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The reaction of [LRu(κ3SSS′-tpdt)] (L ) η6-C6Me6 (HMB), (1); L ) η5-C5Me5 (Cp*), (2);
tpdt ) S(CH2CH2S-)2) with Cl2Ni(PPh3)2 gave diamagnetic trinuclear complexes, [{(HMB)-
RuII(µ-1κ3SSS′:2κ2SS-tpdt)}2NiII]2+ (3) and [{Cp*RuIII(µ-1κ3SSS′:2κ2SS-tpdt)}2NiII]2+ (4),
isolated as hexafluorophosphate salts in 96 and 61% yields, respectively. A similar reaction
of 2 with CuSO4 in excess gave a dinuclear species, [Cp*RuIII(µ-1κ3SSS′:2κ2SS-tpdt)CuII-
(CH3CN)2]2+ (5) (73% yield, as PF6

- salt), which further reacted with 1 molar equiv of 2 to
give a paramagnetic complex, [{Cp*RuIII(µ-1κ3SSS′:2κ2SS-tpdt)}2CuII]2+ (6) (81% yield, as
PF6

- salt), or 1 molar equiv of 1 to give the “mixed-ring” tpdt dithiolate-bridged diamagnetic
complex [{Cp*RuIII(µ-1κ3SSS′:2κ2SS-tpdt)}CuII{(HMB)RuII(µ-1κ3SSS′:2κ2SS-tpdt}]2+ (7) (89%
yield, as PF6

- salt). The molecular structures of complexes 3-7 were determined by single-
crystal X-ray diffraction analysis. Notably it was observed that the trimetallic array
Ru-M-Ru possesses a M-M bond between the central metal atom (Ni(II) or Cu(II)) and
terminal Ru atoms in +3 oxidation state, i.e., Ru atoms bearing a Cp* ligand. Thus, while
Ni is in a square planar environment in 3, in the other trinuclear complexes, viz., 4, 6, and
7, Ni/Cu is in a slightly distorted tetrahedral environment with respect to the four thiolate
S donors, but is formally five- or six-coordinate, in the presence of one or two M-M bonds,
respectively. Variable-temperature magnetic susceptibility studies on neat powders of
representative compounds 2, 3, 4, and 6 show S ) 1/2 Curie-like behavior for mononuclear
Ru(III) complex 2, as expected, and also for the trinuclear {Ru(III)Cu(II)Ru(III)} complex 6,
the behavior of the latter being ascribed either to a 19e electron count on Cu, involving
Ru-Cu bonding, or to a strongly antiferromagnetically coupled {Ru(III)(S ) 1/2)Cu(II)(S )
1/2)Ru(III)(S ) 1/2)} sulfur-bridged moiety. Complexes 3 and 4, having oxidation states
Ru(II)Ni(II)Ru(II) and Ru(III)Ni(II)Ru(III), respectively, are close to being diamagnetic but
display very weak paramagnetism between 4.2 and 300 K.

Introduction

The continuing intense interest in transition metal
complexes containing sulfur donor ligands is stimulated
by their significant relevance to biological and industrial
processes.1 This area of chemistry abounds with com-
plexes of mono- and bidentate thiolates,2 as well homo-
or hetero-polynuclear compounds containing bridging
monothiolates (RS-);3 but complexes containing dithi-
olate bridging ligands (-SRS-) are less common, espe-

cially those of the heterometallic variety.4 Also rare
are compounds containing tridentate dithiolate-thio-
ether ligands such as 3-thiapentane-1,5-dithiolate,
S(CH2CH2S-)2 (tpdt), in a bridging mode. The literature
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(1) See, for instance, the following and the references therein: (a)
Rauchfuss, T. B. Inorg. Chem. 2004, 43, 14. (b) Transition Metal Sulfur
Chemistry-Biological and Industrial Significance; Stiefel, E. I.; Mat-
sumoto, K., Eds.; ACS Symposium Series 653; 1996. (c) Howard, J. B.;
Rees, D. C. Chem. Rev. 1996, 96, 2965. (d) Sellman, D.; Sutter, J. Acc.
Chem. Res. 1997, 30, 460. (e) Burgess, B. K.; Lowe, D. J. Chem. Rev.
1996, 96, 2983. (f) Dubois, M. R. Chem. Rev. 1989, 89, 1. (g) Curtis,
M. D.; Druker, S. H. J. Am. Chem. Soc. 1997, 119, 1027. (h) Bianchini,
C.; Meli, A. Acc. Chem. Res. 1998, 31, 109. (i) Sánchez-Delgado, R. A.
J. Mol. Catal. 1994, 86, 287. (j) Holm, R. H.; Ciurli, S.; Weigel, J. A.
Prog. Inorg. Chem. 1990, 38, 1.
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shows only a few examples of such compounds with
bonding modes illustrated in Chart 1.

Our previous studies have shown that the η3-tpdt
complexes of Ru, viz., [(HMB)RuII(κ3SSS′-tpdt)] (1)11 and
[Cp*RuIII(κ3SSS′-tpdt)] (2),12 readily function as metal-

lodithiolate ligands, with tpdt bridging via the two
dithiolate sulfur atoms in µ-1κ3SSS′:2κ2SS-bonding
mode. Thus, the thiolate sulfur donors in both complexes
can initiate nucleophilic displacement of chloro ligands
in their respective precursor complexes [LRuCl2]2
(1A: L ) η6-C6Me6 (HMB); 2A: L ) η5-C5Me5 (Cp*),
respectively)11,12 and a similar µ-dichoro ruthenium
dimer [RuII(COD)Cl2]n,13 forming dithiolate-bridged diru-
thenium complexes A, B, and C (see Chart 2). A notable
difference lies in the presence of a metal-metal bond
for those complexes containing a Cp*Ru(III) moiety, in
agreement with the demands of the 18e rule. It was also
observed that in the reaction between 1 and 2A the
participation of redox processes between the Ru(II)
center of 1 and the Ru(III) center of 2A gave rise to
trinuclear species D and E.13 These reactivity features
had suggested to us the probable role of 1 and 2 in the
generation of thiolate-bridged heterobimetallic com-
plexes. In view of general interest in heterometallic
complexes for several reasons, which include variety in
their patterns of bonding modes, and solid state and
catalytic applications,14 we have explored that possibil-
ity, since bridging by thiolate-thioether ligands is virtu-
ally unknown in heterometallic chemistry. Indeed, we
have found that nucleophilic displacements of chloro
ligands at metal centers of groups 14 and 10 have
generated di- and tri-heteronuclear species of types F15

and G,H.16

This paper describes comparative results with Ni(II)
and Cu(II) systems and a magnetic study of the new
complexes formed.

Results and Discussion

Syntheses. Reaction with Cl2Ni(PPh3)2. The reac-
tion of [LRu(κ3SSS′-tpdt)] {L ) HMB (1), Cp* (2), tpdt
) S(CH2CH2S-)2} with 1.0 molar equiv of Cl2Ni(PPh3)2
gave the trinuclear cationic complexes [{LRu(µ-1κ3SSS′:
2κ2SS-tpdt)}2Ni]2+ (L ) HMB (3), L ) Cp* (4)), which
were isolated as black crystals of their PF6 salts in 96
and 61% yields, respectively, after PF6 metathesis. The
thiolate S atoms of 1 and 2 act as effective nucleophiles
for the displacement of all the PPh3 and chloride ligands
of Ni, as shown in Scheme 1; in contrast, the PPh3
ligands in Cl2Pt(PPh3)2 cannot be displaced, thus result-
ing in the dinuclear complexes, J.16 This observation is
in agreement with the much higher lability of Ni(II)
versus Pt(II).

For reasons not immediately clear to us at present,
there exist both the cis and trans isomers for the Pd
and Pt analogues;16 only the trans orientation of the
arene rings is found in 3. For the trinuclear Cp*Ru(III)
compounds, the tetrahedral configuration of the NiS4
moiety in 4 was found also for Pd, but not for Pt, which
contains a square planar MS4 core.

Reaction with CuSO4. The reaction of 2 with an
excess of CuSO4 gave brown solids of [Cp*Ru(µ-1κ3SSS′:

(2) (a) Müller, A.; Diemann, E. In Comprehensive Coordination
Chemistry; Wilkinson, G.; Gillard, R. D.; McCleverty, J. A., Eds.;
Pergamon Press: Oxford, 1987; Vol. 2, Chapter 16.1, pp 526-531, and
references therein. (b) Bennett, M. A.; Khan, K.; Wenger, E. In
Comprehensive Organometallic Chemistry II; Abel, E. W.; Stone, F.
G. A.; Wilkinson, G.; Shriver, D. F.; Bruce, M. I., Eds.; Pergamon:
Oxford, 1995; Vol. 7, pp 522-523, and references therein. (c) Blower,
P. J.; Dilworth, J. R. Coord. Chem. Rev. 1987, 76, 121. (d) Dance, I. G.
Polyhedron 1986, 5, 1037. (e) Krebs, B., Henkel, G. Angew. Chem.,
Int. Ed. Engl. 1991, 30, 769. (f) Dance, I.; Fisher, K. Prog. Inorg. Chem.
1994, 41, 637.

(3) See for instance the following and the references therein: (a)
Stephan, D. W. Coord. Chem. Rev. 1989, 95, 41. (b) Janssen, M. D.;
Grove, D. M.; Van Koten, G. Prog. Inorg. Chem. 1997, 46, 97. (c)
Darensbourg, M. Y.; Pala, M.; Houliston, S. A.; Kidwell, K. P.; Spencer,
D.; Chojnacki, S. S.; Reibenspies, J. H. Inorg. Chem. 1992, 31, 1487.
(d) Yam, V. W.-W.; Wong, K. M.-C.; Cheung K.-K. Organometallics
1997, 16, 1729. (e) Delgado, E.; Garcı́ia, M. A.; Gutierrez-Puebla, E.;
Hernández, E.; Mansilla, N.; Zamora, F. Inorg. Chem. 1998, 37, 6684.
(f) Sánchez, G.; Ruiz, F.; Serrano, J. L.; Ramı́rez de Arellano, M. C.;
López, G. Eur. J. Inorg. Chem. 2000, 8, 2185. (g) Nakahara, N.; Hirano,
M.; Fukuoka, A.; Komiya, S. J. Organomet. Chem. 1999, 572, 81. (h)
Capdevila, M.; Gonzalez-Duarte, P.; Foces-Foces, C.; Hernandez Cano,
F.; Martinez-Ripoll, M. J. Chem. Soc., Dalton Trans. 1990, 143.

(4) See for instance the following: (a) Nadasdi, T. T.; Stephan, D.
W. Organometallics 1992, 11, 116, and references therein. (b) Aggar-
wal, R. C.; Mitra, R. Ind. J. Chem. 1994, A33, 55. (c) Nadasdi, T. T.;
Stephan, D. W. Inorg. Chem. 1994, 33, 1532. (d) Lai, C.-H.; Reibenspies,
J. H.; Darensbourg, M. Y. Angew. Chem., Int. Ed. Engl. 1996, 35, 2390.
(e) Singh, N.; Prasad, L. B. Ind. J. Chem. 1998, A37, 169. (f) Forniés-
Cámer, J.; Masdeu-Bultó, A. M.; Claver, C.; Cardin, C. J. Inorg. Chem.
1998, 37, 2626. (g) Forniés-Cámer, J.; Masdeu-Bultó, A. M.; Claver,
C.; Tejel, C.; Ciriano, M. A.; Cardin, C. J. Organometallics 2002, 21,
2609. (h) Forniés-Cámer, J.; Masdeu-Bultó, A. M.; Claver, C. Inorg.
Chem. Commun. 2002, 5, 351. (i) Forniés-Cámer, J.; Claver, C.;
Masdeu-Bultó, A. M.; Cardin, C. J. J. Organomet. Chem. 2002, 662,
188. (j) Rampersad, M. V.; Jeffery, S. P.; Reibenspies, J. H.; Ortiz, C.
G.; Darensbourg, D. J.; Darensbourg, M. Y. Angew. Chem., Int. Ed.
2005, 44, 1217.

(5) (a) Harley-Mason, J. J. Chem. Soc. 1952, 146. (b) Barclay, G.
A.; McPartlin, E. M.; Stephenson, N. C. Inorg. Nucl. Chem. Lett. 1967,
3, 397. (c) Barclay, G. A.; McPartlin, E. M.; Stephenson, N. C. Aust. J.
Chem. 1968, 21, 2669.

(6) Kim, J.-H.; Huang, J.-W.; Park, Y.-W.; Do, Y. Inorg. Chem. 1999,
38, 353.

(7) Huang, Y.; Stephan, D. W. Organometallics 1995, 14, 2835.
(8) Liaw, W.-F.; Chiang, C.-Y.; Lee, G.-H.; Peng, S.-M.; Lai, C.-H.;

Darensbourg, M. Y. Inorg. Chem. 2000, 39, 480.
(9) Rossi, S.; Kallinen, Kauko.; Pursiainen, J.; Pakkanen, T. T. J.

Organomet. Chem. 1992, 440, 367.
(10) Chiang, C.-Y.; Miller, M. L.; Reibenspies, J. H.; Darensbourg,

M. Y. J. J. Am. Chem. Soc. 2004, 126, 10867.

(11) Shin, R. Y. C.; Bennett, M. A.; Goh, L. Y.; Chen, W.; Hockless,
D. C. R.; Leong, W. K.; Mashima, K.; Willis, A. C. Inorg. Chem. 2003,
42, 96.

(12) Goh, L. Y.; Teo, M. E.; Khoo, S. B.; Leong, W. K.; Vittal, J. J. J.
Organomet. Chem. 2002, 664, 161.

(13) Shin, R. Y. C.; Ng, S. Y.; Tan, G. K.; Koh, L. L.; Khoo, S. B.;
Goh, L. Y. Organometallics 2004, 23, 547, and references therein.

(14) (a) Braunstein, P.; Rose, J. In Comprehensive Organometallic
Chemistry II; Wilkinson, G.; Stone, F. G. A.; Abel, E. W., Eds.;
Pergamon: Oxford, 1995; Vol. 10, Chapter 7, p 351. (b) Adams, R. D.;
Herrmann, W. A. Eds.; The Chemistry of Heteronuclear Clusters and
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2κ2SS-tpdt)Cu(CH3CN)2][PF6]2, 5(PF6)2, in 73% yield
after anion metathesis. The further reaction of complex
5 with 1 molar equiv of 2 led to displacement of ligated
CH3CN, to give rise to [{Cp*Ru(µ-1κ3SSS′:2κ2SS-tpdt)}2-
Cu]2+ (6), isolated as PF6 salt in 81% yield (Scheme 2).
A similar reaction of 5 with 1 gave the “mixed-ring”
thiolate-bridged trinuclear complex [{Cp*Ru(µ-1κ3SSS′:
2κ2SS-tpdt)}Cu{(HMB)Ru(µ-1κ3SSS′:2κ2SS-tpdt}]2+ (7)
as a dark green PF6 salt in 89% yield. It was not possible
to obtain 6 from a direct stoichiometric reaction of 2 with
CuSO4, which gave a brownish black oil, containing 6
in only negligible quantity.

We have obtained the Cu(I) analogue of 6 from the
reaction of 2 with [Cu(MeCN)4][PF6].17

Crystallographic Studies. The molecular struc-
tures of complexes 3-7 have been determined by single-
crystal diffraction analyses and are shown in Figures

1-5. Significant bond parameters are collectively given
in Table 1. The dicationic nature of the complexes is in
agreement with the oxidation states of the metal atoms
in the precursor compounds, viz., as follows: 3 (Ru(II)-
Ni(II)Ru(II)), 4 (Ru(III)Ni(II)Ru(III)), 5 (Ru(III)Cu(II)),
6 (Ru(III)Cu(II)Ru(III)), and 7 (Ru(III)Cu(II)Ru(II)).

The molecular structure of 3 possesses a center of
inversion at Ni(II), with coordination to the thiolate S
atoms of two [(HMB)RuII(κ3SSS′-tpdt)] moieties in a
square planar arrangement. There is a close resem-
blance to complexes G, the trans isomers of the Pd and
Pt analogues.16 The Ru‚‚‚Ni nonbond distance in 3 is
3.371 Å. The unit cell of the crystal structure of 4, the
Cp*Ru(III) analogue of 3, contains two independent
molecules, which possess slight variations in bond
parameters, shown in Table 1. The geometry is very
similar to that of the Pd(II) analogue, H. The central
Ni atom is tetrahedrally coordinated to the thiolato
sulfur atoms of two [Cp*RuIII((κ3SSS′-tpdt)] units, but
it is rendered six-coordinate with the participation of
M-M bonding to the terminal Ru atoms (Ru-Ni dis-
tances 2.5919(12)-2.6167(12) Å, and Ru-Ni-Ru 154.88-
(5)° and 157.26(5)°, respectively, in the two molecules).

The Ni-S distances are found as follows: 3, 2.2043-
(9)-2.2111(10) Å; 4, 2.184(2)-2.270(2) Å; these lie in
the observed range (2.26-2.33 Å for flattened tetrahe-
dral geometries, and 2.18-2.20 Å for square planar
geometries).18 The S-Ni-S angles (87.68(3)-92.32(3)°
in 3, and 103.52(9)-116.43(9)° in 4) also lie in the
reported range of 88-125°.18 Like 4, the Cu(II) analogue
6 crystallizes with two independent molecules in the
unit cell and possesses a molecular structure similar to
that of 4, except that the pair of Ru-Cu distances in
each independent molecule are very dissimilar (∆ )

Multimetallic Catalysts. In Polyhedron 1988, 7, 2251. (c) Wheatley,
N.; Kalck, P. Chem. Rev. 1999, 99, 3379. (d) Guczi, L. In Metal Clusters
in Catalysis; Gates, B. C.; Guczi, L.; Knozinger, H., Eds.; Elsevier: New
York, 1986. (e) Sinfelt, J. H. In Bimetallic Catalysts: Discoveries,
Concepts and Applications; Wiley: New York, 1983. (f) Xiao, J.;
Puddephat, R. J. Coord. Chem. Rev. 1995, 143, 457. (d) Holt, M. S.;
Wilson, W. L.; Nelson, J. H. Chem. Rev. 1989, 89, 11.

(15) Shin, R. Y. C.; Vittal, J. J.; Zhou, Z.-Y.; Koh, L. L.; Goh, L. Y.
Inorg. Chim. Acta 2003, 352, 220. Shin, R. Y. C.; Vittal, J. J.; Zhou,
Z.-Y.; Koh, L. L.; Goh, L. Y. Inorg. Chim. Acta 2004, 357, 635.

(16) Shin, R. Y. C.; Tan, G. K.; Koh, L. L.; Goh, L. Y.; Webster, R.
D. Organometallics 2004, 23, 6108.

(17) Shin, R. Y. C.; Tan, G. K.; Koh, L. L.; Goh, L. Y.; Vittal, J. J.;
Webster, R. D. Organometallics 2005, 24, 539.

(18) Halcrow, M. A.; Cristou, G. Chem. Rev. 1994, 94, 2421, and
references therein.
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0.0684 and 0.1875 Å, respectively); in the absence of any
apparent cause, this difference can be merely a crystal
packing effect associated with different lattice solvent
molecules. However, the observed distances (2.6053-
(12)-2.7928(12) Å) fall in the range reported for such
bonds in RuCu clusters (2.509(6)-2.909(2) Å).19 The
Ru-Cu-Ru angles in the two molecules are very close
(154.52(5)° and 154.78(5)°, versus 154.88(5)° and 157.26-
(5)° in 4). The Cu-S distances are observed in the range
as follows: 5, 2.273(2)-2.287(2) Å; 6, 2.271(2)-2.380-
(2) Å; 7, 2.2426(10)-2.3999(10) Å. These are longer than
those found in adamantine-like cluster complexes of
Cu-Cu and Cu-Ni thiolates (range 2.23(1)-2.24(1)
Å).20 An examination of the Ru-S distances in these
complexes shows that (i) Ru(II)-S bonds (as in 3 and
7) are significantly longer than Ru(III)-S bonds (as in
4-7) and (ii) Ru(II) is more strongly bonded to the
thioether S atom (i.e., S(3) in 3 and S(6) in 7), whereas

for Ru(III) centers, as in complexes 4-7, the M-S
(thioether) bonds are weaker than the M-S (thiolate)
bonds.

It is interesting to note that the Cu(II) central atom
in the Cp*Ru(III)/(HMB)Ru(II) complex 7 is five-
coordinate, with a bond to Ru of the Cp*Ru(III) moiety
(bond length of 2.5717(5) Å, compared to 3.283 Å for the

(19) See for instance: (a) Salter, I. D.; Šik, V.; Williams, S. A.;
Adatia, T. J. Chem. Soc., Dalton Trans. 1996, 643. (b) Brown, S. S. D.;
McCarthy, P. J.; Salter, I. D.; Bates, P. A.; Hursthouse, M. B.;
Colquhoun, I. J.; McFarlane, W.; Murray, M. J. Chem. Soc., Dalton
Trans. 1988, 2787. (c) Beswick, M. A.; Lewis, J.; Raithby, P. R.;
Ramirez de Arellano, M. C. Angew. Chem., Int. Ed. Engl. 1997, 36,
2227.

(20) Miller, M. L.; Ibrahim, S. A.; Golden, M. L.; Darensbourg, M.
Y. Inorg Chem. 2003, 42, 2999.

Scheme 2

Figure 1. ORTEP plot for the molecular structure of 3.
Thermal ellipsoids are drawn at the 50% probability level.

Figure 2. ORTEP plot for the molecular structure of 4.
Thermal ellipsoids are drawn at the 50% probability level.

Figure 3. ORTEP plot for the molecular structure of 5.
Thermal ellipsoids are drawn at the 50% probability level.

Figure 4. ORTEP plot for the molecular structure of 6.
Thermal ellipsoids are drawn at the 50% probability level.
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nonbond distance Ru(2)‚‚‚Cu(1)) and coordination to four
thiolate sulfur atoms with a very distorted tetrahedral
geometry, indicated by large deviations of some of the
S-Cu-S angles from the tetrahedral angle, and one of
the bonds to S, viz., Cu(1)-S(4), being much longer than
the other three (see Table 1).

In the dinuclear Ru(III)-Cu(II) complex 5, Cu(II) is
five-coordinate with tetrahedral connection to two
CH3CN ligands and two thiolate S atoms and a
Ru(III)-Cu(II) bond (2.5700(11) Å), very close to that
in 7; these are very much shorter than similar bonds in
6, where Cu(II) is simultaneously bonded to two
Ru(III) centers. In all these tpdt-bridged tri- or di-
heteronuclear complexes, the occurrence of M-M bonds
between central Ni(II) or Cu(II) and the terminal Ru
atoms is dictated by the 18e requirement at Ru; thus
M-M bonds are formed with 17e Cp*Ru(III) moieties
(as in 4-7) but not with 18e (HMB)Ru(II) moieties (as
in 3 and 7), as we have also observed previously for the
di- and trinuclear complexes in Chart 2. M-M bond
formation thus confers on Ni in complex 4 and Cu in
complex 6 valence electron counts of 18 and 19, respec-
tively, which is consistent with their observed diamag-
netic and paramagnetic character.

Notably the dithiolate-bridged tpdt trinuclear com-
plexes, 4, 6, and 7, possess a tetrahedral arrangement
of thiolato sulfur donor atoms at Ni or Cu, with
supporting M-M bonds. In complex 3, the NiS4 core is
square planar, the most stable geometrical state for
Ni(II) d8 systems.21 It has been observed that this is the
predominant geometry for NiS4 or NiN2S2 moieties in
thiolate Ni complexes, whether mono-, di-, or poly-
nuclear, e.g., in mononuclear [Ni(SS)2]n- (n ) 0, 2)
complexes of chelating thiolates and Ni(II) centers in
polynuclear complexes linked by two thiolate bridges.18

However, in mononuclear arylthiolate [Ni(SR)4]2- com-
plexes, there exists a general tendency for Ni(II) to adopt
a flattened tetrahedral geometry for bulky R groups, and
there have been recent reports of tetrahedral Ni in
[Ni2(SC4H9)6]2- 22 and in {Ni{Fe(NS3)(CO)-S,S′}2,23 of
square pyramidal Ni in the complex {Fe(NS3)(CO)2-
S,S′}NiCl(dppe), where NS3 ) N(CH2CH2S)3

3- and
Ni(‘S5’) where ‘S5’2- is a pentasulfur-donor ligand,24 and

of trigonal bipyramidal Ni in complexes containing
tetradentate tripodal NS3 ligands with a coligand.25

Organo-Ru-Ni or -Ru-Cu bimetallic complexes are
scarce in the literature. The rare examples include the
catalyst precursor CpNiRu3H3(CO)9,26 (ansa-η5-Cp2)-
RuNi(CO)3,27 [Cp*Ru(NiS2N2)]2

2+ and its derivatives
[Cp*Ru(NiS2N2)L]+ (L ) CO, MeNC, PPh3), and related
(arene)Ru complexes, in which slightly distorted square
planar NiS2N2 units serve as metallodithiolate ligands
to Ru.28

Very few trimetallic complexes of M-Ni-M type are
known. A structure analogous to that of 4 was reported
for [Cp2Ti(µ-SCtCPh)2]2Ni, in which two Cp*2Ti moi-
eties each acts as a dithiolate ligand to a central Ni,
with a dative bond between d10 Ni and d0 Ti.29 Similarly,
two moieties of bis(dithiolate)Mn(CO)4

30 or [Fe(NS3)-
(CO)]23 each function as a metallodithiolate ligand to a
central Ni, without any M-M bond interaction. The
dicationic trinickel compound [(BME-DACO)Ni]2Ni
(BME-DACO ) N,N′-bis(mercaptoethyl)-1,5-diazacy-
clooctane) is another close analogue.31

To our knowledge, there is only one known example
of a non metal-metal bonded Cu(II) thiolate-bridged
M2Cu complex, viz., triply thiolate-bridged [LCo(III)-
Cu(II)Co(III)L]2+ where L is a macrocyclic tris(sulfido-
benzyl)triazacyclononane trianion.32 Another M2Cu com-
plex is {[Cp2Mo(SPh)2]2Cu}+, which contains Cu(I), but
is however not structurally characterized.33 Four com-
plexes of formula [{Ru(bipy)2](m-AA){Cu(phen)(H2O)}]-
[PF6]3 (where m-AA ) bridging groups consisting of bipy
with a side-chain of R,ω-diamino acids) appear to be the
only compounds known of Ru(II)-Cu(II).34

Spectral Characteristics. The NMR spectra of 3 in
CD3CN are consistent with the presence of a center of
inversion at Ni, as shown in the X-ray structure. Thus,
in the 1H NMR spectrum, a singlet is observed at δ 2.16
for the two equivalent C6Me6 rings, while the methylene
protons of the sulfur ligand are seen as two sets of 5-line
multiplets at δ 3.05-4.13 and two broad singlets at δ
3.34 and 1.96. The 13C NMR spectrum shows SCH2
carbon resonances at δ 30.2 and 45.2 and Me substit-
uents and ring carbons of C6Me6 at δ 15.7 and 102.0,
respectively. The highest fragment in the FAB+ MS at
m/z 889 corresponds to the mother dication associated
with a proton.
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Figure 5. ORTEP plot for the molecular structure of 7.
Thermal ellipsoids are drawn at the 50% probability level.
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The 1H NMR spectrum of 4 in CD3CN shows a singlet
at δ 1.79 for the methyl protons of a Cp* ligand and six
sets of multiplets at δ 2.55-3.41 for the methylene
protons of tpdt. In the 13C NMR spectrum are seen
singlets for the Cp* ring and methyl carbon atoms at δ
105.9 and 10.2, respectively. The methylene carbons are
observed as eight singlets at δ 14.2-42.1, indicating the
presence of eight different methylene groups in a low-
symmetry environment. The formulation of the complex
is supported by its positive ESI mass spectrum, which
shows the parent ion at m/z 837. The negative ESI mass
spectrum shows m/z 145, assigned to the PF6 anion. The
presence of this anion is also manifested in the IR
spectrum as intense P-F stretching frequencies at 840
and 557 cm-1.

The proton NMR spectrum of 5 in CD3CN shows
resonances at δ 1.76 for Cp* and three sets of multiplets
at δ 2.76-3.63 for the SCH2 groups, with corresponding
13C resonances at δ 10.1, δ 41.0 and 41.5, respectively,
and at δ 108.7 for the Cp* ring carbons. A singlet at δ
1.97 was also observed in the 1H NMR spectrum for the
coordinated CH3CN. Both Ru(1) and Cu(1) possess an
odd valence electron count (17e each). The observed
diamagnetism indicates effective coupling of the odd
electrons, facilitated by the presence of a M-M bond.
The highest peak in the FAB+ MS shows the mother
cation with loss of one CH3CN molecule and association
with two protons.

The coordination of another unit of 2 to 5 resulted in
the overall paramagnetic complex 6. The proton NMR
spectrum of this paramagnetic compound shows only a
broad singlet at δ 10.26 (ν1/2 ≈ 150 Hz), which probably
belongs to all the protons of the two Cp* rings and the
SCH2 groups. The highest peak in the FAB+ MS clearly
shows the mother cation at m/z 841.

The 1H NMR spectrum of 7 in CD3CN displays two
sharp singlets at δ 1.74 and 2.08, assignable to the
methyl protons of Cp* and C6Me6 rings, respectively.
The SCH2 protons were observed as very broad peaks
spanning δ 2.0-3.8. The 13C NMR resonances of C6Me6
are observed as intense singlets at δ 15.5 (Me) and 101.0
(ring carbons), while those of Cp* are very much weaker
(δ 10.0 (Me) and 106.4 (ring carbons) and those of the
SCH2 groups appear as extremely weak broad peaks
hardly above the noise level. The FAB+ MS shows the
mother ion at m/z 868.

Magnetic Susceptibilty Studies. Variable-temper-
ature magnetic susceptibilities (4.2-300 K; field ) 1 T)
were measured on powdered samples of compounds 2,
3, 4, and 6. The plots of µeff and ø-1 versus temperature
for 2 are shown in Figure 6 and are indicative of Curie-
like behavior (C ) 0.38 cm3 mol-1 K, θ ) -0.18 K). The
magnetic moment, per Ru(III), remains constant at 1.75
µB, with a small decrease occurring below 10 K, reaching
1.67 µB at 4.2 K. This is the behavior expected for a
distorted octahedral, paramagnetic t2g

5 (S ) 1/2) species.
Compound 3 shows a very weak paramagnetism with
the magnetic moment at 300 K of 0.26 µB, per trinu-
clear molecule, decreasing gradually to reach 0.07 µB
at 4.2 K. Such small values are not big enough to cause
any paramagnetic shifts in the NMR resonances (vide
infra). They probably arise from second-order Zeeman
effects (temperature-independent paramagnetism, TIP)
and/or traces of paramagnetic impurity. As indicated

in the crystallographic section, the data are compatible
with the electron count of 18e at each Ru(II) and 16e at
Ni(II) (planar) and no Ru-Ni bond, as well as with the
spin states {Ru(II)(S ) 0)Ni(II)(S ) 0)Ru(II)(S ) 0)}.

Compound 4 also displays weak paramagnetism, with
the µeff value per molecule being 0.6 µB at 250 K and
decreasing to 0.22 µB at 4.2 K. Again, these values are
not big enough to cause any broadening or shifts in the
(solution) NMR lines. The corresponding electron count
is 18e at each Ru(III) and 18e at Ni. From a ligand field/
spin state perspective,35 the situation is rather harder
to analyze. The spin states are {Ru(III)(S ) 1/2)Ni(II)(S
) 1 (tetrahedral)Ru(III)(S ) 1/2)}. Heisenberg-Van
Vleck spin coupling of type -2JS1‚S2 commonly used
to analyze the magnetism of first-row35 and (occasion-
ally) second-row36 d-block non metal-metal bonded
trinuclear complexes can yield a spin-zero ground state
when strong antiferromagnetic coupling (large negative
J) is present across the Ru-S(R)-Ni bridges. The small
observed paramagnetism could then arise from thermal
population of low-lying, coupled spin levels having S
greater than zero. Such populations would yield larger
moments at higher temperatures, as observed. Mea-
surements of magnetization, M, per trimer of 4 (where
M ) øH), over the field range 0-5 T, yielded identical
values at 2 and 3 K, which followed a linear type
dependence on H, with a very low value of 0.03 N µB at
H ) 5 T. Such behavior is that expected for a strongly
antiferromagnetically coupled system.

Compound 6 displays Curie-like S ) 1/2 magnetic
behavior in the µeff and ø-1, per molecule (Figure 7). The
moments, of value 1.76 µB, remain independent of
temperature. The Curie-Weiss constants are C ) 0.38
cm3 mol-1 K and θ ) 0.44 K. This behavior is indicative
of an energetically isolated S ) 1/2 ground level. As
indicated earlier, the {electron count/M-M bond} ap-
proach yields a 19e count on Cu, hence paramagnetic S
) 1/2. EPR spectroscopy would be useful to probe the
electron spin localization on Cu or delocalization to the
S-donor groups. The spin-coupling model involves
{Ru(III)(S ) 1/2)Cu(II)(S ) 1/2)Ru(III)(S ) 1/2)}, which
yields a S ) 1/2 (2E) ground state when very strong
antiferromagnetic coupling is present. There is pre-
cedence for such a situation in a (non M-M bonded)

(35) Kahn, O. Molecular Magnetism; VCH Publishers Inc.: New
York, 1993; Chapter 10

(36) Berry, K. J.; Moubaraki, B.; Murray, K. S.; Nichols, P. J.;
Schulz, L. D.; West, B. O. Inorg. Chem. 1995, 34, 4123.

Figure 6. Plots of µeff (O) and ø-1 (0) versus temperature
for complex 2.
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Cu(II) S-bridged {S ) 1/2,1/2,1/2) trimer, with a J value
of -483 cm-1.37 Complex 6 will have a J value a little
larger than this since, in contrast to the Cu(II) trimer,
there is no evidence of thermal population of higher
levels at temperatures near room temperature.

Conclusion

The thiolate sulfur atoms of [(HMB)RuII(κ3SSS′-tpdt)]
(1) and [Cp*RuIII(κ3SSS′-tpdt)] (2) effect an efficient
nucleophilic displacement of all the ligands of Cl2Ni-
(PPh3)2 to give high yields of diamagnetic trinuclear
complexes [{(HMB)RuII(µ-1κ3SSS′:2κ2SS-tpdt)}2NiII]2+

(3) and [{Cp*RuIII(µ-1κ3SSS′:2κ2SS-tpdt)}2NiII]2+ (4),
respectively. The Cu(II) analogue of 4, [{Cp*RuIII-
(µ-1κ3SSS′:2κ2SS-tpdt)}2CuII]2+ (6), was obtained from
a similar reaction with CuSO4. A general structural
feature in the trimetallic Ru-M-Ru arrays in these
complexes is the presence of metal-metal bonding
between M and terminal Ru(III) centers. Thus in these
cases, while the central Ni or Cu atom is coordinated
to four thiolate sulfurs in a distorted tetrahedral
geometry, its coordination number is six and can be
five as in a RuIII-M-RuII complex such as [{Cp*Ru-
(µ-1κ3SSS′:2κ2SS-tpdt)}Cu{(HMB)Ru(µ-1κ3SSS′:2κ2SS-
tpdt)}]2+ (7). Magnetic studies of the neat solids yield
information generally compatible with the spectral,
crystallographic, and electron count/M-M bonded data,
as well as with spin-coupling trinuclear models (for 3,
4, 6). More detailed molecular orbital calculations, for
instance of the density functional theoretical (DFT)
kind,38 would be very useful on such novel trinuclear
Ru-M bonded thiometalate compounds.

Experimental Section

General Procedures. All reactions were carried out using
conventional Schlenk techniques under an atmosphere of
nitrogen or under argon in a M. Braun Labmaster 130 inert
gas system. NMR spectra were measured on a Bruker 300
MHz FT NMR spectrometer (1H at 300.14 MHz and 13C at
75.43 MHz); 1H and 13C chemical shifts were referenced to
residual solvent in the deutero-solvent CD3CN. Coupling
constants (J) are in Hz. IR spectra were measured in KBr
pellets in the range 4000-400 cm-1 on a BioRad FTS-165 FTIR
instrument. FAB and ESI mass spectra were obtained on

Finnigan Mat 95XL-T and MATLCQ spectrometers, respec-
tively. Magnetic susceptibility measurements were made on
∼20 mg samples of powders contained in a gel capsule which
was held in the center of a soda straw, the latter fixed firmly
to the end of the sample rod of a Quantum Design MPMS5
Squid magnetometer. The instrument was calibrated against
the accurately known susceptibilities of a standard (Quantum
Design) palladium pellet and against chemical calibrants such
as CuSO4‚5H2O and Hg[Co(NCS)4]. Diamagnetic corrections
for ligands were calculated using Pascal’s constants (magnetic
moments can be converted to the often used øT values by the
relation µ2 ) 7.999 øT). Elemental analyses were performed
by the microanalytical laboratory in-house. The compounds
[(HMB)Ru(tpdt)] (1)11 and [Cp*Ru(tpdt)] (2)12 were prepared
as reported in the literature. CH3CN was distilled from calcium
hydride and MeOH from freshly generated magnesium meth-
oxide before use. All other solvents were distilled from sodium
benzophenone ketyl.

(a) Reaction of 1 with Cl2Ni(PPh3)2. To a stirred solution
of 1 (70 mg, 0.17 mmol) in THF (25 mL) was added a solution
of bis(triphenylphosphine)nickel(II) chloride (110 mg, 0.17
mmol) in acetonitrile (10 mL). The solution underwent instan-
taneous decolorization with precipitation of grayish black
solids. After stirring for 15 min the solids were filtered and
washed with acetonitrile (2 × 5 mL), followed by ether (2 × 5
mL). The solids were evacuated dry, and anion metathesis was
carried out in MeOH (20 mL) by stirring with NH4PF6 (140
mg, 0.85 mmol). After 10 min, the solution turned colorless
with precipitation of shiny black solids. The solids were
collected on a sintered glass filter (Por. 4) and washed with
ether (5 mL). The product was then extracted using acetonitrile
(2 × 5 mL) and filtered through a disk of Celite (1.5 cm thick).
Layering with ether gave [{(HMB)Ru(µ-1κ3SSS′:2κ2SS-tpdt}2-
Ni][PF6]2, 3(PF6)2 (95 mg, 96% yield). Diffusion of ether into a
solution of 3 in acetone gave poor diffraction-quality crystals.
Recrystallization of these in nitromethane with ether diffusion
gave good diffraction-quality orthorhombic crystals (containing
acetone in the crystal lattice) after 2 days at -15 °C. 1H NMR
(δ, CD3CN): SCH2: 4.13-4.05 (5-line m, 4H), 3.34 (br s, 4H),
3.14-3.05 (5-line m, 4H) and 1.96 (br s, ca. 4H, partly obscured
by solvent peak); C6Me6: 2.16 (s, 36H). 13C NMR (δ, CD3CN):
C6Me6: 102.0; SCH2: 45.2, 30.2; C6Me6: 15.7. IR ν (cm-1,
KBr): 2971 msh, 2923 mbr, 1438 ssh, 1405 ssh, 1389 s, 1281
w, 1238 w, 1170 m, 1113 m, 1104 w, 932 wsh, 916 wsh, 844 vs
(PF6), 738 w, 668 w, 558 vs (PF6), 464 w. FAB+ MS: m/z 889
[M - 2 PF6 + H]+, 861 [M - 2 PF6 - 2CH2 + H]+, 416 [M -
2 PF6 - [(C6Me6)Ru{η3-(SCH2CH2)2S}] - Ni]+, and other
unassignable fragments: 909, 925. FAB- MS: m/z 145 (PF6).
Found: C, 32.9; H, 4.3; Ni, 4.5; S, 16.1. C32H52F12NiP2Ru2S6

requires C, 32.6; H, 4.4; Ni, 5.0; S, 16.3.
(b) Reaction of 2. With (i) Cl2Ni(PPh3)2. To a stirred dark

purple solution of 2 (20 mg, 0.05 mmol) in THF (15 mL) was
added Cl2Ni(PPh3)2 (34 mg, 0.05 mmol) as a solid. A black-
brown precipitate was formed after ca. 5 min. After 1 h, the
solids were collected on a sintered-glass filter and washed with
hexane to remove PPh3. After that, they were dissolved in
methanol, giving a brown solution; NH4PF6 was added as a
solid (34 mg, 0.2 mmol), whereupon immediate formation of a
black-brown precipitate was observed. These were collected
and extracted with CH3CN, leaving behind colorless crystals
of NH4Cl and excess NH4PF6. Concentration of the extract,
followed by addition of ether, gave rhombic black-brown
crystals of [{Cp*Ru(µ-1κ3SSS′:2κ2SS-tpdt)}2Ni][PF6]2‚(CH3)2-
CO, 4(PF6)2‚(CH3)2CO (26 mg, 0.023 mmol, 61% yield). Dif-
fraction-quality crystals were obtained from an acetone-ether
solution of 4 after 2 days at -30 °C. 1H NMR (δ, CD3CN):
SCH2: 3.41-3.36 (8-line m, 4H), 3.31-3.26 (6-line m, 2H),
3.15-3.12 (5-line m, 2H), 2.83-2.77 (8-line m, 2H), 2.70-2.67
(5-line m, 2H), 2.63-2.55 (8-line m, 4H); (CH3)2CO: 2.08 (s,
6H); C5Me5: 1.78 (s, 30H). 13C NMR (δ, CD3CN): C5Me5: 105.9;
SCH2: 42.1, 40.5, 38.5, 36.7, 32.1, 30.7, 23.1, 14.2; C5Me5: 10.2.

(37) Veit, R.; Girerd, J. J.; Kahn, O.; Roberts, F.; Jeannin, Y. Inorg.
Chem. 1986, 25, 4175.

(38) Petrie, S.; Stranger, R. Inorg. Chem. 2003, 42, 4417, and
references therein.

Figure 7. Plots of µeff (O) and ø-1 (0) versus temperature
for the RuCuRu complex 6.
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ESI+ MS: m/z 837 [M - 2PF6]+, 807 [M - 2PF6 - 2CH2 +
2H]+, 777 [M - 2PF6 - S(CH2)2]+. ESI- MS: m/z 145 (PF6

-).
IR ν (cm-1, KBr): 2982 w, 2918 w, 1709 m (Me2CO), 1454 m,
1422 m, 1380 m, 1281 vw, 1224 w, 1162 vw, 1077 w, 1025 m,
914 vw, 839 vvs (PF6), 742 vw, 558 vs (PF6). Found: C, 31.1;
H, 4.1; S, 16.6. C28H46F12NiP2Ru2S6‚(CH3)2CO requires C, 31.5;
H, 4.4; S, 16.3.

(ii) With CuSO4. To a stirred solution of 2 (55 mg, 0.14
mmol) in MeOH (15 mL) was added solid CuSO4 (45 mg, 0.28
mmol). The color immediately changed from purple to dark
brown. After stirring for 1.5 h, the solution was filtered and
PF6 metathesis was carried out by stirring the filtrate with
NH4PF6 (100 mg, 0.61 mmol) for 30 min. The reaction mixture
was evacuated dry and the product extracted with CH3CN (3
× 4 mL). The extracts were filtered through a glass sinter (Por.
4), the dark brown filtrate was concentrated to ca. 8 mL, and
ether was added. Brown solids (85 mg, 73% yield) of [Cp*Ru-
(µ-1κ3SSS′:2κ2SS-tpdt)Cu(CH3CN)2][PF6]2, 5(PF6)2, were ob-
tained after 1 day at -30 °C. 1H NMR (δ, CD3CN): SCH2:
3.63-3.54 (7-line m, 2H), 3.27-3.08 (11-line m, 4H), 2.84-
2.76 (7-line m, 2H); CH3CN: 1.97 (s, ca. 3H, i.e., less than the
expected 6H’s, owing to nonprecise integration, caused by
partial overlap with the signal of CD3CN solvent (septet
centered at δ 1.94) and likely exchange with CD3CN); C5Me5:
1.76 (s, 15H). 13C NMR (δ, CD3CN): C5Me5: 108.7; SCH2: 41.5,
41.0; C5Me5: 10.1. FAB+ MS: m/z 495 [M - 2PF6 - MeCN +
2H]+, 451 [M - 2PF6 - 2MeCN + H]+, 389 [M - 2PF6 -
2MeCN - Cu]+. FAB- MS: m/z 145 (PF6). IR ν (cm-1, KBr):
2971 w, 2911 w, 2256 w (CtN), 1471 m, 1453 m, 1420 m, 1401
m, 1381 m, 1274 w, 1229 w, 1156 w, 1084 w, 1028 m, 845 vs
(PF6), 562 s (PF6). Found: C, 26.3; H, 3.6; N, 3.1; S, 11.4.
C18H29CuF12N2P2RuS3 requires C, 26.2; H, 3.6; N, 3.4; S, 11.7.

(c) Reaction of 5 with 2. To a stirred solution of 5 (64
mg, 0.08 mmol) in MeOH (8 mL) was added solid 2 (32 mg,
0.08 mmol). After 2 h, the precipitated black solids (51 mg,
54%) of [{Cp*Ru(µ-1κ3SSS′:2κ2SS-tpdt)}2Cu][PF6]2, 6(PF6)2,
were filtered. The supernatant was concentrated to ca. 4 mL,
and addition of ether gave a second crop of 6 (25 mg, 27%)
after 1 day at -30 °C. 1H NMR (δ, CD3CN): 2(C5Me5) +
SCH2’s: 10.26 (s, ν1/2 ≈ 150 Hz). FAB+ MS: m/z 986 [M -
PF6]+, 841 [M - 2PF6]+, 451 [M - 2PF6 - Cp*Ru(C4H8S3) -
H]+. FAB- MS: m/z 145 (PF6). IR ν (cm-1, KBr): 2978 w, 2918
w, 1479 m, 1452 m, 1413 m, 1378 m, 1281 w, 1237 w, 1161 w,
1077 w, 1025 m, 842 vs, (PF6), 558 s (PF6). Found: C, 29.9; H,
4.1; S, 16.7. C28H46CuF12P2Ru2S6 requires C, 29.7; H, 4.1; S,
17.0.

(d) Reaction of 5 with 1. To a stirred solution of 5 (20
mg, 0.02 mmol) in MeOH (10 mL) was added solid 1 (10 mg,
0.02 mmol). The color immediately changed from dark brown
to dark green, and after 1 h, the solution was filtered and
evacuated dry. The dark green residue was dissolved in
CH3CN, and addition of ether gave blackish green orthorhom-
bic crystals (25 mg, 89%) of [{Cp*Ru(µ-1κ3SSS′:2κ2SS-tpdt)}-
Cu{(HMB)Ru(µ-1κ3SSS′:2κ2SS-tpdt)}][PF6]2, 7(PF6)2, after 1
day at -30 °C. 1H NMR (δ, CD3CN): SCH2: very broad peaks

centered at δ 3.54 (ν1/2 66 Hz, 1H), δ 3.37 (ν1/2 60 Hz, 2H), δ
3.07 (ν1/2 45 Hz, 3H) overlapping with δ 2.96 (ν1/2 72 Hz, 3H)
and δ 2.40 (ν1/2 60 Hz, 4H), all sitting on an extremely broad
“base”; C6Me6: 2.08 (s, 18H), C5Me5: 1.74 (s, 15H). 13C NMR
(δ, CD3CN): C6Me6: 101.0 and 15.5; C5Me5: 106.4 and 10.0
(both very low in intensity) and SCH2: 44.4, 41.1, 40.0 and
25.9 (very weak and broad). FAB+ MS: m/z 1013 [M - PF6]+,
868 [M - 2PF6]+. FAB- MS: m/z 145 (PF6). IR ν (cm-1,
KBr): 2975 w, 2921 w, 2250 vvw (CtN), 1452 m, 1409 m, 1385
m, 1283 w, 1238 w, 1164 w, 1105 w, 1072 w, 1025 m, 922 w,
842 vvs, 745 w, 558 s. Found: C, 32.0; H, 4.5; N, 0.7; S, 15.2.
C30H49CuF12P2Ru2S6.MeCN requires C, 32.1; H, 4.4; N, 1.2; S,
16.1.

Crystal Structure Determinations. The crystals were
mounted on glass fibers. X-ray data were collected on a Bruker
AXS SMART APEX CCD diffractometer, using Mo KR radia-
tion (λ ) 0.71073 Å) at 223 K. The program SMART39 was
used for collecting the intensity data, indexing, and determi-
nation of lattice parameters, SAINT39 was used for integration
of the intensity of reflections and scaling, SADABS40 was used
for absorption correction, and SHELXTL41 was used for space
group and structure determination and least-squares refine-
ments against F2. The structures were solved by direct
methods to locate the heavy atoms, followed by difference maps
for the light, non-hydrogen atoms. The hydrogens were placed
in calculated positions. Fluorine atoms of the four PF6

- anions
of 4 are highly disordered into two sets of positions at 55:45
(P1), 70:30 (P2 and P3), and 50:50 (P4) occupancies. Both PF6

-

anions in 5 are disordered into two sets of positions with
occupancy of 75:25, while complexes 6 and 7 each has one PF6

-

anion disordered into two sets of positions at 50:50 and 60:40
occupancy ratio, respectively. In complex 7, the carbon atoms
C2 and C4 are disordered with the occupancy of 55:45 and
the carbon atoms C6 and C8 are disordered with the occupancy
of 70:30. There are also solvent molecules present as space-
filling solvent in complexes, viz., 3‚(CH3)2CO, 4‚2(CH3)2CO,
6‚1/2MeOH‚1/2H2O, and 7‚MeCN‚Et2O. Crystal data and refine-
ment parameters are given in Table S1.
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