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Four Cu'-S clusters, 1-4, containing bridging dppm and 2-(diethoxyphosphinyl)-2-cyanoethylene-1,1-dithiolato
ligands were isolated from the reaction of [Cu,(u-dppm),(CH;CN),](PFy), and K,S,CC(CN)P(O)(OEt), in
CH,Cl,. The cluster nuclearity depends on the coordination pattern of the functionalized 1,1-dithiolates: 1 and
2, Cuy(dppm),[S,CC(CN)P(O)(OEL),], and Cu,(dppm);(OPPh,CH,PPh,)[S,CC(CN)P(O)(OEt),],, display a
tetrametallic tetraconnective (u-S, pu-S) bridging mode; in 3, Cus(dppm),[S,CC(CN)P(O)(OEt),],(PFy), exhibits
a novel tetrametallic pentaconnective coordination pattern; in 4, Cuy(dppm),[S,CC(CN)P(O)(OEt),],(PFy),
reveals an unprecedented pentametallic hexaconnective coordination pattern. Pertinent crystallographic data
are: 1, Cyy,H,05Cu,N,O4P,(S,-CH,Cl,, monoclinic, P2,/n, a = 20.1464(11), b = 23.4222(13), ¢ = 23.7695(14) A,
B=91.837(1)°, V=11210(1) A%, Z = 4; 2, C,14H,0sCu,N,0,P,,S,, monoclinic, P2,/n, a = 15.6463(8), b = 52.324(3),
c=15.8286(8) A, p=118.529(1)°, ¥ =11385(1) A?, Z =4; 3, C,;,H,;sCusF,N,0,,P;,S,, monoclinic,

C2/e, a=20.4306(11), b =22.6378(12), ¢ = 26.1927(13) A, =90.886(1)°, V= 12112.8(11) A3, Z=4; 4,

C26H 12CUugFN,O,P S, orthorhombic, Pna2,, a = 38.8644(11), b = 24.3585(8), c = 16.0870(5) A,

V'=15229.2(8) A3, Z=4.

Introduction

There is a tendency for cluster formation between mono-
valent Group 11 metals and 1,1- or 1,2-dithio-chelating
ligands.! Notable examples include [Aug(o-CH,CcH,CS,)],?
M,(i-MNT)¢*", M,(i-MNT),*” (M = Cu, Ag),* Ags(i-MNT)*",*
and Au,(i-MNT),>" 5 (i-MNT = 1,l-dicyanoethylene-2,2-
dithiolate.) Most of the reported structures consist of
symmetrically substituted 1,1-dithiolate ligands of the type
S,CC(X),>". Seldom has the high-nuclearity metal cluster
possessing  asymmetrically  substituted 1,1-dithiolates,
S,CC(X)(Y)*", been characterized satisfactorily. This is partly
due to the difficulty in producing good quality crystals amen-
able for X-ray diffraction, which result in the presence of
several isomeric species in solution caused by the asymmetrical
1,1-dithiolate ligands, and this therefore impedes the subse-
quent, detailed characterizations for the isolated complexes. On
the other hand the isomeric problem may be overcome if the
lone pair electrons of the substituents can be activated then
become potential donor sites to increase the cluster nuclearity.
Lately high-nuclearity copper—thiolato clusters have been used
as model compounds for both yeast- and mammalian-copper
metallothioneins.® Thus it adds more interest to explore the
coordination chemistry of Cu’-S clusters.

With this in mind we focus on the 1-(diethoxyphosphinyl)-
1-cyanoethylene-2,2-dithiolates, [S,CC(CN)P(O)(OEL),]*
(abbreviated as cpdt), for a couple of reasons. First, there are
two more potential binding sites besides the soft sulfur donors;
namely the nitrogen atom of the CN group and the oxygen
atom of the phosphinyl group. Secondly, complexes containing
this ligand are extremely scarce. Apart from two clusters of
Ag(1) recently reported by us,” only two with Pt(ir) have been
synthesized.® Thirdly, due to the existence of the phosphinyl
group, the 3P NMR may provide a useful screening tool for
the isolated products before the detailed single crystal X-ray
diffraction study.
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Recent work in this laboratory has shown that the cpdt can
coordinate to metals by using not only its two sulfur atoms but
also the oxygen atom of the phosphinyl group (Chart 1). This
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affords a new coordination mode of M3(u-S-p;-S’-0) (E) for
cpdt ligands and observes in the pentanuclear silver complex of
Ags(u-dppm),[S,CC(CN)P(O)(OEt),],(PF,).” As an extension
of this study, we perform a similar cluster synthesis incorporat-
ing copper and uncover that, besides the oxygen atom of
the P=O group, the nitrogen atom of the cyano group in the
cpdt can also be utilized to bind to other metal. Thus an
unprecedented pentametallic hexaconnective coordination
pattern, n*(u-S-p-S’-O-N) (G), found in the novel nonanuclear
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copper cluster of Cuy(u-dppm),[S,CC(CN)P(O)(OEt),],(PFy)
is produced. To our knowledge this is one of the rare examples
simultaneously exhibiting the connectivities between tran-
sitional metals and all potential binding sites of any 1,1-
dithiolate ligands. Herein we report the synthetic details of
cpdt—Cu(1) complexes where the cluster nuclearities are in the
range of four, five, and nine.

Experimental

Apparatus

All infrared spectra were recorded on a Bio-Rad spectrometer
at 25 °C using KBr plates. NMR spectra were recorded on a
Bruker AC-F200 Fourier transform spectrometer. The ¥P{'H}
NMR are referenced externally against 85% H,PO,. Elemental
analyses (C, H, N, S) were obtained with a Perkin-Elmer 2400
analyzer. Positive FAB mass spectra were performed on a
VG 70-250S mass spectrometer with nitrobenzyl alcohol as
the matrix. Absorption spectra were obtained by a Shimadzu
UV-2101PC spectrophotometer.

Reagents

[Cuy(u-dppm),(CH;CN),J(PFg),”  and  K,S,CC(CN)(P(O)-
(OEt),)'* were prepared according to the literature reports. All
reactions were performed in oven-dried Schlenk glassware by
using standard inert-atmosphere techniques.

Commercial CH,Cl, and CH;OH were distilled from P,O,,
and Mg, respectively, before use. Hexanes were distilled from
Na/K.

Reaction of [Cu,(pu-dppm),(CH;CN),]1(PF,), and K,S,CC(CN)-
P(O)(OEY),

Dichloromethane (50 mL) was added to [Cu,(dppm),(CH,-
CN),](PFy), (500 mg, 3.9 mmol) and K,S,CC(CN)P(O)(OEt),
(156 mg, 4.7 mmol) in a Schlenk bottle (100 mL) and stirred for
24 h at ambient temperature. The solution underwent color
changes from pale yellow to orange during the reaction. It
was then evaporated to dryness to give an orange residue. The
residue was re-dissolved in CH;OH (30 mL) from which
orange-yellow material of 1 was precipitated out in a few
minutes (30 mg, 9% yield). The yellow methanol filtrate was
evaporated, then re-dissolved in CH;CN (20 mL) from which a
yellow precipitate of 2 (155 mg, 47% yield) was obtained. Diffu-
sion of diethyl ether to the CH;CN filtrate afforded crystalline
material of 3 and 4 in 12% (54.2 mg) and 11% (118 mg) yield,
respectively.

1: UV-Vis (CH,Cl) A, nm (&g, dm® mol™! cm™'): 245
(33,100), 302 (27,400), 334 (23,700), 365 (15,300). *P{'H}
NMR (CDCly), 6 17.1 [s; 2P, P(O)], —10.2 (br; 8P). '"H NMR
(CDCl), 6 1.22 (t; 12H, CH,CHj;), 3.1 (br; 8H), 4.09 (m;
8H, CH,CH,); 6.6-7.4 (m, 80H). IR in KBr, cm': w(CN),
2175. Positive FAB-MS (m/z): 1910.5 (M* — dppm), 1526.3
(M* — 2dppm). Anal. Caled for C;;,H;psCuO6N,P0S,: C,
59.68; H, 4.74; N, 1.22; S, 5.59. Found: C, 58.75; H, 5.10; N,
1.35; S, 5.79. Mp: 189 °C.

2: UV-Vis (CH,ClL,) 4, nm (&g, dm® mol™' cm™): 245
(25,700), 294 (23,100), 339 (20,100), 366 (24,100). *'P{'H}
NMR (CDCly), 6 36.6 [d, 2J(P, P) = 16 Hz; P(O)Ph,], 24.3 [d,
2J(P, P) = 16 Hz; PPh,P(0)], 14.9 [s; 2P, P(O)], —14.0 (br; 6P).
'"H NMR (CDCl,), 6 1.39 (t; 12H, CH,CH,), 3.30 (br; 8H), 4.20
(m; 8H, CH,CH,); 6.81-7.70 (m, 80H). IR in KBr, cm™": W(CN),
2176. Anal. Caled for C,;,H;(3Cu,0,N,P,,S,: C, 59.27; H, 4.71;
N, 1.21; S, 5.55. Found: C, 58.78; H, 5.12; N, 1.29; S, 4.99. Mp:
186 °C.

3: UV-Vis (CH,Cl)) 4, nm (&pa dm?® mol™ cm™): 241
(44,100), 304 (32,300), 340 (19,700), 370 (21,000). *'P{'H}
NMR (CDCl,), 6 18.1 [s; 2P, P(O)], —13.4 (br; 8P). '"H NMR
(CDCl), 0 1.25 (t; 12H, CH,CHs;), 3.27 (br; 8H), 4.11 (m; 8H,

CH,CH,); 6.63-7.24 (m, 80H). IR in KBr, cm™': ¥(CN), 2179.
Positive FAB-MS: m/z (m/z ) 2360.0 (2357.7) (M™), 1971.5
(1973.3) (M™ — dppm), 1589.0 (1588.9) (M* — 2dppm). Anal.
Caled for C,;,H;sCusFcOgN,P;S,-4H,0: C, 53.18; H, 4.54;
N, 1.09; S, 4.98. Found: C, 52.63; H, 4.18; N, 1.25; S, 5.27. Mp:
191 °C.

4: UV-Vis (CH,Cly) A, nm (gpa. dm® mol™' cm™): 241
(51,000), 308 (44,200), 342 (36,200), 388 (28,100). *'P{'H}
NMR (CDCl,), 6 18.8 [s; 4P, P(O)], —13.7 (br; 8P). '"H NMR
(CDCLy), ¢ 1.04, 1.21 (t; 7 Hz, 24H, CH,CH,), 2.77
(br; 8H), 3.93, 4.10 (m; 16H, CH,CH,;), 6.5-7.7 (m, 80H). IR
in KBr, cm™": w(CN), 2187. Positive FAB-MS (m/z): 3114.4
(M™), 2730.7 (M* — dppm), 2346.4 (M* — 2dppm). Anal.
Caled for CjH;CugFgO,N,P5Se: C, 47.17; H, 3.96; N,
1.72; S, 7.87. Found: C, 47.19; H, 3.90; N, 2.13; S, 7.88. Mp:
192 °C.

X-Ray structure determination

Crystals were mounted on the tip of glass fibers with epoxy
resin. Data were collected at 298 K on a Siemens SMART CCD
(charged coupled device) diffractometer. For all crystals, data
were measured with omega scans of 0.3° per frame for 90 s. Cell
parameters were retrieved with SMART software !! and refined
with SAINT software ' on all observed reflections (I > 10a([1)).
Data reduction was performed with SAINT, which corrects for
Lorentz and polarization. An empirical absorption correction
was applied. The structure was solved by the use of direct
methods and refinement was performed by the least-squares
methods on F? with the SHELXL-97 package,'® incorporated
in SHELXTL/PC V5.10." Pertinent crystallographic data for
compounds 1-4 are listed in Table 1.

1-CH,CL,. Crystals suitable for X-ray diffraction were grown
from CH,CIl, layered with hexanes. A yellow crystal (0.22 X
0.24 x 0.42 mm) was mounted in the manner described above,
and data were collected. A total of 39476 reflections were
collected, of which 14221 were unique (R, = 0.0894) and 9481
were observed with 7 > 2qg(I). Crystals of 1 diffracted very
weakly during the data collection. Two ethyl groups and a
solvent molecule, CH,Cl,, were disordered. While two positions
with equal occupancy were used to refine each disordered ethyl
group, a riding mode was used for the solvent molecule of
which one of the chloride atoms was divided into two positions
having 0.35 and 0.65 site occupancy factor. The final cycle
of the full-matrix least-squares refinement was based on
9481 observed reflections, 792 parameters, and converged with
unweighted and weighted agreement factors of R, = 0.1270,
and wR, = 0.2967, respectively. The largest residual peak and
hole are 1.449 ¢ A~* and —0.780 e A3, respectively. The high R
value may be attributed to the poor crystal quality.

2. Crystals suitable for X-ray diffraction were grown from
CH,Cl, layered with hexanes. A yellow crystal (0.26 x 0.3 X
0.44 mm) was mounted in the manner described above, and
data were collected. A total of 40133 reflections were collected,
of which 19735 were unique (R,, = 0.0276) and 17492 were
observed with 7> 2g(1). Two carbon atoms, C06 and C07, were
found disordered. While two positions with equal occupancy
were used to model the C06, three positions having site occu-
pancy factor of 50%, 25%, and 25%, respectively, were treated
for the CO7. The final cycle of the full-matrix least-squares
refinement was based on 17492 observed reflections, 1270
parameters, and converged with unweighted and weighted
agreement factors of R, = 0.0518, and wR, = 0.1140, respect-
ively. The largest residual peak and hole are 0.575 ¢ A~* and
—0.385 ¢ A3, respectively.

3-4H,0. Crystals suitable for X-ray diffraction were grown
from CH,CI, layered with hexanes. A yellow crystal (0.3 X
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Table 1

Crystallographic data for Cu,(dppm),[S,CC(CN)P(O)(OEt),], (1), Cuy(dppm);(OPPh,CH,PPh,)[S,CC(CN)P(O)(OEt),], (2), Cus(dppm),-

[S;CC(CN)P(O)(OEL),[,(PFy) (3), and Cuy(dppm),[S;CC(CN)P(O)(OEL),]4(PF) (4)

1 2

3 4

Chemical formula C11sH110CLCu,O¢N,P,S,

M 2379.05 2310.12
alA 20.1461(11) 15.6463(8)
bIA 23.4222(13) 52.324(3)
clA 23.7695(14) 15.8286(8)
al® 90 90

pr 91.837(1) 118.5290(10)
yl° 90 90

VIA? 11210.3(11) 11385.0(10)
Space group P2,/n P2,/n

z 4 4
PeaadMgm™? 1.410 1.348

MA 0.71073 0.71073
u/mm™! 1.068 1.005

T/K 298(2) 298(2)

R, (F)“ 0.1270 0.0518

WR, (F2)" 0.2967 0.1140

C114H105Cu,0;N,PS,

C114H116CusFO 14N, Py S, C28H 125CusFO1,N, P3S4

2574.70 3259.29
20.4306(11) 38.8644(11)
22.6378(12) 24.3585(8)
26.1927(13) 16.0870(5)
90 90
90.8860(10) 90

90 90
12112.8(11) 15229.2(8)
C2/c Pna2,

4 4

1.412 1.422
0.71073 0.71073
1.142 1.537
298(2) 298(2)
0.0539 0.0846
0.1623 0.1636

“ Ry (F,) = Z||(F,)| — [(F)|[/Z|F,| for F2 > 20(F,?). " wR, (F}) = [E[W(F,2 — FHEwFS " w! = 63 (F,2) + (0.03 F2)* for F,2> 0; w™' = 6%(F,?) for
F2<0.

0.35 x 0.6 mm) was mounted in the manner described above,
and data were collected. A total of 28998 reflections were col-
lected, of which 10461 were unique (R, = 0.0333) and 9167
were observed with 7> 2a(I). One of the H,O molecules in the
asymmetric unit was found disordered and two positions with
occupancies of 60% and 40% were refined. Four carbon atoms
were found disordered: C5, C6, C7, and CS8. A model with fixed
C-C (1.550 A) distance was introduced. All but disordered C
atoms and H,O molecules were refined anisotropically. The
final cycle of the full-matrix least-squares refinement was based
on 9167 observed reflections, 666 parameters, and 2 constraints
and converged with unweighted and weighted agreement
factors of R, = 0.0539, and wR, = 0.1623, respectively. The
largest residual peak and hole are 1.207 ¢ A3 and —0.720e¢ A3,
respectively.

4. Crystals suitable for X-ray diffraction were grown from
CH, (I, layered with hexanes. A yellow crystal (0.4 < 0.4 X 0.4
mm) was mounted in the manner described and data were col-
lected. A total of 25441 reflections were collected, of which
12398 were unique (R;,, = 0.0603) and 10276 were observed with
1 > 20(I). Parts of oxygen and carbon atoms of the ethoxyl
groups were found disordered. Bond distances were constrained
for disordered atoms and atoms connected to the disordered
atoms during the structure refinements. The constraint is O-C =
1.500 A. All phenyl rings are fixed as a regular hexagon. The
final cycle of the full-matrix least-squares refinement was based
on 10276 observed reflections, 848 parameters, and 5 con-
straints and converged with unweighted and weighted agree-
ment factors of R, =0.0846, and wR, = 0.1636, respectively. The
largest residual peak and hole are 0.772¢ A and —0.524e¢ A7,
respectively.

CCDOC reference numbers 173563-173566.

See http://www.rsc.org/suppdata/dt/b1/b110028a/ for crystal-
lographic data in CIF or other electronic format.

Results and discussion

Syntheses

Complexes 1-4, formulated as Cu,(u-dppm),[S,CC(CN)P-
(O)(OE),],,  Cuy(u-dppm);(OPPh,CH,PPh,)[S,CC(CN)P(O)-
(OEt);,,  Cus(p-dppm),[S,CC(CN)P(O)(OE1),,(PF,)  and
Cuy(u-dppm),[S,CC(CN)P(O)(OEt),l,(PFs) were isolated in
9%, 47%, 12% and 11% yield respectively starting from the
reaction of [Cu,(u-dppm),(CH;CN),](PFy), and K,S,CC(CN)-
P(O)(OEt), in CH,Cl, (Scheme 1). They can be separated by
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using solvents with different polarities of which 1 is the only
one that does not dissolve in methanol. The cationic clusters,
3 and 4, were largely separated by re-crystallization in which 4



come out first. All complexes are air stable, and as crystalline
solids show no appreciable sensitivity to light.

The formation of 2 remains unclear, but it is possible that
the presence of trace amount of O, coupled with the Cu'
catalytically oxidized the phosphine into phosphine oxide as
copper-containing oxygenases '* do.

Crystal structure analyses

Cu,(p-dppm),[S,CC(CN)P(O)(OEt),], (1). The compound 1
(Fig. 1) structurally characterized as [Cu,(u-dppm),(S,CC(CN)-

Fig. 1 The thermal ellipsoid drawing (50% probability) of 1 with
phenyl rings omitted for clarity.

P(O)(OEt),),], which is similar in coordination to Ag,(u-dppm),-
[S,CC(CN)P(O)(OEt),],,” has a distorted Cu, planar-like
geometry. Each copper atom is tetrahedrally coordinated by
two sulfur atoms and two phosphorus atoms. Two kinds of
bridging ligands surround the Cu, unit: while two 1,1-dithiolate
ligands exhibiting a “tetrametallic tetraconnective” n?(u-S-p-S’)
(D) coordination pattern are bonded from both sides of the Cu,
plane and are perpendicular to each other, the four dppm
ligands bridge the edges having two-up and two-down con-
formation. The geometry of Cu, is so distorted that the torsion
angle of Cul-Cu2-Cu3-Cu4 is 15.2(1)° and the Cu-Cu dis-
tances range from 3.186 to 3.595 A and show no significant
Cu' - - Cu' interactions. The averaged sulfur—sulfur bite dis-
tance of 1,1-dithiolates is 3.074(2) A and the Cu-S bond
distances fall in the range of 2.340(4)-2.392(4) A. The core
geometry of 1 is also similar to that found in Cu,(u-dppm),-
(CS,),."¢ and [Cu,(u-dppm),(u-E)** (E = S, Se, PPh)."” The
selected bond distances and angles are listed in Table 2.

Cu,(p-dppm);(n'-P-dppmO)[S,CC(CN)P(O)(OEY),],  (2).
Fig. 2 shows the thermal ellipsoid drawing of 2 which consists
of a Cu, unit capped on both sides by two perpendicular cpdt

Table 2 Selected bond lengths [A] and angles [°] for 1

Cu(1)-P(1) 2.297(4) Cu(3)-P(4) 2.295(4)
Cu(1)-P(8) 2.304(4) Cu(3)-P(5) 2.298(4)
Cu(1)-S(4) 2.345(4) Cu(3)-S(3) 2.340(4)
Cu(1)-S(1) 2.354(3) Cu(3)-S(2) 2.392(4)
Cu(2)-P(2) 2.303(4) Cu(4)-P(6) 2.296(5)
Cu(2)-P(3) 2.304(4) Cu(4)-P(7) 2.312(5)
Cu(2)-S(2) 2.353(4) Cu(4)-S(4) 2.353(4)
Cu(2)-S(1) 2.383(4) Cu(4)-S(3) 2.371(4)
P(1)-Cu(1)-P8)  110.83(15) P@)-Cu(3)-P(5)  110.86(15)
P(1)-Cu(1)-S(@4)  104.85(14) P@4)-Cu(3)-S(3)  110.62(15)
P(8)-Cu(1)-S(4)  106.15(15) P(5)-Cu(3)-S(3)  103.53(15)
P(1)-Cu(1)-S(1)  112.41(13) P(4)-Cu(3)-S(2)  113.18(14)
P(8)-Cu(1)-S(1)  111.26(14) P(5)-Cu(3)-S(2)  108.58(15)
S@-Cu(1)-S(1)  110.99(13) S(3)-Cu(3)-S(2)  109.62(13)
PQ2)-Cu(2)-P3)  109.11(13) P(6)-Cu()-P(7)  116.40(18)
P(2)-Cu(2)-S(2)  109.42(14) P(6)-Cu(4)-S(4)  108.71(16)
P(3)-Cu(2)-S(2)  109.33(14) P(7)-Cu(4)-S(4)  109.91(16)
PQ2)-Cu(2)-S(1)  109.41(14) P(6)-Cu(4)-S(3)  111.72(15)
P(3)-Cu(2)-S(1)  105.43(13) P(7)-Cu(4)-S(3)  102.35(16)
S(2)-Cu(2)-S(1)  114.00(13) S(4)-Cu(4)-S(3)  107.31(13)

Fig. 2 The thermal ellipsoid drawing (50% probability) of 2 with
phenyl rings removed for clarity.

ligands. Unlike compound 1 in which each edge of the Cu,
plane is bridged by a dppm ligand, only three of the four edges
are bridged in 2. Therefore a dangling dppm ligand having a
phosphine oxide at the end is revealed. Consequently the Cu3 is
trigonally coordinated to two sulfur atoms and one phosphorus
atom, whereas the rest of the copper atoms are each coordin-
ated by two sulfur atoms and two phosphorus atoms.

The Cu, trapezoidal plane is so distorted that two long and
two short Cu—Cu distances are observed. While the longer set
(Cul-Cu2, 3.466(3) A and Cul-Cu4, 3.583(3) A) is comparable
to those in 1, the other two (Cu2—Cu3, 2.7033(7)A and Cu3-
Cu4, 2.8548(7) A) are significantly shorter. Especially noted is
the bond length of Cu2-Cu3 which is even shorter then the sum
of the van der Waals radii for copper (2.80 A)."® This can be
attributed to either the strong d'°-d' interactions between the
copper centers ' or the ligand-imposed cluster geometry.?’ The
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Table 3 Selected bond lengths [A] and angles [°] for 2

Cu(1)-P(6) 2.2734(11) Cu(@)-S(2) 2.3509(11)
Cu(1)-P(1) 2.2853(10) S(1)-C(01) 1.749(4)
Cu(1)-S(3) 2.3385(11) S(2)-C(01) 1.747(4)
Cu(1)-S(1) 2.3501(11) S(3)-C(08) 1.745(3)
Cu(2)-P(2) 2.2801(10) S(4)-C(08) 1.742(4)
Cu(2)-P(3) 2.3000(12) P(8)-O(7) 1.464(3)
Cu(2)-S(1) 2.3295(10) P(9)-0(2) 1.481(4)
Cu(2)-S(4) 2.4879(11) P(9)-O(1) 1.555(4)
Cu(2)-Cu(3) 2.7033(7) P(9)-0(3) 1.560(4)
Cu(3)-S(4) 2.2590(10) P(10)-O(4) 1.458(3)
Cu(3)-P(4) 2.2592(11) P(10)-O(5) 1.575(4)
Cu(3)-S(2) 2.3184(10) P(10)-0(6) 1.577(4)
Cu(3)-Cu(4) 2.8548(7) N(1)-C(03) 1.143(6)
Cu(4)-P(7) 2.3018(11) N(2)-C(010) 1.141(6)
Cu(4)-S(3) 2.3247(10) C(01)-C(02) 1.381(5)
Cu(4)-P(5) 2.3273(11) C(08)-C(09) 1.384(5)
P6)-Cu(1)-P(1)  117.40(4) Cu(2)-Cu(3)-Cu@) 111.58(2)
P(6)-Cu(1)-S(3)  100.31(4) P(7)-Cu(4)-S(3) 111.60(4)
P(1)-Cu(1)-S(3)  116.31(4) P(7)-Cu(4)-P(5) 111.41(4)
P(6)-Cu(1)-S(1)  108.29(4) S(3)-Cu(4)-P(5) 98.98(4)
P(1)-Cu(1)-S(1)  103.65(4) P(7)-Cu(4)-S(2) 111.94(4)
S(3)-Cu(1)-S(1)  110.86(4) S(3)-Cu(4)-S(2) 117.134)
PQ)-Cu(2)-P(3)  114.03(4) P(5)-Cu(4)-S(2) 104.73(4)
PQ2)-Cu(2)-S(1)  102.92(4) P(7)-Cu(4)-Cu(3)  93.71(3)
PG3)-Cu2)-S(1)  114.17(4) S(3)-Cu(d)-Cu(3)  82.55(3)
PQ2)-Cu(2)-S@4)  101.00(4) P(5)-Cu(4)-Cu(3)  151.82(4)
P(3)-Cu(2)-S(4)  109.95(4) S(2)-Cu()-Cu(3)  51.80(3)
S(1)-Cu(2)-S(4)  113.92(4) 0(2)-P(9)-O(1) 114.1(2)
PQ2)-Cu(2)-Cu(3) 152.25(4) 0(2)-P(9)-0(3) 114.6(3)
P(3)-Cu(2)-Cu(3)  82.61(3) O(1)-P(9)-0(3) 103.2(3)
S(1)-Cu(2)-Cu(3)  88.72(3) 0O(2)-P(9)-C(02)  113.8(2)
S@)-Cu(2)-Cu(3)  51.38(3) O(1)-P(9)-C(02)  108.8(2)
S(4)-Cu(3)-P@)  119.42(4) 0(3)-P(9)-C(02)  101.0(2)
S@)-Cu(3)-S(2)  138.88(4) O@)-P(10)-0O(5)  114.4(2)
P(4)-Cu(3)-S(2)  98.22(4) O(4)-P(10)-0(6)  114.3(2)
S@)-Cu(3)-Cu(2)  59.38(3) 0(5-P(10)-0(6)  101.0(2)
P(4)-Cu(3)-Cu(2) 105.36(3) O(4)-P(10)-C(09)  115.58(19)
S(2)-Cu(3)-Cu(2)  97.02(3) O(5)-P(10)-C(09)  106.75(19)
S(4)-Cu(3)-Cu(4) 101.86(3) O(6)-P(10)-C(09)  103.2(2)
P(4)-Cu(3)-Cu(4) 134.70(3) N(1)-C(03)-C(02)  176.5(6)
S(2)-Cu(3)-Cu(d)  52.83(3) N(2)-C(010)-C(09)  177.5(5)

sulfur—sulfur bite distances of the cpdt ligands are 3.060 A and
3.046 A, respectively. The Cu-S bond distances fall in the range
of 2.2590(10)-2.4879(11) A. The averaged C=C (1.382(5) A)
and C=N (1.142(6) A) bond distances of the cpdt in 2 are not
unusual and comparable with the normal C=C and C=N bond
distances. The P-O distances (1.458(3) A and 1.481(4) A) of the
phosphinyl group are slightly shorter than the rest of P-O bond
lengths which are in the range of 1.555(4)-1.577(4) A. Thus a
P=0O double bond character is revealed and comparable with
the P=0O bond distance, 1.464(3) A, of the phosphine oxide in
the dangling dppm group.

Clusters or cage molecules consisting of a dangling dppm
ligand where the uncoordinated, trivalent P atom has been
oxidized to become a phosphine oxide are not uncommon. One
of the examples is [Hg,(NO;),(dppcb)(n'-P-dppmO),|(NO;),,*!
where the dppcb is cis,trans,cis-1,2,3,4-tetrakis(diphenyl-
phosphino)cyclobutane. Two mercury atoms are bridged by
dppcb and each Hg" is terminally bonded to the oxygen atom
of the nitrate group and the phosphorus atom of the dangling
dppm ligand. Although there are several examples having such
a coordination motif,* this has never been structurally charac-
terized in any copper clusters. The selected bond distances and
angles are presented in Table 3.

Cuy(p-dppm),[S,CC(CN)P(O)(OEL),L,(PFy) (3). A crystallo-
graphic analysis reveals that complex 3 is a pentanuclear
cationic species where the cluster is stabilized by the four bridg-
ing dppm and two 1,1-dithiolate ligands. As shown in Fig. 3,
there is a C, axis through the Cu(3) and the center of the
“zig-zag” chain formed by the four copper atoms. Three kinds
of copper environments are present: the Cu(3) atom through
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Fig. 3 The thermal ellipsoid drawing (50% probability) of the cluster
cation 3 with phenyl rings removed for clarity.

which the two-fold rotational axis passes is surrounded by two
sulfur atoms and two phosphorus atoms forming a tetrahedral
arrangement; the Cu(2) and Cu(2A) atoms are each trigonally
surrounded by two sulfur atoms and one phosphorus atom; the
remaining two are tetragonally coordinated by two phosphorus
atoms and one sulfur atom with the oxygen atom from P=0O
group of the dithiolate ligand occupying the fourth coordin-
ation site.

Surprisingly the P(5)-O(3) distance of the phosphinyl moi-
ety, 1.472(4) A, does not display significant differences by com-
parison with the phosphinyl groups in compounds 1 and 2 even
though the lone electron pair of the oxygen atom has been used
to coordinate to other copper atoms. The Cu(1)-Cu(2) distance
of 2.9603(8) A is the shortest copper—copper distance found in
this complex. Each sulfur atom of the dithiolates bridges two
copper atoms and the Cu-S bond distances fall in the range of
2.2603(11)-2.3597(11) A. This kind of bridging mode, y; p, in
conjunction with the oxygen atom of the phosphinyl group
makes the 1,1-dithiolate in 3 a rare example of tetrametallic
pentaconnective coordination mode, n3(u-S-u-S’-0) (F). The
dppm ligands act as normal bridging ligands, each connecting
two copper atoms. The Cu-P bond distances are in the range
2.2572(12)-2.3130(11) A. The selected bond distances and
angles are listed in the Table 4.

Basically compound 3 is isostructural with its silver analog,
Agy(u-dppm),[S,CC(CN)P(O)(OE),],(PF,).” The difference
lies in the coordination number of the central metal atoms
of the zig-zag chain. Whereas the copper atoms are three-
coordinated, the silver ones are four-coordinated.

Cuy(p-dppm),[S,CC(CN)P(O)(OEt),l(PFy) (4). A crystallo-
graphic analysis reveals that the complex 4 is a nonanuclear
cationic species in which the nine copper atoms are arranged in
such a way that the Cu(l) atom is sandwiched between two
zig-zag chains of which each is composed of four copper atoms
and related to each other by the pseudo S, axis. In each zig-zag
chain, there exist two bridging dppm and cpdt ligands, respect-
ively. As shown in Fig. 4, three kinds of copper environments
are present if the Cu—Cu interactions are not taken into con-
sideration: the Cu(1) atom by which the four-fold improper axis
passes is surrounded by four sulfur atoms of the four different
cpdt ligands forming a tetrahedral arrangement; the terminal
copper atoms of the zig-zag chain are each tetragonally sur-
rounded by the sulfur and phosphorus atoms with the oxygen
atom from the P=O group and nitrogen atom from the CN
group of the cpdt ligand occupying the third and the fourth
coordination sites; the central copper atoms within the chain
are trigonally coordinated by two sulfur atoms and one phos-
phorus atom. The Cu—Cu bond lengths within the chain are in
the range of 2.873(3)-2.955(3) A. The torsion angle of the
zig-zag chains is averaged to 142.4°. The sulfur atoms of the
dithiolates are each bridged to two copper atoms and the Cu-S
bond distances fall in the range 2.259(5)-2.403(6) A. The
coordination of oxygen to copper results in the formation of



Table4 Selected bond lengths [A] and angles [°] for 3

Cu(1)-0(3) 2.237(3)
Cu(1)-P(1) 2.2881(12)
Cu(1)-Cu(2) 2.9603(8)
Cu(2)-S(1) 2.2603(11)
Cu(3)-P(4)#1 2.3130(11)
Cu(3)-S(2) 2.3597(11)
P(5)-0(3) 1.472(4)
P(5)-0(2) 1.568(4)
S(1)-C(4) 1.754(4)
S(2)-Cu(2)#1 2.3295(12)
C(3)-C(4) 1.384(6)
0(3)-Cu(1)-P(3) 110.58(10)
0(3)-Cu(1)-S(1) 86.66(9)
P(3)-Cu(1)-S(1) 131.34(4)
P(1)-Cu(1)-S(1) 103.48(4)
0(3)-Cu(1)-Cu(2) 135.06(9)
P(3)-Cu(1)-Cu(2) 98.57(4)
P(1)-Cu(1)-Cu(2) 89.78(3)
S(1)-Cu(1)-Cu(2) 48.72(3)
P(2)-Cu(2)-S(1) 114.93(4)
S(1)-Cu(2)-S(2)#1 120.84(4)
S(1)-Cu(2)-Cu(1) 51.50(3)
S(2)#1-Cu(2)-Cu(1) 109.28(3)
P(4)#1-Cu(3)-S(2) 95.97(4)
P(4)#1-Cu(3)-S(2)#1 118.92(4)
S(2)-Cu(3)-S(2)#1 112.10(6)
0(3)-P(5)-0(2) 109.0(2)
0(3)-P(5)-C(3) 115.7(2)
0(2)-P(5)-C(3) 109.9(2)
C(4)-C(3)-P(5) 122.4(3)
C(3)-C(4)-S(2) 122.2(3)
S(2)-C(4)-S(1) 118.0(2)

Cu(1)-P(3) 2.2882(12)
Cu(1)-S(1) 2.3540(11)
Cu(2)-P(2) 2.2572(12)
Cu(2)-S(2)#1 2.3295(12)
Cu(3)-P(4) 2.3130(11)
Cu(3)-S(2)#1 2.3597(11)
P(5)-0(1) 1.549(5)
P(5)-C(3) 1.781(5)
S(2)-C(4) 1.737(4)
N(1)-C(9) 1.154(7)
C(3)-C(9) 1.421(7)
0(3)-Cu(1)-P(1) 108.58(10)
P(3)-Cu(1)-P(1) 112.34(5)
C(4)-S(1)-Cu(2) 118.78(14)
C(4)-S(1)-Cu(1) 104.40(13)
Cu(2)-S(1)-Cu(1) 79.79(4)
C(4)-S(2)-Cu(2)#1 91.16(14)
C(4)-S(2)-Cu(3) 105.92(14)
Cu2)#1-S(2)-Cu(3) 101.36(4)
P(2)-Cu(2)-S(2)#1 122.27(5)
P(2)-Cu(2)-Cu(l) 93.48(4)
P(5)-0(3)-Cu(1) 125.90(19)
P(4)#1-Cu(3)-P(4) 116.51(6)
P(4)-Cu(3)-S(2) 118.92(4)
P(4)-Cu(3)-S(2)#1 95.97(4)
0(3)-P(5)-0(1) 114.4(3)
O(1)-P(5)-0(2) 105.1(3)
O(1)-P(5)-C(3) 102.1(3)
C(4)-C(3)-C(9) 119.5(4)
C(9)-C(3)-P(5) 118.1(4)
C(3)-C(4)-S(1) 119.5(3)
N(1)-C(9)-C(3) 177.5(7)

Symmetry transformations used to generate equivalent atoms: #1 —x — 1, y, —z + /2;#2 —x— 1, -y + 2, —z + 1.

Fig. 4 The thermal ellipsoid drawing (50% probability) of the cluster
cation 4 with phenyl rings and ethyl groups removed for clarity.

the Cu—S—-C-C-P-0 six-membered ring. Thus the free rotation
of the P-C bond is hindered so that two ethoxyl groups are not
chemically equivalent for the cpdt ligands. The Cu—O bond
lengths average 2.155(3) A. The average C—-C-N angle of
176(2)° deviates slightly from linearity. This can be understood
by the formation of the Cu—N bonds, which fall in the range
1.95(2)-2.04(2) A. This kind of bridging mode, p; p, in conjunc-
tion with the oxygen atom of the phosphinyl group and the
nitrogen atom of the cyano group makes the 1,1-dithiolate in 4
an extremely rare example of pentametallic hexaconnective

coordination mode, n*(u-S-u-S’~O-N) (G). The dppm ligands
act as normal bridging ligands, each connecting two copper
atoms. The Cu-P bond distances are in the range 2.185(5)-
2.251(5) A. Overall, the cluster itself has an idealized S, point
group symmetry. The selected bond distances and angles are
listed in Table 5.

That the cyano group of the cpdt is bonded to copper atom is
of special interest by considering the emerging field in the util-
ization of cyanometalates to construct new porous materials.?
Surprisingly there are only two reports of this sort regarding
the coordination chemistry of either 1,1- or 1,2-dithiolates
possessing the CN substituent. One is displayed in a hetero-
binuclear complex, (CH;CN)LNi(MNT)Cu(MNT) (L = tetra-
benzo[b,f,j,n]-1,5,9,13-tetraazacyclohexadecine and MNT =
cis-1,2-dicyano-1,2-ethylenedithiolate),* in which one MNT
ligand is linked through one of its cyano groups to an axial site
of the Ni(). The other is revealed from a nickel-containing
chain-like polymer of (Ni(NH;),Ni(--MNT),),, where the CN
group in the anionic moiety Ni(;-MNT),>” is bonded to the Ni
atom of the cationic moiety Ni(NH;),>*.%

Bonding mode analysis

The coordination patterns A-D listed in Chart 1 are quite
common for the 1,l-dithiolato metal complexes. Especially
noted is the type D for phosphor-1,1-dithiolato metal com-
plexes which were limited to cubic Mgy (M = Cu' and Agh)
clusters encapsulated by S*>~, C1~ and Br~,?® but nowadays it is
frequently observed in its selenium counterpart, namely the
diselenophosphates, where the cluster nuclearities have been
expanded to twelve.”” However those E-G are unusual. Besides
the connection patterns D-G mentioned above for the cpdt,
type A was observed in two platinum complexes.® The simple
bridging mode of B was identified from the dinuclear gold
compound, Au,(u-dppm)[u-S,CC(CN)P(O)(OEt),],.?* To date
the type C pattern remains unknown for any cpdt metal
complexes.
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Table 5 Selected bond lengths [A] and angles [°] for 4

Cu(1)-S(3) 2.358(5)
Cu(1)-S(6) 2.363(5)
Cu(1)-S(7) 2.374(5)
Cu(1)-S(2) 2.387(5)
Cu(2)-N(1) 1.956(16)
Cu(2)-0(3) 2.159(14)
Cu(2)-P(1) 2.185(5)
Cu(2)-S(1) 2.403(6)
Cu(2)-Cu(3) 2.873(3)
Cu(3)-P(2) 2.223(5)
Cu(3)-S(3) 2.290(5)
Cu(3)-S(1) 2.295(5)
Cu(3)-Cu(4) 2.955(3)
Cu(4)-P(3) 2.251(5)
Cu(4)-S(2) 2.284(5)
Cu(4)-S(4) 2.284(5)
Cu(d)-Cu(5) 2.920(3)
Cu(5)-N(2) 2.023(18)
Cu(5)-0(6) 2.143(14)
S(3)-Cu(1)-S(6) 116.28(19)
S(3)-Cu(1)-S(7) 113.71(17)
S(6)-Cu(1)-S(7) 99.09(15)
S(3)-Cu(1)-S(2) 100.00(15)
S(6)-Cu(1)-S(2) 114.48(17)
S(7)-Cu(1)-S(2) 114.10(19)
N(1)-Cu(2)-0(3) 94.4(6)
N(1)-Cu(2)-P(1) 116.8(5)
0(3)-Cu(2)-P(1) 122.3(4)
N(1)-Cu(2)-S(1) 115.7(5)
0(3)-Cu(2)-S(1) 90.3(4)
P(1)-Cu(2)-S(1) 113.66(19)
N(1)-Cu(2)-Cu(3) 89.2(5)
0(3)-Cu(2)-Cu(3) 137.0(4)
P(1)-Cu(2)-Cu(3) 93.21(16)
S(1)-Cu(2)-Cu(3) 50.63(13)
P(2)-Cu(3)-S(3) 127.7(2)
P(2)-Cu(3)-S(1) 112.95(19)
S(3)-Cu(3)-S(1) 115.34(18)
P(2)-Cu(3)-Cu(2) 91.60(16)
S(3)-Cu(3)-Cu(2) 100.76(14)
S(1)-Cu(3)-Cu(2) 54.01(14)
P(2)-Cu(3)-Cu(4) 127.05(17)
S(3)-Cu(3)-Cu(4) 88.18(15)
S(1)-Cu(3)-Cu(4) 70.04(14)
Cu(2)-Cu(3)-Cu(4) 121.73(10)
P(3)-Cu(4)-S(2) 129.8(2)
P(3)-Cu(4)-S(4) 111.08(19)
S(2)-Cu(4)-S(4) 114.73(18)
P(3)-Cu(4)-Cu(5) 90.38(15)
S(2)-Cu(4)-Cu(5) 101.95(14)
S(4)-Cu(4)-Cu(5) 51.93(15)
P(3)-Cu(4)-Cu(3) 127.15(18)
S(2)-Cu(4)-Cu(3) 88.03(14)
S(4)-Cu(4)-Cu(3) 69.80(15)
Cu(5)-Cu(4)-Cu(3) 119.79(10)
N(2)-Cu(5)-0(6) 95.1(6)
P(6)-Cu(7)-Cu(6) 92.69(15)
S(5)-Cu(7)-Cu(6) 54.09(13)
S(7)-Cu(7)-Cu(6) 103.31(14)
P(6)-Cu(7)-Cu(8) 129.31(15)
S(5)-Cu(7)-Cu(8) 70.04(13)
S(7)~Cu(7)-Cu(8) 88.41(13)
N(4)-C(187)-C(186) 176.8(18)

Cu(5)-P(4) 2.209(5)
Cu(5)-S(4) 2.349(6)
Cu(6)-N(3) 2.037(18)
Cu(6)-0(9) 2.134(13)
Cu(6)-P(5) 2.209(5)
Cu(6)-S(5) 2.400(5)
Cu(6)-Cu(7) 2.878(3)
Cu(7)-P(6) 2.232(5)
Cu(7)-S(5) 2.259(5)
Cu(7)-S(7) 2.296(5)
Cu(7)-Cu(8) 2.893(3)
Cu(8)-P(7) 2.232(5)
Cu(8)-S(6) 2.283(5)
Cu(8)-S(8) 2.294(6)
Cu(8)-Cu(9) 2.878(3)
Cu(9)-N(4) 1.952(16)
Cu(9)-0(12) 2.190(14)
Cu(9)-P(8) 2.199(5)
Cu(9)-S(8) 2.374(5)
Cu(6)-Cu(7)-Cu(8) 121.69(10)
P(7)-Cu(8)-S(6) 128.0(2)
P(7)-Cu(8)-S(8) 111.8(2)
S(6)-Cu(8)-S(8) 115.48(18)
P(7)-Cu(8)-Cu(9) 92.45(16)
S(6)-Cu(8)-Cu(9) 98.77(14)
S(8)-Cu(8)-Cu(9) 53.20(14)
P(7)-Cu(8)-Cu(7) 127.97(16)
S(6)-Cu(8)-Cu(7) 87.50(13)
S(8)-Cu(8)-Cu(7) 71.65(14)
Cu(9)-Cu(8)-Cu(7) 121.58(10)
N(4)-Cu(9)-0(12) 99.4(6)
N(4)-Cu(9)-P(8) 113.8(5)
0(12)-Cu(9)-P(8) 119.7(4)
N(4)-Cu(9)-S(8) 117.9(5)
0(12)-Cu(9)-S(8) 91.3(4)
P(8)-Cu(9)-S(8) 112.61(18)
N(4)-Cu(9)-Cu(8) 87.6(4)
0(12)-Cu(9)-Cu(8) 138.4(3)
P(8)-Cu(9)-Cu(8) 93.59(16)
S(8)-Cu(9)-Cu(8) 50.69(14)
N(2)-Cu(5)-P(4) 110.0(5)
0(6)-Cu(5)-P(4) 122.8(4)
N(2)-Cu(5)-S(4) 117.2(5)
O(6)-Cu(5)-S(4) 93.3(4)
P(4)-Cu(5)-S(4) 116.4(2)
N(2)-Cu(5)-Cu(4) 88.7(5)
O(6)-Cu(5)-Cu(4) 138.9(4)
P(4)-Cu(5)-Cu(4) 93.50(16)
S(4)-Cu(5)-Cu(4) 49.95(13)
N(3)-Cu(6)-0(9) 97.3(6)
N(3)-Cu(6)-P(5) 113.3(4)
0(9)-Cu(6)-P(5) 123.0(4)
N@3)-Cu(6)-S(5) 117.0(4)
0O(9)-Cu(6)-S(5) 94.5(4)
P(5)-Cu(6)-S(5) 110.50(19)
N(3)-Cu(6)-Cu(7) 85.6(4)
0(9)-Cu(6)-Cu(7) 138.8(4)
P(5)-Cu(6)-Cu(7) 92.19(16)
S(5)-Cu(6)-Cu(7) 49.66(13)
P(6)-Cu(7)-S(5) 116.5(2)
P(6)-Cu(7)-S(7) 121.05(19)
S(5)-Cu(7)-S(7) 118.72(18)
N(3)-C(190)-C(189) 175.0(18)

Spectroscopy

The CN stretching frequency for clusters 1-4 in the IR spectra
is at 2175, 2176, 2179 and 2187 cm™!, respectively, with a
high energy shift relative to the free ligand (von = 2162 cm™).
Especially noted is cluster 4 which displays a 25 cm™' shift.
Purcell and Drago demonstrated that interaction of the nitrile
unit with a Lewis acid increases its stretching frequency by
increasing the CN force constant.?? Thus it is evidence for the
coordination of the nitrile to the Cu(1) ions.

While a slightly broad resonance centered at —10.2, —13.4,
and —13.7 ppm for the dppm was observed for clusters 1, 3, and
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4, respectively, in the P NMR spectrum at ambient temper-
ature, only one broad methylene proton signal in the 'H NMR
was revealed for these clusters. This suggests the occurrence of
the flipping motions of the dppm ligands. On the other hand,
the chemical shifts for the cpdt ligand are at 17.1, 18.1, and 18.8
ppm and are accidentally in accordance with the cluster nucle-
arities. In the '"H NMR of the cpdt moieties, one set of reson-
ance frequencies of the ethyl group was found in 1 and 3 but
two sets of ethyl peaks were revealed in 4. This implies the free
rotation of the P-C bond is hindered in clusters 4 and the six-
membered ring of Cu—S-C—C-P-O mentioned above remains
intact in solution. Besides a broad singlet centered at —14 ppm



for the bridging dppm in 2, surprisingly a set of doublets
centered at 24.3 and 36.6 ppm, which can be reasonably
assigned as the resonance frequency of the dangling n'-P-
dppmO, was identified. The chemical shift of the cpdt in 2 is at
14.9 ppm.

A unique fragmentation pattern was exhibited in the positive
FAB mass spectrum for cationic clusters 3 and 4. In addition to
the molecular ion peak, additional peaks corresponding to the
intact complex with the loss of one and two dppm ligands were
observed.

In conclusion, the variable coordination patterns observed in
clusters 1-4 show the cpdt ligand in a much more diverse
coordination mode than expected. It will be of great interest to
construct high-nuclearity metal clusters by the full use of all
coordination sites of the cpdt ligands. In addition, these func-
tionalized 1,1-dithiolates may potentially serve as building units
in the field of supramolecules as demonstrated elegantly by
Beer et al. in their recent work of dithiocarbamate-resorcarene-
based nanoarchitectures,*® and by Kim ef @/ in the inorganic
“tennis ball”.3!
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