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Certain hydrogenases ([NiFe]H2ase) and carbon monoxide
dehydrogenase (CODH) are nickel-containing enzymes found
in methanogenic, sulfate-reducing, and acetogenic bacteria that
catalyze the oxidation of H2, reduction of H+ and CO oxidation,
acetyl-CoA synthesis, respectively.1 While the designed role
for each is distinct, the primary coordination sphere about Ni
in each is predominantly (or solely) sulfur ligation. The
structure of the [NiFe]H2ase fromDesulfoVibrio gigas, recently
determined by X-ray methods, revealed the Ni to be coordinated
to four cysteines in a distorted geometry.2 In CODH, there are
two catalytically distinct, yet structurally similar, Ni sites,
clusters A and C, in which the average Ni environment as
deduced from Ni EXAFS is S4 or N(O)2-3S2.3 Our current
mechanistic understanding of these enzymes suggests that during
catalysis the Ni cycles through the Ni(I) oxidation state.1 The
reduction from Ni(II) occurs atE1/2 ) -235 mV for [NiFe]H2-
ase (Ni-C) and atE1/2 ) -541 mV for CODH (NiFeC).4

While low molecular weight complexes have modeled the Ni-
(II/III) redox couple in an S-only environment, to our knowledge
there is no example of a homoleptic NiIISx system that yields a
stable NiISx homologue upon chemical reduction.5,6 Our
understanding of these nickel-containing metalloenzymes would
be greatly enhanced by the synthesis and characterization of
model complexes that stabilize the+1 oxidation state in a sulfur-

only ligation sphere. This account details our successful efforts
toward stabilizing Ni(I) in such a coordination environment
using poly((methylthio)methyl)borates as monoanionic chelates.7

Reaction of 2 equiv of [Bu4N]Ph2Bt8 with Ni(BF4)2‚6H2O
in acetone resulted in precipitation of a deep red solid, [Ph2-
Bt]2Ni, 1, in 55% yield, eq 1. Electronic and1H NMR

spectroscopies9 were consistent with a square planar structure
(S ) 0), which was confirmed by X-ray diffraction.10 The
molecular structure of1 is depicted in Figure 1. The Ni ion
resides on a crystallographic inversion center which renders
trans thioethers metrically equivalent and ensures a planar
ligation sphere. The Ni-S distances of 2.200(1) and 2.240(1)
Å are similar to the Ni-Seq distance observed in theD. gigas
[NiFe]H2ase structure (average of 3 Ni-Seq ) 2.25 Å, Ni-Sax
) 2.6 Å)2 and in one of the Ni EXAFS studies on CODH (2.23
Å).3 The bond lengths are also consistent with other Ni(II)-
S(thioether) distances in square planar geometries and areca.
0.1 Å longer than Ni(II)-S(thiolate) bond lengths.11 The bite
angle of the borate chelate is slightly less than ideal:∠S(1)-
Ni-S(2)) 86.31(4)°. The six-membered chelate ring resides
in a twisted-boat conformation which orients one of the CH3

groups (C(15)) essentially perpendicular to the S4 plane
(displacement from S4 plane 1.66 Å) while the other (C(16))
lies nearly in the S4 plane (displacement from S4 plane 0.11
Å). This disposition of the chelate places the phenyl substituents
in distinct positions. One (Pheq) is directed away from the Ni,
while the other (Phax) is located directly above the NiS4 plane.
This latter orientation results in phenyl canopies protecting the
open axial coordination sites with the Phax centroid-Ni distance
equal to 3.79 Å. A similar placement of pseudoaxial Ph groups
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has been noted in the structure of [Ph2B(pz)2]2Ni, in which the
Phax centroid-Ni distance equals 3.45 Å.12

While the orientation of the Phax groups suggests a measure
of kinetic protection from exogenous substrates, the1H NMR
spectrum at 27°C reveals that in solution the Ph groups are
magnetically equivalent. Cooling the solution to-50°C results
in a slow-exchange spectrum with two sets of Ph resonances.13

These spectra are consistent with a fluxional process in which
the twist-boat rings are inverting to a second twist-boat
configuration, thus exchanging the Pheq and Phax positions.
The cyclic voltammogram of1 displayed a single, quasi-

reversible wave at-421 mV (vs NHE)14 assigned to the Ni-
(II/I) couple. This potential is intermediate between those of
[NiFe]H2ase and CODH and is significantly positive of that of
Ni(tpttd), the only other NiS4 chromophore that exhibits an
electrochemically reversible Ni(II/I) couple (E1/2 ) -1180
mV).5 While thiolate ligation favors higher oxidation states (Ni-
(III)), thioethers stabilize lower oxidation states (Ni(I), Ni(0)).
In general however, Ni(I) ions are unstable with respect to
disproportionation to Ni(II) and Ni(0). For example, the more
rigid square planar [Ni([14]aneS4)]2+ decomposes upon at-
tempted reduction.15 Remarkably,1may be chemically reduced
with Na/Hg amalgam, resulting in a color change from red to
yellow. Frozen THF solutions of the reduced species exhibited
a rhombic EPR spectrum, Figure 2, withg1 ) 2.27,g2 ) 2.11,
andg3 ) 2.03, consistent with metal-centered reduction.16 The
quasi-reversible reduction and the rhombic EPR signal are

consistent with a NiIS4 species which is structurally distinct from
its square planar Ni(II) derivative.
The present system demonstrates thatthioethersare competent

ligands for modeling the Ni(II/I) potential for enzyme active
sites that containthiolatesin the primary coordination sphere.
We set forth several rationales that may explain this finding.
First, if the cysteines are involved in H-bonding, their donor
ability would be greatly diminished and the redox properties
significantly altered.6g,17 Under these conditions, thioethers may
serve as more accurate ligand models in aprotic solvents.
Second, the monoanionic borate chelates employed in this study
allow the preparation of neutral complexes of divalent metal
ions. The overall complex charge is a significant factor in
determining redox potentials.7 Finally, in the [NiFe]H2ases and
CODH the Ni ions are coupled to redox-active Fe centers.1,2

The extent to which the Fe serves to modulate the Ni(II/I)
potential, while not known, is certainly substantial.18 Current
efforts are directed toward the synthesis of Ni-Fe4S4 systems
with the aim of evaluating the latter.
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Figure 1. Thermal ellipsoid plot of1 at the 35% probability level
with hydrogen atoms removed for clarity. Selected bond distances (Å)
and bond angles (deg): Ni-S(1), 2.244(1); Ni-S(2), 2.200(1); S(1)-
Ni-S(1A), 180.0; S(2)-Ni-S(2A), 180.0; S(2)-Ni-S(1), 86.31(4);
S(2)-Ni-S(1), 93.69(4).

Figure 2. X-band EPR spectrum of Na[(Ph2Bt)2Ni] in THF at 77 K.
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