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Pt(H)(SiH3)(PH3): + 'CH3 — Pt(H)(CH3)(PH3J2 + "SiH3 

(D 
kcal/mol at the MP4(SDQ) level.18 Therefore, the Si-H bond 
which is weaker than the C-H bond and the Pt-SiH3 bond which 
is stronger than the Pt-CH3 bond are considered the main reasons 
for the larger exothermicity and the smaller activation barrier of 
the SiH4 oxidative addition than those of the CH4 oxidative ad
dition. 

(18) (a) The p orbital of Si lies higher in energy than that of C, which 
would favor an interaction between SiH3 and Pt. (b) The relative strength 
of M-SiH3 and M-CH3 (M » Ti, Zr, or Co) has been theoretically discussed: 
Ziegler, T.; Tschinke, V.; Versluis, L. Polyhedron 1988, 7, 1625. 
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Polyisocyanates1,2 have received a great deal of attention in 
recent years due to their chiral helical structure,3 stiff-chain so
lution characteristics,4 liquid crystalline properties,5 induced optical 
activities,6 and molecular weight dependent chain dimensions in 
solution.7 Despite this impressive list of unusual properties, the 
full development of polyisocyanates has been hindered by the lack 
of efficient synthetic routes.8 Highly sensitive, low-temperature, 
anionic isocyanate polymerizations introduced over 30 years ago 
are not "living", give low yields at low monomer to initiator ratios, 
and are plagued by a side reaction, namely, back-biting of the 
active end-group along the polymer chain to form cyclic trimers.1 

We report that TiCl3(OCH2CF3) (I) and TiCl3(OCH2CF3)-
(THF)2

9 (II) can quantitatively polymerize alkyl isocyanates at 
room temperature with no detectable formation of cyclic trimer 
(eq 1). Furthermore, our experimental evidence strongly indicates 

(1) (a) Shashoua, V. E. J. Am. Chem. Soc. 1959,81, 3156. (b) Shashoua, 
V. E.; Sweeney, W.; Tietz, R. / . Am. Chem. Soc. 1960, 82, 866. 

(2) Block copolymers synthesized by using other living anionic polymeri
zations and isocyanates: (a) Natta, G.; DiPietro, J.; Cambini, M. Makromol. 
Chem. 1962, 56, 200. (b) Reference 3a. (c) Reference 6b. (d) Bur, A. J.; 
Fetters, L. J. Macromolecules 1973, 6, 874. (e) Godfrey, R. A.; Miller, G. 
W. J. Polym. So'., Part A-I 1969, 7, 2387. (f) Hergenrother, W. L.; Ambrose, 
R. J. J. Polym. Sci., Part B: Polym. Lett. 1972, 10, 679. 

(3) (a) Schneider, N. S.; Furusaki, S.; Lenz, R. W. / . Polym. Sci., Part 
A 1965, 3, 933. (b) Shmueli, U.; Traub, W.; Rosenheck, K. J. Polym. Sci., 
Part A-2 1969, 7, 515. (c) Goodman, M.; Chen, S. Macromolecules 1970, 
3, 398. 

(4) (a) Yu, H.; Bur, A.; Fetters, L. J. J. Chem. Phys. 1966,44, 2568. (b) 
Troxell, T. C; Scheraga, H. A. Macromolecules 1971, 4, 528. (c) Berger, 
M. N.; Tidswell, B. M. J. Polym. Sci., Polym. Symp. 1973, No. 42,1063. (d) 
Itou, T.; Chikiri, H.; Teramoto, A.; Aharoni, S. M. Polymer J. (Tokyo) 1988, 
20, 143. 

(5) (a) Aharoni, S. M. Macromolecules 1979, 12, 94. (b) Cizerri, A.; 
Comio, G.; Krigbaum, W. R. Polymer 1987, 28, 813. (c) Itou, T.; Teramoto, 
A. Macromolecules 1988, 21, 2225 and references therein. 

(6) (a) Goodman, M.; Chen, S. Macromolecules 1971,4, 625. (b) Green, 
M. M.; Andreola, C; Munoz, B.; Reidy, M. P.; Zero, K. J. Am. Chem. Soc. 
1988, 110, 4063. (c) Green, M. M.; Reidy, M. P.; Johnson, R. J.; Darling, 
G.; O'Leary, D. J.; Wilson, G. J. Am. Chem. Soc. 1989, / / / , 6452. 

(7) (a) Bur, A. J.; Roberts, D. E. / . Chem. Phys. 1969, 51, 406. (b) Bur, 
A. J.; Fetters, L. / . Chem. Rev. 1976, 76, 727. (c) Lifson, S.; Andreola, C; 
Peterson, N. C; Green, M. M. J. Am. Chem. Soc. 1989, / / / , 8850. 

(8) We are aware of three reports of transition-metal catalysts that are all 
unsatisfactory in polymerizing isocyanates: (a) Kashiwagi, T.; Hidai, M.; 
Uchida, Y.; Misono, A. J. Polym. Sci., Part B: Polym. Lett. 1970, 8, 173. 
(b) Graham, J. C; Xu, X.; Jones, L.; Orticochea, M. / . Polym. Sci., Part A: 
Polym. Chem. 1990, 28, 1179. (c) Yilmaz, O.; Usanmaz, A.; Alyuruk, K. 
J. Polym. Sci., Part C: Polym. Lett. 1990, 28, 341. 

(9) Compound I was synthesized according to the procedure of R. C. Paul 
et al.: Paul, R. C; Sharma, P.; Gupta, P. K.; Chadha, S. L. Inorg. Chim. Acta 
1976, 20,7. Compound II was obtained by adding several equivalents of THF 
to a stirred solution of I in hexane. 
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Figure 1. Variation in the molecular weight as a function of the monomer 
to initiator ratio of a typical solution polymerization. Afn: determined 
by GPC relative to polystyrene standards. My: determined by Ubbelohde 
type capillary viscometry. 
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Figure 2. Variation in the molecular weight (Afn) as a function of the 
percent conversion of a typical solution polymerization. A/„: determined 
by GPC relative to polystyrene standards. Percent conversion: assessed 
by correlating the reaction time with kinetic data. 

that these polymerizations are, in fact, "living", and this feature 
allows for the formation of polyisocyanates of controlled molecular 
weight and block copolymers. 
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During initial studies, the yield of polymer systematically varied 
from 0% to 100% depending upon the initial monomer concen
tration. Further polymerization-kinetics studies on n-hexyl iso
cyanate revealed that termination processes were not occurring 
and that these concentration-dependent yields were due to the fact 
that polymerizations using I and // are fully reversible between 
isocyanate polymer and monomer. This is the first definitive 
confirmation of ceiling temperature effects in isocyanate polym
erizations. Previously, monomer/polymer to trimer transforma
tions were observed.10 Eromosele and Pepper observed that 
anionic isocyanate polymerizations displayed ceiling temperature 
effects; however, it was shown that in this case depolymerization 
occurred irreversibly to trimer, so it was not a true monomer-
polymer equilibrium." 

Another unusual feature of polymerizations using I and II is 
that the polymer can be isolated with the active titanium end-

(10) (a) In solution degradation studies: Iwakura, Y.; Uno, K.; Kobayashi, 
N. / . Polym. Sci., Part A-I 1968,6,1087. (b) In thermal degradation studies: 
Durairaj, B.; Dimcock, A. W.; Samulski, E. T.; Shaw, M. T. / . Polym. Sci., 
Part A: Polym. Chem. 1989, 27, 3211. 

(11) Eromosele, I. C ; Pepper, D. C. J. Polym. Sci., Part A: Polym. Chem. 
1987, 25, 3499. 
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Table I. G P C Data for Isocyanate Block Copolymerizations 

entry 

1» 
Y 
3C 

isocyanate 1 III 

isocyanate 2 III 

M n after 1" 

42500 
46400 
46400 

Mn after 
1 + 2" 

119 500 
155 200 
193 300 

"Determined by GPC relative to polystyrene standards. 'Without 
isolation of the polymer plus end-group. ' With isolation of the poly
mer plus end-group. 

groups intact. Our current proposed mechanism involves coor
dination and insertion of the isocyanate monomer into a titani
um—amidate end-group species.12 The ability to isolate a polymer 
with its active end-groups in linear chain-growth polymerizations 
is quite rare,13 provides opportunities for studying the polymer
ization in greater detail, and expands the synthetic usefulness of 
this polymerization. For example, this "polymeric reagent" can 
be manipulated in its solid form and redissolved at a later date 
for use in depolymerization kinetics or for the synthesis of iso-
cyanate-isocyanate block copolymers (vide infra). 

The equilibrium behavior of this polymerization (JCn, = 2, at 
~ 30 0C) affords a method for measuring the governing solution 
thermodynamics. Measurement of the variation in the equilibrium 
constant of the polymerization versus temperature (n-hexyl iso
cyanate, range 20-80 0C) yielded A#p = -8.8 kcal/mol, ASp = 
-28 cal/(mol-K), and Tc = 43.4 0C14 (7/c for [M]e = 1 M; cor
rections for the variation in the activity of the monomer due to 
the presence of high polymer were neglected).15 It is noted that 
Tc is quite low (between those found for chloral (13 0C) and 
a-methylstyrene (66 0C) polymerizations)16 and is consistent with 
the known degree of steric interactions in linear alkyl isocyanate 
polymers.17 As expected, cleavage of the active end-group from 
the polymer chain (methanol wash) results in the expected 
thermally robust polymer with a decomposition temperature near 
200 °C.10b In summary, high yields of polymer can be obtained 
by either (1) decreasing the amount of solvent used (in the limit, 
a bulk polymerization) or (2) reducing the reaction temperature. 

The "living" behavior of this polymerization was demonstrated 
by several experiments.18 In a "living" polymerization, Mn should 
vary as a linear function of the monomer to initiator ratio, and 
we observe this behavior when using I or II (Figure 1). Also, 
Afn should vary linearly with the percent conversion of the reaction, 
which is also observed in these polymerizations (Figure 2). 

The titanium end-groups stay active throughout the polymer
ization until quenched by the addition of protic sources. This is 
demonstrated by the fact that the polymer chains can be polym
erized and depolymerized at will by addition of monomer or 
solvent, respectively. GPC traces showed no bimodal distributions 
of molecular weights when fresh monomer was added to a solution 
of active polymer. Such distributions would indicate that ter
mination or transfer processes had occurred (Table I, entry 1). 

(12) This was based on known chemistry of titanium-oxygen, -nitrogen, 
and -carbon bonds with isocyanates. Some pertinent sources for Ti(IV) and 
Zr(IV) are the following: (a) Chandra, G.; Lappert, M. F. Inorg. Nucl. Chem. 
Lett. 1965, /, 83. (b) Meth-Cohn, 0 . ; Thorpe, D.; Twitchett, H. J. J. Chem. 
Soc. C 1970, 132. (c) Clark, R. J. H.; Stockwell, J. A.; Wilkins, J. D. / . 
Chem. Soc., Dalton Trans. 1976, 120. (d) Gambarotta, S.; Strologo, S.; 
Floriani, C ; Chiesi-Villa, A.; Guastini, C. Inorg. Chem. 1985, 24,654. Also 
TiCl4, alone, will not polymerize isocyanates. 

(13) Gilliom, L. R.; Grubbs, R. H. J. Am. Chem. Soc. 1986, 108, 733. 
(14) A previous report of Te for poly(n-hexyl isocyanate) listed Tc = - 2 2 

0 C . Ivin, K. J. Angew. Chem., Int. Ed. Engl. 1973, 12, 487. 
(15) Szwarc, M. Adv. Polym. Sci. 1983, 49, Chapters 2 and 3. 
(16) Allcock, H. R.; Lampe, F. W. Contemporary Polymer Chemistry; 

Prentice Hall: Englewood Cliffs, NJ, 1990; Chapter 10. 
(17) Cook, R.; Johnson, R. D.; Wade, C. G.; O'Leary, D. J.; Munoz, B.; 

Green, M. M. Macromolecules 1990, 23, 3454. 
(18) Sources for an overview and criteria of living polymerizations: (a) 

Szwarc, M.; Levy, M.; Milkovich, R. J. Am. Chem. Soc. 1956, 78, 2656. (b) 
Szwarc, M. Nature 1956,178,1168. (c) Flory, P. J. /. Am. Chem. Soc. 1940, 
62,1561. (d) van Beylen, M.; Bywater, S.; Smets, G.; Szwarc, M.; Worsfold, 
D. J. Adv. Polym. Sci. 1988, 86, 87. (e) Gold, L. J. Chem. Phys. 1958, 28, 
91. (f) Fetters, L. J. Monodisperse Polymers. In Encyclopedia of Polymer 
Science and Engineering, 2nd ed.; Wiley-Interscience: New York, 1987; Vol. 
10, p 19. 

The robust nature of the titanium-amidate end-groups can be 
exploited in the synthesis of block copolymers. Isocyanate-iso-
cyanate block copolymers were prepared by isolating the polymer 
possessing the titanium end-groups and subsequently redissolving 
this "active" polymer in the presence of another (or the same) 
monomer. Several isocyanate blocks were prepared using this 
method; no bimodal distributions of molecular weights were ob
served via GPC (Table I, entries 2 and 3). 

Finally, the polydispersities of the product polymers range from 
1.1 to 1.3. (These values are based on GPC data calibrated relative 
to the My of samples used in this paper and should only be con
sidered approximate.) We are currently studying the kinetics and 
mechanism of this polymerization and are synthesizing active 
species analogues. 
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Recently we have demonstrated that alkyl methoxy molybde
num carbene complexes will readily produce substituted cyclo-
propanes when treated with electron-poor olefins.1 This cyclo-
propanation process was found to occur under milder conditions 
and at a faster rate than the analogous process with chromium-
and tungsten-derived complexes. We have also demonstrated that, 
when an alkyne is tethered to the molybdenum carbene complex, 
vinylcarbene complexes can be generated in situ and trapped by 
the cyclopropanation of electron-poor olefins to give vinylcyclo-
propanes in good yield.2 As part of a project directed toward 
the development of transition-metal-mediated approaches to po-
lycyclic systems, we report herein the reactivity of 1,3-nona-
dien-8-ynes with butyl methoxy molybdenum carbene complex 
la. 

On the basis of previous studies by ourselves1"3 and others,4 it 
was anticipated that treatment of dienyne 25 with molybdenum 

(1) (a) Harvey, D. F.; Brown, M. F. Tetrahedron Lett. 1990, 31, 
2529-2932. (b) For an earlier report of the cyclopropanation of electron-poor 
olefins with [phenyl(methoxy)carbene]pentacarbonylmolybdenum(0), see: 
Dotz, K. H.; Fischer, E. O. Chem. Ber. 1972, 105, 1356-1367. 

(2) Harvey, D. F.; Brown, M. F. /. Am. Chem. Soc. 1990,112, 7806-7807. 
(3) Harvey, D. F.; Lund, K. P.; Neil, D. A., manuscript in preparation. 
(4) (a) Wienand, A.; Reissig, H.-U. Tetrahedron Lett. 1988, 29, 

2315-2318. (b) Ressig, H. U.; Buchert, M. Tetrahedron Lett. 1988, 29, 
2319-2320. (C) Wulff, W. D.; Banta, W. E.; Kaesler, R. W.; Lankford, P. 
J.; Miller, R. A.; Murray, C. K.; Yang, D. C. / . Am. Chem. Soc. 1990,112, 
3642-3659. (d) Wulff, W. D.; Kaesler, R. W. Organometallics 1985, 4, 
1461-1463. (e) Casey, C. P.; Hornung, N. L.; Kosar, W. P. J. Am. Chem. 
Soc. 1987,109, 4908-4916. (f) Hoye, T. R.; Rehberg, G. M. / . Am. Chem. 
Soc. 1990, 112, 2841-2842. (g) Hoye, T. R.; Rehberg, G. M. Organo
metallics 1989, S, 2070-2071. (h) Hoye, T. R.; Korkowski, P. F.; Rydberg, 
D. B. J. Am. Chem. Soc. 1988,110, 2676-2678. (i) Rudler, H.; Parlier, A.; 
Yefsah, R.; Denise, B.; Daran, J. C; Vaissermann, J.; Knobler, C. J. Orga-
nomet. Chem. 1988, 358, 245-272. (j) Wienand, A.; Reissig, H.-U. Or
ganometallics 1990, 9, 3133-3142. 
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