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bstract

Boron clusters with more than 12 vertices showing a very rich and diverse chemistry were confined to the 13- and 14-vertex metallacarboranes

ntil 2003. Very recently, significant progress in the syntheses of 13- and 14-vertex carboranes has been made, leading to the preparation of
5-vertex metallacarboranes. These studies open up new possibilities for the development of polyhedral clusters of extraordinary size. This review
ummarizes the advances in this growing research field since the successful preparation of the first 13-vertex metallacarborane. Achievements,
roblems and perspectives are discussed in this article.

2007 Elsevier B.V. All rights reserved.
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eywords: Carborane; Metallacarborane; Lanthanide; p-Block metal; Supercar

. Introduction
The chemistry of carboranes and metallacarboranes has
eceived considerable attention since their emergence in the
960s [1,2]. Efforts of almost half a century in this area have

∗ Corresponding author. Tel.: +852 26096269; fax: +852 26035057.
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esulted in the extensive studies on the synthesis, structure,
eactivity, and application of these clusters [3–21]. Progress in
his field has been discussed in a number of reviews [8–21]
nd monographs [3–7]. This review will focus specifically on
he advances in the chemistry of carboranes and metallacarbo-

anes with more than 12 vertices. When the cluster size is
oncerned, icosahedral and sub-icosahedral carboranes domi-
ate the research activities in the past five decades [3–21], and
arboranes with more than 12 vertices (so called supercarbo-

mailto:zxie@cuhk.edu.hk
dx.doi.org/10.1016/j.ccr.2007.02.009
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w
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N
higher synthetic yields. Fig. 1 shows the molecular structure of
l,2-(CH2)3-3-Ph-l,2-C2B11H10 which is similar to that of 1,2-
C6H4(CH2)2-5-Ph-1,2-C2B11H10 [22]. The only difference in
L. Deng, Z. Xie / Coordination Che

anes) were not known before 2003 [22]. It is only in recent years
hat significant progress been made in the chemistry of super-
arboranes [23,24]. Subsequently, 15-vertex metallacarboranes
ere also prepared in 2006 [25,26]. These new achievements
ill be included in this review.
If no atom is indicated in the polyhedral structures shown in

he following schemes, the vertex is a BH group. The black dot
n the drawings represents a carbon atom. If a vertex contains
n atom other than B and C, the heteroatom is shown explicitly.
here are two cage-carbon-atom arrangements in carboranes,

he carbon-atoms-adjacent (CAd) isomers where the cage carbon
toms occupy adjacent positions, and the carbon-atoms-apart
CAp) isomers where the cage carbon atoms are separated by at
east one boron atom. For easy reference, all structurally char-
cterized carboranes and metallacarboranes with more than 12
ertices are compiled in Tables 1–3 and included in the Support-
ng Information.

. Carboranes with more than 12 vertices

.1. Thirteen-vertex carboranes

Although closo-carboranes of the general formula C2BnHn+2
ave been known for n = 3–10 since the 1960s [3,4], knowledge
f closo-carboranes and -boranes with more than 12 vertices
as been limited merely to their possible cage geometries pre-
icted by theoretical studies [27]. Recent calculations on boranes
nHn

2− show that the overall stability of these clusters increases
s n gets larger with the exception of n = 12 which is much more
table than the others [28]. Such an “icosahedral barrier” is often
sed to account for the failure in the syntheses of supercarbo-
anes [22,29,30].

Recognition of the relatively lower reducing power of CAd
arborane anions over the CAp counterparts offers a very
aluable entry point to the synthesis of supercarboranes [31].
ccordingly, the first 13-vertex carborane l,2-C6H4(CH2)2-5-
h-l,2-C2B11H10 was prepared by the Welch group in 6% yield
rom the reaction of [7,8-C6H4(CH2)2-7,8-C2B10H10]Na2 with
hBCl2 [22] (Scheme 1). Single-crystal X-ray analyses show

hat the carborane cage of this molecule adopts a henicosahedral
eometry, which is different from the predicted docosahe-
ral geometry of B13H13

2− [28]. DFT calculations reveal that

he henicosahedral structure is preferred over the docosahe-
ron by 7.4 KJ mol−1 for the 13-vertex carborane l,2-C2B11H13
Scheme 2).

Scheme 1.
F
o

Scheme 3.

Subsequently, the Xie group synthesized a series of 13-vertex
arboranes by treatment of the CAd carborane dianionic salts
ith borane dihalides in 7–32% yields using a trimethylene
ridged carborane as the starting material [23,24] (Scheme 3).
on-donor solvents and less bulky borane reagents often offer
ig. 1. Structure of 1,2-(CH2)3-3-Ph-1,2-C2B11H10 reproduced by permission
f The American Chemical Society from Ref. [24].
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Scheme 4.

hese two structures is the connectivity of the C(cage)–C(cage)
oiety to its lower B5 belt [24].
The Xie group also studied the reactivities of 13-vertex

arboranes. Similar to 12-vertex ones, electrophilic sub-
titutions are observed in the 13-vertex species [24].
reatment of 1,2-(CH2)3-1,2-C2B11H11 with excess
eI, Br2, or I2 in the presence of a catalytic amount

f AlCl3 gave the corresponding hexa-substituted 13-
ertex carboranes 8,9,10,11,12,13-(CH3)6-1,2-(CH2)3-1,2-
2B11H5, 8,9,10,11,12,13-Br6-1,2-(CH2)3-1,2-C2B11H5, or
,9,10,11,12,13-I6-1,2-(CH2)3-1,2-C2B11H5, respectively [24],
s shown in Scheme 4. The molecular structures of methyl- and
romo-substituted derivatives were confirmed by single-crystal
-ray analyses, which show that the substitution reactions take

lace at the B–H vertices that are the farthest away from the
age carbon atoms. This result is consistent with that found
n o-carboranes. Fig. 2 shows the representative structure

ig. 2. Structure of 8,9,10,11,12,13-(CH3)6-1,2-(CH2)3-1,2-C2B11H5 repro-
uced by permission of The American Chemical Society from Ref. [24].
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Scheme 5.

f the hexamethylated 13-vertex carborane. On the other
and, 13-vertex carboranes are chemically less stable than the
2-vertex ones. For example, they can be degraded by H2O2
nd the hexa-halogenated species are found to be hygroscopic.
hese differences are ascribed to the joint effects of the nature
f substituents and the more open trapezoidal faces presented
n the 13-vertex carboranes [24].

Thirteen-vertex carboranes can be readily reduced by group
and 2 metals to yield the corresponding 13-vertex CAd nido-

arborane salts [23,24] (Scheme 5). Such a reduction process
s fast at room temperature even in the absence of naphtha-
ene. As shown in Fig. 3, the nido-carborane dianion in the
alts bears an open five-membered bent face with the out-of-
lane (C(1)C(2)B(3)B(4)) displacement of B(8) atom ranging
rom 0.68 to 0.72 Å. Neither of the cations caps the open face,
ather both coordinate to the peripheral terminal BH moieties
ffording the exo-nido species. Comparisons between the cage
tructures of the closo and nido species reveal that the reduction
eads to the breaking of a B–B bond. In sharp contrast to the
Ad 12-vertex nido-carboranes, the 13-vertex ones are resistant

o further reduction by excess lithium metal. This result clearly
ndicates that the CAd 13-vertex nido-carboranes are stronger
educing agents (or weaker oxidants) than the CAd 12-vertex
nes [24].

.2. Fourteen-vertex carboranes

On the basis of the [12 + 1] protocol which has proven to
e successful for the preparation of 13-vertex carboranes start-
ng from CAd 12-vertex nido-carborane dianions, the Xie group
ubsequently developed a [12 + 2] methodology for the synthe-
is of 14-vertex carboranes [23]. Treatment of the 12-vertex
Ad arachno-carborane tetraanionic salt [{l,2-(CH2)3-1,2-

2B10H10}{Li4(THF)5}]2 with 5 equiv. of HBBr2·SMe2 led

o the isolation of the first 14-vertex carborane 2,3-(CH2)3-
,3-C2B12H12 and a 13-vertex one 1,2-(CH2)3-1,2-C2B11H11
n 7% and 32% yields, respectively (Scheme 6). This 14-
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ig. 3. Structure of [1,2-(CH2)3-1,2-C2B11H11]2− reproduced by permission of
iley–VCH from Ref. [23].

ertex carborane can also be synthesized from the reaction
f the CAd 13-vertex nido-carborane dianionic salt [{nido-
,2-(CH2)3-1,2-C2B11H11}{Na2(THF)4}]n with HBBr2·SMe2
23]. The oxidative cage closure is found to be a compet-
tive reaction because of the strong reducing power of the
ido-carborane anions. Fig. 4 shows the molecular structure of
he 14-vertex carborane 2,3-(CH2)3-2,3-C2B12H12 [25]. It is a
icapped hexagonal antiprism molecule with all 24 faces being
riangulated, which is consistent with that of B14H14

2− predicted
y theoretical calculations [28]. The two seven-coordinate boron
toms at the 1-and 14-positions engender longer B–C and B–B
onds with a distance of ∼1.90 Å.

These cage-expansion methods, which work well in the
reparation of 13- and 14-vertex carboranes, have been unsuc-
essful when applied to the synthesis of 15-vertex ones
23–25]. Nonetheless, a CAd 14-vertex nido-carborane salt
{(CH2)3C2B12H12}{Na2(THF)4}]n was obtained by treatment
f the 14-vertex closo-carborane 2,3-(CH2)3-2,3-C2B12H12
ith excess sodium metal in THF [25] (Scheme 7). As shown

n Fig. 5, the CAd 14-vertex nido-carborane cage bears a

ent five-membered open face which is bigger and flatter than
hat observed in the CAd 13-vertex nido-species. Reaction
f this salt with HBBr2·SMe2 did not produce any 15-vertex
arborane, but rather afforded a structural isomer 2,8-(CH2)3-

s
s
l
s

ig. 4. Structure of 2,3-(CH2)3-2,3-C2B12H12 reproduced by permission of
iley–VCH from Ref. [25].

,8-C2B12H12, confirmed by X-ray analyses [23], via the redox
eaction (Scheme 7).

. Metallacarboranes with more than 12 vertices

Metallacarboranes with more than 12 vertices (so-called

upermetallacarboranes) have been known much earlier than
upercarboranes. Since the first report of a 13-vertex metal-
acarborane in 1971 [32], more than a hundred such complexes,
everal 14-vertex ones, and two 15-vertex examples have been
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eported. The following discussion is arranged according to the
luster size and type of carborane ligand.

.1. Thirteen-vertex metallacarboranes

The known 13-vertex metallacarboranes can be classified into
ve types: MC2B10, MC4B8, M2C3B8, M2C2B9, and M3C3B7
ith the MC2B10 system being in the majority.
.1.1. MC2B10 system
Metallacarboranes of the MC2B10 type encompass main

roup metals, most transition metals, lanthanides, and actinides,

ig. 5. Structure of [(CH2)3C2B12H12]2− reproduced by permission of
iley–VCH from Ref. [25].

w
f
t
w
t
t
o
C
s
C
m
c
a
a
t
r
C

o
t
l
C
[

Scheme 8.

nd display versatile cage geometries with various bonding
odes. Scheme 8 illustrates common cluster geometries and

he numbering systems.

.1.1.1. MC2B10 system bearing nido-C2B10 ligand. Complex
-Cp-4,1,6-CoC2B10H12, synthesized in 1971 by the Hawthorne
roup [32] and structurally characterized by an X-ray diffraction
tudy in 1972 [33], is the first example of heteroborane cluster
ith 13 vertices. Reduction of o-C2B10H12 with sodium metal

ollowed by capitation reaction with CoCl2/CpNa resulted in
he formation of a Co(III) complex 4-Cp-4,1,6-CoC2B10H12,
hich was successively converted into another two struc-

ural isomers upon heating [32] (Scheme 9). The structures of
hese two isomers have not been confirmed by X-ray analyses
wing to positional disorder problems. A parallel study on the
p* analogs was recently reported [34], which identified the

tructural isomers as 4-Cp*-4,1,6-CoC2B10H12, 4-Cp*-4,1,9-
oC2B10H12, and 4-Cp*-4,1,12-CoC2B10H12. Fig. 6 shows the
olecular structure of 4-Cp-4,1,6-CoC2B10H12, in which the

obalt atom is bonded to the Cp and carboranyl ligand in �5-
nd �6-fashion, respectively, with the Co–Cent distances of 1.65
nd 1.34 Å. The six-membered C2B4 face is nearly coplanar with
he C(1) vertex being slightly out of the plane. This engenders a
elatively short Co–C(1) distance of 2.032(4) Å, while the other
o–cage atom distances range from 2.093(3) to 2.199(6) Å [33].

Using CAp [nido-7,9-C2B10H12]2− as a ligand, the Hawth-
rne group prepared a series of 13-vertex metallacarboranes of

he 4,1,6-type including both half- and full-sandwich comp-
exes (�5-Cp)Fe(�6-C2B10H12), [NMe4][(�5-Cp)Fe(�6-

2B10H12)], [NEt4]2[(CO)3Mo(�6-C2B10H12)], [NEt4]2
(CO)3W(�6-C2B10H12)], [NEt4]2[Fe(�6-C2B10H12)2],

Scheme 9.
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A
in 13-vertex metallacarboranes, it is interesting to note that
both ruthenacarborane and rhodacarborane are thermally stable.
These results illustrate the effects of metal centers and ancillary
ligands on the stability of 13-vertex metallacarboranes.
ig. 6. Structure of 4-Cp-4,1,6-CoC2B10H12 reproduced by permission of The
oyal Society of Chemistry from Ref. [33].

NEt4][Co(�6-C2B10H12)2], [NEt4]2[Ni(�6-C2B10H12)2], and
i(�6-C2B10H12)2 [35]. The synthesis and characterization of

arly transition metal analogs [NEt4]2[M(�6-R2C2B10H10)2]
M = Ti, V, Cr, Mn, Zr, Hf; R = H or Me), [NEt4][(L)Ti(�6-
2C2B10H10)] (L = C5H5, C8H8; R = H or Me), and

C8H8)Ti(�6-C2B10H12), all as the 4,1,6-isomers, are also
escribed [36–38] (Scheme 10). It is noted that a significant
mount of o-carborane is generated during the reactions,
hich results from the redox reactions between the CAp
ido-carborane dianion and high-valent early transition metal
alides [36,38]. Among these complexes, the structure of the
andwich Ti(II) complex [NEt4]2[Ti(�6-Me2C2B10H10)2] has
een confirmed by single-crystal X-ray analyses [37]. Similar
o the 13-vertex cobaltacarborane, a rapid interconversion
etween the 4,1,6- and 4,1,7-isomers at room temperature in
olution is found in the early transition metal complexes as
heir 1H NMR spectra show only one singlet for two C(cage)–H
r C(cage)–CH3 units [36] (Scheme 11). They also undergo a
acile 4,1,6- to 4,1,9- to 4,1,12- polyhedral rearrangement in
olution at elevated temperatures [38].
These seminal studies laid the foundation for further explo-
ation on supermetallacarboranes. The introduction of ancillary
igands to metal centers before capitation results in the clean for-

ation of 13-vertex metallacarboranes as the ancillary ligands
Scheme 11.

an not only make the metal ions more resistant to redox reac-
ions but also stabilize the resultant 13-vertex metallacarboranes.
hus, a large number of late transition metal complexes of the

ype MC2B10 (M = Mo, W, Mn, Re, Fe, Ru, Co, Rh, Ir, Ni, Pd)
ere obtained. The neutral complexes such as 4-arene-1,6-R2-
,1,6-RuC2B10H10, (arene = C6H6, p-cymene; R = H, Ph) [39],
-H-4,4-(PPh3)2-4,1,6-RhC2B10H12 [40], 4-H-4,4-(PPh3)2-2-
MeO)-4,1,6-IrC2B10H11 [41], and 4-dppe-4,1,6-PdC2B10H12
41] were generally synthesized by salt metathesis. In the
reparation of the rhoda- and iridacarborane, an oxidative addi-
ion reaction was involved when treating ClM(PPh3)3 (M = Rh,
r) with [NMe4][C2B10H13] as shown in Scheme 12. Fig. 7
hows the molecular structure of the rhodium complex [40].
s the cage fluxionality and isomerization are often observed
Scheme 12.
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complexes holding versatile W–C–M triangles (M = Mo, W,
Fe, Co, Rh, Pt, Au) [47–50]. The BH moiety on the C B
ig. 7. Structure of 4-H-4,4-(PPh3)2-4,1,6-RhC2B10H12 reproduced by permis-
ion of The American Chemical Society from Ref. [40].

The neutral 13-vertex metallacarboranes of the late transition
etals of the 4,1,2- and 4,1,10-type are also known. Reaction

f 1-Me-1,2-C2B10H11 with 2 equiv. of Co(PEt3)4 in toluene
fforded a 13-vertex species (�6-MeC2B10H11)Co2(PEt3)3
42]. This cobaltacarborane is suggested to be the 4,1,2-type,
lthough one of the cage carbon atoms is not unambiguously
ocated. A well characterized CAd 13-vertex cobaltacarbo-
ane 4-Cp-1-CN-4,1,2-CoC2B10H11 was prepared from the
Ad arachno-C2B10 anion [43] (Scheme 13). Fig. 8 shows

ts molecular structure. The adjacent positions of the two
age carbon atoms lead to a relatively short C(cage)–C(cage)
istance of 1.45 Å. This structural feature is also found in
ther C,C′-linked 13-vertex metallacarboranes of the 4,1,2-type.
eduction of the tethered carborane l,2-(CH2)3-1,2-C2B10H10
ith excess sodium metal, followed by treatment with metal
alides afforded 13-vertex metallacarboranes 4-L-1,2-(CH2)3-
,1,2-MC2B10H10 (L = Cp, M = Co; L = p-cymene, M = Ru;
= (PMe2Ph)2, M = Pt; L = dppe, M = Ni) [44] (Scheme 14).
hey are well characterized spectroscopically and crystallo-
raphically.

Thirteen-vertex metallacarboranes of the 4,1,10-MC2B10
ype were recently reported by the Welch group [45]. Reduction
f 1,12-R2-1,12-C2B10H10 (R = H or Me) with sodium metal in

iquid ammonia followed by metallation in THF gave 13-vertex
omplexes 4-L-1,10-R2-4,1,10-MC2B10H10 (L = Cp, M = Co,
= H; L = p-cymene, M = Ru, R = H; L = C6H6, M = Ru,
= Me; L = C6Me6, M = Ru, R = Me; L = dppe, M = Ni, R = H)

Scheme 13.

o
i

ig. 8. Structure of 4-Cp-1-CN-4,1,2-CoC2B10H11 reproduced by permission
f Elsevier from Ref. [43].

Scheme 15). Fig. 9 shows the representative structure of the Co
pecies [45]. These complexes can be readily converted into the
,1,12-isomers upon heating, which serves a new entry point to
he 4,1,12-species. Fig. 10 shows the molecular structure of a
uthenacarborane of this type [45].

The Stone group prepared a series of anionic 13-vertex
etallacarboranes. Treatment of CAp Na2[Me2C2B10H10]
ith M( CR)Cl(CO)2(py)2 (M = Mo or W; R = 4-Me-C6H4
r 2,6-Me2-C6H3; py = pyridine or 4-Me-pyridine) followed
y addition of [NEt4]Cl generated 13-vertex metallacarborane
alts [NEt4][4-( CR)-4,4-(CO)2-1,6-Me2-4,1,6-MC2B10H10]
46,47] (Scheme 16). Fig. 11 shows the molecular structure of
he complex anion in [NEt4][4-( CC6H3-2,6-Me2)-4,4-(CO)2-
,6-Me2-4,1,6-WC2B10H10], in which the carborane anion is
6-bound to the tungsten atom forming a 13-vertex cage

46]. The metal-carbyne moieties in these 13-vertex metal-
acarboranes have proven to be useful for the construction
f multi-nuclear metal complexes. As shown in Scheme 17,
he anionic tungsten species can readily react with various
inds of late transition metal compounds to give binuclear
2 4
pen face may also be involved in bonding with the incom-
ng metal fragment, which is demonstrated by both NMR

Scheme 14.
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Scheme 15.
tudies and single-crystal X-ray analyses. In some cases,
he BH moiety can even be activated as observed in the
latinum-containing complex, (�-�:�6-Me2C2B10H9)WPt(�-
C6H4Me-4)(CO)4(CO)2(PMe2Ph)2 [49]. Generally, the incor-

ig. 9. Structure of 4-Cp-4,1,10-CoC2B10H12 reproduced by permission of The
oyal Society of Chemistry from Ref. [45].
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ig. 10. Structure of 4-C6H6-1,12-Me2-4,1,12-RuC2B10H10 reproduced by per-
ission of The Royal Society of Chemistry from Ref. [45].

oration of new metal fragments has no significant effect on the
eometry of the original metallacarboranes.

The 13-vertex alkylidynyl tungstacarboranes [NEt4][4-
CR)-4,4-(CO)2-1,6-R′

2-4,l,6-WC2B10H10] (R = C6H3-2,6-
e2, Me; R′ = Me, H) undergo a facile proton-induced

egradation in the presence of donor molecules L (L = CO,
hC CPh, PPh3) to give neutral 12- or 13-vertex tungstacarbo-
anes depending on the properties of L [51,52]. As shown
n Scheme 18, the resultant 13-vertex metallacarboranes

′
ave the general formula 4-L-4,4-(CO)2-1,6-R2-7-CH2R-
,1,6-WC2B10H9, which may result from the migration and
nsertion into the B(7)–H bond of an initially formed alkylidene
CHR} group. These complexes are thermally unstable and

Scheme 16.
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Fig. 11. Structure of [4-( CC6H3-2′,6′-Me2)-4,4-(CO)2-1,6-Me2-4,1,6-
WC2B10H10]− reproduced by permission of Elsevier from Ref. [46].

Scheme 17.

Scheme 18.
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Scheme 19.

lowly decompose to give 12-vertex tungstacarboranes with a
,1,7-WC2B9 cage framework by loss of both a BH fragment
nd CHR moiety [51]. Protonation with 0.5 equiv. of HBF4 in
he absence of donor molecules afforded a ditungsten complex
hose structure has been confirmed by X-ray analyses [52].
In addition to the alkylidynyl 13-vertex molyda- and

ungstacarboranes, the Stone group synthesized the tricarbonyl
nalogs in good yield using M(CO)3(CH3CN)3 (M = Mo, W) as
tarting materials [53]. The syntheses of the di- and tri-metallic
omplexes were achieved [53,54] (Scheme 19). The allyl group
an also been incorporated into the 13-vertex metallacarboranes
s an ancillary ligand. The ammonium salts of [4-(�3-C3H5)-

,4-(CO)2-1,6-Me2-4,1,6-MC2B10H10]− (M = Mo, W) [55,56]
nd [4-(�3-C3H5)-1,6-Me2-4,1,6-MC2B10H10]− (M = Ni, Pd)
57] were prepared by treatment of Na2[Me2C2B10H10] with
he corresponding allyl metal halides (Scheme 20). Fig. 12

Scheme 20.
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ig. 12. Structure of [4-(� -C3H5)-4,4-(CO)2-1,6-Me2-4,1,6-MoC2B10H10]
eproduced by permission of Elsevier from Ref. [56].

hows the molecular structure of the allyl molybdenum com-
lex [56]. Protonation of the anionic allyl molydacarborane
ith HBr at ambient atmosphere of CO yielded a neutral
3-vertex molydacarborane 4-Br-4,4,4-(CO)3-1,6-Me2-4,1,6-
oC2B10H10 whose structure has been confirmed by an X-ray

iffraction study [55]. The anionic allyl palladacarborane is
nstable, whereas the nickel species has good thermal sta-
ility. The latter is used to prepare dimetallic complexes by
reating with mono-cationic metal fragments [58], as shown in
cheme 21. There is no metal–metal bond in these hetero dinu-
lear species and the exopolyhedral Cu, Rh, and Ru fragments
re attached to the nickelacarborane cluster via B–H–M inter-
ctions. Although the NMR experiments reveal the presence of
everal isomers in solution, recrystallization of these dinuclear
pecies lead to the formation of a unique isomer as indicated by
ingle-crystal X-ray analyses.

The Stone group recently reported the 13-vertex com-
lex anions [4,4,4-(CO)3-4,1,6-MC2B10H12]− (M = Mn, Re)
59] and [4-(cod)-4,l,6-RhC2B10H12]− [60] prepared by salt
etathesis shown in Schemes 22 and 23. The rhena- and rho-

acarborane anions can react with cations to yield neutral

imetallic species with or without a metal–metal bond depend-
ng on the nature of metals [59,60]. Reactions on the carborane
age and ancillary ligands were also studied. The BH vertex at
he 7-position of the 13-vertex rhena- or rhodacarborane anion
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intermediate which may extrude the rhenium to produce the
13-vertex copper complex. The structure of this cupracarbo-
rane is different from that of the gold one as the �6-bonding
interaction is observed between the nido-carborane cage and
Scheme 21.

s very reactive and can be attacked by electrophiles to give
ubstitution products (Schemes 22 and 23).

Thirteen-vertex metallacarboranes of coinage metals and
-block elements are quite rare. [N(CH2Ph)Et3][4-PPh3-
,6-Me2-4,1,6-AuC2B10H10] [61], 4-PPh3-4,7,10-{Cu(PPh3)}-
,10-(�-H)2-4,1,6-CuC2B10H10 [59], l,6-R2-4,l,6-SnC2B10H10
R = Me, H) [62], and l,2-{o-(CH2)2C6H4}-4,1,2-SnC2B10H10
63] are the only known examples. The gold species was
btained by the reaction of CAp nido-carborane dianion with
lAu(PPh3). As shown in Fig. 13, the Au(PPh3) fragment is

3
nly bonded to the nido-carborane cage in � -fashion with
n average Au–B distance of 2.388(7) Å [61]. The slipped
tructure can be ascribed to the electron-richness of the d10

etal center. The 13-vertex cupracarborane was unexpect-

Scheme 22.
F
s

Scheme 23.

dly isolated as a by-product from the reaction of 13-vertex
henacarborane anion with [Cu(PPh3)]+ [59]. As this species
annot be directly synthesized from the reaction of CAp nido-
C2B10H12]2− with [Cu(PPh3)]+, which only gave o-carborane,

14-vertex {ReCuC2B10} cluster is then speculated as an
ig. 13. Structure of [(PPh3)Au(�3-Me2C2B10H10)]− reproduced by permis-
ion of The American Chemical Society from Ref. [61].
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ment of SmCl3 with 2 equiv. of CAp [nido-7,9-(PhCH2)2-7,9-
C2B10H10]Na2(THF)4 in THF yielded an unprecedented cluster
closo-exo-[(PhCH2)2C2B10H10]4Sm2Na3 [67] (Scheme 26). It
is a mixed-valent samaracarborane containing both Sm(III) and
ig. 14. Structure of [(PPh3)Cu(�6-C2B10H12)]Cu(PPh3) reproduced by per-
ission of The American Chemical Society from Ref. [59].

ne of the Cu(PPh3) fragments. The other Cu(PPh3) unit is
upported by a Cu–Cu bond and the B–H–Cu interaction [59]
Fig. 14). Reaction of Na2[7,9-R2-7,9-C2B10H10] (R = H, Me)
ith SnCl2 in THF afforded l,6-R2-4,1,6-SnC2B10H10. X-ray

nalyses reveal that the tin atom is �6-bound to the carboranyl
igand and is free of solvation [62]. On the other hand, treatment
f Na2[7,8-{(CH2)2C6H4}-7,8-C2B10H10] with SnCl2 gave
-L-1,2-{o-(CH2)2C6H4}-4,1,2-SnC2B10H10 (L = THF, DME,
eCN), in which the Sn atom has slipped away from the top of

he C2B4 bonding face [63] (Scheme 24).
Group 1 metal salts M2[7,9-C2B10H12] are very useful

ynthons for the production of 13-vertex metallacarbo-
anes of alkaline-earth metals and lanthanides. Treatment
f MI2 with 1 equiv. of CAp Na2[nido-C2B10H12] in THF
esulted in the isolation of metallacarboranes 4-(THF)x-
,1,6-MC2B10H12 (M = Ca [64], Sr [65], Sm, Eu, Yb [66])
Scheme 25). Recrystallization of these complexes from

eCN/Et2O gave MeCN coordinated species. The molecular
tructures of [4,4,4-(MeCN)3-4,1,6-MC2B10H12]n (M = Sr, Eu)
nd 4,4,4,4-(MeCN)4-4,1,6-CaC2B10H12 have been confirmed
y single-crystal X-ray analyses. Fig. 15 shows the structure
f the Eu species [66]. The average Eu–N and Eu–cage atom

istances are 2.677(9) and 2.983(11) Å, respectively. The full-
andwich lanthanacarborane ion [(�6-C2B10H12)2Eu(THF)2]2−
f the 4,1,6-type was obtained by either the reaction of

Scheme 24.
F
T

Scheme 25.

alf-sandwich species with an equimolar amount of CAp
a2[nido-C2B10H12], or the reaction of EuCl3 with 2 equiv. of
Ap nido-C2B10H12

2− (Scheme 25), whose structure has been
onfirmed by single-crystal X-ray analyses as an ammonium salt
66].

Substituents on the cage carbon atoms play an important
ole in the bonding interactions between the lanthanide and
arboranyl ligand. Reaction of CAp [nido-7,9-(PhCH2)2-7,9-
2B10H10]2− with LnI2 (Ln = Sm, Yb) did not give the expected
3-vertex lanthanacarboranes, rather afforded exo-nido-[7,9-
PhCH2)2-7,9-C2B10H10][Ln(DME)3] [67]. However, treat-
ig. 15. Structure of (�6-C2B10H12)Eu(MeCN)3 reproduced by permission of
he American Chemical Society from Ref. [66].
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two full-sandwich zirconacarboranes of the 4,1,2-type,
{[o-C6H4(CH2)2C2B10H9]2ZrCl2}{Na(THF)3}2 and {[o-
C6H4(CH2)2C2B10H10]2Zr}{Na(THF)3}2, were isolated from
the reaction mixture [69].
Scheme 26.

m(II) centers. An X-ray diffraction study reveals that this novel
luster consists of a central atom of sodium that bonds to four
alf-sandwich [1,6-(PhCH2)2-4,1,6-MC2B10H10] (M = Na, Sm)
nits in a distorted-tetrahedral arrangement. The formation of
m(II) is ascribed to the strong reducing power of the CAp
ido-carborane anion [67].

Treatment of CAd salt [{7,8-[o-C6H4(CH2)2]-7,8-
2B10H10}2Na4(THF)6]n with 2 equiv. of LnCl3 in THF
enerated the first examples of half-sandwich 13-vertex
anthanacarborane chlorides 4-Cl-4,4,4-(THF)3-1,2-[o-

6H4(CH2)2]-4,1,2-LnC2B10H10 (Ln = Nd, Er, Y) [68]
Scheme 27). The monomeric structure of the erbium complex
as confirmed by X-ray diffraction. As shown in Fig. 16,

he Er3+ ion is �6-bound to the CAd nido-C2B10 unit via a
ix-membered C2B4 bonding face, �-bound to a terminal Cl
tom and coordinated by three THF molecules in a distorted-
quare-pyramidal geometry. The average Er-cage atom and
r-Cl distances are 2.77(2) and 2.544(4) Å, respectively.
he chloro group in these complexes can be substituted by
ther moieties, leading to the isolation of 4-[(�-H)3BH]-
,4,4-(THF)3-1,2-[o-C6H4(CH2)2]-4,1,2-NdC2B10H10 and
-(�5-C5H5)-4-THF-1,2-[o-C6H4(CH2)2]-4,1,2-YC2B10H10

− −
68] (Scheme 27). The replacement of a Cl by a Cp
r BH4

− does not lead to much change of the 13-vertex
age structure. A 13-vertex divalent ytterbacarborane
4,4,4-(NC5H5)3-4-(�-Cl)0.5-1,2-[o-C6H4(CH2)2]-4,1,2-

F
p

Scheme 27.

bC2B10H10]2[Na(NC5H5)2] was prepared via the reaction of
Ad [{7,8-[o-C6H4(CH2)2]-7,8-C2B10H10}2Na4(THF)6]n

ith YbCl3 [68] (Scheme 28). The formation of this
b(II) species indicates the reducing power of this
Ad dianion. Such a redox reaction is also found in

ts reaction with ZrCl4. As depicted in Scheme 29,
ig. 16. Structure of {[o-C6H4(CH2)2]C2B10H10}ErCl(THF)3 reproduced by
ermission of The American Chemical Society from Ref. [68].
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Scheme 28.

Attempts to prepare the mixed-sandwich lanthanacarbo-
ane [(�6-C2B10H12)(�5-C5Me5)Eu(THF)2]− fail owing
o the ligand redistribution which gives a homoleptic
u complex [(�6-C2B10H12)2Eu(THF)2]2− [66]. To pre-
ent such a ligand redistribution reaction, the Xie group
eveloped a family of linked carboranyl-cyclopentadienyl
igands [15]. Treatment of LnCl3 with an equimolar
mount of CAp M3[Me2A(C5H4)(C2B10H11)] (M = Na,
; A = C, Si) in THF at room temperature gave the stable
ixed-sandwich 13-vertex lanthanacarboranes [�5:�6-
e2A(C5H4)(C2B10H11)]Ln(THF)2 (Ln = Nd, Er; A = C,

i) of the 4,1,6-type, which were also prepared from the
eaction of [�5-Me2A(C5H4)(C2B10H11)]LnCl2(THF)3 with

equiv. of K metal in THF [70,71] (Scheme 30). Under

imilar reaction conditions, however, interaction of LnCl3
Ln = Sm, Yb) with CAp [Me2Si(C5H4)(C2B10H11)]K3 in a
olar ratio of 1:1 in THF did not afford the corresponding

Scheme 29.

T
[
[

Scheme 30.

nalogs. Instead, the 4,1,6-type of organolanthanide(II) species
[�5:�6-Me2Si(C5H4)(C2B10H11)]Ln(THF)2}{K(THF)2}
Ln = Sm, Yb) were isolated.

On the other hand, the 4,1,6-type of the trivalent sama-
acarborane [�5:�6-Me2Si(C5H4)(C2B10H11)]Sm(THF)2
as prepared by treatment of SmI2 with 2 equiv. of

Me2Si(C5H4)(C2B10H11)]Na in THF [72] (Scheme 31).
s revealed by single-crystal X-ray analyses, the Sm3+ ion

s �5-bound to the cyclopentadienyl ring, �6-bound to the
exagonal C2B4 face of the cage and coordinated by two
HF molecules in a distorted-tetrahedral geometry with
Cent–Sm–Cent angle of 125.1◦ (Fig. 17). The average

m–cage atom and Sm–C(C5 ring) distances are 2.803(3)
nd 2.706(2) Å, respectively. These results clearly indicate
hat the bridged ligand [Me2Si(C5H4)(C2B10H11)]3− can
ndeed stabilize the mixed-sandwich lanthanacarboranes
he analogs [�5:�6-Me2C(C5H4)(C2B10H11)]Sm(THF)2
73], [�5:�6-Me2Si(C9H6)(C2B10H11)]Sm(THF)2 [74],
{�5:�1:�6-Me2Si(C9H5CH2CH2OMe)(C2B10H10)Sm}2(�-

Scheme 31.
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ig. 17. Structure of [�5:�6-Me2Si(C5H4)(C2B10H11)]Sm(THF)2 reproduced
y permission of The American Chemical Society from Ref. [72].

l)][Li(THF)4] [75], and [{�5:�1:�6-Me2Si(C9H5CH2
H2NMe2)(C2B10H10)Sm}2(�-Cl)][Li(THF)4] [75] were
lso obtained in the same manner. Owing to the relatively
ower reducing power of the Yb(II), the corresponding
rivalent 13-vertex ytterbacarboranes cannot be prepared
sing such a redox method [72]. The formation of the
bove trivalent samaracarboranes may involve the reductive
age-opening followed by capitation. This process is also
uggested for the formation of the 4,1,6-type of [�5:�6:�-

e2Si(C9H6)(C2B10H10CH2NMe)]Zr(NC5H5) from the
eaction of [�5:�-Me2Si(C9H6)(C2B10H10)]ZrCl(NMe2) with
BuLi [76]. This species is a very rare example of high-valent
3-vertex group 4 metallacarboranes.

Recently, the Xie group developed a series of Lewis
ase appended carboranyl ligands and studies their applica-
ions in lanthanide and group 4 metal chemistry. Reaction
f 1-Me2NCH2CH2-1,2-C2B10H11 with excess Na metal
n THF, followed by treatment with 1 equiv. of YCl3,
fforded the 4,1,6-type of 13-vertex yttracarborane [�:�6-
Me2NCH2CH2)C2B10H11]YCl(THF)3 containing a terminal
–Cl bond (Scheme 32). Recrystallization from MeCN/toluene
ave [�:�6-(Me2NCH2CH2)C2B10H11]YCl(MeCN)3 [77].

ingle-crystal X-ray analyses confirm that it is a monomeric
alf-sandwich complex in which the Y atom is �6-bound to a
exagonal C2B4 bonding face, �-bound to a terminal chloro
igand, and coordinated to the nitrogen atoms of the sidearm and

Scheme 32.
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Scheme 33.

hree MeCN molecules in a highly distorted-octahedral geom-
try. Treatment of this chloro species with 1 equiv. of Cp′′Li
n THF gave [�:�6-(Me2NCH2CH2)C2B10H11]YCp′′(�-
l)Li(THF)2 that was structurally characterized [77]

Scheme 32).
The first 13-vertex group 4 metallacarborane alkyl complex

s very recently synthesized via alkane elimination method.
nteraction between zwitterionic salt 7-Me2NHCH2CH2-
,9-C2B10H12 and Hf(CH2SiMe3)4 gave a half-sandwich
afnacarborane alkyl [�:�6-(Me2NCH2CH2)C2B10H11]
f(CH2SiMe3)2 [78] (Scheme 33). This study opens new
pportunities for the investigation of M–C � bond in metal-
acarboranes. Single-crystal X-ray diffraction studies reveal
hat the Hf atom is �6-bound to the open C2B4 bonding face
f a nido-carboranyl ligand, �-bound to two CH2SiMe3 units,
nd coordinated to the nitrogen atom of the sidearm in a
hree-legged piano-stool geometry, as shown in Fig. 18. The
f–cage atom distances range from 2.489(4) to 2.732(5) Å
ith an average value of 2.602(5) Å, indicating a highly

symmetrical �6-bonding.
The Hosmane group reported that treatment

f the CAp [Me2Si(NR)(C2B10H11)]Na3 with an
quimolar amount of MCl4 in THF produced [�1:�6-
e2Si(NR)(C2B10H11)]MCl(THF)n (M = Ti, n = 0; M = Zr,
= 1) [79] (Scheme 34). Their structures have not been

ubjected to X-ray analyses yet. The formation of the M(IV)
omplexes is very interesting since it has been documented that
Cl4 can be easily reduced by CAp [nido-R2C2B10H10]2−

o give the divalent species [38]. It might be assumed that the
resence of the M–N � bond could stabilize the high oxidation
tate of the central metal ion.

.1.1.2. MC2B10 system bearing arachno-C2B10 ligand. In

999, the Xie group reported the synthesis and structural
haracterization of a novel uranacarborane complex [{(�7-
2B10H12)(�6-C2B10H12)U}{K2(THF)5}]2 from the reaction
f o-C2B10H12 with excess K metal in THF in the pres-
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ig. 18. Structure of [�:�6-(Me2NCH2CH2)C2B10H11]Hf(CH2SiMe3)2 repro-
uced by permission of The American Chemical Society from Ref. [78].

nce of UCl4 [80] (Scheme 35). This complex represents
ot only the first 13-vertex metallacarborane containing an
rachno [�7-C2B10H12]4− ligand but also the first actinacarbo-
ane bearing a [�6-C2B10H12]2− ligand. As shown in Fig. 19,
ach U atom is �6-bound to [nido-C2B10H12]2−, �7-bound to
arachno-C2B10H12]4−, and coordinated to two B–H bonds
rom the C2B5 bonding face of the neighboring [arachno-
2B10H12]4− ligand in a highly distorted-tetrahedral geometry
ith a Cent(C2B4)–U–Cent(C2B5) angle of 136.4◦. It is not clear
hy the other [nido-C2B10H11]2− dianion in this complex can-
ot be reduced to the [arachno-C2B10H12]4− tetraanion in the
resence of excess K metal. It may be speculated that this com-

lex represents an intermediate going from (�6-C2B10H12)2U
o (�7-C2B10H12)2U4−.

Interaction of [�5-Me2C(C5H4)(C2B10H11)]LnCl2(THF)3
r [�5:�6-Me2C(C5H4)(C2B10H11)]Ln(THF)2 with excess Na

Scheme 34.
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ig. 19. Structure of [{(�7-C2B10H12)(�6-C2B10H12)U}2]4− reproduced by
ermission of Wiley–VCH from Ref. [80].

etal in THF at room temperature afforded the same 13-vertex
anthanacarboranes bearing an arachno-�7-carborane ligand,
{[�5:�7-Me2C(C5H4)(C2B10H11)]Ln}2{Na4(THF)9}]n

Ln = Dy, Er) [71,73] (Scheme 36). Their polymeric
ature has been confirmed by an X-ray diffraction study.
ach asymmetrical unit contains two 13-vertex {[�5:�7-
e2C(C5H4)(C2B10H11)]Er}2− structural motifs that are

onnected to each other by three Na atoms through several
–H–Na bonding interactions. The carborane ligand [arachno-
2B10H11]4− has a boat-like C2B5 bonding face in which
he five B atoms are coplanar and the two C atoms are ca.
.6 Å above this plane, resulting in an average Er–C(cage)
istance being ca. 0.26 Å shorter than the average Er–B(cage)

Scheme 36.
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Fig. 20. Structure of {[�5:�7-Me2C(C5H4)(C2B10H11)]Er}2− reproduced by
permission of The American Chemical Society from Ref. [73].
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Scheme 37.

istance (Fig. 20). This is the first 13-vertex lanthanacarborane
ontaining a �7-carboranyl ligand.

Reduction of o-carborane derivatives 1,2-(PhCH2)2-1,2-
2B10H10, 1-(XCH2CH2)-1,2-C2B10H11, 1,2-(XCH2CH2)2-
,2-C2B10H10 (X = OMe, NMe2), Me2Si(C9H7)(C2B10H11),
ArCH2)2C2B10H10 (Ar = 3,5-(CH3O)2C6H3, 1-pyrenyl), and

C9H7)C2B10H11 with group 1 metals in the presence of
nCl3 gave the corresponding 13-vertex lanthanacarboranes

n which the arachno-carboranyl ligands all bond to the Ln3+

n �7-fashion [81–83] (Schemes 37 and 38). Since the closo-

Scheme 38.
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Scheme 39.

arboranes cannot be directly converted into the arachno
etraanions by group 1 metals, it is very reasonable to suggest that
he 13-vertex metallacarboranes [�6-R2C2B10H10]LnCl(THF)x

ay serve as intermediates which accept two more electrons
rom group 1 metals to form the final product.

The arachno-�7-carborane tetraanions can effectively stabi-
ize the high oxidation states of metal ions. Interaction between
bCl3, 1 equiv. of [Me2Si(C13H8)(C2B10H11)]Li(OEt2)2

nd excess finely cut Na metal in THF at room tempera-
ure, followed by treatment with 1 equiv. of dry Me3NHCl
roduced a novel full-sandwich lanthanacarborane {{[�7-
e2Si(C13H9)(C2B10H11)]2YbIII}2YbII}{Na8(THF)20} [84]

Scheme 39), in which the �7-bonded ytterbium atoms
etain their oxidation state +3 although excess sodium metal
as used. This argument is supported by the isolation of
3-vertex high-valent group 4 metallacarboranes, [{(�:�5):�7-
e2Si(C5H4)(C2B10H11)}Zr(NEt2){Na3(THF)4}]n [76],

�1:�1:�7-(Me2NCH2CH2)(MeOCH2CH2)(C2B10H10)]Zr(�-
l)Na(THF)3 [85], and [�1:�1:�7-(Me2NCH2CH2)2(C2B10

10)]Zr(�-Cl)Na(THF)3 [85].
The above results show that (1) the arrangement of the cage

toms in arachno-�7-R2C2B10H10
4− is the same regardless of

he substituents on the cage carbon atoms and the nature of
entral metal ions, and (2) arachno-[�7-R2C2B10H10

4−] prefer
etal ions with d0/fn electronic configurations. To understand

hese features, molecular orbital calculations at the B3LYP
evel of the density functional theory have been performed on

7 2−
he model complex [(� -C2B10H12)Y(H2O)]2 [81]. Careful
xamination of the molecular orbitals obtained from the cal-
ulations indicates that the metal’s five d orbitals of Y are
ll significantly involved in the metal-[�7-C2B10H12] bonding
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vertex nido cage. Such an open cage geometry is also observed
in other three complexes.

Bi- and trinuclear 13-vertex metallacarboranes are known.
Reaction of 13-vertex cobaltacarborane 4-Cp-1,8-R2-4,1,8-
ig. 21. Schematic orbital interaction diagram of Y3+ with [arachno-�7-

2B10H12]4− reproduced by permission of The American Chemical Society
rom Ref. [81].

nteractions. The relevant molecular orbitals are mainly found
n the HOMO-LUMO region. A schematic molecular orbital
nteraction diagram is shown in Fig. 21. The arachno-[�7-

2B10H12]4− moiety contributes five pairs of electrons to the
ve d orbitals of the metal ion to form metal-cage bond in �7-
ashion. It is anticipated that any d electrons of the central metal
on will destabilize the M-[�7-C2B10H12] bonding interactions.
hese results explain why arachno-�7-carboranyl ligand can
tabilize the metal ions in their highest oxidation state, and
nly f-elements can form full-sandwich metallacarboranes with
7-carboranyl ligands.

Another class of 13-vertex metallacarboranes containing
rachno-C2B10 ligands is derived from the CAd arachno-
arborane tetraanions. As shown in Scheme 40, reduction of
-Cl-4,4,4-(THF)3-1,2-[o-C6H4(CH2)2]-4,1,2-LnC2B10H10
ith excess lithium or sodium metal gave the lanthanacarborane

omplexes {�6-[l,2-[o-C6H4(CH2)2]-l,2-C2B10H10]2Ln}5−
68]. These species were also prepared by the direct
nteraction of the CAd arachno-[{1,2-[o-C6H4(CH2)2]-
,2-C2B10H10}Li4(THF)6]2 with LnCl3. Fig. 22 shows the
epresentative structure of a full-sandwich lanthanacarborane
oiety {�6-[�-1,2-[o-C6H4(CH2)2]-1,2-C2B10H10]2Er}5−.
he two hexagonal C2B4 bonding faces are not parallel to
ach other, but rather have a dihedral angle of 20.5◦, and the
ent–Er–Cent angle is 152.1◦.

.1.2. MC4B8, M2C3B8, M2C2B9, and M3C3B7 systems
A limited number of 13-vertex metallacarboranes of

he types of MC4B8, M2C3B8, M2C2B9, and M3C3B7
ave been known. Insertion of metal cations into the
4C4B8H8

2− anions afforded the MC4B8 type of complexes

86–91]. These capitation reactions are very complicated,
enerating a mixture of products, from which four 13-
ertex species were isolated and structurally characterized,
�5-Me4C4B8H8)Ni(dppe) [88], (Et4C4B8H7)2(COMe2)2CoH

F
d

Scheme 40.

90], (Et2C2B4H4)Co(Et4C4B8H7OC4H8) [91], and (�6-
t4C4B8H8)Cr(�5-Cp) [89]. Fig. 23 shows the molecular
tructure of (�5-Me4C4B8H8)Ni(dppe) as a well-defined 13-
ig. 22. Structure of {�6-[1,2-[o-C6H4(CH2)2]-1,2-C2B10H10]2Er}5− repro-
uced by permission of The American Chemical Society from Ref. [68].
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ig. 23. Structure of (�5-Me4C4B8H8)Ni(dppe) reproduced by permission of
he American Chemical Society from Ref. [88].

oC2B10H10 or 4-Cp-1,12-R2-4,1,12-CoC2B10H10 with KOH
n the presence of CpH and metal salt produced new 13-vertex
imetallacarborane 4,5-Cp2-1,8-R2-4,5,1,8-CoMC2B9H9 or
,5-Cp2-1,12-R2-4,5,1,12-CoMC2B9H9 (M = Co, Fe), respec-
ively. In the absence of CpH, a trinuclear complex
NMe4][(CpCoC2B9H11)2Co] was obtained [92] (Scheme 41).
hese complexes are characterized by spectroscopic techniques,
nd their structures are postulated.

In 2002, the synthesis and structural characterization
f the 13-vertex diruthenacarboranes of the Ru2C2B9 type
ere reported [93]. Electrophilic insertion of [Cp*Ru]+ or

CpRu]+ into the 12-vertex closo-[Cp*RuC2B9H11]− gave
he 13-vertex species (�5-Cp*)Ru(�6:�6-C2B9H11)Ru(�5-Cp*)

r (�5-Cp*)Ru(�6:�6-C2B9H11)Ru(�5-Cp), respectively, as
hown in Scheme 42. The former was also prepared by the reac-
ion of Tl[TlC2B9H11] with 0.5 equiv. of [Cp*RuCl]4. As shown
n Fig. 24, (�5-Cp*)Ru(�6:�6-C2B9H11)Ru(�5-Cp*) possesses

Scheme 41.
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Scheme 42.

early ideal C2v symmetry with the Ru and carbon vertices
ocating at the 4,5- and 2,3-positions, respectively, yielding a
,5-Cp∗

2-4,5-Ru2-2,3-C2B9H9 structure. Each ruthenium atom
s �6-bound to the C2B4 faces with a common C2B unit.
here is no direct interaction between the two ruthenium atoms
s demonstrated by the Ru(1)· · ·Ru(2) distance of 3.531(1) Å.
similar complex [Cp*Ru(Me2SC2B9H10)RuCp*][Co(�5-7,8-

2B9H11)2] was obtained from the reaction of the zwitterion
p*Ru(Me2SC2B9H10) with a [Cp*Ru]+ source [94]. Although

hese 13-vertex cages are the violation of Wade’s electron-
ounting rules as isocloso molecules [95], they show good
hermal stabilities, which is attributed to the nearly nonbonding
UMOs as suggested for [B13H13]2− [93]. The parallel studies
n the nickel, cobalt, and rhodium analogs do not produce the
elevant 13-vertex species.

Cage reduction/metal insertion methodology is also used for
he synthesis of 13-vertex diferracarboranes of the Fe2C3B8
ype [96]. Treatment of 2-Cp-9-tBuNH-2,1,7,9-FeC3B8H10
ith NaC10H8 in DME produced presumably [tBuNH-
pFeC3B8H10]2−, followed by reaction with CpFe(CO)2I or

CpFe(CO)2]2 to generate three diferratricarbaboranes, 4,5-

p2-4,5,1,6,7-Fe2C3B8H11, 4,5-Cp2-4,5,1,7,12-Fe2C3B8H11,
nd 7-tBuNH-4,5-Cp2-4,5,1,7,12-Fe2C3B8H10 (Scheme 43). X-
ay diffraction studies show that their structures are quite similar

ig. 24. Structure of (�5-Cp*)Ru(�6:�6-C2B9H11)Ru(�5-Cp*) reproduced by
ermission of Wiley–VCH from Ref. [93].
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Scheme 43.

o that of the above mentioned diruthenium complex and both
etal atoms occupy the 4,5-positions.
The only known trinuclear 13-vertex metallacarborane

p2(Co3C3B7H10)(C2B7H9CH2CH2CN) was isolated from the
eaction of arachno-6-NCCH2-5,6,7-C3B7H11

− with CoCl2 in
he presence of CpNa [97]. X-ray analyses reveal that this species
dopts a docosahedral geometry, in which the three Co atoms
ccupy three vertices with two being adjacent and are bonded to

4 4 6
he carborane moiety in � -, � -, and � -fashion, respectively,
s shown in Fig. 25.

ig. 25. Structure of Cp2(Co3C3B7H10)(C2B7H9CH2CH2CN) reproduced by
ermission of The American Chemical Society from Ref. [97].
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Scheme 44.

.2. Fourteen-vertex metallacarboranes

.2.1. MC2B11 system
Fourteen-vertex metallacarboranes of the MC2B11 type

re generally prepared from the 13-vertex nido-carborane
nions. The Xie group reported that treatment of CAd nido-
(CH2)3C2B11H11]2− with (L)NiCl2 in THF gave 14-vertex
ickelacarboranes (L)Ni[�5-(CH2)3C2B11H11] (L = dppe,
ppen) [24] (Scheme 44). X-ray analyses reveal that they are
somorphous and isostructural. The geometry of the 14-vertex

etallacarborane, Fig. 26, is a distorted-bicapped-hexagonal

ntiprism with two seven-coordinate boron vertices, which is
imilar to that of the 14-vertex carborane. Different from the
3-vertex metallacarboranes of the MC2B10 system in which
he metal is often bonded to the carborane cage in �6 fashion,

ig. 26. Structure of 8-dppe-2,3-(CH2)3-8,2,3-NiC2B11H11 reproduced by per-
ission of The American Chemical Society from Ref. [24].



2472 L. Deng, Z. Xie / Coordination Chemistry Reviews 251 (2007) 2452–2476

F
b

t
f
l
m
1
1
e
o

r
H
p
[
S
h
1
a
r
1
n
∼
n
s
T
p
p
e

N
1
c
r
s
t

3

C
s
o
d
1
[
a
o
1
a
a
l
1
1
1
W
h
b

T
fi
t
a
l
e
C
o
(
c
m

ig. 27. Structure of 2,3-(CH2)3-1-(p-cymene)-1,2,3-RuC2B11H11 reproduced
y permission of Wiley–VCH from Ref. [25].

he Ni atom in the 14-vertex cages is bonded to the bent open
ace (C(1)C(2)B(3)B(4)B(8)) in �5 fashion with a relatively
ong Ni(1)–B(8) bond distance of ∼2.46 Å. Thus, these clusters

ay be viewed as 8-L-2,3-(CH2)3-8,2,3-NiC2B11H11. The
4-vertex nickelacarboranes are much less stable than their
3-vertex analogs. Decomposition takes place when they are
xposed to air and moisture, which might be due to the presence
f longer Ni–B bonds in the cages.

Significantly different from the nickel species, the 14-vertex
uthenacarboranes 2,3-(CH2)3-1-(p-cymene)-1,2,3-RuC2B11

11 and 2,8-(CH2)3-1-(p-cymene)-1,2,8-RuC2B11H11, pre-
ared from the reaction of CAd Na2[(CH2)3C2B11H11] with
(p-cymene)RuCl2]2, are quite air- and moisture-stable [25,26].
ingle-crystal X-ray analyses reveal that they adopt bicapped
exagonal antiprism geometry, which is similar to that of the
4-vertex carboranes. The Ru atom occupies the 1-position
nd the two cage carbon atoms hold the 2,3- or 2,8-positions,
espectively. Fig. 27 shows the molecular structure of the
,2,3-isomer, in which the carboranyl is bonded to the ruthe-
ium atom in �6 fashion with the Ru–Cent(C2B4) distance of
1.46 Å. Examination of the structures of the parent 13-vertex

ido-carborane and 14-vertex ruthenacarboranes indicates that
ignificant cage rearrangements occur during the reaction.

he sizes of the central metal ions may play a role in this
rocess. The proper selection of metal salts is crucial for the
reparation of stable 14-vertex metallacarboranes [24]. For
xample, interaction of SnCl2, ZrCl4, or (Ph3P)2PdCl2 with

a
d
a
t

Scheme 45.

a2[(CH2)3C2B11H11] generated quantitatively 1,2-(CH2)3-
,2-C2B11H11 according to the 11B NMR analyses. In the
ases of (Ph3P)2NiCl2, (Ph3P)2PtCl2, and (Ph3P)3RuCl2, the
eactions gave a mixture of inseparable products. These results
uggest that the prevention of redox reactions is essential for
he preparation of 14-vertex metallacarboranes.

.2.2. M2C2B10 system
Reduction of 13-vertex cobaltacarboranes 4-Cp-4,1,12-

oC2B10H12 or 4-Cp-4,1,8-CoC2B10H12 with 3 equiv. of
odium in the presence of naphthalene followed by the addition
f CpNa and CoCl2 gave, after air oxidation, the 14-vertex
inuclear metallacarboranes of the M2C2B10 type, 1,14-Cp2-
,14,2,10-Co2C2B10H12 and 1,14-Cp2-l,14,2,9-Co2C2B10H12
98] (Scheme 45). The molecular structures are proposed
ccording to the NMR spectra. The cyclic voltammograms
f these 14-vertex dicobaltacarboranes are similar to those of
3-vertex dicobaltacarboranes, showing reversible oxidative
nd reductive waves of a single electron redox process. In

similar manner, the following 14-vertex dinuclear metal-
acarboranes, 1-(p-cymene)-14-Cp-1,14,2,10-RuCoC2B10H12,
-(p-cymene)-14-(C6H6)-1,14,2,10-Ru2C2B10H12,
,14-(p-cymene)2-1,14,2,10-Ru2C2B10H12, and 1-(p-cymene)-
4-(dppe)-1,14,2,10-RuNiC2B10H12 were prepared by the
elch group [99] (Scheme 46). The structures of the latter two

ave been characterized by X-ray analyses, confirming their
icapped hexagonal antiprism geometries.

Fourteen-vertex dinuclear lithiacarboranes are also known.
reatment of 1,2-[o-C6H4(CH2)2]-1,2-C2B10H10 with excess
nely cut lithium metal in THF at room tempera-

ure produced, after workup, the first group 1 metal
rachno-carborane tetraanionic salt [{�-1,2-[o-C6H4(CH2)2]-
,2-C2B10H10}Li4(THF)6]2. Other lithium salts of a gen-
ral formula [{1,2-R2-1,2-C2B10H10}Li4(THF)x]2 (R2 = 1,8-
10H6(CH2)2, (CH2)3, (CH2)4, and CH2CH CHCH2; x = 5
r 6) were also prepared in the same manner [100–102]
Scheme 47). As shown in Fig. 28, the arachno-carborane
onsists of one open six-membered C2B4 face and one open five-
embered C2B3 face that are bonded to two lithium atoms in �6-

nd �5-fashion, respectively, to form a novel 14-vertex closo-

ilithiacarborane. The average Li(1)–cage atom and Li(2)–cage
tom distances of 2.315(8) and 2.309(10) Å are shorter than
hose observed in other lithiacarboranes [102].
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formation of this 15-vertex species should involve adventitious
capture of a {BH} fragment. Direct reduction of the 14-vertex
ruthenacarborane by Na metal followed by addition of RBX2
does not give the 15-vertex metallacarboranes.
Scheme 46.

.2.3. M2C4B8 system
Reduction of Me4C4B8H8 with sodium in THF followed

y treatment with FeCl2 and CpNa offered four 14-vertex
iferracarboranes of the general formula Cp2Fe2Me4C4B8H8
nd a 12-vertex ferracarborane CpFeMe4C4B7H8 [86,103,104].
cheme 48 shows the possible reaction pathway for the for-
ation of 14-vertex species. Although all isomers contain 30

keletal valence electrons, they have very different structures:
hree of them have irregular cage geometries with four- or five-

embered open face, and the fourth one adopts a symmetrical
tructure of closed bicapped hexagonal antiprism.

.3. Fifteen-vertex metallacarboranes

Very recently, the synthesis and structural characterization
f two 15-vertex ruthenacarboranes are reported independently
y two groups, which represent the largest metallacarbo-
anes known to date. The Xie group reported that treatment
f a 14-vertex nido-carborane salt Na2[(CH2)3C2B12H12]
ith [(p-cymene)RuCl2]2 afforded a 15-vertex metallacarbo-

ane 1,4-(CH2)3-7-(p-cymene)-7,l,4-RuC2B12H12 in 62% yield

25] (Scheme 49). An X-ray analysis reveals that its closo
tructure bears 26 triangulated faces and has an approxi-
ate D3h symmetry, which is very similar to that predicted

or B15H15
2− by theoretical calculations (Fig. 29). Careful

Scheme 47.
ig. 28. Structure of [2,3-(CH2)3-1,8,2,3-Li2C2B10H10]2− reproduced by per-
ission of The American Chemical Society from Ref. [101].

xamination of the structures of the parent nido species and
he 15-vertex metallacarborane clearly indicates that signifi-
ant cage rearrangements occur during the reaction. On the
ther hand, the Welch group reported that 1,6-(CH2)3-7-(p-
ymene)-7,1,6-RuC2B12H12 was obtained upon thermolysis
f the 14-vertex ruthenacarborane 2,8-(CH2)3-1-(p-cymene)-
,2,8-RuC2B11H11 [26] (Scheme 50). The authors claim that the
Scheme 48.
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Scheme 49.

Fig. 29. Structure of 1,4-(CH2)3-7-(p-cymene)-7,l,4-RuC2B12H12 reproduced
by permission of Wiley–VCH from Ref. [25].

Scheme 50.
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. Conclusions and perspectives

Efforts of half a century in this research area have led to
he extensive studies on the chemistry of carboranes and met-
llacarboranes. A large number of metallacarboranes with 13
ertices or more possessing very rich structural diversities have
een prepared via different synthetic routes using various types
f carboranyl ligands. The results show that both the carboranyl
nd ancillary ligands play an important role in the synthesis,
tructure, and reactivity of the resultant metallacarboranes. Since
he cluster sizes of metallacarboranes are in principle controlled
y those of carboranes, the successful syntheses of 13- and
4-vertex carboranes not only make the earlier predictions visi-
le, but most importantly, lay a significantly new foundation to
uper-carborane and -metallacarborane chemistry.

Cage-opening and boron insertion method that work well for
he preparation of 13- and 14-vertex carboranes have been unsuc-
essful when applied to the (CH2)3C2B12H12 polyhedron owing
o the redox reaction between the nido-[(CH2)3C2B12H12]2−
nd RBX2 reagents. New synthetic methodologies are desired
or the production of larger clusters. A convergent [12 + n]
pproach (n > 2) would be of great interest and full of challenges.
s research in this area becomes more active, a new class of
oron cluster of extraordinary size and unique structure would
e envisioned. The search for applications of super-carboranes
nd -metallacarboranes in many disciplines such as BNCT,
lectronics, ceramics, catalysis, polymers and nanomaterials is
nticipated in the future.
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