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The substitution reactions by bulky tricyclohe

xylphosphine (@gands on WSsLe (L = 4-tert-butylpyridine

or n-butylamine) clusters were investigated to prepare clusters with mixed axial ligands for low-dimensional
cluster linking. When 46 equiv of PCy are used to react with ¥%s(4-tert-butylpyridine} (4) in THF, cis-
WieSs(PCys)a(4-tert-butylpyridine) (1) is preferentially formed. But when starting withe®(n-butylaminey (2),

only WeSs(PCys)s (3) is produced with 6 equiv

of PGyOther conditions with fewer equivalents of PQgd to

mixtures of partially substituted complexes in thg34Ls n(PCy)n (0 < n < 6, L = 4-tert-butylpyridine or

n-butylamine) series. A significantly distorted

structure Idrelps to explain its preferential formatiotd NMR

spectra were collected for clustekrsand2 and3!P NMR spectra fod and WsSg(4-tert-butylpyridine)—(PCys)n

complexes. PP coupling through PW—-W—-P
shown to be very useful in identifying nearly
mixtures even before individual species are i

Introduction

Extensive attention has been drawn to chalcogenide meta
clustersi— especially the group 6 octahedrals®?* (M =
Cr5>11 Mo, 1217 W;18-24 Q = S, Se, Te) metal clusters with
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is reported for the first time in octahedral metal clusters and
all theg®L 6 n(PRs)n complexes and their stereocisomers in the
solated.

eight chalcogenide atoms as face-capped bridging atoms,
Ibecause of the well-known superconducting Chevrel pRases
discovered nearly two decades ago as well as their catalytic
activity.2627 Following the first successful preparation and
isolation of molecular MQgL¢ clusters in solution more than
10 years ago by Saito and co-workéfd8we focused on these
molecular clusters aiming at constructing novel solid-state
materials from solutions using clusters as building blocks.
The electronic structure of these octahedral group 6 chalco-
genide metal clusters and projected solid-state cluster networks
built from them is of particular interest. Extended dkel
calculations, done in collaboration with R. Hoffmann, showed
that extended structures built using these clusters and ditopic
ligands with extended systems allow electronic communica-
tion through the network® After we achieved a high-yield
synthesis of WSg(4-tbpy (4) (4-tbp = 4-tert-butylpyridine)
molecular cluster as starting mated&lye have pursued several
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directions toward the final goal of extended structures based very useful in identifying them. We observe-P coupling
on clusters. (1) Oxidize some or all of theg®dL ¢ clusters by through the octahedral clusters and use that coupling to
one or more electrons to induce electronic conduction in linked distinguish different compositions and isomers in the series
networks?® Oxidation behavior will be reported in a separate  WgSgLe—n(PRs)n.
publication. (2) Replace the monodentate ligands (L) on the . )
cluster withzz-conjugated ditopic ligands such as'4pipyridine Experimental Section
so extended 3-D networks with clusters as building block can  General. WeSs(4-tert-butylpyridine); cluster was synthesized ac-
be formed. The biggest obstacle in this direction is that insoluble cording to our improved procedute.All other reagents were of
amorphous products are typically formed. (3) Make clusters with commercial origin. Acetonitrile and-butylamine were dried with 4 A
mixed axial ligands that have different binding energies or molecular sieves and potassium hydroxide, respectively, and were
labilities so that low-dimensional extended networks can be degassed and distilled under reduced pressure. THF, diethyl ether, and
formed by replacing the thermodynamically less favorable or benzene were treated with sodium wire and distilled under reduced
labile ligands with ditopic ligands while leaving the thermo- pressure. All _others were use_d as re_celved. All the reagents gnd products
dynamically more favorable or inert ligands unaffected. This Vere stored in a gloveboxfilled with argon. All the operations were |
. : carried out in the glovebox unless otherwise stated. The “reaction bomb
might not_ only offer us a varlet){ .Of extended Struc_tures but also used below is a thick-walled glass vessel (i1l in.; thickness= Yg
help to circumvent the insolubility problem mentioned above. i, y yith a Teflon valve equipped with a Teflon stir bar.
Since the last two directions only involve axial ligand substitu- 14 and13c NMR spectra were obtained ingls solution unless
tion reactions, we are probing the axial ligand coordination otherwise noted using an IBM/Bruker AF-300 or a Varian VXR-400
chemistry of WS; clusters in order to reach the above goals. instrument with na®P decoupling and were internally referenced to
Such substitution chemistry is the subject of this report. residual solvent resonanc&P NMR spectra were obtained using a
The controlled low-dimensional linking of clusters is con- Varian VXR-400 instrument at 162 MHz with 85%3PIO as external
ceptually analogous to the self-assembly of inorganic metal ions standard and withH decoupling unless o_therwi_se noted. Microprobe
and organic multitopic ligands in supramolecular inorganic €/émental analyses by EDAX (energy dispersive analysis by X-rays)
chemistry® that has recently attracted considerable attention. "V<'c performed on a JEOL 8900R using the vendor-supplied SQ

Concentually. single metal ion coordination centers in these self- package for standardless semiquantitative elemental analysis. Powder
p Y, Sing -ray diffraction was done on a Scintag XDS2000 diffractometer.

assembled networks can just be replaced by the six-coordinated  tyical Synthesis of cis-WSs(PCys)«(4-tert-butylpyridine) » (1).
metal clusters. This chemistry of multinuclear cluster cores y,sy(4-tert-butylpyridine) (1.00 g, 0.461 mmol) and tricylcohexyl-
utilized in place of single metal centers has been envisioned phosphine (PCy (0.646 g, 2.30 mmol; cluster/Pgyatio = Ys) were

and partially exemplified in the [R@s(PEk)s—nXn]2 ™" (Q = loaded into a reaction bomb along with 15 g of THF. The reaction
S, Se; X=DBr, I7; 1 < n =< 6) system by Holm and vessel was taken out of the glovebox and heated at°@6hielded
co-workers93However, the HOMO symmetry in tH&Re;Qsg} 2+ from light for 48 h. Within less than an hour, the initial brick-red slurry
clusters is not suitable for electronic conduction. Further, the turned into a dark-red clear solution. Then some red precipitate formed
axial ligand coordination chemistry oeutral group 6 chalco- in a few hours. After the solution was cooled, the precipitate was filtered

; nd washed with THF repeatedly, then washed witlOEAfter drying
genide octahedral clusters has not been explored so far, asf; vacuo, the fine red powder of the final productscisW,Ss(PCy:) -

opposed to the relatively established axial ligand exchange (4-tbp) (1) weighed 1.24 g (98% yield).

studies onanionic group 6 halide octahedral clust&sand Clusterl prepared in this way is soluble in 4-tbp and benzene, but

cationic { R_QSQs}Z+ Clusters?©:31.33 o it takes some time for the cluster to dissolve in benz&HeNMR: o
We previously showed that phosphine ligands {P&Re the 9.62 (d,a-H), 6.89 (d,5-H), 3.64-3.49, 2.74-2.31, 2.13-1.82, 1.82-
most substitutionally inert ligands when bound to gSéklus- 1.66, 1.66-1.33, 1.48 (all broad bands, H on P{y0.86 (s, Me)3P-

ter?? and thus are the natural candidates for blocking the selected{*H} NMR: 6 6.297 (t,3),-p = 2.4 Hz), 4.261 (t3J,-p = 2.4 Hz);
positions on WSg cluster. However, we observed a wide satellite peaks (all broad) 6.8%.96, 5.62-5.72 (Jy—p = 205 Hz),
distribution of species when triethylphosphine (BEeplaces  4.86-4.96, 3.58-3.68 (Ju-p = 206 Hz). , .
other ligands. Subsequently, bulky tricyclohexylphosphine  Other Reactions of PCy with W ¢Sy(4-tbp)s (4). Different ratios
(PCys, Cy = cyclohexyl) was utilized in the hope of generating of the WeS(4-thp), cluster to PCywere used as reactants _W'th. other
partially substituted cluster complexess8Ls_n(PCys)n (O < conditions being identical. Results are the following (clusterz?éyo).

_ R dh h h | 1:2. An amount of 100 mg of was used, and no powder was filtered
n < 6). Reported here are the syntheses, some crystal Structure§ ;1 The dark-red solution was a mixture OEMPCy:)n(thplen (0 <

of the resulting complexes of (partial) ligand substitution by 1 < 4y by NMR. 33P{*H} NMR (spectrum available in Supporting
PCys, and3!P NMR spectra of these complexes, which were Information): & 13.646 (s), singlet satellites at 14.273 and 13.638 §

= 203 Hz); 11.404 (s with shoulders), doublet satellites at 12.047 and
(29) (a) Lehn, J.-MAngew. Chem., Int. Ed. Endl99Q 29, 1304. (b) Lehn, 10.777 tdw—p = 205 Hz); 11.012 (s), satellites unrecognizable; 9.216

J.-M. Pure Appl. Chem.1994 66, 1961-1966. (c) Lehn, J.-M. (s with shoulders), triplet satellites at 9.841 and 8.5683-, = 207

Supramolecular Chemistry: Concepts and PerspestiVCH pub- . — — .
lishers: Weinheim, Germany, 1995. (d) Moore, J. S.; LeeGigm. Hz); 8.635 (d.Jpp = 2.4 Hz) and 7.852 (U, = 2.4 Hz); 6.297 (¢

Ind. 1994 556-560. () Robson, R.: Abrahams. B. F.. Batten, S. R.; J-p = 2-4 Hz) and 4.261 (t)o-p = 2.4 Hz).

Gable, R. W.; Hoskins, B. F.; Liu, J. IACS Symposium Serjein, 1:3. An amount of 300 mg oft was used, and 97 mg of red powder
T., Ed.; American Chemical Society: Washington, D.C., 1992; Vol. was filtered out of a dark-bloody-red solution. The powder was found
499. (f) Zaworotko, M. JJ. Chem. Soc. Re1994 23, 283-288. to becis-WsSs(PCys)4(4-tbp) by NMR and powder XRD. Yield: 26%
(30) g:ller'1%§W§7ng%L%é§'; McLauchlan, C. C.; Holm, R. khorg. based o, 34% based on PGy
(31) Zhgnmé, Z.;SGra{y, T. G, Holm, R. Hnorg. Chem.1999 38, 4888— :!.:4.An a.mour_n' of 15(.) mg o was used, and 142 mg of red powder,
4895, which was identified asis-WeSg(PCys)4(4-tbp) by NMR and powder
(32) (a) See ref 2. (b) Preetz, W.; Peters, G.; BublitzChem. Re. 1996 XRD, was acquired. Yield: 75%.
96, 977-1025. (c) Our work. Ehrlich, G. M.; Deng, H.; Hill, L. 1; 1:6. An amount of 300 mg o was used, and 350 mg of red powder,
Steigerwald, M. L.; Squattrito, P. J.; DiSalvo, Fldorg. Chem1995 which was identified asis-WsSs(PCys)4(4-tbp) by NMR and powder

34, 2480-2482. Ehrlich, G. M.; Warren, C. J.; Haushalter, R. C; XRD, was acquired. Yield: 929%.

DiSalvo, F. JI . Chem.1995 34, 4284-4286. . : ) :
(33) (;) ;r\]/gng Z..T%?g 3 eRT Holri R. H. Am. Chem. S0d997 119, 1:12. A turbid brownish-green suspension solution resulted after 1

2163-2171. (b) Zheng, Z. P.; Holm, R. Hnorg. Chem.1997, 36, day of heating. The yellowish green powder filtered out of a light-red
5173-5178. filtrate was identified as \ABs(PCys)s (3) cluster by powder XRD. The
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Table 1. Crystallographic Data focis-WsSs(PCys)a(4-tbp), (1)-heptane, WSs(n-butylamine} (2), and WsSg(PCys)s (3)-2 heptane

1-2 heptane 2 3-2 heptane
chemical formula C104 H190 N2 P4 S8 W6 C24 H66 N6 S8 W6 C122 H230 P6 S8 W6
fw 2952.04 1798.41 3242.46
space group C2/c (No. 15) C2/m(No. 12) P1 (No. 2)

a A 31.2094(2) 10.0667(11) 15.07290(10)
b, A 13.1764(2) 17.699(2) 15.25580(10)
c A 29.4518(5) 14.374(2) 16.0623(2)

a, deg 90 90 62.1610(10)

S, deg 111.3210(10) 105.171(2) 78.8130(10)
y, deg 90 90 73.481

Vv, A3 11282.5(3) 2471.8(5) 3123.06(5)

VA 4 2 1

temp,°C —108 (2) 25(2) —108 (2)

A 0.710 73 0.710 73 0.710 73

Pealcs g CNT3 1.738 2.416 1.724

u, cmt 63.41 142.64 57.59

R (1 > 20/all) 0.0365/0.0593 0.0768/0.15400 0.0460/0.0752
WRZP (I > 20/all) 0.0632/0.0704 0.2022/0.2482 0.1201/0.1443

ARy = 3 IFol — IFell/X|Fol. ®WR2 = [SW(Fo* — FAZ T W(F?)? Y2

solubility property is the same as that®fMicroprobe (typical relative formed after 1 day was filtered and weighed 0.233 g (yield 68%). After
experimental error 10%) shode P to W and $atio consistent with the dark-red filtrate was concentrated to about 2 mL, heptane was
theoretical values. Observed weight percentages (calculated) were thdayered to afford rod-shaped red crystals suitable for X-ray analysis in
following: W, 71% (68.6%); S, 19% (16.6%); P, 12% (12.0%). 2 weeks. The yellow-greenish powder was found to be th&{WCys)s

1:6 Reaction in BenzeneA dark-red clear solution resulted. The cluster @) from powder XRD and microprobe analysis. When red
solution was pumped to dryness, and the residue was transferred anctrystals of WSg(PCy)s are ground, a yellow-greenish powder is
washed onto a filter paper with THF and.6t The fine red powder produced. The crystals and the greenish powder are slightly soluble in
acquired was found to contadis-WeSs(PCys)4(4-tbp) (1) cluster with CS, sparingly soluble in benzene and THF, and insoluble in other
minor impurities indicated byH and3P NMR. This powder readily commonly seen solvents.
dissolves in benzene. The red-orange filtrate solution was found to be  X-ray Structure Determination. Single-crystal X-ray diffraction

a mixture of complexes ¥&(PCys)s-n(tbp) (0 < n < 6) by *H and data on the following crystals were collected on a Bruker SMART
3P NMR. system with a CCD detector. Crystals were mounted on a thin glass
Conversion Reaction ofcis-WsSs(PCys)4(4-tert-butylpyridine) » (1). fiber using polybutene oil and were immediately cooled in a coid N

A benzene solution of was sealed in a reaction bomb, taken out, and stream, and the data were collected at 165 K except for the case of
heated to 100C for 3 days without apparent change in the appearance. W¢Sg(n-butylamine} (2). The structures were solved using SHELXS
Crystallization efforts of layering heptane on this solution yielded and refined using full-matrix least-squares methodFgirwith SHELXL
crystals with the same cell constants as described belowi$oWeSs- software packaged. Empirical absorption corrections were applied
(PCys)4(4-tbp)-2 heptane. Another crystallization carried out by slowly  using the SADABS prograrif. The crystallographic data are listed in
evaporating the benzene solution gave needle-shaped crystals withTable 1.

different cell constants. The structure solution showed the sasne (a) cisWeSs(PCys)a(4-tert-butylpyridine) > (1)-2 heptane. Single
WeSs(PCys)4(4-tbp) cluster but with different solvents of crystallization  crystals were grown by layering heptane on the top of the solution of
(see section on determination of crystal structures). 1in benzene. A transparent block-shaped red crystal was mounted on
Another reaction ofl in C¢Ds at 100 °C was monitored by the diffractometer. By use of the SMART program, C-centered
quantitative®'P NMR (delay time d1= 5 s with 90 flip angle) in a monoclinic cell constants were found with more than 50 well-centered
NMR tube equipped with a Teflon valve without external standards. reflections. Systematic absence conditions suggested the space group
The spectrum before the heating was as reported abovasiVsSs- Cc(No. 9) orC2/c (No. 15). The structure solution using direct methods
(PCys)4(4-tbpy. Some new peaks emerged after heating for 1 day in C2/c revealed correct positions of W and S atoms. Non-hydrogen
(known peaks were used as reference, satellite peaks omittexip16 atoms on the ligands were located using difference Fourier synthesis

(s); 8.635 (dJp-p= 2.4 Hz), 7.851 (tJ,-p = 2.4 Hz); 4.774 (s):-0.045 after least-squares refinements. Further refinements revealed the position
(d, Jp-p = 2.4 Hz),—3.454 (quintet,J, , = 2.4 Hz). And integrals of of the heptane solvent molecule, of which two terminal C atoms were
the peaks after 3.5 days (chemical shifts, numbers of P for this peak modeled as being disordered. All the hydrogen atoms were assigned
per cluster) are the following: 3.95 (9.216, 3P), 2.96 (8.635, 2P), 1.29 to ideal positions. All the non-hydrogen nonsolvent atoms were refined
(7.851, 1P), 36.76 (6.297, 2P), 4.41 (4.774, 4P), 36.87 (4.261, 2P), successfully with anisotropic thermal parameters. The full-matrix least-
10.91 (0.045, 4P), 2.85+3.454, 1P). Integrals after 3.5 days were squares orfF,? converged very well with very satisfactory residirl

very close to the above. values. The residual electron densities were near the W atoms.
Typical Synthesis of WSg(n-butylamine)s (2). A reaction bomb (b) cis-WgSg(PCys)a(4-tert-butylpyridine) » (1):2CsHs. An alterna-
was charged with \4Bs(4-tbp) (1.00 g, 0.461 mmol) and-butylamine tive way of growing single crystals was the slow evaporation of the

(4.0 g, 55 mmol). The reaction vessel was taken out and heated to 100benzene solution of compouridn a glovebox to afford needle-shaped
°C for 3 days. The cluster gradually dissolved into the solution, and a crystals when the solution was nearly dry. A well-shaped transparent
dark-red solution resulted. About 15 mL of acetonitrile was layered red crystal was mounted, and primitive monoclinic cell constants were
onto the solution to afford dark-red crystals in several days. After being found: a = 13.1413(2) A = 22.8541(6) Ac = 20.1462(5) A, and
filtered out and washed with acetonitrile and@tthe final produc® B = 92.735(1). The data collection and integration with the SMART
weighed 0.57 g (69% yield}H NMR in CD,Clz: 6 3.45 (t, 2H on N), and SAINT programs went well. Systematic absence conditions
2.99-2.89 (m, 2H ona-C), 1.50 (quintet, 2H orf-C), 1.35 (septet, indicatedP2; (No. 4) as the space group. Structure solution using the
2H ony-C), 0.91 (t, Me)*C NMR: ¢ 50.06 ¢-C), 35.68 3-C), 20.03 direct method revealed the correct positions of W and S atoms. Though
(y-C), 14.26 (Me). with some difficulty, the ligand atoms could be located after the least-
Synthesis of WSg(PCys)s (3). WeSs(n-butylaminey (2) cluster squares refinements with difference Fourier synthesis. The connectivity
(0.200 g, 0.111 mmol) and P€y0.187 g, 0.666 mmol; cluster/Pgy

= 1/5) were loaded into a reaction bomb alongwé g of THF and (34) Sheldrick, G. M.SHELXL, ver. 5.03; Siemens Analytical X-ray
heated to 100C for 3 days. The yellow-greenish fine precipitate that Instruments Inc.: Madison, WI, 1994,
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of the ligand moieties established that the cluster complex isagso  triethylphosphine gave a wide distribution of all the expected
WiSs(PCys)a(4-thpk. However, the structure refinement of the ligands  WSg(tbp)s—rn(PE®)n complexes. Therefore, we looked into bulky

could not be improved any further and many ghost peaks were phosphine ligands hoping that the bulkiness of the ligands will
encountered around the cluster core. Further scrutiny of the raw yrve the desired cluster complex(es) to form.

reflection frames revealed that the crystal was actually twinned. The . . .
TWINNING program (TWY¢ was applied to improve the refinement. We chose tricyclohexylphosphine (P{yecause it has the

With the new data after TW, W and S atoms could be refined largest Tolman cone andfebelow 180 in the commonly
anisotropically and solvent benzene molecules were located. But the available phosphine ligands (180ased on the statistical survey
refinements could not give an acceptaBléactor R, = 11.69%), and of crystal structure§ and 170 based on Tolman’s mod#).
the residual electron densities were still high (16.405 afd635 e Care must be taken in applying the Tolman cone angle concept
A-3). Since the connectivity of the ligands on the metal cluster was developed fosinglemetal ion complexes to the analogous but
quite cle_ar already, no additional attempts were made to collect data muchbiggerWeSg clusters. Steric requirements from the ligands
on possibly better crystals. on the clusters are still the ultimate criteria. Therefore, phos-
(c) WeSg(n-butylamine)s (2). Single crystals were grown by  phines with more than 18@one angles (for instance tF§u)s,
recrystallization inn-butylamine layered with acetonitrile. A block- 182 and P-Tol)s, 194 ¥) should be avoided because the “fold
shaped dark-red crystal was sealed into a glass capillary together Withback” ligand conés can bump into the S on the corners of the

the mother liquid, and the data were collected at room temperature. A S
C-centered monoclinic cell was found using the routine program. Three Sduare faces of the ¥8 cube and decrease the binding strength

space groups were recommended by the XPREP program on the basi®f these ligands to clusters. Also, the largest ligand (by total
of systematic absence€2/m (No. 12) C2 (No. 5), andCm (No. 8), volume) should be used if ligardigand interaction is desired
with the order of increasing CFOM paramet8tructure solution failed because the PP separation is much larger than that of single
in space groupCm, and racematic twins were needed for structure metal ions. A common choice for bulky phosphine, BRtot
refinements in space grof?. The best result was obtained in space only falls short in cone angle (14&y statisticd® or 145 by
groupC2/m. The correct positions for W and S atoms were revealed Tolman’s modeY’) but also has a potential solubility problem
with direct methods, and otr_ler atoms were Iocat_ed in_ the subsequentygsed on our experience with ¢84(py)s and WeSs(tbp)s
cycles of Iegst—squares refinements with Fourier difference maps. clusterst® Thus, PCy became the ligand of choice. On the basis
Abnormally high thermal parameters were found for the C atoms on of some simple modeling, it was hoped that only two RCy

restrained butyl ligands. But the attempt to build a disordered model . .
for these butyl groups did not give satisfactory results. H atoms on C ligands would replace the 4-tbp ligands on theSi{tbp)s cluster

and N atoms were assigned to ideal positions. The W and S atomsiN & trans manner to produg@ns-WsSg(PCys)2(4-tbp), a good
were refined successfully with anisotropic thermal parameters and no Starting material for 2-D linking.
reasonable solvent molecules could be located with most of the residues  Synthesis ofcisWSg(PCys)4(4-tert-butylpyridine) » (1). The
close to cluster cores. Final refinement converged and gave acceptablegxperimenta| results of ligand exchange with RGyere
Rfactors. surprising. First of all,cisWeSg(PCys)a(4-thp) (1) cluster is

(d) WeSs(PCys)s (3)-2 heptane. Single crystals were acquired as  the dominant complex and the easiest to separate in a direct
described in the preparation section. A block-shaped red transparent”gand substitution reaction with ¥8s(4-top). Second, the clus-
crystal was mounted, and triclinic cell constants were found with more ter with six bulky PCy ligands exists and can be readily made

than 50 well-centered reflections. A structure solution using the direct . . TN . .
methods irP1 (No. 2) revealed the correct positions of W and S atoms. if we start with a labile ligand as in ¥Bs(n-butylamine} (3).

Difference Fourier synthesis following subsequent least-squares refine-  Cis-WeSg(PCys)a(4-tbp), is almost the only complex formed
ments revealed the atoms on ligands gradually. Further refinementswhen 5-6 equiv of PCy were used to replace 4-tbp ingBé-
revealed the positions of the solvent heptane molecules. The H atoms(4-tbp) in THF, and it precipitates out. On the basis of the yields
were assigned to ideal positions. All the nonsolvent non-hydrogen atomsof these powders, only small amounts of other complexes in
were successfully refined anisotropically. Residual electron densities the WSg(PCys)s-n(4-thp), family could be present in the
were mostly near the W atoms. filtrates. Even with 3 equiv of PGythere was still substantial
Thermogravimetric Analysis (TGA). The thermogravimetric analy- amount of1 formed—a 34% observed yield assuming all the
ses (TGA) of the cluster complexes were done on a Seiko TG/DTA by, \yas used to produce this compound. It is easier to separate
e, 1 SAmpee et ol orl 1 ST P74 1y Tf-as th Soent than  bnzene, which can e arbuted
min under a flow of dinitrogen (60 mL/min). to the low solub|I|.ty OfCIS-W558(PC)@)4(4-tbpk in THF but
comparable solubility of most complexes in benzene.

Results and Discussion Why is cis-WeSg(PCys)4(4-tbp), the easiest species to acquire

in the substitution of WSg(tbp) with PCy? First, as shown

! by the crystal structures, the ligand exchange reactions, and a
Our goal was to make the octahedral tungsten sulfide C|USterScomparison of TGAs (vide infra), PGyeven as bulky as it is,
with inert axial ligands at selected positions to be used as ;g thermodynamically more favorable than the 4-tbp ligand.

precursors in low-dimensional linking reactions. Phosphines are Thermodynamically, the PGyligand has a strong tendency to
the ligands of choice because they are substitutionally inert, "e"replace the 4-tbp ligands on the clusters. But the substitution

difficult to exchange with the pyridine-based ligands typically may be stopped by steric hindrance. It was assumed that the

used in linking reactions. They can lock the desired ligand 13nce between these two factors would lead to the formation
configurations onto the clusters, so we can preferentially replace transWeSs(PCys)(4-tbp), cluster. The results show that PCy
the more labile (or thermodynamically less favorable) ligands g ot hulky enough to stop the substitution at this stage. Instead

with the ditopic ligands. The concern was how to make the i goes further and replaces four out of six 4-tbp ligands on the
desired clean \68(PRs)s—nLn cluster(s) in high yield because 4 1,5 cjuster. The conformational flexibility and “intermesh-
our experiments showed that partial substitution reactions of

WiSs(tbp)s cluster with small phosphine ligands such as

A. Ligand Substitution Reactions of WsSgL ¢ with PCys.

(36) Sparks, R.TW: TWINNING program Bruker Instruments Inc.:
Madison, WI, 1998.

(35) Sheldrick, G. MSADABSthe computer program is used by Siemens (37) Tolman, C. AChem. Re. 1977, 77, 313-348.
CCD diffractometers); Institute”fuAnorganische Chemie der Uni- (38) Muller, T. E.; Mingos, D. M. PTransition Met. Chenl 995 20, 533~
versita Gottingen: Gitingen, Germany, 1998. 539.
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ing”38 of the ligands (see discussion of crystal structures) make is needed to completely substitute the 4-tbp, and the substitution
the real ligand interaction smaller than suggested by the coneis extremely slow at room temperature. In fact, theSétbp)s
angle and the length of the cyclohexyl group. With four RCy cluster is insoluble in cola-butylamine. The current reaction
ligands on the WS cluster, it's rather easy to argue that the uses about a 20-fold excess of amine to 4-tbp ligand af©00

cis configuration is favored over the trans configuration because On the basis of the comparison of TGA resulishutylamine
some strain can be released by distortions in this highly crowdedis a more labile ligand than piperidine and #8pyhich makes

cis structure (see discussion of crystal structure). it a good precursor to other clusters, as in the facile synthesis
The substitution behaviors of Pewith WsSg(4-tbp) (4) and of cluster3.
W,eSg(n-butylamine} (2) are different, i.e., WSg(PCy)s (3) is Ligand Substitution Reaction of WgSg(n-butylamine)s (2)

formed in the latter case, buis-WeSs(PCy)a(4-tbp) (1) is with PCys. Since PCy is thermodynamically more favorable
formed in the former. This could be due to the difference in than then-butylamine ligand, it is easy to replanébutylamine
the binding energies of 4-tbp andbutylamine ligands. The  with PCy. Stoichiometric amounts (1:6) of Pgfully replace
different behavior might also be explained by the different then-butylamine ligands of. Using less than 6 equiv of Py
volumes of the ligands: 4-tbp ligand is larger thmbutylamine. yielded green solutions that were mixtures ofg3)(n-
When four PCy ligands are bound to the 8 cluster, the axial butylamine}—(PCys),, but the dominance of some complexes
ligand environment is already quite crowded, as easily seen inlike cisWgSg(PCys)4(4-tbp), in the tbp cluster case was not
the crystal structure. The reaction rate of the bulky phosphine observed in either THF or benzene.
ligand with sterically hindered structure maybe slower, as  The existence of the ¥8(PCys)s cluster is very interesting
observed previously in some single metal compleXeBhe even though PGyis bulky, it is still possible to accommodate
substitution reaction seems to be kinetically trapped in the all six of them in the outer ligand sphere by adjusting the con-
sterically hindered stage @fs-WsSg(PCys)4(4-tbp) under the  formations and meshing them into each other. The longePW
conditions reported here. In fact, if the reaction were pushed bond length compared with that found in the ${PE&)s cluster
hard enough by adding 6 equiv more of RCWeSg(PCys)e is and the lower decomposition temperature observed in the TGA
the ultimate product even if starting with §B(tbp)e. experiments suggest that there is some steric repulsion between
Properties of cis-WeSg(PCys)a(4-tert-butylpyridine) » (1). the Cy groups and S atoms on the cluster faces. Howeveg, PCy
Although 1 is not the most desirable complex for low- is still thermodynamically more favorable than the 4-tbp ligand
dimensional linking, it ipossibleto use it as a precursor fora  neat 4-tbp failed to fully replace the P&€st 100°C.
zigzag 1-D chain or “molecular squafof clusters, etc. Re- B. Crystal Structures. All molecular structures described
search is underway toward building multicluster complexes here can be summarized asSLL')s. They share the same
using this compound. Some preliminary observations of itS WgSg core structure, which can be described as an octahedron
properties are reported here. of tungsten atoms with their octahedral faces capped by eight
Purecis-WgSg(PCys)a(4-tbp), (1) complex was heated at 100  triply bridging sulfur atoms. Variations come from different axial
°C for 1 day in benzene to see whether it isomerizes and reachedigands L and small differences in the ¢® core structure
equilibrium with other possible complexes in the series. Intra caused by different ligand environments. Complekas an
and/or inter PCyligand exchange occurred under this condition, unusual distorted cluster core. Selected data are presented in
and other complexes were observed, which is not conducive toTables 2, 3, and 4 for clustets 2, and3, respectively, and the
the planned linking reactions. Similar reactions run at lower structural comparison between these and other previously
temperatures (70 and 4C) also showed this rearrangement reported WSsLe clusters is presented in Table 5.
but with slower rates. This phenomenon was used to make an  cis-WeSg(PCya)4(4-tert-butylpyridine) » (1)-2 heptane. To

educated guess concerning the assignments of th&'ReMMR our knowledge, this is the first reported group 6 neutral octa-
peaks, and the distribution of other complexes in the series washedral metal chalcogenide cluster with mixed axial ligands. The
calculated (see section C). An amount of 74%lofvas still crystal structure consists of four discretis-WeSs(PCys)4(4-

present after 1 day at 10@. This is the same as the yield of  tbp), molecules sitting on the 2-fold axes of the C-center mono-
linthe 1:4 reaction in THF as previously described, indicating clinic cell. The molecular structure dfis shown in Figure 1.
that this is an equilibrium result. We found the ratiotans The average WW distance is 2.680 A, larger than the
WieSe(PCys)a(4-thp) (4.4%) toCis-WeSe(PCys)a(4-tbpk (74%)  average W-W distance of 2.662 A seen in §k(4-tbp)t® and

to be 1:17, which is much smaller than the ratio of 1:4 if only ghorter than in WSs(PCys)s, 2.683 A, but much closer to the

a statistical distribution is assumed. Also, a purely statistical |atter. The average WS distance is 2.454 A, close to those of

distribution of four PR and two 4-tbp ligands would result in - other WS; clusters. The new feature is that the cluster has two
26.3%cis-WsSg(PRs)a(4-tbp). Both of these observations show 4.ty and four bulky PGyaxial ligands. Since neutral chalco-
that this cis-WeSs(PCys)a(4-tbpl complex is energetically  genjde octahedral clusters with mixed ligands were not known
favored. However, because of the partial loss of the “prepro- pefore, it is worth examining the structure in detail. Figure 2
grammed” cis configuration, caution needs to be taken when gpows the bare cluster core and only the coordinating N and P
using this compound as a precursor for linking reactions. atoms. The deviations in bond lengths and bond angles in this
Ligand Exchange Reaction of WSg(4-tert-butylpyridine) W;,Ss core structure are significantly greater than in anySyV
with n-Butylamine. WeSg(n-butylaminey (2) was used as a  clusters with uniform axial ligands. The YWV distances il
springboard to the \WB(PCys)s (3) cluster, but it is also of  range from 2.657 to 2.710 A with@& (maximum deviation) of
general interest because understanding the lability of the 0.053 A (2% of the average YW distance) compared with
different ligands on WS clusters builds up a suitable material  the largestd of 0.021 A WESsLs clusters (see Table 5). The
base for cluster linking. Primary amines suchnggopylamine  W—W—W angles within equatorial squares range from 892189
were examined by McCarley and co-workers in theireSit ¢ to 91.068 with an average of 89.997and ¢ of 1.88 (2% of
cluster syntheses from M@l;..1* A large excess afi-butylamine  the average angle). The maximum deviation of these angles in
other WSsLg clusters is 0.2 at most. However, amidst all these
(39) Stang, P. J.; Olenyuk, B\cc. Chem. Re<.997, 30, 502-518. deviations in W atom positions, the Y5 distances are nearly
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Table 2. Selected Bond Lengths [A] and Angles [deg] for
Cis-WsSs(PCys)4(4-tert-butylpyridine)?

Jin et al.

Table 4. Selected Bond Lengths [A] and Angles [deg] for
WsSs(PCys)e?

W(1)-W(2)
W(1)-W(3)

W(1)-W(1)A
W(1)-W(2)A
W(2)-W(3)

W(2)-W(3)A
W(3)-W(3)A

W(1)-P(1)
W(2)-P(2)
W(3)-N(1)

W(3)—W(1)-W(1)A
W(1)-W(3)-W(3)A
W(2)-W(1)-W(2)A
W(1)-W(2)-W(3)A
W(3)—W(2)-W(1)A
W(2)-W(3)-W(2)A

W(3)-W(1)-W(2)
W(1)—W(2)-W(3)

W(1)-W(3)-W(2)

W(3)-W(1)-W(2)A
W(1)-W(2)A—W(3)
W(1)-W(3)-W(2)A
W(3)-W(2)-W(3)A
W(2)-W(3)-W(3)A
W(2)—W(3)A—W(3)
W(1)—W(2)-W(1)A
W(2)-W(1)~W(1)A
W(2)—W(1)A—W(1)

W(1)-S(1)-W(2)
W(1)—S(1)-W(3)
W(2)—S(1)-W(3)

a Symmetry transformations used to generate equivalent atoms: A,

X+ 2,y, —z+ .

2.6886(3)
2.6701(3)
2.6928(3)
2.7099(3)
2.6768(3)
2.6573(3)
2.6648(4)

W(L)S(2)A
W(1)-S(2)
W(L)-S(4)
W(1)-S(1)
W(2) S(4)A
W(2)-S(1)
W(2)-S(2)

W(2)-S(3)

2.5960(12) W(3)S(1)
2.6037(12) W(3}S(4)

2.259(4)

89.693(5)
90.294(5)
89.684(9)
90.054(8)
89.189(7)
91.067(9)

59.936(7)
59.688(6)
60.376(7)
59.193(7)
59.658(7)
61.149(7)
59.942(8)
59.665(7)
60.392(7)
59.840(8)
60.472(7)
59.688(7)

66.41(3)
65.99(3)
66.30(3)

W(3)-S(3)
W(3)-S(3)A

2.4422(12)
2.4437(11)
2.4538(11)
2.4586(12)
2.4427(11)
2.4506(11)
2.4589(12)
2.4801(13)
2.4444(12)
2.4481(11)
2.4562(12)
2.4671(12)

W(LyS@2)-W(1)A 66.89(3)

W(1»S(2-W(2)

66.52(3)

W(2)-S(2-W(L)A 67.13(3)

W(2)-S(3-W(3)

65.68(3)

W(2)-S(3-W(3)A 64.98(3)
W(3)—S(3-W(3)A 65.54(3)

W(1)-S(4)-W(3)

66.01(3)

W(1}S(@)-W()A 67.20(3)
W(3)S(@)-W(2)A 65.82(3)

S(LFW(L)-S(2)
S(1FW(1)-S(4)
S(2XW(1)-S(2)A
S(4FW(1)-S(2)A
S(HW(2)-S(2)
S(1FW(2)-S(3)
S(2FW(2)—S(4)A
S(3YW(2)-S(4)A

S(1-W(3)-S(3)
S(1¥W(3)—S(4)
S(3FW(3)—S(3)A
S(4yW(3)—S(3)A

90.64(4)
89.93(4)
89.60(5)
88.59(4)
90.47(4)
88.77(4)
88.46(4)
91.11(4)
89.46(4)
90.40(4)
88.15(5)
91.29(4)

Table 3. Selected Bond Lengths [A] and Angles [deg] for

WiSs(n-butylamine)?

W(1)-W(2)

W(1)-W(2)B
W(2)-W(2)B
W(2)-W(2)C

W(1)—-N(1)
W(2)—-N(2)

W(2)-W(1)-W(2)A
W(1)-W(2)~W(1)A

W(2)-W(1)-W(2)B
W(1)-W(2)-W(2)B
W(1)-W(2)B—W(2)
W(1)-W(2)-W(2)C
W(2)-W(1)-W(2)C
W(2)-W(1)A-W(2)C
W(2)C—W(2)—W(1)A

W(1)—-S(1)-W(2)
W(2)-S(1)-W(2)C

a Symmetry transformations used to generate equivalent atoms: B,

2.659(2)
2.655(2)
2.648(3)
2.651(3)

2.22(5)
2.29(4)

89.70(7)
90.30(7)

59.80(7)
60.03(6)
60.18(6)
60.09(4)
59.81(7)
59.91(7)
60.04(4)

65.4(3)
65.1(3)

W(1)-S(1)
W(1)-S(2)
W(1)-S(3)B
W(2)-S(1)
W(2)-S(3)
W(2)-S(3)B
W(2)-S(2)A

W(1)—-S(2)-W(2)B
W(2)A-S(2-W(2)B
W(2)»-S(3-W(2)B

W(2)B—S(3-W(1)A
W(2)-S(3)-W(1)A

S(1¥W(1)-S(3)B
S(2W(1)-S(3)B
S(W(1)-S(2)
S(3)AW(1)-S(3)B
S(3FW(2)-S(3)B

S(1)-W(2)—-S(3)B

S(1-W(2)-S(2)A
S(1XW(2)-S(3)
S(2)AW(2)-S(3)B

2.459(13)
2.446(14)
2.461(10)
2.463(10)
2.447(9)

2.430(10)
2.474(12)

65.3(3)
64.8(4)
65.8(2)
65.8(2)
65.5(2)

89.3(2)
90.3(2)
173.9(4)
171.8(5)
88.9(4)
89.9(4)
90.5(4)
173.2(3)
173.6(3)

—X—2,y,-z+ 1A, x—2,-y+1,-z+1,C,x, -y+1,z

unaffected, ranging from 2.442 to 2.480 A withdaof 0.038

A, even smaller than the respecti¥én some other clusters. A

W(1)-W(2) 2.6806(5) W(1)S(1) 2.458(2)
W(1)-W(2)#1 2.6832(5) W(1)S(2) 2.451(2)
W(1)-W(3) 2.6842(5) W(1)S(3) 2.446(2)
W(1)-W(3)#1 2.6863(4) W(1)S(4) 2.445(2)
W(2)-W(3) 2.6821(4) W(2)-S(1) 2.446(2)
W(2)-W(3)#1 2.6861(4) W(2)S(2) 2.456(2)
W(2)-S(3)A 2.451(2)
W(1)-P(1) 2.604(3) W(2}S(4)A 2.445(2)
W(2)-P(2) 2.593(2)  W(3)}S(1) 2.450(2)
W(3)-P(3) 2.614(2) W(3}S(2)A 2.451(2)
W(3)-S(3) 2.455(2)
W(3)-S(4)A 2.442(2)
W(1)-W(3)-W(1)A 89.906(14)
W(3)-W(1)-W(3)A 90.094(14) W(1}S(3-W(2)A 66.45(5)
W(2)-W(3)-W(2)A 89.855(13) W(1}S(3)-W(3)  66.43(5)
W(3)-W(2)~W(3)A 90.145(13) W(2)A-S(3)-W(3) 66.39(5)
W(1)-W(2)-W(1)A 90.051(14) W(3)A-S(A-W(2)A 66.57(5)
W(2)-W(1)-W(2)A 89.949(14) W(3)A-S(4)-W(1) 66.68(5)
W(2)A—S(4-W(1) 66.55(5)
W(1L)-W(2)-W(3)  60.071(12)
W(2)-W(3)-W(1)  59.937(12) S(4YW(1)-S(3)  89.67(7)
W(E)-W(1)-W(2)  59.992(12) S(4YW(1)-S(2)  89.51(7)
W(L)-W(2)-W(3)A 60.073(12) S(BIW(1)-S(2)  172.27(7)
W(2)-W(3)A-W(1) 59.862(12) S(4W(1)-S(1)  171.85(7)
W(3)A—W(1)-W(2) 60.065(12) S(3YW(1)-S(1)  89.91(7)
W(1)-W(@R)A-W(3) 59.990(12) S(W(1)-S(1)  89.81(7)
W(2)A-W(3)-W(1) 59.951(12) S(4)AW(2)—-S(1)  89.58(7)
W(3)C-W(1)~-W(2)A 60.059(12) S(4)AW(2)-S(3)A 89.55(7)
W(LA-W(2)-W(3) 60.091(12) S(HW(2)-S(3)A  172.36(7)
W(2)-W(3)-W(1)A 59.975(12) S(A)AW(2)-S(2) 171.96(7)
W(3)-W(L)A-W(2) 59.935(12) S(HW(2)-S(2)  89.98(7)
S(3)A-W(2)-S(2)  89.82(7)
W(2)-S(1)-W(3)  66.43(6) S(A)AW(3)-S(1) 89.55(7)
W(2)-S(1)-W(1)  66.26(5) S(4)AW(3)-S(2)A 89.58(7)
W(3)-S(1-W(1)  66.30(5) S(L}YW(3)-S(2)A 172.16(7)
W(3)A-S(2-W(1) 66.45(5) SA)AW(3)-S@E) 171.75(7)
W(3)A-S(2-W(2) 66.37(6) S(IYW(3)—-S(3)  89.90(7)
W(1)-S@2)-W(2)  66.22(5) S(2)AW(3)-S(3) 89.85(7)

a Symmetry transformations used to generate equivalent atoms: A,
=X -y+1 -z+ 1.

W—W distance is not between those W atoms trans to the 4-tbp
ligands, namely, WEW1A, but between W2 and W1A (or
symmetry equivalent W2A and W1). The average-W
distance on the front triangular face of W®/3—W3A is
shorter than the average-WYWV distance on the back triangular
face of W2-W1—W1A by 0.03 A. In fact, the former are the
three shortest WW distances and the latter the three longest
ones. In the WW—W angles within the equatorial square of
W1-W1A-W3A—-Wa3, the angle is less than 9th the back
and more than 90in the front. We conclude that W2 and W2A
are distorted out of the ideal octahedral positions and pushed
toward W3 and W3A, respectively.

The distortion above may be explained by the distortion in
the ligand environment due to steric interactions. AlFW
distances are comparable to analogous clusters; theNW
distance is 2.259 A, very close to 2.257 A ins®(4-tbp), and
the mean W-P distance is 2.600 A, also close to 2.604 A in
WsSs(PCys)s. However, the =L distances are quite different;
the N—N distance between the two 4-tbp ligands here is 6.120
A, much longer than those in ¥8s(4-tbp)s cluster, 5.789-5.917
A:4 the PE-P1A distance is 6.707 A, 0.3 A larger than those
P—P distances in \AB5(PCys)s. As Saito observed, the-tL
distances are sensitive to distortions in ligand environments,

closer look at those unequal bond lengths and angles revealsand distortions in the cluster core often parallel the distortions

that the shortest WW distance is not between the W atoms

in ligand environmenté Apparently, the two 4-tbp ligands are

with 4-tbp as ligands, namely, W3 and W3A, but between W2 “opened up” a little bit to accommodate the bulky R@youps
and W3A (or symmetry equivalent W2A and W3). The longest squeezing in from the top and bottom (illustrated with the arrows
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Table 5. Summary of Selected Interatomic Distances [A] and Bond Angles [deg] 8L ')s Clustersd

Inorganic Chemistry, Vol. 39, No. 13, 200@753

clusters WSs(PEB)s WeSs(PCys)s  Cis-WeSs (PCys)a(tbp). WeSs(4-tbp)s WsSs(pYy)s WeSs(pip)s  WsSs(n-butylamine}
wW-w 2.678-2.681 2.681-2.686 2.65%2.710 2.656-2.667 2.654-2.667 2.653-2.674 2.648-2.659
mean 2.680 2.684 2.680 2.662 2.662 2.666 2.655
Ow-w 0.003 0.06 0.053 0.011 0.011 0.021 0.011
BO(PBOY 0.841(1.01) 0.829(0.994) 0.841 (1.01) 0.902 (1.08) 0.902 (1.08) 0.888(1.06) 0.926(1.15)
wW-S 2.436-2.472 2.442-2.458 2.442-2.480 2.4572.469 2.436-2.478 2.44%2.478 2.436-2.474
mean 2.458 2.450 2.454 2.461 2.456 2.462 2.455
Ow-s 0.036 0.016 0.038 0.012 0.048 0.037 0.044
W-W-We¢  89.93-90.07 89.86-90.15 89.19-91.07 90.6-90.0 89.8-90.2 89.7790.22 89.76-90.30
mean 90.00 90.00 89.96 90.0 90.0 90.00 90.00
Ow—w-w 0.14 0.29 1.88 0.0 0.4 0.55 0.60
W-W-W¢  59.94-60.05 59.86-60.09 59.19-61.15 59.9-60.3 59.7-60.2 59.53-60.30 59.86-60.18
Ow-w-w 0.11 0.229 1.96 0.4 0.5 0.77 0.38
W-L 2.518-2.525 2.593-2.614 P:2.596, 2.604 2.257 2.252.275 2.316-2.315 2.22-2.29
N: 2.259
mean 2.521 2.604 P: 2.600 2.257 2.263 2.312 2.27
L-L 6.174-6.310 6.311%6.406 P:6.3336.707 5.789-5.917 5.748-5.932 5.756-6.100 5.8275.918
N: 6.120
OL-L 0.136 0.095 P: 0.374 0.128 ~ 0.184 ~0.346 0.091
space grougs P1, (R3) P1 C2lc, (P21) R3, (C2/candPl) P1 14 C2/m
reff 18, (20) herein herein 19, (20) 19, (21) 20 herein

aSome data were taken from ref4BO (bond orderh is defined as:d(n) = d(1) — 0.6 logn; d(1) = 2.635 A for W; PBO (Pauling bond order)
= n x 4/(20/6).¢ Within equatorial square§.Within triangular faces. The mean angles aré 69 geometry £ All the space groups reported to
occur for the clusters. Only the data from one of each cluster are shown, the others are in paréntheseserences in which the shown data
were reported are outside of parentheses. Three clusters are reported herein.

Figure 1. ORTEP drawing oftisWsSs(PCys)4(4-tbp) (1) cluster at
40% probability level. Figure 2. Core structure otis-WeSs(PCys)a(4-tbp) (1) cluster with
S and C atoms omitted for clarity.
in Figure 2), which is a natural way of releasing the steric
hindrance caused by four bulky Pgigands. These axial ligand  the mother liquid allowed an acceptable data set to be acquired.
distortions “drag” the corresponding core W atoms accordingly, The solved structure is shown in Figure 3.
causing the distortion in cluster core described above. This might This structure finally answered the question about the
be the best way to keep all the ligands t(_)gether in this crowded gxistence and stability of a primary amines8 cluster and
structure, surely better than the alternatiransWeSg(PCys)s- provided some information about the ligand’s binding strength.
(4-tbp), in which PCy ligands have to inevitably coexist Cluster2 has the shortest WW distance (2.655 A) among
uncomfortably on the four equatorial positions. WeSsLs clusters, but the WN (2.27 A) distance is not
WeSs(n-butylamine)s (2). The structures of the octahedral  significantly different from those in \Bg(4-tbp) (2.257 A) and
chalcogenide clusters with primary amine ligands have been WgSs(py)s (2.263 A) based on the current mediocre structure
pursued for some time. McCarley and co-workers reported that refinements.
the possible MgSs(n-propylamine) crystal was glass$? WeSs- WSs(PCys)s (3)-2 heptane.The crystal structure contains
(n-hexylamineg, which has been synthesized in this lab previ- one spherelike8 cluster sitting on the inversion center of a
ously, was very hard to crystallize possibly because of the long triclinic cell with two heptane molecules in the cavities between
“greasy” hexyl chain. It was found that this fragile crystal2of  clusters. As shown in Figure 4, the cluster is highly crowded
became glassy and opaque after a few hours out of the mothellike a solid sphere, with the compact nonpolar outer ligand layer
liquid and that the crystals became polycrystalline in polybutene almost completely covering up the inner cluster core as shown
oil in a cold N, stream. Sealing the crystal in a capillary with in a space-filling model of this cluster structure in Figure 5.
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Figure 3. Molecular structure of WSg(n-butylaminey (2) cluster.
Atoms with thermal ellipsoids are at 30% probability level.

Figure 4. ORTEP drawing of WSs(PCy)s (3) cluster at 40%
probability level.

The average WW interatomic distance ir8 is 2.684 A,
comparable to but a little longer than that in theSA(PEL)s
cluster, 2.680 A8 The cluster is quite regular as indicated by
the small deviationd,,— andd,-p. The average WP distance,
2.604 A, is significantly longer than the WP distance in \3Ss-
(PEb)s cluster, 2.522 A8 This might be explained by the steric
hindrance in the outer ligand sphere. The-® bonds are
stretched a little bit to accommodate the bulky RGwgtter.

Itis intriguing to observe how the cyclohexyl groups on RCy
are cleverly arranged on the spherical surface. Every cyclohexyl
group points toward and “meshes” between two cyclohexyl

Jin et al.

Figure 5. Space filling representation of ¥8(PCys)s (3) cluster. Color
code and radii are the following: W, green, 1.87 A; S, yellow, 1.53 A;
P, purple, 1.60 A; C, gray, 1.27 A; H, silver, 0.82 A.

C. NMR Spectroscopy of Cluster Complexes \BSs(PCys)n-
(4-tbp)e—n (0 < n < 6). (a) 'H and 3P NMR of cisWeSs-
(PCy3)4(4-tbp), (1). *H NMR and 3P NMR spectra were
collected for complext. The H resonances on 4-tbp ofs-
WeSs(PCys)a(4-tert-butylpyridine) are shifted from the ones of
the WsSg(4-tbp) cluster?® The signals from H on PGyligands
are very broad bands that are different from free Pyt not
illuminating. We hoped to utilize théH NMR to identify the
complexes WSs(4-tbpks-n(PRs)n (0 < n < 6). In fact, they are
helpful based on the different numbers of equivalent 4-tbp
ligands and their ratios (see Table &),individual cluster
complexes are isolated. It also appeared that the more phos-
phines on the cluster, the more upfield the chemical shifts of
the H on the 4-tbp ligands are. However, these peaks are all
cramped into a small range from 9.9 to 9.5 ppm (gDg) and
overlapped with each other. They are not easily distinguishable
from one another in mixtures of complexes.

What is more interesting and useful is tHe{'H} NMR of
complex1, shown in Figure 6A. AlthougR'P NMR has been
employed before in the studies of octahedral cluster complexes
and proven to be very useféfl1334¢he new features observed
in 3P NMR of WsSg(4-tbpk-n(PRe)n allows in situ cluster
identification. First, some of these complexes have chemically
inequivalent phosphines. In the case of comdlethe two big
peaks with equal intensities in Figure 6A can be readily
explained by two kinds of chemically inequivalent P atoms, each
including two chemically equivalent P atoms per cluster, namely,
P1, P1A and P2, P2A in the crystal structure. Second, the broad
satellite peaks symmetrically positioned around each of the main
peaks are due to the coupling to the NMR ac#%&V isotope
(I = %,). The intensities of a pair of satellites relative to their
main peak intensity are in agreement with the 14.4% natural

groups on the neighboring ligands, thus avoiding unnecessaryabundance of®}.** And the coupling constarithy-p, about
bumping with each other. This “intermeshing” of the ligands 200 Hz, is reasonabfé Finally, the triplet splitting of each peak

greatly decreases the steric hindrance in this seemingly impos-

sible structure. This might also account for its low solubility in

most solvents because the restricted conformation by the
interlocked ligands leads to poor interactions with solvent
molecules.

(40) (a) Imoto, H.; Hayakawa, S.; Morita, N.; Saito,lfiorg. Chem199Q
29, 2007-2014. (b) Saito, T.; Nishida, M.; Yamagata,lfiorg. Chem.
1986 25, 1111-1117.

(41) Harris, R. K. INNMR and the Periodic TabjeHarris, R. K., Mann,
B. E., Eds.; Academic Press: New York, 1978.



Reactions of WSglg

Table 6. Numbers, Ratios, and Couplings 8P and'H NMR
Peaks for WSs(PRs)n(4-tbp)-n*

Structure, P NMR H NMR° ‘
" ¢
n | Isomers | Diagrams No.of | Ratios and Satellite | No. of | Ratios | Notes
Peaks Couplings Peaks | Peaks ‘
I I
1 é 1 singlet singlet 2 41 H
trans B
@ 1 singlet singlet 1 H
2
cis L
1 singlet doublet 2 11 HS
p@
Jac 5
1 singlet triplet 13 S
3 3
3
mer 21
2 . 2 2:1 PH
P i doublet:triplet
% ip
cis s
2 11 1 P
P triplet:triplet
a P
trans P .
P;@‘P 1 singlet 1
5 4?” 41
3 P g
P 2 doublet:quintet ! P
P
o
6 P
3 % 3 1 singlet 0 ‘ H
P
13

an = 1-6.? The cage structure representg3d/cluster; P= PR,
ligand; empty sites are occupied by 4-tb.he peaks fronmx-Hs on
pyridine ring of 4-tbp ligands? “P” means that it can be identified
with 3IP coupling patterns.S’ means that it can be identified wifiP
satellite peak patternsH” means that it can be identified witki NMR
if isolated. The rest can be identified by chemical shifts and mass
balance.

A P
P
P
wat
75 85 | 85 45 35  ppm
P
B P P
=]
P
-0.0 ' 1.0 2.0 -3.0 " ppm

78

88 86 84 82 8.0 " ppm

Figure 6. 3P NMR spectra of selected 8(PCys)s-n(tbp), complexes
with P—P coupling (in GDs referenced to 85% #PQy): (A) purecis-
W,Ss(PCys)a(4-tbp) (1) cluster; (B) WSg(PCys)s(4-tbp) cluster; (C)
merWeSs(PCys)3(4-tbp) cluster. Parts B and C are magnified portions

from a3P NMR spectrum of a mixture.

can only be explained by the coupling between the inequivalent 47y
P atoms. Besides W, P, and H (decoupled), other atoms present

Inorganic Chemistry, Vol. 39, No. 13, 200@755

in cluster complex either do not have NMR active isotopes (S)
or do not have significant abundance for the NMR active
isotopes (C and N} Although P-P coupling via three bonds

is very uncommort? it has been observed in metal chloride
clusters containing multiple bonds with even larger coupling
constant®-45 and in some chalcogenide clustét$’ However,

it has not been reported for octahedral metal clusters before.
The equal coupling constantdJ¢-p = 2.4 Hz) for the two
triplets and two equivalent P atoms for each kind of inequivalent
P atom fit the “double triplets” picture.

(b) P—P Coupling in Other W gSg(PCys3)n(4-tbp)s—n (0 <
n < 6) Complexes.If the triplet splitting is truly caused by
P—P coupling, we should see the analogousPPcoupling in
other cluster complexes with inequivalent phosphine ligands.
As shown in Table 6, \35s(4-tbp)(PR)s should have a doublet:
quintet splitting pattern with a 4:1 intensity ratio ameér\WgSs-
(4-tbpk(PRs)3 should have a doublet:triplet pattern with a 2:1
intensity ratio. Indeed, such peaks were observed in mixtures
of WesSg(4-tbpk-n(PCys), complexes as shown in parts B and
C of Figure 6, which were magnified from portions off#
NMR spectrum of such a mixture. Examination of several
mixtures revealed that the intensity ratios of these assumed
coupled peaks followed the theoretically predicted values, while
the ratios of other peaks varied from one mixture to another.
The coupling constanfdp_p are the same within experimental
error, which is reasonable because of the expected small
variations in the interatomic distances.

(c) P—P Coupling in the Isotopomers of WsSg(PCys3)n(4-
tbp)s—n (0 < n < 6) Complexes.Satellite peaks are generally
broad because there are possible W isotopomers in which P
atoms on different isotopic W atoms can lead to furthetPP
coupling even if they might be chemically equivalent based on
their positions on the octahedra. This fine coupling is generally
impossible to trace and observe for complexes with several
phosphine ligands but possible for some simple cases. Figure 7
shows magnifiedP{H} NMR of these WSg(PCys)n(4-tbpk-—n
complex mixtures, highlighting the fine coupling details of those
satellites that can be practically predicted and observed s8&-W
(tbp)(PCys), the only P atom is either bound to &3W
(satellites) or not (main peak), so the satellites are singlets as
shown in Figure 7A. In the case dafisWgSg(tbpu(PCys)2
(Figure 7B), isotopomer P18W—-W—P (24.08% among all
three isotopomers) gives doublet splitting on both satellite and
main P peaks, which should dominate the satellite features
because isotopomer P8W—-183W—P has a much lower
probability (1.96%). For the slightly more complicated case of
fac-WeSs(tbp)s(PCys)s, the satellite feature is dominated by
isotopomer 18W—-W—-W (31.65%), which leads to triplet
splitting on satellites and a doublet on the main peak, as shown
in Figure 7C.

(42) (a) Mason, J. IMultinuclear NMR Mason, J., Ed.; Plenum Press:
New York, 1987. (b) Minelli, M.; Enemark, J. H.; Brownlee, R. T.
C.; O’Connor, M. J.; Wedd, A. GCoord. Chem. Re 1985 68, 169~
278. (c) Pregosin, P. S.; Kunz, R. Whosphorus-31 and Carbon-13
NMR of Transition Metal Phosphine Complex&pringer-Verlag:
Berlin, 1979. (d) Verkade, J. GCoord. Chem. Re 1972/19739,
1-106. (e) See ref 41, chapter 8E.

(43) (a) Carlin, R. T. Ph.D. Thesis, lowa State University, 1982. (b) Carlin,
R. T.; McCarley, R. Elnorg. Chem.1989 28, 3432-3436.

(44) Cotton, F. A.; Dikarev, E. V.; Wong, W.-Yinorg. Chem.1997, 36,
3268-3276.

(45) Luck, R. L.; Morris, R. H.; Sawyer, J. Anorg. Chem.1987, 26,
222.

(46) Cotton, F. A,; Kibala, P. A.; Matusz, M.; McCaleb, C. S.; Sandor, R.

B. W. Inorg. Chem.1989 28, 2623-2630.

Saito, T.; Kajitani, Y.; Yamagata, T.; Imoto, thorg. Chem.199Q

29, 2951-2955.
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Figure 7. 3P NMR spectra of selected 38(PCys)s—n(thp) complexes
highlighting fine P-P coupling in satellites (in §D referenced to 85%
H3PQ,, portions from3P NMR spectrum of a mixture): (A) V%~
(PCys)(4-tbp); (B) cis-WeSs(PCys)2(4-tbpk (x indicatestrans-WeSs-
(PCy)2(4-thp)); (C) fac-WeSs(PCys)s(4-tbp) (xx indicates the doublet
from fac-WeSe(PCys)s(4-tbp)).

Since the’!P NMR peaks are well separated from each other,
these P-P coupling “fingerprints” are very useful in identifying
and studying the specific cluster complexethe mixtureeven
beforewe isolate and identify each individual complex. As noted
in Table 6, three out of all nine complexes in this series can be
unequivocally assigned by the main peakMPcoupling in the
3P NMR. Two more complexes can be assigned with the
coupling details in satellite peaks. If the species were isolated,
IH NMR can differentiate WSs(tbp)s(PRs) andtrans-WeSs(4-
tbpu(PRs), and identify WSg(PRs)s. The only “featureless”
complex,transWgSg(4-tbph(PRs)4, would account for the only
unassigned peak.

However, chemical shift information for P atoms on different
WSgs(4-tbpk-n(PRs)n has not been utilized yet. Since all the

Jin et al.

assignment. If we calculate the mass balance based on the
“normalized” integrals of the proposed complexes, only the
correct assignment can lead to a balance. With this method,
the new peaks in this spectrum were assigned as 9.216 (s) from
3P offac-WeSs(PCys)a(thp)s (5.3%), 8.635 (d) from 2P aher
WeSs(PCys)a(tbp)s, 7.851 (t) from 1P ofmerWsSs(PCys)s(thp)s,
4.774 (s) from 4P ofransWeSg(PCys)4(tbp),, —0.045 (d) from

4P of WsSg(PCy)s(tbp), —3.454 (quintet) from 1P of \ABg-
(PCy)s(tbp). Then the distribution of different cluster complexes
after complext was heated at 10TC was determined as shown

in parenthesestac-WgSg(PCys)3(thp)s (5.3%),merWsSg(PCys)s-

(tbpk (5.7%),trans-WeSs(PCys)a(tbp), (4.4%),Cis-WeSs(PCys)4-

(tbp) (73.6%), WsSg(PCys)s(tbp) (11%).

In summary, NMR spectroscopy, especiat NMR spec-
troscopy, is a very powerful technique for identifyings®y/
complexes containing phosphine ligands and for monitoring “in
situ” ligand substitution reactions involving phosphines even
before isolating each species.

D. Thermogravimetric Analysis (TGA). The thermogravi-
metric analyses (TGA) of the clusters can give some ap-
proximate indication of the lability or binding strength of the
ligands, though sometimes the TGA might be complicated by
other factors such as high boiling points of the ligands. Among
the new complexes reported herein, the decomposition temper-
ature of WiSg(PCy)s (3) (indicated by the onset of weight loss)
is the highest, 230C, comparable to that of ¥&(PE%)s cluster,
250°C 2 suggesting that PGys an inert ligand on \A% cluster.

The decomposition temperature ofs®¥(n-butylaminey (2) is
100°C, the lowest among the clusters investigad&the TGA

of cis-WeSg(PCys)a(tbp), (2) cluster is quite intriguing; with two
distinctive decomposition temperatures, 100 and A@0cor-
responding to the loss of 4-tbp and Rdigands, respectively,
based on the weight composition. There is also a so far
unexplained small weight gain around 18D, which persisted
even after several samples were examined and TGA gas was
changed to argon from NN

Conclusions

Substitution reactions of ¥&sL ¢ clusters with the bulky PGy
ligand were investigated to synthesize cluster complexes with
mixed axial ligands for ultimate use in the low-dimensional
cluster linking. cis-WgSg(PCys)a(tbp), cluster was produced
preferentially and isolated readily wheneBd(tbp) and 4-6
equiv of PCy were used as the starting materials. ThgS¥
(PCyw)s cluster was produced when ¢B(n-butylaminey and
6 equiv of PCy were used. Other conditions led to mixtures of
WeSs(PCys)nLe-n (0 < n < 6) complexescis-WeSg(PCys)a-
(tbp), has a distorted structure due to its mixed axial ligand
environment.3®P NMR of cisWsSs(PCys)a(tbp), and other
WsSs(PRs)nLs-n Clusters revealedPP coupling through three
bonds, which is found to be extremely useful for identifying
nearly all the WSg (PRs)n Ls—n Cluster complexes in the mixture
before the individual complexes are isolated.
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Supporting Information Available: Lists of atomic positions and CIF format for the structure determinationsai$-WsSs(PCys)a(4-tert-
parameters, tables of bond lengths and angles for crystal structures ofbutylpyridine}-heptane, WSg(n-butylaminey, and WSg(PCy)e
Cis-WeSg(PCys)a(4-tert-butylpyridine}-heptane, WSs(n-butylamine, 2 heptane. This material is available free of charge via the Internet at
and WsSg(PCys)e:2 heptane, thermogravimetric traces @s-WeSs- http://pubs.acs.org.
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