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Synthesis and Structure of a Water-Soluble Five-Coordinate Nickel Alkanethiolate Complex
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Research on the mechanism of hydrogenase (H,-ase) enzymes
has emphasized understanding the structure and function of the
nickel site.! On the basis of EPR,2 EXAFS,? XANES,4 and
ESEEMS studies, the nickel ion in H,-ase appears to be
mononuclear, redox active, and 5- or 6-coordinate with two to
four S ligands and at least one N ligand. Hydrogenases catalyze
H, activation/production and H,/D* exchange.l6 Dihydrogen
activation appears’ to be heterolytic and to occur at the Ni site.?
Most likely, this is assisted by a coordinated or nearby base®
[Ni-B: + H, — Ni(0-H;)~B: — Ni(H)--BH; shown for B: =
RS- in (1)] and would require that there be either a vacant or
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labile site on the Ni ion.!3 It is possible that a Ni-bound thiolate
could function as a base in H, cleavage [see (1)]. Given the
acidity of some transition-metal o-H; complexes,!© this is not
unreasonable. Ideally, the Ni-Se would be soluble in H,O in
order tomimic the biological conditions of the enzyme. However,
the thiolate chemistry of Ni(lIl} is dominated by a tendency to
irreversibly form either clusters'! or polymers,'? especially in
protic solvents. This can be avoided by using aromatic
thiolates!3-18 or rigid alkanethiolates,!® thiocarboxylates,?° or
thioamidates.2! Some of these have been shown to successfully
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model the inactive, aerobically isolated Ni(III) form of the H,-
ase.!%-21 Alkanethiolates are, of course, the preferred ligands
since they would be expected to be more basic and more closely
resemble a cysteinate residue. We report here the synthesis,
structure, and solution properties of a water-soluble, 5-coordinate,
mononuclear (alkanethiolato)nickel complex.

Complex 1, NiLsyme)Ns(pr), Was synthesized?? using a Schiff
basecondensation ata Nit2iontemplate.2* X-rayquality crystals
were obtained by slowly cooling a MeOH solution to -25 °C.25
The structure of 1is illustrated in Figure 1. The geometry about
the Ni(II) ion is nearly trigonal bipyramidal. The trigonal plane
is composed of two alkanethiolates and an amine nitrogen, while
the imine nitrogens assume axial positions. The most striking
feature of this structure is that 1 is mononuclear despite the lack
of bulky substituents near the alkanethiolate sulfurs. The only
other known 5-coordinate complexes!3.141617.26 incorporate ar-
omatic thiolates and, in some cases, steric bulk to prevent
oligomerization. Complex 1isthe firststructurally characterized
mononuclear, 5-coordinate alkanethiolate-nickel complex. The
most reasonable explanation for the mononuclearity of 1 is that
the rigidity of the imine linkages prevents expansion of the
coordination sphere to accommodate a sixth, bridging sulfur,
ligand. Also prominent in the crystal structure of 1 is the
asymmetry in the Ni—S distances; Ni~S(2) is substantially longer
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Figure 1. ORTEP diagram of NiLgaomeynacer) (1). Selected distances (A)
and angles (deg): Ni—=S(1),2.306(2); Ni~S(2), 2.359(2); Ni-N(1), 2.065-
(4); Ni-N(2), 2.068(4); Ni-N(3), 2.048(4); S(1)-Ni-S8(2), 135.3(1);
S(1)-Ni~N(1), 84.7(1); S(2)-Ni-N(1), 99.1(1); S(2)-Ni-N(2),
101.0(1); S(2)-Ni-N(3), 83.6(1); N(1)-Ni-N(2), 92.7(1); N(1)~Ni-
N(3), 177.3(2).
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Figure 2. Electronic spectra of 1in aprotic (py (-~), CHCl; (—), DMSO
(--)) vs protic (MeOH ( —-), H,0 (- - - -)) solvents. Protic solvents
cause the charge-transfer band at 398—400 nm to blue-shift (26—30 nm),
presumably by hydrogen-bonding to the thiolate sulfurs.

than Ni-S(1) [2.359(2) A vs 2.306(2) A]. Intermolecular
S(2)--H interactions?’ are probably responsible for the long Ni-
S(2) distance. S«+H bonding has been observed in the solid state
in at least two other nickel structures.2!28

Evidence for S-+H interaction is more clearly seen in the solution
electronic spectra of 1 (Figure 2). Complex 1is soluble in a wide
variety of solvents, but it is particularly soluble in protic solvents,
especially in H;O. Other examples of water-soluble Ni thiolates
have been reported;2® however, none of these possess the more
biologically-relevant 5- or 6-coordinate geometry. The spectra
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Communications

shown in Figure 2 contain charge-transfer bands in the range
300—450 nm. In all of the aprotic solvents investigated,? the
lowest energy band occurs at approximately the same energy. In
protic solvents, however, this band blue-shifts (2630 nm) in
proportion to the proton-donor ability of the solvent. If one
assumes that these bands are sulfur-to-nickel charge-transfer
bands,? then these observations suggest that intermolecular Se-H
bonding*! between 1 and solvent is stabilizing the w-symmetry
sulfur orbitals relative to the metal d orbitals. The observed blue
shift (30 nm or 5.8 kcal/mol) in going from CHCI, to H,O is
remarkably close to the energy of an H-bond (2-10 kcal/mol).32
Similar blue shifts have been observed with water-solubilized,
synthetic Fe,S, clusters.® Solvent binding,and /or decoordination
of an amine?! or thiolate, can be ruled out as being responsible
for the observed spectral differences of 1 in protic vs aprotic
solvents, since the lower energy d—d transitions (600-1000 nm;
not shown)?* do not shift or decrease in intensity. Demetalation
can also be ruled out by the fact that no free ligand is observed
in the 'H NMR spectra in either D,0 or CD;0D.*

The rigidity of the ligand in 1 affects both the ligand-binding
characteristics and the redox behavior. Strongly binding solvents
(py, Me-Im, MeCN) and anionic ligands (CN-, N3-) donot appear
to bind to the Ni ion of 1, on the basis of electronic spectral
studies. And, although solutions of 1 react with oxidizing agents
[I5, Fe(CN)g*-] to give weak transient EPR signals,?® 1 does not
appear toreact with common reducing agents (e.g., S;04%, BHy).
This contrasts with previously reported 5-coordinate NilS;N;
compounds,!é!” which form reduced Ni(I) derivatives upon
addition of S;042-, or BH4~.

In summary, both the solid-state and solution properties indicate
that the nickel-bound alkanethiolate sulfurs of 1 have an affinity
for protons, suggesting that it is possible, in the metalloenzyme
hydrogenase, that sulfur can act as either a proton storage site,
or as a participant in the promotion of heterolytic H; cleavage.
The observed S--H(H,0) interaction (~5.8 kcal/mol) with 1 is,
of course, small relative to an S-H (87 kcal/mol) bond. The
rigidity of the Schiff-base ligand of 1 favors a mononuclear
structure and inhibits reduction to Ni(I) and the binding of
additional ligands.
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