6132

Inorg. Chem.2001,40, 6132-6138

Synthesis, Structure, and Optical-Limiting Properties of Heterobimetallic [M3CuSy]
Cuboidal Clusters (M = Mo or W) with Terminal Phosphine Ligands

Marta Feliz," Juan M. Garriga,' Rosa Llusar,*' Santiago Uriel! Mark G. Humphrey, +8
Nigel T. Lucas} Marek Samoc! and Barry Luther-Davies"

Departament de Cieies Experimentals, Universitat Jaume |, Campus de Riu Sec, P.O. Box 224,
Castellg Spain, Department of Chemistry, Australian National University, Canberra, ACT 0200,
Australia, and Laser Physics Centre, Research School of Physical Sciences and Engineering,
Australian National University, Canberra, ACT 0200, Australia

Receied January 24, 2001

Cubane-type clusters of formula [MOuS,Cls(dmpe}](PFe) (4), [MosCuSBrs(dmpe)](PFs) (5), and [WsCuS-
Bry(dmpe}](PFs) (6) have been prepared by reacting the incomplete cuboidal trimersSfak(dmpe}](PFs)

(1), [Mo3SsBrs(dmpe}](PFs) (2), and [WsS4Bra(dmpe}](PFs) (3), respectively, with CuX (X= Cl or Br) or the
mononuclear copper complex [Cu(@EN)s] " in THF. The reaction takes place without global changes in the
metal oxidation states, and compountis6 with a [M3CuS]°>* core possess 16 €or metal-metal bonding.
X-ray structural analysis of—6 revealed an effectiv€s, symmetry for the MCu unit with the M—M distances
being statistically the same for M Mo or W. However, the M-Cu distance is 0.04 and 0.1 A longer than the
M—M bond length for Mo and W, respectively. There is no significant structural rearrangement of the-ligand
metal bonding in proceeding from [8,X3(dmpe}]™ to [M3CuSX4(dmpe}]*. The cyclic voltammograms of
the [Mo;CuSj] cubane clusters show one quasi-reversible reduction procé&sg at —0.31 V for 4 and atEy,

—0.23 V for 5 and one irreversible reduction at0.69 and—0.58 V for 4 and5, respectively. The tungsten

cluster6 shows a unique quasi-reversible reduction wavg;at= —0.71 V. The incorporation of copper into the
incomplete [MSy] cuboidal complexes produces a decrease of the reduction potential for both molybdenum and
tungsten. Absorption spectra bf-6 are broadly similar; replacing Mo by W in proceeding fr@éo 3 or from

5 to 6 and replacing Br by CI in proceeding frothto 1 or from 5 to 4 results in a blue shift of the three

UV —visible absorption bands. All six clusters exhibit optical limiting, as measured by the Z-scan technique at
523 nm using 40 ns pulses. The power-limiting mechanism remains obscure, but under the conditions employed,
threshold-limiting fluence decreases on replacing W by Mo on proceedingdtorf or 6 to 5 and on proceeding

from tetranuclear clusted{6) to trinuclear precursorl(3, respectively). For all six clusters, values of the
excited-state cross sectiery are larger than those of the corresponding ground-state cross segtioe., all

clusters are efficient optical limiters.

Introduction
Optical limiting is a phenomenon where the transmission

through a material tends to saturate as the incident intensity
increases; it is therefore attracting significant current attention

Metal clusters have several advantages as compared to other
compounds traditionally investigated as potential third-order
nonlinear optical (NLO) materials, such as semiconductors,

6) Hou, H.-W.; Xin, X.-Q.; Shi, SCoord. Chem. Re 1996 153 25.

as a means of optical device and eye protection, with both 7) Zeng, D.-X - Ji, W.: Wong, W.-T.. Wong, W._Y.: Xin, X. Qnorg.

military (e.g. protection of personnel in the field) and laboratory

Chim. Actal998 279, 172.

applications (e.g. safety glasses for lasers that permit normal (8) Philip, R.; Kumar, G. R.; Mathur, P.; Ghosh, Shem. Phys. Lett.

viewing at low light intensities). The optical-limiting merit of
transition metal clusters has attracted much interest recently.
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organic polymers, carbon-basedoyCand mononuclear metal-  spectra were obtained on a Cary 4 spectrophotometer over the spectral
lophthalocyanines, in the following aspects: (i) The constituent range 326-900 nm. The system for optical-limiting studies employed
elements are generally heavier, introducing many more energy@ Nd:YLF laser operating at the se_c_ond harmonic wavelength pf 523
sublevels as compared to carbon-based molecules. (i) The heavy’™: Pulse length 40 ns, and repetition rate 20 Hz. The experiments
atoms in the cluster can favor intersystem crossing mechanismsé"é performed on solutions of concentrations ca. 5 mg'mlhe

via spin—orbit couplin iy The metal atoms and terminal power-limiting curves were obtained by the open-aperture Z-scan
P pling. (iii) technique?® The data were then converted into transmittarfbeence

ligands can be ea§ily .varied, yieldjng more versatility to the plots by assuming Gaussian character of the beam.

system. (iv) Coord|_nat|on geometries and_structure types can’  syntheses. [MeCuSiCls(dmpe)](PFe) (4). Method 1 To a solution

be explored to achieve desired NLO functions. of [Mo3sS:Cls(dmpe}](PFs) (0.10 g, 0.09 mmol) and tetrabutylammo-
Strong optical limiting effects have been reported for sulfur- nium chloride, (TBA)CI (0.05 g, 0.18 mmol), in THF (40 mL) was

or selenium-containing clusters with a cubanelike structure and added an excess of [Cu(GEN),J(PFs) (0.108 g, 0.29 mmol) under

MM '3SsBr or MsM'Se, (M = Mo, W; M’ = Cu, Ag) central nitroge_n. The color of the_ solu_tion change_d.from green to br_own

units2317Cubane-type chalcogenide clusters have the advamagémmedlately. After the reaction mlxtu_re was stirring for 24 h, a coIIO|d§I

that their constituent metals are all triply bridgeds)( by brown precipitate was formed, and it was separated from the solution

chalcogenides. This coordination mode brovides the central by centrifugation and further decantation. The resulting solid was taken
g ’ P to dryness, redissolved in GEI,, and adsorbed on a silica gel column.

cluster unit with great stability, particularly toward light-induced  Agier washing of the column with acetone, elution with a KBBlution
fragmentation caused by the electronic transition between thein acetone (10 mg/mL) afforded a very concentrated brown solution.
skeletal bonding and antibonding orbitals. Our research interestThis solution was taken to dryness, redissolved inClk and filtered

has been focused on the use of rational synthetic routes for theto eliminate the insoluble KCI or KRFnorganic salts. The (TBA)CI
preparation of cuboidal trinuclear and tetranuclear metal salt was separated from the solution by four consecutive water
chalcogenido clusters and the investigation of their potential extractions (50:50). After drying of the organic solution with anhydrous
applications, such as NLO properties. In this work we present MgSQ, it was filtered and allowed to evaporate slowly in air to give
the synthesis, structure, redox properties, and optical-limiting 80 mg of an air-stable brown mlcrocrystalllne solid characterized as
capability of cubane cationic compounds with phosphine [MOsCUSCl(dmpe)|(PFs) (4) (yield: 73%).

. . _ Method 2. To a green solution of [Mg5,Cls(dmpe}](PFs) (0.14 g,
+
terminal ligands, namely [MEuSX4(dmpe}]” (X = Cl and 0.13 mmol) in THF (40 mL) was added an excess of CuCl (0.046 g,

" ,
Br) and [WsCuSBra(dmpe)] ™. The structural, redox, and optical g 46 mmol) under nitrogen. The color of the solution turned brown
properties of these clusters are compared with those of their after 1 h. After the reaction mixture was stirring for 24 h, a brown

trinuclear precursors. precipitate containing the desired cluster compound was obtained. This
precipitate was separated from the solution in the same way as reported

Experimental Section in method 1. This solid was redissolved in &Hp, purified by silica

) ) gel column chromatography, and filtered to remove the inorganic salts.
Materials. The polymeric phases M8;Cls, M0sS;Bra, and VWS- Finally, the resulting solution was allowed to evaporate slowly in air

Brs were prepared by solid-state reactions according to literature give an air-stable brown solid (70 mg) characterized ass(M&-

methods®>?°The molecular triangular clusters [M&Cly(dmpe}](PFs) Cl(dmpe)](PF) (4) (vield: 46%).

(1), MosS,Bra(dmpe}](PFs) (2), and [WsSiBrs(dmpe)](PFs) (3) were Anal. Calcd for GgHagFeP7S4Cls.CuMos: C, 17.77; H, 3.98. Found:

synthesized by excision of the above polymeric phases following the C, 17.73: H, 4.11.

procedure recently developed by 4dCu(CHsCN)4J(PFs) was syn- 3P[1H} NMR (8, ppm): 25.20 (dd), 30.34 (dd) (AA"BB'B"

thesized from commercial GO and HPFE in acetonitrile?? The ystem)
remaining reactants were obtained from commercial sources and usedS IR (Kér cml): 1416 (s), 1289 (s), 1138 (s), 940 (s), 904 (s), 841

as received. Solvents for synthesis and electrochemical measurement 744 (m) 716 (m). 652 (m). 558 (s). 521 442 413
were dried and degassed by standard methods before use. Chromato?_-;ss)é3 W) (32)9 ) él)z W), (m). (s) W), w), w),

graphic work was performed on 60 A silica gel columns. Electrospray MS (CkCl,, 60 V, m2): 1073 (M)

Physical MeasurementsElemental analyses were carried out with [M03CuS4Br4(dmpe)3](Pl]:6) (5)’_ Metlhod 1 This.compound was
a C. E. analyzer, model EA 1108P{*H} NMR spectra were recorded  prepared by following the first procedure described 4axcept that
in CHsCN with a reference scale of 85%3P0;. IR spectra were [MosSsBra(dmpe)](PFs) (0.11 g, 0.09 mmol) and (TBA)Br (0.057 g,
recorded on a Perkin-Elmer System 2000 FT-IR using KBr pellets. ¢ 18 mmol) were used instead of [M&Cls(dmpe}](PFs) and (TBA)-
Cyclic voltammetry experiments were performed with an Echochemie | respectively. The air-stable brown product obtained (60 mg) was
Pgstat 20 electrochemical analyzer with a conventional three-electrode ch4racterized as [MEUSBr (dmpe}](PFs) (5) (yvield: 49%).
configuration consisting of platinum working and auxiliary electrodes  \ethod 2. Complex5 was prepared by following the second method
and a Ag/AgCl reference electrode containing aqsed KCI. All described fo# but using CuBr (0.046 g, 0.32 mmol) and [M&Bra-
measurements were carried out in acetone usingrielitlylammonium  (gmpe)|(PF;) (0.1 g, 0.08 mmol) instead of the corresponding chloride
hexafluorophosphate (0.1 M) as supporting electrolitpvalues were  qerjyatives. The air-stable brown product (40 mg) was characterized
determined a¥»(Ea + Ec), whereEa andE are the anodic and cathodic 54 compound (yield: 36%).
peak potentials, respectively. All potentials reported are not corrected  apa|. Caled for GaHagFsPrSuBraCuMos: C, 15.50: H, 3.47. Found:
for the junction potential. Th&;/, value obtained for ferrocene under C. 15.58: H, 3.54.
these experimental conditions is 0.50 V. Electrospray mass spectra were UP[1H} NMR (3, ppm): 19.71 (dd), 29.22 (dd) (AA"BB'B"
recorded on a Micromass Quattro LC instrument using nitrogen as system).

drying and nebulizing gas. N IR (KBr, cmY): 1414 (s), 1285 (m), 1139 (m), 938 (s), 904 (s),
Optical-Limiting Studies. Optical measurements of acetonitrile  g39 (s, P-F), 745 (w), 708 (w), 650 (W), 588 (s), 441 (W), 414 (W),
solutions were carried out in 1 mm thick glass cells. Linear optical 376 (w), 344 (w), 327 (w), 314 (w), 302 (w).
Electrospray MS (CkCl,, 50 V, n/z): 1250 (M").
(19) Cotton, F. A;; Kibala, P. A.; Matusz, M.; McCaleb, C. S.; Sandor, R. [W3CuSsBr4(dmpe)](PFe) (6). Method 1 This compound was
B. W. Inorg. Chem.1989 28, 2623. prepared by following the first method described #bexcept that
(20) Fedin, V. P.; Sokolov, M. N.; Gerasko, O. A.; Kolesov, B. A.; Fedorov, [W3S:Bra(dmpe}](PFs) (0.11 g, 0.07 mmol) and (TBA)Br (0.055 g,

V. Y.; Mironov, A. V.; Yufit, D. S.; Slovohotov, Y. L.; Struchkov, .
Y. T. Inorg. Chim. Actal99q 175, 217. 0.17 mmol) were used instead of [MRCls(dmpe}](PFs) and (TBA)-

(21) Estevan, F.; Feliz, M.; Llusar, R.; Mata, J. A.; Uriel, Blyhedron
2001, 20, 527. (23) Sheik-Bahae, M.; Said, A. A.; Wei, T.; Hagan, D. J.; van Stryland, E.
(22) Kubas, G. Jinorg. Synth.1979 2, 90. W. IEEE J. Quantum Electrorl99Q 26, 760.
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Table 1. Crystallographic Data for [MsCuS,Cla(dmpe}](PFe) (4), [MosCuSBra(dmpe}](PFs) (5), and [WsCuS,Bri(dmpe}](PFs) (6)

param 4 5 6
empirical formula C1:3H43M03CUC|454P7F6 C24H43M03CUBT4S4P7F6 Cz5H4gW3CUBr4S4P7F5
fw 1216.75 1466.65 1749.37
space group P2,/n P3 P2:/n
a, 12.5998(5) 13.9148(7) 12.7906(6)
b, A 15.7947(6) 13.9148(7) 23.5941(11)
c A 21.3968(9) 13.9454(10) 16.3734(7)
a, deg 90.0 90.0 90.0
B, deg 90.0360(10) 90.0 90.3590(10)
y, deg 90.0 120.0 90.0
v, A3 4258.2(3) 2338.4(2) 4941.1(4)
A 4 2 4
A 0.710 73 0.710 73 0.710 73
Peaicas g CNT3 1.898 2.083 2.342
, 293(2) 293(2) 293(2)
u(Mo Ka), mm2 2.108 5.114 11.059
R12 0.039 0.044 0.046
WR2 0.094 0.099 0.105
aR1 = Z||Fo| — |F¢/|[/ZFo. "WR2 = [S[W(Fo? — FAA/Z[W(F?)3] Y2
Cl, respectively. The air-stable green product obtained (70 mg) was Scheme 1
characterized as [MCuSBra(dmpe}](PFs) (6) (yield: 58%). — + +
Method 2. Complex6 was prepared and purified using the second X\Fl’/F‘ |/F’W
procedure described fdrbut using CuBr (0.03 g, 0.21 mmol) instead VAR [Cul | S——M —P
of CuCl and [WSsBrs(dmpe}](PFs) (0.075 g, 0.47 mmol) instead of P 5{ L ? X _— | | s,/
the analogous cluster choride. The air-stable green product (30 mg) (p>M/ ~SnZp THF 7| s -
was characterized as compoudidyield: 37%). & N P) S|Cu
Anal. Calcd for GgHagFsP7S4sClaCuWs: C, 13.04; H, 2.92. Found: \

C, 12.95; H, 2.77.
SIP{H} NMR (6, ppm): —2.56 (s),—2.37 (s). ) ) i )
IR (KBr, cmrY): 1419 (s), 1288 (m), 1141 (m), 940 (s), 905(m), Structures. One of the BFanions in structur® was refined anisotro-

840 (s, P-F), 746 (m), 710 (m), 650 (m), 558 (sF), 441 (w), pically, the other being refined as a rigid group which rotates about
420(w), 372 (w), 358 (w), 337 (w), 303 (m). the phosphorus atom with a fixed isotropic thermal parameter of 0.1

Electrospray MS (CkClp, 75 V, m/z): 1514 (M), 1218 (MF — assigned to the fluorine atoms. After refinement of structérasd6,
CuBr — dmpe). the most intense peaks, two and sevensfand6, respectively, could
X-ray Data Collection and Structure Refinement Suitable crystals ~ ©nly be assigned to the solvent although we could not find a feasible
for X-ray studies ford—6 were grown by slow diffusion of ether into ~ Model, and these peaks were included as carbon atoms in order to
sample solutions in dichloromethane. Air-stable crystals were mounted improve the overall phasing.
on the tip of a glass fiber with the use of epoxy cement. X-ray data
were collected on a Bruker Smart CCD diffractometer using graphite-
monochromated Mo  radiation ¢ = 0.710 73 A) with a nominal Synthesis Methods for the preparation of cubane-type sulfido
crystal to detector d_lstance of 4.0 cm. A hem_lsphere of data was clusters can be categorized in two groups, namely spontaneous
collected on the basis of three-scan runs (startingg = —28°) at self-assembly and building-block synthe¥isin the second

valuesg = 0, 90, and 180° with the detector a 2= 28°. At each of trat the individual unit fi f dt “
these runs, frames (606, 435, and 230, respectively) were collected at" 2-cdY, (he Individual units, sometimes reierred o as syn-

0.2 intervals and 40, 40, and 60 s per frame for compouhds, thons”, are us_ed in the planned aggregation of a particular

respectively. The diffraction frames were integrated using the SAINT Structure. In this work, we have prepared the cuboidal clusters

package and corrected for absorption with SADABZ. The crystal of formula [MsCuSX4(dmpe}]™ (M = Mo or W; X = Cl or

parameters and basic information relating data collection and structure Br) with [M3CuS] core units by following the second method

refinement for compoundé—6 are summarized in Table 1. (Scheme 1), using as building blocks the corresponding tri-
The structures were solved by direct methods and refined by the nuclear sulfido clusters of general formula ®Xz(dmpe}]*,

full-matrix least-squares method based/8rusing the SHELXTL 5.10 with [M3Sy] incomplete cuboidal units, and a mononuclear

software package. Structurésand6 were successfully refined in the copper compound [Cu], [Cu(GIEN),]* or CuX.

monoclinic space groua_zl/n despite having all ang_les close t0°90 _ The reaction of [MSiXs(dmpe)]* with an excess of [Cu-

All attempts made to refine any of these structures in an orthorhombic (CHsCN).]* in THF affords the desired product in ca. 40%

space group as single or twin crystals have failed. Stru&ureuld ; . .
only be refined successfully in the hexagonal space gR&mithough yields for the molybdenum complexes and in 25% yield for

Results and Discussion

the “c’ cell parameter is very close toa® and “b’. In addition, the tungsten cluster. The source of the chloride or bromide
compoundd and6 are not isostructural despite the similarities in their ~ attached to copper in the product is the corresponding cluster
cell parameters. The non-hydrogen cluster atoms of structarésvere precursor, and as a consequence, it becomes a limiting reactant

refined anisotropically; the positions of all hydrogen atoms were for this reaction. When the copper complex is substituted by
generated geometrlqally, ass!gned isotropic thermal parameters, andthe appropriate copper halide, CuCl or CuBr, to overcome the
allowed to ride on their respective parent carbon atoms. Thedfons above limitation, the yields remain almost unchanged for the
in structures4 and 6 were refined anisotropically. Two independent Mo compoundst ands, while the yield for the tungsten cluster
PR~ groups were found in structu both in special positions, and 6 increases from 25 tyo 37 %. An improvement of the overall
consistent with a cluster/BFratio of one as observed for the two other . . ) - -

yield can be achieved when the reaction between the trinuclear
cluster and the [Cu(C¥CN)4* cation takes place in the

(24) SAINT, 5.0 ed.; Bruker Analytical X-ray Systems: Madison, WI, 1996.
(25) Sheldrich, G. MSADABS empirical absorption progratdniversity
of Géttingen: Gitingen, Germany, 1996.

(26) Hidai, M.; Kuwata, S.; Mizobe, YAcc. Chem. Re®00Q 33, 46.
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presence of a soluble halide salt such as tetrabutylammonium
chloride or bromide. In this last case the yields obtained are
73, 49, and 58% fod—6, respectively.

This strategy for the synthesis of cubane-type molybdenum
and tungsten cluster sulfides was first reported for the aquo
cation [MosFeS(H20)10]*" by Shibahara et al. in 1986 Since
then, 16 different heterometals have been added to th&4fM
(H20)¢]** aquo ion for M= Mo and 6 for M= W.28 In the
case of copper, different oxidation states for the cluster unit
have been identified, namely [MGuS]*" and [Mo;CuS]>t,
although in both cases the copper oxidation state has been found
to be one?®3 The [MosCuS)** core crystallizes as a double
cubane-type cluster, while the B@uS]®>" core forms simple
cubane structures for both molybdenum and tungtes.

The extension of this chemistry to nonaqueous solvents is
much more limited although the Cu system constitutes an
exception. Xintao et al. have reported the synthesis of a series
of clusters of general formula [MCuS(dtp)s(uz-CHzCO,)L]
with dtp = dithiophosphate and & solvent, in which the most
remarkable difference with the previously reported complexes,
as well as with the complexes presented in this work, is the
presence of a bridging carboxylate ligand between two of the

&)
Figure 1. ORTEP diagram of with 50% thermal ellipsoids and atom-
numbering scheme.

group 6 metal atoms of the clustéfs36 Hegetschweiler et al.

Mo—Cu distance of 2.8233(13) A. Compoungland6 do not

have also prepared in nonaqueous solvents the molybdenurhave crystallographically imposets symmetry; however, the

cluster [MgCuBrS,(tdci)s]®* (tdci = cis-1,3,5-tris(dimethyl-
amino)inositol) with a simple cubane structure and a §Mo
CuSj** core?” In contrast with ours and Xintao’s synthetic

small deviations in the intermetallic distances are indicative of
an effectiveCz symmetry for these complexes, in agreement
with the two different resonance signals observed in e

strategies, these authors use copper metal instead of a Cu(INMR spectra. Table 2 lists an average of the most relevant bond
compound as starting material. The complexes reported in thisdistances for compounds-6 using the atom-numbering scheme
work are the first examples of a cubane-type cluster with @ [M  defined in Figure 1, together with those reported for their
Cu§j central unit with the molybdenum or tungsten atoms trinuclear parent clusters.
coordinated to phosphine ligands. This ligand environment The M—M distances within the MCu core with an effective
provides the cluster core unit with enhanced stability, as inferred Cs, symmetry do not change significantly between molybdenum
from electrospray mass spectrometry (ESI-MS) results. The mainand tungsten. In contrast, the M@u bond distance is 0.04 A
feature of the ESI spectra of these cubane complexes is thelonger than the Me-Mo distance while the WCu bond length
presence of an abundant molecular ion. When the ionization is 0.1 A longer than the WW distance. As a consequence, the
energy is increased, peaks due to the simultaneous loss of CuXW3Cu unit is more distorted, by elongation along Begaxis.
plus one diphosphine, followed by the loss of a second There is no significant structural rearrangement of the ligand
diphosphine, are observed. This is indicative of a very robust metal bonding in proceeding from {8:Xs(dmpe}]* to [Ms-
central [MsCuSy] unit, particularly when compared with the ~ CuSXs(dmpe}]*. Ignoring the metatmetal bonds, each
fragmentation pathway of the very stable trinuclear precursors molybdenum or tungsten atom is in a pseudooctahedral environ-
for which successive loss of the diphosphine ligands is also ment defined by three sulfur atoms, one S(1) and two S(2), one
observed. halide atom, and the chelating diphosphine. The coordination
Structure. All complexesd—6 assume cubane-type structures €nvironment of copper is pseudotetrahedral. The addition of the
as represented in Figure 1 for compouhdCompounds hasa  Cu atom to the [MSy] incomplete cuboidal unit is coupled with
real C; axis defined by the sulfur atom S(1) and the copper a slight elongation of the MM bond. The M-S(2) bonds that

atom, with a unique MeMo distance of 2.7936(9) A and a  involve the sulfur atoms attached to the entering Cu atom are
also slightly elongated. On the other hand, the-$(1) bond

distance, where S(1) is the sulfur atom which is triply bridged

(27) Shibahara, T.; Akashi, H.; Kuroya, B. Am. Chem. S0d.986 108

1342. _ in the precursor, remains practically unchanged. There are two
(28) rgeggﬂédl%z{'\"o“”a' R.; Sykes, A. GJ. Chem. Soc., Dalton Trans.  kinds of M—us-S(2) bond distances, with the one approximately

trans to the M-P bond being significantly longer (by 0.041,
0.033, and 0.034 A for compounds-6, respectively). The two
types of M—P distances also differ by 0.054 A fdr 0.053 A
for 5, and 0.058 A foi6, with the one trans to the capping S(1)
atom being shorter. These tendencies have also been observed
for the trinuclear precursor complex&s® Table 3 compares
the intermetallic bond distances for the compounds presented
in this work with those of other representativefBIS)] clusters
reported in the literature.

These clusters have been classified into two groups, depend-
ing on the number of their cluster electrons. Compouhd6

(29) Nasreldin, M.; Li, Y.-J.; Frank, E. M.; Sykes, A. Gorg. Chem.
1994 33, 4283.

(30) Miyamoto, R.; Kawata, S.; Iwaizumi, M.; Akashi, H.; Shibahara, T.
Inorg. Chem.1997, 36, 542.

(31) Shibahara, T.; Akashi, H.; Kuroya, H. Am. Chem. S0d.988 110,
3313.

(32) Nasreldin, M.; Routledge, C. A.; Sykes, A. &.Chem. Soc., Dalton
Trans.1994 2809.

(33) Akashi, H.; Shibahara, Tnorg. Chim. Acta200Q 300-302, 572.

(34) Xintao, W.; Shaofeng, L.; Lianyong, Z.; Qiangjin, W.; Jiaxi,lhorg.
Chim. Actal987 133 39.

(35) Xintao, W.; Hugiang, Z.; Yifan, Z.; Jiaxi, LJ. Mol. Struct.1989
197, 33.

(36) Hugiang, Z.; Yifan, Z.; Xintao, W.; Jiaxi, Unorg. Chim. Actal989
156, 277.

(37) Hegetschweiler, K.; W, M.; Meienberger, M. D.; Nesper, R.;
Schmalle, H. W.; Hancock, R. Dnorg. Chim. Actal996 250, 35.

(38) Cotton, F. A.; Llusar, RPolyhedron1987, 6, 1741.
(39) Cotton, F. A,; Mandal, S. Kinorg. Chim. Actal992 192 71.
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Table 2. Selected Averaged Bond Distances (A) for Compou#d$ and Their Trinuclear Precursotsand 3

[MosCuSCly(dmpe}]*t [MozCuSBradmpe}]™ [W3CuSBrydmpe}] ™ [M03S,Cls(dmpe}]t [W3SBra(dmpe}] ™

dist (A) 4) (5 (6) dist (A) (1% (3%
M—M 2.782(1) 2.7935(11) 2.780[2] MM 2.766(4) 2.763[6]
M—Cu 2.823[8] 2.8227(16) 2.884[7]
M—uz-S(1) 2.370[1] 2.353(3) 2.363[2] Mua-S(1) 2.360(9) 2.379[25]
M—ua-S(2) 2.320[2] 2.325(2) 2.331[5] Mua-S(2F 2.290(7) 2.271[42]
M—us-S(2) 2.361[2] 2.358(2) 2.365[5] Muo-S(2) 2.336(7) 2.311[32]
Cu—uz-S(2) 2.305[2] 2.304(2) 2.320[13]
M—X 2.473[13] 2.6203(12) 2.627[12] MX 2.473(7) 2.640[22]
M—P(1) 2.536[4] 2.552(2) 2.540[2] MP(1) 2.534(8) 2.509[37]
M—P(2) 2.590[5] 2.605(3) 2.598[3] MP(2) 2.605(8) 2.607[23]

a2 Mo—S—(Mo, Cu) trans distance to Mo-X bontMo—S—(Mo, Cu) trans distance to MeP(2) bond.c Mo—u»-S trans distance to MeX bond.
4 Mo—u,-S trans distance to MeP(2) bond.

Table 3. Comparison of Intermetallic Bond Lengths for {8luS] Cubane Clusters

M—M dist (A) M—Cu dist (&)
compd max min av max min av
16e  [MoCuS(dtpkl(u-CH,COO)(dmf)] 2.770(2) 2.679(2) 2.732[47] 2.807(3) 2.885(3) 2.849[39]
[MosCuS,Cl(Hnta)](NH,)-3H,0 2.778(1) 2.778(1) 2.778(1) 2.838(2) 2.838(2) 2.838(2)
[MosCuSCly(dmpe}]PF6 @) 2.7835(6) 2.7815(6) 2.782[1] 2.8250(8) 2.8204(8) 2.823[8]
[MosCuS;Br.(dmpe}|PF6 ) 2.7935(11)  2.7935(11)  2.7935(11)  2.8227(16)  2.8227(16)  2.8227[16]
[W3CuSy(dtp)l(u2-CHsCOO)(py)] 2.7668(3) 2.6872(4) 2.737[43] 2.960(1) 2.8406(9) 2.910[62]
[W3CuSBr4(dmpe}|PFs (6) 2.7816(8) 2.7784(8) 2.780[2] 2.8882(18)  2.876(2) 2.884[7]
17e  [MoCuSBr(tdci)]Brs 2.838(2) 2.822(2) 2.832[8] 2.924(2) 2.902(2) 2.916[12]

[(H20)M05S,CUCUSMOs(H-0)](pts)s  2.738(2) 2.722(2) 2.730[8] 2.952(2) 2.778(2) 2.886[94]

with a [M3CuSy]>" core possess 16 dor meta-metal bonding. "“5”*1”:‘

The Mo—Mo and Mo-Cu bond lengths i@ and5 show little PR

differences compared to the corresponding distances in the 16 . .1

e~ anionic cluster [Mg@CuS,Cl(Hnta)]?~ (Hsnta = nitrilotri- -0050x10°]

acetic acidf® The other [MCuS)>" complexes structurally 0025010

characterized with 16 ecorrespond to clusters with formula 07

[M 3CuSy(dtp)s(u-CH3CO,)L] (dtp = dithiophosphate and & “'“25““:'

solvent) and a carboxylate ligand bridging two molybdenum EE::E,

or tungsten atoms causing a shortening of this metedtal bond 010010 . i . , i .

distance’*36 Although the presence of the bridging carboxylate o 0150 0400 0650 0500

excludes direct comparison with compourdsb, it is possible Erv

to comment on trends. All MM distances in the clustersfM =~ «=a-- Mo3S,Cly(dmpe)]” (1)

CuSy(dtp)s(u2-CH3CO,)L] are shorter than those observed in
complexes4 and 5 for M = Mo and 6 for M = W. This
shortening of the MM is accompanied by a lengthening of
the M—Cu bond distance. Compounds with 8US|]*" cores
and 17 ¢ Tor metal metal bond formation have only been 0,06 v) for and atEy, = ~0.23 V (AE = 0.06 V) for, and
y characterized for molybdenum, two Structure types, ¢ jrreversible reduction at0.69 V and—0.58 V for 4 and

Pna;eclg;?ifg&ik?nﬁ-g{]aiggsgﬁfg:agre{ht;i'?r?c;geerjgﬁ?'ve d 5, respectively. The corresponding molybdenum trinuclear
’ ud 9 precursors show a unique quasi- reversible reduction wave

for the 16 & clusters. MO calculations on |sglated [MEuS)] (Figure 2) within the potential range investigated-€3.63 V
complexes suggest that the extra electron in the 1lester for 1 and at—0.50 V for 2, attributed to the two-electron

_occupies an antibonding Mdvio and Mc_)—Cu orbital, explain- reduction MdY3 < Mo'"';Mo'V .21 In these trinuclear complexes
ing the longer MeS-JIr\/Io a’?d_M.O‘C“ distances observed for yis 1 electron process can be seen as two one-electron
[MosCuSBr(tdci)s] ((t)%:' = cis1,3,5-ideoxy-1,3,5-ris(di- o ction waves M¥s <= Mo'"MoV, <= Mol ;Mo under
methylamlno)lnos_ltolj*. ' . s certain experimental conditions (solvent, counterion, étc.).
Redox Properpes The existence of clusters with different . The first quasi-reversible wave in the voltammogram of the
electron populations suggests some d_egree Of_ redox_b_e_haworle e clusters4 and5 can be tentatively assigned to a one-
for these compounds. We have investigated this possibility by gjec4ron process, affording the 17 eluster. EPR analysis and
cygllc voItammetry,_ the redox properties of these cubane CIl4Sterstheoretical molecular orbital calculations on the 17 aguo
being compared Wlth those of their trinuclear precursors. Figure | ster [MaCuS(H,0)q*" indicate that the three molybdenum
2 shows the cyclic voltammogram for [MOUS,Cl(dmpe}]- ions are not equivalent to each other but rather formally
(PFs) (4) and its precursor [Mg,Cls(dmpejl(PFg) (1). approximate to M8, MoV, and Md” and that there is little
For the molybdenum cubane clustetsand 5, the cyclic spin density on copper consistent with a formal oxidation state
voltammogram shows two waves within the potential range ,f 030 As a consequence, the first reduction wave4@nd

investigated (between 0 areD.9 V), which correspond to oné 5 ¢an e attributed to the process MEU < Mo Mo'V,CU.
quasi-reversible reduction processkf, = —0.31 V AE =

[Mo;CuS,Cly(dmpe);]* (4)

Figure 2. Cyclic voltammogram for compoundsand4 in acetone.
Scan rate: 500 mV3.

(41) Cotton, F. A.; Llusar, R.; Eagle, C. 7. Am. Chem. S0d.989 111,
(40) Bahn, C. S.; Tan, A.; Harris, $norg. Chem.1998 37, 2770. 4332.
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Table 4. Linear Optical and Optical-Limiting Data for Clustets-6
optical abst, nm (e, 1(° dm® mol~t cm™)

cross sectionx 10718 cny)

€523 Fiso
cluster A1 (e1) A2 (€2) Az (€3) (dm*mol~tcm™) (JcnP)2 ground stategp, excited stateges

[MosSiCls(dmpe)]PFs (1) 341 (6.0) 398 (4.6) 634 (0.42) 28 0.22 1.1 6.3

[MosSuBrs(dmpe}PFs (2) 353 (5.5) 410 (sh, 4.0) 642 (0.37) 30 0.14 1.1 6.8
[W3S:Bra(dmpe}]PFs (3) 317 (sh,13) 348 (sh,8.1) 583 (0.71) 39 0.40 1.1 5.8
[MosCuS,Cli(dmpe}]PFs (4) 364 (sh, 5.4) 493 (2.4) 649 (sh, 0.42) 180 0.25 6.8 8.2
[Mo3CuSBrs(dmpe}]PFs (5) 381 (sh, 4.5) 499 (2.0) 661 (sh, 0.37) 164 0.45 6.3 7.0
[W3CuSBri(dmpe)PFs (6) 348 (sh, 5.2) 435 (1.6) 594 (0.38) 26 0.50 1.0 6.0

2 F1s9 IS defined as the incident fluence needed to reduce the transmittance through the sample by 15%.

The second irreversible reduction can then be assigned to the 3 -
one-electron process MoV ,Cu — Mo'"',MoVCU, because

the redox potentials are very close to those observed for the
two-electron reduction (M¥z <= Mo'"';Mo'V) in the trinuclear
parent precursors, as can be seen in Figure 2. We can conclude
that the two-electron reduction process observed.fand?2 is

split into two one-electron reductions when copper is incorpo- \
rated into the trinuclear [Mg) cluster to afford compoundé$
and 5, with the resulting [MgCu] cubane clusters easier to R e S T T

reduce that the parent trimers. In the case of the tungsten cluster " 400 500 600 700 800 900
[W3CuSBry(dmpe}](PFs) (6), we observed a unique quasi- Wavelength (nm)

reversible reduction wave &, = —0.71 V (AE = 0.07 V),
while the parent [WS,Brs(dmpe}](PFs) (3) complex shows a

— Compound 1
------ Compound 2
--- Compound 3

Absorbance

Figure 3. Linear optical spectra for complexés-3.

quasi-reversible reduction wave &, = —1.01 V; this
corresponds to an anodic shift of the redox potential of ca. 0.3 — Compound 4
V upon copper incorporation, similar to that observed for the 3 R . ggmgmgg

molybdenum clusters.

The electrochemical behavior observed for thg@M] cubane
clusters differs from that observed for the [pf@S]*" and
[Mo3NiS4*" aquo clusters. In the latter case, the incorporation
of Fe or Ni into the [M@S** aquo ion corresponds to a
reduction of the trinuclear cluster, the resulting j#eS]*+* " 400 500 600 700 800 900
and [MaNiS4]*T complexes being ca. 0.45 V more difficult to Wavelength (nm)
reduce than the precursor aquo trirfiin these cubane clusters
the formal oxidation state of the metals would be more

adequately expressed as Wido!'sFe! or Mo“Mo'lNi!, spectra for complexe$—3 are displayed in Figure 3 and for

although we are aware of the extreme difficulty of assigning complexegt—6 are shown in Figure 4. Important spectral data
formal oxidation states to metal atoms involved in delocalized ¢, 4} six clusters are listed in Table 4.

cluster bonding, as pointed out by Harris et%These authors The UV-visible spectra of clusters and2 contain intense

conclude, on the basis of electronic structure calculations, thatbands at highest energg:( ca. 350 nm), less intense bands at

it is not appropriate to describe the Ni atom as oxidized in these |\ ar energy 42, ca. 400 nm), and weak bands at lowest energy
clusters while the relatively high frequencies observed for the (s, ca. 640 nm’). IR;epIacing Mo by W in proceeding fr@mo

carbonyl ligand attached to Ni in these complexes had previously 5 .oqits in a 3560 nm blue shift of all bands. We have not

led other researchers to suggest that Ni is oxidized UpoOn yyempted to assign these transitions but note that the significant

formation of the cubane clustetsWhen majﬂ group metals, e shift on replacing lighter by heavier metal suggests metal
e.g. gallium, are incorporated into the [Ma]*" aquo ion, the i olvement in all three transitions. The effect of halide

observed elect\sochlflamic?lll properties are consistent with the qnacement on optical spectra is smaller, but constant, namely
formulation Md¥Mo'",Gd", and the resulting complex shows  , "piie shift in all three bands on replacing Br by Cl in

- 4 ; i ) ..
no Mo—Ga bond™ In this case the absence of a delocalized | oceeding frome to 1. The UV-visible spectra of clusters
bond results in a more applicable assignment of the formal 4_g reyeal similar trends to those seen with3: bands blue-

oxidation state of .the metal. The H&,Cu] system constitutes gt on replacing Br by Cl and Mo by W. Introduction of Cu
Fhe only e'xample in which the incorporation of a second metal in proceeding front, 2, or 3to 4, 5, or 6, respectively, results
into the trinuclear parent complex produces a decrease of the;, o significant red-shift in the absorption maximum. All six

reduction potential, but detailed research will be required t0 ¢ sters contain broad low-intensity absorptions through the

confirm the proposed mechanism. visible region, suggestive of potential as broad-band optical
Optical-Limiting Properties. The linear and nonlinear |imiters.

optical properties of the new clusters have been assessed, Relevant data for optical limiting merit are collected in Table

together with those of the precursor clusters. Linear optical 4; | six clusters absorb weakly at the measurement wavelength

of 523 nm. Optical limiting in the current clusters has been

(42) Shibahara, T.; Sakane, G.; Naruse, Y.; Taya, K.; Akashi, H.; Ichimura, assessed using the Z-scan technique. Closed-aperture Z-scan is

43) é-ﬁiﬁgﬁgrh;' ?'-Bdg'cﬁﬁimss"séé’nﬂgq%?eﬁf’ Egt?;?égs 42 89 usually used to derive the nonlinear refractive index intensity

(44) Shibahara, T.. Kobayashi, S.; Tsuji. N.; Sakane, G.; Fukuhara, M. COefficientn, by examining self-focusing or self-defocusing
Inorg. Chem.1997, 36, 1702. phenomena’ To determine the nonlinear absorption properties,

Absorbance
N
1

Figure 4. Linear optical spectra for complexds-6.
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Figure 5. Open- and closed-aperture Z-scan plot for fBiIls(dmpe}]-
PR (1).

the total transmission through a sample can be monitored byC
employing open-aperture Z-scan. Open- and closed-aperture

Z-scan plots for an indicative clustel)(are displayed in Figure
5. The major problem with nanosecond, nontime-resolved

measurements (such as these Z-scan studies) is that the powe
limiting mechanism remains obscure. In the present case, the
closed aperture Z-scans reveal negative refractive, probably

thermal, nonlinearity. It is therefore likely that a contribution
to, and possibly the major part of, the effect originates from

thermal processes which could be of several different mecha-

nisms.

Transmission vs fluence (energy of laser/unit area) plots were
generated, a representative plot (that)dbeing shown in Figure
6. For comparative purposes, a threshold limiting flueRgs;

(defined as the incident fluence needed to reduce the transmit-
tance through the sample by 15%) has been used to asses

relative optical limiting merit of these clusters, the results being
tabulated in Table 4. In general, threshold limiting fluekesy,

decreases on replacing W by Mo, and on proceeding from a
tetranuclear cluster to trinuclear precursor cluster, but a full

guantitative comparison between the data is not possible since

the solutions have different absorptivities at the wavelength of
523 nm. There are few related structamptical-limiting activity
studies extant. Studies on related cubane clusterss(WWM
Br)(us-S)Br; revealed a decrease in threshold limiting fluence
on proceeding from M= Cu to M = Ag, but differences in

Feliz et al.
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Figure 6. Optical-limiting behavior of [M@S,Cls(dmpe}]PFs (1).

The effective excited-state cross section should only be
onsidered a measure of the power-limiting ability of the
substance under the given experimental conditions; it may
contain contributions from several different excited states with
different properties (e.g. from both a singlet and a triplet state).
Values of excited-state cross-sectiog for clusters1—6 are
given in Table 4; they are larger than those of the corresponding
ground-state cross-sectiog i.e., all clusters are efficient optical
limiters.

The optical-limiting properties of a large number of clusters
have been assessed, almost all examples being by experiments
employing nanosecond pulses; as was mentioned above, com-
parisons of literature data with the present data, to extract
structure-property relationships, are not warranfed®46 The
present data are suggestive of replacement of W by Mo in these
clusters resulting in an increase dgs, but the values obes
derived in these experiments are quite similar for all the clusters,
suggesting a common power-limiting mechanism, possibly
resulting from a purely thermal process. We are not able to
comment further at present; the evaluation of the optical power-
limiting mechanism requires picosecond time-resolved experi-
ments.

Conclusions

Reaction of the incomplete cuboidal clusters ;ByXs-
(dmpe}]t (M = Mo, W; X = ClI, Br) with CuX or [Cu(CHs-
CN)4] " constitutes a rational “building-block” synthetic route

laser beam parameters and other experimental variables are sucty the cubane compounds of formulaf®uSXs(dmpe}] . The

that comparison of data between laboratories is not warré&nted.

copper incorporation into these trinuclear complexes results in

Assuming a simple three-state reverse saturable absorptiona cathodic shift of the redox potential. The trinuclear and
model and using literature expressions, effective cross sectionsietranuclear clusters are all efficient optical limitewsy(> oq),

of the dominant excited states can be calculdtethe energy
transmittance (with a Gaussian beam) is given by

exp(-a L)

T=01-R? In(1 + q)

where
d=(1— R[1 — exp(=0,L)]0¢xFo/2F

andRis the reflection coefficienty is the low power absorption
coefficient, Fo is the fluence, ands is the saturation fluence
defined as

_ho
)

=

S

and

with threshold-limiting fluence decreasing on proceeding from
tetranuclear cluster to trinuclear precursor and from W-contain-
ing to Mo-containing analogue.
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