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Over the last several years, a major thrust in polymer
synthesis has been the development and refinement of
organometallic complexes that act to initiate living po-
lymerizations.! These new catalysts have permitted the
synthesis of polymers having controlled molecular weights,
narrow polydispersities, and well-defined end groups.
While it has proven feasible to produce block copolymers
using some of these living metal mediated polymerization
systems,? many of these organometallic complexes fail to
insert monomers of dissimilar structure. This selective
reactivity not only narrows the pool of potential monomers
but effectively prevents the sequential formation of many
interesting diblock and triblock copolymers. Because of
the desirability for block copolymers possessing disparate
segments,® we have been interested in developing new
metal-catalyzed routes into these materials.

Polyisocyanates* are a unique class of rigid-chain
polymers® that adopt 8/3 helical conformations in both
solution and the solid state.f? We have previously reported
the use of CpTiCl:(OR) (Cp = »?-cyclopentadienide, I)
(where OR’ can be a 1°, 2°, or 3° alkoxide) as initiators
for the living polymerization of alkyl isocyanates at room
temperature.” Initiation is thought to occur through a
migratory insertion of the alkoxide into an isocyanate to
form the propagating titanium amidate species (Scheme
I). It is important to note that the migrating alkoxide
group becomes the polymer chain end.

Although isocyanates undergo facile subsequent inser-
tions, the titanium amidate end group is inert toward the
insertion of other potential substrates including epoxides,
cyclic lactones, acrylates, and methacrylates. We have
therefore sought to develop bifunctional initiators that
allow the incorporation of flexible segments between rigid
polyisocyanate chains.® To this end, we would like to
report the preparation of bimetallic titanium alkoxides,
possessing linker segments that can be either a small
molecule (II) or a polymer (III), and their use in
synthesizing either “once-broken worms”® or triblock
copolymers, respectively.
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In order to test the viability and activity of bimetallic
catalysts, we prepared the model compound II in 61%
yield!? by the addition of 2 equiv of (MeCp)TiCl; (MeCp
= nS-methylcyclopentadienide) to 1 equiv of trans-1,4-
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cyclohexanediol'! (eq 1). Additionally, we prepared both
the analogous Cp and Cp* (Cp* = n°-pentamethylcyclo-
pentadienide) derivatives; however, the Cp compound was
too insoluble for polymerization studies, while the Cp*
derivative proved to be much less active than the MeCp
complex, II.
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Compound II polymerizes n-hexyl isocyanate (HIC)
([HIC] = 3.4 M) in 70-80% yield in approximately 1 day
at room temperature (Scheme II). Correcting for ceiling
temperature effects ([HIClq = 0.6 M at 25 °C), this
effectively corresponds to a quantitative conversion.i2 In
agreement with our previous studies on simple titanium
complexes,” a combination of experiments further sug-
gested that the polymerizations of alkyl isocyanates using
II are living.1® The plots of molecular weight (M,) as a
function of either the monomer to initiator (II) ratio or
the percent monomer consumed are both linear, indicating
the absence of chain-transfer steps during polymerizations
initiated by II.

In order to rule out chain termination steps and to
determine whether both titanium centers in II are
independent chain propagating centers, we studied the
rates of polymerization of HIC using both II and the
analogous monometallic, cyclohexyl complex, (MeCp)-
TiCly(OCeH11) (84% yield; IV).* The rate of disappear-
ance of HIC was measured by IR kinetics at 25 °C at
identical initial monomer and initiator concentrations for
bothITand IV. Under these conditions, the concentration
of titanium centers in the reactions initiated using IT was
exactly twice the concentration in the reactions initiated
using IV. From theslope of a linear plot of [HIC]o-[HIC]
versus time, pseudo-zero-order rate constants were de-
termined for the polymerization of HIC by II and IV.
First-order rate constants for I and IV were then obtained
from linear plots of these pseudo-zero-order rate constants
versus catalyst concentration (Figure 1). The first-order
rate constant for the bisfunctional catalyst (II), k;; = 3.6
X 10-% 571, was found to be exactly twice as large as that
for the monofunctional catalyst (IV), kyy = 1.8 X 10-35-1,
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Figure 1. Pseudo-zero-order rate constants, kope, versus catalyst
concentration for the polymerization of HIC by II and IV
(IRNCO] = 3.4 M). An additional point for the plot for catalyst

IV ([IV] = 0.13 M) was deleted for clarity.
Table 1. Comparison of M, and M, for the Polymerization
of HIC by II and IV*
run M.(1I) M,av) M,(1I) M,av)
1% 7 800 4 600 6 200 3 800
2b 10900 6 700 9100 5 800
3b 30 200 17 200 25 800 15600
4¢ 58 500 65 700 41 600 45 000

¢ My and M, were determined by GPC (reported relative to
polystyrene standards). [HIC]; = 3.4 M and [II] = [IV] for all runs.
®Runs 1-3 were quenched at three different times early in the
polymerization, before they had reached equilibrium. ¢ Run 4 was
quenched once the polymerizations had reached equilibrium.

Hence, we conclude that both titanium centers in IT are
active, and furthermore their activities are neither at-
tenuated nor enhanced by the presence of the proximal
titanium center.

Further support for both titanium centers in II being
active was provided by molecular weight determinations.
In competitive polymerizations at fixed initiator ([II] =
[IV], where [Tiln = 2[Tiliv) and monomer concentrations,
the polymerizations initiated by II proceed at a rate twice
that of those initiated using IV. Hence, polymerizations
run with II under kinetic control (i.e., quenched before
obtaining equilibrium) should yield polymers that are twice
as large as polymers obtained using IV under identical
reaction conditions. Under the same conditions but now
allowing equilibrium to be obtained, the polymers pro-
duced using both initiators should have the same molecular
weights. This results from the fact that the partitioning
of a fixed amount of monomer between polymer and free
monomer is governed by an equilibrium constant, K., =
1/[monomer], that is independent of both the size and/or
number of the chains present. Experimentally, polymer
produced by II under kinetic control was found to have
approximately twice the apparent molecular weight of
polymer produced by IV under identical conditions (Table
I, runs 1-3). Conversely, polymerizations initiated by
either Il or IV that were allowed to attain thermodynamic
equilibrium yield polymers of approximately the same
molecular weight (Table I, run 4).

Rheological studies indicate that polyisocyanates with
molecular weights <15 000 behave as rodlike chains.!s
Thus, polyisocyanates using II containing the flexible
cyclohexyl core should behave as once-broken worms. The
molecular weights of the polyisocyanates synthesized using
I1, as measured using the GPC,!¢ are approximately 10—
15% smaller than twice the size of the samples synthesized
using IV at identical monomer to initiator ratios. We
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attribute this relative contraction in molecular weight to
the differences in the hydrodynamic radii of the rodlike
polyisocyanates obtained from IV and the once-broken
worms obtained using II. Support of this hypothesis was
obtained from light scattering experiments.!” Staticlight
scattering (SLS) results for a linear and once-broken
polymer, both with GPC molecular weights of 140 000,
gave weight-average molecular weights of 30 000 and
52 000, respectively. From dynamiclight scattering (DLS)
experiments on these same samples, their respective
hydrodynamic radii were found to be nearly identical at
6.4 and 7.3 nm. These data support the contention that
inclusion of a flexible hinge constitutes a significant change
in polymer architecture, where a more massive polymer
can be folded into the same hydrodynamic volume.

By modifying the central linker, triblock copolymers
can be prepared. Telechelic complex ITI'® was synthesized
in a manner analogous to II using telechelic poly-
(dimethylsiloxane) (PDMS) chains (M, = 2900) end-
capped with n-hexanol groups!® (Scheme III).

Polymeric compound III polymerizes HIC in bulk in
approximately 4 h at room temperature to yield (86%)
the desired isocyanate~-PDMS-isocyanate triblock copol-
ymer (V). Evidence for the triblock structure was
obtained from H and 3C NMR, molecular weight studies,
and solubility comparisons. 'H and 3C NMR showed V
to contain both the expected poly(hexyl isocyanate)
(PHIC) and PDMS segments. GPC chromatography of
V gave one distinct monomodal peak at M,, = 10 300: an
increase in M, from 2900 of the starting PDMS. Last, V
was shown to have markedly different solubility cha.rac-
teristics than PHIC in that it was soluble in ethyl acetate
while PHIC was not.

Insummary, we have synthesized bisfunctional catalysts
for the living polymerization of isocyanates. These
catalysts were shown by kinetic and molecular weight
experiments to contain two active titanium centers for
chain propagation. Since relatively low molecular weight
polyisocyanates act as rigid-chain polymers,15 the polymers
obtained from II should be good models for once-broken
worms. In addition, telechelic polymeric catalysts were
synthesized and used to produce new well-defined triblock
copolymers. Future work will concentrate on the prop-
erties of these new triblock copolymers, as well as the
rheological behavior of the once-broken worms.

Acknowledgment. The authors acknowledge the sup-
port for this work from the NSF Presidential Young
Investigator Award, Alred P. Sloan Foundation, Du Pont,
Procter & Gamble, BF Goodrich, Kodak, Exxon, and the
Lawrence Berkeley Laboratories. We alsothank Dr. Susan
Muller for the use of her light scattering equipment and
Dr. Thomas Seery for the SLS and DLS data collection
and analysis.

m

References and Notes

(1) (a) Doi, Y.; Suzuki, S.; Soga, K. Macromolecules 1986, 19, 2896.
(b) Doi, Y.; Koya.ma,T Soga, K. Makromol. Chem. 1984 185,



Macromolecules, Vol. 26, No. 15, 1993

(2)

@3

~

4)

5)

(6)

(7
€:))

9

1827. (¢) Doi, Y.; Watanabe, Y.; Ueki, S.; Soga, K. Makromol.
Chem., Rapid Commun. 1988, 4, 533. (d) Doi, Y.; Koyama, T.;
Soga, K. Makromol. Chem. 1985, 186, 11. (e) Hadjiandreou,
P.; Julemont, M.; Teyssie, Ph. Macromolecules 1984, 17, 2455.
(f) Yoshimura, T.; Masuda, T.; Higashimura, T. Macromol-
ecules 1988, 21, 1899, (g) Gilliom, L. R.; Grubbs, R. H. In
Proceedings of the 4th International Symposium on Homo-
geneous Catalysis; Gordon and Breach: New York, 1984; p
153. (h) Gilliom, L. R.; Grubbs, R. H.J. Am. Chem. Soc. 1986,
108,733. (i) Wallace, K. C.; Schrock, R. R. J. Am. Chem. Soc.
1988, 110, 4964. (k) Schrock, R. R.; Feldman, J.; Cannizzo, L.
F.; Grubbs, R. H. Macromolecules 1987, 20, 1169. (1) Schav-
erien, C. J.; Dewan, J. C.; Schrock, R. R. J. Am. Chem. Soc.
1986, 108, 2771. (m) Schrock, R. R.; DePue, R. T.; Feldman,
J.; Schaverien, C. J.; Dewan, J. C.; Liu, A. H. J. Am. Chem.
Soc. 1988, 110, 1423. (n) Murdzek, J. S.; Schrock, R. R.
Macromolecules 1987, 20, 2640. (o) Kress, J.; Osborn, J. A,;
Greene, R. M. E.; Ivin, K. J.; Rooney, J. J. J. Chem. Soc.,
Chem.Commun. 1985,874. (p) Kress,dJ.;Osborn,J. A.; Green,
R.M.E,;Ivin, K. J.; Rooney,d. J.J. Am. Chem. Soc. 1987, 109,
899. (q) Deming, T. J.; Novak, B. M. Macromolecules 1991,
24, 326.

(a) Deming, T. J.; Novak, B. M. Macromolecules 1991, 24,
5478. (b) Chan, Y. N. C.; Schrock, R. R.; Cohn, R. E, Chem.
Mater. 1992, 4,24, (c) Sankaran, V.; Cummins, C. C.; Schrock,
R. R.; Cohn, R. E,; Silby, R. J. J. Am. Chem. Soc. 1990, 112,
6858. (d) Cummins, C. C.,; Schrock, R. R.; Cohn, R. E. (e)
Cannizzo, L. F.; Grubbs, R. H. Macromolecules 1988, 21, 1961.
(a) Noshay, A.; McGrath, J. E. Block Copolymers; Academic
Press: New York, 1977. (b) Quirk, R. P.; Kinning, D. J.; Fetters,
L.J.In Comprehensive Polymer Science; Allen, G., Bevington,
J.C., Aggarval, S. L., Eds.; Pergamon Press: New York, 1989;
Vol. 7. (c) Bates, F. S. Science 1991, 251, 898.

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

(a) Yu, H.; Bur, A.; Fetters, L. J. J. Chem. Phys. 1966, 44, 2568.
(b) Troxell, T. C.; Scheraga, H. A. Macromolecules 1971, 1,
528. (c) Berger, M. N,; Tidswell, B. M. J. Polym. Sci., Polym.
Symp. 1978, No. 42, 1063. (d) Itou, T.; Chikiri, H.; Teramoto,
A.; Aharoni, S. M. Polym. J. 1988, 20, 143.

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

Patten, T. E.; Novak, B. M.J. Am. Chem. Soc. 1991, 113, 5065.
Diblock copolymers containing isocyanate segments have been
prepared by the addition of isocyanates to anionic polymer-
izations at low temperature. These anionic polymerizations
of isocyanates are not living, however, and no control over the
size or distribution of the polyisocyanate segments is therefore
possible. See: (a) Natta, G.; DiPietro, J.; Cambini, M.
Makromol. Chem. 1962, 56, 200. (b) Green, M. M.; Andreola,
C.; Munoz, B.; Reidy, M. P.; Zero, K. J. Am. Chem. Soc. 1988,
110, 4063. (c) Bur, A. J.; Fetters, L. J. Macromolecules 1973,
6,874. (d) Godfrey, R. A.; Miller, G. W. J. Polym. Sci., Polym.
Chem. Ed. 1969, 7, 2387. (e) Hergenrother, W. L.; Ambrose,
R. J. Polym. Lett. 1972, 10, 679.

(a) Ulyanova, N. N.; Baranovskaya, I. A.; Liubina, S. Ya,;
Bezrukova, M. A.; Rudkovskaya, G. D.; Shabsels, B. M.; Vlasov,

(10)

11)
(12)

13)

(14)

(15)

(16)

1mn

(18)

(19)
(20)

Communications to the Editor 4069

G. P.; Eskin, V. E. Macromolecules 1991, 24, 3319. (b) Yu,H;
Stockmayer, W. H.J. Chem. Phys. 1967,47,1369. (c) Hassager,
0. J. Chem. Phys. 1974, 60, 2111. (d) Taki, N.; Fujita, H.
Polym.J. 1975, 7,637. (e) Wilemski, G. Macromolecules 1977,
10, 28. (f) Teramoto, A.; Yamashita, T.; Fujita, H. J. Chem.
Phys. 1967, 46, 1919. (g) Nakagawa, K.; Nishioka, N.;
Teramoto, A.; Fujita, H. Polymer. J. 1978, 4, 332. (h)
Matsumoto, T.; Nishioka, N.; Teramoto, A.; Fujita, H. Mac-
romolecules 1974, 7, 824.

Data for compound II: 'H NMR (CDClg) 6 6.62 (t, 4H, J =
2.7), 6.56 (t, 4H, J = 2.7), 5.12 (m, 2H), 2.46 (s, 6H), 2.08 (m,
4H), 1.31 (m, 4H); *C{!H} NMR (CDCls) é 135.04, 119.983,
118.37, 89.50, 28.48, 16.26. Anal. Caled for C1sH2(C1,0sTia:
C, 42.40; H, 4.74. Found: C, 42.52; H, 4.81.

Bayer, A. Liebigs Ann. Chem. 1894, 278, 88.

Although these polymerizations are living, they are equilibrium
polymerizations run near their ceiling temperatures.” This
both effects the percent conversion of monomer and tends to
broaden the polydispersities of the polymer samples.!3

For a general overview of living polymerizations and criteria,
see: (a) Quirk, R. P.; Lee, B. Polym. Int. 1992, 27, 359. (b)
Webster, 0. W. Science 1991, 251, 887. (c) Szwark, M.; Levy,
M,; Milkovich,R.J. Am.Chem. Soc. 1956, 78,2656. (d) Szwark,
M. Nature 1956, 178, 1168. (e) Flory, P. J.J. Am. Chem. Soc.
1940, 62, 1561. (f) Van Beylen, M.; Bywater, S.; Smets, G.;
Szwarc, M.; Worsfold, D. J. Adv. Polym. Sci. 1988, 86, 87, (g)
Gold, L. J. Chem. Phys. 19588, 28, 91. (h) Fetters, L. J.
Monodisperse Polymers. In Encyclopedia of Polymer Science
g’mli Er&gineering, 2nded.; Wiley-Interscience: New York, 1987;
ol. 10, p 19.

Data for compound IV: H NMR (CDClg) 8 6.53 (t, 2H, J =
2.6), 6.47 (t, 2H, J = 2.6), 4.73 (m, 1H), 2.40 (s, 3H), 1.90 (m,
2H), 1.78 (m, 2H), 1.64 (m, 2H), 1.45 (m, 1H), 1.32 (m, 3H);
1¥C{H} NMR (CDCls) é 134.79, 119.71, 117.95, 92.53, 34.83,
25.18, 23.21, 16.31. Anal. Caled for C12H1sCloOTi: C, 48.52;
H, 6.11. Found: C, 48.44; H, 6.12.

(a) Bur, A. J.; Roberts, D. E. J. Chem. Phys. 1969, 51, 406. (b)
Bur, A,; Fetters, L. J. J. Chem. Rev. 1976, 76, 727. (c) Lifson,
S.; Andreola, C.; Peterson, N. C.; Green, M. M. J. Am. Chem.
Soc. 1989, 111, 8850. (d) Cook, R.; Johnson, R. D.; Wade, C.
G.; O'Leary, D. J.; Munoz, B.; Green, M. M. Macromolecules
1990, 23, 3454.

Measured at 25 °C in chloroform and reported relative to
polystyrene standards.

Light scattering measurements performed in THF at 26 °C
using a Brookhaven Instrument correlator and goniometer with
an argon laser at 488 and 514 nm.

Data for III: 'H NMR (CDCly) 4 6.08 (s), 0.058 (s); *C{*H}
NMR (CDCls) 4 119.05, 0.98. Anal. Caled from GPC: 87.10;
H, 8.32. Found: C, 35.84; H, 7.19.

Goldschmidt Chemical Corp.

Data for triblock V: 'H NMR (CDCly) § 3.65 (b, 1.02H), 1.59
(b, 1.02H), 1.27 (b, 3.06H), 0.86 (b, 1.58H), 0.057 (s, 1.00H);
18C{lH} NMR (CDCly) 5 156.76,48.46, 31.34, 28.35, 26.18, 22.51,
13.90, 0.98. Anal. Caled from GPC and 'H NMR integra-
tigg: C, 56.72; H, 9.70; N, 7.80. Found: C, 59.93; H, 9.70; N,
8.72,



