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A combination of protein crystallography and vibrational
spectroscopy has established a [(Cys-S)2Ni(µ2-S-Cys)2Fe(CO)-
(CN)2] binuclear unit as the active site of the Ni-Fe hydroge-
nase enzymes.1-3 Previously, neither CO nor CN- had been
found as a native ligand in a metalloprotein. In addition to the
two bridging cysteines, there is crystallographic evidence for a
light atom (X) bridging the two metal centers.1 Recent FTIR
studies indicate that the various redox states of the enzyme give
characteristic shifts in the CO and CN stretching frequencies.1a,2

The shifts in the stretching frequencies (CO 1950-1898 cm-1;
CN 2093-2044 cm-1) could reflect (a) changes in oxidation
states of the iron center, (b) changes in electron density on the
iron center caused by changes in the redox state of the nickel
center and/or (c) changes in the ligation of the iron center (i.e.,
the X ligand). Vibrational bands consistent with CO and CN-

or similar multiply bonded diatomics have also been found in
iron-only hydrogenases.2b An [FeII-CN-Ni] assembly has
been proposed for cyanide inhibited carbon monoxide dehy-
drogenase.4 As has been frequently the case in the history of
bioinorganic chemistry, a metalloprotein center has been
discovered with no counterpart among the synthetic coordination
complexes. The coordination chemistry of iron(II) complexes
with CN- and CO as ligands is severely limited.5 We report
the synthesis and characterization of the first iron(II) thiolate
complex with CN- and CO ligands and its reversible oxidation
in solution to an Fe(III) species.
The reaction of 3 equiv of NaCN with FeCl2‚4H2O and Li3-

PS36 in MeOH followed by the addition of Me3BzNBr gives
[Me3BzN]2[FeII(PS3)(CN)] (HOMe) (1).7 A related synthesis
in which the Fe(II) species is oxidized with air gives an Fe(III)
analog of 1, [Li(DMF) 3][FeIII (PS3*)(CN)] (2).6,8 Both 19
(Figure 1) and210,11 have trigonal bipyramidal structures in
which the CN- is trans to the phosphorus. In1, there is a
hydrogen-bonding interaction between a MeOH and the N of
the CN-. Compound2 exhibits a crystallographically imposed

C3 symmetry axis. The lithium cation is coordinated to the N
atom of the CN- ligand and to three DMF molecules.
Compounds1 and 2, which are the first crystallographically
characterized iron thiolate cyanide complexes, are structurally
similar to the previously reported [Et4N][FeII(PS3*)(CO)] (3).12
As was the case for3, compound1 contains an intermediate
spin ferrous ion (S ) 1, ground state), consistent with the
trigonal bipyramidal symmetry, which does not permit anS)
0 ground state.12 Compound2 has a magnetic moment (µeff
)1.82µB) consistent with aS) 1/2 ground state. There is a
large difference in the Fe-Save for 1 (2.29(2) Å) and2 (2.167-
(1) Å) but no significant difference in the Fe-CN distance
(1.947(4) Å in1; 1.938(7) Å in2). The CN stretching frequency
shifts to lower energy and to higher intensity upon reduction
from Fe(III) (2094 cm-1) to Fe(II) (2070 cm-1).13 Cyclic
voltammetric and controlled potential electrolysis studies indi-
cate that1 and2 are members of a three-membered electron
transfer series which includes the Fe(IV) analog. The midpoint
potential of the Fe4+/3+ couple (for1) is at 0.390 V, whereas
that of the Fe3+/2+ couple is at-0.588 V (vs SCE).
At 25 °C, reaction of1 with CO (1 atm) in methanol gives

[Ph4P]2[FeII(PS3)(CO)(CN)] (4) in 50% yield.14 The complex
crystallizes with the CO and CN- ligands lying on a crystal-
lographically imposed plane of symmetry (Figure 2).15 The CO
and CN- ligands are easily distinguished in the X-ray structure
with the CN- ligand remainingtrans to the phosphorus and
the CO ligand adding in the plane of the three thiolate donors.
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(7) Compound1: 1H NMR (DMSO-d6) -30.90 (3H),-9.04 (3H), 3.12
(18H), 3.56 (3H), 4.07 (3H), 4.48 (4H), 7.51 (10H); UV-vis in DMF, λ
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Rw ) 0.048.

(11) [Li(DMF)3][FeIII (PS3*)(CN)] (2). Selected bond distances (Å) and
angles (deg): Fe-S1 2.167(1); Fe-P1 2.141(2); Fe-C13 1.938(7); C13-
N1 1.143(8); Li1-N1 2.03(1); S1-Fe-S1′ 119.869(5); S1-Fe-P1 87.92-
(4); S1-Fe-C13 92.08(4); P1-Fe-C13 180.00.
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(14) Electronic spectrum of4 in DMF. λ (εM) 736 (2.70× 102), 511
(1.62× 103).

(15) Crystal data for4 (FeP3S3NO3C70H60): monoclinic,P21/m (No. 11),
a ) 10.710(3) Å,b ) 22.845(2) Å,c ) 12.307(3) Å,â )101.09(1)°, V )
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Figure 1. Structural diagram of [FeII(PS3)(CN)]2- (HOCH3) (1).
Selected bond distances (Å) and angles (deg): Fe-S1 2.306(1); Fe-
S2 2.279(1); Fe-S3 2.278(1); Fe-C1 1.947(4); Fe-P1 2.142(1); C1-
N1 1.156(4); S1-Fe-S2 117.25(5); S1-Fe-S3 119.11(25) S2-Fe-
S3 122.69(5); S1-Fe-P1 86.73(4); S2-Fe-P1 86.91(5); S3-Fe-P1
86.61(5); S1-Fe-C1 93.8(1); S2-Fe-C1 92.5(1); S3-Fe-C1 93.5-
(1); P1-Fe-C37 179.3(1).

8371J. Am. Chem. Soc.1997,119,8371-8372

S0002-7863(97)01139-6 CCC: $14.00 © 1997 American Chemical Society



The Fe-C(N) distance (1.950(8) Å) is similar to that in1. The
Fe-C(O) distance (1.710(8) Å) lies at the short end of the range
of Fe-C distances (1.70-1.80 Å) found for six-coordinate Fe-
(II) monocarbonyl complexes.16 The only other crystallographi-
cally characterized monomeric complex of iron with CN- and
CO ligands is the Fe(0) compound, [PPN][Fe(CO)4(CN)].17

Among non-structurally characterized complexes, [CpFe-
(CO)(CN)2]1- and [Fe(CO)(CN)5]3- are the most relevant.18,19

The IR spectrum of4 (DMF) displays sharp absorption bands
at 2079 and 1904 cm-1 which are assigned to CN and CO
stretches, respectively. The CN stretching frequency is shifted
by 9 cm-1 to higher frequency compared to that in1 while the
CO stretching frequency is shifted to lower energy by 36 cm-1

compared to that in3.12 As is observed for hydrogenase, the
CO stretch is more intense than the CN stretch.1a,2 Because
dilute solutions of4 show evidence for partial dissociation of
the CO ligand, solution spectroscopic and electrochemical
studies were performed under a CO atmosphere.
Mössbauer (4.2 K) spectra of polycrystalline4 are shown in

Figure 3. The zero field spectrum (A) exhibits a sharp
quadrupole doublet with∆EQ ) 0.91(2) mm/s andδ ) 0.15(1)
mm/s (with respect to Fe metal, at 298 K). The 8.0 T spectrum
of Figure 3B exhibits magnetic splittings entirely attributable
to the nuclear Zeeman interaction, i.e., the compound is
diamagnetic. Taken together, these data imply that4 is a low-
spin Fe(II) compound. A Mo¨ssbauer study20 of theChromatium
VinosumNi-Fe hydrogenase (1 Ni, 12 Fe) has revealed a
spectral component with unusually small isomer shift,δ∼0.05-
0.15 mm/s. The present study, together with the recent protein
IR and X-ray data,1,2 suggests that the unusual spectral
component should be assigned to the iron of the dinuclear Ni-
Fe cluster.20

The electrochemistry of4 (in DMF) shows a reversible
oxidation couple at-0.476 V (vs SCE). The combination of
CN- and CO as ligands does not effect a major shift in the
redox potential. For example,1 and [(PS3)FeII(N-methylim-
idazole)] show similar potentials. The chemical reversibility
of the Fe(III)/Fe(II) couple for4 was established by controlled
potential electrolysis. The CV of the electrochemically gener-

ated Fe(III) species shows the same reversible Fe(III)/Fe(II)
couple as4. The infrared spectra of solutions obtained by the
chemical oxidation of4 in DMF with Cp2FeBF4 show a CO
stretch at 2006 cm-1 and a CN stretch at 2108 cm-1. Attempts
are underway to isolate and structurally characterize this
FeIII (CO)(CN) species. FeIIICO species are unusual, with the
few previous examples limited to organometallic compounds.21,22

The redox induced shifts in the stretching frequencies of CO
(102 cm-1) and CN (29 cm-1) in 4 indicate the magnitude of
the shifts that could be expected for a redox change in similar
Fe(CO)(CN)2 centers in the enzymes. The total range of the
CO stretching frequency in the various states of Ni-Fe
hydrogenases is 50 cm-1, with smaller shifts occurring during
individual 1e reductions of the enzyme.1a,2 There are only small
differences in the CO stretching frequencies in the Ni-A (1944
cm-1), which is the most oxidized form of the enzyme, Ni-C
(1950 cm-1), and Ni-R (1936 cm-1), the most reduced form
of the enzyme.2 The comparison between the redox changes
in the IR frequencies in the Ni A/B/C and R states of the Ni-
Fe hydrogenases (of the order of 10 cm-1, or less) and those in
the present model complex (102 cm-1) suggests that the
oxidation state of the Fe in the binuclear site of the enzyme
stays unchanged upon oxidation/reduction. The EPR spectra
of the Ni-A/B states of hydrogenase showed that there is no
paramagnet close to the Ni site, which led to the conclusion
that the Fe site is a low-spin iron(II).
The discovery of the [Fe(CO)(CN)2] structural unit in

hydrogenase enzymes has raised many possibilities as to its
function in the activation and/or evolution of H2. Attempts to
model the [Fe(CO)(CN)2] hydrogenase center in more detail
are underway in our laboratories.
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Figure 2. Structural diagram of [FeII(PS3)(CO)(CN)]2- (4). Selected
bond distances (Å) and angles (deg): Fe-S1 2.319(1); Fe-S2 2.325-
(2); Fe-C1 1.950(8); Fe-C2 1.710(8); Fe-P1 2.152(2); C1-N1 1.154-
(8); C2-O1 1.173(7); S1-Fe-S2 94.39(4); S1-Fe-S1* 166.13(8)
S1-Fe-C1 95.71(5); S1-Fe-C2 85.83(5); S1-Fe-P1 84.91(5); S2-
Fe-P1 86.60(9); S2-Fe-C1 85.2(2); S2-Fe-C2 177.7(3); P1-Fe-
C1 171.8(2). C1-Fe-C2 92.5(3).

Figure 3. Mössbauer (4.2 K) spectra of polycrystalline4, recorded in
zero field (A) and an 8.0 T magnetic field, applied parallel to the
incidentγ-radiation, (B). The solid line in spectrum A is a least-squares
fit to the data, while the solid line in spectrum B is a spectral simulation
generated with the assumption that the electronic ground state of4 has
S) 0; this simulation also shows that∆EQ < 0 and 0.4< η < 0.8.
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