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ABSTRACT: We have prepared and characterized a Ni
complex with an N3S2 ligand set (1) that represents the first
isolable synthetic model of the reduced form of the Ni-SOD
(SOD = superoxide dismutase) active site featuring all
relevant donor functionality in the proper spatial distribution.
As revealed by X-ray crystallography, the axial py-N donor of
1 does not bind NiII in the solid state or in solution like SOD.
Oxidation of 1 provides a disulfide-linked dinuclear species,
[{Ni(N3S2)}2] (2), which we have isolated and character-
ized. Moreover, the 1f 2 conversion is reversible, much like
redox cycling in the enzyme.

Superoxide dismutases (SODs) are crucial metalloenzymes
that maintain and regulate superoxide (O2

•�) levels in many
aerobic organisms, including humans, and are essential for overall
health and survival.1 Ni-SODs,2�5 however, are true outliers in
the SOD family; they have little in common structurally or
spectroscopically with other SODs and offer a new perspective
on reactive oxygen species (ROS) regulation in biology. In the
reduced NiII state (Ni-SODred), the Ni ion is contained in an
unprecedented environment consisting of one primary amine-N,
one anionic carboxamido-N, and two thiolato-S donors to com-
plete a square-planar NiN2S2 coordination motif (Chart 1).3 In
the NiIII state (Ni-SODox), the geometry changes to square-
pyramidal via axial ligation of the His1 imidazole-N (Chart 1).3

Ni-SOD represents one of the few examples of a metallosulfur-
based enzyme that is directly involved in ROS control,6 because
of the deleterious O2 reactivity associated with Cys-S.7 Further-
more, although not ubiquitous in biology, the carboxamido-N/
thiolato-S motif has been found in only a handful of metalloen-
zymes that catalyze very different reactions,8 none of which
involve ROS or O2 activaton. Thus, understanding the funda-
mental chemistry that occurs at this unusual Ni cofactor could
have potential implications in health9 and in chemical synthesis
via Ni-catalyzed O2 activation.
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Designing and constructing small-molecule analogues is one
such mechanism to further our understanding of this complex
metalloenzyme. However, assembling a true structural and func-
tional model of the Ni-SOD active site is a formidable task because
of the inherent difficulties associated with metallosulfur chemistry.
To date, models have been dominated by peptide maquettes,11

small peptides,12 and discrete low-molecular-weight systems with
both approximate13 and accurate14 Ni-SOD coordination spheres.

Excluding the functional maquettes, none have reproduced the
exact N3S2 set found at the active site. Indeed, the presence of the
axial N-donor is notably absent from all Ni-SOD models.15 The
axial N-His is postulated to play a role in stabilizing NiIII, and
mutants lacking this ligand display almost no activity.3b,4b Clearly,
the study of this interaction in a well-defined model will provide a
step toward understanding themechanism of this enzyme. Herein,
we present the synthesis and properties of K[Ni(N3S2)] (1) as the
first Ni-SODred model containing a spatially and electronically
accurate N3S2 ligand frame.

Red crystals of 1 were obtained over 48 h by recrystallization
from 1:1 MeOH/Et2O at RT. Analogous to Ni-SODred, the Ni

II

ion in 1 is housed in a mixed amine/carboxamide/dithiolate
square-planar N2S2 environment, with the N of the appended py
unbound but in close proximity (∼3.2 Å) to Ni (Figure 1 and
Table S2 in the Supporting Information, SI). As observed in
other Ni-SOD models14 and in Ni-SODred from S. seoulensis,3b

the Ni�Ncarboxamide bond distance is shorter [1.8575(2) Å] than
the Ni�Namine bond [1.954(2) Å] because of strong carbox-
amide σ donation. The noncoordinated py-N is situated 3.210 Å
from Ni with its lone pair pointed ∼50� away from the NiN2S2
plane. The structural disposition of the py-N of 1 is nearly
identical with that of His1-N of Ni-SODred, which is twisted
∼55�60� from Ni and poised to coordinate via rotation of the
His1 Cβ�Cγ bond.3 Thus, as in Ni-SODred, Ni

II has no affinity
for being five-coordinate (5C) in the absence of substrate, and
complex 1 serves as a near-identical structural analogue.

The solution properties of 1 are typical of most square-planar
NiIIN2S2 complexes14,16 and confirm that the solid- and solution-
state structures are the same (S = 0 by 1H NMR, λmax = 449 and
570 nm in MeOH; see the SI). Cyclic voltammetry (CV)

Chart 1. Active Site of Ni-SOD in the Oxidized (Left) and
Reduced (Center) States and the Model Used in This Study
(Right)
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measurements of 1 display an irreversible oxidation (Eox) event
in DMF at �0.62 V vs Fc/Fc+ (�0.45 V in MeOH; see the SI)
due to structural rearrangement brought about by the thiyl
radical and eventual disulfide formation (vide infra). The elec-
trochemical behavior of 1 is not surprising considering the nearly
equal Ni and S (if not more S) contribution in the HOMO of 1
(vide infra), Ni-SODred, and other models.4c,14 Other electro-
nically accurate models with only N2S2 frames exhibit similar
irreversible or quasi-reversible NiII/III couples,14 suggesting that
introduction of the py-N ligand in the model is insufficient to
affect pure Ni-based redox like in SOD. It appears evident from
this work that ligand redox in the enzyme is prevented by steric
factors arising from its packed quaternary structure, which limits
access to the active site and especially the cysteinates.3 This
structural fortification may account for the protection of specific
thiolate ligands from S-modification in other metallosulfur en-
zymes such as superoxide reductase (Cys-S located trans to the
substrate binding site with substantial peptide�NH---S hydro-
gen bonding)6 and nitrile hydratase (where the axial Cys-S is not
post-translationally modified to Cys-SO or Cys-SO2).
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To better understand the nature of the species representative
of Eox of 1, bulk oxidation was performed with ferrocenium (Fc+).
The addition of 1 mol-equiv of FcPF6 to 1 in DMF at �41 �C,
followed by slow warming to RT, resulted in a brown-orange
solution, where orange solids of the disulfide [{Ni(N3S2)}2] (2)
were isolated. The formation of 2 is a clean process, and no other
Ni product was identifiable via 1H NMR or ESI-MS. Crystal-
lographic analysis of 2 revealed two nearly identical square-planar
NiIIN3S units connected via a symmetric disulfide linkage origi-
nating from the thiolato S trans to the carboxamido-N of 1
(Figure 1). Occupying the position of the displaced S is the
previously unbound py-N to complete the NiN3S motif. The
Ni�N and Ni�S bond lengths are contracted relative to 1 and
are consistent with the weaker ligand field as RS� is replaced
by py-N. The most significant difference is found in the Ni�
Ncarboxamide bond, which has contracted 0.020 Å to 1.8371(19) Å
(average of the Ni centers). The Ni�S and Ni�Namine bonds
correspondingly contract by ∼0.01 Å to 2.1603(6) and
1.9462(19) Å, respectively. The new Ni�Npy bond of
1.8945(19) Å is comparable to those of other Ni com-
plexes.10b,14a,14b CV measurements of 2 in DMF display Ered at
�1.84 V (vs Fc/Fc+), which matches Ered found in CVs of 1 only
when scanning from the positive direction (Figures S6 and S7 in the
SI); i.e., the formation of 2 from 1 and vice versa are coupled
processes. In support of this observation, no Eox is observed in
CVs of 2 when scanning in the oxidative direction and no Ered
resulted when initiating CVs of 1 in the reductive direction.
Furthermore, the 1 f 2 conversion is reversible as treatment of
2 with 2 mol-equiv of [Co(Cp*)2] resulted in the quantitative
regeneration of 1.

DFT calculations (OLYP/def2-TZVPP) provide further in-
sight into the electronic nature and reactivity of this Ni-SOD
model. DFT-optimized structures for 1 are in good agreement
with the X-ray structure (Figure S18 in the SI). The carboxamide-
N atom is the most negatively charged donor, which is consistent
with the observed trans influence, i.e., the slight elongation of the
Ni�S1 bond relative toNi�S2.Moreover, S1 possesses a slightly
more negative charge than S2, making it the more probable
location for any ligand-based oxidation that might occur. The
HOMOof 1, although primarily based onNi, contains significant
contributions from S (58% Ni and 31% S). DFT predicts that,
upon oxidation, a pseudo-trigonal-bipyramidal (τ = 0.51) inter-
mediate is formed, with N1 and S2 becoming axial. In this
structure, the unpaired electron has major spin density (64%) on
Ni and a minor spin (23%) located on S1, which is symptomatic
of a covalent Ni�S bond. Notwithstanding the lack of steric
protection offered by the protein in Ni-SOD, the Ni in 1 is
suitably tuned by the ligand to support metal-based redox. Upon
oxidation, the Ni�N3 separation decreases from 3.81 to 2.17 Å,
with a concomitant 0.04 Å contraction of Ni�S1. In support of
the formation of 2, an alternative oxidized (neutral spin doublet)
form was also investigated, in which the py-N3 replaces S1 in a
monomeric square-planar NiII species. This complex displays
predominant spin density localized on S1 as a free thiyl radical
(Figure S24 in the SI). This alternative oxidized structure is likely
responsible for the sharp signal observed in the EPR (Figure S1
in the SI) and is a potential precursor to the formation of 2
(Scheme 1, vide infra).

The structural conversion between 1 and 2, albeit different,
does mimic theNi-SODredfNi-SODox redox structural change,
i.e., coordination of the axial N donor upon oxidation. In line with
this comparison, the formation of a paramagnetic intermediate at
S or Ni must occur in the 1f 2 conversion, with most of the spin
density likely on S1 of 1 to result in 2. DFT calculations further
confirm this proposal (vide supra). To better understand this
conversion, we trapped intermediates formed in situ after the
addition of Fc+ by utilizing EPR. The EPR spectrum revealed an
isotropic signal at g = 2.00 that likely originates from an S-based
(thiyl) radical (Figure S1 in the SI). Also observed is an anisotropic
signalwith a large g spread (g= [2.26, 2.17,∼2.00]), indicatingNiIII.
Indeed, these features are similar to those observed in Ni-SODox

(g = [2.30, 2.22, 2.01])3a,4 and the few synthetic square-pyramidal
NiIIIN3S2 species.

16 The expected gz signal fromNiIII is not detected
in the EPR, but simulation of this data suggests that it is likely
coincidental with the S-radical signal (Figure S1 in the SI).

Figure 1. ORTEP diagrams of one of the unique anions of 1 (left) and 2
(right) showing 50% thermal probability ellipsoids for all non-H atoms.

Scheme 1. Proposed Mechanism of the 1f 2 Interconver-
sion; Hypothesized Intermediates in Red Brackets
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In conclusion, we have presented the synthesis and properties
of the first structural and electronic biomimetic of Ni-SODred

(1). We also present the first example of a structurally character-
ized complex that binds an axial N donor (via a proposed 5C
transition state) during oxidation of the Ni-SODred model 1 to
form 2 via a defined and reversible reaction path.17 While our
results suggest that the axial His-1-Im ligand in Ni-SOD is not
entirely responsible for Ni-based redox, it still appears crucial for
keeping the coordination sphere intact to prevent polymeric
RSSR formation. Thus, His1-N binding in combination with the
protein structure is primarily responsible for NiII/III cycling in Ni-
SOD. Further support for this hypothesis comes from theoretical
studies on truncated forms of the enzyme,4c which suggest a
primarily S-based HOMO in Ni-SODred along with a long
NiIIINim distance (∼2.5 Å) for Ni-SODox.

3 Furthermore, of
the few stable NiIII thiolate complexes generated from NiIIN2S2
precursors,16 many utilize both additional exogenous N donors
and some form of steric protection at the thiolates. In fact, only
one NiIII thiolate species has ever been crystallized,16a underscoring
the difficulty in Ni thiolate18 chemistry and, in retrospect, Nature’s
unique design of Ni�biochemical systems.1 Current efforts are
underway to incorporate more robust thiolates into similar Ni-
(N3S2) constructs for improved stability and function.
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