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The assembly of a new family of [(7>-CsMes)MoSsCus]-supported supramolecular compounds from a preformed
cluster [PPhy][(17°-CsMes)MoS3(CuNCS);]-DMF (1-DMF) with four multitopic ligands with different symmetries is
described. Reactions of 1 with 1,2-bis(4-pyridyl)ethane (bpe) (Cs symmetry) or 1,4-pyrazine (1,4-pyz) (D.» Symmetry)
in aniline gave rise to two polymeric clusters {[{(;7>-CsMes)M0oS3Cus} 2(NCS)s(1-NCS)(bpe)s]-3aniline} , (2) and
[(17>-CsMes)MoS;Cus(1,4-pyz)(u-NCS),], (3). On the other hand, solid-state reactions of 1 with 2,4,6-tri(4-pyridyl)-
1,3,5-triazine (tpt) (D5, symmetry) or 5,10,15,20-tetra(4-pyridyl)-21H,23H-porphyrin (Hatpyp) (Dan Symmetry if 21H
and 23H of the H,tpyp are omitted) at 100 °C for 12 h followed by extraction with aniline yielded another two
polymeric clusters {[(#°-CsMes)MoS;Cus(tpt)(aniline)(NCS),]-0.75aniline- 0.5H,0}, (4) and {[(7°>-CsMes)MoSs-
Cus(NCS)(u-NCS)(Hatpyp)o.s(Cu—tpyp)o]-2aniline-2.5benzene} , (5). These compounds were characterized by
elemental analysis, IR spectra, UV-vis spectra, *H NMR, and X-ray analysis. Compound 2 consists of a 2D (6,3)
network in which [(75-CsMes)MoS3Cus] cores serve both a T-shaped three-connecting node and an angular two-
connecting node to interconnect other equivalent units through single bpe bridges, double bpe bridges, and ©-NCS
bridges. Compound 3 has a 3D diamondlike framework in which each [(%-CsMes)MoS;Cus] core, acting as a
tetrahedral connecting node, links four other neighboring units by 1,4-pyz bridges and x«-NCS bridges. Compound
4 contains a honeycomb 2D (6,3)core(6,3)ipt Network in which each cluster core, serving a trigonal-planar three-
connecting node, links three pairs of equivalent cluster cores via three tpt lignads. Compound 5 has a rare scalelike
2D (4,6%)core(42,6)igans Network in which each cluster core acts as a T-shaped three-connecting node to link with
other equivalent ones through x-NCS bridges and Hatpyp (or Cu—tpyp) ligands. The results showed that the formation
of the four different multidimensional topological structures was evidently affected by the symmetry of the ligands
used. In addition, the third-order nonlinear optical properties of 1-5 in aniline were also investigated by using
Z-scan techniques at 532 nm.

Introduction cycles? polyhedrons, tubes? helicates, et al., have been
roduced by employing di-, tri-, tetra- or even hexatopic

ﬁgands to react with various metal ions. Many of these

compounds are not only aesthetically appealing but also show

fascinating physical and/or chemical properfiesCurrently,
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In the past decades, numerous supramolecular structure
from the simple “molecular dumbbelfsto the most com-
plicated three-dimensional (3D) structures including micro-
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formation of discrete cluster-supported supramolecules with been involved in the construction of Mo(W)/Cu/S cluster-

specific architectures. For example, refluxing a mixture of
[Res(us-Sel(PEL)s(MeCN)P and 2,4,6-tri(4-pyridy)-1,3,5-
triazine (tpt) Dan symmetry) or 5,10,15,20-tetra(4-pyridyl)-
21H,23H-porphyrin (Htpyp) D4 symmetry if 2H and 2H

of the Htpyp are omitted) in gHsCI/CH,CI, produced the
Cs- or C4-symmetrical cluster oligomeric specigfRes(us-
Sel(PER)s]s(tpt)} *" and{ [Res(us-Sel(PEE)s|a(Hatpyp)}**,
respectivel\ti® The distinct symmetry of the tpt andtdyp
ligands is likely to be the driving force for the formation of
the two highly symmetrical clusters. However, to the best

based supramolecular structutgsdowever, the rational
design and construction of such cluster-based structures
remains a great challenge due to the limited number of
suitable Mo(W)/Cu/S cluster precursors and the difficulty
in the isolation of the resulting assemblies. In our previous
reports, we mainly dedicated our efforts to exploring how
the fixed geometry of the preformed clusters affected the
formation of cluster-based structures. During this process,
the effects of the ligand symmetry on the assembly of Mo-
(W)/Cu/S cluster-based arrays gradually drew our attention.

of our knowledge, few examples have been reported to For example, the preformed cluster [MZ3ul¢]*~ reacted

explore the effects of ligand symmetry on the formation of
multidimensional cluster-based supramolecular ark&/d¢

with Dop-symmetrical 4,4-bipy o€,-symmetrical dipyridyl-
sulfide (dps) affording two totally different [Wi€w]-based

On the other hand, in the past decades, the chemistry ofSupramolecular compound$yvS.Cuy(4,4-bipy)][WS.Cuuls-

Mo(W)/Cu/S clusters derived from thiomolybdate or thio-

tungstate have been extensively investigated due to their rich
chemistry and their relations to biological systems, catalytic

processes, and advanced mated&l¥ We have recently
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New [(@#5-CsMes)MoS;Cus]-Supported Compounds

Chart 1. Structures of bpe, 1, 4-pyz, tpt, andtplyp Ligands
Nh
! 7
- V/72R\
Ny 4 = N N S
. N\ 1N \=/ N| ,N
TS N 1 N
bpe 1,4-pyz Nz 2N
tpt

Hatpyp

(two-dimensional (2D) layer network§ In this context, we

in the cluster core of may have up to six coordination sites

if these thiocyanates are replaced by strong donor ligands
and the coordination geometries of the Cu atoms are changed
into tetrahedral ones. Under the presence of the aforemen-
tioned four ligands, the cluster core tfis topologically
anticipated to serve as various multiconnecting nodes (nodes
a—d in Scheme 1). Each node may interconnect with other
nodes through the multitopic ligands to form a series of
intriguing [(17°-CsMes)MoS:Cug]-based supramolecular ar-
chitectures (Scheme 2). With all these ideas in mind, we
carried out reactions df with bpe (or 1,4-pyz) in aniline or

tpt (or Hetpyp) in the solid state at low heating temperatures
and isolated four unique 7f-CsMes)MoS;Cug]-based as-
semblies {[{ (7°>-CsMes)M0S:Cus} 2(NCSk(u-NCS)(bpej]-
3aniling n (2), [(7°-CsMes)MoS;Cuy(1,4-pyz)t-NCS)]n (3),
{[(15-CsMes)M0oS;Cus(tpt)(aniline)(NCS)]-0.75aniline

wanted to further explore these effects and thus prepared arP-5H:0}n (4) and{[(7°>-CsMes)MoS;Cus(NCS)u-NCS)(H-

incomplete cubane-like cluster [PA(#7°-CsMes)MoS;-

(CuNCS}] (1) as a starting material and selected four
multitopic ligands with different symmetries (Chart 1): 1,2-
bis(4-pyridyl)ethane (bpe)ds symmetry), 1,4-pyrazine (1,4-
pyz) (D2, symmetry), 2,4,6-tri(4-pyridy)-1,3,5-triazine (tpt)

(Dan symmetry), and 5,10,15,20-tetra(4-pyridyl)F2,23H-

porphyrin (Htpyp) D4 symmetry if 2H and 23 of the

Hotpyp are omitted).
As described later in this paper, the cluster{CsMes)-

MoS;(CuNCS}]~ anion of 1 can be viewed as having an
incomplete cubane-like jf-CsMes)MoS:;Cus] core structure

tpyplh.4«Cu—tpypl.1]-2aniline2.5benzenkg, (5). The suc-
cessful isolation oR—5 may provide insights on the effect

of ligand symmetries on the rational design and construction
of Mo(W)/Cu/S cluster-based supramolecular compounds.
Herein, we report their syntheses and crystal structures along
with their third-order nonlinear optical (NLO) properties in
aniline.

Experimental Section

General Procedures[PPhy][(7°-CsMes)MoS;]?°2and 2,4,6-tri-
(4-pyridyl)-1,3,5-triazine (tp#° were prepared according to the

in which each Cu atom has a trigonal-planar coordination literature methods. Other chemicals were obtained from commercial
geometry with a terminal thiocyanide. The three Cu centers sources and used as received. Aniline and DMF were freshly

(17) (a) Chan, C. K.; Guo, C. X.; Wang, R. J.; Mak, T. C. W.; Che, C. M.
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W.; Low, M. L. K.; Sakane, G.; Shibahara, T.; Xin, X. Q. Chem.
Soc., Dalton Trans1997 2375-2362. (c) Shi, S. IrDptoelectronic
Properties of Inorganic CompoungRoundhill, D. M., Fackler, J. P.,
Jr., Eds.; Plenum Press: New York, 1998; pp-365. (d) Che, C.
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K. Chem—Eur. J. 2001, 7, 3998-4006. (e) Zhang, C.; Song, Y. L.;
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Tatsumi, K.Chem. Commuri997 405-406. (f) Lang, J. P.; Tatsumi,
K. Inorg. Chem1998 37, 160-162. (g) Lang, J. P.; Tatsumi, korg.
Chem 1998 37, 6308-6316. (h) Yu, H.; Xu, Q. F.; Sun, Z. R.; Ji, S.
J.; Chen, J. X.; Liu, Q.; Lang, J. P.; Tatsumi, &hem. Commun.
2001, 2614-2615. (i) Lang, J. P.; Ji, S. J.; Xu, Q. F.; Shen, Q,;
Tatsumi, K.Coord. Chem. Re 2003 241, 47-60. (j) Chen, J. X;
Xu, Q. F.; Zhang, Y.; Chen, Z. N.; Lang, J. Bur. J. Inorg. Chem.
2004 4247-4252. (k) Ren, Z. G; Li, H. X.; Liu, G. F.; Zhang, W.
H.; Lang, J. P.; Zhang, Y.; Song, Y. [Organometallics2006 25,
4351-4357.
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J. Am. Chem. So®003 125 12682-12683. (c) Lang, J. P.; Xu, Q.
F.; Yuan, R. X.; Abrahams, B. FAngew. Chem., Int. E®004 43,
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Zhang, W. H.; Li, H. X;; Ren, Z. G.; Chen, J. X.; Zhang, Morg.
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distilled under reduced pressure, while other solvents were predried
over activated molecular sieves and refluxed over the appropriate
drying agents under argon. The elemental analyses for C, H, and
N were performed on an EA1110 CHNS elemental analyzer. The
IR spectra were recorded on a Nicolet-MagNa-IR500 FT-IR
spectrometer (4004000 cnt?). The UV-vis spectra were mea-
sured on a Hitachi U-2810 spectrophotometét.NMR spectra
were recorded at ambient temperature on a Varian UNITY-400
spectrometer, antH NMR chemical shifts were referenced to the
deuterated dimethyl sulfoxide (DMS@) signal.

[PPh4][(#7°-CsMes)MoS3(CuUNCS))-DMF (1-DMF). Compound
1-DMF was prepared in a manner similar to that described for its
tungsten analogue [PE(7>-CsMes)WSz(CuNCS}],1” using
[PPh][(75-CsMes)MoS;] (100 mg, 0.15 mmol) and CuNCS (55
mg, 0.45 mmol) as starting materials. Yield: 143 mg (86%) based
on Mo. Anal. Calcd for GoH4,.CusMoN4OPS: C, 43.49; H, 3.84;
N, 5.07. Found: C, 43.64; H, 3.91; N, 5.32. IR (KBr disk): 2924
(w), 2094 (vs), 1585 (w), 1516 (w), 1483 (m), 1436 (m), 1375
(m), 1107 (s), 996 (m), 813 (w), 753 (m), 722 (s), 689 (m), 527
(s), 412 (w) cmt. *H NMR (400 MHz, DMSOsg): ¢ 7.70-7.86
(m, 20H, Ph), 2.10 (s, 15H,Mes).

{[{ (7>-CsMes)M0oSzCus} ,(NCSy(u-NCS)(bpe)]-3aniline} , (2).
A dark red solution ofL (20 mg, 0.02 mmol) in aniline (2.0 mL)
was placed in a zigzag glass tube (30 cm in length, 6 mm in inner
diameter) followed by the careful addition of 1.5 mL of aniline
serving as a buffer band. A solution containing bpe (19 mg, 0.10
mmol) in aniline (1.5 mL) was slowly added onto the buffer band.

(20) (a) Kawaguchi, H.; Yamada, K.; Lang, J. P.; TatsumiJkAm. Chem.
Soc.1997 119, 10346-10358. (b) Anderson, H. L.; Anderson, S.;
Sanders, J. K. MJ. Chem. Soc., Perkin Trans.1D95 2231-2245.
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Scheme 1.
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Possible Topological Nodes and Frameworks Derived filoamd Multitopic Ligands
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3-connecting node (d)
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(2)

Q = (7°-CsMegMoS Cuy]

11—

O=tpt 2D honeycomb network

4

T-shaped 3-connecting node (a)

tetrahedral 4-connecting node (c)

3D admantane-like network

(3)

Finally, diethyl ether (3 mL) was carefully layered onto the top

i—?—p e
planar 4-connecting node . .-
Q= H,tpyp or [Cu-tpyp]
2D brick-wall network
(5)

and washed with cold aniline/f& (v/v = 1:5) and dries in vacuo.

solution, and then the glass tube was capped with a rubber plug,Yield: 10 mg (45%) based on Mo. Anal. Calcd foidgH40Cus-

which was further sealed with Parafilm. The glass tube was left to
stand at room temperature for 10 days, forming black prismatic
crystals of2, which were collected by filtration, washed with cold
aniline and EfO (v/v = 1:5), and dried in vacuo. Yield: 15.7 mg
(75%) based on Mo. Anal. Calcd for;§g;:CusM0o2N13S10: C,
44.60; H, 4.17; N, 8.67. Found: C, 43.89; H, 4.00; N, 8.60. IR
(KBr disk): 2942 (w), 2908 (w), 2115 (s), 2080 (vs), 1610 (vs),

1558 (s), 1498 (s), 1424 (s), 1384 (s), 1287 (m), 1223 (m), 1084

(m), 1022 (m), 880 (w), 826 (m), 755 (m), 694 (m), 626 (w), 549
(m), 508 (m), 415 (m) cm’. *H NMR (400 MHz, DMSO#¢g): o
7.10-8.50 (m, 24H, pyridyl), 2.96 (brs, 12H, GH 2.03 (s, 30H,
C5Me5).

[(17°-CsMes)MoS;Cus(1,4-pyz)(NCS)],, (3). Compound3 was
prepared in a manner similar to that describedZousing1 (20
mg, 0.02 mmol) and 1,4-pyz (8 mg, 0.10 mmol) as starting
materials. Yield: 8 mg (55%) based on Mo. Anal. Calcd feg-Go
CusMoN,Ss: C, 26.90; H, 2.68; N, 7.84. Found: C, 26.88; H, 2.30;
N, 7.49. IR (KBr disk): 2940 (w), 2910 (w), 2119 (vs), 1636 (s),
1482 (m), 1420 (s), 1384 (s), 1159 (m), 1123 (m), 1084 (m), 1022
(m), 792 (m), 760 (m), 690 (m), 620 (w), 512 (m), 410 (m)<Tm
IH NMR (400 MHz, DMSOdg): 6 8.82 (s, 4H, pyz), 1.99 (s, 15H,
C5Me5).

{[(#>-CsMes)MoS3Cus(tpt)(aniline)(NCS),]-0.75aniline
0.5H,0}, (4). Compoundl (20 mg, 0.02 mmol) and tpt (31 mg,

MoNg 76005Ss: C, 43.49; H, 3.63; N, 12.21. Found: C, 43.10; H,
3.49; N, 12.30. IR (KBr disk): 3071 (w), 3036 (w), 2120 (s), 2088
(s) 1929 (w), 1621 (vs), 1602 (vs), 1499 (vs), 1430 (m), 1385 (m),
1276 (s), 1175 (m), 1066 (w), 1027 (m), 996 (m), 881 (m), 826
(m), 753 (s), 692 (s), 623 (w), 504 (m), 412 (w) ch'H NMR
(400 MHz, DMSO¢g): 6 8.53-8.99 (m, 12H, pyridyl), 6.53
6.99 (m, 5H, Ph), 1.94 (s, 15H ™es).

{[(7°-CsMes)M0oS;Cuz(NCS)(u-NCS)(Hatpyp)o.{Cu—tpyp)o]:
2aniline-2.5benzeng, (5). Compound was prepared in a manner
similar to that described fo4, usingl (20 mg, 0.02 mmol) and
Hatpyp (62 mg, 0.10 mmol) as starting materials. After extraction
of the solid with aniline (15 mL) and subsequent filtration, the dark
red filtrate was layered with benzene (1 mL) and@{30 mL) to
produce black plates &, which were collected and washed with
cold aniline and BEO (v/v = 1:5) and dried in vacuo. Yield: 7.2
mg (25%) based on Mo. Anal. Calcd fokdEls;.Cuz iMONgSs: C,
53.23; H, 4.30; N, 8.42. Found: C, 52.45; H, 4.22; N, 8.71. IR
(KBr disk): 2940 (w), 2112 (s), 2087 (s), 1605 (vs), 1563 (m),
1497 (s), 1411 (s), 1384 (s), 1286 (m), 1222 (m), 1084 (w), 1022
(m), 970 (m), 883 (m), 800.5 (m), 752 (s), 729 (m), 694 (m), 620
(w), 510 (m), 415 (w) cm®. 'H NMR (400 MHz, DMSO¢g): ¢
9.07 (d, 8H, 2, 6-pyridyl), 8.92 (m, 8H, pyrrole), 8.29 (d, 8H, 3,
5-pyridyl), 1.94 (s, 15H, €Mes).

X-ray Structure Determination. X-ray quality single crystals

0.10 mmol) were mixed in an agate mortar and ground at ambient of 1-DMF and 2—5 were obtained directly from the above

temperature for 30 min. The mixture was then transferred to a Pyrex preparations. All measurements were made on a Rigaku Mercury
glass tube (8 cm in length, 10 mm in inner diameter), which was CCD X-ray diffractometer by using graphite-monochromated Mo

sealed and heated in an oil bath at 1@ for 12 h. During the Ko (A = 0.071070 nm) radiation. Each crystal was mounted at the
reaction, the mixture gradually darkened and sintered. The resultingtop of a glass fiber and cooled at 153 K in a stream of gaseous
black solid was extracted with aniline (15 mL) to give a dark red nitrogen. Cell parameters were refined by using the program
solution and filtered. Diethyl ether (30 mL) was layered onto the CrystalClear(Rigaku and MSc, version 1.3, 2001) on all observed

filtrate to afford black block crystals of, which were collected reflections. The collected data were reduced by using the program
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CrystalClear and an absorption correction (multiscan) was applied, curves of 0.2 mm radius were placed in front of the detector to
which resulted in the transmission factors ranging from 0.724 to measure the transmitted energy when the assessment of the laser
0.808 for1-DMF, 0.578 to 0.821 foR, 0.404 to 0.687 foB, 0.493 beam distortion was needed. To eliminate scattering effects, a lens
to 0.581 for4, and 0.416 to 0.757 fdb. The reflection data were  was mounted behind the samples to collect the scattered light.
also corrected for Lorentz and polarization effects.

All the structures were solved by direct methods and refined on
F2 by full-matrix least-square methods using BieELXTLsoftware Synthetic and Spectral Aspectsin the papers we reported
package’! For 2, the orientation of one thiocyanate was disordered, previously, many cluster-based supramolecular assemblies
and the occupancy ratios were refined to 0.49/0.51 for S10/S10A always exhibited relatively low solubilities in common
and N10/N10A. The methyl groups of thg-CsMes ligand were organic solvents such as MeCN, DMSO, and DMF, which
found to be disordered over two positions with occupancy factors . . . T ' T
of 0.48/0.52 for C26-C24/C20A-C24A. One solvated aniline  'eSulted in their low yields and, particularly, the difficulties
molecule was observed to be split into two positions with occupancy their crystglhzatmn and subsequent spectral and structural
factors of 0.62/0.38 for N13/N13A and C7&78/C73A-C78A. characterizatio? To tackle these problems, we screened
For 4, each of the two aniline solvent molecules lies on a center of Mmany organic solvents and finally found that aniline could
inversion. Because of partial evaporation of the solvated aniline be a good candidate solvent because it exhibited an excellent
molecules in this crystal, the site-occupation factor for one aniline capability for dissolving the Mo(W)/Cu/S cluster-based
molecule bearing N11, C40, C41, and C42 atoms was fixed at 0.25. supramolecular compounds. In this regard, we carried out
For5, the site-occupation factor for the Cu(ll) center of the partially ' reactions ofl with excess bpe (or 1,4-pyz) in aniline and
metalated Cu porphyrin was determined by identifying reasonable jggjated 2 and 3 in relatively high yields (Scheme 2).
temperature fac_tors and the accompanying Bfactor during the However, reactions of in aniline with solid tpt or Htpyp
lea;ffg?\;irae:ggm:n;'non hvdroden atoms. excent for those did not form any isolable products. Analogous reactions of
from the disordereq5-é5Me5 grou)|lo thge disorderéd >;milii)ne solvent Lin an|.I|ne with a suspension of tpt (orztrbyp) in CHCl,

) - at ambient temperature for 3 days also did not produce the
in 2, and the solvated water and aniline molecules (N11, C40, C41,
expected Mo/Cu/S/tpt (or #pyp) supramolecular com-

and C42) in4, were refined anisotropically. Hydrogen atoms for )
nitrogen atoms of the solvated aniline molecul@jsolvated water ~ POUNds. Instead, a tetranuclear Mo/Cu/S cubane-like cluster

molecules and nitrogen atoms of solvent aniline (N11¥,imand _[PPh]z_[(n5-C5_Mes)_MoSg,(CuNC$);CI] was always isolated
two H atoms of the two pyrrol groups Biwere not located. Other  in relatively high yields. According to its IR spectrum, X-ray
hydrogen atoms were found from Fourier maps (coordinated or fluorescence analysis, and single-crystal X-ray crystal-
solvent aniline molecules) or placed in geometrically idealized lography, the chlorine atom in this cluster might be derived
positions (C-H = 0.98 A,_ with Uiso(H) = 1.8U(C) for methyl from the CHCI, solvent (see the Supporting Information).
groups; C-H = 0.99 A, with Uiso(H) = 1.2Ue{C) for methylene | addition, refluxing a mixture of and tpt (or Htpyp) in
groups; C-H = 0.95 A, with Usg(H) = 1.2U¢{(C) for aromatic  common solvents such as MeCN, DMF, or DMSO did not
rings) and constrained to ride on their parent atoms. A sSummary roq it in any isolable cluster-based supramolecular com-
of the key crystallographic information fd-DMF and 2—5 is . . . -

g pounds. The main reason for these failed reactions is likely
tabulated in Table 1. - .

to be the very low solubility of tpt and Jtpyp in these

Third-Order NLO Measurements of 1—5. The aniline solutions .
of 1(3.0x 105M), 2(3.0x 10°M), 3(3.0x 10°M), 4 (1.5 comn_10n orgar_uc solvents. What should we do for the
reactions ofl with tpt or Hitpyp?

x 1075 M), and5 (3.0 x 107> M) were placedn a 2 mmquartz . 2 . . .
cuvette for the third-order NLO measurements. These five com-  On the basis of our previous experiences in the solid-state

pounds were stable toward air and laser light under experimental Synthesis of Mo(W)/Cu(Ag)/S clusters at low-heating
conditions. The nonlinear absorption was investigated with a linear- temperature&*&"we carried out the two reactions in the

polarized laser light{ = 532 nm; pulse widths= 4.5 ns; repetition solid state. Compound and excess tpt were mixed and
rate = 2 Hz) generated from a frequency-doubled, mode-locked, firmly ground in an agate mortar at ambient temperature for
Q-switched Nd:YAG laser. The spatial profiles of the optical pulses 0.5 h. The black solid mixture was transferred to a Pyrex
were nearly Gaussian after passing through a spatial filter. The Iasertube’ which was then sealed and heated at°@é€or 12 h.
beam was focused with a 30 cm focal length focusing mirror. The afier it was cooled to ambient temperature, the resulting
radius of the beam waist was measured to ba®2half-width at black solid was extracted with aniline followed by the

Le? max'mu.m)' The incident and transmitted pulse energies e filtration and diffusion of E£O into the filtrate to afford black
measured simultaneously by two energy detectors (Laser Precision

Rjp-735), which were linked to a computer by an IEEE interf&ce. crystals Of‘,l n ‘_15% yield (Scheme 2). The solvated water
The NLO properties of the samples were manifested by moving Molecules in this compound may be due to the presence of
the samples along the axis of the incident laser irradiance beam ( @ Small amount of water absorbed by aniline from air during
direction) with respect to the focal point and with the incident laser the purification of the solid-state produdt On the other
irradiance kept constanZ{scan method® The closed-aperture ~ hand, analogous solid-state reactions lofwith Htpyp
followed by a workup similar to that used in the isolation of

Results and Discussion

(21) Sheldrick, G. M.SHELXS97and SHELXL97 Programs for X-ray

Crystal Structure SolutignUniversity of Gudtingen: Gitingen, (23) (a) Brunner, H.; Grassl, R.; Wachter, J.; Nuber, B.; Ziegler, Ml.L.
Germany, 1997. Organomet. Chenml99Q 393 119-129. (b) Shi, S.; Ji, W.; Xie, W.;

(22) (a) Sherk-Bahae, M.; Said, A. A.; Wei, T. H.; Hagan, D. J.; Van, Chong, T. C.; Zheng, H. C.; Lang, J. P.; Xin, X. Qlater. Chem.
Stryland, E. W.IEEE J. Quantum Electroril99Q 26, 760-769. (b) Phys.1995 39, 298-301. (c) Zhang, C.; Song, Y. L.; K, F. E;
Sherk-Bahae, M.; Said, A. A.; Van Stryland, E. \®pt. Lett.1989 Xu, Y.; Xin, X. Q.; Fun, H. K,; Herrmann, W. AEur. J. Inorg. Chem.
14, 955-957. 2002 55-64.

Inorganic Chemistry, Vol. 46, No. 16, 2007 6651



Table 1. Crystallographic Data fot-DMF and2—5
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1-DMF 2 3
formula C40H42CLt3MON4OPS C78H31CLBM02N13S_|_0 ClengCLbMON4S:,
fw 1104.67 2094.8 714.21
cryst syst monoclinic triclinic orthorhombic
space group P2,/c P1 Pnma
a(h) 14.924(3) 10.6942(11) 9.3447(11)
b (A) 31.721(6) 11.0809(11) 14.7948(18)
c(A) 9.4866(19) 36.563(4) 16.563(2)

o (deg) 83.401(6)
£ (deg) 94.31(3) 88.734(7)
y (deg) 80.383(7)
V (A3) 4478.2(16) 4243.6(8) 2289.9(5)
4 4 2 4
Deated (g cn3) 1.638 1.639 2.072
u(cmt) 20.31 20.55 37.51
20max(deg) 50.6 50.6 50.6
no. of refins collected 42 999 36 681 21279
no. of unique refins 817K = 0.062) 12 801R = 0.073) 2173 Rt = 0.049)
no. of observed reflns 64844 20(1)] 9967 | > 20(1)] 20371 > 20(1)]
no. of variables 512 919 146
R2 0.0689 0.0898 0.0397
Ry 0.1153 0.1866 0.0690
GOF 1.184 1.136 1.276
Apmax (€ A3) 0.652 1.482 0.875
Apmin (€ A3) —-0.715 —0.770 —0.461
4 5

formula Ci0.5H38CUuMONg 76005055 CsgHs6Clz. 1IMON3Ss

fw 1116.17 1330.33

cryst syst triclinic triclinic

space group P1 P1

a(h) 10.472(2) 14.961(3)

b (A) 16.396(3) 15.335(3)

c(A) 16.563(3) 16.021(3)

o (deg) 60.45(3) 99.33(3)

f (deg) 89.52(3) 116.22(3)

y (deg) 78.05(3) 108.91(3)

V (A3) 2405.6(11) 2910.6(19)

z 2 2

Dcalcd (g/CTP) 1.541 1.518

w (mm-1) 1.821 1.552

26 max (deg) 50.6 50.6

no. of refins collected 23417 27723

no. of unique refins
no. of observed reflns
no. of variables

Ra

wa

GOF

A;Omelx (e A73)

Apmin (€ A3

8724, = 0.027)

7878 F 20(1)]
538

0.0568

0.1562

1.200

1.242

-0.888

10 577Rin = 0.043)
8825 [| > 20(1)]
636

0.0698
0.1741
1.115
1.190
—0.911

aR=Y||Fo| — |Fel/S|Fol. P Ry = { SW(F2 — FA)¥IW(FAZ 12 ¢ GOF= { S [W((Fo2 — Fc?)3)/(n — p)} 2 wheren = number of reflections anp = total

number of parameters refined.

Scheme 2.

[PPh,][(7°-C5Me5)MoS3(CuNCS);]—
(1)

Reactions ofl with bpe, 1,4-pyz, tpt, and pyp

bpe

————— {[{(7/°-C5sMe5)M0oS;Cu3},(NCS)3(x-NCS)(bpe)s] - 3aniline},

aniline

1,4-pyz

(2)

> [(7°-CsMe;)MoS;Cus(1,4-pyz)(4-NCS),],

aniline

tpt

————————»
solid state aniline
100°C/12h

Haotpyp

4 afforded black crystals 06 in 25% yield (Scheme 2).

partially metalated by Ct. The Cd* ions may be originated

solid state aniline
100°C/12h

6652 Inorganic Chemistry, Vol. 46, No. 16, 2007

(3)

{I( n5-csMe5)MoS3Cu3(tpt)(aniIine)(NCS)z] + 0.75aniline - 0.5H,0},

4)

(8)

{[(7°>-CsMe;5)MoS;Cu3(NCS)(1-NCS)(H;tpyp)o.4(Cu-tpyp)o.11 - 2aniline - 2.5benzene},

from the partial decomposition df during the solid-state
Intriguingly, the free porphyrin ligand in this compound was reaction followed by the oxidation of the resulting Cions
by O, in air. The formation ob was reproduced even with



New [(@#5-CsMes)MoS;Cus]-Supported Compounds

Figure 1. Perspective view of the cluster dianionlofAll hydrogen atoms
were omitted for clarity. Symmetry code: A;x + 1, -y + 1, —z+ 1.

different /H,tpyp ratios. However5 could not be prepared
by reactions ofl with the pure complex Cutpyp?*2in 1:1
and 2:1 molar ratios. A similar phenomenon was also
observed in the literatur&®

Solids1—-5 were relatively stable toward air and moisture.
They were slightly soluble in DMF and DMSO but readily

Table 2. Selected Bond Distances (A) and Angles (deg) for

Mo(1)-+-Cu(l) 2.6370(13) Mo(t)-Cu(2) 2.6740(11)
Mo(1)-+-Cu(3) 2.6249(10) Mo(1S(1) 2.2886(17)
Mo(1)-S(2) 2.2868(17) Mo(HS(3) 2.2917(17)
Cu(1)-N(1) 1.868(6)  Cu(1)¥S(3) 2.2058(19)
Cu(1)-S(1) 2.2234(19) Cu(2N(2) 1.886(6)
Cu(2-s(2) 2.2334(19) Cu(3)S(1) 2.2484(18)
Cu(2)-S(6A) 2.617(2) ~ Cu(3yN(3) 1.871(5)
Cu(1)-S(6A) 3.028(2)  Cu(3)S(6A) 3.370(2)
Cu(3)-S(3) 2.2129(18) Cu(3)S(2) 2.2208(19)
S(6)~Cu(2A) 2.617(2)

S(2-Mo(1)-S(1) 105.62(6)  S(@Mo(1)-S(3)  105.65(6)
S(1-Mo(1)-S(3) 105.55(7)  N(BCu(l)-S(3) 123.44(19)
N(L)-Cu(l)-S(1) 122.86(19) S(3)Cu(1)-S(1)  110.86(7)
N(@2)—Cu(2-S(2) 120.0(2) N@yCu(2-S(1) 117.6(2)
S(2)-Cu(2-S(1) 108.84(7)  N(2}Cu(2)-S(6A) 101.62(19)
S(2)-Cu(2-S(6A) 111.53(7)  S(BCu(2)-S(6A)  93.46(6)
N(3)-Cu(3)-S(3) 126.47(18) N(3}Cu(3-S(2) 120.97(18)
S(3)-Cu(3-S(2) 110.73(7)

with the S atom of one NCSfrom the neighboring cluster
anion, forming a double cubane-like structure. There is a
crystallographic inversion center located at the center of this
dianion. The structure of the dianion Inclosely resembles
that of its tungsten analogd& The three Cu centers in each
anion of1 adopt an approximately trigonal-planar geometry.
The mean Me-Cu contact length (2.6453(11) A) (Table 2)
is comparable to that of [PR[(77°5-CsMes)MoS;(CuBr)].
(2.652(2) A)?® The mean Cue-S and Mogs-S bond lengths
are normal relative to those of the corresponding ones in

soluble in aniline. The elemental analyses were ConSiStent[PPhd2[(775-C5M65)MOS3(CUBI‘)3]2 Although the Cu2 S6A

with their chemical formula. In the IR spectra df5, the
bands at 20931), 2080 @), 2088 @), and 2087 %) cm™*
were assigned to be the=I\ stretching vibrations of the
terminal thiocyanate groups, while those at 2125 2119
(3), 2120 @), and 2112 %) were assumed to be those of the
bridging NCS ligands. Bands at 412)(415 @), 410 @),
412 @), and 415 %) were assigned as the bridging M8
stretching vibrations. ThéH NMR spectra in DMSQds at
room temperature showed a single resonance®>dsMes
at2.10 (), 2.03 @), 1.99 @), 1.94 @), and 1.94 %) ppm. In
addition, other resonances in théil NMR spectra were
assigned as follows: multiplets in the 7-70.86 ppm region
for [PPh]™ (1), multiplets in the 7.16-:850 ppm region for
the pyridyl protons and a broad singlet at 2.96 ppm for the
methylene protons of bp&), a singlet at 8.82 ppm for the
1,4-pyz liagnd 8), multiple resonances in the 8:58.99 ppm
region for pyridyl groups and in the 6.5%.99 ppm region
for phenyl groups4), and singlets at 9.07, 8.92, and 8.29
ppm for 2,6-pyridyl groups, pyrrole groups, and 3,5-pyridy!l
groups, respectivelyb]. The identities ofL.—5 were further
confirmed by X-ray crystallography.

Crystal Structure of [PPh][(7°-CsMes)MoS3z(CuNCS)]-
DMF (1). CompoundL crystallizes in the monoclinic space
groupP2;/c, and the asymmetric unit contains half an®(
CsMes)MoS;(CuNCS)],%> dianion, one [PPA™ cation, and
one DMF solvent molecule. As shown in Figure 1, the cluster
dianion is composed of two incomplete cubane-lik€{Cs-
Mes)MoS;(CuNCS}]~ anions, each void of which is filled

(24) (a) Fleischer, E. Bnorg. Chem.1962 1, 493-495. (b) Sharma, C.
V. K.; Broker, G. A.; Huddleston, J. G.; Baldwin, J. W.; Metzger, R.
M.; Rogers, R. DJ. Am. Chem. S0d.999 121, 11371144,

bond length (2.617(2) A) is significantly shorter than those
of the Cut-S6A (3.028(2) A) and Cu3S6A (3.370(2) A)
bonds, it is longer than those of the Cu(l) complexes
containing bridging thiocyanates [Gu(NCS)(L)], (2.349-
(2) A for L = 2-methylpyridine; 2.290(4) A for L=
quinoline)?® Their mean value (3.005(2) A) is comparable
to that of its tungsten analogue, implying that the Cu-
(NCS)Cu linkage within the dianion df is weak. Therefore,
in the presence of polar solvents like MeCN, DMF, and
aniline, this cluster may be readily cleaved into two
incomplete cubane-like}f-CsMes)MoS;(CuNCS})] ~ anions,
which could be used as a good precursor for the construction
of the [(7>-CsMes)MoS;Cug]-based supramolecular arrays.
Crystal Structure of {[{(7°>-CsMes)M0oS;Cus}(NCS)-
(u-NCS)(bpe)]-3aniline} , (2). Compound? crystallizes in
the triclinic space grougPl , and the asymmetric unit
contains half an{[(#%>-CsMes)MoS;Cus} 4(NCS)(u-NCS)-
(bpe)] molecule and three aniline solvent molecules. As
indicated in Figure 2, this molecule consists of two different
dimeric units, {(;75-CsMes)M0oS;Cus} 2(NCSh(u-NCS)-
(bpe}] (unit 1) and [ (1>-CsMes)MoS;Cus}(NCSu(bpe)]
(unit 2), which are interconnected by a single bridging bpe
ligand. Unit 1 is composed of two 7jf-CsMes)MoS:Cus-
(NCS)(@-NCS)(bpe)] fragments linked by a pair of bpe
ligands, and there is a crystallographic inversion center
locating at the midpoint of the Mol and MolA contact
(Figure 2a). Each fragment assumes the incomplete cubane-

(25) Lang, J. P.; Kawaguchi, H.; Ohnishi, S.; Tatsumi,lorg. Chim.
Acta 1998 283 136-144.

(26) Healy, P. C.; Pakawatchai, C.; Papasergio, R. |.; Patrick, V. A.; White,
A. H. Inorg. Chem 1984 23, 3769-3776.
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Figure 2. (a) Perspective view of the dimeri¢(j;>-CsMes)MoSsCus} 2(NCSh(u-NCS)(bpe)] unit (unit 1) in 2 with labeling scheme. (b) Perspective view
of the dimeric { (17°-CsMes)M0oS:;Cug} 2(NCS)(bpe)] unit (unit 2) in 2 with labeling scheme. All hydrogen atoms were omitted for clarity. Symmetry codes:
A —x+1,-y+1,-zB,—x-y+3-z+1,D,—~x—-1,-y+2 -z+ 1

like [(nS—CsMes)MOSgCLb] core structure ofl. However, the Table 3. Selected Bond Distances (A) and Angles (deg)Zor

three copper atoms in each fragment adopt distorted- Unit 1

tetrahedral coordination geometries. Being coordinated by mggggﬂgg g:gggégg; mgﬁgs%z) g:gggz?f)ﬁ)
two x-S atoms from the [f>-CsMes)MoS;] moiety, Culis  Mo(1)-S(2) 2.269(3)  Mo(1}S(3) 2.279(3)
coordinated by two bridging bpe ligands, Cu2 by a terminal SU(i%g(i) é-gﬂég(%) EU(l}g(g) %-333(83)
NCS ligand and a bridging bpe ligand, and Cu3 by a pair of cﬂgz)):N((z)A) 2_'017((8)) CS((Z?N(M% 2_-079((123)
u-NCS ligands. The mean MetCu contact length (2.6935-  cu(2)-s(3) 2.237(3)  Cu(®S(2) 2.240(3)
(14) A) (Table 3) is slightly longer than those of the clusters Cu(3)-N(3B) 2.064(10)  Cu(3yS(1) 2.244(3)

containing tetrahedrally coordinated Cu atoms such as CuE)-sE@) 2.265@3)  Cu(3S() 2.339(3)

{[MoOS:Cusl(dpds)]-0.5DMF2(MeCN) st (average length  s(2)-Mo(1)-S(3)  105.34(10)  S(BMo(1)-S(1)  105.41(10)
2.6820(15) A) and{[MoOS:Cus(dca)(4,4-bipy), §-DMF- S(3)-Mo(1)-S(1)  106.09(10)  N(HCu(1}-N(5) 103.0(3)

. N()-Cu(1}-S(1) 119.5(3) S(HCu(1)-S(2)  108.18(11)
MeCN},, (average length 2.6782(12) AY.In the case of unit N(5)7c3(1y8(1) 1079(2) N(P;CL::(lyS(Z) 113503)

2 (Figure 2b), two incomplete cubane-likg}{CsMes)MoS;- N(5)—Cu(1)-S(2)  103.3(3) S(3YCu(2-S(2)  107.69(10)
Cus(NCS)(bpe)] fragments are linked by a couple of m(ZA_)ECt;(Z);'\éM) 1915221(42 %(éﬁ)—gdg)—g(g) Eg;(g)
bridging bpe ligands, forming a centrosymmetric dimeric N(4;7C3§2);ngg 100:18 séa}gu(g(r)g(4§ ) 122:053()13)
structure. The three Cu atoms in each fragment have differentn(sB)—cu(3)-S(1) 113.7(3) N(3B)Cu(3)-S(3) 103.9(3)

coordination geometries. Being coordinated by tweS S(1-Cu(3)-S(3)  107.97(11)  N(3B)Cu(3)-S(4) 101.7(3)
atoms from the pf>-CsMes)MoS;] moiety, Cu4 is coordi- S(-Cu@)-S@) - 107.59(12)

nated by a terminal NCS ligand, forming a trigonal-planar Unit 2
inati i ; Mo(2)-++Cu(4) 2.6365(17) Mo(2)-Cu(5) 2.7014(15)
coordlnatlpn geometry, while Cu5 and QuG are (_:oordmated Mo(2)--~Cu(6) 56785(15) Mo(2yS(6) 5308(3)
by a terminal NCS ligand and a bridging bpe ligand or a wmo(2)-s(7) 2271(3)  Mo(2}S(8) 2.274(3)
couple of bridging bpe ligands, forming a distorted- CUE4)):N((1)O) 1.95(2()) CU((4%SE6) ) 2.221((3))
At ; Cu(4y-S(7 2.223(3)  Cu(5yN(8D 2.008(9
te_trahedral coordination geometry. For the trigonally COOT- C(5)-NI(9) 5057011)  Cu(ByS(7) 5.22003)
dinated Cu4, the Mo2-Cu4 separation (2.6365(17) A) is Cu(5)-5(8) 2.241(3)  Cu(6}N(7) 2.000(9)
close to that ofl, while for the tetrahedrally coordinated Cu(6)-N(6) 2.118(8)  Cu(6yS(6) 2.231(3)
Cu5 and Cu6, the mean Mo2Cu contact length (2.6900-  CU(6)-S(®) 2.237(3)

(15) A) is quite similar to that of unit 1. Within the Cu- S(7-Mo(2)-S(8)  105.06(10)  S(AMo(2)—S(6) 105.48(11)

(NCS)Cu ring in unit 1, the Cu3S4 (2.339(3) A) bond  S(8)-Mo(2)-S(6) ~ 105.40(10)  N(10)Cu(4)-S(6) 119.4(7)

length is 0.28 A shorter than that of the shortestS(SCN) H%g))i %‘t(é);sl’\fzg) 1155"2((‘?)) g((%gﬂg);ggg iégzéiggg

bond in1 while the Cu3-N3B bond length (2.064(10) A) N(8D)—Cu(5)-S(7) 110.7(3) N(@FCu(B)-S(7) 113.6(3)

is 0.19 A longer than that df. The mean CtN(bpe) length H(ED)EC%(5)§%(8) i(l);-g(g) m(?gU(g)—g(g) ﬂ)g'g(?

(2.045(8) A) in2 is longer than that observed {ti(°-Cs- séeg—c:((e))—_S((s)) 109:32()11) N((z)cﬂgs)):Nge; 100.'6((3))

Mes)WS;CusCl(MeCN)(1,4-pyz)](PB)}n (1.975(1) A)*aThe N(7)-Cu(6)-S(6)  114.6(3) N(6YCu(6)-S(6) 109.5(2)

mean Mous-S, Cuus-S, and terminal CtN(NCS) bond

lengths are similar to those of the corresponding onels in  double bpe bridges, forming a Z-shaped uri{np-Cs-
From a topological perspective, eacly*CsMes)MoS;- Mes)MoS;Cus} 10(bpe)2a;NCS)4(u-NCS)] (Figure 3). This

Cug] core in unit 1 serves as a T-shaped three-connectingunit has two rectangle cavities, each with an area of ca. 415

node while that in unit 2 works as an angular two-connecting A2 The occurrence of an angular two-connecting node and

node. Four angular two-connecting nodes and six T-shapeda T-shaped three-connecting node in the same structure is

three-connecting nodes interconnect through two pairs of unprecedented in cluster-based supramolecular chemistry.

u-NCS bridges, four single bpe bridges, and four pairs of Furthermore, thiZ-shaped unit links the equivalent units
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Figure 4. Perspective view of thef-CsMes)MoS;Cus(1,4-pyz)(--NCS))
molecule of3. All hydrogen atoms were omitted for clarity. Symmetry
codes: AX, =y + Y5,z B, —x+2,-y, =2+ 1; C,x — Yy, =y + Y5, —2z

+ 35D, X+ 2,y + Yy, —z+ 1.

Table 4. Selected Bond Distances (A) and Angles (deg)Jor

Mo(1)+-Cu(1) 2.6933(7) Mo(k)-Cu(1A) 2.6933(7)
Mo(1)+-Cu(2) 2.6490(9) Mo(1yS(1) 2.2849(16)
Mo(1)—S(2) 2.2817(11) Mo(1)S(2A) 2.2817(11)
Cu(1)-N(1) 1.932(4)  Cu(1yS@) 2.2419(11)
Cu(1)-S(2) 2.2440(12) Cu(1)S(3B) 2.5905(13)
Cu(2)-N(3C) 2.050(6)  Cu(2yN(2) 2.080(5)
Cu(2)-S(2) 2.2209(12) Cu(2)S(2A) 2.2209(12)
S(1)~Cu(1A) 2.2419(11) S(3)Cu(1B) 2.5905(13)
S(2-Mo(1)-S(2A)  105.44(6)  S(2YMo(1)-S(1)  105.57(4)
S(2A)-Mo(1)-S(1)  10557(4)  N(BCu(1)-S(1)  123.27(13)
N(1)-Cu(1)-S(2)  116.83(12) S(HCu(1)-S(2)  108.33(5)
N(1)-Cu(1)-S(3B)  97.55(12)  S(HCu(1)-S(3B) 103.34(5)
S(2)-Cu(1)-S(3B)  103.82(5)  N(3G)Cu(2-N(2) 91.5(2)
N(BC)-Cu(2)-S(2) 111.74(8)  N(@Cu(2-S(2)  115.54(7)
N(3C)-Cu(2)-S(2A) 111.74(8)  N(2}Cu(2)-S(2A) 115.54(7)
S(2-Cu(2)-S(2A)  109.67(6)

(2.6785(7) A) (Table 4) is slightly shorter than that of the
corresponding ones d&f. The mean Maq#s-S and Cuus-S
lengths are similar to those of the corresponding oné in
Within the Cu(NCS)Cu ring, the CutS3B bond length
(2.5905(13) A) is longer than that & while the Cut-N1
bond length (1.932(4) A) is shorter than that2fin the

by a pair of single bpe bridges, a pair of double bpe bridges, CU(1,4-pyz)Cu linkage, the two GtN bond distances are

and a pair ofu-NCS bridges to form a 2D (6,3) network,

virtually the same, and their mean value (2.065(6) A) is close

parallel to the [104] plane. The 2D networks are ca. 6.99 A 0 that of2.

apart and when they are stacked alongdtexis, and one-

Topologically, each jf>-CsMes)MoS:Cug] cluster core

dimensional (1D) channels are found in the unit cell of the WOks as a tetrahedral four-connecting node and is coordi-
crystal. The channels occupy a total volume of 1010% A hated by two pairs of bridging thiocyanate groups and a pair

(23.8% of the total cell volume calculated by tRéaton
prograni’) and are filled with aniline solvent molecules
(Supporting Information).

Crystal Structure of [(#°-CsMes)MoS3;Cus(1,4-pyz){u-
NCS)], (3). Compound3 crystallizes in the orthorhombic
space grouPnma and the asymmetric unit contains half of
the [(75-CsMes)MoS:Cus(1,4-pyz)(t--NCS)] molecule. As

shown in Figure 4, this molecule keeps the core structure of

of bridging 1,4-pyz ligands (Figure 5), which link four
crystallographically equivalent cluster cores that lie at the
corners of a very distorted tetrahedron, forming a single
adamantine-type unit (Figure 6). This unit is further intercon-
nected via bridging thiocyanate and 1,4-pyz ligands to form
a noninterpenetrating 3D network (see the Supporting
Information).
Crystal Structure of {[(7°-CsMes)MoSzCus(tpt)(aniline)-

1 and has a mirror plane running through the Mo, S1, Cu2, (NCS)]-0.75aniline0.5H,0} 1 (4). Compoundk crystallizes

N2, N3, N2C, N3C, C6, and C9 atoms. The three Cu centersin the triclinic space groug’l, and the asymmetric unit
also adopt distorted-tetrahedral coordination geometries.contains one discrete 7{-CsMes)MoSsCug(tpt)(aniline)-

Being coordinated by twas-S atoms from the [{>-CsMes)-

(NCS)] molecule, one-half and one-quarter of an aniline

MoSs] moiety, Cul and CulA are coordinated by one N atom solvent molecule, and half of a water molecule. As shown
of one NCS ligand and one S atom from the neighboring in Figure 7, this molecule again retains the core structure of
NCS ligand, while Cu2 is coordinated by two N atoms from 1. Each Cu center adopts a tetrahedral coordination geometry,

two bridging 1,4-pyz ligands. The mean MeCu contact ~ coordinated by twgis-S atoms from the {f>-CsMes)MoSy]
moiety, one N atom from the tpt ligand, and one S atom

from the terminal NCS (Cul) or one N atom from an aniline

(27) Spek, A. L.J. Appl. Crystallogr.2003 36, 7—13.
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Figure 8. 2D honeycomb network of looking along thea axis. All
hydrogen atoms were omitted for clarity.

Figure 5. Perspective view of the interactions of ay{{CsMes)M0Ss-
Cug] core via a pair of NCS bridges and a pair of 1,4-pyz bridge3 ifihe

Table 5. Selected Bond Distances (A) and Angles (deg)4or

(7>-CsMes) moieties were omitted for clarity. Mo(1)---Cu(1) 2.6956(12) Mo(%)-Cu(2) 2.6731(11)
Mo(1)-+Cu(3) 2.6802(17) Mo(1yS(3) 2.2844(16)
Mo(1)—S(4) 2.2931(16) Mo(LS(5) 2.2840(17)
Cu(1)-N(3) 21105) ~ Cu(1}S(3) 2.2421(17)
Cu(1)-S(4) 2.2669(16) Cu(BS(1) 2.3152(18)
Cu(2)-N(5A) 2.060(5)  Cu(2N() 2.145(6)
Cu(2)-S(5) 2.2197(17) Cu(®S(4) 2.2355(18)
Cu@)-N(2) 1.068(6) ~ Cu(3)N(4B) 2.138(5)
Cu(3)-S(3) 2.2338(17) Cu(3)S(5) 2 2445(17)
S(5-Mo(1)-S(3) 105.60(6)  S(5)Mo(1)-S(4)  105.30(6)
S(3)-Mo(1)-S(4) 106.01(6)  N(3}Cu(1)-S(3) 105.99(14)
N(3)-Cu(1)-S(4) 103.41(13) S(3)Cu(1)-S@) 108.34(6)
N(3)-Cu(1}-S(1) 105.82(14) S(3)Cu(l)-S(1)  113.76(7)
S(A)-Cu(l)-S(1) 118.27(6)  N(5AFCu(2)-N(9) 95.5(2)
N(5A)—Cu(2)-S(5) 111.39(15) N(@Cu(2)-S(5)  116.20(16)
N(5A)-Cu(2)-S(4) 116.91(14) N(@Cu(2-S(3) 106.92(16)
S(5)-Cu(2-S(4) 109.51(7)  N(2yCu(3)-N(4B) 100.1(2)
N(2)-Cu(G)-S(3) 116.01(17) N(4ByCu(3)-S(3) 109.31(14)
N(2)-Cu(3)-S(5) 118.12(17) N(4BYCu(3)-S(5) 103.11(14)
g S(3)-Cu(3)-S(5)  108.69(7)

Figure 6. View of a very distorted adamantane-shaped unit within the
network of3. The ¢°-CsMes) moieties and hydrogen atoms are omitted (2_6830(12) A) (Table 5) is in-between those Dfand 3.

for clarity. The mean Cues-S and Mogus-S lengths are close to those
in 2 and3.

From a topological view, the §f-CsMes)MoS;Cug] core
of 4 is symmetrically surrounded by three tpt ligands and
works as a trigonal-planar three-connecting node, which is
the first example of this noted in cluster-based supramo-
lecular chemistry. The mean deviation from the least-square
plane consisting of Cul, Cu2, Cu3, N3, N4, N5, N3A, N4A,
and N5A is ca0.27 A. The formation of such a topological
node may be ascribed to the symmetry requirement of the
rigid Ds,-symmetrical tpt ligand. Each tpt ligand also serves
as a trigonal-planar three-connecting node and links three
crystallographically equivalentsjf-CsMes)MoS;Cus] cores.
Thus, the two kinds of interconnections combine to form a
honeycomb 2D (6,3).{6,3)p: network extending along the
molecule (Cu2) or one N atom from the terminal NCS Pcplane (Figure 8). In addition, two neighboring 2D layers
(Cu3). It is uncommon that the two terminal NCS ligands '€ tightly stqcked to form a.Pledfort LfﬁlWlth a separation
show two different coordination preferences to Cu(l) centers ©f 3-424 A (Figure 9). The Piedfort units are further stacked,
in the same compound. In fact, there are only a limited form.mg 1D ch.e}nnels extending along the crystallographic
number of Cu(l)/NCS complexes in which the terminal NCS b axis. The aniline and water solvent molecules are located
ligand binds to Cu(l) via the S atof.In 4, the aniline
molecules served not only as a solvent but also as a ligand,
coordinating at Cu2. The mean MeCu contact length

Figure 7. Perspective view of the §f-CsMes)MoSsCus(tpt)(aniline)-
(NCS)] molecule of4. All hydrogen atoms were omitted for clarity.
Symmetry codes: Ax,y,z— 1;B,x,y+1,z— 1.

(28) (a) Raper, E. S.; Clegg, Vihorg. Chim. Actal991, 180, 239-244.
(b) Goher, M. A. S;; Yang, Q. C.; Mak, T. C. WPolyhedron200Q
19, 615-621.
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Figure 9. View of the 2D sheet pair of in a staggered disposition.

porting Information).

Crystal Structure of {[(1#°>-CsMes)MoS;Cu3(NCS)(u-
NCS)(Hatpyp)o.4Cu—tpyp)o.]-2aniline-2.5benzeng, (5).
Compoundb crystallizes in the triclinic space growi, and
each asymmetric unit contains half of the{CsMes)MoS;-
Cu(NCS)-NCS)(Hotpypk.4Cu—tpypk ]2 dimer, two aniline
molecules, and two and one-half benzene solvent molecules
As shown in Figure 10, the centrosymmetric dimeric
molecule consists of a double incomplete cubane-like
structure in which two {>-CsMes)MoS;Cug(NCS)(-NCS)(H-
tpypl.4(Cu—tpypk.1] fragments are bridged by a couple of
u-NCS ligands. The core structure bfis retained in each
fragment, but the three Cu atoms adopt different coordination

geometries. Cul and Cu2 take a tetrahedral coordinationCu(4)-N(6C)

geometry, coordinated by twe-S atoms from the {f>-Cs-
Mes)MoS;] moiety, one N atom from the #tpyp (or Cu-
tpyp) moiety, and one S atom from the bridging SQi€ul)

or one N atom from the terminal NCSCu2). Cu3 has an
approximately trigonal-planar coordination geometry, coor-
dinated by twous-S atoms from the [>-CsMes)MoS;]
moiety and one N atom from the bridging NC8roup. For

the tetrahedrally coordinated Cul and Cu2 atoms, the meanN(5C)-Cu(4)-N(5)

Mo1---Cu contact length (2.7025(11) A) (Table 6) is longer
than those of the corresponding ones »f4. For the
trigonally coordinated Cu3 atom, the MeiCu3 contact
length (2.6227(11) A) isslightly shorter than those of the
corresponding ones ift and 2. The Cuus-S and Mou-S
bond lengths are normal. The Cu$1 bond length is slightly
longer than that found in unit 1 &, while the Cut--N1A
length is similar to those of the trigonally coordinated-a\
(NCS) bonds irl. Cu4 lies in the center of inversion and is
coordinated by four N atoms from the pyrrole groups of tpyp,

(29) (a) Jessiman, A. S.; MacNicol, D. D.; Mallinson P. R.; Vallancs, I.
Chem. Soc., Chem. Comma@9Q 1619-1620. (b) Ke, Y. X.; Collins,
D. J.; Sun, D. F.; Zhou, H. Anorg. Chem.2006 45, 1897-1899.
(c) Czugler, M.; Weber, E.; Pléanyi, L.; Korkas, P. P.; Bombicz, P.
Chem—Eur. J.2003 9, 3741-3747. (d) Saha, B. K.; Nangia, &ryst.
Growth Des.2007, 7, 393-401.

TNsc
in the channels or squeezed between the 2D layers (Sup-

Figure 10. View of the [(7°>-CsMes)M0oS;Cus(NCS)-NCS)(Htpypo.a-
(Cu—tpyp.1]2 dimer in5 with 50% thermal ellipsoids. All hydrogen atoms
were omitted for clarity. Symmetry codes: R,y,z— 1; B, —x — 2, -y
+1,-z+1,C,—~x—1,-y+1,-z+2;D,x,y,z+ 1.

Table 6. Selected Bond Distances (A) and Angles (deg)5or

Mo(1)-+-Cu(1) 2.6849(11) Mo(%)-Cu(2) 2.7196(19)
Mo(1)+-Cu(3) 2.6227(11) Mo(BHS@3) 2.2993(18)
Mo(1)—S(4) 2.2732(18) Mo(1)S(5) 2.2848(16)
Cu(1)-N(4A) 2.084(5)  Cu(1¥S(4) 2.2439(19)
Cu(1)-S(3) 2.2449(19) Cu(BHS(1) 2.3494(18)
Cu(2-N(2) 1.979(6)  Cu(2rN(3) 2.064(5)
Cu(2)-S(5) 2.2519(19) Cu(2)S(4) 2.2522(16)
Cu(3)-N(1B) 1.875(6)  Cu(3}S(3) 2.2101(17)
Cu(3)-S(5) 2.2161(19) Cu(4)N(5C) 2.041(5)
Cu(4)-N(5) 2.041(5) ~ Cu(4y¥N(6) 2.056(5)
2.056(5)
S(4)-Mo(1)-S(5)  105.29(7)  S@#Mo(1)-S(@3)  105.87(7)
S(5-Mo(1)-S(3)  105.86(6)  N(4AYCu(1)-S(4)  105.23(15)
N(4A)—Cu(1)-S(3) 115.69(15)  S(4)Cu(1)-S(3) 108.75(7)
N(4A)-Cu(1-S(1) 92.83(14)  S(4)Cu(1)}-S(1) 119.05(7)
S(3-Cu(1)-S(1)  114.35(7)  N(2YCu(2-N(3)  107.6(2)
N(2)-Cu(2-S(5) 109.16(17)  N(3}Cu(2}-S(5)  111.50(15)
N(2)—-Cu(2-S(4)  111.40(17)  N(3}Cu(2}-S(4)  110.09(14)
S(5)-Cu(2)-S(4)  107.10(7)  N(1BYCu(3)-S(3)  129.58(17)
N(1B)—Cu(3)-S(5) 117.74(17)  S(3)Cu(3)-S(5) 111.46(7)
180.000(3)  N(5C)yCu(4)-N(6)  89.27(18)
N(5)—Cu(4-N(6)  90.73(18)  N(5CyCu(4)-N(6C) 90.73(18)
N(5)—Cu(4-N(6C) 89.27(18)  N(6)}Cu(4)-N(6C)  180.000(3)

forming a square-planar coordination environment. The mean
Cu—N and Molus-S distances are normal.

In the dimeric unit of5, each [(>-CsMes)MoS;Cug] core
works as a T-shaped three-connecting node to link equivalent
cores through a pair of NSC bridges and two pyridyl groups
of the two Htpyp (or Cu-tpyp) ligands (Figure 11a). In
addition, each ktpyp (or Cu-tpyp) ligand, acing as a planar
four-connecting node, links four symmetrically related Cu
centers from four p>-CsMes)MoS;Cug] cores (Figure 11b).
Interestingly, the porphyrin planes are approximately parallel
to each other, while each pair of the pyridyl groups at trans
positions rotate to some extent to accommodate their
coordination at the copper centers. Therefore, such a

Inorganic Chemistry, Vol. 46, No. 16, 2007 6657
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Figure 12. 2D scalelike network of5 looking along theb axis. All
hydrogen atoms were omitted for clarity.
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Figure 13. UV—vis curves for the aniline solutions of 3:0 105 M for

1,3.0x 105M for 2, 3.0 x 107> M for 3, 1.5 x 10> M for 4, and 3.0
x 1075 M for 5.

Figure 11. (a) View of the interactions of the dimer and the fouitpyp
(or Cu-tpyp) ligands. (b) View of the interactions of onestbyp

(Cu—tpyp) ligand with four dimers. All hydrogen atoms were omitted for Third-Order NLO Properties of 1 —5. The UV—vis
clariy. absorption spectra df—5 in aniline solution are shown in
Figure 13. The electronic spectra bf3 showed similar
combined interconnection between the cluster core and H shoulder bands at 381 nri)( 421 nm @), and 420 8) nm.
tpyp (or Cu-tpyp) ligands results in an unprecedented These bands are probably dominated by the-SMioV!
scalelike 2D (4,8cord4?,6%)igana Network extending along the  charge-transfers in theit-CsMes)MoS;] moieties3%2 How-
ac plane (Figure 12). Alternatively, the double incomplete ever, in the spectra of and5, the similar bands may be
cubane-like [°-CsMes)MoS;Cus(NCS)u-NCS)L core can overlapped by a strong and broad absorption at 4204)m (
be visualized as an approximate planar four-connecting node,2nd 421 nmg), which are tentatively assumed as the metal-
which links with other four equivalent ones through four H  to-ligand charge transfer transitih(4) or the Soret barfe
tpyp (or Cu-tpyp) ligands to form a 2D (4,4)d4,4)igand Of_IEEe E?_rghygon dgrlvanv](ca tpyp or Gufp)r/]p (5)‘_|_ uti
network. The occurrence of such a topological framework € a sgrptlon periormances o the aniline solutions
. - of 1-5 along with pure aniline solvent were evaluated by
is likely to indicate the presence of the four-connecting . : ;
) . the Z-scan technique under an open-aperture configuration
symmetrical Htpyp (or Cu-tpyp) ligand. When these 2D
layers are stacked along theaxis, 1D channels are again  (30) (a) Lang, J. P.; Kawaguchi, H.; Ohnishi, S.; Tatsumilrrg. Chim.
; ; Acta1998 283 136. (b) Sharma, S.; Chandra, M.; Pandey, CE®.
generated with a volume of 1423.¢ Aer unit cell (48.9% 3. Inorg, Chem.2004 3555, (c) Konarev, D. V.- Litvinov, A, L.
of the total cell volume). These channels are occupied by Neretin, I. S.; Drichko, N. V.; Slovokhotov, Y. L.; Lyubovskaya, R.
aniline and benzene solvent molecules (Supporting Informa- N Howard, J. A,; vufit, D. SCryst. Growth Des2004 4, 643. (d)

} Qi, H. R.; Zhao, H. B.; Luo, H. A,; Wang, X. Y.; Xie, Q. Y.; Peng,
tion). S. M,; Yang, P. L.Chin. J. Anal. Chem2004 32, 1608.
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Figure 14. Z-Scan data for the aniline solutions of 30105 M for 1
(a) and 3.0x 1075 M for 5 (b). The black solid spheres are experimental
data, and the solid curves are the theoretical fit.

at 532 nm (Figure 14 and Supporting Information Figures

properties fol5 were slightly better than those df-4, which
may be ascribed to the fact thahas relatively lower linear
absorption at 532 nm thah—4.

Conclusion

In the work reported here, we demonstrated our new efforts

to explore the effects of ligand symmetry on the rational
design and construction of Mo/Cu/S cluster-based supramo-
lecular arrays. Four multitopic ligands from low symmetry
(Cy) to higher symmetry[@4,) were employed to react with
1 to form four unique [§°>CsMes)MoS;Cug]-based supramo-
lecular compoundg—5. In all these compounds, the cluster
core ofl was retained and worked as multiconnecting nodes.
Compound2 shows a 2D (6,3) network in which theyf¢
CsMes)MoS;Cus] cores serve both a T-shaped three-con-
necting node and an angular two-connecting node. Com-
pound3 has a 3D noninterpenetrating diamondlike framework
in which each [>-CsMes)MoS;Cug] core acts as a tetrahedral
connecting node. Compoudcas a honeycomb 2D (6:3)-
(6,3)pt network in which the [§>-CsMes)MoS;Cus] core
works as a trigonal-planar three-connecting node. Compound
5 is composed of a rare scalelike 2D (3¢6d4%,6%igand
network in which each [{>-CsMes)MoS;Cug] core acts as a
T-shaped three-connecting node. From these results, along
with our previous one¥ it is assumed that upon utilization
of the low symmetrical bpe ligand, theyftCsMes)MoS;-
Cug] core may give rise to irregular topogical nodes, which
will result in the formation of the less symmetrical structure
of 2. Meanwhile, ligands with the higher symmetries (e.g.,
Dan-symmetrical tpt andD4-symmetrical Htpyp (or Cu-

S6-S8). For the pure aniline solvent, the linear transmittance tpyp)) would template the §€-CsMes)MoS;Cug] core to be

for aniline was found to be very large, amounting to 97.2%

the trigonal-planar three-connecting node or induce the

(see the Supporting Information), which suggests that it has cluster cores to dimerize to be a planar four-connecting node,
weak NLO refraction and absorption and is not enough to which would lead to the formation of the more symmetrical

impact the NLO properties of complexes in aniline. Although
the detailed mechanism is still unknown, the NLO absorption

structures o# and5. Although 1—5 exhibited good third-
order NLO properties in solution, their NLO absorptive

data obtained under the conditions used in this work can bebeha\/iors are very similar, which may be attributed to the

evaluated by previous methotfsThe nonlinear absorptive
indexesa, for 1-5 were calculated to be 7.58 10!
M-W-1(1),6.86x 101t M-W1(2),6.78x 10t M-W1
(3),6.11x 10 **M-W~1 (4), and 7.79x 10" 1* M-W~1(5),
respectively, implying that they have good NLO absorption
properties. Intriguingly,1—5 were not detected to have
nonlinear refractive effects, implying that their nonlinear
refractive effects are weak in our experimental conditions.
In accordance with the observed values, the effective
third-order susceptibiliti€d ¥ for 15 were calculated to
be 2.86x 10 2esu (), 2.78x 10 1?2 esu @), 2.74x 107 *?
esu @), 2.47 x 10* esu @), and 3.15x 1072 esu b),
while the corresponding hyperpolarizabilitiesalues® were
3.09 x 10 esu (), 2.99 x 107?° esu @), 2.96 x 107
esu @), 2.67 x 10 esu @), and 6.80x 1072° esu b).
These results showed tHat5 possess relatively strong third-
order optical nonlinearities. In addition, the third-order NLO

(31) (a) Yang, L.; Dorsinville, R.; Wang, Q. Z.; Ye, P. X.; Alfano, R. R;;
Zamboni, R.; Taliani. COpt. Lett.1992 17, 323-325. (b) Chen, Z.
R.; Hou, H. W.; Xin, X. Q.; Yu, K. B.; Shi, SJ. Phys. Cheml995
99, 87178721.

fact that they all possess the;f{CsMes)MoS:;Cug] cluster
core oflin their structures. For the time being, it is difficult

to correlate the symmetries of the ligands used with the
resulting topological structures and their NLO properties.
Other factors such as the solvents used, the reaction
temperatures, the shape and size of the bridging ligands, etc.
may be also responsible for the composition and structure
of the generated compounds. However, it is believed that
ligand symmetry effects should be taken into consideration
when we make more efforts toward the rational design and
construction of Mo(W)/Cu/S cluster-based assemblies, es-
pecially those with better NLO properties. Studies on these
respects are underway in this laboratory.

Acknowledgment. This work was supported by the
National Natural Science Foundation of China (20525101),
the NSF of Jiangsu Province (BK2004205), the Specialized
Research Fund for the Doctoral Program of Higher Education
(20050285004), the State Key Laboratory of Organometallic
Chemistry of Shanghai Institute of Organic Chemistry (06-
26), the Qin-Lan Project of Jiangsu Province, and the

Inorganic Chemistry, Vol. 46, No. 16, 2007 6659



Zhang et al.

Scientific Research Foundation for the Returned Overseastive view of [PPh];[(#°%-CsMes)MoS;(CuNCS)}CI], cell-packing
Chinese Scholars, State Education Ministry of China. We diagrams for3—5, and Z-scan data fo2—4 and pure aniline in

are grateful to the reviewers for their helpful suggestions. PDF format. This material is available free of charge via the Internet
at http://pubs.acs.org.
Supporting Information Available: Crystallographic data of

compoundd —5 (CIF), synthesis and characterization and perspec- IC700762X

6660 Inorganic Chemistry, Vol. 46, No. 16, 2007



