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Thermally Induced Rearrangement of a-Zirconocenyl 

Transition-Metal Hydroxymethyl or Metalloxirane Analogue 
Thioethers: Carbon-Carbon Bond Formation via a 

A. Steven Ward, Eric A. Mintz," and Michael P. Kramer 

Department of Chemistry, West Virginia Universiiy, Morgantown, West Virginia 26506-6045 

Received December 30, 1986 

The thermal rearrangement of a-zirconocenyl thioethers ( ~ ~ - c ~ H ~ ) ~ z r ( A r )  [CH(SC,H,)(Si(CH,),)] (Ar 
= C&5, P-C~H~CH~,  p-C&4OCH3, p-CsH4Cl) and (V~-CJI~)~~~C&~[CH(SCHJ(S~(CH,)J] m toluene solution 
follows clean first-order kinetics to produce (T?~-C,H,~Z~(SC,H~) [CH(Ar)(Si(CH,),)] and ( V ~ - C , H ~ ) ~ Z ~ -  
(SCH3)[CH(C6H5)(Si(CH3)3)]. Labeling studies using (7 -C5H5)2Zr(P-C6H4CH3)[CH(SC6H5)(Si(CH3)3)] and 
(115-C5HS)2ZrC6H5[CD(Sc6H5)(Si(cH3)3)] show this rearrangement to be intramolecular. Activation pa- 
rameters for the rearrangement of (115-C5H5)ZZrC6HS[CH(sc6H5)(Si(CH3)3)] were found to be AH* = 20.30 
(43) kcal/mol and AS* = -19.0 (2) eu. It is proposed that this rearrangement proceeds by intramolecular 
nucleophilic attack (migration) of the aryl group to the methylene carbon with commensurate breaking 
of the C-S bond. A Hammett plot of log (kobd) for the rearrangement of ( V ~ - C ~ H ~ ) ~ Z ~ ( A ~ ) [ C H -  
(SC6H5)(Si(CH3),)] versus up produces a straight line ( p  = -2.22 (9)), supporting this mechanism. 

Introduction 

The chemistry of hydride and alkyl complexes of the 
group 4 transition metals and actinides have been the 
subject of extensive study in recent years as model systems 
to investigate carbon-carbon bond-forming reactions as 
may be occurring in the reductive homologation of CO 
which occurs in the Fischer-Tropsch and related reactions. 
The reactivity of these metal systems with CO has been 
attributed in large part to the high oxygen affinity of these 
metal systems.1,2 Transition-metal a-hydroxyalkyl and 
metalloxirane complexes have been proposed as key cat- 
alytic intermediates in the Fischer-Tropsch and related 
 reaction^.^^^ With this in mind we were interested in 

(1) (a) Wolczanski, P. T.; Bercaw, J. E. Acc. Chem. Res. 1980, 13, 
121-127. (b) Erker, G. Acc. Chem. Res. 1984,17,103-109. (c) Fachinetti, 
G.; Florid,  C.; Marchetti, F.; Merlino, S. J. Chem. SOC., Chem. Commun. 
1976, 552-553. (d) Manriquez, J. M.; McAlister, D. R.; Sanner, R. D.; 
Bercaw, J. E. J. Am. Chem. SOC. 1976,98,6733-6735. (e) Calderamo, F. 
Angew. Chem. 1977, 89, 305-317. (fj Marsella, J. A.; Moloy, K. G.; 
Caulton, K. G. J. Organomet. Chem. 1980, 201, 389-398. (g) Baldwin, 
J. C.; Keder, N. L.; Strouse, C. E.; Kaska, W. C. 2. Naturforsch., B.: 
Anorg. Chem., Org. Chem. 1980,35B, 1289-1297. (h) Jeffrey, J.; Lappert, 
M. F.; Lueong-Thi, M. T.; Webb, M. J. Chem. SOC., Dalton Trans. 1981, 
1593-1605. (i) Klei, E.; Teuben, J. H. J. Organomet. Chem. 1981,222, 
79-88. 6) Manriquez, J. M.; McAlister, D. R.; Sanner, R. D.; Bercaw, J. 
E. J. Am. Chem. SOC. 1978,100, 2716-2724. (k) Berry, D. H.; Bercaw, 
J. E. J. Am. Chem. SOC. 1982,104,4712-4715. (1) McDade, C.; Bercaw, 
J. E. J. Organomet. Chem. 1985, 279, 281-315. 

(2) (a) Marks, T. J.; Day, V. W. in Fundamental and Technological 
Aspects of Organo-f-Element Chemistry; Marks, T. J., Fragala, I. L., Eds.; 
D. Reidel: Dordrecht, Holland, 1985, pp 115-157. (b) Marks, T. J.; Emst, 
R. D. In Comprehensive Organometallic Chemistry; Wilkinson, G. W., 
Stone, F. G. A., Abel, E. W., Eds.; Pergammon: Oxford, 1982; Chapter 
21. (c) Marks, T. J. Science (Washington, D.C.) 1982,217,989-997. (d) 
Fagan, P. J.; Maatta, E. A.; Marks, T. J. ACS Symp. Ser. 1981, No. 152, 
53-78. (e) Marks, T. J.; Manriquez, J. M.; Fagan, P. J.; Day, V. W.; Day, 
C. S.; Vollmer, S. H. ACS Symp. Ser. 1980, No. 131, 1-29. (fj Sonnen- 
berger, D. C.; Mintz, E. A.; Marks, T. J. J. Am. Chem. SOC. 1984, 106, 
3484-3491. (9) Cramer, R. E.; Maynard, R. B.; Paw. J. C.; Gilje, J. W. 
Organometallics 1982, I ,  869-871. (h) Manriquez, J. M.; Fagan, P. J.; 
Marks, T. J.; Day, C. S.; Day, V. W. J. Am. Chem. SOC. 1978, 100, 
7112-7114. (i) Moloy, K. G.; Fagan, P. J.; Manriquez, J. M.; Marks, T. 
J. J. Am. Chem. SOC. 1986,108,5667. 6) Fagan, P. J.; Manriquez, J. M.; 
Marks, T. J.; Day, V. W.; Vollmer, S. H.; Day, C. S. J. Am. Chem. SOC. 
1980,120,5393-5396. (k) Moloy, K. G.; Marks, T. J. J. Am. Chem. SOC. 
1984,106,7057-7064. (1) Moloy, K. G.; Marks, T. J.; Day, V. W. J. Am. 
Chem. SOC. 1983,105, 5696-6698. (m) Fagan, P. J.; Manriquez, J. M.; 
Vollmer, S. H.; Day, C. S.; Day, V. W.; Marks, T. J. J. Am. Chem. SOC. 
1981,103,2206-2220. (n) Paolucci, G.; Rossetto, G.; Zanella, P.; Yunlu, 
K.; Fischer, R. D. J. Organomet. Chem. 1984, 272, 363-383. 

examining the thermolysis of a-zirconocenyl thioethers to 
gain insight into the basic reactivity patterns of a-het- 
eroatom-substituted alkyl groups in highly oxophilic 
transition-metal complexes. In recent preliminary reports, 
we have shown that a-zirconocenyl thioethers undergo 
carbon-carbon bond-forming reactions l5 and 26, which are 
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(3) (a) Selovec, J. C.; Vaughn, G. D.; Strause, C. E.; Gladysz, J .  A. J. 
Am. Chem. SOC. 1986,108, 1455-1462. (b) Dombek, B. D. Adv. Catal. 
1983,32,325-416. (c) Fahey, D. R. J. Am. Chem. SOC. 1981,103,136-141. 
(d) Rathke, J. W.; Feder, H. M. Catalysis of Organic Reactions; Moser, 
W. R., Ed.; Marcel Dekker: New York, 1981; p 209. (e) Keim, W.; Berger, 
M.; Schlupp, j. J. Catal. 1980,61,359-365. (fj Knifton, J. F.; Grisby, R. 
A., Jr.; Lin, J. J. Organometallics 1984, 3, 62-69. (g) Chan, A. S. C.; 
Carroll, W. E.; Willis, D. E. J. Mol. Catal. 1983,19, 377-391. (h) Roth, 
J. A.; Orchin, M. J. Organomet. Chem. 1979,173, C9-Cl2. (i) Backvall, 
J. E.; Akermark, B.; Ljunggren, S. 0. J. Am. Chem. SOC. 1979, 101, 
2411-2416. (i) James, B. R.; Morris, R. H. J. Chem. SOC., Chem. Com- 
mun. 1978, 929-930. (k) Toros, S.; Kollar, L.; Heil, G.; Marko, L. J. 
Organomet. Chem. 1983,253,375-381. (1) Pino, P.; Piacenti, F.; Bianchi, 
M. In Organic Synthesis via Metal Carbonyls; Wender, I., Pino, P., Eds.; 
Wiley-Interscience: New York, 1977; Vol. 2, pp 43-231. (m) Masters, C. 
Homogeneous Transition-metal Catalysis-A Gentle Art, Chapman and 
Hall: London, New York, 1981; pp 110-112. 

(4) (a) Erker, G.; Dorf, U.; Atwood, J. L.; Hunter, W. E. J. Am. Chem. 
SOC. 1986,108,2251-2257. (b) Dombeck, B. D. J. Am. Chem. SOC. 1980, 
102, 6855-6857. (c) Henrici-Olive, G.; Olive, S. Angew. Chem., Int. Ed. 
Engl. 1976,15,136-141. (d) Brown, K. L.; Clark, G. R.; Headford, E. L.; 
Marsden, K.; Roper, W. R. J. Am. Chem. SOC. 1979, 101, 503-505. (e) 
Baho, W. E.; Patton, A. T.; Strouse, C. E.; Gladysz, J. A. J. Am. Chem. 
SOC. 1983, 105, 1056-1058. (f) Henrici-Olive, G.; Olive, S. Chem. Met- 
Carbon Bond 1985, 3, 391-434. Edited by F. R. Hartley and P. Saul 
( iley, Chichester, UK). (9) Reference lb. (h) Kropp, K.; Shibbe, V.; 

Grubbs, R. H. J. Am. Chem. SOC. 1982,104,5499-5500. 6) Moore, E. J.; 
Straus, D. A.; Armantrout, J.; Santarsiero, B. D.; Grubbs, R. H.; Bercaw, 
J. E. J. Am. Chem. SOC. 1983, 105, 2068-2070. 

Er 1 er, G. J. Am. Chem. SOC. 1983, 105, 3353-3354. (i) Straus, D. A,; 
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Rearrangement of a-Zirconocenyl Thioethers 

potentially good models for carbon-carbon bond formation 
via a hydroxymethyl metal or metalloxirane complex. We 
report here detailed studies into the mechanism of reaction 
1. 

Results and Discussion 
Preliniinary thermolysis experiments on CpzZrC6H5- 

[CH(SCH,)(Si(CH,),)] (1) at 95 OC for 22 h produces 
benzyltrimethylsilane in greater than 80% yield and as yet 
an unidentified insoluble organometallic complex (5 )  ! The 
formation of the benzyltrimethylsilane was of particular 
interest to us as it was clearly the product of a novel de- 
sulfurization and carbon-carbon bond-forming reaction. 
In contrast to complex 1, Cp2ZrCH,[CH(SCH3)(Si(CH3),)] 
(6) and Cp2ZrCH,C,H5[CH(SCH,)(Si(CH3),)] (7) exhibit 
remarkable thermal stability. Complexes 6 and 7 were 
recovered in over 90% yield after thermolysis in toluene 
a t  82 "C for 1 week in the dark. Thermolysis of 1 was 
carried out in the dark in C6D5CD3 in an NMR tube at  82 
"C, and lH NMR spectra were recorded periodically during 
the course of the reaction. Under these conditions we 
observed two new cyclopentadienyl resonances that we 
attribute to 2 vide infra, initially appearing at  approxi- 
mately the same rate as the disappearance of the cyclo- 
pentadienyl resonances of 1, and then the resonances due 
to 2 disappeared at  a slower rate while resonances due to 
benzyltrimethylsilane increased with the simultaneous 
formation of 5. On the basis of this NMR scale experiment 
a preparative thermolysis of 1 was carried out in toluene 
at  82 "C for 5 days, producing complex 2 in 58% isolated 
yield. Thermolysis of 2 in toluene at  82 "C produces 
benzyltrimethylsilane and 5. One could envision two po- 
tential mechanisms for the conversion of l to 2: (1) Com- 
plex 1 could undergo thermally induced reductive elimi- 
nation, analogous to that which has been observed for 
Cp,Zr(H)(R) or Cp,Zr(C&) [c(o)c,H,] in the presence 
of Lewis bases, and could produce species such as 8 which 

/CH3 
CpzZr-S-CH3 - CpaZr, t 2  

SCH S I (C H3 )3 

I 
I 

I CHSNCH3)a 

C6H5 
C6H5 

9 
8 

could then undergo oxidative addition to a C-S bond to 
give complex 2 or complex 9 . ' ~ ~  (2) Complex 1 could 
undergo intermolecular or intramolecular nucleophilic 
attack (migration) of the phenyl group to the methylene 
carbon with commensurate C-S bond cleavage to produce 
complex 2. Anchimeric activation of the methylthio group 
in 1 by the neighboring Cp2Zr group via an q2 structure 
such as in 10 may be important in this p r o c e s ~ . ~ ~ ~ ~ ~ J ~  

C6H5 

c P ~  z \>,CHS r 3  (CH3)3 

SCH3 

10 
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(5) Mintz, E. A.; Ward, A. S.; Tice, D. S.  Organometallics 1985, 4, 

(6) Mintz, E. A.; Ward, A. S. J. Organomet. Chem. 1986,307, C52-C.M. 
(7) Erker, G.; Rosenfeldt, F. J. Organomet. Chem. 1982, 224, 29-42. 
(8) Gell, K. I.; Schwartz, J. J. Am. Chem. SOC. 1981,103,2687-2695. 
(9) (a) Erker, G.; Kropp, K. J. Organomet. Chem. 1980,194,45-60. (b) 

Krasch, H. H.; Muller, G.; Kruger, C. J.  Organomet. Chem. 1984, 273, 
195-212. (c) Marsella, J. A.; Folting, K.; Huffman, J. C.; Caulton, K. G. 
J. Am. Chem. SOC. 1981, 103, 5596-5598. 

1308-1310. 

Table I. Summary of Rate Constants for the 
Rearrangement of a-Zirconocenyl ThioethersC 

compd temp, "C kobsdt S-l 

1" 82.0 8.14 (41) X lo4 
11" 72.0 2.57 (12) x 10-5 
11" 81.9 5.59 (27) x 10-5 
110 92.0 1.38 (9) x 10-4 

14" 81.9 1.36 (2) x 10-5 

15* 81.9 1.79 (9) x 10-4 

13" 81.9 1.15 (6) X 
13b 81.9 1.12 (6) X 

15" 81.9 1.78 (9) X lo4 

"Based on loss of starting material. bBased on appearance of 
product. 'The entry in parentheses is the error limit estimated to 
be one standard deviation based on repetitive experiments. 

In the belief that the active hydrogens of the S-CH, 
group in complex 2 are responsible for it's facile thermal 
decomposition, we have prepared the corresponding phe- 
nylthio derivatives Cp,Zr(Ar) [CH(SC,H,) (Si(CH,),)] and 
examined their thermolysis, to evaluate possible mecha- 
nistic pathways for thermal rearrangement of cu-zircono- 
cenyl thioethers. 

Thermolysis of CpzZr(C,H,)[CH(SC6H5)(Si(CH3),)] (11) 
in toluene solution a t  82 OC produces CpzZr(SC,H5)[CH- 
(C6H5)(si(CH3),)] (12) in 83% isolated yield. In contrast 

~ 

C6H5 

CHSl(CHd3 
I 

,c6H5 A / 
Cp2Zr - CppZr 

'CHSI(CH& 'SC6H5 

12 I 
SC6H5 

11 

to complex 2, complex 12 is stable at  the reaction condi- 
tions under which complex 11 undergoes thermolysis, thus 
allowing detailed examination of the thermally induced 
rearrangement of 11. The thermolysis of complex 11 in 
toluene-d, in sealed NMR tubes was followed by 'H NMR 
at  72.0,81.9, and 92.0 "C and found to be virtually quan- 
titative. The reaction kinetics, as measured by loss of the 
starting complex 11 relative to ferrocene, added as an 
internal reference, with time, were consistently found to 
be first-order, and the observed rate constants are sum- 
marized in Table I. An Arrhenius plot of the data ob- 
tained from the thermolysis of 11 gives the expected 
straight line, yielding a t  82 "C AH* = 20.30 (43) kcal mol-' 
and AS* = -19.0 (9) eu. 

A study of the effect of substituents on the migrating 
phenyl group in this rearrangement has been carried out 
by preparing CpzZrAr[CH(SC6HS)(Si(CH,),)] (Ar = p -  
C6H4CH3 (13), p-C6H4C1 (141, and p-C6H40CH3 (15)) and 
measuring the rate of rearrangement in C6D5CD3 81.9 "C. 
The kinetics for the thermally induced rearrangement of 
complexes 13 and 15 were followed by IH NMR measuring 
the loss of starting material and formation of the rear- 
rangement product relative to internal ferrocene or toluene 
reference with time. The measured rate constants for 

(10) (a) deGil, E. R.; Dahl,, L. F. J. Am. Chem. SOC. 1969, 91, 
3751-3756. (b) King, R. B.; Bisnette, M. B. Inorg. Chem. 1965, 4, 
486-493. (c) Davidson, J. G.; Borefield, E. K.; Van Derkeer, D. G. Or- 
ganometallics 1985,4, 1178-1184. (d) Yoshida, G.; Kurosawa, H.; Oka- 
wara, R. J. Organomet. Chem. 1976,113,85-89. (e) McPherson, H. M.; 
Wardell, J. L. Inorg. Chim. Acta 1983, 74, 37-43. (0 Miki, K.; Kai, Y.; 
Yasuka, N.; Kasai, N. Bull. Chem. SOC. Jpn. 1981, 54, 3639-3647. (9 )  
Miki, K.; Kai, Y.; Yasuka, N.; Kasai, N. J.  Organomet. Chem. 1979,165, 
79-91. (h) Yoshida, G.; Matsumura, Y.; Okawara, R. J. Organomet. 
Chem. 1975,92, C53456. (i) Chong, K. S. Rettig, S. J.; Storr, A.; Trotter, 
J. Can. J. Chem. 1980,58, 1080-1090. 
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disappearance of starting material and the apperance of 
product for complexes 13 and 15 were found to be within 
experimental error (Table I), indicating the quantitative 
nature of this rearrangement in these complexes. In the 
case of complex 14 only the loss of starting material could 
be measured due to an apparent slow degradation of the 
primary reaction product. A Hammett plot of up for the 
phenyl substituent versus log (kObsd) at  81.9 “C, for the 
rearrangement of complexes 11, 13, 14, and i 5 ,  produces 
a linear plot with good fit (Figure l), yielding p = -2.22 
(9).11 The negative value of p observed for this rear- 
rangement is consistent with a nucleophilic attack of the 
phenyl group to the methylene carbon via a cyclic tran- 
sition state. 

The intramolecular nature of the thermally induced 
rearrangement of 11 was verified by a crossover experi- 
ment. Thermolysis of a toluene solution, 0.1 M in 
Cp2Zr@-C6H,CH3)[CH(Si(CH3)3)(SC,H5)] (13) and 0.1 M 
in Cp2ZrC6H,[CD(Si(CH3)3)(SC6H5)] (1 la) at  82.0 “c for 
48 h followed by hydrolysis with HC1 produced only ben- 
zyltrimethylsilane-d, and (pmethylbenzy1)trimethyl- 
silane-do with no observed crossover products (less than 
2%) (Scheme I). 

The “reductive elimination” mechanism (1) can account 
for the production of 2 and the retention of stereochem- 
istry; however it would also be expected to lead to com- 
plexes such as 9. However, we have not observed any 
organometallic complexes or hydrolysis product corre- 
sponding to 9. 

The labeling and crossover experiments and the kinetic 
data presented above clearly demonstrate that the rear- 
rangement of these aryl a-zirconocenyl thioethers proceeds 
in an intramolecular fashion. The linear free energy re- 
lationship determined for this reaction and the retention 

(11) (a) March, J. Advanced Organic Chemistry: Reactions, Mecha- 
nisms, and Structure; McGraw-Hill: New York, 1968 p 788. (b) Alder, 
R. W.; Baker, R.; Brown, J. N. Mechanism in Organic Chemistry; Wi- 
ley-Interscience: London, 1971; pp 28-39. 

of stereochemistry of the arene ring are consistent with the 
intramolecular nucleophilic attack (migration) of the 
phenyl group to the methylene carbon with commensurate 
breaking of the C-S bonds as depicted in Scheme 11. The 
failure of complexes 6 and 7 to undergo thermally induced 
rearrangement under conditions which readily cause the 
rearrangement of aryl a-zirconocenyl thioethers can be 
understood in terms of the greater migratory aptitude of 
a phenyl group, relative to the methyl and benzyl groups 
in nucleophilic migrations.” The intramolecular nucleo- 
philic attack with anchimeric activation of the thiophenyl 
group by the neighboring Cp2Zr depicted in Scheme I1 
requires that the phenylthio group be in the “outside” 
position in the ground state with the (phenylthio)(tri- 
methylsily1)methyl group functioning as an q2 four-electron 
ligand or that this “outside” q2 conformation is accessible 
in a thermally excited state.12 It  has previously been 
well-established that the (methy1thio)methyl group can 
serve as an q2 four-electron ligand in organometallic sys- 
tems.1° Recently Erker et al. have shown that the meth- 
oxydiphenylmethyl group in Cp2ZrC1[C(OCH,)(C6H5)2] 
serves as an q2 four-electron ligand; however, it was shown 
that the OCH, group is in the “inside position” in the 
ground state; however, the OCH3 outside conformation is 
proposed to be close enough in energy to be chemically 
~ igni f icant .~~  The dynamic behavior of a-zirconocenyl 
thioethers has recently been demonstrated and the chem- 
ical availability of the SC6H5 “outside” conformation is 
clearly possible.16 We believe that the results of our 
current study on the thermal rearrangement of aryl a- 
zirconocenyl thioethers support an intramolecular rear- 
rangement pathway as shown in Scheme 11. 

We believe that the intramolecular carbon-carbon-bond 
forming reaction observed in aryl a-zirconocenyl thioethers 
may serve as a possible molecular model for the fate of 
hydroxymethyl metal complexes and metallaoxirane com- 
plexes proposed as intermediates in the Fischer-Tropsch 
and related reactions. 

Experimental Section 
All operations were performed under vacuum or an atmosphere 

of dry nitrogen or argon on a double manifold, high vacuum line 
or in a Vacuum Atmospheres glovebox under a nitrogen atmo- 

(12) The ground-state structure for (q2-acyl)zirconocene complexes 
have been shown to have the oxygen in the inside position;’a7*J3 however, 
the oxygen atom outside conformation has been shown to be close enough 
in energy to be chemically s ign i f i~ant~~, ’~  and in (q2-iminoacyl)zirconocene 
complexes the nitrogen inside and outside conformations are close enough 
in energy to coexist at  25 OC.I5 

(13) (a) Fachinetti, G.; Fochi, G.; Floriani, C. J. Chem. Soc., Dalton 
Trans. 1977,1946-1950. (b) Erker, G.; Rosenfeldt, F. Angew. Chem., Int. 
Ed. Engl. 1978, 17, 605-606. (c) Marsella, J. A.; Caulton, K. G. J .  Am. 
Chem. SOC. 1980,120, 1747-1748. 

(14) (a) Kofmann, P.; Stauffert, P.; Tatsumi, K.; Nakamura, A.; 
Hoffmann, R. Organometallics 1985, 4 ,  404-406. (b) Tatsumi, K.; Na- 
kamura, A.; Hofmann, p.; Stauffert, p.; Hoffmann, K. J.  Am. Chem. SOC. 
1985, 107, 4440-4451. (c) Also see: Hofmann, P.; Stauffert, P.; Schore, 
N. E. Chem. Ber. 1982,115,2153-2174. 

(15) Lappert, M. F.; Luong-Thi, N. T.; Milne, C. R. C. J. Organomet. 
Chem. 1979,174, C35-C37. 

(16) Ward, A. S.: Minta, E. A.; Ayers, M. R. Organometallics 1986,5, 
1585-1589. 
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Rearrangement of a-Zirconocenyl Thioethers 

sphere. Solvents were prepurified by distillation from Na/K alloy 
under nitrogen. Solvents used on the high vacuum line were 
vacuum distilled into flasks containing [ (~5-C5H5)ZTi(p-C1)2]zZn17 
and redistilled under vacuum prior to use. Bis(cyc1o- 
pentadieny1)zirconium dichloride (Alfa), n-butyllithium (Aldrich), 
methylmagnesium bromide (Aldrich), phenylmagnesium bromide 
(Aldrich), and benzylmagnesium chloride (Alfa) were used as 
received, C6H5SCHZSi(CH,),,'* CH3SCHzSi(CH3),,'Q and com- 
plexes 1,6,7,  and 1116 were prepared by published procedures. 

'H NMR spectra were recorded at 60 MHz on a Varian EM-360 
NMR spectrometer or at  270 MHz on a JEOL GX 270 NMR 
spectrometer. I3C NMR spectra were recorded at  20 MHz on a 
Varian CFT-20 NMR spectrometer or at 67.5 MHz on a JEOL 
GX 270 NMR spectrometer. Spectra were measured in C6D6 or 
C6D5CD3 by using residual solvent peaks or tetramethylsilane as 
an internal standard. Melting points were determined on a 
Mel-Temp apparatus in sealed tubes under nitrogen and are 
uncorrected. GC/MS data was collected on a Finnigan Model 
GC/MS 4021 mass spectrometer fitted with a Finnigan 9610 GC 
using a 30-m SE-30 capillary column. Elemental analyses were 
performed by E+R Microanalytical Laboratory, Inc., Corona, NY, 
or Microlytics, S. Deerfield, MA. 

Initial thermolysis experiments and kinetic experiments were 
performed on 0.2 M solutions of the a-zirconocenyl thioethers 
in sealed NMR tubes. A small amount of toluene or ferrocene 
was added when kinetic experiments were performed. The tubes 
were then attached to a high vacuum line. After freezing the 
solutions in the NMR tubes, the tubes were sealed under vacuum. 
The tubes were then placed in a thermostated bath calibrated 
with a Precision thermometer and 'H NMR spectra periodically 
recorded on a Varian EM-360 NMR spectrometer at  room tem- 
perature by quenching the sample tubes in an ice bath and then 
allowing them to warm to room temperature before taking the 
spectra, or the sealed NMR tube was placed into the thermostated 
probe of the JEOL GX-270 and 'H NMR taken by using standard 
accumulation parameters using a locally written program. In the 
later case the reaction temperatures were maintained by the JEOL 
probe temperature controller. The resonance due to the methyl 
group of the added toluene or cyclopentadienyl group of ferrocene 
was used as an internal integration standard when kinetic ex- 
periments were performed. All data reduction was accomplished 
by using nonweighted linear least squares. 

Preparative thermolyses were performed in tubes fitted with 
a high vacuum stopcock and a side arm with a ground-glass joint 
used to attach the tube to a high vacuum line. The a-zirconocenyl 
thioethers were added to the tubes in a drybox, and the tubes 
were evacuated. Toluene or benzene was vacuum transferred into 
the tubes, and the stopcocks were closed. The tubes were placed 
into a thermostated bath for the appropriate time period. In- 
dividual workups are described below. 

Preparation of Bis(q5-cyclopentadieny1)p-tolyl[ (phen- 
ylt hio) (trimet hylsilyl)methyl]zirconium, (q5-C5H5),Zr(p - 
CH,C6H,)[CH( SC6H5)( Si(CH3),] (13). p-Tolylmagnesium 
bromide in 15 mL of ether, prepared from 4-bromotoluene (1.0 
mL 8.2 mmol) and excess magnesium in 15 mL of ether, was added 
dropwise to a suspension of 2.00 g (4.05 mmol) of (7'- 
C5H5)zZrC1[CH(Si(CH3)3)sc6H5] in 25 mL of ether at  room 
temperature. The reaction mixture was allowed to stir overnight 
in the absence of light. The solvents were removed under vacuum, 
and the reaction vessel was taken into a drybox, fitted with a 
pressure-equalizing fritted filter assembly, and attached to a high 
vacuum line via horizontal pivoting arm. The residue was then 
extracted twice with pentane and the pentane removed under 
vacuum to give 1.70 g (83% yield) of 13 as a light yellow micro- 
crystalline solid: mp 50 "C dec; 'H NMR (60 MHz, C6D6) 6 0.30 
(9 H, s, Si(CH3),), 1.85 (1 H, s, CH), 2.40 (3 H, SiCH,), 5.55 (5  
H, s, Cp), 5.70 (5 H, s, Cp), 6.6-7.7 (9 H, m, Ar); 13C(1H) NMR 
(20 MHz, C,D6) 6 2.05 (Si(CH&, 21.19 (CH,), 61.55 (CH), 108.40 
(Cp), 108.54 (Cp), 126.8 (0-Ar), 127.14 @-AT), 128.4 (m-Ar), 129.67 
(m-Ar), 139.68 (i-Ar), 141.90 (0-Ar), 148.0 (i-Ar), 172.00 (i-Ar). 

Anal. Calcd for C27H32SSiZr: C, 63.85; H, 6.35. Found: C, 
63.73; H, 6.48. 
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Preparation of Bis(q5-cyclopentadienyl)(p -chloro- 
phenyl) [ (phenylt hio) (trimet hylsily1)met hyl] zirconium, 
(q5-CjH5)zZr(p-ClC6H4)[CH(SC6H5)(Si(CH3),)] (14). In a 
manner similar to that described for 13, (p-chloropheny1)mag- 
nesium bromide, prepared from 4-bromochlorobenzene (1.57 g, 
8.2 mmol) and excess magnesium in 30 mL of ether, was added 
dropwise to a suspension of 2.00 g (4.05 mmol) of (v5- 
C5H5)zzrCl[CH(SC6H5)(Si(CH,)3] in 25 mL of ether at room 
temperature. The reaction mixture was allowed to stir overnight 
in the absence of light. Upon removal of the solvent under vacuum 
workup as described for 13 gave 1.5 g (68% yield) of 14 as a light 
yellow microcrystalline solid: mp 126130 "C; 'H NMR (60 MHz, 
c&) 6 0.21 (9 H, s, Si(CH,),), 1,84 (1 H, s, CH), 5.51 (5 H, s Cp), 
5.74 (5 H, s, Cp), 6.95-7.72 (9 H, m, Ar); 13C(1HJ NMR (67.5 MHz, 

@A), 128.8 (m-Ar), 129.3 (m-Ar), 129.9 (i-Ar), 139.2 (i-Ar), 143.1 
(0-Ar), 173.9 (i-Ar). 

Anal. Calcd for Cz&&1SSiZr: C, 58.12; H, 5.44. Found: C, 
58.37; H, 5.32. 

Preparation of Bis(q5-cyclopentadienyl)p -anisyl[ (phen- 
ylthio)(trimethylsilyl)methyl]zirconium, (q5-C5H5)zZr(p- 
C6H,oCH3)[CH(sC6H5)(si(cH,),)1 (15). In a manner similar 
to that described for 13, (p-methoxypheny1)magnesium bromide, 
prepared from 4-bromoanisole (1.0 g, 5.3 mmol) and excess 
magnesium in 30 mL of ether, was added dropwise to a suspension 
of 2.00 g (4.05 mmol) of (05-C5H5)2zrC1[CH(sc6H5)(Si(CH3)3)] 
in 25 mL of ether at  room temperature. The reaction mixture 
was allowed to stir overnight in the absence of light. Upon removal 
of the solvent under vacuum workup as described for 13 gave 1.0 
g (47% yield) of 15 as a yellow oil, mixed with a small amount 
of the rearrangement product: 'H NMR (60 MHz, C6D6) 6 0.41, 
0.47 (9 H, s, Si(CH,),), 1.82 (1 H, s, CH), 3.42,3.70 (3 H, s, OCH,), 
5.63, 5.84 (10 H, s, Cp), 6.8-7.8 (9 H, m, Ar). 

Preparation of Bis(q5-cyclopentadienyl)phenyl[deu- 
terio(phenylthio)(trimethylsilyl)methyl]zirconium, (q5- 
C5H5)zZrC6Hj[CD(SC6H5)(Si(CH,),)I (Ila). Complex Ila was 
prepared by the procedure reported for (~5-C5H5)2ZrC6H5[CH- 
(Si(CH3),SC6H,] except that C6H5SCDzSi(CHJ3 was used in place 
of C6H5SCH2SiMe3. The C6H5SCD2Si(CH,), was prepared by 
treating C6H5SCH2Si(CH3)3 with n-butyllithium in THF followed 
by quenching with DzO. This process was repeated three times 
and the product distilled. By 'H NMR the sample was greater 
than 98% d,. 

Thermolysis of CpzZrC6H5[CH(SCH,)(Si(CH3),)] (1) .  A 
0.2 M solution of 1 was prepared in a sealed NMR tube and 
thermolyzed at  82 "C. The reaction was followed by 'H NMR. 
As the two cyclopentadienyl resonances for 1 disappeared, two 
new cyclopentadienyl resonances "grew in" at approximately the 
same rate. These new resonances disappeared at a slower rate 
with the simultaneous formation of a yellow precipitate. After 
1 week at 82 "C, the peaks corresponding to 1 had disappeared 
completely. 

Another tube containing a 0.2 M solution of 1 was sealed and 
thermolyzed at  95 "C for 22 h. The tube was broken and the 
volatile organic materials were separated by vacuum distillation, 
leaving a pale yellow residue. The major organic product was 
identified as benzyltrimethylsilane, C6H5CH2si(CH3),, which was 
characterized by 'H NMR and GC/MS comparison with an au- 
thentic sample.20 

A preparative thermolysis of 1 was performed by dissolving 
2.00 g of 1 in 15 mL of toluene as described above. The tube was 
thermolyzed at 82 "C for 5 days. The sample tube was taken into 
a drybox, fitted with a pressure-equalizing fritted filter assembly, 
and attached to a high vacuum line. The toluene was removed 
under vacuum, and 50 mL of pentane was vacuum transferred 
into the tube. The resulting solution was filtered, and the pentane 
was removed under vacuum to yield 1.16 g (58% yield) of ( ~ 7 ~ -  
C5H5)2Zr(SCH3)[CH(C6H5)(Si(CH3)3)] (2): 'H NMR (60 MHz, 

CH), 5.65 (5 H,s, Cp),5.88 (5 H, s, Cp), 6.8-7.2 (5 H,m,  C6H5); 

62.09 (CH), 101.15 (Cp), 111.06 (Cp), 120.67 (p-Ar), 128.15 (o,m- 
Ar), 152.32 (i-Ar). 

C&) 6 2.0 (Si(CH,),), 27 (CH, br), 108.7 (Cp), 126.3 (0-Ar), 127.1 

C6D6) 6 0.10 (9 H, S, Si(CH,),), 2.18 (3 H, S, SCH,), 2.24 (1 H, S, 

'3C(1H) NMR (20 MHz, C6D6) 6 3.19 (Si(CH,),), 20.93 (SCH,), 

(17) Sekutowski, D. G.; Stucky, G. D. J .  Chem. Educ. 1976,53, 110. 
(18) Ager, D.; Cookson, R. Tetrahedron Lett. 1980, 1677-1680. 
(19) Peterson, D. J. J.  Org. Chem. 1967, 32, 1717-1770. 

(20) Gilman, H.; Marshall, F. J. J .  Am. Chem. SOC. 1949, 71, 
2066-2069. 
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Anal. Calcd for CzlHz8SSiZr: C, 58.14; H, 6.54. Found: C, 
58.06, H, 6.51. 

Therknolysis of CpzZr(SCH3)[CH(C,H5)(Si(CH,)3)] (2). A 
tube containing a 0.2 M solution of 2 was sealed and thermolyzed 
at  100 "C for 24 h. The tube was broken in a drybox, and the 
solution was transferred to a flask. The flask was attached to 
a high vacuum line, and the volatiles were vacuum transferred 
into another flask. Benzyltrimethylsilane was identified as the 
major organic product by NMR and GC comparison with au- 
thentic sample. The yield was 80% as determined by GC using 
an internal standard. 

Thermolysis of Cp,ZrCH,[CH(SCH,)(Si(CH,),)I (6). 
Complex 6 (1.011 g, 2.74 mmol) was dissolved in 14 mL of toluene 
and heated to 82.0 "C for 1 week in the dark. Upon cooling to 
room temperature the solvent was removed under vacuum and 
the residue extracted with two 10-mL portioins of hexane. The 
hexane was removed under vacuum to give 0.924 g (91 % yield) 
of 6 which was found by 'H and 13C NMR to be identical with 
an authentic sample.16 

Thermolysis of CpZZrCH2C6H5[CH(SCH3)(Si(CH,),)I (7). 
Complex 7 (1.024 g, 2.3 mmol) was dissolved in 12 mL of toluene 
and heated to 82.0 "C for 1 week in the dark. Upon cooling to 
room temperature the solvent was removed under vacuum and 
the residue extracted with two 20-mL portions of hexane. This 
hexane solution was concentrated under vacuum and cooled to 
0 "C to precipitate 7. The hexane was decanted and the solid 
dried under vacuum to give 0.929 g of 7 (91% yield) which was 
found by 'H and 13C NMR to be identical with an authentic 
sample.16 

Thermolysis of CpzzrC6H5[CH(sC6H5)(si(cH3)3)] (11). A 
0.2 M solution of 11 was prepared in a sealed NMR tube and 
thermolyzed at  82 "C. The reaction was followed by 'H NMR, 
and after 25 h at  82 "C the NMR peaks corresponding to 11 had 
disappeared completely. 

A preparative thermolysis of 11 was performed by dissolving 
0.30 g (0.61 mmol) of 11 in 10 mL of toluene. The tube was 
thermolyzed at  82 "C for 2 days. The sample tube was taken into 
a drybox, fitted with a pressure-equalizing fritted filter assembly, 
and attached to a high vacuum line. The volatiles were removed 
under vacuum, and 30 mL of pentane was vacuum transferred 
into the tube. The resulting solution was washed with 10 mL of 
pentane, and the pentane was removed under vacuum to yield 
0.25 g (83% yield) of (q5-C5H5)zZr(SC6H5) [CH(C6H5)(Si(CH3),)] 

Si(CH3)3), 2.26 (H, s, CH), 5.52 (5 H, s, Cp), 6.02 (5 H, s, Cp), 
6.9-7.2 (10 H, m, Ar); l3C('H] (67.5 MHz, C6D6) 6 3.13 (Si(CH,),), 
62.61 (CH), 112.75 (Cp), 112.85 (Cp), 121.78 (p-Ar), 125.84 (p-Ar), 

(12): mp 128 "C; 'H NMR (270 MHz, C&) 6 0.28 (9 H, 8 ,  

128.3 (n-Ar), 129.06 (0-Ar), 129.79 (0-Ar), 133.19 (m-Ar), 147.71 
(0-Ar), 153.22 (i-Ar). 

Anal. Calcd for C26H30SSiZr: C, 63.23; H, 6.12. Found: C, 
63.02; H, 6.37. 

Thermolysis of CpzZr(g-CH3C6H4)[CH(sc6H5)(Si(cH3)3)] 
(13). A 0.2 M solution of 13 was prepared in a sealed NMR tube 
and thermolyzed at 82 "C. The reaction was followed by 'H NMR, 
and after 12 h at  82 "C the peaks corresponding to 13 had com- 
pletely disappeared. As the peaks for 13 disappeared, peaks 
corresponding to (?5-c@s)2zr(sc6H5) [CH(p-C6H4CH3) (Si(CH3)3)] 
"grew in" at  the same rate. The tube was then broken, and 1.0 
mL of concentrated HC1 was added. After the aqueous and 
organic layers were mixed and the layers allowed to separate, the 
organic layer was transferred into a flask. The volatiles were then 
separated from the nonvolatiles by vacuum distillation. The major 
product was identified by NMR and GC/MS as p-xylyltri- 
methylsilane, p-CH3C6H4CHzSi(CH3)3. 

Thermolysis of an Equimolar Mixture of Cp,Zr(p - 
CH3C6H,)[CH(SC6H5)(Si(CH,),)I (13) and Cp2ZrC6H5[CD- 
(SC6H5)(Si(CH3),)] (lla). A solution that was 0.1 M in both 
lla and 13 was prepared by dissolving 1.5 X lo4 mol of lla and 
13 in a total volume of 1.5 mL of C6D5CD3. The tube was sealed 
and thermolyzed at 82 "C for 48 h. The tube was broken, and 
1.0 mL of concentrated HCl was added to the solution. After the 
organic and aqueous layers were mixed, the N M R  tube was placed 
in a centrifuge. The organic layer was then transferred into a 
flask, and the volatiles were separated from the nonvolatiles by 
vacuum distillation. The major organic products were identified 
by GC/MS as benzyltrimethylsilane-d,, C6HSCHDSi(CH3)3, and 
p-xylyltrimethylsilane, p-CH3C6H4CH2Si(CH3)3. There was less 
than 2% benzyltrimethylsilane, C6H5CH2Si(CH3)3, or p-xylyl- 
trimethylsilane-& p-CH,C6H4CHDSi(CH3),, as determined by 
GC/MS. 
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