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Inorganic Synthesis in Supercritical Amines: Synthesis of [ W & I ( H ~ N C H ~ C H ~ N H ~ ) ~ ] S ,  Containing an Isolated 
Sulfide Ion 
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Our research group has found that a wide variety of novel 
main group polyanionic clusters can be prepared quite easily in 
supercritical ethylenediamine (en).l Zintl compounds are often 
soluble and stable in basic amine solvents,2 and we have been able 
to exploit this to prepare previously unknown phases in en between 
300 and 400 OC.Ib This thermal regime is currently receiving a 
great dealofattention becauseit is coolenough toinhibit formation 
of the thermodynamically stable, dense phases which form at 
higher temperatures. Thus chemical reactions performed in this 
intermediate regime produce kinetically stabilized solids. Molten 
fluxes have been most commonly used for these but 
recent results have demonstrated that superheated solvents and 
supercritical fluids have at least as much promise for the synthesis 
of novel solid-state  compound^.^ Supercritical fluids are especially 
attractive because they are excellent media for the crystal growth 
of intractable  solid^.^ 

Recently we turned our efforts to the preparation of new ternary 
and quaternary solids containing early and middle transition 
elements. However, use of transition metal powders has met 
with only limited success. Previous work in our group has shown 
that metal carbonyls can be completely oxidatively decarbonylated 
by polychalcogenide anions.6 Thus we have been investigating 
their use as precursors to new metal-containing solids in 
supercritical amines. In this communication we report the 
isolation of an unusual new entended solid from the reaction of 
K2S4 and W(CO)6 in supercritical en. 

It wasfound that ifKzS4isreactedwith W(CO)6insupercritical 
ethylenediamine at 300 OC and autogenous pressure (approxi- 
mately 3500 psi) for several days, only a bright yellow solution 
is obtained, which is presumably due to WS4*-. This reaction is 
entirely analogous to that carried out in DMF under normal 
conditions.6a However, if the reaction was carried out for a 
considerably shorter period of time (10 h), a mass of lustrous 

(1) (a) Wood, P. T.; Pennington, W. T.; Kolis, J. W. Inorg. Chem.,submitted 
for publication. (b) Wood, P. T.; Pennington, W. T.; Kolis, J. W. J .  Am. 
Chem. Soc. 1992, 114,9233. 

(2) Corbett, J.  D. Chem. Rev. 1985, 85, 383. 
(3) (a) Elwell, D.; Scheel, H. J. Crysral Growth from High Temperurure 

Solurions; Academic Press: London, 1975. (b) Scheel, H. J.  J .  Crysr. 
Growth 1974,24/25, 669. (c) Sunshine, S. A.; Kang, D.; Ibers, J. A. 
J .  Am. Chem. Soc. 1987, 109, 6202. (d) Kanatzidis, M. G. Chem. 
Mater. 1990, 2, 353. 

(4) (a) Haushalter, R. C. Chem. Marer. 1992,431. (b) Sheldrick, W. S.; 
Hiusler, H.-J. 2. Anorg. Allg. Chem. 1988,561. 139. (c) Parise, J. B. 
Science 1991,231,293. (d) Jacobs, H.; Schmidt, D. Curr. Top. Mater. 
Sci. 1982.8. 381. (e) Liao, J.-H.; Kanatzidis, M. Irwrg. Chem. 1992, 
31,431. 

(5) (a) Laudise, R. A. Chem. Eng. News 1987, ( a p t  28), 30. (b) Laudise, 
R.  A. In Crystal Growrh: an Inrroducrion; Hartman, P., Ed.; 
North-Holland: Amsterdam, 1973; p 162. (c) Rabenau, A. Angew. 
Chem., Inr. Ed. Engl. 1985, 24, 1026. (d) Nassua, K.; Nassau, J. 
Crysr.: Growrh, Prop., Appl. 1980, 2, 1. 

(6) (a) ONeal, S. C.; Kolis, J.  W. J .  Am. Chem. Soc. 1988,110, 1971. (b) 
Kolis, J. W. Coord. Chem. Rev. 1990, 105. 195. 

0020-1669/93/ 1332-01 29$04.00/0 

black/red cubes could be isc.Jted in 3 1% yield.' These re.. irystals 
were analyzed by SEM and found to contain only tungsten and 
sulfur as heavy elements. They were then characterized by 
complete elemental analysis, IR and far-IR spectroscopy,7 
magnetic measurements on a SQUID, and single-crystal X-ray 
diffraction.8 

The structure of the solid was shown to consist of a tetrahedron 
of tungsten atoms with each face bridged by a pl-sulfur atom (see 
Figure 1). The W-W distances range from 2.801 (2) to 2.878 
(2) A, clearly within bonding distance for tungsten sulfide 
clusters? and the W-rc3-S distances range from 2.36 (1) to 2.409 
(9) A, also typical for these types of compounds.9 The net result 
is a highly distorted cubane having no symmetry elements. Each 
tungsten is also bonded by a terminal sulfide, with an average 
W = S  distance of 2.54 (1) A, and a chelating ethylenediamine, 
creating a pseudooctahedral coordination environment around 
each metal. This W S  distance is quite long for a terminal 
sulfide, and we attribute this to the steric congestion around the 
metalcenters. In addition to theseclusters, thelatticealsocontains 
lonesulfide atomsstabilizedonly by hydrogen bondingtochelated 
ethylenediamine molecules. To our knowledge this is the first 
example of a truly lone sulfide dianion not stabilized by highly 
ionic lattice interactions, as in BaS or NazS for example.'O The 
IR clearly shows bands assignable to en, but there are no bands 
in the region between 2300 and 2600 cm-l which could be assigned 
to S-H stretches. The far-IR has a series of strong bands from 
635 to 253 cm-I, which can be assigned to combinations of W-S 
and W-N stretches, as well as some broad bands at low 
wavenumber (1 50-80 cml-I) probably due to W-W stretches.'l 

The lone sulfide atom is stabilized by four hydrogen bonds 
from four different coordinated nitrogen atoms on three different 
(7) According to the method of Rabenau,Sc a I/4-in. tube 10 cm in length 

was charged with 170 mg (0.48 mmol) of W(CO)( and 100 mg (0.49 
mmol) of K2S4. 0.7 mL of ethylenediamine (50% fill) was added, and 
the tube was sealed under vacuum. The tube was transferred to a Parr 
4740 autoclave, counterpressured with 2000 p i  of argon, and heated at 
300 OC in a tube furnace for 10 h. After cooling and depressurizing, 
the tube was frozen in liquid N2 and opened. (Caution: tubes can build 
up internal pressure andshould be opened behinda blasr shield!) The 
solution was decanted, and the product was washed with en (3 X 1 mL) 
and THF (3 X 1 mL) and dried. Yield: 47 mg, 31%. Anal. Calcd for 
CgH32NgSgW4: C, 7.6;H, 2.6;N,8.9;S,22.8; W,58.2. Found: C,8.1; 
H,2.9;N,8.9;S,22.7;W,55.8. IR(Nujolmull),cm-I: 1553(s),1321 
(m), 1286 (m), 1173 (s), 1047 (vs), IO12 (m), 526 (m), 461 (m), 432 
(m), 268 (s), 253 (s), 150-80 (m, br). 

(8) Crystal data for [W4Sg(H2NCH2CH2NH2),]S, monoclinic, F2&, Z = 
1 ,  a = 13.771 (3) A, b = 19.209 (4) A, c = 13.771 (3) A, 6 = 109.64 
(3)O, Y = 2850.9 (9) A3 at 294 K. A = 0.710 73 A, p - 36.0 cm-l,f&, 
= 1680.00,4028reflectionsmeasured toZB(MoKal) = 45O,3711 unque 
(R,,, = 0.090), $-scan absorption correction (transmiasion factors 0 . 5 6  
1.00), R = 0.0552, Rw = 0.0630 for 2282 reflections having Fo2 > 30- 
(F2); tungsten and sulfur atoms refined anisotropically, carbon and - .  
nitrogen iiotropicaIiy. 
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Figure 1. ORTEP plot (35% probability ellipsoids for W and S atoms) 
of [W~SS(HZNCHZCHZNHZ),]S.  Some significant distances in 
angstroms: W(l)-W(2),2.878 (2); W(l)-W(3),2.808 (2); W(l)-W(4), 
2.802 (2); W ( l ) S ( l ) ,  2.549 (8); W ( l ) S ( S ) ,  2.395 (9); W ( l ) S ( 6 ) ,  

N(6),3.404. Somesignificantanglesindegrees: S( l ) -W(l )4(6) ,  163.7- 

2.403 (7); W ( l ) S ( 7 ) ,  2.381 (8); W(1)-N(l), 2.292 (36); W(l)-N(2), 
2.239 (33); S(9)-N( l ) ,  3.420; S(9)-N(3), 3.308; S(9)-N(5), 3.390;S(9)- 

(3);S(l)-W(l)S(7),86.9 (3);S(5)-W(1)4(6), 102.1 (3);S(5)-W(l)- 
S(7). 106.0 (3); N(l)-W(l)-N(2), 76.7 (13). 

'0 

Figure 2. Unit cell of [ W & ( H ~ N C H Z C H ~ N H ~ ) ~ ] S ,  showing how the 
structure is built up through N S  hydrogen bonding to the lone sulfide 
atom. The open structure is clearly visible. 

clusters. The hydrogen-bonding environment around the sulfide 
atoms is four-coordinate with N 4 9 )  distances ranging from 
3.34 to 3.42 A. The overall effect is the formation of a lattice 
held together by the extensive hydrogen-bonding network. As 
with many hydrogen-bonded compounds, the lattice has a fairly 
open structure, with moderately sized gaps in the unit cell (Figure 
2). Since sulfides are less basic than fmt-row anions, observable 
hydrogen bonding is rare. However, the observed distances are 
comparable to those previously reported in (NzHs)(SH) and 
thiourea.l2 The solid is completely insoluble in DMF or water 
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and the crystals are stable in air for an indefinite period of time 
at room temperature. 

Magnetic susceptibility data were recorded in the range 6 4 0 0  
K at 2 kOe on a superconducting SQUID susctptometer using 
procedures reported e1se~here.I~ The data are plotted in Figure 
S 1 (supplementary material). Although there are somedcviations 
from the Curie-Weiss law, a least-squares fit of the data to the 
expression x = C( T - e) gives a Weiss constant of 8 = -4.6 K 
and C = 0.569 emu K/mol. The Curie-Weirs fit is illustrated 
in the figure as the smooth linedrawn through the point of inverse 
susceptibility plotted as a function of temperature (see inset). At 
400 K, the magnetic moment is 2.67 p~ per molecule, slightly less 
than the 2.83 p~ expected for the S = 1 spin-only moment and 
consistent with the presence of two unpaired electrons per cluster. 
Therefore the data can be interpreted as localized moments with 
minimal interaction between the cubanes. The 8 term is small 
and may be due to a small amount of zero-field splitting of the 
S = 1 state, consistent with slight antiferromagnetic interactions 
between the different W& fragments. 

The presence of a sulfide dianion imparts a 2+ charge on the 
cubane cluster. In the presence of eight-coordinated sulfides, 
themetalcoreshouldconsist of two W(1V) and two W(V) formal 
oxidation states. This leaves six metal valence electrons delo- 
calized in metal-metal-bonding orbitals. Hams has shown that 
for octahedrally coordinated metal-sulfur cubanes, the predom- 
inantly metal core bonding orbitals consist of six low-lying metal- 
centered orbitals, which can be broken up into 81, e, and t2 ~tates.1~ 
The al is generally considered to be far below the other two states, 
followed by the e and the t2. However, it is possible for the t 2  
state to be lower in energy than the e state.l5 This would result 
in four tlectrons delocalized in three degenerate states, accounting 
for theobserved paramagnetic behavior. Despite thelarge number 
of metal sulfidecubanes, there are relatively few tungsten cubanes 
to fully explore this postulate.14 

The unusual nature of a lone sulfide led us to consider other 
possibilities, such as the presence of trace adventitious chloride 
or potassium ions, but this is clearly ruled out by SEM results, 
independent elemental analysis, and the high yield and repro- 
ducibility of the reaction. The possibility of SH- is also ruled out 
by the four-coordinate hydrogen-bonding environment around 
the sulfide, the lack of any S-H stretch in the IR, and the magnetic 
susceptibility data. To confirm that formation of the product is 
not due to any unusual contribution of potassium ion, the reaction 
was also performed successfully by starting with only elemental 
sulfur rather than any premade polysulfide, and the product was 
shown to be identical by IR, far-IR, and unit cell determination. 
We also considered the possibility that the long bonds on the 
terminal sulfideson themetalcubaneareactuallyduethepresence 
of coordinated SH groups. However, the lack of S-H stretches 
in the region of 2500 cm-I in the IR and the fact that SH groups 
coordinated to a dication would probably be deprotonated by 
either S2- or en make this unlikely. There is no obvious way to 
test this, as S-H stretches are often weak in the IR and the 
magnetic data could also be fitted for a 10-electron cluster if the 
e state drops below the tz state. 

AcLwwledgment. We are indebted to the A. P. Sloan 
Foundation and the National Science Foundation for support of 
this work. 

Suppkwahry Matcrlrl Av.ihMC: Tables of crystallographic data, 
atomiccoordinates,completedbtancesandangles,and anisotropicthennal 
parametersas wellas Figures1 (effectivemagneticmomentof [W&(Hr 
N C H Z C H ~ N H ~ ) ~ ] S  plotted as a function of temperature) (6  pages). 
Ordering information is given on any current masthead page. 

(13) OConnor, C. J. Prog. Inorg. Chem. 1982, 29,203. 
(14) Harris, S. Polyhedron 1989,8, 2843. 
(1 5) Harris, S. Personal communication, University of Wyoming. 


