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Hydrogenase is essential to hydrogen metabolism by catalyzing
the reversible interconversion of proton and molecular hydrogen.1

The enzyme has been found in many microorganisms of biotech-
nological interest, which can be grouped into two classes based on
the type of metal-containing active sites, namely, [Fe]-only2 and
[NiFe]3 hydrogenases. For the [NiFe] hydrogenase, X-ray structure
determination has been carried out forDesulfoVibrio (D.) gigas,3a,b

D. fructosoVorans,3c D. Vulgaris (Miyazaki),3d,eandDesulfomicro-
bium (Dm.) baculatum.3f Two forms of the active sites are known.
One is referred to as the oxidized form, where Fe and Ni are bridged
by two cysteine S and one O atoms with relatively long Fe-Ni
distances of ca. 2.9 Å. The other is the reduced form, with short
Fe-Ni bonds of 2.5-2.6 Å and only two bridging cysteine S atoms
or perhaps with an additional H-bridge. An exception may be the
oxidized form ofD. Vulgaris (Miyazaki), in which the triply bridged
Fe-Ni distance is as short as 2.6 Å. Despite the geometrical
diversity, interesting common features can be seen in the structure
of [NiFe] hydrogenases; the Fe center carries both CO and CN
ligands, and the four cysteine S atoms (or three cysteine S atoms
and one selenocysteine Se forDm. baculatum) are coordinated to
Ni in a distorted tetrahedral geometry.

The intriguing dinuclear structure of [NiFe] hydrogenases has
been a challenging target for inorganic/organometallic chemists,4

and several thiolate-bridged dinuclear Ni-Fe complexes have been
prepared: [Ni{1,5-bis(mercaptoethyl)-1,5-diazacyclooctane}Fe-
(CO)4],5 [{Fe{N(CH2CH2S)3}(CO)2-S,S′}NiCl(dppe)],6a [{Fe{N(CH2-
CH2S)3}(CO)-S,S′}Ni(S2CNiPr 2)],6b [(C6H4S2)Ni(µ-S(C6H4)2S2)-
Fe(CO)(PMe3)2],7 [{Ni(N,N′-diethyldiazanonane-1,9-dithiolate)}-
Fe(NO)2],8 and [(NO)Ni(µ-S(CH2)2S(CH2)2S)Fe(NO)2].9 However,
these complexes do not possess the crucial CO/CN ligand set on
iron. The reason for this is the absence of CO/CN complexes of
iron, which are suitable for construction of Fe-Ni dinuclear
structures. Difficulty also comes from the strong affinity of nickel
for CN-, and therefore, a new synthetic method is required to link
the [Fe(CO)x(CN)y] fragments to appropriate Ni complexes. The
recent synthesis of FeII carbonyl/cyanide/thiolate complexes, for
example,[Fe(CO)(CN)2(bdt)]2-(bdt)benzenedithiolate),[Fe(CO)2(CN)3(SR)]2-,
and [Fe(CO)3(CN)2(SR)]-,10 prompted us to examine the reactions
of preformed FeII precursors with NiII complexes. Herein, we report
the first synthesis of the dithiolato-bridged Fe-Ni complexes, in
which Fe carries both CO and CN ligands.

The reaction of (PPh4)[Fe(CO)3(CN)2Br]10c with 1 equiv of K2-
(pdt) (pdt) 1,3-propanedithiolate) afforded (PPh4)[Fe(CO)2 (CN)2-
(pdt)K] (1) (Scheme 1). Complex1 was characterized by means
of ESI-MS and IR spectroscopy. Although crystallization of1 was
not successful, further treatment with 0.5 equiv of PPh4Br gave
(PPh4)3[Fe2(CO)4(CN)4(pdt)2K] (2) in 88% yield. The IR spectrum
of 2 in KBr consists of two relatively weak bands at 2102 (w) and
2085 cm-1 (m), assignable to CN stretching vibrations, and two
intense CO stretching bands at 2002 and 1938 cm-1. These IR
signals closely resemble those of1. The Raman spectrum of2, in
the solid state, shows one CN band at 2101 cm-1 and two CO bands
at 2002 and 1936 cm-1. The disappearance of one CN band in the
Raman spectrum indicates a trans configuration of two CN ligands,
in accordance with the X-ray derived structure.

Treatment of a CH3OH solution of1 with Ni(PPh3)Br(S2CNR2)11

(S2CNR2 ) dithiocarbamate) in acetone led to an immediate color
change from light red to greenish brown. After stirring for 3 h at
-40 °C and for further 1 h at 0°C, the thiolate-bridged dinuclear
Ni-Fe complexes (PPh4)[(CO)2(CN)2Fe(µ-pdt)Ni(S2CNR2)] (3a;
R ) Et, 3b; R2 ) -(CH2)5-) were obtained in 74 and 90% yields,
respectively. Alternatively, complex3a was also prepared from2,
but due to a necessary crystallization step, the yield was 31%. In
solution, both 3a and 3b are thermally unstable at ambient
temperature and moderately sensitive to oxygen. Thus, maintain-
ing an acetonitrile solution of3a at room temperature resulted in
the precipitation of a brown solid and gradual formation of
[Ni(CN)2(S2CNEt2)]- in the solution, as monitored by ESI-MS.
According to the1H NMR spectrum,3a and3b are diamagnetic,
presumably consisting of low-spin NiII and FeII ions. The six
methylene protons of the pdt ligand are observed as four sets of
1H NMR signals (2:2:1:1), indicating the formation of a thiolate-
bridged dinuclear structure. The Raman spectrum of3a in CH3OH
reveals one CN stretching band at 2113 cm-1 and two relatively
broad CO stretching bands (ν(CO)) at 2040 and 1991 cm-1. The
IR spectrum in CH3OH shows two CN bands at 2110 and 2094
cm-1, and this together with the Raman signature suggests a trans
disposition of two CN ligands on Fe. Theν(CO) region of the IR
spectrum is somewhat complicated, exhibiting two intense bands
at 2044 and 1994 cm-1, one with moderate intensity at 2031 cm-1,
and a shoulder on the low-energy side of the 1994 cm-1 band.
Likewise, there are four CO bands in the IR spectrum in KBr; 2031
(s), 2015 (m), 1977 (s), 1959 (m) cm-1. The reason for the extra
pair of CO bands is not clear, but the systematic shift to higher
wavenumbers, relative to those of2 (2002 and 1938 cm-1 in KBr),
points to S-bridging between Fe and Ni, by whichπ-donation from
S to Fe, and then to CO, is weakened.

X-ray analyses of3a and3b confirmed that the two S atoms of
pdt bridge iron to nickel, and that two CN ligands on Fe are trans
to each other. Since the coordination geometries of3a and3b are
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practically the same, only the ORTEP drawing of3a is shown in
Figure 1. A distinction between CO and CN was unequivocally
made by a clear difference in Fe-CN and Fe-CO distances (av
1.927 versus av 1.779 Å). Complexes3a and 3b reproduce well
the structural feature of the active site of [NiFe] hydrogenase in
that the two thiolate S atoms link Fe and Ni, the Ni is coordinated
by four S atoms, and the Fe carries both CO and CN ligands.
Important geometrical parameters of3a and3b are compared with
those of the oxidized forms ofD. gigasandD. fructosoVorans in
Table 1. The Fe(Ni)-S and Fe-Ni distances are all comparable,
except for the unusually long Ni-S(bridge) bond length inD. gigas.
One obvious difference between our model complexes and the
oxidized forms is the number of bridging ligands. The triply bridged
structure of the oxidized form ofD. gigasresults in a smaller Fe-
S-Ni angle, and yet the Fe-Ni distance remains long, whereas
the doubly bridged Fe-Ni bond of the reduced form of eitherD.
Vulgaris (Miyazaki) or Dm. baculatumis substantially short. It is
not likely that the Ni-Fe distance is dictated by the number of
bridging atoms, but is rather controlled by the oxidation state and/
or spin state of metal centers. The coordination geometry of Ni in
3a and3b is close to square planar with the dihedral angles of 8.0
and 4.0 (av)°, respectively, between the [NiS1S2] and [NiS3S4]
planes. This is in contrast to the highly distorted NiS4 geometry of
the oxidized and reduced forms of [NiFe] hydrogenases.

It is known that carbon monoxide acts as a reversible inhibitor
of hydrogenases,12 and the incoming CO is thought to be bound to
Ni, on the basis of spectroscopic and X-ray crystallographic study.13

However, the six-coordinate nature of Fe in3a,b with two CO
ligands implies that extra CO on iron could be another possibility.
Although there are some discrepancies between the structures of
3a,b and the active sites of [NiFe] hydrogenases, they are the closest
yet structural models containing many important features, and this
should facilitate better understanding of physicochemical properties
and the structure-function relationship of hydrogenases.
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Scheme 1

Figure 1. Anion part of3awith thermal ellipsoids at 50% probability level.

Table 1. Comparison of Selected Bond Distances (Å) and the
Fe-S-Ni Angle of 3a, 3b, and the Oxidized Form of D. gigas and
D. fructosovorans

3a 3b D gigas D. fructosovorans

Fe-Ni 3.0587(6) 3.0364(8) 2.9 2.9
Fe-S-Nia 84.43 84.71 73.7 b
Fe-S(bridge)a 2.337 2.338 2.2 2.4
Ni-S(bridge)a 2.213 2.111 2.6 2.4
Ni-S(terminal)a 2.206 2.209 2.2 2.3

a Averaged.b Data not deposited in the protein data bank (PDB).

C O M M U N I C A T I O N S

J. AM. CHEM. SOC. 9 VOL. 127, NO. 25, 2005 8951


