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a calculation using 75 k points in half of the zone. The other half 
of the zone simply yields complex conjugate wave functions that 
need not be calculated, but for the purposes of estimating ro in 
the above formula, Nk = 150. The Same set of k points was Used 
for the Ho.3sMS2 computations. For ZrS, COmpUtatiOnS for the 
construction of Wannier functions were carried out by using 225 
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k points (Nk = 450) spread over half of the three-dimensional 
Brillouin zone. 

Supplementary Material Available: Extended Hiickel band structure 
diagrams (dispersion curves) for ZrS, Mo3S6 (MoS2 calculated with a 
31/2 x 3'12 supercell), MoS2, and HMo,S6 (=H0,33M~S2). (4 pages). 
Ordering information is given on any current masthead page. 
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Reactions of aqueous MeSNa with ZnCl, and with CdCI2 give the methanethiolato complexes [Zn(SMe),],, (la) and [Cd(SMe)& 
(2), respectively. Reaction of MeSH with ZnEt, in hexane also gives [Zn(SMe)z],, (lb). [Zn(SEt)z],, (3) and [Zn(S-i-P&],, (4) 
are obtained by reaction of EtSLi and i-PrSLi with Znl,, respectively. Elemental analyses of the complexes give satisfactory results. 
Peaks in the X-ray diffraction pattern of Ib are considerably broader than those of la. Thermolysis of la  and l b  at 260 OC gives 
/?-ZnS accompanied by evolution of MeSMe in almost quantitative yields. Thermolysis of 2 under similar conditions give CdS 
as a mixture of CY- and /?-forms. Thermogravimetric analyses of the thiolato compounds also suggest elimination of MeSMe in 
the vicinity of 230-240 O C .  TG curves of I b  and 2 at constant temperatures indicate that the thermolysis obeys first-order kinetics 
in [M(SMe),],. Activation parameters of the reactions are 143 and 191 kJ mol-', respectively. Thermolysis of la obeys 
autocatalytic type kinetics expressed by the kinetic equation In [x/(l - x ) ]  = kt + C ( x :  reacted fraction). Heating the 
(ethanethio1ato)zinc complex 3 gives ZnS similarly to the case of la, Ib, and 2. while thermolysis of 4 is much slower than the 
reactions of these complexes. 

Introduction 
Sulfides of several transition metals show interesting electrical 

and optical properties such as semiconductivity, luminescence, and 
photoconductivity.' Degradation of metal complexes with sul- 
fur-containing ligands seems to be an attractive method for the 
preparation of metal sulfides because some of these complexes 
have sufficiently high vapor pressure or low decomposition tem- 
perature to be used as the materials for the CVD (chemical vapor 
deposition) process. Various transition-metal alkoxides have 
already been used as materials for metal oxide deposition by the 
MOCVD method and the sol-gel techniques2 These procedures 
involve C-O bond cleavage of the alkoxide group ligating to the 
metal center under the reaction conditions. Since C-S bond 
dissociation energy is smaller than that of the corresponding C-0 
bond,' transition-metal thiolato complexes are promising as ma- 
terials for metal sulfide preparation through C-S bond cleavage 
of the thiolato ligands. 

Previously C-S bond cleavage reactions of several transition- 
metal thiolato complexes were reported to proceed under mild 
 condition^.^^ We have also reported that bis(benzene- 

thiolato)nickel(II) complexes having bipyridine or tertiary 
phosphines as auxiliary ligands gave PhSPh both in the solid state 
and in solution.1° 

Ni(SPh),L, A PhSPh (1) 

L = PEtj, 72 bpy 

Although the metal-containing products found in (1) were mixtures 
of several uncharacterized compounds due to coordination of the 
auxiliary organic ligands to the products, yields of PhSPh were 
almost quantitative in the reactions. These observations suggested 
that degradation of homoleptic thiolato compounds of bivalent 
transition metals, M(SR)2, would give the metal sulfides accom- 
panied by evolution of RSR according to the equation 

(2) 
An ionic (thio1ato)zinc complex has been reported to catalyze 
photodecomposition of water by using THF sacrificial reagent." 
I n  the reaction ZnS, formed by partial decomposition of the 
complex under the reaction conditions, was responsible for the 
photodecomposition of water.I2 

M(SR)2 -+ MS + RSR 

( I  ) (a) Henish. H. K. Electrochemieluminescence; Pergamon: Oxford, 
U.K., 1962. (b) Willardson, R. K.; Beer, A. C. Semiconductors and 
Semimetals; Academic Praur: New York. 1966, 1967, 1968, 1975, and 
1980 Vols. 2. 3, 4, 1 1 ,  and 18. (c) Hannay, N. B. Semiconductors; 
Reinhold: New York, 1959. (d) Nag, B. R. Electron Transport in 
Compound Semiconducrors; Springer: Berlin, 1980. (e) Sze, S. M. 
Physics of Semlconducror Deuices; John Wilcy: New York, 1981. 

(2) (a) Dislich, H. Angew. Chem. 1971, 83, 428; Angew Chem., Inr. Ed. 
Engl. 1971. 10, 363. (b) Bradley, D. C. Chem. Rev. 1989, 89, 1317. 

(3) (a) Cottrell, T. L. The Strengths of Chemical Bonds; Academic Press: 
New York, 1954; p 250. (b) Benson, S. W. Chem. Reo. 1978, 78,23. 

(4) Tatsumi, K.; Sekiguchi, Y.; Nakamura, A.; Cramer, R. E.; Rupp, J .  J. 
J .  Am. Chem. SOC. 1986, 108. 1358. 

(5) (a) Adams, R. D.; Yang, L.-W. J. Am. Chem. Soc. 1982. 104, 41 15. 
(b) Adams, R. D.; HorvBth, 1. T.; Mathur, P.; Segmiiller, B. E. Or- 
ganomera[lics 1983, 2, 996. (c) Adams, R. D.; Horvith, I. T.; 
Segmiiller, B. E.; Yang, L.-W. Organometallics 1983, 2, 1301. 

(6) (a) Laurie, J. C. V.; Duncan, L.; Haltiwanger, R. C.; Weberg, R. T.; 
DuBois. M. R. J. Am. Chem. Soe. 1986,108,6234. (b) Birnbaum, J.; 
Laurie, J. C. V.; DuBois M. R. Organometallics 1990, 9, 156. 
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(7) Ogilvy, A. E.; Draganjac, M.; Rauchfuss, T. B.; Wilson, S. R. Or- 

(8) Ho, n-0 N. F.; Mak. T. C. W.; Luh, T.-Y. J. Organomet. Chem. 1986.317, 
ganometallics 1988, 7 ,  1 17 1. 
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(9) Skripkin, Y. V.; Eremenko, I .  L.; Pasynskii, A. A.; Struchkov, Y. T.; 
Shklover, V. E. J. Organomet. Chem. 1984, 267, 285. 

(IO) (a) Yamamoto, T.; Sekine, Y. Inorg. Chim. Acta 1984, 83, 47. (b) 
Osakada, K.; Hayashi, H.; Maeda, M.; Yamamoto, T.; Yamamoto, A. 
Chem. Lcrr. 1986,597. 

( 1  1) (a) Battaglia, R.; Henning, R.; Kisch, H. Z .  Naturforsch. 1980, 368. 
396. (b) Biicheler, J.; Bug, N.; Kisch. H. Angou. Chem. 1982,94,792; 
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0020-1669/91/1330-2328$02.50/0 0 1991 American Chemical Society 



Thermolytic Preparation of ZnS and CdS 

Table 1. Analytical and IR Data for la-4 
anal.'/% 

Zn IR:b 
comdcx C H or Cd wavenumber/cm-' 

_ _ _ _ _ ~  ~ 

[Zn(SMe)z], (In) 14.8 3.9 40.5 2980 (w), 2930 (w), 2850 
(15.1) (3.8) (41.0) (w), 1433 (s), 1321 (SI, 

962 (vs), 696 (s), 422 
(m), 411 (m) 

IZn(SMch1. Ilb) 15.0 3.8 40.6 c . . .-_,. . I 

(15.1) (3.8) (41.0) 
[Cd(SMe)z], (2) 11.5 2.9 54.5 2980 (w), 2930 (w), 2840 

( 1  1.61 (2.9) (54.4) (w), 1430 (s), 1328 (s), . . .  
970 (s), 688 (s) 

(25.6) (5.3) (34.9) (m), 2870 (w), 1448 
(m), 1378 (m), 1264 
(s), 975 (m), 767 (m), 
658 (m), 510 (m) 

[Zn(S-i-Pr)z], 33.2 6.4 29.8 2970 (m), 2960 (s). 2920 
(4) (33.4) (6.5) (30.3) (s), 2860 (m), 1452 (s), 

1382 (m), 1362 (m), 
1254 (s), 1158 (s), 1058 
(SI, 950 (w), 929 (w), 
891 (w). 622 (s), 418 
(w) 

[Zn(SEt),], (3) 25.4 5.5 34.5 2980 (w), 2970 (m), 2930 

'Calculated values are in parentheses. bAbbreviation: vs, very 
strong; s, strong; m, medium; w, weak. CIR spectrum of Ib is identical 
with that of la .  

Table 11. Kinetic Results of the Thermal Decomposition of la, lb ,  
and 2 
comdex kls-' a 

~~ 

la 3.64 x IO-' (492), 6.89 x 10-3 (501), 8.07 x IO-' (507) 
l b  

2 

1.15 X IO-' (483), 1.76 X IO-' (490), 2.21 X IO-' (493), 

2.25 X IO-' (488), 3.28 X IO-' (493), 4.75 X IO-' (497), 
3.39 X IO-' (498), 3.91 X IO-' (501), 5.75 X IO-' (505) 

8.57 X IO-' (503), 1.42 X IO-* (508) 

For the thermolysis of la, the rate constant is based on the kinetic 
equation In [ x / ( l  - x ) ]  = kr + C ( x :  reacted fraction). For Ib and 2 
the rate constant is based on simple first-order kinetics. See text. 
Temperature (K) is shown in parentheses. 

The presence of ZnS in the reaction mixture was confirmed by 
means of X-ray diffraction. However, reaction 3 is not suitable 
for preparation of ZnS due to the low conversion of the complex 
into ZnS under the reaction conditions. All these results prompted 
us to investigate degradation of "Zn(SR)," and "Cd(SR)2" to 
prepare ZnS and CdS, which are utilized as materials for electrical 
and optical devices as well as photocatalysts. 

We have preliminarily reported formation of ZnS and CdS by 
thermolysis of the methanethiolato complexes of zinc and cad- 
mium, [Zn(SMe),], and [Cd(SMe)2]n, re~pective1y.I~ Lead 
complexes with arenethiolato ligands, Pb(SPh),, Pb(SC6H4Me)2, 
and Pb(SC6H4C1), have been reported to give PbS by the reaction 
with sulfur at room temperature." Very recently, several research 
groups also reported the preparation of thin films of transition- 
metal chalcogenides such as Tis, CdSe, an? CuInS2 by thermolysis 
of transition-metal complexes, Ti(S-t-Bu),, [Cd(SePh),]- 
[Et2PCH2CH PEt,], and (~-Bu),I~(S-~-P~)CU(S~CNBU~)~,. re- 
spectively.ipi) Here we report full details of the preparation, 

(12) (a) Yanagida, S.; Azuma. T.; Sakurai, H. Chem. L r r .  1982, 1069. (b) 
Yanagida, S.; Azuma, T.; Kawakami, H.; Kizumoto, H.; Sakurai, H. 
J. Chem. Soc., Chem. Commun. 1984,21. (c) Yanagida, S.; Kawak- 
ami, H.; Hashimoto, K.; Sakata, T.; Pac, C.; Sakurai, H. Chem. L f r .  
1984, 1449. (d) Kobayashi, J.; Kitaguchi, K.; Tsuiki, H.; Ueno, A.; 
Kotera, Y. Chem. L f l .  1985,627. (e) Kakuta, N.; Park, K. H.; Fin- 
layson, M. F.; Ueno, A.; Bard, A. J.; Campion, B. A.; Fox, M. A.; 
Webber, S. E.; White, J.  M. J .  fhys. Chcm. 1985.89, 732. 

(13) Osakada, K.; Yamamoto, T. J .  Chem. Soc., Chem. Commun. 1987, 
1117. 

(14) Shaw, R. A.; Woods, M. K. J .  Chem. Soc. A 1971, 1569. 
(IS) Bochmann, M.; Hawkins. 1.; Wilson, L. M. J .  Chem. Soc., Chem. 

Commun. 1988, 344. 
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Figure 1. X-ray diffraction patterns of (a) la and (b) lb. Measurement 
conditions: graphite-monochromated Cu Ka radiation; room tempera- 
ture; scan rate 0.04' min-'. 

characterization, and thermolysis behavior of the zinc and cad- 
mium methanethiolato compounds as well as the preparation of 
the related alkanethiolato complexes of zinc. 
Results 

The preparations of the thiolato complexes of zinc and cadmium 
in this work are summarized in eqs 4-6. Results of analysis and 

MCl, + 2MeSNa - (1 /n)[M(SMe),jn (4) 
la: M =Zn 
2: M = C d  

ZnEt, + 2MeSH - ( l / n ) [ z~~(SMe)~] ,  ( 5 )  
l b  

ZnI, + 2RSLi - (1 /n)[Zn(SR),], (6) 
3: R = Et 

4: R = i-Pr 

IR measurements are summarized in Table I. The methane- 
thiolato compounds la, lb, and 2 thermally decompose to give 
the corresponding metal sulfide. The reaction is summarized in 
eq 7. Kinetic reactions of the reactions obtained by thermo- 

(I/n)[M(SMe),], - MeSMe + MS (7) 
la: M = Zn 
lb: M = Zn 
2: M = C d  

gravimetric measurements are summarized in Table 11. These 
will be introduced at appropriate places in the sections that follow. 
Discussion 

and Cadmium. Reaction of MeSNa with 0.5 equiv of ZnCl, in 
aqueous solution gives [Zn(SMe)2], (la) as a white solid. A 
similar reaction of MeSNa with CdC12 also gives [Cd(SMe)2]n 
(2) in high yield. [Zn(SMe)2]n (lb) is obtained also by reaction 
of MeSH with ZnEt, in hexane. The ethanethiolato complex 
[Zn(SEf),], (3) and the 2-propanethiolato complex [Zn(S-i-Pr),], 
(4) are prepared by reaction of RSLi (R = Et, i-Pr) with Zn12. 
The thiolato compounds show analytical data that agree well with 
the proposed formulas. Similar (arenethio1ato)zinc complexes 
[Zn(SAr),], have been already prepared by reaction of ZnO with 
ArSH or reaction of zinc salts with ArSNa and utilized as 
plasticizers.I8 Dance and co-workers prepared zinc and cadmium 

Preparation and characterization of Thiolato complexes of zinc 

( 1  6) (a) Brennan, J. G.; Siegrist. T.; Carroll, P. J.; Stuczynski. S. M.; Brus, 
L. E.; Steigerwald, M. L. J .  Am. Chem. Soc. 1989, 111, 4141. (b) 
Brennan, J. G.; Siegrist. T.; Carroll, P. J.; Stuczynski, S. M.; Reynders, 
P.; Brus, L. E.; Steigerwald, M. L. Chem. Mafer. 1990, 2, 403. 

(17) Nomura, R.; Fujii, S.; Kanaya, K.; Matsuda, H. Polyhedron 1990, 9, 
361. 
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Figure 2. Thermogravimetric curves of (a) la and (b) 2. Measurements 
were performed under a stream of nitrogen. Rate of raising the tem- 
perature was IO O C  min-' during the measurements. 

arenethiolato compounds such as Zn,(SPh),(MeOH), Cd(SPh),, 
Cd(SC6H4-p-Me)2, and Cd8(SC6H4-p-Br)16(DMF)3 (DMF = 
N,N-dimethylformamide) and revealed their detailed structures 
by means of singlecrystal X-ray diffra~3ion.l~ These arenethiolato 
complexes have nonmolecular structures with adamantanoid cage 
units that are bonded to each other through the bridging thiolato 
ligands. Other thiolato cadmium complexes, Cd(SCHzCOOEt)zm 
and Cd(SCH2CH20H)2,21 were reported to have one- and two- 
dimensional nonmolecular structures, respectively. The alkane- 
thiolato complexes la-4 are considered to have polymeric or 
nonmolecular structures with the bridging thiolato ligands 
functioning similarly to those in the above zinc and cadmium 
thiolato complexes; however, difficulty in crystal growth of l a 4  
prevented us from unambiguously determining the structures by 
single-crystal X-ray diffraction. Complexes la, lb,  and 2 were 
practically insoluble in many organic solvents such as Et20, 
CHCI,, hexane, EtOH, and benzene and slightly soluble in acetone 
and DMF. The poor solubility is probably due to the polymeric 
structures. 

Figure 1 shows X-ray diffraction patterns for complexes la and 
lb. Complex la  shows many strong peaks at 28 = 9.5-12.5 and 
25-28O. while l b  shows quite broad peaks centered at 28 = 11 
and 27O. This fact suggests that la  and lb have similar crystal 
structures and that l b  has a much smaller particle size than lazz 

Thermolysis of la, lb, a d  2 To Give Z B  and CdS. Heating 
complexes la, lb,  and 2 at 260 OC under an argon atmosphere 
or in vacuo gave white (la, lb)  and orange (2) solids, respectively. 
Evolution of MeSMe in almost quantitative yields is observed by 
gas chromatographic analysis of the volatile products. Results 
of elemental analysis (metal and S) of the solid products agree 
with the calculated values for the metal sulfides although the 
products contain small amounts of carbon ( 0 . 6 4 8  wt %) and 
hydrogen (0.2-0.5 wt a). Further heating of the solid obtained 
from thermolysis of la  under an argon stream at 400 OC gives 
carbon-free product. 

Thermogravimetric analysis of la, lb,  and 2 shows a sharp 
decrease in weight in the vicinity of 230-240 OC. Figure 2 shows 
the TG curves of l a  and 2. The weight decrease of the thiolato 
complexes during the measurement agrees with elimination of 

(18) (a) Verbanc. J. J. US. Patent, 1946,2,413,531; Chem. Abstr. 1947.41, 
1704. (b) Neuworth, M. E.; Jones; D. C.; Kohlbeck. J. A. US. Patent, 
1W. 3,215,716; Chem. Abstr. 1966, 64, 876. 

(19) (a) Dance, 1. G. J. Am. Chem. Soc. 1980. 102,3445. (b) Craig, D.; 
Dance, 1. G.; Garbutt, R. A n p .  Chem. 198698,178; Angew. Chem., 
Int. Ed. Engl. 1986, 25, 165. (c) Dance, 1. G.; Garbutt, R. G.; Craig, 
D. C.; Scudder, M. L.; Bailey, T. D. 1. Chem. Soc., Chem. Commun. 
1987, 1164. (d) Dance, 1.0.; Garbutt. R. G.; Craig, D. C.; Scudder, 
M. L. Inorg. Chem. 1987, 26,4057. 

(20) Dance, 1.0.; Scudder, M. L.; Secamb, R. 1m-g. Chem. 1983,22,1794. 
(21) Burgi, H. B. Helv. Chim. Acto 1974,57. 513. 
(22) Cullity. E. D. Elemenrs ofX-ruy Diflruction, 2nd ed.: Addison-Wesley 

Pub. Co. Inc.: Massachusetts, 1978. 
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Figure 3. Change in X-ray diffraction patterns during thermolysis of la 
at 260 O C ;  scan rate 2 O  min-I. Conversion: (a) 0%; (b) 2496; (c) 67% 
(d) 96%; (e) 100%; (f) after further heating at 400 'C for 3 h. Con- 
version of the reaction was monitored by measurement of the weight of 
the sample. 

MeSMe from the complexes. DSC results for 2 indicate the 
Occurrence of an exothermic reaction in the range 225-265 OC. 
".he heat evolved during the reaction is determined to be 73 kJ 
mol-I. 

Figure 3 shows the change in X-ray diffraction patterns of la  
during thermoly~is.~~ Broadened peaks at about 29 and 4 8 O .  
which are assigned to the diffraction of 8-ZnS, grow with the 
decrease of the peaks due to la. The diffraction patterns show 
neither broadening of the peaks due to la nor the appearance of 
peaks due to compounds other than ZnS and la  throughout the 
reaction. The absence of a peak at 28 = 5 1 . 8 O ,  which comsponds 
to the (103) diffraction of a-ZnS, in the diffraction pattern of 
the product indicates exclusive formation of B-ZnS. Narrowing 
of the peaks due to (1 11) and (220) diffraction (28 = 28.6 and 
47.6', respectively) is observed at the late period of the reaction. 
After further heating at 400 OC for 3 h, the product shows sharp 
peaks at these positions. 

Figure 4 shows the change in X-ray diffraction patterns during 
thermolysis of 2. Broadened peaks due to CdS are observed in 
the reaction mixtures. The diffraction pattern of the final product 
shows a broadened small peak at 20 = 47.9', assignable to (103) 
diffraction of a-CdS, indicating the presence of a small amount 

Authentic diffraction data of ZnS and CdS were taken from the ASTM 
data file. (a) &ZnS: X-Ray Powder Datu File. Sets 1-5 (Revised); 
Smith, J. V., Ed.; American Society for Testing and Materink Phil- 
adelphia, PA, 1967; No. 5-0492. (b) WnS: Ibid., No. 5-0566. (c) 
a-CdS Powder Dijfraction File. Sets 6-10 (Revised); Smith, J. V., 
Ed.; American Society for Testing and Materials: Philadelphia, PA, 
1967; No. 6-0314. (d) 8-CIS: Ibid., No. 10-0454. 
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Figure 4. Change in X-ray diffraction patterns during thermolysis of 2 
at 260 OC. Conversion: (a) 0 %  (b) 1 1 %  (c) 36% (d) 59% (e) 93%; 
( f )  1004%. 
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Figure 5. First-order plots of the thermolysis of Ib. Temperature: (a) 
210 OC; (b) 217 O C ;  (c) 225 O C .  

of the a-form in the product. Further heating of the sample at 
400 OC does not cause a change in the width of the peak near 
28 = 2 6 O ,  which includes (loo), (002), and (101) diffraction of 
the a-form and ( 1  11) diffraction of the &form. Diffraction 
patterns of the product after further heating of the sample under 
argon atmosphere at 400 OC show sharp peaks due to a and &CdS 
separately. However, a relative increase in the peak intensity of 
the a-form is also observed probably due to the transformation 
of the /3- to the a-form under the  condition^.^^ 

All these results suggest that thermolysis of la, lb ,  and 2 
proceeds smoothly to give the corresponding metal sulfides ac- 

0.00195 0.00200 0.00205 

T -I/ K ”  
Figure 6. Arrhenius plots of the thermolyses of (a) l b  and (b) 2. 

-4 
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Figure 7. Plots of the thermolysis of la bascd on the autocatalytic kinetic 
equation In [ x / (  1 - x ) ]  = kt + C ( x  = reacted fraction). Temperature: 
(a) 219 O C ;  (b) 228 O C ;  (c) 234 O C .  

companied by formation of MeSMe. 
Kinetics. The conversion of reaction 7 with time is followed 

by measurement of TG curves at constant temperatures. Figure 
5 shows first-order plots of the thermolysis of lb .  At these tem- 
peratures the reaction obeys first-order kinetics in the complex 
up to ca. 70% conversion. Thermolysis of 2 also obeys first-order 
kinetics. Activation energies obtained from the Arrhenius plots 
of the reactions (Figure 6) are 143 and 19 1 kJ mol-’, respectively. 

On the other hand, thermolysis of la at similar temperatures 
does not obey simple first-order kinetics. The reaction rate is 
expressed by the equation 

In [ x / ( l  - x ) ]  = kt + C 

where x is the reacted fraction. This autocatalytic type of kineticss 
is often applied to the analysis of solid-state reactions in which 
the rate-determining step is the diffusion of the gaseous product 
within the solid particles.26 In the present study, thermolysis of 
complex l a  obeys the above autocatalytic type of kinetics, while 
that of l b  obeys first-order kinetics. This dichotomy can be 
attributed to the difference in the surface areas of the particles 
of these two complexes. Since particles of l b  are considerably 
small as revealed by the large peak width of the X-ray diffraction 
pattern, diffusion of MeSMe within the particle is not involved 
in the rate-determining step. 

The much smaller bulk density of l b  compared to l a  was noted 
as follows. One can place 18-20 mg of la in an aluminum cell 
with a short cylinder shape (ca. 0.02-mL volume) for the ther- 
mogravimetry measurements, while more than 8 mg of l b  cannot 
be placed in the same cell. This observation also seems to agree 
with the smaller particle size and consequential larger surface area 
of l b  compared to la. 

(24) Ahlburg. H.; Caines, R. J .  Phys. Chrm. 1962, 66, 185. 

(25) (a) Prout, E. G.; Tompkins, F. C .  Trans. Faraday Soc. 1944,40,488. 
(b) Dollimore, D.; Tinsley, D. J .  Chrm. Soc. A 1971, 3043. 

(26) Gafner, G. Trans. Faraday Soc. 1959, 55, 981. 
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Thermolysis of [Zn(SEt),L (3)  and  [Zn(S-i-Pr)2]n (4). 
Thermolysis of complex 3 gives ZnS similarly to the reactions of 
la and lb.  However, thermolysis of 4 is slower than thermolysis 
of la-3. Reaction of 4 at 260 OC for 8 h gives a mixture of 
propene, 2-propanethio1, and isopropyl sulfide. The propyl moiety 
contained in the organic products is ca. 34% of that expected from 
quantitative formation of ZnS from complex 4. The obtained solid 
product contains 29 wt % carbon. These results suggest that 
thermolysis of 4 proceeds slowly under the reaction conditions and 
is not completed even after prolonged reaction. 
Conclusion 

Methanethiolato complexes of zinc and cadmium, [Zn(SMe),], 
and [Cd(SMe),ln, react thermally in the solid state to give the 
corresponding metal sulfides accompanied by evolution of MeSMe. 
#?-ZnS is obtained cleanly by thermolysis of [Zn(SMe)*],, while 
reaction of [Cd(SMe)J, gives CdS as a mixture of a- and #?-forms. 
Thermolysis of [Zn(SMe),], obeys first-order kinetics in the 
complex or autocatalytic type kinetics depending on the particle 
size. Analogous thermal reactions of zinc and cadmium thiolato 
complexes with higher solubility in organic solvents and higher 
vapor pressure may give ZnS and CdS as thin films. These 
thermolyses of transition-metal thiolato complexes will be applied 
to the preparation of various metal sulfides and related metal 
chalcogenides. 
Experimental Section 

MeSH and MeSNa (15% aqueous solution) were purchased from 
Tokyo Kasei Co. EtSLi was prepared by addition of EtSH to a hexane 
solution of BuLi (ca. 1 .O M) at 0 OC. 

Elemental analyses (C, H, and S) were carried out by Dr. Masako 
Tanaka and Mr. Toyoharu Saito of our laboratory using a Yanagimoto 
CHN autocorder and a Yazawa halogen analyzer. Analyses of zinc and 
cadmium were performed by EDTA titration. IR spectra were recorded 
on a JASCO 1R 810 spectrophotometer. X-ray diffraction patterns were 
obtained on a Phillips PW-1051 X-ray diffractometer using graphite- 
monochromated Cu Ka radiation. GC analyses were performed on a 
Shimadzu 3BT gas chromatograph using 5% SDC-550 or Porapak Q. 
DSC and TG measurements were carried out on a Shimadzu DT-30 
thermal analyzer. 

Preparation of [Zn(SMe)J,, ( la) and [Cd(SMe)J,, (2) by Reaction of 
MClz (M = Zn, Cd) with M ~ N R  ZnCll (3.7 g, 27 mmol) was dissolved 
in water (100 mL). A small amount of undissolved solid was removed 
by filtration. Aqueous MeSNa (15%) (27 mL, ca. 4.1 g MeSNa) was 
added dropwise to the solution at room temperature to cause immediate 
precipitation of a white solid. The solid was separated from the solution 
by centrifugation followed by careful decantation of the solution from 
the mixture. Addition of water (100 mL) to the solid with stirring 
followed by the centrifugation and decantation procedure was repeated 
until no CI- was detected in the washings (AgNO,). Drying the resulting 
white solid under vacuum gave [Zn(SMe)z]n (la) as a white powder (2.8 
g. 65% based on Zn). 

Preparation of [Cd(SMe)J, (2) was carried out analogously. Com- 
pound 2 was separated from the solution or the washings without cen- 
trifugation (yield 87%). 

Preparation of [Zn(SMe)& ( lb) by Reaction of ZnEtz with MeSH. 
A hexane solution (10% v/v) of ZnEt, (2.4 g, 19 mmol) in a Schlenk 
flask equipped with a dry ice condenser and a dropping funnel was cooled 
at -30 OC under argon. MeSH (2.2 g, 46 mmol) was added dropwise 
from the dropping funnel. A white solid was precipitated immediately. 

The temperature of the mixture was r a i d  gradually to room tempera- 
ture. After the reaction mixture was maintained for several hours at that 
temperature, the white solid was filtered out with a glass tube quipped 
with a glass frit and washed with hexane several times?’ Drying the 
solid under vacuum gave [Zn(SMe)z]n (lb) (2.3 g, 72% based on Zn). 

Preparation ~f[Zn(SEt)~l ,  (3) and [Zn(Si-Pr)21, (4). To an EtOH 
(20 mL) solution of ZnIz (1.05 g, 3.3 mmol) in a Schlenk flask was added 
EtSLi (0.45 g, 6.6 mmol) in EtOH (10 mL) slowly under a nitrogen 
atmosphere. The resulting solution became milky on stirring. Allowing 
the reaction mixture to settle overnight resulted in the separation of 3 
as a white solid, which was filtered out, washed with HzO until I- was 
not detected in the washings (AgN03), and dried in vacuo (0.30 g, 49% 
yield based on Zn). 

[Zn(S-i-Pr)z], (4) was prepared analogously (83% yield). 
Thermolysis of la, lb, and 2. A 2 0 0 ”  flask containing l b  (1.24 g, 

7.8 mmol) was connected to a vacuum line through a glass tube having 
a side arm connected to a 5 0 ”  flask. After evacuation of the system, 
l b  was heated at 260 O C .  The smaller flask was immersed in liquid Nz 
to condense the volatile products. After reaction for 2 h, GC analysis 
of the organic product condensed in the flask revealed the formation of 
MeSMe (0.46 g, 95%). The remaining white solid gave analytical data 
that agreed with those of ZnS (0.76 g, loo%), although it contained small 
amounts of carbon and hydrogen. Anal. C a l d  for ZnS: Zn, 67.1; S, 
32.9; C, 0.0; H, 0.0. Found: Zn, 67.3; S, 31.2; C, 0.7; H, 0.4. 

Further heating of the solid product was carried out in an electric 
furnace at  400 OC under a stream of argon. This procedure gave ZnS 
free of carbon. Anal. Found Zn, 66.2; C, 0.0; H, 0.4. 

Thermolysis of l a  gave similar results. 
Thermolysis of 2 (0.92 g) was carried out analogously. The color of 

the compound changed from white to orange during the reaction. For- 
mation of MeSMe (99%) and CdS (97%) was observed. Anal. C a l d  
for CdS: Cd, 77.8; S, 22.2; C, 0.0 H, 0.0. Found: Cd, 76.8; S, 21.8; 
C, 0.6; H, 0.2. 

Thermolysis of 3 and 4. Complex 3 (14 mg, 0.074 mmol) in the 
thermogravimetric apparatus was heated under a nitrogen stream up to 
300 OC to cause decrease in the sample weight. The weight loss during 
the analysis agrees with the separation of ZnS from the complex. The 
resulting white solid gave analytical results suggesting the formation of 
ZnS. Anal. Calcd for ZnS: Zn, 67.1; C, 0.0 H, 0.0. Found: Zn, 66.0; 
C, 1.28; H, 0.40. 

A 50” flask containing complex 4 (100 mg, 0.47 mmol) was sealed 
with a rubber septum. The system was evacuated with a syringe con- 
nected to a vacuum pump. After 8 h of heating at 260 OC, GC analyses 
of the gaseous and liquid products showed formation of propene (E%), 
2-propanethiol (17%), and isopropyl sulfide (22%). Other hydrocarbons 
and isopropyl disulfide were not detected in the mixture. The remaining 
white solid contained 29 wt 96 carbon. 

Kinetic Measurements. Complexes la  (13-17 mg), l b  (7-8 mg), and 
2 (15-20 mg) were placed in an aluminum cell for TG analysis. TG 
curves were recorded at constant temperatures under a nitrogen stream. 
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