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New Synthetic Techniques for Incorporation

of Thiolate Donation in Transition

Metal Complexes

David M. Eichhorn* and Niranjan Goswami{

Wichita State University, Wichita, KS 67260-0051

A new method for the synthesis of metal complexes containing mixed ni-

trogen=sulfur coordination spheres is discussed. The use of 2,20-dithiodi-
benzaldehyde as the source of the sulfur donors obviates the need for

protection of the thiolate moiety. The reaction involves a concerted

Schiff-base condensation and disulfide bond reduction. Mononuclear

and dinuclear complexes of Ni(II), Cu(II), Fe(III), and Co(III) have been

prepared by this method, including the first mononuclear Ni(II) complex of

a non-porphyrinic tetradentate N3S ligand.

Keywords: Metal-thiolate complexes, iron complexes, nickel complexes, copper complexes,

cobalt complexes, disulfides

Among the twenty naturally occurring amino acids that make up proteins,
two have side chains that contain sulfur atoms. Both the thioether from
methionine and, especially, the thiolate from cysteine are incorporated as
donor atoms to the metal ions at the active sites of metalloproteins and metal-
loenzymes. Among the metalloenzymes that have sulfur atom donors to the
active-site metal ions are the iron-sulfur proteins (S4 coordination sphere),[1]

the blue copper enzymes (N2S2),
[2] the Ni-Fe (NiS4-FeO3S2)

[3] and Fe only
[Fe4S4-Fe(S2[CO]2)(CN)]

[4] hydrogenases, Zn alcohol dehydrogenase
(NOS2),

[5] Mo sulfite oxidase (S3O2),
[6] Fe[7] and Co[8] nitrile hydratase

(N2S3O), and CO dehydrogenase [(NiS4)-(FeS4)3-(FeS3N)].
[9]

An important tool in unraveling and understanding the mechanisms by
which metalloenzymes operate is the synthesis and study of small-molecule
synthetic analogs. These models fall into two categories—structural analogs,
which closely reproduce the identity and disposition of the donor atoms
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around the active-site metal, and functional analogs, which reproduce or
improve upon the catalytic activity of the enzyme. Ideally, but not necessar-
ily, a structural model will also serve as a functional model, but both types of
models are useful on their own. Structural models often find their greatest uti-
lity in cases where a crystal structure does not exist for an enzyme. In such
cases, comparison of spectroscopic data from the enzyme with those from
well-characterized model complexes can help to define the nature of the
metal’s coordination sphere in the natural system. In cases where a crystal
structure of the enzyme does exist, structural models still have a role to play.
Comparison of models that very closely reproduce the structure of the natural
system with models in which one or more features have been altered can help
to identify which structural features are most important for establishing the
necessary electronic environment for the active-site metal. In addition, a
structural model will serve, at least, as a starting point for the ultimate design
as functional models. Functional models are important because they provide
the opportunity to investigate the mechanism of a system that performs the
same chemistry of the natural system and may be able to give insight into
the mechanism of the actual enzyme. In addition, functional models can ulti-
mately lead to synthetic catalytic systems.

The first truly successful models for metalloenzyme active sites actually
involved sulfur coordination—Holm’s models for rubredoxin and the two-
and four-iron ferredoxins.[10] Although subsequent generations of models
have been more involved, the initial models used simple thiophenolate
ligands to reproduce the cysteine thiolate coordination. As a general rule,
however, models for enzyme active sites containing sulfur coordination lag
far behind models for enzyme active sites containing only nitrogen and oxy-
gen coordination, as metal-sulfur coordination chemistry generally lags
behind metal-nitrogen and metal-oxygen coordination chemistry. A simple
manifestation of this discrepancy can be seen by recognizing that there are
173 published crystal structures for metal complexes of the N2O2 salen[11]

ligand, but only nine published crystal structures of its N2S2 analog, tsa-
len.[12] The most obvious explanation for this discrepancy is the extreme
air-sensitivity of thiols, making it necessary to work under an inert atmo-
sphere and, more importantly, to incorporate protection and deprotection
steps in the synthetic procedure. We have developed a novel procedure for
the synthesis of metal complexes with mixed imine nitrogen=sulfur coordina-
tion spheres using an air-stable disulfide synthon, which obviates the need for
protection of the thiol moiety.

SYNTHESIS OF 2,20-DITHIODIBENZALDEHYDE (DTDB)

The syntheses of H2tsalen and related Schiff-base ligands containing the
thiophenolate group begin with the synthesis of thiosalicylaldehyde, which
is then combined with the appropriate amine to yield the desired ligand.

2 D. M. Eichhorn and N. Goswami
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Thiosalicylaldehyde is an air-sensitive compound that is not commercially
available. It can be made by reduction of commercially available thiosalicylic
acid to the alcohol and then reoxidation of the alcohol to the aldehyde using
pyridinium chlorochromate (Scheme 1).[13] The oxidation step also results in
the oxidation of the thiol to the disulfide, yielding 2,20-dithiodibenzaldehyde
(DTDB). Thiosalicylaldehyde can then be isolated by a borohydride reduc-
tion of the disulfide. The intermediate product, DTDB, is an air-stable white
powder that can be produced in multigram quantities and stored indefinitely
on the benchtop. It seemed reasonable to investigate the utility of this conve-
nient compound as a source of thiophenolate donors for metal complexes.

METAL-DISULFIDE COMPLEXES

There are a number of literature reports concerning metal complexation of
organic disulfides, demonstrating both coordination of the intact disulfide
ligand and reduction of the disulfide to the thiolate. Seff and coworkers
reported an Ni complex of bis[(2-(2-pyridylmethyl)imino)phenyl]disulfide,
which was initially isolated by oxidation of the corresponding thiolate com-
plex.[14] In this compound the disulfide is coordinated to the Ni via one of the
sulfur atoms. Belluco and coworkers reported the reaction of PdCl4

27 with
diphenyldisulfide in methanol, which led to the isolation of a polymer con-
taining Pd atoms bridged by Cls and thiophenolates. Alternatively, reaction
of Pd(CH3CN)2Cl2 with diphenyldisulfide in benzene produced a dimeric
complex with the intact disulfide ligand bridging the two metals.[15] Living-
stone and Nolan reported formation of Ni(II) complexes of 2,20-dithiodianil-
ine (dta) with the intact disulfide coordinated to the metal, as well as
metal complexes of the bis(pyridinecarboxaldehyde) Schiff-base adduct of
dta with intact disulfides and with cleaved disulfide bonds.[16] Studies on
the reaction of 2,20-dithiodipyridine (DTDP) have produced examples of
coordination of the intact disulfide via one S atom and a pyridyl N atom[17]

and of reductive cleavage of the disulfide to produce the N,S-chelating 2-pyr-
idinethiolate ligand.[18] Thus, a disulfide ligand has been shown to react with
metal complexes to produce either the disulfide complex or the thiolate com-
plex. The only example of the reaction of an organic disulfide with a ligand
on a metal complex is the report by Datta and coworkers of the reaction of

SCHEME 1. Synthesis of thiosalicylaldehyde.
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DTDP with [Co(NH3)4(H2O)2]
3þ , which resulted in the insertion of a coordi-

nated ammonia ligand between the two sulfur atoms to give a complex in
which the three nitrogen atoms of the resulting ligand serve as donors to
the cobalt, but the sulfur atoms are not coordinated.[19]

REACTION OF DTDB WITH Ni(NS)2 COMPLEXES

The first set of reactions attempted with DTDB was the reaction of DTDB
with nickel(II) complexes of the chelating NS ligands 2-aminoethanethiolate
and o-aminothiophenolate.[20] The relatively insoluble nickel complexes were
suspended in methanol and a solution of DTDB in CH2Cl2 was added. The
products that were isolated and crystallized showed the formation of a Schiff
base by reaction of the aldehyde functionality of DTDB with the coordinated
primary amine of the NS ligand. In addition, the disulfide bond was cleaved,
resulting in a thiolate sulfur atom that is coordinated to the nickel. The struc-
tures of these compounds revealed them to be dimeric complexes 1 and 2
(Figure 1), with each nickel atom in a square-planar NS3 coordination sphere
made up of the imine nitrogen, two bridging thiolates that came from the
originally coordinated NS ligands, and a terminal thiolate that resulted
from the reductive cleavage of the DTDB disulfide bond. The reaction, there-
fore, is a nickel-templated formation of the NS2 ligands 2-thiosalicylidene-
imineethanethiolate and N-thiosalicylideneimine-2-thiophenolate. These
nickel complexes were reported at about the same time by Bouwman, et al.,
with a synthesis that involved the reaction of t-butyl–protected thiosalicylal-

FIGURE 1. Reactions leading to and ORTEP drawings of (a) 1 and (b) 2 showing the

50% thermal ellipsoids. Hydrogen atoms have been omitted for clarity.
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dehyde with the appropriate nickel starting material.[21] The complexes, as
with many dimeric complexes of group 10 metals, feature edge-sharing,
square-planar coordination spheres with a bend along the S-S axis of the bridg-
ing sulfur atoms. The dihedral angles between the two NS3 planes are 72.7�

and 74.6� for 1 and 2, respectively. The bending of the dimer in 1 allows for
a relatively close contact between a methylene hydrogen atom and the phe-
nylthiolate sulfur atom of the ligand on the other nickel atom (dashed line
in Figure 1a). The H-S distance of 2.71 Å is indicative of a weak bonding
interaction between hydrogen and sulfur,[22] which is borne out by coupling
of the methylene hydrogen to some of the phenyl hydrogens in the 1H-1H
COSY spectrum.

REACTION OF DTDB WITH Ni(N-N-N)2 COMPLEXES

Reaction of DTDB with nickel(II) complexes containing linear triamine
ligands resulted in quite different products from those described above.[20]

The nickel complexes of diethylenetriamine and 3,30-diamino-N-methyl-
dipropylamine clearly have two coordinated primary amines on each ligand
that should be capable of engaging in a Schiff-base condensation with an
aldehyde group. However, the products isolated from these reactions, tetra-
phenylborate salts of complexes 3 and 4 (Figure 2), were mononuclear com-
plexes of the tetradenate N3S ligands resulting from the condensation of one

FIGURE 2. Reactions leading to and ORTEP drawings of the cations in (a) 3 and (b)

4 showing the 50% thermal ellipsoids. Hydrogen atoms have been omitted for clarity.
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thiosalicylaldehyde equivalent on one side of the linear triamine, leaving the
other primary amine unreacted. These were the first structurally characterized
four-coordinate nickel complexes with N3S coordination spheres provided by
a single non-porphyrinic tetradentate ligand. At the same time, Bouwman,
et al., reported the synthesis of 3 and the crystal structure of its chloride salt,
again using a process involving a t-butyl–protected thiolate.[23] The structures
of 3 and 4 are very similar, but show two significant differences. The first is
the bond length between Ni and the middle nitrogen atom, N(2). In complex
4, in which this is a tertiary amine nitrogen, the Ni-N bond length of 2.036 Å
is � 0.1 Å longer than the analogous bond length to the secondary amine
nitrogen in 3. In complex 3, in which the Ni-N-N chelate rings contain five
atoms, the nickel coordination geometry deviates very little from square pla-
nar, while complex 4, with six-membered chelate rings (one boat configura-
tion and one chair), deviates significantly more from a regular square-planar
geometry. This deviation toward a tetrahedral geometry is evidenced in the
electronic spectrum of complex 4, which displays a band at 1022 nm that can
be attributed to the pseudotetrahedral geometry.

REACTION OF DTDB WITH METAL COMPLEXES OF
ETHYLENEDIAMINE

In the first set of complexes described above, each ligand in the nickel
starting materials has only one primary amine that could react with DTDB.
In the second set of complexes, however, each triamine ligand has two pri-
mary amines that could react with DTDB, but only one reacts. This can be
explained by the fact that nickel(II) is satisfied with four coordination, espe-
cially with a sulfur donor. In order to investigate the ability of DTDB to add
two thiosalicylaldehyde equivalents to the same ligand, simple ethylenedia-
mine metal complexes were combined with DTDB.[24] Reaction of
[Ni(en)3]Cl2 with DTDB resulted in the isolation of golden crystals of 5,
[Ni(tsalen)] (Figure 3a). This complex has been previously synthesized by
a process involving the t-butyl–protected tsalen ligand.[25] The reaction of
DTDB with [Cu(en)2]Cl2 also results in the isolation of the [Cu(tsalen)] com-
plex (6) in good yield (Figure 3b). Although this complex has also been
known for years, it had never been crystallographically characterized, due
in large part to the difficulty in accomplishing a clean deprotection of the
t-butyl–protected ligand.[26] The crystal structure of 6 was somewhat surpris-
ing. Whereas 5 displays a relatively undistorted square-planar coordination
geometry, the structure of 6 shows a significant deviation toward a tetrahe-
dral geometry, with twist angles of 21� and 25� in the two independent mole-
cules. This structural feature is interesting as it relates to the reduction
potential of [Cu(tsalen)]. In 1975, Patterson and Holm published a paper dis-
cussing the reduction potentials of a number of copper(II) complexes dem-
onstrating the general trend toward an increase in reduction potential as
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the coordination geometry tends toward tetrahedral.[27] Included in this
discussion were a few comparisons of compounds in which the only differ-
ence was the substitution of donor atoms. Two such comparisons were the
N2O2 [Cu(salen)] with the N2S2 [Cu(tsalen)] and the N2O2 [Cu(acacen)] with
the N2S2 [Cu(sacacen)]. In both cases, the N2O2 complexes had been crystal-
lographically characterized and shown to have virtually planar coordination
geometries while the N2S2 complexes had not been structurally characterized
and were assumed to have planar geometries. The reduction potentials of the
N2S2 complexes are � 40mV higher than for the N2O2 complexes, a phenom-
enon that was attributed to the change in donor atom. Our results demon-
strate that the [Cu(tsalen)] complex does not, in fact, display undistorted
square-planar geometry, a fact that must be considered in analyzing the ele-
vated reduction potential. In fact, the crystal structure of [Cu(sacacen)] has
also since been reported and it shows a similar 28.6� deviation from a
square-planar geometry.[28]

Reaction of [Fe(en)3]Cl3 and [Co(en)3]Cl3 with DTDB results in different
products from those seen in the nickel(II) and copper(II) systems. Instead of
adding a thiosalicylaldehyde equivalent to each side of the ethylenediamine
ligand, these systems return to the pattern seen with the linear triamine
ligands—Schiff-base condensation at only one side with the second primary
amine remaining unreacted. This produces the tridentate N2S ligand aet-
saln7 , two of which are bound to the Fe(III) or Co(III) in the isolated iso-
structural octahedral complexes. [Fe(aetsaln)2]

þ (7) has been reported
previously, synthesized by the reaction of FeCl3, thiosalicylaldehyde, and
ethylenediamine,[29] but [Co(aetsaln)2] (8)

[30] has not appeared in the litera-
ture. Both complexes have an octahedral coordination geometry with each

FIGURE 3. Reactions leading to and ORTEP drawings of (a) 5 and (b) 6 showing the

50% thermal ellipsoids. In both cases, one of the two independent molecules has been

shown and hydrogen atoms have been omitted for clarity.
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tridentate ligand binding in a meridional fashion (Figure 4). The two sulfur
atoms are, therefore, cis to each other. Both complexes are low-spin, the
cobalt complex being diamagnetic.

In order to ascertain the utility of the DTDB reaction in the presence of
other functional groups, a reaction was carried out involving a nickel(II) com-
plex of 2-hydroxy-1,3-diaminopropane.[30] The presence of the alcohol func-
tionality on the ligand did not hamper the progress of the reaction, and the
crystallized product, 9, was found to be analogous to [Ni(tsalen)], with a
thiosalicylaldehyde equivalent added to each side of the diamine ligand
(Figure 5). Unlike [Ni(tsalen)], this complex has a significant distortion from
square-planarity with a twist angle of 24�. It is not entirely obvious why this
molecule displays such a large deviation from square planarity. The other
structurally characterized Ni(II) complexes of related ligands with three-car-
bon backbones show coordination geometries much closer to square-planar,
with twist angles ranging from 2.24� to 10.60�.[31]

MECHANISM OF THE DTDB REACTION

A detailed mechanistic study of this reaction has not been carried out, so it
is only possible at this point to speculate on the mechanism of the reaction.

FIGURE 4. ORTEP drawing of the cation in 8 showing the 50% thermal ellipsoids.

Hydrogen atoms are omitted for clarity.
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One possibility hearkens back to the work of Belluco and coworkers.[15] As
mentioned above, reaction of PdCl4

27 with diphenyl disulfide in methanol
resulted in the cleavage of the disulfide bond and formation of a polymeric
species with bridging phenylthiolates. On the other hand, reaction of
Pd(CH3CN)2Cl2 with diphenyldisulfide in benzene resulted in the isolation
of a dimeric species containing intact diphenyldisulfide ligands. Subsequent
refluxing of this latter compound in methanol led to the isolation of the same
polymeric species as in the first reaction. The authors propose a mechanism
for the disulfide bond cleavage that involves formation of an intermediate
complex with the coordinated disulfide followed by nucleophilic attack of
CH3OH on the sulfur atom. A similar mechanism is supported in the DTDB
reactions by the fact that no reaction is evident when carried out in non-
alcoholic solvents, such as DMF and acetonitrile. In addition, although the
reaction occurs in ethanol, it proceeds at a slower rate than in methanol.
Thus, a possible mechanism (Scheme 2) is initial formation of a Schiff base
by condensation of the aldehyde moiety with a coordinated primary amine,
with coordination of the disulfide to the metal atom. This is followed by
nucleophilic attack of the methanol solvent on the activated sulfur atom and
fission of the S-S bond.

OXIDATION OF THE TSALEN LIGAND BY FeCl3

Whereas the tsalen ligand was synthesized in the above reactions by
reductive cleavage of a disulfide bond, an unexpected oxidation of the coor-
dinated tsalen ligand was realized by treatment of [Ni(tsalen)] with FeCl3.

[32]

This reaction was carried out in the hopes of isolating a complex containing
nickel(II) and iron(III) bridged by sulfur atoms, which would be interesting
in terms of its relationship to the active sites of the nickel-iron hydroge-
nase enzymes. Instead, an unusual product (10) was isolated, which, when

FIGURE 5. ORTEP drawing of 9 showing the 50% thermal ellipsoids. Hydrogen

atoms are omitted for clarity.
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characterized crystallographically, was shown to contain four molecules of
[Ni(tsalen)], two FeCl4

7 anions, and the 1,2-bis(1,2-benzisothiazol-2-
yl)ethane dication (BBITE2þ ). The cation derives from a four-electron oxi-
dation of the tsalen2

�
ligand with decomplexation of the ligand and ring clo-

sure by formation of an S-N bond. The overall structure of the isolated
crystalline material (Figure 6) shows the four [Ni(tsalen)] molecules forming
a channel into which the BBITE2þ is inserted. Apparent p-p interactions
between the phenyl rings on the BBITE2þ and the phenyl rings on the
[Ni(tsalen)] molecules seem to be involved in organizing this structure.

CONCLUSION

The reaction of DTDB with metal complexes containing coordinated pri-
mary amines is a convenient method for incorporating thiolate donation into
the coordination sphere of a metal ion. DTDB is easily synthesized in multi-
gram quantities and can be conveniently stored and accessed without need for

SCHEME 2. Possible mechanism of DTDB reaction.
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an inert atmosphere. The reaction is capable of producing a variety of Schiff
base=thiolate ligands, depending on the identity of the ligands in the metal
starting material. Ligands with NS2, N3S, N2S2 and N2S donor sets have been
synthesized and the reaction has been shown to proceed with nickel(II), cop-
per(II), iron(III) and cobalt(III). This and related reactions have the potential
to be very useful in allowing access to thiolate coordination without the need
for cumbersome protection and deprotection steps for the generally air-sensi-
tive thiol moiety.
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