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The first X-ray crystallographic stucture determinations of metal complexes of the 1,3-dithiosquarate (1,3-dtsq,
dianion of 3-hydroxy-4-mercapto-2-thioxo-3-cyclobuten-1-one) are reported herein. Compounds [Ni(tren)(1,3-
dtsq)(HO)] (C10H20N4NiO3S) (1) and [Ni(trenk(1,3-dtsq)](ClQ), (C16H36CI2NgNi2016S,) (2) (where tren is tris-
(2-aminoethyl)amine) both crystallize in the monoclinic system, space gP8up, with a = 8.519(1) A,b =
13.931(1) A,c = 13.587(3) A, = 106.705(8), andZ = 4 for 1 anda = 8.663(1) A,b = 14.496(2) A,c =
11.617(2) A,p = 98.135(9), andZ = 2 for 2. The structure ofl consists of mononuclear, neutral [Ni(tren)-
(1,3-dtsq)(HO)] complex units, whereas that &fis made up of dinuclear dithiosquarate-bridged cations;-[Ni
(trenk(1,3-dtsq)f", and uncoordinated perchlorate anions. The nickel environment is distorted octahedral in
both cases, the tren group acting as a tetradentate ligand through its four nitrogen atoms and the dithiosquarate
being monodentately coordinated through one of the sulfur atorfiird bridging bis-bidentate i A water
molecule which is hydrogen bonded to the neighboring carbonyl-oxygen atom of the dithiosquarate completes
the octahedron around the metal atonl.inThe intradimer metatmetal separation i@ is 7.096(1) A. Variable-
temperature magnetic susceptibility measurements of conplexeal the occurrence of a weak intramolecular
antiferromagnetic coupling. The ability of the 1,3-dithiosquarate ligand to transmit electronic effects between
metal ions has been analyzed through extendéckelucalculations. The theoretical influence of the position
(1,2-dithiosquarate versus 1,3-dithiosquarate) and the number of sulfur (1,2,3,4-tetrathiosquarate) atoms on the
exchange coupling through bis-bidentate thiosquarates is also considered.

Introduction carbons has opened vast perspectives in coordination chemistry
because of their potential use as ligands. Concerning the
oxocarbon series, the coordination modes of croconate and
squarate are now well-known. Chelatihbischelatin§"-¢and

Much work has been devoted to the organic chemistry of
the planar dianions of general formula@?2~ [n = 3 (deltate),

4 (squarate), 5 (croconate), and 6 (rhodizonate)], which are g 1taneous chelating and monodertateordination modes

named oxocarborfs: The subst!tunon of one or more ofthe e normally adopted by the former, whereas monode#ftate,

oxygen atoms by heteroatoms like sulfur or nitrogen has led to pic\ o0 o qentatcand even tetramonodentdtbinding modes

the so-called pseudooxocarbons whose syntheses, reactivity, anare the most frequent ones in the metal complexes of the latter.

applications were reviewed very recertly. __ The large bite distance of the squarato ligand accounts for the
This systematic and exhaustive research work dealing with gpsence of the chelating and bischelating coordination modes

the organic chemistry of oxocarbons and related pseudooxo-i, its complexes with first-row transition-metal ioffs However,

the reduction of the bite parameter (bite distance®{squarato)

® Abstract published irAdvance ACS Abstract#pril 15, 1996. bond length®-11by using heavier metal ions (alkaline- and rare-
@ (()?),\;J;'t\;jrrg'tat de Valecia. (b) Universitetet i Bergen. (C) University o5 4, cationdp13renders possible these coordination modes as
(2) West, R., EdOxocarbons Academic Press: New York, 1980. shown by X-ray diffraction studies. The replacement of two
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@ éa@oigﬁﬁ’r oGugs'm?Jir"sghisgnhimeia?eééﬁ%z?gz’ 4%2%11“’) Seitz, G. a5 sulfur also reduces the bite parameter, and the resulting 1,2-
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out on two nonadjacent positions, the resulting 1,3-dithiosquarate ~ Preparation of Compounds. [Ni(tren)(1,3-dtsq)(HO)] (1). This
anion (dianion of 3-hydroxy-4-mercapto-2-thioxo-3-cyclobuten- complex was prepared by adding 0.120 g e€#0:S,+2H;0 (0.5 mmol)
1-one, hereafter noted 1,3-dt&yould exhibit both chelating dissolved in a minimum amount of water to an aqueous solution (70
and bischelating coordination modes. To our knowledge, no ML) of Nitren)(NGy)2 [0.291 g of Ni(NQ)2-6H,0 (1 mmol) and 0.146

. . - _ g of tren (2 mmol)]. The addition of the thiosquarate ligand was
ggztilzliosglgiperr‘:Cplrjilcl)ig[}te?jo?hcuesrrg]rg metal complexes with 1,3 accompanied by a color change from blue to brown and by the

. formation of a small amount of brown powder that was filtered off
In the present work we report the synthesis, structural, and 5,4 giscarded. Polyhedral brown crystald separate from the mother
spectroscopic characterization of the compounds of formula [Ni- |iquid by standing at room temperature for a few hours. They were
(tren)(1,3-dtsq)(HO)] (1) and [Ni(trenk(1,3-dtsq)](CIQ)2 (2). collected, washed with water, and stored over calcium chloride. Anal.
The investigation of the magnetic propertieRaeind theoretical Calcd for GoH2oNiN4OsS; (1): C, 32.73; H, 5.45; N, 15.26; S, 17.48.

calculations to analyze the ability of this type of sulfur multiatom Found: C, 32.59; H, 5.38; N, 15.0; S, 17.24.

ligands to mediate exchange coupling are also included. [Niz(tren),(1,3-dtsq)](ClO4), (2). This compound was obtained as
] ) a green polycrystalline powder by mixing aqueous solutions of [Ni-
Experimental Section (tren)P* [0.582 g of Ni(NQ).*6H,0 (2 mmol) and 0.292 g of tren (2

mmol) in 30 mL of water] and LiC40,S; [0.120 g of K.C40,S;,-2H,0
d(0.5 mmol) and 1.063 g of LiCI®@3H,O (10 mmol) in the minimum
mount of water and removal of the subsequent precipitate of §CIO

Materials. Tren, nickel(ll) perchlorate hexahydrate, and lithium
perchlorate trihydrate were purchased from commercial sources an
used as received. Potassium 1,3-dithiosquarate dihydrate was prepare o o " ;
according to the literatur&. Elemental analysis (C, H, N, S) was he yield is nearly quantitative under these conditions. Yellow-greenish

conducted by the Microanalytical Service of the Universidad Aatoa arrow-_shaped crystals dfwhich were su_ltaple for X-ray dlffract!on
de Madrid. analysis were grown from the mother liquid by slow evaporation at
room temperature. Anal. Calcd fordlssCloNioNsO10S; (2): C, 25.53;

. - .
Synthesis. Caution! Perchlorate salts of metal complexes with H 4.78: N, 14.88: S, 8.52. Found: C. 25.65: H. 5.13: N, 14.84: S,

organic ligands are potentially explosive. Only a small amount of

material should be prepared, and it should be handled with care. 8.41. .
Physical Measurements. Infrared spectra were recorded on a
(9) () Chen, Q.: Ma, L.; Liu, S.; Zubieta, J. Am. Chem. Sod.989 Perkin-Elmer _1750 FTIR spectr_ophotome_ter as KBr pellets |nth&300
111, 5944. (b) Simonsen, O.; Toflund, Horg. Chem1981, 20, 4044. 4000 cn1t region, and electronic spectra in solution and as Nujol mull
(c) Bernardelli, G.; Castan, P.; Soules, IRorg. Chim. Actal986 samples were measured on a Perkin-Elmer Lambda 9 spectrophotom-
120, 205. (d) Soules, R.; Mosset, A.; Laurent, J. P.; Castan, P.; eter. The magnetic susceptibility of a polycrystalline sampl2 whs
Eﬁg‘sﬁéﬁegh S:;gggi?a%cvéngigétinégf Asggt1988199é?,53 710f67(g) measured over the temperature range—8@0 K with a fully
0 Xantﬁohou'lyos, C. E Sigalas, M. P.; katsoﬁlos, G A Tsipié, C. auto_matlzed pendulum-type susceptometer equipped with a TBT
A.; Hadjikostas, C. C.; Terzis, A.: Mentzafos, Morg. Chem1993 continuous-flow cryostat and a Beer BE15 electromagnet, operating
32,3743. (g) Soules, R.; Dahan, F.; Laurent, J. P.; Castah,Ghem. at 1.8 T. Mercury tetrakis(thiocyanato)cobaltate(ll) was used as a
Soc, Dalton Trans.1988 587. (h) Lloret, F.; Julve, M.; Faus, J.;  susceptibility standard. Diamagnetic corrections of the constituent
Solans, X.; Journaux, Y.; Morgenstern-Badaraindrg. Chem199Q atoms were calculated from Pascal’'s consfmisd found to be-374

29, 2232. (i) Frankenbach, G. M.; Beno, M. A.; Williams, J. M.; Welp, 10-% cm® mol~X. Th lue 120« 1076 cm? mol—t d for th
U.; Thompson, J. Elnorg. Chim. Actal992 192 195. (j) Robl, C.; x cm Mot - e value crm Mot “was used forihe

Weiss, A. Z. Naturforsch.1986 41B, 1341. (k) Bernardelli, G : temperature-independent paramagnetism of the nickel(ll_) ior_l.
Deguenon, D.; Soules, R.; Castan,dan. J. Chem1988 67, 1158. Crystallographic Data Collection and Structure Determination.
(I) Castro, I.; Faus, J.; Julve, M.; Verdaguer, M.; Monge, A.; Gube- Crystals of dimensions 0.3% 0.25 x 0.18 mm () and 0.28x 0.28
Eueénla,'Eanorg. Chjm-EACt§169E9QL17Q 25%- f:m)ge}?étp'\gﬂ';cshom' x 0.20 mm @) were selected, and X-ray diffraction data were collected
.; Garéa-Lozano, J.; EscrivéE.; Legros, J. P.; Dahan, B. Chem. °C wi _Noni -4 di i ite-
Soc, Dalton Trans 1991 1057. (n) van Ooijen. J. A. C.. Readijk, J. at 21°C with an Enraf Nonlu.s QAD 4 Elﬁractometer using graphlte
monochromated Mo & radiation ¢ = 0.71073 A). Unit cell
Spek, A. L.Inorg. Chem.1979 18, 1184. . .
(10) (a) Chen, Q.; Liu, S.; Zubieta, Angew. ChemInt. Ed. Engl.199Q parameters were determined from least-squares fits of@tamgles of
29, 70. (b) Habenchuss, M.; Gerstein, B.I Chem. Physl974 61, 25 reflections in the @ ranges 2844 and 26-42° for 1 and 2,
852. (c) Weiss, A.; Riegler, E.; Robl, @. Naturforsch.1986 41B, respectively. Totals of 3512 and 2526 2) unique reflections were

1329, 1333. (d) Castro, |.; Sletten, J.; Calatayud, M. L.; Julve, M., recorded within 2 < 55° (1) and @ < 50° (2) using thew (1) and
(1) ﬁzgg’rtjbl_ll_orlﬁltﬁ('):ré ;?cng?ecrhel’oemhg:mgi'sgggrmgélr?s?esn3é 4K90Ii’;1ppert w/20 (2) scan techniques. The intensities of three reference reflections
M. E. Lipfoa'rd, S. J., Margrave, J. L., Niedenzu, K.', N'otr'f, H. Par}y, monitored throughout each data collection showed no signs of crystal

R. W., Yamatera, H., Eds.; Springer-Verlag: Berlin, 1982; Vol. 6. deterioration. Space groups were in each case unambigously deter-

(12) (a) Robl, C.; Weiss, AZ. Naturforsch.1986 41B, 1490. (b) Robl, mined from systematic extinctions to B&;/c. The data were corrected

C.; Gnutzmann, V.; Weiss, A. Anorg. Allg. Chem1987 549, 187. for Lorentz and polarization effects. In each case an empirical

(c) Robl, C.; Weiss, AMat. Res. Bull 1987, 22, 373. absorption correction based gnscans was carried out, the maximum
13) §3)7Tr°mbe- J. C,; Petit, J. F.; Gleizes, Mew J. Chem198§ 12, and minimum transmissions being 99.89 and 87.20%(in= 15.315

. (b) Trombe, J. C.; Petit, J. F.; Gleizes, lAorg. Chim. Acta = o ¢ - 1

199Q 167, 69. (c) Trombe, J. C.; Petit, J. F.; Gleizes,Rur. J. Solid cm?) and 99.97 and 90.83% @ (u = 16.962 cn?).

State Inorg. Cheml991, 28, 669. The structures were solved by direct methods and successive structure
(14) (a) Coucouvanis, D.; Hollander, F. J.; West, R.; Eggerding, Bm. factor calculations and Fourier syntheses. All non-hydrogen atoms were

Chem. Soc1974 96, 3006. (b) Coucouvanis, D.; Holah, D. G.;  anisotropically refined. Thermal parameters as well as bond distances

Hollander, F. JInorg. Chem.1975 14, 2657. : . . N~
(15) (a) Coucouvanis D?.- Swenson SD.- Baenziger, N. C.. Holah, D. G.; involving carbon atom C(1) in compourgdindicate the presence of a

Kostikas, A.; Simopoulos, A.; Petrouleas, ¥.Am. Chem. Sod976 slight_disorder in this part of the molecule. An attempted refinement
98, 5721. (b) Coucouvanis, D.; Swenson, D.; Baenziger, N. C.; Of a disordered model was not successful, however. Hydrogen atoms,
Murphy, C.; Holah, D. G.; Sfarnas, N.; Simopoulos, A.; Kostikas, A. except those in the disordered region2pfvere located in difference
16) ‘,JA;ItAm- Chen|13. S'\C;Id38l %gat%c’:SO.t i Sect. BL980 36 1042 Fourier maps and were isotropically refined. The full-matrix least-
meppen, D.; Mattes, cta Lrystallogr, Sect. ' : squares refinements convergedRat 0.028,R, = 0.027,S= 1.452
(17) (a) Arrizabalaga, Ph.; Bernardelli, G.; Castan, P.; Geoffroy, M.; Soules, _ _ _ -
R.C. R. Acad. ScjSer. 21987, 304 559. (b) Krause, R.; Mattes, R. (1) @ndR=0.039,R, =0.039,S=1.318 ). The refinements were
Z. Naturforsch. Chem. Scl99q 45B, 490. based on 28811) and 2159 2) reflect_lo_ns_ v_\nthl > 20(l), varying
(18) (a) Bonnet, J. J.; Cassoux, P.; Castan, P.; Laurent, J. P.; Soules, R262 (1) and 237 2) parameters, and minimizingw(|Fo| — |Fc|)%. The
Mol. Cryst. Lig. Cryst.1987 142 113. (b) Arrizabalaga, Ph.; final difference Fourier map showed residual densities betwe®87
Bernardelli, G.; Geoffroy, M.; Castan, Rorg. Chim. Actal988 154 and—0.11 e A2%in 1 and betweer-0.70 and—0.65 e A3%in 2. The

(19) SI’ESr{geI G.: Mattern, GZ. Anorg. Allg. Chem1994 620, 723 higher values in compour@are found in the disordered region of the

(20) Mattes, R.; Johann, G\cta Crystallogr. Sect. @984 40, 740.
(21) Seitz, G.; Mann, K.; Schmiedel, R.; Matusch, Ghem. Ber.1979 (22) Earnshaw, Alntroduction to MagnetochemistryAcademic Press:
112 990. London and New York, 1968.
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Table 1. Crystallographic Data for [Ni(tren)(1,3-dtsq){8)] (1) and [Ni(trenk(1,3-dtsq)](ClQ). (2)

1 2
chem formula @oH20N4NIO3S Ci6H36CIoNgNi-010S,
fw 367.13 752.97
space group P2,/c (No. 14) P2,/c (No. 14)
a?/A 8.519(1) 8.663(1)

b/A 13.931(1) 14.496(2)
c/lA 13.587(3) 11.617(2)
Bldeg 106.705(8) 98.135(9)
VIA3 1544.4(8) 1444.2(6)
z 4 2
p(calcd)/(g cnd) 1.579 1.731

MA 0.71073 0.71073
T/°C 21 21

ulemt 15.315 16.962
R= (2IIFol = IFcll/3|Fol) 0.028 0.039
Ru= ([X(IFol — [Fc)& X w|Fo|7 A" 0.027 0.039

aCell dimensions are calculated from a least-squares fit of thar@jles of 25 reflections (28< 20 < 44°in 1, 20° <20 <42 in2).%In 1
w = 4F[o2 + (kF?)?, whereo, is the standard deviation iR? based on counting statistics alone;2mnit weights were used.

Table 2. Final Atomic Fractional Coordinates and Equivalent Table 3. Final Atomic Fractional Coordinates and Equivalent
Isotropic Displacement Paramet&r$or Non-Hydrogen Atoms of Isotropic Displacement Paramet&r$or Non-Hydrogen Atoms of
[Ni(tren)(1,3-dtsqg)(HO)] (2) [Ni(tren)(1,3-dtsq)](CIQ)2 (2)
atom x/a yib zc BefA? atom x/a yib Zc BegA2
Ni 0.23738(3) 0.04972(2) 0.22641(2) 2.021(4) Ni 0.30551(5)  0.44140(3) 0.23892(4) 2.246(8)
S(1) 0.24386(6) 0.12877(4) 0.06943(4) 3.05(1) Cl —0.3261(1) 0.22889(8) 0.0227(1) 3.73(2)
S(2) 0.83778(6) 0.18699(4) 0.01297(4) 2.99(1) S 0.5619(1) 0.51345(9) 0.23350(9) 3.39(2)
0o(1) 0.4163(2) 0.2153(1) —0.1136(1) 3.49(3) O(1) 0.2783(3) 0.4345(2) 0.0433(2) 3.18(6)
0(2) 0.6712(2) 0.0808(1) 0.1949(1) 3.96(4) O(2) —0.4887(5) 0.2393(5) —0.0051(4) 9.7(2)
0(3) 0.4715(2) 0.1071(1) 0.3181(1) 2.99(3) O(3) —0.2925(5) 0.2499(5) 0.1432(4) 9.0(2)
N(1) 0.0138(2) —0.0147(1) 0.1518(1) 3.17(4) O(4) —0.2812(8) 0.1408(3) 0.0088(6) 14.0(2)
N(2) 0.1247(2) 0.1652(1) 0.2773(1) 3.07(4) O(5) —0.2445(7) 0.2865(4) —0.0400(5) 10.5(1)
N(3) 0.3765(2) —0.0730(1) 0.2219(1) 3.59(4) N(1) 0.3097(4) 0.4425(3) 0.4193(3) 3.69(8)
N(4) 0.1984(2) —0.0193(1) 0.3554(1) 2.75(4) N(2) 0.3823(4) 0.3058(3) 0.2312(3) 3.36(8)
Cc@1) —0.0156(3)  —0.0958(2) 0.2119(2) 3.86(5) N(3) 0.1738(4) 0.5624(2) 0.2077(3) 3.36(7)
C(2) 0.0420(3) —0.0747(2) 0.3244(2) 3.97(5) N(4) 0.0875(4) 0.3807(2) 0.2389(3) 2.98(7)
C(3) 0.0762(3) 0.1381(2) 0.3692(2) 4.07(5) C(1) 0.1596(8) 0.4203(8) 0.4443(5) 10.8(3)
C4) 0.1890(3) 0.0598(2) 0.4260(2) 3.67(5) C(2) 0.0520(6) 0.3736(4) 0.3590(5) 4.9(1)
C(5) 0.3815(3) —0.1366(2) 0.3103(2) 4.31(6) C(3) 0.2512(6) 0.2428(3) 0.2356(5) 4.7(1)
C(6) 0.3439(3) —0.0804(2) 0.3954(2) 3.79(5) C(4) 0.1014(6) 0.2893(3) 0.1851(5) 4.3(1)
C(7) 0.4298(2) 0.1366(1) 0.0531(1) 2.21(4) C(5) 0.0060(5) 0.5412(3) 0.1991(4) 3.7(1)
C(8) 0.4857(2) 0.1782(1) —0.0292(1) 2.37(4) C(6) —0.0235(5) 0.4417(3) 0.1661(4) 3.49(9)
C(9) 0.6561(2) 0.1608(1) 0.0287(1) 2.28(4) C(7) 0.5331(4) 0.5082(3) 0.0892(4) 2.75(8)
C(10) 0.6005(2) 0.1169(2) 0.1102(1) 2.56(4) C(8) 0.3986(4) 0.4699(3) 0.0156(3) 2.68(8)
2 Estimated standard deviations in the last significant digits are given @ Estimated standard deviations in the last significant digits are given
in parenthese$.Beq = (4/3)3:Yifiai*a. in parenthesed.Beq = (4/3)y:Y6iaia;.

structure, whereas the residual density in other regions of the cell is A) bond length is slightly longer than those usually found in
comparable to that found if. Crystal parameters and refinement nickel-aqua complexes and NB (2.415(1) A) is comparable
re.f#'ts are S“mm&t‘;ze& 'PELabt'e 1t' Al dc"’EICUI"?‘t'Otr_‘S Were?éca;rr']ed OUt o bond lengths reported for several thioether, thiourea, and
Wrth programs In the Vol Iy structure determination Systemihe chelating thiocarboxylate compounds, but longer than those

scattering curves, with anomalous scattering terms included, were those_ - . .
of Cromgr and Wabet ¢ typically found in thiolates and dithiocarbamat®s.

Atomic coordinates and bond lengths and interbond angles are listed The 1,3-dithiosquarato ligand is monodentately coordinated
in Tables 2-5. Supporting Information comprises crystal data, through one of the sulfur atoms. The coordination does not
anisotropic thermal parameters, atomic parameters of hydrogen atomsintroduce a significant difference in the two the-S bond
complete list of bond lengths and angles, hydrogen bond parametersJengths (1.665(2) and 1.663(2) A); by comparison, in the
least-squares planes, and torsional angles (Table$S$3). uncomplexed 1,3-dtsq dianion the corresponding bonds are

Results slightly longer (1.672(2) A} The external angles at C(7) are
o . markedly different, S(1)C(7)—C(8) = 131.5(1) and S(1)-
Description of Structures. [Ni(tren)(1,3-dtsq)(H0)] (1). C(7)—C(10) = 139.0(2}; this distortion is probably related to

Compoundl is built of mononuclear, neutral [Ni(tren)(1,3-dtsq)-  the accommodation of an intramolecular hydrogen bond between
(H20) complex units (Figure 1). The nickel atom, bonded to Q(2) of the dtsq group and the coordinated water molecule
the four tren nitrogen atoms, a 1,3-dtsq sulfur atom, and a water(Q(2)---O(3) = 2.733(2) A). The four 1,3-dtsq carbon atoms
molecule, has a cis-distorted octahedral coordination geometry.gre coplanar within the limit of error, but the sulfur atoms
The Ni-N (2.086(2)-2.107(2) A) bond lengths are in the deviate significantly from the plane (Table S10). The mean
expected range for Hine groups, while the NtO (2.177(2)  plane of the 1,3-dtsq group is tilted 3felative to the N(1)N-
(4)0(3)S(2) plane.

(23) Fair, C. K.,MolEN; Enraf-Nonius: Delft, The Netherlands, 1990.

(24) Cromer, D. T.; Waber, J. Tnternational Tables for X-ray Crystal-
lography, Kynoch Press: Birmingham, England, 1974, Vol. IV, p 99 (25) Orpen, A. G.; Brammer, L.; Allen, F. H.; Kennard, O.; Watson, D.
(Table 2.2B). G.; Taylor, R.J. Chem. So¢Dalton Trans.1989 S1.
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Table 4. Selected Bond Lengths (A) and Interbond Angles (deg) Table 5. Selected Bond Lengths (A) and Interbond Angles (deg) in

for [Ni(tren)(1,3-dtsq)(HO)] (1) [Nia(tren)(1,3-dtsq)](CIQ). (2)2
Nickel Chromophore Nickel Chromophore
Ni—S(1) 2.415(1) Ni-N(2) 2.091(2) Ni—S 2.463(1) Ni-N(2) 2.082(4)
Ni—O(3) 2.177(2) N#-N(3) 2.091(2) Ni—O(1) 2.253(3) Ni-N(3) 2.095(4)
Ni—N(1) 2.086(2) Ni-N(4) 2.107(2) Ni—N(1) 2.090(4) Ni-N(4) 2.083(3)
S(1)-Ni—0(3) 95.05(5)  O(3yNi—N(4) 91.66(6) S—Ni—0(1) 87.66(7)  O(1}Ni—N(4) 90.9(1)
S(1)-Ni—N(1) 90.95(6)  N(LFNi—N(2) 92.87(9) S—Ni—N(1) 97.7(1) N(LFNi—N(2) 95.2(1)
S(1)-Ni—N(2) 94.04(6)  N(1FNi—N(3) 94.6(1) S—Ni—N(2) 96.0(1) N(L»-Ni—N(3) 95.7(1)
S(1-Ni—N(3)  100.94(6)  N(1FNi—N(4) 82.41(7) S—Ni—N(3) 96.4(1) N(L>-Ni—N(4) 83.7(1)
S(1-Ni—-N(4)  17257(5) N(@FNi-N(3)  163.12(8) S—Ni—N(4) 178.5(1) N@FNi—-N(3)  162.3(1)
O@B)-Ni—-N(1)  173.92(7)  N(2rNi—N(4) 83.03(8) O(1)-Ni—N(1)  174.6(1) N(2)-Ni—N(4) 84.1(1)
O(3)-Ni—N(2) 87.71(8)  N(3}Ni—N(4) 82.97(8) O(1)-Ni—N(2) 84.4(1) N(3)-Ni—N(4) 83.2(1)
O(3)-Ni—N(3) 83.31(8) O(1)-Ni—N(3) 83.4(1)
1,3-Dithiosquarato Ligand 1,3-Dithiosquarato Bridge
S(1)-C(7) 1.665(2) C(7¥C(8) 1.455(3) S—C(7) 1.662(4) C(7¥C(8) 1.454(5)
S(2)-C(9) 1.663(2) C(7¥C(10) 1.464(3) 0(1)-C(8) 1.245(5) c(7yc(8) 1.462(6)
O(1)-C(8) 1.242(2) C(8yC(9) 1.459(2) Ni—S—C(7 90.0(1) C(8-C(7-C(8)  88.8(3
0@-C10)  1241)  COHCA0)  1459() N-O(L 0  10570) OmoEol) 12650
Ni—S(1)-C(7) 11431(7) S(CO)-C(B)  135.5(2) S—C(7)-C(8) 127.2(3)  O(1}C(8)-C(7)  139.3(3)
S(1)-C(7)-C(8)  131.5(1)  S(2}C(9-C(10)  135.0(1) S—C(7)-C(8)  144.0(3)  C(7%-C(8)-C(7) 91.2(3)
S(1-C(7)-C(10)  139.0(2)  C(8YC(9)-C(10)  89.4(1) _
C(8)-C(7)-C(10)  89.3(1) O(}C(10-C(7) 135.3(2) Tren Ligand
O(1)-C(8)-C(7)  1345(2) O(2XC(10-C(9) 134.1(2) N(1)—C(1) 1.409(8) N(43C(6) 1.480(5)
O(1)-C(8)-C(9)  134.7(2)  C(PC(10)-C(9)  90.5(2) N(2)—C(3) 1.463(6) C(1¥C(2) 1.432(9)
C(7)-C(8)-C(9) 90.8(2) N(3)—C(5) 1.476(6) C(3yC(4) 1.506(7)
N(4)—C(2) 1.474(6) C(5)¥C(6) 1.504(7)
Tren Ligand N(4)—C(4) 1.478(6)
N(1)—C(1) 1.457(3) N(4yC(6) 1.473(3) Ni—N(1)—C(1) 108.7(3) C@YN(@4)-C(6) 112.2(3)
N(2)—C(3) 1.473(3) C(1rC(2) 1.495(3) Ni—N(2)—C(3) 109.4(3) N(I}C(1)-C(2) 119.6(5)
N(3)—C(5) 1.483(3) C(3yC(4) 1.510(4) Ni—N(3)—C(5) 110.1(3) N(@4YC(2-C(1)  114.8(5)
N(4)—C(2) 1.492(3) C(rC(®) 1.506(4) Ni—N(4)—C(2) 109.9(3) N(2yC(3)-C(4)  109.8(4)
N(4)—-C(4) 1.478(3) Ni—N(4)—C(4) 1045(3) N(4FC(4)-C(3)  110.7(4)
Ni—N(1)—C(1) 110.0(1)  C(4yN(4)-C(6)  112.9(2) Ni—N(4)—C(6) 105.3(2)  N(3}C(5-C(6)  110.3(4)
Ni—N(2)—C(3) 110.5(2)  N(-C(A)-C(2)  111.2(2) C@)-N(4)-C(4)  112.2(4) N(@rC(6)-C(5)  110.7(3)
Ni—N(3)-C(5) 110.5(2)  N@C(2)-C(1) 113.2(2) C2)-N@)-C(6)  112.2(3)
Ni—N(4)—C(2) 110.1(1)  N(J-C(3)-C(4)  109.0(2) R »
Ni—N(4)—C(4) 1045(1) N(4FC(4)-C(3) 110.6(2) Symmetry code: (i) = x 1 -y, —z
Ni—N(4)—C(6) 104.7(1)  N(3}C()-C(6)  110.3(2)
C(2-N(4)-C(4)  111.0(2) N@rC(B)-C(5) 111.1(2) ﬁ
C(-N(4)-C(6)  113.2(2) o) o
The molecules are connected through intermolecular hydrogen oz%,ao ﬁ

bonds (Table S8), including two very weakT#---S contacts.

W o3 @ /\%UJ
Pairs of molecules related by an inversion center are arranged ] N \@szxﬁ%
BT\

0

with parallel, overlapping 1,3-dtsq groups, the interplanar o B0 @\.
spacing being 4.2 A. The shortest intermolecular metadtal O/éﬁ(\l,f&}j& @
separation is Ni-Ni(—x,—y,—2) = 6.467(1) A. oi\& e

[Niy(tren)2(1,3-dtsq)](ClOs)2 (2). The structure of compound @{
2 is built of centrosymmetric, dinuclear dithiosquarato-bridged <Y
cations, [Nj(tren)(1,3-dtsq)t" (Figure 2) and uncoordinated o, 1 complex molecule [Ni(tren)(L,3-dtsq))] (1) with the
ClO,~ counterions. The nickel atom, bonded to the four tren aiomic numbering used. Thermal ellipsoids are piotted at the 50%
nitrogen atoms and an oxygen and a sulfur atom from the 1,3- probability level.
dtsq moiety, has a cis-distorted octahedral coordination geometry
with Ni—N bond lengths in the normal range (2.082(2)095- the S--O distances in the squarate dianion in(X3-dtsg3-
(4) A), and rather long NO (2.253(3) A) and NS bonds  2H,0 (3.554(1) and 3.515(1) &P Furthermore the NiS—
(2.463(1) A) (see above). In this context it also deserves to be C(7) bond angle ir2 is only 90.0(13, while the corresponding
noted that the NiS bond lengths in a square planar NiS angle in1 is 114.31(7). The dithiosquarato group is planar
complex of the 1,2-dtsq ligand, MNi(1,2-dtsq)}2H0 (1,2- within the limit of errors and is coplanar with the mean plane
dtsq is 1,2-dithiosquarate dianion), are 2.212(1) and 2.234(2) of O(1)N(1)N(4)S (dihedral angle 1.4(1°%)
A4 The intradimer Ni-+Ni distance across the 1,3-dtsq bridge is

The 1,3-dtsq group acts as a bis-bidentate ligand. To 7.096(1) A. The shortest intermolecular metal-metal separation
accommodate the chelating coordination mode theC&)— is Nis+*Ni(1—x,1-y,1—2) = 6.727(1) A. In the crystal there
C(8) and O(1)-C(8)—C(7) angles are narrowed down to 127.2- are several weak interactions between perchlorate oxygen atoms
(3) and 129.5(4)as compared to the remaining external angles and amine nitrogen atoms (Table S9), but only two of these

at the C4 ring, SC(7)—C(8) of 144.1(3} and O(1)}-C(8)— contacts are short enough to be characterized as hydrogen bonds.
C(7) of 139.3(3). This allows for a $-O(1) bite distance in Infrared and Electronic Spectra of 1 and 2. The most
this complex of 3.270(3) A, while the-SO(1) distance is interesting aspects of the infrared data concerning complexes

3.754(3) A. By comparison the S¢2)0(1) distance irl. (3.530- and2 are those dealing with the occurrence of monodentite (
(1) A), which is not affected by coordination, is also close to and bis-bidentate2?j 1,3-dtsq coordination modes. According
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Figure 2. Complex cation [Ni(1,3-tren)(dtsq)F* (2) with the atomic numbering used. Thermal ellipsoids are plotted at the 50% probability level.

[
N

to the literature?! the IR spectra of the dipotassium salt of 1,3-
dithiosquarate consists of a strong and broad feature centered
at 1545 cmi?, three strong peaks at 1260, 1235, and 1210'¢cm
and a doublet at 800 (strong) and 770 ¢rsharp and medium
intensity), which are attributed te(OCCO), v(CCS), andv-

(CS) stretching vibrations, respectively. The IR bands of the
1,3-dithiosquarate ligand in compléxare a weak absorption

at 1700 cm?, a strong peak in the 156A.600 cnT?! region,

and two doublets, one with strong absorptions centered at 1265
and 1220 cm! and the other consisting of a somewhat broad
and medium intensity peak at 810 chand a sharp and weak
feature at 765 cmt. The presence of the weak absorption at
1700 cnt! in complex1 supports the occurrence of localized
C=0 bonds in this compound in line with the monodentate
character of 1,3-dtsq, as shown by the X-ray structure deter-
mination. The IR features associated with the 1,3-dtsq bridging :

ligand in complex2 are very close to that of complek but L 0 T 2'0 T 4'0 T 6'0 T 8‘0 t ’100
sharper. They are as follows: two strong and sharp peaks at T (K)

1530 and 1275 cri, a medium intensity peak at 1225 cin

and a very asymmetric doublet at 810 (strong and sharp) and
765 cnt! (weak and sharp). The most noticeable difference
between the IR spectra of the two complexes is the absence of
the high-frequency €0 stretching in the spectrum of complex

2 in agreement with the presence of bischelating 1,3-dtsq ligand
in it.

N
W
L i I I L

%, T (cm’ mol ' K)
©

1.9+

Figure 3. Thermal dependence giT for complex2: (A) experi-
mental data;€) best theoretical fit (see text).

Magnetic Properties of 2. The thermal dependence g T
(xm being the molar magnetic susceptibility) for compin
the temperature range 4:200 K is shown in Figure 3. The
. value of yuT at room temperature (2.38 énmol~! K)
The electronic spectra of mull samples of complekemd corresponds to what is expected for two noninteracting single-

2 are typical of octahedral nickel(ll) compllexes exhibiting @ o yiplet states. This value remains relatively unchanged down
broad maximum at 10 30a) and 10 150 cm* (2), a shoulder 14 30k and then falls rapidly to 1.76 &mol 1 K at 4.2 K.

at 15950 {) anoi 15840 cm* (2), and a peak at 18 32a) This low-temperature attenuation could be due to weak in-
and 17800 cm' (2). The feature at higher wavelengths amolecular antiferromagnetic coupling, single-ion zero-field
corresponds to the value of @ (Azg—Tog transition), whereas  jnteractions ), or both. It is clear that the ground state of a
the shoulder and the remaining peak could be attributed to thenickel(ll) ion in an octahedral case as @ is orbitally
spin-forbidden Aq—Ey and spin-allowed Ay—Tag transitions,  nondegenerate, and, therefore, it is possible to represent the

repectively, inOn symmetry. Very intense 1,3-dithiosquarate intradimer magnetic interactionJ) by the isotropic spin
internal and metatligand charge transfer transitions obscure HamiltonianH = —J% & with Sx = Sg = 1 and assuming

the region of lower wavelengths and preclude the observationthatg, = gy =g, = g. In a first approach, the corresponding
of the third spin-allowed transition for a Ni(ll) ion i©n spin-only formula § and g as variable parameters) would
symmetry. A comparison between the values dd4of 1 and account for the magnetic behavior of nickel(ll) dimers when a
2 reveals that the ligand field strength of the S and O couple relatively strong antiferromagnetic coupling occurs. The effect
from chelating 1,3-dtsq is slightly lower to that from water of D should be considered to describe the magnetic behavior at
oxygen and sulfur-bound 1,3-dtsq. This can be accounted for low temperatures in the cases where the antiferromagnetic
by the fact that the Ni S [2.415(1) and 2.463(1) A ifh and2, coupling is weak. So, in a second stdpyas assumed to be
respectively] and NiO [2.177(2) () and 2.253(3) A#?)] bonds zero andD andg were variable parameters. Finally, in a third
are significantly longer in the chelate structure. approach we considered both possibilities ¢, and D as
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variable parameters) by using the Hamiltonldn= —J%-S

— D(Sa2 + 582).2627 The resullts of the least-squares fit through
the corresponding theoretical expressions are as follalvs:
—0.5cnT!, g = 2.19, andR = 3.3 x 107° for the first,D =
10.1 cnrl, g = 2.17, andR = 4.2 x 1075 for the second, and
J=-04cm?l g=219,D=4.1cntl, andR=1.8x 10°°

for the third approach, wheiR is an agreement factor defined
asR = 3 [me®U) — u90)]FI [uePi)]2. Very good fits

Inorganic Chemistry, Vol. 35, No. 10, 199@863

Concerning the preparation of complexXesnd2, the main role

of the tetradentate tren ligand is to avoid the precipitation of
polymeric Ni(ll)—1,3-dtsg compounds. Another important
aspect is the low solubility of complek which allowed us to
obtain single crystals from concentrated aqueous solutions in a
few hours at room temperature. However, the synthesis of the
dimer was more difficult because of its great solubility in water.

It was isolated as a polycrystalline powder from solutions

are obtained in the three cases, the quality of the last fit being containing a 2:1/2:9 [Ni(trenjt:1,3-dtsg:ClO,~ molar ratio.

significantly better than the other two. In addition, Dealue

of this last fit (4.1 cn1?) is more reasonable than that of the
first one (10.1 cm?), which seems too larg.Anyway, it is
well-known that the determination &f from magnetic suscep-
tibility data on polycrystalline samples cannot be done ac-

The presence of an excess of both [Ni(tréhdnd CIQ~ was
determinant in the isolation & Aqueous solutions d? lead

to the precipitation ofl. So, single crystals df were obtained
from its aqueous solutions only in the presence of an excess of
perchlorate. A spectrophotometric study of the complex forma-

curately; anisotropy magnetic measurements on single crystalstion between [Ni(tren" and 1,3-dtsq in water and dimethyl
are required to do that. As far as the exchange coupling is sulfoxide (DMSO) as solvents revealed the formation of a single

concerned, a very weak antiferromagnetic coupling is obtained,

the upper limit being-0.5 cnT. It is clear that the efficiency

1:1 [Ni(tren)P*:1,3-dtsd™ species which is nearly totally formed
at a 1:1 metal to ligand molar ratio. The formation of the

of bis-bidentate 1,3-dithiosquarate to mediate antiferromagnetic dimeric species was not detected, most likely because its

coupling in dinuclear nickel(ll) complexes is much reduced

formation requires very concentrated solutions which are not

when being compared to other related bis-bidentate ligands suchsuitable for spectrophotometric investigations.

as 2,2-bipyrimidine (~Jnippmni = 12—14 cm%)?7 and oxalate
(—JInioxnie = 22—39 cn1't).27:29

Discussion

Preparation of Complexes 1 and 2.The exploration of the

coordination chemistry of sulfur-containing ligands such as the

thiooxocarbons is difficult due to hydrolytic and redox reactions.

For instance, protonation of 1,2-dithiosquarate gives a yellow

solid containing SH bonds which decomposes rapidly with
loss of hydrogen sulfid& Electrochemical investigations on
thiosquarate derivativessOs—xS; (X = 1—4) in acetonitrile have
shown they oxidize to yield disulfides by radical condensation.
In Ni(Il) and Pd(ll) complexes of tetrathiosquarate, partial
replacement of sulfur by oxygen has been detetett. has

also been reported that iron(lll) and copper(ll) are easily reduced

by 1,2-dtsq to iron(ll) and copper(l), the resulting complexes
being characterized by X-ray diffraction on single crystafgb.33
In the preparation of the complexdsand 2, we have not

detected any redox reaction accompanying the complex forma-

tion. This is not surprising given that with the related 1,2-dtsq
ligand a square planar nickel(ll) complex of formulaN{-
(dtsq)-2H,O% was isolated and structurally characterized. The

fact that 1,2-dtsq displays an intermediate reducing power
toward 3d metal ions may be a consequence of the large chelat

bite, which renders 1,2-dtsq a weak field ligand. Our structural

Coordination Mode of 1,3-dtsqg. To our knowledge no metal
complex of 1,3-dtsqg has been structurally characterized previ-
ously. In the present work the ability of this ligand to coordinate
in the S-monodentate and in the chelating bis-bidentate coor-
dination modes to a 3d metal ion has been demonstrated. The
chelating mode may at a first sight seem surprising considering
the fact that a corresponding mode is not found for squarato
complexes of 3d metal ions due to the large bite parameter of
the latter ligand®* The S--O bite distance in the uncomplexed
1,3-dtsq dianion is 3.53 A (average vald@jnd considering a
complex with a SM—0 angle of 90 would lead to M-X
bond distances of approximately 2.50 A. In the present case
(2) the S++O bite distance is reduced to 3.270(3) A through a
reduction of the chelate endo SEJ—C angles from the
idealized 135to 127.2 and 129% respectively. Furthermore
the bond angle at S is only 90.0 These distortions allow for
Ni—S and NiO bond distances of 2.463 and 2.253 A,
respectively. These are clearly rather long bond distances and
indicate that the bite distance is in the upper limit of what can
be accommodated for a nickel(Il) complex. The bite parameter,
when the average of the M5 and M-O distances is used, is
1.39 for this complex and is close to the values typically found
in oxalato- and hydranilato-type complex&s.

The 1,2-dtsq ligand has been observed to coordinate in the

é:helating mode in complexes of 3d-metal ions as well as heavier

elements#1° In Table 6, structural parameters of these

and spectroscopic data reveal that 1,3-dtsq can also be classifie&c’mplexes are compared with those of compexOne may

as a weak sulfuroxygen chelate, most likely because of the
angular strain of its chelating and bis chelating coordination.

(26) Ginsberg, A. P.; Martin R. L.; Brookes, R. W.; Sherwood, RInGrg.
Chem.1972 11, 2884.

(27) De Munno, G.; Julve, M.; Lloret, F.; Derory, A. Chem. SocDalton
Trans.1993 1179.

(28) Vermaas, A.; Groeneveld, W. L.; Reedijk,Z. Naturforsch1977,
A32 632.

(29) (a) Battaglia, L. P.; Bianchi, A.; Bonamartini-Corradi, A.; Garci
Espaia, E.; Micheloni, M.; Julve, Mlnorg. Chem.1988 27, 4174.
(b) Lloret, F.; Sletten, J.; Ruiz, R.; Julve, M.; Verdaguer, Ikorg.
Chem.1992 31, 778. (c) Roma, P.; Guzma Miralles, C.; Luque,
A.; Beitia, J. I.; Cano, J.; Lloret, F.; Julve, M.; Alvarez, Borg.
Chem, in press (and references cited therein).

(30) Eggerding, D.; West, Rl. Org. Chem1976 41, 3904.

(31) Carfe B.; Parish, J.; Fabre, P. L.; Jourdannaud, S.; Castan, P.;
Deguenon, D.; Wimmer, Bull. Chem. Soc. Fr199Q 127, 367.

(32) Gdzfried, F.; Beck, W.; Lerf, A.; Sebald, AAngew. Chemint. Ed.
Engl. 1979 18, 463.

(33) Hollander, F. J.; Coucouvanis, D.Am. Chem. So0d.977, 99, 6268.

notice that the 8-S bite in the 1,2-dtsq ligand in all its chelating
complexes (3.263.56 A, see Table 6y 1° are reduced relative

to the corresponding distances (3784 A) in the uncom-
plexed 1,2,3,4-tetrathiosquarate dianfdnThe extent of the
reduction of S-S bite in 1,2-dtsq complexes is in some cases
appreciably larger than the reduction observed for theC5
bite in compounc. In fact, in the 1,2-dtsq nickel(ll) complék

a S--S bite distance almost identical to the® bite distance

in 2 is obtained through a considerable further reduction of the
endo S-C—C angles. This distortion allows a closer-\é
approach (2.21 and 2.23 A) in the 1,2-dtsq complex without
introducing unduly strain in the NiS—C angles (99.3 and
99.8). In an octanuclear Cu(ll) complex of 1,2-dtsq the-S

bite is reported to be 3.922(10)3&. However, in this compound
the coordination mode of 1,2-dtsq is bridging, not chelating.

(34) Allmann, R.; Debaerdemaeker, T.; Mann, K.; Matusch, R.; Schmiedel,
R.; Seitz, G.Chem. Ber1976 109, 2208.
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Table 6. Structural Parameters for Dithiosquarate Lig&nds

gsce amMscC OsMS MS S-S bite

compound (0OCC)/deg (OMOC)/deg (OSMO)/deg (M—O)A  (S--O)/A  parani ref
KoNi(1,2-dtsq)2H.0 1233 99.6 94.2 2.22 3.26 147 14
[(CeHs)4PLIFe(1,2-dtsa] 129.5 92.1 95.7 2.39 3.54 148 15
[Cu(en}][Cu(1,2-dtsq)] 127.0 95.0 95.8 2.30 3.42 1.49 17b
[(CeHs)4PLICu(L,2-dtsq) 126.0 97.4 93.1 2.33 3.38 145  17a
[Cu(eny(H,0)][Cua(1,2-dtsq)]-2H,0¢  129.4 93.0 95.1 2.41 3.56 148  17b
Ko[Pd(1,2-dtsep]-2H,0 125.6 98.1 92.6 2.33 3.37 1.45 18a
[(CaHs)4N]-[M0,05S(1,2-dtsq) 125.0 100.9 84.9 2.49 3.36 135 16
(CHa)>Sn(1,2-dtsq}sCeHs 129.3 96.3 88.8 2.53 3.54 140 19
(CHa)2SN(L.2-dtsg)CH2),SO 129.4 96.8 87.6 2.55 3.53 138 19
[Nio(tren)(1,3-dtsq)](CIQ)2 (2) 127.2(120.5)  90.0(105.7) —(87.7)  2.46(225) —(3.27) 139  thiswork

aBond distances and angles of each structure have been aver&geth angle, i.e., angle within the chelate rifgite param= (av M—S(0))/
(av S+-S(0).9 A very asymmetric “chelate” with one of the €S distances equal to 3.145 A, occurring in this structure, has not been included.

Chart 1 Table 7. Orbital Exponents (Contraction Coefficients in Doulgle-
Expansion Given in Parentheses) and Energies Used in the
Extended Huokel Calculations

HN 0 X Z_ | NH, atom orbital &i(c) Hi, eV
\ 3 / \ / Ni 4s 1.825 -9.11

M ol 4p 1.125 ~5.15
/ \ / \ 3d 5.750 (0.5683) —13.40
H;N § Y : NH,4 2.000 (0.6292)
: : C 2s 1.625 —21.40
NH; NH; 2p 1.625 ~11.40
| O 2s 2.275 —32.30
2p 2.275 —14.80
Considering the data in Table 6, one may conclude that the S gs 1151177 :ig'gg
radius of the Ni(ll) ion is close to the lower limit for permitting H 1s 1.300 —13.60
the chelating coordination mode of 1,3-dtsq. The fact that the N 2s 1.950 —26.00

ligand field splitting in2 is lower than that ofl also supports 2p 1.950 —13.40
this conclusion.

Exchange Pathways through 1,3-dtsq and Related Thio-
squarates. The low efficiency of the bis-bidentate 1,3-dtsq
ligand to mediate antiferromagnetic coupling between nickel- . e A
(1) ions contrasts with the remarkable efficiency of oxalato. b) and .the HOMOs of the th|0§qu§1rate dianions with the
Although the exchange pathway involved in the former-{Ni appropriate symmetry are sh(_)wn In Figure 4. In thesézbontext of
S—C—C—0—Ni) is longer than that in the latter (NO—C— the_ molecular o_rbltal model mtroduced_by Haj_/ al, _ the
O—Ni) the presence of sulfur (atom more diffuse and less antlferromag.netlc part of the exch.ange mteracnﬂm:)(m the
electronegative than oxygéf)would favor the magnetic case of two interacting electrons is proportlonal to the square
coupling through 1,3-dtsg. A theoretical analysis dealing with of th‘? energy gap between the molecular orbltal_s bearing the
the structural and electronic characteristics of the comglex unpawed_electrons._ In th? case of octahedral nlckeI(II)_com-
which could account for its magnetic behavior (weak antifer- plexes with magnetic orbitals of theeety? and ¢ type, this
romagnetic coupling) is thus in order. It seems also interesting Mde! leads to eq 1, whed, and Ass are the energy gaps
to consider the influence of the position of the sulfur atoms 1 2 2
(1,3- versus 1,2-dithiosquarate) as well as their number (1,2,3,4- Jar = A Ky, + AgyTks)] 1)
tetrathiosquarate, tt3g), aiming at making predictions on their . ) .
ability to transmit electronic effects in their metal complexes. Petween the single occupied molecular orbitgals(SOMOs)

To do that, we performed extendeddkel calculations by using ~ SNOWn in Figure 4 and; represents the two-electron terkg [
the CACAO progrand® Calculations were made on three model = 72(Jea— Ja)]. An examination of the values df;, andAs,
compounds (see Chart 1) consisting of octahedral nickel(Il) reveals that they increase when the number of sulfur atoms

resulting from the interaction between the in-phase and out-of-
phase combinations of theeet2 (de—2® + die—2°) and ¢z
(d2 £ d2°) magnetic orbitals of the two metal centers (a and

dimers bridged by 1,3-dtsq (¢ W = S; Y = Z = 0), 1,2- increases (1,3- and 1,2-dtsq versus ttsq) as expected, due to the
dtsq (X=Z=S;Y=W=0), and ttsq (X=Y = Z = W = smaller electronegativity and more diffuse character of the sulfur
S) groups acting as bis-bidentate ligafds. atom as compared to oxygen. However, the position of the

Atomic parameters used are listed in TabR8 7The SOMOs sulfur atoms (1,3-dtsq versus 1,2-dtsq) have an even larger effect

containing the unpaired electrons for the three dimeric systems©" the energy gaps. These MO calculations allow us to
understand the very low efficiency of the 1,3-dtsg bridge to

(35) (a) Verdaguer, M.; Kahn, O.; Julve, M.; Gleizes, Mow. J. Chem. mefd.iate exchange coupling (compl&xand to_ predict a greater
1985 9, 325. (b) Vicente, R.; Ribas, J.; Alvarez, S.; Solans, X.; efficiency of the 1,2-dtsq and 1,2,3,4-ttsq bridges at this respect.
@6) ';Aomﬁ'lt%)ai: M. Ve_fdaguf/lﬂ é‘norg-tCh:_g-l(?gZ 26, 4,?_04-  Atomi As shown in the Figure 4a, simple symmetry and electron
ealll, C.7 Proserpio, D. V. Computer Alde omposition 0 omic : : : : _
Orbitals (CACAO Program) (kindly supplied by C. Meally. Chem. _densny considerations show that the exchange pathways involv
Educ.199Q 39, 1397. ing the de—y2 (SOMOsy; andy,) and the g (SOMOsy 3 and

(37) Don, Cz, and D4 symmetries were used for the bridging 1,3-dtsq, 14) magnetic orbitals ir2 lead to small overlaps through the

1,2-dtsq, and ttsq ligands, respectively. The geometrical parameters S—-C—C—C-S and G-C—C—O skeletons, respectively. Al-
used are those of compougd ’ ;

(38) (a) Hoffmann, RJ. Chem. Phys1963 39, 1397. (b) Hay, P. J.;  though a favorable orbital symmetry is present in theCs-
Thiebault, J. C.; Hoffmann, Rl. Am. Chem. Sod.975 97, 4884. C—C-S pathway, it involves a long way (five atoms in the
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E=-9.928 eV -9.922 eV Vs E =-9.996 ¢V
E=-9.964 ¢V -9.976 ¢V Y4 E=-10.087 eV
A12 = 36 meV = 54 meV Az4 = 58 meV
E=-10.612 eV -10.588 eV ¥, E=-9.814 ¢V
b4
4 E=-10.638¢v Vg4 E= -10.663 eV ¥, E=-9.872 ¢V
A34 = 26 meV Az4= 75 meV A12 = 93 meV

(a) (b) ©

Figure 4. SOMOs resulting from the interaction between two nickel(Il) magnetic orbitals through the bis-bidentate 1,3-dtsq (a), 1,2-dtsq (b), and
ttsq (c) ligands. In cases a and b theandz axes are defined by the NBE and Ni~O bonds, respectively; in case c tkandy axes correspond
to adjacent Ni-S bonds.

bridging unit). This long distance is responsible for the weak  In summary, our theoretical calculations indicate that, firstly,
antiferromagnetic coupling«3.6 cnt? for the singlet-triplet the antiferromagnetic interaction through the 1,3-dtsq is weak
energy gap) through the related-@—C—C—0O skeleton in the as observed (comple®) and, secondly, the antiferromagnetic
dimer [Cu(terpyk(H20)(sq)](CIQy)2 (terpy and sq represent — coupling through the bridging ligands should increase signifi-

2,2:6',2"-terpyridine and squarate dianion, respectivéyj, cantly when going from the former to the latter in the series
feature which is in line with the small antiferromagnetic coupling 1,3-dtsq, 1,2-dtsq, and 1,2,3.4-ttsq. Unfortunately, the lack of
observed ir2. The other pathway, (SC—C—O linking unit), magnetostructural data concerning the two last members of this

which is shorter, exhibits a less favorable symmetry and could family does not allow one yet to check our theoretical predic-
even lead to orthogonality under small structural changes. A tions.

comparison of these results with that concerning thgI\2-

dtsq) case (Figure 4b) reveals that the bis-bidentate 1,2-dtqu
ligand has a greater efficiency to transmit antiferromagnetic
coupling because of the larger overlap throughCS-C—S
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