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A new type of neutral heterometallic Sb™-Cu' thiolate coor-
dination polymer has been synthesized under solvothermal
conditions by using antimony(IIl) thiolates as metalloligands
and CuSCN as the source of the second metal ion. Reaction
of [Sb(edt)Cl]] (1) (edt = ethane-1,2-dithiolate) with 1 equiva-
lent of CuSCN affords [{Sbs(edt),(n3-S)CuCl(CuSCN)},] (2),
which features a 2D layer consisted of —-CuSCNCuSCN-
chains and {Sby(edt),(p13-S)CuCl} units. During the reaction,
1 was converted into a sulfur-bridged dimer Sb(edt),S, which
behaves simultaneously as a bridging and chelating ligand
through all of its sulfur atoms to connect four Cu* ions in the
framework structure of 2. Replacement of Cl~in 1 with pymt~
gives a new antimony(Ill) thiolate formulated as [Sb(edt)-
(pymt)] (3) (pymt = 2-pyrimidinethiol), which was further
treated with CuSCN to afford coordination polymers

[{[Sb(edt) (pymt)],(CuSCN)3},] (4) and [{[Sb(edt)(pymt)]-
(CuSCN)3},] (5). In the assemblies of 4 and 5, the structure
of 3 remains intact and the whole compound serves as a
multidentate ligand through Sgq and Ny, atoms to Cu*
ions. Complex 4 also contains —CuSCNCuSCN- chains,
which are linked by tridentate {Sb(edt)(pymt)} fragments to
form a 2D polymer. Complex § is a 3D architecture with
{Sb(edt)(pymt)} units acting as bidentate bridging ligand to
link the (CuSCN), layers and {(CuSCN),}, columns. Com-
plexes 2-5 showed optical transitions with band gaps of 2.66
to 3.41 eV, and their optical properties were studied by DFT
calculations.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

The chemistry of heterometallic thiolate complexes has
been an active area of research because of their relevance
to biological systems, their great structural diversity, and
practical or potential applications for fuel cells, nonlinear
optical materials, semiconductors, and electrochemical sen-
sors.['3l Many transition-metal thiolates M(SR),, (M = Cu,
Ag, Zn, Cd, Fe, etc.; n = 1-4) have been utilized as versatile
building blocks to combine with other metal ions in the
preparation of mixed-metal thiolate complexes or coordina-
tion polymers.>*! Although a number of main-group metal
thiolates with monomeric to polymeric structures have been
synthesized and structurally characterized since 1948511l
they have seldom been used as building blocks for the as-
sembly of heterometallic thiolates. Recent examples include
the ternary molecular cluster anion [Bi;oCu,o(SPh),]> and
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the cluster cation [Sn;Cuy(edt)s(pns-O)(PPh3),]** (edt = eth-
ane-1,2-dithiolate).?>2¢ For antimony thiolates with transi-
tion metals, a database search reveals only two compounds
[Pt(PPhs),{Sb(SPh);},] and [(CO)sW(u-StBu)Sb(S¢Bu),].['!]
These complexes produced to date are limited to discrete
molecules and the coordination polymers with main-group
elements and transition metals bridged by thiolato ligands
have not been seen, although the open-framework materi-
als, in which transition-metal cations (TM"") are incorpo-
rated within the main-group-sulfide frameworks, have been
the subject of recent investigations because of their novel
structures and semiconducting properties.[!>-14]

An obvious approach to heterometallic thiolates contain-
ing both main-group elements and transition metals would
involve the use of main-group thiolates as metalloligands.
This methodology is best demonstrated by the synthesis of
the above-mentioned mixed-metal cluster cation
[Sn3Cuy(edt)s(ns-O)(PPh3),]>*, in which the precursor com-
plex [Sn(edt),] was deployed as a ligand for Cu atoms.*"
In this present study, the antimony(III) thiolates [Sb(edt)Cl]
(1) and [Sb(edt)(pymt)] (3) (pymt = 2-pyrimidinethiol) were
chosen as metalloligands because they offer thiol and pyr-
idyl functionalities available for bonding to other metal
ions. Such complexes can themselves be considered as new
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metal-containing ligands and subsequently allowed to self-
assemble with other metal ions through the free donor sites.
Furthermore, the rigid and stereo molecular geometry of 1
and 3 relative to free edt> or pymt~ was expected to induce
the formation of multidimensional patterns in the aggrega-
tion of the complexes in the solid state. Accordingly, the
solvothermal reactions of 1 and 3 with CuSCN gave three
new coordination polymers, namely, [{Sb,(edt),(u13-S)-
CuCl(CuSCN)},] (2), [{[Sb(edt)(pym),(CuSCN)s},] (4),
and [{[Sb(edt)(pymt)](CuSCN),},] (5), which are the first
examples of heterometallic coordination polymers contain-
ing both antimony thiolates and copper metal centers.

Results and Discussion

Synthesis

As shown in Scheme 1, when [Sb(edt)CI] (1) was heated
with 1 equivalent of CuSCN in acetone at 120 °C for 48 h,
pale yellow crystals of [{Sb,(edt),(13-S)CuCl(CuSCN)},]
(2) were isolated in low yield. The mechanism for the for-
mation of the sulfur-bridged dimer {Sb,(edt),S} in 2 is ob-
scure. We speculate that the cleavage of the Sb—Cl bonds
occurred during the reaction and the resulting {Sb(edt)}*
moieties deprived of sulfur atoms, probably from SCN-
groups to form {Sb,(edt),S}, which then linked Cu ions to
afford 2D layers. This desulfuration of SCN™ groups under
solvothermal conditions was observed in other reaction sys-
tems.['>) This in situ formation of {Sb,(edt),S} may be re-
sponsible for the low yield of 2. Adding inorganic sulphide
in an attempt to improve the yield of 2 gave a large amount
of white deposition but no crystals of 2. Treatment of 1
with pymtNa in ethanol generated the desired [Sb(edt)-
(pymt)] (3) in moderate yield. The XRD patterns showed
that the product 3 prepared by this method is pure (Fig-
ure S1). This species contains two different thiolato ligands
edt and pymt and can be used as a mixed-thiolato metalloli-
gand for the further reactions. The reaction of 3 with
1.5 equivalents of CuSCN at 120 °C in CH3;CN afforded
yellow block crystals of [{[Sb(edt)(pymt)],(CuSCN)s},] (4).
The use of 2 equiv. CuSCN in a similar reaction resulted in
the formation of a mixture of 4 and a small amount of
orange-red crystals of [{[Sb(edt)(pymt)][(CuSCN),},] (5).
Crystals of 4 and 5 were separated manually. Attempts to
increase the yield of 5 by changing the reaction conditions,
for example, by using more CuSCN, increasing the reaction
temperature, or using 4 as the starting reactant, failed. In
the formation of polymers 4 and 5, the structure of 3 re-
mains unchanged, and 3 functions as neutral tri- and diden-
tate metalloligands, respectively, to bind with the Cu atoms.
This situation is in contrast to the formation of 2, in which
[Sb(edt)CI] was converted into a new antimony(IIT) thiolate
{Sb,(edt),S} with transfer chloride to Cu* ion in the final
product, presumably as a result of differences in the stabilit-
ies of 3 and 1 under the solvothermal conditions. The
choice of appropriate copper salts is essential to this reac-
tion system. So far, we have only succeeded in the prepara-
tion of Sb™-Cu' polymers by using CuSCN. Similar reac-
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tions of 3 with other different copper sources, such as
CuCN and Cul, under the same conditions have also been
performed in attempts to prepare analogous complexes.
However, these reactions led to isolation of intractable ma-
terials and none of the desirable compounds was formed.
Complexes 2-5 are air stable and have been characterized
by spectroscopic methods.
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Scheme 1. The synthesis of compounds 2-5.

Crystal Structure of 2

The crystal structure of 2 features a 2D layer constructed
from —CuSCNCuSCN- chains, CuCl, and {Sb,(edt),S}
units (Figure 1). The Sb1 center is ligated by two S.4; atoms
[d(Sb1-S2) = 2.465(2) A; d(Sb1-S3) = 2.484(2) A] and one
inorganic sulfur atom [d(Sb1-S1) = 2.457(1) A]. The coor-
dination environment around the Sb atom would be best
described as trigonal pyramidal with the lone pair of elec-
trons in the axial position trans to the Sb—S bonds, but with
nonequivalent S—-Sb—S bond angles [96.30(5), 86.70(6), and
87.27(4)°]. The short distances of Sbl--S4 [3.662(2) A],
Sb1--S2C [3.864(2) A], and Sb1--CI1E [3.023(2) A] indicate
the existence of secondary interactions.l” The inorganic S1
atom bridges two {Sb(edt)}* cations to form the dimer
{Sb,(edt),S}. As shown in Scheme 2(a), the entire {Sb,-
(edt),S} unit serves as multidentate thio ligands to link four
Cu™* ions through the Cu-S bonds. Both Cul and Cu2 are

SR

LR x\f

Figure 1. Perspective view of part of the layer in complex 2 with
atom numbering scheme. All hydrogen atoms are omitted for clar-
ity. Symmetry code: A: 1 —x, y, z; B:x, 1 + 3, 2, C: x, -1 + y, z;
D:—x, y, z.
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Scheme 2. The coordination mode of {Sb,(edt),S} in 2 (a) and the coordination modes of metalloligand 3 in 4 (b) and 5 (c).

tetrahedrally coordinated but in different environments.
The Cul atom coordinates to two S atoms from different
Sb-chelating edt ligands in the same {Sb,(edt),S} unit, one
inorganic S atom from another {Sb,(edt),S} unit, and one
Cl atom, whereas Cu2 coordinates to two S.q; atoms from
the neighboring {Sb,(edt),S} units, one S atom, and one N
atom from different SCN~ ligands. In this way, each Cu2
atom links two SCN ligands to form a —-CuSCNCuSCN-
linear chain along the b axis, and each Cul atom connects
two {Sb,(edt),S} units to form a {Sb,(edt),S}CuCl chain
along the same direction. These two kinds of distinct chains
are joined together by the Cu-S contacts and arranged in
alternate positions throughout the ab plane to produce a
neutral 2D layer (Figure 1). The distances between the adja-
cent layers are around 5.7 A (Figure S2). If the secondary
Sb---Cl interactions are taken into account, the 2D layers in
2 can be further linked into a 3D network (Figure S2).

Crystal Structure of 3

Complex 3 crystallizes in the space group C2/c and con-
sists of one Sb atom, one edt, and one pymt ligand in its
asymmetric unit (Figure 2). The Sbl atom is four-coordi-
nate and its coordination geometry is distorted from regular
trigonal pyramidal by the influence of the Sb-N secondary
interaction. The Sb1-S.4, distances [@(Sb1-S1) = 2.431(2) A
and d(Sb1-S2) = 2.457(1) A] are slightly longer than those
in [Sb(edt)CI] [2.401(4) and 2.412(5) A] probably because of
the bulky steric effect of the pymt ligand compared with
that of the CI" ion. The Sb1-S,,,; distance of 2.5135(9) A
is slightly longer than those of Sb1-S1 and Sb1-S2 and that
observed for [Sb(2-SCsH4N)5] [2.470(1) A], but is close to
those found for [Sb(2-SCsH4N-3-SiMes)s] [2.509(2) and
2.520(2) A].79 The Sb1-N1 distance of 2.853(4) A, which is
in agreement with that of [Sb(2-SCsH,4N)s], is significantly
longer than the anticipated single-bond length of 2.50-
2.65 A but is still shorter than the sum of the van der Waals
radii of Sb and N."4 As observed previously, such long
or secondary bonding is a common characteristic of the
structural behavior of main-group metals particularly those
containing stereochemically active lone pairs. The geomet-
ric consequence of the Sb1-N1 secondary bonding is that
the S2-Sb1-S3 angle of 97.61(4)° is more expanded than
those of S1-Sb1-S2 and S1-Sb1-S3 [87.40(3)° and
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91.09(4)°]. In 3, one of the N atoms of the Sb-chelating
pymt ligand remains uncoordinated; therefore, it can be
used as a multidentate metalloligand through both its N
and S donors.

S1 C1 C2

S2

Figure 2. Asymmetric unit in 3 with atom numbering scheme. All
hydrogen atoms are omitted for clarity.

Crystal Structure of 4

Complex 4 is characterized by a 2D layer constructed
from —CuSCNCuSCN- chains and tricoordinated
{Sb(edt)(pymt)} building blocks (Figure 3). There are two
{Sb(edt)(pymt)} and three CuSCN units in its asymmetric
unit. The {Sb(edt)(pymt)} unit functions as a metalloligand
to link three Cu atoms by its two S.q, atoms and one unco-
ordinated N atom from a pymt ligand [Scheme 2(b)]. The
dimensions of this unit are virtually identical to that of 3,
except for some variations in the Sb-S bond lengths. In
comparison to those in 3, the Sb-S.4, distances ranging
from 2.4681(8) to 2.4931(7) A are slightly elongated,
whereas the Sb-S,,, distances of 2.4681(8) and
2.4728(8) A are somewhat shortened. The elongation of Sb—
Seq; 1s due to the additional coordination of the edt ligand
to the Cu atoms and is in accordance with an observation
reported for [Sn;Cuy(edt)e(ps-O)(PPhs),?+.2% All the Cu!
atoms are four-coordinate with two S atoms from the adja-
cent edt ligands and one S atom and one N atom from the
SCN ions. The Cu atoms are bridged by the SCN™ groups
to form a ~CuSCNCuSCN- single chain along the ¢ axis;
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these chains are linked by the Sb(edt)(pymt) units to give a
2D layer extended in the bc plane (Figure 3). These 2D lay-
ers are parallel to each other as shown in Figure S3, and
the distances between the adjacent layers are about 7.0 A.

Eur|IC
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rings to give a distorted honeycomb pattern, which can be
also regarded as a (6,3) net from a topological perspective.
The {Sb(edt)(pymt)} metalloligands connect the Cu atoms
of a 2D (CuSCN),, layer on one side through S.4 atoms

Figure 3. Perspective view of part of the layer in 4. All hydrogen
atoms are omitted for clarity.

Crystal Structure of 5

Compared with compound 4, which contains CuSCN
and {Sb(edt)(pymt)} units in a ratio of 3:2, there are two
CuSCN and one {Sb(edt)(pymt)} unit in the asymmetric
unit of 5. Compound 5 features a 3D network constructed
from 2D (6,3) layers (CuSCN),,, 1D {(CuSCN),},, columns,
and {Sb(edt)(pymt)} units (Figure 4). Similar to 4, the
{Sb(edt)(pymt)} unit in 5 also acts as a metalloligand to
bind with Cu atoms but in a slightly different way in that
only one S.4 atom was involved in the coordination to the
Cu atom [Scheme 2(c), Figure 4(a)]. The Sb-S distances in
5 ranging from 2.429(2) to 2.500(2) A are comparable to
those in 3 and 4, whereas the Sb1-N3 distance of
2.647(5) A is significantly shorter than those in 3 or 4 and
close to that of a Sb-N single bond.['® The Cul adopts a
distorted tetrahedral geometry, coordinating to one N atom
and two S atoms from three pu3-SCN~ groups and one N
atom from a pymt ligand. The {(CuSCN),}, column con-
taining Cul can be described as two zigzag chains arranged
with approximate C,, symmetry, one chain being connected
to the other by the Cu-S contacts [Figure 4(b)]. The dis-
tance of Cul--Cula is 2.867(2) A, indicating the existence
of weak metal interactions. Although many kinds of
{(CuSCN),},, columns have been reported for related cop-
per thiocyanate compounds with N-donor ligands, as best
as we know, only one example with this kind of structure
has been reported recently.[!”? The Cu2 atom within a 2D
(CuSCN),, layer also adopts a distorted tetrahedral geome-
try, which is coordinated by two S atoms and one N atom
from three p3-SCN™ groups and one S atom from an edt
ligand. As shown in Figure 4(b), each of the ten-membered
(Cu-S—Cu-NCS-Cu-SCN) rings is fused with six other
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Figure 4. (a) The coordination mode of metalloligand 3 in 5.
(b) View of the {(CuSCN),}, column (left) and the (6,3) layer of
{CuSCN},, (right) in 5. (c) Part of the 3D structure and (d) its sche-
matic representation constructed from {(CuSCN),}, columns and
{CuSCN}, layers in 5. All hydrogen atoms are omitted for clarity.
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and the Cu atoms of a stack of {(CuSCN),}, columns
through N, atoms on the other side, thus creating a 3D
framework [Figure 4(c)]. To the best of our knowledge, 5 is
the first example of 3D coordination polymer with two dis-
tinct motifs of copper(I) thiocyanate coexisting in the crys-
tal structure.

Infrared Spectra

The strong bands observed in the spectra of 2, 4, and 5
at 2078, 2100, and 2126 cm™!, respectively, are assigned to
the vc—yn vibration from the SCN- groups. The C-S
stretches at 669 and 636 cm™! in 2 are comparable to those
observed in 1 or [As(edt)CI].l'"® The infrared spectra of 3-5
show distinct vibrational bands in the regions around 1550
and 1370 cm™!, which have been assigned as v¢_y vibrations
(thioamide I and II bands) and in the regions around 1180
and 809 cm !, which are attributed to C—S bond vibrations
(thioamide IIT and IV bands). Relative to the corresponding
thioamide bands of the free thione ligand (pymtH) at 1510,
1320, 982, and 793 cm!, bands I-IV in 3-5 are shifted to
higher frequencies, indicating nitrogen and sulfur donation
of the pymt ligand in bonding with the metal ions.['”] This
shift of the infrared spectra of the pymt ligand has also
been observed in the related compound [Sb(pymt);].l”"!

Optical Absorption Spectra

The optical absorption spectra of 1-5 and CuSCN were
measured by diffuse-reflectance experiments. The UV/Vis
absorption data were calculated from the reflectance data
by using the Kubelka—Munk function: a/S = (1 — R)*/2R,1?0
where R is the experimentally observed reflectance, a the
coefficient, and S the scattering coefficient. The spectra re-
veal the presence of the optical gaps, as shown in Figure 5.
The band gaps of 1-5 and CuSCN were assessed to be ap-
proximately 3.28, 2.80, 3.41, 2.84, 2.66, and 3.72 eV, respec-
tively, determined as the intersection point by (a/S)? = 0 in
a (a/S)? versus E plot (Figure S4).2!1 The band gaps of 2D
to 3D compounds 2, 4, and 5 are significantly smaller than
those of their discrete precursors 1 and 3, and are much
smaller than that of CuSCN. These results show that com-
pounds 2-5 may be classed as semiconductors.

DFT calculations showed that the band gaps of 2-5 were
2.12, 2.25, 1.63, and 1.29 eV, respectively, which is about
24.3-51.5% less than that derived from the experimental
results. This band-gap difference is an ordinary problem for
the discussion of the spectra of solids using DFT eigenval-
ues.’?l As for the general gradient approximation (GGA),
the predicted band gap is typically 30-50% smaller than
those observed in experiments.

The bands can be assigned according to the total and
partial densities of states (DOS) of 2-5, as plotted in Fig-
ure 6. The total density of states at the top of the valance
bands (VBs) in 2, 4, and 5 are almost formed by S 3p and
Cu 3d states, whereas the top of the VBs of 3 is formed
mostly by the S 3p state mixing with a small amount of
756
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Figure 5. Room-temperature optical adsorption spectra for solid
samples of 1-5 and CuSCN.

the N 2p state. As shown in Figure 6(a), the bottom of the
conduction bands (CBs) of 2 is almost a contribution from
Sb 5p and S 3p states. Accordingly, the optical absorption
of 2 can be ascribed as charge transitions from S 3p and
Cu 3d states to Sb S5p and S 3p states. As for compounds
3-5 containing pyrimidines in their molecules, the bottom
of CBs derives mostly from C 2p and N 2p states, and Sb or
S creates almost no contribution. Therefore, the absorption
peaks of 3-5 can be assigned as charge-transfer transitions
from occupied S 3p and N 2p states (3) or S 3p and Cu 3d
states (4 and 5) to empty C 2p and N 2p states. The DFT
calculations indicated that the band gaps of 3-5 decrease
with an increase of the dimension of their structures, AEy(3)
> AE,(4) > AE,(5), which is consistent with the experimen-
tal trend shown in Figure 5.

Conclusions

In summary, we have synthesized three heterometallic
thiolate polymers 2, 4, and 5 under solvothermal conditions
by using antimony(III) thiolates 1 and 3 as metalloligands.
These complexes represent the first examples of coordina-
tion polymers containing both main-group elements and
transition metals with thiolato ligands. The optical proper-
ties of compounds 2-4 have been studied by diffuse-reflec-
tance experiments and the results reveal that they may be
classed as semiconductors. In the formation of 2, a new
thiolantimonate {Sb,(edt),S} was formed, whereas in the
formation of 4 and 5, complex 3 acts as tri- and didentate
metalloligands through both its S and N atoms to connect
the Cu atoms, leading to 2D and 3D frameworks. This work
demonstrates wider possibilities for the construction of new
heterometallic thiolate coordination polymers containing
both main-group elements and transition metals under sol-
vothermal conditions. Further efforts to expand this work
by using other appropriate Sb sources, such as [Sb,(edt),S]
and [Sb,(edt),S,] are underway.

Eur. J. Inorg. Chem. 2009, 752-759



2D and 3D Heterometallic Sb'"-Cu' Polymers

Eur|IC

European Journal
of Inorganic Chemistry

Compound 2 Compound 3
18-:::::; 274 ... sbss
121_sbsa A 184 --sbsp “
6 & g —Sbsd i A
Y . Xy N \
0 — T = T v L )_.__,“1_ 0 b P oA
18-"':23 . 274 - 83s . :'
124 _ssz " 184 =-s3p 5 Nt
; 64 .‘.,- \ I‘ /M — ol —S3d ! ELE
Y B 2] 4 S \ % 0 L_ s kiin N |
§ 18-"'2“25 ?o: 274
=+ Cu4p
8 129_cuad 5181 . P
S 3 9 oo R
L 9 r . . . = A TN T P& IS 5 '..\. L
» 18] cli3s = 91 > e 1 " .
O:: -.ci3p 827 i " :" N ek
0 '“l—cizd 2 181 i i th oy " P
61 o 94 FHEY RS l ‘.' \ " '-
0 . . r \[‘,u' V.-,
40{— 0 5
301 (otal 604 —total
20 404
0] A S\ A, /\mr”’\
-5 -10 0 ;
-20 15 0
Energy (eV) E I1:'0nergy (es\l) E,
Compound 4 Compound 5
101 ... sbss i 10]... sbss I
-+ Sb5p . =-Sh5p [
5{ —sbsd & i “ 54 —sbsd i i
-] [IP— ) s 20] ... s3¢ 4 '
15 —.s3p . LARY 154 -.s3p L, N
104 —s3d ; el o, 5% 10 —s3d Y <3 .-,
5 : AN R 6 PR R LR Y M A
< 204 ... cuss — 204 cuds i i N i i
9 15 -.cusp 2 154--cu4p
§ 10{ —cu3d e 10]—cu3d
£ 5 o5
L 9 £ iy g 0 5 i cas:
L 20 N2s o
w 15 - --N2p i
o 10 i 8
e g a2z ‘ ;~':." NPT PR Q
20 N - c2s
15 ,._‘ % ,‘\ -;C2
ol i< B T AE NIAGRIC NP  E Y Ve SN
60 —total
40
2 \ A
%20 s

Energy (eV) EF

-10 -5
Energy (eV) E.

Figure 6. DOS plots of compounds 2-5 with the Fermi level set as zero.

Experimental Section

Material and Methods: Compound 1 was prepared according to
literature procedures.''1 CuSCN, pymtH, SbCls, and H,edt were all
analytical reagents and used without further purification. CH;CN,
EtOH, and acetone were purified by standard methods before use.
All the solvothermal reactions were carried out in glass tubes
(15.0X 0.8 X 0.8 cm?). Infrared spectra were recorded with a Nico-
let Magna 750 FT-IR spectrophotometer (KBr pellets). Elemental
analyses were carried out using a Perkin—Elmer 2400 II elemental
analyzer. The diffuse reflectance spectrum was measured with a
Lambda 900 spectrophotometer using BaSO, powder for the 100%
reflectance reference at room temperature. Power X-ray diffraction
(XRD) patterns were recorded by BDX300 X-ray diffraction with
Cu-K, radiation (4 = 0.154 nm). 'H and '*C NMR spectroscopy
was recorded with a Varian UNITY-500 spectrometer at room tem-
perature; chemical shifts are quoted on the J scale (downfield shifts
are positive) relative to tetramethylsilane.

Calculation Methods and Details: DFT calculations were performed
by using the periodic code of DMOL3 from Accelrys.?3¥ The gene-
ral gradient approximation®®! plus Hamprecht-Cohen-Tozer—
Handy approximation?*l (GGA-HCTH) and the DNP basis set,
which is comparable to the Gaussian 6-31G**, were used in all
calculations. The global real space cutoff radius was 4.7 A. The
density-functional semicore pseudopotentials (DSPP)?3d were
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used for all elements. In this scheme, all electrons for H, C, N, S,
and Cl are included, whereas for Cu and Sb the 3s?3p®3d'%4s! and
4d'95s25p3 electrons were treated as valence electrons, respectively.
Accurate Brillouin zone sampling was chosen according to the
Monkhorst-Pack[?3] scheme with a grid spacing of 0.04 A1, A
Fermi smearing of 0.005 hartree was employed to improve compu-
tational performance. The self-consistent-field procedures were per-
formed with a convergence criterion of 10-¢ a.u. on the total energy
and electron density.

Crystal Structure Analyses: Suitable single crystals of the com-
pounds were carefully selected and glued to thin glass fibers with
epoxy resin. Intensity data were collected at room temperature with
a Rigaku Mercury CCD area-detector diffractometer with a graph-
ite monochromator utilizing Mo-K,, radiation (A = 0.71073 A). The
structures were solved by direct methods and refined on F? by full-
matrix least-squares analysis using the SHELXL-97 program pack-
age.’ All non-hydrogen atoms were refined anisotropically. The
positions of all hydrogen atoms in edt and pymt ligands were gener-
ated geometrically (C—H 0.97 or 0.93 A), and U(H) values were set
as 1.2 times Uy(C). In compound 3, the unique C atom connected
to S1 is disordered over two positions, and was refined as two
atoms of half occupancy, namely, C1 and C1’. The Flack param-
eter of compound 5 was 0.06(2). The crystallographic data for 2-5
are listed in Table 1. Selected bond lengths and angles for 2-5 are
given in Table S1.
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Table 1. Crystallographic data for complexes 2-5.

2 3 4 5
Empirical formula C5H8C1CUZNSGSb2 C()H7st3sb C]sH]4CU3N7Sng2 CgH7CU2N4SSSb
Fw 680.51 325.07 1014.99 568.31
Crystal system orthorhombic monoclinic triclinic orthorhombic
Space group Pmc2(1) C2le Pl Iba2
a(A) 10.715(5) 20.782(9) 6.962(2) 43.256(3)
b (A) 6.095(3) 8.573(3) 13.757(3) 6.9566(5)
c(A) 11.474(5) 15.52(1) 15.871(4) 10.6961(7)
a(®) 90.00 90.00 108.171(3) 90.00
L) 90.00 131.139(5) 92.343(2) 90.00
y(° 90.00 90.00 98.838(2) 90.00
V(A% 749.4(6) 2083(2) 1420.7(6) 3218.6(4)
VA 2 8 2 8
Deaieq (gem™3) 3.016 2.073 2.373 2.346
u(mm') 7.353 3.199 4.770 4.925
Flooo) 636 1248 972 2176
Parameters 89 109 325 182
R wR,P [I > 26(1)] 0.0228/0.0413 0.0219/0.0613 0.0210/0.0459 0.0363/0.0546
R wR,! [all data] 0.0270/0.0424 0.0251/0.0624 0.0283/0.0482 0.0446/0.0577
Goodness-of-fit on F? 0.998 1.082 0.977 1.056

[a] Ry = Z|FHFAVZIF. [b] wRy = [Ew(Fy? — F2)TZw(F?)1*.

CCDC-649556 (2), 649557 (3), 649558 (4), and 658415 (5) contain
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from the Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Synthesis of [{Sb,(edt),SCuCl(CuSCN)},] (2): Compound 1 (50 mg,
0.2 mmol), CuSCN (24 mg, 0.2 mmol), and acetone (2.0 mL) were
placed in a glass tube. The tube was evacuated and sealed before
it was heated at 120 °C for 48 h. After cooling the tube to room
temperature over 40 h, pale yellow crystals suitable for X-ray sin-
gle-crystal diffraction were formed. Yield 10 mg (14% based on
Sb). CsHgCICu,NS¢Sb, (680.51): caled. C 8.82, H 1.18, N 2.06;
found C 8.94, H 1.21, N 2.01. IR (KBr pellet): ¥ = 2078 (s), 1385
(s), 1234 (w), 1122 (m), 917 (w), 831 (m), 669 (m), 636 (w), 418 (W)
cm L.

Synthesis of [Sb(edt)(pymt)] (3): Compound 3 was synthesized by
standard Schlenk techniques under a purified nitrogen atmosphere.
To a solution of compound 1 (0.98 g, 4.0 mmol) in EtOH (20 mL)
was added a solution of pymtNa (4.0 mmol; prepared in situ by
treating sodium with pymtH in EtOH) at 50 °C. The mixture was
heated at reflux for 4 h, cooled to room temperature, and white
solid (0.82 g, 63% yield) was collected by filtration and washed
with H,O, EtOH, and Et,O. White crystals suitable for X-ray sin-
gle-crystal diffraction could be obtained by crystallization of 3
from EtOH or acetone. C¢H;N,S;Sb (325.07): caled. C 22.17, H
2.17, N 8.62; found C 21.98, H 2.49, N 8.40. IR (KBr pellet): v =
1557 (m), 1541 (m), 1371 (s), 1173 (m), 834 (w), 808 (w), 767 (w),
743 (m), 637 (w) cm™'. "TH NMR (CDCl,): 6 = 3.62-3.65 (s, 4 H,
-CH,-S-), 7.03-7.06 (w, 1 H, C=CH-C), 8.45-8.46 (m, 2 H, N=CH-
C) ppm. 13C NMR (CDCly): § = 41.00-41.52 (s, 2 C, -CH,-S-),
116.37-116.71 (w, 1 C, the middle C of C-CH=C in pymt), 156.67—
156.87 (m, 2 C, N=CH-), 174.28 (w, 1 C, S-C=N) ppm.

Synthesis of [{[Sb(edt)(pymt)];(CuSCN)},] (4): The synthesis of 4
is similar to that of 2. Compound 3 (33 mg, 0.1 mmol), CuSCN
(18 mg, 0.15 mmol), and CH3CN (2.0 mL) were placed in a glass
tube and heated at 120 °C for 48 h. Yellow block crystals formed
upon cooling to room temperature over 32 h. Yield 37 mg (73 %
based on Sb). C;sH4Cu3zN;SoSb, (1014.99): caled. C 17.75, H 1.39,
N 9.66; found C 17.94, H 1.31, N 9.83. IR (KBr pellet): ¥ = 2100
(s), 1558 (w), 1547 (m), 1375 (s), 1183 (m), 844 (w), 810 (w), 760
(w), 748 (m), 649 (w) cm .
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Synthesis of [{[Sb(edt)(pymt)](CuSCN),},] (5): The synthesis of 5 is
same as that of 4 except that the quantity of CuSCN used was
24 mg (0.2 mmol). Some yellow block crystals of 4 were formed in
the bottom of the tube and orange-red crystals of 5 were formed
on the tube wall. Compound 5 could be collected carefully by using
a microscope. Yield 9 mg (16% based on Sb). CgH;Cu,N4SsSb
(568.31): caled. C 16.91, H 1.24, N 9.86; found C 16.78, H 1.32, N
10.02. IR (KBr pellet): ¥ = 2126 (s), 1554 (m), 1541 (m), 1371 (s),
1174 (m), 800 (w), 757 (w), 744 (w) cmL.

Supporting Information (see footnote on the first page of this arti-
cle): Selected bonds lengths and angles of compounds 2-5, XPRD
patterns of 3, packing diagrams of compounds 2 and 4, plots of
(a/s)? vs. photon energy for compounds 1-5 and CuSCN.
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