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The shift of the IR vs_y frequency to lower wavenumbers for the series of complexes [Ni'(L)(P-(0-CsH4S)2(0-CeHa-
SH))]%~ (L = PPh; (1), Cl (6), Se-p-CgHs-Cl (5), S-C4HsS (7), SePh (4)) indicates that a trend of increasing
electronic donation of the L ligands coordinated to the Ni(ll) center promotes intramolecular [Ni—S--+H-S] interactions.
Compared to the Ni-++S(H) distance, in the range of 3.609-3.802 A in complexes 1 and 47, the Nis++S(CHs)
distances of 2.540 and 2.914 A observed in the [Ni'(PPhs)(P(0-CsH4S)2(0-CsHs-SCHs))] complexes (8a and 8b, two
conformational isomers with the chemical shift of the thioether methyl group at 6 1.820 (=60 °C) and 2.109 ppm
(60 °C) (C4Dg0)) and the Ni-+-S(CHs) distances of 3.258 and 3.229 A found in the [Ni'(L)(P(0-CsH4S)2(0-CeHa
SCH3))*~ complexes (L = SPh (9), SePh (10)) also support the idea that the pendant thiol protons of the Ni(ll)—
thiol complexes 1/4—7 were attracted by both the sulfur of thiolate and the nickel. The increased basicity (electronic
density) of the nickel center regulated by the monodentate ligand attracted the proton of the pendant thiol effectively
and caused the weaker S---H bond. In addition, the pendant thiol interaction modes in the solid state (complexes
la and 1b, Scheme 1) may be controlled by the solvent of crystallization. Compared to complex 1a, the stronger
intramolecular [Ni—S---H-S] interaction (or a combination of [Ni—=S-+-H-S]/[Ni---H—S] interactions) found in complexes
4-T7 led to the weaker S—H bond strength and accelerated the oxidation (by O,) of complexes 4-7 to produce the
[NIY(L)(P(0-CeH4S)3)]*~ (L = Se-p-CeHq—Cl (11), SePh (12), S-C4HsS (13)) complexes.

Introduction drogenases ([NiFe] rases), have been studied widéfy.
. ) [Fe]-only H.ases are usually associated with hydrogen

Molec_ular hydroger) plays an important role in the production, and [NiFe] kases are generally involved in

metabolism of many microorganisms. Hydrogenases catalyzehydrogen uptaké.” The X-ray crystallographic studies of

the revsr siblg two-eleptrr](;g oxidaltion onH?ha((ajrobic and the active-site structure of [NiFe] hydrogenases isolated from
anaerobic microorganisms. Two classes of hy rogenases, p, gigas D. wulgaris, D. fructosaorans andD. desulfuri-
[Fe]-only hydrogenases ([Fe]-only,ases) and [NiFe] hy-
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cansATCC27774 in combination with infrared spectroscopy  Several mononuclear nickethiolate complexes have been
have revealed an active site comprised of a heterobimetallicsynthesized to obtain information about the structure of Ni
(Scy9)2Ni(u-Seyg)2(u-X)Fe(CO)(CN) (X = O, OH) clustert™’ in the active site of the [NiFe] fase'® Complex Ni'(BmMe),
The bridging ligand, X, was proposed to be an oxide or (BmVe = bis(2-mercapto-1-methylimidazolyl)borate) with a
hydroxide in the oxidized state and was found to be absent[NiS4H;] core and an Nt-H—B interaction may provide a
in the reduced state. The geometry of nickel in the active structural model of the nickel site of a [NiFeb&bkel* Model
site of [NiFe] Hhases is pseudotetrahedral in the reduced statecomplex [Ni'(SC(NH)NHNCH-CgH;-0-OH),] with the la-
and pseudosquare-pyramidal in the oxidized state. Duringbile phenolic OH group catalyzes the isotopic exchange of
the catalytic cycle of [NiFe] Bhses, the various catalytic D, with the phenol OH proton upon exposure of a DMSO/
states corresponding to IR vibrations, the EfPiRalue, and ethanol solution of the Ni complex to,® Recent kinetic
Emn values (vs NHE) were proposed; the formal oxidation studies of the protonation of complexes [Ni(SPh)(triphos)]
state of the nickel center in the Ni-A, Ni-B, and Ni-C states [Ni(SePh)(triphos)}, and [Ni(SEt)(triphos)j (triphos =

is a paramagnetic Ni(lll), while it is a Ni(ll) in the Ni-R,  (PhhPCH.CH,),PPh) revealed that the sulfur atom’s lone pair
Ni-SU, Ni-SI, and Ni-Sla statés.Hall and De Gioia of electrons is the initial site for the protonation of [Ni(SR)-
suggested that the Ni-R state existed ag/§S)(Scy9Ni" (u- (triphos)[.16 However, for the more electron-donating alky-
Seys)2Fe(CO)(CN)Y] and [(SysH)(Seys)Ni" (u-H) (u-Seys)2- Ithiolate ligand ligated to Ni, interaction of the proton with
Fe(CO)(CN)] with a Scys--H interacting directly with the both the nickel and sulfur sites (g#-EtS—H complex) was
nickel center (a [Ni*H—S,{ interaction)®1° Both of the proposed? Recently, Tatsumi and co-workers reported the
proposed mechanisms suggested that the intermediate Ni-Gsolation of dithiolato-bridged [NiFe] complexes, [Fe(GO)
state existed as [(&-H)(SeygNi" (u-H)(u-Seys)2Fe(CO)- (CN)x(u-SCHCH,CH.S)NI(SCNR))]” (R = Et; R, =
(CN).], a hydride bridge. Also, the architecture of the silent- —(CH,)s—). These complexes display the close structural
active Ni-Sla is proposed to be a Cy$H proton directly feature of the active site of reduced form [NiFejade!’
interacting with nickel, [(§sH)(SeygNi"(u-Seys)2Fe(CO)- In the previous study of the [N(L)(P-(0-CeHsS)(0-CoHa-
(CN),]. Early electron nuclear double resonance (ENDOR) SH))] (L = SePh 4), S-GHsS (7)) complexes, the interaction
studies have provided evidence for the existence of a solventbetween the thiol proton and both the nickel and sulfur atoms
exchangeable proton which may coordinate to the Ni atom (a combination of intramolecular [NiS--*H—S] and [Ni+-H—

as an in-plane hydride form or asj&H, form.** Recently, S] interactions) was demonstratédThe desire to explore
ENDOR and hyperfine sublevel correlation spectroscopy the correlation between the extent of the interactions and
(HYSCORE) have been applied to study the active site of the basicity (electronic density) of nickel has inspired us to
the catalytic [NiFe] hydrogenase frobh vulgaris Miyazaki synthesize model complexes [IIL)(P-(0-CsH4S)(0-CeHa-

F. in the reduced Ni-C staf&.912 These techniques have SH))]”* (L = PPh (1), SePh4), Sep-CsH,-Cl (5), and ClI
provided direct experimental evidence for the hydride (6))and [N'(L')(P©-CsHsS)(0-CeHa-SCH))]¥Y (L' = PPh
bridging between the nickel and iron atoms. The Ni-C state (8), SPh @), SePh 10)) with various electron-donating
was suggested to be either an early product of the heterolyticligands, L/L, coordinated to the nickel center. This study

cleavage of Hor a precursor to kformation?? further provides evidence that the pendant thiol proton of
the Ni(ll) complexes, [Ni(L)(P-(0-CeH4S)(0-CsHaSH))] 1,
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NiCly(PPhs), + P(0-CgH;SH); ——— [Ni'{(PPh;)(P-(0-C¢H,4S),(0-C4H,SH))]
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planar ligand field. The chemical shift (5.91 ppm—8)
(CDCl3)) of the pendant thiol of complet is shifted ca.
1.84 ppm downfield from that of the free thiol ®?CsHs-

SH) (0 4.07 (d))*° Treatment of compleg with DO in a
THF solution at 5°C led to the H/D exchange product
[Ni"(PPR)(P(0-CeH4S)(0-CsHsSD))] (1-D), identified by IR
and?H NMR. The IRvs_p stretching frequency of 1752 (br)
cm ! (vs—p, KBr) for complex 1-D is consistent with the
calculated position, based only on the difference in masses
between SH and S-D. The?H NMR spectrum of complex
1-D (using the natural abundance of D inHgO solvent,

two singlet peaks at 1.73 and 3.57 ppm, as internal standard)
displaying the signal at 6.175 (br) ppm4€zO) was assigned

to the S-D resonance. When a THF solution of complex
was recrystallized with THFhexane, compleka, displaying

a broadvs_y stretching band at 2393 crh (KBr), was
isolated and characterized by X-ray crystallography (Scheme
1). In contrast, the diffusion of hexane into a &Hp solution

of complex 1 yielded complexlb with a broad vs-y
stretching band at 2240 cth(KBr), characterized by single-
crystal diffraction (Scheme 1). The IR spectra of complexes
laand1b display broadvs—y stretching bands at 2393 and
2240 cn1?! (KBr), which are~90 and~250 cnt?, respec-
tively, lower than the free ligand, 2488 cin(KBr). This
lower vs_y stretching frequency may imply the existence of

intramolecular [Ni-S---H—S]/[Ni---H—S] interactions?®
The ORTEP diagrams of complexéaandl1b are shown

coordinated Ni(ll) complexl, in a high yield (79%) (Scheme in Figure 1. The selected bond distances and angles are given
1)1819 Complex1 is soluble in CHCI/THF and displays in the figure caption. Complexds andlb consist of a four-

air sensitivity in organic solvents. However, in the solid state, coordinate nickel(ll) center in a distorted square planar
complex1 is air-stable for minutes. Th#d NMR spectrum  geometry with two thiolate sulfur atoms and two phosphorus
of complex1 displays the benzene proton resonances at 6.993atoms, respectively, in the trans positions. In comgdex

(t), 7.181 (t), 7.293-7.424 (m), 7.708 (t) ppm, and t#P the acute (C(14)S(3)—H(3A)) bond angle of 95.04and
NMR spectrum shows two nonequivalent phosphorus atomsthe similar distances of Ni-S(3) (3.802 A) and S(23-S(3)

at 76.57 (d) Jzp—sp = 695 Hz, (P-6-CsH4S)h(0-CeH4SH)) (3.743 A) suggested that the proton of S¢(B)(3A) points
and 24.65 (d) -3 = 695 Hz, PP ppm (vs HPQy) toward the middle, between the Ni and S(2) atoms, and
(CDCl). Both the'H and 3P NMR spectra are consistent interacts with both the sulfur (S(2)) and nickel atoms (i.e., a
with a low-spin @ Ni(ll) electronic configuration in a square- combination of the intramolecular [NiS---H—S] and

1a

Figure 1. ORTEP drawing and labeling scheme of [{RPH)(P(0-CsH4S)(0-CsH4SH))] (1a and 1b). Selected bond distances (A) and angles (deg):
complexla Ni—S(1) = 2.1892(9), Ni-S(2) = 2.1751(9), Ni-P(1) = 2.1318(8), Ni-P(2) = 2.2452(8), S(1}Ni—S(2) = 156.68(4), P(1}Ni—P(2) =
171.64, S(1FNi—P(2) = 94.66(3), S(2}Ni—P(2)= 93.85(3), C(1}-P(1)-Ni = 106.37(10), C(7}P(1)-Ni = 110.05(11), C(13}P(1)-Ni = 117.02(9);
complex1b Ni—S(1) = 2.1782(5), Ni-S(2) = 2.1916(5), Ni-P(1) = 2.1224(5), Ni-P(2) = 2.2340(5), S(1)}Ni—S(2) = 156.01(2), P(1}Ni—P(2) =
169.75(2), S(LyNi—P(2)= 94.88(2), S(2) Ni—P(2)= 94.82(2), C(1}-P(1)-Ni = 110.33(7), C(7-P(1)-Ni = 106.60(6), C(13)P(1)-Ni = 116.50(6).
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[Ni---H—S] interactions, Scheme 1). In contrast, the 1§(3)
distance of 3.248 A is significantly shorter than the S¢$)3)
distance of 3.966 A in complekb. Also, the Ni-P(1)—
C(13)-C(14) torsion angle of 35%20bserved in complex
1bis significantly smaller than the NiP(1)—C(13)}-C(14)
torsion angle of 62.6observed in completa (Scheme 1).
Compared to compleda, the acute C(14)S(3-H(3A)
bond angle of 99.6%4 the smaller Ni-P(1)-C(13)-C(14)
torsion angle of 35.2 and a lowervs—y stretching band
(2240 cn1! (KBr)) may indicate that the thiol proton tends
to interact directly with the nickel atom in compléb (i.e.,

a [Ni---H—S] interaction). We noticed that the most probable
Ni--*H(3A)—S distance of 2.182 A in complebb is roughly
consistent with the Ni-H—B distance of 1.863 A in complex
Ni"(BmVe),.14 The pendant thiol interaction modes in the
solid state (complexeda and 1b, Scheme 1) may be
controlled by the solvent of crystallization.

Syntheses of Complexes [Ni(PPhs)(P(0-CsH4S))] (2)
and [PPN][Ni" (PPhg)(P(0-CeH4S)k)] (3). When dry Q was
added to the THF solution of compleixat 0 °C, a color
change from red-brown to dark green was observed (Schem
2a). As observed in the previous studyhe reaction led to
the formation of comple2 accompanied by the byproduct
H,O, characterized by UVWvis, 'H NMR, SQUID, and

Re!
8
(br) for the byproduct BO, and the UV-vis spectra display
the characteristic absorption bands (610, 672, and 1152 nm
(CHxCl,)) of complex2. Complex2 is soluble in CHCIy/
THF and displays air and thermal sensitivity. Th&€NMR
spectrum of compleR displays the paramagnetic chemical
shifts at—3.99 (br), 5.48 (br), 8.42 (br), 9.70 (br), 11.82
(br), 12.62 (br), and 13.67 (br) ppm (CDLAt 298 K, and
the effective magnetic moment in the solid state, found using
the the SQUID magnetometer, is 1/d. These results sup-
port the idea that compleR adopts a low-spin dNi(lll)
electronic configuration in a distorted trigonal bipyramidal
ligand field. The cyclic voltammogram of compl@(mea-
sured h a 2 mM CHCI, solution of complex2, with 0.1 M
[n-BusN][PFg] as the supporting electrolyte at room tem-
perature, scan rate 100 mV/s) reveals one reversible reduc-
tion—oxidation process (i.e., reversible Ni(HNi(Il) redox
process) aE;;, = —0.865 V (vs CpFe/CpFe") (Figure 2).
When a CHCN—THF (1:3 volume ratio) solution of
complex1 and [SPhT (or [SEt]") was stirred at ambient

demperature fo3 h (Scheme 2b), a deprotonation reaction

occurred yielding mononuclear compl&xaccompanied by
the liberation of thiophenol (or ethanethiol), identified by
IH NMR spectra; protonation of compleékin THF at 0°C

single-crystal X-ray diffraction. The formation of the byprod- Y HCIO: produced comples (Scheme 21), characterized
uct, HO, was confirmed again by treating a dry THF solution Y IR and’H NMR spectra. Instead of ligand displacement,
of complex1-D with dry O, at ambient temperature. The treatment of compleg with 1 equiv of [SEf] in CHCN—

2H NMR spectrum shows the expected signal at 2.783 ppm THF solutions (1:3 volume ratio) for 1.5 h at ambient

(18) Lee, C.-M.; Chen, C.-H.; Ke, S.-C.; Lee, G.-H.; Liaw, W.JF.Am.
Chem. Soc2004 126, 8406-8412.

(19) Block, E.; Ofori-Okai, G.; Zubieta, J. Am. Chem. Sod.989 111,
2327-2329.
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temperature led to the reduction of comp2xo produce
complex 3 and diethyl disulfide, identified byH NMR
(Scheme 2c). Complek is soluble in CHCI, or CH;CN—
THF (1:3 volume ratio), but it is significantly less soluble
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Figure 2. Cyclic voltammogram of [NI' (PPh)(P(0-CsH4S))] (2) (mea-
sured h a 2 mM CHCI, solution with 0.1 M p-BusN][PFe] as the
supporting electrolyte at room temperature, scan rate 100 mV/s) J=eCp
CpoFe™ (AE, = 0.087 V).

Figure 3.

ORTEP drawing and labeling scheme of [NPPh)(P(o-
CeH1S))] (2). Selected bond distances (A) and angles (deg)-ml) =
2.1270(10), Ni-P(2) = 2.2519(10), Ni-S(1) = 2.2392(11), Ni-S(2) =
2.3010(12), Ni-S(3) = 2.2564(11), P(HyNi—P(2) = 178.73(4), P(1y
Ni—S(1)= 86.36(4), P(2}Ni—S(1)= 94.64(4), S(1)Ni—S(2)= 117.66(5),
S(1)-Ni—S(3) = 126.01(5), S(2rNi—S(3) = 114.57(5).

in pure THF or pure CECN. The CHCI; solution of com-
plex 3 is air sensitive. ThéH NMR spectrum of comple8
is consistent with low-spin&Ni(ll). Complex 2 was regen-
erated upon addition of [Gpe][PF] to complex3in CH;CN

Figure 4. ORTEP drawing and labeling scheme of [(RPh)(P(-
CsH4S)s)]~ anion Q). Selected bond distances (A) and angles (deg)- Ni
P(1)= 2.0995(7), Ni-P(2) = 2.1978(7), Ni-S(1) = 2.2801(7), Ni-S(2)
= 2.3729(8), Ni-S(3) = 2.3056(8), P(1)¥Ni—P(2) = 177.00(3), P()>
Ni—S(1)= 85.12(3), P(2}Ni—S(1)= 92.19(3), S(1yNi—S(2)= 121.17(3),
S(1)-Ni—S(3) = 120.77(3), S(2rNi—S(3) = 115.62(3).

with three thiolate sulfurs in the equatorial positions and two
phosphorus atoms in the axial positions for both complexes
2 and3. The strained effect of the chelating ligand from the
tridentate mode in compleg to the tetradentate mode in
complex3 results in an increase of mean-N\$ bond dis-
tances of 0.137 A. Compared to Ni(ll) compl&xthe mean
Ni—S distance in Ni(lll) complex increased by 0.082 A.
Obviously, the longer NS bond distances in complex
indicate that the influence of the strained effect of the chela-
ting ligand overwhelms the contraction effect resulting from
the oxidation of Ni(ll) (complexe4/3) to Ni(lll) (complex 2).
Reduction of comple® to 3 (Ni(lll) to Ni(Il)) was believed
to cause the elongation of the mean-$i bond distances
(mean NS bond distances: 2.266 A f@r 2.320 A for3).
In complex2, the nickel atom lies 0.174 A under the mean
plane defined by three sulfur atoms toward the axial triphenyl
phosphine. The displaced distance (0.2102 A) of the nickel
atom from the mean three sulfur atom plane toward the axial
triphenyl phosphine was observed in comp8&x

Preparation of Ni(ll) —Thiol Derivatives by Ligand
Displacement.In contrast to the deprotonation of complex
1 by addition of the anionic thiolates [PhJ[SEt]", the

at 0°C, based on the disappearance of the 801 nm absorptioraddition of [SePh] (or [CI]7/[Sep-CsHs—CI]7) to the
band (CHCI,) and the concomitant formation of 611 and 671 CHz;CN—THF solution (1:3 volume ratio) of complek at

nm absorption bands of compl@XScheme 2¢. Apparently,

complexe2 and3 are chemically interconvertible without

0 °C for 4 h yielded ligand-displacement complexes,"Ni
(L)(P-(0-CeHaSk(0-CeHaSH))]™ (L = SePh 4), Sep-CeHa—

decomposition. During the reversible reduction/oxidation of CI (5), Cl (6)), isolated as red-brown solids and identified
complexe/3, the retention of the coordination number and by IR, NMR, UV—vis, and single-crystal X-ray diffraction
geometry of the nickel ion and the prevention of a potential (Scheme 2d and 2&J.Reaction of compled and stronger
dimerization from removing the triphenylphosphine ligand (hard) Lewis base ligands ([PhSland [SEt]) triggers
suggest that the one phosphine and three thiolate ligandsdeprotonation of compleg to yield complex3. However,

coordinated to Ni(lll)/Ni(ll) may optimize the electronic

structure of the nickel ion to stabilize complex2snd 3.
X-ray crystal structures of complex2snd3 are depicted

the reaction of compled and weaker (soft) Lewis base
ligands ([SePh], [Sep-CeHs—ClI]~, [CI]7) preferred the
ligand-displacement reaction to produce compleAes.

in Figures 3 and 4, respectively, and selected bond coordi-Complex 6 is soluble in CHCIl, and CHCN—-THF (1:3

nates for complexe® and 3 are presented in the figure
captions. Comple® is essentially isostructural with complex

volume ratio) and is air sensitive. The IR spectrum of
complex 6 displays thevs y stretching band at 2300

3. The geometry of the Ni center is a trigonal bipyramidal cm *(KBr) which is ~150 cnr? lower than that of the free
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Figure 5. ORTEP drawing and labeling scheme of the'[BI{P(0-CeH4S)-
(0-CsH4SH))]~ anion @). Selected bond distances (A) and angles (deg):
Ni—S(1)= 2.1783(7), Ni-S(3) = 2.2111(8), Ni-P(1) = 2.0891(7), Ni-
Cl(1) = 2.2243(7), S(1yNi—S(3) = 161.36(3), P(IyNi—CI(1) =
170.89(3), S(IyNi—CI(1) = 91.93(3), S(3)Ni—ClI(1) = 95.74(3), C(18)
P(1)-Ni = 106.63(9), C(6)-P(1)-Ni = 110.44(9), C(12yP(1)-Ni =
116.20(10).

Table 1. IR vs-y Stretching Frequencies for Complexis 1b, 4, 5,
6, and7

complex v(S—H), cm™1 (KBr)
L = PPh (1a) 2393
L =Cl(6) 2300
L = Sep-CeHa—ClI (5) 2288
L =S—C4HsS (7) 2283
L = SePh4) 2273
L = PPh (1b) 2240

ligand PO-CsHsSH), and the'H NMR spectrum of complex

6 shows the downfield chemical shift of the SH group at

5.808 (s) ppm (CDG), suggesting the existence of an

intramolecular [Ni-S---H—S] interaction (or presumably, a

combination of [NiS--H—S] and [Ni--H—S] interactions).
Figure 5 displays an ORTEP plot of the anionic mono-

Chen et al.

proton interacting with both Ni(ll) and thiolate sulfur to result
in the weaker SH bond strength. The above results unam-
biguously illustrate one aspect of how a coordinated ligand
functions to promote [NiS---H—S] interactions (or a
combination of [N~S---H—S] and [N¢--H—S] interactions).
Syntheses of Ni(ll)-Thioether Complexes.To further
corroborate the pendant thiol proton interacting with the
sulfur atom (or presumably, both the sulfur and nickel atoms)
in 1a, 1b, and4—7, where the proton is bound to sulfur and
“attracted” by the second sulfur atom to yield an intramo-
lecular [Ni—S:--H—S] interaction, the neutral [N{PPh)-
(P(0-CsH4S)(0-CeH4-SCH))] (8) complex was synthesized.
As shown in Scheme 2f, treatment of [M¥[BF,] and
complex3in a CHsCN—THF solution (1:3 volume ratio) at
0 °C for 4 h yielded the green solid, [NPPh)(P(©-CsHS)-
(0-CgH4-SCH))] (8), identified by NMR, UV-vis, and
single-crystal X-ray diffraction. CompleXis soluble in THF
and CHCl,, but it is insoluble in hexane, GEN, and
MeOH. The!H NMR spectrum of comple8 exhibits the
methyl (CH) proton resonance at 2.021 ppm, and $He
NMR spectrum shows two nonequivalent phosphorus atoms
at 84.423 (d) fp-3 = 649 Hz) and 26.639 ppm (dJse—31p
= 649 Hz, PPk) (vs HsPOy) (CDCls) at room temperature.
Both the'H NMR and3'P NMR spectra are consistent with
a low-spin & Ni(ll) complex in a square planar ligand field.
However, the temperature dependence of tHe NMR
spectrum of comple® revealed that the chemical shifts of
the methyl group change from 1.820 ppm-&0 °C to 2.109
ppm at 60°C (C,DgO) (Supporting Information). On the basis
of the single-crystal X-ray diffraction, two different confor-
mational isomers were isolated. The green crystals of
complex8a were obtained by diffusion of hexane into the
THF solution of complex8 at 0 °C. Interestingly, the
diffusion of hexane into the THF solution of compl&at
30°C produced green crystals (compkes) and red crystals
which were identified by single-crystal X-ray diffraction as
complex 8h. Each crystal form shows identicdH NMR

nuclear comple®, and the selected bond distances and anglesspectroscopic properties (methyl (gHbroton resonance at
are presented in figure caption. The single-crystal X-ray 2.021 ppm) (CDG)) when complexes8a and 8b were

structural analysis of comple isostructural with complex
5, reveals that the geometry of Ni(ll) in compléxis a

redissolved in CDGlat room temperature. Obviously, these
two conformational isomers3& and8b) are in equilibrium

distorted square planar with a phosphorus, a chloride andwith one another via intramolecular rearrangement controlled

two trans thiolate ligands. The large C(¥B(1)-Ni angle
of 116.20(10) differs from the C(6)-P(1)-Ni and C(18)-
P(1)-Ni angles of 110.44(9)and 106.63(9)in complex6.
The acute (C(12)S(2)-H(2S)) bond angle of 99.8%nd
the similar distances of Ni*S(2) (3.642 A) and S(1)-S(2)

by the temperature in solution.

Figure 6 displays ORTEP plots of complexgsand8b,
respectively. The nickel center is best described as existing
in a distorted square planar coordination environment sur-
rounded by two trans thiolate sulfur atoms and two phos-

(3.698 A) also suggested that the specific intramolecular phorus atoms. The selected bond distances and angles are

[Ni—S---H—S] interaction exists in comple&
As shown in Table 1, the IRs-y stretching frequencies
for complexesdla, 4, 5, 6, and [Ni'(S-CH3S)(P-0-CeH4S)-

given in the caption of Figure 6. The increase in the 18i(3)
distance of ca. 0.37 A from comple8a to 8b has several
consequences. The torsion angles of R{1)-C(13)-C(18)

(0-CeHsSH))]™ (7) reflect the expected changes as the are 6.5 and 24%9in complexesBaand8b, respectively. The

electron-donating abilities of the monodentate ligands [SePh]
[S—C4HsST, [Sep-CeHs—ClI]~, [Cl]~, and PPhare varied®
The IR vs—y stretching frequencies of complexgs, 4, 5,

C(13)-P(1)-Ni angle of 115.76(1F)differs from the C(1}-
P(1)>Ni and C(7>-P(1)>Ni angles of 110.65(11)and
107.38(109 in complex8b. In contrast, comple8a shows

6, and7 clearly revealed that the stronger electron-donating similar bond angles,]C(7)—P(1)-Ni = 110.82(11)1C(1)—
monodentate ligands enriched the electronic density of the P(1)-Ni = 111.19(12), andlC(13)—P(1)-Ni = 111.09(12).
Ni(Il) and sulfur centers triggering the stronger pendant thiol The Ni—S(3)-C(19) bond angles of 109n complex8a

2312 Inorganic Chemistry, Vol. 45, No. 5, 2006



[Ni'"(L)(P-(0-CeH4S)(0-CsH4SH))]¥*~ Complexes

Figure 6. ORTEP drawing and labeling scheme of [(RPh)(P (0-CsH4S)(0-CsHs-SCH))] (8a) and [Ni' (PPh)(P(0-CsHaS)(0-CsHa-SCH))] (8b). Selected
bond distances (A) and angles (deg): com@adNi—S(1)= 2.2150(11), Ni-S(2)= 2.2281(10), Ni-P(1)= 2.1209(10), Ni-P(2) = 2.2323(10), Ni--S(3)

= 2.5397(10), S(}yNi—S(2)= 147.99(4), P(LyNi—P(2)= 177.31(4), S(1yNi—P(2)= 90.01(4), S(2) Ni—P(2)= 94.39(4), C(7)-P(1)-Ni = 110.82(12),
C(1)-P(1)-Ni = 111.19(12), C(13}P(1)-Ni = 111.09(12), C(18)S(3)~C(19) = 99.30(19), Ni-S(3)-C(19) = 109.00(17); comple:b Ni—S(1) =

2.1828(9), Ni-S(2) = 2.2044(8), Ni-P(1) = 2.1160(8), Ni-P(2) = 2.2343(8), Ni--S(3) = 2.9135(11), S(yNi—S(2) = 153.42(4), P(LyNi—P(2) =

173.33, S(1}Ni—P(2)= 93.22(3), S(2}Ni—P(2)= 95.55(3), C(1}-P(1)~Ni = 110.65(11), C(7P(1)~Ni = 107.38(10), C(13}P(1)-Ni = 115.76(11),
Ni—S(3)-C(19) = 158.18(19), C(18)}S(3)-C(19) = 103.7(2).

Scheme 3

Hs;C HsC

St \S,,,,,Q &
1
! SPh]/[SePh] 7
Ph3P///,,'Il;"\\\SI ePh] Lsy,n ST cus)i(@
NI‘P N p >

1
s« § R& ‘7/
(8) L = SPh (9) or SePh (10)

and 158.18in complex8b demonstrate that the methyl groups
of these Ni(ll) complexes8a/8b, do not point directly to the
Ni or S atoms. These results further support that the pendant
thiol proton of the Ni(ll)-thiol complexesla/4—7, locates

in the position attracted by both nickel and the sulfur of thio- cuo
late to stabilize the thiol proton. Compared to the-Ng(3)
distances of 3.802 and 3.248 A observed in compléb@®s  Figure 7. ORTEP drawing and labeling scheme of the '[(GiPh)(P6-
and1b (Scheme 1), the single-crystal X-ray structure reveal- %Hfi)zﬁﬁ'eceﬁﬁsc(%)ﬁ}al"é‘éﬂ(%' ﬁf'se(czt)eﬂ gogfsgé%a”ﬁi; (%)_a"d
eq that a thioether sulfur semipoqding to Ni(ll) (NB(3) 2_09998(7)' ?\1;5(4): 2.2322(7), Ni~S(3) = 3.258(7), S(1)Ni—S(2) =
distances of 2.5397 A) may exist in complga, and there 159.61(3), P(1)>Ni—S(4)= 176.97(3), S(1}Ni—S(4)= 93.79(3), S(2F

is no interaction between Ni and S(3) ¢NB(3) distances ﬂg2(32;):(:?113;%((3;))’—r\i(?lpl(gl);s’\(lsia) =Cég?gé(ﬁ)vc(fé)li':’l(gofs’\éi(g)
of 2.9135 A) in complex8b. The electron back-donation of = \i“5(3)"c(19)= 102.47(15). ' ’
Ni(ll) to the sr-accepting thioether sulfur may be adopted to
rationalize the upfield chemical shift of the methyl group in

complex8a (green crystals obtained at°C or lower)?° as

am!
X

complexes9 and 10 are consistent with the diamagnetit d
square planar Ni(ll) complexes, and the chemical shifts at
: 2.528 (s) and 2.553 (s) ppm (CDLwere assigned to the
compared to comple8b (red crystals obtamgd at 3T). . _methyl groups of complexesand10, respectively. Presum-
flr;]contr?st 0 t'he ttlamperature—dependhent mterconversmnably' there is no interaction between Ni(ll) and the thioether
of the conformational isomeiga and8b, the temperature- gt atom (Ni--S(3) distance of 3.258(7) and 3.229 (5) A
|n(_jﬁ.\pendent four-coordinated Ni(tyhioether complexes i, oy jexed and10, respectively): therefore, the absence
[NI(L)(P(0-CeHaS)(0-CeHa-SCH))I™ (L = SPh ), SePh ¢ o000 back-donation of Ni(ll) to ther-accepting
(10) were isolated when compl@was react_e . [SPh{] thioether sulfur may explain the downfield chemical shift
[SePh} in THF at room temperature overnight, respectively of the methyl groups in complexé&sand 10, as compared
(Scheme 3). The red brown compleX@and10 are soluble to complexes8a and8b
) | .
in THF, CHClz, and CHCN. The 'H NMR spectra of Figures 7 shows the thermal ellipsoid plot of the anionic
(20) (a) Ashby, M. T.. Enemark, J. H.: Lichtenberger, Dlorg, Chern complex9, and the selected bond distances and angles of

1988 27, 191-197. (b) Jacobsen, H.; Kraatz, H.-B.; Ziegler, T., COmplex9 are given in the figures caption, respectively.

Booran, P. M.J. Am. Chem. S0d992 114, 7851-7860. (c) Kraatz, Complexe® and10are isostructural Ni(ll) complexes with

H.-B.; Jacobsen, H.; Ziegler, T.; Boorman, P. @rganometallics . . .
1093 12, 76-80. (d) McGuire, D. G.; Khan, M. A.; Ashby, M. T. the monodentate thiolate/selenolate ligands. The Sghioethen

Inorg. Chem2002 41, 2202-2208. distances of 3.258(7) and 3.229 (5) A found in compleXes

Inorganic Chemistry, Vol. 45, No. 5, 2006 2313



and 10, respectively, indicated that no interaction exists

Chen et al.
(3) The extent of the intramolecular [NB:--H—S]

between Ni(Il) and the thioether sulfur atom (Supplementary interaction (or a combination of intramolecular fN:+-H—

information).

Conclusion and Comments

Studies on the mononuclear Ni(H}hiol complexes 1,
4-7), Ni(lll, 11) —thiolate complexes? 3), and Ni(ll)—
thioether complexes86, 8b, 9, 10) have produced the
following results.

(1) Neutral NI'—thiol complex 1 was synthesized and
characterized by IR'H NMR, UV—vis, and single-crystal
X-ray diffraction. Complexl serves as a precursor for the
syntheses of the anionic mononucleal Nihiol complexes
4~—7 via a ligand-displacement reaction. On the basigbf
NMR and IR vs_p studies, the pendant thiol proton of
complexesl/4—7 is D,O exchangeable.

(2) In complexed a, 1b, and4—7, the presence (strength)
of the intramolecular [Nt S:--H—S] interaction (or a com-
bination of intramolecular [Ni-S---H—S] and [N¢--H—S]

S] and [Nk--H—S] interactions) was modulated by the dis-
tinct monodentate ligands PRESep-CeH4-Cl]—, [S-GHsST,
[CIl]~, and [SePh] in complexeslaand4—7. The IRvs_y
stretching frequency reflects that an increase in the Ni
basicity (electronic density) regulated by the monodentate
ligand arrests the proton of the pendant thiol effectively and
causes the weaker-%1 bond.

(4) Compared to the Ni-S(3) distances of 3.802 and 3.248
A observed in complexeka and1b (Scheme 1), the single-
crystal X-ray structure revealed that thioether sulfur semi-
bonding to Ni(ll) (Ni-++S(3) distance of 2.5397 A) may exist
in complex8a and that there is no interaction between Ni
and S(3) (Ni--S(3) distance of 2.9135 A) in complesb.
On the basis of thtH NMR spectra and single-crystal X-ray
diffractions, the intramolecular interaction betweet hind
the thioether sulfur atom became weaker when the temper-
ature is increased or the more electron-donating monodentate

interactions) was verified in the solid state by the observation ligand is ligated to the Ni center as observed in the

of a lower IRvs_y stretching frequency compared to that of
the free ligand R{-C¢H,SH); (Table 1} and was subse-
quently confirmed by a single-crystal X-ray diffraction.
Single-crystal X-ray diffraction studies reveal that the
Ni-+-S(1) distance falls into the range of 3.668.802 A in
Ni(ll) —thiol complexesla and4—7 (type A), compared to
those of 2.540 and 2.914 A in the Ni@}hioether complexes
8aand8b (type C). In contrast, the long NtS(1) distances
(3.258 and 3.229 A) found in complex8sind10 indicated

mononuclear Ni—thioether complexe8a, 8b, 9, and 10.
Obviously, increasing the electron density on Ni should have
the opposite effect on the interaction with RSH and RSR
Increasing the electron density on Ni favors the interaction
with S—H (Ni acts as a hydrogen-bond acceptor) and
disfavors the interaction with S in SRE&RSR is an electron
pair donor).

(5) Complexesl and 4—7 are sensitive toward £to
yield mononuclear Ni(lll) thiolate complexes [N(L)(P(o-

the absence of interaction between the Ni and S(1) atomsCsHsS))]%* (L = PPh (2), Sep-CsHs—Cl (11), SePh (2),
(type D). These results rule out the existence of an intramo- S—CaHsS (13)).28 [Ni'(L")(P(0-CeHaS)x(0-CeHa—SH))J?*

lecular Nt--S(1) interaction (Ni--S(1) distance of 3.609
3.802 A) in complexeda/4—7 (type B) and may support
the idea that the pendant thiol protons of Niftthiol
complexedl/4—7 were attracted by both nickel and the sulfur
of thiolate, resulting in combinations of intramolecular fNi
S---H—S] and [Ni--H—S] interactions (type A).

—]o/-1 H /-1

o
\
M sy

l\\
L///,,,';,l’i‘\\‘\S@ L///,,Jk;..\\\s,—@
P I~—ygp
Rd 7/ < >

(A) (B)
[Ni-S {H-S]/ [Ni :S-H]
[Ni :H-S] interactions semi-bonding interactions

L =PPhy (1), SePh (4), Se-p-CgH,-CI (5),
CI(6), 2-S-C,H;S (7)

1
HC HaC{ “ L
S(1) (s
!

PhsPr, u! WS
I"r\lli‘;' L/, n ,\\\\S’
( P Ni <~y
s Cf S’@P
© (D)

(8a)/(8b) L =SPh (9), SePh (10)
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(L' = Sep-CeH4—Cl, SePh, S C4H3S) and [NI'(L")(P(o-
CeH1S)(0-CsHa—SH))”~, with the monodentate selenolate/
thiolate ligands L, show more @ sensitivity than complex
1. It is presumed that the stronger intramolecular {Ni
S+-H—S] interaction found in the [N{L")(P(0-CeH4S)(0-
CsHs—SH))1”*~ complexes led to the weaker—8 bond
strength and accelerated the oxidation of the! (i) (P (o-
CsH4S)(0-CeHs—SH))”* complexes to produce complexes
11-13'8 A detailed study is underway. The isolation of
complexeslaand1b—210may support the proposed proton-
bonding type of the active site of the Ni-R and Ni-SI states
in the catalytic cycle of [NiFe] hydrogenases.

Experimental Section

Manipulations, reactions, and transfers were conducted under
nitrogen according to Schlenk techniques or in a glovebox (argon
gas). Solvents were distilled under nitrogen from appropriate drying
agents (diethyl ether from CaHacetonitrile from Cakt—P,0Os;
methylene chloride from Catdhexane and tetrahydrofuran (THF)
from sodium benzophenone) and stored in driegfilNed flasks
over 4 A molecular sieves. Nitrogen was purged through these
solvents before use. Solvent was transferred to the reaction vessel
via stainless cannula under positive pressure pfTiie reagents
bis(triphenylphosphoranylidene)ammonium chloride ([PPN][CI])
(Fluka), diphenyl diselenide, bis(4-chlorophenyl) diselenide, di(2-
thienyl) disulfide, (triphenylphosphine) nickel(ll) dichloride, and
deuterium oxide, 99.9 ato % D (Aldrich) were used as received.
Compound tris(2-thiophenyl)phosphine (@@sHsSH)s) was syn-



[Ni'"(L)(P-(0-CeH4S)(0-CsH4SH))]¥~ Complexes

thesized by published proceduf@dnfrared spectra of the(SH) spectrum (CHCL) [Amax M (€, M~1 cm™b)]: 801 (533).

stretching frequencies were recorded on a Perkin EImer model C;;Hs;NP,S3Ni: C, 71.17; H, 4.73; N, 1.15. Found: C, 70.54; H,

Spectrum One B spectrophotometer with sealed solution cells (0.14.93; N, 1.64.

mm, KBr windows) or KBr solid. U\*-vis spectra were recorded Protonation of Complex 3 by HCIO,. HCIO,4 (28 4L, 0.2 mmol)

on a GBC Cintra 10e'H and?H NMR spectra were obtained on  was added dropwise to compl&x0.243 g, 0.2 mmol) in THF (5

a Varian Unity-500 spectrometer. Electrochemical measurementsmL) at 0 °C under a N atmosphere. The reaction mixture was

were performed with a CHI model 421 potentionstat (CH Instru- stirred for 30 min and then filtered through Celite to remove

ment). Cyclic voltammograms were obtained from a 2.0 mM analyte [PPN][CIO,]. Hexane (10 mL) was added to precipitate the red

concentration in CBCl, using 0.1 M p-BusN][PFg] as a supporting  solid, identified as comples (0.076 g, 56%) by FTIR, UV-vis,

electrolyte. Potentials were measured at 298 K versus a Ag/AgCl and*H NMR spectra.

reference electrode using a glassy carbon working electrode. Under Reaction of Complex 3 and [CpFe][PFe]. [Cp2Fe][PR] (0.067

the conditions employed, the potential (V) of the ferrocinium/ g 0.2 mmol) dissolved in C}¥EN (5 mL) was added dropwise to

ferrocene couple was 0.39 (GEl,). Analyses of carbon, hydrogen,  the THF-CHsCN (3:1 volume ratio) solution of compleX at O

and nitrogen were obtained with a CHN analyzer (Heraeus). °C under a N atmosphere. After the mixture was stirred for 30
Preparation of [Ni" (PPhg)(P(0-CgH4S)(0-CeHsSH))] (1). NiCl - min, it was dried under vacuum to produce a green-yellow solid,

(PPh)2 (0.195 g, 0.3 mmol) and B{CsHsSH); (0.108 g, 0.3 mmol) and then the green-yellow solid was redissolved in THF (5 mL).

were dissolved in 5 mL of THF and stirred at ambient temperature The THF solution was then filtered through Celite to remove

for 20 min. Hexane (20 mL) was then added to precipitate the red [PPN][PFs], and diethyl ether (20 mL) was added to precipitate

solid [Ni" (PPh)(P(0-CeHaS)(0-CsHaSH))] (1) (vield 0.160 g, 79%).  the green solid. The green solid was washed twice with 20 mL

Diffusion of hexane into the THF solution of compléxat room diethyl ether and dried under vacuum to yield com®€®.061 g,
temperature for 5 days led to red-brown needle crystals identified 45%) characterized by UWvis and'H NMR spectra.
by single-crystal X-ray diffraction as compleka. In contrast, Reaction of Complex 1 and [PPN][SePh]/[PPN][S®-CgH -

diffusion of hexane into the C}€I, solution of complexl afforded Cl]. Complex1 (0.067 g, 0.1 mmol) and [PPN][SePh] (0.069 g,
dark red crystals characterized by single-crystal diffraction as 0.1 mmol) (or [PPN][Sg-CsH4-Cl] (0.073 g, 0.1 mmol)) were
complex1b. IR (KBr): complex1a2393 (¢'sy) cm-*; complex1b dissolved in THF (4 mL) and stirred overnight under nitrogen at
2240 frsw) cmL. ™H NMR (CDCly): 6 5.908 (s) (SH), 6.992 (s),  ambient temperature. Diethyl ether (10 mL) was then added to
7.180 (1), 7.29%7.421 (m), 7.708 (1)**P NMR (CDCh): 6 76.57 precipitate the red-brown solid, identified as [PPN][{@ePh)P-
(d) (Jep—31p = 695 Hz, (P-0-CeHaS)(0-CeHaSH)), 24.65 (d) Frp—21p ((0-CsH4S)(0-CsH4SH))] (4) (0.071 g, 61%) and [PPN][N{Se-
= 695 Hz, PPg) (vs HsPOy). Absorption spectrum (CiE1z) [Amax CsH4-p-Cl)(P(0-CsH4S):(0-CsH4SH))] (5) (0.080 g, 70%) by FTIR,
nm (€, M~t cm?)]: 606 (181). Anal. Calcd for ggH2sPSaNi: C, UV—vis, IH NMR spectra, and single-crystal X-ray diffractiéh.
63.83; H, 4.17. Found: C, 63.51; H, 3.73. Complex5. IR (KBr): 2283 (rsy) cm™L. H NMR (C4HgO): o
Preparation of [Ni'" (PPhg)(P(0-CeH4S))] (2). Dry oxygen gas 8.39 (d) (S-H). Absorption spectrum (C¥Cl,) [Amax NM (€, M1
(9 mL) was purged into a red THF solution (7 mL) of complex cm Y] 440 (4320). Anal. Calcd for gH4eNP;SSNi: C, 65.17;
(0.203 g, 0.3 mmol) at OC. The reaction solution was stirred at0  H, 4.34; N, 1.31. Found: C, 65.04; H, 4.46; N, 1.01.
°C for an additional 30 min, and a significant change in color of D/H Exchange for Reaction of Complexes /6 and D,O. A
the reaction solution from red to deep green was observed. Hexane100-fold excess of BD (0.8 mL, 40 mmol) was added to a THF
(25 mL) was then added to precipitate the dark green solid solution of complexl (THF—CH;CN solution, 3:1 mL, volume
[Ni"(PPh)(P(0-CsH1S))] (2) (yield 0.155 g, 76%). Diffusion of ratio) or complex5 (0.458 g, 0.4 mmol)) at 6C. The reaction
hexane into a CkCl, solution of complex2 at —15 °C for three solution containing complek (or complex5) and DO was stirred
weeks led to dark green crystals suitable for X-ray crystallography. for 30 min at 0°C. Diethyl ether (3 mL) was then added to layer
H NMR (CDCly): 0 —3.99 (br), 5.48 (br), 8.42 (br), 9.70 (br), above the mixture. The flask was tightly sealed and kept in the
11.82 (br), 12.62 (br), 13.67 (br). Absorption spectrum {Ckj) refrigerator at-15 °C for one week. Red-brown crystals [{i°Phy)-
[Amax M (€, M~ cmY)]: 611 (1777), 671 (1596), 1150 (1031).  (P(0-CeHaS)(0-CsHaSD))] (1-D) were isolated. Yield: 0.155 g,
Anal. Calcd for GeHo7P,SsNi: C, 63.92; H, 4.02. Found: C, 63.71;  77%. IR (KBr): 1752 {sp) cm L. 2H NMR (CDCly): 6 6.175 (br)
H, 3.61. (SD) (using the natural abundance of D igHgO solvent, two
Preparation of [PPN][Ni" (PPhg)(P(0-CsH4S))] (3). Method singlet peaks at 1.73 and 3.57 ppm, as the internal standard). Red-
A. [PPN][SPh] (0.323 g, 0.5 mmol) dissolved in gEN (5 mL) brown crystals of [PPN][Ni(S@-C¢Hs—ClI)(P(0-CeH4S)(0-CsHs-
was added to a stirred solution of complex0.339 g, 0.5 mmol) SD))] (5-D) were isolated (0.398 g, 86.9%). IR (KBr): 16764)
in THF (5 mL) under N at ambient temperature. The reaction cm™% 2H NMR (CH)Cl,): 6 7.833 (br) (vs CHDG, natural
mixture was stirred for 3 h, and diethyl ether (25 mL) was added abundance of D in CKCl, solvent, 5.32 ppm).
to precipitate the orange solid. The orange solid was dried under Preparation of [PPN][Ni" CI(P(0-CgH4S),(0-CsH4SH))] (6).
vacuum to give [PPN][Ni(PPh)(P(0-CsH4S))] (3). Yield: 0.384 Complex1 (0.068 g, 0.1 mmol) and [PPN][CI] (0.057 g, 0.1 mmol)
g, 63%. were loaded into a 20 mL Schlenk tube. After THF (3 mL) was
Method B. A solution containing compleg (0.338 g, 0.5 mmol) added to give a red solution, the solution mixture was stirred at
and [PPN][SE{] (0.300 g, 0.5 mmol) in THFCH3;CN (volume ratio ambient temperature overnight. Diethyl ether (12 mL) was then
5:5 mL) was stirred at ambient temperature undefdl3 h. Diethyl added to precipitate the red-brown solid, [PPNJGI(P©-CsH1S)-
ether (25 mL) was then added to precipitate the orange solid. After (0-C¢H,SH))] (6). Yield: 0.068 g, 69%. Red-brown crystals suitable
the orange solid was dried under vacuum, comglaas isolated. for X-ray crystallography were obtained by the diffusion of diethyl
Yield: 0.330 g, 54%. Red-orange crystals suitable for X-ray etherinto a THFCH;CN (3:1 volume ratio) solution of complex
diffraction analysis were obtained by the diffusion of diethyl ether 6 at 0 °C for one week. IR (KBr): 23001s) cm L H NMR
into a THF—CH;CN (3:1 volume ratio) solution of compleXat 0 (CDCly): 6 5.808 (s) (SH), 6.818 (t), 6.905 (t), 7.025 (t), 7.188
°C for one week!H NMR (CDsCN): 6 6.748 (t), 6.925 (t), 7.270 7.298 (m), 7.403-7.488 (m), 7.63%7.666 (t). Absorption spectrum
7.481 (m), 7.5397.580 (m), 7.648 (), 7.777 (t). Absorption  (CH,Cl) [Amax M (€, M~1 cm~Y)]: 605 (453), 876 (137). Anal.
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Calced for G4H43PsS;CINNI: C, 65.57; H, 4.38; N, 1.42. Found: Magnetic MeasurementsThe magnetization data were recorded
C, 64.80; H, 4.38; N, 1.19. on a SQUID magnetometer (MPMS5 Quantum Design company)
Preparation of [Ni'"' (PPhg)(P(0-CgH4S)(0-CsHs-SCHa))] (8). with an externbl T magnetic field for compleg in the temperature

A CH3CN solution (3 mL) containing [Mg][BF,] (0.030 g, 0.2 range of 2-300 K. The magnetic susceptibility of the experimental

mmol) was added dropwise to the THEH;CN (3:1 volume ratio) data was corrected for diamagnetism by the tabulated Pascal's

solution of complex3 at 0 °C under a N atmosphere. After the  constants.

mixture was stirred for 1 h, the volume of the reaction mixture Crystallography. The crystals chosen for the X-ray diffraction

was reduced under vacuum, and then methanol (10 mL) was addedstydies measured 0.400.35 x 0.20 mm for complexa, 0.40 x

to precipitate the green solid. The green solid was washed twice 9 30 x 0.30 mm for complexib, 0.25 x 0.20 x 0.10 mm for

with another 10 mL of methanol and dried under vacuum to produce complex2, 0.32x 0.20 x 0.20 mm for complex, 0.50 x 0.45x

green solid [Ni(PPh)(P(0-CeHaS)(0-CeHs—SCHy))] (8). Yield: 0.40 mm for comples, 0.20 x 0.15 x 0.15 mm for comple6,

0.162 g, 78%. Diffusion of hexane into a THF solution of complex (g 35x 0.33x 0.15 mm for comple®a, 0.30 x 0.15 x 0.15 mm

8 at 0°C for three weeks led to dark green crystals characterized for complex8b, 0.4 x 0.32x 0.27 mm for comple®, and 0.30x

by X-ray crystallography as compleda. However, diffusion of ¢ 25 x 0.25 mm for complex10. Each crystal was mounted on a

hexane into a THF solution of complekat 30°C for one week  glass fiber and quickly coated in epoxy resin. Unit-cell parameters

yielded dark green crystals (compl&e) and some red crystals  \yere obtained by least-squares refinement. Diffraction measure-

which were characterized by single-crystal X-ray diffraction as ments for complexeda, 1b, 2, 3, 5, 6, 8a, 8b, 9, and 10 were

complex8b. The X-ray diffraction analyses revealed the subtle .5rried out on a SMART CCD (Nonius Kappa CCD) diffractometer

differences between the red and green crystélsNMR (25 °C) with graphite-monochromated ModKradiation ¢ = 0.7107 A)

(CDCl): 6 2.012 (s) (S CHy), 6.914 (1), 7.072 (1), 7.2367.441 between 2.07 and 27.5Gor complex 1a, 1.45 and 27.50for

(m), 7.596-7.659 (m), 7.7357.772 (m). VT*H NMR (C.DsO): complex1b, 1.35 and 27.50for complex2, 1.33 and 27.50for

0 1.820 (-60°C), ~2.109 (60°C) (s) (S-CH). Absorption spectrum  ¢omplex3, 1.24 and 27.50for complex5, 1.26 and 27.50for

(CH,CI2) [Amax nm (€, Mt em)]: 393 (3367), 609 (374). Anal.  complex6, 1.25 and 27.50for complex8a, 1.48 and 27.50for

Caled for GrHaoPSoNi: C, 64.27; H, 4.37. Found: C, 64.56; H,  complex8b, 1.23 and 27.50for complex, and 1.23 and 28.31

4.93. _ . for complex 10. Least-squares refinement of the positional and
Preparation of [PPN][Ni" (L)(P(0-CeH4S)(0-CeH4-SCHy))] (L anisotropic thermal parameters of all non-hydrogen atoms and fixed

= SPh (9), SePh (10))Complex8 (0.1 mmol, 0.069 g) and [PPNI-  hyqrogen atoms (H(3A) in complex and H(2S) in compless)

[SPh] (0.1 mmol, 0.065 g) (or [PPN][SePh], 0.1 mmol, 0.070 9) \yas based of2. A SADABS absorption correction was magle.

were loaded into a 20 mL Schienk tube, and thef‘_S mL of THF The SHELXTL structure refinement program was emploed.
was added to the tube via cannula under a positive pressure of

nitrogen. After the reaction mixture was stirred overnight under  Acknowledgment. We gratefully acknowledge financial

N at room temperature, the green solution completely converted sypport from the National Science Council (Taiwan).
into a red-brown solution. Hexane (10 mL) was then added to

precipitate the red-brown solid. The red-brown solid was washed  Supporting Information Available: X-ray crystallographic files
twice with 10 mL of dlethyl ether and dried under vacuum to afford in CIF format for the structure determinations of Tmp&)(P_(o_
[PPN][Ni"(SPh)(P6-CeHsS)(0-CeHa-SCHy))] (9) (0.074 g, 68%)  CgH4S)y(0-CeHaSH))], [Ni" (PPR)(P(0-CeHaS))], [PPN][Ni (PPhy)-

(or [PPN][Ni"(SePh)(Pg-CsHaS)(0-CsHs-SCHy))] (10), 0.088 g, (PO-CeH4S))], [PPN][Ni(Sep-CeHa-Cl)(P(0-CeHaS)(0-CsHaSH))],
78%). Suitable red crystals of compleX@and10 for single-crystal [PPN][Ni(CI)P((0-CsH4S)o(0-CeH2SH))], [Ni" (PPh)(P(0-CeHaS)y-
X-ray diffraction were obtained by diffusion of diethyl ether into  (o0-CgH,—SCH))], [PPN][Ni"(SPh)(P¢-CsH4S)(0-CeHa-SCH))],

the THF solution of complexe$and10, respectively. Comple. and [PPN][NI'(SePh)(P¢-CsH.S)(0-CsHa-SCH))] and figures

'H NMR (CDCls): 6 2.553 (s) (SCHh), 6.684 (1), 6.750 (1), 6.862 showingH NMR spectra of8 and an ORTEP drawing ofO.
6.904 (m), 6.990 (t), 7.1947.454 (m), 7.58%7.619 (m), 7.708 This material is available free of charge via the Internet at

7.725 (m). Absorption spectrum (GEl,) [Amax NM €, M~ cm )] http://pubs.acs.org.
445 (2015). Anal. Calcd for GHsoNPsS:Ni: C, 68.03; H, 4.68;
N, 1.30. Found: C, 68.03; H, 4.44; N, 1.29. Compléx 'H NMR 1C051924W

(CDCl): 0 2.528 (s) (SCH), 6.684 (t), 6.843-6.900 (m), 6.992
(t), 7.182-7.453 (m), 7.5847.616 (m), 7.8377.856 (m). Absorp- (21) Sheldrick G. M. SADABS, Siemens Area Detector Absorption Cor-

: 21 ~p—1\1- rection Program University of Gdtingen: Gitingen, Germany, 1996.

tion spectrum (Cbm.z) A .nm €M Fm I 4.78 (1816). Anal . (22) Sheldrick, G. MSHELXTL, Program for Crystal Structure Determi-
Calcd for GiHsoNNiPsS;Se: C, 65.19; H, 4.48; N, 1.25. Found: nation; Siemens Analytical X-ray Instruments Inc.: Madison, WI,
C, 64.55; H, 5.02; N, 0.95. 1994.
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