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The [N,S;]-type ligand 1,2-(2-CsH4NCH,S),CHy (L) is prepared in 84% yield by a new method and its
structure has been confirmed by X-ray crystallography. The new synthetic method involves sequential
reaction of 1,2-phenylenedithiol with EtONa followed by treatment of the resulting disodium salt of
1,2-phenylenedithiol with in situ generated 2-(chloromethyl)pyridine from its HCI salt. Further

treatment of ligand L with NiCl,-6H,O or Nil, affords the expected new mononuclear Ni complexes
Ni[1,2-(2-CsH4NCH,S),CcHy4]Cl, (1) and Ni[1,2-(2-CsH4NCH,S),CsHyll, (3) in 87-88% yields,
whereas reaction of L. with NiBr, under similar conditions results in formation of the expected new
mononuclear complex Ni[1,2-(2-CsH4;NCH,S),C¢H,4]Br, (2) and one unexpected new

mononuclear complex Ni[1-(2-CsH4NCH,S)-2-(2-CsH4NCH,SC¢H4S)CsHy4]Br, (2%) in 82% and

5% yields, respectively. More interestingly, the ligand L-containing novel trinuclear NiFe, complex
Ni{[1,2-(2-CsH4NCH,S),CsH, } Feo(CO)g(u13-S), (4) is found to be prepared by sequential reaction of
(u-S,)Fe,(CO)g with Et;BHLI, followed by treatment of the resulting (u-LiS),Fe,(CO)g with mononuclear
complex 1, 2, or 3 in 12-20% yields. The new complexes 1-4 and 2* are fully characterized by elemental
analysis and various spectroscopies, and the crystal structures of 1, 2* and 3 as well as some

electrochemical properties of 1—4 are also reported.

Introduction

Hydrogenases are natural enzymes that can catalyze the revers-
ible redox reaction between molecular hydrogen and protons in
many microorganisms.'* These enzymes can be classified into
three major groups according to the metal content in their active
sites, namely [FeFe]-hydrogenases ([FeFe]Hases),”’ [NiFe]-
hydrogenases ([NiFe]Hases),® '° and iron-sulfur cluster-free
hydrogenase (Hmd).''™'* The X-ray structure determination for
[NiFe]Hases isolated from Desulfovibrio (D.) gigas,"* D. vul-
garis Miyazaki E'° and Desulfomicrobium (Dm.) baculatum"®
revealed that they have two forms of active sites. One is the oxi-
dized form, whose Ni and Fe atoms are bridged by two cysteine
S atoms and one O atom with a Ni-Fe distance of 2.5-2.9 A.
The other reduced form has a Ni-Fe bond of 2.5-2.6 A bridged
by two cysteine S atoms or perhaps with an additional H-bridge.
Although the crystal structures of the active sites of [NiFe]Hases
have some differences, they have some interesting common fea-
tures. That is, all the active sites of [NiFe]Hases consist of a
butterfly [NiFeS,] cluster core in which the Fe atom is
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coordinated by one terminal CO and two terminal CN™ ligands,
the Ni atom is coordinated by two terminal cysteine S (Cys—S)
ligands (an exception is for Dm. baculatum in which its Ni atom
is coordinated by one terminal Cys—S ligand and one terminal
seleno—cysteine Se (Cys—Se) ligand), and the two metal centers
are combined together by two bridging Cys—S ligands (Fig. 1)."*'®

Under the guidance of the well-elucidated structures regarding
the active sites of [NiFe]Hases, synthetic chemists have success-
fully prepared a great variety of mononuclear Ni or Fe com-
plexes and heteronuclear Ni-Fe complexes as models for the
active site of [NiFe]Hases.'” 2! Now, we wish to report our
results on the synthesis, structural characterization and some
properties of four new mononuclear Ni complexes and one novel
trinuclear NiFe, cluster complex. Interestingly, these complexes,
according to their metal centers and the surrounding heteroatom
ligands, could be regarded as the structural analogues of the
mononuclear Ni moiety and/or the dinuclear Ni/Fe moiety in the
active site of [NiFe]Hases.
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Fig. 1 Schematic structures of the active sites of [NiFe]Hases deter-
mined by protein X-ray crystallography.
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Results and discussion

Synthesis and characterization of ligand 1,2-(2-CsH4;NCH,S),-
CsHy (L)

In order to synthesize the designed structural analogues of the
active site of [NiFe]Hases reported in this article, we developed
a new synthetic method for preparation of the [N,S,]-type ligand
L. This new method, as shown in Scheme 1, involves a sequen-
tial reaction of 1,2-phenylenedithiol with 2 equiv of EtONa
(formed in situ from sodium and EtOH) followed by treatment
of the intermediate disodium salt of 1,2-phenylenedithiol with
2 equiv of 2-(chloromethyl)pyridine (generated in situ from
2 equiv of 2-(chloromethyl)pyridine hydrochloride and 2 equiv
of EtONa), resulting in formation of ligand L in up to 84%
yield. It is worth pointing out that the new method is different
from the previously reported one®” in two ways. Firstly, the new
method is simply to use the in situ generated 2-(chloromethyl)-
pyridine from commercially available 2-(chloromethyl)pyridine
hydrochloride, whereas the previously reported one uses the pre-
prepared 2-(chloromethyl)pyridine. Secondly, the new one uses
a workup procedure including TLC separation followed by soli-
dification and recrystallization to give a solid product in high
purity (we have determined its crystal structure, see below),
whereas the previously reported one utilizes a workup procedure
including extraction followed by washing to obtain an oily
product.

Ligand L is a yellowish and air-stable solid, which was fully
characterized by elemental analysis, spectroscopy and notably by
X-ray crystallography. For example, the C/H/N analytical data
were in good agreement with its composition, whereas its
IR spectrum showed two absorption bands at 1641 and
746 ¢cm™' for its C=N double bonds and C-S single bonds,
respectively. In addition, the 'H and '*C NMR data of L were
obtained by using two-dimensional NMR techniques, such as
the 'H-'H COSY, 'H-'H NOESY, 'H-'*C HMQC, and
"H-'3C HMBC techniques (see the ESIT). In its "H NMR spec-
trum, the doublets at 7.29 and 8.53 ppm can be assigned to 3-H
and 6-H in its pyridine rings, whereas the multiplets at
7.04-7.06 and 7.23-7.25 ppm can be ascribed to 4,5-H and
3,6-H in its benzene rings, respectively. In addition, in its '*C
NMR spectrum the signals at 122.1, 123.2, 136.6, 149.3, and
157.4 ppm can be ascribed to the five carbon atoms of C5, C3,
C4, C6, and C2 in its pyridine rings, whereas the signals at
126.9 and 130.0 ppm can be attributed to the four carbon atoms
of C4/C5 and C3/C6 in its benzene rings, respectively. The
molecular structure of L determined by X-ray crystal diffraction
techniques is shown in Fig. 2, and Table 1 lists the selected bond
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rings refer to the corresponding C/N atoms)

Scheme 1

Fig. 2 Molecular structure of L with 30% probability level ellipsoids.
Hydrogen atoms are omitted for clarity.

Table 1 Selected bond lengths (A) and angles (°) for L

S(1)-C(7) 1.770(2) C(7)-S(1)-C(6) 105.05(9)
S(1)-C(6) 1.813(2) C(12)-S(2)-C(13) 103.64(10)
S(2)-C(12) 1.779(2) C(5)-N(1)-C(1) 117.14(16)
S(2)-C(13) 1.804(2) C(18)-N(2)-C(14) 117.27(19)
N(1)-C(1) 1.342(3) C(5)-C(6)-S(1) 114.94(13)
N(1)-C(5) 1.335(2) N(1)-C(5)-C(4) 122.74(18)
N(Q2)-C(14) 1.347(2) C(14)-C(13)-S(2) 116.72(14)
N(@2)-C(18) 1.339(3) N(2)-C(14)-C(15) 122.59(17)

lengths and angles. As can be seen intuitively from Fig. 2, the
two pyridine rings are indeed attached to the two ortho-carbon
atoms of a benzene ring via two methylenethio groups. The two
C-S—C bond angles are 103.64° and 105.05° respectively. The
four C—S bond lengths vary from 1.770 to 1.813 A. The dihedral
angle between the two pyridine rings is 83.28°, whereas the two
dihedral angles between each pyridine ring and the benzene ring
are 76.63° and 82.81° respectively.

Synthesis and characterization of mononuclear Ni complexes
Ni[1,2-(2-CsH4NCH,S),CcH4]X, (1-3; X = CL, Br, I) and
Ni[1-(2-CsH4NCH,S)-2-(2-CsH4NCH,SCcH4S)CsHy]Br, (2%)

Similar to the previously reported [N,S,]-type ligand containing
transition metal complexes,”* %° the new mononuclear Ni com-
plexes Ni[1,2-(2-CsH4NCH,S),CsHy]X, (1, X = Cl; 2, X = Br;
3, X = 1) could be prepared by reaction of the tetradentate
[N,S,]-type ligand 1,2-(2-CsH4NCH,S),CsH, (L) with 1 equiv
of NiCl,-6H,0 in methanol or 1 equiv of anhydrous NiBr, or
Nil, in ethyl alcohol at a given temperature in 82—88% yields.
However, to our surprise, a novel mononuclear Ni complex 2*
was also obtained along with the expected complex 2 in 5%
yield (Scheme 2). So far, although we do not know the detailed
pathway for production of the unexpected complex 2%, it could
be formally regarded as produced from insertion of the in situ
generated fragment [C¢H4S] (possibly via cleavage of the corres-
ponding C—S bonds in free ligand L) into the C—S bond of
group SCH,Py in ligand L of product 2 followed by the corres-
ponding S — Ni coordination step.

Complexes 1-3 and 2* are air-stable in the solid state and in
solution, and were characterized by elemental analysis and
various spectroscopies. For example, the IR spectra of 1-3
and 2% each showed one absorption band in the range
1477-1433 cm™" and one band in the range 752-743 cm™" for
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their C==N double bonds and C-S single bonds, respectively.
The 'H NMR spectra of 1-3 and 2* displayed a broad singlet at
ca. 43 ppm for H atoms in their CH, groups and two broad
singlets at ca. 7.7 and 8.5 ppm for 4-H and 6-H atoms in their
pyridine rings, presumably due to their paramagnetic properties
(see the ESIT). The '*C NMR spectra of 2 and 3 each displayed
one signal at ca. 38 ppm for C atoms in their CH, groups and
five signals at ca. 122, 123, 137, 149, and 157 ppm assigned to
5-C, 3-C, 4-C, 6-C and 2-C atoms in their pyridine rings,
respectively.

Synthesis and characterization of trinuclear NiFe, cluster
complex Ni{[1,2-(2-C5H4NCH28)2C6H4}Fez(CO)ﬁ(H;;'S)z (4)

On the basis of synthesizing those new mononuclear Ni com-
plexes 1-3, we further prepared trinuclear NiFe, complex 4 by
sequential reaction of (u-S;)Fe,(CO)e with 2 equiv of Et;BHLI
in THF at —78 °C, followed by treatment of the resulting inter-
mediate (u-LiS),Fe,(CO)g 26 with 1 equiv of mononuclear Ni
complex 1, 2 or 3 from —78 °C to room temperature in 12-20%
yields, respectively (Scheme 3).

Interestingly, trinuclear complex 4 is the first butterfly [Fe,S;]
cluster complex with a tetradentate ligand L, although some
similar trinuclear NiFe, complexes have been previously
reported.?’?° Trinuclear complex 4 is a deep-red and air-sensi-
tive solid, which has been characterized by elemental analysis
and HR-ESI-MS, IR, '"H NMR, and '*C NMR spectroscopies.
For instance, the HR-ESI-MS showed an ion peak at m/z =
726.8012, corresponding to its protonated molecular ion
[M + H]". The IR spectrum of 4 exhibited three absorption
bands in the range 2049-1962 cm™" for its terminal carbonyls
and two bands at 1436 and 743 cm™! for its C=N double bonds
and C-S single bonds, respectively. The "H NMR spectrum of 4
displayed one broad singlet at 4.28 ppm for hydrogen atoms in
its CH, groups, three broad singlets at 7.25, 7.71, and 8.47 ppm
for 5-H, 4-H, and 6-H in its pyridine rings, probably also due to
its paramagnetic property (see the ESIf). The '*C NMR
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Scheme 3

Fig. 3 Molecular structure of 1 with 30% probability level ellipsoids.
Hydrogen atoms are omitted for clarity.

spectrum of 4 displayed one signal at 38.3 ppm for carbon atoms
in its CH, groups and five signals at 122.4, 123.2, 136.9, 149.0,
and 157.0 ppm for its 5-C, 3-C, 4-C, 6-C and 2-C atoms in its
pyridine rings, respectively. In addition, the '*C NMR spectrum
of 4 also showed one signal at 212.5 ppm for its terminal
carbonyls.

Crystal structures of mononuclear Ni complexes 1, 2*, and 3

Although we did not obtain the crystal structure of trinuclear
complex 4 due to the lack of a suitable single crystal for X-ray
diffraction analysis, we have successfully determined the crystal
structures of its precursors 1 and 3, as well as the unexpected
mononuclear complex 2*. It is apparent that these crystal struc-
tures have not only further confirmed their own structures, but
also provided the important structural information for trinuclear
complex 4. The ORTEP plots of 1, 3, and 2* are shown in
Fig. 3-5, and Table 2 lists their selected bond lengths and
angles. Since 1 and 3 are actually isostructural, we mainly
discuss some details about the crystal structure of 1. As can be
seen in Fig. 3, complex 1 contains one tetradentate ligand L and
two monodentate chloro ligands which are attached to Ni(1)
through S(1), S(1A), N(1), N(1A), CI(1) and CI(1A) atoms. The
metal Ni(1) atom actually adopts a distorted octahedral geometry
with the bond angles of zCI(1)-Ni(1)-CI(1A) = 94.01° and
ZN(1)Ni(1)-N(1A) = 166.58°. The two bond angles of complex
1 are very close to the corresponding ones reported for cis-
[NiCly(C14H6N»S5)] (96.00° and 167.79°),%° cis-[NiCly(C;sHg-
N>S,)] (94.88° and 166.48°)*% and cis-[NiCly(C 4H,4S5N5S5)]

This journal is © The Royal Society of Chemistry 2012
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(100.59° and 164.32°).>*” The bond lengths of Ni(1)-N(1),
Ni(1)-CI(1), and Ni(1)-S(1) are 2.1237, 2.3735, and 2.3970 A,
respectively. These bond lengths of complex 1 are also very close

Fig. 4 Molecular structure of 3 with 30% probability level ellipsoids.
Hydrogen atoms are omitted for clarity.

Fig. 5 Molecular structure of 2* with 30% probability level ellipsoids.
Hydrogen atoms are omitted for clarity.

Table 2 Selected bond lengths (A) and angles (°) for 1, 3, and 2*

to the corresponding bond lengths reported for cis-
[NiCly(C14H 6N2S;)] (Ni-N/2.1078, Ni—Cl/2.3855, and Ni-S/
24316 A),® cis-[NiCly(C,sHgN»S,)] (Ni-N/2.104, Ni-Cl/2.392,
and Ni-S/2.451 A)** and cis-[NiCL(C,4H;4S;N5S5)] (Ni-N/
2.103, Ni—Cl/2.3435, and Ni-S/2.4763 A).3% The bond lengths
of Ni(1)-N(1) (2.115 A) and Ni(1)-S(1) (2.3777 A) in complex 3
are even shorter than those in complex 1. Since the dihedral
angle between the two planes involving S(1)/Ni(1)/S(1A)
atoms and CI(1)/Ni(1)/CI(1A) atoms is only 0.4°, the five
atoms S(1), S(1A), CI(1), CI(1A), and Ni(1) are virtually coplanar.
This molecule has the two-fold crystallographic symmetry with a
cis-Sy/cis-Cly/trans-N,  geometrical configuration. It follows
that the crystal structure of 1 is very similar to that of [N,S,]-type
ligand-containing complexes such as cis-[NiClz(C14H16N252)],25
cis-[NiCLy(C;sH;sN»S5)1,2% and cis-[NiCly(C4H,4S3N5S,)].>%
Fig. 5 shows that complex 2* consists of a pentadentate
ligand 1 -(2-C5H4NCH2S)-z-(z-C5H4NCstC6H4S)C6H4 and
one monodentate bromo ligand, which are bound to Ni(1) via
S(1), S(2), S(3), N(1) and N(2) atoms, respectively. Although the
coordination geometry of the metal Ni(1) atom in 2* is also a
distorted octahedron, the structure of 2* is considerably different
to that of 1, 3 and the above-mentioned cis-[NiCl,(C4H¢-
N>S5)]*® and cis-[NiCl,(C,sH;sN»S,)P% by having a cis-S(1)-
S(2)/trans-S(3)Br(1)/cis-N(1)N(2)  geometric  configuration.
Another striking difference between their structures is that in 2*
one of the two halogen atoms is as anion Br~ located in the
outside of the coordination sphere of central Ni(1) atom. Thus,
while complex 1, 3, cis-[NiClz(C14H16N282)],25 and cis-
[NiClz(C|5H|8N252)],3O" and CiS-[NiClz(Cl4H14S3N282)]30b arc
neutral complexes each with a neutral Ni atom, 2* is a cationic
complex with a positively charged Ni atom. In addition, the
dihedral angle between the two planes involving S(1)/Ni(1)/S(2)
atoms and N(1)/Ni(1)/N(2) atoms is 10.7°, which is much larger
than the corresponding one for 1, and thus the five atoms S(1),
S(2), Ni(1), N(1) and N(2) are not coplanar. It is worth pointing
out that such cationic Ni complexes with a [NiS;N,Br]" core
(which are actually similar to 2*) were previously reported by
Drew.*! The Ni(1)-Br(1) distance (2.5132 A) of 2* is slightly
shorter than that (2.578 A) in the corresponding cationic
complex reported by Drew. Particularly notable is that complex

1 3 2%
Ni(1)-N(1) 2.1237(18) Ni(1)-N(1) 2.115(3) Ni(1)-N(1) 2.088(5)
Ni(1)-N(1A) 2.1236(18) Ni(1)-N(2) 2.1123) Ni(1)-N(2) 2.100(5)
Ni(1)-CI(1) 2.3735(8) Ni(1)-I(1) 2.7685(5) Ni(1)-Br(1) 2.5132(14)
Ni(1)-CI(1A) 2.3735(8) Ni(1)-1(2) 2.7452(5) N(2)-C(24) 1.346(9)
Ni(1)-S(1) 2.3970(8) Ni(1)-S(1) 2.3777(9) Ni(1)-S(1) 2.389(2)
Ni(1)-S(1A) 2.3969(8) Ni(1)-S(2) 2.3811(9) Ni(1)-S(2) 2.474(2)
N(1)-C(1) 1.3433) N(1)-C(12) 1.343(4) N()-C(1) 1.351(8)
S(1)-C(6) 1.806(2) N(2)-C(14) 1.344(4) N(1)-C(5) 1.356(8)
N(1)-Ni(1)-N(1A) 166.58(9) N(1)-Ni(1)-N(2) 168.07(11) N(1)-Ni(1)-N(2) 98.0(2)
N(1)-Ni(1)-Cl(1) 92.29(5) N(1)-Ni(1)-I(1) 88.61(7) N()-Ni(1)-8(1) 80.95(16)
N(1A)-Ni(1)-CI(1) 96.86(5) N(1)-Ni(1)-1(2) 98.93(8) N(2)-Ni(1)-S(1) 175.64(16)
N(1A)-Ni(1)-CI(1A) 92.29(5) N(1)-Ni(1)-8(1) 83.47(8) N(1)-Ni(1)-Br(1) 95.39(15)
CI(1)-Ni(1)-CI(1A) 94.01(4) N(1)-Ni(1)-S(2) 87.23(8) N(2)-Ni(1)-Br(1) 94.56(15)
CI(1)-Ni(1)-S(1A) 176.67(2) 1(1)-Ni(1)-S(1) 85.90(2) S(1)-Ni(1)-S(2) 82.90(6)
CI(1A)-Ni(1)-S(1A) 89.30(3) I(1)-Ni(1)-S(2) 172.60(3) S(1)-Ni(1)-Br(1) 89.77(6)
CI(1)-Ni(1)-S(1) 89.30(3) S(1)-Ni(1)-S(2) 87.54(3) S(2)-Ni(1)-S(3) 80.93(6)
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2* is the first crystallographically characterized mononuclear Ni
complex with an wunusual ligand of 1-(2-CsH4CH,S)-2-
(2-CsH4NCH,SCH4S)CgHy.

Electrochemical study of 1-4

The electrochemical properties of the mononuclear and trinuclear
complexes of 1-3 and 4 were studied by using cyclic voltamme-
try. Table 3 lists their electrochemical data, and Fig. 6 and 7
present their cyclic voltammograms. As shown in Table 3 and
Fig. 6, the mononuclear complexes 1-3 each display two irre-
versible reduction processes in the range from —1.18 to —1.80 V
and their two reduction potentials are decreased respectively in
the order of 1 to 2 and then to 3. That is, the reductions of 1-3
become easier from chloride to bromide to iodide, which is con-
sistent with the case previously reported by Darensbourg and
co-workers.>> All the two reduction processes of 1-3 are one-
electron processes, which are supported by the calculated value
of 1.09 faraday/equiv (obtained by study of bulk electrolysis of 3

Table 3 Electrochemical data of 1-4¢

Complex Eye (V) Eya (V)
1 -1.55 —0.40”
-1.80 +0.86
+1.30
2 -1.31 —0.40°
-1.55 +0.32
+0.67
3 -1.18 —-0.35"
-1.51 -0.12
+0.28
4 -1.05 —0.55>
-1.31 —0.24
-1.52 +0.88
-1.97

“ All potentials versus Fc/Fc'. ” Oxidation potentials of the reduced
products.
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Fig. 6 Cyclic voltammogram of 1 (1.0 mM), 2 (0.6 mM) and 3
(1.0 mM) in 0.1 M n-BuyNPF¢/MeCN at a scan rate of 100 mV s~
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Fig. 7 Cyclic voltammogram of 4 (1.0 mM) in 0.1 M n-BuyNPFg/
MeCN at a scan rate of 100 mV s™".

at —1.23 V) and could be assigned to reductions of Ni" to Ni'
and Ni' to Ni’, respectively.>® Complexes 1-3 also show three
irreversible oxidation processes in the region from —0.35 to
+1.30 V. The first sharp oxidation peaks at —0.40 V for 1/2 and
at —0.35 V for 3 could be ascribed to the oxidation processes of
the corresponding reduced products of 1-3. This is because all
the first three oxidation peaks for 1-3 did not appear during the
positive direction scanning course starting from —1 V. In
addition, similar cases for such assignments regarding the first
three oxidation peaks of 1-3 were also found in the literature.**
In order to assign another two oxidation processes of 1-3, we
determined the cyclic voltammograms of n-BuyNX (X = Cl,
Br, 1) under similar conditions for comparison. As a result, the
voltammograms of n-BusNX showed one quasi-reversible oxi-
dation peak at +0.64 V for n-BuyNCl, one at +0.28 V for
n-BuyNBr, and one at —0.01 V for n-BuyNI, respectively.
Through comparison of oxidation potentials of the three halides
with the corresponding those of 1-3, we could conclude that the
three oxidation peaks at +0.86 V for 1, at +0.32 V for 2, and at
—0.12 V for 3 might be attributed to oxidations of the corres-
ponding halide ligands in 1-3. The third irreversible oxidation
peak at +1.30 V for 1, at +0.67 V for 2, and at +0.28 V for 3 is
most likely generated from the oxidation processes from Ni' to
Ni"! in the three mononuclear complexes. It is noteworthy that
these oxidation potentials for the oxidations from Ni" to Ni"" in
1-3 are much higher than those (usually in the range from —0.08
to +0.57 V ws. Fc/Fc) reported for some Ni'-containing
complexes.”**>** This means that the oxidation potentials from
Ni' to Ni"" in such Ni"' complexes are very sensitive to the struc-
ture and composition of the Ni'-containing complexes. Interest-
ingly, as shown in Table 3 and Fig. 7, trinuclear complex 4
displays four irreversible reduction processes at —1.05, —1.31,
—1.52 and —1.97. Through comparison of these reduction
potentials with those of some reported [NiFe]-hydrogenase
model complexes containing the [NS]-type ligands (usually
their reduction potentials of Ni" are in the range —0.8 to
—1.2 V)*#3-3941 and some reported similar [FeFe]-hydrogenase
model complexes (usually their first reduction potentials from
Fe'Fe' to Fe'Fe” are in the range —1.4 to —1.8 V vs. Fc/Fc"),># %
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the former two peaks at —1.05 and —1.31 V should be attributed
to the one-electron reduction processes of 4 involving Ni"' — Ni'
and Ni' — Ni°, while the latter two peaks at —1.52 and —1.97 V
could be ascribed to Fe'Fe'! — Fe'Fe® and Fe'Fe? — Fe’Fe’,
respectively. The oxidation peak at —0.24 V for 4 might be
assigned to Ni'" — Ni™ oxidation process, which is shifted
toward the negative direction by 1140 mV relative to the
corresponding potential +0.90 V (vs. Fc/Fc') of the cationic
[Ni(DtdtzH,)]** complex®® and toward the positive direction
shifted by 190 mV relative to the corresponding potential
—0.43 V (vs. Fc/Fc") of the anionic [Ni(pdtc),]*~ complex® and
very close to the corresponding oxidation potential —0.11 V (vs.
Fc/Fc*) of the neutral complex Ni(dtdtz).** Since the irreversible
oxidation peak of 4 at +0.88 V displays two-fold peak current of
the reduction peak at —1.52 V, it should be assigned as a two-
electron oxidation process from the Fe'Fe' to Fe"Fe'couple.*®*’

The cyclic voltammogram of 4 in the presence of HOAc and
without HOAc¢ (for comparison) is shown in Fig. 8. As shown in
Fig. 8, when the first 2 mM HOAc were added, the first three
reduction peaks of 4 slightly increased, but they did not grow
with sequential addition of the acid from 2 to 10 mM. However,
upon addition of 2—10 mM HOAc, the original reduction peak at
—1.97 V was slightly shifted to more negative potentials and
grew remarkably with increasing concentration of HOAc. Such
rapid increases in current heights of these reduction peaks are
characteristic of an electrocatalytic process for proton reduction
to hydrogen. Interestingly, this catalytic process was further
confirmed by bulk electrolysis of a MeCN solution of 4
(0.5 mM) with excess HOAc (Fig. 9). The initial rate of electro-
lysis is more than 3 times than that in the absence of catalyst 4.
A total of 12.4 F per mol of 4 passed in 0.5 h with 6.2 turnovers.
Gas chromatographic analysis indicated that the bulk electrolysis
produced H, in 70% yield. It should be noted that this is the first
example for the electrocatalytic H, evolution from the weak acid
HOAc catalyzed by a [NiFe]-hydrogenase model complex,
although some examples for the CF;CO,H proton reduction to
give H, catalyzed by some [NiFe]-hydrogenase model com-
plexes were previously reported.**™
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Fig. 8 Cyclic voltammograms of 4 (1.0 mM) with HOAc (0—10 mM)
in 0.1 M n-BuyNPF¢/MeCN at a scan rate of 100 mV s\,
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Fig. 9 Bulk electrolysis of HOAc (12.5 mM) at a vitreous carbon rod
electrode in the presence of 4 (—) and absence of 4 (---); extrapolation
of the catalytic reduction at the initial electrolysis rate (---).

Conclusions

The [N,S;]-type ligand L was prepared by a new method and its
structure confirmed by X-ray crystal diffraction analysis. The
new mononuclear Ni complexes 1-3 and 2* have been syn-
thesized by reaction of ligand L with NiCl,-6H,0, NiBr,, or
Nil, under mild conditions. Interestingly, while 1-3 are the
expected neutral complexes, cationic complex 2* is produced
unexpectedly along with 2. More interestingly, the reaction of
mononuclear Ni complexes 1, 2, or 3 with the in situ formed
(u-LiS),Fe(CO)g results in formation of the novel trinuclear
NiFe, complex 4, a structural analogue of the active site of
[NiFe]Hases. All the new complexes 1-4 and 2* are fully
characterized by elemental analysis and various spectroscopic
techniques. The molecular structures of 1, 3, and 2* are un-
ambiguously confirmed by X-ray crystallography, and some
electrochemical properties of 1-4 have been studied by cyclic
voltammetry. Further investigations on application of mono-
nuclear Ni complexes 1-3 to prepare other Ni-Fe complexes as
model compounds for the active site of [NiFe]Hases are in
progress in this laboratory.

Experimental section
General comments

All reactions involving air-sensitive compounds were carried out
using standard Schlenk or vacuum-line techniques under an
atmosphere of prepurified nitrogen. Tetrahydrofuran (THF) was
dried and deoxygenated by distillation from sodium—benzophe-
none ketyl. Et;BHLi (1 M in THF), 2-(chloromethyl)pyridine
hydrochloride, NiCl,:6H,O, anhydrous NiX, (X = Br, I) and
other chemicals were available commercially and used as
received. (1-S»)Fex(CO)s>' and 1,2-benzenedithiol® were pre-
pared according to the literature procedures. Preparative thin-
layer chromatography (TLC) was carried out on fluorescent glass
plates (26 x 20 x 0.25 cm) coated with silica gel GF 254
(1040 pm). IR spectra were recorded on a Bio-Rad FTS 6000
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spectrophotometer. "H NMR and '*C NMR spectra were taken
on a Bruker Avance 300 or 400 NMR spectrometer. Analysis
and assignments of the 'H and '*C NMR spectroscopic data
were supported by 'H-'H COSY, "H-"H NOESY, 'H-'>C HMQC
(heteronuclear multiple quantum coherence), and 'H-'>C HMBC
(heteronuclear multiple bond correlation) experiments. ESI-MS
determinations were performed by using LCQ Advantage
LC/MS spectrometers. Elemental analyses were performed on an
Elementar Vario EL analyzer. Melting points were determined
on a Yanaco Mp-500 apparatus and were uncorrected.

Preparation of 1,2-(2-CsH;NCH,S),CcH, (L)

In a 100 mL two-necked flask fitted with a magnetic stir-bar, a
rubber septum and a nitrogen inlet tube was dissolved metallic
sodium (0.920 g, 40.0 mmol) in absolute ethanol (20 mL) and
then a solution of 1,2-benzenedithiol (1.420 g, 10.0 mmol) in
absolute ethanol (5 mL) was added. After the mixture was stirred
at room temperature for 15 min, a solution of 2-(chloromethyl)
pyridine hydrochloride (3.280 g, 20.0 mmol) in absolute ethanol
(5 mL) was added. The new mixture was stirred for additional
0.5 h and then it was heated to reflux and stirred at this tempera-
ture for 6 h. Once cooled to room temperature, the white precipi-
tates were filtered out from the orange-red solution and then
washed with CH,Cl, (3 x 15 mL). After the washings were com-
bined with the separated orange-red solution, volatiles were
removed at reduced pressure and the residue was subjected to
TLC separation using petroleum ether—ethyl acetate (1 : 1 v/v) as
eluent. The eluate derived from the main orange band was evap-
orated under vacuum to give initially an orange oil and then it
solidified as a yellowish solid (2.715 g, 84%), mp 60-62 °C.
Anal. Calcd for C;gH¢N»S,: C, 66.63; H, 4.79; N, 8.63. Found:
C, 66.60; H, 5.03; N, 8.61. IR (KBr disk): vc—n 1641 (m); ve_g
746 (m) cm™'. "H NMR (400 MHz, CDCls, TMS): 4.27 (s, 4H,
PyCH,), 7.04-7.06 (m, 2H, 4,5-PhH), 7.12-7.15 (m, 2H,
5-PyH), 7.23-7.25 (m, 2H, 3,6-PhH), 7.29 (d, 2H, J = 8.0 Hz,
3-PyH), 7.57 (td, 2H, J = 8.0 and 2.0 Hz, 4-PyH), 8.53 (d, 2H,
J=4.0 Hz, 6-PyH) ppm. *C NMR (100 MHz, CDCl;, TMS): 39.8
(PyCH,), 122.1 (5-PyCH), 123.2 (3-PyCH), 126.9 (4,5-PhCH),
130.0 (3,6-PhCH), 136.5 (1,2-PhC), 136.6 (4-PyCH), 149.3
(6-PyCH), 157.4 (2-PyC) ppm. 'H NMR (400 MHz, DMSO-d,
TMS): 430 (s, 4H, PyCH,), 7.10-7.13 (m, 2H, 4,5-PhH),
7.24-7.27 (m, 2H, 5-PyH), 7.34-7.36 (m, 2H, 3,6-PhH), 7.38
(d, 2H, J = 8.0 Hz, 3-PyH), 7.72 (td, 2H, J = 8.0 and 2.0 Hz,
4-PyH), 8.48 (d, 2H, J = 4.4 Hz, 6-PyH) ppm. *C NMR
(100 MHz, DMSO-d¢, TMS): 38.5 (PyCH,), 122.3 (5-PyCH),
123.1 (3-PyCH), 126.3 (4,5-PhCH), 128.5 (3,6-PhCH), 135.6
(1,2-PhC), 136.8 (4-PyCH), 149.0 (6-PyCH), 157.1 (2-PyC)
ppm. ESI-MS (CH,Cly): m/z =325 (M" + H).

Preparation of Ni[1,2-(2-CsH4;NCH,S),C¢Hy|Cl, (1)

A greenish solution of NiCl,:6H,O (1.691 g, 7.1 mmol) in
methanol (15 mL) was slowly added to a stirred solution of L
(2.302 g, 7.1 mmol) in methanol (15 mL) at room temperature.
During the course of addition, some blue precipitates were pro-
duced. The mixture continued to be stirred at room temperature
for 1 h and then the blue precipitates were collected by filtration,

washed successively with methanol (3 x 5 mL) and diethyl ether
(3 x 5 mL), and finally dried in vacuo. 1 was obtained as a blue
solid (2.820 g, 88%), mp >250 °C. Anal. Caled for
C1gH16CILNLNIS,: C, 47.61; H, 3.55; N, 6.17. Found: C, 47.51;
H, 3.58; N, 6.17. IR (KBr disk): ve—n 1473 (s); ves 752 (s)
em™'. '"H NMR (400 MHz, DMSO-ds, TMS): 4.32 (brs, 4H,
PyCH,), 7.11 (brs, 2H, 4,5-PhH), 7.34 (brs, 6H, 3,5-PyH,
3,6-PhH), 7.74 (br.s, 2H, 4-PyH), 8.52 (brs, 2H, 6-PyH) ppm.
3C NMR data of this compound could not be obtained due to
its very low solubility in common solvents. ESI-MS (DMSO):
m/z =492 M" + K).

Preparation of Ni[1,2-(2-CsH4NCH,S),CsH4]Br, (2) and
Ni[1-(2-CsH4NCH,S)-2-(2-CsH4;NCH,SCcH4S)CsH,|Br, (2%)

A greenish suspension of anhydrous NiBr, (1.448 g, 6.5 mmol)
in 95% ethanol (75 mL) was added to a stirred solution of L
(2.104 g, 6.5 mmol) in ethanol (20 mL) at room temperature.
The mixture was stirred at about 35 °C for 3 h and then was
filtered to give some blue precipitates. After the blue precipitates
were washed with ethanol (3 x 5 mL) and diethyl ether (3 X
5 mL), and finally dried in vacuo, 2 was obtained as a blue solid
(2.926 g, 82%). 2* was obtained as a blue needle-shaped crystal
(0.212 g, 5%) from the filtrate by slow evaporation of its solvent
at room temperature for several weeks. 2: mp >250 °C. Anal.
Calcd for C,gH;¢Br,N,;NiS,: C, 39.82; H, 2.97; N, 5.16. Found:
C, 39.87; H, 2.83; N, 5.17. IR (KBr disk): ve—n 1473 (s); vc s
752 (s) em™". "H NMR (400 MHz, DMSO-de, TMS): 4.30 (brs,
4H, PyCH,), 7.11 (br.s, 2H, 4,5-PhH), 7.25 (br.s, 2H, 5-PyH),
7.34 (br.s, 2H, 3,6-PhH), 7.37 (br.s, 2H, 3-PyH), 7.72 (br.s, 2H,
4-PyH), 8.48 (brs, 2H, 6-PyH) ppm. *C NMR (100 MHz,
DMSO-dg, TMS): 38.6 (PyCH,), 1224 (5-PyCH), 123.2
(3-PyCH), 1264 (4,5-PhCH), 128.6 (3,6-PhCH), 136.6
(1,2-PhC), 136.8 (4-PyCH), 149.0 (6-PyCH), 157.0 (2-PyC)
ppm. ESI-MS (DMSO): m/z = 541 (M" + H). 2*: mp
183-185 °C. Anal. Calcd for C,4H,oBr,N,NiS;: C, 44.27;
H, 3.10; N, 4.30. Found: C, 43.92; H, 3.41; N, 4.26. IR (KBr
disk): ve—y 1444 (m); ve s 747 (vs) em™'. 'H NMR (400 MHz,
DMSO-ds, TMS): 4.32 (brs, 4H, PyCH,S), 6.93 (brs, 2H,
3-PhH), 7.12 (br.s, 2H, 4-PhH), 7.24 (br.s, 4H, 5-PyH, 5-PhH),
7.36 (br.s, 2H, 3-PyH), 7.43 (br.s, 2H, 6-PhH), 7.68 (br.s, 2H,
4-PyH), 8.46 (brs, 2H, 6-PyH) ppm. *C NMR (100 MHz,
DMSO-ds, TMS): 38.2 (PyCH,S), 122.3 (5-PyCH), 123.1
(3-PyCH), 126.7 (4-PhCH), 127.9 (5-PhCH), 128.6 (6-PhCH),
130.9 (3-PhCH), 133.1 (2-PhC), 136.5 (4-PyCH), 137.8
(1-PhC), 148.8 (6-PyCH), 156.7 (2-PyC) ppm. ESI-MS
(DMSO): m/z =569 (M — Br)".

Preparation of Ni[1,2-(2-CsH4NCH,S),CsHyll, (3)

A greenish suspension of anhydrous Nil, (1.969 g, 6.3 mmol) in
95% ethanol (50 mL) was added to a stirred solution of L
(2.027 g, 6.3 mmol) in ethanol (20 mL) at room temperature to
give a mixture with some green precipitates. The mixture was
heated to reflux for 2 h and then the green precipitates were col-
lected by filtration, washed with ethanol (3 x 5 mL) and diethyl
ether (3 x 5 mL), and finally dried in vacuo. 3 was obtained as a
green solid (3.475 g, 87%), mp >230 °C. Anal. Calcd for
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C5H 6lLNoNiS,: C, 33.94; H, 2.53; N, 4.40. Found: C, 34.03;
H, 2.65; N, 4.30. IR (KBr disk): ve—n 1477 (s); vc_s 751 (s)
cm™'. '"H NMR (400 MHz, DMSO-ds, TMS): 4.29 (brs, 4H,
PyCH,), 7.10 (brs, 2H, 4,5-PhH), 7.25 (brs, 2H, 5-PyH),
7.35 (brs, 4H, 3-PyH, 3,6-PhH), 7.71 (brs, 2H, 4-PyH), 8.47
(br.s, 2H, 6-PyH) ppm. '*C NMR (100 MHz, DMSO-dg, TMS):
38.4 (PyCH,), 122.2 (5-PyCH), 123.1 (3-PyCH), 126.3 (4,5-
PhCH), 128.5 (3,6-PhCH), 135.5 (1,2-PhC), 136.7 (4-PyCH),
148.9 (6-PyCH), 156.9 (2-PyC) ppm. ESI-MS (DMSO): m/z =
509 (M" —1).

Preparation of [Ni{1,2-(2-CsH4;NCH,S),CcH,}|Fe (CO)g(13-S), (4)

A 100 mL two-necked flask equipped with a magnetic stir-bar, a
serum cap, and a nitrogen inlet tube was charged with
(u-S),Fes(CO)g (0.086 g, 0.25 mmol) and THF (10 mL), which
was stirred and cooled to —78 °C to give a red solution. To this
solution was added Et;BHLi (0.5 mL, 0.5 mmol) to give a
(u-LiS),Fe,(CO)g-containing green solution. After stirring this
green solution at —78 °C for 15 min, 1 (0.114 g, 0.25 mmol), 2
(0.136 g, 0.25 mmol) or 3 (0.159 g, 0.25 mmol) was added. The
new mixture was stirred at —78 °C for 2 h and at room tempera-
ture overnight to give a deep red solution. Volatiles were
removed under vacuum, and the residue was subjected to
column chromatography under anaerobic conditions. Elution
with ethyl acetate afforded a main red band from which product
4 (0.022 g, 10%) derived from 1, or product 4 (0.03 g, 14%)
derived from 2, or product 4 (0.043 g, 20%) derived from 3 was
respectively obtained as a dark red solid. mp 63-65 °C. Anal.
Calcd for C24H16F62N2Nio684: C, 3965, H, 222, N, 3.85.
Found: C, 39.71; H, 2.43; N, 3.82. IR (KBr disk): vc=p 2049
(s), 2004 (vs), 1962 (vs); ve—n 1436 (m); veg 743 (s) em™'. 'H
NMR (400 MHz, DMSO-ds, TMS): 4.28 (brs, 4H, PyCH,),
7.11 (brs, 2H, 4,5-PhH), 7.25 (br.s, 2H, 5-PyH), 7.33 (br.s, 2H,

Table 4 Crystal data and structure refinements details for L, 1, 3, and 2*

3,6-PhH), 7.37 (d, 2H, J = 7.2 Hz, 3-PyH), 7.71 (brs, 2H,
4-PyH), 8.47 (brs, 2H, 6-PyH) ppm. >C NMR (100 MHz,
DMSO-ds, TMS): 38.3 (PyCH,), 122.4 (5-PyCH), 123.2
(3-PyCH), 1264 (4,5-PhCH), 128.5 (3,6-PhCH), 1355
(1,2-PhC), 136.9 (4-PyCH), 149.0 (6-PyCH), 157.0 (2-PyC),
212.5 (FeCO) ppm. ESI-MS (DMSO): m/z =727 (M" + H).

X-ray structure determinations of L, 1, 3 and 2*

The single crystals suitable for X-ray diffraction analyses were
grown by the slow diffusion of hexane into a CH,Cl, solution of
L at room temperature or by slow evaporation MeOH-n-hexane
solution of 1, MeCN solution of 3 or EtOH solution of 2* at
room temperature, respectively. Each crystal was mounted on a
Rigaku MM-007 (rotating anode) diffractometer equipped with
Saturn 70CCD. Data were collected at room temperature, using a
confocal monochromator with Mo-K,, radiation (A = 0.71073 A)
in the w—¢ scanning mode. Data collection, reduction and
absorption correction were performed using the CrystalClear
program.>® The structures were solved by direct methods using
the SHELXS-97 program> and refined by full-matrix least-
squares techniques (SHELXL-97)°> on F2. Hydrogen atoms
were located by using the geometric method. Details of crystal
data, data collections and structure refinements are summarized
in Table 4.

Electrochemistry

Acetonitrile (DikmaPure Chemicals) used for the electro-
chemistry was HPLC grade. A solution of 0.1 M n-BuyNPF; in
MeCN was used as the electrolyte in all CV experiments. The
electrolyte solution was degassed by bubbling with N, for at
least 10 min before measurement. Electrochemical measure-
ments were performed on a BAS Epsilon potentiostat. All

Compound L 1 3 2%

Formula C]gH](,stz C]8H16C12N2Ni52'2.5CH3OH'O.5C6H14 C13H1612N2Ni52 C24H20Br2N2NiS3'1.75H20'0.5C2H50H
M, 324.45 577.25 636.96 701.69

T(K) 113(2) 113(2) 113(2) 113(2)

Cryst syst Orthorhombic Monoclinic Monoclinic Triclinic
Space group Phca e C2/c P1

a(A) 9.472(5) 13.449(3) 17.910(2) 8.950(4)
b(A) 9.871(6) 22.132(9) 19.919(2) 9.773(4)
c(A) 32.954(17) 8.0234(16) 14.2714(14) 16.464(7)

o (°) 90 90 90 104.53(2)
B(°) 90 99.12(3) 128.341(4) 97.18(4)
y(®) 90 90 90 16.464(7)
V(A% 3081(3) 2358.0(12) 3993.3(7) 1346.4(9)

V4 8 4 8 2

Crystal size (mm)  0.20 x 0.18 x 0.12  0.20 x 0.18 x 0.12 0.26 x 0.24 x 0.22  0.20 x 0.18 x 0.10
D, (g cm™) 1.399 1.626 2.119 1.731
w/mm™! 0.343 1.256 4277 3.947

F(000) 1360 1208 2432 705

Reflns collected 22 563 9981 18921 9866

Reflns unique 3667 2082 4740 4643

B mix/max () 2.47/27.88 3.16/25.02 1.77/27.89 2.23/25.02
Final R 0.0471 0.0347 0.0328 0.0537

Final Rw 0.1043 0.0777 0.0799 0.1536

GOF on F* 1.080 1.109 1.210 1.140
APmaxmin (€ A7) 0.376/—0.250 0.382/-0.621 1.488/—-1.982 3.276/—4.650
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voltammograms were obtained in a conventional three-electrode
cell, using a 3 mm diameter glassy carbon working electrode, a
platinum wire counter electrode, and a nonaqueous Ag/Ag ' (0.01 M
AgNO3/0.1 M n-BuyNPFg in MeCN) reference electrode
under N,. The working electrode was polished with 0.05 um
alumina paste and sonicated in water for 10 min prior to use.
Bulk electrolysis was run on a vitreous carbon rod (ca. 3 cm?) in
a two-compartment, gas tight, H-type electrolysis cell containing
ca. 20 mL of MeCN. All potentials are referred to the ferrocene/
ferrocenium (Fc/Fc*). Gas chromatography was performed with
a Shimadzu gas chromatograph GC-9A under isothermal con-
ditions with nitrogen as a carrier gas and a thermal conductivity
detector.
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