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A coordinatively unsaturated dinuclear'N¢omplex of the tridentate ligand 2,6-di(aminomethyRedt-butyl-
thiophenol (HL) has been synthesized and investigated in the context of ligand binding and oxidation state changes.
The starting complex [iNi,][BPhy]2 (1) is readily prepared from NaL, NigbH,O, and NaBPhin methanol.
Compoundl-CH3CN-CH3OH crystallizes from an acetonitrile/methanol mixed-solvent system in monoclinic space
groupP2y/nwith a = 21.940(4) Ab = 13.901(3) Ac = 23.918(5) A5 = 110.00(3}, andZ = 4. The structure
consists of dinuclear [INi;]2" cations with two distorted planaris-N,S;Ni coordination units joined by the
thiophenolate sulfur atoms. The molecule has ideal@gdymmetry. Complex readily adds another 1 equiv

of HL to afford the pale green complex {Ni;]JCl (2). The dinuclear structure and its formulation as a 3:2
complex (six-coordinate Ni ions) is derived from UV spectroscopy, cyclic voltammetry, and single-crystal X-ray
diffraction of its oxidation product, [tNi;]2". The dication was prepared by chemical oxidatior2 efith iodine

in DMF and isolated as the dark brown BPlsalt, [LsNiy][BPhs]2:CH3OH (3), which crystallizes in monoclinic
space grougP2;/c with a = 23.678(5) A,b = 20.090(4) A,c = 16.797(3) A, = 106.16(3}, andZ = 4.
Complex3 is the first structurally characterized example that features a bioctaheghi#(SR):NIN3 core.
Distortions fromDg, symmetry suggest th& is a trapped-valence NNi"' compound. The NiS and Ni-N

bond lengths vary from 2.2975(9) to 2.4486(12) A and from 2.027(3) to 2.120(3) A, respectively. On the CV
time scale comple®2 undergoes two reversible electron-transfer reactioigat= —0.02 and+-0.44 V vs SCE,
affording 3 and the transient dark green tricationsiili;] >+ (712 ~ 15 min at 295 K), respectively. Whil2 is

EPR silent, the EPR spectrum of a powdered samp&refealsgs = 4.0 andg, = 2.09 at 77 K, consistent with

an S = 3/, spin state of the mixed-valent Nili"'" complex.

Introduction investigation of chemical reactivities is often hampered by the

fact that nickel or iron thiolate complexes can be notoriously

. Dinuclear thiolate-bridged fT‘eta' comp_lexes_of t_he 3_d ransi- ahile. Additionally, these may undergo ligand-based oxidation
tion metals have come under increased investigation in the P&s{,ith the result of decomposition of such spedie¥

several years because such assemblies occur in the active sites L .
Of more recent origin is the development of binuclear systems

f §4 C tly, the structural i ) e A . ;
o' many enzyme ohsequently, e siiucwral, magnetic, ined by using binucleating linéaor bis-macrocyclic N,S-

spectroscopic, and redox properties of numerous dinuclear A 42,13 .
complexes of mono- or bidentate thiolate ligands have been thedor_]or_llgand " The notable feature of such complexes is
focus of interest. However, these reactions often require exa(:tthe'r Kinetic stability that enables_ thg molecules to cycle between
stoichiometric control, without which the reaction mixture may h!gh_ and low formal mt_atal oxidation statéds.Furtherm.ore,
contain species of different nuclearfty! Furthermore, an binding of exogenous ligands _does not affect th.e dmgclear
structuret® Unfortunately, these ligands are not readily available
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and often require multistep reactions. Thus, only a few [L.Niy?" with a further 1 equiv of HL. Reported herein are
examples of dimetallic Ni, Cu, and Zn complexes of tridentate the synthesis and characterization of the first\il' and Ni'-
N,S and macrocyclic hexadentate;9y ligands have been  Ni'" complexes featuring the INi(u,-SR:NiN3 core. We
characterized to dafd-15 further present the crystal structures of the 2:2 and 3:2

For nickel, the tridentate 6 and hexadentates& ligands complexes.
produce almost exclusively planar,$Ni complexes that
feature a central Ni(;-SR:Ni core!l-13similar to that seen in
complexes of mono- or bidentate thiolate ligaAtlsSome General Information. The ligand HL:(HCI), was prepared by
complexes have been reported to readily bind substratesreduction of benzyl[2,6-di(hydroximinoformyl)-tert-butyl-phenyl]-
axially.1329 However, an occupation of the vacant third bridge sulfide with sodium in liqguid ammoni#. All other chemicals were of
position by exogenous ligands to yield a M{SR):Ni core has reagent grade and used without further purification. The solvents were
not been observed. It should be noted that dinuclear nickel pre_drled over molecular sieves and freshly distilled from appropriate
complexes that feature such a triple thiolate bridge are rare. Toggy'g?n?gsgﬁz'rgﬁ %{;thgfgzg;m:;i%?rwgzgsc‘)"t'ﬁ;? pg;%ﬁ?::g“g?:r
the best of our knowledge, the Ni-SR):Ni core was first

. . . . mentioned explicitly. Melting points were determined in capillaries
encountered in the bitetrahedral complex [(RS)IHER)NI- and are uncorrected. CHN analyses were determined with a Perkin-

(SR)I" (R=2,4,5-P1CqH).}” Similar bitetrahedral structures  Eimer elemental analyzer 240. IR spectra were recorded on a Bruker
were previously reported for [G(SR)]~ (R = isopropyl}®and IFS25 spectrophotometer as KBr pellets. Absorption spectra were
subsequently in [F£SR)]~ (R = tert-butyl).1® The compound recorded on a Jasco V-750 UVlvis/near-IR spectrometer. Cyclic
[Ni{Co(aet}},]?" (aet = 2-aminoethanethiolate) contains a voltammetry measurements were carried out at@&vith an EG&G
trinuclear NCofu2-SR):Ni(u-SRRCoNs core? A triply bridged Princeton _Applied Resear_ch potentiostat/galvar_\ostat mpdel 263 A. The
Ni(u2-SR)(X)Fe structure (X= unknown ligand) also occurs cell contam_ed a Pt working electrode, a Pt W|re_auxn|ary el_ectrode,
in the active center of the [NiFe]-hydrogenase fr@esul- and aAg wire as reference electrode. Concentrations of solutpns were
fovibrio gigas2. 0.1 M in supporting electrolyte (BilNPFs;) and ca. 1x 103 M in
. . sample. Ferrocenium/ferrocene was used as internal standard. All
We have recently described the synthesis and the electro-potentials were converted to the SCE referéfc€oulometric experi-
chemical and magnetic properties of the 3:2 (L:M) dinuclear ments were performed with the use of a Pt-gauze electrode. EPR
Fe' and Cd' complexes [BM7]3", where L represents the  spectra were recorded by a conventional Varian X-band spectrometer
tridentate NS ligand 2,6-di(aminomethyl)-tert-butyl-thiophe- with 100 kHz modulation.
nol (HL).22 Now we have succeeded in obtaining the corre-  Preparation of Complexes. [L:Niz][BPhy]> (1). To a solution of
sponding nickel complexes by reaction of the 2:2 complex HL:(HCl)2 (595 mg, 2.00 mmol) in methanol (10 mL) was added 2.00
mL of a 1.00 M solution of NiGF6H,O in methanol (2.00 mmol).
- The resulting pale yellow solution was stirred for a further 10 min.
12) (g) t—!ughes’\,/l\]_.’\?.;thobsﬁonb I_%grgb. Ch'm%ACtalézg 32 ?a71_9%2 Then a 12 mL portion of a 0.50 M solution of NaOMe in methanol
27) 8%3)(/31. (c.)' ”i(')%ooufé& 'P.;'Mucr)rai/c,mk. S.c;)rlg'obsém' RC WiIso?L 3. (6.00 mmol) was added. To the dark red solution was added a solution

Experimental Section

C.; Williams, G. A.J. Chem. Soc., Dalton Tran987, 1585-91. (d) of NaBPh (855 mg, 2.50 mmol) in methanol (2 mL) to cause the
Bond, A. M.; Haga, M.; Creece, I. S.; Robson, R.; Wilson, Jin@rg. product to precipitate as a red microcrystalline powder. Filtration and
Chem 1989 28, 559-66. (e) Hoskins, B. F.; McKenzie, C. J.; Robson,  recrystallization from CBHCN/MeOH (1:1) solution affords the aceto-
R.; Zhenrong, LJ. Chem. Soc., Dalton Tran$99Q 2637-41. (f) nitrile methanol solvatel-CH;CN-CH;OH as dark red crystals.

Hoskins, B. F.; Robson, R.; Williams, G. A.; Wilson, J. org. s . . o
Chem.1991 30, 4160-6. Yield: 0.94 g (74%). Mp: 232234°C. Anal. Calcd for GH7sBoNsS-

(13) (a) Atkins, A. J.: Blake, A. J.: Schder, M. J. Chem. Soc., Chem. Ni>*CH3CN-CH;OH: C, 70.62; H, 6.72; N, 5.49. Found: C, 69.70;
Commun1993 1662-5. (b) Brooker, S.; Croucher, P. D. Chem. H, 6.33; N, 4.88.'H NMR (CD:Cl,, 200 MHz): 6 7.57 (s br, 16 H,
Soc., Chem. Commut995 1493-4. (c) Brooker, S.; Croucher, P. ArH), 7.10 (m, 28 H, AH), 3.37 (s, 3 H, EGis0H), 3.19 (dJ = 12 Hz,
gi J-kCBenE;-I ?(OCA%helclﬁ- Cogwmﬂﬂ%AZO;FrG- (d)ét\ﬂ%ns, /;- J.; 4 H, CHy), 2.62 (1, = 12 Hz, 4 H, G,), 1.97 (s, 3 H, E1,CN), 1.31

ack, ., Blake, A Jo Valn-becera, A, Farsons, 5., WUlz-Ramirez, (s, 18 H, Gs), 0.51 (d,J = 12 Hz, 4 H, NH,), —0.03 (t,J = 12 Hz,
L; Schrader, M. J. Chem. Soc., Chem. Commu®96 457-64. (e) S, H, NH). 13-2(: NMRE (Chucly 50.3 MHZ):% o ((q,lJ(llBC) iz

Brooker, S.; Croucher, P. D.; Roxburgh, F. B1.Chem. Soc., Dalton
Trans.1996 3031-7. (f) Branscombe, N. D. J.; Blake, A. J.; Marin- 49 Hz), 152.7, 135.6, 135.2, 128.3, 126.9, 123.1, 121.9, 117.7, 50.1,

Becerra, A.; Li, W.-S.; Parsons, S.; Ruiz-Ramirez, L.; Sderp M. 45.8, 34.9, 30.8, 1.7.
J. Chem. Soc., Chem. Commur96 2573-4. (g) Brooker, S.; [L2Ni2][CIO 4]z (). This compound was prepared by a procedure
Croucher, P. DJ. Chem. Soc., Chem. Commua897 459-60. similar to that described fat. Ni(ClO4)2*6H:0 (731 mg, 2.00 mmol)

(14) For mononuclear complexes of macrocyclic N,S-donor ligands with ; i ; .
metal ions in high formal oxidation states, see: (a) Sellmann, D.; Emig, was used instead of Ni6H,O and LICIQr3H,0 (802 mg, 5.00 mmol)

S.. Heinemann, F. WAngew. Chem1997, 109, 1808-10; Angew. instead of NaBPh A red microcrystalline material was isolated by
Chem., Int. Ed. Engl1997, 36, 1734-6. (b) Sellmann, D.; Emig, S.; filtration, dried in air, and recrystallized from MeOH. Yield: 0.43 g
Heinemann, F. W.; Knoch, FAngew. Chem1997 109 1250-2; (57%). Caution! Transition-metal perchlorates are hazardous and
Angew. Chem., Int. Ed. Endl997, 36, 1201-3. (c) Hanss, J.; Kiger, may explode. Only small quantities should be prepared and great care

H.-J.Angew. Cheni996 108 2989-91; Angew. Chem., Int. Ed. Engl taken2® Anal. Calcd for GsHagN.SNi-Cl,Og: C, 37.78: H, 5.02; N,
1996 35, 2827-30. (d) Hanss, J.; Kiger, H.-JAngew. Cheml998 7.34. Found: C, 37.69: H, 5.00; N, 7.30. IR (KBr, ch1 # 1105
110 366-9; Angew. Chem., Int. Ed. Engl998 37, 360-3. Il A e A !

(15) Beissel, T.; Glaser, T.; Kesting, F.; Wieghardt, K.; Nuber]rigrg. (vs(F2) F:IO{). ) ]
Chem.1996 35, 3936-47. [L3Ni2]CI (2). To a solution ofl (128 mg, 0.100 mmol) in

(16) Halcrow, M. A.; Christou, GChem. Re. 1994 94, 2421-81. acetonitrile (7 mL) was added a solution of HHCI), (30 mg, 0.101

(17) Silver, A.; Millar, M. J. Chem. Soc., Chem. Comma§92 948-9. mmol) in methanol (1 mL). Addition of 3 drops of NEtaused the

(18) Henkel, G.; Weissgbeer, SAngew. Chenl992 104, 1382-3; Angew.

Chem., Int. Ed. Engl1992 31, 1368-9. Srg(i;pnanon of anr)]gle gr(teer_l TO“d, which ¥V|8i$ |s(;)Ifated btyi]flltra}tlo\r(l_alréq

(19) Henkel, G.; Chen, Gnorg. Chem.1993 32, 1064-5. ried in vacuo. is material was recrystallized from ethanol. Yield:

(20) Konno, T.; Okamoto, K.-I.; Hidaka, Acta Crystallogr.1993 C49,

222-4. (23) Kersting, B.Eur. J. Inorg. Chem.in press.

(21) (a) Volbeda, A.; Garcin, E.; Piras, C.; de Lacey, A. L.; Fernandez, V. (24) For formal potentials of the ferrocenium/ferrocene couple vs SCE,
M.; Hatchikian, E. C.; Frey, M.; Fontecilla-Camps, J.JJCAm. Chem. see: Connelly, N. G.; Geiger, W. Ehem. Re. 1996 96, 877—910.
So0c.1996 118 12989-96. (b) Halcrow, M. A./Angew. Chem1995 Under our experimental conditions, the couple ferrocenium/ferrocene
107, 1307-10; Angew. Chem., Int. Ed. Endl995 34, 1193-7. (Fc'/Fc) is atEy, = 0.45 V (DMF, CHCly) andEjj, 0.40 V (CHs-

(22) Kersting, B.; Kolm, M. J.; Janiak, &Z. Anorg. Allg. Chem1998 CN) vs Ag.

624, 775-780. (25) Wolsey, W. CJ. Chem. Educl973 50, A335.
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Table 1. Crystal Data and Structure Refinement foand3
1 3
empirical formula GngsBzN5NizoSZ C35H10182N5Ni2053
fw 1275.64 1457.94
cryst size, mra 0.30x 0.50x 1.20  0.40x 0.50x 0.15
T,K 293 213
space group P2:/n P2:/c
a A 21.940(4) 23.678(5)
b, A 13.901(3) 20.090(4)
c, A 23.918(5) 16.797(3)
p, deg 110.00(3) 106.16(3)
Vv, A3 6854(2) 7675(3)
A 4 4
density, gcm™3 1.236 1.262
(Mo Ko), mmrt 0.657 0.622
0 range, deg 2.9326.07 4.3726.01
reflns collected 14 393 54 356

unique reflns 13 460R,c= 0.0147) 14 892Rin:= 0.1148)
obsd reflns 8937H, > 40(Fo)) 11 240 o > 4o(Fo))
R1, WR2 [Fo > 40(F.)] 0.0580, 0.1475 0.0504, 0.1202

R1, wR2 (all data) 0.1093, 0.1852 0.0730, 0.1360
goodness-of-fit o 1.16 1.00
resid electron density, 0.791/0.775 0.604+0.480

eA-3

aw = 1/[0%(F,) + (0.0814P)2 + 5.84P), P = (F,2 + 2F /3. bw =
U[oA(F) + (0.052%P)2 + 6.41P], P = (F? + 2F2)/3.

55 mg (64%). Anal. Calcd for £gHs/NsSsNi-CI-EtOH: C, 52.52; H,
7.31; N, 9.67. Found: C, 52.13; H, 7.67; N, 9.21.

[L 3Ni2][BPhy]2 (3). To a solution o2 (87 mg, 0.10 mmol) in DMF
(3 mL) was added a solution of (13 mg, 0.051 mmol) in DMF (1
mL), and the resulting brown solution was stirred for 20 min. The
reaction mixture was allowed to warm to 3G, at which temperature

Kersting and Siebert

Scheme 1

NH,CI
mu{gw
HL(HCI NH3ClI

)2

™

Bu

1. NiCI;6H,0
2. NaOMe

nk

N”Z\Ni/N”Z HL(HCI)
1Bu S QP Bu  N(EY),
NI
NH;" “NHp
[LoNJ[B(Ph)a, (1) 12/NaBPh[

tBu
[LaNio]Cl, n=1, (2)
[LaNio][B(Ph)4]o, n=2, (3)

LN, 55 LaNi,T 20 [LaNIGONICI P < [LaNia), 1>
1) (2) 3)

(transient green)
S$=0 EPR silent s=%,

1:1:3 ratio readily affords the dinucleardNi,]2" cation, which
was isolated as the air-stable tetraphenylborate saMlifl-
[BPhy]2 (1) (Scheme 1). Compleg is a dark red crystalline
solid, soluble in polar aprotic solvents like acetonitrile, meth-
ylene chloride, dimethyl sulfoxide, and dimethylformamide.
When recrystallized from acetonitrile/methanol solution, it is
obtained as the solvaté-CH;CN-CH;OH. The dinuclear
structure of the [kNiy]?" cation in 1:CH3CN-CH3;OH was
confirmed by single-crystal X-ray diffractiorvifle infra).

Though1-CH3CN-CH3OH is diamagnetic in the solid state,
a discreté¢H NMR spectrum could only be obtained for a €D

it was evaporated to dryness. The resulting black solid was redissolvedC|2 solution of a sample that had been thoroughly dried in vacuo.

in methanol (30 mL) and separated from a small quantity of a white
solid by filtration. To the brown filtrate was added a solution of NaBPh

(75 mg, 0.22 mmol) in methanol, and the solution was stored at room
temperature for 2 days. The resulting black crystals were collected by

filtration and dried in air. Yield: 99 mg (68%). Anal. Calcd for
Cg5H101NeBzoNi253: C, 7003, H, 698, N, 5.76. Found: C, 6976,
H, 7.04; N, 5.61.

X-ray Structure Determinations. Single crystals ofl:CHs;CN-
CHsOH were grown by recrystallization from MeOH/GEN solution.
Black crystals of3-CH3;OH suitable for single-crystal X-ray determi-

nation were obtained by the procedure described above. Reflection

data were collected on an Enraf-Nonius CAD4 diffractomeigrof
on a STOE IPDS diffractomete8) using Mo Ko radiation ¢ =
0.71073 A). The data were corrected for Lorentz and polarization

Suprisingly, the resonances of the £&hd NH goups (four
multiplets of equal intensity in the 2.5 t60.1 ppm region) are
still observed at relatively high fiel&f, presumably due to a
paramagnetic species. Since the deuterated solvent contained
traces of water, these upfield shifts are probably due to rapid
exchange of Ni-bound and free water molecules. It appears
that the solid state structure is only retained in noncoordinating
solvents, whereas in GDD or CD;CN solution the absence
of the expected ChHNH, resonances in the-0L0 ppm region
indicates binding of solvent molecules to the dimetal centrum
to yield a paramagnetic species.

The ability of complex1 to bind substrates is further

effects and for absorption (empirical absorption correction, program démonstrated by the facile reaction with another 1 equiv of HL.

XEMP). Crystal parameters and details of the data collection and \When a solution ofl in acetonitrile is treated with 1 equiv of -
refinement are summarized in Table 1. The crystal structures were HL, an immediate color change from dark red to pale green is

solved by direct methods, and refinements were carried ob2 alues
using SHELXTL softwaré® All non-hydrogen atoms were refined
anisotropically except for the carbon atoms of the disordeetcbuty!

observed. The color change is accompanied by formation of a
pale green solid that analyzes as;NIi;]Cl (2). Although
structural data is yet not available f2y the [LsNi,] ™ cation is

groups. These were refined isotropically. Hydrogen atoms were placed gssumed to be isostructural to its oxidation produgiik] 2

at calculated positions except for the MeOH solvatd.ofThey were
refined riding on the corresponding atoms with a common isotropic
thermal parameter. The methyl carbon atoms of bethbutyl groups

of 1 and of oneaert-butyl group of3 are disordered. The multiplicities
of the respective orientations (C(3LAL(33A), C(31B)-C(33B);
C(41A)—C(43A), C(41B)-C(43B) (1); C(210)-C(212), C(213y)
C(215) @)) were refined as follows: 0.53, 0.47; 0.51, 0.49; (0.60,
0.40 Q).

Results and Discussion

Synthesis and Reactions of Complexes-13. The reaction
of HL-(HCI), with NiCl»-6H,O and NaOMe in methanol in a

(26) Sheldrick, G. M.SHELXS-86 University of Gdtingen: Gitingen,
Germany, 1990. Sheldrick, G. MSHELXL-93 University of Gdatin-
gen, Gidtingen, Germany, 1993.

in [L3Ni2][BPh4]2 (3). The structure o8 has been determined
by X-ray crystallography. Further support comes from cyclic
voltammetry, infrared spectroscopy, and UV/vis spectroscopy.
Complex 2 is an air-sensitive compound. Exposure of
solutions of2 in methanol to air results in a color change from
pale green to dark brown. Alternatively, these brown solutions
are also produced by chemical oxidation2ofith 0.5 equiv of
iodine or bromine. In contrast 8, complex3 is stable in air

(27) For example, the similar pattern ofHg and NH, resonances (4
multiplets) observed for the corresponding diamagnetic Pd complex
[LoPd][BPhs], appears in the region 5.4B.42 ppm.H NMR
(DMSO-ds, 200 MHz): 6 7.44 (s, 4H, AH), 7.20-7.14 (m, 16H,
ArH), 6.96-6.75 (m, 24H, AH), 5.47 (d,J = 12 Hz, 4H, ), 4.50
(t, 3= 12 Hz, 4H, GHy), 4.05 (d,J = 12 Hz, NHy), 3.42 (t,J = 12
Hz, NHy), 1.25 (s, 18H, El3).
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Cl43a)

Figure 1. Perspective views (top, side view; bottom, view along the
pseudoC; axis) of the molecular structure of the dicationlin(50%
probability thermal ellipsoids). Hydrogen atoms are omitted for clarity.
Only one orientation of the disordereert-butyl groups is displayed.

both in the solid state and in solution. As is indicated by UV/
vis spectroscopy, oxidation @with I, or O, affords the same

[NioLg]** cation. It is also noted that the oxidation 2fis Figure 2. Perspective views (top, side view; bottom, view along the
chemically reversible. Thus, addition of NaBkb a solution pseudoC; axis) of the molecular structure of the dicationdn(50%
of 3 reforms [LsNiy]™. Reduction of3 with Zn in DMF also probability thermal ellipsoids). Hydrogen atoms are omitted for clarity.
gives2. Only one orientation of the disorderedrt-butyl group (C(210)

Finally, addition of 1.0 or 0.5 equiv ok to DMF solutions C(212)) is displayed.
of 2 or 3, respectively, results in the formation of a transient .
dark green solution. The lifetime of the species produced on Of 124.6 and 96.1 between the two square planes defined by
oxidation is, however, long enough to allow for its characteriza- the two NS, arrays and the phenyl rings of the ligands. A
tion by UV/vis spectroscopy. Here, the dark green color is Similar folding of two NS:Ni planes at the thiolate sulfur atoms
tentatively assigned to the speciesiliz]3*, which is thermally has been observed for a series of dinickel complexes of
unstable. In accord with these chemical transformations are Macrocyclic imine-thiophenolate ligands, however, with a less
the CV experiments presented below, which clearly indicate distinct curvaturé3 Accordingly, a shorter Ni-Ni separation

that reactions 1a and 1b are one-electron-transfer processes. 0f 2.973(1) Alis seenid. The average NiS and Ni-N bond
lengths of 2.182 and 1.936 A, respectively, closely compare

T T N b with those reported for Nicomplexes containing planar Ni-
[LaNial ™ 7ol = [LaNil™ | (1a) (N2$,)?8 and NiNs(uo-SRY!1P structures. Compared to other
planar NS;Ni amine—thiolate complexes, there are no unusual
structural features, other than a less rigid ligand topology and
sterically less encumbered ligands, that would favor binding of
further substrates if.

Structure of 3-CH3OH. The X-ray crystal structure deter-
mination of 3:CH3;OH revealed the structure to consist of
discrete, dinuclear [NL3]?" complex cations in which twac-
N3SsNi units are joined by the thiolate sulfur atoms. The
dication possesses idealizBg, symmetry. Hence the dication
exists as the meso isomeh,A)-[NioL3]2" in the solid state.
Figure 2 displays perspective views (perpendicular and parallel
to the pseud@; axis) of the dication ir8, coordination spheres
are depicted in Figure 3, and selected bond lengths and angles
are summarized in Tables 2 and 3.

The Ni—N and Ni—S bond lengths are in the range 2.027-
(8)—2.115(3) A (mean 2.089 A) and 2.2975{9).4486(12) A
(mean 2.380 A). Itis noted that deviations in-NN and Ni-S
'bond lengths appear to be larger at Ni(2). Thus, deviation in
Ni—N bond lengths at Ni(1) is at 0.048 A, whereas at Ni(2) a
value of 0.088 A is observed. Similarly, deviation in Ni1$

[LNi) %" 4 Yol — [LNi ¥ + 17 (1b)

Crystal Structure Determinations. Structure of 1-CH3CN-
CH3OH. The X-ray crystal structure determination bfCHs-
CN-CH30H revealed the structure to consist of well-separated
molecules of the dinickel complex and two tetraphenylborate
anions. The two molecules of solvent of crystallization form
hydrogen bonds with nitrogen atoms (N(1), N(3)) of the dication
(N(1)—H(1B)---O(1) 2.911 A, N(3}-H(3A):::N(5) 3.353 A),
but feature no bonding interactions with the nickel ions.
Perspective views of the dication @&fare shown in Figure 1;
coordination spheres are depicted in Figure 3. Within the
dinuclear [NpL]?" cation each nickel ion forms one four-
membered and two six-membered chelate rings. The two
approximately planacis-N,S;Ni coordination units are joined
by the thiolate sulfur atoms. Maximum deviations from the
least-squares planes defined by the atoms Ni(1), S(1), S(2), N(1)
N(3) and Ni(2), S(1), S(2), N(2), N(4) are 0.08 and 0.02 A,
respectively. The structures of the two tetraphenylborate anions
and solvent molecules are unexceptional and are not further

ConSIder.ed'. . . (28) (a) Mill, D. K.; Reibenspies, J. H.; Darensbourg, M.Iorg. Chem.
The dication possesses idealiz€g, symmetry and has a 199Q 29, 4364-6. (b) Yamamura, T.; Tadokoro, M.; Tanaka, K.;
bowl-shaped molecular structure that is best described by angles  Kuroda, R.Bull. Chem. Soc. JprL993 66, 1984-90.
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Table 3. Selected Bond Angles (deg) for
[L2NI2][BPh4]2‘CH3CN'CH30H (1) and [L3NI2][BPh4]2‘CH30H (3)

1

S(1)-Ni(1)—N(1) 95.1(1) S(13Ni(2)—N(2) 95.8(1)
S(1)-Ni(1)—S(2) 80.62(4) S(IyNi(2)—S(2) 80.65(4)
S(1-Ni(1)—N(@3)  173.8(1) S(1yrNi(2)—N(4) 175.1(1)
S(2-Ni(1)-N(1)  174.6(1)  S(2rNi(2-N(4)  94.7(1)
S(2-Ni(1)—N(@3) 95.5(1) S(2rNi(2)—-N(2) 176.3(1)
N(1)-Ni(1)-N(3)  89.0(1)  N(4rNi(2—-N(2)  88.8(1)
3
N(1)—Ni(1)—-N(3)  92.46(11) N(2rNi(2)—N(4)  90.53(10)
N(1)—Ni(1)—N(5)  91.35(10) N(2yNi(2)—N(6) 91.21(11)
N(3)—Ni(1)—N(5)  88.60(10) N(4}Ni(2)—N(6)  89.40(11)
S(1-Ni(1)—S(2) 80.66(3)  S(IyNi(2)—S(2) 82.25(4)
S(1)-Ni(1)—S(3) 85.54(3)  S(IyNi(2)—S(3) 86.11(3)
S(2-Ni(1)—S(3) 80.95(3)  S(ZNi(2)—S(3) 82.44(3)
N(1)—Ni(1)—S(1) 93.40(7)  N(2rNi(2)—S(1) 92.97(8)
N(1)—-Ni(1)-S(2) 172.34(7) N(@INi(2)—S(2) 174.14(8)
N(1)—Ni(1)—S(3) 93.83(8)  N(2rNi(2)—S(3) 93.90(8)
N(3)-Ni(1)-S(1)  92.77(7)  N(4FNi(2)—-S(1)  92.74(8)
Figure 3 Coordlr_latlon units in the _centralle(ﬂz-SR)gNlNz (top_) Hgg_“:&g_ggg 1%?3((;)) N((g“:gg_ggg 13?5’)912((%
and N;Nl(,uz-SR)gNlNg_ cores (bottom) il and_3, respectively, showing N(5)—Ni(1)—S(1) 174.99(7) N(6}Ni(2)—S(1)  175.29(7)
50% thermal ellipsoids and atom-numbering schemes. Bond lengths N(5)—Ni(1)—S(2) 94.47(7) N(6}Ni(2)—S(2) 93.45(8)
and angles are collected in Tables 2 and 3. N(5)—Ni(1)—S(3) 92.56(7) N(6}Ni(2)—S(3) 91.44(8)

Table 2. Selected Bond Lengths (A) for

[L 2Niz][BPhs]2»CHsCN-CH:OH (1) and [LsNi2][BPhy]2CH:OH (3) Likewise, the mean NS bond lengths i3 fall in the middle

of the range of Ni—S and Ni'—S bond lengths in six-

1 . , -
Ni(1)—S(1 2.189(1 Ni(2)-S(1 2187(1 coordinate NM-,S;Ni complexes. In cis[Ni(bpy)2(SPh}]-
Niglg—sgzg 2-1838 Nigzisgzg 2-1828 2D,0%! and [Ni(pdtc}]~ (pdtcH, = pyridine-2,6-bis(thiocar-
Ni(1)—N(1) 1.930(3) Ni(2)-N(2) 1.936(3) boxylic acid))3? for example, the mean Ni-S and N¥'—S bond
Ni(1)—N(3) 1.939(3) Ni(2)-N(4) 1.939(3) lengths are at 2.44 and 2.28 A, respectively.
S(1)-C(11) 1.779(4) S(2yC(21) 1.774(4) The question arises whether the one-electron oxidatich of
Ni(1)-+-Ni(2) 2.973(1) S(1)-S(2) 2.828(1) may be assigned metal- or ligand-centered or whether the

3 unpaired electron is delocalized over thgNli;]>™ cation. The
Ni(1)—N(1) 2.072(3) Ni(2)-N(2) 2.027(3) decrease in NiS and Ni-N bonds in3 relative to those in
N:EB:N% %éég% “:g;’mégg gﬂg% other six-coordinate N.SNi'" complexes is the effect expected
Ni(1)—S(1) 2'.3773(9) Ni(2)-S(1) 2'.3632(10) as a consequence of metal-centered oxidgtion. Furth_ermore,
Ni(1)-S(2) 2.3593(9) Ni(2)-S(2) 2.2975(9) the individual bond lengths and angles within the three ligands
Ni(1)—S(3) 2.4486(12) Ni(2rS(3) 2.4370(9) of 3 (average €C, C—N, and C-S bond lengths of 1.394,
S(1)-C(101) 1.764(3) C(201N(3) 1.480(4) 1.486, and 1.765 A, respectively) show no unusual features and
S(2y-C(201)  1.757(3) C(209)N(4)  1.480(4) are almost identical to the respective values fount {f.387,
S(3)-C(301) L775(3) CBOANEG) 1.481(4) 1.489, and 1.777 A, respectively). This rules out the possibility
C(107)}-N(1) 1.493(4) C(309}N(6) 1.486(4) that one of the three ligands is coordinated as a thiyl raéféal.
ﬁf(ll(;g)—l\hl((zz)) ?l"ggig')) S(13-S(3) 3.278(1) Such species are expected to exhibit different bond lengths
S(1y-S(2) 3.066(1) S(2)-S(3) 3.122(1) within the ligand framework similarly to transition-metal

phenolato/phenoxyl radical complex®s.A metal-centered

bond lengths (0.089 A) is smaller than at Ni(2) (0.140 A). The oxidation of2 is also supported by infrared spectroscopy.
longest Ni-N bonds (Ni(1}-N(3), Ni(2)—N(4)) are observed The distortions fr_om_ |qleaD3h symmetry (dl_ffen_ant metric
trans to the longest NiS bonds (Ni(1}-S(3), Ni(2)-S(3)). parameters of.the |nd|V|QUdBc-N3$a,N| coordlnaltlon units)
These longer bonds may be the result of a Jefeiler distortion ~ Suggest that this complex is a trapped-valence complex
(vide infra). In contrast to the deviations in the bond lengths, "ather than being delocalizé8l. Such a species would be
the respective bond angles at Ni(1) and Ni(2) are all very similar €XPected to have structurally identical nickel sites.
(average N-Ni—N, S—Ni—S, cisS—Ni—N, and transS—
Ni—N angles of 90.§ 83.C°, 93.1°, and 174.3, respectively).
The longer Ni-N and Ni~S bond lengths i3 are comparable

(30) Wieghardt, K.; Walz, W.; Nuber, B.; Weiss, J.; Ozarowski, A.;
Stratemeier, H.; Reinen, Dnorg. Chem.1986 25, 1650-4.

(31) Osakada, K.; Yamamoto, T.; Yamamoto, A.; Takenaka, A.; Sasada,
Y. Acta Crystallogr.1984 C40, 85-7.

with those in six-coordinate §N,S:Ni"" complexes, while the
shorter Ni-N and Ni—S bond lengths are close to those in six-
coordinate N-,S\Ni'"" complexes. For example, the longest
Ni—N bonds in3 are nearly equal to the average-"N bond
length of 2.10 A reported for thegNi" compound [Nilg](NO3)-
Cl-H,0 (L = 1,4,7-triazacyclononanéj. The shortest Ni-N
bond in3, on the other hand, comes close to the mean value of
1.971 A of the four equatorial NiNgq bonds in the MNi'"
complex [NilLy](S206)3: 7H20 (L = 1,4,7-triazacyclononanéy.

(29) Zompa, L. J.; Margulis, T. Nnorg. Chim. Actal97§ 28, L157—9.

(32) Kriger, H.-J.; Holm, R. HJ. Am. Chem. S0d.99Q 112 2955-63.
(33) (a) Rundel, WZ. Naturforsch.196Q 15b 546-7. (b) Rundel, W.

Chem. Ber1969 102, 1649-55.

(34) (a) Treichel, P. M.; Rosenhein, L. D. Am. Chem. Sod.981, 103
691-2. (b) Treichel, P. M.; Rosenhein, L. D.; Schmidt, M.I8org.
Chem.1983 22, 3960-5.

(35) Sokolowski, A.; Bothe, E.; Bill, E.; Weyerttiar, T.; Wieghardt, K.
J. Chem. Soc., Chem. Commua9896 1671-2.

(36) Itis unlikely that the distortions from ideBlk, symmetry result from

steric requirements of the thiolate ligand. The corresponding cobalt

complex [LsCd" ;]3*, for example, contains structurally identical'Co
sites. Kersting, B.; Volkmer, D. Unpublished results.
(37) Creutz, CProg. Inorg. Chem1985 33, 1-73.
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Chart 1 Table 4. Infrared Spectrali{ (cm™1)), UV/Vis Spectral fmax (nM),

€ (M1 cm1), and Electrochemical Dat&((V)) for 1-3

R 1 i 2 3
Infrared Data
vadNH2) 3250 s 3302 s 3320s 3306 s, 3293 m,
3270 w
=N_ RN v(NH;) 3193s 3241 s 3221s 3245w, 3230 s
= 'N\i\s—Ni‘Cl UV/Vis Daté
=N ¥s"/@ 312(8482) 309 (8041) 324 (13533) 311 (14 350)
R o 366 (6549) 366 (5862) 397 (2763) 391 (7144)
/RN 502 (1186) 503 (1049) 593 (177) 473 (6753)
) . 922 (113) 580 (4022)
RS~Ni;mS"Ni—SR
N R i 1024 (103)
R " Electrochemical Data
! Elp +0.89 (irr)  +0.46 +0.46
. . . . 2, — —
Comparison with Other Structures. Compound3 is unique Eal’z 0.88 +8'gg’ 0.02 0.02
e . . . 1/2 —VU. —VU.
because it is a crystallographically characterized mixed-valent Eun —1.53 (i) —1.49 (irr)

nickel(ll,111) compound featuring a face-sharing bioctahedral
[N3Ni(u2-SR):NINg] core. The structure of [N P(0-GH4S)s} 2]~
represents the only other example for a dinuclear mixed-valent Concentrations:1, 1.3 x 10 M in CHsCN: L', 2.5 x 104 M in
Ni"Ni'" thiolate complex (structurein Chart 1) A central CH:OH: 2 and3, 2.7 x 10 M in DMF. ¢ Data recorded foi. and1’
Ni(u2-SRENi structure occurs in the face-sharing bitetrahedral in acetonitrile solution and and3 in DMF solution. All potentials are
complex [(RS)Nif2-SR:NIi(SR)]™ (structurei, R = 2,4,5-Pg'- referenced to the SCEE*, = (E®, + E™4)/2 for reversible one-
CgH2)17 and in the complex [LNi,CI] (L = 1,4,7-tris(4tert- electron-transfer processes; oxidati&f) or reduction peak potentials
butyl-2-mercaptobenzyl)-1,4,7-triazacyclononane), where adja- (E*%) are given for irreversible (irr) processes.
cent octahedrafac-N3;SgNi and tetrahedral sNiCl sites are
joined at the thiolate sulfur atoms of the hexadentate ligand
(structureiii, R = tert-butyl).l> Other mixed-valent nickel
thiolate compounds are polynuclear speties have not been
structurally characterizet. In general, metatmetal distances
within bioctahedral complexes containing thedyd§SR):M core
cover a wide rang@/ including examples in which the triple
bridge is supported by a metaietal bond®® In the compound
examined here, the NiNi separation is at 3.064(1) A which
matches quite well with the FeFe distance of 3.062(4) A found
in [(CO)sFeu-SCHs)sFe(CO)] .41 However, the rather long
Ni---Ni separation and wide NiS—Ni angles (mean 80.2p
preclude any attraction between the mefals.

Spectroscopic Properties of £3. Infrared Spectroscopy. 0
Since the position of the symmetric and asymmetric stretching
vibrations of coordinated primary amine functions may sense ) ] ) )
variations in metal coordination number and oxidation states, Figure 4. UV/vis spectra ofl (in CH;CN), 2 (in DMF), and3 (in
compoundd —3 were examined by infrared spectroscdpyhe DMF) at 295 K. Concentrations are given in Table 4.
observed frequencies and their assignments are listed in Tabl&rom 2 to 3 causes a decrease in the frequencies of th¢iN
4. Complexed, 1', and2 all exhibit two strong absorptionsin  stretching vibrations. This further supports the metal-centered
the 3356-3200 cni! region. These were assigneditgNH,) nature of the oxidation of [{Ni,]* and the ground state of §t
andvadNHy) stretching vibrations of the GilH, groups. As Niz]2*, since the decrease in NN bond lengths upon passing
is expected, thevs(NHz) and vadNHy) vibrations in 2 are from Ni"—NH, to Ni""—NH, is expected to give a more
observed at higher frequencies than thoselinHere, the polarized Ni'"N—H bond, causing a weakening of the—M
different N—H stretching frequencies are a result of different honds. The increase in the number of N stretching vibrations
coordination numbers (the higher the coordination number, the is expected for a mixed-valent NI species containing Ni-
longer the M—-NH; bond, and the stronger the-NH bond). NH, and Ni'"—NH, bonds.
Relative tol, the higher wavenumbers in suggest coordination UV/Vis Spectroscopy. The complexes are readily identified
of the CIQ,~ counteranions in the solid state. Finally, passage by their UV/vis absorption spectra (Figure 4). UV/vis absorp-
tion spectra are displayed in Figure 4, and spectral data are
collected in Table 4. All complexes exhibit two strong features

aInfrared spectra were recorded as KBr pellets=(strong, m=
medium, w = weak).? UV/vis spectra were recorded at 295 K.
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(38) Franaolic, J. D.; Wang, W. Y.; Millar, MJ. Am. Chem. Sod.992
114, 6587-8.

(39) Kriger, T.; Krebs, B.; Henkel, GAngew. Chem1992 104, 71-2;
Angew. Chem., Int. Ed. Engl992 31, 54—6.

(40) Boorman, P. M.; Patel, V. D.; Ann Kerr, K.; Codding, P. W.; Van
Roey, P.Inorg. Chem.198Q 19, 3508-11.

(41) Schultz, A. J.; Eisenberg, forg. Chem.1973 12, 518-25.

(42) For metat-metal bonding irDs, symmetric Mf>-SRsM cores, the
M—S—M angles are expected to be more acute than the 7@us@e
required for an ideal bioctahedron: Cotton, F. A.; Ucko, Dlrfarg.
Chim. Actal972 6, 161-72.

(43) Nakamoto, Kinfrared and Raman Spectra of Inorganic and Coor-
dination CompoundsWiley: New York, 1978.

around 312 and 366 nni,(1) or 391 nm @, 3), which are
assigned tor—s* transitions of the ligand. The spectra bf
and 3 are dominated by RSNi charge-transfer bands in the
400-800 nm region. The absorption band at 502 nm in the
spectra of [2NiZ][X]2 (X = BPh~ (1), X = CIO4~ (1)) is
typical for complexes containing planar Ni$ units!12 In
contrast, DMF solutions a2 absorb only weakly in the 460
1200 nm region. As is shown in Figure 4, a six-coordinate
structure in solution is supported by features at 1024 and 922
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Figure 5. UV/vis spectra of [kNi2]?" (3) in DMF solution and of the

transient green species3ili;]3*, prepared by addition of 0.5 equiv of

I, to a solution of3 in DMF at 295 K. Spectra for [{Niy]>" were

500 600 900

recorded immediately after sample preparation. The arrow indicates

the evolution of spectra recorded for the transiegiljk]3" cation within
3 min intervals at 295 K. A similar evolution of UV/vis spectra is
observed for electrochemically generatedNL]3".

nm which correspond te, (3A2q — Tag, splitting due to lower
symmetry). Thev, band 8Ayq — 3Tyg appears at 593 nm.

Similar absorption spectra have been observed for other six-

coordinate Ni(ll) complexes with 36; or N,S; donor ligandg>-232
The absorption spectrum d8 in DMF solution is again

Kersting and Siebert

600 400 200 O
E(mV) vs. SCE
Figure 6. Cyclic voltammogram o8 in DMF at 295 K. Experimental

conditions: B] ca. 1 x 1072 M, Pt-disk working electrode, Ag wire
reference electrode, 0.1 M [BiN][PFe], scan rate= 200 m\V+s™2.

1000 800 -200 -400 -600

extreme (class llla mixed-valence species featuring strong
metal-metal interactions) the properties of the component
species are replaced by those of a new delocalized species.
Between these two extremes lies a wide range of intermediate
cases with many gradations of metahetal interactions (class

II). However, due to the intense ligand-to-metal charge-transfer
transitions in the UV/vis spectrum & which would obscure
any of the rather weak-ed transitions of a distinct localized
N3S:Ni'" ion, UV/vis spectroscopy is not suited to position
compound3 in this scale. Furthermore, an intervalence transfer
(IT) band generally present in the near-IR region of the

dominated by intense features at 473 and 580 nm which areglectronic absorption spectrum of a mixed-valence complex
assigned to ligand-to-metal charge-transfer transitions. The coyld not be observed fd@ in the region 10061600 nm??

spectra taken foB in CD3CN or CH;OH solution are very

We note that the isostructuraP-€d® mixed-valence FeFé!

similar and reveal that the positions of the two absorption bands gpecies [LFes]2* exhibits a broad absorption band Jata =

are essentially independent of the choice of sol¢¥&nthe latter

of these two absorptions is similar in energy as well as in
intensity to the LMCT absorption in the six-coordinate''Ni
compound [Ni(pdtg)] ~, which has a (g)! ground staté2 When

a solution of3 in DMF is treated with another 0.5 equiv of
oxidant (b or Bry), this feature is shifted to the more intense

band at 614 nm ascribed to the LMCT absorption of the transient

species [kNiy]3" (Figure 5)#> Besides the intense absorption

at 614 nm, the electronic absorption spectrum of this transient

species reveals no further characteristic features.

Due to the absence of ligand-to-metal charge-transfer transi-

tions in the UV/is spectrum of2, the d-d transitions
characteristic for octahedrally coordinated'Nons could be

observed. The intensities of these features are approximatelya

twice as high as those in a related mononuclea&Ni'"
complex!> Thus the spectrum o2 may be considered as a
simple superposition of the spectra of two mononucleg®N
Ni" complexes. Itis noted that strong metatetal interactions

in a dinuclear transition-metal complex may lead to drastic
spectral changes of the individual ions.

One could similarly expect a superposition of the spectra of
individual NsS:Ni'" and NsSeNi'"' ions for the spectrum of the
mixed-valent specie3. Such a situation with distinct localized
Ni'" and Ni" sites would correspond to class | in Robin and
Day’s classification of mixed-valence specfésin the other

(44) UVNvis of 3in CH3CN: [3] = 3.0 x 104 M, Amax = 480 nm ¢ =
5681 Mt cm™), 572 (3898). UV/vis of3 in CH3OH: [3] = 3.0 x
1074 M, Amax = 477 nm € = 7044 Mt cm™1), 571 (4418).

(45) The intensity of the feature at 614 nm as determas@@-—30 s after
sample preparation is characterized byecaralue of 6959 M1 cm=t
(i.e., 1.7 times the value found for the 580 nm LMCT band)n

1414 nm € ~ 1200 M! cm™) assigned to an intervalence
transition??

Electrochemistry. The redox chemistry of complex@sand
3 has been examined electrochemically. In the following, all
redox potentials are referenced versus SCE. Table 4 summarizes
the measured potentials (preliminary electrochemical dafa of
andl' have been included for comparative purposes).

Figure 6 displays the cyclic voltammogram 8fin DMF
solution containing 0.10 M [BuN][PFg]; that of 2 using the
same experimental conditions is identical within experimental
error. The CV reveals a reduction waveRt, = —0.02 V vs
SCE and an oxidation wave &, = +0.46 V both closely
pproaching the characteristics of reversible charge-transfer
processes. At all scan rates (F&D0 mV-s™1), the ratioipd
ipa”™ 1, ip/v¥2is independent of scan rate, an&', = 84 mV
andAE?%, = 73 mV (at 100 mVsY) increase slightly with scan
rate. Controlled-potential coulometry 8t an applied potential
of —0.3 V vs SCE in DMF solution consumed= 0.98 +
0.01 e/complex (mean value of 3 determinations) and produced
pale green solutions, whose UV/vis spectra are identical to that
of 2. Reoxidation at+0.2 V vs SCE caused transfer of 95%
of the charge passed in reduction. The characteristics of the
reduction of3 are essentially the same as those of the oxidation
of 2. Thus, the respective one-electron-transfer processes are
assigned to reduction (eq 2) and oxidation ®f(eq 3),
respectivelyt®

(46) Robin, M. B.; Day, PAdv. Inorg. Chem. Radiochert967, 10, 247—
422.

(47) (a) Allen, G. C.; Hush, N. Srog. Inorg. Chem1967, 8, 357—-89.
(b) Hush, N.Prog. Inorg. Chem1967, 8, 391-444.
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[LaNi)*" +e = [LNij]" E'y,
[LoNiL,*" 4+ & = [L,Ni,)*" E?)),

However, controlled-potential coulometry 8fat + 0.6 V
vs SCE is not as well-behaved. During electrolysis, the color
of the solution changes from brown to dark green. White
0.89+ 0.02 e/complex was passed on oxidation, the reduction
at +0.2 V vs SCE caused transfer of only 44% of the charge
consumed in oxidation, indicatirg50% decomposition of the
oxidized species over the 30 min period of the experiment. The
UV/vis spectra of the dark green solutions exhibit a transient
absorption band &tnax= 614 nm (Figure 5). From the decrease
in em we estimatery, ~ 15 min (at 295 K) for the oxidized
species. Thus, the one-electron oxidatiorBpfvhile electro-
chemically reversible, is chemically irreversible.

The oxidation of2 occurs at a relatively low potential, a
situation that is consistent with the observation that thiolates
are powerful in stabilizing Ni in the trivalent stat&° Remark-
ably, the redox potential for th&/2 couple is quite low for a
complex that has a positive charge. The majority of the
complexes that exhibit potentials at or just el V vs SCE
are anions. The complex [Ni(pdgJ-, for example, is oxidized
at a potential of-0.085 V32

We shall also consider preliminary electrochemical data for
complexesl and 1' that highlight the changes that occur in
potentials in going from four-coordinate N, to six-
coordinate NiNS; complexes. Figure 7 displays the cyclic
voltammograms ofl and 1' in acetonitrile and methylene
chloride solution.

In the potential range-1.2 V to—1.7 V vs SCE, acetonitrile
solutions of1' display a reversible reduction wave &, =
—0.86 V (AE3, = 79 mV), a quasi-reversible oxidation wave
atE?, = +0.44 V (AE%, = 79 mV), and irreversible oxidation
and reduction waves &, = +0.89 V andE*, = —1.49 V,
respectively. The cyclic voltammogram af(in the cathodic
potential region) is similar to that df. For now, we note that
the reductions ofl and1’ (at E3;,5) occur at potentials that are
quite comparable to NiNi' reduction potentials of Nib{u,-
SR), complexes. For example, the trimetallic compound [(Ni-
L)-Ni]Cl, (L = 1,5-bis(mercaptoethyl)-1,5-diazacyclooct&he)
undergoes a one-electron reductior-8t77 V vs SCE ascribed
to the formation of Ni52 Similarly, the oxidations ofl. and1’

(at E2152) occur at potentials that are close to th&,, value
found for 3.
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Figure 7. (a) Cyclic voltammogram ofl’ in CH;CN at 295 K. (b)
Cyclic voltammogram ofl in CHs;CN (i) and CHCI, (ii) at 295 K.
Experimental conditions: 1[], [1] ca. 1 x 1072 M, Pt-disk working
electrode, Ag wire reference electrode, 0.1 M TBNj[PF¢], scan rate
= 200 mVv-s™%.

coordinate NiNS; in 1 to six-coordinate NiNSz coordination
units in 3 results in a further stabilization of the 'Nistate by
~—0.46 V. Also pertinent to these results are the electrochemi-
cal properties of the recently reported dithiolate-bridged dinickel-
(1) complexes [NjL]?" (L represents the Z 2 condensation
product of 2,6-diformyl-4-methylthiophenol and 1,3-ethylene-
diamine). The complexes have been reported to undergo two
reversible reductions &;, = —1.18 V and—0.70 V vs SCE,

one reversible oxidation &;, = +0.95 V, and one quasi-
reversible oxidation aE;; = +1.36 V13&f The more positive
oxidation potentials in these latter species indicate a destabiliza-
tion of the NI' state, while the more positive reduction potentials
indicate an easier access to thédtate. This is consistent with

Under the assumption that these processes correspond tdhe observation that imine type ligands, due to theacceptor

metal-centered reduction and oxidation, the passage from four-

(48) Kcomis calculated to be 1.4 10°, showing negligible disproportion-
ation of 3. Keom = expOF(AE/RT), whereAE = |Ely; — E?y|. The
CV data are indicative of some degree of metaletal interaction. If

the metal ions behave as independent and identical atoms, the B .
separation in potentials and comproportionation constant will have are characteristic for a system with sgfiv=

the statistical values d&; — E; = (2RT/F)In 2 = 36 mV (298 K) and
Keom = 4 (298 K).

(49) (a) Kriger, H.-J.; Holm, R. Hlnorg. Chem.1987, 26, 3645-7. (b)
Kriger, H.-J.; Peng, G.; Holm, R. Hnorg. Chem.1991, 30, 734—

42.

(50) Fox, S.; Wang, Y; Silver, A.; Millar, MJ. Am. Chem. Sod99Q
112 3218-20.

(51) Musie, G.; Farmer, P. J.; Tuntulani, T.; Reibenspies, J. H.; Darens-
bourg, M. Y.Inorg. Chem.1996 35, 2176-83.

(52) Cyclic voltammetry ofl in CH,Cl, solution leads to complete loss of
the anodic current for the couple Bfy,. This is probably due to
reduction of the solvent. Similar effects have been observed for
solutions containing electrochemically generated mononuclear Ni
species and alkyl halides: Efros, L. L.; Thorp, H. H.; Brudwig, G.
W.; Crabtree, R. HIlnorg. Chem.1992 31, 1722-4.

properties, may stabilize metals in low formal oxidation states.
EPR Spectroscopy. The mixed-valent nature & has been
further confirmed by preliminary EPR measurements. The EPR
spectrum of a powdered sample3dt 77 K is shown in Figure
8. Thegvaluesg, = 2.09 andy; = 4.0 taken from the spectrum
3/, in a nearly
axial environment with a high zero-field splitting (compared to
thehv energy of the microwave). In this cage~ 2, g0~ 2(S
+ 1,) = 4 for S= 3,52 EPR investigations on single crystals
confirm this result. It should be noted that at temperatures
slightly above 80 K the low-field signal &~ 4 disappears in
favor of a signal near g 2, indicating another coupling scheme.
It is unlikely that theS = 3/, ground state o8 results from
uncoupled high-spin Ni (S = 3/,) and low-spin Ni (S= 0)

(53) Pake, G. E.; Estle, T. LThe Physical Principles of Electron
Paramagnetic Resonanc2nd ed.; W. A. Benjamin Publ.: London,
1973; p 127.
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It is interesting to note that an intramolecular ferromagnetic
exchange interaction is also observed in the linear trinuclear
complex Ni(acacy.>®> This complex features a centrakl-
(u2-O)3Ni(u2-O3)NiO3 core in which adjacent Ni@polyhedra
are arranged in a face-sharing fashion similar to th& and
3. We anticipate a more detailed study of the electronic spin
systems of2 and 3 by magnetic susceptibility measurements
and®INi MGssbauer spectroscopy.

N Summary. The main findings of the present work are
summarized as follows. (1) The ability of the coordinatively
unsaturated compleg to bind exogenous ligands has been

Figure 8. EPR powder spectrum (9 GHz) of {Niz|[BPhs].-MeOH demonstrated by the synthesis and characterization of the four-
(3) at 77 K. Appareng values are indicated. and six-coordinate nickel thiolate complexeand3. (2) The
. o . . ) ) mixed-valent compoun@ features a unique, bioctahedra-N
fons. A situation in which a low-spin Ni (S = ;) is Ni(u2-SR):NiN3 core, as well as a robustNi thiolate system.

ferromagnetically coupled to Ni(S = 1) seems to be more 3y complex3 in the solid state is a trapped-valence compound
likely. This follows from the UV/vis data o, which indicate that is characterized by &= 3, spin state beloww80 K. (4)

S= 1 for octahedral Ni in 2 or 3. The Ni' ions in 3 are Passage from four-coordinate NiBj to six-coordinate NiNS;
considered to be low-spin since a mononucledf Momplex  complexes results in easing the accessibility of thé Miate.
containing a NS, donor set has been reported to be low-spin, cyrrent efforts in these laboratories focus on the preparation
and even in cases of rather weak ligands such as the fluorideang characterization of dinuclear complexes of compositin [N

ion in K3NiFs are the Ni' ions low-spin configurate#t Ni(u2-SR(u2-S)NiN]™ (i.e., one ligand HL is replaced by
Unfortunately, a hyperfine coupling to nitrogen atorf\{j of ).

the ligand, which could have helped characterize the spin
coupling present, could not be observed in the EPR powder
and single-crystal spectra. EPR spectra of frozen DMF solutions
also do not reveal hyperfine coupling. Nitrogen hyperfine

coupling has been observed in an octahedrs$Ni"' com-
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plex2 however, other complexes containing nitrogen atoms ]'Eomﬁt?r and z?lre ;nde?;ed)(to D'%l' tChem. I. Jolk and Blistu
bound to Ni' have been reported to exhibit unresolved EPR 'O N€IP 1N collecting the X-ray data.

signals. In this case, the presence of hyperfine coupling was Supporting Information Available: X-ray crystallographic files
suggested by a rather broad EPR sigfalThe broad EPR for 1 and3, in CIF format, are available on the Internet only. Access
signals of the compound examined here can probably also beinformation is given on any current masthead page.

attributed to unresolved“N hyperfine interactions of the  |c980131P

electronic spin system with the nitrogen atoms of the ligand.
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