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Carbon monoxide is a substrate for two distinct reactions
catalyzed by the ironnickel-containing enzyme carbon mon-
oxide dehydrogenase (CODM3. The oxidation of CO to CQ
occurs at one site (center C) while CO combines with a methyl
group to form an acetyl group at the second site (center A).

Both of these reactions occur at reaction centers that involve
closely coupled Ni and Fe centers. Recent vibrational studies
have suggested that the CO is bound to iron and not to nickel

at center A and that nickel is involved in the CO oxidation at
center C2 CO has also been used as an inhibitor and a
spectroscopic marker for the nickgton-containing hydroge-
nase enzymes. Two distinct CO adducts of the nickeiron
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Figure 1. Structural diagram of [Ni(PS3*)(CO)j 1. Selected bond
distances (A) and angles (deg): 761, 2.352(6); Ni-S2, 2.274(5);
Ni—S3, 2.312(6); Ni-C37, 1.75(3); Ni-P1, 2.089(6); C3#01, 1.15-
(2); SI-Ni—S2, 122.6(2); StNi—S3, 109.8(2); S2Ni—S3, 124.2-
(2); S1-Ni—P1, 82.6(2); S2Ni—P1, 83.8(2); S3Ni—P1, 85.1(2);
S1-Ni—C37, 98.1(9); S2Ni—C37, 92.8(8); S3Ni—C37, 97.9(8);
P1-Ni—C37, 176.4(8).

Subsequent addition ofri{Bu)sN]Br provides crystalline [-
Bu)sN][Ni(PS3*)(CO)] (1) in good yield® [(n-Bu)sN][Ni-
(PS3*)(CO)] was shown to be diamagnetic and to exhibit an
IR stretch at 2029 cmi assigned to the Ni(IB-CO center.

The X-ray structure of fi-Bu)sN][Ni(PS3*)(CO)] (Figure 1)
reveals a distorted trigonal bipyramidal structure with the CO
in the axial positiortransto the phosphorus atoti. The three
equatorial thiolate ligands show a distortion from rigordlss

hydrogenases have been spectroscopically detected: (1) an EPRYMmetry with S-Ni—S angles of 122.6(2), 109.8(2), and

active form which displays hyperfine couplings indicating direct
Ni—CO coordinatiof and (2) a postulated Ni(HJCO form
which displays a CO stretch at 2060 th? The recent X-ray
structure determination of the nickdron-containing hydro-

124.2(2¥ and Ni—S distances of 2.352(6), 2.274(5), and 2.312-
(6) A. The Ni center is situated 0.3 A out of the plane defined
by the three S atoms and toward the CO ligand. The Ni@)
distance is 0.07 A longer than the corresponding distances in

genase revealed that the nickel is bridged by two cysteines to[Ni"' (PS3*)(N-methylimidazole)], which is consistent with the

a second metal which is presumably ifonin both the

anticipated difference in metabulfur distances of Ni(ll)/Ni-

hydrogenase and CODH enzymes substantial cysteine coordina{l!l) oxidation levels®

tion to the metal centers has been established or sugdested.

[(n-Bu)sN][Ni(PS3*)(CO)] is the first example of a structur-

We report the synthesis and characterization of the first exampleally characterized NtCO complex with thiolate ligands.

of a nickel(ll) thiolate-CO complex and its Fe(ll) analog, which
is an unprecedented paramagnetic Fe(@D complex.

Nickel complexes of the tripod phosphine trithiolate ligand
tris(2-thiophenyl)phosphine (PS3) and its sterically hindered

Nickel(l) thiolate-CO complexes have been generated in
solution but have not been isolat€d.It is noted that Ni(ll}-
CO complexes with any type of ligand are rdfeThe axial
coordination of the CO irl contradicts the molecular orbital

analog tris(3-phenyl-2-thiophenyl)phosphine (PS3*) have been prediction of a preference for equatorial coordinationreicid

recently investigate#l. The reaction of Ni(acagwith Li3[PS3*]
in MeOH generates a yellow-brown solution which changes to
a deep green color upon the addition of carbon monoxide.
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ligands in trigonal bipyramidal®tompound$? Examples are
known for both axial and equatorial coordination of CO in
trigonal bipyramidal Ni(ll) compounds. In NiXCO)(PMe),

(X = ClI, 1)12abthe CO occupies an equatorial position, while
in Nil(CO)(1,1-bis(dimethylarsine)ferrocen&j the CO coor-
dinates in the axial position. The axial coordination of CO in
the latter compound was rationalized to result from the constraint
of the bidentate arsine ligand. Likewise, the coordination of
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Figure 2. Structural diagram of [Fe(PS3*)(CQ)] 2. Selected bond
distances (A) and angles (deg): F81, 2.290(4); FeP1, 2.165(7);
Fe—C13, 1.88(3); StFe-S1, 119.35(3); StFe—P1, 85.4(1); S+
Fe—C13, 94.6(1); P+Fe—-C13, 180.00.
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Figure 3. Moéssbauer spectra of polycrystalliBeecorded in zero field
at 4.2 K (A) and in a parallel 8.0 T field at 10 K (B). Solid lines are
spectral simulations based on eq 1 assuming fast spin relaxation.

the CO in the axial position il may be the result of the
structural constraint exerted by the tripod ligand.

The coordination of CO to nickel irl is robust. The
application of a continuous vacuum to a solutionldah DMF
does not result in the loss of the CO ligand. This is in contrast
to the lability of the CO ligand in some of the previously
reported Ni(ll)-CO complexed213® However, attempts to
oxidize 1 to a Ni(lll)—CO species result in loss of CO.
Electrochemical studies df indicate an irreversible oxidation
at +270mV (vs SCE) and an irreversible reduction-a¢00
mV.

The iron analog ofl is synthesized by the reaction of
FeCb-4H,0O with Li3(PS3*) in CHCN under a CO atmo-
spheré [EuN][Fe(PS3*)(CO)] @) crystallizes in a cubic space
group such that the anion has a crystallograghiexis (Figure
2).15 The iron is situated 0.19 A out of the; plane with an
Fe—S distance of 2.290(4) A. The F€ distance (1.88(3) A)
is 0.1 A longer than the corresponding-NG distance inl.
There are numerous examples of Fe{lDO complexes includ-
ing examples with thiolate ligand8. The CO stretching
frequency (1940 cmt) of [EsN][Fe(PS3*)(CO)] is the same

(14) For2, UV—vis in DMF (1, nm (em)) 332 (1.24x 10%), 357 (1.18
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A,V =3999.2(2) B, Z = 4. A total of 648 unique reflections with >
30(l) were refined toR = 0.052 andR, = 0.055. The NEi cation was
located on a 3-fold axis and was disordered.
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in solution and in the solid state, indicating that the solid state
structure is unchanged in solution. Compoudexhibits a
reversible oxidation a#0.083 V (vs SCE). However, bulk
electrolysis indicates the oxidation is associated with loss of
CoO.

Carbon monoxide compounds usually have low-spin elec-
tronic states. A diamagnetic ground state is not permitted for
a & compound with an undistorted trigonal bipyramidal
structure. Accordingly, [NE}[Fe(PS3*)(CO)] shows isotro-
pically shifted resonances in thel NMR* and a solid state
magnetic susceptibility that are consistent with a paramagnetic
ground state. A paramagnetic FetO complex has not been
previously reported?

We have recorded Misbauer spectra @ffrom 4.2 to 200 K
in applied fields up to 8.0 T. These spectra show tha an
integer spin paramagnet, and they impose axial symmetry on
the spin Hamiltonian used in the simulations. This symmetry
is in accord with the X-ray structure. The 4.2 K zero-field
spectrum of Figure 3 exhibits a sharp quadrupole dotfléth
AEqg = 2.31(2) mm/s andd = 0.25(1) mm/s (relative to Fe
metal at 298 K). The low value o rules out a high-spin
ferrous site, whereas the observed paramagnetism is in conflict
with a low-spin ferrous site. Thus, the data suggest a ground
state with intermediate spl= 1 for 2. The M&ssbauer spectra
were simulated with th& = 1 spin Hamiltonian

H=D(S] — %) + gBH-S + S-A'l +Y;AEL(3I,> = *7,)

1)
for whichD = 4+30(6) cn?, g, = go = 2,1° Ay = —6.5 MHz,
A; = —48 MHz, andAEg = —2.31 mm/s. The negative sign
of AEq suggests a concentration of negative charge alpng
i.e., along the C&Fe—P axis. Electronic structure calculations
aimed at an interpretation of the fine and hyperfine structure
parameters of are in progress.

The lack of precedents for Ni(ll)(CO) in model thiolate
compounds has been a justification for discounting their
existence in biological systems. This work suggests that CO
coordination to a biological Ni(ll) cysteine center must be
considered as a viable possibility. This work also suggests that
a Fe(Il)(CO) center in a non-heme iron protein could be
paramagnetic. The reactivity of these nickel and iron thietate
carbonyl complexes are being investigated in an attempt to
model the acetyl-CoA synthase function of CO dehydrogenase.
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(17) Another example of a paramagnetic Fe(ll)(CO) compound was
published after this paper was submitted for publication. Ray, M.; Golombek,
A, P.; Hendrich, M. P.; Young, V. G., Jr.; Borovik, A. 3. Am. Chem.
Soc.1996 118 6084.

(18) The spectrum of Figure 3 reveals a paramagnetic contaminant,
amounting to 5% of total Fe.

(19) A magnetic susceptibility measurementoht 298 K (sample of
Figure 3) yielded a magnetic moment of 2.81 BM (different synthetic
samples gave values of 2:82.85 BM). Taking into account the observed,
but unidentified, impurity, a magnetic moment between 2.74 and 2.86 BM
was obtained foR. This result confirms th&= 1 assignment for compound
2 and indicates thag = 2. For a given value ob, the low-temperature
magnetic hyperfine interactions in the-y plane are proportional tg-A-/

D, while those along the axis depend essentially @pAe PXT; i.e., A, D,
andg are strongly correlated.




