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Synthesis of Two Heterobimetallic Cluster Isomers
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Reaction otrans[(#5-CsMes),Mo,(u-S)S;] (1) with 2 equiv of Cul in CHCI, at ambient temperature
or in refluxing MeCN afforded two isomeric clustersy¥CsMes),Moa(us-S):S(Cul)] (2) and [¢°-Cs-
Mes)Moy(us-Sh(Cul)] (3). Compound could also be prepared either by refluxing an acetonitrile solution
of 2 or by heatin@ in the solid state at 128C. Compound® and3 were fully characterized by elemental
analysis, IR, UV-vis, IH NMR, ESI-MS, and single-crystal X-ray crystallography. The molecular structure
of 2 consists of an incomplete cubane-like core in whichtthas structure ofl was retained, while that
of 3 contains a cubane-like core in which ttrans structure ofl was converted into theis structure.
Thetransto-cis isomerization fron? to 3 either in solution or in the solid state was explored by means
of IH NMR spectroscopy or X-ray powder diffraction. In addition, the third-order nonlinear optical (NLO)
properties ofLl—3 in CH,Cl, were investigated by using thescan technique. The hyperpolarizabiljty

values for the two isomers (5.65 107%° esu @) and
cluster precursot (3.07 x 1020 esu).

Introduction

The chemistry of clusters consisting of §8h] (M = Mo,

1.18x 10 * esu @)) are larger than that of their

transition metals usually were used to react with species
containing [MS4] cores to form various [M5;M';] (M' = Co,
Ni, Fe, Cu, Ir, Rh, Pt, Pd) clusters. Among the limited copper

W) cores and transition metals has been of considerable interestomplexed; 9 one intriguing example is a cubane-like cluster,

because of their rich structural chemistryand their potential
applications in the industrial hydrodesulfurization (HDS) pro-
cess? simulating the active site of nitrogenaseand the
hydrogenation of unsaturated borfdsy many cases, various
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[(7°-CsMes) oMoy (us-S)(CuCl)], which was prepared by re-
fluxing a solution containingrans-[(7°%-CsMes),Moz(u-S)S;]
(1) and 2 equiv of CuCl in toluenéDuring this reaction, the
original transstructrue ofl was converted into itsis structure
in the cubane-like cluster. However, the mechanism ofrtes-
to-cis conversion was not elucidated.

Recently, we have been interested in the preparations of Mo-
(W)/Cu/S clusters with the aim of constructing cluster-based
supramolecular assembl€sind investigating their third-order
nonlinear optical (NLO) properti€d.As clusters derived from
tetrathiometalates and pentamethylcyclopentadienyl-coordinated
thiometalates have been extensively investigateth,we have
turned our attention to other clusters containlrennd to related
ones. In fact, the chemistry of Mo/Cu/S clusters withas been
less explored, and their third-order NLO properties are virtually
unknown. As described later in this papkgxhibited relatively
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good third-order NLO properties in GBI. Is it possible to
incorporate other metals into the [I¥®)] core of 1 so as to
change or improve the NLO performances I With this
question in mind, we carried out the reactiond efith 2 equiv

Ren et al.

a dark brown solution. The solution was then separated by column
chromatography on silica. On elution with @El,, the component

in the first band was confirmed to be a small amount of unreacted
1. The component in the second band was recrystallized frogm CH

of Cul in CH,Cl, at ambient temperature. To our surprise, we Cl/n-hexane (1:3) to afford dark brown prisms 2f Yield: 39
isolated by column chromatography on silica an incomplete Mg (80% based on Mo). Anal. Calcd fordisCual,M0.Ss: C,

cubane-like cluster, {-CsMes),M0oa(uz-S):S(Cul)] (2), in
which the originakransstructure ofl was retained. Compound
2 could be converted readily into itds isomer [¢>-CsMes),-
Moa(us-Sh(Cul),] (3) by heating it either in solution or in the
solid state. Compoundsand3 in CH,Cl, showed better NLO
effects than those of their cluster precuréom this paper, we
report their synthesidransto-cis isomerization, crystal struc-
tures, and third-order NLO properties.

Experimental Section

General Procedures All manipulations were performed under

an argon atmosphere using standard Schlenk-line techniques

Compoundl was prepared according to the literature method.

Acetonitrile and other solvents were predried over activated

molecular sieves and refluxed oves@2 under argon. All other
chemicals were used as purchaseétiNMR spectra were recorded

at ambient temperature on a Varian UNITY plus-400 spectrometer.

IH NMR chemical shifts were referenced to TMS in CRGI to
the solvent signal in DMS@s. XRD patterns were carried out on
a Rigaku D/MAX-IIIC X-ray diffractometer. Electrospray ion mass

spectra (ESI-MS) were recorded on a Finnigan LCQ mass
spectrometer using dichloromethane/methanol as mobile phase. |

spectra were recorded on a Nicolet MagNa-IR spectrometer {4000

400 cntl). Electronic spectra were measured on a Hitachi U-2810 di

24.73; H, 3.11. Found: C, 24.69; H, 3.15. MS (ESi)z972.1 @

+ H*). IR (KBr disk): 2954 (m), 2904 (m), 1475 (m), 1420 (m),
1375 (s), 1018 (m), 737 (m), 501 (s), 424 (w) cmUV —vis (CH,-
Cly, Amax (Nm (€ M~1 cm™%)): 240 (31 500), 260 (26 500), 348
(16 600), 484 (3800%:H NMR (CDCls, 400 MHz, ppm): 6 2.029
(s, 15H,—CHa), 2.237(s, 15H;-CHjy).

Preparation of [(175-CsMes),Mo,(us-S)y(Cul) 7] (3). A suspen-
sion containingdl (30 mg, 0.05 mmol) and Cul (19 mg, 0.10 mmol)
in 4 mL of MeCN was heated at reflux for 20 h, forming a dark
green solution. After cooling to room temperature, the resulting
mixture was concentrated to dryness in vacuo, and the components
were separated by column chromatography on silica. Elution with
CH,Cl, gave a brown band containirgj(10 mg, 20% based on
‘Mo). The component in the second green band was eluted with
CH,CI/Et,O (8:1). The green solution was concentrated to ca. 2
mL in vacuo and then layered byt (8 mL) for two weeks to
form dark green needles 8f2CH,Cl,. Yield: 39 mg (68% based
on Mo). Anal. Calcd for GH3,Cu,ClyloM0,S,: C, 23.15; H, 3.00.
Found: C, 23.24; H, 3.06. MS (ESI)m/z 972.0 @ + H*). IR
(KBr disk): 2956 (m), 2910 (m), 1622 (m), 1479 (m), 1423 (m),
1378 (s), 1021 (m), 869 (m), 449 (w) cim UV —vis (CH,Cly, Amax
(nm (€ M~1 cmY))): 232 (53 400), 268 (31 100), 296 (27 300),
388 (9700), 428 (7200), 480 (4500H NMR (CDCl;, 400 MHz,

Ropm): 6 2.071 (s, 30H—CHy).

Conversion of 2 to 3 in MeCN. 2(30 mg, 0.03 mmol) was
ssolved in 4 mL of MeCN and then heated at reflux for 20 or 40

spectrophotometer. Elemental analyses for C, H, and N were h. After the solution was cooled to room temperature, a similar

performed on a Carlo-Erba CHNO-S microanalyzer.
Preparation of [(7°-CsMes),Mo,(us-S):S(Cul),] (2). Compound
1 (30 mg, 0.05 mmol) and Cul (19 mg, 0.10 mmol) were mixed

and ground in an agate mortar at ambient temperature for 10 min.

The resulting mixture was dissolved in 2 mL of @, forming
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workup produced 14.4 mg (48%) @fand 15.5 mg (44%) o8-
2CH,CI; for the 20 h reaction product and 3 mg (10%@aind 26
mg (74%) of3-2CH,ClI, for the 40 h reaction product.

Conversion of 2 to 3 in the Solid State Powdered? (30 mg,
0.03 mmol) was placed in a glass tube and then heated in an oil
bath at 120°C for 20 h. After the reaction product had cooled to
room temperature, a similar workup afforded 11.2 mg (37%a} of
and 18.1 mg (53%) 08-2CH,Cl,.

X-ray Crystallography. All measurements were performed on
a Rigaku Mercury CCD X-ray diffractometer (3 kV, sealed tube)
at —80 °C, using graphite-monochromated MaKadiation § =
0.71070 A). A dark brown prism df with dimensions 0.22 0.20
x 0.15 mm and a dark green needle3¢?2 CH,Cl, with dimensions
0.42 x 0.13x 0.05 mm were mounted on glass fibers with grease.
Diffraction data were collected at mode with a detector distance
of 35 mm to the crystal. Indexing was performed from six images,
each of which was exposed for 15 s. A total of 720 oscillation
images for each were collected in the range 6.436 < 50.70
for 2 and 6.09 < 26 < 50.70 for 3:2CH,Cl,. The collected data
were reduced by using the program CrystalClear (Rigaku and MSC,
Ver. 1.3, 2001), and an absorption correction (multiscan) was
applied, which resulted in transmission factors ranging from 0.358
t0 0.490 for2 and from 0.498 to 0.812 f@-2CH,Cl,. The reflection
data were also corrected for Lorentz and polarization effects.

The crystal structures @and3 were solved by direct method3
and expanded using Fourier technigé@ll non-hydrogen atoms
were refined anisotropically. Three methyl groups78fCsMes
groups and a Cl atom of one solvated £ molecule in3-2CH,-

Cl, were found to be disordered over two sites with an occupancy

(16) (a) Sheldrick, G. M.SHELXS-97 Program for X-ray Crystal
Structure SolutionUniversity of Gaettingen: Germany, 1997. (b) Beur-
skens, P. T.; Admiraal, G.; Beurskens, G.; Bosman, W. P.; de Gelder, R;
Israel, R.; Smits, J. M. MDIRDIF99, The DIRDIF-99 Program System
Technical Report of the Crystallography Laboratory; University of
Nijmegen: The Netherlands, 1999.



Synthesis of Two Heterobimetallic Cluster Isomers

Table 1. Summary of Crystallographic Data of 2 and

3‘2CH2C|2
2 3-2CH,Cl,
chemical formula GoH30C Wl 2M02Ss Co2H34CpClal ,M02Ss
fw 971.48 1141.34
cryst syst orthorhombic triclinic
space group Pnma (=
a(A) 21.656(3) 8.9036(18)
b (A) 15.7285(13) 10.776(2)
c(A) 8.4351(9) 20.028(4)
o (deg) 83.35(3)
B (deg) 87.73(3)
y (deg) 68.51(3)
V (A3) 2873.1(6) 1776.0(6)
z 4 2
Deaic (grcm—3) 2.246 2.134
F(000) 1848 1092
u(Mo Ka, cm1) 47.61 41.59
total no. of reflns 27181 17 483
no. of unique reflns 2723 6456
no. of obsd reflns 2620 5619
[I > 2.00(1)]
no. of variables 155 370
Re 0.0244 0.0349
R.° 0.0501 0.0813
GOF 1.227 1.070
residual peaks (eA  0.613,—0.493 1.944-0.814

AR = J||Fo| — |Fel/3|Fol. ® Ry = {TW(Fo? — FAHIW(Fo?)%} 2. ¢ GOF
= {T[W((Fo? — F)?)/(n — p)}¥'2, wheren = number of reflections anp
= total number of parameters refined.

factor of 0.60/0.40 for C17/C17A, C18/C18A, and C19/C19A and
0.44/0.56 for CI2/CI2A. All other hydrogen atoms were placed in
geometrically idealized positions (8 = 0.98 A for methyl
groups) and constrained to ride on their parent atoms WifiH)
1.2U¢(C). All the calculations were performed on a Dell

Organometallics, Vol. 25, No. 18, 2068

Scheme 1

+2Cul
r.t., in CH,Cl,
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& 7 e e’ Cp*

dark brown crystals

2)

dark green crystals
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min. It seems that no reaction took place according to XRD
patterns of the mixtures before and after grinding (see Figure
S1). When the solid mixture was extracted with £CH4, the

two compounds reacted rapidly to form a dark brown solution
(Scheme 1). Column chromatography on silica was used to
separate a small amount of the unreadtedd the major product

2 (80% yield). On the other hand, when the suspensiot of
and 2 equiv of Cul were heated at reflux in MeCN for 20 h,
the color of the solution changed slowly from dark brown to
dark green. Column chromatography on silica was used to
separate the major produg{68% yield) and the minor product

2 (20% vyield). Furthermore, compoung could be readily
produced in higher yields by refluxing the acetonitrile solution
of 2 for up to 40 h or directly heating solidat 120°C for 20

workstation using the CrystalStructure crystallographic software h )
package (Rigaku/MSC, Ver. 3.60, 2004). Important crystal and data Compounds2 and 3-2CH,Cl, were relatively stable toward

collection parameters f& and3-2CH,Cl, are summarized in Table
1.

Nonlinear Optical Measurements.The CHCI, solutions ofl,
2, and 3 were placedn a 2 mm quartz cuvette for NLO

air and moisture and readily soluble in gH,, CHCk, or
DMSO, slightly soluble in MeCN, benzene, or acetone, and
insoluble in E3O and hexane. In the case 82CH,Cl,, the
two solvated CHCI, molecules can be removed in vacuo at 60

measurements. The clusters were stable toward air and laser lightC. The elemental analysis was consistent with the chemical
under the experimental conditions. The nonlinear absorption and formula of2 and3-2CH,Cl,. In the IR spectrum o2, bands at

refraction were investigated with a linearly polarized laser light (
= 532 nm; pulse widths= 8 ns; repetition rate= 1 Hz) provided
by a frequency-doubled, mode-locked, Q-switched Nd:YAG laser.

501 and 424 cm! may be assigned as the terminal #8 and
the bridging Me-S stretching vibrations, respectivéf§z The
IR spectrum of3 showed only one weak bridging M

The spatial profiles of the optical pulses were nearly Gaussian aﬂerstretching vibration at 449 cr. The UV-vis spectrum ofl

passing through a spatial filter. The laser beam was focused with

a 30 cm focal length focusing mirror. The radius of the beam waist
was measured to be 355 um (half-width at 1# maximum). The

incident and transmitted pulse energies were measured simulta-
neously by two energy detectors (Laser Precision Rjp-735), which

were linked to a computer by an IEEE interfdéeThe NLO

properties of the samples were manifested by moving the samples

along the axis of the incident laser irradiance beardifection)
with respect to the focal point and with incident laser irradiance

in CH,Cl, was characterized by four bands, while those2of
and 3 had four absorptions fo2 and six absorptions foB
(Figure 1). Relative to the bands at 338 and 448 tjnthose
at 348 and 484 nm2j and 388, 428 and 480 nn3)(are red-
shifted, and they are probably dominated by theNo(V)
charge-transfer transitions of they}{CsMes),M0,S,] moiety18b
The 'H NMR spectrum of2 in CDCl; at room temperature
showed two sharp singlets due to the protons of y#€sMes

kept constantZ-scan methods). The closed-aperture curves are 9roups at 2.029 and 2.237 ppm, while thaBdfad one singlet
normalized to the open-aperture curves. An aperture of 0.2 mm due to the protons of>-CsMes at 2.071 ppm (see Figures S3
radius was placed in front of the detector to measure the transmittedand S4). The positive ion ESI mass spectra of 3 (see Figures
energy when assessment of laser beam distortion was needed. T&8 and S9) exhibited the protonated parent molecular ion signal
eliminate scattering effects, a lens was mounted after the samplesatm/z = 972.1 for2 + H* or atm/z= 972.0 for3 + H*. The

to collect the scattered light.

Results and Discussion

Synthesis and Characterization.Compoundl was mixed
with 2 equiv of Cul and ground at ambient temperature for 10

identities of2 and3-2CH,Cl, were further confirmed by single-
crystal X-ray analysis.

Crystal Structures of 2 and 32CH,Cl,. Compound?2
crystallizes in the orthorhombic space groBpma and the
asymmetric unit contains half of theff-CsMes),Mo,(uz-S)kS-

(17) (a) Sherk-Bahae, M.; Said, A. A.; Wei, T. H.; Hagan, D. J.; Van
Stryland, E. WIEEE J. Quantum Electrori99Q 26, 760. (b) Sherk-Bahae,
M.; Said A. A.; Van Stryland, E. WOpt. Lett.1989 14, 955.

(18) (a) Bruce, A. E.; Tyler, D. RIlnorg. Chem.1984 23, 3433. (b)
Kawaguchi, H.; Yamada, K.; Lang, J. P.; Tatsumi, X.Am. Chem. Soc
1997 119, 10346.
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Figure 1. Electronic spectra of (1.08 x 10°° M), 2 (1.40 x
105 M), and3 (1.07 x 1075 M) in CH,Cl, in a 1 cmthick glass
cell.

Figure 2. View of 2 with labeling scheme and 50% thermal
ellipsoids. All hydrogen atoms are omitted for clarity.

Figure 3. View of 3, where only the disordered C¥T19 atoms
with a site occupancy factor of 0.60 are shown. The thermal
ellipsoids are drawn at the 50% probability level, and all hydrogen
atoms are omitted for clarity.

(Cul)] molecule, while compoun@®-2CH,Cl, crystallizes in
the triclinic space groul and the asymmetric unit contains
one independent §f-CsMes),Mo(us-S)(Cul),] molecule and

Ren et al.

Table 2. Selected Bond Lengths (&) and Angles (deg) for 2

Mo(1)+-Mo(2) 2.9359(6) Mo(13-Cu(l)  2.6525(5)
Mo(1)--Cu(lA)  2.6525(5) Mo(1}S(1A)  2.3332(9)
Mo(1)—S(1A) 2.3332(9) Mo(1)-S(2) 2.2721(12)
Mo(2)—S(1) 2.3534(9) Mo(2YS(1A)  2.3534(9)
Mo(2)—S(3) 2.1202(13)  Cu(BS(1) 2.2385(9)
Cu(1-S(2) 2.2145(9) cu(BI(1) 2.4496(5)
S(1)-Mo(1)-S(1A)  102.99(4) S(BHMo(1)-S(2)  105.65(3)
S(1A-Mo(1)-S(2) 105.65(3) S(HMo(2)-S(1A)  101.76(4)
S(1-Mo(2)-S(3)  102.03(3) S(1AYMo(2)-S(3)  102.03(3)
S(1)-Cu(1)-S(2) 110.99(4)  S(BCu(1)-I(1) 126.83(3)
S(2-Cu(1)-1(1) 121.72(3)

Table 3. Selected Bond Lengths (A) and Angles (deg) for 3

Mo(l)--Mo(2)  2.8456(12) Mo(1}-Cu(l)  2.7827(11)
Mo(1)-+-Cu(2) 2.7870(13) Mo(2)-Cu(l)  2.7828(9)
Mo(2)-+-Cu(2) 2.7802(11) Mo(5S(1) 2.3267(13)
Mo(1)-S(2) 2.3269(13) Mo(5S(3) 2.2346(14)
Mo(2)—S(1) 2.3271(14) Mo(2}S(2) 2.3233(13)
Mo(2)—S(4) 2.2275(14)  Cu(BS(1) 2.2522(14)
Cu(1)}-S@3) 2.3959(16)  Cu(HS(4) 2.3831(16)
Cu(1)-1(1) 2.4821(9) cu(2rs(2) 2.2522(14)
Cu(2)-S(@3) 2.3874(16)  Cu(2)S(4) 2.3922(16)
Cu(2)-1(2) 2.4861(12)

S(1-Mo(1)-S(2)  100.77(5)  S(BMo(1)-S(3)  106.12(5)
S(2-Mo(1)-S(3)  105.68(6) S(BMo(2)-S(2)  100.86(6)
S(1)-Mo(2)-S(4)  105.74(5)  S(ZMo(2)-S(4)  106.18(6)
S(1-Cu(1)-S(3)  103.29(6) S(BCu(1-S(4)  103.13(6)
S(1-Cu(l)y-I(1)  115.26(5)  S(3YCu(1}-S(4) 96.29(6)
S(3-Cu(l)-I(1)  120.93(4) S@YCu(l)-I1)  114.97(5)
S(2-Cu(2-S(3)  103.15(6) S(JCu(2-S(4)  103.14(6)
S(2-Cu(2-1(2)  115.19(4)  S(3YCu(2-S(4) 96.28(6)
S(@B-Cu(2-1(2)  123.04(5) S(@YCu(@-12)  112.89(5)

a cluster core framework is unprecedented in the chemistry of
1 and other related species containing a p8i core. Within
the structure of2, the trans configuration of1 is basically
retained, but the MeS bonds are changed due to the coordina-
tion of two Cu atoms at the three S atoms. Each Cu atom adopts
approximately trigonal planar geometry, coordinated by a
terminal iodine atom and twes-S atoms. The mean MoCu
(2.6525(5) A), Curus-S (2.2265(9) A), and Cul (2.4496(5)
A) bond lengths are comparable to those of the corresponding
ones of [PPE 2[(7°-CsMes)M0oS;CusBr3]2, 1% [MoOS:Cusl (2,2 -
bipy)2],’®®* and [MoOSCusl(phen)] (phen 1,10-
phenanthroline}?° Relative to the corresponding ones1i°
the MoZ:--Mo2 separation (2.9359(6) A) inis 0.03 A longer
than that ofl, while the terminal Mo2S3 bond is shortened
and the change from terminal sulfido to bridgipg-sulfido
increases the Mo1S2 bond length from 2.144(2) to 2.2721-
(12) A. For the two S atoms bridging two Mo atoms, an increase
in their Mo—S bond lengths is also observed from an average
of 2.299(2) to 2.3433(9) A. The mean M® length (2.3196-
(9) A) is slightly longer than that in [PRP[(77°-CsMes)MoSs-
CusBra]» (2.230(2) A).

The molecular structure & closely resembles that of[t-
CsMes)2Moy(us-Sk(CuCl)]” and [(dtcyMoz(us-Sk(CuBr))] (dtc
= diethyldithiocarbamateé) The mean Me-Cu contact (2.7832-
(11) A) and Cuus-S (2.3438(14) A) and Meus-S (2.2943-

two CH,Cl; solvate molecules. Figures 2 and 3 show perspective (13) A) bond lengths are close to those of the corresponding

views of the molecular structures Bfand3, and Tables 2 and

ones of [(®-CsMes)aMoz(us-Sh(CuCly]. The Mol:--Mo2

3 list their selected bond lengths and angles, respectively. Thecontact (2.8456(12) A) is longer than that of [(BMp(ua-Sk-

formal oxidation states for the Cu and Mo atomgiand3 are
assumed to be-1 and+5, respectively2 consists of on¢rans
[(75-CsMes)aMoz(u-S),S;] moiety and two Cul units that are
held together by four Ctus-S bonds, forming an incomplete
cubane-like [M@S,Cu,] core structure with one terminal M5
bond intact. There is a crystallographic mirror plane running

(19) (a) Lang, J. P.; Kawaguchi, H.; Ohniski, S.; Tatsumilrtorg. Chim.
Acta1998 283 136. (b) Li, Y.; Lu, J.; Xu, J. Q.; Cui, X. B.; Sun, Y. H.;
Yang, Q. Q.; Pan, L. YJ. Mol. Struct.2004 690, 131. (c) Hou, H. W.;
Ang, H. G.; Ang, S. G.; Fan, Y. T.; Low, M. K. M.; Ji, W.; Lee, Y. W.
Inorg. Chim. Acta200Q 299, 147.

(20) Dubois, M. R.; Dubois, D. L.; Vanderveer, M. C.; Haltiwanger, R.

through atoms Mol, Mo2, S2, S3, C1, C4, C9, and C12. Such C. Inorg. Chem.1981, 20, 3064.
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(CuBr)] (2.766(2) A), but comparable to those in other
M0,S;M', cubane-like clusters (M= Cu, 2.865(1) A& M’ =
Fe, 2.822(2) RlaM' = Co, 2.838(1) A2> M' = Ni, 2.829(2)
A2l The mean terminal Cul length (2.4842(9) A) is similar
to those of clusters containing tetrahedrally coordinated?Cu.
Trans-to-Cis Isomerization. The cis—trans isomerizations
of coordination compounds either in soluttér?® or in the solid
staté82.262have been extensively investigated. There have been
numerous examples that are involved in the-tran isomer-
ization reactions of the homometallic mono-, di-, or polynuclear
complexes. There is no example related to those of heterome-
tallic clusters in the solid state, but only a few have been reported
to take place in solutiof®
As discussed earlier in this paper, whik was readily
obtained at ambient temperaturg, could be obtained by
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refluxing the acetonitrile solution a2 or directly by heating Figure 4. 'H NMR spectra of the conversion &fto 3 in DMSO-
solid 2 at 120 °C. Therefore2 may be assumed to be a s in which pure2 (a), pure3 (b), and a solution o2 (5 x 107
kinetically controlled product, whil@ may be a thermodynami- M) in DMSO-ds was heated at 82C for 1 h (c), 4 h (d), 8 h (e),

cally controlled product2 and 3 have the same composition,
but have different core structures. Compouhdetained the
trans[(7>-CsMes).Mo,(u-S)S;] structure ofl, while 3 had a
Cis-[(175-CsMes) Moz (u-S)kS;] moiety in its structure. Evidently
there existed dransto-cis isomerization of2 to 3 either in
solution or in the solid state. To confirm this, we usedNMR
spectroscopy to monitor the conversion2fo 3.

In view of the low boiling point of CDG, we employed
DMSO-dg as the solvent to monitor th2to-3 conversion at
higher temperatures. THel NMR spectrum o2 in DMSO-ds
showed a sharp singlet at 2.079 ppm for #%eCsMes groups
at room temperature. The same solutiorRafas heated at 80
°C for different times, then cooled to ambient temperature, and
the correspondingH NMR spectra were measured. As shown
in Figure 4, when the solution was heated to°80for 1 h, the
signal due to the;®>-CsMes group shifted to 2.065 ppm and
became somewhat broad, which may be due to partial replace-
ment of iodine atoms i@ by a DMSO#¢s molecule. After being
heated for 4 h, there appeared a weak single resonance at 2.050
ppm, which could be assigned to be tffeCsMes group of3.

(21) (a) Kawaguchi, H.; Yamada, K.; Ohnishi, S.; Tatsumi,JKAm.
Chem. Soc1997, 119 10871. (b) Mansour, M. A.; Curtis, M. D.; Kampf,
J. W. Organometallicsl997, 16, 275.

(22) (a) Diller, H.; Keck, H.; Wunderlich, H.; Kuchen, W. Organomet.
Chem.1995 489 123. (b) Lu, S. F.; Chen, H. B.; Huang, J. Q.; Wu, Q. J.;
Sun, Q. L.; Li, J.; Lu, J. Xlnorg. Chim. Actal995 232, 43.

(23) (a) Agaskar, P. A.; Cotton, F. A.; Derringer, D. R.; Powell, G. L.;
Root, D. R.; Smith, T. Jinorg. Chem.1985 24, 2786. (b) McVitie, A,;
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Peacock, R. DPolyhedron1992 11, 2531. (c) Raptis, R. G.; Murray, H. Figure 5. Z-scan data of a 1.05% 10~3 M CHClI, solution of2

H.; Staples, R. J.; Porter, L. C.; Fackler, J. P.,|dorg. Chem.1993 32,
5576. (d) Chen, H.; Cotton, F. A.; Yao, Zhorg. Chem 1994 33, 4255.
(e) Heinrich, D. D.; Staples, R. J.; Fackler, J. P.,ldorg. Chim. Acta
1995 229 61. (f) Wu, W.; Fanwick, P. E.; Walton, R. Anorg. Chim.
Acta 1996 242 81. (g) McArdle, P.; O'Neill, L.; Cunningham, D.
Organometallicsl 997 16, 1335. (h) Jean, Y.; Lledos, AZhem. Commun.
1998 1443. (i) Trylus, K. H.; Kernbach, U.; Bdgam, I.; Fehlhammer, W.
P. Inorg. Chim. Actal999 291, 266.

(24) (a) Bitterwolf, T. E.; Scallorn, W. B.; Li, BOrganometallic200Q
19, 3280. (b) Sun, S. S.; Lees, A.J. Am. Chem. So200Q 122, 8956.
(c) Yamaguchi, T.; Ueno, K.; Ogino, HOrganometallics2001, 20, 501.
(d) VandeVondele, J.; Magistrato, A.; Rothlisberger]iarg. Chem2001,
40, 5780. (e) Shiu, K. B.; Yu, S. J.; Wang, Y.; Lee, G. H.Organomet.
Chem.2002 650, 37. (f) Soler, M.; Wernsdorfer, W.; Sun, Z.; Huffman, J.
C.; Hendrickson, D. N.; Christou, @hem. Commur2003 2672. (g) Teo,
S. H.; Weng, Z. Q.; Hor, T. S. AOrganometallics2006 25, 1199. (h)
Iwatsuki, S.; Itou, T.; Ito, H.; Mori, H.; Uemura, K.; Yokomori, Y.; Ishihara,
K.; Matsumoto, K.Dalton Trans.2006 1497.

(25) (a) Hattersley, A. D.; Housecroft, C. E.; Liable-Sands, L. M.;
Rheingold, A. L.; Waller, APolyhedron1998 17, 2957. (b) Chivers, T.;
Parvez, M.; Schatte, Gnorg. Chem1999 38, 5171. (c) Gimeno, J.; Lastra,
E.; Madrigal, C.; Graiff, C.; Tiripicchio, AJ. Organomet. Chen2002
663 204. (d) Jin, G. X.; Wang, J. Q.; Zhang, C.; Weng, L. H.; Herberhold,
M. Angew. Chem., Int. EQR005 44, 259.

at 532 nm. (a) The data were evaluated under the open-aperture
configuration. (b) The data were assessed by dividing the normal-
ized Z-scan data obtained under the closed aperture by the
normalizedZ-scan data in (a). The black dots are the experimental
data, and the solid curve is the theoretical fit.

It was found that continued heating of this solution gradually
increased the ratio 08 to 2 in this system, and th@-to-3
isomerization was almost complete after 16 h. Compo8nd
decomposed after a heating period of 48 h, and the formation
of some unknown species became evident in #HeNMR
spectrum. The free energyG of this conversion at 80C was
roughly calculated to be-7.44 4+ 0.01 kdmol~L. This trans
to-cisisomerization was found to be irreversible, as cooling the
solution of 3 in DMSO or MeCN to 25°C for 1 day did not
produce any?2, suggesting tha8 is thermodynamically more
stable tharR.

To monitor thetransto-cis isomerization in the solid state,
solid 2 was heated for 48 h at different temperatures and then
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cooled to ambient temperature. Subsequently, it was dissolved Ay
in DMSO-ds for measuring théH NMR spectra. As indicated n, = oo A
in Figure S5,2 remained almost unchanged at 20. When 0.812rl(1—e ™L)
the temperature was increased to ca’8pa small amount of
3 appeared with itg5-CsMes signal at 2.053 ppm. Increasing
the temperature up to 12 evidently increased the ratio 8f
to 2 in this system. However, it also resulted in the formation
of some unidentified species witjp-CsMes NMR resonances
at 2.059, 2.068, and 2.074 ppm. From their XPD patterns (see
Figure S2), it is noted that some main peaks2obecame
weakened while those &fwere strengthened when soRldvas
heated from ambient temperature to 80. This tendency
became more evident whehwas heated to 120C. At this
stage, a large part & was converted into itsis isomer3. Fon 22
Although it is difficult to determine the actual mechanism ®) = \/(‘9 x 10°€ny"C
for thetrans-to-cisisomerization in solution or in the solid state, 2v 2
we suggest that, from a topological view, the terminal Mol
S3 bond of2 may have to rotate around the MeMo2 vector y = x®INF* (5)
by 180 so as to fill into the void of the incomplete cubane- . o o .
like structure of2. This may be followed by the formation of ~ Wherecis the speed of light in a vacuum is linear refractive
the two extra Ct+S bonds, thereby affording the cubane-like indexes of the samplé is the number density (concentration)
structure of3. Evidently, higher temperatures may activate and Of the clusters in the samples, aRtl(=3.25) is the local field
expedite this process either in solution or in the solid state. ~ correction factor. The effective third-order Sﬂscept'b'“t’&
Nonlinear Optical Properties of 1-3. As shown in Figure for 1—3 are calculated by eq 4 to be 0.84107 esu (), 2.03

11 11 i
1, the electronic spectra df-3 showed relatively low linear 10 esu @), and 1'.15 X .10_ esu @), while tgoe
absorption at 532 nm, which promises low intensity loss and corresponding hyperpolarizabilitigsvalues are 3.0% 10

30 29
little temperature change by photon absorption during the NLO f;su e(Lgt,iV(Se.IBSTEeigesSI?:sﬁz)’wzgd&égwgsstgs stﬁ)snu t(3h)|r 4-
measurements. The nonlinear absorption performande-8f ord?ar o tic);I nonlinearities P 9
in CH.Cl, was evaluated by thé-scan technique under an open- P )

aperture configuration (Figures S8a, 5a, S9a). Although the Accqrdmg to eq SN represents the number dens.lty (ppn

. RN S . centration) of a compound. Therefore the hyperpolarizabjlity

detailed mechanism is still unknown, it is interesting to note ’ .
value can be used to represent NLO properties of neat materials.

that the NLO absorption data obtained under the conditions used.l_hey values ofl, 2, and3 are comparable to those of the metal
in this study can be well described by egs 1 and 2, which are sulfide clusters ae'rived from [Maf- or [MoOS;|2-, 116114629

derived to describe a third-order NLO procéss. such as [i-Bu):N]o[MoOSx(Cu(NCS))] (4.8 x 10-2° esu) and
[MoOS;Cus(4-pic)]+0.5[M0o,07] (1.32 x 1073 esu), and are

Tv-p ®3)

where 1 is the wavelength of the laseny is the linear
coefficient, L is the sample thickness, andis the peak
irradiation intensity at focus. The effective third-order NLO
refractive indexes#, values are-8.61 x 1071 esu (), —8.27
x 107 esu @), and —11.17 x 1071! esu @), respectively,
indicating thatl—3 all exhibit strong self-defocusing effect.
In accordance with the observem, and n, values, the
effective third-order susceptibility® and the hyperpolarizability
y value can be calculated by egs 4 an¢f®

, ‘c:nozn2
80

2) @)

T2 = 1 f_°° In[1 + q(2)]e “dr better than those observed ind7.5 x 10734 esu) and &

x/z_rq ® (1.3 x 10~ esu)3®aorganometallic compounds suchtesns

. [MO(CO)s(PPh);] (8.49 x 10-32 esu) anctis[Mo(CO)s(PPh),]

42 = o I(Z)l —e L ) (4.38 x 10731 esu)3% and their films such as TiOPc (1.04

2 (v 10733 esu)3! It seems true that the NLO performanceslef3

may depend on their core frameworks. When two Cul units

where light transmittanc&(2) is a function of the sample’® ~ Were incorporated into the [M8] core of 1 to form the
position (with respect to the focal point Zt= 0).1(Z) is the ~ incomplete cubane-like clustér an obvious increase of the
incident light irradiancec, anda, denote linear and effective value was found; that is, th)e.va_llue Of? is 1.84 times larger
third-order NLO absorptive coefficients, respectivelyis the than that ofl. The transto-cis isomerization from2 to the

optical path and is the time. The solid lines in Figures S4a, - ) - ) :

5a, and Sb5a are theoretical curves from egs 1 and 2. The dat (27) (8) Bogadi, R. S.; Levendis, D. C.; Coville, N, Am. Chem.
1 DM eqs L and 2. &50¢.2002 124, 1105. (b) Suh, M. P.; Ko, J. W.; Choi, H. J. Am. Chem.

collected under the open-aperture configuration indicate that they Soc.2002 124, 10976. (c) Eda, K.; Fukiharu, S.; Suzuki, T.; Sotani,JN.

all exhibit good nonlinear absorption properties with effective Solid State Chen2002 164 157. (d) Lee, E. Y.; Suh, M. FAngew. Chem.,

10 oA /—1 10 me\A/—1 Int. Ed. 2004 43, 2798. (e) Toh, N. L.; Nagarathinam, M.; Vittal, J. J.

o values of 2-81X101(r [“1 W=t (1), 6.18 x 1077 m-W Angew. Chem., Int. EQ00S 44, 2237. (f) Ma, J. P.; Dong, Y. B.; Huang,
(2), and 3.47x 10719 m-W~t (3). R. Q.; Smith, M. D.; Su, C. YInorg. Chem 2005 44, 6143.

The nonlinear refractive properties bf3 were assessed by (28) Yang, L.; Dorsinville, R.; Wang, Q. Z,; Ye, P. X,; Alfano, R. R,;

L . . Zamboni, R.; Taliani. COpt. Lett.1992 17, 323.
dividing the normalizedZ-scan data obtained under closed (29) (;) Chen,IZ. IR.;ng,H.W.;xizn, X.Q.; Yu, K. B.; Shi, $. Phys.

aperture by the normalizefiscan data collected under the open- Chem.1995 99, 8717. (b) Zhang, C.; Song, Y. L.; Jin, G. C.; Feng, G. Y.;

aperture configuration (Figures S8b, 5b, and S9b). The effective Wang, Y. X;; Rag, S. S. S.; Fun, H. K.; Xin, X. Q. Chem. Soc., Dalton
Trans.200Q 1317.

third-order NLO refractive indexes, can be derived from the (30) () Wang, Y.; Cheng, L. TJ. Phys. Chem1992 96, 1530. (b)
difference between normalized transmittance values at valley zhai. T.; Lawson, C. M.; Gale, D. C.; Gray, G. Ndpt. Mater.1995 4,
and peak positionsATy—_p) by using eq 3829 455. (c) Guha, S.; Frazier, C. C.; Porter, P. L.; Kang, K.; Finberg, S. E.

Opt. Lett.1989 14,952. (d) Blau, W. J.; Byrne, H. J.; Gardin, D. J.; Davey,
A. P.J. Mater. Chem1991 1, 245.

(26) (a) Ageskar, P. A,; Cotton, F. Anorg. Chem.1986 25, 15. (b) (31) (a) Rao, D. V. G. L. N.; Aranda, F. J.; Roach, J. F.; Remy, D. E.
Filippou A. C.; Winter J. G.; Kociok-Kbn G.; Hinz I.J. Organomet. Chem. Appl. Phys. Lett1991 58, 1241. (b) Hosoda, M.; Wada, T.; Yamada, A;
1997, 542 35. (c) Filippou, A. C.; Winter, J. G.; Feist, M.; Kociok-Ka Garito, A. F.; Sasabe, HMater. Res. Soc. Symp. Prdd9Q 175, 89. (c)

G.; Hinz, |. Polyhedron1998 17, 1103. (d) Maresca, L.; Natile, Gnorg. Hosoda, M.; Wada, T.; Yamada, A.; Garito, A.Jpn. J. Appl. Physl1991,

Chim. Actal999 285, 301. 30, L1486.
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cubane-like clusteB also led to an increase of thevalue; that
is, they value of3 is 2.08 times larger than that @ These
enhancements ip value may be attributed to skeletal extension
of the metal cluste¥232|t is noted that the’ values for1l—3
were obtained from a dilute solution, and much largealues
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NLO properties ofl. Furthermore, a® and 3 have terminal
iodides, which may be replaced by strong donor ditopic ligands
such as 4,4bipyrdine, they may serve as potential structural
and optical building blocks for [MgsCu,]-based supramo-
lecular assemblies. Studies on these respects are in progress in

can be expected if these clusters could be engineered into ahis laboratory.

thin film.

Conclusions

In summary, the reactions afwith 2 equiv of Cul in solution
have been investigated, and two isomeric compouhdsd 3
were isolated in relatively high yields. Compouritisnd3 were
characterized by elemental analysis, IR, ¥, 'H NMR, ESI-
MS, and X-ray analysi has an incomplete cubane-like core
structure in which thérans structure ofl is retained, while3
contains a cubane-like core structure in whichtta@sstructure
of 1 was turned into theis structure. Therans-to-cis isomer-
ization from2 to 3 either in solution or in the solid state was
also explored. Compounds-3 showed excellent third-order
NLO absorption and NLO self-defocusing effects. More im-
portantly, the third-order NLO performance bfvas enhanced
to some extent wheh combined with two Cul units to forra
or 3, which supports our original idea that incorporation of other
metals into the structure dfmay result in improvement of the

(32) (a) Shi, S.; Lin, Z.; Mo, Y.; Xin, X. QJ. Phys. Chem1996 100,
10695. (b) Zhang, Q. F.; Niu, Y. Y.; Lueng, W. H.; Song, Y. L.; Williams,
I. D.; Xin, X. Q. Chem. Commur2001, 1126.
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