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Abstract: The dithiosalicylidenedia-
mine Ni" complexes [Ni(L)] (R=1Bu,
R'=CH,C(CH;),CH, 1, R'=CH, 2;
R=H, R'=CH,C(CH;),CH, 3, R'=
C¢H, 4) have been prepared by trans-
metallation of the tetrahedral com-
plexes [Zn(L)] (R=¢Bu, R'=CH,C-
(CH;),CH, 7, R’'=CH, 8; R=H, R'=
CH,C(CH;),CH, 9, R'=CH, 10)
formed by condensation of 2.4-di-R-

and "C NMR and UV/Vis spectroscop-
ies and by single-crystal X-ray crystal-
lography. Cyclic voltammetry and cou-
lombic measurements have established
that complexes 1 and 2, incorporating
tBu functionalities on the thiopheno-
late ligands, undergo reversible one-
electron oxidation processes, whereas
the analogous redox processes for com-
plexes 3 and 4 are not reversible. The

one-electron oxidized species, 1% and
2% can be generated quantitatively
either electrochemically or chemically
with 70% HCIO,. EPR and UV/Vis
spectroscopic studies and supporting
DFT calculations suggest that the
SOMOs of 1% and 2% possess thiyl rad-
ical character, whereas those of 1(py),™*
and 2(py),™ possess formal Ni"" cen-

ters. Species 2% dimerizes at low tem-

thiosalicylaldehyde with diamines H,N-
R-NH, in the presence of Zn" salts.
The diamagnetic mononuclear com-
plexes [Ni(L)] show a distorted square-
planar N,S, coordination environment
and have been characterized by 'H-
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Introduction

There is considerable support for the participation of the
Ni"! oxidation state in the catalytic cycles of the [NiFe] hy-
drogenases, ¥ acetyl coenzyme A synthase (ACS),*! CO
dehydrogenase,®” methyl coenzyme M reductase, and Ni-
containing superoxide dismustase (NiSOD).”'”l A common
feature of all of these enzymes is cysteine-thiolate coordina-
tion at the Ni center in the active site. The S-ligation has
been proposed to lower the redox potential of the metal
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perature, and an X-ray crystallographic
determination of the dimer [(2),]-
(Cl0,),”2CH,CI, confirms that this di-
merization involves the formation of a
S—S bond (S+$=2.202(5) A).

redox

unit in these enzymes.'*'” NiSOD catalyses the dispropor-
tionation of the superoxide radical to hydrogen peroxide
and dioxygen via a two-step, ping-pong mechanism involving
a monomeric Ni center that cycles between the formal Ni"
and Ni'! oxidation states.'""'?l X-ray crystallographic studies
on the oxidized® and reduced" forms of the enzyme from
Streptomyces reveal that in the reduced Ni state the
enzyme is coordinated in a square-planar N,S, arrangement
by two thiolate ligands derived from Cys2 and Cys6, the de-
protonated amide of the Cys2 backbone, and the N-terminal
-NH, group of Hisl. On oxidation, the Ni center adopts a
square-pyramidal geometry containing the same equatorial
ligand set as for the reduced form, but with an additional
Hisl imidazole ligand bound in the axial position (Figure 1).

Thus, during the catalytic cycle the metal undergoes a
change in its coordination sphere with the binding of Hisl
in the oxidized form of the enzyme playing a critical role in
the catalytic mechanism. Detailed spectroscopic and sup-
porting theoretical calculations on the enzyme and related
model complexes suggest that the imidazole group of Hisl
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Figure 1. The structures of the active site of a) the reduced form of
NiSOD! and b) the oxidized form of NiSOD.!!

needs to coordinate to the metal center following oxidation
to form a stable Ni™ species at the active site of the
enzyme.'¥ The axial coordination of the imidazole group
from Hisl forces the unpaired electron into a Ni d,-based
molecular orbital that possesses little thiolate character,
thereby suppressing thiolate-based oxidative chemistry that
could result in the formation of sulfonate groups which may
inactivate the enzyme. Previous studies of [Ni"(N,S,)]" (n=
0, 2—) compounds have demonstrated this irreversible oxi-
dation at the thiolate ligands. For example, the species [Ni'-
(N,S,)]° containing neutral amine N-donors can react with
dioxygen to form sulfonate ligands™ and form disulfide spe-
cies on one-electron electrochemical oxidation.'! In con-
trast, complexes of the type [Ni'N,S,]*~ containing anionic
amide N-donors exhibit reversible electrochemistry that ulti-
mately leads to the generation of Ni'™ centers that can be
detected as their pyridine adducts by EPR spectroscopy in
solution at low temperature."’"" There is one example of a
synthetic complex containing a mixed amine/amide thiolate
coordination sphere [Me,N][Ni'(BEAAM)] (BEAAM = N-
{2-[benzyl-(2-mercapto-2-methylpropyl)amino]ethyl}-2-mer-
capto-2-methylpropionamide), which has been shown to ex-
hibit reversible metal-based redox chemistry but with spec-
troscopic properties that are intermediate between those of
[Ni(N,S,)] complexes containing exclusively N-amine or N-
amide coordination.” It has been argued that the mixed
amine/amide coordination at the active site of NiSOD plays
a crucial role in tuning the redox chemistry and reactivity of
the active site.'*'¥! Thus, filled—filled interactions between
the m-donating amide ligand and the Ni-m orbitals destabi-
lize metal-based orbitals, thereby facilitating electron trans-
fer from Ni" to O," to generate a Ni' center, rather than S-
based radicals, in the catalytic cycle.

We report herein the chemistry of a series of Ni com-
plexes of the type [Ni(N,S,)] incorporating imine N-donors
within the ligand framework to probe the effect of the incor-
poration of these N-donors on the electronic structure of a
[Ni(N,S,)] center. These N-donors are expected to possess
different o- and m-properties compared to amine and amide
N-donors, features that appear to be important determinants
of the nature of the SOMO within the oxidized species. We
have been interested in the study of a range of unusual
metal oxidation state and ligand-radical species based on S-
donor ligation,?!! particularly with Ni and related centers,”
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and describe herein the synthesis and spectroscopic charac-
terization of the redox-active mononuclear complexes
[Ni(L)] 1-4, where L is derived from the condensation of
2,4-di-R-thiosalicylaldehyde with 2-dimethyl-1,3-diamino-
propane (R=rBu, 1; H, 3) or 1,2-benzenediamine (R=1Bu,
2; H, 4, Scheme 1). Electrochemistry, EPR and UV/Vis
spectroscopies, and supporting DFT calculations have been
employed to probe the electronic structures of electrochemi-
cally and chemically generated [Ni(L)]* and [Ni(L)(py),]*
to gain insight into the role of the coordination sphere in
controlling the nature of the electronic structure of the
active site of NiSOD.

R R
i) nBuLi, TMEDA
R i) 1-formylpiperidine i R
SH iii) H,0* O SH
5aR =tBu 6a R = fBu
5bR=H 6bR=H
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Scheme 1. Schematic representation of the synthesis of complexes 1-4.
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Results and Discussion

Synthesis of ligands and Zn" complexes: 2,4-Di-tert-butyl-
benzenethiol (5a) was obtained by reaction of 2,4-di-fert-bu-
tylbromobenzene with Mg in Et,O followed by quenching of
the Grignard reagent with sulfur as we have reported previ-
ously for 5b.”*! Ortho-formylation of 5a to yield aldehyde
6a was achieved following modified literature proce-
dures. ! The use of 1-formylpiperidine as formylating
agent in place of the previously reported N, N-dimethylform-
amide increased the yield from about 55% to about 80 %.
"H NMR spectra of crude 6a confirmed that the main con-
taminant was Sa. However, a comprehensive purification
procedure of 6a was not sought as the crude product react-
ed cleanly with 2-dimethyl-1,3-diaminopropane or 1,2-ben-
zenediamine and Zn(OAc), via a template Schiff-base con-
densation reaction to afford 7-10, which crystallized readily
in yields of 80-90%.

Analytically pure yellow crystals of 7 and 9, and red crys-
tals of (8), were obtained by recrystallization of the crude
products. 'HNMR and “CNMR spectra were consistent
with the formation of diamagnetic Schiff-base Zn" com-
plexes, which was confirmed by single-crystal X-ray crystal-
lographic studies of 7, (8),, and 9. Selected bond lengths and
angles for these complexes are shown in Table 1. Complexes
7 and 9 (Figure 2) reveal monomeric Zn" centers possessing
a distorted tetrahedral N,S, coordination sphere about the
Zn" center (the angle between the planes defined by S-Zn-S
and N-Zn-N is 86.0° and 66.7°, for 7 and 9, respectively).
The solid-state structure of (8), reveals a thiolate-bridged
dimer with two Zn(N,S,) units linked by two p,-S bridging
interactions to form a Zn,S, diamond core (Figure 3). The
geometry at Zn" may be described as distorted trigonal bi-
pyramidal in which, for Zn(1), S(1) and N(2) occupy axial
positions and, for Zn(2), S(2")
and N(1’) are the axial donor
atoms. The Zn(p-S),Zn core
forms a butterfly motif in
which the bridging thiolate S-
donors form the apex of a
hinge with Zn(1)Zn(2)=
3.287(2) A. The bond lengths
around Zn" are consistent with
those reported previously for
similar Zn" complexes with
N,S, coordination.?2

Synthesis of Ni" complexes:
The Ni" complexes 1-4 were
prepared from the correspond-
ing Zn" complexes 7-10, re-
spectively, via transmetallation
with Ni(NO;),-6H,0 in
MeOH/CH,Cl, solution
(Scheme 1). The substitution
of Zn" by Ni" is accompanied
by a change in color of the so-
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Table 1. Selected bond lengths [A] and angles [°] for 7, (8), and 9.

7t (8), 9
Zn(1)-S(1) 22573(7) 2.3885(5) 2.2762(9)
Zn(1)-S(2) 2.2573(7) 2.3139(5) 2.2564(9)
Zn(1)-N(1) 2.018(2) 2.143(2) 2.044(2)
Zn(1)-N(2) 2.018(2) 2.080(2) 2.035(2)
N(1)-C(1) 1.278(3) 1.295(2) 1.265(4)
N(2)-C(1A) 1.278(3) 1.276(2) 1.281(4)
Zn(1)-S(2) 2.4811(5)
Zn(2)-S(1) 2.4493(5)
Zn(2)-S(1") 2.2838(5)
Zn(2)-S(2) 2.4284(5)
Zn(2)-N(1") 2.107(2)
Zn(2)-N(2) 2.152(2)
N(1)-C(1B) 1.280(2)
N(2)-C(1C) 1.297(2)
S(1)-Zn(1)-S(2) 124.78(4) 108.04(2) 117.95(4)
S(1)-Zn(1)-N(1) 96.46(6) 89.21(4) 96.92(7)
S(1)-Zn(1)-N(2) 123.25(8) 162.75(5) 126.70(7)
S(2)-Zn(1)-N(1) 123.25(8) 126.82(4) 127.86(7)
S(2)-Zn(1)-N(2) 96.46(6) 89.12(5) 98.10(7)
N(1)-Zn(1)-N(2) 89.05(14) 78.70(6) 88.80(10)
S(1)-Zn(2)-S(2) 100.85(2)
S(1)-Zn(2)-N(1") 91.97(4)
S(1)-Zn(2)-N(2) 128.10(4)
S(2')-Zn(2)-N(1") 163.52(4)
S(2)-Zn(2)-N(2) 86.25(4)
N(1)-Zn(2)-N(2) 77.66(6)
S(1)-Zn(1)-S(2') 79.62(2)
S(1)-Zn(2)-S(2') 79.49(2)
Zn(1)-S(1)-Zn(2) 85.60(2)
Zn(1)-8(2)-Zn(2) 84.06(2)

[a] Half of the complex is crystallographically independent with the ge-
ometry completed by a twofold rotation, 1—x, y, —z + /.

lution from yellow to dark brown, and traces of Zn(NOj), in
the crude product were removed by washing with MeOH.
The overall yield using this procedure is improved greatly

Figure 2. View of the molecular structure of a) 7 and b) 9 with displacement ellipsoids drawn at the 50 % prob-
ability level. The H atoms are omitted for clarity.
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Figure 3. View of the molecular structure of (8), with displacement ellip-
soids drawn at the 50 % probability level. The H atoms and molecules of
MeCN are omitted for clarity.

when compared to previously reported syntheses of Ni-
(tsalen)-type complexes as no thiol protection and deprotec-
tion steps are required.®>*! Complexes 1-4 were obtained
as analytically pure brown crystals by recrystallization from
CH,Cl,. 'HNMR and "*C NMR measurements established
the formation of diamagnetic Ni" centers with significant
upfield shifts in the peak positions compared to those ob-
served for 7-10.

X-ray crystal structures of 1-4: The Ni" centers in 1-4
(Figure 4, see also Supporting Information SI1 and SI2) are
bound by two thiolato S-donors and two imine N donors
with the Ni(1)-S(1) and Ni(1)-S(2) bond lengths (ca.
2.16 A, Table 4) lying within the range observed for previ-
ously reported Ni'-S(thiolate) complexes.'”:1#373 The
Ni(1)-N(1) and Ni(1)-N(2) distances (ca. 1.89 A, Table 2)

FULL PAPER

are typical of those observed for Ni"~N(imine)
bonds.['*3¢34] The dihedral angles between the planes de-
fined by S(1)-Ni(1)-S(2) and N(1)-Ni(1)-N(2) (15.1, 21.1, 9.0
and 15.9° for 1, 2, 3 and 4, respectively) indicate a distorted
square-planar co-ordination environment about each Ni"
center. This distortion from planarity is greatest in 2 and 4
which results from the small N(1)-Ni(1)-N(2) bite angle
(87.28(7) and 86.30(5)°, respectively, cf. 91.16(7) and
90.12(9)° for 1 and 3, respectively) enforced by the rigid 1,2-
phenylenediimine backbone.

Electrochemistry: The cyclic voltammetry of 1 at 293 K in
CH,(Cl, containing 0.4M [NnBuy][BF,] as supporting electro-
lyte reveals a reversible process at E;,=0.16 V versus Fc*/
Fc (Figure 5), and a second process at E,"=0.82 V versus
Fc*/Fc. Coulometric measurements confirm the process at
E,;»,=0.16 V versus Fc*/Fc as a one-electron oxidation, and
variable-temperature cyclic voltammetric experiments over
the range 291-226 K, reveal a temperature dependence
(Figure 5). Similar observations have been made for the
electrochemistry of [Ni(ema)]*~ and [Ni(pma)]*~ (H,ema=
N,N'-ethylenebis(2-mercaptoacetamide); H,pma=N,N'-1,2-
phenylenebis(2-mercaptoacetamide) which exhibit reversi-
ble oxidation processes at E;,=-—0.34 and —0.24 V versus
SCE in DMF, respectively, that become irreversible at
—30°C due to the likely formation of dimers involving the
formation of a Ni(u-SR),Ni bridge.['*!

The cyclic voltammogram of 2 shows (Figure 5) similar
behavior and exhibits a reversible one-electron oxidation
process at E,,=0.10 V versus Fc*/Fc at 293 K that loses re-
versibility at temperatures below 253 K. In addition, a
second, oxidation process is observed for 2 at E,;'=0.93 V
versus Fc*/Fc at 293 K. By contrast, 3 and 4 do not exhibit
any reversible redox processes; instead, a series of tempera-
ture-independent oxidative
processes at FE;'=0.29, 0.60
and 0.88 V versus Fc*t/Fc for 3
and E,'=0.41V versus Fc*/Fc
for 4 were noted (see Figure
S3 in the Supporting Informa-
tion). This observation suggests
that the incorporation of fBu
groups within the ligand frame-
works in 1 and 2 stabilizes the
one-electron oxidized species,
1" and 27 relative to the 3%
and 4% under ambient condi-
tions. This is consistent with
the stability conferred by Bu
substitutions in Ni complexes
containing salen-type pheno-
late ligands"” and in [Ni-
(*"S,),]" (n=2, 1, 0; *S,=3,5-
ditertiarybutyl-1,2-benzenedi-
thiolate). !

Figure 4. Views of the molecular structures of a) 1 and b) 2 with displacement ellipsoids drawn at the 50 %

probability level. H atoms are omitted for clarity.
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Table 2. Selected bond lengths [A] and angles [°] for 1-4 and [(2),]**.

supporting electrolyte at ap-

1 2 3 4 [@).>* plied potentials of 0.34 and
Ni(1)-S(1) 2.1742(6) 2.1473(6) 2.1747(9) 2.1540(4) 21384y  0.37V versus Fc*/Fc, respec-
Ni(1)-S(2) 2.1577(6) 2.1407(6) 2.1681(9) 2.1614(4) 2.110(4) tively, affords green solutions
Ni(1)-N(1) 1.902(2) 1.882(2) 1.917(2) 1.8993(13) 1890(10)  of 1* and 2*. Samples of 1*
E:g;js\r(g) 1.898(2) 1.880(2) 1.924(2) 1.9061(12) ;51;;143185)) and 2* in CH,Cl, were also
Ni(2)-S(4) 2:116(4) prepared by chemical oxida-
Ni(2)-N(3) 1.888(10)  tion of 1 and 2, respectively,
Ni(2)-N(4) 1.855(9) with 70% HCIO,. At 293 K,
IS\I(il(KEI(\?i)(z) ifg;g; the X-band EPR spectra of 1%
S(1)-C(3) 1.763(2) 1.738(2) 1.748(3) 1733(2) ' and 2% exhibit isotropic signals
S(2)-C(3A) 1.761(2) 1.741(2) 1.744(3) 1.741(2) at g, =2.073 and 2.064 with
N(1)—C(1) 1.283(2) 1.316(2) 1.293(3) 1.302(2) Gaussian linewidths of 16 G
W EED WMD) 70 i s de

-IN1 - . . . R R . .

sglg-Nif&N((f) 93.098 96.0825§ 94.09E9§ 97.1OE4§ 92.2(4&) ) t?rmlrjfd by spectral simula-
S(1)-Ni(1)-N(2) 168.85(5) 165.39(5) 171.65(7) 169.01(4) 16453)  tons At 77K, as frozen
S$(2)-Ni(1)-N(1) 169.18(5) 165.79(5) 174.56(7) 169.24(4) 166.7(4) CH, (], solutions, electrochem-
S(2)-Ni(1)-N(2) 93.51(5) 96.86(5) 92.97(7) 96.67(4) 98.5(4) ically generated 1* and 27,
§((31))I\1;111((21))SI\(1‘(§) 91.16(7) 87.28(7) 90.12(9) 86.30(5) 2;.5)5&4) and 2* generated with HCIO,
S(3)-Ni(2)-N(3) 92:2(3) are EPR-silent. In con?rast, 1+
S(3)-Ni(2)-N(4) 167.8(3) generated by the reaction of 1
S(4)-Ni(2)-N(3) 169.3(3) with HCIO,, is EPR-active at
S(4)-Ni(2)-N(4) 98.5(4) 77K as a frozen CH,Cl, solu-
N(3)-Ni(2)-N(4) 85.8(5)

tion, and exhibits a rhombic

a)

1.0 05 0.0 0.5
Potential vs.[Fc]'/[Fc]V

-0.2 0.0 0.2 0.4
Potential vs.[Fc]/[Fc]/V

Figure 5. The cyclic voltammograms of a) 1 and b) 2 (1 mm), measured at
293 K (solid line) and 233 K (dashed line), in CH,Cl, containing 0.4M
[NnBu,][BF,] as the supporting electrolyte at 100 mVs™'.

EPR spectroscopy: Controlled potential electrolysis of 1
and 2 at 293 K in CH,Cl, containing 0.4M [NnBu,][BF,] as
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spectrum with g, =2.329, g,,=

2.067 and g;;=2.027 (Figure 6).
The significant rthombic splitting of the g values and their
unknown relationship to the molecular axis system does not
permit an evaluation of the nature of the ground state in 1%
solely on the basis of the experimental EPR spectroscopic
data. Indeed the difficulties in deducing the ground states of
low-spin d’ complexes are well-documented."®>*> Howev-
er, it seems likely that binding of ClO,” to 1% is occurring
under these conditions to afford 1-ClO,, the flexibility of the
chelate ligand in 1% allowing coordination of the anion
more readily compared to the more rigid, conjugated ligand
in 2%,

Experimental

Simulated

T T T T T T T T
2250 2500 2750 3000 3250 3500 3750 4000
Magnetic Field /Gauss

Figure 6. X-band EPR spectrum at 77 K of HCIO, oxidized 1 in frozen
CH,Cl, solution. Spin Hamiltonian parameters g;; =2.329, g, =2.067, and
g33=2.027 and Gaussian linewidths of W,;=69 G, W,,=43 G, and W;;=
28 G.

Chem. Eur. J. 2008, 14, 2564 -2576
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Addition of pyridine to a frozen glass of 1-ClO,, followed
by raising the temperature of the sample to about 193 K,
and a subsequent refreezing of the sample enabled the 77 K
frozen CH,Cl, solution X-band EPR spectrum of
[1(py),]ClO, to be recorded (Figure 7a). The observed ani-

a)

Experimental

Simulated

b)

Experimental

Simulated

2900 3000 3100 3200 3300 3400
Magnetic Field /Gauss

Figure 7. X-band EPR spectrum at 77 K of a) [1(py),]ClO, and b) [1-
(bipy)]ClO, in frozen CH,Cl, solution. Spin Hamiltonian parameters for
a) g11=2.218, £,=2.192, and g33,=2.032, a;;=a,=12 G, a;;=183 G,
Gaussian linewidths of W;; =12 G, W,,=11 G, and W33;=9 G for b) g;;=
2.198, g, =2.147, and g33=2.039, a;;=a,,=14 G, a;3=18.5 G, Gaussian
linewidths of W;; =18 G, W,,=20 G, and W3;=16 G.

sotropy in the g tensors with g, ~g, > g;; is typical of a
complex possessing an essentially Ni'" d,. ground-state.!®>?
Well-defined five-line hyperfine coupling to two “N (I=1)
nuclei in the g;; region (a;;=18.3 G) is consistent with the
co-ordination of two pyridine molecules to 1% at axial sites
about the Ni center. A similar treatment of 1-Cl1O, with bi-
pyridine yields [1(bipy)]ClO,, the frozen solution X-band
EPR spectrum of which reveals five-line hyperfine splitting
in the gs; region (a3;3=18.5 G) (Figure 7b) consistent with
two “N nuclei bound to the Ni center. Fluid X-band EPR
spectra of [1(py),]ClO, and [1(bipy)]ClO, could not be re-
corded because of the instability of these species above
195 K.

UV/Vis spectroscopy: The UV/Vis spectrum of 1 exhibits
well-defined absorptions at 406 (&,,,=6200m'cm™), 306
(Emax=25000M ' cm™"), and 280 nm (£,,,,=38700mM ' cm™).
Shoulders are discernable at 477 (&,,,=1700Mm ' cm™) and
587 nm (£, =160M ' cm™'). These lower energy features
occur at wavelengths that are about 25 nm greater than
those found in reduced NiSOD, at 450 and 563 nm, and
which have been assigned to ligand-field transitions.'¥
These transitions also compare with features at 461 (gy.c=
290m ' em™!) and 556 nm (£, =70M ' cm™'), respectively,
observed for [Me,N][Ni(BEAAM)].” The addition of pyri-
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dine to solutions of 1 at 293 and 253 K does not change the
profile of the UV/Vis spectrum of 1, suggesting that pyridine
does not bind to 1 over this temperature range. The oxida-
tion of 1 and 2 to 1% and 2%, respectively, was monitored
spectroelectrochemically using an optically transparent elec-
trode cell (Figure 8). In the oxidation of 1 a new asymmetri-

a)
e
o
's
=
¢ 500 600 700 800
Wavelength /nm
ol e e T w}»’
300 400 500 600 700 800 900
Wavelength /nm
b) 25_
e
,0
's
=
>
S

300 400 500 600 700 800 900
Wavelength /nm

Figure 8. a) Electronic spectra of 1 (solid line) and electrochemically gen-
erated 1* (broken line), 3.2x107* moldm™ at 293 K in CH,CI, contain-
ing 0.4M [NnBu,][BF,] as the supporting electrolyte. Inset: The Gaussian-
deconvolved low-energy region of the electronic spectrum of 1. b) Elec-
tronic spectra of 2 (solid line) and electrochemically-generated 2+
(broken line) at 293 K in CH,Cl, containing 0.4M [NnBuy][BF,] as the
supporting electrolyte

cally-shaped absorption appears at A,,=794nm (&=
2900M'em™!) together with a new shoulder at A=
385 nm (£,,,,=6700M! cm™'). Similar profiles have been ob-
tained for [Ni(emb)]™ (H,emb= N,N'-ethylenebis(o-mercap-
tobenzamide), which exhibits!'”! an intense absorption fea-
ture at 714 nm (g,,, ca. 4000Mm'cm™') that has been as-
signed to S/N(mt)—Ni(d,") charge transfer.'” The reversibil-
ity of the oxidation processes is confirmed by the electro-
chemical reduction of 1%t and 2%, which re-generates
quantitatively the original spectra of 1 and 2, respectively.
The spectral features exhibited by electrochemically gener-
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ated 17 are also observed upon chemical oxidation of 1 with
one equivalent of HCIO, in CH,Cl, at 293 K.

The changes to the electronic spectra of electrochemically
and chemically generated 17 in CH,Cl, were monitored
upon cooling from 293 K to 253 K. The features at A,,,,=385
and 794 nm observed in UV/Vis spectra of 1 at 293 K are
absent from the spectrum measured at 253 K (Figure 9a).
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Figure 9. Changes in the electronic spectra of a) 1% on going from 293,
273, and 263, to 253 K and of b) 2% on going from 293, 272, and 253, to
233 K (3.2x107* moldm ™ in CH,Cl, containing 0.4M [NnBu,][BF,] as the
supporting electrolyte).

Subsequent warming of the sample to 293 K is accompanied
by reappearance of these features and regeneration of the
original spectrum of 1* at 293 K. The one-electron oxidation
of 2 to 2% produces new features at A,,,=665nm (&,,,=
590m'em™!) and A, =460 nm (g,,,=1700M ' ecm™!) that
are similar to those of 1% (Figure 9). Electronic spectra re-
corded between 293K and 253 K of solutions of 2% in
CH,Cl, show a disappearance of the band at 665 nm and its
subsequent reappearance on the warming of the solution to
293 K (Figure 9b). This behavior is similar to that observed
for 1*. In addition, the UV/Vis spectra of electrochemically
and chemically generated 1* and 2% below 293 K display
significant deviations from the Beer-Lambert law between
concentrations of 1.6x 107 moldm™ and 3.2 x 10~ moldm ™.
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Thus, 17 and 2% undergo a temperature- and concentration-
dependent reversible chemical reaction or structural rear-
rangement at temperatures below 293 K that is consistent
with the variable-temperature cyclic voltammetric studies
detailed above.

X-ray crystal structure of [(2),](Cl10,),:2 CH,Cl,: Single crys-
tals of [(2),](ClO,),-2 CH,Cl, suitable for X-ray crystallogra-
phy were obtained by layering hexane onto a solution of 2%
generated chemically by the oxidation of 2 with HCIO, in
CH,Cl, followed by incubation at 195 K. The molecular
structure of [(2),](ClO,),2 CH,Cl, was determined crystallo-
graphically at 120 K, and selected bond lengths and angles
are presented in Table 2. Views of the structure of the dicat-
ion [(2),]** are shown in Figure 10 and confirm that in the

%Nm

@—@ @ NI(1 %//é
é})—-@-@ @)

Figure 10. Views of the molecular structure of the dication in [(2),]-
(ClO,),"2 CH,Cl, with displacement ellipsoids drawn at the 30% proba-
bility level. H atoms and tBu groups are omitted for clarity.

solid-state two 2% units undergo a dimerization involving
the formation of a single S—S bond (S(1)-S(3) 2.202(5) A).
The Ni(1)—-Ni(2) distance (3.185(2) A) is about 0.5 A longer
than the sum of the empirical radius of the Ni atom
(1.35 A),® which suggests that there is no formal Ni(1)—
Ni(2) bond in [(2),]**. A tetragonal N,S, coordination about
each formal Nil center is maintained, and each Ni center
possesses a distorted square-planar geometry with dihedral
angles between the S-Ni-S and N-Ni-N planes of 20.6 and
16.2° for the planes incorporating Ni(1) and Ni(2), respec-
tively. The S(1)—S(3) distance of 2.202(5) A is about 0.15 A
longer than the typical distances observed in Ar-S-S-Ar di-
sulfides.”*! The Ni(1)-S(1) and Ni(2)-S(3) distances
(2.138(4) and 2.153(3) A, respectively) are slightly longer
than the Ni(1)—S(2) and Ni(2)—S(4) distances (2.112(4) and
2.116(4) A, respectively) and are similar to the Ni(1)—S(1)
and Ni(1)—S(2) bond lengths (2.1473(6) and 2.1407(6) A, re-
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spectively) in the parent complex 2. The Ni—N distances
vary from 1.890(10) to 1.842(10) A in [(2),]** and are simi-
lar to the Ni—N distances in 2 (Ni(1)—N(1) 1.882(2); Ni(1)—
N(2) 1.880(2) A) These observations confirm that Ni—SR
cleavage does not occur on the formation of [(2),]** in con-
trast to the oxidized complexes of Fe, Ga, and Co complexes
with 1,4,7-triazacyclononane-1,4-diacetate containing a 2-
mercaptobenzyl pendant arm.’ In addition to the forma-
tion of a S—S bond, the stability of the dicationic dimer
[(2),)** is presumably augmented by intramolecular m—m
stacking of the aromatic rings of the ligand frameworks.

The formation of [(2),]** is in accord with the electro-
chemical, UV/Vis and EPR spectroscopic data for these sys-
tems, which confirm the formation of the paramagnetic Ni"-
thiyl radical species 1* and 2*. These cations are in equilib-
rium in the absence of coordinating ligands/solvent with
EPR-silent S—S bonded dimers [(1),]** and [(2),]**, respec-
tively. These dimeric species incorporate direct S—S bonding
and since they are highly thermally and chemically sensitive,
it was not possible to investigate these materials further.

DFT calculations: DFT calculations of models of 1 and 2 re-
produce the principal features of the experimental geome-
tries of 1-4. The average calculated Ni—S and Ni—N distan-
ces for 1 (2.181 and 1.912 A, respectively) compare well to
the experimental distances of 3 (2.171 and 1.903 A, respec-
tively) and are similar to the experimental distances of 1
(2.166 and 1.900 A, respectively). Similarly, the calculated
Ni—S and Ni—N distances for 2 (2.164 and 1.908 A, respec-
tively) are comparable to the experimental distances of 4
(2.158 and 1.903 A, respectively) and are similar to the ex-
perimental distances of 1 (2.144 and 1.851 A, respectively).
Moreover, the DFT calculations appear to support the sig-
nificantly shorter Ni—S distances found in the X-ray crystal-
lographic structures of complexes 2 and 4 relative to those
of 1 and 3. Thus, the close correspondence in metrical pa-
rameters for the experimental structures of 1-4 and the
DFT-calculated structures for models of 1 and 2 suggests
that the electronic structures of these centers, and their cor-
responding oxidized forms, are well described at the qualita-
tive level by this DFT method.

Analyses of the electronic structures of 1 and 2 show that
the redox-active orbital for these compounds is of m-symme-
try and is composed of Ni 3d,, (39%), Ni 3d_,. (3%), S 3p,
(30%), S 3p, (5%) and N 2p, (1%) for 1 and Ni 3d,,
42%), S 3p, (31%), and N 2p, (4 %) for 2, Figure 11a. The
oxidation of models of 1 and 2 involves the removal of one
electron from each of these orbitals to generate models of
1* and 2* possessing SOMOs with Ni 3d,, (19%), Ni 3d._,.
2%),S 3p, (39%), S 3p, (4%) and N 2p, (2%) and, Ni 3d,,
(21%), S 3p, (42%), and N 2p, (3 %) characters, respective-
ly, Figure 11b. These orbitals are of the same symmetry as
those of their parent orbitals in the models of 1 and 2 but
with about 10% more S character. Thus, the oxidation of 1
and 2 appears to involve orbitals that possess considerable
Ni-S covalency to produce a [Ni(N,S,)]" species with thiyl-
radical character. The rhombic EPR spectrum for 1%
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a) 1 2

Figure 11. Kohn-Sham orbital isosurface plots at 0.05e¢A~> for a) the
HOMOs of models of 1 and 2, b) the SOMOs of models of 17 and 2%,
and c) the SOMOs of models of 1(py),* and 2(py),™.

(Figure 6) is consistent with a SOMO of mt-symmetry, as re-
vealed by the DFT calculations on models of 1* and 2*.
This symmetry is similar to that for the SOMO of [Ni-
(emb)]~, which also exhibits a highly rhombic frozen solu-
tion EPR spectrum with g,,=2.25, g»p=2.11, and g;=
2.04.311 The DFT calculations on the models of 1* and 2+
also suggest that the SOMOs of these species are considera-
bly more localized on the thiolate S donors than for the
SOMO of [Ni(emb)]~, which involves ca. 13% amide N
character in addition to a 22 % contribution from the S thio-
late donors.'¥ This greater contribution to the SOMO from
the amide N-centers is consistent with the greater s-donor
capacity of these donors in [Ni(emb)]~ when compared to
the imine N-donors in 1 and 2.

DFT calculations on models of 1(py),* and 2(py),* reveal
SOMOs with substantially different compositions relative to
those of their parent 1* and 2* models and which contain
significant Ni 3d,. and N(py) character, Figure 11c. Thus, the
composition of the SOMO in the model of 1(py),* is Ni 3d,.
(29%), S 3p (25%), N(py) 2p, (11%). and in the model of
2(py),* the composition is Ni 3d,. (47%), S 3p (7%), N(py)
2p, (23 % ). This switch in SOMO on the binding of two pyri-
dine ligands in the axial positions of the models of 1% and
2% is also supported by the frozen solution EPR spectrum
of 1(py),* that is typical of a Ni'"" center possessing a d,.
ground state with N hyperfine coupling in the g;; compo-
nent. This hyperfine coupling is a consequence of the 2s
and 2p N(py) contributions to the SOMO in 1(py),*.

Conclusion

We have synthesized and crystallographically characterized
the diamagnetic complexes [Ni"(N,S,)] containing thiolate
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S- and imine N-donors and shown that 1 and 2 are capable
of supporting reversible oxidation chemistry at room tem-
perature. The analogous complexes 3 and 4 show an instabil-
ity in their oxidized states indicating that o- and p-fBu sub-
stitution of the thiolate rings limits decomposition pathways
for the oxidized products, as has been found previously for
phenolato metal complexes capable of supporting phenoxyl
radical centers.’*™® The EPR and UV/Vis spectroscopic
measurements and supporting DFT calculations are consis-
tent with the oxidation of 1 and 2 involving a m-type orbital
with about 21% Ni and about 42-43% S character in the
oxidized forms. Thus, the oxidation of 1 and 2 is largely
ligand-based such that 17 and 2% possess considerable thiyl
radical character. While similar ligand-based oxidation has
been observed for [Ni(emb)]*", which also possesses phenyl
thiolate units,'"*'”) the incorporation of the poorer imine -
donors in 17 and 2% leads to greater contributions to the
SOMO from the thiolate S-atoms in these complexes. DFT
calculations™ on [Ni(ema)]~, which contains alkyl thiolate
donors and which might be considered to be more relevant
to the active site of NiSOD, result in an electronic structure
that is analogous to 1*, 2% and [Ni(emb)]~. However, spec-
troscopic and DFT studies suggest that, in MeCN/propioni-
trile/butyronitrile solution, [Ni(ema)]~ possesses a Ni™!
center with a d, ground state, most likely associated with
the axial coordination of nitrile ligands.'® Thus, 1+, 2+, [Ni-
(ema)]™, and [Ni(emb)]™ appear to exhibit similar oxidative
chemistry suggesting that the incorporation of phenyl thio-
late rather than alkyl thiolate donors has little impact on the
ligand-based or metal-based nature of the ground states in
these species.

Electrochemical, EPR and UV/Vis spectroscopic studies
of 1* and 2% show that these species undergo a chemical
process at temperatures below 293 K, that can be reversed
on warming to ambient temperature, and the isolation and
X-ray  crystallographic ~ characterization  of  [(2),]-
(Cl10,),”2CH,Cl, shows that this reaction involves the for-
mation of the diamagnetic [(2),]** dimer. Similar variations
in the spectroscopic and electrochemical properties of [Ni-
(emb)]” have also been rationalized in terms of a low-tem-
perature dimerization process that may involve the forma-
tion of [Ni,(u-SR),] cores.'*!¥1 Additional support for this
formulation has derived from parallel resonance Raman,
UV/Vis and TD-DFT calculations.”! For 2+, our structural
data show that [(2),]** involves a S—S bond rather than the
direct bridging of two of the S atoms across the bimetallic
unit. The differences between the dimerization chemistry of
[Ni(emb)]™ and 2* may result from the greater S-atom con-
tributions to the SOMO in 2% relative to those of [Ni-
(emb)]~. This higher degree of thiyl radical character is a
consequence of the differences in the s-donor strength of
the N-atom donors in these complexes and may lead to the
preferential formation of a disulfide in [(2),]*" as is com-
monly observed for the oxidation of thiolate in solution.™
The relative instability and thermal sensitivity of both
[(1),)** and of [(2),]** precluded further study of these ma-
terials.
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The addition of pyridine to frozen solutions of 1* fol-
lowed by warming to about 193 K and re-freezing leads to
the generation of 1(py),* that possesses a SOMO with sub-
stantially less S character relative to 1t (ca. 29% vs. 42%,
respectively) and with a dominant 3d,. character for the Ni
contribution. For the calculated structure of 2%, the imposi-
tion of C,, symmetry prohibits combinations from S orbitals
of m-type symmetry contributing to the SOMO. For this spe-
cies the SOMO is almost exclusively derived from the Ni
3d,. and orbital combinations from the N(py) donor atoms.
This switch in SOMO composition is reflected in the g;; >
g» > gy pattern and in the resolution of N hyperfine cou-
pling in the g;; region within the EPR spectrum of 1(py),*.
Thus, the coordination of axial N-donor ligands switches the
SOMO from one which is essentially ligand-based to one
that is more metal-based and which involves a formal Ni™
center. Our UV/Vis spectroscopic results suggest that pyri-
dine binds only to 1* and not 1. Therefore, 1(py)," can only
form once 1 is oxidized to 1% followed by the binding of
two pyridine donors to 1*. This observation is consistent
with the X-ray crystallographic results for NiSOD in its re-
duced and oxidized states and with recent spectroscopic and
theoretical studies on the enzyme.”'*'¥ These latter studies
point to a O, reduction step in which the redox active MO
involves Ni/S/N(mt) combinations to generate an oxidized
species that is unbound by protein ligands at the axial sites
of the Ni center. This unit subsequently binds an axial imi-
dazole ligand to ensure a Ni'' SOMO with Ni 3d,. (76 %)
character and reduced S (9%) contributions. By compari-
son, the SOMO of the six coordinate complex 1(py),* con-
tains significantly more S character (36 %) than the SOMO
of the five-coordinate oxidized form of the enzyme. Thus,
even with the additional axial ligand in 1(py),*, there is con-
siderable S character within the SOMO of 1(py),*. The dif-
ferences in the compositions of the SOMOs of the oxidized
form of NiSOD, in which the axial imidazole ligand has yet
to bind and for those of the models of 17 and 2" are even
more significant. The SOMO in this form of the enzyme
possesses 58 % Ni(m), 24 % S(x), and 10% N/O(m) charac-
ter,'¥ whereas for 1* the SOMO possesses Ni (21%), S
(43%) and N (2%) character. Thus, the active site of
NiSOD appears to have evolved to minimize the S m-contri-
butions in both the imidazole bound and un-bound forms of
the oxidized enzyme whilst maintaining S-coordination to
lower the redox potential of the metal center in the enzyme.
The active site minimizes these S m-contributions in the
redox-active orbital of the oxidized form by i) employing an
amide ligand that is an effective m-donor in the imidazole
un-bound form of the enzyme and ii) employing an axial
imidazole ligand to switch the SOMO to an orbital that is
essentially metal-based. In addition, our calculations indi-
cate that the coordination geometry of the metal center and
conformation of the ligand backbones play a major role in
determining the composition of the redox-active orbitals./*”!
This is most apparent for the calculations of 1(py)," and
2(py),*; the latter complex, for which C,, symmetry was im-
posed, possesses a SOMO that has no S m-character. Thus, it
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is likely that the conformation of the protein side chains is
also important in fine-tuning the nature of the electronic
structure of the active site of NiSOD.

Experimental Section

Unless stated otherwise, all reactions were carried out under pure argon
using standard Schlenk techniques. Where required, solvents were dis-
tilled by standard methods before use. All chemicals were purchased
from Aldrich, except 1-formylpiperidine (Lancaster) and terz-butylchlor-
ide (Acros), and were used as received. 2,4-di-tert-butylbromobenzene
was synthesized following literature preparations.'-*! Complexes 3 and 9
and compound 6b were prepared as described previously.*!

NMR spectra were obtained using a Bruker DPX 300 spectrometer, and
X-band EPR spectra were recorded on a Bruker EMX spectrometer with
microwave frequencies calibrated with a Bruker ER035M NMR gaussme-
ter. EPR spectra were simulated using WINEPR SimFonia Version 1.25
(Bruker). Infrared spectra were recorded with a Nicolet Avatar 360
FTIR spectrometer, and mass spectra were obtained from the EPSRC
National Mass Spectrometry Service Center at the University of Wales,
Swansea, UK. Elemental analyses were carried out by the Microanalyti-
cal Service at the University of Nottingham with an Exeter Analytical
Inc CE-440 Elemental analyzer, and electrochemical measurements were
performed with an Autolab PGSTAT20 potentiostat. Cyclic voltammo-
grams were recorded using a three-electrode system consisting of a plati-
num working electrode, a platinum secondary electrode and an Ag/AgCl
reference electrode. Experiments were carried out at 293 K, unless stated
otherwise, under Ar using 1 mm solutions of complex in CH,Cl, contain-
ing [NnBu,][BF,] (0.4m) as supporting electrolyte. Potentials are refer-
enced to the Fc*/Fc couple which was used as an internal standard.
Where necessary, the [FeCp”,]*/[FeCp’,] couple was used as the internal
standard to avoid overlapping of redox couples, and the [FeCp",]*/
[FeCp™,] couple was referenced to the Fct/Fc couple by an independent
calibration. Compensation for internal resistance was not applied. Cou-
lombic measurements were performed at 273 K under Ar in CH,Cl, con-
taining [NnBu,y][BF,] (0.4M) as supporting electrolyte. A three-electrode
system was used consisting of a Pt/Rh gauze basket working electrode, a
Pt/Rh gauze secondary electrode and an Ag/AgCl reference electrode.

UV/Vis spectroelectrochemical measurements were carried out at 273 K
using an optically transparent electrode mounted in a modified quartz
cuvette with an optical pathlength of 0.5 mm. A three-electrode system
was used consisting of a Pt/Rh gauze working electrode, a Pt wire secon-
dary electrode in a fritted PTFE sleeve, and an Ag/AgCl reference elec-
trode chemically isolated from the sample solution via a bridge tube con-
taining electrolyte solution terminated in a porous frit. Potentials were
applied using a Sycopel Scientific Ltd. DD10M potentiostat and UV/Vis
spectra recorded on a Perkin Elmer Lambda 16 Spectrometer. Tempera-
ture control was achieved by flowing cooled N, across the surface of the
cell.

Synthesis of 2,4-di-tert-butylbenzenethiol (5a): A dry THF solution
(40 mL) of 1-bromo-2,4-di-tert-butylbenzene (15.75 g, 58.5 mmol) was
added dropwise to magnesium (4.46 g, 58.5 mmol) in THF (280 mL). The
reaction mixture was heated at reflux for 45 min then cooled before addi-
tion of sulfur (1.88 g, 58.5 mmol) at 0°C. The reaction mixture was stirred
at 50°C for 10 h. After the mixture was allowed to cool, the solution was
decanted and carefully hydrolyzed with excess HCl (5% ). THF was re-
moved in vacuo and the crude product extracted with CHCl;, washed
with brine, and dried over MgSO,. The CHCIl; was then removed in
vacuo and the product distilled (83°C) by using a short-path Kugelruhr
apparatus to give 5a (12.15g, 54.7 mmol, 94%). '"HNMR (300 MHz,
CDCl;, 298 K, TMS): 6=7.45 (d, 1H, ArH), 7.19 (d, 1H, ArH), 7.07 (dd,
1H, ArH), 3.60 (s, 1H, SH), 1.52 (s, 9H, C(CH;);), 1.35 ppm (s, 9H, C-
(CH,)5); MS (ES*): m/z: 223 [S5a + H*].

Synthesis of 2,4-di-tert-butylthiosalicylaldehyde (6a): nBuLi (2.35m,
9.13mL, 21.5 mmol) was added to a solution of TMEDA (3.25mL,
21.5 mmol) in anhydrous hexane (30 mL) at 0°C followed by 5a (2.2 g,
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10 mmol). The reaction mixture was stirred at 0°C for 30 min before
being allowed to warm to room temperature and left to stir for 22 h. 1-
Formylpiperidine (2.7 mL, 24 mmol) was added dropwise such that the
temperature did not exceed 70°C. The reaction mixture was stirred at
room temperature for 16 h before the addition of aqueous HCl (5%,
100 mL). Et,0 (40 mL) was added and the organic layer separated. The
aqueous layer was extracted with Et,0 (3x20mL) and the organic ex-
tracts combined and dried over MgSO,. Et,0 was removed in vacuo to
give a viscous orange oil which was dissolved in hexane (5mL) and
passed through a short chromatographic column containing a silica/
hexane slurry. A hexane/CH,Cl, mixture with an increasing proportion of
CH,CI, from 100:0 to 50:50 was passed through the column. The second
fraction (ca. 75 mL) was collected, and the solvent removed in vacuo to
give a viscous orange oil (6a, 1.48 g, 5.90 mmol, 59 %), which was used
without further purification.

Synthesis of 7-0.5H,0: A solution of Zn(OAc),2H,0 (0.58 g, 2.7 mmol)
in MeOH (5 mL) was added to a solution of 6a (1.20 g, 5.3 mmol) in
MeCN (20 mL). A solution of triethylamine (0.81 g, 8.0 mmol) in MeOH
(5mL) was added to the mixture. A solution of 2-dimethyl-1,3-diamino-
propane (0.22 g, 2.1 mmol) in MeOH (5 mL) was added dropwise to the
orange solution. The reaction mixture was stirred for 1h and then fil-
tered to yield the crude product which was recrystallized from CH,Cl, to
give yellow crystals of 7 (1.51 g, 2.4 mmol, 90%). '"H NMR (300 MHz,
CDClL;, 298 K, TMS): 6=83 (s, 2H, N=CH), 7.6 (d, 2H, ArH), 7.1 (d,
2H, ArH), 42 (bs, 2H, HC-H), 3.2 (bs, 2H, HC-H), 1.8 (s, 18H, C-
(CH,)3), 1.4 (s, 18H, C(CHs),), 1.1 ppm (s, 6H, CH;); *C NMR (75 MHz,
CDCl;, 298 K, TMS): 6_171.6 (N=CH), 152.5 (Ar CH), 144.1(Ar CH),
1439 (Ar CH), 1319 (Ar CH), 131.7 (Ar CH), 128.1 (Ar CH), 68.4
(CH,), 38.1 (C(CH),), 36.0 (C(CHy)y), 342 (C(CH,),), 31.2 (C(CHL),),
30.2 (C(CHs);), 25.5ppm (C(CHs),); IR (KBr): #=2959s, 2907 m,
2867 m, 1637s, 1599 w, 1466m, 1386 m, 1361 m, 1263 m, 1200 w, 1155m,
1080 w, 1049m, 900 w, 744 wcm™'; MS (ES™): m/z: 630 [T + H*]; ele-
mental analysis calcd (%) for C;sHs,N,S,Zn.0.5H,0: C 65.75, H 8.36, N
4.38: found C: 65.95, H 8.12, N 4.45. Yellow crystals of 7 suitable for X-
ray crystallography were obtained by slow diffusion of Et,0O onto a
CH,(l, solution of 7.

Synthesis of 8:0.5MeCN-H,0: A solution of Zn(OAc),.2H,0 (0.58 g,
2.7mmol) in MeOH (5mL) was added to a solution of 6a (1.20 g,
53 mmol) in MeCN (20mL). A solution of triethylamine (0.81 g,
8.00 mmol) in MeOH (5mL) was added to the mixture. The reaction
flask was wrapped in foil and stirred in the dark during the dropwise ad-
dition of 1,2-phenylenediamine (0.23 g, 2.1 mmol) in MeOH (5 mL). The
red mixture was stirred in the dark for 2 h by which time a precipitate
had formed, the reaction was then stirred at 0°C for a further 1 h after
which time the reaction was exposed to light and the crude product sepa-
rated by filtration. The precipitate was washed with cold MeOH and re-
crystallized from CH,Cl, to give bright red crystals of 8 (1.41 g, 2.2 mmol,
84%). '"HNMR (300 MHz, CDCl;, 298 K, TMS): 6=8.62 (s, 2H, N=
CH), 7.59 (d, 2H, ArH), 7.49 (m, 4H, ArH), 7.05 (d, 2H, ArH), 1.56 (s,
18H, C(CH;);), 1.28 ppm (s, 18 H, C(CH;);); IR (KBr): #=2961 vs,
2906, 2869s, 1624 s, 1598s, 1364s, 13615, 1261m, 1153 m, 1112m, 1048m,
1024m cm™'; MS (ES+): m/z: 637 [8 + H™]; elemental analysis calcd
(%) for C3sHyN,S,Zn-0.5 CH;CN-H,0: C 65.86, H 7.39, N 5.19; found: C
66.13, H 7.07, N 4.83. Red crystals of (8),MeCN suitable for X-ray crys-
tallography were obtained by layering MeCN onto a CH,Cl, solution of
8

Synthesis of 9:0.25H,0: Compound 9-0.25H,0 was prepared by litera-
ture methods from Zn(OAc),2H,0, 6b, and 2-dimethyl-1,3-diaminopro-
pane. 'THNMR (300 MHz, CDCl,, 298 K, TMS): §_8.30 (s, 2H, N=
CH), 7.33 (d, 2H, ArH), 7.26 (d, 2H, ArH), 7.20 (t, 2H, ArH), 7.00 (t,
2H, ArH), 3.51 (bs, 4H, CH,), 1.08 ppm (s, 6H, CH;); “C NMR
(75 MHz, CDCl;, 298 K, TMS): 6=170.6 (N=CH), 137.1 (Ar CH), 137.1
(Ar CH), 131.1 (Ar CH), 129.4 (Ar CH), 122.4 (Ar CH), 122.4 (Ar CH),
68.3 (CH,), 36.2 (C(CHs),), 24.9 ppm (C(CHs;),); IR (KBr): 7=2952 w,
2917 w, 2863 w, 1632s, 1587m, 1540m, 1462m, 1442 w, 1409m, 1391 w,
1336 w, 1252 w, 1203 w, 1162 w, 1127m, 1065m, 1027m, 971 w, 868 w,
760m, 752m, 721 w, 686 w, 647 wcm™'; MS (ES+): m/z: 405 [9 + H*];
elemental analysis calcd (%) for C,oH,N,S,Zn-0.25H,0: C 55.62, H 5.04,
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N 6.83: found: 55.92, H 4.94, N 6.65. Yellow crystals of 9 suitable for X-
ray crystallography were obtained by slow evaporation of a solution of
the complex in CH,CL.

Synthesis of 10-1.5H,0: A solution of Zn(OAc),2H,0 (0.55¢,
2.5 mmol) in MeOH (5 mL) was added to a solution of 6b (5.00 mmol)
in MeCN (20mL). A solution of triethylamine (1.5g, 15 mmol) in
MeOH (5 mL) was added to the mixture. The reaction flask was wrapped
in foil and stirred in the dark during the dropwise addition of 1,2-phenyl-
enediamine (0.27 g, 2.5 mmol) in MeOH (5 mL). The red reaction mix-
ture was stirred in the dark for 10 h during which time an insoluble pre-
cipitate formed. Filtration of the mixture gave 10 (0.95g, 2.3 mmol,
92%) as a red powder, which was washed with cold MeOH and used
without further purification. IR (KBr): #=2973 m, 1612 vs, 1602 vs, 1577
vs, 15265, 1451s, 1399s, 1183s, 1126m, 1075m cm™'; elemental analysis
caled (%) for C,)H4N,S,Zn-1.5H,0: C 54.74, H 3.90, N 6.38; found: C
54.89, H 3.37, N 6.31.

Synthesis of 1-0.5H,0: Ni(NO;),,6H,0 (0.058 g, 0.19 mmol) in MeOH
(3mL) was added to a solution of 7-0.5H,O (0.126 g, 0.20 mmol) in
CH,Cl, (15mL) and the solution stirred for 2 h. Excess MeOH was
added to the brown solution and the precipitate collected by filtration in
air. The crude product was washed with cold MeOH and recrystallized
from CH,Cl, to give brown crystals of 1 (0.11g, 0.2mmol, 92%).
'HNMR (300 MHz, CDCl,, 298 K, TMS): 6=7.65 (s, 2H, N=CH), 7.42
(d, 2H, ArH), 7.07 (d, 2H, ArH), 3.55 (s, 4H, CH,), 1.63 (s, 18H, C-
(CH,);), 1.28 (s, 18H, C(CH;);), 1.03ppm (s, 6H, CH;); “CNMR
(75 MHz, CDCl;, 298 K, TMS): 6=166.6 (N=CH), 149.5 (Ar CH), 133.0
(Ar CH), 1283 (Ar CH), 127.5 (2 Ar CH), 127.5 (Ar CH), 69.5 (CH,),
37.8 (C(CHa),), 34.3 (C(CH,)3), 34.2 (C(CH,)3), 31.2 (C(CH3),), 30.0 (C-
(CH;),), 24.8 ppm (C(CHj),); IR (KBr): 7=2959 vs, 2869s, 1617 vs,
1463s, 1388s, 13615, 12665, 1230m, 1163m, 1059m cm™'; MS (ES+): m/z:
624 [1 + HT*]; elemental analysis caled (%) for C;sHg,N,S,Ni.0.5H,0:
C 66.45, H 8.44, N 4.43; found: C 66.55, H 8.35, N 4.38. Brown crystals of
1 suitable for X-ray crystallography were obtained by layering hexane
onto a CH,Cl, solution of the complex.

Synthesis of 2-MeOH: A solution of Ni(NO;),-6H,0 (0.058 g, 0.19 mmol)
in MeOH (3 mL) was added to a solution of 8:0.5 CH;CN-H,O (0.096 g,
0.14 mmol) in CH,Cl, (20 mL). The dark brown solution was stirred for
1h before concentration in vacuo to about 5mL. Et,0 (2mL) and
hexane (30 mL) were added, and the brown solution cooled in ice for 1 h
during which time a brown precipitate formed. The crude product was
collected by filtration and washed with cold MeOH before being recrys-
tallized from CH,Cl, to give dark brown crystals of 2 (0.11 g, 0.18 mmol,
88%). 'HNMR (300 MHz, CDCl;, 298 K, TMS): 6=9.00 (s, 2H, N=
CH), 7.84 (q, 2H, ArH), 7.58 (d, 2H,
ArH), 7.40 (q, 4H, ArH), 1.69 (s,
18H, C(CHs);), 1.31 ppm (s, 18H, C-

previously.” "TH NMR (300 MHz, CDCl,, 298 K, TMS): 6=7.70 (s, 2H,
N=CH), 7.26 (m, 4H, ArH), 7.19 (dd, 2H, ArH), 7.00 (dd, 2H, ArH),
3.62 (s, 4H, CH,), 1.04 ppm (s, 6H, CH;); *CNMR (75 MHz, CDCl,,
298 K, TMS): d=165.2 (N=CH), 145.4 (Ar CH), 133.6 (Ar CH), 130.8
(Ar CH), 130.7 (Ar CH), 130.4 (Ar CH), 122.2 (Ar CH), 69.7 (CH,), 34.8
(C(CHs),), 24.4 ppm (C(CHs;),); IR (KBr): 7=2959s, 29245, 1615 vs, 1586
vs, 1540s, 1446s, 1427m, 1389m, 1221s, 1128 m, 1079s, 1061 m, 1035m,
948m, 747 vs, 720m cm™'; MS (ES+): m/z: 399 [3 + H*], 797 [(2x3) +
H*]; elemental analysis calcd (%) for C;,H,N,S,Ni: C 57.17, H 5.05, N
7.02; found: C 57.19, H 5.08, N 6.94. Brown crystals of 3 suitable for X-
ray crystallography were obtained by slow diffusion of Et,0 onto a
CH,(l, solution of the complex.

Synthesis of 4H,0: A solution of Ni(NOs),-6 H,O (0.058 g, 0.2 mmol) in
MeOH (5mL) was added with stirring to a suspension of 10-1.5H,0
(0.082 g, 0.19 mmol) in CH,Cl, (25 mL). The mixture was heated at 40°C
for 2 h during which time a slow transition from a red suspension to a
dark brown solution occurred. The solution was concentrated in vacuo to
about 7 mL and cold MeOH (40 mL) was added. The precipitate was col-
lected by filtration and washed with cold MeOH followed by Et,O
before recrystallization from CH,Cl, to give dark brown crystals of 4
(0.071 g, 0.17 mmol, 87 %). 'H NMR (300 MHz, CDCl;, 298 K, TMS): § =
8.95 (s, 2H, N=CH), 7.83 (m, 4H, ArH), 7.58 (dd, 2H, ArH), 7.41 (q,
2H, ArH), 7.28 (dd, 2H, ArH) , 7.08 ppm (td, 2H, ArH); "C NMR
(75 MHz, CDCl;, 298 K, TMS): 6=157.9 (N=CH), 136.8 (Ar CH), 131.7
(Ar CH), 131.0 (Ar CH), 129.4 (Ar CH), 129.0 (Ar CH), 126.0 (Ar CH),
1231 (Ar CH), 1224 (Ar CH), 116.7 ppm (Ar CH); IR (KBr): =
1590m, 1576s, 1525 vs, 1457 vs, 1426m, 1392m, 1234m, 1080m,
748s cm™'; MS (ES+): m/z 406 [4 + H*], 810 [(2x4)*]; elemental anal-
ysis caled (%) for C,H,N,S,Ni-H,0: C 56.76, H 3.81, N 6.62; found: C
56.91, H 3.32, N 6.59. Dark brown crystals of 4 suitable for X-ray crystal-
lography were obtained by slow evaporation of MeOH from a 50:50
CH,Cl,/MeOH solution of the complex.

X-ray crystallography: Crystallographic data and structure refinement pa-
rameters for complexes 1-4, 7, (8),MeCN, 9 and (2),-(ClO,),-2CH,Cl,
are summarized in Table 3 and Table 4. Crystals were mounted on a
dual-stage glass fiber and diffraction measurements collected at 150(2) K
on a Bruker SMART1000 (for 3, 4, 7, 9) or a Bruker SMART APEX
CCD area diffractometer (for 1, 2, and (8),-MeCN) using graphite-mono-
chromated Moy, radiation (1=0.71073 A) and o scans. Both diffractom-
eters were equipped with an Oxford Cryosystems open-flow cryostat.*!
In the case of (2),-(ClO,),-2CH,Cl,, diffraction measurements were col-
lected at 120(2) K on a Bruker SMART APEX2 CCD area diffractome-
ter using silicon [111]-monochromated synchrotron radiation (A=

Table 3. Crystallographic data for 7-0.13MeOH, (8),MeCN, and 9.

(CH,),); *CNMR (75 MHz, CDCI,,
298K, TMS): 6=1592 (N=CH),

149.1 (Ar CH), 145.1 (Ar CH), 143.6
(Ar CH), 1319 (Ar CH), 131.5 (Ar M,
CH), 128.8 (Ar CH), 128.1 (Ar CH),
116.1 (Ar CH), 38.0 (C(CH,),), 34.4
(C(CH,)y), 312 (C(CHy);), 30.Lppm  a[A]
(C(CHy);); IR (KBr): #=2957s, bI[A]
2906m, 2867m, 1599m, 1570m, ¢ [A]
1507m, 1462m, 1384 vs, 1362m, @[]
1161m, 735mcem™'; MS (ES+): m/z: B[]
629 [2*]; elemental analysis caled 7 [°]
(%) for CyH,N,S,Ni.CH,OH: C
67.17, H 7.62, N 4.23; found: C 6739, Z
H 7.20, N 3.81. Dark brown crystals
of 2 suitable for X-ray crystallography
were obtained by slow evaporation of
MeOH from a 50:50 CH,CL/MeCN

solution of the complex. unique reflections (R;,)

Synthesis of 3: Compound 3 was pre- 2 [F(Zl?;(zf)]
pared from Ni(NO;),6H,0 and GW(;F

4419 (0.020)
0.044
0.134
1.046

15994 (0.020)
0.035

0.095

1.03

7-0.13MeOH (8),MeCN 9
empirical formula Cs513Hs25N,04 13S,Zn C,,HgsNsS,Zn, CyHyN,S,Zn
634.28 1313.53 405.86
crystal system monoclinic triclinic monoclinic
space group C2lc Pl P2,
A 32.560(2) 12.5404(8) 9.4649(11)
11.0318(9) 17.7470(11) 9.7759(11)
10.3704(7) 18.1994(12) 9.8843(11)
90 67.259(2) 90
104.921(2) 89.896(2) 95.914(2)
90 72.798(2) 90
volume [A?] 3599.4(7) 3539.2(4) 909.7(2)
4 2 2
Oeatea [gem™] 1.170 1.233 1.482
p [mm™] 0.823 0.84 1.582
crystal size [mm)] 0.31x0.18x0.16 0.51x0.40x0.12 0.25x%0.22x0.10
reflections collected 11279 31481 5366

3334 (0.039)
0.031
0.068
0.995

9-025H,0 by our method reported
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Table 4. Crystallographic data for 1-4 and [(2),](ClO,),-2 CH,Cl,.

FULL PAPER

1 2 3 4 [(2),](ClO,),2CH,CL,
empirical formula C;sHy,N,NiS, CyHN,NiS, C,oH,(N,NiS, C, H,N,NiS, CygoHy1oCIgN,Ni,OgS,
M, 623.62 629.58 399.2 405.16 1714.08
crystal system monoclinic monoclinic triclinic monoclinic monoclinic
space group P2/c P2/c P1 P2/c P2/c
a[A] 12.763(2) 8.1604(7) 8.5697(18) 6.9449(5) 24.296(5)

b [A] 14.940(2) 25.658(2) 9.0569(19) 17.7885(13) 18.854(5)
c[A] 18.229(3) 16.4775(13) 11.767(3) 13.5370(10) 18.330(5)

a [°] 90 90 76.164(3) 90 90

A 1°] 93.030(3) 100.590(1) 87.506(3) 100.582(2) 111.067(5)

y [°] 90 90 89.673(3) 90 90

volume [A%] 3471.0(2) 3391.2(8) 886.0(6) 1643.9(4) 7835(3)

V4 4 4 2 4 4

Peatea [gem™] 1.193 1.233 1.496 1.637 1.453

p [mm™] 0.704 0.721 1.333 1.438 0.8511!
crystal size [mm] 0.33x0.19%x0.15 0.28x0.14x0.04 0.25%0.23x0.04 0.49%x0.44x0.22 0.02x0.02x0.02
reflections collected 21583 23990 7692 14974 37375

unique reflections (R;,) 8188 (0.024) 8084 (0.040) 3955 (0.033) 3895 (0.017) 8188 (0.1895)
R [F>40(F)] 0.043 0.039 0.040 0.023 0.088

R,r (all F) 0.102 0.088 0.096 0.061 0.224

GOF 111 0.96 1.036 1.05 0.953

[a] 1=0.6868 A.

0.6868 A) and w scans from Daresbury SRS Station 9.8.%%! Empirical
absorption corrections were applied using SADABS.”) Structures were
solved by direct methods using SHELXS-97%! and, in the case of (2),
(Cl0O,),2 CH,Cl,, SIR-92) and refined with SHELXL-97."" Hydrogen
atoms were geometrically placed in calculated positions and constrained
to ride on their parent atom with U,,(H)=xU,,(parent), where x=1.2 or
1.5.

DFT calculations: Calculations were performed by using the Amsterdam
Density Functional (ADF) suite version 2005.01.7" The open-shell re-
stricted scalar relativistic DFT calculations employed a Slater type orbital
(STO) triple-&-plus one polarization function all-electron basis sets from
the ZORA/TZP database of the ADF suite for all atoms. The local den-
sity approximation (LDA) with the correlation potential due to Vosko
etal™ was used in all of the DFT calculations. Gradient corrections
were performed using the functionals of Becke!™ and Perdew (BP).™
Models of 1, 1%, and 1(py),* were optimized without any symmetry con-
straints, whereas those of 2, 2%, and 2(py),* were optimized in idealized
C,, symmetry. The z axis is perpendicular to the NiS,N, plane and the y
axis bisects the N(1)-Ni-N(2) angle in the starting geometries in the coor-
dinate frames employed in the calculations. Within each model, the Bu
groups of each thiolate ring were substituted by an H atom to decrease
the computational effort required for the calculations.

CCDC-278858, CCDC-654478, CCDC-654479, CCDC-654480, CCDC-
654481, CCDC-654482, CCDC-654483, CCDC-654484, CCDC-654485
contain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallograph-
ic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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