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Two new Ni'S, complexes with the biphenyl-2;Zithiolate ligand () are reported. The dinuclear compli&x

[Ni,L 3]2~, was formed in the reaction of-23 equiv of NaL and [NiCL]2~ and the mononuclear complex [INij2~

(2) by using 4-10 equiv of NaL. Complexesl and2 have been crystallographically characterized,Ni{1]-
0.5SPhy, CH3CN: CsoH71N3Ni»S;, triclinic, P1, a = 13.806(2) A,b = 14.267(2) A,c = 16.873(2) A,a =
69.263(10), § = 69.267(8), y = 83.117(10), Z = 2, Ry = 0.0752 (WR2= 0.2011). (E4N)(Na-CHsCN)[2]:
CaqHzgN2NaNiS, triclinic, P1, a = 9.9570(10) Ab = 13.2670(10) Ac = 13.9560(10) Ao = 108.489(79, 8

= 90.396(6}, y = 103.570(49, Z = 2, Ry = 0.0390 (WR2= 0.0995). Both complexes are square planar about
the nickel ion in the solid state as well as in solution. Most Nifthiolate complexes are square planar except
the tetrahedral mononuclear complexes with monodentate arylthiolate ligands that cannot force a square planar
geometry. The ligandL() has some flexibility to change its bite angle via the phemHenyl bond and should

not force a planar geometry on its complexes either. Therefore, it is interestirgjithatadopted a square planar
structure. Comple® readily converts td in solution when not in the presence of excesm a process that is
presumably similar to that known for other mononuclear, bidentate ligated Ni(ll) complexes. Both complexes, at
least in the solid state, appear to have an inclination to bind another metal ion on one face of the complex (Ni
in 1, Na" in 2). We hope to take advantage of this in future work to synthesize relevant model complexes for the
active sites of the nickeliron hydrogenases after suitable modifications are made to

Introduction nickel center as well as irersulfur clusters ([NiFe]-Hase).
A few of these also contain a selenium donor to the nickel ion
([INiFeSe]-H-ase) In addition, iron-only hydrogenasgdéand
a hydrogenase that does not contain any m€taie known,

Nickel was identified as an essential trace element for bacteria
over 30 years agand has since been determined to be required
for all forms of life2~* The active sites of the nickel-containing but these have so far been found to be less widespread
microbial enzymes have very different compositiéfis? Thus, ) ] P )
urease has been found to possess a dinuclear nickel structure FOT many years, the [NiFe]+tses were believed to possess
with mixed oxygen/nitrogen ligatioH;1and methyl-coenzyme an active site with a single nickel center that was thought to be
M reductase contains a mononuclear tetrahydrocorphinoid- Pound to cysteine S”elilp” atoms and probably to nitrogen or
ligated nickel ion (factor k.12 Alternatively, carbon monoxide ~ ©XY9en ligands as welf: This, of course, caused the small-
dehydrogenase (CODH) and acetyl-CoA synthase (AGS)s molecule model chemistry of sulfur and sulfur/nitrogen (or
the recently isolated nickelsuperoxide dismutadappear to ~ 0XY9en, efc.) colgo:gllnated nickel complexes to be an area of
have both nitrogen (and/or oxygen for CODH/ACS) and sulfur 'Ntense interest!*"2! The cysteine-sulfur ligation has been
ligation modeled with a variety of thiolate ligands; usually aliphatic

) . : . i i i gj

Hydrogenases, which catalyze the reversible conversion of thiolate ligands give square planar "Si complexes and
dihydrogen to protons and electrons, most frequently contain g aromatic thiolate I.|gands that are not constrained to be plqnar
yield tetrahedral NiS, complexeg.Here, we report the synthesis
(1) The Bioinorganic Chemistry of NickeLancaster, J. R., Jr., Ed.; ~ and characterization of two unique 'N§4_Complexes with

VCH: New York, 1988. dithiolate ligands that incorporate a biphenyl framework.
(2) Halcrow, M. A,; Cristou, GChem. Re. 1994 94, 2421-2481. Interestingly, the complexes maintain a square planar geometry
(3) Ragsdale, S. WCurr. Opin. Chem. Biol1998 2, 208-215.

(4) Fontecilla-Camps, J. GStruct. Bonding (Berlin)1.998 91, 1-30.
(5) Ermler, U.; Grabarse, W.; Shima, S.; Goubeaud, M.; Thauer, R. K. (14) Sorgenfrei, O.; Duin, E. C.; Klein, A.; Albracht, S. P. Bur. J.

Curr. Opin. Struct. Biol. 1998 8, 749-758. Biochem.1997, 247, 681-687.
(6) Cammack, R.; van Vliet, P. ImBioinorganic Catalysis 2nd ed.; (15) Adams, M. W. W Biochim. Biophys. Actd990 102Q 115-145.
Reedijk, J., Bouwman, E., Eds.; Marcel Dekker: New York, 1999; (16) Nicolet, Y.; Piras, C.; Legrand, P.; Hatchikian, C. E.; Fontecilla-Camps,
pp 231+-268. J. C.Structure1999 7, 13-23.
(7) Hausinger, R. PSci. Total Emiron. 1994 148 157-166. (17) Thauer, R. K.; Klein, A. R.; Hartmann, G. Chem. Re. 1996 96,
(8) Kolodziej, A. F.Prog. Inorg. Chem1994 41, 493-597. 3031-3042.
(9) Kovacs, J. AAdv. Inorg. Biochem1993 9, 173-218. (18) Albracht, S. P. JBiochim. Biophys. Actd994 1188 167—204.
(10) Jabri, E.; Carr, M. B.; Hausinger, R. P.; Karplus, P S&iencel995 (19) Maroney, M. J. InEncyclopedia of Inorganic ChemistrKing, R.
268 998-1004. B., Ed.; Wiley: New York, 1994; Vol. 5, pp 2412427.
(11) Karplus, P. A.; Pearson, M. A.; Hausinger, R.Azc. Chem. Res. (20) Henkel, G.; Kakerling, M.; Mler, A. In Bioinorganic Chemistry:
1997 30, 330-337. Transition Metals in Biology and Their Coordination Chemistry
(12) Ermler, U.; Grabarse, W.; Shima, S.; Goubeaud, M.; Thauer, R. K. Wiley-VCH: New York, 1997; pp 456467.
Sciencel997, 278 1457-1462. (21) James, T. L.; Cai, L.; Muetterties, M. C.; Holm, R. Idorg. Chem.
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about the nickel ion in both the solid and solution states even most upfield methyl resonancé,29.76. UV-vis spectra were taken

though they contain aromatic thiolate ligands that do not force with a Hewlett-Packard 8452A diode-array spectrophotometer on freshly
a planar geometry upon the ligands. prepared solutions, and infrared spectra were acquired on a Perkin-

The rich redox chemistry of the [NiFe]+hses gave a number Elmer Spectrum 2000 FT-IR spectrometer. Elemental analyses were

. . performed by NuMega Resonance Labs, Inc. (San Diego, CA). Cyclic
of spectroscopically detectable states that were challenging tovoltammograms were recorded with a BAS-50W potentiostat, and all

explain with the single nickel center and were not closely potentials are quoted relative to the saturated calomel reference
reproduced by mononuclear nickel-containing model com- glectrode. A platinum disk was used as the working electrode, platinum
plexes?? The first hydrogenase crystal structtrbegan to shed  wire as the auxiliary electrode, afBu;NPF; (0.1 M) as the supporting
light on these issues, since the active site was found to beelectrolyte in CHCN with a sample concentration of 2.7 mM far
dinuclear. Compelling evidence that the second metal is iron and 4.2 mM for2. The potential for the ferrocene/ferrocenium couple
has since been acquirét?® The [NiFe]-H-ase active site (CpoFe/[CpFel") as an internal standard was measured to be 0.42 V
contains a nickel center that is bound to four cysteine sulfur under the same conditions. Melting points were determined in open
ligands, two that are terminally ligated and two that are bridging glass capillaries with a Thomas-Hoover model 6406-H melting-point
the nickel and iron centers. The iron ion surprisingly appears apparatus and are uncorrecte_d. ) .

to be bound to three diatomic ligands, which were proposed to For the X-ray crystallographic studies, suitable crystals were mounted

. . . with silicone caulk to a glass fiber on the benchtop. The data were
7 >
be two cyanides and a carbony! lig&hé’ or an $=0 ligand collected with a Siemens P4 diffractometer with a graphite monochro-

along with two G=O/C=N" ligands?* In the [NiFe]-H-ase mator at ambient temperatures from 3.5 t¢ 4526 for 1 and from
structures there is also additional electron density between thes 5 to 50 in 26 for 2. The structures were solved with direct methods
two metal sites that could be an oxygéor a sulfur specie8 (2) or Patterson methodd)(followed by subsequent cycles of least-
that may be an artifact of isolation. These crystallized forms squares refinement and calculation of difference Fourier maps. The data
probably correspond to one of the states that needs to bewere refined (_fuII—matrix least-squares d‘l_‘lz).With .the_ Siemens
transformed into a catalytically competent state, perhaps by lossSHELXTL version 5.0.3 PC software packagencluding itsy scan

of the unknown bridging species. The recent structure of a Pased semiempirical absorption correction for bbtand 2. Neither
[NiFeSe]-H-ase is consistent with th#the structure is similar ~ Structure drelqg'md. an eX_t'”ﬁt'OE Cdo"eCt'On' Al non'hy?roggn atorlns
to those for the [NiFe]-ktases solved thus far except one were modeled anisotropically. Hydrogen atoms were placed at calcu-

inal ine Ii di | ine Ii d and th lated distances and use a riding model, where the positional and thermal
terminal cysteine ligand is a selenocysteine ligand and there parameters are derived from the carbon atom each hydrogen is bound

was no bridging oxygen or sulfur species found. The four- {5 while maintaining the calculated distance and optimal anglesl For
coordinate nickel center in the [NiFeSeldse structure is  (plate, +h, +k, +I collected), 7622 reflections were collected; 6593
closer in geometry to square planar than tetrahedral (althoughindependent reflectionsRg; = 0.0432) were used in the refinement

it is somewhat distorted). The two N8, complexes reported  for 659 parameters. F@¢(plate,+h, +k, +I collected), 6933 reflections
here do not yet incorporate the iron center seen in the [NiFe]- were collected; 5833 independent reflectioRg  0.0182) were used
Ho-ases active site. However, it is interesting that these two in the refinement for 380 parameters. No peaks or holes of greater
complexes seem to exhibit, at least in the solid state, a propensitytha” 0.56 e/A3 remained in the final difference maps for the structures.

to attract another metal center to one face of the complex, in The lattice of structur_& contains an a}cetonltnle molecule (the crystal_
S . " decayed by 33% during data collection presumably because of partial
one case another Ni(ll) ion and in the other a"Nan.

loss of this solvent), as well as half a molecule of the disulfide form of
. . the ligand (which sits on a symmetry element).

Experimental Section Synthesis of [E&N]2[Ni-L 3] (1). The dithiol HL2° (0.463 g, 2.1
mmol) in 15 mL of THF was stirred with sodium metat 2 equiv)

All manipulations were performed under a dinitrogen atmosphere {aht. After filtration t the left di th vent
using standard Schlenk or glovebox techniques at ambienttemperature.overnlg - ATter fiftration to remove the Ieflover sodium, the solven

- - . d in vacuo. The resulting white;Navas dissolved in CH
The solvents were dried (THF and,Btwith Na/benzophenone; GH was remove X )
CN and GHs with Cah; C(HCI3 with24 A molecular sieF\)/es; andDMF N (10 L), and then [ENJJ[NICl4]*® (0.466 g, 1.0 mmol) in 30 mL
with 4 A molecular sieves and then Mg$@nd freshly distilled under ~ °f CHsCN was added dropwise, giving a dark-brown solution that was
a nitrogen atmosphere from the drying agents before ust)diCl left to stir overnight. The volume of the solvent was reduced by two-
was prepared as report&dand 2,2-dimercaptobiphenyl (kL) was thirds in vacuo, precipitating brown solids. These solids were filtered
synthesized by modification of a Iit’erature procediiréd and*C NMR and then washed, first ‘.Nith CHEaind then With THF (_approximately
spectra were recorded with a Varian Unity Plus 500 MHz FT-NMR ?_’O ”_‘L each), by st|rr|_ng e_ach suspgnsmn_overnlght follpwe_d by
spectrometer on freshly prepared solutions 20 °C. *H NMR spectra ﬂlt_ra_mon. Three reprecipitations, by d|ssolut|qr_1 of the solids in a
were referenced to the residual proton resonance af#BVF solvent g}lgﬂu?r:mggtﬁglgg;aﬁgﬁgfgIS)E)JTE rig?:rli?a rI]aGf}'jtc;?ﬁ\Ilt (:g:irgr?zm d

i 1. 616 ’

(most upfield methyl resonancé,2.75) and“C NMR spectra to the drying under vacuum for a couple of days. Yield: 0.232 g (0.23 mmol,
45%).*H NMR: 6 1.30 (t, 24 H,J = 7 Hz, 2((H3sCH,):N), 3.42 (q,
(22) Maroney, M. J.; Allan, C. B.; Chohan, B. S.; Choudhury, S. B.; Gu, 14 H,J =7 Hz, 2(CHCH,).N), 6.72-6.84 (m, 8 H), 6.89{t of d, 2

Z. In Transition Metal Sulfur ChemistnyStiefel, E. I., Matsumoto, _ _
K., Eds.; ACS Symposium Series 653; American Chemical Society: H,J=7Hz,1Hz), 6.97 ¢tof d, 2H,J =7 Hz, 1 Hz), 7.04 £ of

Washington, DG 1606: pp 74100, " d,2H,J=7Hz, 1Hz), 7.31 (m, 4 H), 7.38 (d of d, 2 H,= 7 Hz,
(23) Volbeda, A.; Charon, M.-H.; Piras, C.; Hatchikian, E. C.; Frey, M.; 1Hz), 7.50 ¢tofd, 2 H,J=7 Hz, 1 Hz), 10.32 (d of d, 2 H] = 7
Fontecilla-Camps, J. QNature 1995 373 580-587. Hz, 1 Hz), 3[SGH4]. B°C{*H} NMR: 6 7.5 (8 C, 2(CHCH_)sN), 52.2

(24) Volbeda, A.; Garcin, E.; Piras, C.; de Lacey, A. L.; Fernandez, V. (8 C, 2(CHsCH,).N), 123.2, 123.9, 124.8, 125.3, 125.8, 126.4, 129.2,
M.; HatChIkIal"I, E.C,; Frey, M.; Fonte(:llla—Camps, J.JCAmM. Chem. 1294’ 1298, 137.8 (2 C ea(mamm_H)’ 135.1 (4 C,Carom_H). 1430,
Soc.199§ 118 1298912996, - 145.7, 145.8, 148.2, 149.0, 151.7 (2 C eaCllenno H). IR (NUjol,

(25) Higuchi, Y.; Yagi, T.; Yasuoka, NStructure1997, 5, 1671-1680. e } ) " . )

(26) Happe, R. P.; Roseboom, W.; Pierik, A. J.; Albracht, S. P. J.; Bagley, €M ): 3044 W»(C—Haron); 1582 w; 1414 s; 1260 vw; 1170 w; 1112

K. A. Nature 1997, 385 126. vw; 1059 m; 1032 ms; 1001 w; 844 br w; 768 w; 746 s; 695 m; 667
(27) Pierik, A. J.; Roseboom, W.; Happe, R. P.; Bagley, K. A.; Albracht, w. UV—vis [CH;CN; Amaxin nm (€ in M~ cm™3)]: 256 (4.1x 10,
S. P. JJ. Biol. Chem 1999 274, 3331-3337. 324 (2.5x 109, 402 (1.7x 10%). Anal. Calcd. for GoHeN2NisSs: C,

(28) Garcin, E.; Vernede, X.; Hatchikian, E. C.; Volbeda, A.; Frey, M.; . . . . .
Fontecilla-Camps, J. (Structure1999 7, 557-566. 60.82; H, 6.28; N, 2.73. Found: C, 61.05; H, 6.05; N, 2.53. Mp-175

(29) Gill, N. S.: Taylor, F. BInorg. Synth.1967 9, 136—142. 177°C (dec). CV: Epa = 1.10, 0.06 V. _
(30) Cossu, S.; Delogu, G.; Fabbri, D.; Maglioli, ©rg. Prep. Proced. Synthesis of [EtN]2[NIL 7] (2). NaL was formed as described above
Int. 1991, 23, 455-457. for 1, from H,L 20 (0.389 g, 1.8 mmol) in 25 mL of THF, and then was
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dissolved in CHCN (20 mL). To this solution [EN],[NiCl4]%° (0.207

g, 0.45 mmol) in 25 mL of CHCN was added dropwise; the resulting
green mixture was left to stir overnight. After filtration, 10 mL oftG

was added slowly. The resulting solution was coole¢53°C overnight
and then a white precipitate was filtered away. The additiongfsC
cooling, and filtration steps were repeated two more times (10 mL, 60
mL). The solvent was removed, and 50 mL oj@&twas added. After
the mixture was stirred for 20 min the green solid was isolated by
filtration and dried in vacuo overnight. Yield: 0.257 g (0.34 mmol,
77%).*H NMR: 0 1.29 (t, 24 H,J = 7 Hz, 2((HsCH,):N); 3.43 (q,

16 H,J = 7 Hz, 2(CHCH_):N), 6.67 (d of d, 4 HJ = 7, 1 Hz), 6.79
(~tofd, 4 H,J=7Hz, 1Hz), 6.90{tofd, 4 H,J=7Hz, 1Hz),
7.54 (d of d, 4 HJ = 7 Hz, 1 Hz), 2[SGH4]2. **C{*H} NMR: 6 7.5

(8 C, 2(CHCH,)4N), 52.2 (8 C, 2CH3CHy).N), 122.8, 124.6, 129.0,
136.0 (4 C eachCarom—H), 151.1, 152.0 (4 C eaclaronrno H). UV—

Vis [CH3CN; Amaxin nm (€ in M~ cm1)]: 259 (4 x 104, 378 (2 x

10%. IR (Nujol, cm1): 3044 wv(C—Haron); 1666 w; 1573 m; 1548
w; 1299 w; 1250 m; 1170 m; 1113 m; 1062 s; 1031 s; 847 m; 790 m;
749 s; 697 m; 665 m; 613 m. Mp 12327°C (dec). CV: Epa= 1.21,
—0.35 V.

Results and Discussion

The air-free addition of (BN),[NiCl4]2° to 2—3 equiv of the
disodium salt of the ligarfd (NaL, made from 2,2dimercap-
tobipheny# and sodium metal) in acetonitrile (eq 1) forms the

[EtgN],[NiCly] +2 (Na*), CHiCN
O S™| —4NaCl
Na2L

S

\ A\ s
VA
S S S

1

_

172 [EtyN], )

brown, dinuclear complex [Mis]?~ (1) as the tetraethyl-
ammonium salt. As expected for an anionic complex;Nkt

[1] is soluble in polar organic solvents such as acetonitrile, DMF,
and DMSO and is insoluble in less polar solvents such as gHCI
THF, diethyl ether, and benzene. Compl&xappears to be
moderately stable to the air as a solid, but in solution the
complex is sensitive to air, turning colorless over several hours,
resulting in decomposition of the complex and formation of the
ligand disulfide derivative. CompleX is slightly sensitive to
water and protic solvents. Although is stable in CHCN
solution for at least an hour (by UWis spectroscopy), it will
slowly decompose in dried solvents that it is soluble in, for
instance, giving additional peaks of significant intensity in the
IH NMR spectrum ¢;-DMF) after sitting overnight. The
elemental analysis data fit the ¢Bf,[Ni,L 3] formulation.

(31) Scattering factors from the followingnternational Tables for
Crystallography Wilson, A. J. C., Ed.; Kluwer Academic Publish-
ers: Dordrecht, The Netherlands, 1992; Vol. C.

(32) To our knowledge, the transition metal coordination chemistrly of
is limited to a Ti(IV) complex (Stafford, P. R.; Rauchfuss, T. B;
Verma, A. K.; Wilson, S. RJ. Organomet. Chenml996 526, 203—
214) and a Mo(V) complex (Tipton, A. A.; Conry, R. R. Manuscript
submitted).

Erkizia and Conry

Table 1. Selected Crystallographic Data for the Structured ahd
2

parameter  (EBN),[1]-CH;CN-0.5PhS, (Na'-CHs;CN)(EtN)[2]
empirical CsoH71N3Ni»S; CasHzgNoNaNiS,
formula
1176.04 685.61
temp (K) 298 298
2, Mo Ka (A) 0.71073 0.71073
space group P1 (no. 2) P1 (no. 2)
a(h) 13.806(2) 9.9570(10)
b (A) 14.267(2) 13.2670(10)
c(A) 16.873(2) 13.9560(10)
o (deg) 69.263(10) 108.489(7)
p (deg) 69.267(8) 90.396(6)
y (deg) 83.117(10) 103.570(4)
V (A3) 2906.9(7) 1693.0(2)
Z 2 2
calcdp (g/cn?) 1.344 1.345
cryst size (mm) 0.6 0.20x 0.04 0.70x 0.38x 0.21
wu(cm™ 9.40 8.59
R;2 0.0752 0.0390
wWR2 0.2011 0.0995

AR = Y||Fol — IFc|l/Y|Fol (observed datal > 20(l)). *WwR2 =
[S[W(F? — FAAI 3 [W(FA]Y2 (all data).

Complex1 is diamagnetic both in solution and in the solid
state, as evidenced by sharp, unshiftddaind3C NMR spectra
and a magnetic susceptibility measurement, respectively, con-
sistent with a square planar geometry. There is, however, one
aromatic peak with an unusual chemical shift, at 10.32 ppm,
that is suggestive of deshielding via ring current effects and is
consistent with a solution structure that places that particular
proton in an environment near a phenyl ring a significant fraction
of the time. The UV~vis spectrum ofl is dominated by three
intense peaks ranging from 256 to 402 nm ingCN, some of
which are reasonably assigned as ligand-to-metal charge transfer
(LMCT) bands. A survey of a few square planartfiolate
system&~4! shows a fairly broad range of UWis data reported
for these complexes, with-5 peaks includingmax values from
260 to 720 nm (nearly all of them quite intense, withalues
of at least 1500 M cm™).

Fast evaporation of an acetonitrile solution of,(%[1] open
to the air yielded single crystals containing not only the two
Et;NT counterions in the lattice but an acetonitrile molecule
and half a molecule of biphenyl disulfide as well. The X-ray
crystal structure (Table 1) confirmed the dinuclear,[Nj%~
formulation for 1 (Figure 1) and the square planar geometry
about both Ni(ll) ions. The SNi(1)—S angles average to 9001
but range from 84.15 to 95.93or Ni(2) the average is 90.31
although the range is greater, from 82.65 to 96.80bth nickel
ions are essentially in they plane; Ni(1) is displaced by 0.001
A and Ni(2) by 0.003 A. The entire M portion of the

(33) Eisenberg, R.; Ibers, J. A.; Clark, R. J. H.; Gray, HIBAm. Chem.
Soc.1964 86, 113-115.

(34) Watson, A. D.; Rao, Ch. P.; Dorfman, J. R.; Holm, Rltrg. Chem.
1985 24, 2820-2826.

(35) Snyder, B. S.; Rao, Ch. P.; Holm, R. Hust. J. Chem1986 39,
963-974.

(36) Nicholson, J. R.; Christou, G.; Huffman, J. C.; Folting,RGlyhedron
1987, 6, 863-870.

(37) Tremel, W.; Kriege, M.; Krebs, B.; Henkel, Gorg. Chem.1988
27, 3886-3895.

(38) Yamamura, T.; Arai, H.; Kurihara, H.; Kuroda, Rhem. Lett199Q
1975-1978.

(39) Colpas, G. J.; Kumar, M.; Day, R. O.; Maroney, Mldorg. Chem.
199Q 29, 4779-4788 and references therein.

(40) Mukhopadhyay, S.; Ray, D. Chem. Soc., Dalton Tran993 1159~
1162.

(41) Tabushi, I.; Yamamura, K.; Nonoguchi, Bhem. Lett1987 1373~
1376.
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Figure 1. (a) Thermal ellipsoid plot of the solid-state structure of
[NioL3)?> (1) at the 25% probability level (hydrogen atoms omitted
for clarity). (b) Different view of [NiL 3]?~ at the 10% probability level.
Selected bond distances (A) and angles (deg) are the following: Ni-
(1)—S(1) 2.203(4); Ni(1}S(2) 2.201(3); Ni(1)-S(5) 2.191(4); Ni(1y
S(6) 2.204(3); Ni(2)-S(2) 2.232(4); Ni(2)-S(3) 2.195(3); Ni(2)-S(4)
2.192(4); Ni(2)-S(5) 2.224(3); S(EyNi(1)—S(2) 95.93(13); S(1)Ni-
(1)—S(6) 85.50(13); S(2)Ni(1)—S(5) 84.15(12); S(5)Ni(1)—S(6)
94.46(13); S(1yNi(1)—S(5) 178.24(14); S(2Ni(1)—S(6) 177.79(14);
S(2)-Ni(2)—S(3) 93.01(13); S(3)Ni(2)—S(4) 96.27(13); S(2)Ni-
(2)—S(5) 82.65(12); S(43Ni(2)—S(5) 89.31(13); S(23Ni(2)—S(4)
167.95(13); S(3)Ni(2)—S(5) 170.08(13).

molecule is not quite planar, having a small bend between the

two Ni—S; planes, exhibiting an angle of 8.8This is also
reflected in the fairly large NtS,—Ni angles (3 and $ =
bridging and terminal thiolate sulfur atoms, respectively) of
96.12(13j for S(2) and 96.64(14)or S(5). The average NiS
distances for the terminal and bridging thiolated iare within
error of one another, at 2.199 and 2.212 A, respectively.

Inorganic Chemistry, Vol. 39, No. 8, 2000677

the bridging thiolates from 2.158 to 2.225 A. Although terminal
nickel-thiolate distances often appear to be slightly shorter than
bridging nicket-thiolate distances, it seems that bridging
nickel—thiolate distances vary over a broader range of values
than terminal distances when many complexes are considered.
However, these differences often end up being within the error
of the experiment. For example, in a statistical study published
in 1989, nicket-alkanethiolate complexes gave terminaH$i
distances (8 complexes) averaging 2.187(7) A and bridging
Ni—S distances (16 complexes) averaging 2.201(243 Fhe
nickel—sulfur distances in the [NiFe]-ase and [NiFeSe}dse
structures appear to be a little longer than the distances in the
model complexes, with averages for terminaH$kys at 2.2-

2.5 A and bridging Ni-Sys at 2.4-2.6 A. X-ray absorption
spectroscopy suggests similar distances, typically in the 2.2
2.4 A range®446 The nicketnickel distances in the small-
molecule structures varied from 2.914 to 3.3554A36.39.42
which appear to be longer than the nickebn distances found

in the hydrogenase crystal structures (2259 A). The angles
between bridging thiolate ligand§1§,—Ni—S;,) are typically
smaller (83.490 av for 1, from 79.0 to 84.78 in the other
complexed*36:3943 than the angles between terminal thiolates
(O0S—Ni—$ of 86.43-95.1° for the other complexe¥, 36:39.42
90.89 av for 1).

All the sulfur—sulfur contacts inl are greater than 3.1 A
except for the interligand distances for the twon Ni(1), which
are 2.992 A for S(13S(6) and 2.943 A for S(S(5). This
results in a visible compression in the coordination sphere of
Ni(1) (Figure 1). Short SS contacts have also been noticed
between the bridging thiolate groups in (MNNi(SEt)]
(2.906 Ap4and (PP)[Ni(SCHCH,S)] (2.820 A)36 In other
systems these short sulfusulfur distances are considered to
be partial disulfide bonds, for instance, in molybdenrttiviolate
chemistry?” However, the partial disulfide bond distances are
clearly much longer than those found for full sulsulfur
bonds; e.g., the crystal structure of the disulfide fornLdias
a S-S bond distance of 2.0520(12)4AIn one of the [NiFe]-
H,-ase crystal structur&ghere is a short sulfursulfur distance
of 3.0 A between the two bridging cysteine ligands. However,
it is not necessarily representative of a partialSSbond because
the uncertainties in the distances in biological structures can be
large. In addition, the presence of the two other bridging atoms
may force the two sulfur ligands together, giving a steric rather
than electronic reason for any short distance between the two
bridging cysteine ligands.

Other Ni—arylthiolate structures have displayed an electronic
preference for the nickel, sulfur, and aryl groups to be coplanar,
which has been used to expl&ii®why alkylthiolate complexes
were typically found to be planar but unconstrained arylthiolate
complexes were usually tetrahedral. Farit is clear that the
phenyl groups are bent away from the-N8 vectors. This is

However, there is a noticeable difference between those from (43) Orpen, A. G.; Brammer, L.; Allen, F. H.; Kennard, O.; Watson, D.

Ni(1) and Ni(2); the terminal distances to Ni(2) are shorter and
the bridging Ni(2)-S distances are longer than the correspond-
ing Ni(1) distances. A long Ni(2)-Ni(2) separation of 3.298
A suggests that there is no NNi interaction (the NiNi
distance is 2.50 A in nickel metal).

The Ni—S distances and angles found fioare comparable
to other square planar dinuclear NitHjetrathiolate complexes.
Thus, for four structures of three such compleXeg63942the

terminal thiolates were found between 2.162 and 2.219 A and (“7)

(42) Rao, Ch. P.; Dorfman, J. R.; Holm, R. hhorg. Chem.1986 25,
428-439.

G.; Taylor, R.J. Chem. Soc., Dalton Tran989 S1-S83.

(44) Gu, Z.; Dong, J.; Allan, C. B.; Choudhury, S. B.; Franco, R.; Moura,
J. J. G.; Moura, |.; LeGall, J.; Przybyla, A. E.; Roseboom, W.;
Albracht, S. P. J.; Axley, M. J.; Scott, R. A.; Maroney, M.JJ.Am.
Chem. Soc1996 118 11155-11165.

(45) van Elp, J.; Peng, G.; Zhou, Z. H.; Adams, M. W. W.; Baidya, N.;
Mascharak, P. K.; Cramer, S. org. Chem1995 34, 2501-2504.

(46) Muller, A.; Erkens, A.; Schneider, K.; Mier, A.; Nolting, H.-F.; Sole

V. A.; Henkel, G.Angew. Chem., Int. Ed. Engl997, 36, 1747—

1750.

Berg, J. M.; Spira, D. J.; Hodgson, K. O.; Bruce, A. E.; Miller, K. F.;

Corbin, J. L.; Stiefel, E. lInorg. Chem.1984 23, 3412-3418 and

references therein.

(48) Conry, R. R.; Erkizia, E.; Tipton, A. A. Unpublished results.

(49) Silver, A.; Koch, S. A.; Millar, M.Inorg. Chim. Actal993 205, 9—14.
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probably due to a greater tendency of the biphenyl groups to
be canted (dihedral angles between the phenyl groups are 57.5,
54.3, and 54.8for the ligands containing S(1,2), S(3,4), and
S(5,6), respectively) instead of the geometry preference of the
Ni(ll) ion, which is not strong?4°

If a larger excess df is used in the reaction (e.g., from 4 to
10 equiv), a green comple) is formed instead ol (eq 2).

[NiCl)2 ~ + 4-10

Figure 2. (a) Thermal ellipsoid plot of the solid-state structure of

[NiL]?~ (2) at the 25% probability level (hydrogen atoms omitted for

f Q) clarity). (b) View at the 10% probability level of [Mla(CHsCN).L 4%,

which shows the sodium counterions bridging two mononuclear units.

Selected bond distances (A) and angles (deg) are the following: Ni
S(1) 2.2135(9); Ni-S(2) 2.2192(10); NiS(3) 2.2210(9); NS(4)

O Q 2.2085(9); S(1yNi—S(2) 94.92(3); S(IyNi—S(3) 87.16(3); S(2

L _ Ni—S(4) 83.46(3); S(3yNi—S(4) 94.57(3); S(IyNi—S(4) 177.45(4);

S(2)-Ni—S(3) 176.08(4).

tetrathiolate complexes via the addition of a large excess of the
ligand has been successfully used in other syst&fis?

Slow addition of diethyl ether to an acetonitrile solutiorRof
synthesized with 10 equiv of Ma yielded several single, X-ray
quality green crystals. The X-ray crystal structure (Table 1)
established a mononuclear [Nj2~ formulation for 2 with
square planar geometry about the Ni(ll) ion (Figure 2a). The
large excess of sodium ions compared to tetraethylammonium
ions caused crystallization & with one of each BN and
Na™ counterion. The mononuclear [Nj]2~ fragment and a
sodium counterion are sitting on a crystallographic inversion
center. The result is a molecular solid-state structure containing
two [NiLy]2~ fragments that are bridged by two sodium
counterions that interact with the thiolate sulfurs of the two
[NiL]2~ cores (Figure 2b). The coordination sphere of each
sodium ion is completed with an acetonitrile molecule.

The average NiS distance in the structure 8fis 2.216 A,
with a range from 2.2085 to 2.2210 A; there is no apparent
influence of the long Na$S interactions (2.832 A av) on the
Ni—S distances or-SNi—S angles. The nickelsulfur distances
in 2 are similar to those inl but are longer than most
mononuclear square planar Ni(H)hiolate complexes (2.156
2.212 A)38525560 which are frequently alkylthiolate-ligated or
have bidentate arylthiolate ligands with planar constraints and/
or five-membered chelate ring sizes (for example, benzene-1,2-

The solubility and air sensitivity of (EN),[2] are similar to
(EtN)2[1]. However,2 is less stable both in solution and as a
solid than1 and seems to be more stable in the presence of
excessL than without ligand. UV~vis spectra taken im-
mediately of2 in CHs;CN with and without excesls (~2 equiv
NaL) are essentially the same. Without excess ligand, dissolu-
tion of 2 in solvent at room temperature results in a slow color
change to the brown color characteristicladver several days
as peaks in théH NMR spectrum due td appear (a noticeable
change in the UVvis spectrum occurs within several hours;
the decomposition o2 is not significantly accelerated by the
presence of MeOH). However, the addition of 2 equiv oflNa
to 1 in CH3CN does not give a U¥vis spectrum consistent
with 2.

Sharp, unshiftedH and3C NMR spectra again suggest a
square planar geometry for the Ni(ll) in compl2in solution.
In addition, the presence of only six aromatic peaks in'#e
NMR spectrum for2 compared to three times as many for
suggests a higher molecular symmetry 2ahan1 in solution
and is consistent with the mononuclear [N?~ formulation.
Integration of'H NMR spectra shows that the synthesis2of
with four equiv ofL forms the bis(tetraethylammonium) salt.
The UV—vis spectrum o contains two intense peaks at 259
378 nm in CHCN. Unfortunately, the extreme sensitivity &f
toward the formation ol and the necessity of keepi2gn the
presence of _excesls_ prevgnted complgt_e_ purification and (52) Baidya, N.. Mascharak, P. K.: Stephan, D. W.: Campana, G,
characterization o, including the acquisition of acceptable Chim. Actal99Q 177, 233-238.
elemental analysis data. This tendency of Nifthiolate (53) Yamamura, T.; Arai, HBull. Chem. Soc. Jpri992, 65, 1799-1806.
complexes to poymerize 5 a welHknown prodéand isofien {58 Eearson . €. Swesgat, 0 s chemdsTa ) 1107 117>
attributed to a solvent-assisted dissociation equilibrium that (5g) Mahadevan, C.; Seshasayee, M.; Radha, A.; Manoharan, Rtd.
promotes ligand loss, the presence of protons, or the method of  Crystallogr., Sect. @984 40, 2032-2034.

Synthes|s and seems to depend on the system and Condltlons dﬁ?) Yamamura, T.; Kurihara, H.; Nakamura, N.; Kuroda, R.; Asakura, K.
Chem. Lett199Q 101—104.

isolation®>3%.5554 The synthesis of mononuclear Ni)  (5g) Fox S wang, V.. Silver, A Millar, MJ. Am. Chem. Sod99Q
112 3218-3220.
(50) Krebs, B.; Henkel, GAngew. Chem., Int. Ed. Endl991, 30, 769— (59) Sellmann, D.; Fuofgelder, S.; Knoch, F.; Moll, MZ. Naturforsch.
788. 1991 46b, 1601-1608.
(51) Rosenfield, S. G.; Armstrong, W. H.; Mascharak, Plitrg. Chem. (60) Long, D.-L.; Cui, Y.; Chen, J.-T.; Cheng, W.-D.; Huang, J.-S.

1986 25, 3014-3018. Polyhedron1998 17, 3969-3975.
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dithiolate ligands). Mononuclear complexes with monodentate Ni(ll) —thiolate complexes are predominately square planar in

arylthiolate ligands typically display distorted tetrahedral
structureg?2:51.6763 The S-Ni—S angles ir2 average to 90.03
with the smallest at 83.46and the largest at 94.92The
individual S-Ni—S angles in2 deviate more from 90than
nearly all of the other square planar'Nitetrathiolate complexes
it can be compared &:525559 The interligand angles i are

geometry, nearly all of the exceptions are mononuclear com-
plexes with monodentate arylthiolate ligands that do not
constrain the Ni ion to be square planar. The liganavith its
seven-membered chelate ring size, has some flexibility to change
its bite angle via the phenylphenyl bond and should not force

a planar geometry on the complexes wltleither. Therefore,

smaller than the intraligand angles; a similar pattern is seen init is interesting tha® has adopted a square planar structure.

1 and probably reflects an influence of the bite anglé oThe
nickel ion is slightly displaced out of thes$lane (Ni to §
plane distance 0.014 A).

All of the intraligand S-S distances i are greater than 3.2

A. In contrast, the interligand distances are shorter: S(2,4) and
S(1,3) at 2.947 and 3.057 A. Only one of the other square planar

Ni(ll) —tetrathiolate complexes was found to have &SS
distance of less than 3.1 ®.The dihedral angles for the
biphenyl groups are 60.7 and 52 fr the ligands containing

S(1,2) and S(3,4), respectively. The distances between the metaI%

are consistent with no interaction (NiNi 6.815 and N&-Na

4.118 A). The coordination sphere about the sodium ion appears
to be quite distorted from tetrahedral perhaps because of an

interaction with a phenyl ring from the neighboring -Ni

tetrathiolate complex. In fact, there is a short contact between
each Na and one of the 1-phenyl carbon atoms (distance 3.053

A).
As is not unusual for Ni(I}-tetrathiolate complexe®;36.64
the cyclic voltammograms fdr and2 contain only irreversible
oxidations, at 0.06 VHpa vs SCE) forl and —0.35 V for 2.

Square planar dinuclear complexes have had irreversible oxida-

tions reported, for instance, for [Medty]2~ (edt= ethanedithio-
late) at—0.21 V (EpaVs SCEJ® and at—0.32,—0.03, andt-0.73

V (Epa Vs NHE)38 Mononuclear Ni(lly-tetra(alkylthiolate)
complexes exhibit more negative oxidations to Ni(lll), typically
quasireversible or reversible oxidations fron®.60 to—0.76

V in aprotic solvent$85258|n contrast, mononuclear Ni(H)

In the absence of excekshe mononuclear complekreadily
loses a ligand to form the dinuclear compléxIn addition,
oxidation by air causes complex decomposition, via ligand
disulfide formation and dissociation, instead of oxidation at the
thiolate ligand%-68 or oxidation to Ni(lll)58 We are currently
working to modify the ligand to inhibit disulfide formation and
make the ligand more difficult to dissociate. We hope then to
take advantage of the propensity of these complexes to pick up
another metal ion on one side (e.g., another Ni(ll) iod &nd
Na ion in2) to coordinate an iron center. The resulting
heterodinuclear Ni/Fe cluster would more closely approximate
the active sites found in the nickeiron hydrogenasé$2> so
that relevant enzyme functional modeling studies can be carried
out. Then, perhaps, results from this system could add to the
already interesting results from and discussion of other relevant
model complexé8 as well as the recent discussions about
possible modes of action of the enzyfe® generated by the
unanticipated findings from the crystal structures of the [NiFe]-
Ho-ases.
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tetra(arylthiolate) complexes usually give irreversible oxidations at http:/pubs.acs.org.

in the —0.05 t0—0.40 V (vs SCE) rang®! For both1 and?2
peaks assignable to the disulfide féfof L appear in the CVs.
The appearance of peaks due to the disulfide forin sfiggests

IC990931F

that although oxidation first seems to occur at the nickel ion, (66) Schrauzer, G.N.; Zhang, C.; Chadhalrerg. Chem199Q 29, 4104~

107

ultimately the ligand is oxidized and is liberated. The ability to (67) Mirza, S. A: Day, R. O.: Maroney, M. Jnorg. Chem.1996 35

isolate the disulfide form ofE from the reaction of eithet or
2 with air supports this postulation.

Conclusions

Two new square planar Ni(Htetra(arylthiolate) complexes

have been prepared and characterized. Although four-coordinate
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