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Compared to [Ni"(SePh)(P(0-CsH3-3-SiMe;-2-S),(0-CeHz-3-SiMes-2-SH))]™ (1a) and [Ni"(Cl)(P(0-CeHz-3-SiMes-2-S),-
(0-CgH3-3-SiMes-2-SH))]~ (3a) with a combination of the intramolecular [Nis+-H—S] and [Ni—S-++H-S] interactions,
complexes [Ni'(SePh)(P(0-CeH3-3-SiMe3-2-S),(0-CsHs-3-SiMe;-2-SH))]™ (1b) and [Ni'(CI)(P (0-C¢Hs-3-SiMes-2-S),-
(0-CgH3-3-SiMes-2-SH))]~ (3b) with intramolecular [Ni--+H-S] interaction exhibit lower vs_y stretching frequencies
(2137 and 2235 cm~* for 1b and 3b vs 2250 and 2287 cm~* for 1a and 3a, respectively) and smaller torsion
angles (27.2° for 3b vs 58.9 and 59.1° for 1a and 3a, respectively). The pendant thiol interaction modes of 1a, 3a,
and 3b in the solid state are controlled by the solvent pairs of crystallization. Oxygen oxidation of dinuclear [Ni'"-
(P(0-CgH3-3-SiMes-2-S),(0-CeHz-3-SiMes-2-SH))], (4) yielded thermally stable dinuclear [Ni"(P(0-CsHs-3-SiMes-2-
S)5(0-CsH3-3-SiMes-2-u-S))]2 (5). The two paramagnetic d” Ni'" cores (S = /) with antiferromagnetic coupling (J
= -3.13 cm™Y) rationalize the diamagnetic property of 5. The fully delocalized mixed-valence [Ni(Il)=Ni(lIl)] complexes
[Niz(P(O—CeHa-s-SiMeg-z-S)g)z]_ (6) and [Niz(P(O—CeHg-3-SiM63-2-S)3)(P(O—C6H3-3-SiM63-2-5)2(0-C5H3-3-SiMe3-2-SCH3))]
(7) were isolated upon the reduction of 5 and the methylation of 6, respectively. The electronic perturbation from
the sulfur methylation of 6 triggers the stronger Ni---Ni interaction and the geometrical rearrangement from the
diamond shape of the [NiS,Ni] core to the butterfly structure of [Ni(z-S),Ni] to yield 7 with Ni---Ni distances of
2.6088(1) A. The distinctly different Ni-+Ni distances (2.6026(7) for 5 and 2.8289(15) A for 6) and the coordination
number of the nickels indicate a balance of geometrical requirements for different oxidation levels of [PSsNi—
NiPS;] cores of 5 and 6.

Introduction widely.! The X-ray crystallographic studies of the active-
) .. site structure of [NiFe] hydrogenases isolated fidngigas
Hydrogenases catalyze a reversible two-electron oxidation wilgaris, D. fructosaorans and D. desulfuricans
of Hz in aerobic and anaerobic microorganishiswo classes  A1cc27774 in combination with infrared spectroscopy have
of hydrogenases, [Fe-only hydrogenases ([Fe]-ongsds) o\ egled an active site comprised of a heterobimetalljg4S
and [NiFe] hydrogenases ([NiFeLbkes), have been studied Ni(u-SeyQ2(t-X)Fe(CO)(CN} (X = 02, HO,~, OH") cluster

(Figure 1)>5 The bridging ligand X was proposed
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Figure 1. Schematic drawing of the active site of [NiFe] hydrogenases U

as deduced from crystallographic studfes.

Figure 2. Schematic drawing of [PPN][N{ER)(P©-CsH3S)(0-CeH3z-

to be an oxide, hydroxide, or hydro-peroxide in the oxidized SH)*

state and was found to be absent in the reduced state. The ] )
coordination environment about nickel in the [NiFeJades  (@n7*EtS—Hcomplex)was proposedi' (Bm'e), (Bm'**=bis-

is pseudo-tetrahedral in the reduced state and pseudo-squark-mercapto-1-methyl-imidazolyl) borate) with a [Ni$]
pyramidal in the oxidized state. The nickel site has been €Ore and the presence of the-NH—B interaction may
proposed to be redox active and changes between Ni(lll) provide a structural model of the nickel site of [NIFQ}.H
and Ni(ll), whereas the iron site remains as Fe(ll) in all of 2S€” The EPR and single-crystal X-ray structure provided

the spectrally defined redox states of the enzynieThe
active center of [NiFe] khse exhibits various redox states
in the hydrogen catalytic cycle. The EXAFS/EPR studies
indicate that the formal oxidation state of the nickel center
is paramagnetic Ni(lll) in Ni-A, Ni—B, and Ni-C stateg.®
The Ni—A and Ni—B states can be converted into the
reduced forms Ni-SU and Ni-Sl via one-electron reduction,
respectively. The Ni Sl state transforms into the EPR-silent,
active state Ni-Sla, which can then be reduced to the EPR-
detectable NiC state. Actually, the active form NiC (the
paramagnetic NiC intermediate) of [NiFe] bhse Was
proposed to exist as the {S-H)Ni'"' —H—Fe] intermediates
after an active state NiSla (silent-active [(§s—H)Ni'-
(Sey9)3]) is passed. NiR/Ni—Sla states were proposed to
exist as [(§s—H)(ScydNi" (u-Seys)2Fe(CO)(CN)Y] with a
Cys—SH interacting directly with the nickel center (a
[Ni-*H—Syd interaction)?™> In particular, recent X-ray

evidence for the formation of dinuclear [Ni(Il)Ni(lll)]-thiolate
complexes generated by one-electron oxidation of a dinuclear
Ni(Il)-macrocyclic complex [BuN]2[Ni(E)] (E = macro-
cyclic ligandy2 and [BuN]2[Ni{ P(0-CsHsS)} 2],%° respec-
tively. Recently, a number of [Ni-Fe] model compounds
were reported® However, the investigation of the relation-
ship between the core geometry of the bimetallic{Ng]/
[Ni—Ni] center and the oxidation levels of nickel is limited.
In the previous study, we reported the syntheses and
characterizations of the mononuclear [PPNI[\)(P-(o-
CsH4S)(0-CsH4SH))] and [PPN][NT' (L)(P(o- CsH4S))] (L
= SePh, SEt, Cl) (Figure 2}.In this article, the thermally
stable complexes [PPN][N(L)(P(0-CsH3-3-SiMes-2-S)(o-
CeHs-3-SiMes-2-SH))] (L = SePh La, 1b), CI (33, 3b)) were
synthesized to elucidate the modes of the intramolecular
[Ni—=S---H—S]/[Ni---H—S] interactions regulated by the
solvent pairs of crystallization. A series of dinuclear nickel

absorption spectroscopy shows that the nickel site of the complexes [Ni(P(0-CeHz-3-SiMes-2-Sh(0-CeHa-3-SiMes-2-
regulatory hydrogenase (RH) in the presence of hydrogenSH))L (4), [Ni" (P(GsHs-3-SiMes— 2-Sh(CeHs-3-SiMes-2-

(RH™2), proposed as the NiC state, isolated frorRalstonia
eutrophais a six-coordinated [Ni—S,(O/N)s(H)].6

u-S)) (5), and the mixed-valence [Ni(H)Ni(lll)] com-

plexes [Na-18-crown-6-ether][MP(0-CeHs-3-SiMe;-2-Sk),]

In model compounds, the kinetics studies of the protona- (6) and [Nk(P(0-CeHs-3- SiMes-2-Sk)(P(0-CeHs-3-SiMes-

tion of complex [BPH] [Ni(SEt)(triphos)] (triphos= (Ph-
PCH,CH,),PPh) revealed that the sulfur atom is the initial
site for the protonation of [BRHNi(SEt)(triphos)], and the
interaction of the proton with both the nickel and sulfur sites

2-S)(0-CeH3-3-SiMes-2-SCH))] (7), and the dianionic di-
nuclear [K-18-crown-6-ethesNi'",(P(0-CeHs-3-SiMe;-2-
Sk)2] (8) were isolated and characterized to study the
correlation among the presence/absence of-Ni interac-
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Scheme 1
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tion, the geometry of [PsBli—NiSzP] core, and the electronic
states (electronic density) of [ —NiSzP] cores of com-
plexes.

Results and Discussion

The Pendant Thiol Interaction Modes of Complex
[PPN][Ni(SePh)(Pe-CeH3-3-SiMes-2-Sh(0-CgH3-3-SiMes-
2-SH))] (1a/1b). As reported in the previous study, the
reaction of [PPN][Ni(CO)(SeP#k) and P6-CsHs-3-SiMes-
2-SH); led to the formation of [PPN][Ni(SePh)@&{CsHs-
3-SiMes-2-S)(0-CsHs-3-SiMes-2-SH))] (1), isolated as a dark
red-brown solid (85% yield) (Scheme 14j.In contrast to
the analogue [PPN][Ni(SePh)@CsHs-2-Sh(0-CeHy-2-
SH))] (2),** 1 coordinated with the trimethylsilyl-substituted
[P(0-CgH3-3-SiMes-2-S)]°~ ligand was soluble in THF. Two
forms of crystalline productsla (plate-shaped, red-brown
crystals) andlb (block-shaped, dark-red crystals), were
obtained wherl was recrystallized from THF-diethyl ether

Figure 3. ORTEP drawing and labeling scheme & with thermal
ellipsoids drawn at 30% probability level. Selected bond distances (&) and
angles f): Ni—Se 2.3213(6), Ni(1rS(1) 2.2096(11), Ni(1)yS(2) 2.1755-
(11), Ni(1y+-S(3) 3.690(1), S(2)-S(3) 3.681(1), Ni-P(1) 2.0972(11), S(1)
Ni(1)—S(2) 162.26(4), S(HNi(1)—Se 89.10(3), S(B)Ni(1)—P(1) 84.99(4),
S(2)-Ni(1)—Se 96.43(3), S(BNi(1)—P(1) 89.55(4), SeNi—P(1) 174.00-

4.

Table 1. IR vs_y Stretching Frequencies add NMR Chemical Shifts
(0s-n) for [P(0-CeHs-3-SiMey-2-SHY] (P(SH)s), 1a, 1b, 33, 3b, and4

complexes/
spectroscopic data vs—n, e (KBr) Os-H, ppm (CDC})
P(SH)s 2466 4.58(br)
la 2250 8.59(d)
1b 2137 8.59(d)
3a 2287 8.54(d)
3b 2235 8.54(d)
4 2385 6.24(d)

8.59 (br) ppm under an Natmosphere (Table 1). This study
suggests thafla and 1b are in dynamic equilibrium in
solution and supports the existence of intramolecular
[Ni-++H—S]/[Ni—S---H—S] interactions, resulting in thi4
NMR chemical shift of the SH group, from 4.58 (br)
(CDCl) in free ligand P¢-CsHs-3-SiMe;-2-SH) to 6 8.59
(br) (SH) (CDgO) in 1 (Table 1).

la and 1b were found to be the same monoclirit2;/c
space group but in the different unit cell dimensions. As
shown in Figure 3, the acutedC(24)—S(3-H(3S) bond
angle of 96(2) in lais believed to result from an intramo-
lecular [Ni+-H—S]/[Ni—S---H—S] interaction (Scheme 1,
Type |). The pendant thiol interaction modes in the solid
state are ascribed to solvent effects during recrystallization.

and THF-hexane, respectively, at room temperature, asDiffusion of the less-polar solvent hexane into the THF

shown in parts b and’lof Scheme 1 The IR spectrum of
lain the solid-state reveals one stretching band (2250cm
(KBr)) in the vs_y region, compared tdb, which displays
a lower-energws-y stretching band (2137 crh (KBr)). In
comparison with free ligand B{CgH3-3-SiMes-2-SH);, (vs-p=
2466 cm! (KBr))(Table 1), the shifts ofvs_y stretching
frequencies inla and 1b imply the specific intramolecular
[Ni+++H—S]/[Ni—S---H—S] interactionsc

In THF-ds solution, howeverla and1b exhibit identical
IH NMR spectra at 23C, with thiol proton resonance at

solution ofl yielded1b. Diffusion of n-hexane into a THF
H,O solution (10:0.2 mL) ofl, bearing comparison with
diffusion of diethyl ether into THF solution df, gave the
layered, red-brown crystals identified 2& The pendant thiol
proton oflais partially polarized and approaches the second
sulfur atom. It can be interpreted in terms of the thiol proton
interacting with both sulfur and nickel atoms, where the
proton is bound to sulfur (S(3)) and attracted by Ni(ll) and
sulfur (S(2)) atoms, that is, a combination of {NH—S]
and [Ni—S---H—S] interactions (Scheme 1, Type How-

Inorganic Chemistry, Vol. 46, No. 21, 2007 8915



Scheme 2
[PPN],[NIiCl,] + P(C4Hj;-3-SiMe;-2-SH);

(a)l THF/CH,CN

[PPN][Ni''(CI)(P(C¢H;3-3-SiMes-2-S),-
(C¢Hj-3-SiMe;-2-SH))]

3)

[Ni'l(P(C gH;-3-SiMe;-2-S)(CyHj-3-
SiMe;-2-SH)(CgHj-3-SiMe;-2-m-S))],
“4)

ether/CH,Cl, | (b) hexane/CH,Cl,

(3a) (R =SiMe;) (3b)
Layered red-brown Chunky red-brown
crystals crystals
A S5,
2N NS
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ever, the X-ray structure dfb is not of suitable quality for
this publication.

The Pendant Thiol Interaction Modes of Mononuclear
[PPN][Ni"(Cl) (P(0-CeH3-3-SiMez-2-S)(0-CsH3-3-SiMes-
2-SH))] (3a and 3b) in the Solid State When P6-CgsHs-
3-SiMes-2-SH); (0.1 mmol) and [PPN]NICl,4] (0.1 mmol)
were dissolved in THFCH3CN (5:0.5 mL volume ratio) at

Lee et al.

(2)

7%
ci27)

Figure 4. ORTEP drawing and labeling scheme of @9, and (b)3b

with thermal ellipsoids drawn at 30% probability level. Selected bond

distances (A) and angle®)( 3a. Ni—CI(1) 2.217(14), Ni(1)-S(1) 2.190-

room temperature, a reaction ensued over the course of 3Q13), Ni(1)-S(2) 2.204(13), Ni(x)-S(3) 3.66(1), S(t)-S(3) 3.68(1), Ni-

min to give the mononuclear [PPN][Ni(Cl)(&CesHs-3-
SiMes-2-S)(0-CgH3-3-SiMes-2-SH))] (3) (yield 65%) after
separation of the neutral [Ni(B{CsH3-3-SiMes-2-S)(o-
CsHs-3-SiMe;-2-SH))L (4) (yield 25%) by hexane (Scheme
2). 3 is soluble in CHCI, and is extremely @sensitive in
solution. Two types of crystalline products, layered red-
brown @a) and chunky red-browrBp) crystals, were isolated
upon diffusion of diethyl ether into the GBI, solution of
3 and diffusion of hexane into the GHI, solution of3, res-
pectively, at room temperature (parts b ahdftScheme 3.
Molecular structures o8a and 3b are shown in parts a

P(1) 2.087(14); S(BNi—S(2) 163.3(6), S(Ni—CI(1) 93.6(5), S(1}
Ni—P(1) 89.3(5), S(2yNi—CI(1) 93.7(5), S(2)-Ni—P(1) 84.6(5), CI(1}
Ni—P(1) 175.0(6)3b: Ni—CI(1) 2.2243(9), Ni(1}-S(1) 2.1570(10), Ni(}
S(2) 2.1649(10), Ni(%)-S(3) 3.287(1), S(3)-S(3) 3.955(1), Ni-P(1)
2.0962(10); S(HNi—S(2) 154.94(4), S(BNi—CI(1) 93.96(4), S(1}Ni—
P(1) 89.97(4), S(2YNi—CI(1) 94.45(4), S(2¥Ni—P(1) 88.07(4), CI(1¥
Ni—P(1) 164.77(4).

As shown in Table 1, the IRs—y stretching frequencies
of 1a, 1b, 3a, and 3b are significantly disturbed by the
monodentate coordinated ligands, [SePdl] -, and the
pendant thiol proton interaction modes. They stretching

and b of Figure 4, respectively, and selected bond lengthsfrequencies (2250 and 2137 chrespectively) ofla and
and bond angles are collected in figure captions. The 1b with the [SePh] coordinated ligand are lower than those

geometry of the nickel center iBa containing 0.5 THF
solvent in crystal lattice is distorted square planar (GJPS
with the pendant thiol proton attracted by Ni(ll) and sulfur,
that is, a combination of intramolecular fNiH—S] and [Ni—
S---H—S] interactions (Typé, as shown in Scheme 2 and
the graphic). Th&INi—P(1)-C(14)-C(13) torsion angle of
59.7° in 3ais significantly larger than that afiNi(1)—P(1)—
C(19)>-C(20) (27.2) in 3b. In particular, the S(3)-Ni
distance of 3.666(1) A iBais longer than that of 3.287(1)
A'in 3b (types! andll, as shown in Scheme 2 and the
graphic).

8916 Inorganic Chemistry, Vol. 46, No. 21, 2007

of 3a(2287 cn1!) and3b (2235 cn1?), ligated by [CI}". Of
importance, thes_ difference of 113 cm! betweenlaand

1b is significantly larger than that of 52 crhbetween3a
and3b. These results support that an increase in the nickel
electronic density modulated by the monodentate ligand
attracts the proton of the pendant thiol effectively and causes
the weaker SH bond. This result is consistent with the
higher K, of HSePh (K, = 7.1) than HCI (K, = 1.8) in
dimethyl sulfoxidet?

(12) Bordwell, F. G.Acc. Chem. Red.988 21, 456-463.
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Scheme 3
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Both 3a and 3b exhibit identical'H NMR spectra, with
the thiol protons resonances@B.54 (br) (GDgO) under a
N, atmosphere (Table 1). It is noticed that the upfield
chemical shift of the pendant thiol proton frah8.59 () to
8.54 ) is consistent withvs_y stretching frequencies shifted
from 2250/2137 1a/1b) to 2287/2235 cm! (3a/3b) (KBr).

Neutral Dinuclear [Ni" (P(0-CeH3-3-SiMes-2-S)h(0-CgH 5
3-SiMes-2-SH))L (4) and [Ni"' (P(0-CeH3-3-SiMes-2-S)-
(0-CgH3-3-SiMes-2-u-S))]: (5). Compared to the reaction of
P(0-C¢Hs-3-SiMes-2-SH), and [NiCL]?-, reaction of Pg-
CeH3-3-SiMes-2-SH), (0.1 mmol) and NiG6H,O (0.1
mmol) yielded the neutral dinuclear Ni(Il) complex [Ni@R(
CeH3-3-SiMes-2-S)(0-CeHs-3-SiMes-2-SH))L (4) in THF at
ambient temperature. Alternatively, treatmenii@0.133 g,
0.1 mmol) with [EtO][BF4] (0.1 mmol) in THF at 5°C also
led to the formation of4 (yield 70%), accompanied by
insoluble [PPN][BE] solid (part a of Scheme 3). Presumably,
alkylation by electrophile ([EO][BF,]) occurs at the more
accessible [SePhkite, followed by coordinative association
of two neutral [NI'(P(0-CsH3-3-SiMes-2-Sh(0-CeHz-3-SiMex-
2-SH))] units to producd. 4 exhibits extreme air sensitivity
in solution (THF, diethyl ether). Compared to completes
1b (IR vs—y 2250 and 2137 crt (KBr)) and3a/3b (IR vs-n
2287 and 2235 cnt (KBr)), the highervs_y stretching
frequency (2385 cmt (KBr)) of 4 implies the absence of
intramolecular [Ni-S:--H—S] interactions (Table 1). Thed
NMR spectrum of4 in CDCl; shows the thiol proton
resonances abd 6.24(d), a~1.66 ppm downfield shift
compared to the free ligand. Three singletsq@&51, 0.33,

S

®)

and—0.11), derived from the protons of three trimethylsilyl
groups, indicate that trimethylsilyl groups d@f are not
equivalent. ThéH NMR spectrum ¢ 6.37 (br) (GHgO) (S~
D)) and IR vs_p spectrum (1748 (br) cn (vs-p, KBr))
demonstrated that the pendant thiol protondofs D,O
exchangeable.

The single-crystal X-ray structure dfis shown in Figure
5, and selected bond distances and angles are collected in
the figure caption. The elongation of Ni¢1)S(3)H(3A) and
Ni(2):+-S(6)H(6A) distances (3.947(1) and 3.868(1) A,
respectively) ind, compared to the Ni-S(3)H distance of
3.690(1) and 3.305(1) A ida and 1b, respectively, also
implicates the absence of the intramolecular{Si--H—S]
interactions. Formation ¢f via the coordinative association
of two [Ni"P(0-CeH3-3-SiMes-2-Sh(0-CsH3z-3-SiMes-2-SH)]
units can lend support to the previous proposal that the
distinct electron-donating ability of the coordinated ligands
may serve to regulate the intramolecular fig---H—S]/
[Ni---H—S] interactions! The geometry about both of the
central Ni(ll) can be regarded as slightly distorted square
planar. The dihedral angle between the two planes (Ni(1)S-
(1)S(2) and Ni(2)S(1)S(2)) is 78.1Supporting Information
Table S1), and the Ni(1)-Ni(2) distance of 2.5808(8) A is
short enough to suggest a certain degree of interaction
between the two Ni(ll) centers df Compared to the known
nickel dimer (Supporting Information Table S®)the short
Ni(1)---Ni(2) distance found it may be attributed to the
electron deficiency of Ni(ll) centers derived from the less
electron-donating [R¥CsHs-3-SiMes-2-S)(0-CeH3-3-SiMes-
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ing scheme 4fwith thermal
ellipsoids drawn at 30% probability level (Me groups of SiWeere omitted
for clarity). Selected bond distances (A) and anghsIli(1)—S(1) 2.2078-
(13), Ni(1)-S(4) 2.2696(12), Ni(:yS(2) 2.1557(13), Ni(1)yS(3) 3.947-
(1), Ni(1)—P(1) 2.1062(13), Ni(%)-Ni(2) 2.5808(8); S(1yNi(1)—S(2)
158.14(6), S(1yNi(1)—S(4) 84.01(4), S(2)Ni(1)—S(4) 98.74(5), S(ty

Ni(1)—P(1) 87.45(5), S(2yNi(1)—P(1) 89.42(5), S(4)Ni(1)—P(1) 171.43-
(5), Ni(2)—S(4)-Ni(1) 70.33(4), Ni(1)-S(1)y-Ni(2) 70.59(4).

2-SH)E~ (one phosphine, one terminal thiolate, and two
bridging thiolates) coordinated to each Ni(ll) center and the
acute dihedral angles (Ni(1)S(1)S(2) and Ni(2)S(1)S(2)).
As shown in part b of Scheme 3, upon injecting @
mL, 14 psi, at 290 K) into a THF solution @f(0.126 g, 0.1

Lee et al.

Figure 6. ORTEP drawing and labeling scheme 6fwith thermal
ellipsoids drawn at 30% probability level (Me groups of SiMeere
omitted). Selected bond distances (A) and andiesNi(1)—S(1) 2.2529-
(11), Ni(1)—S(4) 2.2837(11), Ni(1yS(5) 2.2143(11), Ni(1)yS(6) 2.2722-
(11), Ni(1)-P(2) 2.1271(11), Ni(%)-Ni(2) 2.6026(7); S(1}Ni(1)—S(4)
87.3(4), S(1)Ni(1)—S(5) 95.40(4), S(1)Ni(1)—S(6) 98.32(4), S(E)yNi-

(1)—P(2) 172.11(4), S(4)Ni(1)—P(2) 86.27(4), S(4yNi(1)—S(6) 102.73-
(4), S(1)-Ni(1)—S(6) 98.32(4), S(5yNi(1)—S(6) 115.07(5), S(5)Ni(1)—

P(2) 86.78(4), S(6yNi(1)—P(2) 87.57(4), Ni(1)}S(1)-Ni(2) 70.05(3),
Ni(1)—S(4)—Ni(2) 70.18(3).

of 70.59(4) and 70.33(4)and a Ni--Ni distance of 2.5808-
(8) A for 4, and 70.05(3) and 70.18(3)and 2.6026(7) A
for 5). Figure 6 displays a thermal ellipsoid plot &f

mmol) at ambient temperature, the reaction ensued over 2 hcontaining 0.5 THF solvent in crystal lattice, and selected

to give dark-green, thermally stable dinuclear Ni(lll) [Ni
(P(0-C¢Hs-3-SiMe;-2-Sh(0-CeHs-3-SiMes-2-u-S)) L. (5) char-
acterized by single-crystal X-ray diffraction and BVis
spectroscopy, and byproduct® identified*H NMR.* The
1H NMR spectrum of5 in CD,Cl, exhibits the signals for
the trimethylsilyl protons ad 0.49 (s), 0.23 (s);-0.59 (s),

bond distances and angles are given in the figure caption.
Analysis of the bond angles &freveals that Ni(1) and Ni-

(2) are best described as existing in a distorted geometry
midway between trigonal bipyramidal and tetragonal pyra-
midal. The mean Nt SpriagingyNi — Sgerminany lengths of 2.268-
(1)/2.243(1) A observed i are longer than those of 2.239(1)

and the expected signals for the benzene protons at 6.85 (t)and 2.156(1) A found i@, respectively. The lengthening of

6.89 (t), 7.33 (dd), 7.39 (t), 7.41 (t), 7.81 (dd), 8.12 &l)n
frozen CHCI, shows EPR silent at 77 K. On the basis of
1H NMR, EPR, and magnetic measuremestsas charac-

the average NiS bonds of5 can be ascribed to the strain
effect of the chelating ligands in the coordination sphere from
tridentate to tetradentate, which overwhelms the contracting

terized as a diamagnetic species. Thus, the electroniceffect caused by the metal-centered oxidation.

structure ofs can be best described as two paramagnétic d
Ni"" cores with antiferromagnetic coupling£€ —3.13 cn1?),
that is, both centers ha\&= Y/, spins magnetically coupled
to each other possibly via the directd orbital overlap (Ni-
(1)-+*Ni(2) = 2.6026(7) A) and the bridging sulfurs. Both
complexes show the butterfly structure of the/N&)Ni unit

on going from Ni(I)4 to Ni(lll) 5 with little Ni—S—Ni bond
angles and a Ni-Ni distance change (NiS—Ni bond angles

(13) (a) Barclay, G. A.; McPartlin, E. M.; Stephenson, N. Bcta
Crystallogr. 1969 B25, 1262-1273. (b) Nicholson, J. R.; Christou,
G.; Huffman, J. C.; Folting, KPolyhedron1987, 6, 863—-870. (c)
Snyder, B. S.; Rao, Ch. P.; Holm, R. Kust. J. Chem198§ 39,
963-974. (d) Villa, A. C.; Manfredotti, A. G.; Nardelli. M.; Pelizzi,
C.Chem. Commurl97Q 1322-1323. (e) Fackler, J. P., Jr.; Zegarski,
W. J.J. Am. Chem. Sod.973 95, 8566-8574. (f) Schwarzenbach,
G. Chem. Zesti 1965 19, 200-208. (g) Vance, T. B., Jr.; Warner,
L. G.; Seff, K. Inorg. Chem.1977, 16, 2106-2110. (h) Handa, M.;
Mikuriya, M.; Okawa, H.; Kida, SChem. Lett1988 1555-1558. (i)
Colpas, G. J.; Kumar, M.; Day, R. O.; Maroney, M.Idorg. Chem
199Q 29, 4779-4788. (j) Watson, A. D.; Rao, Ch. P.; Dorfman, J.
R.; Holm, R. H.Inorg. Chem.1985 24, 2820-2826. (k) Allan, C.
B.; Davidson, G.; Choudhury, S. B.; Gu, Z.; Bose, K.; Day, R. O.;
Maroney, M. J.Inorg. Chem.1998 37, 4166-4167. () Choudhury,
S. B.; Pressler, M. A; Mirza, S. A.; Day, R. O.; Maroney, Minbrg.
Chem.1994 33, 4831-4839.
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The electrochemistry d&, measured in THF with 0.1 M
[n-BusN][PF¢] supporting electrolyte at ambient temperature
(scan rate 100 mV/s), reveals two reversible oxidation
reduction processes a0.775 and—-1.492 V Eu) (vs Cp-
Fe/CpFet), respectively (Figure 7). FdEy, = —0.775 V,

5 undergoes one-electron reductiakE, = 167 mV, ipdipc

= 0.59) to a mixed-valence [Ni(lll)Ni(ll)] species, which
can be further reduced to a [Ni(Il)Ni(Il)] species &t, =
—1.492 V AE, = 222 mV,ipdipc = 0.84). It is noticed that
the value ofiydipc at —0.775 V €y value of the Ni*—
Ni3*/Ni3t—Ni?* couple) is dramatically different from the
value of 1. However, when the scan range (potential) was
switched from 0.0 to-1.0 V, the value ofpdipc at —0.775

V is close to 1 (0.83) and the value gf at —0.389 V
becomes smaller. These results may implicate that the mixed-
valence [Ni(lll)=Ni(ll)] complex is unstable.

Mixed-Valence [Ni(ll) —Ni(lll)] [Na-18-crown-6-ether]-
[le(P(O-CeH3-3- SIMe3-2-S)3)2] (6), [NI2(P(O-C5H3-3-SIMQJ,-
2-S))(P(0-CgH3-3-SiMes-2-S)(0-CeHz— 3-SiMes-2-SCH))]

(7) and [Ni(ll) —Ni(Il)] [K-18-crown-6-ether] [Ni(P(o-
CsH3-3- SiMes-2-S));] (8). When a THF solution 05, [Na]-
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Figure 7. Cyclic voltammograms 05 in the scan range (a) 0 t62.5 V

solid line) and (b) 0 to-1.0 V (dash line). The rest potential was measured
gt —0.47 2/ () ( ) P Figure 9. ORTEP drawing and labeling scheme 6fwith thermal

ellipsoids drawn at 30% probability level. Selected bond distances (&) and
angles {): Ni(1)—S(1A) 2.1540(17), Ni(1)yS(2A) 2.2118(15), Ni(1}S(3)

40 4 2.2418(15), Ni(13-S(1) 2.680(2), Ni(1}-S(3A) 3.905(2), Ni(1}-P(1A)
2.1546(15), Ni(1)}-Ni(1A) 2.8290(13); P(1A}Ni(1)—S(1A) 88.50(6),
30 P(LAY-Ni(1)—S(2A) 86.27(6), S(1AYNi(1)—S(2A) 148.99(8), P(1AY
Ni(1)—S(3) 169.99(6), S(LAYNi(1)—S(3) 94.70(6), S(2A}Ni(1)—S(3)
20 1 86.12(6), P(LAYXNi(1)—S(1) 91.03(5), S(1AY¥Ni(1)—S(1) 109.32(6),

P(1A)—Ni(1)—Ni(1A) 89.83(5), S(LAYFNi(1)—Ni(1A) 63.39(6), S(2A)

E 10 4 Ni(1)—Ni(1A) 146.99(7).

*

L 0

g *

£ 10 4 The single-crystal X-ray structure 6fis depicted in Figure

-20 4 9, and selected bond dimensions fbare presented in the
figure caption.6 consists of two four-coordinated nickel

0 centers in a distorted-square-planar geometry, with three

-40 4 thiolate sulfur atoms and one phosphorus atom. The two
2200 3300 3400 3500 2800 nickel atoms and two sulfur atoms (S(1) and S(1A))6of

[c1 are almost constrained to a coplanar arrangement. Two

Figure 8. EPR spectrum 06 with g values of 2.11, 2.07, and 2.03 at 77 groups, the COpIanar [_S(lA)NI(l)NI(lA)S(l)] _and the co-
K (* = impurity) (an isotropic signal witly values of 2.077 at 298 K). planar [Ni(1)S(3)P(1)Ni(1A)S(3A)P(1A)], are in a perpen-
dicular conformation with an angle of 89.8Zompared to
the bridging Ni(1)-S(1) and Ni(1)-S(4) bond distances of
[BEtzH] (or KCg), and 18-crown-6-ether (1:1:2 molar ratio) 2.253(1) and 2.284(1) A, respectively, foundbirthe longer
were stirred at ambient temperature fch (part ¢ of Scheme Ni(1)---S(1) distance of 2.680(2) A (Ni(1}S(3A) 3.905-
3), a reduction occurred to yield the mixed-valence [Nifll) (2) A) observed ir6 indicates that reduction &yielding 6
Ni(ll)] [Na-18-crown-6-ether][Np(P(0-CeHa-3-SiMes-2- (reduction of [NI"Ni"] to mixed-valence [N¥Ni"]) results
S)k)2l (6), identified by UV-vis, EPR, and single-crystal j the elongation of Ni(1)-S(1) distance and the relief of
X-ray diffraction. Compared to the rhombic S|gn§1I wigh the strained tetradentate bonding mode. The geometrical
va!ues of 2.304, 2.091, and 2.00 (4.2 K) observed in complex rearrangement from the butterfly structure of [NE)Ni]
[Ni" (SePh)(P¢-CeHs-2-S))] ~ (11), the 77 K EPR spectrum it of 510 the diamond shape of [Ni(®)i] core of 6 reflects
of 6 exhibits high rhombicities with three principghvalues ¢ effects caused by the addition of one electron. Upon one-
0f2.113, 2.073, and 2.033 (an isotropic signal wihalue  gjectron reduction of yielding 6, the Ni-+Ni distance is
of 2.077 at 298 K) (Figure 8). The UV—vis spectrum of lengthened by as much as 0.22 A. This result implicates,
exh|b|t_s an mtgqse absorption aroulnd %1124 nm with an qualitatively, that the SOMO i can be identified as having
extinction coefficient 0f>2000 L mol™ cm™, which may  5n4honding character in N#Ni interaction. Compared to

be ascribed to the intervalence transition of the fully the Ni-+Ni distance of 2.6026(7)/2.501 A and the ligation
delocalized mixed-valence complexes (Supporting Informa- . 4o o the coordinated [BCsH3-3-SiMer-2-S)]* /[P (o-

tion Figure S1)}* These results support th@adopts a fully CeHs-2-S)J* ligands observed it and [Ni(PO-CeHa-2-
Qelocglizeq mixgd-valence [Ni(IIBNi(II)]'electrqnic con- S)(0-CeHa-2-4-S))>~ (10), respectively, the longer NNi
figuration in a distorted-square-planar ligand field. distance (2.829(1) A) and the ligation mode of the coordi-
. nated [P¢-CsHz-3-SiMex-2-S)]® ligands of6 are attributed
14 g)sitgglezr%gzi;—é%?ezg;'éhgfécpﬁj:rzhmz' JQ'kt“g".'gf]?ﬁgChLeg to the more electron-rich functionalities of the mixed-valence
Am. Chem. Socl987, 109, 1672-1676. " [Ni(IDNi(I)] core and the electronic/steric perturbations
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Figure 11. X-band frozen solution EPR spectrum bivith g values of
2.17, 2.05, and 2.02, recorded at 77 K (an isotropic signal witalue of
2.08 at 298 K).

Figure 10. ORTEP drawing and labeling scheme dfwith thermal
ellipsoids drawn at 30% probability level. Selected bond distances (A) and
angles {): Ni(1)—S(1) 2.3544(18), Ni(1)yS(2) 2.1885(15), Ni(1yS(3)
2.2551(15), Ni(1}S(6) 2.2699(16), Ni(tyP(1) 2.1184(16), Ni(X)-Ni(2)
2.6088(11), Ni(2)-S(3) 2.2686(15), Ni(2yS(4) 2.4036(18), Ni(2yS(5)
2.1986(15), Ni(2)-S(6) 2.2600(16), Ni(2yP(2) 2.1120(16); P(E)Ni(1)—
S(2) 86.95(6), P(E)yNi(1)—S(3) 171.96(6), S(2)Ni(1)—S(3) 94.48(6),
P(1)-Ni(1)—S(6) 86.56(6), S(2yNi(1)—S(6) 145.32(6), S(3}Ni(1)—S(6)
87.79(6), P(1)Ni(1)—S(1) 87.84(6), S(2yNi(1)—S(1) 113.02(6), P(2)
Ni(2)—S(5) 87.50(6), P(2)Ni(2)—S(6) 172.42(6), S(5)Ni(2)—S(6) 95.01-
(6), P(2)-Ni(2)—S(3) 86.08(6), S(5yNi(2)—S(3) 143.92(6), S(5)Ni(2)—
S(4) 112.02(6), Ni(1)yS(6)—Ni(2) 70.32(5), Ni(1}-S(3)—Ni(2) 70.44(5),
Ni(2)—S(4)—C(55) 104.3(5).

from the substituted trimethylsilyl groups (the strongly
o-donating SiMe group).

To further corroborate the electronic effect (oxidation
states of nickel) modulating the NiNi interaction of
dinuclear5 and 6, the neutral dinuclear [NiP(0-CeH3-3-
SiMe;-2-S)) (P (0-CeHs-3-SiMes-2-S)(0-CsHs-3-SiMes-2-
SCH))] (7) was synthesized. As shown in part d of Scheme
3, treatment 06 with [Mez0][BF4] in THF—CH;CN solution Figure 12. ORTEP drawing and labeling scheme &fwith thermal
yielded 7. identied by UV-vis and single-crystal Xcray  Sects Seun 203 procebtly vt Secenons isencss () one
diffraction. X-ray crystal structure dfis depicted in Figure 5 5171(16), Ni(1)S(3A) 2.1678(15), Ni(1)-S(3) 3.146, Ni(1)-Ni(1A)

10, and selected bond coordinates are presented in the figureN._%%G; ggﬁﬂé(j)z_e?%% 8%%%)”518'\;%);75(%/\)5 ?ggzl\(ﬁs()i)sg%
captions. The apparently shorter Ni{tNi(2) distance = SOL), N : : -
(2.6088(11) A) of7, compared to the Ni-Ni distance of 95.35(6). S(2ArNi(1)=S(1) 89.58(6).

2.829(1) A in6, indicates a greater extent of Ni¢2:Ni(2) which are different from those of the mononucledrNi-
interaction in7. Obviously, the electronic perturbation caused (lIl) complex [Ni" (SePh)(Pg-CsHsS))] .12 cThese results

by the sulfur methylation o6 triggers the stronger Ni(1) implicate that7 may exist as the delocalized mixed-valence
-Ni(2) interaction accompanied by the geometrical rear- [Ni(ll) —Ni(lll)] complex, owing to the strong interaction
rangement from the diamond shape of the [Nik&) core between the nickel centers and between nickel and sHlfur,
of 6 to the butterfly structure of the [NitS)Ni] unit of 7 although the valence-trapped case cannot be unambiguously

to reimburse the deficiency of electron density surrounding excluded from this result alone.

[Ni(IDNi(1IN] centers. 7 exhibited the disorder of S(1) and Therefore, the lengthening of the ‘NiNi distance was
S(4) atoms. The combined scattering factors, 0.65841,) expected to be driven by reduction &fthe reduction o6

+ 0.35S(L}nicethery and 0.35S(4hioiate) + 0.65S(4pnioethery by 1 equiv of KG in THF under N at ambient temperature
respectively, were used in the refinement. There is weak yielded a dianionic [N{P(0-CsHs-3-SiMey-2-S)),]? (8) with
interaction between Ni(1)/Ni(2) and the thioether sulfur atom a Ni--*Ni distance of 3.186 A (part e of Scheme 3). Figure
(Ni(2)---S(1) distance of 2.354(2) and Ni¢2)S(4) distance 12 displays the ORTEP plot & The nickel center is best
of 2.404(2) A). Interestingly, the frozen-solution EPR described as existing in a distorted-square-planar coordination
spectrum of7 (77 K) in diethyl ether (Figure 11), essentially environment surrounded by three thiolate sulfur atoms and
indistinguishable from those of the 77 K EPR spectrum of one phosphorus atom. In comparison with the butterfly
the fully delocalized mixed-valend® exhibits high rhom- structure of the [Njg-S):Ni] core of 4 with a Ni(1)--Ni(2)
bicities with three principad) values of 2.17, 2.05, and 2.02, distance of 2.5808(8) A, the two coplanar [N
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(INi(1)S(1)S(3A)S(2A)P(1A)] and [Ni(LA)S(1A)S(3)S(2)P-  Scheme 4
(1)]) with an Ni-+Ni distance of 3.186 A irB are almost ' > T
parallel. The longer Ni-Ni distance, compared to that &f g fg’\s‘i* \Ni ihﬁ

is presumably ascribed to the more electron-rich [Ni(Il)Ni- \$ )‘h """ N> s Q;

(IN] centers of8, deriving from the stronger electron-donating P @ ®

thiolate-coordinated ligands. [Ni(IT)-Ni(ID)] [Ni(ID)-Ni(ID)]
) Ni-Ni =2.581A Ni-Ni=3.186 A
Conclusion and Comments l
Oz .
Studies on the mononuclear/dinuclear Ni(lll)-/Ni(ll)- T”

. _ . ~ . . —~ " H
th!olate 1-5, 8, and the mixed-valence [N|(_H)N|(III)] PRI, se RO $ - qu.‘ 2N
thiolate complexe$—7 have led to the following results, N -~ j> _ lgi\NiQ; — &FN{-----Ng ;
including certain results from earlier studies. 4 “ e S s_ 4 P
(1) In 3b, the presence of intramolecular fNH—S] () (6) ™
interaction was verified in the solid state by the observation =~ Ni(I)-Ni(lIl)] (Ni(ID)-Ni(IID)] [Ni(ID-Ni(IID)]
Ni-Ni=2.603 A Ni-Ni=2.829 A Ni-Ni =2.609 A

of a lower IRvs_y stretching frequency compared to those
of la and 3a and subsequently was confirmed by single-
crystal X-ray diffraction, respectively. The pendant thiol
interaction modes ([Ni-H—S] vs [Ni—S+-*H—S]) in the
solid state {a/3avs 3b) are controlled by the solvent pairs
of crystallization. Obviously, the results obtained from this
work show that the IR/s—y stretching frequency in combina-
tion with the torsion angléINi—P(1)>-C(14)-C(13) may
serve as an efficient tool for the discrimination of the
existence of the intramolecular [NiH—S]/[Ni—S---H—S]
interactions in complexes [MNL)(P(0-CsH3z-3-SiMes-2-S)-
(0-CeH3-3-SiMes-2-SH))I™ (L = SePh, CI).

(2) In contrast tdlaand3a/3b, neutral dinuclear complex
4 containing the less-basic nickel center (the less electronic
density) regulated by the coordinated ligands does not show
the intramolecular [Nt-H—S]/[Ni—S---H—S] interactions.

(3) Oxidation of dinuclear complekby O, yielded stable
dinuclear comple)s with a Ni---Ni distance of 2.6026(7)

A. From the viewpoint of the absence of paramagnetism
(SQUID) and the EPR signah,can be considered ag Ni-

(11 and d” Ni(lll) units antiferromagnetically coupled to
each other J value of —3.13 cn! in 5), where thiolate
bridges may also mediate the antiferromagnetic interactions.
The electrochemistry d exhibits two reversible oxidation
reduction processes ai0.775 and—1.492 V Ea/,) (vs Cp-
Fe/CpFet), respectively.

(4) The reduction 05 yielded the mixed-valence [Ni(H)
Ni(ll1)] complex [Ni(P(0-CeHs-3-SiMes-2-Sk).]~ (6), ex-
hibiting an intense absorption band at 1124 nm, ascribed to
the intervalence transition of the fully delocalized mixed-
valence complexes. Rhombic EPR signas= 2.11,9, =
2.07, andgs = 2.03 at 77 K) confirmed the existence of the
unpaired electron 6.

(5) As shown in Scheme 4, the geometrical (coordination
environment) change from distorted square pyramidal to
distorted square planar (i.e., from butterfly structure of the
[Ni(«-S)kNi] core to the diamond shape of the [NI] core) Experimental Section
occurs upon going from a [dNi(lll) —d” Ni(lll)] electronic

5 and6. The electronic perturbation from the sulfur methy-
lation of 6 triggers the stronger Ni*Ni interaction and the
geometrical rearrangement from the diamond shape of the
[NiS2Ni] core to the butterfly structure of [NiSkNi],
resulting in the formation of (Scheme 4). Presumably, the
shortening of the Ni-Ni distance of7 (vs 6) was employed
to reimburse the electron deficiency induced by methylation,
neutralizing the thiolate negative charge. Also, the geo-
metrical change of the nickel centers from distorted tetra-
hedral to square planar and the lengthening of the-Ni
distance (from 2.581 to 3.186 A) occur upon going from a
neutral [Ni(I)Ni(Il)] electronic structure ofl to a dianionic
[Ni(IDNi(IN] electronic structure of 8. Such geometrical
differences as determined by the nickel oxidation state in
versus that iré and determined by the coordinated ligands
in 6 versus those irY (or in 4 versus those ir8) demand
ligands capable of matching the geometrical requirement of
the [Ni(SRYNI] unit as well as maintaining the preferred
coordination number of the nickels (Scheme 4). Obviously,
the presence/absence of-NNi interaction in cooperation
with the geometrical rearrangement was employed by di-
nuclear complexegl—8 as an efficient tool to reach an
optimum electronic condition to stabilize the dinuclear
complexes.

These results unambiguously illustrate the aspects of how
a coordinated ligand and the electronic states (oxidation
states) of two nickel centers function to trigger the geo-
metrical rearrangement, to promote the stability of the
dinuclear nickel complexes via the NiNi interaction. This
result may provide some clues to rationalize the oxidized-
form active-site structure of [NiFe] hydrogenases, a hetero-
bimetallic (Syg2Ni(u-Scy92(u-X)Fe(CO)(CN} (X = O,
HO,~, OH") with the butterfly structure of the [Nif-Scys)2-
Fe] core and a Ni-Fe distance of 2.6 A.

structure of5 to a fully delocalized mixed-valencef{dNi- . Manipulationg, reactions, and trgnsfers yvere conducted under
-d7 Ni(ll | . . | icul h nltroge_n gccordlng to_SchIenk technlques_ormaglovebox. So_Ivents

(I.I) i( )l e (_actronlc structure of6. n parncu ar, t e were distilled under nitrogen from appropriate drying agents (diethyl

different oxidation levels of the [RSiI—NiPS] units ether from Catt acetonitrile from Cakt-P,0s; methylene chloride

between5 and 6 reflect the distinctly different Ni-Ni from Cat; hexane and tetrahydrofuran (THF) from sodium

distances, 2.6026(7) fd& and 2.8290(13) A fos, to reach benzophenone) and stored in dried,-flled flasks over 4 A

the optimum electron density of the [N —NiPS;] core of molecular sieves. Nitrogen was purged through these solvents before
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use. Solvent was transferred to the reaction vessel via a stainlessa CHCl, solution of3 at —15 °C for 4 weeks led to layered red-

cannula under a positive pressure ob. NThe reagents bis-
(triphenylphosphoranylidene)ammonium chloride ([PPN][CI]) (Flu-
ka), diphenyl diselenide, nickel(ll) dichloride, Deuterium oxide, 99.9
atom % D (Aldrich) were used as received. Compounds-{RHz-
3-SiMes-2-SH)],1® [PPN][Ni(CO)(SePhj, and [PPN][Ni(SePh)-
(P(0-CgH3-3-SiMe;-2-S))] were synthesized by published proce-
dures!t16 Infrared spectra of the(S—H) stretching frequencies

brown crystals oBa (0.04 g, 33%) (Scheme 2). IR: 2287 ws(y)
cm! (KBr, pellet).?H NMR (C4DgO): 6 8.54 (br) (SH), 6.736.74
(m), 6.87 (), 7.177.38 (m) (P(GH3-3-SiMe;-2-S)), 0.29 (s)
(SiMes) ppm. On the other hand, diffusion of hexane into a,CH
Cl, solution of3 at —15 °C for 4 weeks yielded chunky dark red-
brown crystals oB8b (0.041 g, 33%) (Scheme 2) suitable for X-ray
crystallography. IR: 2235 wvg ) cm ! (KBr). 'H NMR

were recorded on a PerkinElImer model spectrum one B spectro-(C4DgO): 6 8.54 (br) (SH), 6.736.74 (m), 6.87 (t), 7.1#7.38

photometer with sealed solution cells (0.1 mm, KBr windows) or
KBr solid. UV—vis spectra were recorded on a GBC Cintra 10e.
1H and?H NMR spectra were obtained on a Varian Unity-500

(m) (P(GH3-3-SiMey-2-S)); 0.29 (s) (SiMg). Absorption spectrum
(CHCL) [Amax NM (€, M~ cm~1)]: 430 (2200), 530 (1200). Anal.
Calcd for GsHes/CININP3S;Sis: C, 62.76; H, 5.60; N, 1.16.

spectrometer. Electrochemical measurements were performed withFound: C, 62.86; H, 5.89, N, 1.24.

a CHI model 421 potentionstat (CH Instrument) instrumentation.
Cyclic voltammograms were obtained from 2.0 mM analyte
concentration in THF using 0.1 M{BuyN][PF¢] as a supporting

Preparation of [Ni(P(0-C¢H3-3-SiMes-2-S)(0-CeH 3-3-SiMes-
2-SH))L (4). A portion (0.12 mL) of [EtO][BF,] was slowly added
into a THF (10 mL) solution ofl (0.133 g, 0.1 mmol) at 3C. A

electrolyte. Potentials were measured at 298 K versus a Ag/AgCl vigorous reaction occurred with the white precipitate [PPN}BF
reference electrode using a glassy-carbon working electrode. UnderHexane (10 mL) was added, and the resulting mixture was filtered

the conditions employed, the potential)(of the ferrocinium/
ferrocene couple was 0.39 (@El,). Analyses of carbon, hydrogen,
and nitrogen were obtained with a CHN analyzer (Heraeus).
Preparation of [PPN][Ni(SePh)(PE-CeH3-3-SiMe;-2-S)(0-
CeH3-3-SiMes-2- SH))] (1a) and (1b).Complexes [PPN][Ni(CO)-
(SePhj] (0.2 mmol, 0.218 d¢f and P(GHs-3-SiMex-2-SH) (0.2
mmol, 0.115 g) were loaded into a 50-mL flask and 15 mL of THF
was added by a cannula under positivep¥essure. The reaction

through Celite to remove the insoluble [PPN]BFSolvent was
removed under a vacuum to yield complex [NigR{sHs-3-SiMes-
2-S)(0-CgH3-3-SiMe;— 2-SH))L (4) (0.088 g, 70%). Hexane (3
mL) was added to redissolveand recrystallization from hexane
solution at—15 °C for 4 weeks gave red-brown crystals suitable
for X-ray crystallography. IR: 2385 w§_p) cmt (KBr, pellet).

IH NMR (CDCly): ¢ 6.24 (d) (SH), 6.39 (t), 6.83 (t), 6.91 (1),
7.15 (t), 7.25 (1), 7.42 (d), 7.64 (d) (P{8s-3-SiMe;-2-S)), —0.11

mixture was stirred at ambient temperature for 1 h, and then hexane(s), 0.33 (s), 0.51 (s) (SiMg Absorption spectrum (THFWfhax

(20 mL) was added to precipitate the red-brown solid [PPN][Ni-
(SePh)(Rg-CgHs-3-SiMes-2-Sh(0-CeHs-3- SiMes-2-SH))] (1) (0.225
g, 85%). Diffusion of diethyl ether into a THF solution @&fat

nm e, M~ cm™1)]: 440 (3080), 5350 (1050). Anal. Calcd for
CssH74Ni.P,SSis: C, 51.34; H, 5.90. Found: C, 50.93; H, 6.33.
D/H Exchange for the Reaction of 4 and RO. To a THF (10

room temperature for 1 week yielded layered brown-red crystals mL) solution of4 (0.126 g, 0.1 mmol) at 5C, a 100-fold excess

characterized aba (0.212 g, 80%) (Scheme 1). IR: 2250 ws(y)
cm1 (KBr). H NMR (C4DgO): 6 8.59 (br) (SH), 6.656.77 (m),
6.87 (t), 7.15-7.33 (m) (PhSe, B{CsH3-3-SiMes-2-S)), 0.20 (s),
0.30 (s) (SiMg). However, diffusion of hexane into a THF solution
of 1 at ambient temperature for 1 week yielded chunky dark red-
brown crystals characterized 4 (0.220 g, 83%) (Scheme 1)
suitable for X-ray crystallography. IR: 2137 ws{y) cm (KBr).

IH NMR (C4DgO): 6 8.59 (br), 6.65-6.77 (m), 6.87 (t), 7.157.33
(m) (PhSe, Rt-CgH3-3-SiMe;-2-S)), 0.20 (s), 0.30 (s) (SiMg.
Absorption spectrum (THFWfhax, NM €, M~ cm1)]: 420 (2700),
500 (1150). Anal. Calcd for §H72NNiP:S:SeSi: C, 62.48; H,
5.47; N, 1.06. Found: C, 62.18; H, 5.22; N, 0.98.

Preparation of [PPN][Ni(CI)(P(0-CgH3-3-SiMes-2-S)(0-CeH -
3-SiMes-2- SH))] (3a) and (3b).Compound P(gHs-3-SiMes-2-
SH); (0.058 g, 0.1 mmol) and [PPHNiCl,] (0.128 g, 0.1 mmol),
prepared from reaction of Nigk0.1 mmol) and [PPN][CI] (0.2
mmol) in MeOH, were dissolved in mixed solvent THEH;CN
(10:1 volume ratio). After the reaction mixture was stirred at

of D,O (0.18 mL, 10 mmol) was added. The reaction solution
containing the mixture solution e¢f and B,0O was stirred for 24 h

at 5°C. Solvent was removed under a vacuum and hexane (5 mL)
was added to redissolve the red-brown solid. The flask containing
the red-brown solution was tightly sealed and kept-a6 °C for

4 weeks. The crystals [Ni(B{CsH3-3-SiMe;-2-S)(0-CgH3-3-SiMes-
2-SD))L (4-D) and4 were isolated. IR (KBr, pellet): 1748¢ p)
cm~1. 2H NMR (C4HgO): 6 6.37 (br) (SD) versus fDgO (natural
abundance of D in €HgO solvent,d 1.73 and 3.58).

Preparation of [Ni(P(0-CgH3-3-SiMe;-2-S))], (5). Pure oxygen
gas (3 mL, 14 psi, at 290 K) was injected through a red-brown
hexane solution (10 mL) o# (0.126 g, 0.1 mmol) at room
temperature. A significant change in color from red brown to dark
green occurred after the reaction mixture was stirred for an
additiond 2 h at room temperature. The resulting solution was
filtered, and then the solution was concentrated to 3 mL under a
vacuum. Crystallization from hexane solution of complex [NedP(
CeH3-3-SiMe;-2-S))]2 (5) (0.076 g, 60%) at-15 °C for 4 weeks

ambient temperature for 30 min, hexane was added to separate theéed to dark-green crystals suitable for X-ray crystallography.
red-brown precipitate and the orange-red solution. The orange-redNMR (CD,Cl,): ¢ 6.85 (t), 6.89 (t), 7.33 (d), 7.39 (t), 7.41(t), 7.81

solution was then transferred to another flask under positiyve N

(dd), 8.12 (d) (P¢-CeHa-3-SiMe-2-S)), —0.59 (s), 0.23 (s), 0.49

and dried under a vacuum to obtain the orange-red solid character<s) (SiMe;). Absorption spectrum (CI}N) [Amax NM €, M2

ized as complex [Ni(Rf-CgHs-3-SiMes-2-S)(0-CsHs-3-SiMes-2-
SH))> (4) (0.032 g, 25%). The red-brown solid was then redissolved
in THF (5 mL) and filtered through Celite to remove [PPN][CI].

cm Y] 435 (5100), 636 (1750), 758 (550), 1154 (1300). FAB-
mass spectrumnyz 1260 (([NiP@-CgHz-3-SiMey-2-Sk]») ™, 40.6%);
m/'z 73 ((SiM&)™, 100%). Anal. Calcd for €&H7:Ni,P,SSis: C,

Hexane was then added to precipitate the red-brown solid character51 42: H, 5.75. Found: C, 51.38; H, 5.90.

ized as complex [PPN][Ni(Cl)(R¢CsHs-3-SiMes-2-Sh(CeHz-3-
SiMes-2-SH))] 3) (0.072 g, 65%). Diffusion of diethyl ether into

(15) Block, E.; Ofori-Okai, G.; Zubieta, J. Am. Chem. Sod.989 111,
2327-2329.

(16) Liaw, W.-F.; Horng, Y.-C.; Ou, D.-S.; Chiang, C.-Y.; Lee, G.-H.; Peng,
S.-M. J. Am. Chem. S0d.997 119, 9299-9300.
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Preparation of [Na-18-crown-6-ether][Ni(P(0-CeH3-3-SiMes-
2-S)k)2] (6). A 0.126 g of5 (0.1 mmol) and 0.053 g of 18-crown-
6-ether (0.2 mmol) were dissolved in 5 mL THF in a 30 mL Schlenk
tube under nitrogen. A portion (0.1 mL) of NaBHEt (0.1 M in
THF solution) was then added into the Schlenk tube by syringe.
The reaction solution was stirred under nitrogen at ambient



Mononuclear Ni(ll)-Thiolate Complexes

temperature fol h and monitored by UMvis. The color of the filtered through Celite to remove graphite. The volume of the
reaction solution changes from green to brown green. Hexane (20solution was reduced to 5 mL under a vacuum, and hexane (25
mL) was then added to precipitate the brown-green solid [Na-18- mL) was added to precipitate the red-brown solid [K-18-crown-6-
crown-6-ether][Ni(P(0-CsHs-3-SiMes-2-S)),] (6) (yield 0.115 g, ether}[Niy(P(0-CeHs-3-SiMe;-2-S)),] (8) (yield 0.125 g, 67%).
65%). Crystals for X-ray diffraction analysis were obtained by a Crystals suitable for X-ray diffraction were obtained by a layer of
layer of hexane and THF solution & at —20 °C. Absorption hexane and THFCH;CN (10:1 volume ratio) solution & at —15
spectrum (THF) Zmax NM €, M~cm™2)]: 654 (3667), 1142 (2548).  °C for 2 weeks.
Anal. Calcd for GeHoeP.NaNiOsSSis: C, 51.19; H, 6.25. Crystallography. Crystallographic data afa/lb, 3a/3b, 4—5,
Found: C, 51.64; H, 6.48. 6—7, and 8 were summarized in Supporting Information Tables
A THF solution (10 mL) of5 (0.126 g, 0.1 mmol) was added to  S1-S5, respectively. Each crystal was mounted on a glass fiber
KCg solid (0.014 g, 0.1 mmol) in a 30 mL Schlenk tube under and quickly coated in epoxy resin. Unit-cell parameters were
positive nitrogen. The reaction solution was stirred under nitrogen obtained by least-squares refinement. Diffraction measurements for
at ambient temperature for 1 h. The color of the reaction solution 1a, 1b, 3a, 3b, and 4—8 were carried out on a SMART CCD
changed from green to brown green. Then a THF solution (5 mL) (Nonius Kappa CCD) diffractometer with graphite-monochromated
of 18-crown-6-ether (0.053 g, 0.2 mmol) was transferred to the Mo Ka radiation ¢ = 0.7107 A).7 exhibited a disorder of the
above brown-green solution by cannula. After the reaction solution S(1) and S(4) atoms. The combined scattering factors, 0.65S-
was stirred for anothe3 h under nitrogen at ambient temperature, (1) iolate) + 0.35S(1dnicethen@nd 0.35S(4hiolate) + 0.65S (Anicethen
the brown-green solution was filtered through Celite to remove respectively, were used in the refinement. Least-squares refinement
graphite and was monitored by UWis. The volume of solution of the positional and anisotropic thermal parameters of all of the
was reduced to 5 mL under a vacuum, and then hexane (25 mL)non-hydrogen atoms and fixed-hydrogen atoms was basé&ton
was added to precipitate the brown-green solid [K-18-crown-6- A SADABSabsorption correction was matfe The SHELXTL
ether][Ni(P(0-CeHs-3-SiMes-2- S)),] (6') (yield 0.102 g, 65%)  structure refinement program was employ&d.
characterized by U¥vis and single-crystal X-ray diffraction. EPR Measurements EPR measurements were performed at the
Preparation of [Nia(P(0-CgHs-3-SiMes-2-Sk)(P(0-CeH3-3- X band using a Bruker EMX spectrometer equipped with a Bruker
SiMe;-2-Sh(0-CsH3-3-SiMes-2-SCHg))] (7). A CH3CN solution TE102 cavity. The microwave frequency was measured with a
(3 mL) of [Me;O][BF,4] (0.015 g, 0.1 mmol) was added dropwise Hewlett-Packard 5246L electronic counter. The X-band EPR
into the THF-CH;CN (3:1 volume ratio) mixed solution of  spectrum of6 in THF was obtained with a microwave power of
complex6' (0.156 g, 0.1 mmol) at 3C under N atmosphere. The  19.922 mw (19.824 mW fa¥), a frequency of 9.602 GHz (9.604
mixture solution was stirred for 30 min, then allowed to warm to  GHz for 7), and a modulation amplitude of 0.80 G at 100 kHz.
room temperature, and stirred for another 2 h. The color of reaction
solution changed from brown green to green. The mixture solution ~ Acknowledgment. We gratefully acknowledge financial
was dried under a vacuum and then redissolved in hexane. Thesupport from the National Science Council of Taiwan.
green solution was filtered through Celite to remove the insoluble . , ) L
[K-18-crown-6-ether][BE]. Solvent was removed under a vacuum Supporting Information Available: X-ray crystallographlfz files
to yield [Nix(P(0-CoHs-3-SiMe-2-S)) (P(0-CeHa-3-SiMey-2-Sh(0- in CIF format _for the structure deter.mlnatlons of [PPN][N_l(SePh)-
CeHa-3-SiMes-2-SCHY))] (7) (vield 0.091 g, 71%). A hexane (P(O-CoHs-3-SiMer2-Sh(0-CoHs—3-SiMer-2-SH))], [PPNIINI(CI)-
solution of 7 kept at—15 °C for 4 weeks gave dark-green crystals (P(()_'CGH3'3'S'M%'Z'S)Z(o_'CGHTS'S'M%'z',SH))]’ [N'(P(O'CGHT
suitable for X-ray crystallography. Absorption spectrum ({&)) 3'5'MQ”'Z'Sk(O‘C"H?S'S'M%‘Z'SH))]Z‘ [N'(P(O'C?HTS'S'M%'
[mas NM (€, M~ cm-)]: 421 (10 100), 495 (5456), 669 (3170), 2 SW)2 [Na-18-crown-6-ether][N(P(0-CoHs-3-SiMer-2-S))a],
1144 (2032). GHNi-P,SsSis: C, 51.75; H, 5.92. Found: C,51.84;  Ni2(P(O-CeH-3-SiMes-2-S))(P(0-CoHa-3-SiMes-2-Sp(0-CoHa-3-
H, 6.17. SiMe;-2-SCH))], and [K-18-crown-6-etheg]Ni,(P(0-CgH3-3-
Preparation of [K-18-crown-6-etherl,[Ni(P(0-CeHs-3-SiMes- SiMes-2-S)),]. This material is available free of charge via the

2-5))7] (8). A THF solution (10 mL) of6' (0.155 g, 0.1 mmol)  'nteret at http://pubs.acs.org.
was added to Kgsolid (0.014 g, 0.1 mmol) in a 30 mL Schlenk |c700719H
tube under positive nitrogen. The reaction solution was stirred under
nitrogen at ambient temperature for 1 h. A color change of the (17) Sheldrick, G. MSADABS, Siemens Area Detector Absorption Cor-
reaction solution from brown green to red brown was observed. A reaction Program University of Gdtingen: Gitingen, Germany,

i - -6- 1996.
THF solution (5 mL) of 18-crown-6-ether (0'953 g, 0.2 mmol) was (18) Sheldrick, G. MSHELXTL, Program for Crystal Structure Determi-
then added to the above red-brown solution by cannula under nation Siemens Analytical X-ray Instruments Inc.: Madison, WI,

positive nitrogen and stirred for another 3 h. The solution was then 1994.
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