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Nickel superoxide dismutase (NiSOD) is a metalloenzyme that
converts Oy~ into H,0, and O, by cycling between Ni" and Ni"
oxidation states. Reduced NiSOD contains Ni" in a square-planar
N,S, coordination environment formed by two cysteinate S atoms,
an amide N, and an amine N to Ni'". [MesN](Ni"(BEAAM))
represents the first NiN,S, complex containing Ni in a mixed amine/
amide environment. [Me,N](Ni'"(BEAAM)) contains Ni-S bonds at
2.177(2) and 2.137(2) A and Ni-N bonds at 1.989(7) and 1.858-
(6) A, which compare well with the metalloenzyme. Orange
solutions of [Me,N](Ni"(BEAAM)) in MeCN are diamagnetic and
stable toward O, for weeks. A quasireversible Ni'""" redox couple
is observed for [Ni'(BEAAM)](NMey) at 0.12(1) V vs Ag/AgCl. These
data suggest that NiSOD utilizes the mixed amine/amide ligands
to modulate the Ni"" redox couple to best match the O,*~
reduction/oxidation couples while maintaining O, stability.

Superoxide (@) is a cellular toxin that is typically
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many questions remain concerning the mechanism of SOD
catalysis and how the NiSOD primary coordination sphere
contributes to reactivity. One question concerns why NiSOD
utilizes an anionic amide and the free amine N as ligands to
Ni, which are both unusual biological ligands.

NiN,S, complexes can be reactive toward botjOxland
0., often yielding S-based oxygenatibiSynthetic studies
have demonstrated that Nifk complexes in bis-amine
ligand environments are more stable toward tBan the
corresponding bis-amide complexésThis might suggest
that NiSOD utilizes the amine/amide coordination motif to

degraded by superoxide dismutases (SODs), which catalyzeProtect itself from S oxygenation. To determine exactly how

the disproportionation of © into O, and HO,.1? The most
recently discovered SOD contains Ni in its active site
(NiSOD) and catalyzes the disproportionation of Oby
cycling between the Niand Ni" oxidation states (Scheme

the Neminq\amides, coordination motif influences the electron-
ics, redox properties, and stability of NiS complexes, we
prepared [MeN](Ni"(BEAAM)),® which is the first small-
molecule NINS, complex with amine and amide ligands to

1)2 In the reduced state, the Ni center is contained within a Ni.

square-planar p§; ligand environment with ligands derived

The ligand BEAAM was prepared according to the

from two cysteinate residues, one amide N from the peptide Procedure outlined in Figure 1 (see the Supporting Informa-

backbone and one amine N from the free N-terminal arhtne.
Upon oxidation to NI', an axial imidazole N coordinates to
Ni. Despite the fact that the structure of NiSOD is known,

tion). BEAAM was then metalated under anaerobic condi-
tions using NiC} in methanol. Cation exchange with
[MeyN]Cl yielded [MeN](Ni"(BEAAM)). Subsequent crys-
tallization from MeCN/E4O produced the purified product.
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Figure 1. Synthesis of (NI(BEAAM))~: (a) BrCHCN, K,COs, Nal,
MeCN, 8 h (reflux); (b) AlH;, THF, 12 h (reflux); (c) 2-bromo-2-
methylpropionyl bromide, BN, CHxCl,, 12 h (room temperature); (d)
benzylmercaptan, KOH, EtOH, 12 h (reflux); (e) Na, i 1 h (—78
°C); (f) NiCl,, MesNCI, NaOMe, MeOH, 12 h (room temperature).

Figure 2. Left: thermal ellipsoid plot (50% probability) displaying the
anion from [MaN](Ni"(BEAAM)) -MeCN-H,0. Selected bond lengths (A)
and angles (deg): NiN1, 1.858(6); Ni-N2, 1.989(7); Ni-S1, 2.137(2);
Ni—S2, 2.177(2); NENi—S1, 88.3(2); SENi—S2, 97.52(8); S2Ni—N2,
90.0(2); N2-Ni—N1, 85.8(3). Right: representations of (&mi)?~ and
(bmmp-dmed)Ni.

atoms and the two thiolate S atoms (Figuré®s expected,
the Ni—Namide distance [N1; 1.858(6) A] is shorter than the
Ni—Namine distance [N2; 1.989(7) A]. There is also asym-
metry in the Ni~S distances, with the NiS bond trans to

the amine (S1) being shorter than the one trans to the amid
(S2) [2.177(2) vs 2.137(2) A]. This should be expected

considering that N ligands are stronges donors than

Namine ligands and therefore should display a larger trans

influence. These metrical parameters compare well with Ni
ligand distances from bis-amide and bis-amine MEN
complexe% 8114 and reduced NiSOB>'* The crystal

structure for reduced NiSOD displays a-Ni2m"e bond
length of 1.87(6) A and a NiNamdepond length of 1.91(3)
A, while EXAFS data place the average-N\l bond length
at 1.91(1) A. The NS bond lengths derived from the
NiSOD crystal structure are 2.16(2) A (trans to the amine)
and 2.19(2) A (trans to the amide), while EXAFS places the
average Ni-S bond length in the enzyme at 2.160(4) A.
These minor differences in the Niigand bond lengths of
NiSOD vs (Ni'(BEAAM))~ could be the result of strain
induced by the chelate ring size of (BEAAM)) ~, which
may not be present in NiSOB®

Density functional theory (DFT) studies were used to
probe the differences in the bonding and energetics of
(Ni"(BEAAM)) ~ vs the structurally related bis-amine and
bis-amide complexes (bmmgmed)NT and (Ni'(emi)@~ 11
(Figure 2 and the Supporting Information). These calculations
suggest that for the three Ni, complexes the degree of S
character in the Ni/S{)* highest occupied molecular orbital
(HOMO) decreases as the number of amides to Ni increases
(52.1% vs 31.8% vs 21.0%), as was previously demonstrated
for other system& 17 Furthermore, when the orbital energies
are normalized to the HOMO, the Ni(3d2)/S/N(o)* orbital
progressively increases in energy relative to the HOMO as
more anionic amide donors are added to the primary
coordination sphere. This is in line with the increasesin
donation along they plane as the neutral amine donors are
replaced with anionic amides. Grapperhaus and co-workers
have found similar systematic changes in a recent DFT study
exploring the influence of amide coordination on N8
complexes’

Diamagnetic orange solutions of [IM¢](Ni'"(BEAAM))
yield electronic absorption spectra with a low-energy shoul-
der at 17 980 cmt (e = 70 M~t cm™?) and defined peaks at
21 690 cm?! (e = 290 Mt cm™) and 37 450 cm! (e =
21500 Mt cm™%; Figure 3). The two low-energy features,
which correspond to ligand-field transitions, compare well
with both reduced NiSOBE and [Ni'(SOD"!)] (a metal-
lopeptide-based NiSOD mimic that displays SOD activity).
Reduced NiSOD displays a peak at 22 240 ¢émand a
shoulder at 17 770 cm, while [Ni'"(SOD")] displays these

efeatures at 21 800 and 18 100 cinTherefore, the electronic

character of [MeN](Ni"(BEAAM)) is similar to the two
known compounds that contain 'Nin an Neminqyamides,
coordination environment. These features are also consistent
with the structurally related Nip8, complexes [EN],(Ni'"-
(emi)) and (bmmp-dmed)Ni’*! Bis-amide-ligated [EfN].-
(Ni"(emi)) displays peaks in the visible region at 23 040tm
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diffractometer (Mo Kt radiation). [MaN][Ni'(BEAAM)]-MeCN-
H20: CasHaoNaNiS;0,, MW = 527.42 T = 100(1) K, monoclinic,
C2/c, Z = 8, a = 38.9762(14) Ab = 7.4408(3) A,c = 18.9276(6)
A, p=104.423(2), V = 5316.3(3) &, 21 460 measured reflections,
3458 independent reflections, R10.0779, and wR2= 0.1795.
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chemical perspective; the Ni couple would be mainly Ni

in character, and the potential of the couple would match
well with O~. This begs the question, why does NiSOD
not utilize the bis-amide motif?

Our DFT studies demonstrated that in thesd N¥&,
complexes the Ni/S{)* HOMO increases in energy upon
an increase in the amide content within the primary
coordination sphere. Grapperhaus and others have linked this
“activation” of the M—S(x)* orbitals with an increase in the
S-based reactivity of metal thiolate complefés2°[Et;N],-
(Ni"(emi)) is highly reactive toward Qresulting in the full
conversion to an oxidized species within a matter of minutes
in MeCN. In contrast, (bommp-dmed)Ni is stable towargl O
in solution. We find that [MgN](Ni"(BEAAM)) is also stable
in solution toward Q@ for at least a week in MeCN. This
implies that the mixed amide/amine motif of NiSOD would

Figure 3. Electronic absorption spectra for [Mé](Ni" (BEAAM)) (red aLcita i ;
bold line), [ExN]2(Ni"(emi)) (green line), and (bmmydmed)Ni (blue line). aﬁor.d the aCtlve. site ?nhanC.Ed S.tablllty toward oxygenation
The inset depicts the cyclic voltammograms obtained for JNje relative to the bis-amide derivative.

(Ni"(BEAAM)) (MeCN; 0.1 M BwNPF; » = 100 mV s room The electrochemical data suggest that"(BEAAM)
temperature). should be isolable. Attempts to produce and isolat#-Ni

t(BEAAM) via the one-electron oxidation of [MBI](Ni"-
(BEAAM)) have thus far been unsuccessful. Even at low
temperatures (dry ice/acetone bath), the oxidation of propio-
nitrile solutions of [NI'(BEAAM)](Me4N) produces a short-
lived purple/blue species that quickly decomposes to a white
insoluble solid. We are currently attempting to trap this
purple/blue species for further analysis.

We note that (Ni(BEAAM))~ does not display SOD
activity using the xanthine/xanthine oxidase assay of Tabbi
et al?* This lack of activity may be due to either the
instability of the Ni' adduct, the oxidation of the thiolate S
atoms via HO./O>"~, or the lack of a suitable axial ligand
éo Ni that may be important for catalysis.

In summary, this study suggests why NiSOD utilizes an
amide and amine ligand to Ni. It appears that the combination
of these ligands in an NIN,S, coordination environment (1)
ensures a Ni-centered one-electron-oxidation process, (2)
appropriately tunes the Ni' redox potential for SOD
catalysis, and (3) provides the thiolate S atoms protection
from oxygenation by @ as has been previously suggesfetf

these ligand-field transitions to higher energies are consisten
with our DFT calculations, which show that the normalized
unfilled Ni(3de-2)/S/N(e)* orbital progresses to higher
energy as more amides are included in the primary coordina-
tion sphere.

It is known that bis-amide Nip§, complexes have more
negative NI redox couples than structurally related bis-
amine complexe We observe a quasireversible "\
redox couple for [MgN](Ni"(BEAAM)) at 0.12(1) V vs Ag/
AgCI (Figure 3, inset). [EN]2(Ni"(emi)) displays a more
negative reversible NI' couple at-0.34 V vs Ag/AgClta
Our DFT calculations suggest that both of these redox
couples are mostly Ni-based because the percentage of
character comprising the redox-active HOMOs are fairly low.
In contrast, (obmmpdmed)Ni displays an irreversible oxida-
tion wave at 0.41 V vs Ag/AgCl.It has been speculated
that this oxidation is ligand-based, leading to disulfide
formation and complex decompositiéhis is in line with
our DFT studies that suggest that the HOMO of (bmmp
dmed)Ni is mostly S-based.

[Ni(SODMY)] displays a Ni'" couple at 0.70 V vs Ag/ Acknowledgment. The University of Nevada, Reno
AgCL.1819 |f [Ni(SODMY)] displayed similar systematic (UNR), is acknowledged for financial support. We thank
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Inactive W'th r_espect to SOD catalysis. Not only V_VOU|d It Supporting Information Available: Experimental details,
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with O, but the oxidation would become mostly S-based, yrface plots from the DFT calculations, and the CIF file for Mg
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the bis-amine motif in NiSOD. However, these electrochemi-
cal data do not suggest why the bis-amide motif is not utilized

by NiSOD. If a similar change in the electrochemical (20) Ashby, M. T.; Enemark, J. H.; Lichtenberger, D.org. Chem1998

1C061604S

behavior is obtained upon bis-amide coordination, then [Ni- 1) 2T7.b1b‘~?1a19g-_ W. L Reedik 1. B R P Veld \
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