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The reaction of Ni(xbsms) (Hpxbsms = 1,2-bis(4-mercapto-3,3-dimethyl-2-thiabutyl)benzene) with
[Ru(CO);Cly(thf)] yields green crystals of [NiCl(xbsms)Ru(CO)sCl]. The structure of this structural model
of the active site of NiFe hydrogenase reveals a pentacoordinated nickel(II) center with bound chloride
anion. It therefore adopts a paramagnetic (S = 1) electronic configuration as shown by magnetic suscep-
tibility measurements. In DMF, this compound is converted into a red ionic-salt [NiL(xbsms)Ru(CO)sCl]CI
(L =water or DMF) that catalyzes hydrogen electro-evolution from EtsNHCl at —1.52V vs. Ag/AgCl

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Nickel-iron hydrogenases are metallo-enzymes that catalyze
hydrogen evolution or oxidation [1]. Their active site consists of
a nickel center coordinated, in a distorded geometry, by four cyste-
inate ligands, two of which bridge to an organometallic dicyano-
carbonyl iron moiety (Chart 1). Electrochemical measurements
carried out on hydrogenases adsorbed on carbon electrodes have
shown that these enzymes are competitive to platinum as electro-
catalysts [2]. Following a bio-inspired approach, it should thus be
possible to design new catalysts for hydrogen evolution that con-
tain only earth-abundant and cheap metal ions [3,4]. Nevertheless,
despite a large number of reports on nickel-iron structural mimics,
the sole dinuclear functional models so far are nickel-ruthenium
compounds [5,6]. They indeed catalyze hydrogen electroproduc-
tion, probably via the formation of a bridging hydride derivative
{Ni(p-H)Ru}, the structure of which would reproduce that of the
Ni-C state characterized along the enzymatic cycle of NiFe hydrog-
enases [7-9]. Here we report on a new member of this series, in
which a {Ru(CO)s;Cl}" moiety is used as a surrogate for the
{Fe(CN),CO} fragment.
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2. Results and discussion

The reaction of [Ru(CO);Cl,(thf)] with [Ni(xbsms)] (Hyxbsms =
1,2-bis(4-mercapto-3,3-dimethyl-2-thiabutyl)benzene) in CH,Cl,
is complete within 5 min as evidenced by IR monitoring in the
V(CO) region. Then, the spectrum of the solution displays the
A, +E pattern typical for fac-tricarbonyl coordination in octahedral
complexes. Further crystallisation at 4 °C from a CH,Cl,/pentane
mixture yields green crystals of [NiCl(xbsms)Ru(CO);Cl]. This com-
pound, with maximum absorption wavelength at 698 nm in
CH,Cl,, is paramagnetic as first evidenced by its 'H NMR spectrum
with broad signals up to 154 ppm. The ESI-MS spectrum displays
one single peak corresponding to the {Ni(xbsms)Ru(CO)sCI}"
fragment.

The crystal structure of [NiCl(xbsms)Ru(CO)sCl] is shown in
Fig. 1. The two metal ions are involved in a {Ni(p-SR),M} motif that
mimics that found at the active site of NiFe hydrogenases (M = Fe).
The distance between Ni and Ru is 3.316 A. The main structural dif-
ference with the previously reported Ni-Ru complexes [5,6] re-
gards the presence of an extra chloride ligand coordinated on the
nickel center, here in a square-pyramidal environment. The nickel
ion is slightly displaced from the 4S plane toward the chloride li-
gand. The ruthenium moiety is located trans to the axial methyl
groups and therefore cis with the aromatic cycle of the xbsms
ligand. A chloride ligand bound to ruthenium is directed towards
but does not interact with the nickel atom (d(Cl---Ni)=3.32 A).
Significant distortion in the equatorial plane of the ruthenium
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Chart 1. Structure of the active site of [NiFe] hydrogenases in the resting Ni-SI
catalytically-active state.

octahedra arises from the acute S1-Ru-S4 angle (79.82(4)°) due to
bridging constraints. The hinge angle defined by the S1-Ni-S4 and
S1-Ru-S4 planes is 131.5°.

The ruthenium(ll) ion (d® low-spin) is expected to be diamag-
netic. Regarding the Ni(II) center, while low-spin electronic struc-
ture and diamagnetism is almost the rule for square-planar d®
complexes [10], octahedral and square-pyramidal complexes can
adopt a paramagnetic (S=1) configuration [11] because of both
the energetic degeneracy or proximity of the d,._,. and d. orbitals
and the high pairing energy of these ions. Magnetic susceptibility
measurements were recorded between 2 and 300 K and the T ver-
sus T plot of data, corrected for diamagnetism and temperature-
independent paramagnetism, is shown in Fig. 2. The room temper-
ature value of T is 1.2 cm® K mol~! (3.1 Bohr magneton) in accor-
dance with a high spin Ni(Il) with average g value of 2.1-2.2. The
shape of the curve shows that the high-spin state is maintained
over the whole explored temperature range: the yT product does
not vary significantly with temperature above 75 K but dramati-
cally decreases at lower temperatures. Since there is no short con-
tact between neighbouring complexes and the lowest Ni-Ni
distance is 8.1 A, this low temperature behavior shall be ascribed
to the zero-field splitting (ZFS) generally encountered in distorted
nickel(II) centers [12]. Accordingly the data were then fitted with a
powder average value of y = (1/3 - y_+ 2y ), x- and x, being the
axial and perpendicular magnetic susceptibility components intro-

Fig. 1. Structure of [NiCl(xbsms)Ru(CO)sCl] in [NiCl(xbsms)Ru(CO);Cl] - 2CH,Cl,,
crystallographic data are given in Tables S1 and S2). Selected bond lengths (A) and
angles (°): Ru-C(22) 1.901(5); Ru-C(21) 1.929(5); Ru-C(23) 1.947(5); Ru-Cl(2)
2.4166(12); Ru-S(4) 2.4302(11); Ru-S(1) 2.4389(12); Ni-CI(1) 2.3141(13); Ni-S(4)
2.3520(12); Ni-S(1) 2.3681(12); Ni-S(2) 2.4108(12); Ni-S(3) 2.4259(13); O(21)-
C(21) 1.128(6); 0(22)-C(22) 1.123(6); 0(23)-C(23) 1.122(5); C(22)-Ru-C(21)
93.0(2); C(22)-Ru-C(23) 93.37(19); C(21)-Ru-C(23) 96.22(19); C(22)-Ru-Cl(2)
179.16(15); C(21)-Ru-Cl(2) 86.86(15); C(23)-Ru-Cl(2) 87.47(13); C(22)-Ru-S(4)
90.78(14); C(21)-Ru-S(4) 171.70(14); C(23)-Ru-S(4) 90.90(13); Cl(2)-Ru-S(4)
89.20(4); C(22)-Ru-S(1) 89.56(15); C(21)-Ru-S(1) 92.85(15); C(23)-Ru-S(1)
170.31(12); CI(2)-Ru-S(1) 89.61(4); S(4)-Ru-S(1) 79.82(4); Cl(1)-Ni-S(4)
101.97(5); CI(1)-Ni-S(1) 103.09(5); S(4)-Ni-S(1) 82.88(4); Cl(1)-Ni-S(2)
93.81(5); S(4)-Ni-S(2) 163.40(4); S(1)-Ni-S(2) 88.59(4); CI(1)-Ni-S(3) 93.69(4);
S(4)-Ni-S(3) 88.29(4); S(1)-Ni-S(3) 162.32(4); S(2)-Ni-S(3) 95.89(4).
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Fig. 2. Evolution of the 1" product (dotted line: experimental, plain line: fitted
curve), corrected for diamagnetism and temperature-independent paramagnetism,
as a function of the temperature for a polycrystalline sample of [NiCl(xbsms)
Ru(CO)3Cl].

ducing the axial ZFS parameter D and the axial (g-) and perpendic-
ular (g,) components of the g tensor. The simultaneous fit of T
(Fig. 2) and x leads to the following values: D=15cm™!,
g-=2.00and g, = 2.07. The D value is among the highest observed
for discrete nickel(II) complexes [13-16]. Since g. is lower than g ,
the magnetic susceptibility measurement also indicates that the
ZFS parameter is positive [14] but further investigation by comple-
mentary methods [16], which are beyond the scope of the present
paper, would be needed to ascertain this result.

The crop of green crystals is frequently contaminated by a red
solid, with maximum absorption wavelength at 524 nm and the
same ESI-MS spectrum. Dissolution of [NiCl(xbsms)Ru(CO)s;Cl] in
a polar solvent such as CH3CN or DMF irreversibly yields the same
red compound. The nature of the solvent used has no clear influ-
ence on the UV-Vis or the ESI-MS spectrum. Its '"H NMR spectrum
displays broad signals constrained in the diamagnetic region, indi-
cating for some dynamic solution equilibrium such as ligand ex-
change or stereochemical non-rigidity. We thus propose a ionic-
salt structure [NiL(xbsms)Ru(CO)sCl]Cl, similar to that previously
established for [Ni(xbsms)Ru(p-cymene)Cl]Cl but with an extra li-
gand L weakly coordinated on nickel (with L being water or any
coordinating solvent molecule). Actually, from 'H NMR and IR
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Fig. 3. Cyclic voltammograms of [NiL(xbsms)Ru(CO);Cl]Cl (1 mmolL™!) in the
presence of various amounts (0, 1.0, 1.5, 3.0 and 10 equiv.) of Et;NHCl recorded in a
DMF solution of n-BuyNBF; (0.1 molL™') on a glassy carbon electrode at
100mV s,
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measurements, this compound is the major species formed during
the reaction of [Ru(CO);Cly(thf)] with [Ni(xbsms)].

The cyclic voltamogram of [NiL(xbsms)Ru(CO)3Cl]|Cl recorded
on a glassy carbon electrode in DMF shows a reversible one-elec-
tron redox process at +0.68 V vs. Ag/AgCl and, on the cathodic
counterpart, an irreversible monoelectronic reduction peak at
—0.86V vs. Ag/AgCl probably associated with the elimination of
the chloride ligand from the ruthenium coordination sphere. Upon
addition of Et;NH" to this solution, a new irreversible cathodic
wave appears at —1.52 V vs. Ag/AgCl (—2.05 V vs. Fc®*). It raises
in height and shifts to more negative potentials when the acid/cat-
alyst concentration ratio is increased as shown in Fig. 3 indicating
an Hy-evolving electrocatalytic behavior similar to that observed
for the previously reported Ni-Ru compounds. Hydrogen evolu-
tion, with 19 turnovers achieved within 4.5 h, is observed during
the bulk electrolysis of 0.5 mmol of EtsNHCI on a mercury pool
at —1.60V versus Ag/AgCl in DMF (10 mL) in the presence of
9 umol of [NiL(xbsms)Ru(CO)sCl|Cl as electrocatalyst. Under the
same conditions but in the absence of catalyst, less than 5% of
Et;NH" is converted to H, within the same reaction time.

3. Conclusion

The nickel-ruthenium complex [NiCl(xbsms)Ru(CO);Cl] is thus
both a structural and functional mimic of NiFe hydrogenases.
While most of the bio-inspired models reported so far contain a
square-planar diamagnetic nickel(Il) center, there is still a contro-
versy based on L-edge X-ray absorption spectroscopy about the
possibility for a high-spin nickel(II) center in the activated, EPR si-
lent, Ni-SI resting state of native hydrogenases [17]. This com-
pound is thus a valuable model for such a hypothesis, and the
sole reported so far.

4. Experimental
4.1. Materials

All reactions were carried out in an argon atmosphere using
Schlenk techniques. Solvents were dried using standard proce-
dures and distillated under argon. NMR solvents were deoxygen-
ated by three freeze-pump-thaw cycles and kept on molecular
sieves. [Ru(CO)s;Cl,(thf)] [18] and [Ni(xbsms)] [19] were prepared
according to reported procedures. Et;NHCI (Acros) was used as re-
ceived. The supporting electrolyte (n-BuyN)BF, was prepared from
(n-BugN)HSO,4 (Aldrich) and NaBF, (Aldrich) and dried overnight at
80 °C under vacuum.

4.2. Methods and instrumentation

'H NMR spectra were recorded at room temperature in 5 mm
o.d. tubes with a Bruker AC300 spectrometer equipped with a
QNP probehead. Infrared spectra were recorded with a Bruker Vec-
tor 22 FTIR spectrophotometer; the spectra were recorded in solu-
tion, using a KBr cell. UV-Vis spectra have been recorded on a Carry
Biol (Varian) spectrophotometer in quartz Schlenk cells. ESI-MS
mass spectrometry was performed with a Finnigan LCQ thermo-
quest ion-trap. Elemental analyses were performed by the Service
Central d’Analyse of the CNRS (Vernaison, France). Variable tem-
perature magnetic data (2-300 K) were obtained with Quantum
Design MPMS-XL squid magnetometer in a 0.2 T external field.
The susceptibility was measured on a bench of single crystals
(11.21 mg with less than 5% red crystals) and corrected for diamag-
netism and temperature-independent paramagnetism on the basis
of the slope s of the linear regime of the yT versus T plot at high
temperature (s=5.5 x 1074 cm® mol™!). All electrochemical mea-

surements were carried out as previously reported [5,6,20,21]
and potentials are quoted versus the Ag/AgCl/ KCI 3 mol L~! refer-
ence electrode, abbreviated as Ag/AgCl. Using this reference elec-
trode, the (Ep, + Epc)/2 value for the Fc/Fc* couple is measured in
DMF at 0.55 V.

4.3. Synthesis

4.3.1. [NiCl(xbsms)Ru(CO)sCl]

[Ru(CO)3Cly(thf)] (126 mg, 0.38 mmol) and [Ni(xbsms)]
(157 mg, 0.39 mmol) were dissolved in dichloromethane (5 mL)
and stired for 30 min at room temperature. The solution is then
evaporated in vacuum and the residue is dissolved in a CH,Cl,/pen-
tane 1:1 mixture. Green crystals of [NiCl(xbsms)Ru(CO)sCl]-
2CH,Cl, (35 mg, 0.04 mmol, 10%), polluted with a small amount
of red powder, are obtained upon cooling this solution for days
at 4 °C. "H NMR (300 MHz, CD,Cl): 6 = 154, 33, 17, 10.1, 9.4, 7.4,
5.9, —1.7 ppm; UV-Vis (CH,Cly): Amax =676 nm; ESI-MS (CH,Cl,)
mjz (%)=625 (100) {M-CI}'; IR (CHyCly): Vo = 2124(s),
2051 cm™! (vs, broad); IR (KBr): Veo =2118(s), 2056 cm™! (s),
2046 cm~! (s). Elemental Anal. Calc. for CygH»6S405NiRuCly: C,
34.61; H, 3.67; Cl, 10.75. Found: C, 34.32; H, 3.77; Cl, 11.14%.

4.4. Crystal structure analysis

Crystallographic data are summarized in Table S1. Data collec-
tion was performed at 223 K by using a Bruker SMART diffractom-
eter with a charged couple device area detector, with graphite-
monochromated Mo Ko radiation (4=0.71073 A). Empirical
absorption correction (sapass) was performed. Molecular structures
were solved by direct methods and refined on F? by full-matrix
least-squares techniques with the sueLxtL package [22] with aniso-
tropic thermal parameters. All non-hydrogen atoms were refined
anisotropically; hydrogen atoms were found and refined isotropi-
cally. The hydrogen atoms of the disordered solvent molecule were
not introduced. The asymmetric unit contains one molecule and
two CH,Cl, molecules, one of which is disordered over two posi-
tions (with relative occupancies 0.598 and 0.402) around one C-
Cl bond.
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Appendix A. Supplementary material

CCDC 712053 contains the supplementary crystallographic data
for [NiCl(xbsms)Ru(CO)sCl] - 2 CH,Cl,. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif. Tables S1 and S2 pro-
vide additional crystallographic and structural informations. Sup-
plementary data associated with this article can be found, in the
online version, at doi:10.1016/j.jorganchem.2009.02.014.
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