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Multi-frequency EPR spectroscopy on 61Ni-labelled samples
of [Ni2(L)]3+ confirms extensive charge-delocalisation be-
tween the Ni(III) centre and thiolate donors in the
Ni(II)Ni(III) complex.

The crystal structure of [NiFe] hydrogenase from Desulfovibrio
gigas confirms the presence of a highly unusual binuclear
[NiFe] centre (Ni–Fe = 2.9 Å) at the active site.1 The Ni centre
possesses S4 co-ordination comprising two terminal cysteinates
and two cysteinates which bridge to the Fe site which is also
bound to a CO and two CN2 ligands. The redox chemistry of the
active site of [NiFe] hydrogenase is particularly rich and at least
nine spectroscopically distinct states associated with four redox
levels of the enzyme have been identified.2 The oxidised,
catalytically-inactive Ni-A and Ni-B forms exhibit distinct EPR
signals that have been assigned to a formal “Ni(III)Fe(II)” state
containing cysteine-thiyl radical character.2 Evidence for this
redox non-innocence of the cysteinate ligands at the active site
of [NiFe] hydrogenase derives from EPR spectroscopic studies
on small molecule analogues,3 on the 33S-labelled enzyme4 and
on single crystals of [NiFe] hydrogenase from D. vulgaris.5
Orientation-selected ENDOR spectroscopic studies5 on [NiFe]
hydrogenase from Chromatium vinosum and theoretical calcu-
lations also support considerable thiyl radical character in the
Ni-B form of the enzyme.6

We report herein the degree of electron delocalisation within
a formally Ni(III) complex containing bridging thiolate ligation
as a measure of the potential redox non-innocence of thiolate
donors bound to Ni. This was achieved by a multi-frequency
EPR spectroscopic study on the one-electron oxidation product
of [Ni2(L)]2+.7 This compound offers a unique opportunity to
probe the Ni(III) state in the presence of a protected dithiolate
bridge and in a geometry about Ni that resembles that of the
active site of [NiFe] hydrogenase.8

[Ni2(L)]2+ shows a reversible oxidation at E1⁄2 = +0.55 V vs.
Fc–Fc+ assigned to the formation of a formal Ni(II)Ni(III)
species.9 This assignment, however, is simplistic and does not
take into account potential covalency of the Ni–S bond.10

Coulometric studies confirm the oxidation to be a one-electron
process and UV/Vis spectroelectrochemistry at 273 K demon-
strates a fully reversibile [Ni2(L)]2+/3+ couple. Furthermore, the
cyclic voltammogram of chemically prepared [Ni2(L)]3+ [lmax
= 510 (emax = 245); 865 nm (85 M21 cm21)] is identical to that
of the starting material [Ni2(L)]2+.

The fluid solution X-band EPR spectrum of [Ni2(L)]3+

generated electrochemically in the presence of Bu4NPF6
exhibits a single line at giso = 2.155. However, at S-band and
270 K a 1+2+3+2+1 pentet is resolved, due to hyperfine
coupling of the unpaired electron with two equivalent 14N
nuclei (I = 1, aiso(N) = 17 3 1024 cm21). The S-band
spectrum of an 86.2% enriched 61Ni (I = 3/2) sample of
[Ni2(L)]3+ under identical conditions reveals extra structure due
to the 61Ni hyperfine interaction. Simulation using identical
parameters to those determined for the natural abundance
sample,11 and with the 61Ni hyperfine coupling constant as the
only variable, gives Aiso(Ni) = +5.9 3 1024 cm21. The positive
sign of Aiso(Ni) is determined by simulation of the mI
dependence of the linewidths.11 Significantly, good simulations
for this and all other EPR spectra in this work (see below) were
only possible assuming hyperfine coupling to one Ni centre.

The frozen solution X-band EPR spectrum of [Ni2(L)]3+ is
near axial with a well-resolved 1+2+3+2+1 pentet structure in
the parallel region, with slight rhombicity in the perpendicular
region in addition to hyperfine structure (Fig. 1a). The hyperfine
resolution is improved markedly at S-band as expected (Fig.
2a). The spectra at both frequencies can be simulated with gx =
2.202, gy = 2.187, gz = 2.035, with hyperfine coupling to two
14N with ax(N) = ay(N) = 17 3 1024 cm21, az(N) = 19 3
1024 cm21 (Figs. 1a and 2a). Extra hyperfine structure is
resolved on 61Ni-enrichment at S- and X-band, and simulations
using the same parameters as for the natural abundance spectra
gives Ax(Ni) = ±19 3 1024 cm21, Ay(Ni) = ±16 3 1024 cm21

and Az(Ni) = ±17 3 1024 cm21 (Figs. 1b and 2b).
The pattern of the g-values gx ≈ gy > gz ≈ ge (ge = the free

electron g-value, 2.0023) is indicative of a dz2 ground state
where the z axis is perpendicular to the plane of the molecule. In
this case the principal values of the g and 61Ni A-matrices are
given by eqns. (1)–(6):13

Fig. 1 X-band EPR spectra of [Ni2(L)]3+ in MeCN at 110 K: (a) natural
abundance (upper) and simulation (lower) with the parameters in the text;
(b) 86.2% 61Ni enriched (upper) and simulation (lower) with the parameters
in the text. Simulations use Gaussian linewidths of Wx = 17 G, Wy = 17 G
and Wz = 12 G.
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gx = ge 2 6l/Dyz (1)

gy = ge 2 6l/Dxz (2)

gz = ge (3)

Ax = As + P[22a2/7 + Dgx + Dgy/14] (4)

Ay = As + P[22a2/7 + Dgy + Dgx/14] (5)

Az = As + P[4a2/7 2 (Dgx + Dgy)/14] (6)

where Dgi = gi2 ge, As is the Fermi contact interaction, l is the
spin-orbit coupling constant for Ni, P is the electron-nuclear
dipolar coupling parameter for Ni (P = 2124.3 3 1024 cm21),
a is the LCAO coefficient of the dz2 orbital in the singly-
occupied molecular orbital (SOMO) and Di (i = xy, xz) are the
energy separations between the ground state and excited states.
Eqns. (1)–(6) can be combined to give eqn. (7),13

Az 2 < A > = P[4a2/7 2 17/42(Dgx + Dgy)] (7)

where < A > = (Ax + Ay + Az)/3. The molecular z axis can be
assigned from the pattern of the g-values because gz ≈ ge. Eqns.
(4)–(6) imply that Az should be more negative than Ax or Ay (P
is negative). Furthermore, the small magnitude of Aiso(Ni) =
+5.9 3 1024 cm21 implies that one of the anisotropic values
must be opposite in sign to the other two and to Aiso. Thus we
have Ax = +19 3 1024 cm21, Ay = +16 3 1024 cm21 and Az
= 217 3 1024 cm21 ( < A > = +6 3 1024 cm21).

Solving eqn. (7) with these values gives a2 = 0.59 (taking the
opposite signs for all A(Ni) values gives negative values for a2,
thus supporting our assignments). Thus, the singly occupied
molecular orbital (SOMO) is 59% localised in the dz2 orbital of
one of the Ni centres. The rest of the unpaired electron density
is delocalised over the ligand set, but not significantly on the
second Ni atom since there is no hyperfine coupling observed to
it. The pattern of a(N) values (axial about z) indicates that these
couplings may be due to co-ordinated MeCN ligands in the axial
positions of the Ni centre, rather than the in-plane 14N nuclei in
L. A simple calculation gives the unpaired electron density in
each of the 14N orbitals as ca. 4%. There is no evidence of
further hyperfine coupling to the in-plane 14N nuclei and these
couplings must be significantly smaller than the experimental
linewidths (15 G).

Thus, a significant proportion (ca. 30%) of the unpaired
electron density in [Ni2(L)]3+ must be delocalised onto the

bridging thiolate ligands and not onto the second Ni atom.
Furthermore, [Ni2(L)]3+ cannot be viewed as containing a pure
“Ni(III)” centre. Rather the charge delocalisation for the Ni–
(SR) fragment in [Ni2(L)]3+ must lie between the [NiIII–(2SR)]
and [NiII–(·SR)] redox extremes. This redox non-innocence of
thiolate ligands bound to Ni may be very important in
controlling the reactivity of the active site of [NiFe] hydro-
genase and suggests that the Ni-A and Ni-B forms of this centre
should be viewed as being charge delocalised across one or
more of the cysteinate donors at the active site.
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Fig. 2 S-band EPR spectra of [Ni2(L)]3+ in MeCN 110 K: (a) natural
abundance (upper) and simulation (lower) with the parameters in the text;
(b) 86.2% 61Ni enriched (upper) and simulation (lower) with the parameters
in the text. Simulations use Gaussian linewidths of Wx = 15 G, Wy = 15 G
and Wz = 12 G.
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