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Abstract: Mononuclear, distorted square planar [Ni'"(ER)(P(0-CsH4S)2(0-CeHsSH))]™ (ER = SePh (1), 2-S—
C4HsS (2)) with a S—H proton directly interacting with both nickel and sulfur atoms were prepared by reaction
of [Ni(CO)(SePh)s]/[Ni(CO)(2-S—C4H3S)3]~ and P(0-CsH4SH)s, individually. The presence of combinations
of intramolecular [Ni—S---H—SR]/[Ni---H—SR] interactions was verified in the solid state by the observation
of an IR vsy stretching band (2273 and 2283 cm™* (KBr) for complexes 1 and 2, individually) and *H NMR
spectra (0 8.079 (d) (CD,Cl,) and 8.39 (d) (C4DsO) ppm (—SH) for complexes 1 and 2, respectively) and
subsequently confirmed by X-ray diffraction study. The exo-thiol proton (o0-CsHsSH) in complexes 1 and 2
was identified as a D,O exchangeable proton from NMR and IR studies and was quantitatively removed
by Lewis base Et3N to yield Ni(ll) dimer [Ni"(P(0-CsH4S)3)]2%~ (5). Instead of the ligand-based oxidation to
form dinuclear Ni(ll) complexes and dichalcogenide, oxidation of THF—CH3CN solution of complexes 1
and 2 by O; resulted in the formation of the mononuclear, distorted trigonal bipyramidal [Ni"(ER)(P(o-
CeH1S)3)]” (ER = SePh (3), 2-S—C4H3S (4)) accompanied by byproduct H,O identified by *H NMR,
respectively. The 4.2 K EPR spectra of complexes 3 and 4 exhibiting high rhombicities with three principal
g values of 2.304, 2.091, and 2.0 are consonant with Ni(lll) with the odd electron in the d2 orbital. Complex
3 undergoes a reversible Ni"" process at £, = —0.67 V vs Ag/AgCl in MeCN.

Introduction of a heterobimetallic (§¢)2Ni(u-Scys)2(1-X)Fe(CO)(CN) (X =

Hydrogenases are enzymes that catalyze the reversibleQ: OH) cluster™ The bridging ligand X was proposed to be

heterolytic dissociation of molecular hydroger. [NiFe] hy- an oxide or hydroxide in the oxidized state and_was_ foun_d to
drogenase containing a [NFe] center that is believed to be D€ absent in the reduced staté.Three nonprotein diatomic
the catalytic site for hydrogen activation and functions more 9roUPs (two cyanide and one carbonyl ligands) ligate the iron
effectively in the direction of k oxidationl The X-ray center. In the conversion between oxidized and reduced states,
crystallographic studies of the active-site structure of [NiFe] the ironremains low-spin Fe(ll), while the Ni changes between
hydrogenases isolated frobn gigas D. wulgaris, D. fructoso- Nl(lll) _and Ni(ll). EXAFS_/EPR st_udles indicate _that_the f_orm_al
vorans andD. desulfuricansATCC27774 in combination with ~ ©0Xidation state of the Ni cenigr is paramagnetic Ni(lll) in-Ni
infrared spectroscopy have revealed an active site comprised™ Ni—B, and Ni-C stateg.™° The catalytically active form

(5) Matias, P. M.; Soares, C. M.; Saraiva, L. M.; Coelho, R.; Morais, J.; Le

T Department of Chemistry, National Tsing Hua University. Gall, J.; Carrondo, M. AJ. Biol. Inorg. Chem2001, 6, 63-81.
¥ Department of Physics, National Dong Hwa University. (6) Davidson, G.; Choudhury, S. B.; Gu, Z.; Bose, K.; Roseboom, W.; Albracht,
§ National Taiwan University. S. P. J.; Maroney, M. Biochemistry200Q 39, 7468-7479.

(1) (a) Carepo, M.; Tierney, D. L.; Brondino, C. D.; Yang, T. C.; Pamplona, (7) Amara, P.; Volbeda, A.; Fontecilla-Camps, J. C.; Field, M. Am. Chem.
A.; Telser, J.; Moura, |.; Moura, J. J. G.; Hoffman, B. M. Am. Chem. Soc 1999 121, 4468-4477.

Soc 2002 124, 281-286. (b)Albracht, S. P. Biochim. Biophys. Acta (8) (a) De Lacey, A. L.; Hatchikian, E. C.; Volbeda, A.; Frey, M.; Fontecilla-
1994 1188 167—204. (c) van der Zwaan, J. W.; Coremans, J. M. C. C.; Camps, J. C.; Fernandez, V. M. Am. Chem. Sod997 119 7181~
Bouwens, E. C. M.; Albracht, S. J. Biochim. Biophys. Actd99Q 1041, 7189. (b) Volbeda, A.; Garcin, E.; Piras, C.; de Lacey, A.; Fernandez, V.
101—-110. M.; Hatchikian, E. C.; Frey, M.; Fontecilla-Camps, J. £.Am. Chem.

(2) (a) Volbeda, A.; Charon, M. H.; Piras, C.; Hatchikian, E. C.; Frey, M.; Soc 1996 118 12989-12996.

Fontecilla-Camps, J. CNature 1995 373 580-587. (b) Garcin, E.; (9) De Gioia, L.; Fantucci, P.; Guigliarelli, B.; Bertrand,IRorg. Chem1999
Vernede, X.; Hatchikian, E. C.; Volbeda, A.; Frey, M.; Fontecilla-Camps, 38, 2658-2662.

J.-C.Structure1999 7, 557-566. (c) Happe, R. P.; Roseboom, W.; Pierik, ~ (10) Dole, F.; Fournel, A.; Magro, V.; Hatchikian, E. C.; Bertrand, P.;
A. J.; Albracht, S. P. JNature 1997, 385, 126. Guigliarelli, B. Biochemistry1l997, 36, 7847-7854.

(3) (a) Higuchi, Y.; Yagi, T.; Yasuoka, Nstructure1997, 5, 1671-1680. (b) (11) (a) Niu, S.; Thomson, L. M.; Hall, M. BJ. Am. Chem. Sod 999 121,
Higuchi, Y.; Ogata, H.; Miki, K.; Yasuoka, N.; Yagi, Btructure1l999 7, 4000-4007. (b) Li, S.; Hall, M. B.Inorg. Chem 2001, 40, 18—24.
549-556. (12) (a) Stein, M.; van Lenthe, E.; Baerends, E. J.; Lubitz,JWAm. Chem.

(4) (a) Rousset, M.; Montet, Y.; Guigliarelli, B.; Forget, A.; Asso, M.; Bertrand, Soc 2001, 123 5839-5840. (b) Stein, M.; Lubitz, WCurr. Opin. Chem.
P.; Fontecilla-Camps, J. C.; Hatchikian, E.RZoc. Natl. Acad. Sci. U.S.A Biol. 2002 6, 243—-249.

1998 95, 11625-11630. (b) Nicolet, Y.; Piras, C.; Legrand, P.; Hatchikian, ~ (13) Maroney, M. J.; Bryngelson, P. A. Biol. Inorg. Chem?2001, 4, 453—
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Ni—C of [NiFe] hydrogenase was proposed to exist as the Scheme 1
[(Seys—H)(SeydNi" -(14-H) (- S, 92F €(CO)(CNY] wiith @ Sys—H @
proton interacting with nickel- 12 Also, the architecture of the HS SH co —
silent-active Ni-Sla is proposed as a CySH proton directly _ @P\(j RE_"I\'“,H
interacting with nickel, [(§s—H)(ScygNi' (u-Scys)o—Fe(CO)- RE/,I ‘\\ER—I SH snl| S
(CN)Z].ll'lz RE/NI\CO T> @P@

Interestingly, the recent X-ray crystal structures of CO- ©SH
inhibited forms and single-crystal EPR studies of the reduced
active site of [NiFe] Haseisolated fromD. yulgaris Miyazaki
F implicate that the Ni+C intermediate is a formal Ni(lll) (b’ik'l,mz
oxidation state with a hydride (H bridging between the Ni
and the Fe atoms and the sulfur atom of Cys 546 hydrogenated _
for the catalytic reaction of the enzyn&!>Upon illumination, s ml 1
the Ni—C state is transformed into a fourth paramagnetie INi H HS
state. These conversions are considered to correspond to re s -~ §E>'Niii

SRS

photodissociation of proton species from thefiRe] cente~1°

In addition, the active form NiC has also been shown to
contain a solvent exchangeable proton, assigned as-a%$kys
proton directly interacting with nickel from ENDOR studi¥s.
Very recently, a particularly interesting new type of hydrogenase
isolated from Ralstonia eutrophathe so-called regulatory
hydrogenase (RH), was found to belong to the subclassof H

sensing [NiFe] hydrogenase. The oxidation state and coordina-

tion ligands of the Ni site of RH that were investigated by X-ray
absorption spectroscopy imply that a five-coordinatd {N;(O/
N).] for RH* and a six-coordinate [Ni—S;(O/N)s(H)] for
RH+H2.17’18

In model compound¥ an electrochemical study provided
evidence for such a Ni(lltyH species generated by one-electron
reduction of a nickel(Il) macrocyclic complex accompanied by
protonatior?® The similarity of the CO-inhibited nickel active-
site structure of [NiFe]/[NiFeSe] hydrogenases to the recently
synthesized [Ni(CO)(SPk(5ePh)-r]~ (n=0, 1, 2f! complexes
has inspired the preparation of derivatives modified in such a
way to better mimic the features of the-N&/Ni—B, and Ni—
Sla/Ni—R states of the catalytic cycle of [NiFe] hydrogenase.
Our premise is that information on the structures, stabilities,
and reactivity of Ni(ll)-exo-thiol and Ni(lll)-thiolate complexes
could be useful in interpreting the catalytic cycle ofattivation
in [NiFe] hydrogenase. Herein, we report the synthesis and
reactivity of [Ni(ER)(PE-CeH4S)(0-CsHsSH))]™ (ER = SePh
(1), 2-S—C4HsS (2)) containing an intramolecular-8H4 proton
directly interacting with both nickel and sulfur atoms by reaction
of [Ni(CO)(ER)s] ~ and PO-CeH4SH)s, respectively. In addition,

(14) Ogata, H.; Mizoguchi, Y.; Mizuno, N.; Miki, K.; Adachi, S.-I.; Yasuoka,
N.; Yagi, T.; Yamauchi, O.; Hirota, S.; Higuchi, Y. Am. Chem. Soc
2002 124, 11628-11635.

(15) Foerster, S.; Stein, M.; Brecht, M.; Ogata, H.; Higuchi, Y.; Lubitz, V.
Am. Chem. So003 125 83—93.

(16) (a) Fan, C.; Teixeira, M.; Moura, J.; Moura, |.; Huynh, B. H.; Le Gall, J.;
Peck, H. D., Jr.; Hoffman, B. Ml. Am. Chem. So0d991, 113 20-24. (b)
Whitehead, J. P.; Gurbiel, R. J.; Bagyinka, C.; Hoffman, B. M.; Maroney,
M. J.J. Am. Chem. S0d.993 115 5629-5635.

(17) (a) Lenz, O.; Friedrich, BProc. Natl. Acad. Sci. U.S.A998 95, 12474~
12479. (b) Kleihues, L.; Lenz, O.; Bernhard, M.; Buhrke, T. Friedrich, B.
J. Bacteriol 200Q 182, 2716-2724.

(18) (a) Haumann, M.; Porthum, A.; Buhrke, T.; Liebisch, P.; Meyer-Klaucke,
W.; Friedrich, B.; Dau, HBiochemistry2003 42, 11004-11015. (b) Brecht,
M.; van Gastel, M.; Buhrke, T.; Friedrich, B.; Lubitz, W. Am. Chem.
Soc 2003 125 13075-13083.

(19) Darensbourg, M. Y.; Lyon, E. J.; Smee,JJ.Coord. Chem. Re 200Q
206, 533-561.

(20) Efros, L. L.; Thorp, H. H.; Brudvig, G. W.; Crabtree, R. lorg. Chem
1992 31, 1722-1724.

(21) (a) Liaw, W.-F.; Horng, Y.-C.; Ou, D.-S.; Ching, C.-Y.; Lee, G.-H.; Peng,
S.-M.J. Am. Chem. S0d 997 119 9299-9300. (b) Liaw, W.-F.; Chen,
C.-H.; Lee, C.-M.; Lee, G.-H.; Peng, S.-M. Chem. Soc., Dalton Trans
2001, 138-143.
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this report also details our successful efforts toward synthesis
of the mononuclear Ni(lll) complexes in a sulfur-rich ligation
sphere, [NI'(ER)(P0-CsHsS))]~ (ER = SePh 8), 2-S-C4H3S

(4)), isolated upon exposure of complexgésand 2 to O,
respectively.

Results and Discussion

Reaction of the [PPN][Ni(CO)(SePf)with tris(2-phenylthi-
ol)phosphine (R-CgH4SH)) in THF at ambient temperature
produced the four-coordinate [PPN][Ni(SePh}{({®-CsHsS),-
(0-CgH4SH))] (1) as a dark red-brown solid isolated in 90%
yield?2 Complex 1 is soluble in THF-CH3CN (3:1 volume
ratio) and displays extremely air-sensitive in solution but is
stable to air for minutes in the solid state. Compleaxhibits
a diagnostiéP/AH spectra with the [R{CeH4S)(0-CeH4SH)]
phosphine resonance &t68.98 (s) ppm (vs EPQy) (CH2Cly)
and the benzene protons resonancést®2-6.99 (m), 7.59-
7.62 (m) ppm (CRCl,) which are consistent with the Ni(ll)
having a low-spin 8lelectronic configuration in a square planar
ligand field. The magnetic measurement of compleis in
accord with the diamagnetic forms. The sequences of reaction
given in Scheme 1 reasonably account for the observation. The
reductive elimination of diphenyl diselenide accompanied by
oxidative addition of S'H bond to [NP] unit (Scheme 1&}
and reductive elimination of ffrom the [Ni'—H] intermediate
results in the formation of Ni(l)-exo-thiol intermediat&
(Scheme 1b). This highly reactive Ni(l) specieshen triggers
the cleavage of the second-8 bond affording the reactive

(22) Block, E.; Ofori-Okai, G.; Zubieta, J. Am. Chem. S0d4989 111, 2327—
2329.
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as indicated by IR anéH NMR. The IRvs_y at 2273 br cm?
shifting to absorbance at 1676 br ch(vs_p, KBr) is roughly
consistent with the calculated position, based only on the
difference in masses between-8 and S-D. A °H NMR
Figure 1. ORTEP drawing and labeling scheme of the [Ni(SePt{P( resonan_ce that appeared as a broad_ pedak &72 (br) (C_HCIZ)
CsH4S)(0-CsHaSH))~ anion. Selected bond distances (A) and angles ppm (using natural abundance of D in &H, solvent as internal
(deg): Ni-S(3) 2.1648(8); N S(1) 2.2127(8); Nt Se 2.3349(5); S(3) standard¢ 5.32 ppm) was assigned to the-B resonance, and
H:iggégzi%(“)’ P(HNI—Se 174.72(3); S(3)Ni—Se 93.22(2); S(1) D,O was found at 1.601 (br) ppm in tHfél NMR spectrum.
’ ' Similarly, the reductive elimination/oxidative addition was

Ni(lll) —H intermediateB (Scheme 1c¥ It is presumed that ~ /SO displayed by the reacztil(zn of complex [Ni(CO)(2-S
Ni(l) intermediateA prefers cleavage of the proposed “agostic C4H3Skl™ and PO-CeHiSH)E.=™ When a THF solution of
Ni'-+H—S bond” resulting in the formation of RNi'—H [Ni(CO)(2-S—C4H3S)| ™ was treated with 1 equiv of B{CeHa-

species along with the release of CO as opposed to beingSH)3’ an immediate change in color of the solution from yellow
stabilized by %2-[Ni'---H—S] interaction” (Scheme 1&}.The brown to dark red-brown was observed. The reaction mixture

led to the isolation of the extremely air-sensitive red-brown
compound [Ni(2-S C4H3S)(PE-CeHaS)(0-CsHsSH))™ (2)
(Scheme 1). In addition to the X-ray analysis, a higheréR4
(2283 cnt! (KBr)) compared to that of complek (2273 cn1?
(KBr)) also supports the formation of compl&xTheH NMR
spectra of comple® show the expected signals for the phenyl
and exo-thiol (8.39 (d) (¢DsO) ppm) groups involved and
display characteristics of diamagneti¢ shuare-planar Ni(ll)
species. In contrast to compléxthe X-ray crystal structure of
complex2 shows that the exo-thiol tends to adopt a-fNi—

S] interaction (Figure 4). We also noticed that the S¢B)i
distance of 3.609 A is much shorter than the $¢3)1) distance

of 3.75 A in complex2 (Type Il). It seems unlikely that the
thiol proton shuttles between two sulfur atoms or the complete
proton transfer results in a six-coordinafeNi'V —H species in
THF solution of complexe& and?2 at room temperature. This
evidence shows that electronic modulations of the terminally
coordinated donor ligand are capable of inducing significantly
alternative interaction modes, [NB:--H—S], [Ni---H—S], or
some mixture thereof. These interactions-{$t--H—S], [Ni-
--H—S], or some mixture may contribute to the stabilization of
Ni(ll)-exo-thiol complexesl and 2.

Upon addition of dry @, a pronounced color change from
red-brown to dark green occurs in the §EN—THF solution
(2:3 volume ratio) of complexes and?2 at 5°C, respectively.
The UV—vis, EPR,'H NMR, SQUID, and X-ray diffraction
studies confirmed the formation of the mononucleat[{{iR)-
(P(©-C6H4S)k)]~ (ER= SePh 8), 2-S—C4Hs3S (4)) accompanied
by byproduct HO identified by 'lH NMR (Scheme 2). To
unambiguously corroborate the formation of byprodugOH
we treated the CKCl, solution of [Ni(SePh)(R{-CgHsS)(0-
CeH4SD))] with dry O, at ambient temperature. UWis spectra
are consistent with the formation of complgxalso identified

- ] ] ] ] by X-ray diffraction) along with the byproduct D found at
%2 R0 Maroney, M. Jinorg. Chern 1998 37 4166-4167(5) James. T 1.601 (br) ppm (CHCly) in the2H NMR spectra (using natural

subsequent reductive elimination of flom intermediateB led
to the formation of complex (Scheme 1d}® These results
establish that the same stoichiometric quantities of (Phée)
formed concurrently with complek.

The infrared KBr solid spectrum of compleixshows one
broad stretching band (2273 ch)in thevs_p region. The lower
energyvs-y band of complext shifted by~215 cnt? from
that of the free ligand B{CsHsSH) (2488 cntl) implies the
specific [Ni—S---H—S]/[Ni---H—S] interactions. Intramolecular
[Ni—S-+-H—S]/[Ni---H—S] interactions in complek also result
in the ITH NMR chemical shift of the SH group, shifting from
0 4.07 (d) ppm (CDG)) in free ligand P¢-CsH4SH)3 to 6 8.079
(d) ppm (S-H) (CD,Cl,) in complex1.22 The acute C(AS(2)—
H(2S) bond angle of 97.3(18bbserved in single-crystal X-ray
diffraction studies is believed to result from an intramolecular
[Ni—S+-*H—SR] interaction (Figure 1), which supports the
observation of the lower IRs_y stretching frequency in
complex1. We noticed that the S(2)S(3) distance of 3.737
A'in complex1 is longer than the S(2)Ni distance of 3.639
A (Type |1, below). Specifically, the S(DH(2S) is partially
polarized in a sense on the approach of the sulfur atom (S(3)).
It is best interpreted in terms of the thiol proton interacting with
both sulfur and nickel atoms, where the proton is bound to sulfur
and “attracted” between a Ni(ll) and the second sulfur atoms,
a combination of [Ni-S:--H—S]/[Ni---H—S] interactions (Type
I, below). In particular, a three-center “agostig®™[Fe—H—S]
interaction has been proposed for the protonation of [Fe(SR)-
(COXL]™ (L = PEs, P(OELt}),2* and proton transfer between
sulfur and hydride has been observed in [IHS(CH,)sSH)-
(Peys)] .2

The H/D exchange reaction between compleand DO
occurred in CHCN—THF solution (1:3 volume ratio) at 5C

L.; Cai, L.; Mutterties, M. C.; Holm, R. Hinorg. Chem 1996 35, 4148~ H H

4161, (c) Cha, M.. Shoner. S. C.. Kovacs, J.Ihorg. Cher 1093 32, abundance of D in CkCl, solvent as internal standgr@],S.'32

1860-1863. _ A ppm). The 4.2 K EPR spectra of complexsnd4 are identical
(24) Darensbourg, M. Y.; Liaw, W1 Riordan, C. &Am. Chem. So4989  and exhibit high rhombicities with three principalvalues of
(25) Jessop, P. G.; Morris, R. khorg. Chem 1993 32, 2236-2237. 2.304, 2.091, and 2.0. There is &P hyperfine coupling
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C(8)

Figure 2. ORTEP drawing and labeling scheme of the [Ni(SeP{P(
CsH4S))]~ anion. Selected bond distances (A) and angles (deg):PKi)
2.1371(13); Ni-S(1) 2.1944(14); NiS(3) 2.2626(14); Ni-S(2) 2.2905(14);
Ni—Se 2.3714(8); P(})Ni—S(1) 87.41(5); S(1yNi—S(3) 129.16(6); S(H
Ni—S(2) 128.43(6); S(3)Ni—S(2) 101.88(6); P()Ni—Se 176.60(5);
S(1)y-Ni—Se 90.51(4).

Scheme 2
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E=S, R=C4H3;S (4)

s
Re-n\ S
N
/
O

observed under various conditions even in ENDOR detection.
Spin quantity of the EPR signal accounts for almost 100% of
complex3. The averagey value @y = 2.132) that is much
higher than the spin-onlg value 2.0023 indicates large orbital

EPR derivative

9,

[P U RPN R B |
24 23 22 21 2.0

g-value

25

Figure 3. EPR spectra of complexé&s(a) and4 (b) frozen in CHCIy; g
values are indicated. Conditions: microwave frequency 9.516 22 GHz,
microwave power 2 mW, field modulation 100 kHz, modulation amplitude
4mT, temperature 4.2 K.

based reduction with the Ni' redox potentiaE;;, = —0.67 V

vs Ag/AgCl (AE, = 0.07 V, scan rate= 0.1 V/s) in MeCN,
which is comparable to the Ni' redox potentials, ca-390 to
—640 mV vs SCE of [NiFe] hydrogenasésn addition to the
X-ray structural analysis, the red-shift absorption bands (595,
954 nm) for complexd in the UV—vis spectrum also support
the formation of complex.

Results show that compleXis much more @sensitive than
the corresponding comple%.2! A mechanism proposed to
explain the observed formation of compleX@and4 is shown
in Scheme 2. Upon contact with dry,(Qthe G oxidant has
available only the ability of converting the exo-thiol to a thiyl
radical (intermediat€, Scheme 2) accompanied by byproduct
H,0 (Scheme 2a)72PThe rapidly intramolecular addition of a
generated thiyl radical to the adjacent sulfur atom of the thiolate
ligand yields a Ni(ll)-disulfide radical intermedial® (Scheme
2b) which rapidly transfers an electron to Ni(ll) to produce the
Ni(l)-disulfide intermediateE (Scheme 2c§’¢ This highly
reactive 19-electron Ni(l) specieB is then driven by the
formation of complexe8 and4 via an intramolecular oxidative
addition of disulfide. Many attempts, based on the EPR monitor
of the reaction in THFCH:CN (3:1 volume ratio) at low
temperature, that were made to detect the intermedZ A

contribution to the paramagnetism, suggesting that the unpairegWere unsuccessful. This proposed mechanism is analogous to

electron is associated primarily with the nickel ion (Figure 3).
These results are consistent with the formation of the Ni(lll)
oxidation state. The fact that one of thealues is close to the
free electrory value suggests azground stat@® TheH NMR
spectra of complexe8 and 4 at 298 K show the expected

the well-known “induced internal electron-transfer reactigfd”

and was successfully employed synthetically by Jaun and co-
workers in which cyclization of the photochemically generated
thiyl radical yields a sulfuranyl radical accompanied by transfer
of a methyl group to Ni(l) to produce a methyNi(ll)

paramagnetic properties. The effective magnetic moment in solid intermediate?®

state by SQUID magnetometer was 1.85 and L.@1for
complexes3 and 4, respectively, which is consistent with the
Ni"" having a low-spin @electronic configuration in a distorted
trigonal bipyramidal ligand field. The most noteworthy char-
acteristic of complex3 is the existence of a reversible, metal-

(26) Grove, D. M.; van Koten, F.; Zoet, B. Am. Chem. Sod983 105 1379-
1380.

The stable mononuclear Ni(Ihthiolate3 and4 are soluble
in CH,Cl, and THF—CH3CN and form thermally sensitive, air-

(27) (a) Stein, C. A.; Taube, Hinorg. Chem 1979 18, 2212-2216. (b)
Branscombe, N. D. J.; Atkins, A. J.; Marin-Becerra, A.; Mclnnes, E. J. L.;
Mabbs, F. E.; McMaster, J.; Schter, M. Chem. Commur2003 1098-
1099. (c) Clark, K. A.; George, A.; Brett, T. J.; Ross, C. R.; Shoemaker,
R. K. Inorg. Chem 200Q 39, 2252-2253.

(28) Signor, L.; Knuppe, C.; Hug, R.; Schweizer, B.; Pfaltz, A.; JaurGiBm—

Eur. J. 2000 6, 3508-3516.
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sensitive solutions in organic solvents. On the basis of this cos
investigation and related observations, it is presumed that the
polarizable anionic thiolate/selenolate donor ligand and a
relatively rigid tetradentate ligand in complexgsind4 place
Ni(lll) in an optimum electronic condition to minimize the
possibility of autoreduction of Ni(lll) and prevent formation of =,
polynuclear nickel thiolate species. In the deprotonation study, - P 22
10 equiv of triethylamine were required to quantitatively remove  ce / ' ‘
the H* from anionic complex and transform it into the known )
Ni(Il) dimer [Ni"(P(©-CsH4S))]2?~ (5) by removing [SePh]-
ligand in THF-CHsCN at 5°C.2°
Figures 1 and 2 display the thermal ellipsoid plot of the y ol
anionic complexedl and 3, respectively, and selected bond & c2
distances and angles are given in the figure captions. The fjgyre 4. ORTEP drawing and labeling scheme of the [Ni(2GHsS)P-
constraint of the [R{-CgHsS)(0-CeH,sSH)] ligand generates  ((0-CeHaS)(0-CsHaSH))]™ anion. Selected bond distances (A) and angles
162.04(43 S(1)-Ni—S(3) angles, enforcing a slight distortion Ssdig):z g‘zi;g(;). %108’\?_(8@ 2‘*35131231‘.33"37(9)&_'\‘*55(22) ;5-291732(9)3\""
from a square planar at the four-coodinate nickel sitg ({NiS Ni(—)S(.Z) 16((3_%'5(4()1;—);(1_),\&_)3(4) 1(7%'_32((12); Is.(1—)(N)i—sk4)(9)zi.4?E(l§);
SeP] core) in complext. The geometry and coordination  s(2)-Ni—S(4) 92.08(3).
environment around Ni respond rapidly to the oxidation state
change of Ni; the geometry of Ni(ll) in complek adopts a
distorted square planar. In comparison, the geometry of Ni(lll)
in complex3 is a distorted trigonal bipyramidal with SE3)
Ni—S(2), S(1)-Ni—S(3), and S(LyNi—S(2) bond angles of
101.88(69, 129.16(69, and 128.43(6) individually. The large
C(8)—P(1)—Ni angle of 117.14(10)dramatically differs from
the C(6)-P(1)-Ni and C(14)}-P(1)—Ni angles of 106.25(12)
and 109.97(1F)found in complexL. The significant difference
(ANi—S=0.0479(8) A) of Ni-S bond distances betweeni
S(1) (2.2127(8) A) and NiS(3) (2.1648(8) A) in complext
may be attributed to the “intramolecular [SHI(2S)--S(3)]
interaction”. The Ni-Se bond length of 2.3349(5) A in complex
1 is comparable to the Ni(IySe bond length of 2.317(2) A
(average) observed in [Ni(CO)(SeBlh)** Relative to complex  Figure 5, ORTEP drawing and labeling scheme of the [Ni@GHsS)-
1, the mean Ni-Se and Ni-S distances in comple8 have (P(0-CsH4S))]~ anion. Selected bond distances (A) and angles (deg): Ni
increased by 0.036 and 0.06 A, respectively. The strain effect ;’(21%95-%293&18); ZNZSS(é%gzﬁlf‘;(ﬂ’zli N§51(4§6%$6459(;2)iNM2(2)
of the chelate ligand in the coordination sphere from complex 1.77.0255);)’8(1-)I\§i28i4) 90(.98)('4);(?(1—I)Ni—(s)(3) '133&2)6(5()%_}5('1?,\‘?_)
1 to 3 (or complex2 to 4; from tridentate to tetradentate) s(2) 121.10(5); S(3}Ni—S(2) 104.76(5).
overwhelming the contraction effect expected as a consequence
of metal-centered oxidation may explain the observed lengthen-2-270(1), and 2.307(1) A) in this five-coordinate compleare
ing of the average NiS/Ni—Se bond lengths of compleX at the upper end of the 2.42.28 A range for oxidize®. gigas
ORTEP diagrams of complex&sind4 are shown in Figures ~ hydrogenases and have increased by 0.06 A (average) from
4 and 5, individually. Selected interatomic distances and anglesC0MPIex2. The most striking feature of these structures is that
are collected in the figure captions. Bond angles (S{i}- complexes3 and4 are authentic mononuclear Ni(l11) complexgs
S(4) 94.43(3), S(2-Ni—S(4) 92.08(3), P(1)-Ni—S(1) despite the I_ack of bul_ky substituents near the sulfur/selenium
89.41(3}, and P(1)>-Ni—S(2) 85.97(3)) around the Ni(ll) of atoms. 'I_'h_e five-coordinate complg>®z_and4 have the feature
complex2 define a distorted square planar coordination sphere. of contalnl_ng four sulfurs (or combinations of three sulfurs and
The mean NS distance of 2.2001(9) A in complex falls one selerjlum) land one pho§phqrus atom. .It is these elec.tron-
into the range observed for four-coordinate square planar Ni rich functionalities that are primarily responsible for the relative
thiolate complexes (2.142.20 AY° and are within the range s_tabilization of '_the Ni(lll) stfate and the rigidit)_/ of _the chelating
of Ni—Suys bond distances observed in the structure of [NiFe] igand preventing expansion of the coordination sphere to
hydrogenase (2:22.6 A)8> The geometry around the Ni(lll) accommodate a sixth, bridging sulfur ligand.
center of the mononuclear Ni(lll) complekx is a distorted Conclusion and Comments
trigonal bipyramidal. The NtS distances (2.215(1), 2.265(1),

Studies on the mononuclear Ni(Hexo-thiol and Ni(lll)—

(29) Franolic, J. D.; Wang, W. Y.; Millar, MJ. Am. Chem. Sod.992, 114, thiolate complexes1(—4) have led to the following results
6587—6588. Vi ; ;
(30) (a) Cha, M.; Gaitlin, C. L.; Critchlow, S. C.; Kovacs, J. lhorg. Chem related IQ the s?ructure., reaCtl.Vlty’.and Spl.?ClI'OSCOpIC prppertles
1993 32, 5868-5877. (b) Kruger, H.-J.; Holm, R. HI. Am. Chem. Soc of the nickel site of bimetallic Ni-Fe active site of [NiFe]
1990 112 2955-2963. (c) Mills, D. K.; Reibenspies, J. H.; Darensbourg, hydrogenase
M. Y. Inorg. Chem199Q 29, 4364-4366. (d) Baidya, M.; Olmstead, M.; " ' . .
Mascharak, P. Kinorg. Chem1991, 30, 929-937. (€) Kumar, M.; Colpas, (1) Ni"—exo-thiol complexesl and 2 stabilized by an

G. J,; Day, R. O.; Maroney, Ml. Am. Chem. Sod989 111, 8323-8325. ; ; ; ; : .
(7 Fox, S.. Wang, Y. Silver, A Millar, MJ. Am. Chem. 504990 112 intramolecular S-H proton directly interacting with both nickel
3218-3220. and sulfur atoms were synthesized and characterized BHIR,
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NMR, UV—vis, and X-ray diffraction. The exo-thiol proton in  investigation also supports that the [NiFe] hydrogenases are
complexesl and2 was identified as a fD exchangeable proton  reversibly inactivated upon exposure tg,¥33as observed in
from 2H NMR and IR vs_p studies and was quantitatively —complexesl and2 immediately converting to the Ni(lll) state
removed by Lewis base & (10 equiv) to yield the known (complexes3 and4) upon exposure to £

Ni(ll) dimmer, complex5.

(2) The distinct electron-donating ability of the terminally
coordinated ligands [SePhhnd [S-C4H3S]™ in complexesl Manipulations, reactions, and transfers were conducted under
and 2, respectively, may serve to regulate the intramolecular nitrogen according to Schlenk techniques or in a glovebox (argon gas).
[Ni—S-+-H—SJ/[Ni-+-H—S] interactions or some mixture thereof. ~ Solvents were distilled under nitrogen from appropriate drying agents

(3) The mononuclear Ni(lll) complexe8 and 4 in a (diethyl ether from Calj acetonitrile from Cakt-P,Os; methylene
coordination environment containing largely chalcogenolate chloride from CaH; hexane _and_tetrahydrofuran (THF) from sodium
ligands were obtained upon addition of dry @ 1 and2 and b_enzophgnone) and stored in dried;fMed flasks ove 4 A molecular
characterized by EPR, UWis, 1H NMR, SQUID, and X-ray sieves. Nitrogen was purged through these solvents before use. Solvent

. . L S . was transferred to the reaction vessel via stainless cannula under a
diffraction. Factors contributing to the stability of the distorted positive pressure of NThe reagents bis(triphenylphosphoranylidene)-

trigonal bipyramidal complexe8 and 4 are attributed t0 &  3mmonjum chloride ([PPNJ[CI]) (Fluka), iron pentacarbonyl, diphenyl
relatively rigid multidentate ligand and a polarizable anionic giselenide, cyclopentadienylnickel(l) carbonyl dimer, di(2-thienyl)
chalcogenolate donor ligand sufficient to place Ni(lll) in an disulfide, deuterium oxide, 99.9 ato% D (Aldrich), and triethylamine
electron-rich (optimum electronic) condition but insufficientto  (TCI) were used as received. Compounds tris(2-thiophenyl)phosphine
cause autoreduction of the Ni(lll) state and polymerization.  (P—(0-CsHsSH))?? and [PPN][Ni(CO)(SePhR)Y[PPN][Ni(CO)(2-S-

(4) The 4.2 K EPR signals of complex8sand4 with three C4HsS)] were synthesized according to published p_roce(ﬁ}rlerﬁrared
principalg values of 2.304, 2.091, and 2.0 are compatible with spectra of the/(CO) andv(SH) stretching frequencies were ref:orded
the g values near 2.31, 2.24, and 2.01 (for-Mi) and 2.33, on a_PerklnEImer model spect_rum one B spectrophotomgterwnh sealed
2.16, and 2.01 (for NiB) ascribed to Ni(lll) observed in the solution cells (0.1 mm, KBr windows) or KBr solid. UMvis spectra

idized NEA Il as Ni-B £ INiFel hvd were recorded on a GBC Cintra 10¢1 and?H NMR spectra were
oxidized Ni~A as well as Ni-B states of [NiFe] hydrogenases, obtained on a Varian Unity-500 spectrometer. Electrochemical mea-

Experimental Section

a formal Ni(lll) in a 3(dk)! electronic configuratiod2>31 The surements were performed with CHI model 421 potentionstat (CH
redox potentialEy, = —0.67 V (vs Ag/AgCl) in MeCN is Instrument) instrumentation. Cyclic voltammograms were obtained from
comparable to the Ni'' redox potentials, ca-390 to —640 2.5 mM analyte concentration in MeCN using 0.1 MEBu,N][PF] as

mV (vs SCE) of [NiFe] hydrogenasés. a supporting electrolyte. Potentials were measured at 298 K vs a Ag/

(5) Both complexed and?2 are extremely @sensitive, and AgCl reference .e.lectrode by using a glassy.carbon working eIchrode.
replacemeant of selenolate with thiolate ligand in complex Under the conditions employed, the potential (V) of the ferrocinium/
has a significant effect on its sensitivity toward. @ompared ~ ferrocene couple was 0.39 (MeCN). Analyses of carbon, hydrogen, and
to complexy, the less electron-donating thiolate ligand ([2-S mtg)gen Wt_ere c:(b(t:amecli W'[t;‘P?\I]([ﬁ('\é ag:)lﬁ?gc(:egusc)}u SH)]
C4H3S]™) coordinated to Ni(ll) in complex2 accelerated the reparation of -ompiex (>e e 1aopl0 Lela
o;id;ti]o% of complex to yielél gomplex4?/vhich may implicate (1)- A CHCN solution (15 mL) of [PPNIINI(CO)(SePR)(0.547 g,

. 7 . 0.5 mmol) was added to a THF solution (10 mL) ofofZsHJSH);
that oxidation of complexe&/2 by O, occurred, initially, at (0.180 g, 0.5 mmol) by cannula under positiveat0°C. The reaction

the exo-thiql instead of the Ni(ll) Cent_ef._ mixture was allowed to warm to room temperature after the reaction
The studies of structures and reactivities of compleixed solution was stirred for 30 min at<€. The resulting red-brown solution

may lend support to the proposal that the catalytic cycle centeredwas reduced to 10 mL under vacuum, and diethyl ether (25 mL) was
on the nickel site and may be useful for taking into consideration added to precipitate the red-brown solid [PPN][Ni(SeP{@{H.S)-

the uptake cycle describing a potential mode of cleaving the (0-CsHaSH))] (1) (0.53 g, 90%). Diffusion of diethyl ether into a THF

H. molecule as well as involvement of the cysteine ligand, the MeCN (3:1 volume ratio) solution of complexat —15°C led to dark
hydride formation step, and the cysteine/selenocysteine serving/®d-Prown crystals suitable for X-ray crystallography. IR(KB): 2273
as a role in modulating the catalytic properties of [NiFe]/ (/sH) €M *H NMR (CD:Cl): 0 8.079 (d) (SH), 6.8267.344 (m),

: : 7.67 (d) (P6-CeHsS)(0-CsHsSH), SeGHs). 3P NMR (CHCly): o
15
[NiFeSe] hydrogenasés!® The formation of complexesand 68.98 ppm (vs HPQy). Absorption Spectrum (CITD) [mwe NM (.

2 possessing a-SH proton directly intgracting vyith bpth nickel 4 cnrY)]: 428 (2960), 510 (1250). Anal. Calcd forgBlasNPsSs-

and sulfur atoms via the proposed intermedBtNi" (ER)-  senNi: ¢, 64.94; H, 4.36; N, 1.26. Found: C, 64.82; H, 4.44; N, 1.26.
(P(0-CeHaS)(0-CeHaSH))(H)]” (ER = SePh, 2-SC4HsS) Preparation of Complex [PPN][Ni(2-S—C4H3S)P((0-CsH4S)(0-
(Scheme 1) implicates that the initial, Hctivation may take CeH4SH))] (2). Di(2-thienyl) disulfide (0.23 g, 1 mmol) and [PPN]-
place at nickel, and & can act either as a proton storage site [HFe(CO})] (0.283 g, 0.4 mmol) were loaded into a 20-mL Schlenk
or as a participant in the promotion of heterolytig ¢leavage tube and dissolved in THF (5 mL). After being stirred for 15 min at
in [NiFe] hydrogenasé&:1® Isolation of complexe4/2 suggests ambient temperature, the solution was transferred to the Schlenk tube
that Ni-R/Ni—Sla states may exist as {S-H)Ni"(Sey9s] containing [NiCp(CO)g](O.Qsl g,.0.2 mmol) by.cannula underapositive
geometry with a specific [§s—H-**Ni(Scy9)a] interaction5—16 pressure of B The reaction mixture was stirredrfé h atamt?le_nt

an interaction thought to stabilize higher valence states of nickel {€mPerature, and then hexane (10 mL) was added to precipitate the

. . brown oily product [PPN][Ni(CO)(2-SC4H3S)].2** The brown oily
and serve as a proton storage site, and the mononucléar Ni product was dried underdyurge and redissolved in THF. The yellow-

thiolate complexes$/4 may reflect the existence of a NA/ brown solution of [PPN][Ni(CO)(2-SC4H3S)] was then transferred

Ni—B state as a [(§92Ni" (Seyd2(OH)Fe(CNYCO)J-coordi- 5 another Schienk flask containingdGsHaSH): (0.144 g, 0.4 mmol)
nation environment in [NiFe] hydrogenase. Additionally, this

(32) Jones, A. K.; Lamle, S. E.; Pershad, H. R.; Vincent, K. A.; Albracht, S. P.
(31) Pierik, A. J.; Schmelz, M.; Lenz, O.; Friedrich, B.; Albracht, SFEBS J.; Armstrong, F. AJ. Am. Chem. So@003 125 8505-8514.
Lett 1998 438 231-235. (33) Roberts, L. M,; Lindahl, P. AJ. Am. Chem. Sod 995 117, 2565-2572.
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by cannula under positive Nat 0 °C. After the reaction mixture was
stirred for 10 min at °C under N, degassed hexane (25 mL) was
added slowly to precipitate the red-brown solid [PPN][Ni(2&H;S)-
(P(©0-CgH1S)(0-CsH4SH))] (2) (0.201 g, 47%). Diffusion of diethyl ether
into a CHCN solution of complexX2 at —15 °C for four weeks led to
dark red-brown crystals suitable for X-ray crystallography. IR(KBr):
2283 (rsy) cm L. IH NMR (C4Dg0): 6 8.39 (d) ppm (S-H). Absorption
spectrum (CHCI,) [Amax NM €, M~t cm™1)]: 440(4320). Anal. Calcd
for CsgHaeNPsSNi: C, 65.17; H, 4.34; N, 1.31. Found: C, 65.04; H,
4.46; N, 1.01.

D/H Exchange for Reaction of Complex 1/2 and BO. To a THF—
MeCN (3:1, 8 mL) solution of complet (0.11 g, 0.1 mmol) at 3C,
a 100-fold excess of fD (0.18 mL, 10 mmol) was added. The reaction
solution containing the mixture solution of compléxand D,O was
stirred for 10 min at 5C. Diethyl ether (3 mL) was then added slowly

spectrum (CHCI) [Amax NM (€, M~ cm1)]: 384 (10617), 430 (8283),
595 (3100), 790 (911), 954 (1061). Anal. Calcd fosahisNPsSsNi:
C, 65.23; H, 4.25; N, 1.31. Found: C, 64.95; H, 4.65; N, 1.02.

EPR MeasurementsEPR measurements were performed at X-band
using a Bruker EMX spectrometer equipped with a Bruker TE102 cavity
and a Bruker VT2000 temperature control unit (3300 K). For liquid
helium temperature measurements, an Oxford ESR910 continuous-flow
cryostat (4-200K) was used. The microwave frequency was measured
with a Hewlett-Packard 5246L electronic counter. X-band EPR spectra
of complexes3 and4 frozen in CHCI, were obtained with a microwave
power of 2 mW, frequency at 9.516 22 GHz, and modulation amplitude
of 0.4 mT at 100 kHz.

Magnetic Measurements.The magnetization data were recorded
on a SQUID magnetometer (MPMS5 Quantum Design company) with
an external 0.5 T magnetic field for compl8X1 T for complex4) in

to layer above the mixture solution. The flask was tightly sealed and the temperature range 2 to 300 K. The magnetic susceptibility of the

kept in the refrigerator at 15 °C for 1 week. Red-brown crystals [PPN]-
[NI(ER)(P(0-CeHaS)(0-CsH4SD))] (ER= SePh La), 2-S—CsHsS (2a))
were isolated (0.09 g, 89%d4)). IR (KBr): 1676 (sp) cm™* (1a),
1682 (rsp) cmt (28). 2H NMR (CH.Cly): 6 7.972 (br) ppm 1a) vs
CHDCI, (natural abundance of D in GBI, solvent,é 5.32 ppm)*

Reaction of EzN and Complex 1.To a THF—MeCN (3:1 ratio, 8
mL) solution of complext (0.11 g, 0.1 mmol) at 8C, a 30-fold excess
of E;N (0.03 mL, 3 mmol) was added. The mixture solution was stirred
for 10 min at 5°C. Diethyl ether (2 mL) was added slowly to layer
above the mixture solution. The flask was tightly sealed and kept in
the refrigerator at-15°C for 1 week. The well-known dark red crystals
[PPNL[Ni(P(0-CsHaS))-] (5) were isolated (0.1 g, 90%) and character-
ized by single-crystal X-ray diffractioff.

Preparation of Complex [PPN][Ni(SePh)(P¢-CsH.S))] (3). Pure
oxygen gas (3 mL) was purged through a red-brown FNCN (3:1
volume ratio, 20 mL) solution of complek (0.11 g, 0.1 mmol) at O
°C. The reaction solution was allowed to warm to 15 slowly and

experimental data was corrected for diamagnetism by the tabulated
Pascal’'s constants.

Crystallography. Crystallographic data and structure refinement
parameters of complexe$, 2, 3, and 4 are summarized in the
Supporting Information. The crystals df2, 3, and4 chosen for X-ray
diffraction studies measured 0.270.23 x 0.06 mn#3, 0.25x 0.25 x
0.10 mn¥, 0.25 x 0.12 x 0.06 mn¥, and 0.40x 0.30 x 0.08 mn4,
respectively. Each crystal was mounted on a glass fiber and quickly
coated in epoxy resin. Unit-cell parameters were obtained by least-
squares refinement. Diffraction measurements for compléxes 3,
and 4 were carried out on an SMART CCD (Nonius Kappa CCD)
diffractometer with graphite-monochromated Ma Kadiation ¢ =
0.7107 A) and between 1.25nd 27.50 for complexl, between 1.25
and 27.50 for complex2, between 1.45and 27.50 for complex3,
and between 1.46and 27.50 for complex4. Least-squares refinement
of the positional and anisotropic thermal parameters of all non-hydrogen
atoms and fixed hydrogen atoms (except H(2S) and H(3A) in complex

stirred for an additional 10 min. The resulting deep-green solution was 1 and 2, respectively) was based di. An SADABS* absorption

reduced in volume by Npurge, and diethyl ether was then added to
precipitate the dark-green solid [PPN][Ni(SePhy{6H.S))] (3) (0.08
g, 70%). Diffusion of diethyl ether into a THFMeCN (3:1 volume
ratio) solution of complex3 at —15 °C yielded dark-green crystals
suitable for X-ray crystallographyH NMR (CDsCN): 6 —3.70 (br),
5.48 (br), 6.73 (br), 7.75 (br), 10.20 (br), 10.27 (br), 12.21 (br) ppm
(SePh,0-C¢H,4S). Absorption spectrum (GEN) [Amax NM (€, M~
cmY)]: 594(790), 941(340). Anal. Calcd forefHssNP;S:SeNi: C,
64.99; H, 4.27; N, 1.26. Found: C, 64.90; H, 4.25; N, 1.07.
Preparation of Complex [PPN][Ni(2-S—C4H3S)(P(©-CsH1S))] (4).
Dry oxygen gas (9 mL) was purged through a red-brown THF solution
(10 mL) of complex2 (0.428 g, 0.4 mmol) at €C. The reaction solution
was stirred at 0C for an additional 15 min, and a significant change
in color of the reaction solution from red brown to deep green was

observed. Hexane (25 mL) was then added to precipitate the dark- CaH3S)(PO-CeHaS)),

green solid [PPN][Ni(2-SC4H3S)(PE-CsH4S))] (4) (0.30 g, 71%).
Diffusion of hexane into a THF solution of compldxat —15 °C for

3 weeks led to dark-green crystals suitable for X-ray crystallography.
IH NMR (CD,Cl,): ¢ —3.99 (br), 5.48 (br), 8.42 (br), 9.70 (br), 11.82
(br), 12.62 (br), 13.67 (br) ppm (SC4HsS, 0-CeH4S). Absorption

(34) Zhao, X.; Chiang, C.-Y.; Miller, M. L.; Rampersad, M. V.; Darensbourg,
M. Y. J. Am. Chem. So2003 125 518-524.
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correction was made. The SHELX¥istructure refinement program
was employed.
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and angles of complexds-4 (Table S1), crystallographic data
of complexesl—4 (Tables S2 and S3), and X-ray crystal-
lographic file in CIF format for the structure determinations of
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