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Nickel(ll) complexes of three new heterodonor ligands (HL!, H,L?, and HsL®) based on 2-aminocyclopent-1-ene-
1-dithiocarboxylate have been synthesized, and their crystallographic characterizations are reported. With the
pentacoordinating ligands HL® and HsL®, the products obtained (1 and 2) are both mononuclear square planar
compounds in which one of the pyrazolyl arms of ligand HL® and the bridgehead alkoxy oxygen of HsL® are staying
away from coordination in 1 and 2, respectively. The saturated three carbon alkanyl chain in the ligand HsL®
provides enough flexibility to generate tetrahedral distortion (dihedral angle, 22.7°) in the planarity of 2. Compound
1 displays paramagnetic line-broadening in its *H NMR spectrum due to oligomerization in solution. With the
unsymmetrical binucleating ligand H,L?, two mixed-spin homodinuclear complexes (3 and 4) have been synthesized
using pyrazole and 2-mercaptopyridine as ancillary «?-bridging ligands. Both these complexes have square planar
low-spin and spin-triplet nickel(ll) centers which display both coordination number and donor set asymmetry in
tandem. The compounds have been characterized by 'H NMR, electronic spectroscopy, and electrochemical studies.

Introduction prompted many studies to synthesize various monband

Biochemistry of nickel is now well documentédThere ~ Pinucleat*** nickel(ll) complexes in sulfur-rich donor

are at least four different enzymes known to date, involving
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; ; ; ; i (6) Kruger, H.-J.; Holm, R. HJ. Am. Chem. S0d99Q 112 2955.
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(8) Zimmer, M.; Schulte, G.; Luo, X.-L.; Crabtree, R. Angew. Chem.,
*To whom correspondence should be addressed. E-mail: icmc@mahendra. Int. Ed. Engl 1991, 30, 193.
iacs.res.in. (9) Marganian, C. A.; Vazir, H.; Baidya, N.; Olmstead, M. M.; Mascharak,
TIndian Association for the Cultivation of Science. P.J. Am Chem. Sod 995 117, 1584.
* Present address: Department of Chemistry, University of Missouri ~ (10) Wilker, J. J.; Gelasco, A.; Pressler, M. A.; Day, R. O.; Maroney, M.
Kansas City, Kansas City, MO 64110. J.J. Am. Chem. Sod 991 113 6342.
§ Present address: Department of Chemistry and Chemical & Environ- (11) Cha, M.; Gatlin, C. L.; Critchlow, S. C.; Kovas, J. korg. Chem
mental Engineering, University of California, Riverside, CA 92521. 1993 32, 5868.
I'Kongju National University. (12) Kumar, M.; Day, R. O.; Colpas, G. J.; Maroney, MJJAm. Chem.
Y Sophia University. Soc 1989 111, 5974.
(1) Bioinorganic Chemistry of NickeLancester, J. R., Jr., Ed.; VCH: (13) Choudhury, S. B.; Pressler, M. A.; Mirza, S. A.; Day, R. O.; Maroney,
New York, 1988. M. J. Inorg. Chem 1994 33, 4831.
(2) Hausinger, R. PBiochemistry of NickelPlenum Press: New York, (14) Lawrance, G. A.; Maeder, M.; Manning, T. M.; O’Leary, M. A.;
1993. Skelton, B. W.; White, A. HJ. Chem. Soc., Dalton Trank99Q 2491.
(3) Volveda, A.; Charon, M.-H.; Piras, C.; Hatchikian, E. C.; Frey, M.; (15) Atkins, A. J.; Blake, A. J.; Schder, M. J. Chem. Soc., Chem.
Fonticella-Camps, J. (Nature 1995 373 580. Commun 1993 1662.
10.1021/ic034314+ CCC: $25.00 © 2003 American Chemical Society Inorganic Chemistry, Vol. 42, No. 22, 2003 7189

Published on Web 10/04/2003



Ghosh et al.
Chart 1

environments in order to successfully model the active site we report the mono- and binuclear nickel(Il) complexes of
structures of nickel biochromophores. Most of these binuclear three new cyclopentene dithiocarboxylate based ligands HL
complexes have symmetrical ligand environments and turnedH,L?, and HL?3 as shown in Chart 1. Of particular interest
out to be poor structural models as they exhibit square planarare the binuclear complexes in which the nickel centers have
nickel ion geometry due to the strong ligand field of the unsymmetrical donor and coordination environments, pro-
thiolate donor environments. *° vided by the ligand L2 Compounds have been character-

For quite some time, we have been working on the jzed by crystal structure analyses and spectroscopic methods.
coordination behavior of 2-aminocyclopent-1-ene-1-dithio- Redox properties of the compounds are studied in detail.
carboxylate-based ligands with diverse transition metal
ions#7?2 The anionic sulfur atoms of these and related Experimental Section
ligands324have ligating behavior like that of thiolate anion
as supported by X-ray crystal structure analysis® Herein, All reactions were carried out under dry nitrogen atmosphere
unless stated otherwise. Methyl 2-aminocyclopent-1-ene-1-dithio-
(16) Brooker, S.; Croucher, P. D.; Davidson, T. C.; Dunbar, G. S.; carboxylate (A),%> methyl 2-(3-(aminopropyl)amino)cyclopent-1-
a7 hFlera(?lgllliEnj.Ab.J;'\/\agr%e,s\?vr.l'\?;' ﬁ“g:ﬁﬁf”&ﬂ’%ﬁzﬁq zslg’éggz ene-1-dithiocarboxylate (A28 1-hydroxymethylpyrazolé’ 1-(hy-

114, 6587. droxymethyl)-3,5-dimethylpyrazok, and [Cu(CHCN),CIO428

(18) Brooker, S.; Croucher, P. @hem. Commurl997 459. were prepared following reported methods. Cyclopentanone (E.

(19) Bhattacharyya, S.; Mukhopadhyay, S.; Samanta, S.; Weakley, T. J. Hiami Aiami.
R.; Chaudhury. Minorg. Chem2002 41, 2433, Merck), 1,2 dlaml.nopropan.e and acetylacetor1e (Fluka), 1,3-diami

(20) Bhattacharyya, S.; Weakley, T. J. R.; Chaudhury,ifrg. Chem. nopropan-2-ol (Sigma), salicylaldehyde (Aldrich), and hydrazene
1999 38, 633. hydrate (SD Chemicals) were distilled before use. Solvents were

(21) Bhattacharyya, S.; Weakley, T. J. R.; Chaudhury,Ifbrg. Chem.
1999 38, 5453.

(22) Bhattacharyya, S.; Kumar, S. B.; Dutta, S. K.; Tiekink, E. R. T.; (25) Bordas, B.; Sohar, P.; Matolcsy, G.; Berencsi).FOrg. Chem1972

Chaudhury, MInorg. Chem.1996 35, 1967. 37, 1727.

(23) Martin, E. M.; Bereman, R. Dnorg. Chim. Actal991, 188 221 and (26) Roy, R.; Mondal, S. K.; Nag, KI. Chem. Soc., Dalton Tran$983
references therein. 1935.

(24) Mondal, S. K.; Paul, P.; Roy, R.; Nag, Kransition Met. Cheml984 (27) Driessen, W. LRecl. Trar. Chim. Pays-Bad4982 101, 441.
9, 247 and references therein. (28) Hemmerich, P.; Sigwart, &xperiential963 19, 488.
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reagent grade, dried from appropriate reagéhasd distilled under
nitrogen prior to their use. All other chemicals were commercially
available and used as received.

Syntheses. Ligands. Methyl 2-(2-Bis(pyrazolyl-1-yl-methyl)-
amino)cyclopent-1-ene-1-dithiocarboxylate (HE). This com-
pound was prepared following a published procedérgo a
solution of A, (1.5 g, 6.5 mmol) in 1,2-dichloroethane (50 mL)
taken in a 100 mL round-bottomed flask was added 1-hydroxy-
methylpyrazole (1.27 g, 13 mmol) as a solid. The mixture was

stirred at room temperature for ca. 24 h, and the solvent was

cyclopentene ring); 2.69 (m, 2H, Gidyclopentene ring); 2.55 (s,
3H, SCHy); 2.21-2.15 (m, 12H, CH/pz rings); 1.86 (m, 2H, Chl
cyclopentene rings}3C NMR (75 MHz, CD,Cl,, 25 °C), 6/ppm:
197.2 (1C, C-1); 169.8 (1C, C-4) 148.2 (2C, C-13, 15); 140.1 (2C,
C-19, 21); 118.5 (1C, C-3); 105.8 (2C, C-14, 20); 69.1 (1C, C-9);
65.6 (2C, C-11,17); 56.6 (1C, C-7); 49.1 (1C, C-5); 34.0 and 33.3
(2C, C-8, 10); 20.9 (1C, C-6), 16.6 (1C, C-2); 12.2 and 11.1 (4C,
C-12, 16, 18, 22). UV-vis (CHsCN), Ama/nM (emaymol=t cnd):
396 (20500); 311 (8700); 215 (sh, 14700).

Methyl 2-(#-Salicylaldimino-2-hydroxypropyl)cyclopent-1-

removed under reduced pressure to afford a dense yellow oil which ene-1-dithiocarboxylate (HL3). To a hot ethanolic solution (10

on trituration yielded a solid lump. The product was recrystallized
from petroleum ether (6080 °C) to give needle shaped golden
yellow crystals. Yield: 2.1 g (83%);. Mp: 108C. Anal. Calcd
for C1gH26NgS,: C, 55.38; H, 6.67; N, 21.54. Found: C, 55.64; H,
6.53; N, 21.96%. IR (KBr pellet), cnt: »(N—H---S), 2890, 2960
m; »(C—C + C—N)/pyrazole ring, 1590 vsy(C—N) + »(C—C),
1470 s. UV-vis (CHsCN), Ama/nNM (emaymol= cn?): 395 (22500);
311 (9800); 213 (17600}H NMR (300 MHz, CDC}, 25 °C),
olppm: 12.37 (s, 1H, NH-S); 6.3 (t,J = 2 Hz, 2H, pz rings); 7.5
(d, J = 2 Hz, 2H, pz rings); 7.6 (d, 2H, pz rings); 5.17 (s, 4H,
CHy); 3.1 (m, 2H, CH); 3.42 (m, 1H, CH); 2.8 (m, 2H,
CH./cyclopentene rings); 2.6 (s, 3H, S@H2.53 (m, 2H, CH/
cyclopentene ring); 1.84 (m, 2H, Gkyclopentene ring); 0.94 (d,
3H,J = 6.78 Hz, CH).

Methyl 2-Amino(f-amino-2-hydroxypropylamino)cyclopent-
1-ene-1-dithiocarboxylate (A). To a methanolic solution (15 mL)
of methyl 2-aminocyclopent-1-ene-1-dithiocarboxylatg)(@.5 g,

mL) of A3 (0.5 g, 2.03 mmol) was added an egimolar amount of
salicylaldehyde (0.25 g), dissolved in ethanol (10 mL). The mixture
was refluxed for ca. 10 min and allowed to cool slowly in the air.
Yellow crystalline product obtained at this stage was recrystallized
from ethanol. Yield: 0.59 g (83%). Mp: 14%C. Anal. Calcd for
Cl7H22N2$202: C, 58.28; H, 6.28; N, 8.0. Found: C, 58.11; H,
5.93; N, 7.78%. IR (KBr disk), cmt: »(C=N), 1658 m;»(C—C)/
phenyl ring, 1586 sy(NH---S), 2919 my(C—N + C—C), 1469 s.
H NMR (300 MHz, CDC}, 25°C), 6/ppm: 12.48 (b, 1H, NH
-S); 8.43 (s, 1H, azomethyne); 6:88.36 (pair of m, 4H, phenyl
ring protons); 4.16 (quintet, 1H, = 5.7 Hz, CH); 3.873.49 (m,
5H, CH, + OH); 2.83 and 2.72 (2t, 4H) = 7.5 Hz, CH/
cyclopentene ring); 2.6 (s, 3H, SG}11.88 (quintet, 2H) = 7.5
Hz, CHy/cyclopentene ring). UVvis (CHsCN), Ama/NM (€may
mol~! cm?): 395 (30000); 312 (16800); 254 (14800); 215 (35900).
Complexes.Safety Note! CautionPerchlorate salts of metal
complexes are potentially explos#feand should only be handled

8.67 mmol) was added a large excess of 1,3-diaminopropan-2-olin small quantities with care.

(2.34 g, 26 mmol) also taken in methanol (10 mL). The solution
was allowed to stand at room temperature fer32days, during
which time a yellow compound was separated from the solution.
It was filtered off, washed with cold diethyl ether, dried in vacuo,
and then recrystallized from methanol. Yield: 1.44 g (67.5%).
Mp: 136°C. Anal. Calcd for GoH1gN,S,0: C, 48.78; H, 7.32; N,
11.38. Found: C, 48.83; H, 7.17; N, 11.04%. IR (KBr disk),ém
v(N—H---S), 2908 my(N—H), 3325 m, 3264 wy(NH,), 1591 s;
v(C—N) + »(C—C), 1475 sp(OH), 3085 w.'H NMR (300 MHz,
CDCls, 25°C), d/ppm: 12.42 (s, 1H, NH-S); 4.05 (m, 1H, OH);
3.74 (m, 1H, CH); 3.52 (m, 4H, pair of G} 2.92 (b, 2H, NH);
2.85 (m, 2H, CH/cyclopentene ring); 2.74 (m, 2H, GHiyclopen-
tene ring); 2.59 (s, 3H, SGji 1.89 (m, 2H, CH/cyclopentene
rings).

Methyl 2-(2-Bis((3,5-dimethylpyrazol-1-yl-methyl)amino)-2-
hydroxypropylamino)cyclopent-1-ene-1-dithiocarboxylate (HL?).
To a solution of A (1 g, 4.06 mmol) in 1,2-dichloroethane (30
mL) was added a solid sample of 1-(hydroxymethyl)-3,5-dimeth-
ylpyrazole (1.02 g, 8.10 mmol) taken in a 100 mL round-bottomed
flask. The yellow mixture was stirred at room temperature for ca.
24 h and then filtered. The filtrate was concentrated by rotary
evaporation to get a dense oil which became solid within a few
hours. The product was recrystallized from a LCH/petroleum
ether (66-80 °C) mixture as yellow needle shaped crystals. Yield:
0.51 g (54%). Mp: 11#118°C. Anal. Calcd for GH34NsS,0:
C,57.14; H, 7.36; N, 18.18. Found: C, 57.10; H, 7.21; N, 18.32%.
IR (KBr pellet), cntt »(N—H---S), 2860, 2926 my(C—C +
C—N)/pyrazole ring, 1595 vs;(C—N) + »(C—C), 1475 sy(OH),
3304, 3408 m*H NMR (300 MHz, CQCl,, 25°C), 6/ppm: 12.33
(s, 1H, NH--S); 5.82 and 4.75 (pair of s, 2H, CH/pz rings); 4.93
(s, 4H, CH); 4.04 (m, 1H, OH); 3.78 (m, 1H, CH); 3.53 and 3.38
(pair of m, 2H, CH); 3.30 (m, 2H, CH); 2.79 (m, 2H, CH/

(29) Perrin, D. D.; Armarego, W. L. F.; Perrin, D. Rurification of
Laboratory Chemicals2nd ed.; Pergamon: Oxford, England, 1980.

[NIL 1]CIOy4, 1.To a stirred methanolic solution (20 mL) of ML
(0.19 g, 0.5 mmol) was added dropwise Ni(GJ£6H,0 (0.18 g,
0.5 mmol) also taken in methanol. The color of the solution turned
immediately green, and a green microcrystalline compound began
to precipitate. The stirring was continued for. @ h to ensure
complete precipitation. The solution was then filtered, washed with
a cold methanol/ether mixture (1:2 v/v,3 10 mL), and dried
over CaC} in vacuo. It was recrystallized from acetone solution at
4 °C in a refrigerator. Yield: 50 mg (18%). Anal. Calcd for
NiC1gH25NeS,ClO4: C, 39.44; H, 4.56; N, 15.34. Found: C, 39.49;
H, 4.40; N, 15.18%. IR (KBr disk), cm: »(C—C) + »(C—N)/
pyrazole ring, 1550 my(C—C + C—N), 1470 s;v,{CI-0), 1090
s; 0(0O—CIl—0), 620 s. UV-vis (CH3CN), Amafnm (emaymol=?t
cn?): 576 (sh); 402 (4600); 281 (23300).

The'H NMR spectra of this compound in GEN-d; or CH,Cl,-
d, solutions are unusually broad, possibly due to paramagnetic
interaction, and will be discussed later.

[NiHL 2J-H,0, 2. To a methanolic solution (10 mL) of4H2 (0.18
g, 0.5 mmol) was added 0.13 g (0.5 mmol) of Ni(OAdH,O.
The mixture, on stirring at room temperature for 2 h, afforded
yellow solid. It was filtered, washed with a cold @BIH/EtO
mixture (1:4 v/v, 3x 10 mL), and finally recrystallized from
CH,Cl,/hexane (1:1 v/v) mixture. Yield: 98 mg (46%). Anal. Calcd
for NiC17H2,N,03S,: C, 47.98; H, 5.17; N, 6.58. Found: C, 48.17;
H, 5.06; N, 6.22%. IR (KBr disk), crmt: »(C—N), 1625 s;»(C—
C)/phenyl ring, 1600 my(C—C), 1582 m;»(C—0), 1541 m;
v(C—C + C—N), 1445 s. UV-vis (CHCN), AmanM (emaymol™?
cn?): 652 (90); 435 (6100); 355 (sh); 325 (sh); 287 (37400); 251
(45500).1H NMR (300 MHz, CBxCN, 25°C), é/ppm: 7.72 (s,
1H, azomethyne); 7.206.48 (pair of multiplets, 4H, phenyl ring
protons); 4.02 (quintet, 1H, 5.5 Hz, CH); 3:93.37 (multiplets,
5H, bridgehead methylene protons); 3.27 (d, 1H, 5.31 Hz, OH);

(30) Robinson, W. RJ. Chem. Educ1985 62, 1001.
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2.59 (s, 3H, SCHh); 2.71-2.37 (multiplets, 4H, CHcyclopentene
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Table 1. Summary of Relevant X-ray Crystallographic Data

ring); 1.79 (m, 2H, Chicyclopentene ring). 1

2 3 4
[NioL2(u-pz)(H,0)]CIO 4.CH3COCH3, 3. To a stirred CHCN — -
solution (15 mL) of HL2 (0.23 g, 0.5 mmol) was added it (0.5 composition N(%&HSCI' CaztoNi- + CogHaaCl- Co1HseB-
. . 604 N203S; Ni2NgO7S, Ni2N;OS
mmol). To this was added Ni(Clp-6H,0O (0.36 g, 1.0 mmol) also fw 547.72 425.19 820.69 1007.44
taken in CHCN (10 mL). After 10 min, pyrazole (Hpz, 0.035 g,  space group P1 C2lc P21/n P2i/n
0.5 mmol) was added, and the resulting solution was refluxed for ﬁ’ A g-g?gég% gzéggé(?) ﬁigg% ig-ggié()fi)
ca. 1 h find then filtered. The filtrate was subjected to rotary 1;5_0295(14) 1'8.331(5) 15‘.4938(19) 25'_117(5)
evaporation to remove the solvent. The residue was extracted with ¢ qeg 106.324(9) 90 90 90
acetone (10 mL) and filtered, and the filtrate was kept in a g, deg 102.031(7)  95.25(2) 106.911(10)  91.901(10)
refrigerator at £C. The green microcrystalline compound obtained 7, de39 98.174(11) 90 90 90
was collected by filtration, washed with cold ether, and finally dried - A %151'7(2) 83790-3(17) 43652-2(17) A 4969.0(13)
under reducz_ad pressure over Calield: 0.14 g (34%). Anal. demcq,g cMT3 1,579 1.490 1.493 1.347
Calcd for NpCpgHaaNsS,CIO7: C, 40.94; H, 5.24; N, 13.65.  temp, K 293(2) 293(2) 293(2) 293(2)
Found: C, 40.84; H, 4.96; N, 13.66%. IR (KBr disk), thn »(C— A A 0.71073 0.71069 0.71073 0.71073
C), 1570 w;»(C—N)/pyrazole ring, 1550 8;(C—C + C—N), 1470 4, Mt 1.178 1.262 1.272 0.928
s:72{Cl—0), 1100 s3(0O—Cl—0), 620 s. UV-Vis (CHCN), Lmaf 0.041 0.112 0.092 0.127
e ’ ! ’ 1 oma RiP 0.095 0.131 0.103 0.149

nm (ema/mol~tcn¥): 915 (25); 603 (95); 460 (sh); 430 (2700);
368 (2900); 318 (9950); 279 (16950); 260 (203QQ): 3.23up
at 25°C.

[Ni,L2(z-mpy)]BPhy, 4. A solution of HL2 (0.23 g, 0.5 mmol) 0.26 x 0.26 x 0.12 mn3) were obt_ained by slow Qiﬁusion of
in CHsCN (15 mL) was combined with an equivalent amount (0.05 petroleum ether (4660 °C) into their acetone solutions. Single
g, 0.5 mmol) of E4N. To this was added Ni(CI§,-6H,0 (0.36 g, crystals of2 (violet blocks, 0.50x 0.40 x O._23 mn¥) and4_ (black
1.0 mmol) as a solid, and the mixture was stirred for 10 min to get Plate, 0.46x 0.36 x 0.20 mn?) were obtained from their MeOH
a clear solution. It was filtered, and to the filtrate was added slowly @nd CHCN solutions, respectively, by slow evaporation. Intensity
a mixture of 2-marcaptopyridine (Hmpy, 0.055 g, 0.5 mmol) and data forl were collected on a Siemens P4 four-circle diffractometer

an equivalent amount of g (0.05 g, 0.5 mmol) in CECN (15 using the9—26 tec_hnique, whilt_a foR, 3, and4 data were collected
mL). The color of the solution became brown. The reaction mixture O an Enraf-Nonius CAD4 diffractometer, both diffractometers
was refluxed fo 1 h and finally cooled to room temperature and USing Mo Ko X-radiation. Details are given in Table 1. No crystal
filtered. To the filtrate was then added NaBR®.17 g, 0.5 mmol), decay was observed during the datr_sl collection. The_structures for
taken in CHCN (10 mL). The solution was concentrated to ca. 10 €0mpounds3 and4 were solved by direct methodwhile for 1,

mL volume by rotary evaporation and cooled in a refrigerator at 4 the SHELXTLPCpackagé* of software was used. For compound
°C for an overnight period to get brown crystalline solid. The 2, the structure solution was tS/!R9235 Final refinements fod,
compound was recrystallized from GEN. Yield: 0.13 g (26%). 3, and4 were done by a full-matrix least-squares proce#furased
Anal. Caled for NiCsiHsN;SOB: C, 60.75; H, 5.56; N, 9.73.  on all data minimizing R2= [3 [W(Fo* — F)Y/3[(Fo)TY% R1=
Found: C, 60.92; H, 5.49; N, 9.84%. IR (KBr disk), ctn »(C— Y 1IFol = [Fell/3|Fol, andS= [ [W(Fo? — FA?Z/(n — p)]*2 For2,

C), 1587 my(C—N)/pyrazole ring, 1556 8(C—C + C—N), 1463 the TEXSANprogram suit& was used for gll calculatilons. .
s;v(BPhy), 735 and 708 s. UN-Vis (CHCN), AmayNM (ema/mol~1 For 1, all non-hydrogen atoms were refined as anisotropic, and

c?): 624 (80); 490 (sh); 425 (3400); 360 (6900); 311 (24100); the hydrogen atomic positions were fixed relative to the bonded
266 (28100) e 3.16 45 at 25°C. carbons with isotropic thermal parameters fixed. Edhe emerging

Physical MeasurementsRoom temperature magnetic moments structure_shows clearly that O(2) is disorderec_i over two sites O(2),
and UV—vis and IR spectra (as KBr disk) were obtained as O(2a)_, W|_th occupancy factors 0.68, 0.32, V\{hl|e t_he water oxygen
described elsewhef&32NMR measurements were performed with O(3) is disordered over two equally occupied sites 0(3), 0O(3a),
a Bruker model Avance DPX 300 apparatus using Sikfe) as separated by 0.84(2) A. All non-hydrogen atoms (including O(3),
internal standard. Electrochemical measurements were carried ouf(32)) were refined anisotropically with the exception of the minor
using a BAS 100B/W electrochemical work station. All potentials Component O(2a) which was refined isotropically. The strongest
were measured against an aqueous Ag/AgCl (3 M NaCl solution) residual electron-density peak (1.04 &&ould not be interpreted

reference electrode. A platinum disk of diameter 1.6 mm was used 25 @ fractional atom. All H atoms bonded to carbon atoms were
as the working electrode. For cyclic voltammetry with high potential included at calculated, updated positions (other than that on C(9),
scan, an ultramicro platinum disk electrode from BAS (@ because of the O(2) disorder), but no evidence was found for the

diameter) was used. A spiral platinum wire was used as the counter/ocation of H atoms attached to oxygen atoms. Bpll non-
electrode. Measurements were done in dry acetonitrile or dichlo- Nydrogen atoms were refined anisotropically. Hydrogen atoms were
romethane under purified dinitrogen with tetrabutylammonium Placed in calculated positions allowed to ride on their parent C
perchlorate (TBAP) as supporting electrolyte. The ferrocenium/ a0ms WithUiso(H) = 1.2 Ue{C), while the methyl groups, C(1),
ferrocene (Ft/Fc) couple was used as the internal standard.

Elemental analyses (for C, H, and N) were performed in this
laboratory (at IACS) using a Perkin-Elmer 2400 analyzer.

X-ray Crystallography. Diffraction quality crystals ofl (dark
green needle, 0.23 0.85 x 0.35 mn?) and 3 (light violet plate,

3R = 3 IFol = IFcll/X|Fol. ® Ry = [SW(|Fol — Fcl)%/ 5> w|Fo[?]2

(33) Sheldrick, G. M. SHELXS 97Acta Crystallogr.199Q A46, 467.

(34) Sheldrick, G. MSHELXTLPC and SHELXTIProgram for Crystal
Structure DeterminationCambridge University: Cambridge, England,
1996.

(35) Altomare, A.; Cascarano, G.; Giacovazzo, C.; Guagliardi, A.; Burla,
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C(13), C(16), C(19), C(22), C(27), and C(28), were treated as edented type of nickel(ll)-induced alcoholysis reacti®ff.

rotating rigid groupdJiso(H) = 1.5U{C). For4, all non-hydrogen

The steric influence of the methyl groups in the pyrazolyl

atoms were refined anisotropically. Hydrogen atoms were placed arms probably makes this metal-induced alcoholysis reaction
in calculated positions allowed to ride on their parent C atoms with happen in the latter case.

Uiso(H) = 1.2U¢(C), while the methyl groups, C(13), C(16), C(19),
and C(22), were treated as rotating rigid groups vidtky(H) =
1.8UeC).

Results and Discussion

With the compartmental ligand H°, the reaction with
nickel(ll) acetate produces a yellow crystalline solid which
is a mononuclear compound [Ni(Hll-H.0, 2, unlike the
acetato-bridged dinuclear species as originally expected.
Compound? also has a square planar structure as revealed

Three new cyclopentenedithiocarboxylate based N/S donorfrom X-ray crystallography (see latter), made up ofO$
ligands HLY, H,L2 and HL2 have been synthesized in good chromophore with the alcoholic OH group of the ligand not

yields (50-80%) following routes illustrated in Chart 1
which involve amine exchangéfollowed by condensation
reactions.

Mononuclear ComplexesThe synthetic strategy adopted

participating in coordination.

IR spectra of the complexes show many characteristic
bands, diagnostic of their compositions. Important among
these inl are thev(C—N) stretches in the region 1520

in this work is outlined in Scheme 1. The mononuclear 1570 cm?, due to coordinated and free pyrazolyl groups
complexed and2 have been obtained by simple metathetical and at 1100 and 625 crhdue to perchlorate anion. The
reactions. [Nill]CIO, (1) is prepared as bright green crystals strong band at 1625 crhin 2 is diagnostic ofv(C—N)

by the reaction of nickel(ll) perchlorate hexahydrate with vibration of the Schiff base moiety while the other at 1540

the pentadentate ligand Hlin methanol as solvent. As
revealed from X-ray crystal structure analysis (see lafer),
is a square planar compound containing a8 shromophore

cmtis due tov(C—O) stretch of the phenolate donor group.
Description of Crystal Structures. Figures 1 and 2
display the molecular structures and atom numbering schemes

with a dangling free pyrazolyl arm that stays away from for the complexesl and 2, respectively. Their selected
coordination. The observation indicates the inherent reluc- interatomic parameters are listed in Table 2. Compoind
tance on the part of Ni(ll) to adopt pentacoordination in the crystallizes in the triclinic space grodi with two molecules
presence of a hard donor atom to occupy the axial posi- per unit cell, while2 has the monoclinic space gro2/c
tion 21138 Of particular interest here is the thermodynamic with eight molecules accommodated in the unit cell. In both

stability of compoundlL when compared with the nickel(Il)
complex of a closely similar I ligand, viz. methyl ((2-
(B-bis((3,5-dimethylpyrazol-1-yl)ymethyl)amino)propyl)ami-

of the cases, out of the five donor sites available in the
respective ligands (HLand HL3), four are coordinated to
the metal centers, thus generating square planar structures

no)cyclopent-1-ene-1-dithiocarboxylate (Hmmpcd) involving with varying degrees of distortions.

3, 5-dimethylpyrazole in the flexible appended ganwvith

In 1, the dithiocarboxylate sulfur S(1), two amino nitrogen

Hmmpcd, the reaction under identical conditions proceeds atoms N(1) and N(2), and the pyrazolyl nitrogen N(4) define

through the activation of an otherwise unreactiveNCsingle

the square plane, while the fifth potential donor atom N(6)

bond of one of the pyrazolyl arms, leading to an unprec- from the remaining pyrazolyl arm is staying away from

(38) Goodman, D. C.; Tuntulani, T.; Farmer, P. J.; Darensbourg, M. Y.;

Reibenspies, J. HAngew. Chem., Int. Ed. Endl993 32, 116.

(39) Bhattacharyya, S.; Ghosh, D.; Endo, A.; Shimizu, K.; Weakley, T. J.
R.; Chaudhury, MJ. Chem. Soc., Dalton Tran$999 3859.
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Figure 1. Molecular structure of complekshowing the atom numbering
scheme.

Figure 2. Molecular structure of compleXshowing the atom numbering
scheme.

Table 2. Selected Bond Distances (A) and Angles (deg) for Complexes
1land2

1 2

Bond Lengths
Ni—S(1) 2.1283(8) Ni-S(1) 2.159(2)
Ni—N(1) 1.851(2) Ni-=N(1) 1.926(7)
Ni—N(2) 1.980(2) Ni-N(2) 1.857(6)
Ni—N(4) 1.885(2) Ni-O(1) 1.848(5)
C(2)—-S(1) 1.711(3) C(16yS(1) 1.688(7)

Bond Angles
S(1)-Ni—N(1) 98.78(7) S(LyNi—N(1) 160.8(2)
S(1-Ni—N(2) 173.42(7) S(LXNi—N(2) 96.2(2)
S(1-Ni—N(4) 89.76(7) S(LyNi—0O(1) 82.5(2)
N(1)—Ni—N(2) 87.51(9) N(21)Ni—N(2) 91.2(3)
N(1)—Ni—N(4) 170.54(9) N(1}Ni—0O(1) 94.9(3)
N(2)—Ni—N(4) 84.12(9) N(2)-Ni—0(1) 164.8(3)

coordination. The N+S(1) distance here (2.1283(8) A) is
remarkably short, even shorter than the nickeKthiolate
distance (2.1441(2) A), reported for a comparable Ni(ll)
complex involving NS donor environmerff. The strong
Ni—S interaction in this molecule is capable of exerting

7194 Inorganic Chemistry, Vol. 42, No. 22, 2003
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enough trans-labilizing influenée as evident from the
elongation of the Ni-N(2) distance (1.980(2) A) which is
by far the longest of the three NN bonds in this molecule.
The C(2)-S(1) distance, 1.711(3) A, also indicates signifi-
cant thiolate character of the S(1) atom h&®,a feature
common to many similar ligands containing dithiocarbox-
ylate moiety?>#4The trans angles N(ENi—N(4) (170.54(9))

and S(1»Ni—N(2) (173.42(7)) are close to linearity, and
the Ni atom is displaced by 0.0146 A from the least-squares
basal plane.

In compound?, the dithiocarboxylate sulfur S(1), the imino
and amino nitrogen atoms N(1) and N(2), and the phenolate
oxygen atom O(1) define the square plane and lie 0.052(2),
0.550(6),—0.251(6), and—0.258(6) A, respectively, out of
the least-squares plane through them; the Ni atom lies
—0.0109 (11) A out of this plane. The dihedral angle between
the mean planes throughNS(1)-N(2) and Ni-N(1)—0O(1)
is 22.7, indicating a tetrahedrally distorted square planar
structure for this molecule. The saturated three carbon chain
in the ligand moiety provides enough flexibility needed to
accommodate the tetrahedral distortion in this moletule.
Here again the NiS(1) distance 2.159(2) A is substantially
shorter as inl compared to similar distances observed in
other octahedrdf tetrahedraf! and square plan¥* com-
plexes. There is a solvent water AB{3)) molecule per
asymmetric unit with disordered oxygen atom which is
hydrogen bonded to O(2) [O(2)O(3), 2.57(2)-2.90(3) A]
and O(1) atoms [O(1)-O(3a), 2.71(2) A].

H NMR Spectroscopy.'H NMR spectra of compound
1in CDCl; are shown in Figure 3 at varying temperatures
(270-340 K). The spectrum at 270 K appears to be a
combination of several broad as well as sharp signals spread
over the 20 to—10 ppm range, indicating the presence of
paramagnetic species in solutith?° We believe this para-
magnetism is due to the formation of pentacoordinated Ni(ll)
species in solution by weak axial coordinafibrof the
appended pyrazolyl nitrogen (N6, see Figure 1}l ieither
by an intramolecular fashion or by an intermolecular way,
forming a paramagnetic oligomeric spedigghown in
Scheme 2) which remains in equilibrium with the diamag-
netic square planar form.

(40) Goswami, N.; Eichhorn, D. Mnorg. Chem 1999 38, 4329.

(41) Reynolds, J. G.; Sendlinger, S. C.; Murray, A. M.; Huffman, J. C.;
Christou, G.Inorg. Chem 1995 34, 5745.

(42) Kriger, H.-J.; Peng, G.; Holm, R. Hnorg. Chem 1991, 30, 734.

(43) Baidya, N.; Olmstead, M. M.; Whitehead, J. P.; Bagyinka, C.;
Maroney, M. J.; Mascharak, P. Knorg. Chem 1992 31, 3612.

(44) Kumar, S. B.; Bhattacharyya, S.; Dutta, S. K.; Tiekink, E. R. T,;
Chaudhury, MJ. Chem Soc., Dalton Tran$995 2619.

(45) Martin, E. M.; Bereman, R. D.; Singh, Porg. Chem 1991, 30, 957.

(46) Baidya, N.; Olmstead, M. M.; Mascharak, P.IKorg. Chem 1991,
30, 929.

(47) Rosenfield, S. G.; Armstrong, W. H.; Mascharak, Plritrg. Chem
1986 25, 3014.

(48) Ram, M. S.; Riordan, C. G.; Ostrander, R.; Rheingold, Alnorg.
Chem 1995 34, 5884.

(49) Barber, D. E.; Lu, Z.; Richardson, T.; Crabtree, R.litbrg. Chem
1992 31, 4709.

(50) Berkessel, A.; Hermann, G.; Rauch, O.;cBoer, M.; Jacobi, A.;
Huttner, G.Chem. Ber1996 129, 1421.

(51) Sacconi, L.; Mani, F.; Bencini, A. I€omprehensie Coordination
Chemistry Wilkinson, G., Gillard, R. D., McCleverty, J. A., Eds.;
Pergamon: New York, 1987; Vol. 5, p 51.
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Careful scrutiny of Figure 3 reveals several interesting due to the N-H---S functionality which is missing in the
changes in the spectral features as one goes up the tempecomplex. The methyne proton (H-9) (proton labels are as
ature scale. The notable features among these are the twalescribed in Figure 2) appears as a quintet at 4.02 gpm (
broad doublets appearing in the e& and 15 ppm regions. 5.5 Hz) while the bridgehead methylene protons (H-8 and
The one at—6 ppm coalesces into a singlet at 280 K and H-10) appear as a pair of overlapping AB quartets at 3.93
then splits again at 290 K into a doublet featuring increasing 3.37 ppm due to geminal coupling, indicating structural
sharpness and line separation with the rise in temperaturerigidity of the propylenic backbone of the coordinated ligand.
The second broad doublet at ca. 15 ppm also displays aThe hydrogen bonded OH proton, as confirmed by X-ray
gradual increase in sharpness but a decrease in line separatiotrystallography, displays a sharp signal at 3.27 ppm which
with the rise in temperature. Thus, the overall spectral is not exchangeable withJD. Each of the spectral lines due
features become gradually sharper at higher temperaturesto H-8, H-10, and OH protons again splits into a doublet
The results lend support in favor of a monometigomer due to their attachment to a chiral center at C-9, and these
equilibrium which shifts toward the diamagnetic monomeric are consequently diastereotopic. The spectrum also contains
form at higher temperatures due to reduced scope of axialtwo sharp singlets at 7.72 and 2.59 ppm due to azomethyne
coordination because of increasing thermal agitations. and SCH protons, respectively. The remaining peaks in the

The 'H NMR spectrum of2 is displayed in Figure S1.  form of multiplets are due to aromatic and cyclopentene ring
The free ligand HL2 exhibits a broad resonance at 12.5 ppm protons as mentioned in the Experimental Section.
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Electronic SpectroscopyElectronic spectral data for the
mononuclear complexe$ and 2 are documented in the
Experimental Section. Their spectral features in the aceto-
nitrile solution are quite similar. A lower energy band at 576
nm as shoulder in the spectrum @f has an intensity
consistent with the spin allowed-dl transition*A;g— *Azq
as expected for a square planéisgecie$? The correspond-
ing d—d band in the spectrum & undergoes a significant
red shift to appear at 652 nra,(90 mol* cn?) due to its
tetrahedrally distorted geometfyMore intense bands ap-
pearing in the near-UV region at 402 nm, 4600 mot*
cn?) for 1 and 435 nm {, 6100 mof?! cn?) for 2 are
interpreted as LMCT (S — Ni(ll)) in origin. All the
remaining bands in the UV region are probably due to ligand
internal transitions.

Electrochemistry. The redox behavior of the mononuclear
complexes has been examined by cyclic voltammetry in
acetonitrile solution (0.1 M TBAP). In freshly prepared
solution, they have almost similar voltammograms involving
two main features in the potential rangel.8 to +1.6 V
versus Ag/AgCl as shown in Figures 4 and S2 for compounds
2 andl, respectively. These include a well-behaved reduction
process aE;;, = —1.006 V and an irreversible oxidation at
Epa= 0.89 V for 1 (the latter process is not shown in Figure
S2). Corresponding processes in 2 appeatlatté6 and 0.77
V, respectively. On the basis of comparison with the
ferrocenium/ferrocene couplAE,, 80 mV;iydips 1.0 at 500
mV s1), the reduction processes IN(AE,, 85 mV; ipdipa
1.08 at 500 mV st) and2 (AE,, 75 mV;ipdips 1.01 at 500
mV s1) may be regarded as nearly reversible monoelectronic
proces% comprising Ni(Il)/Ni(l) couple as reported earlier
for a related Ni(ll) system? The electron stoichiometry for
the process was further examined by controlled potential
electrolysis with a platinum-gauze working electrode. The
result is inconclusive with due to constant coulomb counts.
For 2, however, the results (&, = —1.60 V) indicate the
consumption of 1.@& 0.1 F/mol of the complex. The ligands
are electrode inactive in the range of potential studied.

For the anodic process in battand2, the lack of cathodic
response even at high scan speed (500 mY imdicates
instability of the oxidized species, sufficient to vitiate the
coulometric determination of their electron stoichiometries.
However, a one-electron transfer involving the Ni(l1)/Ni(ll1)
couple for this oxidation process inhas been arrived at by
comparing the current height Bp, with the corresponding
one-electron current parameter (&) of the reduction

process (Figure S2), together with the use of an appropriate

equation as described elsewh&Eor compoun@, however,
the DPV measurements a0 °C indicate identical electron
stoichiometry for both the processes (Figure 4).

Ghosh et al.

TJL

IS}JA

| —— 1 Loyl | J
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Figure 4. Top: Differential pulse voltammogram @fat —20 °C using a
scan rate of 20 mV 3§ in CHs;CN, peak to peak amplitude is 20 mV.
Bottom: Cyclic voltammogram of in CHzCN at a platinum electrode;
scan rate, 100 mV¥; temperature;—20 °C.

For tetrahedrally distorted compou2da more difficult
reduction (by ca. 400 mV) and an easier oxidation (by ca.
100 mV) compared to those for planar compléxare
observed. However, in both cases, a wide separation (ap-
proximately 2.0 V) between the reduction and the oxidative
events indicates their involvement with the metal center as
reported earlier for related nickel(ll) systef§s®® The
electrochemical results are thus consistent with two succes-
sive one-electron steps involving three nickel oxidation states
as shown by eq ¥

Y Y I O N TLLL
[Ni'L] E;[Nl L] E—pa»[N| L] Q)

Binuclear Complexes.The unsymmetrical binucleating
ligand HL? reacts with Ni(ClQ),*6H,0 in the presence of
an equivalent amount of base and the appropriateidging
ligands (pyrazole and 2-mercaptopyridine) to generate the
binuclear complexe8 and4 as shown in Scheme 1. In both
the cases, the nickel(ll) site involving the anionic sulfur
donor(s) has square planar geometry due to strong ligand
fields imposed by the thiolate donost> The remaining
Ni(ll) center has either an octahedral (8 or a square
pyramidal (in4) geometry completed by thes® donor set
of the asymmetric ligand along with a donor nitrogen
provided by either of the ancillary bridging ligands. The sixth
coordination site i is occupied by an oxygen atom of a
coordinated water molecule. Addition of a bulky anion viz.
tetraphenyl borate helps in the crystallizationdof

IR spectra of the complexes display prominent bands at
1570 (1587 ind) and 1550 cm! (1556 cn1t) due tov(C—

C) andv(C—N) stretching modes of the cyclopentene and
pyrazolyl ring, respectively. Appearance of a couple of strong

(52) Lever, A. B. Plnorganic Electronic Spectroscopgnd ed.; Elsevier
Science: Amsterdam, 1984.

(53) Martin, E. M.; Bereman, R. Dnorg. Chim. Actal991, 188 221.

(54) Brown, E. R.; Large, R. F. |IElectrochemical Method&Veissberger,
A., Rossiter, B., Eds.; Physical Methods in Chemistry; Wiley-
Interscience: New York, 1971; Part IIA, Chapter VI.

(55) Chaudhury, MInorg. Chem 1984 23, 4434.
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(56) Farmer, P. J.; Reibenspies, J. H.; Lindahl, P. A.; Darensbourg, M. Y.
J. Am. Chem. S0d 993 115 4665.

(57) Darensbourg, M. Y.; Font, I.; Mills, D. K.; Pala, M.; Reibenspies, J.
H. Inorg. Chem 1992 31, 4965.

(58) Goodman, D. C.; Buonomo, R. M.; Farmer, P. J.; Reibenspies, J. H.;
Darensbourg, M. Ylnorg. Chem 1996 35, 4029.

(59) Net charge(s) on the complexes are omitted for clarity.
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Table 3. Selected Bond Lengths (A) and Angles (deg) for Complexes

3and4
3 4
Bond Lengths
Ni(1)--Ni(2) 3.384 3.188
Ni(1)—O(1) 1.840(3) 1.889(3)
Ni(1)—N(1) 1.868(4) 1.861(4)
Ni(1)—N(8)/S(3) 1.931(4) 2.2242(15)
Ni(1)-S(2) 2.1394(14) 2.1188(15)
Ni(2)—0(1) 1.974(3) 2.012(3)
Ni(2)—N(7) 2.008(4) 2.064(4)
Ni(2)—0(2) 2.099(3)
Ni(2)—N(4) 2.106(4) 2.091(4)
Ni(2)—N(6) 2.123(4) 2.087(4)
Ni(2)—N(2) 2.184(4) 2.128(4)
Bond Angles
Figure 5. ORTEP drawing and crystallographic numbering scheme for O(1)—Ni(1)—N(1) 84.75(16) 86.86(16)
complex3. O(1)—Ni(1)—N(8)/S(3) 88.51(16) 89.09(11)
N(1)—Ni(1)—N(8)/S(3) 172.74(17) 164.61(13)
c13 O(1)-Ni(1)—S(2) 174.34(12) 170.93(11)
N(1)—Ni(1)—S(2) 97.22(13) 98.82(14)
S(3)/N(8)-Ni(1)—S(2) 89.74(14) 87.20(6)
O(1)-Ni(2)—N(7) 84.31(15) 96.24(15)
O(1)-Ni(2)-0(2) 176.27(13)
N(7)—Ni(2)—0(2) 98.52(16)
O(1)-Ni(2)—N(4) 91.73(15) 89.92(15)
N(7)—Ni(2)—N(4) 103.40(17) 106.62(18)
O(2)-Ni(2)-N(4) 85.26(14)
O(1)—-Ni(2)—N(8) 95.19(15) 154.39(16)
N(7)—Ni(2)—N(6) 100.09(17) 100.00(17)
O(2)-Ni(2)-N(6) 86.73(15)
N(4)—Ni(2)—N(6) 156.05(18) 104.07(17)
»C18 O(1)-Ni(2)-N(2) 81.31(14) 83.10(15)
C19 N(7)—-Ni(2)—N(2) 165.54(17) 172.41(17)
O(2)-Ni(2)-N(2) 95.91(15)
Figure 6. ORTEP drawing and crystallographic numbering scheme for N(4)—Ni(2)—N(2) 78.60(16) 80.95(17)
complex4. N(6)—Ni(2)—N(2) 79.82(17) 78.19(17)

bands at 1100 and 620 cnis due to the presence of ionic  (176.27(13)) are close to linearity while the third one N4)
perchlorate ir8, while the stretchings of moderate intensities Ni(2)—N(6) (156.05(18)) is slightly off due to restriction
at 735 and 708 cnt indicate the presence of BPanion in imposed by the ligand. The cis angles at Ni(2) in the
4. equatorial plane range between 95.19{1&)d 85.26(14)
Magnetic moments of 3.23 and 3.14 (for 4) at room Corresponding angles at Ni(1) lie within 97.22(13)nd
temperature are in agreement with the presence of only one84.75(16j, totaling 360.72.
high-spin nickel(Il) §= 1) center per mole of the bimetallic In compound4, the coordination geometry around the
entity in both3 and4. second Ni center is best depicted as a square pyramid with
Description of Crystal Structures. ORTEP views of the ~ a structural index parameter){’ of 0.3. The pyrazolyl
complexes3 and 4 are displayed in Figures 5 and 6, nitrogen N(6), amino nitrogen N(2), bridging alkoxy atom
respectively. Selected bond lengths and angles are given inO(1), and pyridine nitrogen N(7) from the-bridging ligand
Table 3. Both complexes crystallize in the monoclinic space (mpy)~ form the square base while the remaining pyrazolyl
groupP2;/n with four molecules accommodated in the unit nitrogen N(4) takes up the apical position. The trans angles
cell. In both the complexes, the Ni center, bound to the O(1)—Ni(2)—N(6) and N(7)-Ni(2)—N(2) are 154.39(16)
bidentate NS arm of the ligand {2, has approximate and 172.41(17) respectively. The angles made by the apical
square planar geometry, completed by the bridging alkoxy N(4) atom with the square plane vary between 80.95(17)
donor O(1) of the ligand together with a pyrazolyl nitrogen and 106.62(18)
N(8) (in 3) or the thiolate sulfur S(3) (id), provided by the Consistent with the change in spin state of Ni(ll), there
ancillary u?-bridging ligands. The remaining Ni center 3n are distinct elongations in the Nligand distances going
has a distorted octahedral geometry, completed by thefrom the square planar to the adjacent high-spin&ifene
tridentate N arm and the bridging donor O1 of theZje- bridging oxygen distances Ni(#)0(1) 1.840(3) A (1.889(3)
ligand, N(7) nitrogen from the bridging pyrazolyl group and A in 4) and Ni(2)-0(1) 1.974(3) A (2.012(3) A) are in
the oxygen atom O(2) from the coordinated water molecule. agreement with this order. Also, the NN distances from
The oxygen atoms O(1) and O(2) and the pyrazolyl nitrogen the bridging pyrazolyl group are unequal, the Ni{N(8)
atoms N(4) and N(6) form the /D, basal plane, while the

apical positions are taken up by the amino nitrogen N(2) (60) Addison, A. W.; Rao, T. N.; Reedijk, J.; van Rijn, J.; Verschoor, G.
d the bridgi vl nit N(7). The t | C. J. Chem. Soc., Dalton Tran$984 1349.
an e bridging pyrazolyl nitrogen N(7). € frans angles (61) Konrad, M.; Wuthe, S.; Meyer, F.; Kaifer, Eur. J. Inorg. Chem

N(7)—-Ni(2)—N(2) (165.54(179) and O(1)}-Ni(2)—0(2) 2001, 2233,
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Table 4. Summary of Electrochemical D&tén V) for the Binuclear

Complexes
Ni(l) o/ Ni(DNi(I1y/ Ni(ll) o Ni(INi(H1y/
compd  Ni()Ni(Il) Ni(l1) 2 Ni(I)Ni(11) Ni(l1) 2
3 —2.04 -1.78 +0.91 +1.5
+0.8R> 6 1A
4 -1.73 —-1.36 +0.78 +1.01

aSolvent, acetonitrile; supporting electrolyte, TBAP (0.1 M); solute
cocentration, ca. 1G M; working electrode, platinum; temperature20
°C; potentials are vs Ag/AgCl and estimated by cyclic voltammetry at a (a)
scan rate of 100 mV3. | indicates peak potential€f. or Ey,) of the
irreversible processes. R indicatég; value of the reversible process at a
scan rate of 1000 mV-4. ® Ey;p = 0.5 + Epg). 11

distance 1.931(4) A being shorter than the Ni{RY7)
distance 2.008(4) A. The Ni(BS(2) distance 2.1188(15)
A'in 4 is even shorter than the metahiolate Ni(1)-S(3)
distance 2.2242(15) A, indicating a strong bonding interac-
tion of the dithiocarboxylate sulfur toward Ni(ll) as observed
in 1 and?2 (vide supra) involving related 2-aminocyclopen- 7 AN
tenedithiocarboxylate based ligarf8® The Ni---Ni separa- s \"\\’(iii)
tions in3 and4 are 3.384 and 3.188 A, respectively. ® ‘,;Zj/"\z\f/f(i,”
Electronic Spectroscopy.The electronic spectral features — 0
of the complexes3 and 4 in acetonitrile are displayed in <
Figures S3 and S4, respectively, and the data are summarized . AN,
in the Experimental Section. The spectrum3ashows two 05
weak bands at 915 nna,(25 mol? cn¥?) (Figure S3, inset)
and 603 nm ¢, 95 mol™* cn¥), consistent with the spin- 25 20 -15 -10 +05 +L0 +15 +2.0
aIIowed. d-d transitions3A,q; — 3_ng and Ay — 3T_1g, Potential/V
respectively, for an octahedral Ni(ll) complekThe third
d—d transition fAzg — stg (P)) expected to appear at higher Figure 7. Cyclic voltammograms o8 recorded in acetonitrile at (a) room

. . temperature and (b) at20 °C (potentials vs Ag/AgCI, 0.1 M TBAP at a
energy Is prObany masked by the” S~ N'(”) LMCT platinum working electrode, scan rate 100 mW)s Inset shows the

+08 | 10 +12

transition which appears at 430 nr, 700 mot?! cnv). increasing reversibility of process | at scan rates (i) 200, (ii) 500, and (iii)
For compoundt, however, a single-dd band at 624 nme( 1000 mV s,

80 mol™ cnv) is observed, corresponding to’B; — °E .

transition for the high-spin square pyramidal Ni(ll) sitat up in the reverse scan of voltammetry. Process | becomes

also displays a strong band in the near-UV region at 425 fully reyersible in the electrochemical _seF'fbavhen the scan
nm (e, 3400 mot® cn?) due to the S — Ni(ll) LMCT speed is near 1000 mV 5 (Figure 7, inset) and involves
transition. Another strong band in the form of a shoulder Single electron stoichiometry [(Ni(H)Ni(I)/Ni(ll) —Ni(ll1)]
appears in the spectra of badrand 4 at 460 and 490 nm,  (AE, = 65 mV at 1000 mV s') when compared with the
respectively, due to spin-allowed-d transitionA,;— A, ferrocenium/ferrocene couplé\E, = 70 mV at 1000 mV
originating from the square planar Ni(ll) site. The remaining s).
bands below 400 nm are probably due to intraligand For compound4, however, all these four processes are
transitions. irreversible even at-20 °C (Figure S5) and involve almost
Electrochemistry. Electrochemical behavior of the bi- similar current heights. Differential pulse voltammetric
nuclear complexes has been studied by cyclic voltammetry (DPV) measurements indicate identical electron stoichiom-
(CV) under nitrogen in acetonitrile solutions (0.1 M TBAP) etry for these processes. Electrochemical results B@nd
in the potential range-2.5 to +2.0 V versus Ag/AgCI 4 thus indicate the possible involvements of five binuclear
reference, and the results are summarized in Table 4.nickel species with oxidation state combinations shown by
Voltammetric features o8 and 4 are shown in Figures 7  eqgs 2-5.
and S5, respectively, each showing four electrochemical

responses, two in the cathodic and two in the anodic potential . . E :
range. For compoun@®, all these processes—IV) are Ni(ll) =il process | Ni(IT) =Ni(iin) @)
irreversible at room temperature (Figure 7a), indicating _ . E9), _ _
instability of the electrochemically generated products in the Ni(11) =Nichin —=22cer Nl —Ni(ii) (3)
time scale of cyclic voltammetry. At20 °C, however, the )
oxidation process | shows some sign of reversibility (Figure Ni(I1) —Ni(ll) — Ni(I1) —Ni(1) 4)
7b), and the oxidized species formed does survive to show process I

. . Ew .
(62) Morassi, R.; Bertini, |.; Sacconi, [Coord. Chem. Re 1973 11, 343. NI(”) _NI(I) process IV NI(I) _NI(I) (5)
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Mixed-Spin Binuclear Nickel(Il) Complexes

In compound3, process | is reversible at low temperature in the latter ligand provides enough flexibility to show
and at higher scan speeds500 mV s') and probably tetrahedral distortion (dihedral angle, 29.ih the planarity
involves electron transfer at the octahedral site as the squareof 2. Compoundl forms pentacoordinated paramagnetic
planar complexesl(and2) with closely similar donor set  species in solution by oligomerization through the coordina-
combinations fail to show any reversible oxidation process tion of the appended pyrazolyl arm, as revealed from variable
(vide supra), even at high scan speed. temperaturéH NMR study. The remaining compoun@s-4

Concluding Remarks appear to retain their solid state structures in solution as well.

Two homobinuclear mixed-spin nickel(ll) complexe® ( Acknowledgment. Financial support received from the
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of providing both donor set and coordination number Delhi, is gratefully acknowledged. One of us (D.G.) thanks
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square planar site in both the complexes contains anionicalso thank Dr. R. J. Butcher and Dr. T. J. R. Weakley for
sulfur ligand(s), capable of providing stronger ligand fiéfts. their help in the crystal structure determinationlodind 2,
The spin triplet Ni(ll) center ir8 has an octahedral ligand respectively, and Dr. M. P. Pujari for the measurements of
environment while that id has a square-pyramidal geometry. variable temperaturéH NMR spectra.

With the pentacoordinating ligand Hland the compart-

mental ligand HL3, the products obtained are both mono- Supporting Information Available: Figures S+S5. X-ray
nuclear square planar Ni(ll) complexes gnd2) in which crystallogrgphig files. in CIF format for cpmpound$—4.
one of the pyrazolyl arms of ligand Hland the bridgehead This material is available free of charge via the Internet at
alcoholic oxygen of B2 are staying away from coordination http://pubs.acs.org.

in 1 and2, respectively. The saturated three carbon bridge 1C034314+
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