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The Complexes [OsCl2(azole)2(dmso)2] and [OsCl2(azole)(dmso)3]: Synthesis,
Structure, Spectroscopic Properties and Catalytic Hydration of Chloronitriles
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Two families of mixed-ligand osmium(II) complexes, namely
trans,cis,cis-[OsIICl2(azole)2(dmso)2] [azole = indazole (1),
pyrazole (2), benzimidazole (3) and imidazole (4)] and cis,fac-
[OsIICl2(azole)(dmso)3] [azole = indazole (5), pyrazole (6),
benzimidazole (7) and imidazole (8)] have been prepared by
taking advantage of the destabilising trans effect of the S-
bonded dmso ligands. These complexes have been charac-
terised by microanalysis, IR, UV/Vis, 1H and 13C NMR spec-
troscopy, electrospray mass spectrometry, cyclic voltammetry
and X-ray crystallography. They have been found to catalyse

Introduction
The coordination chemistry of dimethyl sulfoxide has

been the subject of intensive studies in the past[1–3] and con-
tinues to attract the attention of researchers today.[4,5] Of
the platinum group metals, the most extensively studied ap-
pear to be ruthenium-dmso complexes, some of which are
endowed with potent antitumour properties[6,7] or have
found application in catalytic processes.[8–10] In addition,
RuII-dmso complexes have been successfully employed as
precursors for the synthesis of a large variety of com-
pounds, and, in particular, of [RuIICl2(azole)2(dmso)2] geo-
metric isomers,[11–16] with [RuIICl2(4-NO2Him)2(dmso)2]
possessing radiosensitising properties. Quite recently, we
discovered that trans,trans,trans-[RuCl2(Hind)2(dmso)2] (s
in italics means coordination via sulfur) and trans,cis,cis-
[RuCl2(Hind)2(dmso)2] species are able to mediate the inser-
tion of the C�N group of acetonitrile in the N1–H bond
of the N2-coordinated indazole, these being the first exam-
ples of the metal-assisted iminoacylation of indazole.[17]

Comparison of the chemistry of ruthenium(II) dmso
complexes with that of osmium(II) dmso species has per-
mitted us to unravel expected similarities between these two
types of complexes, but also remarkable, although less pro-
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the hydration of trichloroacetonitrile to trichloroacetamide
and dichloroacetonitrile to dichloroacetamide with high
selectivity. The catalyst efficiency depends strongly on the
nature of the complex and the azole ligand present. The
highest turnover (TON of 412 for trichloroacetamide and 578
for dichloroacetamide) and product yield (82.7% for trichlo-
roacetamide and 75.3% for dichloroacetamide) have been
achieved with complex 7.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

nounced, differences. In particular, both ruthenium(II)
and osmium(II) have been shown to form cis,fac-
[MCl2(dmso)(dmso)3] and trans-[MCl2(dmso)4] isomers, the
first of which contains three facially S-coordinated dmso
ligands and one dmso molecule O-ligated to the metal ion,
with the second containing four S-coordinated dmso li-
gands. However, the third (linkage) isomer cis-[MCl2-
(dmso)4], with all dmso ligands coordinated via sulfur, has
been isolated only for osmium(II).[18] In addition, it should
be noted that despite the similarity between ruthenium(II)
dmso and osmium(II) dmso complexes, the latter have, in
general, rarely been used as precursors in inorganic synthe-
sis. Examples reported in the literature have been confined
to reactions of trans-[OsCl2(dmso)4], trans-[OsBr2(dmso)4]
or cis,fac-[OsCl2(dmso)(dmso)3] with chelating ligands con-
taining Te, Sb or P as donor atoms.[19–21] This observed
difference in the number of documented reactions can prob-
ably, in part, be explained by stronger Os–L bonds and
higher ligand substitution activation energies in comparison
with the case of ruthenium analogues.[22] In addition, it
must be stressed that the position of the two metals in the
periodic table is important, but not sufficient for the suc-
cessful synthesis of the desired osmium complexes. This
cannot be performed in a routine way simply by following
the protocols for ruthenium species, and very often particu-
lar skills and experience are required. With this in mind, we
set out to use the OsII dmso isomers available as starting
compounds and to study their reactivity toward azole het-
erocycles, especially indazole (Hind), pyrazole (Hpz), benz-
imidazole (Hbzim) and imidazole (Him; see Scheme 1).
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Scheme 1.

We anticipated (i) the isolation of “pure” isomers of com-
position [OsCl2(azole)2(dmso)2], due to the distinct kinetic
inertness of OsII complexes over RuII species, without any
competing isomerisation reactions interfering, (ii) the isola-
tion of other species, the formation of which under similar
reaction conditions does not occur in the case of ruthenium
analogues, and (iii) the elucidation of previously unknown
facets of the reactivity profile of the compounds prepared.
In particular, in order to establish the scope of the recently
discovered metal-assisted iminoacylation of indazole,[17] we
checked the reactivity of the isolated trans,cis,cis-[OsIICl2-
(Hind)2(dmso)2] isomer towards CH3CN and CCl3CN. We
show that no insertion of the C�N group into the N1–H
bond of the N2-coordinated indazole takes place. Instead,
with trichloroacetonitrile we observed hydration of this sol-
vent and set out to examine this reaction in more detail.

Herein we report the synthesis of two different families
of compounds, namely trans,cis,cis-[OsIICl2(azole)2(dmso)2]
[azole = Hind (1), Hpz (2), Hbzim (3), Him (4)] and cis,fac-
[OsCl2(azole)(dmso)3] [azole = Hind (5), Hpz (6), Hbzim
(7) and Him (8)] and their structural and spectroscopic
characterisation both in the solid state and in solution. In
addition, the results of the study of the hydration reaction
of chloronitriles catalysed by the prepared complexes are
reported.

Results and Discussion

Synthesis

While treatment of trans-[OsCl2(dmso)4] with two equiv-
alents of azole ligand in boiling absolute ethanol afforded
the isomers trans,cis,cis-[OsCl2(azole)2(dmso)2] (1–4) in 80–
88% yield (Scheme 2), the reaction under similar conditions
starting from cis-[OsCl2(dmso)4] resulted in the formation
of complexes cis,fac-[OsCl2(azole)(dmso)3] (5–8) in 46–85%
yield. We also discovered that heating complexes 1–4 in di-
methyl sulfoxide at 125 °C led to their conversion into 5–8,
respectively, in 70–75% yield. It should be noted that the
synthesis of ruthenium analogues of 5–8 is possible under
mild conditions by selective replacement of the O-bonded
dmso in cis,fac-[RuCl2(dmso)(dmso)3] by treatment with a
stoichiometric amount of the corresponding azole li-
gand.[12,15a,16b] If, however, the azole ligand is added in ex-
cess and the reaction is carried out at elevated temperatures,
isomers of the composition [RuCl2(azole)2(dmso)2] are pro-
duced.[13,14,15a]
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Scheme 2. Synthesis of complexes trans,cis,cis-[OsCl2L2(dmso)2] [L
= Hind (1), Hpz (2), Hbzim (3), Him (4)] and cis,fac-
[OsCl2L(dmso)3] [L = Hind (5), Hpz (6), Hbzim (7) and Him (8)].
Reaction conditions: (i) 2 equiv. L, EtOH, 80–87 °C, 1–3 h; (ii)
2 equiv. L, EtOH, 80–87 °C, 40 min–2 h; (iii) dmso, 125 °C,
45 min–2 h. The complex trans-[OsCl2(dmso)4] at 150 °C undergoes
isomerisation into cis-[OsCl2(dmso)4] in dmso.[21]

The formation of 1–4 from trans-[OsCl2(dmso)4] and 5–
8 from cis-[OsCl2(dmso)4] can be explained by a remarkable
destabilising trans effect of the S-bonded dmso molecules.
The trans and cis isomers have two and one of these desta-
bilising vectors, respectively, therefore substitution at these
sites predetermined by structural differences between the
isomers is favoured. Two pathways for the conversion of 1–
4 into 5–8 can be proposed (Scheme 3): (a) the azole ligand
is substituted by a molecule of dmso to give trans,mer-
[OsCl2(azole)(dmso)3], which then isomerises to cis,fac-
[OsCl2(azole)(dmso)3]; (b) another four isomers can theore-
tically exist along with trans,cis,cis-[OsCl2(azole)2(dmso)2].
Taking into account that the cis,cis,trans and cis,trans,cis
isomers have not been reported for ruthenium,[17] we postu-
late that the formation or emergence of the other two iso-
mers (trans,trans,trans and cis,cis,cis) is more likely. Substi-
tution of one of the two azole ligands by dmso, followed by
isomerisation, results in cis,fac-[OsCl2(azole)(dmso)3]. The
intermediate species could not be identified by the analyti-

Scheme 3. Proposed transformation pathways (a and b) of 1–4 into
5–8. Abbreviations used: c – cis, t – trans, m – mer, f – fac.
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cal techniques available and the mechanism of this transfor-
mation remains uncertain. Nevertheless, the first pathway
is shorter and simpler, which makes it more plausible.

1H and 13C NMR Spectra

In the 1H NMR spectra of 1/5 and 3/7 one set of signals
of equal intensity for the Hind and Hbzim ligands [at δ =
12.74, 8.68, 7.65, 7.47, 7.40 and 7.16 ppm (1); δ = 14.43,
9.20, 7.73, 7.51, 7.43 and 7.19 ppm (5); δ = 12.87, 8.41, 7.87,
7.47, 7.13 and 6.91 ppm (3); δ = 13.18, 8.78, 8.21, 7.59,
7.29 and 7.24 ppm (7)] is observed. Likewise, one set of 13C
resonances is seen for Hind in 1 and 5 and Hbzim in 3 and
7. In addition, the singlet at δ = 3.37 (1) and 3.27 ppm (3),
of sixfold intensity in comparison to the indazole or benz-
imidazole proton resonances present in the spectra, was as-
signed to the dmso methyl protons coordinated to os-
mium(II) via sulfur. Note that the downfield shift of dmso
protons when coordinated through oxygen is much less with
respect to the metal-freedmso.[18] Incis-[OsCl2(dmso)(dmso)3],
for example, this signal is observed at δ = 2.76 ppm. In the
13C NMR spectrum the dmso resonance is present at δ =
45.4 (1) and 45.6 ppm (3). Two resonances in the 1H NMR
spectrum at δ = 3.64 and 3.35 ppm, with a 2:1 relative inten-
sity in 5, and three signals of equal intensity at δ = 3.59,
3.45 and 3.28 ppm in 7, are indicative of the presence of
three dmso ligands coordinated through sulfur. Three reso-
nances for S-bonded dmso ligands at δ = 48.8, 48.1 and
45.8 (5) and 48.9, 47.1 and 45.7 ppm (7) are seen in the 13C
NMR spectra of 5 and 7. This is in agreement with the C2

symmetry of 1 and 3 and the C1 symmetry of 5 and 7 in
solution. Significant downfield shifts of the resonances of
the protons nearest to the OsII centre (NH and C3-H) in 1
and 5 with respect to the position of the same signals for
the metal-free indazole (δ = 10.01 and 8.09 ppm) and in 3
and 7 with respect to the position of the NH, C2-H and
C4-H/C7-H signals for the metal-free benzimidazole (δ =
12.44, 8.21 and 7.61 ppm) are also worthy of note.

The presence of singlet resonances at δ = 3.34 (2), 3.13
(4), 3.60, 3.59 and 3.29 (6), and 3.51, 3.45 and 3.25 ppm (8)
in the 1H NMR spectra of 2, 4, 6 and 8 indicates coordina-
tion of the dmso ligands to osmium(II) through sulfur. In
the 13C NMR spectra the resonances of the dmso carbon

Figure 1. Molecular structures of the first independent molecule trans,cis,cis-[OsIICl2(Hind)2(dmso)2] (1A; left) and trans,cis,cis-
[OsIICl2(Hpz)2(dmso)2] (2; right), showing the atom-numbering schemes. Thermal ellipsoids are drawn at the 50% probability level.
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atoms are found at δ = 45.6 (2), 45.5 (4), 48.7, 47.9 and 45.8
(6) and 48.5, 47.2 and 46.0 ppm (8). Four signals for the
pyrazole and imidazole protons and three carbon reso-
nances in 2, 4, 6 and 8 (see Experimental Section) are in-
dicative of the C2 symmetry of molecules of 2 and 4 and
the C1 symmetry of 6 and 8 in solution. As for 1, 3, 5 and 7,
significant downfield shifts of the resonances of the protons
nearest to the OsII centre (NH and C3-H in 2 and 6 and
NH, C2-H and C4-H in 4 and 8) with respect to the posi-
tion of the same signals for the metal-free pyrazole [δ =
10.26 (NH) and 7.63 ppm (C3-H and C5-H)] and imidazole
[δ = 12.03 (NH), 7.64 (C2-H) and 7.01 ppm (C4-H and C5-
H)] are observed.

Crystal Structures of 1–8

The asymmetric unit of 1 contains two crystallographi-
cally distinct [OsIICl2(Hind)2(dmso)2] molecules 1A (Fig-
ure 1) and 1B (Figure S1). Selected bond lengths and angles
are listed in Table 1. Essentially octahedral coordination
around the osmium atom is found in both molecules. The
two chlorido ligands are mutually trans, while the two dmso
and the two indazole ligands are correspondingly cis coor-
dinated to each other. Thus, the configuration of the two
independent complexes can be described as trans,cis,cis-
[OsIICl2(Hind)2(dmso)2]. The Os–Cl bond lengths
[2.4138(12) and 2.3984(11) Å in 1A and 2.3989(12) and
2.4127(12) Å in 1B] are similar to the Ru–Cl bond lengths
in twoindependentmoleculesof trans,cis,cis-[RuIICl2(Hind)2-
(dmso)2] [2.4105(7), 2.4137(7), 2.4069(7) and 2.4147(7) Å],
whereas the Os–S bond lengths [2.2250(11) and 2.2453(11)
in 1A and 2.2460(11) and 2.2245(11) Å in 1B] are somewhat
shorter than the Ru–S bond lengths [2.2439(13), 2.2588(8),
2.2477(7) and 2.2578(14) Å] and the Os–N interatomic dis-
tances [2.130(4), 2.137(4) (1A) and 2.122(4), 2.139(3) Å
(1B)] are slightly longer than the Ru–N distances
[2.1177(18), 2.1255(14), 2.1159(14) and 2.1244(19) Å]. The
orientation of the cis-arranged indazole ligands in 1A can
be described by the torsion angles ΘCl2–Os1–N1–N2 [17.5(3) °]
and ΘCl2–Os1–N3–N4 [–0.1(3)°] and is stabilised by the intra-
molecular hydrogen bonds N2–H2···Cl2 (N2–H2 0.880,
H2···Cl2 2.572, N2···Cl2 3.115 Å; N2–H2–Cl2 120.69°) and
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Table 1. Selected bond lengths [Å] and angles [°] in 1 and 2.

1A 1B 2

Os1–N1/Os2–N5 2.130(4) 2.122(4) 2.1202(17)
Os1–N3/Os2–N7 2.137(4) 2.139(3)
Os1–N6 2.1365(17)
Os1–S1/Os2–S3 2.2250(11) 2.2460(11) 2.2498(6)
Os1–S2/Os2–S4 2.2453(11) 2.2245(11) 2.2386(6)
Os1–Cl1/Os2–Cl3 2.4138(12) 2.4127(12) 2.4293(8)
Os1–Cl2/Os2–Cl4 2.3984(11) 2.3989(12) 2.4053(8)
S1–O1/S3–O3 1.490(4) 1.489(3) 1.4819(17)
S2–O2/S4–O4 1.492(3) 1.495(3) 1.4855(16)
N1–Os1–N3/N5–Os2–N7 84.79(15) 86.42(14)
N1–Os1–N6 86.03(6)
S1–Os1–S2/S3–Os2–S4 91.47(4) 91.01(4) 94.51(2)
Cl1–Os1–Cl2/Cl3–Os2–Cl4 176.23(4) 174.94(4) 174.556(17)

N4–H4A···Cl2 (N4–H4A 0.880, H4A···Cl2 2.530, N4···Cl2
3.086 Å; N4–H4A–Cl2 121.78°). The water molecules are
involved in a number of hydrogen-bonding interactions
with coordinated dmso and indazole molecules that stabi-
lise the crystal lattice.

The X-ray diffraction study of 2 showed that the complex
has a distorted octahedral geometry around the central
metal ion (Figure 1). As in 1, the two chlorido ligands are
trans to each other, with Os1–Cl1 and Os1–Cl2 bond
lengths of 2.4293(8) and 2.4053(8) Å, respectively. Two pyr-
azole ligands bind in a monodentate fashion with a cis ar-
rangement [Os1–N1 2.1202(17) and Os1–N6 2.1365(17) Å]
and the remaining positions of the coordination polyhedron
are occupied by dmso ligands through the Os–S bond [Os1–
S1 2.2498(6) and Os1–S2 2.2386(6) Å]. Intramolecular hy-
drogen bonding is evident between N2 and Cl1 [N2–H2
0.880, H2···Cl1 2.531, N2···Cl1 3.098 Å; N2–H2–Cl1
122.87°] and between N7 and Cl2 [N7–H7 0.880, H7···Cl2
2.518, N7···Cl2 3.086 Å; N7–H7–Cl2 123.00°]. These
determine the orientation of the pyrazole rings, which
can be described by the torsion angles ΘCl1–Os1–N1–N2

[–12.59(15) °] and ΘCl2–Os1–N6–N7 [3.67(14)°].
The results of X-ray diffraction studies of 3 and 4 are

shown in Figure 2. Selected bond lengths and angles are
listed in Table 2.

Figure 2. Molecular structures of trans,cis,cis-[OsIICl2(Hbzim)2(dmso)2] (3; left) and trans,cis,cis-[OsIICl2(Him)2(dmso)2] (4; right), showing
the atom-numbering schemes. Thermal ellipsoids are drawn at the 50% probability level.
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Table 2. Selected bond lengths [Å] and angles [°] in 3 and 4.

3 4

Os1–N1 2.146(2) 2.138(4)
Os1–N3 2.138(3) 2.120(5)
Os1–S1 2.2273(7) 2.2166(12)
Os1–S2 2.2282(8) 2.2254(11)
Os1–Cl1 2.4170(8) 2.402(2)
Os1–Cl2 2.4142(8) 2.428(3)
S1–O1 1.480(2) 1.495(4)
S2–O2 1.481(2) 1.482(5)
N1–Os1–N3 83.44(9) 84.25(17)
S1–Os1–S2 90.22(3) 91.42(4)
Cl1–Os1–Cl2 175.69(3) 175.24(10)

The X-ray diffraction study of 5–8 revealed that the the
OsII ion in all these complexes has a distorted octahedral
geometry (see Figures 3 and 4). The coordination sites of
osmium(II) are occupied by three sulfur atoms of three
dmso molecules, one N atom of the corresponding azole
heterocycle and two Cl– ligands, which are arranged cis to
each other. Selected bond lengths and angles are given in
Table 3. For the axial dmso and azole molecules the Cl2–
Os1–S1 and Cl2–Os1–N1 bond angles are 89.53(4)° and
84.83(9)° (5), 89.52(3)° and 84.02(9)° (6), 91.55(3)° and
85.00(7)° (7) and 92.40(3)° and 85.68(6)° (8), respectively,
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thus indicating notable steric constraints of the axial dmso
group, which is pushed towards the chlorido ligands. The
S2–Os1–S3 bond angle is 90.95(4)°, 91.40(4)°, 97.16(3)° and
93.55(3)° in 5–8, respectively, while the Cl1–Os1–Cl2 angle
of 86.41(3)°, 86.78(4)°, 86.92(3)° and 85.98(3)°, respectively,
deviates more significantly from the ideal value of 90°. The
ΘCl2–Os1–N1–N2 torsion angle of –33.9°, which describes the
orientation of the indazole ring in 5, is probably determined
by the bifurcated hydrogen bond between N2 and Cl2 [N2–
H2 0.880, H2···Cl2 2.596, N2···Cl2 3.056 Å; N2–H2–Cl2
113.53°] and O2(x + 1/2, –y + 2, z) [N2–H2 0.880, H2···O2

Figure 3. Molecular structures of cis,fac-[OsIICl2(Hind)(dmso)3] (5; left) and cis,fac-[OsIICl2(Hpz)(dmso)3] (6; right), showing the atom-
numbering scheme. Thermal ellipsoids are drawn at the 50% probability level.

Figure 4. Molecular structures of cis,fac-[OsIICl2(Hbzim)(dmso)3] (7; left) and cis,fac-[OsIICl2(Him)(dmso)3] (8; right), showing the atom-
numbering schemes. Thermal ellipsoids are drawn at the 50% probability level.

Table 3. Selected bond lengths [Å] and angles [°] in 5–8.

5 6 7 8

Os1–N1 2.136(3) 2.131(3) 2.150(2) 2.148(2)
Os1–S1 2.2821(10) 2.2982(9) 2.2878(8) 2.2901(7)
Os1–S2 2.2899(8) 2.2638(9) 2.2746(7) 2.2276(7)
Os1–S3 2.2480(9) 2.2570(12) 2.2804(7) 2.2807(7)
Os1–Cl1 2.4302(10) 2.4326(12) 2.4202(7) 2.4245(7)
Os1–Cl2 2.4232(8) 2.4229(9) 2.4364(8) 2.4335(7)
S1–O1 1.475(4) 1.486(3) 1.477(2) 1.4850(19)
S2–O2 1.481(3) 1.485(3) 1.472(2) 1.4926(18)
S3–O3 1.492(3) 1.501(2) 1.482(2) 1.4861(18)
S1–Os1–Cl1 92.07(4) 85.97(3) 89.86(3) 87.22(2)
N1–Os1–Cl1 84.24(8) 86.88(7) 86.47(7) 85.06(6)
S2–Os1–S3 90.95(4) 91.40(4) 97.16(3) 93.55(3)
Cl1–Os1–Cl2 86.41(3) 86.78(4) 86.92(3) 85.98(3)
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2.247, N2···Cl2 2.999 Å; N2–H2–O2 143.27°]. The signifi-
cant difference (ca. 35 σ) in the bond lengths between Os1
and the two equatorial dmso ligands in 5 can probably be
explained, in part, by the involvement of these dmso ligands
in two different strong hydrogen-bonding interactions, the
former with a lattice ethanol molecule [O4–H4 0.840,
H4···O3(x + 1/2, –y + 1, z) 1.921, O4···O3 2.753 Å; O4–
H4–O3 170.49°] and the latter with N2 of the neighbouring
indazole ligand (vide supra). The orientation of the pyr-
azole ring in 6 is determined by the intramolecular hydro-
gen bonding between N2 of the pyrazole and O3 of the
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dmso ligand [N2–H2 0.880, H2···O3 1.850, N2···O3
2.635 Å; N2–H2–O3 147.58°], which results in a small
ΘS3–Os1–N1–N2 torsion angle of 4.1(3)°. The imidazole ligand
in 8 is hydrogen bonded to lattice ethanol [N3–H3 0.880,
H3···O4(–x + 1, –y, –z + 2) 1.917, N3···O4 2.771 Å; N3–
H3–O4 163.16°], which, in turn, acts as a hydrogen-bond
donor to one of the dmso ligands [O4–H4 0.840, H4···O2
1.897, O4···O2 2.735 Å; O4–H4–O2 175.04°].

Electrochemical Study

The electrochemical properties of osmium(II) complexes
1, 2, 5 and 6 and 3, 4, 7 and 8 were studied by cyclic voltam-
metry in acetonitrile (0.15  [nBu4N][BF4]) and dmf (0.15 

[nBu4N][BF4]), respectively. Voltammetric data are given in
Table 4, and the cyclic voltammogram of 2 is shown in Fig-
ure 5. One oxidative response is found for all complexes.
Taking into account the similar responses in the analogous
ruthenium complexes,[17] these electron-transfer processes
are assigned to OsII–OsIII oxidation.

Table 4. Cyclic voltammetric data for 1–8[a] and their estimated
redox potential values.

E1/2
ox found[b,c] [V vs. NHE] E1/2

red calcd. [V vs. NHE]

1[d] 0.94 (60) 0.79
2[d] 0.89 (60) 0.67
3[e] 0.80 (70) 0.61
4[e] 0.71 (60) 0.51
5[d] 1.66 (65) 1.10
6[d] 1.57 (60) 1.04
7[e] 1.51 (70) 1.01
8[e] 1.40 (60) 0.96

[a] Supporting electrolyte: [nBu4N][BF4]; scan rate: 0.2 Vs–1. [b]
E1/2 = 0.5(Epa + Epc), where Epa and Epc are the anodic and cath-
odic peak potential, respectively. [c] ∆Ep = Epa – Epc [mV]. [d] In
acetonitrile. [e] In dmf.

Figure 5. Cyclic voltammogram of trans,cis,cis-[OsIICl2(Hpz)2-
(dmso)2] in acetonitrile solution (0.15  [nBu4N][BF4]) at a scan
rate of 0.2 Vs–1.

The oxidation potentials for 1–4 (0.94–0.71 V) are mark-
edly lower than those for 5–8 (1.66–1.40 V), which is in
agreement with the stronger net electron-acceptor character
of the S-coordinated dmso as compared with the azole li-
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gands, which are more effective σ-donors. In addition, the
redox potentials of the complexes are in the following order
in the two series of compounds: E1/2

ox(1, 5) � E1/2
ox(2, 6)

� E1/2
ox(3, 7) � E1/2

ox(4, 8), which agrees with the relative
electron-donor character of the N-ligands [EL(Hind) �
EL(Hpz) � EL(Hbzim) � EL(Him)] and their basicity
[pKa(Hind) � pKa(Hpz) � pKa(Hbzim) � pKa(Him)[23]).
The responses are reversible or quasi-reversible and are
characterised by a peak-to-peak separation (∆Ep) of 60–
70 mV and an anodic peak current (ipa) that is almost equal
to the cathodic peak current (ipc) (or slightly different), as
expected for reversible electron-transfer processes. The one-
electron nature of the observed oxidation was verified by
comparing its current height (ipa) with that of a standard
ferrocene/ferrocenium couple under identical experimental
conditions.

The E1/2
ox values for complexes 1–4 and 5–8 are larger

than those expected on the basis of the general Lever equa-
tion, by using the known values of Sm and Im (1.01 and
–0.40, respectively) for the OsII/OsIII redox couple and the
EL values for the various ligands [EL(Cl) = –0.24, EL(dmso)
= 0.57,[24] EL(Hind) = 0.26, EL(Hpz) = 0.20, EL(Hbzim) =
0.17, EL(Him) = 0.12[25]) due to the influence of the stereo-
chemistry on the electronic distribution in the complexes.

The Reactivity of Complexes 1–8 Towards Nitriles

Recently we have reported the first example of a rutheni-
um(II)-mediated coupling reaction of acetonitrile with 1H-
indazole.[17] We found that the reaction of trans,cis,cis-
[RuIICl2(Hind)2(dmso)2] with acetonitrile at room tempera-
ture proceeds with displacement of one indazole ligand
from the coordination sphere of ruthenium and formation
of an amidine ligand isolated as [RuIICl2{HN=C(Me)-
ind}(dmso)2]·H2O. As a logical consequence of this finding
we studied the behaviour of the osmium analogue
trans,cis,cis-[OsIICl2(Hind)2(dmso)2] (1) and complexes 2, 5
and 6 in acetonitrile. No amidine formation was observed
in an acetonitrile solution of 1 at room temperature after
five days. Even after heating the solutions of 1, 2, 5 and 6
at 80 °C for 1–2 h the complexes remained intact and could
be recovered after evaporation of acetonitrile at reduced
pressure, as verified by 1H NMR spectroscopy. It should,
however, be noted that the solutions become coloured both
at room temperature and on heating, although the minor
species responsible for this colour change could not be iden-
tified. It is known[26] that the direct synthesis of amidines
from a nitrile and an amine can be realised when the nitrile
is activated by a strong electron-acceptor group such as
CCl3. With this in mind, we studied the reactivity of com-
plexes 1 and 2 towards trichloroacetonitrile. Heating the
solutions of 1 and 2 in CCl3CN/methanol (1:1, v/v) at 65 °C
for 1 h, CCl3CN/hexane (1:6, v/v) at 80 °C for 2 h or pro-
longed refluxing (up to 16 h) of compounds 1 and 2 in neat
CCl3CN at 85 °C did not result in the desired amidine. Re-
moval of the volatiles after the reaction of 2 with neat
CCl3CN left a solid residue, which was washed with diethyl
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ether. This solid was shown by 1H NMR spectroscopy to
contain the starting complex 2. On slow evaporation of the
diethyl ether washing solution a few colourless crystals sep-
arated, which proved to be suitable for an X-ray diffraction
study. The determined cell parameters were in excellent
agreement with those documented in the literature for trich-
loroacetamide.[27] Being intrigued by this disclosure, we de-
cided to find out whether complexes 1–8 might play a cata-
lytic role in the hydration of trichloroacetonitrile to give
trichloroacetamide.

Catalytic Hydration of Chloronitriles by 1–8

Trichloroacetamide and its derivatives exhibit fungici-
dal,[28] germicidal,[29] cardiovascular[30] and antitumour[31]

activity. In addition, some of them are used as insect che-
mosterilants[32] or nitrification inhibitors.[33] They are also
important agents and building blocks in preparative organic
chemistry,[34] and, in particular, in peptide synthesis.[35] Al-
though the synthetic approaches to trichloroacetamide are
well-optimised,[36] they usually require the use of ammonia
gas, which means that a route based on the catalytic hy-
dration of trichloroacetonitrile would appear to be more
appealing and environmentally friendly (Scheme 4).

Scheme 4.

The selective hydration of nitriles to carboxamides is cur-
rently an important laboratory and industrial reaction.[37,38]

The conversion of acrylonitrile into acrylamide, which is an
important industrial reagent, for instance, is of considerable
practical significance.[38,39] Such reactions are often base or
acid catalysed. The main disadvantage of these catalysts is
that the undesirable further hydrolysis of carboxamides into
carboxylic acids (or their salts) occurs [Equation (2) in
Scheme 4]. To avoid such a scenario transition metal com-
plexes should be used in neutral conditions. Complexes 1–
8 exhibit catalytic activity in the hydration of trichloroace-

Table 5. Comparison of some catalysts for the hydrolysis of trichloroacetonitrile at 75�1 °C.[a]

Complex Yield of Turnover Yield of Turnover Molar ratio
CCl3CONH2 number CCl3COONH4 number CCl3CONH2/
[mg (%)] [mg (%)] CCl3COONH4

1 17 (1.1) 6.2�0.4 2.4 (0.13) 0.8�0.2 7.9
2 18.5 (1.2) 6.4�0.1 3.6 (0.20) 1.1�0.2 5.7
3 28 (1.7) 10.5�0.1 3.2 (0.18) 1.1�0.1 9.7
4 109 (6.7) 36.4�0.4 2.2 (0.12) 0.6�0.1 55.0
5 53 (3.3) 19.4�0.1 0.9 (0.05) 0.3�0.1 65.3
6 103.5 (6.4) 35.0�2.1 2.4 (0.13) 0.7�0.1 47.9
7 1090 (82.7) 412�30 5.4 (0.30) 1.8�0.1 224.2
8 147 (9.1) 49�3 1.2 (0.07) 0.3�0.1 136.0

[a] When the experiment was performed without catalyst under identical conditions (1 mL of CCl3CN and 1.3 mL of triply distilled water
at 75 °C for 24 h), no more than 10 mg (0.6%) of CCl3CONH2 was obtained.
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tonitrile in solution. In our model reaction, we converted
trichloroacetonitrile into trichloroacetamide and ammo-
nium trichloroacetate. In the control experiments, the hy-
dration of trichloroacetonitrile was carried out in the ab-
sence of osmium(II) complexes. A small amount of
CCl3CONH2 (0.6%) was detected after the reaction of
1 mL of trichloroacetonitrile with 1.3 mL of water at 75 °C
for 24 h. These conditions were found to be optimal for
catalytic hydration of acetonitrile to acetamide by other os-
mium(II) compounds.[40] Depending on the azole ligands
present in complexes 1–8, the yields of the main product
trichloroacetamide varied from 1.05 to 82.72%, with turn-
over numbers (TON) ranging from 6.22 to 412 (Table 5).
The selectivity of formation of this product is remarkable
(Table 5). The yields of ammonium trichloroacetate are
commonly rather low and do not exceed 0.3%.

Complexes 5–8, which contain three dmso ligands, are
more efficient hydration catalysts than 1–4, which contain
two coordinated dmso ligands. Complexes 3 and 4 exhibit
higher catalytic activity than 1 and 2. Analogously, com-
pounds 7 and 8 are significantly more efficient catalysts
than 5 and 6. It is worth noting that 7 shows the highest
catalytic activity, with a turnover that is an order of magni-
tude higher than the second best catalyst and with good
selectivity. Experiments with the hydrolysis of CHCl2CN
mediated by complex 7 gave the following yields (%) and
TON values for CHCl2CONH2 and CHCl2COONH4: 75.3,
578 and 1.7, 12.7, while those with CH2ClCN as substrate
in the presence of the same complex afforded
CH2ClCONH2 in a very low yield (2.2%) with low TON
value (22) and the ammonium salt of monochloroacetate in
0.48% yield and very low turnover (TON = 5). The catalytic
activity of the starting compound trans-[OsCl2(dmso)4] has
not been studied since its NMR spectrum showed full de-
composition after heating the reaction mixture at 75 °C for
1 h.

Compounds 1–8 have no free coordination site to allow
either water or trichloroacetonitrile binding to OsII. As a
possible mechanism for nitrile hydration we propose the
substitution of one of the dmso molecules in light of the
fact that traces of free dmso are found in the NMR spectra
after performing the catalytic reaction. It should also be
noted that cis,fac-[RuCl2(Hind)(dmso)3] has been shown to
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undergo replacement of indazole by acetonitrile at room
temperature with formation of cis,fac-[RuCl2(MeCN)-
(dmso)3].[17] This suggests another possible catalytic path-
way for chloronitrile hydration, but does not explain the
different efficiency of catalysts 5–8. The catalytic nitrile hy-
dration mechanism proposed by Chottard et al.[41] for co-
balt(III) complexes with sulfenato-S ligands under mildly
acidic conditions exploits the nucleophilic properties of co-
ordinated sulfenates. This might be another option for os-
mium(II) sulfoxide-S complexes as well. Density functional
calculations on the subject are currently underway in our
laboratory.

Conclusions

Two novel families of osmium(II) complexes, namely
trans,cis,cis-[OsCl2(azole)2(dmso)2] and cis,fac-[OsCl2-
(azole)(dmso)3], have been prepared and characterised by
exploring the destabilising trans effect of S-bonded dmso
ligands to osmium in trans-[OsIICl2(dmso)4] and cis-[OsII-
Cl2(dmso)4]. In both series of complexes osmium(II) shows
a preference for sulfur binding. In contrast to their ruthe-
nium congeners, the complexes trans,cis,cis-[OsCl2(Hind)2-
(dmso)2] and cis,fac-[OsCl2(Hind)(dmso)3] do not undergo
a coupling reaction with acetonitrile to give amidine chelate
formation. Instead, complexes 1–8 have been found to cata-
lyse the selective hydration of trichloroacetonitrile to tri-
chloroacetamide, and dichloroacetonitrile to dichloroacet-
amide. The more acidic complexes of the type cis,fac-[Os-
Cl2(azole)(dmso)3] commonly show higher activity than
trans,cis,cis-[OsCl2(azole)2(dmso)2]. In addition, the catalyst
efficiency is also dependent on the azole ligand bonded to
osmium(II). The highest yields (82.7 and 75.3%) and turn-
overs (TON values 412 and 578), with high selectivity for
trichloroacetamide and dichloroacetamide, respectively,
have been achieved with cis,fac-[OsCl2(Hbzim)(dmso)3].
These preliminary results are interesting and inspire us to
investigate the hydration of acrylonitrile (where the selectiv-
ity is often not high), since the vinyl group resembles the
CHCl2 group in its electron-withdrawing ability.

Experimental Section
General: The synthesis of all complexes was performed under an
atmosphere of dry argon, using standard Schlenk techniques. trans-
[OsCl2(dmso)4] and cis-[OsCl2(dmso)4] were prepared according to
literature protocols.[18]

trans,cis,cis-[OsCl2(Hind)2(dmso)2] (1): A suspension of indazole
(0.10 g, 0.85 mmol) and trans-[OsCl2(dmso)4] (0.20 g, 0.35 mmol)
in dry ethanol (10 mL) was stirred at room temperature for 1 h and
then heated at 80 °C for a further hour. The yellow-green solution
was concentrated by evaporating part of the solvent off under re-
duced pressure until a yellow solid separated. The product was fil-
tered off, washed with diethyl ether and dried in vacuo. Yield:
0.18 g (80%). C18H24Cl2N4O2OsS2 (653.64): calcd. C 33.08, H 3.70,
N 8.57, S 9.81; found C 33.11, H 3.73, N 8.39, S 9.60. MS (ESI+):
m/z 677 [M + Na]+; (ESI–): m/z 653 [M – H]–. IR (CsI): ν̃ = 253
and 273 m ν(Os–N) and σ(Os–N–C); 315 m ν(Os–Cl); 382 m σ(C–
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S–O); 433 and 451 s ν(Os–S); 1018, 1072 s and 1091 vs ν(S–O);
1239 m, 1356 s, 1423, 1510 and 1627 m ν(C–C), ν(C–N) and σ(C–
H); 3040, 3070 and 3125 w ν(C–H); 3239 and 3303 cm–1 s ν(N–
H). UV/Vis (MeOH): λmax (ε) = 210 nm (63676 –1 cm–1), 240 sh
(18469), 277 (32733), 290 sh (29318), 302 sh (22529), 345 (5264).
1H NMR (400.13 MHz, CDCl3): δ = 12.74 (s, 2 H, NH), 8.68 (s, 2
H, CH=N), 7.65 (d, J = 8.0 Hz, 2 H, C4-H), 7.47 (d, J = 8.0 Hz,
2 H, C7-H), 7.40 (t, J = 7.3 Hz, 2 H, C6-H), 7.16 (t, J = 7.3 Hz, 2
H, C5-H), 3.37 (s, 12 H, CH3) ppm. 13C{1H} NMR (100.63 MHz,
CDCl3): δ = 139.9 (C8), 135.5 (C3), 128.9 (C6), 122.6 (C9), 122.4
(C5), 121.3 (C4), 110.4 (C7), 45.4 (CH3) ppm. Single crystals suit-
able for X-ray structure analysis were crystallised from an ethanol
solution saturated with diethyl ether.

trans,cis,cis-[OsCl2(Hpz)2(dmso)2] (2): A suspension of pyrazole
(0.05 g, 0.73 mmol) and trans-[OsCl2(dmso)4] (0.20 g, 0.35 mmol)
in dry ethanol (10 mL) was stirred at room temperature for 2 h and
then heated at 80 °C for a further 2 h. The yellow-green solution
was concentrated under reduced pressure until a yellow solid sepa-
rated. The product was filtered off, washed with diethyl ether and
dried in vacuo. Yield: 0.16 g (85%). C10H20Cl2N4O2OsS2 (553.52):
calcd. C 21.70, H 3.64, N 10.12, S 11.58; found C 21.67, H 3.43,
N 9.82, S 11.49. MS (ESI+): m/z 577 [M + Na]+; (ESI–): m/z 553
[M – H]–. IR (CsI): ν̃ = 217, 232 and 254 m ν(Os–N) and σ(Os–
N–C); 319 m ν(Os–Cl); 394 m σ(C–S–O); 432 s and 451 m ν(Os–
S); 1009 s, 1048, 1082 vs and 1127 s ν(S–O); 1353, 1411, 1471 and
1518 m ν(C–C), ν(C–N) and σ(C–H); 2926, 3018 w and 3126 m
ν(C–H); 3286 and 3317 cm–1 s ν(N–H). UV/Vis (MeOH): λmax (ε)
= 232 nm (37020 –1 cm–1), 278 sh (8503), 344 (757). 1H NMR
(400.13 MHz, CDCl3): δ = 13.05 (s, 2 H, NH), 7.83 (t, J = 2.0 Hz,
2 H, C3-H), 7.65 (t, J = 1.8 Hz, 2 H, C5-H), 6.40 (q, J = 2.3 Hz,
2 H, C4-H), 3.34 (s, 12 H, CH3) ppm. 13C{1H} NMR (100.62 MHz,
CDCl3): δ = 139.1 (C3), 129.8 (C5), 106.4 (C4), 45.6 (CH3) ppm.
X-ray diffraction quality crystals of 2 were grown from ethanol
solution.

trans,cis,cis-[OsCl2(Hbzim)2(dmso)2] (3): A suspension of benzimid-
azole (0.04 g, 0.35 mmol) and trans-[OsCl2(dmso)4] (0.10 g,
0.17 mmol) in dry ethanol (5 mL) was heated at 87 °C for 1.5 h.
The solution was then cooled to room temperature. The yellow
solid was collected by filtration, washed with ethanol (2�1 mL)
and dried in vacuo. Yield: 0.10 g (88%). C18H24Cl2N4O2OsS2

(653.67): calcd. C 33.07, H 3.70, N 8.57, S 9.81; found C 33.05, H
3.73, N 8.52, S 9.55. MS (ESI+): m/z 677 [M + Na]+, 559 [OsCl2-
(Hbzim)(dmso)2 + Na]+; (ESI–): m/z 535 [OsCl2(Hbzim)(dmso)2 –
H]–, 457 [OsCl2(Hbzim)(dmso) – H]–. IR (CsI): ν̃ = 243 and 280 m
ν(Os–N) and σ(Os–N–C); 307 m ν(Os–Cl); 397 m σ(C–S–O); 432
and 461 s ν(Os–S); 970, 1010 and 1063 b vs ν(S–O); 1247, 1271,
1306, 1421, 1464, 1505 and 1624 m ν(C–C), ν(C–N) and σ(C–H);
2921 and 3143 m ν(C–H); 3261 and 3410 cm–1 s ν(N–H). UV/Vis
(MeOH): λmax (ε) = 272 nm (24415 –1 cm–1), 278 (22390). 1H
NMR (400.13 MHz, [D6]dmso): δ = 12.87 (s, 2 H, NH), 8.41 (s, 2
H, CH=N), 7.87 (d, J = 8.4 Hz, 2 H, C4-H), 7.47 (d, J = 8.00 Hz,
2 H, C7-H), 7.13 (t, J = 7.5 Hz, 2 H, C6-H), 6.91 (t, J = 7.5 Hz, 2
H, C5-H), 3.27 (s, 12 H, CH3) ppm. 13C{1H} NMR (100.62 MHz,
[D6]dmso): δ = 147.4 (C2), 142.3 (C8 or C9), 133.2 (C8 or C9),
123.7 (C6), 122.2 (C5), 120.9 (C4), 113.1 (C7), 45.6 (CH3) ppm. X-
ray diffraction quality crystals of 3·CH3CN were obtained from a
solution of 3 in acetonitrile.

trans,cis,cis-[OsCl2(Him)2(dmso)2] (4): Imidazole (0.036 g,
0.53 mmol) was added to a solution of trans-[OsCl2(dmso)4]
(0.15 g, 0.26 mmol) in dry ethanol (10 mL) and the reaction mix-
ture heated at 87 °C for 3 h. After cooling the solution to room
temperature, the brown solid was filtered off, washed with ethanol
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(3�3 mL) and dried in vacuo. Yield: 0.13 g (88%).
C10H20Cl2N4O2OsS2 (553.56): calcd. C 21.69, H 3.64, N 10.12, S
11.58; found C 21.90, H 3.55, N 9.82, S 11.39. MS (ESI+): m/z 577
[M + Na]+, 509 [OsCl2(Him)(dmso)2 + Na]+; (ESI–): m/z 553 [M –
H]–, 485 [OsCl2(Him)(dmso)2 – H]–. IR (CsI): ν̃ = 219, 258 and
274 m ν(Os–N) and σ(Os–N–C); 315 m ν(Os–Cl); 393 m σ(C–S–
O); 433 and 455 s ν(Os–S); 1003, 1056 bs and 1140 s ν(S–O); 1292,
1309, 1326, 1432, 1498 and 1541 m ν(C–C), ν(C–N) and σ(C–H);
2924, 2963 and 3060 ν(C–H); 3137 b and 3455 cm–1 sh ν(N–H).
UV/Vis (MeOH): λmax (ε) = 223 nm (23993 –1 cm–1), 349 (787).1H
NMR (400.13 MHz, [D6]dmso): δ = 12.44 (s, 2 H, NH), 8.14 (s, 2
H, CH=N), 7.38 (s, 2 H, C4-H), 7.10 (s, 2 H, C5-H), 3.13 (s, 12 H,
CH3) ppm. 13C{1H} NMR (100.62 MHz, [D6]dmso): δ = 138.4
(C2), 128.3 (C4), 116.4 (C5), 45.5 (CH3) ppm. X-ray diffraction
quality crystals were obtained from a solution of 4 in ethanol.

cis,fac-[OsCl2(Hind)(dmso)3] (5). Method (a): A suspension of inda-
zole (0.045 g, 0.38 mmol) and cis-[OsCl2(dmso)4] (0.10 g,
0.18 mmol) in dry ethanol (10 mL) was heated at 80 °C for 40 min.
The resulting colourless solution was cooled to room temperature
and then concentrated by partial evaporation of the solvent under
reduced pressure. The white product that separated was filtered off,
washed with diethyl ether and dried in vacuo. Yield: 0.09 g (80%).

Method (b): A yellow-green solution of 1 (0.10 g, 0.15 mmol) in
dimethyl sulfoxide (5 mL) was heated slowly to 125 °C and main-
tained at this temperature for 45 min. After evaporation of the sol-
vent under reduced pressure at 100–110 °C, the white or light-grey
residue was washed with a small amount of dry ethanol and diethyl
ether and dried in vacuo. Yield: 0.07 g (75%). C13H24Cl2N2O3OsS3

(613.63): calcd. C 25.45, H 3.94, N 4.57, S 15.67; found C 25.56,
H 3.96, N 4.56, S 15.68. MS (ESI+): m/z 637 [M + Na]+; (ESI–):
m/z 613 [M – H]–. IR (CsI): ν̃ = 226 and 256 m ν(Os–N) and σ(Os–
N–C); 281 and 307 m ν(Os–Cl); 385 m σ (C–S–O); 441 and 471 s
ν(Os–S); 953, 1024, 1048 s, 1091 and 1112 vs ν(S–O); 1217, 1315,
1365, 1416, 1516 and 1631 m ν(C–C), ν(C–N) and σ(C–H); 2928
and 3023 m ν(C–H); 3069, 3123 and 3144 cm–1 w ν(N–H). UV/Vis
(MeOH): λmax (ε) = 215 nm (20945 –1 cm–1), 234 sh (6460), 268 sh
(7947), 288 (9910), 305 sh (7531), 342 (428). 1H NMR
(400.13 MHz, CDCl3): δ = 14.43 (s, 1 H, NH), 9.20 (s, 1 H,
CH=N), 7.73 (d, J = 8.0 Hz, 1 H, C4-H), 7.51 (d, J = 8.0 Hz, 1 H,
C7-H), 7.43 (t, J = 7.5 Hz, 1 H, C6-H), 7.19 (t, J = 7.5 Hz, 1 H,
C5-H), 3.64 (s, 12 H, CH3), 3.35 (s, 6 H, CH3) ppm. 13C{1H} NMR
(100.62 MHz, CDCl3): δ = 140.4 (C8), 137.2 (C3), 129.2 (C6), 122.8
(C9), 122.6 (C5), 121.5 (C4), 110.9 (C7), 48.8 (CH3), 48.1 (CH3),
45.8 (CH3) ppm. Crystals of 5·C2H5OH suitable for X-ray structure
analysis were obtained from an ethanol solution of 5.

cis,fac-[OsCl2(Hpz)(dmso)3] (6). Method (a): A suspension of pyr-
azole (0.025 g, 0.37 mmol) and cis-[OsCl2(dmso)4] (0.10 g,
0.18 mmol) in dry ethanol (10 mL) was heated at 80 °C for 1 h. The
resulting colourless solution was cooled to room temperature and
then concentrated by partial evaporation of the solvent under re-
duced pressure. The white product that separated was filtered off,
washed with diethyl ether and dried in vacuo. Yield: 0.08 g (85%).

Method (b): A yellow-green solution of 2 (0.10 g, 0.18 mmol) in
dimethyl sulfoxide (5 mL) was heated slowly to 125 °C and main-
tained at this temperature for 45 min. After evaporation of the sol-
vent under reduced pressure the remaining white solid was washed
with a small amount of dry ethanol and diethyl ether and dried in
vacuo. Yield: 0.07 g (70%). C9H22Cl2N2O3OsS3 (563.57): calcd. C
19.18, H 3.93, N 4.97, S 17.07; found C 19.32, H 3.88, N 4.93, S
17.09. MS (ESI+): m/z 587 [M + Na]+; (ESI–): m/z 563 [M – H]–.
IR (CsI): ν̃ = 234 and 254 m ν(Os–N) and σ(Os–N–C); 277 and
305 s ν(Os–Cl); 384 s σ (C–S–O); 429 and 470 s ν(Os–S); 935 s,
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971 m, 1017 vs, 1062 m and 1098 vs ν(S–O); 1299 w, 1362 m, 1414 s
and 1553 m ν(C–C), ν(C–N) and σ(C–H); 2807, 2922 and 3007 m
ν(C–H); 3026, 3108 and 3126 cm–1 m ν(N–H). UV/Vis (MeOH):
λmax (ε) = 213 nm sh (15689 –1 cm–1), 232 sh (11458), 296 (1165),
341 sh (194). 1H NMR (400.13 MHz, CDCl3): δ = 14.44 (s, 1 H,
NH), 8.60 (t, J = 1.8 Hz, 1 H, C3-H), 7.66 (t, J = 1.8 Hz, 1 H, C5-
H), 6.40 (q, J = 2.3 Hz, 1 H, C4-H), 3.60 (s, 6 H, CH3), 3.59 (s, 6
H, CH3), 3.29 (s, 6 H, CH3) ppm. 13C{1H} NMR (100.62 MHz,
CDCl3): δ = 140.7 (C3), 130.7 (C5), 107.3 (C4), 48.7 (CH3), 47.9
(CH3), 45.8 (CH3) ppm. Crystals of 6 suitable for X-ray structure
analysis were grown from ethanol solution.

cis,fac-[OsCl2(Hbzim)(dmso)3] (7). Method (a): Benzimidazole
(0.038 g, 0.32 mmol) was added to a solution of cis-[OsCl2-
(dmso)4] (0.086 g, 0.17 mmol) in dry ethanol (9 mL) and the reac-
tion mixture heated at 87 °C for 1 h. After the solution had cooled
to room temperature, the white solid was filtered off, washed with
ethanol (3�5 mL) and dried in vacuo. Yield: 0.055 g (60%).

Method (b): A solution of 3 (0.07 g, 0.11 mmol) in dimethyl sulfox-
ide (2.5 mL) was heated slowly to 125 °C and maintained at this
temperature for 1.5 h. The solvent was removed under reduced
pressure and the white residue washed with a small amount of ab-
solute ethanol and diethyl ether and dried in vacuo. Yield: 0.05 g
(75%). C13H24Cl2N2O3OsS3 (613.67): calcd. C 25.44, H 3.94, N
4.56, S 15.67; found C 25.23, H 3.83, N 4.46, S 15.40. MS (ESI+):
m/z 637 [M + Na]+; (ESI–): m/z 613 [M – H]–, 535
[OsCl2(Hbzim)(dmso)2 – H]–, 457 [OsCl2(Hbzim)(dmso) – H]–. IR
(CsI): ν̃ = 217 sh and 267 m ν(Os–N) and σ(Os–N–C); 288 and
320 m ν(Os–Cl); 389 m σ (C–S–O); 433, 462 sh and 471 sh s ν(Os–
S); 964, 975, 1012, 1073, 1033 sh and 1097 vs ν(S–O); 1243, 1273,
1302, 1322 sh, 1423, 1465, 1486, 1498, 1595 and 1618 m ν(C–C),
ν(C–N) and σ(C–H); 2932 and 3036 sh m ν(C–H); 3153 and 3453 b
cm–1 w ν(N–H). UV/Vis (MeOH): λmax (ε) = 274 nm
(23288 –1 cm–1), 278 (23744). 1H NMR (400.13 MHz, [D6]dmso):
δ = 13.18 (s, 1 H, NH), 8.78 (s, 1 H, CH=N), 8.21 (d, J = 8.1 Hz,
1 H, C4-H), 7.59 (d, J = 7.1 Hz, 1 H, C7-H), 7.29 (t, J = 7.2 Hz,
1 H, C6-H), 7.24 (t, J = 7.0 Hz, 1 H, C5-H), 3.59 (s, 6 H, CH3),
3.45 (s, 6 H, CH3), 3.28 (s, 6 H, CH3) ppm. 13C{1H} NMR
(100.62 MHz, [D7]DMF): δ = 156.4 (C2), 141.4 (C8 or C9), 133.2
(C8 or C9), 123.7 (C6), 122.1 (C5), 122.1 (C4), 113.1 (C7), 48.9
(CH3), 47.1 (CH3), 45.7 (CH3) ppm. X-ray diffraction quality crys-
tals were obtained from a solution of 7 in ethanol.

cis,fac-[OsCl2(Him)(dmso)3] (8). Method (a): Imidazole (0.036 g,
0.53 mmol) was added to a solution of cis-[OsCl2(dmso)4] (0.15 g,
0.26 mmol) in dry ethanol (20 mL) and the reaction mixture heated
at 80 °C for 2 h. The solution volume was reduced to approximately
1 mL, the white solid was filtered off, washed with ethanol
(2�2 mL) and dried in vacuo. Yield: 0.068 g (46%).

Method (b): A solution of 4 (0.08 g, 0.11 mmol) in dimethyl sulfox-
ide (2.5 mL) was heated slowly to 125 °C and maintained at this
temperature for 2 h. The solvent was removed under reduced pres-
sure and the white residue washed with a small amount of absolute
ethanol and diethyl ether and dried in vacuo. Yield: 0.06 g (74%).
C9H22Cl2N2O3OsS3 (563.61): calcd. C 19.17, H 3.93, N 4.97, S
17.06; found C 19.29, H 3.92, N 4.98, S 16.77. MS (ESI+): m/z 587
[M + Na]+; (ESI–): m/z 563 [M – H]–. IR (CsI): ν̃ = 210 sh, 235 sh
and 265 sh m ν(Os–N) and σ(Os–N–C); 280 and 299 m ν(Os–Cl);
393 m σ (C–S–O); 440 and 465 sh s ν(Os–S); 929, 974, 1015, 1062,
1073 sh and 1091 vs ν(S–O); 1261, 1300, 1316, 1413, 1451, 1490
and 1507 m ν(C–C), ν(C–N) and σ(C–H); 2929 and 3164 w ν(C–
H); 3164 and 3292 cm–1 m ν(N–H). UV/Vis (MeOH): λmax (ε) =
212 nm (1946 –1 cm–1), 215 (1992), 293 (1694). 1H NMR
(400.13 MHz, [D6]dmso): δ = 12.62 (s, 1 H, NH), 8.35 (s, 1 H,
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CH=N), 7.49 (s, 1 H, C4-H), 7.15 (s, 1 H, C5-H), 3.51 (s, 6 H,
CH3), 3.45 (s, 6 H, CH3), 3.25 (s, 6 H, CH3) ppm.13C{1H} NMR
(100.62 MHz, D2O): δ = 140.2 (C2), 130.2 (C4), 117.0 (C5), 48.5
(CH3), 47.2 (CH3), 46.0 (CH3) ppm. Crystals of 8·C2H5OH suitable
for X-ray data collection were obtained from a solution of 8 in
ethanol.

Catalytic Hydration of Chloronitriles by a Metal Complex in Solu-
tion: Typically, a solution/suspension of [OsIICl2(azole)2(dmso)2] or
[OsIICl2(azole)(dmso)3] (ca. 10 mg) in a mixture of chloronitrile
(1 mL) and water (1.3 mL) was stirred at 75 °C for 24 h in a
Schlenk flask equipped with a magnetic stirring bar. The metal
complex:chloronitrile and chloronitrile:water molar ratios were
1:600 and 1:7, 1:650 and 1:6, 1:760 and 1:6 for trichloroacetonitrile,
dichloroacetonitrile and chloroacetonitrile, respectively. Control ex-
periments regarding hydration of the corresponding chloronitrile
were carried out under similar conditions but in the absence of
the osmium(II) complex. In all cases solvents were removed under
reduced pressure and at moderate temperature (�40 °C) to avoid
sublimation of the carboxamide. The amount of product was deter-
mined by 1H NMR experiments in [D6]dmso by using 1,3,5-tri-
methoxybenzene as internal reference. The following lines were
integrated: CCl3CONH2: δ = 8.35 (d, JN,H = 46.5 Hz) ppm;
CCl3COONH4: δ = 7.12 (t, JN,H = 51.1 Hz) ppm; CHCl2CONH2:
δ = 7.80 (d, JN,H = 82.1 Hz), 6.32 (s, H, CHCl2) ppm;

Table 6. Crystal data and details of data collection for 1–8.

1 2 3 4

Formula C18H26Cl2N4O3OsS2 C10H20Cl2N4O2OsS2 C20H27Cl2N5O2OsS2 C10H20Cl2N4O2OsS2

Fw 671.65 553.52 694.69 553.52
Space group P21/n P21/n P21/n Cc
a [Å] 23.386(5) 8.796(2) 10.1853(2) 12.2467(2)
b [Å] 11.732(2) 16.397(3) 20.7233(5) 9.3749(2)
c [Å] 17.422(3) 12.266(2) 12.3821(3) 16.4373(3)
β [°] 103.04(3) 104.61(3) 95.416(1) 106.753(1)
V [Å3] 4656.7(15) 1711.9(6) 2601.86(10) 1807.09(6)
Z 8 4 4 4
λ [Å] 0.71073 0.71073 0.71073 0.71073
ρcalcd [gcm–3] 1.916 2.148 1.773 2.035
Crystal size [mm] 0.22�0.22�0.17 0.20�0.14�0.11 0.17�0.11�0.09 0.19�0.16�0.14
T [K] 120 120 296 296
µ [cm–1] 59.13 80.12 52.93 75.90
R1

[a] 0.0280 0.0174 0.0351 0.0261
wR2

[b] 0.1088 0.0425 0.0673 0.0602
GOF[c] 1.007 1.089 0.973 1.016

5 6 7 8

Formula C15H30Cl2N2O4OsS3 C9H22Cl2N2O3OsS3 C13H24Cl2N2O3OsS3 C11H28Cl2N2O4OsS3

Fw 659.69 563.57 613.62 609.63
Space group Pca21 P21 P21/c P21/n
a [Å] 14.242(3) 8.403(2) 10.1946(4) 8.467(2)
b [Å] 7.940(2) 12.965(3) 11.9361(5) 21.599(4)
c [Å] 19.685(4) 8.858(2) 15.9305(6) 10.851(2)
β [°] 117.33(3) 90.298(2) 91.60(3)
V [Å3] 2226.0(9) 857.3(3) 1938.46(13) 1983.6(7)
Z 4 2 4 4
λ [Å] 0.71073 0.71073 0.71073 0.71073
ρcalcd [gcm–3] 1.968 2.183 2.103 2.041
Crystal size [mm] 0.23�0.20�0.12 0.16�0.14�0.13 0.17�0.08�0.06 0.23�0.17�0.09
T [K] 120 120 296 120
µ [cm–1] 62.74 81.20 71.92 70.31
R1

[a] 0.0201 0.0204 0.0272 0.0205
wR2

[b] 0.0464 0.0471 0.0538 0.0503
GOF[c] 1.048 1.045 1.019 1.072

[a] R1 = Σ||Fo| – |Fc||/Σ|Fo|. [b] wR2 = {Σ[w (Fo
2 – Fc

2)2]/Σ[w(Fo
2)2]}1/2. [c] GOF = {Σ[w(Fo

2 – Fc
2)2]/(n – p)}1/2, where n is the number of

reflections and p is the total number of parameters refined.
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CHCl2COONH4: δ = 7.12 (t, JN,H = 50.1 Hz) ppm; CH2ClCONH2:
δ = 7.50 (d, JN,H = 103.3 Hz), 4.02 (s, 2 H, CH2Cl) ppm;
CH2ClCOONH4: δ = 7.22 (t, JN,H = 51.1 Hz) ppm; C6H3-
(OCH3)3: δ = 6.08 (s, 3 H), 3.70 (s, 9 H) ppm.

Physical Measurements: Elemental analyses were carried out with
a Carlo–Erba microanalyser at the Microanalytical Laboratory of
the University of Vienna. Electrospray ionisation mass spectra were
recorded with a Bruker esquire3000 ion-trap mass spectrometer
equipped with an orthogonal electrospray interface (Bruker Dal-
tonics, Bremen, Germany) in both positive- and negative-ion
modes. The Bruker Daltonics esquire 5.2 software bundle con-
sisting of Bruker esquire Control 5.2 and Bruker Data Analysis 3.2
was used for acquiring spectra and data analysis, respectively. The
sample solution in methanol was delivered at a flow rate of
3 µLmin–1 using a syringe pump 74900 from Cole–Parmer Instru-
ment Company (Vernon Hills, IL, USA); N2 was used as both dry-
ing and nebulising gas (flow rate: 5 Lmin–1). Expected and experi-
mental isotope distributions were compared. IR spectra were ob-
tained from CsI pellets with a Perkin–Elmer FT-IR 2000 instru-
ment (4000–200 cm–1). UV/Vis spectra were recorded with a Per-
kin–Elmer Lambda 20 UV/Vis spectrophotometer from samples
dissolved in methanol. 1H NMR spectra were recorded with a
Bruker DPX400 (UltrashieldTM Magnet) spectrometer at 298 K.
The residual 1H present in CDCl3 ([D6]dmso, [D7]DMF, D2O) was
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used as internal reference. The assignment was confirmed by 2D
NMR (13C,1H; 1H,1H and 13C,1H via long-range couplings) and
NOE (1D and 2D) spectroscopy. Cyclic voltammograms were mea-
sured in a three-electrode cell using a 0.2-mm-diameter platinum
disc working electrode, a platinum auxiliary electrode and an
Ag|Ag+ reference electrode containing 0.1  AgNO3. Measure-
ments were performed at room temperature using an EG&G PARC
273A potentiostat/galvanostat. Deaeration of solutions was ac-
complished by passing a stream of argon through the solution for
5 min prior to the measurement and then maintaining a blanket
atmosphere of argon over the solution during the measurement.
The potentials were measured in 0.15  [nBu4N][BF4]/CH3CN
(dmf) using [Fe(η5-C5H5)2] (E1/2

ox = +0.69 V vs. NHE)[42] as in-
ternal standard, and are quoted relative to NHE.

Crystallographic Structure Determination: X-ray diffraction mea-
surements were performed with a Nonius Kappa CCD and X8AP-
EXII CCD diffractometers. Single crystals were positioned at 35,
30, 40, 40, 35, 30, 40 and 35 mm from the detector, and 620, 344,
1001, 1089, 404, 344, 1885 and 538 frames were measured, each for
15, 30, 60, 60, 10, 10, 60 and 30 s over a 1, 2, 0.5, 0.5, 2, 2, 0.5 and
1.5° scan width for 1–8, respectively. The data were processed using
the Denzo-SMN or SAINT-Plus software package.[43,44] Crystal
data, data collection parameters and structure-refinement details
for 1–8 are given in Table 6. The structures were solved by direct
methods and refined by full-matrix least-squares techniques. Non-
hydrogen atoms were refined with anisotropic displacement param-
eters. H atoms were placed in geometrically calculated positions
and refined as riding atoms in the subsequent least-squares model
refinements. The isotropic thermal parameters were estimated to
be 1.2-times the values of the equivalent isotropic thermal param-
eters of the atoms to which hydrogens are bonded. The following
computer programs were used: structure solution: SHELXS-97;[45]

refinement: SHELXL-97;[46] molecular diagrams: ORTEP;[47] com-
puter CPU: Pentium® IV; scattering factors were taken from the
literature.[48]

CCDC-606815 (for 1), -606816 (for 2), -606811 (for 3), -606814 (for
4), -606817 (for 5), -606818 (for 6), -606813 (for 7) and -606812
(for 8) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see also the footnote on the first page of
this article): ORTEP view of the second independent molecule 1B
(Figure S1); cyclic voltammograms of complexes 1 and 3–8 (Fig-
ures S2–S8).
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