carbons are separated
by a boron atom. Both form metallacarboranes and will
be discussed together.

The potential applications of boron cluster compounds
have been reviewed recently.!~512 In general, metalla-
carboranes are finding increased applications in catal-
ysis,3718 boron neutron capture therapy (BNCT),19-20
siloxane-linked polymers,?! solvent extraction of radio-
nuclides,!? and ceramics.?223 The transition-metal met-
allacarboranes are also used to catalyze polyhedral
borane reactions: e.g., syntheses of multicage com-
pounds and alkenylcarboranes and ring closures.2*

Because this review is restricted to results published
within the past few years, when the chemistry of the d-
and f-block metallacarboranes has experienced an up-
surge, these metal complexes will be discussed before
the main-group metallacarboranes.

II. Metallacarboranes of d-Block Elements

Our discussion is restricted to metallacarboranes in
which the d-block metal is incorporated into the poly-
hedral framework of the carborane. No attempt will be
made to cover those compounds where the transition-
metal atom is in a bridging group linking several
carborane polyhedra together or is involved solely as a
member of a substituent group. Also, since we have
restricted our discussion to C2B4 cage systems, other
metallacarboranes, especially those involving C2Byg cages,
will be discussed only in the context of the smaller cage
systems. In this regard, the reader should be aware that
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both the CoB4 and CoBg systems are developing along
remarkably parallel lines. Since much of the insight into
the chemistry of the metallacarboranes is obtained from
structural and bonding studies, this section will place
as much emphasis on these aspects as on their reaction
chemistry. Because of chemical similarities and related
interests, the discussion will be divided into four sec-
tions, dealing with the early transition metals (groups
3—17), the later transition metals (groups 8—12), linked
cage and mulitdecker complexes, and alkene, alkyne
aryl-linked polymetallacarborane clusters.

A. Early-Transition-Metal Complexes. During the
past few years there have been reports on the syntheses
and structures of sandwich compounds of metals in
groups 3, 4, 6, and 7. The first three groups have similar
structures and potential uses and will be discussed
together.

The first known examples of metallacarboranes of
early transition metals were contained in the 1975
report by Salentine and Hawthorne of the syntheses of
the 7 complexes of Ti, Zr, and V with the dianion [1,2-
C2B1oH12]2™ or its C,C’'-dimethyl derivative.?> Soon after
this initial publication, these investigators reported the
synthesis of the series [MY(C2B1oH10R2)2]2~ (M = Ti, V,
Cr, Mn, R = H; M =Ti, Zr, Hf, V, R = CHj), as well as
the mixed-ligand titanacarboranes of the formula
[C,H,TiCoB,H, ol (x =5, n=10,m = 1;x = 8,n =
9, 10, m = 0, 1).26 The crystal structure of {4,4'-Ti[1,6-
(CHj)e-1,6-CoB1oHi1ol2} 2™, as its tetraethylammonium
salt, showed that the titanium metal, in a formal
oxidation state of 2+, was sandwiched between two
dinegative C2B1¢ carborane cages.?’” Similarities in the
spectra of this titanium complex and those of the other
[M(C9B19oH10R2)2]2~ complexes indicated that all had
similar structures. It was found that the commo-
metallacarboranes were much more stable than their
metallocene analogues; this has been found generally
to be the case when comparing the carborane and the
Cp ligand systems. In addition, unlike titanocene and
pentamethyltitanocene, the metallacarboranes showed
no tendency to expand their coordination spheres and
go from 14-electron configurations to 16-electron ones.26
Despite the rather interesting initial results, the area
of early-transition-metal metallacarborane chemistry
has remained somewhat dormant until the past few
years.

The first carborane analogues of yttrocene, [Li(THF)4]-
{1-C1-1-(THF)-2,2'-(SiMe3)2-3,3'-(R)2-4,4',5,5'-Li(THF)-
[1,1"-commo-Y(2,3-CoBsHy4)ol} (R = SiMes (Figure 1), Me)
and {Na(THF)s}o{ [1-(THF)-1-(u-H)2-2,2',4,4'-(SiMes)4-
1,1'-commo-Y(2,4-CoB4Hy)olo} (Figure 2) were synthe-
sized in 74—83% yields by the reactions of YCls with
the respective carborane dianions in 1:2 stoichiometries,
as shown in Scheme 1.28 The yttracarboranes differ from
their zirconium analogues in that, while the Cl and THF
ligands in the latter complexes were substitutionally
inert, both could be removed from the former complexes
by reaction with NaH, to give the hydrido complex 1-H-

(25) Salentine, C. G.; Hawthorne, M. F. J. Am. Chem. Soc. 1975,
97, 426.

(26) Salentine, C. G.; Hawthorne, M. F. Inorg. Chem. 1976, 15, 2872.
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(28) (a) Oki, A. R.; Zhang, H.; Hosmane, N. S. Organometallics 1991,
10, 3964. (b) Hosmane, N. S.; Zhu, D.; Zhang, H.; Oki, A. R.; Maguire,
J. A. Organometallics 1998, 17, 3196.
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Cl42)

Figure 1. Crystal structure of a monomeric haloyttracar-
borane sandwich complex.

Ct104)

C34)

Figure 2. Crystal structure of a dimeric yttracarborane
sandwich complex.

2,2'.3,3'-(SiMe3)4-[4,4',5-Li(THF)]2-[1,1'-commo-Y(2,3-
C2B4Hy)o] (see Scheme 1). Although the structure of the
hydride was not determined, it most likely exists as a
dimer with two Y—H—Y bridge bonds and might be
better formulated as {1-H-2,2',3,3'-(SiMe3)4-[4,4',5-Li-
(THF)]9-[1,1'-commo-Y(2,3-CoB4H4)o} 2. Dimer formation
was also found in the carbons-apart yttracarborane
{Na(THF)s} o [1-(THF)-1-(u-H)2-2,2' 4,4'-(SiMe3)4-1,1'-
commo-Y(2,4-CoB4Hy)ols} (Scheme 1). However, the
direct synthesis of an alkyl-substituted yttracarborane
proved unsuccessful. Scheme 1 shows the result of an
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Scheme 1. Syntheses of the “Carbons Adjacent” and “Carbons Apart” Yttracarboranes
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attempted synthesis of such a complex by an initial
reaction of YCls with the Grignard reagent MesSiCHp-
MgCl, followed by reaction with the neutral carborane
nido-2,3-(SiMe3)2-2,3-CoB4Hg, in a 1:2 molar ratio. The
synthetic strategy was to first form the trialkyl com-
pound Y(CHySiMes)s, which would then form closo-1-

Figure 3. Crystal structure of a magnesium salt of a
mixed half-sandwich chloroyttra-/chloromagnesacarborane
complex.

Y(CHsSiMes)-2,3-(SiMes)2-2,3-CoB4Hy, with the elimi-
nation of 2 equiv of MegSiCHs (TMS). Instead of the
anticipated closo-yttracarborane, the novel mixed mag-
nesa-/yttracarborane closo-1-Y-{1,1'-(u-Cl)s-exo-[5,6-(u-

H)o-Mg(THF),]-1,1'-(u-CDg-[closo-1-Mg(THF)-2,3-(SiMes)o-
2,3-CoB4H4l}-2,3-(SiMes)2-2,3-CoB4H, was obtained (see
Flgure 3). The lower Y— Cnt distance in the mixed
magnesa-/yttracarborane (2.308 A; Figure 3), compared
to that in the carbons-adjacent (2.376 + 0.013 A; Figure
1) and the “carbons apart” (2.580 + 0.036 A; Figure 2)
yttracarboranes could be the result of steric factors. On
the other hand, the Mg—Cnt distance of 2.032 A found
in the mixed complex is similar to the analogous Mg—
Cnt distances in the half-sandwich complex closo-1-
(TMEDA)-1-Mg-2,3-(SiMe3)2-2,3-CoB4Hy (2.132 A) and
the full-sandwich complex { commo-1,1'-Mg[2,3-(SiMes)o-
2,3-CoB4Hylo} 2~ (2.018 A).29

The only other group 3 metallacarborane structural
report was that of [Li(THF)3]Li[Sc(C2BgH11)(Cp*)(CH-
{Si(CH3)s}2l2 (Cp* = [C5(CHs)s] ), which showed that
the Sc was bonded to three centers: the Cp* centroid,
the dicarbollide CyB3 face centroid, and the C atom of
the CH[Si(CHj3)sle group.3? The dimeric structure arose
from the fact that two [Sc(CeBoH;1)(Cp*)(CH{Si-
(CH3)s}2)]~ units were loosely connected by one Li atom.
It seems that the large coordinating ligands effectively
prevented the Sc from increasing its coordination num-
ber to 4. One of the limitations of using carborane

(29) (a) Hosmane, N. S.; Zhu, D.; McDonald, J. E.; Zhang, H.;
Maguire, J. A.; Gray, T. G.; Helfert, S. C. J. Am. Chem. Soc. 1995,
117, 12362. (b) Hosmane, N. S.; Zhu, D.; McDonald, J. E.; Zhang, H.;
Maguire, J. A.; Gray, T. G.; Helfert, S. C. Organometallics 1998, 17,
1426.

(30) (a) Marsh, R. E.; Schaefer, W. P.; Bazan, G. C.; Bercaw, J. E.
Acta Crystallogr. 1992, C48, 1416. (b) Bazan, G. C.; Schaefer, W. P.;
Bercaw, J. E. Organometallics 1993, 12, 2126.
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Scheme 2. Syntheses of Zirconacarborane Sandwich Complexes
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ligands with group 3 metals as the basis for catalytic
processes is that, with two dianionic ligands and a 3+
charge on the metal, the complexes are anionic, so that
there is little possibility of adding reactive anionic
ligands, such as alkyls. Such an addition would be the
first step in the potential use of these d° complexes as
Ziegler—Natta type catalysts. Therefore, the mixed
complexes offer a convenient solution to that problem
and it would be anticipated that mixed carborane/Cp
complexes, such as the Sc species, or the purely carbo-
rane-based complexes, such as the yttrium bent sand-
wich, should support a-olefin polymerization or oligo-
merization catalytic activity, as is found in many of the
bent d° cyclopentadienyl complexes.3!

Because of their potential as homogeneous olefin
polymerization catalysts, the group 4 metallacarbo-
ranes, where the transition metal is in a formal 4+
oxidation state, should prove to be especially interesting
compounds. The first such complex was a zirconium-
(IV) carborane sandwich, reported in the CsB4 cage
system, as outlined in Scheme 2.32 One of the charac-
teristics of these compounds was their ability and
tendency to incorporate varying numbers of THF mol-
ecules of solvation, depending on the complex and
conditions. The crystal structure of one of the zwitteri-
onic zirconacarboranes (Figure 4) shows three THF

(31) (a) Watson, P. L.; Parshall, G. W. Acc. Chem. Res. 1985, 18,
51. (b) Burger, B. J.; Thompson, M. E.; Cotter, W. D.; Bercaw, J. E. ¢J.
Am. Chem. Soc. 1990, 112, 1566 and references therein.

(32) (a) Siriwardane, U.; Zhang, H.; Hosmane, N. S. J. Am. Chem.
Soc. 1990, 112, 9635. (b) Thomas, C. J.; Jia, L.; Zhang, H.; Siriwardane,
U.; Maguire, J. A.; Wang, Y.; Brooks, K. A.; Weiss, V. P.; Hosmane, N.
S. Organometallics 1995, 14, 1365.

CstiMe:;

R =SiMej; Me; H

Me;SiCH,MgCl
H 0
(i) -78°C THF/Et,0

(ii) 25°C

[Mg(THF)g]

B=BH

molecules: two solvating the lithium and one coordi-
nated to the zirconium. The most surprising and, from
a practical standpoint, disappointing results were the
products obtained by the reactions of chlorozirconacar-
borane with MesSiCHsMgCl (see Scheme 2). A 1:1 molar
ratio of the complex and the Grignard reagent resulted
in the replacement of two Li™ atoms by Mg?", giving

Figure 4. Crystal structure of a zwitterionic chlorozir-
conacarborane sandwich complex.
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Scheme 3. Syntheses of Hafnacarborane Complexes
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the ionic zirconacarborane. The only major alteration
in the metallacarboranes is that a cation no longer
occupies a bridging position on the zirconacarborane
anions (see Figure 4). The same reaction with excess
MesSiCH2MgCl resulted in the formation of a complex
double salt in which a MgyCl3(THF)s moiety is associ-
ated with the bridging Li, with the zirconacarborane
structure being little affected (see Scheme 2). The high
(65%) yield of this compound indicates that it is the
major product of the reaction of the chlorozirconacar-
borane with the Grignard reagent. The fact that
[MesSiCHy]~ replaced the THF in the primary coordina-
tion sphere of the zirconium demonstrates the inertness
of the Cl that is coordinated to the zirconium; this is
quite different from the behavior of corresponding
chlorozirconocenes.3? The corresponding commo-chloro-
hafnacarboranes, formed by the reaction of HfCl, and
carborane in a 1:2 molar ratio, were found to have
structures similar to that of the chlorozirconacarborane
shown in Figure 4 (see Scheme 3).34 A 1:1 ratio fo HfCl,
to carborane produced the half-sandwich [Li(THF)]-
[1,1,1-(CD)s-closo-1-Hf-2,3-(SiMe3)s-2,3-C2B4Hy4]. On the
other hand, both 2:1 and 1:1 molar ratios of carborane
to Cp*HfCl;s produced exclusively the mixed-sandwich
complex 1,1'-(Cl)2-2-(SiMes)-3-(Me)-4,5-Li(THF)-1,1'-
commo-HI[(5°-CsMes)(17°-2,3-CoB4Hy)] in 82% yield. While
the formation of an alkali-metal chloride is an important
component of the driving force in these reactions, the
stability (or inertness) of the resulting hafnacarboranes

(33) (a) Prout, K.; Cameron, T. S.; Forder, R. A.; Critchley, S. R.;
Denton, B.; Rees, G. V. Acta Crystallogr. 1974, B30, 2290. (b) Jordan,
R. F. Adv. Organomet. Chem. 1991, 32, 325. (¢) Uhrhammer, R.;
Crowther, D. J.; Olson, J. D.; Swenson, D. C.; Jordan, R. F. Organo-
metallics 1992, 11, 3098.

(34) (a) Zhang, H.; Jia, L.; Hosmane, N. S. Acta Crystallogr. 1993,
C49, 453. (b) Hosmane, N. S.; Zhang, H.; Jia, L.; Colacot, T. J.; Maguire,
J. A.; Wang, X.; Hosmane, S. N.; Brooks, K. A. Organometallics 1999,
18, 516.

must also be considered. The formulas of all these
compounds show that they all contain the elements of
LiCl, with the Cl atoms coordinated to the Hf metals
and the Li atoms being present as exopolyhedrally
bound Li(THF)," cations; however, they show little
inclination to eliminate LiCl. It is an open question as
to whether the three chlorides in the half-sandwich
complex are equally coordinated to the hafnium to give
a trichlorohafnium capping group, similar to those found
in the MCl13Cp* (M = Zr, Hf) complexes,3® or whether
one Cl is more loosely bound to give an aggregate of a
dichlorohafnacarborane and a LiCl. Since the X-ray-
quality crystals of this could not be obtained and
spectroscopic analysis could not resolve this question,
there is no way at present to ascertain the exact nature
of the capping group; the formulation as shown in
Scheme 3 must be considered as tentative. The ease of
preparation of both the full- and half-sandwich hafnac-
arboranes should allow a systematic investigation of the
effects of changing the other ligands or pendant groups
on the substitution reactions of these d° metallacarbo-
ranes. In the same way, a number of other Zr(IV) and
Hf(IV) sandwich complexes in the C9Bg carborane
system have been synthesized.?® It is of interest to note
that these syntheses proceeded quite cleanly, while the
reaction of ZrCly with NasCaMesB19H1¢ yielded only the
[Zr(CeMe2B19H10)2]2~ anionic complex, in which the Zr
was in a formal 2+ state. Moreover, cyclic voltammetry
of this Zr(II) complex showed no reversible oxidation or
reduction waves.??> Mixed Cp*/C2BgH1; bent-sandwich
compounds of the form (Cp*)(CoBgH;:1)M(R) (M = Hf,
Zr), where the metals are in 4+ states, have also been
recently synthesized and characterized.?®

(35) Blenkers, J.; Meijer, H. J. d. L.; Teuben, J. H. J. Organomet.
Chem. 1981, 218, 383.

(36) Crowther, D. J.; Baenziger, N. C.; Jordan, R. F. J. Am. Chem.
Soc. 1991, 113, 1455.
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Figure 5. Crystal structure of a dichlorozirconacarborane
derived from pentamethylcyclopentadiene and C;B, car-
borane ligands.

The complex [Li(THF)s]{[#5-C2BsH4(SiMes)s](1°-Cs-
Mes)ZrCly} was synthesized via reaction of (CsMes)ZrCls
with the dianion [2,3-(SiMe3)2-2,3-CoB4H4]%2~.37 This
metallocene derivative can be described as an anionic
bent-sandwich complex associated with a [Li(THF)s]*
cation via interaction with a B atom of the [CoB4Hy-
(SiMes)2]2~ cage, as observed in its crystal structure
analysis (Figure 5). The dianionic carborane and pen-
tamethylcyclopentadienide ligands are coordinated to
the zirconium in an 7° fashion, and the coordination
geometry about the Zr atom is that of a distorted
tetrahedron defined by the two chlorides and the cen-
troids of the pentamethylcyclopentadienyl and carbo-
rane ligands. The Cl-Zr—Cl angle is 94.6(1)°, and the
(C2B3 centroid)—Zr—(CsMes centroid) angle is 131.3°.
Attempts to synthesize zirconium silyl and alkyl com-
plexes incorporating this carborane ligand have so far
proved unsuccessful.3” Grimes and co-workers have
synthesized bent-sandwich complexes of the mixed CeB4
carborane and cyclopentadienide ligands, Cp'MXY-
(ReCeB4H4) (M = Nb, Ta, R = SiMes, Me, Et, Cp’' = Cp,
Cp*, X, Y=Cl; M =Zr, R =Et, X =Cl, Y = THF, Cyp'
= Cp, Cp*).38 Crystal structures of several of the
niobium and tantalum species showed bent-sandwich
geometries, similar to that shown in Figure 5. Of
particular interest are the reactions of CpMCly with the
cobaltacarborane anion Cp*Co(EtsCoBsHy4)~, which gave
the bent triple-decker sandwich complexes Cp*Co-
(EtzCQBgH3)M(Cl)QCp'.38

Somewhat different results were observed in the
C-trimethylsilyl-substituted titanacarborane systems.
The reaction of CpoTiCle with the unsolvated “carbons
adjacent” dilithium compounds closo-exo-Li-1-Li-2-(R)-
3-(SiMes)-2,3-CoB4Hy4 (R = SiMes, Me, H) produced the
corresponding mixed-ligand sandwich titanacarboranes
[commo-1-Cp-1-Ti'-2-(R)-3-(SiMe3)-2,3-CoB,Hyls (R =
SiMes (Figure 6), Me, H).39 Scheme 4 outlines the
syntheses of the mixed-ligand sandwich Ti(III) com-
plexes and their subsequent oxidation to the corre-
sponding Ti(IV) complexes. The reactions represent an

(37) Mao, S. S. H.; Tilley, T. D.; Rheingold, A.; Hosmane, N. S. J.
Organomet. Chem. 1997, 533, 257.

(38) (a) Stockman, K. E.; Houseknecht, K. L.; Boring, E. A.; Sabat,
M.; Finn, M. G.; Grimes, R. N. Organometallics 1995, 14, 3014. (b)
Houseknecht, K. L.; Stockman, K. E.; Sabat, M.; Finn, M. G.; Grimes,
R. N. J. Am. Chem. Soc. 1995, 117, 1163.

Hosmane and Maguire

Figure 6. Crystal structure of the mixed-ligand neutral
metallacarboranes of titanium(III).

interesting series in that a reaction of the carborane
dianion with Cp2TiCls in a 1:1 molar ratio produced the
Ti(III) complex [commo-1-Cp-1-Til-2-(R)-3-(SiMe3)-2,3-
C9B4H4l2 and dihydrofulvalene; the Ti(IV) could only be
obtained by displacing the Ti(III) in the mixed-sandwich
compounds with Ti(IV) to give [commo-1-Cp-1-Cl-1-
(THF)-1-TiV-2,3-(SiMe3)2-2,3-CoB4Hy], with a structure
similar to that shown in Figure 4. The driving force for
this last reaction was thought to be the formation of the
stable TiCl3(THF)3. However, it is not known whether
this reaction proceeds by an electron transfer or a
substitution mechanism. Attempts to synthesize directly
a Ti(IV) mixed-ligand sandwich complex by the reaction
of the neutral nido-carboranes and Cp*TiMes, following
the method of Jordan,** gave complex mixtures of
products that could be neither separated nor character-
ized. Therefore, most of the synthetic efforts have
involved the direct syntheses of Ti(III) complexes using
TiCl; as the metalating agent.?? Scheme 4 shows that
the products of the reactions of TiCls with the different
dilithiacarborane compounds depended on steric factors
arising from the nature of the cage carbon substituents
and the location of the cage carbons in the C2B3 bonding
face of the carborane ligand. The structures of the
different titanacarboranes have all been verified by
single-crystal X-ray diffraction studies.??

The only half-sandwich titanacarborane that could be
formed was that of the “carbons apart” isomer, shown
in Figure 7.3% At present, it is not known exactly why
the “carbons apart” and “carbons adjacent” carboranes
should give such different products when reacted with
TiCls. It could be that, because of the intervening boron
atom, the steric restrictions on additional coordination
at the titanium imposed by the cage carbon substituents
would be somewhat tempered, allowing for the coordi-
nation of a chlorine atom and the large TMEDA
molecule. Grimes and co-workers have recently reported
the synthesis and reactivity of a series of 14-electron
titanium complexes of the types LoCloTi(EtoCoB4Hy) (Lo
= 2 PMes, MeoP(CHg),PMeg; x = 2, 3) and [MesP(CHsy)s-
PMegloMeoTi(EtoCoB4Hy) and a related zirconium com-

(39) (a) Hosmane, N. S.; Wang, Y.; Zhang, H.; Maguire, J. A,;
Waldhor, E.; Kaim, W.; Binder, H.; Kremer, R. K. Organometallics
1994, 13, 4156. (b) Hosmane, N. S.; Wang, Y.; Zhang, H.; Lu, K.-J,;
Maguire, J. A.; Gray, T. G.; Brooks, K. A.; Waldhor, E.; Kaim, W.;
Kremer, R. K. Organometallics, 1997, 16, 1365. (¢) Hosmane, N. S;
Zheng, C. Acta Crystallogr. 2000, C56, 525.

(40) Kreuder, C.; Jordan, R. F.; Zhang, H. Organometallics 1995,
14, 2993.
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Scheme 4. Syntheses of the “Carbons Adjacent” and “Carbons Apart” Titanacarboranes
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plex, LzClzZI‘(EtzCQB4H4) (Lz =2 PMe3, Mezp(CHz)g-
PMe,).4! These compounds were reported to be catalyst

Figure 7. Crystal structure of a half-sandwich chloroti-
tanacarborane.

precursors for the polymerization of ethylene at 1 atm
of pressure in the presence of methylaluminoxane. It
was observed that the choice of phosphine ligand had a
significant effect on catalytic activity.*! Some of the
titanium species LoXoTi(EtoCoB4Hy) (Ly = 2 PMeg, X =
CL; Ly = dmpp, X = CI, Me) have also been characterized
by X-ray crystallography.#! The general structural
features are similar to those shown in Figure 7, except
that the Ti has an extra Cl coordinated. Thus, these
compounds, plus the bent Y, Zr, and Hf C3B,4 carborane
sandwich compounds discussed earlier, represent the
initial phases of the syntheses of a class of 14-electron,
d° bent-metallocene analogues, which could prove to be
effective Ziegler—Natta type olefin polymerization
catalysts.?3P It is clear from the above discussion that
this fascinating area of research is only in its formative
stages.

Grimes and co-workers have extended their initial
study on group 5 metallacarboranes3® by derivatizing
the sandwich complexes of tantalum and niobium,
CpCloM(2,3-EtoCoB4sHy) (M = Ta, Nb).*2 This was ac-

(41) Dodge, T.; Curtis, M. A.; Russell, J. M.; Sabat, M.; Finn, M. G.;
Grimes, R. N. J. Am. Chem. Soc. 2000, 122, 10573.
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complished by the treatment of the parent species with
elemental halogens or N-halosuccinimides to produce
Bunique- or Bpasa-substituted halo derivatives, and in
some cases, all of the ring boron atoms were haloge-
nated. These compounds in turn reacted with Grignard
reagents to yield the corresponding B-alkyl- and B-aryl-
substituted complexes.*? Similarly, the heterodinuclear
bent triple-decker sandwich complex Cp*Co(EtaC2BsHs)-
CloTa(Et2CeB4Hy), discussed above, could be converted
to the corresponding B-tribromo derivative.*2 While
the alkyl- and aryl-substituted tantalacarboranes
(EtoCoB4H4)CpTaRy (R = Mes, Ph) undergo insertion
reactions with nitriles and isonitriles, the dimethyltan-
talacarborane undergoes clean photochemical insertion
of alkynes to give vinyltantalum species, unlike their
metallocene analogues, which are known to produce
methylidyne intermediates.*3 The analogous diphenyl-
tantalacarborane is thermally reactive, eliminating ben-
zene and undergoing trapping reactions of the derived
benzyne intermediate with alkynes. The structures of
the resulting tantalaindene species have been confirmed
by X-ray crystallography, protonolysis, and spectros-
copy.*3¢ The authors have hypothesized that a Ta—C
fragment can undergo intramolecular insertion into a
carborane B—H bond, a step unknown for cyclopenta-
dienyl C—H bonds and one that is potentially relevant
to the use of metallacarborane complexes as catalysts
for olefin polymerization and related processes.*3¢ On
the other hand, the dichlorotantalacarborane (Et2Co-
B4H4)CpTaCls was converted to the corresponding hy-
dridotantalacarborane dimer [(EtoCeBH4)CpTa(H)]o(u-
Cl)2 by treatment with LiAlH4 in THF, which in turn
undergoes alkyne insertion with p-tolylacetylene to
generate exclusively trans-CpCl(p-MeCsH4CH=CH)Ta-
(EtoCoB4Hy). This product undergoes reaction with
anhydrous HCI to produce p-tolylstyrene with recovery
of the original dichlorotantalacarborane catalyst.43b
In group 6, the first anionic chromium sandwich
complex, [3,3'-Cr{1,2-(Me)s-1,2-C3BgHg}s]~, along with
the corresponding mixed Cp/carborane analogue, (1°-
Cp)Cr(CeBgH;11), were synthesized nearly 35 years ago
by Ruhle and Hawthorne.** The crystal structure of the
sandwich complex consisted of two icosahedral cages
joined at the formal Cr(III) metal ion center.*> Unlike
the chromocenium analogue and the mixed-ligand com-
plex, both of which were extremely moisture sensitive,
the commo-chromacarborane was found to be so stable
to hydrolysis that it was not affected even by hot,
concentrated sulfuric acid.** Moreover, the complex
showed no tendency to undergo either oxidation or
reduction without cluster demolition.** On the other
hand, it was reported that the Cr(III) sandwich complex
of a C3B4 carborane system could easily be oxidized to
the corresponding neutral Cr(IV) complex.1946 The
anionic Cr(III) sandwich complexes, of the type [1,1'-

(42) Stockman, K. E.; Boring, E. A.; Sabat, M.; Finn, M. G.; Grimes,
R. N. Organometallics 2000, 19, 2200.

(43) (a) Boring E.; Sabat, M.; Finn, M. G.; Grimes, R. N. Organo-
metallics 1997, 16, 3993. (b) Curtis, M. A.; Finn, M. G.; Grimes, R. N.
J. Organomet. Chem. 1998, 550, 469. (c) Boring, E.; Sabat, M.; Finn,
M. G.; Grimes, R. N. Organometallics 1998, 17, 3865.

(44) Ruhle, H. W.; Hawthorne, M. F. Inorg. Chem. 1968, 7, 2279.

(45) St. Clair, D.; Zalkin, A.; Templeton, D. H. Inorg. Chem. 1971,
10, 2587.

(46) Oki, A. R.; Zhang, H.; Maguire, J. A.; Hosmane, N. S.; Ro, H.;
Hatfield, W. E.; Moscherosch, M.; Kaim, W. Organometallics 1992, 11,
4202.

Hosmane and Maguire

Figure 8. Crystal structure of an anionic chromium(III)—
carborane sandwich complex.

commo-Cr{2-(SiMes)-3-(R)-2,3-CoB4H4} 2]~ (R = SiMes,
Me, H), having either Li(THF),* or Li(TMEDA)>" coun-
terions, could be synthesized by the reactions of CrCls
and the corresponding THF-solvated lithium/sodium
carborane double salts, followed by extraction and
crystallization from solutions of benzene and THF or
TMEDA.*6 Chemical oxidation of the anionic Cr(III)
sandwich species with PbCl; produced a novel, diamag-
netic, neutral Cr(IV) sandwich complex as a dark red,
air-sensitive, crystalline solid in 63% yield. Structures
of the Cr(III) and Cr(IV) metallacarboranes, where R
= SiMes, were essentially the same, indicating that the
complexes are isostructural (see Figure 8). The effective
magnetic moment of 3.93 up at room temperature was
consistent with a high-spin d? system.*6 The observation
that the oxidized Cr(IV) complex gave well-resolved H,
HB and 3C NMR spectra is consistent with a spin
singlet state for the complex.*19 The Cr—C(cage) bond
distances are shorter than those found in the corre-
sponding icosahedral analogue,*’ and about the same
as those in the mixed-ligand complex, 1-Cr(y"-C7H7)-
2,3-(Et)2-2,3-CoB4H4,*" and in chromocene.*8

The dianionic molybda- and tungstacarboranes of the
CsB4 cage systems have been reported by Grimes and
co-workers, who have shown that the carborane dianion
undergoes reactions with (RCN)sM(CO)s (M = Mo, W;
R = Me, Et) to produce the lithium salts of the cor-
responding metallacarboranes [(Et;CoB,H,)M(CO)3]2~.49
When it is treated with PhsPX in the presence of triflic
acid, the molybdenum species subsequently forms the
dimeric complex [(EtzCQB4H4)M(CO)2]Q(ﬂ-X)Q (X = Cl, BI',
I). The dimeric nature of the product was confirmed by
X-ray crystallography, which shows the two MCyB4
pentagonal-pyramidal clusters that are linked via an
intercluster metal—metal bond (see Figure 9).4° Both the
molybdenum and tungsten carbonyl species have also
been incorporated into a cobalt metal complex to form
the mixed-metal multidecker sandwich species (see
Figure 10).4°

The manganese or rhenium (group 7) complexes of a
number of carborane ligand systems have been known

(47) Swisher, R. G.; Sinn, E.; Grimes, R. N. Organometallics 1984,
3, 599.

(48) Gard, E.; Haaland, A. J. Organomet. Chem. 1975, 88, 181.

(49) Curtis, M. A.; Houser, E. J.; Sabat, M.; Grimes, R. N. Inorg.
Chem. 1998, 37, 102.



Evolution of CoB4 Carborane Chemistry

Figure 9. Crystal structure of a dimeric molybdacarbo-
rane complex.
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Figure 10. Crystal structure of a mixed molybda/cobalta
multidecker sandwich complex.

since the original report on Cs[(C2BgH11)M(CO)s] (M =
Mn(I), Re(I)) by Hawthorne and Andrews in 1965.5°
However, most of the reported manganacarborane com-
plexes are the half-sandwich closo species with a
Mn(R;3P),(CO)s—, (R = alkyl or aryl group; x = 0—2) unit
occupying a vertex of either an icosahedron or one of
its lower homologues.5! Until recently, the only known
commo-manganacarboranes have been the anionic com-
plexes of the types [4,4'-Mn(1,6-CoB1gH12)2]2~ and

(560) Hawthorne, M. F.; Andrews, T. D. J. Am. Chem. Soc. 1965, 87,
2496.
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Figure 11. Crystal structure of a trinuclear, mixed-
valence, zwitterionic manganacarborane.

[MnV(CB19H11)2]2~, whose geometries could not be
confirmed by X-ray crystallography.26:52 The synthesis
and crystal structure of a novel zwitterionic and para-
magnetic manganese sandwich complex, { [Li(THF)][Li-
(TMEDA)] 2} { commo-Mn3 [2,3-(SiMe3)2-2,3-C2B4H4] 4} , was
reported in 199158 The synthetic pathway to this
compound is given in eq 1, and its structure is shown
in Figure 11.

9Na(THF)Li[2,3-(SiMe,),C,B,H,] +

(1) THF; 0 °C,
lhand25°C,24h

(2) hexane/THF/TMEDA
2{ [Li(THF)][Li(TMEDA)]}{ commo-Mn4[2,3-
(SiMe,),-2,3-C,B,H,1,} + closo-
1,2-(SiMe,),-1,2-C,B,H, (1)

6MnCl, 3LiCl + 9 NaCl +

Figure 11 shows that the complex has a “butterfly”
structure, in which the three Mn atoms are coordinated
by the carborane ligands and form a central trigonal
plane. There seems to be no direct interaction between
the two terminal Mn atoms, and all metal—metal
interactions take place through the central Mn atom.
The relevant bond lengths are Mncentral—Mnterminal =
2.68 A and Mniermina—Mnierminal = 3.28 A, with a
Mniterminai— MDeentral— MDiterminal bond angle of 75.5°.53 The
central Mn atom is essentially 7°-bonded to two parallel
C2Bj3 carborane faces, with metal to cage atom distances
ranging from 2.155 to 2.249 A. These are significantly
shorter than the Mn—C bond distances of 2.42 A found
in the corresponding high-spin Cp analogue.’?* The
“butterfly” geometry of the complex is presumably
stabilized by direct Mn—Mn bonding and by the ad-
ditional interaction of the terminal Mn atoms with the
unique and basal borons on the central manganese
sandwich (the Mn(2)—B(4) and Mn(2)—B(3) bond dis-

(51) Comprehensive Organometallic Chemistry I, Wilkinson, G.,
Stone, F. G. A., Abel, E. W., Eds.; Pergamon Press: New York, 1982;
Vol. 1, and references therein. Comprehensive Organometallic Chem-
istry II; Wilkinson, G., Stone, F. G. A., Abel, E. W., Eds.; Elsevier
Science: Oxford, U.K., 1995; Vol. 1, and references therein.

(52) Knoth, W. H. Inorg. Chem. 1971, 10, 598.

(53) Oki, A. R.; Zhang, H.; Hosmane, N. S.; Ro, H.; Hatfield, W. /.
Am. Chem. Soc. 1991, 113, 8531.

(54) Haaland, A. Inorg. Nucl. Chem. Lett. 1979, 15, 267.
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tances of 2.518 and 2.445 A are not too different from
the Mn(2)—-B(24) and Mn(2)—B(25) bond distances of
2.398 and 2.507 A, respectively (see Figure 11)). In a
formal sense, the Mn complex is a cluster composed of
both a sandwich (commo) and two-half-sandwich (closo)
geometries. The presence of three loosely boron bound
[Li(solv)]* units within the coordination sphere makes
the complex a zwitterionic cluster.”® The effective
magnetic moment of the complex (8.3 ug at 298 K)
decreases monotonically with decreasing temperature
and reaches 6.2 ug at 15 K, indicating a significant
antiferromagnetic coupling between the central and
terminal Mn atoms. The shorter central Mn—centroid
distance (1.708 A), when compared to the terminal Mn—
centroid distance of 2.125 A, is consistent with a high-
spin Mn(I)—Mn(IIT)—Mn(I) trinuclear system. Unfortu-
nately, there was no signal in the X-band EPR spectrum
of the complex at 25 °C.53

An entirely different result was obtained by the
reaction of the trinuclear half-sandwich gadolinacarbo-
rane cluster {closo-Gds[2,3-(SiMes)s-2,3-CoB4Hyls(u-
closo-Lis[2,3-(SiMe3)e-2,3-CoB4Hyl3) [u-Li(THF)]5(us-OMe)-
(u3-0)},5556 with MnCls. The product of this reaction was
a simpler manganacarborane, 3,3',4,4'-Mn(TMEDA)-
commo-Mn[2,3-(SiMe3)2-2,3-CoB4Hyls (see Figure 12).56
The crystal structure of the cluster clearly shows that
a Mn atom, formally in a 2+ oxidation state, is coordi-
nated to two somewhat parallel carborane cages (Mn—C
= 2.167 A, Mn—-B = 2.243 A, and Cnt—Mn—Cnt =
175.5°).56 For charge balance, an additional exo-poly-
hedral Mn!(TMEDA) unit is present within the coor-
dination sphere and interacts strongly with two borons
of each cage as well as with the central Mn atom (Mn—
Mn = 2.665 A). The incorporation of a second metal
atom into the structure of a sandwich complex as a
counterion has been observed previously in the carbo-
rane complexes of Sc, Y, Zr, and Hf.52¢ The room-
temperature effective magnetic moment (7.6 up) of the
dimanganese complex decreases monotonically with
decreasing temperature and reaches 5.6 ug at 80 K,
indicating that a significant antiferromagnetic coupling
exists between the two Mn atoms.56

B. Later Transition Metal Complexes. A variety
of late (group 8—12)-transition-metal carborane com-
plexes encompassing both large and small carborane
ligands have been described, beginning with the initial
report on the metallocene-type metallacarborane sand-
wich complexes, such as dianionic [Fell(CsBgH11)2]2~ and
monoanionic [Fe'(CoBgH11)s] .8 There are a number of
review articles, monographs, and chapters in books that
adequately cover most of the published work in this area
up to 2000.17557 Therefore, our discussions in this part
of the review will attempt to summarize the work
reported since that time on the sandwich and half-
sandwich complexes of the group 8—12 metals.

In a series of papers on the metal-promoted face-to-
face fusion of carborane cages, Grimes and co-workers

(55) Oki, A. R.; Zhang, H.; Hosmane, N. S. Angew. Chem., Int. Ed.
Engl. 1992, 31, 432.

(56) Hosmane, N. S.; Wang, Y.; Oki, A. R.; Zhang, H.; Maguire, J.
A. Organometallics 1996, 15, 626.

(57) (a) Grimes, R. N. In Organometallic Reactions and Syntheses;
Becker, E. 1., Tsutsui, M., Eds.; Plenum: New York, 1977; Vol. 6,
Chapter 2, p 63. (b) Grimes, R. N. Coord. Chem. Rev. 1995, 143, 71.
(c¢) Grimes, R. N. J. Organomet. Chem. 1999, 581, 1. (d) Grimes, R. N.
Coord. Chem. Rev. 2000, 200—202, 773.
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Figure 12. Crystal structure of a “wedge-bridged” diman-
ganacarborane sandwich complex.

have reported the results of investigations of the forma-
tion of single polyhedral C4Bg clusters from the iron
sandwich precursor (ReCoB4Hy4)oFeHs or its cobalt ana-
logue (R2C2B4H,)2CoH (R = Me, Et, n-propyl).58601In a
systematic study of this fusion process, these authors
concluded that the reaction is intramolecular with
respect to the carborane ligands. No evidence was found
of ligand exchange when the fusion reaction was carried
out in a mixture containing two different (RoCoB4Hy)o-
FeH, complexes, one in which R = CH3 and another
where R = CoHs. One of the interesting findings of this
study was that of a slow conversion of the diamagnetic
(RQCQB4H4)2F8H2 in THF, (C2H5)20, or CH3OCzH4OCH3
(DME) to a paramagnetic diiron complex. This diiron
complex was identified as a mixed high-spin Fe(II)—low-
spin Fe(II) complex of the form (ReCeBsHjy)oFel(low
spin)Fell(high spin)Ly, where Ly = 2THF, 2(CyHj5)20,
DME. An X-ray diffraction study of this complex when
Ly = DME showed that one iron, presumably the low-
spin one, was sandwiched between two parallel carbo-
rane ligands with the second iron, in an Fel,y unit,
occupying a wedging position between the two carborane
ligands and coordinated to these ligands via four Fe—B
bonds.®! Since the structure of the diiron species is
similar to that of the previously described dimanganese
complex (see Figure 12),%6 it can also be regarded as a
formal zwitterionic sandwich complex whose coordina-
tion sphere contains both the cation and the anion.
Although the two Fe atoms are within the normal
bonding distance (2.414 A), the 5"Fe Mossbauer spectra
indicate that there is very little direct Fe—Fe interac-
tion. Presumably, the two carborane faces fuse at the
B—B edges to form the corresponding C,Bs species.5!
The bonding in this “wedge” bridged dinuclear sand-
wich, as well as in its monoiron precursor, (RaCoB4Hy)o-
FellH,, have been investigated theoretically using ex-
tended Hiickel molecular orbital calculations. The results

(58) (a) Maxwell, W. M.; Miller, V. R.; Grimes, R. N. Inorg. Chem.
1976, 15, 1343. (b) Maynard, R. B.; Grimes, R. N. J. Am. Chem. Soc.
1982, 104, 5983.

(59) Boyter, H. A., Jr.; Grimes, R. N. Inorg. Chem. 1988, 27, 3075.

(60) Grimes, R. N. Adv. Inorg. Chem. Radiochem. 1983, 26, 55.

(61) Grimes, R. N.; Maynard, R. B.; Sinn, E.; Brewer, G. A.; Long,
G. dJ. J. Am. Chem. Soc. 1982, 104, 5987.
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show that a wedged configuration, rather than a bent-
sandwich structure, is favored by the stronger Fe—
carborane bonding, compared to Fe—Cp bonding, and
the larger size of the carborane ligand.5?

In the small-cage system the behavior of the late-
transition-metal carborane complexes depends on the
thermodynamic stabilities of the two isomeric CqB4
carboranes.®® In general, both the “carbons adjacent”
and the “carbons apart” isomers seem to bind metals
equally well, but the latter isomer is the more stable
one. For example, it was found that the reactions of
anhydrous NiCly with the dilithium-complexed “carbons
adjacent” nido-carborane dianions [2-(SiMejs)-3-(R)-2,3-
CoBH42~ (R = SiMes, Me) in n-hexane, THF, or
TMEDA produced the corresponding closo-1,2-carborane
derivatives in 40—59% yields along with small quanti-
ties of C4Bg carborane derivatives, with no evidence of
a persisting nickelacarborane.? The formation of the
face-to-face fused C4Bg cages reported by Grimes and
co-workers proceeded from the less thermodynamically
stable “carbons adjacent” metallacarboranes (vide
supra).?8-60.64 On the other hand, the reaction of NiCly
with the dilithium-complexed “carbons apart” nido-
carborane dianion [2,4-(SiMe3)e-2,4-CoB4H4]2~ produced
a Ni(IV) complex, commo-1,1'-Ni[2,4-(SiMe3)s-2,4-
CsB4Hy4lo, and Ni® when the THF-solvated dilithium
compound of [2,4-(SiMe3)s-nido-2,4-CoB4H4l2~ was used.®?
In the presence of TMEDA, the Ni(II) half-sandwich
1-(TMEDA)-closo-Ni[2,3-(SiMes)s-2,4-CoB4Hy could be
obtained.%® Thus, in the presence of good coordinating
solvents the half-sandwich closo-metallacarboranes can
be stabilized.65=67 Another example is seen in the fact
that a full-sandwich Co(III) complex, {1,1'-commo-Co-
[2,3-(SiMes)q-2,3-CoB4Hylo} —, was formed by the reaction
of CoCls with the THF-solvated trinuclear closo-sama-
racarborane precursor,”® while the TMEDA-solvated
dilithiacarborane reacted with CoCl;y to give the half-
sandwich 1-Co(TMEDA)-2,4-(SiMes)2-2,4-CoB4H, 57 Since
there are many examples in which changes in oxidation
numbers accompany the metalation reactions, the se-
quence of reactions leading to the various products is
not clear-cut. Hawthorne and co-workers reported that
the reaction of Co(II) with [CsBgHii]2~ led to the
isolation of the monoanionic cobalt(III) sandwich com-
plex [(1,2-C3BgH11)2Co] ™ or, in the presence of NaCsHs,
the Co(III) mixed-sandwich complex (CsHj5)Co(1,2-
CsBgHj11), both with the concomitant formation of metal-
lic cobalt.58 This suggests a rapid oxidation, or dispro-
portionation, of an initially formed Co(II) complex.
Additionally, the results with the CoB4 cage systems also
point to a similar disproportionation sequence. In a

(62) Calhorda, M. J.; Mingos, D. M. P. J. Organomet. Chem. 1982,
229, 229.

(63) (a) Hawthorne, M. F.; Young, D. C.; Garrett, P. M.; Owen, D.
A.; Schwerin, S. G.; Tebe, F. N.; Wegner, P. A. J. Am. Chem. Soc. 1968,
90, 862. (b) Hosmane, N. S.; Jia, L.; Zhang, H.; Bausch, J. W.; Prakash,
G. K. S.; Williams, R. E.; Onak, T. P. Inorg. Chem. 1991, 30, 3793.

(64) Pipal, J. R.; Grimes, R. N. Inorg. Chem. 1979, 18, 263.

(65) Zhang, H.; Wang, Y.; Sexena, A. K.; Oki, A. R.; Maguire, J. A;
Hosmane, N. S. Organometallics 1993, 12, 3933.

(66) (a) Boyter, H. A., Jr.; Swisher, R. G.; Sinn, E.; Grimes, R. N.
Inorg. Chem. 1985, 24, 3810. (b) Russell, J. M.; Sabat, M.; Grimes, R.
N. Organometallics 2002, 21, 4113.

(67) Hosmane, N. S.; Wang, Y.; Zhang, H.; Maguire, J. A.; Waldhor,
E.; Kaim, W. Organometallics 1993, 12, 3785.

(68) Hawthorne, M. F.; Young, D. C.; Andrews, T. D.; Howe, D. V.;
Pilling, R. L.; Pitts, A. D.; Reintjes, M.; Warren, L. F., Jr.; Wegner, P.
A. J. Am. Chem. Soc. 1968, 90, 879.
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systematic study of the syntheses, structures, and
reactivities of the metallacarboranes of iron, cobalt, and
nickel, exo0-4,4',5,5'-Fe(TMEDA)-commo-1,1'-Fe[2,3-
(SiMe3)2-2,3-CzB4H4]2, M*[commo-l,1'-Co{2,3-(SiMe3)z-
(2,3-CeB4Hy)} o]~ (M = CoCl, Cos(TMEDA);3Cls), commo-
1,1'-M[2,4-(SiMe3)2-2,4-CzB4H4]2 (M - FeH, COH, Nl),
and 1-(TMEDA)-closo-2,4-(SiMe3)s-1,2,4-MCoB4sHy (M =
Co, Ni) were synthesized by the 1:1 molar ratio reactions
of the respective MClg salts with closo-exo-4,5-Li(THF)s-
1-Li(THF).-2,3-(SiMes)2-2,3-CoB4Hy, closo-exo-4,5-
Li(TMEDA)-1-Li(TMEDA)-2,3-(SiMe3)s-2,3-C2oB4Hy, closo-
ex0-5,6-[(u-H)2Li(THF),]-1-Li(THF)s-2,4-(SiMes)2-2,4-
CyBsHy, and closo-exo-5,6-[(u-H)oLi(TMEDA)]-1-Li(T-
MEDA)-2,4-(SiMe3)2-2,4-CoB4H4. The reactions are
outlined in Schemes 5 and 6.9

Reference to Schemes 5 and 6 shows that, with the
exception of exo0-4,4',5,5'-Fe(TMEDA)-commo-1,1'-Fe|[2,3-
(SiMes)s-2,3-CoBHylo, all commo-metallacarboranes were
the results of a redox process, in addition to a ligation
reaction; the coproduct in all these reactions was the
respective zerovalent metal. The only two redox-free
ligation reactions were found in the formations of the
“carbons apart” metallacarboranes 1-(TMEDA)-closo-
2,4-(SiMes)s-1,2,4-MC9BsHy (M = Co, Ni). In both
complexes the metal ions are coordinated to the biden-
tate TMEDA molecules, in addition to the more oxida-
tion-resistant “carbons apart” carborane ligand. On the
other hand, the “carbons apart” carborane ligands
favored a disproportionation of Fe(II) in the formation
of commo-1,1'-FeH[2,4-(SiMe3)2-2,4-C2oB4Hyl2 and Fe(0),
even in the presence and absence of TMEDA. As
Schemes 5 and 6 show, two full-sandwich ferracarbo-
ranes were produced, exo-4,4',5,5'-Fe(TMEDA)-commo-
1,1'-Fe[2,3-(SiMeg)2-2,3-CoB4H4lo (Scheme 5) and commeo-
1,1'-FeH[2,4-(SiMej3)2-2,4-CoB4Hylo (Scheme 6). It is
tempting to describe the wedged ferracarborane exo-
4,4' 5,5'-Fe(TMEDA)-commo-1,1'-Fe[2,3-(SiMeg3)2-2,3-
CsB4Hyls as being similar to the diiron complex [2,3-
(CHjy)9-2,3-CsB4HyloFe-Fe(L); (L = TMEDA, THF),
identified by Grimes and co-workers as an intermediate
in the oxidative cage fusion to give (CHj3),C4BgHg.5!
However, the diiron complex shown in Scheme 5 was
isolated in 90% yield and showed no tendency to react
further in the absence of air.%9

The results of the reaction of the late-transition-metal
halides with the “carbons adjacent” and “carbons apart”
nido-CsB4 carboranes can be understood on the basis
of an initial formation of a closo-MCyB4 complex, which
could be sufficiently stable to be isolated or undergo
further reactions, yielding either the full-sandwich
commo-carborane and/or redox products. Since these
reactions are run in nonpolar solvents (hexane, ben-
zene), they are most likely between clusters and ag-
gregates rather than isolated ions. Under such condi-
tions metal proximity would be likely facilitating metal-
to-metal electron transfer. Thus, the relatively large
number of disproportionation reactions found in this
chemistry should not be surprising. The exception seems
to be that the “carbons adjacent” nickelacarborane
decomposes directly to give predominatly Ni(0) and
the oxidative closure product, closo-1,2-(SiMeg)s-1,2-

(69) Tomlinson, S.; Zheng, C.; Hosmane, N. S.; Yang, J.; Wang, Y.;
Zhang, H.; Gray, T. G.; Maguire, J. A.; Baumann, F.; Klein, A.; Sarkar,
B.; Kaim, W.; Demissie, T.; Lipscomb, W. N. Organometallics, in press.
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Scheme 5. Synthetic Pathways to “Carbons Adjacent” Metallacarboranes of Fe, Co, and Ni
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CoB4H,.9570.71 On the other hand, the formation of the
face-to-face fused C4Bg cages reported by Grimes and
co-workers proceeded from oxidation of a full-sandwich
metallacarborane (vide supra).58-60.64

The metallacarboranes of the late transition metals
illustrate a factor that is prevalent in metallacarborane
chemistry: that is, the relationship between the metal’s
oxidation state and cluster structure. When different
oxidation states are available to the metal, the higher
states are found in the full-sandwich (commo) com-
pounds, while the half-sandwich (closo) compound sup-
ports lower states. This is true for both transition metals
and main-group metals. The nickelacarboranes nicely
illustrate this oxidation state/structure correlation. The
metallacarboranes of Ni!l, Nilll, and NilV have been
reported in both the small, CsB4, and the larger,
C2By,7273 cage systems, with the Ni!l involved in closo-
metallacarboranes and the two higher oxidation states
in sandwiched commo complexes. The unusual charge-
compensated nickelacarborane commo-1,1'-Ni'll-[(2,4-
(SiMeg3)2-5,6-Bo-{ 0-N(Me)(CHgz)oN(Me)g} -2,4-CoBoHoy)-

(70) Hosmane, N. S.; Zhang, H.; Maguire, J. A.; Wang, Y.; Colacot,
T. J.; Gray, T. G. Angew. Chem., Int. Ed. Engl. 1996, 35, 1000—1002.

(71) Hosmane, N. S.; Colacot, T. J.; Zhang, H.; Yang, J.; Maguire,
J. A.; Wang, Y.; Ezhova, M. B.; Franken, A.; Demissie, T.; Lu, K.-J.;
Zhu, D.; Thomas, J. L. C.; Collins, J. D.; Gray, T. G.; Hosmane, S. N.;
Lipscomb, W. N. Organometallics 1998, 17, 5294—5309.

(72) Hodson, B. E.; McGrath, T. D.; Stone, F. G. A. Inorg. Chem.
2004, 43, 3090—3097.

(73) Warren, L. F., Jr.; Hawthorne, M. F. J. Am. Chem. Soc. 1970,
92, 1157—-1173.
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(2',4'-(SiMe3)2-2',4'-CoB4Hy)] (see Figure 13) was the
unexpected product of the reaction of the NiV complex
(see Scheme 6) with carefully dried TMEDA. The high
yield (89%) indicates that the charge-compensated nick-
el(IIT) complex was the main product of the reaction,
rather than the result of an interesting side reaction.
It is of interest to note that when the reaction was
carried out in the presence of moisture, 1-(TMEDA)-
closo-2,4-(SiMegs)2-1,2,4-NiCoB4H, was formed, in addi-
tion to closo-1,2-(SiMes)2-1,2-CoB4Hy; this is the only
example known to date of an oxidative cage closure
reaction of the small-cage “carbons apart” carboranes.°
Hawthorne has recently proposed that the geometric
changes accompanying the commo-Ni'/NiV-carborane
interconversions be used as the basis for constructing
molecular gates.”™

Metal atom synthesis has been used widely in orga-
nometallic chemistry and can be used in metallacarbo-
rane syntheses. This methodology has been profitably
exploited by Sneddon and co-workers in the syntheses
of a number of unusual metallacarboranes.””~77 The
reaction of thermally generated cobalt atoms with
hexaborane(10), bis(trimethylsilyl)acetylene, and cyclo-
pentadiene gave a mixed-ligand complex, 5,1',2'-[1-(5-

(74) Hawthorne, M. F.; Zink, J. L.; Skelton, J. M.; Bayer, M. J.; Liu,
C.; Livshits, E.; Baer, R.; Neuhauser, D. Science 2004, 303, 1849.

(75) Zimmerman, G. J.; Hall, L. W.; Sneddon, L. G. Inorg. Chem.
1980, 19, 3643.

(76) Briguglio, J. J.; Sneddon, L. G. Organometallics 1985, 4, 721.

(77) Briguglio, J. J.; Sneddon, L. G. Organometallics 1986, 5, 327.
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Scheme 6. Synthetic Pathways to “Carbons Apart” Metallacarboranes of Fe, Co, and Ni
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C5H5)Co-2,3-(MesSi)2CoB4Hsl [BoHs], as the major prod-
uct.”® This unusual complex consists of a unique bridged
structure of a [1-(y-C5H5)Co-2,3-(Me3Si)2C2B4Hs] sand-
wich in which the terminal hydrogen on the unique
boron is replaced by a BoHs moiety via a three-center
B—B—B bond. Alternatively, the complex can be viewed
as a metallacarborane-bridged diborane derivative.”®
From these results it is apparent that the use of highly

Figure 13. Crystal structure of a charge-compensated, Ni-
(IIT)-sandwiched nickelacarborane complex.

/\ I/ SiMe; /\l/ SlMCa
l l

reactive metal atoms can produce not only traditional
types of metallacarboranes but also new and unusual
organometallic/metallaborane clusters. Unfortunately,
not many experimental results using this technique are
available in the literature and very little is known about
the mechanisms of these metal atom reactions. The
method itself, while producing exciting results, is not
as yet practical for targeted metallacarborane synthesis.

Metallacarborane derivatives, formed by the addition
of organic functional groups to parent carborane or
metallacarborane precursors, have been used as syn-
thons in the preparation of multidecker sandwich
complexes. The chemical reactivity of (CsMes)Co-
(EtoCoBsH;s) toward electrophilic reagents has been
exploited successfully by Grimes and co-workers to
prepare a number of functionalized metallacarborane
derivatives.”® 80 In this method, the unique boron-
substituted chloro, bromo, and iodo derivatives were
prepared by the reactions of [(CsMes)Co(EtoCoBsHy)] ™
with MeSO,Cl, BrCH2CN, and CF3I.7? On the other
hand, reaction with CF3C(O)CI produced exclusively a
B(nonunique)-C(O)CF}3 derivative, while monohalo B(non-
unique)-X derivatives were obtained by the reaction of
(CsMe5)Co(EtoCoB3Hs) with N-halosuccinimides.”™ The
reaction of [(CsMes)Co(EteCoB3sHy)]~ with acetyl chloride
gave a B(unique)-substituted 2-vinyl acetate derivative
instead of the expected acetyl one. The base-catalyzed

(78) Piepgrass, K. W.; Davis, J. H., Jr.; Sabat, M.; Grimes, R. N. /.
Am. Chem. Soc. 1991, 113, 680.

(79) Piepgrass, K. W.; Stockman, K. E.; Sabat, M.; Grimes, R. N.
Organometallics 1992, 11, 2404.

(80) Piepgrass, K. W.; Grimes, R. N. Organometallics 1992, 11, 2397.
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Figure 14. Crystal structure of a mercuracarborane
complex.

cleavage of this complex produced a B(unique)-substi-
tuted acetyl complex.”®

There are no examples where group 11 metals have
been incorporated into smaller carborane cages, and
only a few examples of the group 12 metallacarboranes
exist. These include mercuracarboranes of the larger
C9By cage system, in which Hg occupies an apical
position above an open face of the carborane.81:82 In
these compounds, the Hg atom is slip-distorted toward
the unique boron on the C2Bs pentagonal face of the
carborane, giving an 7° (or #')-carborane—metal interac-
tion. This slip distortion is commonly found in the later
d-block metallacarboranes.®! Another mode of Hg—
carborane interaction is when an HgX group bonds
equally, or almost equally, to two adjacent borons on
the open face of the carborane, thereby formally replac-
ing a bridge hydrogen. These are encountered mainly
in the small-cage systems. The first report was of u,u'-
[(CH3)2C2B4H;5]l2Hg,8 followed by those of the cobaltac-
arboranes uu'-[(175-C5R5)Co(CH3)eCoBsHyloHg and u-[(1°-
C5R5)CO—(CH3)202B3H4]Hg01 (R = H, CH3).84 Since (775-
C5R5)Co(CH3)2C9BsHj5 is a direct analogue of (CHs)oCo-
B,Hjg in which a (°-C5R5)Co moiety replaces the apical
B—H vertex, their behavior should parallel the unsub-
stituted mercuracarboranes. In addition to u,u'-
[(CH3)2C2B4H5]oHg,%% a bridged trimethylsilyl-substi-
tuted mercuracarborane, u,u'-[2-(Si(CHs)3)-3-(CHs)-2,3-
C2B4H;5]2Hg,% has also been reported (see Figure 14).
The most surprising aspect of the structure is in the
arrangement of the ligands around the Hg. In both
u-1(17°-C5(CH3)5)Co(CH3)2C2BsH4HgCl and u,u'-[(15-Cs-
(CHs3)5)Co(CHj3)2CoB3sH,loHg the geometry around each
Hg atom is essentially linear, indicating sp hybridiza-
tion of the Hg, which is reasonable for a d1° metal.8¢ In
the bis(cobaltacarborane) this leads to a structure in
which the two cages are directly across the metal center
from one another but point in opposite directions, giving
a trans, “stair-step” type configuration; this is not the
case in ﬂ,,u'-[2-(Si(CHg)g)-3-(CH3)-2,3-CzB4H5] 2Hg. Refer-
ence to Figure 14 shows that the two carborane cages
are not arranged opposite one another around the metal

(81) (a) Barker, G. K.; Green, M.; Onak, T. P.; Stone, F. G. A,;
Ungermann, C. B.; Welch, A. J. J. Chem. Soc., Chem. Commun. 1978,
169. (b) Barker, G. K.; Green, M.; Stone, F. G. A.; Welch, A. J.; Onak,
T. P.; Siwapanyoyos, G. J. Chem. Soc., Dalton Trans. 1979, 1687. (c)
Colquhoun, H. W.; Greenhough, T. J.; Wallbridge, M. G. H. Chem.
Commun. 1977, 737. (d) Colquhoun, H. W.; Greenhough, T. J.;
Wallbridge, M. G. H. J. Chem. Soc., Dalton Trans. 1979, 737.

(82) (a) Shaw, K. F.; Reid, B. D.; Welch, A. J. J. Organomet. Chem.
1994, 482, 207. (b) Teixidor, F.; Ayllon, J. A.; Vinas, C.; Kivekés, R.;
Sillanpéé, J. J. Organomet. Chem. 1994, 483, 153.

(83) Hosmane, N. S.; Grimes, R. N. Inorg. Chem. 1979, 18, 2886.

(84) Finster, D. C.; Grimes, R. N. Inorg. Chem. 1981, 20, 863.

(85) Yang, J.; Zheng, C.; Maguire, J. A.; Hosmane, N. S. Inorg. Chem.
Commun. 2004, 7, 111.

Hosmane and Maguire

but, rather, are localized to one side of the metal (the
B(4)—Hg—B(4)#1 bond angle is 92.8(7)° and the B(3)—
Hg—B(3)#1 angle is 151.5(8)°). This leads to a structure
in which the faces of the carboranes are twisted with
respect to one another, giving rise to a dihedral angle
of 76.0(6)° between the B(3)—Hg—B(4) plane and the
B(3)#1—-Hg—B(4)#1 plane. An inspection of the unit cell
of the mercuracarborane did not reveal any particular
interaction that could lead to one side of the Hg being
uncovered. Whatever the reason for this orientation, it
is apparent that the local geometry about the Hg cannot
be rationalized on the basis of an sp-hybridized metal
atom. Additional structural information on u,u'-metal-
bridged complexes is clearly necessary.

It is apparent from the above discussions that recent
synthetic, structural, bonding, and reactivity studies
have established transition-metal-containing metallac-
arborane complexes as an important area of study in
organometallic chemistry.

C. Linked Cage and Multidecker Complexes. The
synthesis of new materials having novel electronic or
optical properties is of great current interest. One
approach to the synthesis of such materials is to
systematically link small sandwich units together to
form an extended multidecker sandwich system. Im-
mediately following the discovery of the triple-decker
structure of the CpsNiz™ complex in the early 1970s,86
Grimes and co-workers synthesized the first neutral
triple-decker metallacarborane sandwich compound.8”
Most of the subsequent research in this field has been
dominated by Grimes and co-workers, who have repeat-
edly demonstrated how small metallacarboranes can be
stacked and then linked systematically to give extended
arrays. A number of reviews by both Grimes32:57b.c.d,88-90
and Siebert?1=%3 have adequately described the latest
developments in this area of research. Therefore, our
discussions in this section will cover only the highlights
of the results in this area.

The key breakthrough reaction leading to the produc-
tion of multidecker metallacarboranes involves the
removal of an apical BH unit in metallacarboranes by
treatment of a particular metallacarborane with TME-
DA and H30 or methanol at elevated temperatures, in
a so-called “decapitation” reaction.?*=°7 For example, the
reaction of TMEDA and [#%-C1sHioFeEt2CoB4Hs] pro-

(86) Salzer, A.; Werner, H. Angew. Chem. 1972, 84, 949.

(87) Beer, D. C.; Miller, V. R.; Sneddon, L. G.; Grimes, R. N.;
Mathew, M.; Palenik, G. J. J. Am. Chem. Soc. 1973, 95, 3046. Grimes,
R. N.; Beer, D. C.; Sneddon, L. G.; Miller, V. R.; Weiss, R. Inorg. Chem.
1974, 13, 1138.

(88) (a) Grimes, R. N. Pure Appl. Chem. 1987, 59, 847. (b) Grimes,
R. N. In Advances in Boron and the Boranes; Liebman, J. F.
Greenberg, A., Williams, R. E., Eds.; VCH: New York, 1988; Chapter
11, p 235. (¢) Grimes, R. N. In Electron-Deficient Boron and Carbon
Clusters; Olah, G. A., Wade, K., Williams, R. E., Eds.; Wiley: New York,
1991; Chapter 11, p 261.

(89) (a) Grimes, R. N. Pure Appl. Chem. 2003, 75, 1211. (b) Grimes,
R. N. In Boron Chemistry at the Beginning of the 21st Century; Bubnov,
Yu. N., Ed.; URSS: Moscow, 2003; pp 201—209.

(90) Grimes, R. N. JJ. Chem. Educ. 2004, 81, 658.

(91) Siebert, W. Angew. Chem., Int. Ed. Engl. 1985, 24, 943.

(92) Siebert, W. Pure Appl. Chem. 1987, 59, 947.

(93) Siebert, W. Adv. Organomet. Chem. 1980, 18, 301.

(94) Spencer, J. T.; Grimes, R. N. Organometallics 1987, 6, 323.

(95) Swisher, R. G.; Sinn, E.; Grimes, R. N. Organometallics 1985,
4, 890.

(96) Davis, J. H., Jr.; Benvenuto, M. A.; Grimes, R. N. Inorg. Chem.
1991, 30, 1765.

(97) Merkert, J. M.; Geiger, W. E.; Davis, J. H., Jr.; Atwood, M. D.;
Grimes, R. N. Organometallics 1989, 8, 1580.
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Scheme 7. Synthesis of Trinuclear Oxolanthanacarborane Clusters

(THF),
3LnCl,
| CeHg
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B = BH; C=C-5iMe,
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Q =p-0* @ =OMe or OBut'
Ln=Sm, Gd, Tb, Dy, Ho, Nd

duced the corresponding nido-1-[(178-C1sH19)FeEtyCoBsHs],
in which the apical B—H unit was removed and replaced
by two B—H—B hydrogen bridges.?> Removal of the
bridge H atoms with appropriate reagents afforded the
key anionic intermediate that was used to construct a
number of desired multidecker species.88:89:94,96,98,99 A
general synthetic procedure, which can be applied to a
number of different stacked systems, can be found in
refs 57b—d, 89, and 90. In this way, the synthesis of
large families of isolable, electrically neutral mul-
tidecker sandwich complexes having three, four, five,
or six decks and incorporating CoB3 or C3By planar rings
have been prepared and structurally characterized. This
gives rise to an area of carborane chemistry that has
no parallel in the larger C9By, C2B19, and C3Bg carborane
systems,32:570—d.89,90,100-102 Since the retirements of Pro-
fessors Grimes and Siebert from active laboratory
research, an enormous burden has been transmitted to
the younger scientists, who have been trained in their
laboratories, to extend and develop these species into
electronic materials.

D. Alkene-, Alkyne-, and Aryl-Linked Polymet-
allacarborane Clusters. During the past decade there
has been an upsurge in reports dealing with the
syntheses and characterizations of the polymetalla
species of the C3B4 carborane ligands that are linked to
aliphatic and aromatic unsaturated hydrocarbons. These
substances have the potential of being the precursors
for conducting or semiconducting nanoscale electronic
materials. The electron-delocalized “super-aromatic”
bonding environment of these cluster systems along
with their thermal and oxidative stability, as well as
their synthetic viability, make the smaller C2B4 carbo-
ranes attractive ligands for further investigation. Read-
ers are advised to consult the recently published review
and journal articles of Grimes that adequately described
these developments.32:101-106

III. Metallacarboranes of f-Block Elements

During the past decade or so, the chemistry of the
lanthanide elements has increased in scope such that
it is no longer limited to the formation of purely ionic
compounds. New classes of lanthanide complexes

with unusual structures and novel reactivities have
emerged.!%7 Although a variety of ligands have been
reported in different organolanthanide systems, the
cyclopentadienide anion and its C-substituted deriva-
tives are most often utilized.1%® The first report of the
synthesis and structural characterization of an f-block
metallacarborane was that of the uranacarborane
[U(C2BgH11)2Cl2]2~ in 1977,109 followed, in 1988, by those
of the compounds closo-3-Yb(DMF)4-1,2-CoBgH;; and
[3,3'-(THF)9-commo-3,3'-Sm(CoBgH11)2] ~ 119 Since these
initial reports, a number of lanthanide complexes,
mainly in the C2B1p and C2Bg cage systems, have been
described.5>111 Our interest has been in the lanthanide

(98) Davis, J. H., Jr.; Sinn, E.; Grimes, R. N. J. Am. Chem. Soc.
1989, 111, 4776.

(99) Davis, J. H., Jr.; Sinn, E.; Grimes, R. N. J. Am. Chem. Soc.
1989, 111, 4784.

(100) For recent overviews of boron cluster chemistry, see: Con-
temporary Boron Chemistry; Davidson, M., Hughes, A. K., Marder, T.
B., Wade, K., Eds.; Royal Society of Chemistry: Cambridge, U.K., 2000.

(101) Grimes, R. N. Appl. Organomet. Chem. 1996, 10, 209.

(102) (a) Siebert, W. In Current Topics in the Chemistry of Boron;
Kabalka, G. W., Ed.; Royal Society of Chemistry: Cambridge, U.K.,
1994; p 275, and references therein. (b) Siebert, W. Adv. Organomet.
Chem. 1993, 35, 187.

(103) Fabrizi di Biani, F.; Fontani, M.; Ruiz, E.; Zanello, P.; Russell,
J. M.; Grimes, R. N. Organometallics 2002, 21, 4129.

(104) (a) Stephan, M.; Miiller, P.; Zenneck, U.; Pritzkow, H.; Siebert,
W.; Grimes, R. N. Inorg. Chem. 1995, 34, 2058. (b) Stephan, M.; Hauss,
dJ.; Zenneck, U.; Siebert, W.; Grimes, R. N. Inorg. Chem. 1994, 33, 4211.

(105) Meng, X.; Sabat, M.; Grimes, R. N. J. Am. Chem. Soc. 1993,
115, 6143.

(106) (a) Pipal, J. R.; Grimes, R. N. Organometallics 1993, 12, 4459.
(b) Pipal, J. R.; Grimes, R. N. In Current Topics in the Chemistry of
Boron; Kabalka, G. W., Ed.; Royal Society of Chemistry: Cambridge,
U.K, 1994; p 318.

(107) (a) Comprehensive Coordination Chemistry, Wilkinson, G.,
Gillard, R. D., McCleverty, J. A., Eds.; Pergamon: New York, 1987.
(b) Dictionary of Organometallic Compounds; Macintyre, J. E., Ed.;
Chapman & Hall: New York, 1984, and Suppl. Vol. 1-5, 1985—1989.
(c) Cotton, F. A.; Wilkinson, G. in Advanced Inorganic Chemistry, 5th
ed.; Wiley: New York, 1988, and references therein. (d) Rogers, R. D.;
Rogers, L. M. J. Organomet. Chem. 1991, 416, 201—290.

(108) Evans, W. J. Adv. Organomet. Chem. 1985, 24, 131.

(109) Fronczek, F. R.; Halstead, G. W.; Raymond, K. N. J. Am.
Chem. Soc. 1977, 99, 1769—1775.

(110) Manning, M. J.; Knobler, C. B.; Hawthorne, M. F. JJ. Am.
Chem. Soc. 1988, 110, 4458—4459.

(111) For recent reviews see: (a) Xie, Z. Coord. Chem. Rev. 2002,
231, 23—46. (b) Xie, Z. Acc. Chem. Res. 2003, 36, 1. (c) Xie, Z. Pure
Appl. Chem. 2003, 75, 1335. (d) Wang, S.; Wang, Y.; Cheung, M.-S.;
Chan, H.—S.; Xie, Z. Tetrahedron 2003, 59, 10373 (Symposium-in-
Print).
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Figure 15. Crystal structure of the trinuclear oxolantha-
nacarborane cluster complex.

complexes of the CoB4 cage systems,!2 which exhibit
reaction characteristics that are not found in the larger
cages. For example, the reaction of the THF-solvated
dilithium salt of the [2,3-(SiMe3)sC2B4H4]2~ dianion with
anhydrous LnCl3 in a molar ratio of 2:1 in dry benzene
and THF produced trinuclear Lin(III) carboranes of the
form {[n®-1-Ln-2,3-(SiMejs)2-2,3-CoB4H4l3[(u-1-Li-2,3-
(SiMes)2-2,3-CoB4Hy)3(us-OMe)] [1-Li(THF)]3(us-0)} (Ln
= Sm, Gd, Tb, Dy, Ho, Nd), instead of the expected full-
sandwich lanthacarboranes (see Scheme 7).1122.48k These
clusters, shown in Figure 15, are composed of three half-
sandwich lanthanacarboranes and three lithiacarbo-
ranes arranged around an oxide ion and a methoxide
ion, respectively.!12¢ These unexpected products were
believed to arise from the initial formation of a half-
sandwich lanthanacarborane, which reacts further with
the THF solvent or its decomposition product, to form
the final trinuclear cluster. On the other hand, the
reaction of the TMEDA-solvated dilithium salt of the
[2,3-(SiMe3)sCoB4H4]2~ dianion with anhydrous LnCls
at equivalent 2:1 molar ratios produced the full-
sandwich species [1-Cl-1-(u-C1)-2,2',3,3'-(SiMe3)4-5,6-[(u-

(112) (a) Oki, A. R.; Zhang, H.; Hosmane, N. S. Angew. Chem., Int.
Ed. Engl. 1992, 31, 432—434. (b) Hosmane, N. S.; Maguire, J. A. .
Cluster Sci. 1993, 4, 297—349. (c) Hosmane, N. S.; Wang, Y.; Oki, A.
R.; Zhang, H.; Zhu, D.; McDonald, E. M.; Maguire, J. A. Phosphorus,
Sulfur Silicon Relat. Elem. 1994, 93—94, 253—256. (d) Zhang, H.; Oki,
A.R.; Wang, Y.; Maguire, J. A.; Hosmane, N. S. Acta Crystallogr. 1995,
C51, 635—638. (e) Hosmane, N. S.; Wang, Y.; Zhang, H.; Oki, A. R,;
Maguire, J. A.; Waldhor, E.; Kaim, W.; Binder, H.; Kremer, R. K.
Organometallics 1995, 14, 1101-1103. (f) Zhang, H.; Wang, Y.;
Maguire, J. A.; Hosmane, N. S. Acta Crystallogr. 1996, C52, 8—11. (g)
Hosmane, N. S.; Wang, Y.; Oki, A. R.; Zhang, H.; Maguire, J. A.
Organometallics 1996, 15, 626—638. (h) Hosmane, N. S.; Wang, Y.;
Zhang, H.; Maguire, J. A.; McInnis, M.; Gray, T. G.; Collins, J. D.;
Kremer, R. K.; Binder, H.; Waldhor, E.; Kaim, W. Organometallics
1996, 15, 1006—1013. (i) Zhang, H.; Wang, Y.; Maguire, J. A.; Hosmane,
N. S. Acta Crystallogr. 1996, C52, 640—643. (j) Hosmane, N. S.; Oki,
A. R.; Zhang, H. Inorg. Chem. Commun. 1998, 1, 101—104. (k) Zheng,
C.; Hosmane, N. S.; Zhang, H.; Zhu, D.; Maguire, J. A. Internet .J.
Chem. 1999, 2, 10 (URL: http://www.ijc.com/articles/1999v2/10/). (1)
Hosmane, N. S.; Wang, Y.; Zhang, H.; Zhu, Y.; Maguire, J. A. Inorg.
Chem. Commun. 2001, 4, 547—550. (m) Hosmane, N. S.; Li, S.-J.;
Zheng, C.; Maguire, J. A. Inorg. Chem. Commun. 2001, 4, 104—107.
(n) Wang, J.; Zheng, C.; Li, A.; Allard, C. L.; Smith, J. L.; Arikatla, G.;
Maguire, J. A.; Hosmane, N. S. Inorg. Chem. Commun. 2004, 7, 1078—
1081.
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Figure 16. Crystal structure of the haloholmacarborane
sandwich complex.

H)oLi(TMEDA)]-4,4',5,5'-[(u-H3)Li( TMEDA)-commo-Ln-
(2,3-CeB4Hy)2]~ (Ln = Sm, Gd, Dy, Ho, Er; see Figure
16 for example).112eh In addition, several half-sandwich
complexes have been reported.11%m» Most of the small-
cage lanthanacarboranes have involved the use of the
“carbons adjacent” (2,3-CoB4) isomer. There is also a
“carbons apart” (2,4-C9B4) isomer in which the two
carbon atoms on the face are separated by a boron atom;
these also form metallacarboranes.?%112m113 Although
isolated full- and half-sandwich lanthanacarboranes in
the “carbons apart” cage system had been reported,13:114
these lanthanacarboranes had not been studied system-
atically, until recently. The reactions of closo-exo-5,6-
Na(THF)s-1-Na(THF)2-2,4-(SiMes)2-2,4-CoB4Hy with an-
hydrous LnCl; (Ln = Nd, Gd, Dy, Ho, Er, Th, Lu), in
molar ratios of 2:1 in dry benzene (CgHg), produced the
full-sandwich lanthanacarborane complexes 2,2',4,4'-
(SiMes);-3,5",6'-[(u-H)sNal(X),(Y),x]-1,1'-commo-Ln(5°-
2,4-CoB4Hy)e (Ln = Nd, X = THF, n = 2, Y = none; Ln
= Gd, X =THF, n = 3, Y = none; Ln = Dy, X = THF,
n=1,Y=TMEDA, m =1, Ln = Ho, X=DME, n =1,
Y = none; Ln = Er, X = THF, n = 1, Y = none; Ln =
Tb, X, Y = none; Ln = Lu, X = THF, n = 2, Y = none)
in 70—93% yields.!15 A general synthetic procedure is
outlined in Scheme 8. While the solid-state structures
of the dimeric Nd, Gd, Dy, Ho, and Lu sandwich
metallacarboranes were determined by X-ray crystal-
lography, only one of them (when Ln = Gd) is shown in
Figure 17.115 These results differ markedly from those
obtained in the “carbons adjacent” system, where a very
similar procedure gave exclusively the trinuclear clus-
ters of the half-sandwich lanthanacarboranes and lithi-

(113) (a) Hosmane, N. S.; Zhang, H.; Jia, L.; Colacot, T. J.; Maguire,
J. A.; Wang, X.; Hosmane, S. N.; Brooks, K. A. Organometallics 1999,
18, 516. (b) Hosmane, N. S.; Zhu, D.; Zhang, H.; Oki, A. R.; Maguire,
J. A. Organometallics 1998, 17, 3196.

(114) (a) Wang, J.; Li, S.; Zheng, C.; Maguire, J. A.; Hosmane, N. S.
Organometallics 2002, 21, 3314—3316. (b) Wang, J.; Li, S.; Zheng, C.;
Maguire, J. A.; Hosmane, N. S. Organometallics 2002, 21, 5149—5151.
(¢c) Wang, J.; Li, S.; Zheng, C.; Maguire, J. A.; Hosmane, N. S. Inorg.
Chem. Commaun. 2002, 5, 602—605.

(115) (a) Wang, J.; Li, S.-J.; Zheng, C.; Maguire, J. A.; Sarkar, B.;
Kaim, W.; Hosmane, N. S. Organometallics 2003, 22, 4334. (b) Wang,
dJ.; Li, S.-J.; Zheng, C.; Maguire, J. A.; Kaim, W.; Hosmane, N. S. Inorg.
Chem. Commaun. 2003, 6, 1220—1223.
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Scheme 8. Syntheses of “Carbons Apart” Lanthanacarborane Complexes
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acarboranes at room temperature.l12a-dgk It is difficult
to understand why the very different products were
obtained. However, the “carbons adjacent” carborane
requires the use of #-Bulii as a deprotonating agent.
Since both #-BulLi and lanthanide compounds are known
to degrade THF and other oxygen-containing com-
pounds, 16117 it could well be that such degradation
reactions produce the methoxide and oxide products that
effectively prevented the formation of the expected full-
sandwich compounds.!1¢ The results described in Scheme

Si(2)
B(16)

C(13)
0(51) B(14)

Figure 17. Crystal structure of the dimeric gadolinacar-
borane sandwich complex.

8, in which the full-sandwich complexes were formed
under similar conditions, but in the absence of #-Buli,
further supports this contention. This is consistent with
the fact that when the TMEDA-solvated dilithiacarbo-
rane closo-exo-5,6-[(u-H):Li(TMEDA)-1-Li(TMEDA)-2,3-
(SiMes)2-2,3-CoB4H,4 was reacted with LnCls, only the
full-sandwich complexes were formed.!1?! The reactions

(116) (a) Jung, M. E.; Blum, R. B. Tetrahedron Lett. 1977, 3791. (b)
Kamata, K.; Terashima, M. Heterocycles 1980, 14, 205. (¢) Schumann,
H.; Palamidis, E.; Loebel, J. J. Organomet. Chem. 1990, 384, C49—52.

(117) Evans, W. J.; Grate, J. W.; Bloom, I.; Hunter, W. E.; Atwood,
J. L. J. Am. Chem. Soc. 1985, 107, 405—409.

Er; Solv=THF and/or TMEDA; n=1-3
of the larger nido-C3Bg carborane anion with LnCls in
a 2:1 molar ratio produced only the expected full-
sandwich lanthanacarboranes.109110,118

Most of the metalation reactions were run using
either a 1:1 or 2:1 molar ratio of carborane to LnCls;
the consequences of using higher reaction ratios have
not been investigated. The effect of the reaction stoi-
chiometry on the nature of the products was probed by
studying the reactions of closo-exo-5,6-Na(THF),-1-Na-
(THF)2-2,4-(SiMe3)2-2,4-CoB4Hy with anhydrous LnCls
(Ln = Dy, Er), in molar ratios of 3:1, under the same
experimental conditions used in the preparation of
“carbons apart” lanthanacarborane sandwich complexes.
In the Cp system, a 3:1 ligand to metal ratio produced
LnCps complexes in which the three Cp~ ligands were
n°-bonded to a lanthanide metal.!® However, the prod-
ucts were the mixed metallacarborane complexes [Nag]-
[1,1'-{5,6-(u-H)o-nido-2,4-(SiMes)s-2,4-CoB4H4} -2,2',4,4'-
(SiMe3)s-1,1"-commo-Ln-(2,4-CoB4Hy)o] (Ln =Dy, Er).1142.115
In these compounds three carborane ligands were found
to be associated with each lanthanide metal center, two
through 7°-bonding modes and one through a set of two
Ln-H-B bonding interactions (see Figure 18). Although
these are stoichiometric analogues of tris(cyclopentadi-
enyl) lanthanide complexes, their structures and bond-
ing modes are quite different.!2? It may be that, even
with the presence of the three Na™ counterions, the high
total negative charge due to the three carborane ligands
(6—) prevents a (tris) 75-bonding interaction. Steric
considerations may also be important in such cases.

(118) Manning, M. J.; Knobler, C. B.; Khattar, R.; Hawthorne, M.
F. Inorg. Chem. 1991, 30, 2009.

(119) Edelmann, F. T. In Comprehensive Organometallic Chemistry
1I; Abel, E. W., Stone, F. G. A., Wilkinson, G., Eds.; Pergamon Press:
Oxford, U.K., 1995; Vol. 4, Chapter 2, pp 11-212.

(120) (a) Evans, W. J.; Davis, B. L. Chem. Rev. 2002, 102, 2119—
2136. (b) Evans, W. J.; Seibel, C. A.; Ziller, J. W. J. Am. Chem. Soc.
1998, 120, 6745—6752.
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Na(3)

Figure 18. Crystal structure of a dysprosacarborane
complex comprising three CyB4 carborane ligands.

However, a number of sterically crowded (CsMe4R)sLa
(R = Me, Et, ‘Pr, SiMe3) complexes have been synthe-
sized and structurally characterized;'?! therefore, it is
difficult to assess the relative importance of the size of
the carborane ligands in destabilizing tris complexes.
Thus, the reactions of the “carbons-apart” CsB4 carbo-
rane ligands with a number of LnCl; salts, in molar
ratios of 2:1 and 3:1, produced full-sandwich lantha-
nacarborane complexes in which each Ln(III) occupies
the apical positions above the open faces of two carbo-
rane dianions and is bonded to a third by two Ln-H—B
bridges. If excess carborane is not available, this bond-
ing pattern is satisfied by dimerization (see Figure
17).115b

Our interest in oxo—lanthanide compounds stems
from the observation that, unlike the larger cage (C3Bgy
and C3B19) analogues, the small-cage carboranes can
form unusual oxolanthanacarboranes of the type {[5°-
1-Ln-2,3-(SiMe3)2-2,3-C2B4H4]3[(y-l-Li-Z,S-(SiMeg)Z-Q,3-
CQB4H4)3(‘LL3-OMe)] [/t-Li(THF)]3(/t3-O)} (Ln = Nd, Sm,
Gd, Tb, Dy, Ho).1122k The extension of this chemistry is
limited by the use of THF as an oxygen source. There-
fore, the synthetic route for the trinuclear oxolantha-
nacarboranes has several disadvantages. It greatly
complicates the development of any general synthetic
scheme, it is difficult to control the stoichiometry of the
synthesis, and it introduces a number of other degrada-
tion products such as MeO~ that can then influence the
reaction. These complications could be countered by the
direct use of an oxide donor, such as water, in the
reactions. It was found that when anhydrous LnCls (Ln
= La, Nd, Gd, Tb, Ho, Lu) was treated with stoichio-
metric quantities of freshly distilled HoO under reflux
conditions in THF and the resulting mixtures were
reacted with closo-exo-5,6-Na(THF)s-1-Na(THF)2-2,4-
(SiMe3)9-2,4-CoB4H4 in an overall carborane to LnCls to
H20 molar ratio of 5:4:1, a series of oxide-encapsulated
complexes, {[7?-1-Ln(THF),-2,4-(SiMe3)s-2,4-CoB,Hyl4-
(u-Co(u4-0)}yTHF Ln=La,n =0,y =1;Ln=Nd, n
=1,y=0Ln=Gd,n=0,y=1;Ln=Tb,n=1,y =
0;Ln=Ho,n=0,y=1;Ln=Lu,n =1,y = 0), are
produced in 73—86% yields.!22 A general synthetic
procedure is outlined in Scheme 9, and the general
molecular geometry of the complexes, when Ln = Tbh,

(121) Evans, W. J.; Davis, B. L.; Ziller, J. W. Inorg. Chem. 2001,
40, 6341-6348.
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is shown in Figure 19. The reactions are very sensitive
to both stoichiometry and procedure: the LnCls/HoO/
THF mixture must be refluxed until a homogeneous
solution is obtained, and the reactions must be carried
out initially at —78 °C and then completed at reflux
temperatures. If LnCls and HyO were added to a
solution of the carborane ligand without prior refluxing,
the water directly attacked and rapidly decomposed the
carborane ligand.'?2 The best yields were obtained from
“exact” stoichiometric mixtures, assuming one carborane
dianion acts as a proton scavenger; there is NMR
evidence for the formation of a neutral nido-carborane
in the final reaction mixture. A 1:1 molar ratio of
carborane to Lin led to the same products, but in lower
yields. In addition, reactions in which the Ln to HsO
ratios were less than 4:1 resulted in the formation of
inseparable product mixtures, while higher ratios pro-
duced the tetralanthanide clusters and the unreacted
carborane precursor.!22 The ionic nature of the bonding
is also seen in the DFT results on the model compound
LasOCly(2,4-CoB,Hg)4(OHy)4.122b Thus, the results of this
work demonstrated the systematic synthetic approach
of using water as one of the controlled reagents to
construct hitherto unexplored lanthanacarborane clus-
ters comprising a [(C2B4Ln)4Cl30] core. Although oxygen
coordination numbers ranging from 3 to 6 have been
observed for f-block metal complexes,123:12¢ there does
not seem to be any consistency in either the precursor
or the synthetic procedures. Clusters with a similar
tetrahedral LinsO core were found for [Lng(us-O)NHPh)s-
(OSiMeaNPh)gNag(THF);] (Ln = Gd, Yb), which were
obtained in low yields (8.9%) by the reaction of LnBrs,
NaNHPh, and (MeSiO)s in THF,125 while the planar
LinsO core in Nag{ [(CsH5S102)sloNd4(1t4-O)} was obtained
in 16% yield by the reaction of anhydrous NdCl; and
sodium oligo(phenylsiloxanolate) in an n-butanol solu-
tion.!262 The planar LnsO core cluster in [ThyLa(NO3),-
(MeOH)a(u4-0)] (HsLi = 1,3-bis(2-hydroxy-3-methoxy-
benzylamino)propan-2-ol) was obtained by the reaction
of hydrated Th(NO3)3-5H20 with H3sL in a 2:1 ratio in
methanol.126® On the other hand, the butterfly form of
Ce,4O in the cerium complex CesO(OPr);3((PrOH) was
obtained from the photoreduction of Ceg(OPr)s(‘PrOH)
in a 2:1 mixture of MeOCsH,OMe/i-PrOH.124 The com-
plexity is illustrated in the reactions of YCl3 and LaCls
with NaOCMes under different conditions.!23 While a
1:3 molar reaction of YCl3 and NaOCMes in THF
produced the trinuclear Ys(u3-OCMes)(us-CD(u-OCMes)-
(OCMej3)4(THF)g, in which the metals form a triangular
core, the same reaction, when carried out in the pres-
ence of MesCOH, produced an isomeric compound

(122) (a) Wang, J.; Li, S.-J.; Zheng, C.; Hosmane, N. S.; Maguire, dJ.
A.; Roesky, H. W.; Cummins, C. C.; Kaim, W. Organometallics 2003,
22, 4390. (b) Wang, J.; Li, S.-J.; Zheng, C.; Li, A.; Hosmane, N. S.;
Maguire, J. A.; Roesky, H. W.; Cummins, C. C.; Kaim, W. Organome-
tallics 2004, 23, 4621.

(123) Evans, W. J.; Sollberger, M. S.; Hanusa, T. P. J. Am. Chem.
Soc. 1988, 110, 1841.

(124) Yunlu, K.; Gradeff, P. S.; Edelstein, N.; Kot, W.; Shalimoff,
G.; Streib, W. E.; Vaartstra, B. A.; Caulton, K. G. Inorg. Chem. 1991,
30, 2317.

(125) Kraut, S.; Magull, J.; Schaller, U.; Karl, M.; Harms, K,
Dehnicke, K. Z. Anorg. Allg. Chem. 1998, 624, 1193—1201.

(126) (a) Shchegolikhina, O. I.; Pozdniakova, Y. A.; Lindeman, S.
V.; Zhdanov, A. A.; Psaro, R.; Ugo, R.; Gavioli, G.; Battisuzzi, R.;
Borsari, M.; Riiffer, T.; Zhcchi, C.; Palyi, G. J. Organomet. Chem. 1996,
514, 29—-35. (b) Lam, A. W.-H.; Wong, W.-T.; Wen. G.; Zhang, X.-X;
Gao, S. New J. Chem. 2001, 25, 531—533.
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Scheme 9. Synthesis of an Oxide Ion Encapsulating Tetralanthanide Tetrahedron, Surrounded by
“Carbons Apart” Carborane Cages

THF\ THF THF
Na/ 4LnCly/ HyO / 60°C
/
5 /—'B \/ B—e - 2,4-(SiMe;),-2,4-C,B,Hy
==¢C
THF— Na—=" / -16 THF
B -10 NaCl
THE C = C-SiMe;
e=H

differing in the placement of the two THF molecules.
The reaction of LaCls with 3 equiv of NaOCMes in THF
produced the compound Las(us-OCMes)o(u-OCMes)-
(OCMes3)4(THF )9, which is similar to the trinuclear Y
complex except that OCMes now occupies both triply
bridging positions. On the other hand, the reaction of a
1:2 molar ratio of YCI3 and LiOCMe; produced the dimer
[Y4(us-OCMe3)(u-OCMes3)s(OCMes)a(us-O)(u-ChaLig(u-
OCMes)slo, in which the Yy cores are arranged in a
butterfly arrangement about an oxide ion. Some of this
same complexity can be inferred for the lanthanacar-
boranes.

In the “carbons apart” 2,4-CoB4 cage system, only the
full-sandwich lanthanacarboranes of Nd, Gd, Dy, Ho,
Er, Tb, and Lu were obtained, and the preparation of
the corresponding half-sandwich complexes has proved
to be very difficult, irrespective of the reaction stoichi-
ometry.11® Although advantage can be taken of the
propensity of the 2,4-C3B4 cages to form oxide-encap-
sulated lanthanacarborane clusters,??2 no simple and
discrete half-sandwich halolanthanacarboranes have
beeen isolated. The only way to obtain the simple half-

Figure 19. Crystal structure of an oxide ion encapsulating
a tetraterbium tetrahedron, surrounded by “carbons apart”
carborane cages.

Ln=La, Nd, Gd, Tb, Ho, Lu

sandwich complex was by reacting the monosodium
compound nido-1-Na(THF)-2,3-(SiMej3).-2,3-CoB4Hjy (1)
with anhydrous LnXj3 in a molar ratio of 2:1, in dry
THF.1120 This reaction produced the dimeric half-
sandwich species [1-(X)-1,1-(THF)¢-2,3-(SiMeg)z-1-Lin(#°-
2,3-CeB4Hy)l2 (2, Ln = Ce, X = Br; 3, Ln = Gd, X = Cl;
4, Ln = Lu, X = Cl), in high yields, along with 1 equiv
of the neutral nido-carborane precursor 2,3-(SiMes)s-
2,3-CoB4Hg.112n Although the exact mechanism is not
known, the method covers the syntheses involving
metals of the lanthanide series at the beginning, in the
middle, and at the end within the group. Therefore, it
should be generally applicable to all lanthanide metals,
and most likely the actinides as well. The method also
has the advantage that it protects against the complica-
tions of THF decomposition found in other synthetic
methods.112a-d.gk

In a reactivity study of the sandwiched lanthanacar-
borane complexes, a mixed half- and full-sandwich
lanthanacarborane complex was synthesized. Thus, the
reaction of the “carbons apart” carborane dianion with
anhydrous NdCls, in a molar ratio of 2:1, produced, in
80% yield, the full-sandwich neodymacarborane 2,2',4,4'-
(SiMe3)4-5,6-[(u-H)oNa(THF)q]-1,1'-commo-Nd(°-2,4-
CeB4Hy)o, which was reacted further with NdCls in a
3:1 molar ratio to give the novel dimeric ion pair { [closo-
1-Nd(u-H)e-2,4-(SiMes)2-2,4-CoB4Hyl T[1,1'-(THF)2-2,2' 4,4'-
(SiM63)4-5,5' ,6,6’-(/,£—H)4- 1, 1’-commo-Nd(n5-2,4-CQB4H4)2] BN
C4Hg0-2C4Hg} 2.12” The compound, shown in Figure 20,
consists of a half-sandwich cationic neodymacarborane
that is coordinated to an anionic full-sandwich neody-
macarborane. This work exemplifies the dual role of
metallacarboranes as both the cation and the anion in
a single species.1?7

The two-electron reductive cage openings of the closo-
carboranes have been well-documented in the litera-
ture.63b.128 Tn a series of papers Stone and co-workers

(127) Wang, J.; Li, S.-J.; Zheng, C.; Maguire, J. A.; Hosmane, N. S.
Inorg. Chem. Commun. 2003, 6, 549—552.

(128) (a) Zakharkin, L. I.; Podvisotskaya, L. S. Zh. Obshch. Khim.
1967, 37, 506. (b) Zakharkin, L. I.; Kalinin, V. N.; Podvisotskaya, L.
S. Izv. Akad. Nauk SSSR, Ser. Khim. 1967, 2310. (¢) Stanko, V. I;
Goltyapin, Yu. V.; Brattsev, V. A. Zh. Obshch. Khim. 1969, 39, 1175.
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Figure 20. Crystal structure of the sandwiched neody-
macarborane ion pair comprising a half-sandwich cation
and full-sandwich anion.

reported the simultaneous cage reduction and metala-
tion of closo-carboranes in the CoB, (n = 6, 8, 9) cage
systems using a number of zerovalent nickel, platinum,
and palladium complexes.'?® While the monocarbon
carborane [closo-CB1oH11]~ was also found to react in a
similar manner,!30 the icosahedral closo-(RC)2B1oH1o
cage has been opened by the reaction of a group 1 metal,
in the presence and absence of catalysts, to give the
corresponding nido-carboranes.!31:132 The group 2 ele-
ment Mg was also found to react with closo-1,2-CoB1oH1s
in the presence of catalytic amounts of 1,2-dibromoet-
hane.!33 In addition, Xie and co-workers have reported
the uncatalyzed reduction of Na[1-(MexC(CsHs)-closo-
1,2-CsB1oH11] by Na metal to form the ansa ligand Nas-
[1-(MeoC(CsHs)-nido-1,2-CoB1oHi11], in which a Cp~ group
is tethered to a dianionic nido-C2B19Hi; moiety via an
MesC bridge; metal complexes of this ligand were also
described.’3* In all of the reductive cage-opening pro-
cesses, the resulting nido-carborane products have a
“carbons apart” geometry where the two cage carbons
are separated by at least one boron atom on the open
faces of the carboranes. When the two cage carbons are
bridged, by either an organic group or a metal complex,
cage reduction produced the “carbons adjacent” nido-
Cs9B1p cage, which seem to be susceptible to further
reduction to give the respective arachno-carboranes.!3®

In comparison to the large number of catalyzed and
uncatalyzed approaches to reduction/opening processes
that have been described for the large-cage closo-
carboranes, the methods applicable to the small CsB4

(129) (a) Spencer, dJ. L.; Green, M.; Stone, F. G. A. J. Chem. Soc.,
Chem. Commun. 1972, 1178—1179. (b) Green, M.; Spencer, J. L.; Stone,
F. G. A.; Welch, A. J. J. Chem. Soc., Dalton Trans. 1975, 179—184. (c¢)
Green, M.; Spencer, J. L.; Stone, F. G. A. J. Chem. Soc., Dalton Trans.
1979, 1679—-1686.

(130) Carroll, W. E.; Green, M.; Stone, F. G. A.; Welch, A. J. J. Chem.
Soc., Dalton Trans. 1975, 2263—2270.

(131) (a) Dunks, G. B.; McKown, M. M.; Hawthorne, M. F. J. Am.
Chem. Soc. 1971, 93, 2541—-2543. (b) Getman, T. D.; Knobler, C. B;
Hawthorne, M. F. J. Am. Chem. Soc. 1990, 112, 4593—4594.

(132) (a) Wilson, N. M. M.; Ellis, D.; Boyd, A. S. F.; Giles, B. T.;
MacGregor, S. A.; Rosair, G. M.; Welch, A. J. Chem. Commun. 2002,
464—465. (b) Xie, Z.; Yan, C.; Yang, Q.; Mak, T. C. W. Angew. Chem.,
Int. Ed. 1999, 38, 1761—1763. (¢) Chui, K.; Li, H.-W; Xie, Z. Organo-
metallics 2000, 19, 5447—5453. (d) Zi, G.; Li, H.-W.; Xie, Z. Chem.
Commun. 2001, 1110—1111.

(133) Vinas, C.; Barbera, G.; Teixidor, F. J. Organomet. Chem. 2002,
642, 16—19.

(134) Chui, K.; Yang, Q.; Mak, T. C. W.; Xie, Z. Organometallics
2000, 79, 1391—1401.

(135) (a) Zi, G.; Li, H.-W.; Xie, Z. Organometallics 2001, 20, 3836—
3838. (b) Wang, Y.; Wang, H.; Li, H.-W.; Xie, Z. Organometallics 2002,
21, 3311-3313. (¢) Zi, G.; Li, H.-W.; Xie, Z. Organometallics 2002, 21,
3464—3470.
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cage system are quite limited. Although there have been
some very interesting, but isolated, reports of the
reductive cage openings of closo-CoB4Hg by Lewis bases,
such as (CH3)3N, 136 and low-valent metal compounds,37
the only general, high-yield method of transforming
either closo-1,6-(CR):B4sHs (R = H or a cage carbon
substituent) or its 1,2-isomer to the corresponding [nido-
2,4-(CR)2B4H4]?~ species is by naphthalene-catalyzed
group 1 metal reduction.®3? The use of naphthalene in
the traditional two-electron reductive cage-opening
reactions has several disadvantages. It introduces an
additional reagent that must be removed from the
reaction mixture before the nido-carborane products can
be reacted further. In addition, naphthalene also has a
tendency to cocrystallize with any product or to substi-
tute for a terminal B—H hydrogen, which often inter-
feres with the reactivity of these dianionic ligands. The
inability of the closo-C3B4 carboranes to undergo two-
electron reduction in the absence of naphthalene led
to the question of whether such carborane cages
could be reductively opened and simultaneously meta-
lated by an in situ generation of activated metal
atoms, similar to that reported for the larger closo-
(CR)2B19H1(.129:180,134,135,138 Thig possibility was tested
by the reaction of anhydrous ErCls with 4 equiv of
freshly cut potassium metal, under reflux conditions in
THF, followed by direct addition of the closo-carborane
1,2-(SiMes)s-1,2-CoB4H4 to produce the “carbons apart”
erbacarborane sandwich 2,2',4,4'-(SiMes)4-3,6'-[(u-H)o K-
(THF)q]-1,1'-commo-Er(1°-2,4-CoB4Hy)s in 82% yield (see
Scheme 10).1140 Tt is of interest to note that under
equivalent conditions neither one of the metals alone
reacted with the closo-carborane, nor did a reaction
mixture of K and ErCls in a 3:1 molar ratio; in both
cases the closo-carborane precursor was recovered un-
changed. The sequence is also important; if the carbo-
rane, ErCls, and K are mixed in a 2:1:4 molar ratio as
in eq 2, a mixture is obtained in which the products are

ErCl, + 4K + 2 closo-(CSiMe,),B,H, —
[K(THF),]Er(CSiMe,),B,H,, + 3KCI (2)

inseparable, and product analysis was not possible. The
net reaction in Scheme 10 and given in eq 2 is the same
as that for the naphthalene-catalyzed reduction of the
closo-carborane, followed by isolation and purification
of the K salt of the corresponding dianion and then its
reaction with ErCls; this is the normal synthetic route.!142
Therefore, the same driving forces are at work in both
methods. Viewed from this perspective, the method
outlined in Scheme 10 just substitutes Er3* for naph-
thalene as an electron-transfer agent. The fact that the
reaction of closo-carborane with the 1:3 molar mixture
of ErCl; and K produced no lanthanacarborane shows
that even finely divided (atomic) Er metal is not a strong
enough reducing agent to bring about the reaction. The
reaction shown in Scheme 10 seems to be an unprec-
edented example of a new two-electron reductive cage
opening process in which the capping metal acts as the

(136) Lockman, B.; Onak, T. P. J. Am. Chem. Soc. 1972, 94, 7923—
7924.
(137) Miller, V. R.; Sneddon, L. G.; Beer, D. C.; Grimes, R. N. J.
Am. Chem. Soc. 1974, 96, 33090—3098.
(138) Chui, K.; Yang, Q.; Mak, T. C. W.; Lam, W.-H.; Lin, Z.; Xie, Z.
J. Am. Chem. Soc. 2000, 122, 5758—5764.
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Scheme 10. One-Pot, Two-Electron Reductive Cage Opening with Concomitant Metalation

Scheme 11. Synthesis of Lanthanacarboranes of Mixed Open-Pentadienyl and Carborane Ligands
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electron-transfer catalyst. Since there is nothing unique
about Er, the method should prove to be a general route
to the formation of a number of diverse metallacarbo-
ranes in the sub-icosahedral cage systems. However,
this remains to be demonstrated.

In addition to the well-studied cyclopentadienyl ligand,
there is another s-electron donor, the open pentadienyl
ligand R7C5 (R = H or an alkyl derivative). A number
of so-called “open metallocenes” where the pentadienyl
group replaces one or more cyclopentadienyl ligands
have been synthesized and characterized.!3® The pen-
tadienyls have been shown to be similar to their cyclic
analogues in some respects but possess a unique chem-
istry that has led to a number of unusual compounds,
such as the metallabenzenes and their 7 complexes.140:141
While both the metal—pentadienyls and the metallac-
arboranes have often been compared to the metal-
locenes, there is only one report of combining open-
metallocene and metallacarborane chemistry. This
involved the syntheses and structural determinations
of two open-sandwich lanthanacarboranes, [(°-2,4-

(139) (a) Ernst, R. D. Acc. Chem. Res. 1985, 18, 56—62. (b) Ernst,
R. D. Chem. Rev. 1988, 88, 1255—1291. (c) Clemente, M. E. N.;
Saavedra, P. J.; Vasquez, M. C.; Paz-Sandoval, M. A.; Arif, A. M.; Ernst,
R. D. Organometallics 2002, 21, 592—605. (d) Kulsomphob, V.; Arif,
A. M.; Ernst, R. D. Organometallics 2002, 21, 3182—3188. (e) Kohler,
F. H.; Molle, R.; Strauss, W.; Weber, B.; Gedridge, R. W.; Basta, R.;
Trakarnpruk, W.; Tomaszewski, R.; Arif, A. M.; Ernst, R. D. Organo-
metallics 2003, 22, 1923—1930.

(140) Bleeke, J. R. Chem. Rev. 2001, 101, 1205—1227.

(141) Effertz, U.; Englert, U.; Podewils, F.; Salzer, A.; Wagner, T.;
Kaupp, M. Organometallics 2003, 22, 264—274.

(Me)ZC5H5)(n5-2,3-(Me381)2-2,3-02B4H4)Ln]2 (Ln = Tb,
Er). The compounds were synthesized in a two-step
process, as outlined in Scheme 11.142 The tris(pentadi-
enyl)lanthanide complex was first synthesized by the
reaction of a 3:1 molar ratio of K[2,4-(Me):CsHs] and
LnCls (Ln = Tb, Er) in THF following the published
procedures.!4314¢ The Ln(2,4-(Me)2CsHs)s compounds
were then treated immediately with 2,3-(SiMegs)2-nido-
2,3-C9B4Hg in a 1:1 molar ratio in toluene to give [(°-
2,4—(Me)ZC5H5)(175—2,3—(Me38i)2—2,3—CQB4H4)Ln]2 (Ln =
Tb, Er) dimers, in yields of 76 and 82%, respectively.
The pentadienyl group can potentially act as an !-, 53-
or 1%-bonding ligand. The crystal structures show that
each compound crystallizes as [(75-2,4-(Me)2CsHs)(35-
2,3-(Me3Si)e-2,3-CoB4Hy)Lin]e (Ln = Tb (see Figure 21),
Er), a dimer in which a planar pentadienyl ligand and
a carborane ligand are r®-bonded to a metal atom. In
addition, each carborane is 72-bonded to the neighboring
metal in the dimer.1*2 The synthesis outlined in Scheme
11 is based on the acidity of the bridged hydrogens in
nido-2,3-(SiMes)q2-2,3-CoB4Hg being higher than that of
the methylene hydrogens on the neutral pentadiene, 2,4-
(Me)2CsHg. The “diprotic” nido-2,3-(SiMes)s-2,3-CoB4Hg
removes two [2,4-(Me)2CsH;] ™ ligands by protonation on
the tris(pentadienyl)lanthanide, leading to the mixed-

(142) Li, A.; Wang, J.; Zheng, C.; Maguire, J. A.; Hosmane, N. S.
Organometallics 2004, 23, 3091—3093.

(143) Ernst, R. D.; Cymbaluk, T. H. Organometallics 1982, 1, 708—
713.

(144) Zhang, S.; Zhuang, X.; Zhang, J.; Chen, W.; Liu, J. J.
Organomet. Chem. 1999, 584, 135—139.
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Figure 21. Crystal structure of the dimeric terbacarbo-
ranes derived from mixed open-pentadienyl and carborane
ligands.

ligand products. Since the metal plays somewhat of a
passive role, it should be possible to expand the scope
of these reactions to other metal—pentadienyl systems
and nido-carboranes.

IV. Metallacarboranes of Main-Group Elements

As pointed out in the Introduction to this review, the
structure and chemistry of the main-group metallacar-
boranes have been the subject of a number of recent
extensive reviews, including several dated 2002,5145 and
a brief reference to the latest work in the area has also
been made.!*8 Therefore, just an overview of the most
recent results will be presented. For convenience, the
discussion will be in increasing order of group number.

A. Complexes of Group 1 Elements. The group 1
metallacarboranes are probably the most synthesized
and the least thought about of the metallacarboranes;
they are commonly used as precursors for other, “more
interesting”, compounds. The most used synthetic route
to metallacarboranes is through the reactions of open-
faced carborane anions with metal reagents, usually
metal halides. This procedure was used in the syntheses
of the initially reported metallacarboranes having the
general formula 3,1,2-M(CR)2;BgHg (M = metal moiety;
R = H or an alkyl group).”63268 The carborane fragments
were synthesized by an initial degradation of closo-1,2-
(CR)2B10H1¢ by alcoholic KOH, to produce the monoan-
ions [(3),1,2-(CR)2BgH1¢]~, which were assumed to be
nido-carboranes having a single bridged hydrogen. The
bridged hydrogen was then removed by the reaction
with NaH, to give the dianionic ligands nido-[(3),1,2-
(CR)2BgHy]?~. Since equivalent results were obtained
with different alkali metals or when tetralkylammo-
nium cations were used,®® the alkali metals were as-
sumed to be innocent spectator ions. The situation in
the smaller CsB4 cage system is not so straightforward.
The dianionic ligands of the type nido-[2,3-(CR):B4H4]%~
should normally be made by removing the two bridging
hydrogens from the corresponding nido-2,3-(CR)2B4Hsg.

(145) Rana, G.; Vyakaranam, K.; Maguire, J. A.; Hosmane, N. S.
Proc. Indian Natl. Sci. Acad. 2002, 68A, 509—577.

(146) (a) Hosmane, N. S. Pure Appl. Chem. 2003, 75, 1219—1229.
(b) Hosmane, N. S. In Boron Chemistry at the beginning of the 21st
Century; Bubnov, Yu. N., Ed.; URSS: Moscow, 2003; pp 157—167. (c)
Hosmane, N. S.; Maguire, J. A. Eur. J. Inorg. Chem. 2003, 2003, 3989—
3999.
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Onak and Dunks found that the reaction of nido-2,3-
CyB4Hg with the strong base NaH produced the mono-
sodium compound, according to eq 3.4 The most inter-

. THF
nido-C,B,Hg + excess NaH — -~

Nalnido-C,B,H,] + H, (3)

esting aspect of this reaction is its stoichiometry; the
monoanion is the exclusive product formed, even in the
presence of excess NaH and at elevated temperatures.
Grimes and co-workers studied the kinetics of this
deprotonation reaction with various substituted carbo-
ranes of the type nido-2,3-R,R'-CoB4Hg (where R = alkyl,
arylmethyl, phenyl; R' = R, H), using both NaH and
KH in THF (C4Hg0).147 Their results were consistent
with a mechanism involving a direct reaction of the
carborane with a hydride site on the solid MH base. As
was found for the unsubstituted carboranes, only a
single bridging hydrogen was removed in these hetero-
geneous reactions. This lack of reactivity of the monoan-
ion toward the metal hydride bases was somewhat
surprising, in view of the fact that the monoanions react
readily with bases such as n-Buli to give mixed Na/Li
salts. These mixed salts have proved to be useful
synthons in the preparation of a number of heterocar-
boranes (vide infra).!*® A possible explanation of the
reaction preference of the monoanions was provided by
the crystal structure of the sodium salt of the trimeth-
ylsilyl-substituted carborane monoanion [2,3-(SiMes)s-
2,3-CoB4H5]~.149 The solid-state structure is that of an
extended network of dimeric (C4HgONa™)s[2,3-(SiMes)s-
2,3-CoB4H57 ]2 clusters that are layered symmetrically
on top of one another. The remaining bridge hydrogen
on each carborane cage in the dimer is well shielded by
the surrounding groups. In much the same way, the
reaction of nido-2,3-(SiMes)2-2,3-CoBsHg with NaH in
tetramethylethylenediamine (TMEDA) resulted in the
exclusive formation of the monosodium salt, which
crystallized as a [(TMEDA)Na']3[2,3-(SiMe3)s-2,3-
C2B4H57 ]2 dimer (see Figure 22).%" It was argued that
the monosodium carboranes would exist in THF or
TMEDA solutions as intimate ion-pair clusters, with
structures similar to those shown in Figure 22, and that
the steric shielding of the bridging hydrogens (H(34))
in such clusters would effectively prevent reaction of the
monoanion with a surface H™ site on the solid NaH.
Support for this argument was furnished by the syn-
thesis of the more extensively solvated nido-exo-4,5-[(u-
H)eNa(TMEDA)s-2-(SiMe3)-3-Me-2,3-C2B4H5], in which
the [Na(TMEDA).]* does not act as a capping group but
is exo-polyhedrally bound, leaving the bridge hydrogen
unprotected.’® It was found that this less sterically
protected bridge hydrogen could easily be removed by
NaH, to give the corresponding disodium compound.150
The bridge hydrogen in the highly solvated [Li-
(TMEDA)>*][nido-2,3-(SiMes)2-2,3-CoB4Hs~] was also
found to be unprotected and to react readily with NaH

(147) Fessler, M. E.; Whelan, T.; Spencer, J. T.; Grimes, R. N. <.
Am. Chem. Soc. 1987, 109, 7416.

(148) Siriwardane, U.; Islam, M. S.; West, T. A.; Hosmane, N. S.;
Maguire, J. A.; Cowley, A. H. J. Am. Chem. Soc. 1987, 109, 4600.

(149) Hosmane, N. S.; Siriwardane, U.; Zhang, G.; Zhu, H.; Maguire,
J. A. J. Chem. Soc., Chem. Commun. 1989, 1128.

(150) Hosmane, N. S.; Jia, L.; Wang, Y.; Saxena, A. K.; Zhang, H.;
Maguire, J. A. Organometallics 1994, 13, 4113.
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Figure 22. Crystal structure of the dimeric form of 1-Na-
(THF)-2,3-(SiM63)2-2,3-CzB4H5.

to give the corresponding Na/Li carborane.>! Therefore,
the stoichiometry of eq 3 seems to be dictated more by
the heterogeneous nature of the reaction and steric
factors than by the acidities of the monoanions.

The structures of several of the dianionic group 1 half-
sandwich carboranes have been determined.®:63b:65.152 Ty
these bimetallic compounds the two metal ions occupy
nonequivalent positions in the cluster: one is exo-
polyhedrally bound to two adjacent borons on the C2B3
face of the carborane, while the other occupies the apical
position above the bonding face. The results show that
the metal replacing the first removed bridging hydrogen
occupies the apical position. It is of interest to note that
while the neutral and monoanionic compounds of the
“carbons adjacent” nido-carboranes were the first ones
synthesized, with further deprotonation being reported
some 25 years later, the opposite is true for the “carbons
apart” carboranes; the bimetalated nido-carborane di-
anions are the ones produced directly from the cage-
opening reactions of closo-CoB4 carboranes. Careful
reaction of the disodium compound of the “carbons
apart” carborane dianion with anhydrous HCI results
in the protonation of the two adjacent borons to give a
monosodium compound, whose overall geometry is
similar to that shown in Figure 22; attempts at more
extensive protonation lead to the decomposition of the
carborane.152

Slow sublimation of the TMEDA-solvated mono-
lithium carborane complex produced the full-sandwich
lithiacarborane complex [Li(TMEDA)s][commo-1,1"-Li-
{2,3-(SiMe3)2-2,3-CoB4Hs} o], as a transparent crystalline
solid.1?3 The exact nature of the subliming species is not
known. Since alkyllithiums have been shown to be
sublimable, the monolithium compound could be the
subliming species, which then disproportionates to give
the ionic full-sandwich lithiacarborane complex. The
spectroscopic data of this compound are consistent with
its solid-state structure, shown in Figure 23.1%3 The
distances from lithium to the ring centroids in the

(151) Wang, Y.; Zhang, H.; Maguire, J. A.; Hosmane, N. S. Orga-
nometallics 1993, 12, 3781.

(152) Ezhova, M. B.; Zhang, H.; Maguire, J. A.; Hosmane, N. S. /.
Organomet. Chem. 1998, 550, 409.

(153) Hosmane, N. S.; Yang, J.; Zhang, H.; Maguire, J. A. J. Am.
Chem. Soc. 1996, 118, 5150.
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Figure 23. Crystal structure of the full-sandwich lithi-
acarborane complex [Li(TMEDA)s][commo-1,1'-Li{2,3-
(SiMe3)s-2,3-CoB4Hs} 5].

complex (2.047 and 2.071 A) are longer than the value
of 1.906 A found in the half-sandwich dilithiacarborane®
but are comparable to the corresponding metal—centroid
distance of 2.008 A found in the [Cpoli]~ sandwich
complex.1* The sensitivity of the metal-to-ligand dis-
tance to the ligand charge is consistent with a predomi-
nantly ionic interaction between the group 1 metal and
the carborane cages. So far, only the lithium was found
to form such sandwich compounds.

The tetracarbon carborane nido-2,4,6,12-(SiMes)s-
2,4,6,12-C4BsHg was found to react with the group 1
metals Li, Na, K, and Cs, in a two-step process.1?> The
first step produced a paramagnetic intermediate which
reacted slowly with another 1 equiv of metal to form a
diamagnetic dianion, [(SiMes),CBgHg]2~. For all metals
except Cs, the dianion picked up a proton to form
[(THF):M][(SiMe3)sC4BgHol, in which the solvated group
1 metal was well removed from the cage.1®® With Cs,
protonation of the carborane dianion did not occur;
instead, a polymeric [exo-Cs(TMEDA)-1-Cs-(SiMes)4-
C4BgHsl,, was obtained. The structure of the dicesiacar-
borane, which is given in Figure 24, shows that one Cs
occupies an apical position above an open six-membered
CsB; face and also bonds to a Bs face of a neighboring
carborane. The net effect is a staggered —C4Bg—Cs—
C4Bg—Cs— polymeric structure. The second Cs is not
part of the chain but is attached to each cage through
upper and lower belt Cs—H—E bonds (E = B, C).

B. Complexes of Group 2 Elements. Although the
organometallic chemistry of group 2 elements has

(154) Harder, S.; Prosenc, M. H. Angew. Chem., Int. Ed. Engl. 1994,
33, 1744.

(155) (a) Hosmane, N. S.; Zhang, H.; Wang, Y.; Lu, K.-J.; Thomas,
C. d.; Ezhova, M. B.; Helfert, S. C.; Collins, J. D.; Maguire, J. A.; Gray,
T. G. Organometallics 1996, 15, 2425. (b) Hosmane, N. S.; Demissie,
T.; Zhang, H.; Maguire, J. A.; Lipscomb, W. N.; Baumann, F.; Kaim,
W. Organometallics 1998, 17, 293. (c) Hosmane, N. S.; Zhang, H.;
Maguire, J. A.; Wang, Y.; Demissie, T.; Thomas, C. J.; Ezhova, M. B;
Lu, K.-J.; Zhu, D.; Gray, T. G.; Helfert, S. C.; Hosmane, S. N.; Collins,
J. D.; Baumann, F.; Kaim, W.; Lipscomb, W. N. Organometallics 2000,
19, 497.
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Figure 24. Crystal structure of [exo-Cs(TMEDA)-1-Cs-
(SiMej3)4C4BsHsgl,,. For clarity, all H atoms and the SiMe;
groups are omitted.

received special attention in recent years and a large
number of novel cyclopentadienyl complexes have been
synthesized and crystallographically characterized,156
structural reports on the metallacarborane complexes
of group 2 elements are limited. Over 35 years ago, the
first group 2 metallacarborane, the beryllacarborane
(CH3)sNBeCsBgH11, was synthesized from the reaction
of a benzene solution of (3)-1,2-CoBgH;3 with a diethyl
ether solution of dimethylberyllium and isolated as its
trimethylamine adduct.'%158 Although the structure of
this compound could not be obtained, NMR spectroscopy
suggested the closo geometry. It was only in 1990 that
the studies of the group 2 metallacarboranes were
extended to the syntheses and structural characteriza-
tions of the calca- and strontacarboranes closo-1,1,1,1-
(MeCN)4-1,2,4-CaCoB1oH12 and [closo-1,1,1-(MeCN)s-
1,2,4-SrCoB1oH12l,,.17%16% These complexes formed readily
from the reaction of the corresponding metal iodides
with Nag[nido-7,9-CeB1oH12]. The crystal structure
showed that in closo-1,1,1,1-(MeCN);-1,2,4-CaCoB1oH1s
the calcium ion, solvated by four acetonitrile molecules,
was coordinated above the hexagonal CoB4 face of the
carborane.!5® While the calcium complex is essentially
monomeric, the structure of the corresponding stron-
tacarborane is more complex.1%0 This species crystallizes
as a polymeric spiral chain, in which a Sr(MeCN)3 group
resides above the CyB4 open face of the carborane, in a
manner similar to that found in the calcacarborane.
However, each Sr is also bonded to a neighboring

(156) (a) Lindsell, W. E. In Comprehensive Organometallic Chem-
istry; Wilkinson, G., Stone, F. G. A., Abel, E. W., Eds.; Pergamon:
Oxford, U.K., 1982; Vol. 1, Chapter 4.2. (b) Hanusa, T. P. Polyhedron
1990, 9, 1345. (c) Hanusa, T. P. Chem. Rev. 1993, 93, 1023. (d) Raston,
C. L.; Salem. G. In Chemistry of the Metal Carbon Bond; Hartley, F.
R., Ed.; Wiley: Chichester, U.K., 1987; Vol. IV, Chapter 2.

(157) Popp, G.; Hawthorne, M. F. J. Am. Chem. Soc. 1968, 90, 6553.

(158) Popp, G.; Hawthorne, M. F. Inorg. Chem. 1971, 10, 391.

(159) Khattar, R.; Knobler, C. B.; Hawthorne, M. F. J. Am. Chem.
Soc. 1990, 112, 4962.

(160) Khattar, R.; Knobler, C. B.; Hawthorne, M. F. Inorg. Chem.
1990, 29, 2191.
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Figure 25. Crystal structure of (THF).Mg(SiMe3),C4BgHs.

CsB19H12 cage through two Sr—H—X bonds, where X is
one of the cage carbons on the upper tier six-membered
ring and a boron on the lower pentagonal ring. It is
unusual to find cage carbon atoms involved in such
bridges, even though such an example is known in the
lanthanacarborane system.16!

The barium—carborane complex is known only in the
small-cage system. The baracarborane 1-[Ba(THF)(4,5-
(,u-H)2-2,3-(SiMe3)2-C2B4H5)] -2,3-(SiMe3)202B4H5 was syn-
thesized in almost quantitative yield by the reaction of
tetrakis(tetrahydrofuran)barium tetrakis[tris(trimeth-
ylsilylmethyl)zincate] with 2,3-bis(trimethylsilyl)-2,3-
dicarba-nido-hexaborane in THF.162 The crystal struc-
ture is that of a [(THF).Ba(2,3-(SiMe3)2-2,3-CoBsHs5)s]o
dimer in which the THF-solvated barium is coordinated
above the C9B3 face of one carborane and is bonded to
another by two Ba—H—B bonds. The two baracarbo-
ranes are held in the dimer by Ba—H—B bonds to the
apical borons of each of the former carborane ligands.

In the C2B4 cage system both the half-sandwich and
full-sandwich magnesacarboranes closo-1-Mg(TMEDA)-
2,3-(SiMes)s-2,3-CoB4H,4 and {commo-1,1'-Mg[2,3-(SiMegs)z-
2,3-CoB4Hylo} 2~ have been synthesized and structurally
characterized.'®® The structure of the half-sandwich
compound is that of a dimeric [closo-1-Mg(TMEDA)-2,3-
(SiMe3)2-2,3-C2B4H4]2 unit in which the solvated Mg
atoms occupy apical positions above the C9Bs3 face of the
carborane and are also bonded to the unique borons of
the adjacent carborane cages by single Mg—H-B
bridges.!%* The carboranes are 7°-bonded to the Mg in
the full sandwich complex, in a structure similar to that
shown in Figure 13. The magnesium complex of the
tetracarbon carborane (THF);Mg(SiMes)sC4BsHg has
been prepared and structurally characterized.!?>2 The
structure, shown in Figure 25, is a rather complex one
that can be thought of as being composed of an electron-
precise three-coordinate boron atom (B(13)), a four-

(161) Manning, M. J.; Knobler, C. B.; Hawthorne, M. F. J. Am.
Chem. Soc. 1988, 110, 4458.

(162) Westerhausen, M.; Giickel, C.; Schneiderbauer, S.; Noth, H.;
Hosmane, N. S. Angew. Chem., Int. Ed. 2001, 40, 1902.

(163) Hosmane, N. S.; Zhu, D.; McDonald, J. E.; Zhang, H.; Maguire,
J. A.; Gray, T. G.; Helfert, S. C. J. Am. Chem. Soc. 1995, 117, 12362.

(164) When referring to the different borons on the pentagonal faces
of nido-carboranes in the C3B4 and C3By cage systems, the B atom that
resides in the mirror plane of the CyB; face is sometimes called the
unique boron, while those off this plane are the basal borons.
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coordinate carbon atom (C(14)), a (THF):Mg unit, and
an electron-deficient fragment. In this way the com-
pound is interesting in that it is one of the few examples
of a cluster that contains both electron-precise and
electron-deficient molecular units. It is not known
whether this magnesacarborane is an isolated example
or the first of a series of structurally new metallacar-
boranes.

A half-sandwich “carbons apart” magnesacarborane,
closo-1-Mg(THF)3-2,4-(SiMes)2-2,4-CoB4Hy4, has been re-
ported. It was synthesized by the reaction of MeMgBr
with the corresponding sodium-complexed monoanionic
carborane precursor nido-1-Na(THF)s-2,4-(SiMes)s-2,4-
C2B4H; in THF.165 The single-crystal X-ray diffraction
analysis showed it to have a closo structure in which a
THF-solvated Mg occupies the apical position above the
bonding face of the carborane cage.1%°

C. Complexes of Group 13 Elements. There have
been reports on the syntheses, structures, and reactivi-
ties of the metallacarboranes involving all the group 13
metals.1% The insertion of aluminum into a carborane
cage was first reported in 1968 by Mikhailov and
Potapova from the reaction of ethylaluminum dichloride
with (3)-1,2-dicarbollide ion, as shown in eq 4; unfor-

THF

(3)-1,2-C,BgH,," + EtAICl, —
2C1~ + C,B,H,,AlEt-2THF (4)

tunately, the product was not structurally character-
ized.187 Soon after this report, detailed studies of the
syntheses and structures of the aluminacarboranes,
derived from the reaction of (3)-1,2-CoBgH13 with tri-
alkylaluminums, RsAl (R = Me, Et), were carried
out.168.169 The reactions were found to go through two
distinct steps, the first being the formation of a bridged
compound, 7,8-u-Al(R)2-1,2-CoBgH;9, which, on being
heated, eliminated an RH molecule to produce the half-
sandwich  aluminacarborane closo-3-Al(R)-1,2-
CyBoH, ;. 170171

Two examples of full-sandwich aluminacarboranes
have also been reported.17%173 In the presence of CO(g),
closo-3-Al(Et)-1,2-CoBgH1; was found to decompose to
give a zwitterionic aluminacarborane in which one Al
was sandwiched between two dicarbollide ligands, while
the second Al was involved in an exo-polyhedral Al(Et)s
group which was attached to the sandwich through two
Al-H-B bridges.!”? On the other hand, the reaction of
a number of different aluminum alkyl reagents with the
thallacarborane precursor Tlg[7,8-CoBgH;11] produced the
isolated aluminacarborane sandwich [commo-3,3'-Al-

(165) Zheng, C.; Wang, J. Q.; Maguire, J. A.; Hosmane, N. S. Main
Group Met. Chem. 1999, 22, 361.

(166) For obvious reasons, only those elements below boron in group
13 and those below carbon in group 14 will be discussed.

(167) Mikhailov, B. M.; Potapova, T. V. Izv. Akad. Nauk SSSR, Ser.
Khim. 1968, 5, 1153.

(168) Young, D. A. T.; Willey, G. R.; Hawthorne, M. F.; Churchill,
M. R.; Reis, A. H., Jr. J. Am. Chem. Soc. 1970, 92, 6664.

(169) Young, D. A. T.; Wiersema, R. J.; Hawthorne, M. F. J. Am.
Chem. Soc. 1971, 93, 5687.

(170) Churchill, M. R.; Reis, A. H., Jr. J. Chem. Soc., Dalton Trans.
1972, 1317.

(171) Churchill, M. R.; Reis, A. H., Jr.; Young, D. A.; Willey, G. R;
Hawthorne, M. F. J. Chem. Soc., Chem. Commun. 1971, 298.

(172) Rees, W. S., Jr.; Schubert, D. M.; Knobler, C. B.; Hawthorne,
M. F. J. Am. Chem. Soc. 1986, 108, 5367.

(173) Bandman, M. A.; Knobler, C. B.; Hawthorne, M. F. Inorg.
Chem. 1988, 27, 2399.
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(3,1,2-A1C2BgH11)2] ™ as its T1* salt.l”® The geometries
of the full-sandwich aluminacarboranes were quite
regular; the Al atoms were found to be symmetrically
bonded to the planar CyB3 faces of the carboranes, and
the two metal-bonding carborane faces were essentially
parallel and oriented directly opposite to one
another.1797174 The aluminum-—carborane atom dis-
tances found in the zwitterionic and T1* aluminacarbo-
ranes are essentially the same, indicating that the
bridging aluminum group does not materially perturb
the internal bonding of the commo complexes. The
aluminum atoms in the closo-aluminacarboranes were
also found to be symmetrically bonded to the cage. The
capping metals act as Lewis acid centers and formed
donor—acceptor complexes with Lewis bases.17175 Ad-
duct formation leads to a decrease in the hapticity of
the carborane, from 75 to #° (or n'). Extreme slip
distortions of the capping metal on complexation with
a base is a common observation in main-group metal-
lacarborane chemistry. In addition to having interesting
structures, the closo-aluminacarboranes have been found
to be versatile dicarbollyl transfer reagents in the
syntheses of other metallacarboranes.!76

There are much fewer data on the aluminacarboranes
in the C9B4 cage system. The synthesis of the smaller
cage aluminacarborane was first reported by Grimes
and co-workers as part of an extended study of the
reactions of M[2,3-CoB4H7] (M = Na, Li) with a series
of organometallic reagents of Al, Ga, Rh, Au, and Hg.17"
The reaction of the carborane monoanion with (CHs)s-
AlC1 produced a highly unstable liquid that was de-
scribed as the bridged aluminacarborane [(CHgs)oAl]-
CyB4H;. When the bridged compound was pyrolyzed in
the gas phase at 100 °C, small amounts of a more
volatile compound were produced. Although structural
verification of this product was not possible, the infrared
and mass spectra of this new product were consistent
with the formula closo-1,2,3-A1CoB4Hg.177 Sneddon and
Beck were able to synthesize better characterizable
aluminacarboranes from the reaction of nido-2,3-(Et)s-
2,3-CoB4Hg with EtsN and AlH3.178 The initial formation
of a bridged complex, 4,5-u-AlHy;NEts-2,3-EtoCoB4Hs,
and its subsequent thermal decomposition to the seven-
vertex aluminacarborane 6-AIHNEt;-3,4-EtoCoB,H, were
consistent with the earlier work of Grimes.1”” However,
further pyrolysis at higher temperatures produced the
novel complex commo-AINEts-[(6-AINEts-3,4-EtoCoB4Hy)-
(4',5'-u-AINEts-2',3'-Et2CoB4H5)], which had no prece-
dent in earlier work. To date, there have been no
reported X-ray crystal structures on any of the small-
cage aluminacarboranes.

Several aluminacarboranes derived from CsBgHg and
CyBgHjo cage systems have also been reported. The
complex [u-6,9-AlEt(OEty)-6,9-CoBsH 1] was prepared by
the equimolar reaction of Na[5,6-CoBgH;11] with diethyl-
aluminum chloride—diethyl etherate in refluxing tolu-

(174) (a) Schubert, D. M.; Bandman, M. A.; Rees, W. S., Jr.; Knobler,
C. B,; Lu, P.; Nam, W.; Hawthorne, M. F. Organometallics 1990, 9,
2046. (b) Bandman, M. A.; Knobler, C. B.; Hawthorne, M. F. Inorg.
Chem. 1989, 28, 1204.

(175) Whenever the average value of a parameter is quoted, the
uncertainty given is the average deviation.

(176) Jutzi, P.; Galow, P. JJ. Organomet. Chem. 1987, 319, 139.

(177) Magee, C. P.; Sneddon, L. G.; Beer, D. C.; Grimes, R. N. /.
Organomet. Chem. 1975, 86, 159.

(178) Beck, J. S.; Sneddon, L. G. JJ. Am. Chem. Soc. 1988, 110, 3467.
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ene,!” while a 2-fold excess of the carborane yielded the
sandwich compound [Al(52-6,9-C2BgH1p)2] ~ as its sodium
salt.’®0 The structures of the two aluminacarboranes
show a tetrahedral arrangement around the Al atoms,
which are more strongly bonded to the two cage carbon
atoms of the carborane than to the boron atoms. In view
of the uneven bonding and the nonplanarity of the
carborane bonding faces, the aluminum atoms are best
described as participating in 2e—2c¢ bonds with es-
sentially sp3-hybridized cage carbons, giving a com-
pletely classical metal—carborane bonding interaction.
The reaction of Na[1,3-C2B7H1s]-OEty with EtsAICI was
found to produce an unusual bis(carboranyl)aluminum
complex, Na[Al(52-2,7-C2BgHg)o] 181

There are much more structural data available on the
heavier group 13 metallacarboranes, especially in the
smaller cage CoB4 system. The half-sandwich complexes
closo-1-CHs-1,2,3-MCyoBsHg (M = Ga, In) were synthe-
sized by Grimes and co-workers by the reaction of nido-
2,3-CeB4Hg with M(CHjs)s under pyrolytic conditions.182
The structure of the gallacarborane could be determined
by X-ray crystallography.182 The complex is a distorted-
pentagonal-bipyramidal cage, in which the Ga is bonded
above the CoBj3 face of the carborane but is slipped
toward the boron side of the face; the Ga—C(2,3) bond
distances are about 0.1 A greater than the Ga—B(4,5,6)
distances. Also, the gallium-bound CHjs group is not
oriented directly opposite the carborane ligand but is
tilted toward the cage carbons. An analysis using
extended Hiickel molecular orbital (EHMO) theory
explained these distortions by noting that slippage and
tilting would enhance bonding between the gallium
orbital that is radially directed toward the center of the
CyBy4 cage and the z-type carborane MO’s that are
localized more heavily on the boron side of the C2Bj
bonding face.'8 These same distortions were also present
in the trimethylsilyl-substituted gallacarborane closo-
1-(t-C4H9)-2,3-(SiM63)2-1,2,3-GaCQB4H4184 and the in-
dacarborane closo-1-(MesCH)-2,3-(SiMes)s-1,2,3-
InCyB4H4.185 The group 13 metals were found to act as
Lewis acid sites and formed complexes with a number
of Lewis bases, such as bipyridine (2,2'-C10HgN3) and
bipyrimidine (2,2'-CgHgN,).184186-188 Stryyctural studies
show that, on coordination with the base, the slip
distortion of the metal increases and the base is oriented
over the boron side of the CyBs bonding face. The
increased slip distortion observed on base complexation

(179) Schubert, D. M.; Knobler, C. B.; Rees, W. S., Jr.; Hawthorne,
M. F. Organometallics 1987, 6, 201.
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metallics 1987, 6, 1353.
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R. F.; Greene, P. T. J. Am. Chem. Soc. 1972, 94, 1865.
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3, 759.
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Mardones, M. A. Organometallics 1991, 10, 963.
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J. A.; Cowley, A. H.; Schluter, R. D. Organometallics 1994, 13, 979.

(187) Hosmane, N. S.; Zhang, H.; Lu, K.-J.; Maguire, J. A.; Cowley,
A. H.; Mardones, M. A. Struct. Chem. 1992, 3, 183.
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Figure 26. Crystal structure of the “carbons apart”
gallacarborane 1-(2,2'-CsHgNy)-1-(¢-C4Hy)-1-Ga-2,4-(SiMes)o-
2,4-CoB,Hy.

in the gallacarboranes has been explained using the
molecular orbital calculations.!®” The main base—gal-
lium bonding is through MO’s that result from the
interaction of the nitrogen “lone pair” bipyrimidine
orbital with the LUMO of the gallacarborane fragment.
The MO that involves antibonding interactions between
the gallium and the cage carbons that are opposite the
base is stabilized by movement of the metal away from
the carbon atoms. In addition, slippage of the metal
allows the base molecule to align itself more parallel to
the CoBs face of the carborane, which permits a stronger
interaction between the base and the gallacarborane
orbitals. These same factors have been shown to be
important in determining the extent of slip distortions
in the stannacarboranes and their base complexes!®®
and are probably responsible for the large slip distortion
found in the triethylphosphine—aluminacarborane com-
plex. When the gallacarborane to bipyrimidine molar
ratio was increased to 2:1, the bridged complex 1,1'-(2,2'-
CgHgNy)-[1-(¢-C4Hg)-Ga-2,3-(SiMe3)s-2,3-CoBHylo was
obtained in high yield.1¥* The two gallacarboranes
occupy trans positions across the bipyrimidine base, and
the local geometry around each base—metallacarborane
unit is that of a slip-distorted bipyridine—gallacarborane
complex.

There have been several donor—acceptor complexes
reported between the isomeric “carbons apart” gallac-
arboranes and bidentate and tridentate bases, to give
adducts of the type 1-(L)-1-(¢-C4Hy)-2,4-(SiMes)2-1,2,4-
GaC2B4H4 (L = 2,2’-08H6N4, 2,2'-010H8N2, and 2,2'26',2”-
C15H11N3).188 The structure of the complex where L =
2,2'-CgHgNy is shown in Figure 26; the bipyridine (L =
2,2'-C10HgN32) analogue is quite similar, while no struc-
ture for the terpyridine complex was reported.18® Just
as with the corresponding “carbons adjacent” complexes,
the structure shows that the base is coordinated to the
metal and that the metal group is slipped away from
the cage carbons. What is unusual is the extent of the
metal slippage. For example, in Figure 26, the slippage
is such that the gallium atom is directly above the B(5)—
B(6) bond so that the carborane participates in 72
bonding with the metal.!® Unfortunately, no structural
data are available on the uncomplexed “carbons apart”
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Figure 27. Crystal structure of the digallacarborane closo-
1-Ga [U-CZOSO- 1-Ga-2,4-(SiMe3)2-2,4-CgB4H4] -2,4-(SiM63)2-
2,4-CoB4H,.

gallacarborane; therefore, the exact extent to which base
bonding enhances, or causes, metal slippage cannot be
assessed. However, quantum-mechanical calculations!8?
along with the structure of the novel digallacarborane
closo-1-Galo-closo-1-Ga-2,4-(SiMes)s-2,4-CoB4Hy]-2,4-
(SiMes)s-2,4-CoB4Hy, shown in Figure 27,10 indicate
that the uncomplexed closo-gallacarborane is probably
only slightly slip distorted.

The digallane is of interest, in that the Ga—Ga single
bond is unusually short (2.340 A);' it is essentially the
same as the Ga—Ga distance of 2.343 A found in the
anion radical [Gag(2,4,6-t-BusCgHz)4]*~, where strong
evidence was found for the existence of Ga—Ga multiple
bonding.191

Much of the structural work on the half-sandwich
gallacarboranes, and their base complexes, has been
duplicated in the indacarboranes, with similar re-
sults.186.188 The same arguments used in rationalizing
the geometries of the gallacarboranes have been applied
to the corresponding indacarboranes. The observed
differences can be attributed to the fact that the metal—
carborane interactions in the indacarboranes are more
ionic than those found in the corresponding gallacar-
boranes.186

Much less information is available on the syntheses
and structures of the heavier group 13 metallacarbo-
ranes in the larger cage icosahedral system. The half-
sandwich gallacarborane 3-(CoHs)Ga-1,2-CoBgH11 has
been synthesized and spectroscopically characterized,6?
but no half-sandwich complexes having indium have
been reported in this system. Hawthorne and co-workers
have found that the reaction of the dicarbollide transfer
reagent Tl[closo-3,1,2-T1CsBgH11] with excess GaCls in
toluene gave exclusively the full-sandwich gallacarbo-
rane Tl[commo-3,3'-Ga(3,1,2-GaC2BgH11)2] in 55% yield. 174

(189) Maguire, J. A.; Ford, G. P.; Hosmane, N. S. Inorg. Chem. 1988,
27, 3354.

(190) Saxena, A. K.; Zhang, H.; Maguire, J. A.; Hosmane, N. S.;
Cowley, A. H. Angew. Chem., Int. Ed., Engl. 1995, 34, 332.

(191) He, X.; Bartlett, R. A.; Olmsted, M. M.; Senge, K. R.; Sturgen,
B. E.; Power, P. P. Angew. Chem., Int. Ed., Engl. 1993, 32, 717.
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The structure shows that a Gal is sandwiched between
two [CoBgH11]?2~ ligands and that the Ga is slightly
slipped toward the boron side of the C2Bs carborane
face.17®174 Tt is of interest to note the divergence of the
reaction products in the C3B4 and CeBg cage systems:
the former cage system contains only half-sandwich
complexes, while the latter system yields predominantly
the full-sandwich metallacarboranes. This is probably
due to the nature of the gallium reagent used in the
syntheses, rather than a difference in bonding prefer-
ences in the two cage systems. The half-sandwich
complexes were obtained from metal alkyl reagents,
such as Ga(CHs)s,!82 [(¢-C4Hg)GaClz]2,184 and (MeoCH)-
InI;,188 while the full-sandwich complex resulted when
GaCls was used as the gallium source.!” When GaCl;
is substituted for [(¢-C4Hg)GaCls]s in the reaction with
the dilithium complexed [2,n-(SiMes)2-2,n-CoB4H4]2~
dianion in a 1:2 stoichiometry in TMEDA, the full-
sandwich compound [commo-1,1"-Ga(2,n-(SiMes)s-1,2,n-
GaCyB4Hy)ol~ (n = 3, 4) was obtained, while the same
reaction in 1:1 toichiometry resulted, in high yields, in
the formation of a half-sandwich chlorogallacarborane,
closo-1-(TMEDA)-1-(Cl)-2,n-(SiMeg)2-1,2,n-GaCsBy-

H,4.192 The structures of the gallacarboranes show that
the gallium atoms are not equally bonded to the atoms
in the C9B3 faces of the carboranes but are slipped
toward the more boron-rich sides of the faces. The
distortions were much larger in the half-sandwich
complexes, such that the carboranes are better described
as being 7°- or n2-bonded to the apical gallium metal.192

The half-sandwich thallacarborane [3,1,2-TIl-
(CR)2BgHy]~ was first synthesized by Green and Stone
in 1972 by the reaction of thallium(I) acetate with an
aqueous alkaline solution of [(3)-1,2-(CR)2BgH;o] ~.1%3
The thallacarboranes, precipitated as their T1" salts,
were found to be both air and water stable and have
been used extensively as synthons in the production of
both transition-metal'®® and main-group'6:-174 metal-
lacarboranes. The structures of [3,1,2-TIC;BgH11] 7, as
its [PPhsMe] ™ 19¢ and [PPN]™ salts,195:196 and the com-
plex TI1[3,1,2-T1(CMe):ByHy] 19" have been reported. As
in the galla- and indacarboranes, the T1(I) occupies the
apical position above the CyBs bonding face but is
slipped toward the boron side of the ring. The large T1—
carborane distances, coupled with the ease of thallium
replacement, have been taken as an indication of
predominantly ionic metal—carborane bonding.

D. Complexes of Group 14 Elements. The carbo-
rane complexes of group 14 elements are the most
studied complexes among the main-group metallacar-
boranes, and their chemistry has been extensively
reviewed.?145,146,198 AJ] carboranes containing more than
one cage carbon atom can formally be thought of as

(192) Hosmane, N. S.; Lu, K.-J.; Zhang, H.; Maguire, J. A. Orga-
nometallics 1997, 16, 5163.

(193) Spencer, J. L.; Green, M.; Stone, F. G. A. J. Chem. Soc., Chem.
Commaun. 1972, 1178.

(194) (a) Colquhoun, H. M.; Greenhough, T. J.; Wallbridge, M. G.
H. J. Chem. Soc., Chem. Commun. 1977, 737. (b) Colquhoun, H. M.;
Greenhough, T. J.; Wallbridge, M. G. H. Acta Crystallogr. 1978, B34,
2373.

(195) Manning, M. J.; Knobler, C. B.; Hawthorne, M. F.; Do, Y. Inorg.
Chem. 1991, 30, 3589.

(196) [PPN]* = bis(triphenylphosphoranylidene)ammonium cation.

(197) Jutzi, P.; Wegener, D.; Hursthouse, M. B. Chem. Ber. 1991,
124, 295.

(198) Grimes, R. N. Rev. Silicon, Germanium, Tin, Lead Compd.
1977, 223.
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Figure 28. Crystal structure of commo-1,1'-Si[2,3-(SiMe3)s-
1,2,3-SiCeB,Hylo.

arising from a “cage expansion” of a less carbon rich
carborane. However, a more restricted definition will
be taken, so that this section will cover those hetero-
carboranes containing group 14 elements heavier than
carbon. Except for lead, examples are known where the
group 14 metals or metalloids are present in both their
+2 and +4 oxidation states; normally the +2 states are
found in the half-sandwich complexes, with the full-
sandwich complexes supporting the +4 states. Rudolph
and co-workers prepared the first group 14 metallacar-
boranes by treating 7,8-CoBgH112~ with MXs (M = Ge,
Sn, Pb).199:200 On, the basis of IR, NMR, and Méssbauer
spectroscopy and mass spectrometry, the products were
assigned a closo-3-M-1,2-CoBgH1; structure, in which the
cage carbons occupied adjacent positions. The study was
later expanded to include the “carbons apart” germac-
arborane 3-Ge-1,7-C3sBgH11, which was spectroscopically
characterized.2?! The syntheses are of interest in that,
while the 3,1,7-germacarborane was prepared in good
yield by the reaction of Gels with 7,9-C3BgH112~, the use
of SnCly in place of Gely did not lead to the expected
stannacarborane; instead, the reaction produced, in 78%
yield, the oxidative cage closure product closo-2,3-
CoBgH1; and Sn metal. When it was heated to 450 °C,
3-Sn-1,2-CsBgH1; underwent disproportionation to give
closo-2,3-CoBgH11.2°1 The apparent increased tendency
of the “carbons apart” carborane to undergo oxidative
cage closure, in comparison to its “carbons adjacent”
isomer, is surprising in view of the fact that the former
isomers are thought to be thermodynamically more
stable.?92 It is also contrary to observations in the
smaller cage C2B4 system, in that the “carbons adjacent”
carboranes are the more easily oxidized of the two
isomers.% Since these initial reports, a large number

(199) Voorhees, R. L.; Rudolph, R. W. JJ. Am. Chem. Soc. 1969, 91,
2713.

(200) Rudolph, R. W.; Voorhees, R. L.; Cochoy, R. E. J. Am. Chem.
Soc. 1970, 92, 3351.

(201) Chowdhry, V.; Pretzer, W. R.; Rai, D. N.; Rudolph, R. W. J.
Am. Chem. Soc. 1973, 95, 4560.

(202) Williams, R. E. In Electron-Deficient Boron and Carbon
Clusters; Olah, G. A., Wade, K., Williams, R. E., Eds.; Wiley: New
York, 1991; Chapter 2.

Hosmane and Maguire

of group 14 metallacarboranes have been synthesized
and spectroscopically and structurally characterized,
and their reaction chemistry has also been explored.
The insertion of silicon was reported in 1986 for both
the large- and small-cage carborane systems. Haw-
thorne and co-workers reported the structure of a
silacarborane, commo-3,3'-Si(3,1,2-SiCsBgH11)2, pre-
pared in 78% yield from the reaction of SiCls with the
dicarbollide dianion in refluxing benzene.?%® A concur-
rent report described the synthesis of full-sandwich
silacarboranes of the CoB4 cage system, commo-1,1'-Si-
(2-(SiMes)-3-(R)-1,2,3-SiCoB4Hy)s (R = SiMes,204 H,205
and Me?%), according to eq 5. The structure of the small-

2[NalLi] [(Me,Si) R)C,B,H,] + SiCl, —

[(Me,Si)(R)C,B,H,ISi" + [(Me,Si)(R)C,B,H,ISi" +
NaCl + LiCl (5)

cage silacarborane is shown in Figure 28. The crystal
structure shows that in the complex the silicon, in a
formal +4 oxidation state, is sandwiched between the
planar and parallel C2Bj3 faces of the carborane ligands,
with the cage carbons occuping trans positions across
the silicon. At least in the case of the smaller cage
system, the course of the reactions is quite dependent
on both the nature of the starting carborane and the
silylating reagent. For example, the Na/Li compounds
of the dianion [2-(SiMe3)-3-(R)-2,3-C2B4H4]2~ reacted, in
a 2-fold molar excess, with SiCls to give the full-
sandwich silacarboranes, with yields ranging from 18%
(R = SiMe3) to 57% (R = Me).2% When R = SiMes, a
small amount (~1%) of another compound was also
obtained, which was tentatively identified as the half-
sandwich Sill complex 1-Si-2,3-(SiMes)s-2,3-CoB4H .20
On the other hand, no reaction was found when the
[2-(SiMe3)-3-(R)-2,3-C2B4H5]~ monoanion, as either its
Na or Li compound, was used.2% Use of SiH;Cl; in place
of SiCly in the reaction of the Na/Li compound of the R
= Me carborane resulted in the formation of the SiV
half-sandwich complex [2-(SiMe3)-3-Me-2,3-CoB,4H,]SiH-
(Cl) (see eq 6). The chloride ligand could be replaced by

2[NaLi] [(Me;Si)(R)C,B,H,] + SiH,Cl, —
[(Me4Si)(R)C,B,H,ISiH(C]) + NaCl + LiCl (6)

reaction with NaH, to give [2-(SiMes)-3-Me-2,3-CoB4H4]-
SiHj, as shown in eq 7; the 29Si NMR spectrum of this
complex gave a splitting pattern that suggested the
presence of B—H—Si bridges.2%

[(Me,Si)(R)C,B,H,ISiH(C]) + NaH —
[(Me,Si)(R)C,B,H,ISiH, + NaCl (7)

Detailed studies of the reactivity of the air- and
moisture-stable bis(;?-dicarbollide)silicon sandwich com-
plex commo-3,3'-Si(3,1,2-SiCsByH11)2 with Lewis bases,
such as pyridine and trimethylphosphine, have been

(203) (a) Rees, W. S., Jr.; Schubert, D. M.; Knobler, C. B.; Haw-
thorne, M. F. J. Am. Chem. Soc. 1986, 108, 5369. (b) Schubert, D. M.;
Rees, W. S., Jr.; Knobler, C. B.; Hawthorne, M. F. Organometallics
1990, 9, 2938.

(204) Hosmane, N. S.; de Meester, P.; Siriwardane, U.; Islam, M.
S.; Chu, S. S. C. J. Chem. Soc., Chem. Commun. 1986, 1421.

(205) Siriwardane, U.; Islam, M. S.; West, T. A.; Hosmane, N. S.;
Maguire, J. A.; Cowley, A. H. J. Am. Chem. Soc. 1987, 109, 4600.
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reported.293® Structures of the products formed from the
reaction with pyridine, (10-exo-7!-7,8-C2BgH11)(10-endo-
1’]1-7,8-02B9H11)Si(C5H5N)2, and Me3P, [1’]5-10-{ (Me3P)2-
BH]} C2BsH10]Si(51-C2BoH11), were determined by X-ray
diffraction.293 The latter complex represents a unique
example of the partial removal of a BH vertex of a
carborane cage by a Lewis base. These results are quite
different from those found when the small-cage group
13 and group 14 metallacarboranes react with mono-
dentate Lewis bases (see below).

The full-sandwich silacarborane complexes have been
investigated theoretically using both semiempirical206
and ab initio?7 molecular orbital theory. The molecular
orbital energies and heavy-atom atomic orbital contri-
butions for the compounds commo-3,3'-Si(3,1,2-
SiCeBoH11)2 and commo-1,1'-Si(1,2,3-SiCeB4Hg)e were
obtained from MNDO calculations.2’® The main Si—
carborane bonding was found to be through the interac-
tions of the Si 3p orbitals with 7-type orbitals on the
C9B3 bonding faces of the carboranes. In this regard the
bonding is similar to that found in the silicocenes
(C5R5)251.298 However, one striking difference between
carborane and cyclopentadienyl ligand systems is the
difference in oxidation states supported by the two
ligands; in the full-sandwich silacarboranes, SilV entities
occupy the commo positions, while in the silicocenes, Si'l
is found.2%8 The LUMO’s for both the icosahedral and
pentagonal-bipyrimidal silacarboranes involve strongly
antibonding interactions between the silicons and their
respective cages. These are the orbitals that would be
populated if the silicons were in +2 states. On the other
hand, the HOMO’s in (C5H5)2Si, which would be par-
tially depopulated in [(C5H;)2Si]2", are involved in a
doubly degenerate E;; state that, while having very
little silicon—Cp interaction, accounts for some of the
strongest C—C & bonding in the Cp rings.2%6 Therefore,
a SilV state would not be expected in the silicocenes.

There is ample evidence of a structure—oxidation
state preference in the heavier group 14 metallacarbo-
ranes, in that the half-sandwich complexes are associ-
ated with the lower, +2, oxidation state, with the +4
state being found in the full-sandwich complexes. This
is best demonstrated by the germacarboranes, where it
was found that the reaction of Li*[2,3-(CSiMe3):B4Hs]~
with GeCly produced a mixture of the full sandwich [2,3-
(CSiMes3)9B4H4loGeV and the half sandwich [2,3-
(CSiMe3):B4H 1Ge™l, in yields of 20% and 27%, respec-
tively.20 When closo-1-Sn-2-(SiMe3)-3-(R)-2,3-CoB4Hy
was used as the carborane transfer reagent, the only
product was the full-sandwich germacarborane.?19 The
structure of the full-sandwich complex is quite similar
to that of the corresponding silacarborane in that the
Ge!V is sandwiched between two carborane ligands such
that the GeC4Bs cluster has Cy, symmetry.29? Aside
from differences that are directly attributable to atom
size, the germacarboranes are more slip distorted than
the corresponding silacarboranes. While the structure
of the half-sandwich germacarborane could not be

(206) Maguire, J. A. Organometallics 1991, 10, 3150.

(207) McKee, M. L. J. Phys. Chem. 1992, 96, 1679.
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determined, X-ray diffraction studies have been reported
for the GeCls-substituted “carbons adjacent” germacar-
borane closo-1-Ge-2-(SiMes)-3-(R)-5-(GeCls3)-2,3-CoB4Hs
(R = SiMes, Me, H).2!1 In this complex, a Ge! is
symmetrically bonded to the CoB3 face of the carborane,
with little indication of a slip distortion, while another
germanium, in a formal +4 state, is involved in an exo-
polyhedral GeCls. The lack of slip distortion of the
capping Ge was rationalized on the basis that the
replacement of the H on the unique boron with the more
electron withdrawing GeCls group would favor a cen-
trally located capping metal.21?» There are two Lewis
acid sites in closo-germacarboranes, the apical Ge(II)
and the exo-polyhedral Ge(IV). Even though two ger-
manium atoms are present, no evidence has been found
to indicate that the Ge(IV) atoms in these compounds
act as Lewis acids sites. It seems that the Ge(IV) atoms
in the mixed-valence closo-germacarboranes have their
valences well satisfied through bonding to the three
chlorine atoms and the unique borons; even strong
nucleophiles displace, rather than disrupt, the GeCls
moiety . 211P

The direct reaction of the mono- or dianionic salts of
the C3Bg and C2B4 nido-carboranes with SnCly,212-214
SnCly,?1% and PbCls2'® produced only the half-sandwich
metallacarboranes. These methods follow the general
procedure used by Rudolph and co-workers in their
original reports of the syntheses of the closo-3-M-1,2-
C2BgH11 (M = Ge, Sn, Pb) series.!?9200 The C-methyl-
substituted icosahedral stannacarborane closo-3-Sn-1,2-
(Me)s-1,2-CoBgHg was also prepared wusing this
method.?12:213 However, crystal structures have been
determined only for the smaller cage stannacarboranes.
The structure of closo-1-Sn-2-(SiMes)-3-(R)-2,3-CoB4H,
(R = Me) shows that a bare Sn(II) occupies an apical
position above the CsB3 open face of the carborane but
is slip distorted away from the cage carbons.?!3 The
structures of the stannacarboranes where R = H, 216
SiMe3?15b.217 gre similar. Except for the fact that the
half-sandwich lead complex closo-1-Pb-2,3-(SiMes)2-2,3-
CyBsHy crystallizes as a dimer, its structure is es-
sentially the same as that of the stannacarborane.2152
The carbons-apart plumbacarborane closo-1-Po(TMEDA)-
2,4-(SiMegy)s-2,4-CoB4H, was also found to have a similar
structure.?1%? It is of interest to note that the heavier
group 14 full-sandwich complexes could not be synthe-
sized by the direct carborane—metal halide reaction,
when SnCly was used with [2-(SiMeg)-3-(R)-2,3-CoB4Hs]—;
only reductive insertion of the metal occurred, yielding
closo-1-Sn-2-(SiMes)-3-(R)-2,3-C2B4H,.210 The inability
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K.-J.; Zhang, H.; Slrlwardane U.; Islam, M. S,; Thomas J. L. C.,
Magulre J.A. Organometalllcs 1998 17, 2784.

(212) Jutzi, P.; Galow, P.; Abu-Orabi, S.; Arif, A. M.; Cowley, A. H.;
Norman, N. C. Organometallics 1987, 6, 1024.

(213) Cowley, A. H.; Galow, P.; Hosmane, N. S.; Jutzi, P.; Norman,
N. C. J. Chem. Soc., Chem. Commun. 1984, 1564.

(214) Hosmane, N. S.; Sirmokadam, N. N.; Herber, R. H. Organo-
metallics 1984, 3, 1665.

(215) (a) Hosmane, N. S.; Siriwardane, U.; Zhu, H.; Zhang, G.;
Maguire, J. A. Organometallics 1989, 8, 566. (b) Hosmane, N. S;
Zhang, H.; Maguire, J. A.; Demissie, T.; Oki, A. R.; Saxena, A
Lipscomb, W. N. Main Group Met. Chem. 2001, 24, 589.

(216) Hosmane, N. S.; de Meester, P.; Maldar, N. N.; Potts, S. B.;
Chu, S. S. C. Organometallics 1986, 5, 772.

(217) Hosmane, N. S.; Barreto, R. D.; Tolle, M. A.; Alexander, J. J.;
Quintana, W.; Siriwardane, U.; Shore, S. G.; Williams, R. E. Inorg.
Chem. 1990, 29, 2698.



1386 Organometallics, Vol. 24, No. 7, 2005

Sn

Clcnol

@Cm

Figure 29. Crystal structure of commo-1,1'-Sn[2-(SiMej)-
3-(CH3)-1,2,3-SHCZB4H4]2.

to obtain the full-sandwich complexes was explained on
the basis of the decreasing tendency of the heavier main-
group metals to form high oxidation states. This oxida-
tion state preference was also demonstrated in the
larger cage system by Voorhees and Rudolph, who
reported that reaction of bis(organo)tin dichlorides with
[C2BoH11]2~ gave only the Sn!! stannacarborane.200 A
half-sandwich Sn!V carborane, 1,1-(Me)z-1,2,3-SnC2BsHjo,
was reported by Kennedy and co-workers from the
reaction of MesSnCls with [nido-6,9-CoBgH10]2~.218 The
similarity of the 1'B NMR spectrum of this stannacar-
borane with that of [u-6,9-AlEt(OEty)-6,9-CaBsHyol, in
which the metal bridges the carborane through two Al—
Ccage bonds, prompted the authors to describe the Sn'v
complex as a classically bridged nido-stannacarborane 2182
Exposure of this compound to air led to decomposition,
giving a product thought to be 1,2,3-SnCoBgH1¢.218 The
[nido-6,9-C2BgH10]2~ ligand is of interest in that its half-
sandwich complexes can be described as either bridged
nido- or true closo-metallacarboranes, depending on the
compactness of the complexes.218® Even though there is
a demonstrated reluctance of Sn in a +4 oxidation state
to form carborane complexes, there is one report of a
full-sandwich Sn!V carborane 7 complex, commo-1,1'-
Sn[2-(SiMegy)-3-(Me)-1,2,3-SnCeB4H4lo. This compound
was obtained from the reaction of closo-1-Sn-2-(SiMes)-
3-(Me)-2,3-C2B4H, and TiCly, according to eq 8.219 The

2[closo-1-Sn-2-(SiMe,)-3-(Me)-2,3-C,B,H,] +

2TiCl, oo 2TiCly(THE), + SnCl, +

commo-1,1'-Sn[2-(SiMe;)-3-(Me)-1,2,3-SnC,B H,,
(8

structure, shown in Figure 29, is unlike those of its
silicon and germanium analogues in that the stannac-

(218) (a) Kennedy, J. D.; Nestor, K.; Stibr, B.; Thornton-Pett, M.;
Zammit, G. S. A. J. Organomet. Chem. 1992, 437, C1. (b) Nestor, K.;
Stibr, B.; Jelinek, T.; Kennedy, J. D. J. Chem. Soc., Dalton Trans. 1993,
1661.

(219) Jia, L.; Zhang, H.; Hosmane, N. S. Organometallics 1992, 11,
2957.
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arborane complex is bent, such that the (ring centroid
1)—Sn—(ring centroid 2) angle is 142.5°. This is similar
to the corresponding angles of 145.8 and 144.1° found
for (#°-Cs5Hjs)2Sn and (17°-CsMes)eSn complexes.220.221
Bending in the stannocenes and several other divalent
group 14 metallocenes is well-known and has been
explained in terms of the stereochemical influence of
the metal’s “lone pair” of electrons,??2 which may be
offset by the presence of large groups, such as CgHs, on
the Cp ring.223 However, the similar bending shown in
Figure 29, where the tin is in a formal +4 state with no
“lone pairs”, indicates that other factors are important
in determining the geometries of the sandwich com-
pounds of the heavier group 14 elements.

Despite the presence of an exo-polyhedral lone pair
of electrons on the M capping metals of the group 14
half-sandwich complexes, they show no tendency to
function as a Lewis base. On the contrary, their chem-
istry is dominated by Lewis acid behavior. All of the
half-sandwich metallacarboranes of germanium, tin,
and lead have been found to form donor—acceptor
complexes with  monodentate,?15-224-226  piden-
tate,212:213,215,217,228-232 hig(bidentate),233:234 and triden-
tate?35:236 hases. The bonding in these complexes has
been the subject of several theoretical studies.18%.227,:237
Figure 30 shows the structure of the 1-(2,2'-C10HgNy)-
2,3-(SiMe3)2-1,2,3-SnCyoB4H, complex.216 The 1-(2,2"
6',2”-C15H11N3)-2,3-(SiMe3)2-1,2,3-SnC2B4H4 complex has
a similar structure.?3® The structures are quite similar
to those of the group 13 base—metallacarborane com-
plexes in that the base is oriented over the unique boron,
B(4) in Figure 30, and the metals are highly slip
distorted. In the structures of the bis(bidentate) base
complexes 1,1'-(2,2'-CgH6N4)[2,3-(SiMe3)2-1,2,3-MC2B4H4]2
(M = Sn,233 Pb234) the two metallacarborane fragments
occupy trans positions with respect to the bipyrimidine
base, similar to that found for 1,1'-(2,2'—CgHgN4)[1-(¢-
C4Hy)-1-Ga-2,3-(SiMe3)2-2,3-CoB4Hylo. The local sym-

(220) Atwood, J. L.; Hunter, W. E.; Cowley, A. H.; Jones, R. A;
Stewart, C. A. J. Chem. Soc., Chem. Commun. 1981, 925.

(221) Jutzi, P.; Kohl, F.; Hofmann, P.; Kriiger, C.; Tsay, Y. H. Chem.
Ber. 1980, 113, 757.

(222) Jutzi, P. Adv. Organomet. Chem. 1986, 26, 217.

(223) Heeg, M. J.; Janiak, C.; Zuckerman, J. J. J. Am. Chem. Soc.
1984, 106, 4259.

(224) Hosmane, N. S.; Fagner, J. S.; Zhu, H.; Siriwardaane, U.;
Maguire, J. A.; Zhang, H.; Pinkston, B. S. Organometallics 1989, 8,
1769.

(225) Hosmane, N. S.; Lu, K.-J.; Zhang, H.; Maguire, J. A.; Jia, L.;
Barreto, R. D. Organometallics 1992, 11, 2458.

(226) Hosmane, N. S.; Jia, L.; Zhang, H.; Maguire, J. A. Organo-
metallics 1994, 13, 1411.

(227) Maguire, J. A.; Fagner, J. S.; Siriwardane, U.; Banewicz, J.
J.; Hosmane, N. S. Struct. Chem. 1990, 1, 583.

(228) Hosmane, N. S.; Siriwardane, U.; Islam, M. S.; Maguire, J.
A.; Chu, S. S. C. Inorg. Chem. 1987, 26, 3428.

(229) Siriwardane, U.; Hosmane, N. S.; Chu, S. S. C. Acta Crystal-
logr. 1987, C43, 1067.

(230) Hosmane, N. S.; Islam, M. S.; Pinkston, B. S.; Siriwardane,
U.; Banewicz, J. J.; Maguire, J. A. Organometallics 1988, 7, 2340.

(231) Hosmane, N. S.; Lu, K.-J.; Zhu, H.; Siriwardane, U.; Shet, M.
S.; Maguire, J. A. Organometallics 1990, 9, 808.

(232) Siriwardane, U.; Lu, K.-J.; Hosmane, N. S. Acta Crystallogr.
1990, C46, 1391.

(233) Hosmane, N. S.; Islam, M. S.; Siriwardane, U.; Maguire, dJ.
A.; Campana, C. F. Organometallics 1987, 6, 2447.
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Figure 30. Crystal structure of 1-(2,2'-C;10HgN2)-2,3-
(SiMe3)2-1,2,3-SnCZB4H4.

metries around each metal atom in the bridged com-
plexes are the same as that shown in Figure 30. Studies
of the bipyridine—stannacarborane complexes in both
the pentagonal-bipyramidal and icosahedral systems
show that base orientation and metal slippage are the
results of a weakening of the metal—cage carbon bonds
opposite the base and the relief of electron—electron
repulsion between the base and the carborane ligands
so that the base can orient for maximum overlap with
the metal. The same types of distortions are also found
in the base—SnCp system. While the tin in the [(?-Cs-
Mes;)Sn]* half-sandwich complex is centered over the
pentagonal face of the Cp* ligand,23® in the [(2,2'-
C10HsN3)Sn(CsMes)]* complex, the tin is slip distorted
and the bipyridine molecule is oriented over one side of
the Cp ring, much like the orientation shown in Figure
30.239 The complexes formed by the group 14 metalla-
carboranes with monodentate bases are also similar to
that shown in Figure 30.224225 As with their polydentate
analogues, the bases reside over the boron side of the
C2B3 bonding face of the carborane and the metals are
slip distorted in the direction of base orientation. The
same explanations used in rationalizing these distor-
tions in the bidentate bases are operable in monodentate
base complexes. There is good evidence that the poten-
tial energy surfaces governing the geometries of these
complexes are fairly shallow, so that other factors, such
as crystal-packing forces, may assume higher than
normal importance. For example, there are two crys-
tallographically independent molecules of 1-[(75-C5Hs)-
Fe(n5-C5H4CH2(Me)2N)] -2,3-(SiM63)2-1,2,3-SDCQB4H4, one
in which the ferrocenylamine nitrogen is directly over
the unique boron and another in which the base is
rotated about 10° out of the mirror plane of the metal-
lacarborane.??* However, it is interesting that, in both
molecules, the ferrocenyl group is not in a position of
minimum steric interaction with the stannacarborane
but is oriented in such a way that the lower half of the
Cp ring is within the van der Waals distances to the

(238) Jutzi, P.; Kohl, F. X.; Hofman, P.; Kriiger, C.; Tsay, Y.-H.
Chem. Ber. 1980, 113, 757.

(239) Kohl, F. X.; Schliiter, E.; Jutzi, P.; Kriiger, C.; Wolmershéuser,
G.; Hoffman, P.; Stauffert, P. Chem. Ber. 1984, 117, 1178.
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MCqB,4 cage. Similar ferrocene amine orientation and
additional interaction between the capping metals and
one of the Cp rings were observed in the structures of
both the plumba- and germacarborane complexes. It was
argued that such interactions might compensate for the
less than ideal steric arrangement of the ligands.225

While most of the structural studies have been carried
out on the “carbons adjacent” metallacarboranes, there
are several “carbons apart” base—stannacarborane com-
plexes whose structures have been reported.??> The
structures bear the same relationship to their “carbons
adjacent” analogues as was found in the group 13
metallacarborane—base complexes: that is, the base
molecules were found to be oriented opposite the cage
carbons and tin atoms were displaced in the direction
of base orientation.?26

Several full-sandwich tin complexes in the azoboronyl
and diborolenyl systems have also been described.
Schmid, Zaika, and Boese reported the synthesis and
structure of [1-£-C4Hg-2,3-(Me)s-1,2-NBC3Hs]5Sn.24°0 The
structure of this complex is that of a bent sandwich,
similar to that found in the isoelectronic Cp system.238
Siebert and co-workers have reported the synthesis and
structure of the bent tetradecker sandwich complex
[(C5H5)CO(C2BZC)]ZSH (CzBQC = 4,5—(Et)2-1,3-(Me)2-1,3-
ByCsH), obtained from the reaction of the [(CsHs)Co-
(C2B2C)]~ anion with SnClg.24!

In the above examples the group 13 or 14 heteroatom
(a metal or a metalloid) was found to occupy an apical
position above a mixed carbon—boron or nitrogen—
carbon—boron bonding face, and the analogy of such
complexes with the corresponding cyclopentadienyl
compounds was stressed as providing a useful basis for
the discussion of structures and properties. An alterna-
tive approach is to recognize the isoelectronic and
isolobal relationships that exist between the group 13
and 14 elements with the HC and HB™ units and view
these compounds as substituted borane analogues. For
example, Seyferth and co-workers have reported the
synthesis and structural determination of the silicon
analogue of o-carborane, 1,2-(Me)s-1,2-SioB1oH10.242 Its
structure is much better discussed in terms of a one-
to-one substitution of Si for C atoms in the “parent”
carborane 1,2-(Me)2-1,2-CoB19H10. This approach will
prove especially useful in the discussions concerning the
incorporation of group 15 and 16 heteroatoms into
carborane cages. Recently, the synthesis and charac-
terization of constrained-geometry half-sandwich sila-
and germacarboranes in the large-cage system was
reported.243 According to this report, the reaction of the
[nido-7-(OCHy)-8-Me-7,8-CoBgHy]3~ trianion with an-
hydrous MeMCl; (M = Si, Ge) gives closo-1-M(Me)-2-
(1-p%(0)-OCHg)-3-Me-5-2,3-CoBgHy (M = Si, Ge).?4?

E. Complexes of Group 15 Elements. A group 15
atom is isoelectronic and isolobal with a CH group.
Therefore, substitution of group 15 elements for one or
more CH or BH™ units in a carborane cage should yield

(240) Schmid, G.; Zaika, D.; Boese, R. Angew. Chem., Int. Ed. Engl.
1985, 24, 602.

(241) Wadepohl, H.; Pritzkow, H.; Siebert, W. Organometallics 1983,
2, 1899.

(242) Seyferth, D.; Biichner, K. D.; Rees, W. S., Jr.; Wesemann, L.;
Davis, W. M.; Bukalov, S. S.; Leites, L. A.; Bock, H.; Solouki, B. .
Am. Chem. Soc. 1993, 115, 3586.

(243) Zhu, Y.; Maguire, J. A.; Hosmane, N. S. Inorg. Chem. Commun.
2002, 5, 296.
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compounds with similar structures and comparable
reactivities. This has been found to be the case; a
number of overview articles on mono and poly aza,
phospha, arsa, and stiba boranes and carboranes have
been published by Todd.244245 In keeping with the
restrictions outlined at the beginning of this section,
only those group 15 heterocarboranes that are derived
from the smaller CoB4 carborane ligands will be stressed.

The dicarboranes have been found to react with
phosphorus and arsenic di- and trihalides, but the
reactions seem to be quite sensitive to the nature of the
carborane precursor. In 1974, Smith and Hawthorne
found that, while the reaction of the monoanion [7,8-
CQB9H12]7 or the dilithium salt Li2[7,8-CQB9H11] with
CH3AsBr; produced mainly uncharacterizable polymeric
materials, the use of Tly[7,8-CoBgH11] afforded the
icosahedral closo-arsacarborane 3-Me-3-As-1,2-CoBgH 11
in 30% yield.2*5 In like manner the dithallium salt was
found to react with the series RAsX, (R = CHs, X = Br;
R = Ph, n-C4Hy, X = Cl) to give the corresponding 3-R-
3-As-1,2-CoBgHy; in varying yields.246 A closo-icosahe-
dral structure for these compounds was assigned on the
basis of "B and 'H NMR spectra. This structural
assignment was supported by the later work of Jutzi
and co-workers, who found that both PCls and AsCls
reacted with Lig[MeoCoBoHy] to give CIE[MeoCoBoHy]
(E = P, As).24" The structure of the complex where E =
As was determined by X-ray crystallography and was
found to have a distorted-icosahedral structure.2*” The
arsenic was not symmetrically bound to the C3B3s open
face of the carborane but was slipped toward the boron
side of the ring such that the carborane was 7?-bonded
to the capping arsenic atom. This structure was quite
similar to that of the THF—stannacarborane complex
and also to that of the [(CsMes)oAs]+.212248 The similari-
ties in the structures of all three complexes led the
authors to conclude that the AsCl group was functioning
as a two-electron donor with both the Cl and a lone pair
of electrons on the As being exo-polyhedral. This view
was supported by the fact that the CIE[Me2CsBoHy] (E
= P, As) heterocarboranes reacted with AlCls to give a
neutral adduct of the form CIE[Me;CoBgHjg]-AlCls, in
which the AICl; group was coordinated to E.247 Both
CIP[MesC2BgHg] and ClAs[MesCoBgHg] were found to
react with i-PrMgCl to give the isopropyl derivatives
i-PrE[MesC2BgHy]. At least in the case of the phospha-
carborane the method was found to be superior to the
direct reaction of Lis[MeoCeBgHg] with i-PrPCl,. The
reaction of CIP[MesC2BoHy] with AgBF, resulted in the
replacement of the Cl by a F atom to give FP-
[MesCoBgHgl. All were assumed to have the slip-
distorted closo structure.?*” Phosphine fragments have
also been inserted into the smaller C2B4 cages, but the
structures of the resulting phosphacarboranes are open

(244) Todd, L. J. In Metal Interactions with Boron Clusters; Grimes,
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to question. The double salt Na/Li[2,3-(SiMe3)s-2,3-
C9B4H,] was found to react with [2,4,6-(¢-Bu)sCgHz] PCly
to give a phosphacarborane formulated by the authors
as  closo-1-[2,4,6-(t-Bu)3CgHz]-1-P-2,3-(SiMe3)2-2,3-
C2B4H,4.2%9 A slip-distorted closo designation was given
on the basis of the similarity of the 13C and 1'B NMR
spectra of the compound to those of the known group
13 and group 14 closo-heterocarboranes. The observa-
tion that the 3P NMR resonance of the capping phos-
phorus at 6 —129.7 ppm, which was shifted upfield by
about 283 ppm from its precursor, [2,4,6-(¢-Bu)sCsH]-
PCly, was taken as further evidence of a 7-type complex.
On the other hand, Sneddon and co-workers found very
different results from the reaction of NaLi[2,3-(R)s-2,3-
C9B,H4] (R = Et, Bz) and R'PCl; (R’ = Ph, ¢-Bu, Me).250
The "B NMR spectra, combined with an ab initio/IGLO/
NMR study, indicated that the resulting phosphacar-
boranes were 7-vertex cages, best formulated as nido-
6-R’-3,4-(R)2-6,3,4-PC2B4H,.25° The 3P NMR resonances
of the products were in the 6 +16.4 to +112.9 ppm
range, which are significantly downfield from that found
for the bis(trimethylsilyl)-substituted phosphacarbo-
rane. At present there is no ready explanation as to why
such seemingly similar reactants should give such
different products.

It is clear that our understanding of the nature and
consequences of the incorporation of group 15 elements
into carborane cages is incomplete. All structural evi-
dence indicates that an underivatized (bare) group 15
element (E) is isoelectronic and isolobal with a CH or
BH™ unit and functions as a three-electron cage donor
possessing an exo-polyhedral lone pair of electrons.
Under certain conditions these lone pairs can be made
to react with Rt moieties to give the electronically
equivalent RE™ units, as found in the reaction of nido-
PCByH1;~ with Mel to give nido-P(Me)CBgH11.2°1 How-
ever, there seems to be no clear consistent picture of
the interaction of a “neutral” RE unit with carborane
cages; in some cases they seem to act as two-electron
donors,247-249.252 while in others a four-electron-donor
model seems to be more useful.?’® In this regard it
should be noted that “the number of electrons donated
to cage bonding” is more a function of one’s a priori
assumptions about the system than it is the final
results. For example, the nido-P(Me)CB9H; was de-
scribed as arising from the coordination of a lone pair
of P electrons with Me*, giving a three-electron-donor
MeP"™ moiety that associates with a 23-cage-electron
[CB9H11]~ fragment, to generate the required 13 elec-
tron pairs for a stable 11-vertex nido structure. Alter-
natively, the nido-P(Me)CBgH1; could be viewed as
being composed of a four-electron-donor MeP group that
is incorporated into a 22-cage-electron fragment, to give
the 13 electron pairs; the former description was used
because of the method of preparation. Another point
worth mentioning is that the terms closo, nido, arachno,
etc. carry both structural and electronic connotations;
for simple systems both meanings apply and the geom-
etry can be nicely correlated with the number of cage
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electrons. However, in many of the heterocarboranes
neither the geometry nor the number of cage electrons
is simply described. In the group 13 and 14 metallac-
arboranes the capping metals are slip distorted, and
when the metals react with Lewis bases to form adducts,
slip distortion increases. In such adducts it is not
apparent how to assign the extra electron pairs brought
by the base. It has been suggested that the terms closo,
nido, etc. be used exclusively to denote skeletal electron
pairs;253 to this end we have used the theory of neutral
descriptive terms such as half-sandwich, slipped sand-
wich, etc. in many places in this review. However, we
have also used the same prefixes and numbering
systems that were found in the original literature; the
confusion thus introduced by these multiple descriptors
mirrors that which currently exists in the literature.

V. Current and Future Directions

Our discussion summarizes the most promising re-
search published during the past few years in the area
of small-cage metallacarboranes following two main
thrusts. Although each individual report has its own
individual focus, one thrust is directed toward system-
atizing the chemistry of these compounds in order to

(253) For an explanation of this theory see: Inorganometallic
Chemistry; Fehlner, T. P., Ed.; Plenum: New York, 1992; Chapter 4.
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promote their use as possible electronic, ceramic, and
catalytic materials. Another is to provide information
on which we can test, and expand, our knowledge about
the fundamental interactions that are at work in
determining the structures and properties of these
fascinating clusters. The results of these studies are
establishing a unique and useful area of organometallic
chemistry that will continue to grow and bear fruit in
the 21st century.
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