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Synthesis of 13-vertex dimetallacarboranes by
electrophilic insertion into 12-vertex
ruthenacarboranes†
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The electrophilic insertion of organometallic species into metallacarboranes was studied in detail for the

model compound – the 12-vertex closo-ruthenacarborane anion [Cp*Ru(C2B9H11)]
− (1). Reactions of the

anion 1 with the 12-electron cationic species [M(ring)]+ (M(ring) = RuCp, RuCp* and Co(C4Me4)) gave the

13-vertex closo-dimetallacarboranes Cp*Ru(C2B9H11)M(ring). Similar reactions of the neutral ruthena-

carborane Cp*Ru(Me2S-C2B9H10) produce the cationic dimetallacarboranes [Cp*Ru(Me2S-C2B9H10)M(ring)]+.

The symmetrical 13-vertex diruthenacarboranes (C5R5)Ru(R2C2B9H9)Ru(C5R5) can be prepared by the

direct reactions of Tl2[7,8-R2-7,8-C2B9H9] (R = H and Me) with two equivalents of [CpRu(MeCN)3]
+ or

[Cp*RuCl]4. The insertions of the 14-electron cationic species [M(ring)]+ (M(ring) = NiCp, NiCp* and

Co(C6Me6)) into 1 gave the 13-vertex dimetallacarboranes Cp*Ru(C2B9H11)M(ring), which have a distorted

framework with one open face. The structures of Cp*Ru(C2B9H11)Co(C4Me4) and Cp*Ru(C2B9H11)NiCp

were established by X-ray diffraction. Some of the 13-vertex dimetallacarboranes have two electrons less

than required by Wade’s rules. This violation is explained by the absence of the appropriate pathway for

the distortion of the framework.

Introduction

Carboranes and metallacarboranes represent a unique class of
cluster molecules with high thermal and chemical stability
and unusual reactivity.1 These properties make them useful
building blocks for non-coordinating anions,2 dendrimers,3

functional materials,4 and catalysts.5 In recent years a signifi-
cant progress has been made in the field of supericosahedral
species, which have more than 12 vertices in the cage.6,7 The
synthesis of such compounds is usually based on the
reduction of closo-clusters to nido-dianions and subsequent
addition of a new vertex (boron or metal).8 An attractive
alternative approach, namely, the direct insertion of metal
complexes into closo-clusters, has been long known only for
small (sub-icosahedral) frameworks.9 Recently, it has been

found that the electrophilic insertion of cationic species
[M(ring)]+ is an effective method for the synthesis of supericosa-
hedral metallacarboranes.6a–c,10 Herein we report the detailed
investigation of this reaction for the model 12-vertex ruthena-
carborane anion [Cp*Ru(C2B9H11)]

− (1). The unusual 13-vertex
dimetallacarboranes obtained in this way were studied by
theoretical and physicochemical methods.

Results and discussion
Insertion of 12-electron [M(ring)]+ species

We studied the reaction of ruthenacarborane anion 1 with
[(C5R5)Ru(MeCN)3]

+ (R = H and Me) (Scheme 1). It was

Scheme 1
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expected that electrophilic attack of the species [Ru(C5R5)]
+

would proceed at the Cp* ring to give the triple-decker
complex (C5R5)Ru(μ-Cp*)Ru(C2B9H11), similar to the formation
of [(C5R5)Ru(μ-Cp*)RuCp*]+ by the reaction of the same frag-
ments with Cp*2Ru.

11 However, an electrophilic insertion into
the ruthenacarborane cage occurred instead giving the
13-vertex diruthenacarboranes 2a,b in ca. 50% yield.10

The precursor anion 1 was obtained in 72% yield by the
reaction of thallium dicarbollide Tl2[7,8-C2B9H11] with
[Cp*RuCl]4 in acetonitrile (Scheme 2); the formation of 2b was
not detected in this case. In contrast, if this reaction was
carried out in THF, complex 1 reacted further with the second
equivalent of [Cp*RuCl]4 giving 2b even at −78 °C. This can be
explained by the higher reactivity of the intermediate solvate
species [Cp*Ru(THF)3]

+ over [Cp*Ru(MeCN)3]
+ due to the lower

coordinating ability of THF. Accordingly, complex 2b can be
easily prepared by the direct reaction of Tl2[7,8-C2B9H11] with
two equivalents of [Cp*RuCl]4. The analogous reaction of
Tl2[7,8-C2B9H11] with two equivalents of [CpRu(MeCN)3]

+ gave
the parent compound 2c, while the reaction of the dimethyl-
substituted derivative Tl2[7,8-Me2-7,8-C2B9H9] with [Cp*RuCl]4
produced the methylated complex 2d (Scheme 3).

As a result of the insertion the cage carbon atoms become
separated by one boron atom. We suggested that the presence
of a small bridge between the carbons would prohibit this
process. Indeed, no insertion takes place in the case of the
ruthenacarborane anion 3 having the CH2OCH2 bridge
(Scheme 4). The oxidative substitution product 4 was formed
instead if the reaction is carried out in THF.12 A similar reac-
tion in non-coordinating solvents such as CH2Cl2 results in a
complex mixture of products.

The reaction of 1 with the [Co(C4Me4)]
+ fragment (in the

form of labile complexes [(C4Me4)Co(MeCN)3]
+ or [(C4Me4)Co

(C6H6)]
+)13 gives the 13-vertex cobaltaruthenacarborane 5 in ca.

50% yield (Scheme 5). The competitive reaction of 1 with an

equimolar mixture of the acetonitrile complexes [(C4Me4)Co
(MeCN)3]

+ and [Cp*Ru(MeCN)3]
+ in THF produces compounds

5 and 2b in a 3 : 1 ratio. The faster insertion of the cobalt frag-
ment can be attributed to the higher lability of the acetonitrile
ligands in [(C4Me4)Co(MeCN)3]

+.
The neutral ruthenacarborane 3-Cp*-4-SMe2-3,1,2-RuC2B9H10

(6) with the charge-compensating substituent SMe2 is also
capable of undergoing the insertion of the [M(ring)]+ species.
Thus, the reaction of 6 with [(C5R5)Ru(MeCN)3]

+ (R = H and
Me) or [(C4Me4)Co(MeCN)3]

+ in refluxing nitromethane gives
dimetallacarboranes 7a,b and 8 (Scheme 6).14

The 11B{1H} NMR spectra of the dimetallacarboranes
obtained display the sharp singlet at about 100 ppm corres-
ponding to the bridging boron atom, having the lowest coordi-
nation number.15 The signals of the other boron atoms lie in
the −10 to 40 ppm range. The 1H NMR spectra show high-field
signals corresponding to CH vertexes at about −1 ppm. We
suggest that these spectral anomalies are caused by the
unusual electronic structure of the compounds (vide infra).

The structures of 2b,10 5, and 7b[Co(C2B9H11)2]
16 were

established by X-ray diffraction. Compound 5 possesses the
expected 13-vertex closo-dimetallacarborane (Fig. 1). The dis-
tances from the Ru and Co atoms to the bridging boron atom

Scheme 2

Scheme 5

Scheme 6Scheme 3

Scheme 4

Dalton Transactions Paper

This journal is © The Royal Society of Chemistry 2017 Dalton Trans., 2017, 46, 15710–15718 | 15711

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
O

ct
ob

er
 2

01
7.

 D
ow

nl
oa

de
d 

on
 9

/2
0/

20
24

 6
:1

7:
35

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7dt03504g


B1 (Ru3–B1 2.050, Co5–B1 1.985 Å) are much shorter than
other M–B distances (av. Ru3–B 2.192, Co5–B 2.136 Å). The
long Ru3⋯Co5 distance (3.404 Å) suggests that there is no
direct interaction between metal atoms.

Despite the facile synthesis of 2a–d and 5, the reactions of 1
with many other 12-electron half-sandwich complexes do not
give the insertion products. Thus, treatment of the anion 1
with [FeCp]+, [Mn(CO)3]

+, [Rh(cod)]+, [Ir(cod)]+, [CoCp]2+,
[RhCp*]2+, and [Ru(C6H6)]

2+ species in the form of their labile
complexes leads only to decomposition products (most prob-
ably via the oxidation of anion 1). The variety of 12-vertex
metallacarboranes capable of undergoing insertion reaction is
also limited. The ferracarborane anion [CpFeIIC2B9H11]

− (iron
analog of 1) is oxidized by [Cp*RuCl]4 to give CpFeIIIC2B9H11.
On the other hand, compounds CpCoIIIC2B9H11 and
CpRhIIIC2B9H11 do not react with the [RuCp*]+ species.

Insertion of 14-electron [M(ring)]+ species

The dimetallacarboranes 2a–d, 5, 7a,b, and 8, obtained by the
insertion of 12-electron species [Ru(C5R5)]

+ and [Co(C4Me4)]
+,

have two electrons less than required by Wade’s rules
(vide infra). In order to obtain dimetallacarboranes that obey
Wade’s rules, we studied the insertion of 14-electron species
[Ni(C5R5)]

+ and [Co(C6Me6)]
+ into 1. It was found that the reac-

tion of 1 with [CpNi(SMe2)2]
+ or [Cp*NiCl]2 gives the 13-vertex

nickela-ruthenacarboranes 9a,b (Scheme 7). A similar reaction
with [(C6Me6)2Co]

+ gives cobalta-ruthenacarborane 10.
Despite the formal similarity of the reactions with 12- and

14-electron cationic species, the structures of 9a,b and 10 are
notably different from those of 2a,b and 5. The X-ray diffrac-
tion study reveals that the framework of 9a is strongly distorted
from the expected Cs symmetry (Fig. 2; overlay of the structures
of 5 and 9a is shown in the ESI†). The key feature of this struc-
ture is the significant non-equivalence of Ni–Ccage distances

(Ni3⋯C2 2.967, Ni3–C4 2.081 Å) and the quadrilateral open
face Ni3–B1–C2–B7. In addition, the Ru5–B1 distance in 9a
(2.156 Å) is notably longer than that in 5 (2.050 Å).

Despite the asymmetry in the crystal, the 1H and 11B{1H}
NMR spectra of 9a,b and 10 correspond to the Cs-symmetrical
structure, indicating the rapid interconversion of two enantio-
meric forms (Scheme 8). Apparently, the crystal structure rep-
resents a “frozen-out” extreme point of this process. We could

Fig. 1 The molecular structure of 5 in 50% thermal ellipsoids. The
hydrogen atoms are omitted for clarity. Selected interatomic distances
(Å): Ru3–C2 2.193(5), Ru3–C4 2.195(5), Ru3–B1 2.050(6), Ru3–B7
2.194(6), Ru3–B8 2.176(6), Ru3–B11 2.201(6), Co5–C2 2.120(5), Co5–C4
2.136(5), Co5–B1 1.985(6), Co5–B6 2.112(6), Co5–B9 2.121(6), Co5–B10
2.165(6), B1–C2 1.689(8), B1–C4 1.677(7), Ru3⋯Cp* 1.852, Co5⋯C4Me4
1.777, Ru3⋯Co5 3.4042(7).

Scheme 7

Fig. 2 The molecular structure of 9a in 50% thermal ellipsoids. The
second independent molecule and the hydrogen atoms are omitted for
clarity. Selected interatomic distances (Å): Ru5–C2 2.116(5), Ru5–C4
2.199(5), Ru5–B1 2.158(6), Ru5–B6 2.225(5), Ru5–B9 2.179(5), Ru5–B10
2.238(5), Ni3⋯C2 2.967(5), Ni3–C4 2.081(5), Ni3–B1 2.106(6), Ni3–B7
2.302(6), Ni3–B8 2.027(6), Ni3–B11 2.074(6), B1–C2 1.542(7), B1–C4
1.674(7), Ru5⋯Cp* 1.861, Ni3⋯Cp 1.737, Ru5⋯Ni3 3.768(1).

Scheme 8
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not detect the unsymmetrical structure in solution by 11B{1H}
NMR even at −80 °C. This means that the activation energy of
this process is less than 10 kcal mol−1, which is typical of
13-vertex metallacarboranes.17 Indeed, the barrier for the
unsubstituted analogue CpRuC2B9H11NiCp was calculated to
be 5.1 kcal mol−1 (vide infra). It should also be noted that in
contrast to 2a–d, 5, 7a,b, and 8, the NMR signal of the bridging
B1 atom in 9a,b and 10 is observed in the ordinary region at
about 0 ppm. The 1H NMR singlet of cage CH groups is found
at δ = 3.88 (9a), 3.28 (9b) and 2.84 (10) ppm.

Electrochemical studies

The electrochemical behaviour of compounds 1, 2b,d, 5, 6, 9a,
b and 10 was studied by means of cyclic voltammetry. Their
electrode potentials along with the potentials of some related
complexes are compiled in Table 1.

Anion 1 undergoes a coulometrically measured one-electron
oxidation which displays the features of chemical reversibility
in the cyclic voltammetric time scale (Fig. 3). In fact, analysis
of the cyclic voltammetric responses with scan rates varying
from 0.02 V s−1 to 2.00 V s−1 shows that: (i) the current ratio
ipc/ipa is constantly equal to 1; (ii) the current function ipa·v

−1/2

remains substantially constant; (iii) the peak-to-peak separ-
ation ranges from 60 mV to 70 mV. In the longer times of the
exhaustive RuII/RuIII oxidation some decomposition of the oxi-
dised products occurs so that the complementary cyclic vol-
tammetric response of the final deep-yellow solution is almost
halved with respect to the pale-yellow original solution. It
should be noted that the oxidation of the neutral analogue 6
occurs at notably higher potential values (due to both electro-
static and inductive effects) and the corresponding RuIII

derivative is unstable even in the short times of cyclic voltam-
metry (representatively, the current ratio is 0.5 at 0.05 V s−1

and increases to 0.8 at 2.00 V s−1). Both 1 and 6 exhibit second
irreversible oxidation (not shown in Fig. 3), which can be ten-
tatively assigned to the RuIII/RuIV process.

The diruthenacarborane 2b undergoes two separate
reductions both having the features of chemical reversibility

(Fig. 4). Even though controlled potential coulometry of the
first process tended to consume more than one-electron/mole-
cule, periodic cyclic voltammetric tests proved that the excess
of electrons was simply due to the partial reoxidation of the
reduced species probably triggered by traces of air (a drawback
which is rather common in controlled potential electrolysis at
rather negative potential values).

Table 1 Formal electrode potentials (V, vs. SCE) and peak-to-peak separations (mV) for the redox changes exhibited by the present dimetallacar-
boranes and related species in CH2Cl2 solution

Complex

Oxidations Reductions

E°′1st ΔEp a E°′2nd ΔEp a E°′1st ΔEp a E°′2nd ΔEp a

1 +0.13 74 +0.96a,b — — — — —
6 +0.70 64 +1.43b,c — — — — —
2b +1.19b,c,d — — — −1.15 64 −1.89 74
2d +1.29b,c,d — — — −1.14 66 −1.90 110
Cp2Fe2C2B9H11 +1.36b,e — — — −0.59e — — —
5 +1.3h — — — −0.93 60 −1.79 60
9a +1.10 71 +1.60b,c,d — −0.84 76 −1.88 106
9b +0.87 64 +1.32 f 92 f −1.13 70 −2.08g —
10 +0.43 62 +1.33 100i −1.38 60 — —
Cp2Fe +0.39 68 — — — — — —

aMeasured at 0.2 V s−1. b Peak-potential value for irreversible processes. cMeasured at 1.00 V s−1. dMultielectron process. e In MeCN solution, see
ref. 19. fMeasured at 2.00 V s−1. g From DPV. h Ill resolved, see the text. iMeasured at 10.24 V s−1.

Fig. 3 Voltammetric responses recorded at a platinum electrode of
1.2 × 10−3 mol dm−3 solution of 1 in CH2Cl2 with the [NBu4][PF6]
(0.2 mol dm−3) supporting electrolyte.

Fig. 4 Voltammetric responses recorded at a platinum electrode of
0.9 × 10−3 mol dm−3 solution of 2b in CH2Cl2 with the [NBu4][PF6]
(0.2 mol dm−3) supporting electrolyte. (—) Cyclic voltammetry at a scan
rate of 0.2 V s−1; (⋯) Osteryoung square wave voltammetry at a scan rate
of 0.1 V s−1.
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These sequential reductions can be formally attributed to
the stepwise sequence RuIIRuII/RuIIRuI/RuIRuI (the real
reduction process involves not only the metals but rather the
whole metallacarborane framework). Given the large separ-
ation of the two cathodic steps (ΔE°′ = 0.74 V), it is speculated
that the electrogenerated monoanion [2b]− should belong to
the completely delocalised mixed-valent species (Kcom = 3.2 ×
1012).18 An irreversible oxidation of 2b is present at very posi-
tive potential values. A substantially similar behaviour is
exhibited by the permethylated analogue 2d. For the related
diferracarborane Cp2Fe2C2B9H11 a single reversible one-elec-
tron reduction and an irreversible oxidation were described in
MeCN solution.19

Similar to compounds 2b,d heteronuclear dimetallacar-
borane 5 gives rise to two well separated reductions, and an
irreversible oxidation process substantially combined with the
solvent discharge (Fig. 5).

Let us now move to the nickel–ruthenium complexes 9a,b
that obey Wade’s rules. As illustrated in Fig. 6a, which refers to
9a, they undergo two chemically reversible one-electron
reductions and a first chemically reversible oxidation, followed

by a second oxidation which is accompanied by relatively fast
chemical complications. In fact, as shown in Fig. 6(b and c),
which refers to 9b, at high scan rates the chemical compli-
cation is overcome, and also the second oxidation shows the
features of chemical reversibility. Comparison of the related
diruthenium and nickel–ruthenium species (in particular 2b
and 9b) seems to support the assignment of the first oxidation
and the second reduction as Ni-centred.

Finally, compound 10 (Fig. 7) also affords two well separ-
ated oxidations (the second of which, due to chemical compli-
cations, is well resolved only at high scan rates) and apparently
a single reduction (even if it seems likely that the second
reduction, because of the cathodic shift of the reduction
process, might be obscured by the solvent discharge).

Upon exhaustive one-electron oxidation, the original red
solution of 10 (λmax = 477 nm) affords the quite stable green
solution of [10]+ (λmax = 690 nm). Fig. 8 shows the UV-vis spec-
trophotometric pattern recorded upon stepwise oxidation. The
appearance of the isosbestic point following the 10/[10]+

Fig. 5 Cyclic voltammogram recorded at a platinum electrode in
CH2Cl2 solutions of 5 (1.0 × 10−3 mol dm−3). [NBu4][PF6] (0.2 mol dm−3)
supporting electrolyte. Scan rate 0.2 V s−1.

Fig. 7 Cyclic voltammograms recorded at a platinum electrode in CH2Cl2
solutions of 10 (0.8 × 10−3 mol dm−3). [NBu4][PF6] (0.2 mol dm−3)
supporting electrolyte. Scan rates: (a) 0.2 V s−1; (b) 10.24 V s−1.

Fig. 8 Spectral changes recorded in an OTTLE cell upon progressive
oxidation of 10. CH2Cl2 solution. [NBu4][PF6] (0.2 mol dm−3) supporting
electrolyte.

Fig. 6 Cyclic voltammograms recorded at a platinum electrode in
CH2Cl2 solutions of: (a) 9a (0.8 × 10−3 mol dm−3); (b, c) 9b (0.9 × 10−3

mol dm−3). [NBu4][PF6] (0.2 mol dm−3) supporting electrolyte. Scan
rates: (a) 2.0 V s−1; (b) 0.2 V s−1; (c) 10.24 V s−1.
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passage (λ = 551 nm) confirms the chemical reversibility of
this oxidation process.

Chemical reduction of 2b

In agreement with the electrochemical data that 2b undergoes
two subsequent reversible reductions, we were able to reduce it
chemically. The reaction of 2b with one equivalent of sodium
naphthalenide in THF-d8 gives a dark-violet paramagnetic
solution of [2b]− and the addition of the second equivalent of
NaC10H8 produces a dark-red diamagnetic solution of [2b]2–.
The addition of acid to this solution or exposing it to air regen-
erates the initial compound 2b, confirming the reversibility of
the process. The 11B{1H} NMR spectrum of [2b]2– displays 3
singlets in a 2 : 4 : 2 ratio between −5 and −20 ppm.
Presumably, the signal of the bridging B1 atom is too broad
and difficult to observe because of the fluxional process. The
1H NMR spectrum of [2b]2– shows only the Cp* signal at
1.87 ppm; the CH-cage signals are probably masked by the
residual signals of THF (multiplets at 1.43 and 3.75 ppm). It
should be noted that there are no signals in the high-field
region, which are characteristic of compounds 2a–c. Overall,
the spectral data suggest that the dianion [2b]2– has a structure
similar to that of 9b. Unfortunately, numerous attempts to
grow up crystals of [2b]2– for X-ray diffraction study were
unsuccessful.

Theoretical aspects

One of the most interesting features of the dimetallacar-
boranes obtained is the formal violation of Wade’s rules.20

Indeed, compounds 2a–d, 5, 7a,b, and 8 have 26 skeletal elec-
trons (SE), while 28 are required for 13-vertex closo-cages.21 At
the same time, complexes 9a,b and 10 have 28 SE but exhibit a
significantly distorted framework. Nevertheless, all these com-
pounds are thermally stable (at least up to 160 °C) and chemi-
cally inert. We have tried to explain this contradiction on the
basis of DFT calculations.22

Let us first consider the hypothetical 13-vertex borane
dianion [B13H13]

2– (11) and its neutral congener B13H13 (12),
which have 28 and 26 SE, respectively. The dianion 11 obeys
Wade’s rules and therefore has stable closo-geometry with C2v

symmetry (Fig. 9). Upon its oxidation to the neutral borane 12
the framework undergoes distortion with extrusion of the four-
coordinated BH vertex. The resulting molecule is best
described as the {BH}2+ fragment coordinated with the
[B12H12]

2– icosahedral cage.23,24

The situation is different for isoelectronic carborane
species C2B11H13 (13) and [C2B11H13]

2+ (14).25 Geometry optim-
ization of the 28 SE cluster 13 converges to the C2-symmetrical
structure with two quadrilateral open faces. The structural
difference between [B13H13]

2– and isoelectronic C2B11H13 can
be explained by the smaller covalent radius of carbon vs.
boron (0.76 vs. 0.84).26 Upon oxidation to 14 the carborane
framework shrinks and restores the C2v-symmetrical closo-
structure. In principle, one could expect dication 14 to
undergo the extrusion of the BH vertex similar to that of iso-
electronic 12. However, this would lead to the formation of

C–C connectivity, which is unfavorable because of the electro-
static repulsion.27 Thus, the introduction of two carbon atoms
instead of borons dramatically changes the geometric and
electronic preferences of the 13-vertex framework.

Interestingly, the C2v-symmetrical closo-structure of C2B11H13,
13′, is less stable than 13 by 8.4 kcal mol−1 and corresponds to
the transition state for the interconversion of two enantiomeric
forms of 13. Close energies of 13 and 13′ suggest that C2B11H13

should be fluxional in solution.
The calculated structures of the 13-vertex dimetallacarbor-

anes are generally similar to those of isoelectronic carboranes.
Thus, the optimization of 26 SE diruthenacarborane 2c gives
the expected C2v-symmetrical closo-geometry, which correlates
with the experimental structure of 2b (Fig. 10). The 28 SE nick-
elaruthenacarborane CpNi(C2B9H11)RuCp can adopt two struc-
tures 15 and 15′ with C1 and Cs symmetry, respectively (similar
to 13 and 13′). The unsymmetrical structure 15 was found to
be only 5.1 kcal mol−1 more stable than 15′. Such a small
energy difference explains the distorted structure of 9a in the
crystal and its fluxionality in solution (vide supra).

The mechanism of electrophilic insertion has been investi-
gated computationally for the model reaction between
[CpRuC2B9H11]

− and [CpRu]+ giving 2c (Fig. 11). The initial
interaction of these ions leads to the exo–closo intermediate
16.28 Interestingly, 16 has a substantially opened framework
with well separated carbon atoms (C⋯C 2.476 Å), which pre-
sumably facilitate further rearrangement. A similar opening
upon exo-coordination has been recently observed for carbor-
ane-Os3 clusters.29 The insertion proceeds via a transition

Fig. 9 The optimized structures of 13-vertex boranes and carboranes.
All hydrogen atoms are omitted for clarity.
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state (TS) with a low activation barrier (10.5 kcal mol−1) corre-
lating with the fast reaction in experiment. The final formation
of diruthenacarborane 2c is 37.8 kcal mol−1 favorable.

Conclusion

Reaction of electrophilic insertion of [M(ring)]+ species into
12-vertex closo-ruthenacarboranes was studied. The insertion
of 12-electron species gives 13-vertex 26 SE closo-dimetalla-
carboranes which formally violate Wade’s rules. The insertion of
14-electron species gives 13-vertex 28 SE dimetallacarboranes
which are distorted in the crystal and fluxional in solution.
According to cyclic voltammetry, 26 SE dimetallacarboranes

can undergo two sequential one-electron reduction, while 28
SE compounds exhibit double oxidation. The DFT calculations
suggest that the violation of Wade’s rules observed for the
13-vertex dimetallacarboranes is mainly because of the repul-
sion of the cage carbon atoms and their small covalent radii.
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