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Abstract

Four binuclear iridium complexes with a chelating 1,2-dicarba-closo-dodecaborane-1,2-dichalcogenolate ligands [Ir2(COD)2(l2-
E2C2B10H10)] [E = S (3a), Se (3b)] [(Cp*Ir)2(l2- E2C2B10H10)] [E = S (5a), Se (5b)] have been synthesized through different method.
The formal oxidation state of iridium in complexes 3 and 5 are I and II, respectively, due to the different electron donor coordinated
to the iridium center. All four complexes 3a–5b are characterized by IR, 1H, 13C, 11B NMR spectra and elemental analyses. The molec-
ular structures of complex 3a and 5b have been determined by X-ray crystallographic analysis, only 5b shows the metal–metal interaction
between the two iridium atoms.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Recently, much attention has focused on the chemistry
of multinuclear transition-metal complexes [1]. The
expected cooperation between metal atoms to perform
novel chemical transformations is the basic idea that pro-
motes most of the research in binuclear complexes [2]. Such
cooperation can be the consequence of an overall change in
the reactivity due to the proximity of both metals; such
examples can be found in the chemistry of binuclear irid-
ium compounds, which very frequently give rise to com-
plexes in oxidation state II. Whilst the activation of
molecules such as halogens or halocarbons by diiridium(I)
complexes has been extensively documented [3] and numer-
ous other applications for the dinuclear iridium complexes
have been introduced recently [4].
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We report here the synthesis and the characterization of
two types of dinuclear iridium carborane complexes, 3a, b

and 5a, b. The hemisphere of the iridium atom is shielded
by cyclooctadiene group or the Cp* ligand in complexes 3

or 5, respectively, which causes different electronic environ-
ment around the iridium center and the oxidation state of
iridium in 3 and 5 are +I [5] and +II, respectively.

2. Results and discussion

2.1. Syntheses of complexes 3a, b and 5a, b

The 16 electron half-sandwich cobalt complexes
[Cp 0CoE2C2(B10H10)] [Cp 0 = g5-C5H5, E = S (1a), E = Se
(1b); Cp 0 = g5-C5(CH3)5, E = S (2a), E = Se (2b)] [6] were
used in the synthesis of 3a and 3b. After these four starting
compounds react with [Ir(COD)Cl]2 in dichloromethane
respectively, diiridium complex 3a or 3b in the formula of
[Ir2(COD)2(l2-E2C2B10H10)] is the only product after
separation (Scheme 1). It is interesting to notice that in
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Scheme 1. Synthesis of 3a and 3b.
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our previous work, through using different low valent tran-
sition-metal carbonyl or COD complexes we synthesized
numerous multinuclear cobalt carborane complexes [7],
but in the case of [Ir(COD)Cl]2 or [Rh(COD)Cl]2 only
homodinuclear species can be obtained. Furthermore, dif-
ferent solvents and reacting conditions were introduced
into this reaction, but complex 3a or 3b is the only product.
This is in agreement with the reactions of 1a–2b with
[Rh(COD)Cl]2 [7].

Complexes 3a and 3b can be obtained in good yields as
blue crystals, which are slightly air and moisture sensitive
in the solvent and stable in the solid state for a couple of
days, soluble even in hexane.

Complexes 5a or 5b can be synthesized directly by the
reaction of [Cp*IrCl(l-Cl)]2 with 4a or 4b in low yields
(Scheme 2) (1–2%), and the mononuclear 16electron half-
sandwich iridium complexes Cp*IrE2C2(B10H10) [E = S
(6a), Se (6b)] have been isolated as the main products in
the reactions [8]. Complexes 5a and 5b are red crystals
and are quite stable both in solid state and solution. In
the formation of all the Co, Rh, Ir dinuclear half-sandwich
complexes [(Cp*M)2E2C2B10H10], the yields of the dinucle-
ar iridium complexes are relatively lower. That’s partly
because iridium has the lowest oxidisability, and it is diffi-
cult for the Ir3+ to turn into the Ir2+ form, while the yields
of the cobalt dinuclear half-sandwich carborane complexes
are the highest.

The NMR and Ir spectroscopy data of complexes 3a
and 3b are in agreement with the structure we obtained
from the X-ray crystallography. The 1H NMR spectrum
of 3a shows clearly the resonance of the methylene groups
of the cyclooctadiene ligand at d 1.92, 2.01, 2.29 and
2.33 ppm as multiplets, and signals for olefin protons at d
3.65 and 4.44 ppm. There are two sets of 1H NMR signals
for the cyclooctadiene moiety, which indicates that the two
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Scheme 2. Synthesis of 5a and 5b.
COD ligands are in the different chemical environments,
and the structure is not symmetric [5]. In the 13C spectrum
there are two signals for the olefin protons at d 67.3 and
65.4 ppm, and the carbon atoms of the carborane moiety
give rise to a singlet at d 87.6 ppm. In the higher field there
are two singlets at d 32.5 and 32.4 ppm for the carbon
atoms of the methylene group. The IR spectrum is also
in good agreement with the results, typical B–H vibration
signal at 2582 cm�1, and one m(C@C) stretching around
1631 cm�1. Complex 3b has the similar structure with com-
plex 3a, thus the spectrum date are basically the same,
except for a 13C NMR resonance at d 67.4 ppm for the
C–Se moiety.

Complexes 5a and 5b also have the half-sandwich
dinuclear structure, but the spectrum data are quite simple
compared to the 3a and 3b. The NMR and IR spectro-
scopic data are in agreement with the structure. 5a and
5b clearly have 1H and 13C NMR resonance for the CH3

group in the Cp* moiety at d 1.83, 1.89 and 10.1,
11.2 ppm respectively. The 13C NMR signals for the car-
bon atoms belong to the carborane moiety in 5a and 5b

are at d 92.8 and 77.2 ppm respectively. In the IR spectrum,
the B–H stretching is clearly observed at 2586 and
2587 cm�1 for 5a and 5b.

2.2. Molecular structure

The molecular structures of [(CODIr)2(l2-S2C2-
(B10H10))] 3a and (Cp*Ir)2[l2-Se2C2(B10H10)] 5b were deter-
mined by single crystal X-ray diffraction. Suitable crystal
was obtained by slow diffusion of hexane into a dichloro-
methane solution at low temperature.

The X-ray structure of complex 3a is depicted in Fig. 1,
it is an iridium (I) thiolate dimmer. Dithiolato carborane
serves as a bridging ligand to combine the biiridium center,
and contributes three electrons to each iridium atom. Each
iridium atom is further coordinated by a cyclooctadienyl
ligand. The distance between the two Ir atoms is
2.8608(11) Å, which indicates certain interaction between
the two iridium atoms. The coordination geometry around
each iridium atom is approximately square planar. The
Ir2S2 ring is highly puckered, the dihedral angle between
the planes Ir1Ir2S1 and Ir1Ir2S2 is 107.627(15)�. The bond
length of Ir–S varies from 2.389(4) to 2.416(4) Å, which is
in the longer range of that found for binuclear thiolate-
bridged complexes [7]. The Ir–C bond distances fall in



Fig. 1. Molecular structure of complex 3a. Selected distances (Å) and
angles (�): Ir(1)–Ir(2), 2.8608(11); Ir(1)–S(1), 2.389(4); Ir(1)–S(2), 2.401(4);
Ir(1)–C(5), 2.127(16); Ir(1)–C(6), 2.096(16); Ir(1)–C(9), 2.121(17); Ir(1)–
C(10), 2.130(16); C(5)–Ir(1)–C(6) 37.8(6); C(9)–Ir(1)–C(10) 37.9(7); Ir(2)–
Ir(1)–S(1), 53.06(10); Ir(1)–S(1)–Ir(2),,73.15(11); C(5)–Ir(1)–S(1), 93.7(5).
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the range of 2.096(16) to 2.160(17) Å, which is normal for
Ir complexes containing COD ligands trans to S donor
atoms [9].

The structure of complex 5b is also solved, and it is
shown in Fig. 2. It is a binuclear iridium complex as 3a,
the distance between Ir(1) and Ir(2) is 2.6924(8) Å which
indicates a single metal–metal bond nature. Each iridium
is coordinated by one Cp* ligand, single bonded to the
other iridium atom, and bridged by two l3-Se atoms from
the diselenolate carborane moiety. Both of the iridium (II)
centers adopt a three-legged piano-stool conformation and
have a six-coordinated geometry. The distances between
iridium and selenium atoms are around 2.4300 Å which fall
Fig. 2. Molecular structure of complex 5b. Symmetry transformations
used to generate equivalent atoms: �x + 1, y, �z+1/2. Selected distances
(Å) and angles (�): Ir(1)–Ir(2), 2.6924(8); Ir(1)–Se(1), 2.4361(8); Ir(1)–
Se(1A), 2.4274(8); Ir(1)–Ir(1A)–Se(1), 56.23(2); Ir(1)–Se(1)–Ir(1A),
67.23(2); Se(1)–Ir(1)–Se(1A), 81.40(3).
in the normal single Ir–Se bond range, but longer than that
of the monomer (Cp*IrSe2C2B10H10) which is around
2.3600 Å. The bond length of Ir–C varies from 2.158(8)
to 2.217(8) Å. The Ir2S2 ring is also highly puckered, the
dihedral angle between the planes Ir1Ir1ASe1 and Ir1Ir1A-
Se1A is 103.073(2)�.

3. Experimental

All manipulations were performed under an atmosphere
of nitrogen using standard Schlenk techniques. Solvents
were dried by refluxing over sodium/benzophenone ketyl
(toluene, hexane, THF, diethyl ether) and distilled just
before use. And dichloromethane was dried and distilled
over CaH2. The [Ir(COD)Cl]2 [10] and Li2C2E2B10H10

[E = S (4a), Se (4b)] [11] were synthesized via the literature
procedure. IrCl3nH2O were used as purchased. IR spectra
were recorded on a Nicolet AVATAR-360 IR spectrome-
ter, whereas 1H (500 MHz), 11B (160 MHz), and 13C
(125 MHz) NMR spectra were obtained on a Bruker
DMX-500 spectrophotometer in CDCl3 solution. Elemen-
tal analyses were performed on an Elementar III Vario
EI analyzer.

3.1. [Ir2(COD)2(l2-E2C2B10H10)] [E = S (3a), Se (3b)]

To a solution of 1a (66 mg, 0.2 mmol) or 1b (84 mg, 0.2
mmol) in 20 ml dichloromethane was added [Ir(COD)Cl]2
(134 mg, 0.2 mmol). The suspension was stirred for 3 h at
room temperature. The solvent was removed under vac-
uum. The residue was dissolved in 3 mL of dichlorometh-
ane and chromatographed on silica gel to afford 3a

(132 mg, 81%) and 3b (135 mg, 75%) as blue solids. Recrys-
tallization of 3a from CH2Cl2/hexane afforded dark blue
crystals. Complex 3a: Anal. Calc. for C18H34Ir2S2B10: C,
26.79; H, 4.25. Found: C, 25.62; H, 4.41%. 1H NMR
(500 MHz, CDCl3, d/ppm): d 1.92 (m, 4H, CH2), 2.01
(m, 4H, CH2), 2.29 (m, 4H, CH2), 2.33 (m, 4H, CH2),
3.65 (m, 4H, CH), 4.44 (m, 4H, CH). 11B NMR
(160 MHz, CDCl3, d/ppm): d 7.9, �7.1, �9.6, �11.3. 13C
NMR (125 MHz, CDCl3, d/ppm): d 87.6 (s, CS), 67.3 (s,
CH), 65.4 (s, CH), 32.5 (s, CH2), 32.4 (s, CH2). IR (KBr
disk cm�1): m = 2582 (B–H); m = 1631 (C@C). Complex
3b: Anal. Calc. for C18H34Ir2Se2B10: C, 24.00; H, 3.80.
Found: C, 25.11; H, 3.67%. 1H NMR (500 MHz, CDCl3,
d/ppm): d 1.91 (m, 4H, CH2), 2.12 (m, 4H, CH2), 2.46
(m, 4H, CH2), 2.60 (m, 4H, CH2), 4.10 (s, 4H, CH), 4.88
(m, 4H, CH). 11B NMR (160 MHz, CDCl3, d/ppm): d
6.3, �7.7, �9.4, �10.9. 13C NMR (125 MHz, CDCl3,
d/ppm): d 78.4 (s, CH), 78.2 (s, CH), 67.4 (s, CSe), 33.2
(s, CH2), 32.7 (s, CH2). IR (KBr disk cm�1): m = 2578
(B–H); m = 1633 (C@C).

3.2. [(Cp*Ir)2(l2-E2C2B10H10)] [E = S (5a), Se (5b)]

To a solution of 4a (1 mmol) or 4b (1 mmol) in 40 mL
ether was added (Cp*IrCl)2(l2-Cl)2 (400 mg, 1 mmol)
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followed by 30 mL of THF. The suspension was stirred for
12 h at room temperature. The solvent was removed under
vacuum. Then the residue was dissolved in 3 mL of dichlo-
romethane and chromatographed on silica gel to afford 5a

(17 mg, 2%), 5b (10 mg, 1%) as red solids and 6a (448 mg,
84%), 6b (565 mg, 90%) as blue products. Recrystallization
of 5b from CH2Cl2/hexane afforded red crystals. Complex
5a: Anal. Calc. for C22H40Ir2S2B10: C, 30.32; H, 4.63.
Found: C, 30.68; H, 4.68%. 1H NMR (500 MHz, CDCl3,
d/ppm): d 1.83 (s, 30H, CH3). 11B NMR (160 MHz, CDCl3,
d/ppm): d �4.3, �6.9, �8.3, �10.7. 13C NMR (125 MHz,
CDCl3, d/ppm): d 10.1 (s, CH3), 91.8 (s, C5(CH3)5), 92.8
(s, CS). IR (KBr disk cm�1): m = 2586 (B–H). Complex
5b: Anal. Calc. for C22H40Ir2Se2B10: C, 27.67; H, 4.22.
Found: C, 27.36; H, 4.12. 1H NMR (500 MHz, CDCl3,
d/ppm): d 1.89 (S, 30H, CH3). 11B NMR (160 MHz,
CDCl3, d/ppm): d �5.3, �7.3, �8.5, �11.2. 13C NMR
(125 MHz, CDCl3, d/ppm): d 11.2 (s, CH3), 77.2 (s, CSe),
88.4 (s, C5(CH3)5). IR (KBr disk cm�1): m = 2587 (B–H).
Complex 6a: Anal. Calc. for C12H25IrS2B10: C, 27.00; H,
4.72. Found: C, 26.76; H, 4.70%. 1H NMR (500 MHz,
CDCl3, d/ppm): d 1.86 (s, 15H, CH3). 11B NMR
(160 MHz, CDCl3, d/ppm): d �5.4, �7.0, �7.8, �9.6,
�11.1. 13C NMR (125 MHz, CDCl3, d/ppm): d 10.09 (s,
CH3), 91.82 (s, C5(CH3)5), 92.83 (s, CS). IR (KBr disk
cm�1): m = 2959, 2920 (C–H), 2597 (B–H). Complex 6b:
Anal. Calc. for C12H25IrSe2B10: C, 25.63; H, 4.48. Found:
C, 25.56; H, 4.42. 1H NMR (500 MHz, CDCl3, d/ppm): d
1.90 (S, 15H, CH3). IR (KBr disk cm�1): m = 2577 (B–H).
Table 1
X-ray crystallographic data and processing parameters for 3a and 5b

3a

Empirical formula C18H34Ir
Formula weight 807.07
Crystal system Triclinic
Space group P�1
Unit cell dimensions

a (Å) 12.677(4)
b (Å) 12.744(4)
c (Å) 16.909(5)
a (�) 104.500(4
b (�) 104.072(4
c (�) 97.901(4)

Volume (Å3) 1302.2(6)
Z 4
Absorption coefficient (mm�1) 6.172
Crystal size (mm) 0.20 · 0.1
Calculated density (mg/m3) 2.138
F(000) 1512
h Range (�) 1.30–27.1
h, k, l collected �14, 16,
Reflections collected/unique [R(int)] 12619/10
Data/restraints/parameters 10641/0/
Goodness-of-fita on F2 0.899
Final R indices [I > 2r(I)]b R1 = 0.0
R indices (all data) R1 = 0.0
Largest difference peak and hole (e Å�3) 3.225 an

a S ¼ ½
P
ðwðF 2

o � F 2
cÞÞ

2�=ðn� pÞ1=2.
b R1 =

P
jjFoj � jFcjj/

P
jFoj; Rw ¼ ½

P
wðjF 2

oj � jF 2
c jÞ2=

P
wjF 2

oj2�
1=2.
3.3. X-ray crystal structure analysis

Single crystal was sealed in glass capillaries and was
sequentially mounted on CCD-Bruker smart diffractome-
ter. The determinations of unit and intensity data were per-
formed with graphite monochromated Mo Ka radiation
(k = 0.71073 Å). All the data were collected at room tem-
perature using the scan technique. The structure was solved
by the direct methods expanded using Fourier techniques
and refined on F2 by a full-matrix least-squares method.
The non-hydrogen atoms were refined anisotropically and
hydrogen atoms were included but not refined. Details of
crystal data for 3a and 5b are summarized in Table 1.

Crystallography data (excluding structure factors) for the
structures reported in this paper have been deposited with
the Cambridge Crystallographic Data Center, CCDC . Cop-
ies of these data can be obtained free of charge on applica-
tion to the Director, CCDC, 12 Union Road, Cambridge
CB2 IEZ, UK (fax: +44-1223-336033; e-mail: deposit@ccd-
c.ac.uk or http://www.http.ccdc.cam.ac.hk).
5. Supplementary material

CCDC 650342 and 650343 contain the supplementary
crystallographic data for 3a and 5b. These data can be
obtained free of charge via http://www.ccdc.cam.ac.uk/
conts/retrieving.html, or from the Cambridge Crystallo-
graphic Data Centre, 12 Union Road, Cambridge CB2
5b

2S2B10 C22H40Ir2Se2B10

955.02
Monoclinic
C2/c

18.275(5)
12.562(3)
15.242(4)

) 90
) 114.255(3)

90
3190.1(14)
8
10.628

5 · 0.10 0.20 · 0.15 · 0.10
1.988
1776

6 2.03–27.12
�16, 10, ±21 �23, 19, �16, 10, �17, 19
641 [0.0673] 7785/3492 [0.0312]

597 3492/0/168
0.974

574, wR2 = 0.1281 R = 0.0340, wR2 = 0.0822
989, wR2 = 0.1594 R1 = 0.0525, wR2 = 0.0955
d �4.319 1.788 and �1.434

http://www.http.ccdc.cam.ac.hk
http://www.ccdc.cam.ac.uk/conts/retrieving.html
http://www.ccdc.cam.ac.uk/conts/retrieving.html
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