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bstract

Metallacarboranes containing carborane ligands possessing a pentagonal open face can coordinate metal atoms in a �5-manner quite similar
the cyclopentadienyl monoanion, thus affording metallocene analogues. By virtue of such an analogy, their electron transfer aptitude plays an
portant role in their physico-chemical characterisation. We review such an aspect, also providing evidence for the structural consequences of

eir electron transfer processes.
At variance with metallocenes, electrochemical investigations on the metallacarboranes have not yet become a routine tool to search for their

otential application in fields which require electronic mobility.
2006 Elsevier B.V. All rights reserved.

eywords: Metallacarboranes; Metallocenes; Electrochemistry; X-ray

. Introduction

The chemistry of metallacarboranes was initiated by M.F.
awthorne and his students in 1965 in an attempt to join the

chemistry of polyhedral boranes to the emerging organometal-
lic chemistry [1]. Inorganic chemists immediately realized that
these derivatives opened a new direction in the development of
organometallic and coordination chemistry, just as the chemistry
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Chart 1. Metallacarborane sandwich analogues of metallocenes.

of metallocenes was having a major impact on many areas of
chemistry. Since that time, many advances have been recorded
in the theoretical and applicative aspects of the metallacarbo-
ranes, including the understanding of their striking analogy with
metallocenes [2] or their potential use in medicinal chemistry
[2a,f,3]. Obviously, the ability of carborane (or carbaborane)
ligands to give rise to stable sandwich metal complexes draws
attention toward one of the most important characteristics of
metallocenes, namely their electrochemical behavior [4].

Accordingly, in the context of reporting our recent contri-
bution to the redox chemistry of metallacarboranes, we update
Geiger’s electrochemical survey on metallacarboranes [4c], lim-
ited however to the half-sandwich and full-sandwich derivatives
which can qualitatively mimic mononuclear metallocenes, Chart
1, and primarily to those that have been crystallographically
characterized.

Therefore, we focus on metallacarboranes of groups 6–10
metals containing carborane ligands possessing a pentagonal,
usually planar, open face that can form sandwich complexes
with metal atoms via �5-coordination in a manner directly anal-
ogous to the cyclopentadienyl monoanion. It is, however, noted
that there are many examples of (X-ray authenticated) metal-
lacarboranes in which the carborane ligands display hapticities
other than 5 towards central metal ions [5–28].

Since we wish to give evidence for the structural conse-
quences of electron transfer processes, we will report selected
X
i

r
l
s

F
o
a

In cases where the carborane cage includes additional car-
bon atoms in lower polygons, we will continue clockwise giv-
ing priority to the carbon atom(s). We are confident that the
draft of the different molecular structures will avoid any mis-
understanding with respect to the canonical conventions, but
the reader is recommended to make reference to the original
papers.

2. CB7 cages

2.1. Group 9 metallacarboranes

2.1.1. Cobaltacarboranes
2.1.1.1. Half-sandwich complexes. As far as we know, the only
example of a crystallographically characterized half-sandwich
CB7 metallacarborane is [(�-C5H5)CoIII(CB7H8)]−, in which
the coordinated open face contains five boron atoms; in fact,
the carbon atom occupies the opposed apical position [32]. Its
electrochemical behavior has been reviewed [4c].

3. CB8 cages

3.1. Group 9 metallacarboranes

3.1.1. Cobaltacarboranes
3
C

4

4

4
4
C

4

4
4
s

C

4
i

4

4
4
e

a

-ray bond lengths (approximated to the nearest 0.01 Å, neglect-
ng any ESD values) only in the cases of redox couples.

Finally, in order to simplify the numbering of metallocarbo-
ane cage vertices [29–31] and since we are limited to carborane
igands having coordinating pentagonal faces, we will adopt the
imple numbering system shown in Fig. 1.

ig. 1. (a) Numbering of the atoms present in the coordinating pentagonal faces
f carborane ligands in metallocene-like metallacarboranes. (b) Example of the
dopted numbering: [(�-C5R5) M(2,4-C2B3+xHy)].
.1.1.1. Half-sandwich complexes. The crystal structure of [(�-
5H5)Co(CB8H9)] is available [33].

. CB10 cages

.1. Group 8 metallacarboranes

.1.1. Ferracarboranes

.1.1.1. Half-sandwich complexes. The crystal structure of [(�-
5H5)FeIII(2-OEt2-2-CB10H10)] has been solved [34].

.2. Group 9 metallacarboranes

.2.1. Cobaltacarboranes

.2.1.1. Half-sandwich complexes. Fig. 2 depicts the crystal
tructure of [(�-C5H5)Co(2-CB10H11)]− [35].1

In MeCN solution, it only exhibits an irreversible
o(III)/Co(IV) oxidation (Ep = +1.07 V, versus SCE) [36].

.2.1.2. Full-sandwich complexes. The electrochemical behav-
or of [CoIII(2-CB10H11)2]3− has been reported [4c].

.3. Group 10 metallacarboranes

.3.1. Nickelacarboranes

.3.1.1. Half-sandwich complexes. [(�-C5H5)Ni(2-CB10H11)]
xhibits in MeCN solution the sequential Ni(IV)/Ni(III)

1 As a pictorial simplification, from hereafter carboranyl carbon and boron
toms will be simply represented as black and white balls, respectively.
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Fig. 2. The molecular structure of [(�-C5H5)Co(2-CB10H11)]− (adapted from
Ref. [35]).

(E◦′ = −0.27 V, versus SCE) and Ni(III)/Ni(II) (E◦′ = −1.57 V)
reduction processes [36].

The carbon-substituted [(�-C5H5)Ni{2-CH(SiMe3)2-2-
CB10H10)}] [37] as well as its isomer having the carbon atom in
the non-coordinating face [38] have been X-ray characterized.

5. C2B3 cages

The planar fragments [C2B3H5]2− and [C2B3H3]4− and their
C-alkylated analogues, Scheme 1, which are known only as
metal complexes and do not exist as free ions in solution, are
isoelectronic with the cyclopentadienyl anion [C5H5]− and as
such they can form metallocene-like complexes.

5.1. Group 9 metallacarboranes

5.1.1. Cobaltacarboranes
5.1.1.1. Half-sandwich complexes. The half-sandwich carbo-
ranes [(�-C5Me5)Co{�5-2,3-Me2-2,3-C2B3Me3(�-H)2}]
[39], [(�-C5Me5)Co{�5-2,3-Et2-2,3-C2B3H4-5-C( CH2)
OC(O)Me}] [40] have been crystallographically characterized,
but no pertinent electrochemical data are available.

The only electrochemical information is concerned
with complexes [(�-C5Me5)CoIII(�5-2,3-Et2-2,3-C2B3H5)]

S
[

Scheme 2. Structure of [(C5Me5)CoIII(�5-2,3-Et2-C2B3H5−x-5-Clx)] (x = 0, 1).

and [(�-C5Me5)CoIII(�5-2,3-Et2-C2B3H4-5-Cl)] shown in
Scheme 2.

In CH2Cl2 solution both the derivatives undergo an irre-
versible one-electron oxidation {[(C5Me5)Co(Et2C2B3H5)]:
Ep = +0.98 V, versus SCE; [(C5Me5)Co(Et2C2B3H4Cl)]:
Ep = +0.91 V, versus Fc+/Fc} [41,42], which testifies to the
extreme lability of the Co(IV) oxidation state under the
actual assembly. In dimethoxyethane (DME) solution, the
chloro-substituted complex also undergoes irreversibly the
sequence Co(III)/Co(II)/Co(I) at notably negative potential
values (Ep = −2.70 and −2.97 V, versus Fc+/Fc, respectively
[42]).

6. C2B4 cages

The pentagonal pyramidal dianion [R2C2B4H4]2−, in both
the isomeric forms illustrated in Scheme 3, is isoelectronic with
the cyclopentadienyl anion [C5H5]− and like this latter forms
pentahapto metal complexes.

In reality, the fact that [R2C2B4H4]2− bears an excess of
negative charge with respect to [C5R5]− can trigger signifi-
cant different physico-chemical properties. Therefore, “charge-
compensated” dicarbollide ligands have been prepared inserting
two-electron donor substituents on the B atoms of the C2B3 face
[2n] (a synthetic pattern mostly used in the case of [C B H ]2−,
S

S
i

cheme 1. The planar geometry of the anions [R2C2B3H5]2− and
R2C2B3H3]4−.
2 9 11
ection 8).

cheme 3. Pyramidal geometry of the “carbon adjacent” and “carbon apart”
somers of the dianion [R2C2B4H4]2−.



M. Corsini et al. / Coordination Chemistry Reviews 250 (2006) 1351–1372 1355

Fig. 3. The molecular structure of [CrIII{2,3-(SiMe3)2-2,3-C2B4H4}2]−
(adapted from Ref. [43]).

6.1. Group 6 metallacarboranes

6.1.1. Chromacarboranes
6.1.1.1. Full-sandwich complexes. Fig. 3 shows the molec-
ular structure of the monoanion [CrIII{2,3-(SiMe3)2-2,3-
C2B4H4}2]− [43].

Although no electrochemical investigation has been carried
out, chemical oxidation of the monoanion afforded the neutral
complex [CrIV{2,3-(SiMe3)2-2,3-C2B4H4}2]0, which substan-
tially maintains the molecular structure of the monoanion pre-
cursor, but with some slight elongation of the Cr-ligand bond
lengths, Table 1 [43,44].

The elongation of the bonding distances on passing from
Cr(III) to Cr(IV) is shorter than that observed in the Cr(II)/Cr(III)
couple [Cr(C5Me5)2]0/+ [45].

The monosubstituted complex [CrIII{2-(SiMe3)2-2,3-
C2B4H5}2]− has been also structurally characterized [43].

6.2. Group 8 metallacarboranes

6.2.1. Ferracarboranes
6.2.1.1. Half-sandwich complexes. [(�-C5H5)FeIII(2,3-C2B4
H6)] undergoes in MeCN solution the reversible Fe(III)/Fe(II)
reduction (E◦′ = −0.52 V). An irreversible oxidation (likely
attributable to the Fe(III)/Fe(IV) process) is also detectable [46].

r
c
[

r
t
s

Scheme 4. Conversion of [(�6-C9H8)FeII(2,3-Et2-2,3-C2B4H4)] to [(�5-
C9H8)FeIII(2,3-Et2-2,3-C2B4H4)].

A similar electrochemical behavior is exhibited by [(�-
C5Me5)FeIII(2,3-Et2-2,3-C2B4H4)] (obtained by deprotonation
of [(�-C5Me5)FeIIH(2,3-Et2-2,3-C2B4H4)]) [48]. In fact, it also
undergoes reversibly the reduction to the corresponding Fe(II)
species (in DME: E◦′ = −0.88 V; in MeCN: E◦′ = −0.91 V; in
CH2Cl2: E◦′ = −0.96 V; V, versus SCE) [48].

6.2.1.2. Full-sandwich complexes. Complexes [(2,3-Me2-2,3-
C2B4H4)2FeH2] [49] and [{2,4-(SiMe3)2-2,4-C2B4H4}2FeH]
[50a] have been structurally characterized.

6.2.2. Ruthenacarboranes
6.2.2.1. Half-sandwich complexes. The crystal structure of [(�-
C5Me5)RuIIH(2,3-Et2-2,3-C2B4H4)] is known [51].

6.3. Group 9 metallacarboranes

6.3.1. Cobaltacarboranes
6.3.1.1. Half-sandwich complexes. The electrochemical beha-
vior of the crystallographically characterized [(�-C5H5)CoIII

(2,3-Me2-2,3-C2B4H4)] [52] and that of the unsubstituted [(�-
C5H5)CoIII(2,3-C2B4H6)] and [(�-C5H5)CoIII(2,4-C2B4H6)]
have been reviewed [4c].

One of the most useful precursors in C2B4 cobaltacarboranes
is [(�-C5Me5)CoIII(2,3-Et2-2,3-C2B4H4)], the crystal structure
o
[
I
i
r

t

t

T
S ,3-C2

C -C2

[ 6
[ 9
The crystallographically characterized indenylferracarbo-
ane [(�6-C9H8)FeII(2,3-Et2-2,3-C2B4H4)] upon deprotonation
onverts to [(�5-C9H8)FeIII(2,3-Et2-2,3-C2B4H4)], Scheme 4
47].

The Fe(III) complex exhibits the (partially chemically)
eversible cathodic reduction to the corresponding Fe(II) deriva-
ive (in CH2Cl2: E◦′ = −0.64 V; in DME: E◦′ = −0.70 V; V, ver-
us SCE) [47].

able 1
elected bonding distances (Å) in the Cr(III)/Cr(IV) couple [Cr{2,3-(SiMe3)2-2

omplex Cr-centroid Cr

CrIII{2,3-(SiMe3)2-2,3-C2B4H4}2]− 1.78 2.1
CrIV{2,3-(SiMe3)2-2,3-C2B4H4}2]0 1.81 2.1
f which has not been yet resolved (but the crystal structure of
(�-C5Me5)CoII(2,3-Et2-2,3-C2B4H3-6-I)]− [53] is available).
t undergoes both Co(III)/Co(IV) oxidation (which is reversible
n CH2Cl2 solution) and Co(III)/Co(II) reduction (which is
eversible in DME solution) [54].

The pertinent electrode potentials are compiled in Table 2,
ogether with those of a few related species.

The crystal structures of the half-sandwich complexes with
he carborane ligand fused to lateral rings [(�-C5H5)Co{2,3-

B4H4}2]−/0

Cr-C3 Cr-B4 Cr-B5 Cr-B6

2.15 2.22 2.32 2.26
2.17 2.30 2.38 2.28
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Table 2
Formal electrode potentials (V, vs. SCE) for the redox changes exhibited by [(C5Me5)CoIII(Et2C2B4H4)] and related species

Complex E◦
Co(IV)/Co(III) E◦

Co(III)/Co(II) Solvent Reference

[(�-C5Me5)CoIII(2,3-Et2-2,3-C2B4H4)] +1.43a −1.99 DME [54]
+1.27 – CH2Cl2 [54]
– −1.73 THF [55]
+1.41 – CH2Cl2 [55]
+1.16 – CH2Cl2 [41]

[(�-C5Me5)CoIII(2,3-Me2-2,3-C2B4H4)] – −1.92 DME [54]
[(�-C5Me5)CoIII{2,3-(SiMe3)2-2,3-C2B4H4}] – −1.77 DME [54]
[(�-C5H5)CoIII(2,3-Me2-2,3-C2B4H4)] +1.14a −1.69 MeCN [46,4c]

a Peak-potential value for irreversible process.

(SiMe3)2-2,3-C2B4H3-B2H5}] [56] and [(�-C5H5)Co{2,3-
Me2-2,3-C2B4H3}-{2′,3′-Me2-2,3-C2B4H5}] [57] are known.

6.3.1.2. Full-sandwich complexes. The crystal structures of
the full-sandwich monoanions [Co(2,3-Et2-2,3-C2B4H4)2]−
[58], [Co{2,3-(SiMe3)2-2,3-C2B4H4}2]− [50a,59], and the
mixed-ligand [{�5-2,3-Me2-2,3-C2B4H3}Co{�5-2,3-Me2-2,3-
C2B3H5}]− [60] are available.

6.3.2. Iridacarboranes
6.3.2.1. Half-sandwich complexes. The crystal structure of [(�-
C5Me5)Ir(2,3-Et2-2,3-C2B4H4)] is known [61].

6.4. Group 10 metallacarboranes

6.4.1. Nickelacarboranes
6.4.1.1. Full-sandwich complexes. The solid-state molecular
structure of [NiIV{2,4-(SiMe3)2-2,4-C2B4H4}2] is shown in
Fig. 4 [50b].

In CH2Cl2 solution it undergoes a one-electron reduction, but
the relative potential value has not been reported [50a].

The crystal structure of the “charge compensated” [{2,4-
(SiMe3)2-5,6-(N(Me)(CH2)2N(Me)2)-2,4-C2B2H2}Ni{2′,4′-
(SiMe3)2-2′,4′-C2B4H4}] is available [50a].

F
f

Fig. 5. The molecular structure of [(�-C5H5)Co(2,4-C2B7H9)] (adapted from
Ref. [62b]).

7. C2B7 cages

7.1. Group 9 metallacarboranes

7.1.1. Cobaltacarboranes
7.1.1.1. Half-sandwich complexes. The crystal structure of
[(�-C5H5)CoIII(2,4-C2B7H9)] [62a,b] is available. The non-
planarity of the �5-B3C2 face of the dianion [C2B7H9]2− is
shown in Fig. 5.

The electrochemical behavior of different isomers of [(�-
C5H5)Co(C2B7H9)] has been reviewed [4c].

7.1.1.2. Full-sandwich complexes. The X-ray structure of
[CoIII(2,4-C2B7H9)2]− has been solved [63].

8. C2B9 cages

The isomeric dicarbollide dianions [C2B9H11]2− (carbon
atoms adjacent or apart), Scheme 5, which are the most dif-
fuse ligands in metallacarboranes, have a 12-vertex icosahedral
geometry in which the coordinating pentagonal C2B3 face is
planar and pioneeringly recognized as isoelectronic with the
cyclopentadienyl anion [64].
ig. 4. The molecular structure of [Ni{2,4-(SiMe3)2-2,4-C2B4H4}2] (adapted
rom Ref. [50b]).
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Scheme 5. Structure of two isomeric forms of the dianion [C2B9H11]2−.

Scheme 6. The monoanion [LC2B9H10]− is a representative example of charge-
compensated dicarbollide ligands.

Nevertheless, as previously mentioned in Section 6, since
[C2B9H11]2− bears an excess of negative charge with respect
to [C5R5]− (thus potentially triggering significant different
physico-chemical properties), “charge-compensated” dicarbol-
lide ligands have been prepared [65]. For instance, the monoan-
ion [LC2B9H10]−, Scheme 6, has been obtained by inserting a
two-electron donor substituent on one of the three B atoms of
the C2B3 face.

A further architecture of the metalla-C2B9 assembly is that
we will define as “metallacarboranophanes”, Scheme 7, in

S

which, as happens in “ferrocenophanes” [45], there are carbon or
heteroatomic chains which bridge the two half-sandwich carbo-
rane ligands.

8.1. Group 6 metallacarboranes

8.1.1. Chromacarboranes
8.1.1.1. Full-sandwich complexes. The crystal structures of
both [CrIII(2,3-C2B9H11)2]− [66] and that of the methyl-
substituted monoanion [CrIII(2,3-Me2-2,3-C2B9H9)2]−
have been solved [67]. The electrochemistry of [CrIII(2,3-
C2B9H11)2]− showed no reversible redox processes [4c].

8.2. Group 8 metallacarboranes

8.2.1. Ferracarboranes
8.2.1.1. Classical (charge-noncompensated) complexes.

8.2.1.1.1. Half-sandwich complexes. Fig. 6 shows the clas-
sical sandwich geometry of the X-ray characterized [(�-
C5H5)FeIII(2,3-C2B9H11)] [68,69]. It exhibits the reversible
reduction to the corresponding Fe(II) monoanion [4a,69]. The
redox potentials in different solvents are compiled in Table 3.

The crystal structure of [(�-C5H5)FeII(2,3-C2B9H11)]− has
been solved [69]. The most significant structural changes accom-
panying the Fe(III)/Fe(II) reduction are compiled in Table 4.

l
c
t
[
C

F
R
cheme 7. Typical metallacarboranes having B/B or C/C bridging chains.
The general elongation of the bond distances fol-
owing the passage from Fe(II) to Fe(III) is reminis-
ent the ferrocene/ferrocenium transition [45]. The crys-
al structures of [(�-C5H5)Fe{5-OC(O)CF3-2,3-C2B9H10}]
70], [(�-C5H5)Fe{3-CH(OEt)2-2,3-C2B9H10}] [71] and [(�5-
9H7)Fe(2,3-C2B9H11)] [72] are available.

ig. 6. The molecular structure of [(�-C5H5)FeIII(2,3-C2B9H11)] (adapted from
ef. [69]).
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Table 3
Formal electrode potentials (V, vs. SCE) for the Fe(II)/Fe(III) passage in different
solvents for the process [(�-C5H5)Fe(2,3-C2B9H11)]0/−

E◦′
Fe(III)/Fe(II) Solvent Reference

−0.08 MeCN [4a]
−0.03 MeCN [69]
−0.04 THF [69]
−0.18 CH2Cl2 [69]

8.2.1.1.2. Full-sandwich complexes. The crystal struc-
ture of [FeII(2,3-C2B9H11)2]2− has been reported [73]. Like
the related half-sandwich complex, it exhibits the reversible
Fe(II)/Fe(III) passage [4c]. In fact, the monoanion [FeIII(2,3-
C2B9H11)2]− has been X-ray characterized [66a,74]. Pertinent
bond lengths for the redox couple [Fe(2,3-C2B9H11)2]−/2− are
compiled in Table 5.

Also in this case, the Fe(II)/Fe(III) passage involves elonga-
tion of the Fe-ligand distances.

The crystal structure of the C/C-thiophene substituted
[FeIII(2-C4H3S-2,3-C2B9H10)2]− is available [66b,75]. It
undergoes the Fe(III)/Fe(II) reduction at a potential value
slightly less negative than that of the unsubstituted [FeIII(2,3-
C2B9H11)2]− (E◦′ = −0.34 V, versus SCE, in MeCN solution
[75] versus −0.42 V, versus SCE, in Me2CO/H2O (1:1) solu-
tion) [4c].

8.2.1.2. Charge-compensated complexes.
8.2.1.2.1. Half-sandwich complexes. A series of half-

sandwich charge-compensated complexes have been character-
ized. As a typical example, Fig. 7 shows the crystal structure
of the half-sandwich [(�-C5Me5)FeIII(6-Me2S-2,3-C2B9H10)]+

[76].
The crystal structures of [(�-C5Me5)FeII(6-Me3N-2,3-

C2B9H10)] [69] and (�-C5H5)FeII(4,5-Br2-6-Me2S-2,3-
C
u
v
p
M
d

m

Fig. 7. The molecular structure of [(�-C5Me5)FeIII(6-Me2S-2,3-
C2B9H10)][ddq] (ddq = 2,3-dichloro-5,6-dicyano-p-benzoquinone) (adapted
from Ref. [76]).

Table 6
Formal electrode potentials (V, vs. SCE) for the Fe(II)/Fe(III) passage in charge-
compensated half-sandwich complexes

Complex E◦′ Solvent Reference

[(�-C5Me5)Fe(6-Me2S-2,3-C2B9H10)]0/+ +0.18 MeCN [76]
+0.21 CH2Cl2 [69]

[(�-C5H5)Fe(6-Me2S-2,3-C2B9H10)]0/+ +0.47 CH2Cl2 [69]
[(�-C5H5)Fe(6-Me2S-2,3-Me2C2B9H8)]0/+ +0.49 CH2Cl2 [69]
[(�-C5H5)Fe(6-Me3N-2,3-C2B9H10)]0/+ +0.40 CH2Cl2 [69]
[(�-C5H5)Fe(6-C5H5N-2,3-C2B9H10)]0/+ +0.40 CH2Cl2 [69]

[FeII(6-Me2S-2,3-C2B9H11)2] [78] in which the C2B3 coordi-
nating faces are staggered and assume a cisoid arrangement
(a quite similar structure is exhibited by the meso form [79]).
In nonaqueous solvents it exhibits the reversible Fe(II)/Fe(III)
oxidation (MeCN: E◦′ = +0.45 V [78]; CH2Cl2: E◦′ = +0.55 V
[69]; V, versus SCE), which, because of both electrostatic and
inductive effects, occurs at more positive potential values than
the classical [Fe(2,3-C2B9H11)2]2−. In fact, the monocation
[FeIII(6-Me2S-2,3-C2B9H10)2]+ has been crystallographically

T
S H5)Fe(2,3-C2B9H11)]0/− [69]

C troid Fe-C2 Fe-C3 Fe-B4 Fe-B5 Fe-B6

[ 2.07 2.07 2.09 2.10 2.10
[ 2.01 2.01 2.07 2.08 2.11

T
S -C2B9H11)2]−/2−

C Fe-C3 Fe-B4 Fe-B5 Fe-B6 Reference

[ 2.05 2.07 2.11 2.14 [73a]
[ 2.09 2.13 2.14 2.13 [66a]
2B9H8)] [77] have been also resolved. The Fe(II) complexes
ndergo reversibly the Fe(II)/Fe(III) oxidation at potential
alues notably higher that the classical analog [69]. The
ertinent formal electrode potentials are compiled in Table 6.
inor variations in oxidation potentials are obviously due to the

ifferent inductive effects of the charge-compensating groups.
8.2.1.2.2. Full-sandwich complexes. Fig. 8 shows the

olecular structure of the full-sandwich DD/LL racemate

able 4
elected metal-bond (average) distances (Å) in the Fe(III)/Fe(II) couple [(�-C5

omplex Fe-C2B3 centroid Fe-C5H5 cen

(C5H5)FeIII(2,3-C2B9H11)] 1.49 1.72
(C5H5)FeII(2,3-C2B9H11)]− 1.44 1.66

able 5
elected metal-bond (average) distances (Å) in the Fe(II)/Fe(III) couple [Fe(2,3

omplex Fe-C2B3 centroid Fe-C2

FeII(2,3-C2B9H11)2]2− 1.48 2.02
FeIII(2,3-C2B9H11)2]− 1.53 2.09
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Fig. 8. The molecular structure of [FeII(6-Me2S-2,3-C2B9H10)2] (adapted from
Ref. [79]).

characterized [78]. It essentially maintains the molecular struc-
ture of its Fe(II) precursor. A few selected bond lengths are
summarized in Table 7.

As expected, also in this case, the Fe(II)/Fe(III) pas-
sage involves elongation of the Fe-ligand distances. The
crystal structure of the isomer [FeII(5-Me2S-2,3-C2B9H10)2]0

[80] and that of [FeII(5-NEt3-2,3-C2B9H10)2] [73] are
also known. Comparison between the redox potentials of
[Fe(6-Me2S-2,3-C2B9H10)2]0/+ and [(�-C5H5)Fe(6-Me2S-2,3-
C2B9H10)]0/+ suggests that the anion [Me2S-2,3-C2B9H10]− not
only is isoelectronic with [C5H5]− but also plays the same over-
all inductive effects. The differences between the other redox
couples are easily accounted for by simple electron-donating
effects (C5H5 versus C5Me5) or coulombic effects due to the
different overall charges.

8.2.1.2.3. Carboranophane complexes. Fig. 9 exempli-
fies the crystal structures of both a C/C bridged and a
B/B bridged ferracarboranophane, respectively [81,82]. The
Fe-C2B3 bond distances are substantially similar to those
of [FeII(2,3-C2B9H11)2]2−. The electrochemical behavior of
[FeIII(2,4-C2B9H10)2{�-C3N2H3}] in MeCN solution exhibits
the reversible Fe(III)/Fe(II) reduction (E◦′ = +0.30 V, versus
SCE) [82], which, compared to the redox potential of the cou-
ple [Fe(2,3-C2B9H11)2]2−/− (E◦′ = −0.42 V, in aqueous Me2CO
solution), indicates that the bridging pyrazole ligand makes eas-
ier the electron addition. The crystal structure of the B/B bridged
[

Fig. 9. The molecular structures of: (a) [FeIII(2,3-C2B9H10)2{�-C4H8}]− and
(b) [FeIII(2,4-C2B9H10)2{�-C3N2H3}] (adapted from Refs. [81,82], respec-
tively).

Fig. 10. The molecular structure of [(�-C5Me5)Ru(2,3-C2B9H11)]− (adapted
from Ref. [84]).

8.2.2. Ruthenacarboranes
8.2.2.1. Classical (charge-noncompensated) complexes.

8.2.2.1.1. Half-sandwich complexes. Fig. 10 shows the
solid state structure of [(�-C5Me5)Ru(2,3-C2B9H11)]− [84].

T
S e2S-2,3-C2B9H10)2]0/+ [79]

C e-C2 Fe-C3 Fe-B4 Fe-B5 Fe-B6

[ .04 2.04 2.09 2.15 2.11
.08 2.09 2.13 2.13 2.28
FeIII(2,4-C2B9H10)2{�-OMe}] is known [83].

able 7
elected metal-bond (average) distances (Å) in the Fe(II)/Fe(III) couple [Fe(6-M

omplex Fe-C2B3 centroid F

FeII(6-Me2S-2,3-C2B9H10)2]0 1.50 2
[FeIII(6-Me2S-2,3-C2B9H10)2]+ 1.54 2
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Fig. 11. The molecular structure of [(�5-C9H7)CoIII(2,3-C2B9H11)] (adapted
from Ref. [88]).

In CH2Cl2 solution the Ru(II)/Ru(III) oxidation process is
chemically reversible in the short times of cyclic voltammetry
(E◦′ = +0.13 V, versus SCE), but accompanied by slow degrada-
tion in the longer times of exhaustive electrolysis [85].

8.2.2.2. Charge-compensated complexes.
8.2.2.2.1. Half-sandwich complexes. The crystal struc-

tures of a series of charge compensated half-sandwich ruthen-
acarboranes (namely, [(�-C5Me5)Ru(6-SMe2-2,3-C2B9H10)],
[(�-C5Me5)Ru(2-Ph-5-SMe2-2,3-C2B9H9)], [(�-C5Me5)Ru(3-
Ph-4-SMe2-2,3-C2B9H9)] are available [86]. As happens for the
Fe(II) analog, [(�-C5Me5)Ru(6-SMe2-2,3-C2B9H10)] under-
goes in CH2Cl2 solution the Ru(II)/Ru(III) oxidation with fea-
tures of partial chemical reversibility at potential values notably
higher than [(�-C5Me5)Ru(2,3-C2B9H11)]− (E◦′ = +0.70 V, ver-
sus +0.13 V) [85].

8.3. Group 9 metallacarboranes

8.3.1. Cobaltacarboranes
8.3.1.1. Classical (charge-noncompensated) complexes.

8.3.1.1.1. Half-sandwich complexes. The crystal structure
of the half-sandwich complex [(�-C5H5)CoIII(2,3-C2B9H11)]
is known [88]. In nonaqueous solution it undergoes reversibly
the sequence Co(III)/Co(II)/Co(I) (in MeCN: E◦′ = −1.21 and
− ◦′
r
m
k
t
[

Scheme 8. Rotational geometries of the couple [Co(2,3-C2B9H11)2]−/2−.

Like [(�-C5H5)CoIII(2,3-C2B9H11)], it exhibits in CH2Cl2
solution the reversible sequence Co(III)/Co(II)/Co(I) at the E◦′
values −0.85 and −1.87 V, respectively (V, versus SCE) [88],
which suggests that the indenyl monoanion is less electron-
donating than the cyclopentadienyl monoanion.

The crystal structure of the fluorenyl complex [(�5-
C13H9)CoIII(2,3-C2B9H11)] is available [89].

A series of monocarbon-[(�5-C9H7)CoIII(2-R-2,3-
C2B9H10)] (R = Ph, CH2OMe) and dicarbon-substituted
[(�5-C9H7)CoIII(2,3-R2-2,3-C2B9H9)] (R = CH2OMe) deriva-
tives have been crystallographically characterized [90]. The
structures of the B-substituted complexes [(�-C5H5)CoIII(5-R-
2,3-C2B9H10)] (R = OC(O)Me, C(O)Me) have also been solved
by X-ray [91].

A few half-sandwich cobaltacarboranes in which the capping
[�5-C5H5]− is replaced by [�5-NC4H4]− have been structurally
characterized [92].

8.3.1.1.2. Full-sandwich complexes. It has long been
known that [CoIII(2,3-C2B9H11)2]− reversibly undergoes reduc-
tion to the corresponding [CoII(2,3-C2B9H11)2]2− (as well as the
subsequent Co(II)/Co(I) reduction) [4c]. The crystal structures
of the Co(III)/Co(II) redox couple are available [93,94] and a
few selected bond distances are compiled in Table 8.

Just as for the cobaltocene/cobaltocenium redox change (and
opposite to the ferrocene/ferrocenium couple) [45], the present
C
C
t

a

p
C
t

T
S ,3-C2

C

[

2.11 V, respectively [4c]; in THF: E = −1.18 and −2.23 V,
espectively [87]; V, versus SCE). The crystal structure of the
ethylated analogue [(�-C5Me5)CoIII(2,3-C2B9H11)] is also

nown [13d]. The molecular structure of the indenylcobal-
acarborane [(�5-C9H7)CoIII(2,3-C2B9H11)] is shown in Fig. 11
88].

able 8
elected metal-bond (average) distances (Å) in the Co(III)/Co(II) couple [Co(2

omplex Co-C2 Co-C3

CoIII(2,3-C2B9H11)2]− 2.04 2.04
[CoII(2,3-C2B9H11)2]2− 2.10 2.14
o(II)/Co(III) passage is accompanied by shortening of the
o–C2B3 bond lengths. In addition, the one-electron transfer

riggers rotational cisoid-to-transoid movement, Scheme 8 [94].
A series of complexes substituted at the carbon or at the boron

toms have been characterized.
Let us start with the carbon-monosubstituted com-

lexes [CoIII(2-R-2,3-C2B9H10)2]− (R = Me, Ph, SEt,
H2O(CH2)2OMe [94–96]). Fig. 12 shows the represena-

ive molecular structure of [CoIII(2-Ph-2,3-C2B9H10)2]− [96],

B9H11)2]−/2−

Co-B4 Co-B5 Co-B6 Reference

2.09 2.11 2.10 [93a]
2.11 2.13 2.18 [94]
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Fig. 12. The molecular structure of [CoIII(2-Ph-2,3-C2B9H10)2]− (adapted from
Ref. [96]).

Table 9
Formal electrode potentials (V, vs. SCE) for the Co(III)/Co(II) reduction of
[CoIII(2-R-2,3-C2B9H10)2]− in MeCN solution

Complex E◦′

[CoIII(2-Me-2,3-C2B9H10)2]− −0.93
[CoIII(2-Ph-2,3-C2B9H10)2]− −1.00, −1.28a

[CoIII(2-SEt-2,3-C2B9H10)2]− −0.77
[CoIII(2,3-C2B9H11)2]− −1.07

a From Ref. [4a].

but that of [CoIII{2-CH2O(CH2)2OMe-2,3-C2B9H10}2]−
is also available [94]. Like the unsubstituted complex, the
present complexes exhibit chemically reversible reduction to
the corresponding Co(II) species, Table 9 [95].

The fact that both the electron-donating Me-substituted com-
plexes reduce at a potential value less negative than the unsub-
stituted complex, and the electron-withdrawing Ph-substituted
complex reduces at a potential value more negative than
the Me-substituted complex indicates that the redox poten-
tial is not governed by simple inductive effects. The crystal
structures of [(3-C4H8NH-2,3-C2B9H10)CoIII(3-C4H8N-2,3-
C2B9H10)2] and [(3-C5H10NH-2,3-C2B9H10)CoIII(3-C5H10N-
2,3-C2B9H10)2] are also available [97]. The crystal structure
of the two carbon atoms substituted complex [CoIII(2,3-Et2-
2,3-C2B9H9)2]− is represented in Fig. 13 [95]. As expected,
the present complex undergoes the chemically reversible
Co(III)/Co(II) reduction. Table 10 summarizes the pertinent
electrode potential together with those of related derivatives.
Also available is the crystal structure of [CoIII(2,4-Ph2-2,4-
C2B9H9)2]− [98].

Table 10
Formal electrode potentials (V, vs. SCE) for the Co(III)/Co(II) reduction of the
series [CoIII(2-R-3-R′-2,3-C2B9H9)2]− in MeCN solution [95]

Complex E◦′

[

Fig. 13. The molecular structure of [CoIII(2,3-Et2-2,3-C2B9H9)2]− (adapted
from Ref. [95]).

Let us now pass to the B-substituted cobaltacarboranes.
A series of complexes bearing the B-substitution on a single
carborane have been crystallographically characterized, namely
[(2,3-C2B9H11)CoIII(5-R-2,3-C2B9H10)]− [R = I [99], Me,
C6H4(CH2)3Me, (CH2)2C6H5 [100], C6H5, O(CH2CH2)2O
[101], O(CH2CH2O)2Et [102], O(CH2CH2O)C4H4N [103],
O(CH2)2O(CH2)2OC6H4OMe [104]]. As a typical exam-
ple, Fig. 14 shows the molecular structure of [(2,3-
C2B9H11)CoIII{5-(CH2)2C6H5)-2,3-C2B9H10}]− [100]. The
present complexes display the usual reversible Co(III)/Co(II)
reduction, Table 11 [100].

Polyoxo appendices present in the structurally charac-
terized [(2,3-C2B9H11)CoIII(5-OCH2CH2OR-2,3-C2B9H10]−
(R = C4H4N [103], (CH2)2OC6H4OMe [104]) monoanions
proved to be able to electrochemically recognize alkaline or lan-
thanide ions. The complexes bearing the B-substitution on both
the carboranes [CoIII(5-X-2,3-C2B9H10)2]− (X = Me [105], F
[106], Cl [107], I [108]) have been crystallographically charac-
terized. The crystal structure of the substituted complex at two
boron atoms of each carborane [CoIII(4,6-Br2-2,3-C2B9H9)2]−
has been solved [109], as well as that at three boron atoms

F
C

CoIII(2,3-Et2-2,3-C2B9H9)2]− −0.89
[CoIII(2-SEt-3-Ph-2,3-C2B9H9)2]− −0.66
[CoIII(2-SEt-3-Me-2,3-C2B9H9)2]− −0.55
[CoIII(2-{(CH2)2OMe}-3-Me-2,3-C2B9H9)2]− −0.86
 ig. 14. The molecular structure of [(2,3-C2B9H11)CoIII{5-(C2H4C6H5)-2,3-

2B9H10}]− (adapted from Ref. [100]).
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Table 11
Formal electrode potentials (V, vs. SCE) for the Co(III)/Co(II) reduction of
[(2,3-C2B9H11)CoIII(5-R-2,3-C2B9H10)]− in MeCN solution

Complex E◦′

[(2,3-C2B9H11)CoIII(5-I-2,3-C2B9H10)]− −1.20
[(2,3-C2B9H11)CoIII(5-Me-2,3-C2B9H10)]− −1.52
[(2,3-C2B9H11)CoIII(5-Et-2,3-C2B9H10)]− −1.43
[(2,3-C2B9H11)CoIII(5-Ph-2,3-C2B9H10)]− −1.36
[(2,3-C2B9H11)CoIII(5-C12H9-2,3-C2B9H10)]− −1.39
[(2,3-C2B9H11)CoIII(5-C14H9-2,3-C2B9H10)]− −1.29
[(2,3-C2B9H11)CoIII(5-C6H4Bu-2,3-C2B9H10)]− −1.36
[(2,3-C2B9H11)CoIII(5-C2H4C6H5-2,3-C2B9H10)]− −1.43

(only one belonging to the C2B3 open face) [CoIII(X3-2,3-
C2B9H8)2]− (X = Br [110], Me [111]) have been determined.
The electrochemical behavior of the latter bromide complex has
been reported [4c].

8.3.1.1.3. Carboranophane complexes. A large number of
cobaltacarboranophanes have been crystallographically charac-
terized, in which the bridging group is either B/B or C/C linked,
but only few have been electrochemically investigated. Let us
start with the B/B bridged derivatives. As a typical example,
Fig. 15 illustrates the crystal structure of the pyrazole-bridged
[CoIII(2,4-C2B9H10)2{�-C3N2H3}] [82]. In MeCN solution, it
undergoes reversibly the usual sequence Co(III)/Co(II)/Co(I) at
E◦′ values of −0.59 and −1.80 V, respectively (V, versus SCE)
[82], which means that it is more easily reducible that the pre-
cursor [CoIII(2,4-C2B9H11)2]− (E◦′ = −1.14 and −2.52 V [4c]);
this depends either on the coulombic effects of the different over-
all charges or the inductive effects of the bridging group.

Other X-ray characterized B/B bridged complexes
are: [Co(2,3-C2B9H10)2{�-CH2-C9H6}] [112], [Co(2,3-
C2B9H10)2{�-C6H4}]− [113], [Co(2,3-C2B9H9)2{�-
C6H4}2]− [114], [Co(2,3-C2B9H10)2{�-C3N2H2-5-COOR}]
(R = H [82], R = Me [115]), [Co(2,3-C2B9H10)2{�-O}]−

F
(

Fig. 16. The molecular structure of [CoIII(2,3-C2B9H10)2{�-CH2OCH2}]
(adapted from Ref. [129]).

[116], [Co(2,3-C2B9H10)2{�-OMe}] [117], [Co(2,3-
C2B9H10)2{�-S2}]− [118], [Co(2,4-C2B9H10)2{�-S}]−
[119], [Co(2,3-C2B9H10)2{�-SC(H)S}] [120], [Co(2,3-
C2B9H10)2{�-SCH2C CH}] [121], [Co(2,3-C2B9H10)2{�-
SCH2COOMe}] [122], [Co(2,3-C2B9H10)2{�-S2CH[C10H5-
2,9-(NMe2)2H]}] [123], [Co(2,3-C2B9H10)2{�-SO4}]−
[101], [Co(2,4-C2B9H10)2{�-NHCH2COOMe}] [124],
[Co(2,4-C2B9H10)2{�-PMe2}] [125], [Co(2,3-C2B9H10)2{�-
CH3CO2}]− [126], [Co(2,3-C2B9H10)2{�-PO3Cl}]−,
[Co(2,3-C2B9H10)2{�-PO3NEt2}]− [127], [Co(2,3-
C2B9H10)2{�-C2H2}]− [128].

Let us pass to the C/C bridged derivatives. As a representa-
tive example, Fig. 16 outlines the crystal structure of [Co(2,3-
C2B9H10)2{�-CH2OCH2}]− [129].

In MeCN solution it exhibits the reversible Co(III)/Co(II)
reduction at a potential value almost comparable with that of
[CoIII(2,3-C2B9H11)2]− [E◦′ = −1.22 V versus −1.14 V; V, ver-
sus SCE)] [129].

Other X-ray characterized C/C bridged complexes are:
[Co(2,3-C2B9H10)2{�-2,4-C3H6}]−, [Co(2,3-C2B9H10)2{�-
2,5-C4H8}]− [81], [Co(2,3-C2B9H10)2{�-CH2SCH2}]− [130],
and [Co(2,3-C2B9H10)2{�-S(CH2CH2O)3CH2CH2S}]−
[102]. Finally, the crystal structure of the B/C bridged
[Co(2-SEt-3-Ph-2,3-C2B9H9)(2-Ph-2,3-C2B9H10){�-SEt}] is
available [131].

8

r
c
d
w
t

ig. 15. The molecular structure of [CoIII(2,4-C2B9H10)2{�-C3N2H3}]
adapted from Ref. [82]).
.3.1.2. Charge-compensated complexes.
8.3.1.2.1. Half-sandwich complexes. We have recently

eported the electrochemical behavior of the series of charge-
ompensated complexes illustrated in Scheme 9 [132]. They
isplay the usually reversible sequence Co(III)/Co(II)/Co(I),
hich, because of either the charge compensation or the induc-

ive effects of the compensating group L, occurs at a poten-
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Scheme 9. Structure of a few charge compensated half-sandwich Co(III) deriva-
tives.

Table 12
Formal electrode potentials (V, vs. SCE) for the reduction processes of the mono-
cations [(C5R5)Co(4-L-2,3-C2B9H10)]+ in CH2Cl2 solution

Complex E◦′
Co(III)/Co(II) E◦′

Co(II)/Co(I)

[(�-C5Me5)Co(4-SMe2-2,3-C2B9H10)]+ −0.91 −1.9a

[(�-C5H5)Co(4-NMe3-2,3-C2B9H10)]+ −0.67 −1.67
[(�-C5Me5)Co(4-NMe3-2,3-C2B9H10)]+ −0.87 −1.9a

a Peak-potential for irreversible processes.

tial value notably less negative than that of the classical [(�-
C5H5)CoIII(2,3-C2B9H11)], Table 12.

8.3.1.2.2. Full-sandwich complexes. X-ray structure and
electrochemistry of the charge-compensated complexes shown
in Scheme 10 have been reported [132]. Fig. 17 shows
the molecular structures of both [(2,3-C2B9H11)Co(4-SMe2-
2,3-C2B9H10)] and meso-[CoIII(6-SMe2-2,3-C2B9H10)2]+, this
latter being isoelectronic and isostructural with the above
mentioned [FeII(6-Me2S-2,3-C2B9H10)2], Section 8.2.1.2.2.
The present complexes also exhibit the expected reversible
Co(III)/Co(II)/Co(I) reduction processes. The pertinent formal
electrode potentials are compiled in Table 13. The progressive
beneficial effect of the charge compensation on the addition of
electrons, is well evident.

S
t

Table 13
Formal electrode potentials (V, vs. SCE) for the reduction processes of a few
full-sandwich, charge-compensated Co(III) complexes (CH2Cl2 solution)

Complex E◦′
Co(III)/Co(II) E◦′

Co(II)/Co(I)

meso-[CoIII(6-SMe2-2,3-C2B9H10)2]+ −0.41 −1.24
[(2,3-C2B9H11)Co(4-SMe2-2,3-C2B9H10)] −0.89 −1.78
[Co(2,3-C2B9H11)2]− −1.36a −2.24a

a MeCN solution; from Ref. [4c].

8.3.2. Rhodacarboranes
8.3.2.1. Classical (charge-noncompensated) complexes.

8.3.2.1.1. Half-sandwich complexes. The X-ray struc-
tures of the half-sandwich complexes [(�-C5Me5)Rh(2,3-
C2B9H11)] [133], [(�-C5Me5)Rh(2,3-Ph2-2,3-C2B9H9)] [134],
[(�5-C9H7)Rh(2-Ph-2,3-C2B9H10)] and [(�5-C9H7)Rh(2,3-
Ph2-2,3-C2B9H9)] [135] are available.

8.3.2.1.2. Full-sandwich complexes. The only informa-
tion of which we are aware concerning full-sandwich
rhodacarboranes involves the electrochemical behavior of
[RhIII(2,3-C2B9H11)2]−, which shows the Rh(III)/Rh(II)/Rh(I)
sequence. At variance with [CoIII(2,3-C2B9H11)2]−, however,
the Rh(III)/Rh(II) process is partially chemically reversible,
whereas the Rh(II)/Rh(I) process is irreversible [4c].

8.3.2.2. Charge-compensated complexes.
8.3.2.2.1. Half-sandwich complexes. The crystal structure

of [(�-C5Me5)Rh(4-SMe2-2,3-C2B9H10)]+ has been solved
[136].

8.3.3. Iridacarboranes
8.3.3.1. Classical (charge-noncompensated) complexes.

8.3.3.1.1. Half-sandwich complexes. The X-ray structure
of the half-sandwich complexes [(�-C5Me5)Ir(2,3-C2B9H11)]
[133] is known.
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cheme 10. Structure of a few charge compensated full-sandwich Co(III) deriva-

ives.
.4. Group 10 metallacarboranes

.4.1. Nickelacarboranes

.4.1.1. Classical (charge-noncompensated) complexes.
8.4.1.1.1. Half-sandwich complexes. The electrochemical

ehavior of [(�-C5H5)NiIII(2,3-C2B9H11)] has been reported
4c].

8.4.1.1.2. Full-sandwich complexes. Fig. 18 schematizes
he crystal structure of [NiIV(2,3-C2B9H11)2] [137]. In

eCN solution it reversibly undergoes the stepwise sequence
i(IV)/Ni(III)/Ni(II)/Ni(I) [4c]. The crystal structure of

NiIII(2,3-C2B9H11)2]− [66a,74b,138] is available. In this
onnection, as deducible from Table 14, which compiles

able 14
elected metal-bond (average) distances (Å) in the Ni(IV)/Ni(III) couple
Ni(2,3-C2B9H11)2]0/−

omplex Ni-C2 Ni-C3 Ni-B4 Ni-B5 Ni-B6 Reference

NiIV(2,3-C2B9H11)2]0 2.08 2.07 2.09 2.11 2.10 [137a]
[NiIII(2,3-C2B9H11)2]− 2.14 2.09 2.15 2.11 2.14 [66a]
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Fig. 17. The molecular structures of: (a) [(2,3-C2B9H11)Co(4-SMe2-2,3-C2B9H10)] and (b) meso-[CoIII(6-SMe2-2,3-C2B9H10)2]+ (adapted from Ref. [132]).

a few structural data pertinent to the redox couple, the
Ni(IV)/Ni(III) passage is not only accompanied by a gen-
eral elongation of the Ni-ligand distances, but also from the
mutual cisoid-to-transoid rotation of the dicarbollide ligands
[138a].

It has been noted [139] that such a rotation could be
exploited as a molecular motor (in some cases the rotation
appears to be partial, based on solid state molecular structures
[66a,74b,138b]).

F
[

The crystal structures of [NiII(2,4-C2B9H11)2]2− [140] and
of the symmetrically substituted [5-OMe-NiIV(2,3-C2B9H9)2]0

[141] and the asymmetrically substituted [NiIV(Me2-2,3-
C2B9H9)(Me2-2′,6′-C2B9H9)]0 [142] are also known. The
isomers [NiIV(2,3-C2B9H11)2] and [NiIII(2,4-C2B9H11)2]−
undergo the sequence Ni(IV)/Ni(III)/Ni(II)/Ni(I) at rather dif-
ferent potential values (see the next Table 15) [4c].

8.4.1.1.3. Carboranophane complexes. As in the case of
Fe and Co complexes, B/B and C/C nickelacarboranophanes
have been prepared. In particular, the B/B linked [NiIII(2,4-
C2B9H10)2{�-C3N2H3}] [82] and the C/C linked [2,3′-�-
(C4H8)-NiIII(2,3-C2B9H10)2]− [81] have been X-ray charac-
terized. In MeCN solution, [NiIII(2,4-C2B9H10)2{�-C3N2H3}]
exhibits the reversible sequence Ni(IV)/Ni(III)/Ni(II)/Ni(I) [82];
Table 15.

8.4.1.2. Charge-compensated complexes.
8.4.1.2.1. Half-sandwich complexes. Fig. 19 shows the

cyclic voltammetric behavior of [(�-C5H5)NiII(6-SMe2-2,3-
C2B9H10)] in CH2Cl2 solution [143]. It undergoes two sepa-
rated, chemically reversible, one-electron oxidation processes
[which involve the sequence Ni(II)/Ni(III)/Ni(IV)] and the
Ni(II)/Ni(I) reduction, the latter process being complicated by
following chemical reactions (at high scan rates the coupled
chemical reactions can be partially prevented). Table 16 com-
p
t

8

T
F
e

C

[

ig. 18. The molecular structure of [NiIV(2,3-C2B9H11)2] (adapted from Ref.
137]).

[
[

ares the formal electrode potentials of such redox changes with
hose of the classical analogue.

As previously cited (Sections 8.2.1.2.1, 8.2.1.2.2, 8.2.2.2.1,
.3.1.2.), also in this case the charge compensation causes a

able 15
ormal electrode potentials (V, vs. SCE) for the redox changes of the nick-
lacarboranophane [NiIII(2,3-C2B9H10)2{�-C3N2H3}] in MeCN solution

omplex E◦′
Ni(IV)/Ni(III) E◦′

Ni(III)/Ni(II) E◦′
Ni(II)/Ni(I)

NiIII(2,4-C2B9H10)2

{�-C3N2H3}]
+1.56 −0.19 −1.76

Ni(2,4-C2B9H11)2]− +0.55 −0.92 −2.09
Ni(2,3-C2B9H11)2]− +0.25 −0.57 −2.10
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Table 16
Formal electrode potentials (V, vs. SCE) for the redox changes of [(�-C5H5)NiII(6-SMe2-2,3-C2B9H10)]

Complex E◦′
Ni(IV)/Ni(III) E◦′

Ni(III)/Ni(II) E◦′
Ni(II)/Ni(I) Solvent

[(�-C5H5)NiII(6-SMe2-2,3-C2B9H10)] +1.11 +0.14 −1.48a CH2Cl2
[(�-C5H5)NiIII(2,3-C2B9H11)] +0.55 −0.52 – MeCN

a Coupled to chemical reactions; measured at high scan rate.

Fig. 19. Cyclic voltammogram recorded at a platinum electrode in CH2Cl2
solution of [(�-C5H5)NiII(6-SMe2-2,3-C2B9H10)]. Scan rate 0.2 V s−1 (from
Ref. [143]).

significant shift of the Ni(IV)/Ni(III)/Ni(II) sequence towards
positive potential values thus allowing access to the Ni(II)/Ni(I)
process.

8.4.1.2.2. Full-sandwich complexes. Fig. 20 shows the
solid-state structure of meso-[NiII(6-SMe2-2,3-C2B9H10)2]
[143]. As illustrated in Fig. 21, the Ni(II) complex exhibits the
reversible four-membered sequence Ni(IV)/Ni(III)/Ni(II)/Ni(I)
[143]. The pertinent redox potentials are compiled in
Table 17.

F
R

Fig. 21. Cyclic voltammogram recorded at a platinum electrode in CH2Cl2
solution of meso-[NiII(6-SMe2-2,3-C2B9H10)2]. Scan rate 0.2 V s−1 (from Ref.
[143]).

8.5. Group 11 metallacarboranes

8.5.1. Cupracarboranes
8.5.1.1. Classical (charge-noncompensated) complexes.

8.5.1.1.1. Full-sandwich complexes. Fig. 22 shows a
schematic picture of [CuIII(2,3-C2B9H11)2]− [144].

At variance with the symmetrical structure of the previous
full-sandwich complexes, the copper complex has a slipped
sandwich structure, which substantially makes the copper ion

F
[

ig. 20. The molecular structure of meso-[NiII(6-SMe2-2,3-C2B9H10)2] (from
ef. [143]).
ig. 22. The molecular structure of [CuIII(2,3-C2B9H11)2]− (adapted from Ref.
144]).
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Table 17
Formal electrode potentials (V, vs. SCE) for the redox changes of [NiII(6-SMe2-2,3-C2B9H10)2]

Complex E◦′
Ni(IV)/Ni(III) E◦′

Ni(III)/Ni(II) E◦′
Ni(II)/Ni(I) Solvent

[NiII(6-SMe2-2,3-C2B9H10)2] +1.17 +0.35 −1.06 CH2Cl2
[NiIV(2,3-C2B9H11)2]a +0.25 −0.57 −2.10 MeCN

a From Ref. [4c].

Table 18
Selected metal-bond (average) distances (Å) in the Cu(III)/Cu(II) couple
[Cu(2,3-C2B9H11)2]−/2−

Complex Cu-C2 Cu-C3 Cu-B4 Cu-B5 Cu-B6

[CuIII(2,3-C2B9H11)2]− 2.50 2.51 2.17 2.15 2.05
[CuII(2,3-C2B9H11)2]2− 2.58 2.57 2.21 2.13 2.25

essentially coordinate to the vicinal three B atoms of each C2B9
ligand. In MeCN solution the monoanion exhibits reversible
reduction to the corresponding Cu(II) dianion [4c]. As a matter
of fact, the dianion [CuII(2,3-C2B9H11)2]2− substantially main-
tains the slipped structure of the Cu(III) precursor [145], with a
general elongation of the Cu-C2B3 distances with respect to the
monoanion, Table 18.

8.5.1.1.2. Carboranophane complexes. Fig. 23 illustrates
the crystal structure of the B/B pyrazole-bridged [CuIII(2,4-
C2B9H10)2{�-C3N2H3}] [82]. As seen, the constraints imposed
by the bridge prevent the slipping of the two carborane
halves present in the full-sandwich Cu(III) derivative. In
MeCN solution, [CuIII(2,4-C2B9H10)2{�-C3N2H3}] exhibits
the reversible sequence Cu(III)/Cu(II)/Cu(I) (E◦′

Co(III)/Co(II) =
−0.08 V; E◦′

Co(II)/Co(I) = −0.72 V; V, versus SCE) [82].

F
(

8.5.2. Auracarboranes
8.5.2.1. Classical (charge-noncompensated) complexes.

8.5.2.1.1. Full-sandwich complexes. The crystal structure
of [AuIII(2,3-C2B9H11)2]− is known [146]. It exhibits the
slipped asymmetric deviation already discussed for [Cu(2,3-
C2B9H11)2]n−. In MeCN solution it undergoes the reversible
sequence Au(III)/Au(II)/Au(I) [4c]. The same structural dis-
torsion is obviously present in [AuIII(2,3-Me2-2,3-C2B9H9)2]−
[147].

9. CPB9 cages

9.1. Group 8 metallacarboranes

9.1.1. Ferraphosphacarboranes
9.1.1.1. Full-sandwich complexes. The crystal structure of
[FeII(5-Me-2,5-CPB9H10)2] is available [148] together with the
its electrochemistry and those of related derivatives [4c].

9.2. Group 9 metallacarboranes

9.2.1. Cobaltaphosphacarboranes
9.2.1.1. Full-sandwich complexes. The electrochemistry of a
series of [CoIII(CPB9H10)2]− derivatives has been reviewed
[4c].
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ig. 23. The molecular structure of [CuIII(2,4-C2B9H10)2{�-C3N2H3}]
adapted from Ref. [82]).
0. C3B2 cages

0.1. Group 8 metallacarboranes

0.1.1. Ferracarboranes
0.1.1.1. Half-sandwich complexes. Fig. 24 exemplifies the
rystal structure of [(�-C5Me5)FeIII{2-Me-4,5-Pri

2-3,6-Et2-
,4,5-C3B2}] [149]. The C3B2 face is highly distorted from
he planar geometry. In DME solution it reversibly undergoes
e(III)/Fe(II) reduction (E◦′ = −1.26 V, versus SCE) [149b].

0.1.2. Ruthenacarboranes
0.1.2.1. Half-sandwich complexes. In DME solution, com-
lex [(�-C5Me5)RuIII{2-Me-4,5-Et2-3,6-But

2-2,4,5-C3B2}]
xhibits reversible Ru(III)Ru(II) reduction (E◦′ = −1.40 V,
ersus SCE). [149b].

0.2. Group 9 metallacarboranes

0.2.1. Cobaltacarboranes
0.2.1.1. Half-sandwich complexes. The crystal structures
f [(�-C5H5)CoIII(2-Me-4,5-Et2-3,6-Et2-2,4,5-C3B2)] [150]
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Fig. 24. The molecular structure of [(�-C5Me5)FeIII{2-Me-4,5-Pri
2-3,6-Et2-

2,4,5-C3B2}] (adapted from Ref. [149]).

and [(�-C5H5)CoIII(�5-1,2,3-trimethyl-decahydro-1,3-dibora-
cyclopentacyclooctene)] [151] are known.

10.3. Group 10 metallacarboranes

10.3.1. Nickelacarboranes
10.3.1.1. Half-sandwich complexes. The crystal structures
of [(�-C5H5)NiIII(2-Me-4,5-Et2-3,6-Et2-2,4,5-C3B2)] [152]
and [(�-C5H5)NiIII(�5-1,2,3-trimethyl-decahydro-1,3-dibora-
cyclopentacyclooctene)] [151] are available.

10.3.1.2. Full-sandwich complexes. The crystal structure of
[NiIII(4,5-Me2-3,6-Me2-2,4,5-C3B2H)2] is available [150b].

11. C3B3 cages

11.1. Group 10 metallacarboranes

11.1.1. Nickelacarboranes
11.1.1.1. Half-sandwich complexes. Fig. 25 shows the solid-
state molecular structure of the unconventional (C3B2-capped)
half-sandwich [(2,3-Et2-4,6-Me2-2,3,5-C3B2)Ni(2,3-Et2-4,6,7-
Me3-2,3,5-C3B3)] [153]. In DME solution it undergoes a chemi-
cally reversible (in the cyclic voltammetric time scale) reduction
to the corresponding monoanion (E◦′ = −1.47 V, versus SCE)
[

1
r
I
d
S

1

[
i
o

Fig. 25. The molecular structure of [(2,3-Et2-4,6-Me2-2,3,5-C3B2)Ni(2,3-Et2-
4,6,7-Me3-2,3,5-C3B3)] (adapted from Ref. [153]).

dicarbollide dianion [nido-C2B9H11]2−, that can replace it in
metallacarboranes analogues of metallocenes.

12.1. Group 8 metallacarboranes

12.1.1. Ferracarboranes
12.1.1.1. Half-sandwich complexes. Fig. 27 shows the crys-
tal structure of [(�-C5H5)FeII(2,3,4-C3B8H11)] [156]. As illus-
trated in Fig. 28, in CH2Cl2 solution it undergoes reversibly the
Fe(II)/Fe(III) oxidation at potential values notably higher than
that of the dicarbollide analogue [69].

It is noted that in spite of the apparent chemical reversibil-
ity of the oxidation process in the short times of cyclic

F
C

153].

1.1.1.2. Full-sandwich complexes. Fig. 26 stands for the X-
ay structure of [NiIII(2,3-Et2-4,6,7-Me3-2,3,5-C3B3)2] [154].
n CH2Cl2 solution it undergoes a chemically reversible oxi-
ation to the corresponding monocation (E◦′ = −0.11 V, versus
CE).

2. C3B8 cages

The chemistry of the 11-vertex tricarbollide monoanions
nido-C3−xPxB8H11−x]− (x = 0–2) (carbons adjacent or apart)
s rapidly expanding [155] and, in consequence of their anal-
gy with [C5H5]−, afford a mononegative substitute for the
ig. 26. The molecular structure and of [NiIII{2,3-Et2-4,6,7-Me3-2,3,5-

3B3}2] (adapted from Ref. [154]).
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Fig. 27. The molecular structure of [(�-C5H5)FeII(2,3,4-C3B8H11)] (adapted
from Ref. [156]).

voltammetry, exhaustive oxidation triggers partial decomposi-
tion of [(�-C5H5)FeIII(2,3,4-C3B8H11)]+ [69]. Similar behavior
is exhibited by the crystallographically characterized derivatives
[(�-C5H5)FeII(2,3,5-C3B8H11)] [156] and [(�-C5H5)FeII(12-
NHBut-2,4,12-C3B8H10)] [157] (12 indicates the apical carbon
atom opposite to the C2B3 coordinating pentagonal face), even
if in these cases the oxidised Fe(III) derivative is stable.

As happens for the related Ni complexes (Section 8.4.1.2), the
high potential value of the Fe(II)/Fe(III) oxidation provides, in
some cases, access to the Fe(II)/Fe(I) reduction, which becomes
more readily detectable in THF solvent due to its wide cathodic
window, Fig. 29. The pertinent redox potentials are compiled in
Table 19 [69].

F
C
C
[

Fig. 29. Cyclic voltammetric response recorded at a gold electrode in THF solu-
tion of [(�-C5H5)FeII(2,4,7-C3B8H11)]. Scan rate 0.2 V s−1 (from Ref. [69]).

These data clearly reveal how the position of the cage
carbon atoms (adjacent versus non-adjacent) plays an appre-
ciable role in determining the redox potential, suggesting
that electrochemistry can provide an additional simple tool,
which can supplement the usual NMR and X-ray tech-
niques in distinguishing different metalla-tricarbollide iso-
mers. Further crystallographically characterized half-sandwich
complexes are: [(�-C5H5)FeII(7-NHBut-1,4,7-C3B8H10)] [158]
[(�-C5H5)FeII(9-NHBut-2,7,9-C3B8H10)], [(�-C5H5)FeII(10-
NHBut-2,7,10-C3B8H10)], and [(�-C5H5)FeII(4-NHBut-2,4,7-
C3B8H10)] [17g].

12.1.1.2. Full-sandwich complexes. A number of full-
sandwich ferra-tricarbollides bearing a amino substituent at
one of the carbon atom have been crystallographic charac-
terized [namely, [FeII(12-R-2,4,12-C3B8H10)2] (R = NHBut

[159], NH2 [160]) and [(12-R-2,4,12-C3B8H10)FeII(7-R-
2,4,7-C3B8H10)] (R = NHBut [160]); 7 indicates the carbon
atom residing in the CB4 plane below the C2B3 coordinating
pentagonal face], but no electrochemical data are presently
available.

12.1.2. Ruthenacarboranes
12.1.2.1. Half-sandwich complexes. The crystal struc-
tures of [(�-C5Me5)RuII(2,4,7-C3B8H11)] [156] and
[
a

1
[

1

1

1
1
[

ig. 28. Comparison between the cyclic voltammetric behavior of [(�-

5H5)FeII(2,3,4-C3B8H11)] and that of [(�-C5H5)FeII(2,3-C2B9H11)]− in
H2Cl2 solution. Platinum working electrode. Scan rate 0.2 V s−1 (from Ref.

69]).
(�-C5Me5)RuII(12-R-2,3,12-C3B8H10)] (R = NHBut) [161]
re known.

2.1.2.2. Full-sandwich complexes. The crystal structure of
RuII(12-R-2,4,12-C3B8H10)2] (R = NHBut) is available [159].

3. C2PB8 cages

3.1. Group 8 metallacarboranes

3.1.1. Ferracarboranes
3.1.1.1. Half-sandwich complexes. The crystal structure of
(�-C5H5)FeII(2,3,5-C2PB8H10)] is available [162].
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Table 19
Formal electrode potentials (V, vs. SCE) for the Fe(II)/Fe(III) passage in half-sandwich ferra-tricarbollide complexes

Complex E◦′
Fe(III)/Fe(II) E◦′

Fe(II)/Fe(I) Solvent

[(�-C5H5)FeII(2,3,4-C3B8H11)] +0.74 −1.80a CH2Cl2
+0.91 −1.56 THF

[(�-C5H5)FeII(2,3,5-C3B8H11)] +0.82 −1.56 CH2Cl2
+0.94 −2.05a THF

[(�-C5H5)FeII(2,4,7-C3B8H11)] +0.80 – CH2Cl2
+0.96 −2.29 THF

[(�-C5H5)FeII(12-NHBut-2,4,12-C3B8H10)] +0.60 – CH2Cl2
[(�-C5H5)FeIII(2,3-C2B9H11)] −0.18 – CH2Cl2

a Peak-potential value for irreversible processes.

14. CP2B8 cages

14.1. Group 8 metallacarboranes

14.1.1. Ferracarboranes
14.1.1.1. Half-sandwich complexes. The crystal structure of
[(�-C5H5)FeII(2,4,5-CP2B8H9)] is available [163].

15. C4B7 cages

As illustrated in Ref. [14], the C4B7 cage can assume hapticity
different from pentacoordination.

15.1. Group 9 metallacarboranes

15.1.1. Cobaltacarboranes
15.1.1.1. Half-sandwich complexes. The crystal structures of
[(�-C5H5)Co(Me4-C4B7H7)] [164] and [(�-C5H5)Co(Me4-
OEt-C4B7H6)] [165] have been solved (in both cases, two Me
groups are linked to the coordinating C2B3 pentagonal face).

16. Conclusions

The chemistry of metallacarborane sandwich complexes is in
continuous expansion, but, in contrast to metallocene chemistry,
w
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New J. Chem. 20 (1996) 277;
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C. Viñas, B. Štibr, Inorg. Chem. 39 (2000) 2577.
[143] P. Zanello, A.R. Kudinov, unpublished data.
[144] R.M. Wing, J. Am. Chem. Soc. 90 (1968) 4828.
[145] R.M. Wing, J. Am. Chem. Soc. 89 (1967) 5599.
[146] H.M. Colquhoun, T.J. Greenhough, M.G.H. Wallbridge, Acta Cryst.

B33 (1977) 3604.
[147] M.C. Gimeno, A. Laguna, M. Laguna, P.G. Jones, Inorg. Chim. Acta

189 (1991) 117.
[148] L.J. Todd, I.C. Paul, J.L. Little, P.S. Welcker, C.R. Peterson, J. Am.

Chem. Soc. 90 (1968) 4489.
[149] (a) W. Siebert, R. Hettrich, H. Pritzkow, Angew. Chem. Int. Ed. Engl.

33 (1994) 203;
(b) R. Hettrich, M. Kaschke, H. Wadepohl, W. Weinmann, M. Stephan,
H. Pritzkow, W. Siebert, I. Hyla-Kryspin, R. Gleiter, Chem. Eur. J. 2
(1996) 487.
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