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Eleven organic Lewis bases were investigated as potential ligands (L)s8sL/ clusters by exploring ligand
exchange reactions to form gBkL¢ clusters. Six new homoleptic ¥8sL s cluster complexes were prepared and
characterized with |= tri-n-butylphosphine (MBus), triphenylphosphine (PR} tert-butylisocyanide 'BuNC),
morpholine, methylamine (MeN# andtert-butylamine BuNH,). While partial replacement of ligands occurred

with diethylamine (EfNH) and dibutylamine (BgNH), homoleptic clusters could not be prepared by these exchange
reactions. When aniline, tribenzylamine, andténit-butylphosphine were the potential ligands, no exchange was
observed. From ligand exchange studies of these ligands and others previously studied, a thermodynamic series
of binding free energies for ligands ongBéL ¢ clusters was established as the following: non-Lewis base solvents,
aniline, PBu3, etc. < EtNH, Bu,NH < 'BuNH, < morpholine, piperidine<s "BuNH,, MeNH, < 4-tert-
butylpyridine, pyridine< 'BuNC < tricyclohexylphosphine (PGy < PPh, P'Bus < triethylphosphine (PE}.
Structures of the new cluster complexes were determined by X-ray crystallography. The new compounds were
also characterized by NMR spectroscopy and thermogravimetric analyses (TGA). Fheb@hd orders and

TGA data qualitatively agree with the thermodynamic series above.

Introduction

Ever since the molecular octahedral clustesBy(PEt)s was
synthesized in the late 198bgroup VI octahedral chalcogenide
metal clusters MQgLe?* (M = Cr>7 Mo 8 18 W;1423Q =
S, Se, Te; L= organic donor ligands) have attracted continued
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Table 1. Designations of the WL Clustersn and Abbreviations and Properties of Ligands L

ligand L abbreviation n bprcC PKa 2 Cg/Eg®

tri-n-butylphosphine MBus; 1 150/50 mmHg 8.43 5.36/0.32
triphenylphosphine PRh 2 377(80) 2.73 3.05/0.70
tert-butylisocyanide ‘BuNC 3 91 - —
morpholine Morph 4 129 8.33 —
methylamine MeNH 5 —6.3 10.657 3.12/2.16
tert-butylamine ‘BUNH; 6 46 10.83 —
triethylphosphine PE&t 71421 127 8.69 5.53/0.28
tricyclohexylphosphine PGy 8% 82 (mp) 9.70 5.35/0.41
4-tert-butylpyridine 4-tbp 916 196 6.0 3.64/1.90
pyridine py 10618 115 5.25 3.54/1.78
piperidine pip 112115 106 11.123 4.93/1.44
tetrahydrothiophene THT 1215 119 - 4.07/0.26
n-butylamine "BuNH, 13 78 10.77 3.30/2.34
diethylamine ENH 55 10.489 4.54/1.22
di-n-butylamine BuNH 159 - -

aniline 184 4.63 -
tribenzylamine 91 (mp) - 5.73/1.32
tri-tert-butylphosphine Bus 102/13 mmHg - 6.08/0.25

2 pK, values mostly in 28C aqueous solutions. Taken from refs 40 and 41 for amines and ref 42 for phospl@aesdEs values are covalent

and electrostatic parameters, respectively, characteristic of Lewis bases defined by Drago. Listed values are the most recent versions, taken from

ref 43 for phosphines and ref 44 for othet3.he data for their close anologues are given: 4-ethylpyridine for 4-tbp, ethylamin@ddiH,,

won

(CzHs)3N for tribenzylamine. means the data are not available.

Conceptually, such extended cluster networks can be madeMorpholine,n-butylamine, dibutylamine, diethylamine, and aniline were

by replacing the monodentate ligands (L) on thgdyl s cluster
with ditopic ligands. These targets are analogous to the

dried with potassium hydroxide, degassed, and distilled under reduced
pressure. THF, diethyl ether, and benzene were treated with sodium

numerous compounds reported by supramolecular inorganiCWire and distilled under reduced pressure. All others were used as

chemist§’—3° except that here the octahedral clusters replace
single metal ions in those networks. In practice, the knowledge
of the axial coordination chemistry of the clusters, in contrast
to the well-established coordination chemistry of single metal
complexes, has been insufficient to allow the implementation
of such simple concepts in a rational fashion. A number of group
VI MeQgsls (M = Cr, Mo, W; Q =S, Se, Te) clusters have
been reported with the following ligands: triethylphoshine
(PEg),1581421 tricyclohexylphosphine (PGYy2® pyridine

(py) 101620 A-tert-butylpyridine  (4-tbp)i621  piperidine
(pip) 10151721 pyrrolidine?  propylaminel® n-butylamine
("BuNH,),23 and tetrahydrothiophene (TH¥) Those bound to
W;sSs clusters are designated in Table 1. However, the focus
was often the construction of the cluster compounds, while little

received. Methylamine solution in THRert-butylamine, andtert-
butylisocyanide were received sealed under dinitrogen from Aldrich.
Deuterated benzene (sealed under dinitrogen) was purchased from
Cambridge Isotope Laboratories, Inc. All reagents and products were
stored in a glovebox filled with argon. All operations were carried out
in the glovebox unless otherwise stated. The “reaction bomb” used
below is a thick-walled glass vessel (i#.1 in., thickness= Yz in.)
equipped with a Teflon valve and a Teflon stir bar.

1H and*3C NMR spectra were obtained using an IBM/Bruker AF-
300 instrument or a Varian VXR-400 instrument and were internally
referenced to residual solvent resonaf®@ NMR spectra were obtained
using a Varian VXR-400 instrument at 162 MHz with 85%R®, as
an external standard and withl decoupling unless otherwise noted.
Powder X-ray diffraction was done on a Scintag XDS2000 diffracto-
meter. FT-IR spectrum was collected with KBr pellet on a Mattson
Polaris spectrometer equipped with a 4326 upgraded electronics package

attention was paid to the interconversions between them. Drivengnd a DTGS detector.

by our goal of constructing networks of §8% clusters via axial

Synthesis of WSs(P"Bus)s (1). A reaction bomb was charged with

ligand exchange reactions, we extensively studied many organicwsSy(4-tbp) (9) (0.500 g, 0.230 mmol) and'Bus (0.326 g, 1.61 mmol)

donor compounds as potential ligands to thgsy¥¢lusters (listed

along with 20 mL of THF and was brought out of the glovebox. After

in Table 1) and systematically compared the thermodynamics the mixture was heated to 10C for 24 h, the solvent was removed

of ligand binding to the clusters. Our findings are reported here.
Six new WsSgL g cluster complexesl—6 (designated in Table
1), were synthesized through ligand exchange reactions an

characterized by X-ray crystallography. These new complexes,

along with those reported previously, were examined with
guantitative or qualitative NMR spectroscopy, thermogravimetric

in dynamic vacuum. The solid residue was washed with acetonitrile,
dried in vacuo, and weighed (0.520 g, 88% yield). As prepared, this

dsolid contained X-ray quality crystals.

This compound is very soluble in THF and benzene, soluble even
in EO and heptane, but insoluble in acetonitrile. NMR in CgDe:
0 2.1-2.05 (broadp-H, 2), 1.88-1.76 (broad$-H, 2), 1.55 (sextet,
-H, 2), 1.05 (t, Me, 3)1J = 7 Hz.3P{H} NMR: 6 —24.44; satellite

analyses, and structure analyses when available in an attemppeaks (broad);-23.65 to—23.75,—25.14 to—24.24,1J,,, = 240 Hz.

to develop a thermodynamic scale of binding free energy.

Experimental Section

General. Cluster complexes9, 11, and 13 were synthesized
according to reported procedurdg® All other reagents were of
commercial origin. Acetonitrile was dried wit4 A molecular sieves.

(37) Lehn, J.-M.Pure Appl Chem 1994 66, 1961-1966.

(38) Lehn, J.-M.Supramolecular ChemistryConcepts and Perspects
VCH: Weinheim, Germany, 1995.

(39) Zaworotko, M. J. IrCrystal EngineeringThe Design and Application
of Functional Solids Seddon, K. R., Zaworotko, M., Eds.; NATO
Science Series C, Vol. 539; Kluwer Academic: Dordrecht, The
Netherlands, 1999.

Synthesis of WSs(PPhg)s (2). Cluster9 (0.200 g, 0.0918 mmol)
and PPk (0.169 g, 0.645 mmol) were sealed in a reaction bomb along
with 10 mL of benzene. The vessel was brought out of the glovebox
and heated to 100C for 48 h. The initial slurry became a dark-red
clear solution and then became a slurry again. The light orange-red
fine precipitate was filtered, washed with benzene, dried in vacuo, and
weighed (0.169 g, 63% yield). Some block-shaped red crystals suitable
for X-ray analysis could be found in the product. This compound is
insoluble in common solvents.

Synthesis of WSs('BUNC)s (3). A reaction bomb was charged with
9(0.194 g, 0.089 mmol) anert-butylisocyanide (0.089 g, 1.07 mmol)
along with 2.5 g of benzene and brought out of the glovebox. After 3
days at 100°C in an oil bath, X-ray quality brown-red crystals
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Table 2. *H NMR Chemical Shifts (ppm) for Heteroleptic A85(LL")s Cluster Complexes (= 4-tbp and L = Amines)
IH NMR chemical shifts in €Ds

amine bound 4-tbp bound amine
WeSs(4-tbp) g (mmol) o-H multiple  m-H multiple Me multiple
g (mmol) (cluster/amine) peaks peaks singlets Hon N alkyl H

0.400 (0.184) tert-butylamine  9.83-9.77 6.65-6.62 0.770.72  3.81,3.77, 1.30, 1.28, 1.26,
4.0 (55) 3.73,3.69 (singlets)  1.24 (all singlets, Me)
(2:300)

0.200 (0.0918) diethylamine  9.88-9.80 6.68-6.62 0.79-0.76  3.9-3.8 (broad) 3.4%3.34 (multipletsp-H),
3.06 (41.9) 1.16-1.08 (multiplets, Me)
(1:450)

0.115(0.0530) dibutylamine  9.82-9.65 6.63-6.57 0.78-0.69  3.9-3.6 (broad) 3.3-3.1 (broadoi-H),
2.82(21.9) 1.7—-1.2 (two broad humps, rest)
(1:410)

precipitated from solution upon slow cooling. These crystals were -I(;?blf 3. gro_greds? of Ligandt_?li%ﬁtﬁmgff L with Ibn WeSele
collected by filtration in a glovebox, washed with,8t and weighed usters Derived from Quantitati
when dry (0.094 g, 57% vyield). before reactions after equilibrium

This compound is very soluble in acetonitrile, moderately soluble | ster WSle ligandL' ratioL/L' ratio L bound/unbourfd
in benzene, slightly soluble in THF, and insoluble in@&and heptane.

IH NMR in CDe: 0 0.694 (s, Me). IR: 2135 crt (vew). WeSs(4-tbpy pip 6:13 3.0:3.0
Synthesis of WSs(morp)s (4). A reaction bomb was charged with pIp 6:18 1347
9 (0.223 g, 0.106 mmol) and morpholine (0.936 g, 10.61 mmol) and p:p gjgio :rL1'ele.1‘r1I.9com lete
then was brought out of the glovebox and heated to°@ebr 2 days. Engrph 6"62 1 0.5y0 P
The brownish yellow solid precipitate was filtered, then washed with "BUNH, 6:i0 1842
Et,0. The dried product weighed 0.105 g (54% yield). "BUNH, 6:18 1.2:4.8
Cluster4 is somewhat soluble in aniline, slightly soluble in DMF, "BUNH, 6:26 0.42:5.58
sparingly soluble in THF, benzonitrile, and acetonitrile, and insoluble "BuNH, 6:100 nearly complete
in other common solvents. Single crystals were grown by vapor ‘BuNH; 6:11 3.4:2.6
diffusion of EtO into an aniline/morpholine solution & ‘BUuNH, 6:70 1.6:4.4
Synthesis of WSs(MeNH,)s (5). WeSs("BuNH,)s (13) (0.400 g, BuNH 6:90 4.8:1.2
0.222 mmol) was dissolved in 4 mL of benzene in a reaction bomb, EtNH 6:78 2.6:34
and a 2.0 M solution of methylamine in THF (12.0 mL, 24.0 mmol) WieSs(pip)s 4-thp 13:8 3.0:3.0
was added. Then the reaction bomb was brought out of the glovebox 4-tbp 13:69 5.0:1.0
and heated to 100C for 4 days. The black precipitate was filtered, "BuNH, 6:2.9 3.9:21
washed with B0, and weighed (0.277 g, 80% yield@aution: Heating "BuNH, 6:7.2 2.6:3.4
methylamine solutions in closed containers can generate high pressure. "BUNH; 6:11.5 2.2:3.8
Cluster5 is so_luble in a_niline and DMF, slightly solu_ble in THF aThe reactions were run in sealed NMR tubes at 10Gor 24 h
and CHCl,, and insoluble in other common solvents. Single crystals yith CDs as solvent. The ratios were determined with integrals from
were grown by vapor diffusion of BD into an aniline solution 05. quantitative NMR spectra taken at room temperature before and after

Synthesis of WSs('BUNH_)s (6). WeSs("BUNH)s (0.200 g, 0.111 reactions? Expressed in mole ratios of ligands with a sum of Bome
mmol) and 3.0 mL oftert-butylamine (28 mmol) were sealed in a  precipitate was observed after the reaction, which could be due to the
reaction bomb to form a brown-red solution. The vessel was taken out reduced solubility of the product ingDe.
of the glovebox and heated at 100 for 48 h without a change in the

appearance of the solution. The solution was then layered with  x.ray Structure Determination. Single crystals suitable for X-ray
acetonitrile (10 mL) to yield a flaky precipitate in a few days, which  ¢rystallographic analyses were obtained for clusters, as described

was filtered and washed with acetonitrile and@&t The product in the synthesis section. Crystals were mounted on a thin plastic loop
weighed 0.105 g (53% yield). using polybutene oil and were immediately cooled in a cold dinitrogen
Single crystals were grown by layering acetontrile on top tér& stream. Single-crystal X-ray diffraction data were collected on a Bruker
butylamine solution 0. *H NMR in CsDe: 6 3.69 (s, Hon N, 2),  SMART system with a CCD detector using MaxKadiation at 173
1.25 (s, Me, 9)*C NMR in GDs: 0 53.7 ert-C), 31.0 (Me). K. The cell constants were determined from more than 50 well-centered

Ligand Exchange Reactions with Other AminesTypical reactions  reflections. The data were integrated using SAINT softvarend
were carried out in reaction bombs withs8(4-tbp); and excess neat  empirical absorption corrections were applied using the SADABS
amines as the solvent. The initial red slurries became brown-red program or thes revision® The space groups were determined on the
solutions after they were heated at T@for 2 days. After the solvents  pasis of systematic absences, intensity statistics, and the successful
were removed under dynamic vacuuid,NMR in C¢Ds were recorded

on the amorphous products. The reactions and the chemical shifts arg40) Perrin, D. D.Dissociation Constants of Organic Bases in Aqueous

listed in Table 2. Solution Butterworth: London, 1965.
Using Quantitative 'H NMR To Monitor the Exchange Reactions. (41) Lide, D. R.CRC Handbook of Chemistry and Physiédth ed.; CRC
Ligand exchange reactions were monitored with quantitativBMR. Press: Boca Raton, FL, 1993.

; ; ; ; ; o (42) McAuliffe, C. A.; Levason, W.Phosphine Arsine and Stibine
The starting clusters and stock solutions of the incoming ligands in Complexes of the Transition Elemeriisevier Scientific Publishing

CsDs together with comparable amounts of pentamethylbenzene were Company: New York, 1979; p 70.

loaded into threaded NMR tubes (5 mm o.d. from Kontes, Inc.) and (43) Drago, R. S.; Dadmun, A. P.; Vogel, G. Borg. Chem 1993 32,
sealed with caps lined with Teflon septa. The NMR tubes were taken 2473-2479.

out of the glovebox and heated in an oil bath at 180Free induction (44) Joerg, S.; Drago, R. S.; Sales,Qrganometallics1998 17, 589—

decay NMR specra were taken at room temperature before and after | 5%3’-\'_'_ Plus: Software for the CCD D ver Analviical
the reactions with 60 s delay times§T; for the protons with longest () ?(-ray SygtSémS'OMaE(ljriio%r tV\ﬁ Clcggg etector SystBnuker Analytical
T.) to detect all the'H spins. The mole ratios of the ligands were (46) Sheldrick, G. MSADABS(the computer program SADABS is used
determined from the peak integral ratios in the NMR spectra. The details by Siemens CCD diffractometers); Institute Anorganische Chemie

and the results are given in Table 3. der Universita Gottingen: Gitingen, Germany, 1999.
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Table 4. Crystallographic Data for 12-CsHs, 3-4CsHs, 4-3.7(aniline)1.3(morph),5, and6-2'BuNH,?

1 2:CeHs 3-4CHs 4-3.7(aniline)1.3(morph) 5 6:2'BUNH,
chemical formula  @H162PsSeWs C114H96PsSsWe Cs4H7eN6SeWs Cs1.9H91.8N1107 255 W CsHzoNsSsWs Cs2HgaNgSsWe
fw 2573.42 3011.31 2170.80 2340.44 154594 1944.68
space group C2/c (No. 15) P1 (No. 2) P1 (No. 2) C2/c (No. 15) P1 (No. 2) C2/c (No. 15)
a A 24.6648(12) 14.6107(6) 12.1751(6) 14.8105(13) 9.0847(5) 23.1036(4)
b, A 19.8619(9) 16.6282(7) 12.5456(6) 18.5419(17) 9.1602(5) 20.8216(3)
c A 20.1365(10) 21.2344(9) 12.7678(6) 25.108(2) 9.5660(5) 11.497
a, deg 96.3869(9) 111.5324(11) 103.7320(10)
5. deg 103.3240(10)  93.7166(10) 110.3392(11) 104.284(2) 116.6220(10)  99.7030(10)
v, deg 92.1225(10) 93.1387(11) 106.2650(10)
V, A3 9599.1(8) 5111.0(4) 1663.41(14) 6681.8(10) 619.10(6) 5451.46(12)
Z 4 2 1 4
T,°C ~108(2) —100(2) ~108(2) —108(2) ~100(2) —108(2)
Pcalcas  CNT 3 1.781 1.957 2.167 2.327 4.147 2.369
,cmt 74.69 70.31 106.19 105.93 284.38 129.46
Ry P (I > 20/all) 0.0250/0.0396 0.0368/0.0723 0.0412/0.0693 0.0304/0.0389 0.0444/0.0470 0.0325/0.0465
WRz¢ (I > 20/all) 0.0506/0.0590 0.0767/0.0881 0.0823/0.0910 0.0595/0.0613 0.1222/0.1239 0.0747/0.0905

aDetermined using Mo K radiation ¢ = 0.710 73 A).P Ry = Y||Fo| — |Fell/Y|Fol. CWR: = [YW(Fo2 — FA)2YW(Fod)? 112

refinements of the structures. The structures were solved using A. Ligand Exchange Reactions of WSgLg Clusters. i.
SHELXS" with direct methods (all exce) or the Patterson method Syntheses of New Homoleptic Clusters 46 and Their

(5 to reveal the positions of W and S atoms. Difference Fourier prgperties. Because its synthesis in high yield and quantity is
syntheses following the subsequent full-matrix least-squares reﬁnementsroutine in our hand3! the WsSs(4-tbp); cluster is the starting

2 \Wi .
on Fe with SHELXL software packagérevealed the ligand atoms. material for the preparation of otherg® compounds. Among
Hydrogen atoms were assigned to the ideal positions and refined usmgth lustersl—5 Idb thesized by directl laci
a riding model. There was some disorder in the butyl groups of the € new cluster could be synthesized by directly replacing

ligand in clusterl and in a phenyl group of a ligand in clus&rwhich 4-tbp with the incoming ligand at 100C. For ligands FBus, .
was modeled successfully. In the crystal structure,oé disordered PPh, and'BUNC, somewhat greater than the needed 6 equiv
solvent molecule position was found to be partially occupied by both Of the new ligands per cluster are sufficient to ensure complete
morpholine and aniline, and the occupancy of morpholine was about replacement of the 4-tbp. For morpholine and methylamine, a
0.65 by refinement. All nonsolvent non-hydrogen atoms were refined large excess (several hundred equivalents) of ligand is essential
anisotropically. All final refinements converged, and the residual for complete exchange. At fewer equivalents, only partial
electron densities were near the W atoms (typically within 1 A). The replacement occurred as shown Hy NMR, in which the
crystallographic data are listed in Table 4. Clugievas also found to characteristic resonances of bound and unbound 4-tbp ligand
crystallize in space group3ic (No. 163) witha = 11.9404(5) Aand o clearly discerned. Feert-butylamine, even a large excess
¢ = 18.7155(7) A, without any solvents of crystallization. Because of f t i d 300' . tf ’” | the 4-tb
the poor quality of the data, we were not able to refine the structure to of neat ligand ( equiv) cannot Tully replace the 2-1op.
However, when WSs("BuNH,)s is used as the precursor, excess

an acceptabl® value. o8l ! .
Thermogravimetric Analysis (TGA). The thermogravimetric analy- ~ N€attertbutylamine is capable of completely replacing the

ses (TGA) of the cluster complexes were done on a Seiko TG/DTA "BUNH; ligands, enapling the synthesis of the new cluster
220 thermal analyzer. The samples were loaded onto an aluminum panT he reported synthesis for clustewas also convenient through
and were heated from room temperature to 360t a rate of 20C/ this route. The synthetic routes and interconversions of these
min under a flow of dinitrogen (60 mL/min). clusters are summarized in Figure 1.

The identities of the new clusters were confirmed by X-ray
structural analyses (vide infra). For routine stu#iy, NMR is
a good technique to verify the completeness of the ligand

Although the clusters reported herein were not previously €xchange and to characterize the new cluster complexes
known, the inner core of the ¥ clusters are known to be = Provided that the products are soluble in available deuterated
rather robust, while the axial ligands are usually labile above SClvents, as fot, 3, and6. The'H NMR spectra display signals
room temperature. In section A, these ligands (listed in Table from the bound ligands, which are generally shifted downfield
1) are discussed in three categories according to their exchangd€cause of the electron-withdrawing effect of the coordination
behavior: (i) those that can completely replace existing ligands t©© the W atoms. Once assigned, the signals can be used to
and with which new WSsLe cluster complexes were synthe- evaluate the results of the ligand exchange reactions. The powder
sized; (ii) those that can only partially replace existing ligands difffraction pattern of5 matches the simulated powder pattern
and with which homoleptic \ABsL ¢ clusters were not isolated; ~ from its single-crystal structure (Figure S1 in Supporting
(iii) those with which no ligand exchange occurred. The new Information). The ch?rgcter_lstlw(CN) band observed for
WsSsls clusters from class i were subject to X-ray structural €OMPounds (2135 cn) is shifted just slightly lower than the
analyses and TGA studies, as presented in sections B and c?(CN) band in unbountBuNC (2138 cm*), which indicates a
When homoleptic clusters could not be prepared, thermo- Very Wf:‘k”_ back-bonding between the W atoms and the
dynamic information could still be extracted from the ligand !lgands. This is consistent with the structural analysis (vide
exchange reactions using quantitative NMR and other tech- '”fr‘?)- _
niques. On the basis of these observations, the ligands listed in Like PEg,? the ligands PBuz and PP completely replace

Table 1 are compared from thermodynamic and kinetic perspec-4-tbp at slightly more than 1:6 ratios (cluster/ligand), which
tives. demonstrates that they are thermodynamically more favorable

Results and Discussion

(47) Sheldrick, G. M.SHELXL, version 5.10; Siemens Analytical X-ray
Instruments, Inc.: Madison, WI, 1999.

(48) Nakamoto, Kinfrared and Raman Spectra of Inorganic and Coor-
dination Compounds5th ed.; Wiley: New York, 1997.
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ii. Partial Ligand Exchange Reactions.When an excess
(=400 equiv) of neat diethylamine or dibutyalmine was used
to react with WSg(4-tbp), the products were mixtures of
heteroleptic clusters coordinated by both 4-tbp and amine ligands
as evidenced by multiple peaks (9-6%.88, 6.576.68 ppm
and those at+4 ppm) in’H NMR spectra. These correspond
to the bound ligands on the clusters (see Table 2). The two
groups of aromatic peaks were slightly shifted upfield from those
of the bound 4-tbp i, and the groups of peaks at-4 ppm
were slightly shifted downfield from those of the unbound
amines. The peaks from protons on and close to the amine N
atoms were often broad, which indicates the dynamic nature of
these W-N bonds?® When WsSg("BuNH;)s was used as
precursor, NMR spectra of the green residues resulting from
the removal of the free ligand were complicated and did not
match the expected spectra of homoleptic cluster complexes.
For the case of diethylamine, some portion of this greenish

WS

)

W,S,(MeNH,),

1f
[ \
Y 4 0 1 WLS,(BUNH,), residue could not be redissolved in any solvent. We conclude
“W.S,(BuNH), ----- - I‘“X’ “W,S,(Et,NH),” that if such clusters as ¥8(R.NH)s exist, they are not stable
without excess ligand present. Therefore, these dialkylamine
—_— e - - ) - compounds are even less stable than'BiweNH, compound.
With approx. With > 100 fold  ncomplete even with The difference between these secondary amines cyutic
stoichiometric amount  excess of new a great excess of new secondary amines could perhaps be explained by steric interac-
of new ligand ligand ligand tions between the respective ligand and the cluster. Such

) . ) . repulsion should be less severe foyclic secondary amines
Figure 1. Summary of interconversions of 88Ls complexes via P y

ligand exchange. The different arrows, as explained in the bottom Iegend,because of the ,”ng restriction. We speculate .that direct
box, represent experimental results. Some reactions are omitted becausBitercluster W-S linkages such as those present in Chevrel
of presentation difficulty. phase%* occur when the ligands are weakly bound and labile,

) ) leading to sometimes insoluble products. Such direct intercluster
ligands on WSg clusters than 4-tbp. The exchange reactions linkage, as observed in the Chevrel-like cluster dimer8a-
between these phosphine clusters showed l*l_*mﬁs slightly (PE&)1o by Saito and co-workef, is a competing reaction
less favorable than PEHowever, WSs(P'Bus)s is more soluble  hathway to ligand exchange. This hypothesis was also the basis
in a wider variety of solvents than ¥8(PEt)s.*! Because  for McCarley and co-workers’ attempts to make tungsten
cluster2 is not soluble, detailed comparisons of BRiith other analogues of Chevrel phases by removing labile ligands,
phosphines were not obtained. _ especially amine ligands, from clusters at low temperaftng.
Isocy_anldes represent a new class of ligands fefaMusters, iii. Other Potential Ligands Investigated. Other potential
where Ilgan.d coqrdlnanon is through the C qtoms Oﬂﬂ.EC' candidates were not found to ligate theS¥/cluster at all. The
On the basis of its exchange behavi@uNC is more tightly basicity of aniline (K. = 4.63)1 is greatly reduced in
bound than 4-tbp but less tightly bound than phosphines. The comparison to other arr:ines b.y thedelocalization of the lone
strong ligation ofBUNC to the cluster suggests that ditopic pair electrons. Aniline was not found to bind to theSy/cluster
aromatic isocyanide ligands, such as 1,4-phenylene diisocyanidem ligand exc.hange attempts with clust@ror even 13 as

could be u.serI for building linked networks. L monitored with NMR. However, it has been found to be a
_Mqrphglllne was choser_1 for _study because of its similarity to universal solvent for many known ¥8sLs compounds. Not
F'per('jd'bn. d.and the pc;]saﬁle influence ocl)f thg oxydgen ci? ]Ehe surprisingly, the very bulky tertiary amine, tribenzylamine, also
Igand binding strength when compared to piperidine. Unfor- did not bind to different WSg clusters in reactions monitored

_ttulnately,4]lslr:ot Ve?\l/ Szlutbl.? '3 common solvgntt\s/:,, which m?]k?.s by NMR. While all other phosphines are good ligands, the fact
ILIesS uselur o us. Mo detaried comparisons between morpnoline PBus does not bind to the cluster at all is rather surprising.

and piperidine clusters were attempted, though they appear to.l.hiS is likely explained by steric hindrance'B®; has a large
bind with similar strength. Methylamine deserves some extra Tolman cone angle (18p5!

attention because it has the smallest volume of the ligands iV Monitoring the Ligand Exchanges: NMR Tube Reac-
stgdied..This.might allow faster kinetics inthe Iiganpl exchange tion:;: The resuglts of gl]Jantitative ng\]/IR.reactions are listed in
using this amine. Also because of its small volume, its solubility Tablé 3 We were a?ble to calculate the progress of ligand

is greatly reduced from those of other clusters with alkylamine replacement with peak integrals of bound and unbound ligands
ligands. However, aniline is a good solvent, perhaps because(estimated relative error ab2 10%). These data help compare

of hydrogen bonding to the bound methylamines. ; ! -
t the less strongly bound amine ligands with each other. The
The WeSs(BulNHz)s compound seems to be less stable than difference between these amines is quite small based on these

WsSs("BUNH,)6.22 The solid compound degraded with time after S ;

it was isolated from the mother liquor, as evidenced by the more res_ults. Nevert_heless, th_e dls_tlnctlpn between acyclic s_econdary
complicated NMR spectra and reduced solubility. The different amines and pnmaryn amines Is quite clear. AI.SO’ the d!ﬁerence
behavior of theert-butylamine andh-butylamine is not likely betweeﬁBuNHz and 'BUNH, conflrms the .preV|ous.quaI|tat|ve
due to different basicity because thijpvalues of these two observations. By strict comparison of ratiBBLNH; is a more
primary amines are very close (10.77 fBuNH, and 10.83 -

for "BUNH).4* It is likely that steric hindrance is responsible; ~(49) Sotton, . A Dikarev, E. V.; Herrero, $norg. Chem 1999 38

the bulkytert-butyl group may have repulsive interactions with 50y Amari, S.: Imoto, H.; Saito, TChem Lett 1997 967—968.
the S atoms on the clusters. (51) Tolman, C. AChem Rev. 1977, 77, 313-348.
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Table 5. Selected Interatomic Distances [A] and Bond Angles [deg] feBMs Clusters

clusters L

P'Bus PPh BuNC morpholine MeNH BuNH,
W-wW 2.6737(2)-2.6788(2) 2.6749(4) 2.6899(4) 2.6776(5)2.6870(5) 2.6563(3)2.6687(3) 2.6493(A2.6714(7) 2.6577(4)2.6680(4)
meart 2.676(2) 2.683(4) 2.681(3) 2.662(5) 2.661(8) 2.664(3)
Ow-uP 0.0051 0.015 0.0094 0.0124 0.0221 0.0103
W-S 2.4522(73-2.4647(7) 2.4262(18)2.4692(19) 2.443(2)2.456(2) 2.4493(11)2.4676(12) 2.436(3)2.481(3) 2.443(2)2.477(2)
meart 2.458(4) 2.449(12) 2.450(5) 2.458(5) 2.462(15) 2.464(9)
Ou-< 0.0125 0.043 0.013 0.0183 0.045 0.034
W-W-W¢ 89.970(6)-90.029(6) 89.619(13)90.383(13) 89.896(15)90.105(15) 89.862(9)90.139(10) 89.98(2)90.02(2) 89.804(12)90.196(12)
Ow-w-wP 0.059 0.764 0.209 0.277 0.04 0.392
W-W-Wd 59.918(4)-60.092(4) 59.737(11)60.291(11) 59.882(13)60.151(14) 59.720(AH60.179(8) 59.553(18)60.296(17) 59.793(11)60.175(11)
Ow-w-w® 0.174 0.554 0.269 0.459 0.743 0.382
W-L 2.5172(8)-2.5202(8) 2.5561(19)2.5915(19) 2.146(9)2.169(9) 2.303(4)2.313(4) 2.265(10)2.293(9) 2.292(6)2.311(6)
meart 2.518(1) 2.570(12) 2.160(10) 2.307(4) 2.278(11) 2.303(8)
L—-L 6.138-6.336 6.0516.581 5.596-5.863 5.812-6.034 5.724-6.038 5.576-6.234
OL-L 0.198 0.530 0.273 0.222 0.314 0.658

2 Followed by standard deviations’$) of the group of bond lengths in parentheses= {3 (d; — dm)%n}*2 > Maximum deviations® Within
equatorial squares. The mean\W—W angles within the equatorial squares are automaticalfyiBthe clusters have inversion centers. For
cluster complex WSg(PPh)s, the observed mean is 90.00(19 Within triangular faces. The mean angles aré B9 geometry.

favorable ligand on the V& cluster than piperidine, though  values smaller than 2. Highg values of ligands do not appear
the difference is just within experimental error. to be as important in ligand binding to thesge$/clusters. On

In summary, with the information presented above, we can the basis of its preferences for ligands with large covalency
now compare the binding thermodynamics of these ligands. The parameters, the ¥%; cluster appears to be “soft” and “covalent”
ligand exchange reactions are a probe of the relative thermo-(as opposed to “hard” and “electrostatic”). The difference

dynamics of ligand binding on the 38 cluster insolution between amines still cannot be readily explained by these
phases A thermodynamic ligand binding series can thus be parameters alone. Piperidine, diethylamine, and tertiary
established as the following: amines all have highetg than 4-tbp, yet they are less strongly
bound or do not bind at all. Perhaps this is the consequence
non-Lewis base solvents, anilinéBR,, etc.< of the steric repulsion, which is not reflected in the ECW

t - : : modef45¢ and quite pronounced in the cases of the cluster

EGNH, BuNH < BuNH, < morpholine, pip< compounds compared with the metal ions traditionally stud-
"BUNH,, MeNH, < 4-tbp, py< 'BUNC < PCy, < ied.
PPh, P'Bu, < PEt, 1) B. Crystal Structures. The crystal structures for the new

' 3= WeSgLe clusters were solved. Their molecular structures are

Such a qualitative ligand series is not available for mono- Shown in Figure 2. Selected bond lengths and angles are listed
nuclear tungsten complexes, to the best of our knowledge. N Table 5 (see Supporting Information for more _detalls). All
Furthermore, the substitution behavior of ligands on metal COMPlexes share the samesSY core structure, which can be

clusters has rarely been correlated with the behavior of single déscribed ‘as an octahedron of tungsten atoms with their
metal complexes. Among the exceptions are Hughbanks andoctahedral faces capped by eight triply bridging sulfur atoms.
co-workers' studies of ZCh XL clusters in which the behavior 1€ WeSs octahedra in all complexes are quite regular, as

of ligands on those clusters was found to qualitatively agree €videnced by the small variations of bond lengths and angles

with the ligand properties of the Zr(IV) complex&To some (see Table 5) despite _the.low imposed sy.mme_tries. (inversion
extent, the spectrochemical sefe¥ can serve as an ap- centers for all bgﬂ, which is the asymmetric unlt).. Six dono.r
proximate guideline to the ligand binding strength, although the !i9ands L coordinate to the six W atoms. The different axial
parameter that determines that sequence does not exactly refled{g@nds lead to some small metric variations, which will be the
the thermodynamics of ligand exchange. The ligands studied ©MPhasis of the discussion. o _ _
so far for the WSs cluster make up only a small section of the ~_There are two features worth mentioning before the discussion
spectrochemical series (from Nkb PRy). However, this series of the metric features. In the struc_ture 6f the I|ga_ndtert-

is not specific enough to explain the differences observed here.butyl groups have much conformational freedom; in the other
More useful guidelines are th€s/Es parameters (ECW  Observed crystal structure (space gréiic), some of theert-
model}4-56 defined and compiled by Drago and co-workers as Putyl groups are oriented differently to accommodate a packing
a quantitative dual parameter scale of basicity dodonors. ~ Scheme without solvents of crystallization. The 8—C bond
The good ligands reported to date all have a fairly large @ngles in the isocyanide compleg)(are 178.6, 174.5, and
covalency parametelCg, listed in Table 1), which is always 170.3. These nearly linear anglgs, as opppsed to the occasional
greater than 3, while the nonbinding “solvents” such as benzene,observed bent EN—C angles, indicate single metaigand

DMF, THF, DMSO, acetonitrile, and benzonitrile ha; bonds (W-C=N).>3 _
The average WW distances are 2.676(2), 2.683(4),
(52) Xie, X.; Reibenspies, J. H.; Hughbanks,JTAm Chem Soc 1998 2.681(3), 2.662(5), 2.661(8), and 2.664(3) A fogSAL ¢ clusters
(53) %:2%11321;11\‘/1\?% G Boch ML Murillo. &d g with L = P"Buz (1), PPh (2), 'BUNC (3), morpholine §),
otton, F. A.; Wilkinson, G.; Bochmann, M.; Murillo, @dvance t ;

Inorganic Chemistry6th ed.; Wiley: New York, 1998. MeNH; (5), and_ BuNH, _(6)’ respectively. Among them, the
(54) Shriver, D. F.; Atkins, P. W.; Langford, C. Hhorganic Chemistry average W-W distance in the PRIcluster is the longest and
- 2ndhed.; W. H. Freeman and Company: New York, 1(%?6. _ the one in the methylamine cluster is the shortest. They are
55) Huheey, J. E.; Keiter, E. A.; Keiter, R. linorganic emistry i ; ;

Principles of Structure and Reacity, 4th ed.; HarperCollins College within the r‘f""ge Obs.erv,ed in prewously kn.OWmW'G clu§ters.

Publishers: New York, 1993. On the basis of Pauling’s relati®rand the single bond distance

(56) Vogel, G. C.; Drago, R. SI. Chem Educ 1996 73, 701—707. of 2.635 A for W28 the bond orders of these YAV average
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W¢Sg(morpholine)g WSg(tBuNC), W, S4(t-butylamine),

Figure 2. ORTEP drawings of W8Ss(P"Bus)s (1), WeSs(PPh)s (2), WeSs('BUNC)s (3), WeSs(morpholine} (4), WeSs(MeNH,)s (5), and W.Sg(tert-
butylamine} (6) clusters with partial labeling schemes. Thermal ellipsoids are shown at the 30% probability level ex&epttah is at 50%.
Hydrogen atoms are omitted for clarity.

distances are calculated as 0.854, 0.833, 0.838, 0.902, 0.906the S atoms on each face of the cluster cube. TheQ/Mdistance
and 0.896 forl—6, respectively, which are close to the expected in 3 (2.160(10) A) is close to that found in the mononuclear
bond order of%,, = 0.833 for 20 e clusters. tungsten isocyanide complexes'BiNC),W]%" (2.06(2)-

The average WP distances irl (2.518(1) A) and W-N 2.12(2) A), which has a similar oxidation statel{) for W.5°
distances i, 5, and6 (2.307(4), 2.278(11), and 2.303(8) A, However, to compare the L distances with different ligands,
respectively) are comparable to values previously reported, suchwe have to turn our attention to the ¥ bonds first. The
as for cluster¢, 11, and13 (see Table 6). The average-W average W-S distances are 2.458(4), 2.449(12), 2.450(5),
distance in2 (2.570(12) A) is slightly longer than the WP 2.458(5), 2.462(15), and 2.464(9) A for clustdrs6, respec-
distances in phosphine clust@r¢2.521 A) andL but still shorter tively, and are relatively insensitive to the different axial ligands.
than that of8 (2.604 A). Also, the W-P bonds in2 are not This near constancy was reported by McCarley and co-workers
perpendicular to the square S faces of theSy\luster, and  pased on a limited comparison and was used to estimate the
the PPRligands lean over the phenyl rings that are most parallel covalent radius of the W atod.With 13 WeSsLs Structures
to the cluster faces (see Figure S2 in Supporting Information). known to date, the WS distance is found to be indeed quite
This results in a relatively large distortion of the nominal jnsensitive to the ligand environment. The average S\bond
octahedron of the ligands (sée-. in Table 5). These effects  gjstance is 2.455 A with a maximum deviation of 0.016 A for
are due to steric repulsion between the bulky Pigfands and  he average of all complexes and a maximum deviation of 0.055
A for all W—S bonds. Following McCarley, we use this average

(57) Pauling, L.The Nature of the Chemical Bon&€ornell University
Press: Ithaca, NY, 1960.

(58) Pearson, W. BThe Crystal Chemistry and Physics of Metals and (59) LaRue, W. A.; Anh Thu, L.; San Filippo, J., Jnorg. Chem 1980
Alloys Wiley: New York, 1972. 19, 315-320.
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Table 6. Summary of Structural and TGA Data for BLe

Complexe’ 100
W-W W-L TGAd

ligandL (A) BO°(W-w) (A) BO°(W-L) (°C) ref 90 |
PEg 2.680 0.841 2.521 0.985 250 21
P'Bus 2.676 0.854 2.518 0.996 220 here
PPh 2.683 0.833 2.570 0.816 240 here ® 8o
PCy 2.684 0.829 2.604 0.716 230 23 =
‘BUNC  2.681 0.838 2.160 1.118 170 here =)
THT 2.653 0.933 2.548 0.68 200 15 s n L T/ °C
4-tbp 2.662 0.902 2.257 0.584 190 16 701 5 MeNH; 160
py 2.662 0.902 2.263 0.571 180 16 6 BuNH, 140
MeNH, 2.661 0.906 2.278 0.539 160 here 3 MBuNC 170
"BuNH, 2.655 0.926 2.27 0.556 100 23 601 4 morph 125
pip 2.666 0.888 2.312 0.473 150 21 1 P'Bus 220
morph  2.662 0.902 2.307 0.482 125 here 2 PPh; 240
‘BuNH; 2.664 0.896 2.303 0.490 140 here 5

2 Ligands are organized according to the thermodynamic series based 0 100 200 300 400 500
on the exchange studies. THT was not subjected to ligand exchange Temperature (°C)

studies but is placed according to the-Y bond order? BO (W—W) .
(bond order of W-W) n is defined agi(n) = d(1) — 0.6 logn, where Figure 3. TGA traces of the cluster complex&s 6 presented on the

_ - same vertical scale of percentage weight loss. The decomposition
3\(/1—)L) r? 'igsdsef/ii‘nl;o(; X\;d((::)afi %?STI 05 ?l(?;] (\\:vvheLr)ec(j?lo)ni (r)(r\sive)rff temperaturesT, indicated by the onset of weight loss of the ligands)
r(L) (see text)d TGA decomposition temperatures (indicated by the ¢ listed in the inset table.

onset of weight oss of the ligands) of the correspondingdé cluster o Jigand exchange reactions in solutions. The kinetics of

compounds. mass loss with the TGA are affected by a number of factors:
W-S distance to compute the bond order ofWhbonds. the ligand binding energy, the vapor pressure of the free ligands,
the strong confinement effects on a ligand by the surrounding

r(W) = d(W-S) - r(S)= 2.455— 1.04= 1.415 (A) solid-state lattice, and the crystallinity and particle size of the

samples. Yet one might expect some correlation between the
onset of mass loss in TGA and the relative free energies of
ligand binding as determined by ligand exchange reactions. The
TGA traces of the new complexes reported herein are shown
in Figure 3. In the cases of complex2s4, and5, the volatile
compounds lost from the samples were confirmed by FGA
mass spectrometry to be the corresponding free ligands.
Compound3 has benzene as the solvent of crystallization as
prepared and slowly loses the solvent at lower temperature. The

. decomposition temperatures of these cluster complexes
and6, respectively. These and other bond orders calculated for(Td, indicated by the onset of weight loss of the ligands) are

WeSeLs Cll.JSterS are c_ollected in Table 6, in W_hiCh t_he ligands listed in Table 6 along with those reported previously.

are qrgamzed according to the th.ermodynamlc series based on A TGA ligand series based on the decomposition temperatures
the ligand exchange studies (series 1). TheMbond orders (To) of the corresponding clusters is

roughly follow a trend with a pronounced exceptioi®uNC.
The average WW distances and bond orders for these clusters ng\,NH
were also listed in Table 6. Despite the small differences, the .
division of these distances into two groups is still obvious. The BUNC < py < 4-tbp < THT < P'Bu; < PCy, <

first group includes the phosphines and isocyanide, and they PPh < PEt 2
have W-W bond orders around 0.84. The second group has a

W—W bond order around 0.90. This division is in agreement The T4 does not follow the exact order of the thermodynamic
with the observation of ligand exchange reactions; phosphinesseries or the bond order. Nevertheless, a rough trend holds:
and isocyanides are strongly bound to the clusters, while the clusters with phosphine ligands have higfigs, and clusters
amines are in general weaker. The inverse correlation betweerwith amines have loweily's. In general, the more strongly
W-—L bond order and WW distance can be explained by a bound the ligand L, the higher is tfig for that cluster.

d(W—P)., = r(W) + r(P)= 1.415+ 1.10= 2.515 (A)

d(W—N),, = r(W) + r(N) = 1.415+ 0.70= 2.115 (&)

d(W—C)., = r(W) + r(C) = 1.415+ 0.772= 2.187 (R)
The W-L bond orders are 0.988 and 0.810 for the-¥/bond

in 1 and 2, respectively, 1.111 for the WC bond in3, and
0.479, 0.535, and 0.486 for the ¥ bonds in clustergl, 5,

, < morpholine< 'BuNH, < pip < MeNH, <

simple bond valence consideration. An increase in thelW D. Kinetic Aspects. Throughout the discussion so far,
bond order decreases the bond order of theWbond so that equilibrium results have been sought, but the kinetics of the
the total valence sum is maintained. ligand exchanges were largely overlooked as long as the

C. Thermogravimetric Analysis (TGA). Thermogravimetric equilibrium was guaranteed under the reaction conditions applied
analyses (TGA) of the clusters can also give an approximate (100 °C for at least a day), which was always the case.
indication of the binding strength and/or lability of the ligands. Nevertheless, some qualitative differences in the lability of the
It was observed that thermal deligation occurs under TGA ligands were observed. Cluster complexes with alkylamine
conditions and the volatile free ligand is carried away by the ligands such"BuNH, and'BuNH, undergo significant ligand
flow gas, leaving amorphous produétg’ The thermal loss of exchange with other ligands at room temperature; &&8uch
strongly bound ligands should be more difficult than that of reactions are complete within hours. But a cluster with 4-tbp
weakly bound ligands, although the behavior of the solid/gas ligand has to be heated above 8D to see any changes at all.
decomposition reaction under nonequilibrium conditions (heat- For clusters with phosphine ligands, heating at 2Q0for at
ing rates of 20C/min and under flowing gas) may be different least a day is often essential for reaching equilibrium. TGA data
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also reflect some sign of the kinetics. Weight loss at low ties were examined with structural and thermogravimetric
temperature is possible only if the dissociative kinetics are rapid analyses. These complexes and the associated exchange data
at such temperature. In this sense, TGA results qualitatively are the material base for the rational design of cluster-linking
agree with the observations in the ligand exchange reactions. Itreactions.

also appears that thosesBdL ¢ clusters with thermodynamically )
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