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Abstract: The tetrathioperrhenate anion, ReS4
- (1), is shown to form adducts with a variety of alkenes. The

alkene adducts form reversibly, and those of norbornene and norbornadiene were isolated. For norbornene,
the Keq’s range from 12 000 (CH2Cl2 solution) to 2650 M-1 (pyridine solution). The following values were
determined (MeCN soln):∆H ) -53 kJ mol-1 and ∆S ) -98 J‚mol-1‚K-1. The solid-state structures of
adducts derived from norbornene and norbornadiene, Ph4P[ReS2(S2C7H10)] (2) and (Ph4P)2[(ReS2)2(S4C7H8)],
respectively, reveal tetrahedral Re centers wherein the Re-SR bonds are elongated by 0.1 Å compared to
those in1. Additionally, the RS-Re-SR angle is contracted to 86.7°, reflecting the constraint of the chelate
backbone. Electrochemical measurements show that the reduction of2 induces dissociation of norbornene
from ReS4

2-. Ethylene binds to1 only weakly at room temperature, but this adduct is directly observable by
low-temperature UV/vis spectroscopy. The adduct of dimethyl maleate and1 could only be observed in the
neat alkene;1 does not catalyze the isomerization of dimethyl maleate to dimethyl fumarate.

Introduction

A variety of metal oxides, including MnO4-, RuO4, and OsO4
are useful oxygen-atom transfer agents.1-4 Due to its catalytic
activity, OsO4 has been examined particularly intensely. Recent
experimental studies have focused on the asymmetric dihy-
droxylation process,5-9 while theoretical studies have dealt with
the initial mode of alkene binding to OsO4.10-14 Many variations
on OsO4 have been examined including the related RuVII

reagents,4,15,16ligand-modified (asymmetric) catalysts,17-19 and
the corresponding imido-oxides OsO3(NR).20-22 In principle,

isoelectronic metal sulfides could be used to effect the corre-
sponding addition of sulfur across the double bond of alkenes.23-25

Aside from synthetic implications, this alkene sulfidation
reaction would contribute new insights into the energetics and
mechanism of the oxidation process. It is also reasonable to
expect that such sulfidation reactions would shed light on the
organic chemistry of metal sulfides, which is highly relevant
to the hydrodesulfurization process.26

An obvious approach to alkene sulfidation would involve the
use of the sulfido analogue of OsO4, i.e., OsS4, but this
compound is unknown. We predict that OsS4 would not be
stable, although Shapley et al. have prepared a complex with a
terminal sulfido ligand.27 ReS4

- is isoelectronic with OsO4, and
as we show in this paper, it reacts with alkenes.28,29 These
findings are relevant to a previous report that, in the presence
of oxidants, ReS4- reacts with alkenes to produce bis(alkane-
dithiolato)Re(V) complexes (eq 1).30

This transformation is analogous to one invoked in the chemistry
of OsO4.6,7 The bis(alkanedithiolato) complex obviously arise
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via a multistep process, probably involving the initial addition
of the alkene to1. In this report we focus on this simple reaction,
the addition of alkenes to ReS4

-.

Results and Discussion
ReS4

- reversibly binds alkenes with affinities that vary with
the substituents on the organic substrate. The paragraphs below
focus primarily on the stable adducts derived from norbornene
and related strained olefins. Subsequent sections survey the
reactions of1 with other alkenes.

Norbornene + ReS4
-. It is well-known that norbornenes

(2.2.1-bicycloheptenes) undergo cycloaddition reactions more
readily than most alkenes, due to the thermodynamic benefits
of the release of ring strain.31 The optical spectrum of a solution
of 1 and norbornene reveals a new absorption at 442 nm in
addition to the 508 nm band characteristic of ReS4

-. All alkene
adducts examined in this study have a band near 440 nm (see
below). Dilution of norbornene:1 solutions result in the decrease
of the absorbance at 442 nm and a corresponding increase of
the 508 nm band (eq 2).

Isobestic behavior was observed upon the incremental addition
of norbornene to a solution of1 (Figure 1). Plots of [ReS4-] vs
[adduct]/[norbornene] were linear with a slope ofKeq

-1 (Figure
1). For the reaction depicted in eq 1, theKeq is ∼9400 M-1 (23
°C, CH3CN solution).32 TheKeq displayed a measurable solvent
dependence but does not correlate with dielectric constant
(indicated in parentheses):Keq ) 12 000 (CH2Cl2, 8.93), 9400
(CH3CN, 36.64), 5000 ((EtO)3PO: 13.2), 2650 M-1 (pyridine:
13.2). At 296 K, the∼4× change inKeq (CH2Cl2 vs pyridine)
corresponds to a∆∆G ) 3.7 kJ mol-1.

To determine the thermodynamic parameters associated with
eq 2, we evaluatedKeq over the range 5-50 °C ([ReS4

-]o )
2.16× 10-4 M, [C7H10]o ) 1.13× 10-4 M). The equilibrium
constant was deduced from changes in the absorbance (A), i.e.,
A[ReS4

-]o vs A[ReS4
-] (Figure 2). The relative concentration

of the adduct increased at lower temperatures, indicative of an
exothermic process. Plots of ln(Keq) vsT-1 were linear, yielding
the following values: ∆H ) -53 kJ mol-1 and ∆S ) -98
J‚mol-1‚K-1 (Figure 2).

The strong binding of norbornene to1 allowed us to isolate
the adduct, Ph4P[ReS2(S2C7H10)] (Ph4P[2]) in analytically pure
form. The gold-colored crystals are air stable, although the
solutions are not. The1H NMR data for2 is straightforward:
the major changes in the chemical shifts relative to free
norbornene are associated with the olefinic and bridgehead
protons. These resonances shift fromδ 5.99 and 2.82 toδ 2.31
and 2.47, respectively. The IR spectrum of2 consists of a pair
of intense bands near 500 cm-1; these are assigned asν(ReS2)sym

andν(ReS2)asym. In contrast,νReS for 1 is 488 cm-1.33

The binding of norbornene to1 was also studied by dynamic
1H NMR spectroscopy. Given the large formation constant of
the adduct, the exchange process is limited by the rate of alkene
dissociation. The1H NMR spectrum of2 is invariant over the
range-20-60 °C, both in the presence and absence of free
norbornene. The signals of interest are those for the alkene and
the correspondingipsoCH’s of the thiolate (the adduct2); these
signals are separated by 3.7 ppm, which, for a 500 MHz
spectrometer, corresponds to an off rate of∼2000 s-1. Clearly,
the dissociation rate process is significantly slower than this
value. In an attempt to directly observe this slower rate process
we employed the magnetization transfer technique in which we
irradiated the alkenyl signals for norbornene and observed the
effects on the thiolate ipso signals. TheT1 for theseipsosignals
(7 s) allows us to measure rates down to∼0.14 s-1 (∼ 1/T1).
At long saturation times (20°C), these thiolate signals decreased
to ∼25% of their original intensity, indicating that the alkene
dissociates at rates comparable to 1/T1.

Electrochemical Studies.The cyclic voltammogram (CV)
for 2 provides further insight into the binding of the alkene (all
potentials are referenced to Ag/AgCl). Of particular interest is
the fact that the CV (Figure 3) of2 (MeCN solution) showed
an irreversible reduction at-1.72 V,∼450 mV more reducing
than the ReS4-/2- couple. Beyond the ReS2(S2C7H10)-/2- couple,
we observed a reversible reduction wave at-2.06 V, which,
as we verified, is due to the ReS4

2-/3- couple.33 When the
direction of the CV sweep was reversed, we observed oxidations
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Figure 1. Optical spectra of a MeCN solution of (Et4N)1 (9.4 × 10-5 M) upon titration with a 0.056 M solution of norbornene. Plot of [1] vs
[2]/[C7H10] in MeCN (slope) 1/Keq; Keq ) 9400 M-1).

5018 J. Am. Chem. Soc., Vol. 121, No. 21, 1999 Goodman and Rauchfuss



corresponding to ReS43-/2- (-2.06 V) and ReS42-/- (-1.25 V),
again as seen in solutions of1. Overall, the reductive processes
for 2 indicate an electrochemical-chemical (E-C) process
whereby reduction of2 to ReS2(S2C7H10)2- induces the dis-
sociation of norbornene from ReS4

2- (eq 3).34

Furthermore the potential for the couple ReS2(S2C7H10)-/2-, vs
ReS4

-/2- is consistent with the description of2 as a Re(V)
complex.

Binding of Norbornene to Solid Samples of 1.The uptake
of norbornene vapor by powdered samples of1 is signaled by
conversion of the purple-black solid to yellow. Qualitatively,
the rate of gas sorption varies with the crystallinity of the
samples. When loaded on basic alumina (∼5% mass loading),
the sorption process is more rapid:1‚Al2O3 rapidly reacts with
norbornene vapor, indicated by a rapid change of color from
violet to yellow along the vapor pathway. The change in mass
of the1‚Al2O3, upon exposure to norbornene, although impre-
cisely determined, is consistent with the binding of one alkene
to 1. The addition of norbornene to solid samples of1 is also
apparent in the IR spectrum. The absorption at 488 cm-1 for 1
is replaced by absorptions at 500 and 415 cm-1 upon addition
of norbornene. The loss of norbornene from microcrystalline
samples of2 was monitored by thermogravimmetric analysis
(TGA). At 161 °C solid samples of2 rapidly lose 10.5% of
their mass (theory: 12.5%).

Other Strained Alkenes+ ReS4
-. Dicyclopentadiene, which

features one norbornene-like alkene subunit, binds to1 to give
a stable adduct. The optical spectra of this adduct and2 are
nearly identical. We therefore assume that these compounds are
structurally analogous. The equilibrium constant,Keq (23 °C,
MeCN), for the binding of dicyclopentadiene to ReS4

- was
∼2500 M-1.

The reaction of1 and an excess of norbornadiene gave
[ReS2(S2C7H8)]- in high yield. The1H NMR spectrum of this
adduct showed well-separated signals for the bound and free
alkene hydrogen atoms. The corresponding 2:1 adduct, [(ReS2)2-
(S4C7H8)]2-, could be prepared by treatment of1 with 0.5 equiv
of norbornadiene. The IR and UV/vis spectra of this 2:1 adduct
are nearly identical to those for2, while the1H NMR spectrum
is consistent with a symmetrical structure.

Solid State Structure of Norbornene and Norbornadiene
Adducts. Single crystals of Ph4P[2] and the 2:1 adduct of
norbornadiene were examined by single crystal X-ray diffraction
(Figures 4 and 5). In both cases, the geometries about the Re
centers are very similar. The Re atom is tetrahedrally coordi-
nated to two terminal and two thiolato sulfur atoms. The
stereochemistry of the dithiolate confirms exo addition of the
norbornene to1. Other complexes of norbornanedithiolate have
been prepared from the preformed dithiol.35-37 The Re coor-

(34) Bard, A. J.; Faulkner, L. R.Electrochemical Methods Fundamentals
and Applications; J. Wiley: New York, 1980.

(35) See: Stephan, D. W.; Nadasdi, T. T.Coord. Chem. ReV. 1996, 147,
147-208.

Figure 2. Dependence ofKeq (see eq 2) vsT. A van’t Hoff plot for the equilibrium1 + norbornene.

Figure 3. Cyclic voltammogram of 10-3 M MeCN solutions (10-1 M
Bu4NPF6) of Et4N1 and Et4N2 (potentials vs Ag/AgCl), sweep rate)
400 mV/s.
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dination environment is only slightly distorted from that in1.
The bond distances from Re to the terminal sulfides are
essentially unchanged, while the distance from Re to the thiolato
sulfur atoms have increased by∼0.1 Å (Table 1). Whereas the
S-Re-S angle is 109.5° in 1, the RS-Re-SR angle is 86.7°
in 2, reflecting the constraints of the chelating organosulfur
ligand. In both adducts, the ReS4

- moieties have added exo
with respect to the norbornene unit, as has been observed for
norbornanediolato complexes.38

Ethylene and Dimethyl Maleate.Ethylene (1 atm) does not
form a room-temperature-stable adduct with1. A 0.14 mM
solution of1 in MeCN shows less than a 5% decrease in the
absorbance at 508 nm upon saturation with C2H4 at 25 °C.
Concomitant with this small decrease, a weak band at 442 nm
appears. This binding can be easily measured by UV/vis
spectroscopy at lower temperatures. The 508 nm absorption,
due to free1, decreases with decreasing temperature with a
corresponding increase in the 440 nm band (Figure 6). The
temperature dependence of the shift in the equilibrium ratio is
attributed to both the solubility of C2H4 and the effect of the

negative∆Hrxn (see data for norbornene above). When these
C2H4-saturated solutions of1 were purged with N2, the recovery
of the signal due to1 was nearly quantitative.

The 1H NMR spectrum of MeCN solutions of1 and C2H4

showed a weak resonance atδ 2.04, vs 5.40 for dissolved C2H4.
Assignment of theδ 2.04 signal to C2H4S2ReS2

- was confirmed
by magnetization transfer experiments, in which saturation of
the δ 5.40 signal decreased the intensity of theδ 2.04 signal.

The addition of dimethyl maleate (>100 equiv) resulted in
no measurable effect on the optical properties of the MeCN
solutions of1. Evidence for adduct formation was observed by
dissolving 1 in neat dimethyl maleate. Assuming that the
extinction coefficient for this adduct and that for2 are the same,
then the ratio [adduct]/[ReS4-][dimethyl maleate] indicatesKeq

) 0.3 M-1. 1H NMR studies show that in the presence of1,
dimethyl maleate (110°C, 72 h) does not isomerize. This finding
indicates that the addition of alkene to ReS4

- does not proceed
through dipolar intermediates, which would otherwise be
expected to isomerize the dimethyl maleate to give the
thermodynamically favoredtrans-alkene dimethyl fumarate.39

Summary

Stable alkene adducts of ReS4
- with the strained alkene

norbornene and its analogues have been isolated. These stable
adducts have spectroscopic characteristics similar to those of
less stable derivatives such as those derived from ethylene and
dimethyl maleate. Thus, the conclusions drawn from the
norbornene derivative are relevant to other alkene adducts. The
reactions are well-behaved in the sense that they are cleanly
reversible and that single adducts are generated. The reversible
binding of alkene is unusual for an inorganic complex, especially
where the alkene is not bound to the metal directly, but to
an inorganic ligand. The fact that ReS4

- binds alkenes but
ReO4

- does not suggests that ReS4-xSex
-, no member of

which is presently known, will display still greater reactivity.
Another Re chalcogenide complex that binds alkenes, Cp*ReO3,
forms a stable adduct with norbornene but not with other
alkenes.38,40The thermodynamics of the ReS4

-/norbornene and
Cp*ReO3/norbornene40 reactions are comparable both in terms
of ∆H and∆S. The d0-trioxo complex TcO3(bipy)Cl also binds

(36) Tatsumi, K.; Matsubara, I.; Inoue, Y.; Nakamura, A.; Miki, K.;
Kasai, N.J. Am. Chem. Soc.1989, 111, 7766-7777.
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112, 3218-3220.

(38) Gable, K. P.AdV. Organomet. Chem.1997, 41, 127-161.

(39) Patai, S.; Rappoport, Z.The Chemistry of Alkenes; Patai, S.,
Rappoport, Z., Eds.; Wiley: London, 1964.

(40) Gable, K. P.; Juliette, J. J. J.J. Am. Chem. Soc.1995, 117, 955-
962.

Figure 4. Structure of the anion in (Ph4P)2 with thermal ellipsoids at
50% probability level.

Figure 5. Structure of the dianion in (Ph4P)2[(ReS2)2S4C7H8] with
thermal ellipsoids at 50% probability level.

Table 1. Selected Bond Distances (Å) and Angles (deg) for
Ph4P[ReS2(S2C7H10)] and (Ph4P)2[(ReS2)2(S4C7H8)]

Ph4P[ReS2(S2C7H10)] (Ph4P)2[(ReS2)2(S4C7H8)]

Re1-S4 2.1267(11) Re1-S1 2.117(4)
Re1-S3 2.1320(13) Re1-S2 2.131(4)
Re1-S2 2.2277(11) Re2-S5 2.134(4)
Re1-S1 2.2280(11) Re2-S6 2.127(3)

Re1-S3 2.230(4)
Re1-S4 2.223(4)
Re2-S7 2.234(4)
Re2-S8 2.218(3)

S1-Re1-S2 86.70(4) S3-Re1-S4 86.72(13)
S7-Re2-S8 86.93(12)

Figure 6. Optical spectrum of Et4N1 (0.14 mM) upon the addition
and removal of C2H4 at various temperatures.
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styrenes, while the Re analogue does not.41 As mentioned in
the Introduction, unsaturated organic compounds add to orga-
nometallic sulfides, e.g., Cp*2TiS42 and Cp2Mo2S2(S2CH2).23

The electrochemical studies provide a rare example of
reductively induced dissociation of an alkene adduct. It is
interesting to contrast this finding with the results on conven-
tional metal-alkene complexes, which are labilized upon redox.
Examples include Os(NH3)5(C2H4)2+/3+ and related Ru com-
plexes, both of which are labilized upon oxidation.44 The fact
that ReS42- has a lower affinity for alkenes than does ReS4

-,
suggests that alkene binding to1 is reductive in character. This
conclusion is also supported by the fact that the reduction of2
is ∼450 mV more forcing than the reduction of1. It is well-
known that reduction lessens the atom transfer power of metal
oxides, as illustrated by the differing reactivity of RuO4

- and
RuO4.4,35 Other examples of reductively induced scission of
MS-C bonds exist. Most, but not all, involve fragmentation of
coordinated thioethers to generate thiolates.35,45-49

Our results provide clear evidence that inorganic sulfides are
fully capable of binding alkenes. The reactivity of1 with alkenes
is also obviously analogous to that seen for OsO4. This parallel
suggests that the reactivity of other organometallic sulfides may
be usefully discussed in the context of the corresponding oxides,
a theme also developed in the work of Bergman et al.50 In some
ways the behavior of1 suggests commonalities with the
inorganic solids of nominal composition Re2S7 and MoS2, which
are widely employed in catalysis.26,51,52

Experimental Section

Reagents and Solvents.All reactions were carried out under a
nitrogen atmosphere using standard Schlenk techniques. Except as
noted, all reagents are commercially available and were purified prior
to use. NEt4[ReS4] was synthesized using a published procedure.53 PPh4-
[ReS4] was prepared by metathesis of NEt4[ReS4] with PPh4Br in MeCN
solution.

Spectroscopy and Analysis.Microanalyses and thermogravimetry
were performed by the School of Chemical Sciences Microanalytical
Laboratory.1H NMR spectra were recorded on a Varian Unity 500
FT-NMR spectrometer operating at 499.70 MHz. Infrared spectra were
obtained on a Mattson Galaxy Series FT-IR 3000 on pressed KBr
pellets. UV-vis spectra were obtained on a Hewlett-Packard 8452A
diode array spectrophotometer equipped with a constant-temperature
bath.

Ph4P[ReS2(S2C7H10] (Ph4P[2]). A 100-mL Schlenk flask was
charged with 0.31 g (0.45 mmol) of Ph4P[ReS4] and 0.5 g (5.3 mmol)
of norbornene followed by 10 mL of CH3CN. After 10 min, the resulting
yellow solution was cooled to∼ -20 °C in a CO2(s)/ethylene glycol
bath, and dark golden crystals precipitated. A solution of 0.5 g (5.3
mmol) of norbornene in 50 mL of Et2O was then added over the course
of 1 h to thereaction mixture to further precipitate the product. Solvent
was decanted from the product, which was washed with 10 mL of Et2O
at -20 °C. The crystals were dried in vacuo. Yield: 0.29 g (85%).
Anal. Calcd (found) for C31H30PReS4: C, 49.78 (49.78); H, 4.04 (4.05);
P, 4.14 (4.16); Re, 24.89 (24.66); S, 17.15 (17.26).1H NMR (500 MHz,
CD3CN) δ 0.607 (1H, ddp,J ) 27, 10, 1.5 Hz,apex), 1.541 (2H, m,
endo), 1.643 (2H, m,exo), 2.310 (2H, d,J ) 1.5 Hz, SCH), 2.476
(1H, dt, J ) 4, 1.5 Hz,bridge head). IR (KBr) 501 and 414 (νRedS).
UV-vis (MeCN soln, with>10 equiv of norbornene) 442 nm (ε ∼7000
M-1.cm-1).

Ph4P[ReS2(S2C7H8)]. To a 100-mL Schlenk flask containing a
solution of 0.41 g (0.62 mmol) of Ph4P[ReS4] in 50 mL of CH3CN
was added 0.067 mL (0.62 mmol) of 2,5-norbornadiene. After 3 h, the
reaction solution was concentrated to∼10 mL and diluted with 50 mL
of Et2O to precipitate the product. After the solvent was decanted from
the solid product, the gold-colored microcrystals were washed with
Et2O, and dried in vacuo. Yield: 0.43 g (94%). Anal. Calcd (found)
for C31H28PReS4: C, 49.91 (50.01, 50.09); H, 3.78 (3.69, 3.78); P, 4.15
(3.97); Re, 24.96 (24.63); S, 17.19 (17.45).1H NMR (500 MHz, CD3-
CN) δ 1.20 (1H, m,apex), 1.23 (1H, m,apex), 2.75 (2H, d, SCH),
2.82 (2H, s,bridgehead), 6.29 (2H, t,olefinic). IR (KBr) 501, 497
(νRedS); 407 (νRe-S).

(Ph4P)2[(ReS2)2(S4C7H8)]. A 100-mL Schlenk flask was charged
with 0.47 g (0.71 mmol) of Ph4P[ReS4], 50 mL of CH3CN, and 0.039
mL (0.36 mmol) of 2,5-norbornadiene. After 3 h, the resulting yellow
solution was concentrated to∼5 mL and diluted with 50 mL of Et2O.
The solvent was decanted, and the remaining solid was washed with
Et2O. Yield: 0.34 g (66%). This salt was not obtained in analytical
purity but was further characterized by X-ray crystallography.1H NMR
(500 MHz, CD3CN) δ 1.22 (2H, m,apex), 2.63 (2H, t,bridgehead),
2.83 (2H, s, SCH). IR (KBr) 498, 491 (νRedS); 407 (νRe-S).

General Procedure for UV-Vis Spectroscopy. Standardized
solutions of Et4N[ReS4] were prepared in volumetric flasks adapted
for use on a Schlenk line. All solutions were prepared in the dark under
a positive pressure of nitrogen. Solutions were then transferred via
syringe into 10-mm glass cuvettes fitted with gas adapters and magnetic
stir bars. Concentrated solutions of norbornene, norbornadiene, and
dicyclopentadiene were prepared in volumetric flasks under nitrogen
and were added to the reaction cuvette via microliter syringe. Ethylene
was sparged through the ReS4

- solution, and the reaction was
maintained under a positive pressure (∼1 atm) of ethylene. The optical
spectrum of ReS4- in neat dimethyl maleate was obtained in air from
the filtered solution.

Magnetization Transfer Experiments.54 A solution of 5.0 mg
(0.011 mmol) of (Et4N)1 and 5.8 mg (0.062 mmol) of norbornene in
∼7 mL of CD3CN was flame-sealed into an NMR tube under vacuum.
The intensity of the bound thiolato ipso CH signals decreased as the
saturation time for the alkenyl H signal was extended. At the limit of
long saturation times, the degree of magnetization was indicated by
the intensity (I) vs the intensity in the absence of irradiation (Io).

Electrochemistry. Voltammograms were recorded on a BAS 50W
instrument, interfaced with a microcomputer. To 10 mL of 0.1 M Bu4N-
[PF6] MeCN solution was added 0.0123 g (0.028 mmol) of Et4N[ReS4]
and 0.0421 g (0.45 mmol) of norbornene. The cyclic voltammogram
of the resulting yellow solution was measured using a Pt working
electrode, Pt wire for the common electrode, and aqueous Ag/AgCl as
a reference.

Crystallographic Analysis of Ph4P[ReS2(S2C7H10)]. Gold prismatic
crystals of Ph4P[ReS2(S2C7H10)] were grown from MeCN solutions.
The data crystal was attached to a thin glass fiber with Paratone-E oil
(Exxon). The data crystal was bound by the (0 0-1), (0 1-1), (0 1 1),
(1 0 1), and (1 0 0) faces. Distances from the crystal center to these
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facial boundaries were 0.050, 0.130, 0.140, 0.070, and 0.075 mm,
respectively. Data were collected at 198 K on a Siemens CCD
diffractometer.55 Crystal and refinement details are given in Table 2.
Systematic conditions suggested the space groupP212121. The structure
was solved by Direct Methods;56 correct positions for Re, S, P, and C
were deduced from a vector-map. H atom U’s were assigned as 1.2×
Ueq of adjacent C atoms. Non-H atoms were refined with anisotropic
thermal coefficients. Successful convergence of the full-matrix least-
squares refinement ofF2 was indicated by the maximum shift/error of
the last cycle.

Crystallographic Analysis of (Ph4P)2[(ReS2)2(S4C7H8)]. Gold plate-
like crystals of (Ph4P)2[(ReS2)2(S4C7H10)2] were grown from MeCN/
Et2O solutions. The data crystal was attached to a thin glass fiber with
Paratone-E oil (Exxon). The data crystal was bound by the (0 0-1),
(0-1 0), (1 0 0), and (1 2 1) faces. Distances from the crystal center
to these facial boundaries were 0.010, 0.050, 0.150, and 0.080 mm,
respectively. Data were collected at 198 K on a Siemens CCD diffrac-

tometer.55 Crystal and refinement details are given in Table 2. System-
atic conditions suggested the space groupP. The structure was solved
by Direct Methods;56 correct positions for Re, S, and P were deduced
from a vector map. Subsequent cycles of isotropic least-squares followed
by an unweighted difference Fourier synthesis revealed positions for
all C atoms. H atom U’s were assigned as 1.2× Ueq of adjacent C
atoms. Non-H atoms were refined with anisotropic thermal coefficients.
Successful convergence of the full-matrix least-squares refinement of
F2 was indicated by the maximum shift/error of the last cycle.
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Table 2. Crystallographic Data for Ph4P[ReS2(S2C7H10)] and (Ph4P)2[(ReS2)2(S4C7H8)

empirical formula C31H30PReS4 C55H48P2Re2S8

formula weight 747.96 1399.75
space group P212121 P1h
a, Å 10.4373(1) 12.6844(11)
b, Å 15.1269(2) 15.4061(5)
c, Å 18.6528(1) 16.000(2)
R, deg 90 62.200(7)
â, deg 90 83.795(6)
γ, deg 90 81.603(7)
V, Å3 2944.98(5) 2733.3
Z 4 2
Fcalc, g‚cm-3 1.687 1.701
absorption coefficient, mm-1 4.484 4.825
crystal size, mm 0.28× 0.15× 0.10 0.02× 0.10× 0.30
θ range, deg 1.73 to 28.25 1.44 to 22.50
reflections collected 19442 [R(int) ) 0.0797] 11680 [R(int) ) 0.0549]
independent reflections 7061 [5616 obs,I > 2σ(I)] 7059 [5196 obs,I > 2σ (I)]
R1 (obs data) 0.0285 0.0563
wR2 (obs data) 0.0540 0.1135
R1 (all data) 0.0431 0.0917
wR2 (all data) 0.0572 0.1448
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