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Abstract: A functional model complex of nickel superoxide
dismutase (NiSOD) with a non-peptide ligand which mimics
the full catalytic cycle of NiSOD is unknown. Similarly, it has
not been fully elucidated whether NiSOD activity is a result of
an outer- or inner-sphere electron-transfer mechanism. With
this in mind, two octahedral nickel(11)/(11I) complexes of a bis-
tridentate N,S donor carboxamide ligand, N-2-phenylthio-
phenyl-2'-pyridinecarboxamide (HL™), have been synthe-
sized, structurally characterized, and their SOD activities
examined. These complexes mimic the full catalytic cycle of
NiSOD. Electrochemical experiments support an outer-sphere
electron-transfer mechanism for their SOD activity.

The superoxide radical anions (O,") that inevitably form as
a by-product of aerobic metabolism can cause severe cellular
damage in biological systems.!! To combat such oxidative
damage, living organisms have developed defense
metalloenzymes, called superoxide dismutases (SODs),?
that catalytically convert O, into O, and H,O, by the
reduction and oxidation of their redox-active metal centers,
such as Fe, Mn, Ni, or Cu, in mononuclear FeSOD, MnSOD,
NiSOD, and dinuclear Cu-ZnSOD, respectively, of which
NiSOD was most recently identified. An analysis of the
single-crystal X-ray structure of NiSOD revealed a square-
planar N,S,Ni" reduced form and a square-pyramidal
N,S,Ni'™ oxidized form as shown in Scheme 1.
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Scheme 1. Coordination geometry of oxidized (left) and reduced (right)
forms of NiSOD active sites.

Efforts to synthesize nickel(II)/(TIIT) complexes to struc-
turally and/or functionally model NiSOD afforded several
examples of such complexes with peptide-* and non-peptide-
based® ligands. These reports account for important aspects
of the structure—function relationship in NiSOD, such as the
likely proton source for O, reduction to H,0,,[**%31 the
role of “on” and “off” histidine-N (His-N) ligation axially to
the nickel site,*™®M and the rate of electron-transfer
reactions.***? However, to understand the dismutation
process, several key issues, as follows, require more intense
study. 1) During dismutation, why does S-oxygenation of the
cysteine-thiolato-sulfur residue not occur in an environment
containing reactive oxygen species, such as O, and H,0,?
Few models show S-oxygenation reactivity.">< 2) Does O,
or O, interact with the Ni center either directly or indirectly
through a secondary coordination sphere? Examples of Ni-
dioxygen species are known.!” 3) If no direct coordination to
the Ni center occurs then is the Ni site required to have at
least one vacant substrate binding site for its SOD activity?
Biochemical evidence, both in favor** and against/*>:°
substrate binding to the nickel center, exists, in support of
either an inner- or outer-sphere electron-transfer (ET)
mechanism. Most of this evidence, including the low preva-
lence of S-oxygenation and very high rate (of an order of
approximately 10%) of catalytic O, disproportion, suggest an
outer-sphere ET mechanism, although this is still somewhat
ambiguous. Recent investigations support the binding of
a CN™ moiety to the Ni center in a peptide-ligand environ-
ment, giving impetus to the ongoing debate.™ Indeed, the
native NiSOD active site itself and all existing model
complexes have one or more empty binding sites around the
nickel center. Therefore, during dismutation the interaction
of O,, 0,7, and H,0, with the Ni center cannot be excluded.
To resolve these questions regarding the mechanistic pathway
of SOD activity, more functional models are required. Apart
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from a few examples of nickel-peptide derivatives (contain-
ing peptide ligands in which a sequence of 6-12 amino acids
provide the same coordination environment about the Ni
center as in native NiSOD), there is only one definite
example of a nickel(III) complex containing a non-peptide-
based ligand (N0, donor).’ This complex can catalyze the
oxidation of O, to O,, one of the two half reactions,
M*+ 0, =M™+ 0,, of the NiSOD catalytic cycle. No
model complex of NiSOD with a non-peptide ligand has yet
been shown to mimic the full catalytic cycle nor has been
shown to demonstrate the outer-
sphere ET mechanism for its SOD
0 activity.

N Herein, we report the first exam-
N | ples of nickel(IT)/(III) complexes,
° NN @) and  [(L™):Ni-
(C10,)-H,O (2:‘H,0O), which are
derived from a tridentate monocar-
boxamide N,S donor ligand, HL™
(Scheme 2, HLFP" = N-2-phenylthio-
phenyl-2"-pyridinecarboxamide) that
functionally mimic the full catalytic
cycle of NiSOD. As the Ni center is
hexacoordinated in these complexes with no vacant substrate
binding site, the outer-sphere ET mechanism for their SOD

activity is more likely.

In NiSOD, all of the nitrogen and sulfur donor atoms
coordinated to the nickel center are of different types (one
nitrogen each of amide, amine, and imidazole, one thiolate-
sulfur atom, and one hydrogen-bonded thiolate-sulfur atom,
which acts like a thioether sulfur). These donor atoms appear
to tune the electron density surrounding the Ni center with
the result that the Ni'"™ redox couple is set to within the
potential window of SOD activity. Recently, we reported that
the amidato-N~ donor atom of the deprotonated HLM® ligand
(Scheme 2), as a result of its strong o-donor ability, can
stabilize significantly the higher oxidation state(s) of metal
ions, such as copper(Il) and nickel(IIT).’! The relative
stabilities of various Ni oxidation states (0, +1, +2, +3)
and their correlation to both the hard/soft nature and the o-
donor/m-acceptor properties of the ligand donor center(s) has
also been demonstrated.*”! Although the coulometrically
generated Ni'" species, [(LM),Ni]", was observed, attempts to
isolate it in pure form by using the chemical oxidant,
(NH,),[Ce(NO;)s] (ammonium cerium(IV) nitrate, ACN)
failed even at low temperature. As soon as [(LM®),Ni]"
formed, it reverts back to its precursor quite quickly. Similar
examples of the successful synthesis of pure Ni'™! species by
electrochemical methods rather than using a chemical oxidant
have been established.”’ Herein, however, using the HL™
ligand we have been able to isolate pure 2 in good yield from
its precursor 1 by using ACN as an oxidant, possibly resulting
from the fine tuning of the thioether-sulfur donor ability,
imposed by a phenyl substituent which had a £R effect
unlike the + I effect (R =resonance or mesomeric, I =induc-
tive) of methyl group in the HL™® ligand.

The Ni" complex [(L*™),Ni] (1) was synthesized in
dimethylformamide (DMF) by reaction of NaL™ with
[Ni(H,0),](ClO,), in a 2:1 molar ratio. In the FTIR spectrum

R/

R =Me: HLM®
R=Ph:HL™

Scheme 2. Structural
formula of ligands HL®.
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of 1, amide-nitrogen coordination to Ni' is indicated by
a change in the band of the carbonyl moiety, which undergoes
a red shift (vco=1620 cm ™) compared to 1680 cm™' for the
free ligand. The magnetic moment of 1, ©x=2.85 B.M.,
measured by the Evans method in a solvent mixture of
CH,Cl, and C¢H, indicates that 1 is paramagnetic with two
unpaired spins on the nickel(II) center (S=1). The UV/Vis
absorption spectrum of 1 measured in CH;CN (with absorp-
tion bands A,,,/nm (eM'em™") = 867 (66), 560 (25, shoulder),
340 (14880), 247 (28970) is comparable to those of other
octahedral nickel(IT) complexes.®™ The single-crystal X-ray
structure of 1!l revealed a distorted octahedral geometry
about the Ni" center. Two L ligands are bound to the Ni"
atom in a meridional fashion with two thioether-sulfur and
two amidato-nitrogen donors of two ligands in cis and trans
positions, respectively (Figure 1). The average Ni—N,, Ni—
N,mices and Ni—S bond lengths of 2.0566(12) A, 2.0258(11) A,

Figure 1. ORTEP diagrams of [(L™),Ni] 1 (top) and [(L™),Ni]-
(ClO,).H,0, 2-H,0 (bottom). Thermal ellipsoids are set at 50%
probability and the H,O molecule of 2 and H atoms are omitted for
clarity. Selected bond lengths [A] in (L™),Ni, 1 and [in [(L™),Ni]" ion of
2]: Ni1-N1 2.0557(12) [1.993(5)], Ni1-N2 2.0182(11) [1.901(4)], Ni1-N3
2.0575(12) [2.025(5)], Ni1-N4 2.0334(11) [1.909(5)], Ni1-S1 2.4615(4)
[2.3222(17)], Ni1-S2 2.4785(4) [2.3889(17)].
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and 2.47(4) A, respectively, are comparable to those of the
complex [(LM),Ni], except for the Ni—S distance, which is
approximately 0.026 A longer in 1 (sulfur donor strength of
-SPh is less than -SMe). The red-shifted UV/Vis absorption
band at 4 =867 nm in 1 compared to A = 851 nm for [(L™*),Ni]
clearly follow the similar trends, as previously observed® for
a weaker donor ligand. The cyclic voltammogram (CV) of
1 displays a reversible redox wave (see Figure S4 in the
Supporting Information) which corresponds to the Ni''/Ni'"
couple at E;,=+0.85V (AE,=60 mV) versus SCE (SCE =
saturated calomel electrode), a slightly more anodic potential
than that of [(L™°),Ni] as expected.

Addition of a CH;CN solution of ACN to a yellow-
colored solution of 1in CH,Cl, immediately generates a dark,
reddish-brown solution from which 2 has been isolated in
good yield. In the FTIR spectrum of 2, a voy band occurs at
3520 cm ! and a v, band at 1635 cm ™. The v, band is blue
shifted compared to that of 1, indicating coordination of the
amidato-N~ atom to a nickel ion with an oxidation state
greater than + 2, that is, to Ni'"", The EPR spectrum of 2 in the
solid state at room temperature displays an isotropic signal at
g=2.09 that in CH,Cl, solution splits to form a five-line
signal® ! (a Ni'" spin coupled to the nuclear spin of two trans
amide-nitrogen atoms). This signal has a super-hyperfine
coupling constant, A" (average), of 12 G (Figure S5) which
confirms the presence of a Ni™ center and is further
supported by its magnetic moment, x =1.69 BM (S=1/2),
corresponding to one unpaired spin. The UV/Vis absorption
spectrum of 2 in CH;CN (with absorption bands at 4, /nm
(em'em™) =930 (120, shoulder), 775 (200), 445 (4500), 320
(17420), 250 (29500, shoulder)) is comparable to the reported
Ni'! complexes with a N,S, coordination sphere.[®*%11]
Crystals suitable for X-ray diffraction were obtained by
layering pentane on a CH,CI, solution of 2. The ORTEP plot
of the crystal structure of 2 is shown in Figure 1 (bottom). In
general, the structure shows similar structural features to the
nickel coordination environment in 1, but has, however,
shorter Ni—N and Ni—S bond lengths. The average Ni—N,,,
Ni—N, 4o, and Ni—S bond lengths of 2.009(6) A, 1.905(5) A,
and 2.3554(19) A, respectively, are approximately 0.05 A,
0.12 A, and 0.11 A shorter than those of 1, clearly indicating
that the nickel center is in a + 3 oxidation state in 2. DFT
calculations on 2 were performed using the Gaussian 09
program and considering X-ray structural coordinates with-
out symmetry restrictions.'? Results showed that the
unpaired electron spin mainly resides on the Ni center with
a Mulliken atomic spin density of + 0.79 (Figure S6). To our
knowledge, this is the first structural example of a Ni
complex with amide-nitrogen and thioether-sulfur donors.

To investigate the capability of complexes 1 and 2 towards
the dismutation of O, according to the following two half
reactions of the NiSOD catalytic cycle [Eq. (1), (2)] and the
concomitant shuttling between Ni"" and Ni™™ oxidation states
during the dismutation process, several experiments have
been performed.

2+0,"—=1+0, (1)

1+2H" + 0, — 2+ H,0, 2)
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To investigate the SOD activity of 2, a solution of 2 in
CH,CN (10~*m) was titrated against a solution of KO, in
CH;0H (1 equiv KO, was dissolved in 100 uL. CH;OH,
additions of this solution were then made in 10 pL aliquots).
The progress of the reaction was monitored using UV/Vis
absorption spectroscopy (Figure 2). With increasing additions

Y\ J@oy N N\
20 1 3ty \N.m”’ ProQ O piy \ K"& Pl
220 N N\ ! NIy
{ N | N N | N
Nt/ Ner

1

-
(3]
A

775

10°x g (M cm™)
)

(3]
A

867

800 1000

400 600 800 1000

Wavelength (nm)

Figure 2. UV/Vis absorption spectra showing the conversion of

a CH,CN solution of 2 into 1 after the addition of CH;OH solution of
KO,. Inset: Expanded portion of absorption spectrum (1=650-

1050 nm).

of KO,, the absorption band of 2 at 1., =445 nm vanishes
and bands at A =775 nm and A =320 nm undergo red shifts to
A =867 nm and A =340 nm, respectively. These bands corre-
spond to the absorption bands evident in the spectrum of 1.
The isosbestic points at 4 =365 nm and 4 =284 nm indicate
the clean transformation of 2 to form 1. The molar extinction
coefficients, ¢, of the absorption bands at 1 =340 nm and 1 =
320nm are comparable to those of the independently
synthesized complexes 1 and 2 respectively, confirming that
the conversion of 2 into 1 is stoichiometric. This conversion is
very fast and we believe that the reaction proceeds according
to Equation (1). The release of O, gas is confirmed electro-
chemically (Figure S7,S8). In native NiSOD, the very high
O, dismutation rate of the order of 10° strongly supports an
outer-sphere ET mechanism for its SOD activity. To gain
insight herein into the nature of ET processes, cyclic
voltammetry experiments on 2 in the presence of KO, have
been performed. Repeated scans of a solution of 2 in CH;CN
(107°m) after each addition of 20 uL of a total of 100 uL of
a CH;OH solution of stoichiometric KO,, shown in Figure 3,
revealed that the potential, current height, and AE,, values of
the Ni"/Ni"™' couple were retained. These results strongly
support that no structural reorganization during this Ni'" to
Ni" reduction process occurs and consequently confirms the
outer-sphere ET from O, to a Ni'"" metal center.

To examine the SOD activity of 1, and to investigate
whether the activity proceeds according to Equation (2), we
have performed several experiments separately with KO, and
HCIO,. First, it was found that the yellow solution of 1 in
CH;CN in the presence of KO, caused no change in the UV/
Vis absorption spectrum with time. Second, when two
equivalent of HCIO, were added to a solution of 1 in
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Figure 3. Cyclic voltammogram of 2 in CH;CN (trace (a)) showing the

conversion of 2 into 1 after the addition of a stoichiometric solution of
KO, in CH;OH (traces (b)—(f) after each addition of 20 uL of the KO,
solution).

CH;CN, complete loss of the ligand from the Ni" center was
observed (Figure S9). However, when the solution of 1 plus
KO, is treated with HCIO,, the reaction then proceeds
according to Equation (2). Next, we studied the SOD activity
of 1 which was prepared by two different methods: a) in situ
generated 1 from the reaction of 2 with KO, [Eq. (3)], and
b) isolated solid 1, synthesized from the reaction of NaL*™
with [Ni(H,0)](ClO,),.

First, the SOD activity of in situ generated 1 was inves-
tigated. Stoichiometric production of 1 from a reaction of 2
with KO, [Eq. (3), stepa] is evident from the UV/Vis
absorption spectrum and the cyclic voltammogram as shown
in Figures 2 and 3. 1 was treated with another equivalent of
KO, followed by 2 equivalents of HCIO, [Eq. (3), step b]
after which the reddish brown color of 2 re-formed immedi-
ately. The formation of 2 was confirmed by the UV/Vis
absorption spectrum and cyclic voltammetry (Figur-
es S10,S11). An analysis of the UV/Vis absorption spectrum
taken immediately after treatment with HClO, and focusing
on the band at 4 =445 nm showed that approximately 75 % of
2 was re-formed. The remaining 25 % of 2 was converted back
into 1 by reaction with produced H,O, [Eq. (3), step c]
following a similar reaction mechanism (proton-coupled ET
reaction), as proposed by Solomon et al.l'¥] In this case, half an
equivalent of O, with respect to complex 2 was formed from
HO, [Eq. (4)]. This formation of O, was confirmed electro-
chemically (Figure S12). In fact, following the proton-coupled
ET reaction [Eq. (3), stepc|, the solution gradually faded
within approximately five minutes from reddish-brown
(resulting from generated 2) to yellow (1).

), 1 DKoy, o, Tt
2+ KO, 251718 2+ H,0, -1+ HOO' + H 3)
2HOO" — 0, + 2HO' (or H,0,) (4)

The conversion of 2 into 1 using H,0O, as a reagent
[Eq. (3), step c] has been confirmed in a separate experiment
by using a solution of the isolated solid 2 in CH;CN
(Figure S13). Furthermore, the CV of the reaction mixture
(composed of approximately 75 % of 2 and 25 % of 1) taken
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immediately after treatment of 1 with HCIO, and KO,
[Eq. (3), step b] displays the same current height of the Ni"™/
Ni" couple as that of 1 before the addition of acid (Fig-
ure S11), indicating the conversion of generated 2 into
1 [Eq. (3), stepc] and not to any other species. As both
1 and 2 display the same cyclic voltammogram, the total
current height thus remain same, independent of the ratio of
1 to 2 present in the reaction mixture. The reversible
conversion between 1 and 2 was also qualitatively inves-
tigated (through the appearance of the reddish brown/yellow
color) through several cycles after the sequential addition of
KO, and 2equiv HCIO,. For this experiment, additional
CH;O0H/CH,Cl, was added to the reaction medium to prevent
precipitation of 1 and KO, as they are highly soluble in this
mixed solvent but not in pure CH;CN.

Second, the SOD activity of isolated 1 was investigated.
As compounds 1, 2, and KO, were shown to be highly soluble
in CH;OH/CH,C, (1:1 v/v), the SOD activity of isolated
1 was examined in this mixed solvent medium. Additionally,
CH;0H helps to store protons by hydrogen bonding and
supply it on demand in a controlled fashion to facilitate the
transformation of 1 to 2 [Eq. (2)]. The solvent mixture was
also suitable to monitor the formation of 2 by UV/Vis
absorption spectroscopy (Figure 4). In fact, in this mixed

10°x (M cm™)

300 400 500 600 700 800
Wavelength (nm)

Figure 4. UV/Vis absorption spectra showing the conversion of

a CH;OH/CH,Cl, (1:1 v/v) solution of 1 (107*M) + KO, —2 after the
addition of 6 equiv HCIO, (200 uL) in CH;OH solution. Each spectrum
was recorded after the addition of 10 pL of the acid solution.

solvent, species 2 formed from the reaction of 1 plus KO, with
HCIlO, is more stable even in the presence of generated H,O,,
provided excess HCIO, (6 equivalents to 1 equivalent of 1) is
used. Itis likely that when excess acid is used, the formation of
HO, and H' from H,O, is prevented [Eq.3, step c], and
therefore the generated 2 is more stable and is not converted
back into 1 [Eq. (3), step c]. In contrast, in pure CH;CN the
reagent KO, is less soluble and so the added acid triggered
de-metalation of the ligand (Figure S9) before complete
transformation of 1 to 2 could occur. The formed 2 must react
with H,O, (if no excess acid is used) and re-form 1 by
a proton-coupled ET reaction [Eq.(3), stepc]. When
a CH;0H/CH,CI, solution of 1 plus KO, is treated with
HCIO, (6 equivalents), a reddish-brown color is generated
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resulting from the formation of 2 (Figure 4). The new band at
Amax =435 nm and the blue shift of the band at A =340 nm to
A =315 nm correspond to those measured for 2 (same bands
observed for isolated 2 in CH;OH/CH,Cl,). Based on the
extinction coefficient of the band at A =435 nm, the formation
of 2 is stoichiometric (98 %), although this reddish brown
color gradually fades (2h). The lack of clean isosbestic
point(s) in Figure 4 unlike in Figure 2 is a result of the follow-
up reaction of generated 2 with H,O, and not with HCIO,
[Eq. (3), step c]. This step depends on the concentration of H*
ions added, where a lower [H'] promotes the reaction of 2
with H,O, but a greater [H'] suppresses it. Thus, the
progressive addition of H* ions shifted the isosbestic points
during the course of the experiment (Figure 4). Note, the
solution of isolated 2 in CH;OH/CH,CI, is stable in the
presence of HCIO,, with no change evident in the UV/Vis
absorption spectrum upon addition of up to 12 equivalents of
HCIO,. The CV of the reddish brown solution generated
displayed two redox couples, one at E;,=—-026V (AE,=
90 mV), attributable to excess HCIO, present in the reaction
medium, and the other at E,, =+ 0.84 V which corresponds
to the Ni'"/Ni™ couple of 2 (Figure S14). This CV clearly states
that the generated 2 is stable in the presence of HCIO, and
H,0, in this mixed solvent medium.

To understand the reason for the measured SOD activity
of 1 and 2, further cyclic voltammetry experiments were
carried out. The CV of KO, in a solvent mixture of CH;OH/
CH,Cl, (1:1 v/v) shows an irreversible wave which has E,, =
+032V and E,,=-042V (E,+ E,/2=-0.05V) for the
0,7 /0, couple. After addition of HCIO, to this solution, the
CV shows a new irreversible wave with E,, =+0.99 V versus
SCE for the (HOO'+H")/H,0, couple (Figure S15). This
wave corresponds to the proton-coupled reduction of O, to
form H,O, [KO,+2H'—-HO,+H'+K'-H,0,"+K%
H,0," + e—H,0,]. These redox potentials of O, are very
close to reported values of +0.04 V and +1.03 V versus Ag/
AgCl respectively.™ The potential of +0.99V for the
(HOO* + H")/H,0, couple is 110 mV more anodic than the
E,,=+0.88 V of the reversible Ni"/Ni"" couple of 1. There-
fore, it should be possible to oxidize the Ni" —=Ni'™, that is
from 1 to 2, and at the same time the species HOO*and H*, or
H,0," [Eq. (5)], will be reduced to H,0, to complete the
catalytic cycle.

~ . .
H-0-0—H—>H-00- + H* so HOO + H* = H,0," ©)

The CV of the yellow solution of 1 [Eq. (3), formed in
step a] plus KO, displays the redox waves which correspond
to the O, /0, and Ni"/Ni™" redox couples. However, when
HCIO, is added, inducing a color change from yellow to
reddish brown, the O,""/O, couple vanishes and the response
of the Ni'/Ni™ couple remains unchanged with almost same
current height and AE, values (Figure S11). These results
firmly establish the outer-sphere ET mechanism for this 1 to 2
conversion process [Eq. (2)]. Similarly, as E;,=+0.85V of
the Ni"/Ni"" couple is more anodic than the E,,=+0.32 'V of
the O,/O, couple, the Ni'"" complex, 2, can easily oxidize O,
to O, and will itself be reduced to form Ni" complex

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

1 [Eq. (1)]. Interestingly, in the presence of weak acids, such
as CH;CO,H and CF;CO,H, no formation of 2 is observed.
Such weak acids are possibly unable to protonate HO, to
form the oxidant H,O," and therefore are unable to oxidize
Ni"' to Ni'™

In summary, [(L™),Ni] (1) and [(L™),Ni](ClO,)-H,O
(2'-H,0) are the first examples of a set of NiSOD functional
models with non-peptide ligands that mimic the full catalytic
cycle of NiSOD. [(L™),Ni](ClO,)H,0 (2:H,0) is the first
example of a structurally characterized Ni'' complex with an
amide-nitrogen and thioether-sulfur donor environment.
These complexes are also the first examples of NiSOD
functional models where the nickel center is hexacoordinated.
Thus for the first time, direct support for an outer-sphere
electron-transfer mechanism for SOD activity is obtained.
The present work will provide a new route in the assessment
of the mechanistic pathway of NiSOD activity.
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