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The reaction of a trinuclear rhenium sulfide cluster compound Re3S7Cl7 with dimethylphenylphosphine and CuX2

(X ) Cl or Br) or CuX (X ) Cl, Br, or I) formed tetranuclear cluster complexes [(Ph3P)2N][Re3(CuX)(µ3-S)4-
Cl6(PMe2Ph)3] (X ) Cl, Br, or I). Their solutions have the characteristic intense blue color with visible spectral
bands near 600 nm. Single-crystal X-ray structures show that three µ-S atoms in the intermediate trinuclear rhenium
complex coordinate to a copper atom, forming elongated tetrahedral structures in which Re−Cu bonding interaction
is negligible (Re−Cu distances are 3.50∼3.54 Å as compared with Re−Re distances ranging from 2.69 to 2.81 Å).

Introduction

Fragment condensation is one of the three general methods
of cluster synthesis and, apparently, is more useful than the
self-assembly of mononuclear species and excision from
solid-state cluster compounds because of the versatility and
higher predictability of the cluster frameworks.1,2 Since
Shibahara et al. reported the condensation of [Mo3S4]4+ with
Fe in 1986,3 a number of cubane cluster compounds of
molybdenum and tungsten with heterometals [M3M′Y4]n+ (M
) Mo or W; Y ) S or Se; M′ ) Cr, Mo, W, Fe, Co, Ni, Pd,
Cu, Hg, Ga, In, Tl, Sn, Pb, Sb, or Bi) have been
synthesized.4-9 Despite our hope to prepare isoelectronic

Re(V) analogues,10 only [Re3NiS4Cl6(PEt3)4]-11 and [Re3-
CoS4Cl6(PMe2Ph)4]12 have been reported. This is due partly
to the situation that only one starting compound, Re3S7Cl7,13

is available as a building unit, which is not always easy to
prepare, and to the difficulty of performing condensation
reactions of the Re3S4 unit with heterometals. Several
[M3CuY4]n+ (M ) Mo or W; Y ) S or Se) complexes are
known,14-25 but [Re3CuS4] cluster compounds have not been
reported. There are some known examples of rhenium-
copper mixed-metal sulfide cluster compounds with different
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metal frameworks.26-28 During the course of our studies on
mixed-metal rhenium cluster complexes, we found that
copper halides gave Re3Cu cluster complexes with unexpect-
edly distorted structures. This paper describes the syntheses
and structures of these cluster complexes.

Experimental Section

Materials and Methods.Most of the experiments were carried
out under dinitrogen using standard Shlenk techniques unless
otherwise stated. Rhenium metal, dimethylphenylphosphine, and
bis(triphenylphosphoranylidene)ammonium chloride ([(Ph3Ph)2N]-
Cl) were purchased from Aldrich, and CuCl2, CuBr2, and CuI were
purchased from WAKO chemicals, and they were used as received.
Re3S7Cl7 was prepared according to the literature.13 Solvents were
dried and distilled by the standard methods. Electronic spectra were
recorded on a JASCO Ubest-570 UV-vis spectrometer.1H and
31P NMR spectra were measured in CDCl3 with a JEOL GX-400
spectrometer. X-ray photoelectron spectrometry (XPS) spectra were
measured on a JEOL JPS-9010 spectrometer. Electron spin
resonance (ESR) spectra of solid samples or 2.5× 10-4 M solutions
in CH2Cl2 of 1 were recorded on a JEOL JES-RE2X X-band
spectrometer.

[(Ph3P)2N][Re3(CuCl)S4Cl6(PMe2Ph)3].2CH2Cl2 (1). Method 1.
Re3S7Cl7 (0.52 g, 0.51 mmol) was treated with PMe2Ph (0.5 mL)
in CH2Cl2 (20 mL) for 2 days at room temperature. CuCl2 (0.07 g,
0.52 mmol) in EtOH (5 mL) and a few drops of PMe2Ph were
added to the solution. After stirring for 3 days, the mixture was
filtered, and volatile materials were removed under reduced
pressure. The residue was washed with Et2O (3 × 5 mL). The
product was dissolved in CH2Cl2 (10 mL), and [(Ph3P)2N]Cl (0.29

g, 0.51 mmol) was added to the solution, which was stirred for 2
h. Et2O (15 mL) was layered on the solution, which was left for 2
days. Black crystals (0.50 g, 47% yield) were obtained after
filtration, washing with Et2O, and drying. Anal. Calcd for C62H67-
Cl11CuNP5Re3S4: C, 35.10; H, 3.18; N, 0.66. Found: C, 35.36; H,
3.15; N, 0.67. UV-vis (CH2Cl2) λmax, nm (ε): 601 (3312), 690
(sh), 880 (∼500). 1H NMR (400 MHz, CDCl3): δ 2.17 (d, Re-
PMe2Ph), 7.32∼7.76 [m, PMe2Ph, (Ph3P)2N+]. 31P NMR (161.7
MHz, CDCl3, 15% H3PO4): δ -39.47 (PMe2Ph), 22.49 [(Ph3P)2N+].

Method 2.A similar experimental procedure was followed except
using an ethanol solution of CuCl without the addition of extra
phosphine.

[(Ph3P)2N][Re3(CuBr)S4Cl6(PMe2Ph)3]‚2CH2Cl2 (2). Method
1. A similar procedure to that used for1, but using CuBr2, was
followed. Yield: 0.57 g, 52%. Anal. Calcd for C62H67BrCl10CuNP5-
Re3S4: C, 34.38; H, 3.12; N, 0.65. Found: C, 34.58; H, 3.11; N,
0.68. UV-vis (CH2Cl2) λmax, nm (ε): 604 (4561), 880 (∼500).1H
NMR (400 MHz, CDCl3): δ 2.17 (d, Re-PMe2Ph), 7.32∼7.76 [m,
PMe2Ph, (Ph3P)2N+]. 31P NMR (161.7 MHz, CDCl3, 15%
H3PO4): δ -39.55 (PMe2Ph), 21.50 [(Ph3P)2N+].

Method 2.A similar experimental procedure was followed except
using an ethanol solution of CuBr without the addition of extra
phosphine.

[(Ph3P)2N][Re3 (CuI)S4Cl6(PMe2Ph)3]‚CH2Cl2 (3). A procedure
similar to that for1 was followed, but using CuI without the addition
of extra PMe2Ph. Yield: 0.57 g, 55%. Anal. Calcd for C61H65Cl8-
CuINP5Re3S4: C, 34.43; H, 3.08; N, 0.66. Found: C, 34.51; H,
3.22; N, 0.63. UV-vis (CH2Cl2) λmax, nm (ε): 610 (5522).1H NMR
(400 MHz, CDCl3): δ 2.18 (d, Re-PMe2Ph), 7.28∼7.76 [m,
PMe2Ph, (Ph3P)2N+]. 31P NMR (161.7 MHz, CDCl3, 15%
H3PO4): δ -39.55 (PMe2Ph), 21.50 [(Ph3P)2N+].

X-ray Crystal Structure Determination. Crystals suitable for
X-ray crystallography were prepared by recrystallization of the
products from CH2Cl2 and Et2O over a few days. Data were
collected on a Bruker Smart APEX CCD system with a graphite
monochromated Mo KR radiation source. Crystals were transferred
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Table 1. Crystallographic Data for1, 2, and3

1 2 3

empirical formulaa C62H67Cl11CuNP5Re3S4 C62H67BrCl10CuNP5Re3S4 C61H65Cl8CuINP5Re3S4

fw 2121.35 2165.81 2127.87
cryst size (mm3) 0.35× 0.20× 0.10 0.14× 0.04× 0.02 0.36× 0.10× 0.03
space group P21/c P21/n P21/n
a (Å) 11.1274(5) 11.1389(5) 11.1246(8)
b (Å) 14.6445(6) 14.6844(6) 14.0736(10)
c (Å) 45.975(2) 46.149(2) 46.934(4)
â (deg) 96.865(1) 96.792(1) 95.651(2)
V (Å3) 7438.2(6) 7495.5(6) 7312.4(9)
Z 4 4 4
T (K) 173 173 90
radiation (Mo KR) 0.710 69 0.710 69 0.710 69
Fcalc (g cm-3) 1.894 1.919 1.933
µ (mm-1) 5.802 6.255 6.213
θ range (deg) 0.89-28.31 0.89-24.71 0.87-28.29
hkl index ranges -13/14 -13/12 -13/14

-19/18 -14/17 -18/18
-55/61 -41/54 -60/62

reflns. collected 55 368 42 185 53 789
independent reflns. 18 477 12 736 18 133
abs correction emprical empirical empirical
GOF onF2 1.017 1.064 1.150
R1b/wR2c [I > 2σ(I)] R1 ) 0.0614 R1) 0.0355 R1) 0.0852

wR1 ) 0.1952 wR2) 0.1268 wR2) 0.1297
R (all data) R1) 0.1048 R1) 0.0759 R1) 0.1032

wR2 ) 0.1458 wR2) 0.1427 wR2) 0.2062
largest diff peak and hole 3.725,-2.201 3.574,-2.075 6.841,-2.981

a Including solvate molecules.b R1 ) ∑||Fo| - |Fc||/∑Fo
c wR2 ) [∑[w(Fo

2 - Fc
2)2]/∑[w(Fo

2)2]] 1/2
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to the goniostat where1 and2 were cooled to-100 °C and3 to
-183 °C for data collection. The data were collected using 15 s
frames with anΩ scan of 0.30° and were corrected for Lorentz
and polarization effects. Absorption corrections were applied using
the SADABS empirical method. Data were treated by the Bruker
SAINT software, and the structures were solved using SHELXTL.29

All non-hydrogen atoms were refined anisotropically, and hydrogen
atoms were added at calculated positions and included in the final
refinement. Eight solvent (CH2Cl2) molecules were found in a unit
cell of 1 and2 and four in a unit cell of3. Crystallographic data
are given in Table 1.

Results and Discussion

Synthesis and Characterization.Reactions of Re3S7Cl7
with dimethylphenylphosphine followed by the addition of
copper(II) chloride or bromide in the presence of dimeth-
ylphenylphosphine or by the addition of copper(I) iodide
formed the rhenium-copper mixed-metal cluster complexes
[(Ph3P)2N][Re3(CuX)S4Cl6(PMe2Ph)3] (X ) Cl, 1; Br, 2; or
I, 3). Originally, the Re3Cu cluster complexes1 and2 were
obtained using copper(II) chloride or bromide as a copper
source, and we found, subsequently, that the addition of a
small amount of dimethylphenylphosphine to the reaction
solution improved the yield. We assumed that extra phos-
phine reduced Cu(II) to Cu(I) and made the formation of
the cluster complexes smoother. Structural analyses and
NMR measurements suggested that copper is in the Cu(I)

state in the cluster complexes, and the assignment of the
copper as Cu(I) has been supported by the silence of ESR
signals of Cu(II) and by XPS. We found that copper(I)
halides could also be used for the syntheses with comparable
yields.

Dichloromethane solutions of the products are blue with
a strong characteristic band near 600 nm in the visible
spectra. Among a few heterometals so far tried,12 copper is
the best in giving good yields of the tractable products. This
may be related to a better affinity of copper to sulfur or a
tendency of the metal to form tetra metal clusters without
Re-Cu bonds (vide infra).

Structures. The interatomic distances and angles for1-3
are given in Table 2. The cluster anion structure of 1 is
illustrated in Figure 1. The cluster frameworks of compounds
1-3 are elongated tetrahedra with Re-Re distances of 2.69-
2.71 Å and Re-Cu distances of 3.50-3.54 Å. The S-Cu-S
angles range from 79.8 to 81.0°, reflecting relatively long
Re-Cu distances. Long Re-Cu distances indicate a lack of
bonding interaction between rhenium and copper atoms. This
is unique to the present [Re3CuS4X7(PMe2Ph)3]1- (62 e-)
clusters because [Re3CoS4Cl6(PMe2Ph)4] (60 e-)12 and
[Re3NiS4Cl6(PEt3)4] (61 e-)11 as well as [M3CuS4(H2O)10]5+

(M ) Mo or W) (60 e-) cluster complexes have much shorter
Re-M (Re-Co, 2.60∼2.61 Å; Re-Ni, 2.67∼2.77 Å), Mo-
Cu (2.80∼2.92 Å),14,16,18-25,30,31or W-Cu (2.82∼2.96 Å)15,17

distances, which invoke metal-metal bonds. In the case of
cobalt, two cluster isomers with different orientations of
PMe2Ph were obtained, depending on the reaction temper-
atures.12 The main product of the Re3Co cluster has three
dimethylphenylphosphine orientations opposite Co, whereas
the orientation of dimethylphenylphosphine ligands in1-3
is directed to Cu. In the case of the Re3Co cluster, phosphine
flipping from the orientation in the starting Re3 cluster was
required and a higher temperature of the synthetic reaction
was favorable for the change. We first thought that interaction
of theµ-S ligands with Cu was so strong that the trinuclear
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J. X. Inorg. Chim. Acta1995, 232, 43.

Table 2. Selected Interatomic Distances (Å) and Angles (deg) for
Compounds1, 2, and3

1 2 3

Distances
Re(1)-Re(2) 2.7088(5) 2.7110(6) 2.7010(8)
Re(1)-Re(3) 2.7045(6) 2.7039(7) 2.7147(7)
Re(2)-Re(3) 2.6959(5) 2.6989(6) 2.6904(7)
Re(1)-Cu(1) 3.548 3.539 3.522
Re(2)-Cu(1) 3.511 3.506 3.535
Re(3)-Cu(1) 3.543 3.541 3.506
Re-S (av) 2.312 2.310 2.313
Cu(1)-Cl(7) 2.145(3)
Cu(1)-Br(1) 2.236(2)
Cu(1)-I(1) 2.412(2)
Cu(1)-S (av) 2.389 2.386 2.378
Re-P (av) 2.534 2.536 2.531
Re-Cl (av) 2.414 2.423 2.421
N(1)-P(av) 1.586 1.581 1.580

Angles
Re(3)-Re(1)-Re(2) 59.736(14) 59.790(16) 59.574(18)
Cl(7)-Cu(1)-S(1) 121.22(11)
Cl(7)-Cu(1)-S(2) 138.88(11)
Br(1)-Cu(1)-S(1) 119.57(11)
Br(1)-Cu(1)-S(2) 138.72(10)
I(1)-Cu(1)-S(1) 129.79(11)
I(1)-Cu(1)-S(3) 124.83(12)
S(1)-Cu(1)-S(2) 81.01(9) 80.99(11) 79.80(10)
Cu(1)-S(1)-Re(1) 97.86(9) 97.73(10) 96.82(10)
Cu(1)-S(2)-Re(2) 97.80(9) 97.62(10) 98.67(11)
Cu(1)-S(3)-Re(1) 97.70(8) 97.61(10) 97.79(11)
Re(2)-S(1)-Re(1) 72.17(2) 73.25(4) 72.34(9)
Re(1)-S(4)-Re(2) 71.01(6) 73.24(4) 70.53(9)
P(1)-Re(1)-Re(3) 136.79(6) 146.48(4) 138.32(8)
P(1)-Re(1)-Re(2) 137.66(6) 101.79(4) 134.61(8)
Cl(1)-Re(1)-Cl(2) 85.78(9) 84.83(8) 85.43(13)
P(1)-Re(1)-Cl(1) 78.37(9) 78.53(6) 79.45(13)
P(1)-Re(1)-Cl(2) 79.98(9) 80.20(5) 79.66(14)

Figure 1. ORTEP (50%) structure of [Re3CuCl(µ3-S)4Cl6(PMe2Ph)3]1-.
Hydrogen atoms are omitted for clarity.
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cluster [Re3S4Cl6(PMe2Ph)3]1- 32 captured a Cu atom before
the flipping isomerization of phosphine ligands occurred.
Three phosphine ligands probably prevent the approach of
a copper atom to the Re3 plane, resulting in the longer Re-
Cu distances. We then attempted to prepare putative isomers
of the Re3Cu clusters with Re-Cu bonds and an opposite
orientation of dimethylphosphine ligands by raising the
reaction temperature in refluxing toluene but obtained only
the same product. It is likely that the number of cluster
valence electrons (62 e-) is too high to form Re3Cu cluster
complexes with Re-Cu bonds, but we are still seeking a
better explanation to account for the remarkable difference.

Three Re3Cu cluster complexes with different Cu-X (X
) Cl, Br, and I) bonds show only small differences of Cu-X
distances (2.14∼2.41 Å), reflecting the ionic radii of X, but
there is no significant difference of the geometry of the Re3

cluster frameworks. Because no Re-Cu bonds exist, X does
not affect the electronic and geometrical states of the Re3

cluster system. For example, absorption maxima in visible
spectra are similar and chemical shifts of phosphine ligands
in 1H and31P NMR spectra are almost the same.

XPS Spectra. XPS spectra of cluster complex1 were
measured to determine the oxidation states of the copper and
rhenium in the complex. The binding energies are 932.6 eV
for Cu2p3/2 and 41.9 and 44.4 eV for Re4f7/2. Generally, the
chemical shifts of copper compounds are small, and identical
compounds sometimes give different values.33 However,
Cu(I) compounds usually give lower binding energies than
Cu(II) compounds. It is more reasonable to assign the value
of complex 1 to Cu(I) (d10) than to Cu(II) (d9). This
conclusion is supported by the silence of ESR signals
characteristic of Cu(II). Rhenium peaks are assigned to
Re(IV) (41.9 eV) and Re(V) (44.4 eV). Thus, the cluster
ion is expressed as [Re(V)Re(IV)2Cu(I)S4Cl6]1-. The copper
ion in [Mo3CuS4]5+ cubes has been assigned to Cu(I) from
the XPS data (Cu2p3/2, 933.4 eV).23

ESR Spectra.ESR spectra of compound1 both in the
solid states and in solutions in CH2Cl2 at room temperature
showed only very weak bands probably due to minor
impurities. Therefore, we judged that the copper ion in the
cluster is not Cu(II).

Visible Spectra.The Re3Cu cluster complexes1, 2, and
3 show strong bands at 601-610 nm with a shoulder and a

weak band near 900 nm. Copper(I) compounds have d10

electron configurations and are usually colorless, except for
those with color resulting from the anion or charge-transfer
bands.34 Cluster complexes1-3 show a deep blue color, and
the main spectral bands near 600 nm (ε 3312∼5522) look
very much like those of blue copper proteins. The strong
bands in blue copper proteins are assigned to the charge
transfer (CT) from S to Cu(II) in the distorted tetrahedral
environments.35-38 Judging from the synthetic procedures
using Cu(I) halides, chemical compositions, ESR spectra,
and the XPS of the cluster complex1, it is reasonable to
regard the copper in the clusters as Cu(I). If the copper is in
a d10 state, no d-d bands are expected. Therefore, the bands
in the cluster complexes1-3 must be due to CT bands. The
preliminary molecular orbital calculations on1 performed
by the Gaussian03 program indicate that the main band at
601 nm is due to the transition from a degenerate electron
orbital composed mainly of Cu+ Cl to a degenerate electron
orbital composed mainly of Re+ S + Cl.39 The blue color
with high extinction coefficients (3312 M-1 cm-1) matches
that of blue copper proteins, but the origin of the color is
unlikely of a ligand-to-metal CT from S to Cu.35-38

The Re3Cu cluster complexes described here are unique
in having no Re-Cu bonds. The clusters are composed
formally of a Cu(I) and Re(V)Re(IV)2 moieties. These
complexes provide a new series of Cu(I) complexes coor-
dinated by a Re3 cluster as a tridentate sulfur ligand.
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