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Cobalt and nickel complexes bearing the ligand 1,4,8,11-tetraazacyclotetradecane (cyclam/[14]aneN4) besides
S2

2�, SH� and S2� anions were prepared for the first time by treatment of the corresponding metal perchlorates
with sodium and potassium hydrogensulfide or disulfide in the presence of the macrocycle. The reaction of
Co(ClO4)2�6MeCN with cyclam and SH� led to the formation of the almost identical polymeric complexes
[Co(SH)(cyclam)][ClO4]�¹̄²

DMF 1 and [Co(SH)(cyclam)][ClO4]�MeOH 2, in which the Co atoms are bridged by
SH groups to give unusual linear co-ordination polymers. These structures seem to be determined essentially by
packing effects, which was verified by the synthesis and characterisation of [CoCl(cyclam)][ClO4]�¹̄²

DMF 3. Despite
the replacement of the bridging SH� groups by Cl� anions, 3 has bond lengths and angles similiar to those of 1 and
2. In contrast, the reaction of the corresponding nickel salt under the same conditions afforded the trinickel
compound [{Ni(µ-SH)(cyclam)}2][Ni(SH)2(cyclam)][ClO4]2 4, which contains a mononuclear neutral Ni(SH)2 and
a binuclear cationic Ni2(µ-SH)2 fragment probably connected by hydrogen bridges. The thiol-bridged binuclear
complex [{Co(µ-SH)(cyclam)}2]

2� 5 and the isostructural cation [{Ni(µ-SH)(cyclam)}2]
2� 6, both with SH�

counter ions, were prepared by addition of two molar equivalents of SH� to cobalt perchlorate or by heating
of 4, respectively. The reaction of [Ni(cyclam)][ClO4]2 with S2

2� instead of SH� yielded the disulfido complex
[Ni2(µ-S2)(cyclam)2][ClO4]2 7, while with CoII the binuclear sulfido-bridged complex [{Co(µ-S)(cyclam)}2][ClO4]2 8
was obtained. This was formed by cleavage of the S–S bond of the S2

2� anion, and the enhancement of the oxidation
state of cobalt from �2 to �3. Furthermore, it was also generated by reaction of complex 2 with azobenzene. Thus,
the S–H bonds seem to be activated by the cyclam-stabilised cobalt() ion, and transfer of the hydrogen atoms to the
unsaturated N��N bond of azobenzene led to the formation of diphenylhydrazine.

Introduction
Co-ordination compounds of the transition metals bearing the
ligands SH�, S2�, S2

2�, and H2S found increasing interest during
the last decades because they potentially could serve as models
for biological systems. Besides cubane-like complexes, which
have been studied extensively, binuclear species with bridging
sulfur atoms play an important role in active sites of metallo-
enzymes such as nitrogenase, hydrogenase or CO-dehydro-
genase.1

At present we are interested in synthesizing sulfur containing
transition metal co-ordination compounds, which have struc-
tures similar to the active sites in proteins and may have similar
or new interesting properties. Many multinuclear and binuclear
complexes of sulfur have been described, in which the metal
atoms are bridged by unsubstituted sulfur atoms.2 The problem
of the synthesis of such soluble metal complexes containing
SH�, S2�, S2

2� and H2S ligands is, however, the tendency to
form binary sulfides, which are quite stable and precipitate
due to their generally low solubility. Therefore, the stability of
binuclear or mononuclear sulfur-containing metal complexes
strongly depends on the co-ordination and steric shielding by
suitable ligands and the nature of their donor atoms. Different
types of ligands have proved to be suitable for the stabilisation
of such complexes: phosphine, cyclopentadienyl and thiolate
groups with a broad variation of their substitution pattern as
well as CO. Most previously published transition metal sulfur
complexes, which are listed in ref. 2, have been prepared with
one of these types of ligands.

Only recently, the first transition metal sulfur complex was
isolated and completely characterised, which was not stabilised

by π-acceptor ligands, but by a triaza macrocycle. In this
compound three disulfido groups bridge two iron atoms, which
further are terminally co-ordinated by the nitrogen atoms of
1,4,7-triazacyclononane.3 Besides their function as model com-
plexes for the active sites in particular enzymes, such com-
pounds are of great interest in view of catalytic processes like
the metal-catalysed hydrodesulfurisation (HDS) 4 or S–H bond
activation including hydrogenation processes.5 They may
further serve as a source of organosulfur compounds.6 Despite
the large number of complexes cited in ref. 2, only a few bi-
nuclear species with 3d transition metals are known. Examples
include dimeric Fe/S species with terminal halide ligands,
which have been used as starting compounds for substitution
reactions in order to prepare model complexes of the Rieske
protein.7 Furthermore, some transition-metal complexes con-
taining unsubstituted sulfur atoms were synthesized by the
reaction of nickel, iron and cobalt salts with hydrogensulfide in
the presence of tripod-like tertiary phosphine ligands.8

In this paper we report on the reactions of cobalt() and
nickel() perchlorate with SH� and S2

2� salts in the presence of
the chelating nitrogen ligand 1,4,8,11-tetraazacyclotetradecane
(cyclam/[14]aneN4). Moreover, we present the successful hydro-
genation of azobenzene with sodium hydrogensulfide (NaSH)
in presence of [Co(cyclam)]2�.

Results and discussion
Reaction of cobalt perchlorate with one equivalent of SH�

The addition of sodium hydrogensulfide to a solution of
Co(ClO4)2�6MeCN and cyclam in molar ratio 1 :1 :1 in a mix-
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Table 1 Selected bond lengths [pm] and angles [�] of complexes 1, 2, 3, 5 and 8

(a) [Co(SH)(cyclam)][ClO4]�1
–
2
DMF 1

Co(1)–N(1)
Co(1)–N(2)
Co(1)–N(3)
Co(1)–N(4)
Co(1)–S(1)
Co(1)–S(2)

199.1(5)
198.8(5)
198.5(5)
199.2(5)
272.0(2)
268.1(2)

N(1)–Co(1)–N(2)
N(1)–Co(1)–N(3)
N(1)–Co(1)–N(4)
N(2)–Co(1)–N(3)
N(3)–Co(1)–N(4)
N(2)–Co(1)–N(4)
N(1)–Co(1)–S(1)

93.9(2)
179.5(2)
85.4(2)
86.0(2)
94.7(3)

179.2(3)
92.7(2)

N(2)–Co(1)–S(1)
N(3)–Co(1)–S(1)
N(4)–Co(1)–S(1)
S(2)–Co(1)–S(1)
Co(1)–S(2)–Co(2)
Co(3)–S(1)–Co(1)
H(2S)–S(2)–Co(2)
H(1S)–S(1)–Co(1)

94.4(2)
86.9(2)
85.2(2)

177.96(7)
172.74(8)
175.05(8)
87(5)
92(6)

(b) [Co(SH)(cyclam)][ClO4]�MeOH 2

Co(1)–N(1)
Co(1)–N(2)
Co(1)–S(1)

198.1(4)
198.9(4)
274.94(3)

N(1)–Co(1)–N(2)
N(1)–Co(1)–N(2a)
N(1)–Co(1)–S(1)
N(1)–Co(1)–S(1a)

85.6(2)
94.4(2)
87.0(2)
93.0(2)

N(2a)–Co(1)–S(1)
Co(1a)–S(1)–Co(1)
H(1S)–S(1)–Co(1)

87.5(2)
177.55(11)
90.9(2)

(c) [CoCl(cyclam)][ClO4]�1
–
2
DMF 3

Co(1)–N(1)
Co(1)–N(2)
Co(1)–N(3)
Co(1)–N(4)
Co(1)–Cl(1)
Co(1)–Cl(2)

198.3(6)
198.0(7)
196.9(7)
199.8(7)
266.4(2)
262.9(2)

N(1)–Co(1)–N(2)
N(1)–Co(1)–N(3)
N(1)–Co(1)–N(4)
N(2)–Co(1)–N(3)
N(3)–Co(1)–N(4)
N(2)–Co(1)–N(4)

93.4(3)
179.2(3)
85.5(3)
86.1(3)
95.0(3)

178.5(3)

N(1)–Co(1)–Cl(1)
N(2)–Co(1)–Cl(1)
N(3)–Co(1)–Cl(1)
N(4)–Co(1)–Cl(1)
Cl(2)–Co(1)–Cl(1)
Co(1)–Cl(2)–Co(2)
Co(3)–Cl(1)–Co(1)

93.9(2)
94.6(2)
85.6(2)
84.4(2)

177.64(8)
174.66(9)
176.91(9)

(d) [{Co(µ-SH)(cyclam)}2][SH]2 5

Co–N(1)
Co–N(2)
Co–N(3)
Co–N(4)
Co–S(1)
Co–S(2)

203.5(5)
208.1(5)
203.4(4)
207.0(4)
230.3(2)
229.2(2)

N(1)–Co–N(2)
N(1)–Co–N(3)
N(1)–Co–N(4)
N(2)–Co–N(3)
N(3)–Co–N(4)
N(4)–Co–N(2)

83.6(2)
169.2(2)
88.9(2)
89.3(2)
83.7(2)
95.4(2)

N(1)–Co–S(1)
N(2)–Co–S(1)
N(3)–Co–S(1)
N(4)–Co–S(1)
S(2)–Co–S(1)
Co–S(2)–Co(a)

95.46(14)
171.54(13)
92.77(14)
93.00(14)
78.01(6)

101.99(6)

(e) [{Co(µ-S)(cyclam)}2][ClO4]2 8

Co(1)–N(1)
Co(1)–N(2)
Co(1)–S(1)

205.5(8)
197.3(9)
226.6(2)

N(1)–Co(1)–N(2)
N(1)–Co(1)–N(1a)
N(1)–Co(1)–S(1)
N(2)–Co(1)–S(1)

89.1(9)
96.3(5)
94.2(3)
93.2(7)

N(1a)–Co(1)–S(1)
N(2a)–Co(1)–S(1)
Co(1a)–S(1)–Co(1)
S(1a)–Co(1)–S(1)

169.4(3)
93.2(5)

104.69(14)
75.31(14)

ture of dimethylformamide and methanol, eqn. (1), yielded a

Co(ClO4)2�6MeCN � [14]aneN4 � NaSH
�MeCN

{[Co(SH)([14]aneN4)]ClO4}x � NaClO4 (1)
1,2

reddish solution from which after slow diffusion of ether
yellowish-brown rhombic crystals of [Co(SH)(cyclam)][ClO4]�
¹̄
²
DMF 1 were isolated. Surprisingly, the same reaction in a

solvent mixture of acetonitrile and methanol afforded long
yellow needles of the same complex [Co(SH)(cyclam)][ClO4]�
MeOH 2, in which, however, the solvent molecule of DMF was
replaced by methanol. The precipitation of black cobalt sulfide
was not observed in either case. Thus, in contrast to open chain
ligands with exclusively nitrogen as donor atoms, the “macro-
cyclic effect” of the tetradentate cyclam seems to be strong
enough to protect the cationic cobalt complex from decom-
position into the binary sulfide. The crystals of both com-
pounds were suitable for crystal structure analyses. Complex 1
crystallises in the monoclinic space group P21/n. The asym-
metric unit contains one complete Co(SH)(cyclam) group
beside two molecular halves, and two Co atoms (Co2 and Co3)
are located on crystallographic inversion centres (Fig. 1). Apart
from the different solvent, compound 2 is quite similar, but the
space group changed to P21/m with two molecules in the unit
cell. The Co atom and the SH group reside on a crystallo-
graphic mirror plane, which intersects the bonds C(5)–N(1a)
and C(5a)–N(1) of the macrocycle. Owing to the similarity of
1 and 2, only the ORTEP 9 plot of 1 is shown. Selected
bond lengths and angles of both compounds are summarised in
Table 1.

The cobalt ions in complexes 1 and 2 have an almost ideal
square-planar co-ordination by four nitrogen donor atoms of
the macrocycle. The Co–N distances are in the range 198 to 200
pm, and the N–Co–N angles are 85.4 to 94.7� between cis and
about 180� on average between trans arranged nitrogen atoms.
The [Co(cyclam)]2� units form one-dimensional co-ordination
polymers by the axial co-ordination to two bridging SH�

anions, and the co-ordination by both sulfur atoms results in a
tetragonally elongated distorted octahedral surrounding of
each cobalt atom. The distances between cobalt and the sulfur
atoms in 1 (Co–S 271 pm on average) are much longer than
M–S bonds to bridging SH� groups reported before, which lie
in the range 234.3 to 238.3 pm in the cluster [Co3(µ3-S)-
(µ-SH)2(µ-PEt2)(PHEt2)6][ClO4]2

10 and 233.4 to 236.2 pm in
the comparable cationic iron complex [Fe2(µ-SH)3(triphos)2]
[triphos = bis(2-diphenylphosphinoethyl)phenylphosphine].11

The Co-S-Co groups [Co(1)–S(2)–Co(2) 172.74(8) and Co(3)–
S(1)–Co(2) 175.05(8)�] are almost linear, which has never

Fig. 1 Part of the crystal structure of the polymeric complex [Co(SH)-
(cyclam)]� 1 (only SH protons are included).
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been observed before in similar co-ordination compounds.
In the isostructural complex 2 the Co–S–Co angle is ca. 180�
due to the crystallographic symmetry, and the Co–S distance
[274.94(3) pm] is lengthened by about 4 pm compared with that
in 1.

The SH protons could be unambiguously located in a Fourier-
difference map and refined isotropically. The SH bonds stand
almost perpendicular to the linear Co–S–Co groups [H(2S)–
S(2)–Co(2) 87(5), H(1S)–S(1)–Co(1) 92(6)� for 1 and 90.9(2)�
for 2]. They alternately occupy positions above and below the
chain of the Co–S polymer. The macrocycles adopt an almost
ideal staggered conformation.

Owing to the very long Co–S distances in 1 and 2, the
compounds may best be described as ion pairs with cationic
[Co(cyclam)]2� complexes and SH� anions. The formation of
chains could be the consequence of the most favoured parallel
packing of the cyclam units. In order to get more insight to
this unusual kind of polymerisation and co-ordination, we
synthesized a similar compound, which has the SH� groups
replaced by chloride ions, by the addition of potassium chloride
instead of sodium hydrogensulfide to a solution of Co(ClO4)2�
6MeCN in the presence of cyclam. The reaction was carried out
in a solvent mixture of dimethylformamide and methanol. In
contrast to KSH, KCl is only slightly soluble in that solvent
mixture, but much better than in acetonitrile–methanol. Owing
to the low solubility a longer reaction time was required com-
pared with the formation of the hydrogensulfide complexes.
Yellowish brown crystals, suitable for crystal structure
determination, were obtained by diffusion of ether into the
reaction mixture.

The product [CoCl(cyclam)]ClO4�¹̄²
DMF 3 is isotypic to 1

with one Co atom (Co1) in a general position and two on crys-
tallographic centres of symmetry. As in 1 and 2, the cationic
complexes [Co(Cl)(cyclam)]� form one-dimensional co-
ordination polymers with the chlorine atoms in the bridging
positions. Two slightly different Co–Cl–Co angles [174.66(9)
and 176.91(9)�] are observed, which correspond well to the
Co–S–Co angles of 1 and 2. The Co–Cl distances [Co(1)–
Cl(1) 266.4(2), Co(1)–Cl(2) 262.9(2) pm)] are about 10 pm
shorter than the Co–S distances in the Co–SH structures, but
still in a similar range. They are long compared with bond
lengths observed in cobalt() complexes, which have a distorted
octahedral co-ordination sphere of four nitrogen and two
chlorine atoms. Usually these compounds form monomers
in the solid state and show Co–Cl bond lengths below
250 pm.12 Remarkably, a longer Co–Cl distance of 274.7 pm
was observed in a co-ordination compound of CoCl2 with a
macrocyclic tetraaza ligand similar to cyclam; this compound
is, however, also a monomer in the solid state.13 Only
[CoCl2(py)2] forms a chain polymer, in which the cobalt()
atoms are co-ordinated by four chlorine and two nitrogen
atoms in a distorted octahedral surrounding.14 Two Co atoms
are bridged by two chlorine atoms similar to those in 3, but the
Co–Cl distances (249 pm) are shorter. The results obtained
with compound 3 confirm that the crystal structures of 1
and 2 with the unusual long bond lengths and the almost linear
Co-S chains may mainly be determined by packing effects in the
solid state.

Reaction of nickel perchlorate with one equivalent of SH�

Analogous to the preparation of the cobalt complexes 1 and 2,
we tried to prepare the corresponding nickel co-ordination
compounds. The treatment of [Ni(cyclam)][ClO4]2 with one
equivalent of potassium hydrogensulfide in a mixture of THF
and MeOH (10 :1) yielded, however, pale purple [{Ni-
(µ-SH)(cyclam)}2][Ni(SH)2(cyclam)][ClO4]2 4, which contains
the neutral mononuclear [Ni(SH)2(cyclam)] complex and the
binuclear cation [{Ni(µ-SH)(cyclam)}2]

2� with two nickel atoms
bridged by two SH groups, eqn. (2).

3[Ni([14]aneN4)][ClO4]2 � 4 KSH →
[Ni2(µ-SH)2([14]aneN4)2][Ni(SH)2([14]aneN4)][ClO4]2 �

4 4 KClO4 (2)

Fig. 2 shows the cationic part of the crystal structure of
complex 4. The SH groups are located on a crystallographic
mirror plane, and the Ni atoms occupy positions on a crystallo-
graphic twofold rotational axis. Both nickel atoms are co-
ordinated by all four nitrogen atoms of the macrocyclic
ligand and two SH groups in a cis position, so that a distorted
octahedral co-ordination of Ni results. The distortion can be
verified by the deviation of the angles N–Ni–N, S–Ni–S,
and N–Ni–S (Table 2) from the ideal values of 90 or 180�;
the strongest deviation is observed for N(2)–Ni(1)–N(2a)
[165.9(2)�]. The conformation of the macrocycle changes
from a square-planar arrangement of the four nitrogen atoms
in 1 and 2 to a more bisphenoidal arrangement in 4. The SH
groups bridge both [Ni(cyclam)]2� units to form a four-
membered Ni2S2 heterocycle, which has a long Ni–S distance
of 249.0(2) pm and inner ring angles Ni–S–Ni and S–Ni–S of
98.56 and 81.44�, respectively. Owing to the crystallographic
symmetry, the heterocycle is exactly planar. Four nickel com-
plexes bearing SH groups are known: e.g. [Ni(SH)(pp3)]

� 15 and
[Ni(SH)(n2p2H)]2� [pp3 = tris(2-diphenylphosphinoethyl)phos-
phine, n2p2H = protonated N,N�-bis(2-diphenylphosphino-
ethyl)-2�-diethylaminoethylamine];16 both these compounds
have terminal co-ordinated sulfur atoms and exhibit significant
shorter Ni–S bond lengths than those found in 4 [225.6(4) and
214.4(3) pm].

Two positions were found for each of the hydrogen atoms
bound to sulfur in the Fourier-difference map, and both models
could be refined satisfactorily. One is shown in Fig. 2 with the
expected trigonal-pyramidal co-ordination of sulfur by Ni(1),
Ni(1a), and H(1S). The second position is located slightly above
the centre of the Ni2S2 plane with the hydrogen atom near both
sulfur atoms. This observation may be interpreted in terms of a
sulfur–hydrogen–sulfur bridge with one hydrogen atom of both
S–H groups terminally attached to only one sulfur atom, and
the other one in the bridging position. Both hydrogen atoms
may alternately occupy both possible positions (terminal or
bridging). Owing to the restrictions of structure analyses con-
cerning the determination of the positions of hydrogen atoms,
it is, however, an open question whether this observation is the
consequence of a statistical disorder, a dynamic process, or an
artefact.

Besides this cationic binuclear fragment, 4 contains a neutral
mononuclear nickel complex with crystallographic symmetry
2/m, in which nickel is co-ordinated by the four nitrogen atoms
of the cyclam ring in a square planar fashion and has further
two SH� groups bound in axial positions. Both Ni–S distances

Fig. 2 Structure of the cation [{Ni(µ-SH)(cyclam)}2]
2� of complex 4

(only SH and NH protons are included).
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Table 2 Selected bond lengths [pm] and angles [�] of complexes 4, 6 and 7

(a) [{Ni(µ-SH)(cyclam)}2][Ni(SH)2(cyclam)][ClO4]2 4

Ni(1)–N(1)
Ni(1)–N(2)
Ni(1)–S(1)

214.3(4)
211.9(3)
249.0(2)

N(1)–Ni(1)–N(2)
N(1)–Ni(1)–N(1a)
N(2)–Ni(1)–N(2a)
N(3)–Ni(2)–S(2)
N(2)–Ni(1)–S(1)
N(1a)–Ni(1)–S(1)

82.34(14)
94.2(2)

165.9(2)
91.56(11)
95.77(11)
92.21(10)

N(1)–Ni(1)–S(1a)
N(1)–Ni(1)–S(1)
N(2a)–Ni(1)–S(1)
S(1a)–Ni(1)–S(1)
Ni(1)–S(2)–Ni(1a)
H(1S)–S(1)–N(1)

92.21(10)
173.22(11)
94.94(11)
81.44(8)
98.56(8)
49.7(6)

Ni(2)–N(3)
Ni(2)–S(2)

206.4(4)
260.3(2)

S(2a)–Ni(2)–S(2) 180.0

(b) [{Ni(µ-SH)(cyclam)}2][SH]2 6

Ni(1)–N(1)
Ni(1)–N(2)
Ni(1)–N(3)
Ni(1)–N(4)
Ni(1)–S(1)
Ni(1)–S(1a)

213.0(4)
214.8(3)
213.1(4)
212.4(3)
250.69(13)
247.00(12)

N(1)–Ni(1)–N(2)
N(1)–Ni(1)–N(3)
N(1)–Ni(1)–N(4)
N(2)–Ni(1)–N(3)
N(4)–Ni(1)–N(2)
N(3)–Ni(1)–N(4)

82.3(2)
165.7(2)
87.9(2)
88.0(2)
94.3(2)
82.36(14)

N(1)–Ni(1)–S(1)
N(2)–Ni(1)–S(1)
N(3)–Ni(1)–S(1)
N(4)–Ni(1)–S(1)
S(1)–Ni(1)–S(1a)
Ni(1)–S(2)–Ni(1a)

95.61(11)
173.91(11)
95.03(11)
91.37(12)
82.61(5)
97.39(5)

(c) [Ni2(µ-S2)(cyclam)2][ClO4]2 7

Ni(1)–N(1)
Ni(1)–N(2)
Ni(1)–N(3)
Ni(1)–N(4)
Ni(1)–S(1)
Ni(1)–S(1a)
S(1)–S(1a)

208.7(5)
212.6(6)
209.3(6)
209.9(6)
235.3(2)
235.9(2)
229.7(4)

N(1)–Ni(1)–N(2)
N(1)–Ni(1)–N(3)
N(1)–Ni(1)–N(4)
N(2)–Ni(1)–N(3)
N(4)–Ni(1)–N(2)
N(3)–Ni(1)–N(4)
N(1)–Ni(1)–S(1)

83.4(2)
102.0(2)
91.0(2)
90.8(2)

170.3(7)
82.6(2)

157.6(2)

N(2)–Ni(1)–S(1)
N(3)–Ni(1)–S(1)
N(4)–Ni(1)–S(1)
S(1)–Ni(1)–S(1a)
Ni(1)–S(2)–Ni(1a)

94.8(2)
100.3(2)
93.3(2)
58.36(9)

121.64(9)

are very long [260.3(2) pm] compared with those observed for
the bridging SH� groups in the cationic part of the molecule.
These lengths are only about 10 pm shorter than the long Co–S
distances in 1. Similar long distances have been detected in the
structurally related complexes [Ni(SPh)2(cyclam)] [259.5(1) pm]
and [Ni(tipt)2(cyclam)] [266.2 pm] (tipt = 2,4,6-triisopropyl-
benzenethiolate), which have aromatic thiolate groups instead
of the hydrogen sulfide ligand.17

In the crystal structure chains are formed with an alternating
arrangement of the cationic and the neutral complexes. A part
of a chain is shown in Fig. 3. Both components probably inter-
act by hydrogen bridges between NH protons of the macrocycle
and the sulfur atoms of the mononuclear complex, which may
be indicated by the remarkably small distances between the
nitrogen and the sulfur atoms of 348.8 pm. Up to now, all
attempts to prepare the dimeric Ni2(SH)2 unit without the
neutral nickel complex were unsuccessful. Thus, the Ni(SH)2

bridges seem to be essential for stabilisation of the binuclear
complex.

Reaction of cobalt perchlorate with two equivalents of SH�

When cyclam was added to Co(ClO4)2�6MeCN dissolved in a
mixture of acetonitrile and methanol and subsequently treated
with two equivalents of sodium hydrogensulfide, dark red,

Fig. 3 Crystal structure of [{Ni(µ-SH)(cyclam)}2][Ni(SH)2(cyclam)]2�

in 4 (part of the chain).

almost black rhombic crystals were obtained after slow diffu-
sion of ether into the reaction mixture, eqn. (3). As confirmed

2 Co(ClO4)2�6MeCN � 4 NaSH � 2[14]aneN4] �MeCN
 

[Co2(µ-SH)2([14]aneN4)2][SH]2 � 4 NaClO4 (3)
5

by elemental analysis, the perchlorate anions are completely
replaced by SH�, and furthermore the characteristic bands for
ν(ClO4) at ≈1090 and ≈625 cm�1 were not detected in the infra-
red spectrum. The composition corresponds to the formula
[{Co(µ-SH)(cyclam)}2][SH]2 5. The molecular structure is
shown in Fig. 4 (selected bond lengths and angles in Table 1).

The structure comprises a binuclear cobalt() complex, in
which both cobalt ions are co-ordinated by a cyclam ligand and
bridged by two SH� groups. It is very similar to the cationic
part of the nickel species 4. The SH� counter ions are located
above and below the planar Co2S2 ring and seem to have the
function of the mononuclear complex [Ni(SH)2(cyclam)] in 4.
The existence of hydrogen bonds between the NH groups of the
macrocycle and the hydrogen sulfide anions may be deduced
from small N � � � S distances of 341.6 pm on average. Possibly

Fig. 4 Crystal structure of [{Co(µ-SH)(cyclam)}2][SH]2 5 (only SH
protons and the NH protons of the hydrogen bonds are included).
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they support the folding of the macrocycle from the planar
geometry, which is lower in energy, to a bisphenoidal surround-
ing around the cobalt atom. Each cobalt is co-ordinated in a
distorted octahedral geometry by four nitrogen atoms and two
SH� ions. The Co–S–Co angle (102�) is comparable with the
Ni–S–Ni angle of 4 [98.56(8)�]. The Co–S bond lengths are quite
similar [229.2(2) and 230.3(2) pm] and about 20 pm shorter
than the Ni–S distances in the Ni2(SH)2 part of 4. They are
much shortened in comparison with the Co–SH distances in the
polymeric compounds 1 and 2, but correspond well to M–S
bond lengths of 233 to 238 pm, reported in the cobalt cluster
and comparable binuclear iron species mentioned above.10,11

The complex [{Ni(µ-SH)(cyclam)}2][SH]2 6, isostructural
and isotypic to 5, was obtained by heating 4 in methanol via a
redistribution reaction. The bond lengths and angles do not
show any significant difference to the values observed for the
Ni2(SH)2 complex in 4 (Table 2). In contrast to 4 the Ni–S
distances within the planar Ni2S2 ring show a slight difference
similar to complex 5 [Ni(1)–S(1a) 247.0 and Ni(1)–S(1) 250.7
pm]. The transannular distance between the sulfur atoms
S(1) � � � S(1a) is 328.4 pm and similar to 4 [324.9; 5, 289.2 pm].

IR spectroscopy

The S–H absorptions could be observed in the IR spectra of all
compounds. Those of polymeric 1 and 2 with long Co–S
distances (2557 cm�1 on average) are quite similar to those of
potassium hydrogensulfide (2556 cm�1) or the H2S molecule
(2550 cm�1). Possibly, these observations confirm the hypoth-
esis that both compounds are essentially ionic and their one
dimensionally polymeric structure is due to a packing effect.
Only one absorption (2527 cm�1) is observed for the nickel
compound 4 despite the presence of two chemical different SH
groups. Similar vibrations are detected for 5 and 6 (2531 and
2529 cm�1, respectively). They may be caused by the SH groups
of the four-membered M2(SH)2 heterocycle (M = Ni or Co)
present in the molecular centre of all three compounds. Besides
these absorptions at about 2530 cm�1 the derivatives 5 and 6
show each an additional SH stretching vibration at 2577 and
2579 cm�1, respectively, which are shifted about 20 cm�1 to
higher wavenumbers in comparison with KSH. They may be
attributed to the terminal SH groups, which probably interact
by hydrogen bonds with the NH protons of the cyclam macro-
cycle. The origin of the SH vibration in compound 4 could be
verified by the FT-IR spectrum of the deuteriated complex
[{Ni(µ-SD)(D4-cyclam)}2][Ni(SD)2(D4-cyclam)][ClO4]2, which
was synthesized by a similar method as for 4, but in the solvent
deutieromethanol (MeOD) instead of MeOH. The S–D band
lies at ν(S–D) 1836 cm�1, which corresponds exactly to the
value calculated by simply using the higher reduced mass of the
fragment S–D compared with S–H.18

Reaction of cobalt and nickel perchlorate with S2
2�

We were further interested in the treatment of the cobalt and
nickel perchlorate salts with disulfide (S2

2�) in the presence of
cyclam, because disulfide complexes of Ni or Co are to be
expected as oxidation products of the SH derivatives in the
course of chemical reactions. In accordance with our expect-
ation, [Ni(cyclam)][ClO4]2 reacts with K2S2 in a mixture of
acetonitrile and methanol to yield the binuclear complex
[Ni2(µ-S2)(cyclam)2]

2� 7 with two perchlorate counter ions,
eqn. (4). Its molecular structure in the solid state is shown in
Fig. 5. Selected bond lengths and angles are given in Table 2.

2 [Ni([14]aneN4)][ClO4]2 � K2S2 →
[Ni2(µ-S2)([14]aneN4)2][ClO4]2 � 2 KClO4 (4)

7

Each Ni2S2 group of complex 7 is located on a crystallo-
graphic inversion centre and each Ni atom is side-on co-

ordinated to the disulfido bridge. The macrocyclic ligand
adopts a folded conformation as in the complexes 4, 5, and 6.
Thus, each nickel atom is co-ordinated to the four nitrogen
atoms of the macrocycle and both sulfur atoms of the disulfide
anion S2

2� in a distorted octahedral geometry. The Ni–S dis-
tances in 7 are quite similar [Ni(1)–S(1) 235.3(2) and Ni(1)–
S(1a) 235.9(2) pm] and longer than found in the comparable
complex [Ni2(µ-S2)(triphos)2][ClO4] [Ni–S(av) 222.5(8) pm, Ni–
S–Ni 120.5(2)�, S–S 220.8(4) pm].19 Thus, the planar Ni2S2

framework in 7 is enlarged compared with the nickel phosphine
complex, and the Ni–S bonds as well as the S–S bond [229.7 pm]
are significantly lengthened. The long S–S distance indicates
only a weak bond, but it still is much shorter than in the dimers
with SH� bridges [4, 324.9; 5, 289.2; 6, 328.4 pm]. Usually,
smaller S–S distances of 198 to 213 pm are observed for
disulfide ligands co-ordinated to transition metal ions.20

In contrast, the reaction (5) of cobalt perchlorate with Na2S2

2 Co(ClO4)2�6MeCN � Na2S2 � 2 [14]aneN4 →
[Co2(µ-S)2([14]aneN4)2][ClO4]2 � 2 NaClO4 (5)

8

under the same conditions did not yield the expected disulfido
bridged binuclear cobalt complex isostructural to the nickel
derivative 7. Instead, it afforded the binuclear sulfido-bridged
compound [Co2(µ-S)2(cyclam)2][ClO4]2 8, for which an ORTEP
plot is shown in Fig. 6.

Obviously, the S–S bond of the starting anion S2
2� was

cleaved. The long distance between the sulfur atoms (S � � � S
276.8 pm) indicates no significant bonding interaction. Never-
theless, the dimeric complex possesses the overall charge of �2
with one non-co-ordinating perchlorate anion per cobalt atom.

Fig. 5 Crystal structure of [Ni2(µ-S2)(cyclam)2]
2� 7 (hydrogen atoms

are omitted for clarity).

Fig. 6 Crystal structure of [{Co(µ-S)(cyclam)}2]
2� 8 (hydrogen atoms

are omitted for clarity).
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Table 3 Comparison of important bond lengths, angles and interatomic distances of some first row transition metal complexes containing SH�, S2�

and S2
2� ligands

Complex M–S/pm M–S–M/� M � � � M/pm S � � � S/pm Ref. 

1 [Co(SH)(cyclam)]�

2 [Co(SH)(cyclam)]�

[Co3(µ3-S)2(µ-SH)2(µ-PEt2)(PHEt2)6]
�

5 [{Co(µ-SH)(cyclam)}2][SH]2

8 [{Co(µ-S)(cyclam)}2]
2�

[{Co(µ-S)(triphos)}2]
�

7 [Ni2(µ-S2)(cyclam)2]
2�

[Ni2(µ-S2)(triphos)2]
�

4a [{Ni(µ-SH)(cyclam)}2]
2�

4b [Ni(SH2)(cyclam)]
[Fe2(µ-SH)3(triphos)2]

�

6 [{Ni(µ-SH)(cyclam)}2][SH]2

[Ni(SH)(pp3)]
�

[Ni(SH)(n2p2H)]2�

268.1/272.0
274.94
234.3–238.3
229.2/230.3
226.6
214.2–216.6
235.3/235.9
222.5(av)

249.0
260.3
233.4
250.7/247.0
225.6
214.4

172.74/175.05
177.55
78.1
101.99
104.69
105.7–106.3
121.64
120.5
98.56
—
84.5
97.39
—
—

—
—
297.8–314.4
357.0
358.7
343.4
411.4
386.5
377.6
—
—
373.7
—
—

—
—
—
289.2
276.8
258.4
229.7
220.8
324.9
—
—
328.4
—
—

This work
This work
10
This work
This work
21
This work
19
This work
This work
11
This work
15
16

This observation indicates an electron transfer from the cobalt
ions to the sulfur atoms with oxidation of the cobalt ions from
�2 to �3 and reduction of the sulfur atoms to an oxidation
state of �2 accompanied by simultaneous opening of the S–S
bond.

The macrocycle shows the same bisphenoidal geometry as in
the preceding binuclear complexes. Each cobalt atom is
octahedrally co-ordinated by the four nitrogen atoms of the
macrocycle and two sulfur atoms in a cis position. The Co–N
distances (201.4 pm on average) are smaller than in the
cobalt() compound 5 (205.5 pm on average) in which the
macrocycle also adopts the bisphenoidal structure. Owing to
the crystallographic symmetry both Co–S distances [226.6(2)
pm] are identical and about 10 pm shorter than the Ni–S separ-
ation in the disulfido bridged nickel complex 7. As expected, the
Co–S bond length is much shorter than that of the polymeric
SH� bridged compounds 1 and 2, while only a small shortening
is observed compared with the dimeric SH� bridged compound
5. The cleavage of the S–S bond and as the consequence the
larger separation of the sulfur atoms result in a small Co–S–Co
angle of 104.69� compared with the Ni–S–Ni angle of 121.64�
in 7.

The similar cationic complex [Co2(µ-S)2(triphos)2]
�,21 pre-

pared by reaction of H2S with the dimeric hydroxo compound
[Co2(µ-OH)2(triphos)2][BPh4]2, shows Co–S bond lengths of
214.2 to 216.6 pm. They are, thus, 10 pm shorter than in com-
plex 8, while the Co–S–Co angles (105.7–106.3�) are similar to
those found in 8. For a better comparison some characteristic
bond lengths and angles of the new complexes described here
and of similar known co-ordination compounds are summar-
ised in Table 3.

Reaction of complexes 2 and 4 with azobenzene

The oxidation of [Co(H2O)6]
2� to CoIII in an aqueous solution

is not favoured and cobalt() cations are stable in simple salts.
The stability of CoIII is, however, dramatically enhanced in the
presence of nitrogen ligands, for example NH3 or 1,2-diamino-
ethane.22 Owing to the stability of the kinetically inert
cobalt() complexes, we hoped to realise a reaction in which 1
and 2 with bivalent cobalt cations and SH groups could be
transformed to 8 with trivalent cobalt cations and two sulfido
bridges. This reaction would formally be accompanied by the
release of elemental hydrogen, which may be trapped by a suit-
able unsaturated molecule. Such reactions are of particular
interest because they are potentionally useful in catalytic
processes.

It is well known that thiols or thiolates are able to reduce
many different compounds, for instance phenylimines to ani-
lines 23 or nitroalkanes to the corresponding alkanes.24 Interest-
ingly, the synthesis of diphenylhydrazine was first realised by
Hoffmann who reduced azobenzene with H2S in an alcoholic

solution of ammonia in 1863.25 Tschunker and Eichler
improved this reaction when they introduced gaseous H2S into
a solution containing azobenzene and sodium hydrogen-
sulfide.26

The hydrogenation of unsaturated organic compounds by
sulfur-bridged dimeric complexes has been achieved before by
the reaction of [{(η5-C5H4Me)Mo}2(µ-SH)(µ-SCH3)(S2CH2)]
with azobenzene, and Rakowski Dubois and co-workers 27

succeeded in reducing azobenzene to diphenylhydrazine in
THF. The yields were ≈ 0.4–0.5 mol of hydrazine per mol of
the molybdenum dimer. To the best of our knowledge this kind
of hydrogen transfer has never been observed with complexes
of first row transition metals bearing hydrogensulfido ligands.
Thus, we carried out a similar experiment with the in situ gener-
ated compound 2 as shown in eqn. (6).

In order clearly to exclude the hydrogenation by hydrogen-
sulfide alone without any influence of transition metal salts, we
first of all treated azobenzene with sodium hydrogensulfide
in 1 :2 molar ratio in a solvent mixture of methanol and
acetonitrile. The solution was stirred for 16 h at room temper-
ature and, after evaporation, the residue suspended in ether to
dissolve either azobenzene or diphenylhydrazine and to
separate the ionic compounds of the reaction mixture. After
filtration and removal of the solvent in vacuo an orange residue
remained, in which only azobenzene and no trace of the hydro-
genated product diphenylhydrazine could be detected by NMR
and FT-IR spectroscopy. However, a second ether soluble com-
pound was formed in trace amounts, which showed a weak
absorption at 1728 cm�1 in the IR spectrum characteristic for
carbonyl or C��N groups. The by-product may be formed by a
reaction between acetonitrile and methanol in the presence of
the base SH�. Pure azobenzene was isolated from the mixture
by recrystallisation from methanol, which gave 95% of the
originally applied compound.

To conduct the hydrogenation experiment, eqn. (6), we dis-
solved cobalt perchlorate, cyclam and azobenzene in a 2 :2 :1
molar ratio in a mixture of acetonitrile and methanol and
added two equivalents of sodium hydrogensulfide. The orange
solution turned darker within a few minutes as was character-
istic for the formation of complex 8. After stirring for 16 h the
solvents were distilled off under reduced pressure, and the resi-
due was treated with ether and filtered. After removal of the
ether in vacuo, the 1H NMR spectrum of the residue showed

C6H5

N N

C6H5H

H

C6H5

N N

C6H5

2 Co(ClO4)2 • 6MeCN  +  2 [14]aneN4  +  2 NaSH  +

[Co2(µ-S)2([14]aneN4)2][ClO4]2     +

8

–MeCN

+    2 NaClO4   (6)
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that azobenzene was quantitatively hydrogenated to the corre-
sponding hydrazine derivative. Recrystallisation of the product
from hexane afforded light yellow crystals, which were identi-
fied by NMR and IR spectroscopy as pure diphenylhydrazine.
The yield of the isolated product was 89%. This is the first time
that the hydrogenation of a π bond has been achieved by a
CoSH co-ordination compound, and the very selective reaction
gave the hydrogenation product in a high yield. As expected, the
disulfido bridged compound 8 was formed in the course of this
reaction and identified by NMR and IR spectra. It precipitated
and was isolated by filtration in a yield of 37%.

We also investigated the hydrogenation properties of the in
situ synthesized NiSH complex 4 in a similar experiment and
dissolved Ni(ClO4)2�6MeCN, cyclam and azobenzene in a
2 :2 :1 molar ratio in a mixture of methanol and acetonitrile. To
this solution, we added two molar equivalents of sodium
hydrogensulfide. In contrast to the cobalt compound, no reac-
tion occurred between the nickel complex 4 and azobenzene
after 16 h at room temperature, and no trace of diphenyl-
hydrazine was detected by NMR spectroscopy.

The singular reactivity of the cobalt SH complex with respect
to the hydrogenation of azobenzene may be due to an easy
change of the oxidation state of the cobalt atoms from �2 to
�3, which is favoured by the low spin configuration of almost
all cobalt() complexes and the high CFSE associated with the
t6

2g electronic configuration. Nickel, on the other hand, is not
able to change the oxidation state as easily as cobalt, and �2 is
the most stable state, which is largely inert to redox reactions.
At present we are interested in synthesizing further SH� com-
plexes, which are able to hydrogenate unsaturated compounds,
and to develop a catalytic system which allows hydrogenation in
the presence of only traces of the co-ordination compounds.

Experimental
Reagents and materials

All operations were carried out under an atmosphere of pure
nitrogen by using glove-boxes. The solvents were dried by using
standard methods (dimethylformamide over CaH2 by distil-
lation under reduced pressure, acetonitrile over (i) P4O10 and (ii)
over FeI2,

28 methanol over magnesium, ether over sodium–
potassium alloy). The compounds Co(ClO4)2�6MeCN and
Ni(ClO4)2�6MeCN were obtained by treating commercially
available Co(ClO4)2�6H2O and Ni(ClO4)2�6H2O, respectively,
three times with molecular sieves (3 Å) in acetonitrile. 1,4,8,11-
Tetraazacyclotetradecane,29 potassium hydrogensulfide and
sodium hydrogensulfide 30 as well as potassium disulfide 31 and
sodium disulfide 32 were prepared according to literature
procedures.

Preparations

[Co(SH)(cyclam)][ClO4]�¹̄²
DMF 1. The compound Co-

(ClO4)2�6MeCN (200 mg, 0.397 mmol) was dissolved in DMF
(15 cm3) and methanol (7 cm3); cyclam (80 mg, 0.397 mmol)
was added to the stirred solution. The mixture changed from
pink to orange. It was heated to 50 �C for 5 min, cooled to room
temperature and treated with NaSH (22 mg, 0.397 mmol).
After complete dissolution of NaSH, ether was allowed to dif-
fuse into the solution, and within 36 h at room temperature
dark, almost black rhombic crystals of compound 1 were
obtained (suitable for X-ray crystallography). The crystals were
isolated by filtration and washed with ether (0.72 g, 85%)
(Found: C, 32.3; H, 6.6; N, 14.7; S, 7.4. C11.5H28.5ClCoN4.5O4.5S
requires C, 32.25; H, 6.7; N, 14.7; S, 7.5%).ν̃max/cm�1 (KBr)
3235, 3212 [ν(N–H)], 2947, 2866s [ν(CH2)], 2558 (SH), 1661
[ν(C��O), DMF], 1468, 1431, 1387, 1317, 1294, 1260, 1240,
1123, 1105, 1090, 1060 (ClO4), 1022, 991, 887, 658, 623 (ClO4),
469. λmax/nm (DMF) 270 (ε/dm3 mol�1 cm�1 12900), 338 (9800)
and 377(sh) (5800).

[Co(SH)(cyclam)][ClO4]�MeOH 2. The compound Co-
(ClO4)2�6MeCN (200 mg, 0.397 mmol) was dissolved in a mix-
ture of methanol (20 cm3) and acetonitrile (20 cm3), cyclam (80
mg, 0.397 mmol) was added, heated to 50 �C for 5 min and
treated with NaSH (22 mg, 0.397 mmol). The solution changed
from orange to orange-red. Ether was allowed to diffuse into
the solution at room temperature. Long yellow needles separ-
ated within 12 h, were filtered off and washed with ether (0.126
g, 75%). Addition of hexane to the filtrate afforded an add-
itional microcrystalline fraction of the product (0.013 g, 8%)
(Found: C, 31.1; H, 6.8; N, 13.4; S, 7.7. C11H29ClCoN4O5S
requires C, 31.2; H, 6.7; N, 13.2; S, 7.6%). ν̃max/cm�1 (KBr)
3227, 3167 [ν(N–H)], 2949, 2872 [ν(CH2)], 2554 (SH), 1433,
1319, 1294, 1258, 1242, 1125 and 1099 (ClO4), 1067, 1022, 991,
887, 623 (ClO4), 478. λmax/nm (MeOH–MeCN) 214 (ε/dm3

mol�1 cm�1 11500), 256 (2800) and 336(sh) (2900).

[CoCl(cyclam)][ClO4]�
1
–
2
DMF 3. The compound cyclam

(80 mg, 0.397 mmol) was added to a stirred solution of
Co(ClO4)2�6MeCN (0.2 g, 0.397 mmol) in DMF (15 cm3) and
methanol (4 cm3). The resultant orange solution was heated to
50 �C for 5 min. After cooling to room temperature, KCl (29
mg, 0.397 mmol) was added and stirring was continued for 30
min. Ether was allowed to diffuse into the solution and yellow-
brown crystals of complex 3 precipitated within 2 d. The crys-
tals were isolated by filtration and washed with ether (0.149 g,
87%) (Found: C, 32.15; H, 6.4; Cl, 16.5; N, 14.7. C11.5H27.5-
Cl2CoN4.5O4.5 requires C, 32.1; H, 6.4; Cl, 16.5; N, 14.6%). ν̃max/
cm�1 (KBr) 3231 [ν(N–H)], 2953, 2872 [ν(CH2)], 1663 [ν(C��O),
DMF], 1472, 1458, 1433, 1391, 1296, 1260, 1125 and 1086 and
1067 (ClO4), 1032, 993, 891, 623 (ClO4). λmax/nm(DMF) 258
(ε/dm3 mol�1 cm�1 1150).

[{Ni(�-SH)(cyclam)}2][Ni(SH)2(cyclam)][ClO4]2 4. The com-
plex [Ni(cyclam)](ClO4)2 (229 mg, 0.5 mmol) was dissolved in a
mixture (50 cm3) of THF and MeOH in the ratio 10 :1. The
stirred solution was heated to 50 �C for 5 min, and anhydrous
KSH (36 mg, 0.5 mmol) added. Within 1 h a clear solution had
formed. After cooling to room temperature KClO4 precipitated,
which was filtered off after 12 h. The filtrate was concentrated
under reduced pressure to about 30 cm3, and pale purple crys-
tals of 4 were obtained within 2 d (84 mg, 46%) (Found: C, 32.4;
H, 7.1; N, 15.1. C30H76Cl2N12Ni3O8S4 requires C, 32.5; H, 6.9;
N, 15.2%). ν̃max/cm�1 (KBr) 3271 [ν(N–H)], 3158 [ν(N–H)],
2953 [ν(CH2)], 2918 [ν(CH2)], 2849 [ν(CH2)], 2527 (SH), 1456,
1429, 1383, 1279, 1238, 1200, 1182, 1119 (ClO4), 1042, 986, 974,
953, 899, 878, 849, 793, 623 (ClO4), 415, 366 and 328.

[{Co(�-SH)(cyclam)}2][SH]2 5. The compound cyclam (80
mg, 0.397 mmol) was added to a stirred solution of Co-
(ClO4)2�6MeCN (200 mg, 0.397 mmol) in acetonitrile (20 cm3)
and methanol (20 cm3) at room temperature. The solution was
heated to 50 �C for 5 min, and NaSH (45 mg, 0.794 mmol)
added. The resultant, approximately black solution was heated
under reflux for 2 h. A black solid precipitated, which was fil-
tered off. After cooling to room temperature ether was allowed
to diffuse into the solution. Within 5 d at room temperature
deep red crystals of compound 5 were obtained (0.050 g, 39%)
(Found: C, 36.7; H, 7.9; N, 16.95; S, 19.5. C10H26CoN4S2

requires C, 36.9; H, 8.05; N, 17.2; S, 19.7%). ν̃max/cm�1 (KBr)
3109 [ν(N–H)], 2940, 2899, 2853, 2834 [ν(CH2)], 2577 and 2531
(SH), 1466, 1451, 1383, 1346, 1290, 1279, 1238, 1202, 1186,
1121, 1096, 1061, 1028, 993, 922, 890, 856, 847, 805, 791 and
388. λmax/nm (MeOH) 226 (ε/dm3 mol�1 cm�1 11600); 246(sh)
(9200), 306 (3500), 334 (3900), 374 (3100) and 450 (700).

[{Ni(�-SH)(cyclam)}2][SH]2 6. A solution of complex 4 (60
mg, 0.054 mmol) in MeOH (30 cm3) was heated under reflux for
6 h. After cooling to room temperature the product precipitated
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within 1 week as pale purple crystals (15 mg, 42%). ν̃max/
cm�1(KBr) 3109 [ν(N–H)], 2945 [ν(CH2)], 2901 [ν(CH2)], 2855
[ν(CH2)], 2837 [ν(CH2)], 2579 and 2529 (SH), 1464, 1454, 1384,
1365, 1336, 1290, 1279, 1238, 1203, 1187, 1122, 1093, 1064,
1051, 1031, 995, 924, 893, 862, 850, 795, 389 and 339.

[Ni2(�-S2)(cyclam)2][ClO4]2�2MeCN 7. The compound K2S2

(36 mg, 0.25 mmol) was suspended in a solution of [Ni-
(cyclam)][ClO4]2 (228 mg, 0.5 mmol) in acetonitrile (50
cm3) and heated under reflux for 30 min. During that time it
changed to red. The hot solution was filtered, and within 12 h at
room temperature crystals of complex 7 were obtained, washed
with ether and dried in vacuo. Concentration of the mother-
liquor gave a second fraction, which included an impurity of
KClO4 (first fraction: 121 mg, 56%) (Found: C, 30.6; H, 6.1; N,
14.0; S, 8.7. C20H48Cl2N8Ni2O8S2 requires C, 30.8; H, 6.2; N,
14.35; S, 8.2%). ν̃max/cm�1(KBr) 3269 [ν(N–H)], 3212 [ν(N–H)],
3146 [ν(N–H)], 2907 [ν(CH2)], 2858 [ν(CH2)], 1463, 1276, 1238,
1142, 1121 (ClO4), 1090, 1029, 977, 852, 796, 623 (ClO4) and
407. λmax/nm (DMF) 851 (ε/dm3 mol�1 cm�1 1.4), 516 (1.93),
452 (1.94), 399 (2.57), 355 (3.61), 315 (3.2), 284 (3.41) and 229
(3.47).

[{Co(�-S)(cyclam)}2][ClO4]2 8. The compound Co(ClO4)2�
6MeCN (200 mg, 0.397 mmol) was dissolved in a mixture of
acetonitrile (15 cm3) and methanol (15 cm3), cyclam (80 mg,
0.397 mmol) added under stirring, and the solution heated to
50 �C for 5 min. After cooling to room temperature the solution
was treated with Na2S2 (22 mg, 0.199 mmol) and changed to
deep red. Ether was allowed to diffuse into the solution. Within
24 h at room temperature deep red crystals of compound 8 were
obtained, which were filtered off and washed with ether (0.135
g, 79%) (Found: C, 33.5; H, 6.4; N, 16.0; S, 7.5. C24H54Cl2-
Co2N10O8S2 requires C, 33.4; H, 6.3; N, 16.25; S, 7.4%). ν̃max/
cm�1 (KBr) 3260, 3237 [ν(N–H)], 2972, 2940, 2917, 2861
[ν(CH2)], 2284, 2247 [ν(C���N), MeCN], 1456, 1427, 1389, 1386,
1300, 1273, 1242, 1196, 1177, 1109, 1082 (ClO4), 1034, 986, 932,
864, 853, 812, 799, 623s (ClO4) and 432. λmax/nm (MeCN–
MeOH 3 :1) 214 (ε/dm3 mol�1 cm�1 8300), 250 (8200), 298(sh)
(2200) and 382 (3000).

Reaction of azobenzene with NaSH (an attempt to reduce
azobenzene). Azobenzene (0.3 g, 1.65 mmol) was dissolved in a
solvent mixture of methanol (20 cm3) and MeCN (20 cm3) and
NaSH (0.185 g, 3.3 mmol) added. After 16 h at room temper-
ature the solvents were distilled of under reduced pressure, the
residue was treated with ether (20 cm3) and filtered. After
removal of the solvent in vacuo an orange residue remained,
which showed no bands of diphenylhydrazine in the IR spec-
trum. A weak absorption at 1728 cm�1 indicated the formation
of an additional compound; NMR spectra gave no indication
of reduced azobenzene. The residue was recrystallised from
methanol, and orange crystals of pure azobenzene could be
isolated (0.284 g, 95%).

Reaction of in situ generated compound 2 with azobenzene.
The compounds Co(ClO4)2�6MeCN (0.2 g, 0.397 mmol) and
cyclam (80 mg, 0.397 mmol) were dissolved in a mixture of
methanol (15 cm3) and acetonitrile (25 cm3). Azobenzene
(36 mg, 0.199 mmol) was added and the orange solution
subsequently treated with NaSH (22 g, 0.397 mmol). After few
minutes the solution turned darker. It was stirred at room tem-
perature for 16 h. A reddish brown precipitate of complex 8 was
formed, which was removed by filtration, washed with ether
(0.063 g, 37%) and identified by FT-IR and NMR spectra. The
filtrate was evaporated, the residue was treated with ether (20
cm3) and filtered to yield a light yellow solution. After removal
of the ether in vacuo a light yellow residue was obtained, which
was recrystallised from hexane (20 h/�4 �C) to give pure
diphenylhydrazine (0.033 g, 89%) as a microcrystalline solid.

Reaction of in situ generated compound 4 with azobenzene.
The compounds Ni(ClO4)2�6MeCN (0.2 g, 0.397 mmol) and
cyclam (80 mg, 0.397 mmol) were dissolved in a mixture of
methanol (20 cm3) and acetonitrile (20 cm3). Azobenzene (36
mg, 0.199 mmol) was added followed by NaSH (22 mg, 0.397
mmol). The reaction mixture was stirred at room temperature
for 16 h. The solvents were removed in vacuo. The residue was
treated with ether (20 cm3) and filtered. After removal of the
ether under reduced pressure, an orange residue was left, which
was identified as pure azobenzene (quantitatively) by FT-IR,
1H and 13C NMR spectroscopy.

Crystal structure determination

Crystal, data collection and structure refinement parameters
are summarised in Table 4. Single crystals of compounds 1–8
suitable for X-ray diffraction were grown by diffusion of ether
into the solutions as described in the Experimental section. All
structures were solved by direct methods and refined based on
F 2 using the programs SHELXTL PLUS,33 SHELXS 86,34 and
SHELXL 93.35 Plots of the compounds 1, 4, 5, 7 and 8 were
drawn by using ORTEP 3 for Windows.9

The perchlorate anions in compounds 1, 3, 4, 7 and 8 were
statistically disordered over two positions. Their oxygen atoms
were refined isotropically. Also, the atoms of the acetonitrile
molecule of 8 were refined isotropically with occupancy factors
of 0.5.

CCDC reference number 186/1524.
See http://www.rsc.org/suppdata/dt/1999/2601/ for crystallo-

graphic files in .cif format.

Physical measurements

The NMR spectra were recorded with a Bruker AM 300 spec-
trometer and referenced to solvent signals or TMS as internal
standards, IR and UV/VIS spectra with a Bio-Rad FTS-7
and a Shimadzu UV-260 spectrometer, respectively. Elemental
analyses were carried out by Beller Mikroanalytisches Labor
(Göttingen). Samples were obtained as described and not
further purified.
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