
436 Macromolecules 1993,26, 436439 

Organotitanium(1V) Compounds as Catalysts for the 
Polymerization of Isocyanates: The Polymerization 
of Isocyanates with Functionalized Side Chains 

Timothy E. Patten and Bruce M. Novak'J 
Department of Chemistry, University of California at Berkeley, 
and Center for Advanced Materials, Materiale Science Division, 
Lawrence Berkeley Laboratories, Berkeley, California 94720 
Received August 5, 1992; Revised Manuscript Received October 9, 1992 

ABSTRACT Catalysta of the form CpTiClS, where X = -OCHzCFs, -N(CH&, or -CH3 (IIa, IIb, IIc; Cp 
= $-cyclopentadienyl), Cp*TiClsOCHsCFs (III; Cp* = r16-pentamethylcyclopentadienyl), and CplTiClOCHT 
CF3 (IV) were used to polymerize a variety of isocyanates. Titanium-&oxide, -amide, and -alkyl bonds were 
all found to be active in initiating the insertion of isocyanate monomer. An advantageous consequence of 
the leeser Lewb acidity of IIa-c relative to TiCl&CH&Fs (I) b that the polymerization of highly functionaiized 
monomers b poeeible using IIa-c and not I. 2-Ieocyanatoethyl methacrylate (OEM) was polymerized, using 
IIb, through the isocyanato group to a linear polymer; the resulting properties of this material wero found 
to be quite different from what waa reported by Grahamet aLl2 2 E M  trimer was synthesized and subaequently 
croee-linked using a free-radical initiator, and it WBB found that the properties of this material matched those 
of the earlierreport. The Diele-Alderadductof2IEM with cyclopentadiene, 2-((2-ie~ana~oxy)carbonyl)-  
2-methylbicyclo[2.2.llhept-5-ene (2IECMBH) waa prepared and also polymerized using IIb. The use of 
cyclopentadienyltitanium trichloride derivatives also provides a general route through which a wide variety 
of end groups may be incorporated onto the end of the polyisocyanate chain. 

Introduction 
With the ongoing development of new well-controlled 

polymerization systems, chemists are beginning to look 
beyond the synthesis of conventional homo- and copol- 
ymers and toward the creation of synthetic macromolecules 
displaying higher order structures.2 Such complex syn- 
theses can be realized only with well-controlled polym- 
erization techniques that display certain essential 
characteristics: The polymer produced displays a stable 
secondary structure. Monomers with high functional 
group density can be polymerized. The primary sequence 
of monomers along the backbone can be specified, and 
well-defined end groups can be placed on either end of the 
polymer chain. In our approach to this problem, we have 
focused our attention upon developing synthetic methods 
for polyisocyanates, since they maintain a helical confor- 
mation in solution for a very wide variety of side 
Recently, we reported the living polymerization of alkyl 
isocyanates catalyzed byTiCl&CH&Fs (I);4 those results 
prompted us to explore the effect of modifying the ligand 
sphere of the end group and the initiating ligand upon 
polymerization. We report here the polymerization of 
ieocyanateswith functionalized side chains. The catalysts 
used in this study were of the form CpTiC12X, where X 
= -OR, -NR2, or -CR3 (Cp = $-cyclopentadienyl), 
Cp*TiClZOR (Cp* = +$entamethylcyclopentadienyl), 
and CpZTiClOR. Polymerizations wing CpTiC12X were 
found to tolerate a wide variety of Lewis bases. 
Results and Discussion 

The wries of compounds CpTiC12X (where X = -OCH2- 
CF3, -N(C&)z, and -CHS;~, IIa, IIb, and IIc, respectively) 
were examined in order to identify active initiating ligands 
for thetie types of catalysts. Consistent with what has 
beenrepdedinthelitexature,S titanium-akde,-amide, 
and -alkyl bonds are active in initiating the insertion of 
h y a n a t e  monomer: all three compounds showed iden- 
tical activity in teat polymerizations. Aleo, using purified 
oligomers of poly(n-hexyl isocyanate) prepared using IIa, 
we observed the trifluoroethoxy end group by lgF NMR 
(6 -74.8 ppm) (eq 1). Theae compounds are easily prepared 

R 

19F NMR: 6 -74.8 ppm 
(R = n-Hexyl) 

and isolated pure, so the use of derivatives synthesized 
from CpTiCk provides a general route through which a 
wide variety of end groups may be incorporated onto the 
initiating end of the polyisocyanate chain. Also, exper- 
imental evidence indicates that the substitution of a 
chloride ligand with a Cp ligand (ie. I to IIa) doea not 
affect the livingnese of the titantium-based polymeriza- 
tions of alkyl isocyanates. 

We examined IIa, Cp*TiClzOCHzCFs (III), and Cpz- 
TiClOCHgFs (IV),b to determine how adding bulltier and 
more electrondonating ligands to the coordination sphere 
of the active titanium propagating center would affect the 
character of the polymerization. It is known that sub 
stitution of a chloride ligand with a Cp ligand decreases 
the Lewis acidity of a titanium complex relative to its 
parent compound. For example, CpTiCh will not form 
stable complexee with monodentate Lewia bataea? whereas 
countless 1:2 Lewis acid/base complexee of Tic4 have been 
reported.* Also, the addition of Cp and Cp* to the end 
group adds increasing steric bulk at the metal center. 
Correspondingly, we found a decrease in the obeerved 
initial rate of the polymerization when polymerizatio~~~ 
were conducted using catalysts I, IIa, and 111, mpectively 
(Table I). An advantageous consequence of the laser 
Lewis acidity of IIa-c relative to I is that the polymerbation 
of highly functionalized monomers is poseible using IIa-c 
and not I. To illustrate thie point, we report the firet 
polymerization of 2-isocyanatoethyl methacrylate (2IEM) 
through the h y a n a t o  group to a linear polymer (eq 2). 
All attempts at polymerizing 2IEM using I failed to 

yield significant amounts of linear polymer; however, with 
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Table I 
Obwrved Initial Ratem of Polymerimtiona 
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catalyst 1oPIcatalystl0 (M) [monomerlo (M) k h  (M 8-9 

I 5.0 3.4 1.8 (6) X 10-8 
IIa 5.0 3.4 8.0 (6) X 1od 
III 5.0 3.4 9.6 (6) X 1o-B 
N 

a Monomer = n-hexyl isocyanate, solvent = toluene. The rata was 
monitored for up to 60% completion of the polymerization. Note: 
polymerization8 using N were much too slow for the measurement 
of the rate of polymerization. 

0 

o+ 
6 

Poly(2IEM) 

IIb, 2IEM was polymerized in bulk to yields of 91 % . GPC 
(gel permeation chromatography) analysiss of all poly- 
(2IEM) samples showed bimodal distributions of molecular 
weighta (the elution volumes of both peaks were well before 
that of an independently synthesized sample of trimer). 
We conducted several polymerizations using 1 equiv of 
highly purified methyl methacrylate per equivalent of 
n-hexyl isocyanate (a 2IEM "substitute") as controls; we 
reasoned that this should determine whether the bimodal 
distribution arose from difficulty in purifying/drying the 
monomer or from a side reaction involving the methacry- 
late side group. The polymers isolated from these poly- 
merizations consistently had narrow monomodal molecular 
weight distributions. Ftepeated distillation of 2IEM from 
CaHz (no impurities were detectable by NMR or IR 
spectroscopy each time) reduced the size of the lower of 
the two molecular weight peaks but did not eliminate it; 
therefore it appears that undetectable amounts of water/ 
impurity in the monomer are sufficient to cause this 
bimodal molecular weight distribution. We also observe 
this behavior when using solvents which have not been 
rigorously dried. The tolerance of these polymerizations 
to added Lewis bases appears to be quite general. 
Polymerizations of n-hexyl isocyanate similar to the 2IEM 
control polymerization were conducted using ethyl trif- 
luoroacetate, ethyl acetate, methyl methacrylate, aceto- 
nitrile, or THF (1 equiv of solvent/l equiv of monomer), 
and only narrow monomodal distributions of molecular 
weights were observed (Table 11). When polymerizations 
of n-hexyl isocyanate containing 1.5 M ethyl acetate or 
THF as the solvent were monitored by IR spectroscopy, 
no experimentally significant decrease in the observed rate 
of propagation was found. These results are significant 
in light of the fact that polymerizations using I will not 
proceed or wil l  proceed only to low yields in the presence 
of Lewis bases, and also these results suggest that the 
polymerization of an even wider variety of functionalized 
isocyanates than those diecuseed here is possible using 
1Ia-C. 

We also prepared the Diels-Alder adduct of 2IEM 
with cyclopentadiene, 24 (2-isocyanatoeth0xy)carbonyl)- 
2-methylbicyclo[2.2.11 hept-5-ene (2IECMBH),lo to in- 
crease the steric bulk next to the ester group (eq 3.1). The 
polymerization of 2IECMBH proceeded to high (-95% 
after workup) yields, and monomodal distributions of 
molecular weights were observed (eq 3.2). The presence 
of olefin groups in the side chain of the monomer also has 
no effect upon the polymerization, since IIa (and even I) 

Table I1 
Yield and Moleculu Weight Data frola Polymerircrtionr of 
m-Hexyl I ~ o o y a ~ t e  in the Prewnce of Added Lewir Busra 

lewis base modin. ratio yield ( % M. (GPC) PDI 
none 39 87 6700 1.22 
ethyl trifluoroacetate 36 71 4800 1.22 
THF 66 72 6700 1.40 
methyl methacrylate 42 79 6200 1.27 
acetonitrile 33 72 5400 1.29 

a Conditione: 0.250 mL+ of n-hexyl isocyanate, 1 equiv of Lewis 
base per monomer, 24-h reaction time, no solvent. 

0 

Poly(2IECMBH) 

wil l  polymerize allyl isocyanate rapidly and to high yields. 
GPC traces of samples of poly(ally1 isocyanate) showed 
monomodal and narrow distributions of molecular weighta. 
Polymerizations using I and IIa are well-behaved and offer 
control over the molecular weight of the polymer formed; 
thus by conducting polymerizations with low monomer to 
initiator ratios, we have found that, in contrast to what 
Shashoua and Sweeney reported originally,ll poly(ally1 
isocyanate) is actually soluble in chloroform and methylene 
chloride at  low molecular weights (up to -1Oe by GPC). 
Finally, 13C(lH) NMR spectra of poly(BIEM), poly- 
(BIECMBH), and poly(ally1 isocyanate) showed no ex- 
traneous methylene or methyne carbons that would 
indicate cross-linking or side reactions of the olefin groups. 

There has been a previous report of a synthesis of poly- 
(21EM);12 however, we note sie;nificant differences between 
the reported material's properties and the poly(2IEM) 
reported here. Poly(2IEM), in fact, is very soluble in 
chloroform and methylene chloride at allmolecular weighta 
we have prepared (up to *le by GPC). A thermal 
gravimetric analysis (TGA) trace of poly(2IEM) showed 
a decomposition onset within the characteristic range (1- 
200 "C) for p~lyisocyanates.'~ Considering that Graham 
et al. synthesized their material using refluxing hexane 
solvent, well above the measured ceiling temperature for 
isocyanate polymerizations (ca. 40 OV), and that their 
catalyst system forms trimer in quantitative yield at room 
temperature, we believe that the material they charac- 
terized was a soluble fraction of cross-linked trimer. We 
therefore synthesized a sample of crow-linked 2IEM trimer 
by treating 2IEMwith catalytic sodium phenoxide in THF 
to form the trimer and then treating the trimer with 
benzoyl peroxide in benzene at 90 OC. The croee-linked 
PIEM trimer exhibited solubility, IR, and thermal prop 
erties identical with those of Graham's materit3l.l' W- 
('Hj NMR was the most useful tool in differentiating 
between products: the signal for the carbonyl of the 
polymer backbone in polyisocyanates with aliphatic-like 
side chains is found at - 166 ppm (CDCls), whereas that 
for the trimer is found at - 149 ppm (CDCls). In general, 
2IEM is a versatile bifunctional monomer, since several 
potentially useful materials can be synthesized from this 
compound Polymerization exclusively through the iso- 
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atmoephere = nitrogen. Melting pointa were determined wing 
an Electrothermal capillary melting point apparatw and are 
u n c o u .  Elemental analyses were performed by the Mi- 
croanalytical Laboratory operated by the College of Chemistry, 
University of California, Berkeley, CA. 
Poly[((2-(methacryloyloxy)ethyl)imino)carbonyl]. Toa 

25mL Schlenk flaek containing In> (9.3 mg, 4.08 X 10-* "01) 
was added 0.250 mL (1.74 "01) of 2IEM via eyringe, and the 
catalyet dieeolved to form an orange solution. (Note: '2IEM with 
inhibitor removed ehould be etored in the dark and at low 
temperaturea. Crow-linking of the methacrylate side chains 
renders this polymer insoluble.) The Schlenk tube was covered 
with aluminum foil, and after approximately 1 h the polymer- 
ization solution had solidified. The polymerization was left for 
24 h after which 5 mL of CHsOH was added to terminate the 
active end group. The mixture was fitered, and the polymer 
was washed with 20 mL of CHsOH. Solventa were removed in 
vacuo. The polymer was reprecipitated from 10 mL of CHCb 
with 50 mL of CHsOH and isolated as deecribed above, yielding 
0.247 g (91%) of a white solid 'H NMR (400 MHz, CDCb) S 
(ppm) 6.10-6.05 (broad, 1 H), 5.62-5.59 (broad, 1 H), 4.8-3.4 
(overlapping group of broad signale, 4 HI, 1.89 (broad, 3 H); 
W(lH) NMR (100 MHz, CDCb) S (ppm) 166.59,155.34,135.83, 
126.15, 61.65, 47.27, 18.28; IR (thin film): 1719 (e, v(C-0) 
methacrylate), 1701 (8, v(C=O) polymer backbone), 1636 (m, 
v(C==C)) cm-'; TGA (onset temperatures) 190 OC (22% w t  low), 
335 OC (remainder). Anal. Calcd for C7HDNOs: C, 54.17; H, 
5.86, N, 9.03. Found: C, 54.17; H, 6.05; N, 8.76. 
Poly[ 1-( (2-isocyanatoethoxy)car~nyl)-l-methylethl- 

enel. V i  eyringe, 2 E M  (1.00 mL, 6.96 "01) was added to a 
stirred solution of 51.0 mg (0.211 "01) of benzoyl peroxide in 
10 mL of benzene. The polymerization wan etirred and heated 
at  90 OC for 4 h and then allowed to cool. The solution was 
poured into 100 mL of petroleum ether, and a white precipitate 
formed which was fiitered and washed with 50 mL of petroleum 
ether. Rsmoval of solvent in vacuo afforded 0.886 g (82%) of a 
white powder: 'H NMR (400 MHz, CDCb) S (ppm) 4.10 (br, 2 
H), 3.56 (br, 2 H), 2.10-1.4 (set of br signale, 2 H), 1.2-0.8 (eet 
of br signale, 3 H); 'Bc{lH) NMR (100 MHz, CDCb) 6 (ppm) 
177.0,176.0,128.28,124.21,64.04,45.08,44.91,41.83,41.73,34.06, 
22.27,18.90, 17.18, 13.98; IR (thin film) 2275 (e, v(NCO)), 1731 
(e, v (Cg .0 ) )  cm-'; TGA decomposition occurred steadily from 
100to60OoC(95% wtloee). Anal. CalcdforC&NOs: C,54.17; 
H, 5.86; N, 9.03. Found: C, 54.48; H, 5.77; N, 8.68. 
2-Ilocyanatoethyl Methacrylate Trimer. Via syringe, 

2IEM (1.00 mL, 6.96 "01) was added to a etirred solution of 
NaOPh (6.1 mg, 5.3 X 10-* "01) in 5 mL of THF. The solution 
was stirred overnight and eubaequently poured into 100 mL of 
petroleum ether. A cloudy suspension formed which was removed 
byfiitrationthrougha0.2-pmNylonfilter,yieldingO.l58g (15%) 
of a white solid. Mmt of this material would not dieeolve in 
CHCla; a 'H NMR epectrum (CDCb) of an extraction showed 
that the soluble material was 2IEM trimer. The ineoluble 
materid &owe properties identical with thoee of the cr-linked 
trimer. The petroleum ether fiitrate was cooled to 0 OC, and 
c o l o r k  crystals formed. Thew were collected, and reeidual 
eolventa were removed in vacuo. Yield: 0.612 g (57 % ) of colorless 
crystals. Mp: 82-84 "C (lit.? 83-85 OC). 'H NMR (400 MHz, 
CDCb): S @pm) 6.05 ( 8 , l  H), 5.54 (e, 1 HI, 4.34 (t, 2 H, J = 5.3 
Hz), 4.21 (t, 2 H, J = 5.2 Hz), 1.88 (8, 3 H) [lit." (CDCb and 
acetone&): 6.07,6.56,4.35,4.23,1.901. '8C{'H]NMR(lOOMHz, 
CDCb): S(ppm)167.10,148.83,135.81,126.17,61.23,41.88,18.17 
[lit." (acetone-&): 167.17, 148.90, 136.90, 126.14, 61.29, 41.93, 
18.201. IR (thin film): 1718 (e, v ( C 4 )  methacrylate), 1696 (e, 
v(C-0)  ring), 1637 (m, v (c - -C) )  cm-' (lit.:" 1720, 1693, 1638). 
TGA (oneet temperature): 380 OC (90% wt low) (lit.:" 260 OC). 
Anal. Calcd for CptHnNaOe: C, 54.17; H, 5.86, N, 9.03. Found 
C, 54.23; H, 5.69; N, 8.68. 

Crosr-Linldng of 2-I.ocyanatoethyl Methrcrylata Tri- 
mer. 2EM trimer (0.206 g) and benzoyl peroxide (65.0 mg) 
were dieeolved in 10 mL of benzene. The solution was stirred 
and heated at 90 O C  for 4 h under an argon atmmphere. After 
an initial 15 min of heating a white solid began to precipitate 
from solution. Aftar 4 h the eolution was cooled and fiitered. 
The white product WBB washed with a large amount of h e w e  
to remove u n r e a d  trimer and then dried in vacuo. Yield 0.162 

Scheme I 
Tranrformations of 2-Isocyanatoethyl Methacrylate 

0 

o+ 
\ 0 

i 
0 

R 
0 

cyanato group can be accomplished using IIa-c. The 
trimer of 21EM can be made using catalytic sodium 
phenoxide at room bmperature,lS and polymerization 
exclusidy though the methacrylate group can be achieved 
using a free-radical initiator.** 

Summary 
We have shown that derivatives synthesized from 

CpTiCh are very ueeful catalysts for the polymerization 
of isocyanates. They wil l  palymerize monomers poeeaeeing 
a very high degree of functionality, such as 2IEM and 
BIECMBH, and the wide variety of easily prepared 
organometallic derivatives of this type allowe for the 
incorporation of many different types of end groups onto 
the initiating end of the polymer chain. These polymer- 
izations are also tolerant toward the addition of Lewis 
bases, 80 a wide variety of well-defined polyisocyanates 
with intereating side chain and end group structures can 
be synthesized via this route. 

Experimental Bection 
MethoQi and Materials. All eyntheees and polymerizations 

were performed under argon or nitrogen atmospheres wing 
Schlenk techniques or a Vacuum Atmmpheree HE633 Dri Lab 
with attached HEW3 Dri Train. Solventa were purified as 
follows: toluene, b m ,  and tetrehydrofuran (THF) were 
distilled from Na/benzopitemone; ieocynnate monomers were 
didled from CaHsand stored under an argon atmosphere; CHa 
Cl2, ethyl acetate, acetonitrile, and ethyl triflwroacetate were 
distilled from CaHp. Methyl methacrylate was distilled from 
CaHs and stored in a darkened container a t  -40 OC. 

Gel permeation chromabollraphy (GPC) was performed wing 
a HewleWPackard 1050 seriea liquid chromatograph pump 
equipped with a HP Model 1047 refractive index detector and 
a HP Model 3398A mtyator .  &parations were effected by 
I@-, I@-, I@-, and 500- Watere Ultraetyragel columne, and 
molseuler weights were calibrated relative to polystyrene etan- 
darde (Scientific Polymer Products, Inc.). The mobile phase 

{'€I) NMR epectra were detmmhed at 400,100, and 376 MHz, 
respectively, using a Bruke~r AM-400 FT epectrometer. Infrared 
spectraweredetennineduaingaPerkin-Elmer 16oOserieaFTIR. 
Thermal gravimetric analyaia (TGA) was performed wing a 
Perkin-Elmer PC Series TGA'I: ecanning rate = 20 OC min-1, 

W ~ B  CHCb, and the flow rete, 1 mL min-'. 'H, 'BC('H), and '@F- 
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g (79 % ) of a white solid which was insoluble in chloroform. Like 
the material Graham this solid had alimited solubility 
in phenol. An IR spectrum of this product (KBr pellet) showed 
a band at 1636 cm-l, indicating that some methacrylate group 
remained unreacted. A TGA trace of the solid showed an onset 
decomposition temperature at  260 OC (89% wt lose), similar to 
Graham's material. 

2 4  (2-Ilocyanatoet hosy)carbonyl)-2-methylbicyclo[ 22.11- 
heptJ-ene (BIECMBH). In a 100-mL round-bottom flask 5.00 
mL (34.8 "01) of PIEM, 20.0 mL (0.298 mol) of freshly cracked 
cyclopentadiene, and 5.0 mg (2.3 X 1W2 mmol) of 2,tdi-tert- 
butyl-p-cresol were stirred. The reaction was monitored by lH 
NMR and after 10 days it was judged to be at >70% completion. 
Cyclopentadiene was removed from the reaction by distillation 
of the mixture at reduced pressure (2' = 35 OC). Afterward the 
heat applied to the distillation waa increased and the product 
fraction was collected at 6 3 4 4  OC and 0.01 Torr, yielding 5.35 
g (69% ) of a colorless liquid: lH NMR-seleded resonances (400 
MHz, CDCM 6 (ppm) 6.20,6.13,6.06, and 6.02 (olefin protons, 
2 H, endo/exo), 3.03 and 2.81 (bridgehead protons, 2 H), 1.43, 
and 1.11 (methyl protons, 3 H, endo/exo); lBC{lH) NMR (100 
MHz, CDCh) 6 (ppm) 178.36, 177.01, 138.64, 138.03, 134.98, 
133.35,63.49,63.19,50.86,50.32,50.02,49.59,48.92,46.83,42.76, 
42.51, 42.18, 37.76, 37.52, 30.21, 26.22, 24.07; IR (neat liquid) 
2270 (a, u(NCO)), 2229 (ah), 1730 (8, v ( c = O ) )  m-'; Anal. Calcd 
for C12H&JOa: C, 65.14; H, 6.83; N, 6.33. Found C, 65.14; H, 
7.09; N, 6.42. 

Poly[ ((2-(( (2-methylbicyclo[22.l]hept-5-en-2-yl)carbon- 
yl)osy)ethyl)idno)carbonyl]. To a 25-mL Schlenk flask 
containing CpTiCl*N(CH&H& (9.4 mg, 3.7 X 1W2 "01) 
dissolved in toluene (0.250 mL) was added 1.00 mL (1.12 g, 5.06 
"01) of 2IECMBH via syringe. The polymerization was stirred 
for 24 h after which the polymerization mixture was a clear orange 
solid. CHsOH (10 mL) was added to terminate the active end 
groups. The mixture was filtered, and the polymer was washed 
with 20 mL of CHsOH. Solvents were removed in vacuo. The 
polymer waa reprecipitated from 10 mL of CHC& with 50 mL of 
CHsOH and isolated as described above; thie purification 
procedure was repeated once more, yielding 1.04 g (93 % ) of a 
white solid: 'H NMR (400 MHz, CDCld 6 (ppm) 6.21,6.06, and 
5.90 (olefin protons, broad, 2 H, endo/exo), 3.10-2.60 (bridgehead 
protons, several broadsignals, 2 H), 1.57 and 1.05 (methyl protons, 
broad, 3 H, endo/exo); lSC(lH) NMR (100 MHz, CDCla) 6 (ppm) 
178.1,156 (br signal), 138.9,133.2,62 (br signal), 50.91 and 50.21, 
48.96, 46.76, 42.79 and 42.70, 37.57 and 37.20, 26.11 and 25.82, 
24.02 (due to broadening, not all of the signale could be resolved 
intoendo/exosignals.);IR(thinfi) 1727 ( s , u ( c = O )  sidegroup), 
1703 (a, u(C-0) polymer backbone) cm-l; TGA (onset temper- 
atures) 180 "C (60% wt loss), 370 "C (remainder). Anal. Calcd 
for C12H15NO3: C, 65.14; H, 6.83; N, 6.33. Found C, 64.19; H, 
6.89; N, 6.26. 

Poly[ (2-propenylimino)carbonyl]. To a 25-mL Schlenk 
flask containing IIa (15.7 mg, 5.55 X mmol) dissolved in 
toluene (0.050 mL) was added 0.500 mL (5.66 mmol) of allyl 
iaocyanate via syringe. The polymerization was stirred for 24 h 
after which the polymerization mixture was an orange solid. CHS- 
OH (10 mL) ww added to terminate the active end groups. The 
mixture was filtered and the polymer was washed with 20 mL of 
CHaOH. Solvents were removed in vacuo. The polymer waa 
reprecipitated from 10 mL of CHCls with 50 mL of CHSOH and 
isolated as described above, yielding 0.393 g (84%) of a white 
solid 'H NMR (400 MHz, CDCb) 6 (ppm) 5.8-5.7 (broad, 1 H), 
5.25, 5.21, 5.15, and 5.12 (broad signale, 2 H), 4.30-4.17 (very 
broad, 2 H); W(lH) NMR (100 MHz, CDCb) b (ppm) 148.45, 
130.86, 119.04,44.94; IR (thin film) 1705 (8,  u C d ) ,  1647 (sh, 
u C=C) cm-'; TGA (onset temperature) 170 OC (79% wt loss). 
Anal. Calcd for CJ-I&JO C, 57.82; H, 6.07; N, 16.86. Found 
C, 57.53; H, 6.02; N, 16.67. 

Kinetic Measurements. Kinetic analysis of polymerizations 
was performed by diluting timed samples of a polymerization 
(thermostated at 25.0 f 0.2 OC) 80 to 1 using HPLC grade 
chloroform and then determining the percent transmittance of 
these solutionsat 2271 cm-l via FTIR spectroscopy. Experiments 
showed that the effect of depolymerization by active catalyst 
end groups upon monomer concentration waa negligible for up 
to 1 h after the dilution waa performed. Concentrations of the 
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monomer were determined wing a Beer's law plot. The initial 
rate of the polymerization waa determined by a linear fit of the 
data (concentration VB time) for the initial (-50% conversion) 
part of the polymerization. 
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