JIAIC[S

COMMUNICATIONS

Published on Web 04/11/2006

Li*-Catalyzed Radical Polymerization of Simple Terminal Alkenes

Kamesh Vyakaranam, Josiah B. Barbour, and Josef Michl*
Department of Chemistry and Biochemistry, krsity of Colorado, Boulder, Colorado 80309-0215

Received January 5, 2006; E-mail: michi@eefus.colorado.edu
Uncatalyzed radical polymerization of unsubstituted alkenes is solutions of LiCB;(CHs):,t34 in benzen® and 1,2-dichloro-

only effective for ethylene at high pressure and temperature, only ethane accelerate pericyclic rearrangeniérigs more than those
produces low-molecular-weight oligomers of other alkehasgd in solutions of LiCIQ in etherl-1® Neat solid CH=

has been eclipsed by transition-metal-catalyZedr cationic¢-®
polymerization. Remarkably, in weakly ligating solvents under
ambient conditions, i salts of highly alkylated derivatives of the
monocarbadodecaborate anibrinduce facile polymerization of
terminal alkenes by the radical mechanism.

The first hint at possible Lewis acid catalysis of chain propagation
in the radical polymerization of alkenes was apparently provided
by Clark’s calculatiofof the gas-phase activation energy of methyl

CH(CH,)n—2C(BMe) 1 Li™ polymerizes spontaneously on the bench-
top2° In the presence of air or another initiator, this and related
salts also undergo radical polymerization in benzene unless 12-
crown-4 is added, but not in THF.

In a solution of 10% (by weight) LICB(CHg);, in 1,2-
dichloroethane, unactivated alkenes polymerized in about 18 h
(liquid alkenes weretal M concentration and gases at saturation
at atmospheric pressure). The modes of initiation were (i) laboratory
air at 25°C, (ii) azoisobutyronitrile (AIBN) at 25C, (iii) di-tert-
butyl peroxide (DTBP) at 80C, and (iv) DTBP at 25C under
UV irradiation. Seven of the eight terminal alkenes that were
examined, both 1,3-dienes, and both terminal acetylenes yielded
polymers (Table 1). 3,3,3-Trifluoropropene did not react, nor did
tetramethylethylene and tfi#and E isomers of 2-butene.

Alkene polymers were characterized by size exclusion chroma-
tography (SEC) against polystyrene standards and by comparison
with publishedH NMR?2 and 13C NMR?223 spectra (Supporting
Information). The dienes yielded the cis 1,4-polymers (N&FR 26
and mB”29. In the air-initiated polymerizations of alkenes and

radical addition to ethylene, which predicted a decrease from 14.4 5 adienes. one of the terminal groups waSH,OH, quantitated

to 6.0 kcal/mol when ethylene was complexed with.LAlthough

as the trichloroacetyl isocyanate addéfgiermitting an independent

such catalysis seems not to have been reported for unsubstituteQjetermination of the degree of polymerization. The polyacetylenes
alkenes so far, LiCl has been long known to catalyze the radical contained both cis and trans double borid INMR33) and had

polymerization of acrylonitril€, and catalysis with other Lewis

the expecte®33UV —vis spectra. Polymer microstructures are under

acids, presumably due to complexation of the acid to the activating oy amination.

substituent, has been used to modify monomer reactivity in radical

copolymerizations and to influence polymer tacticity?
To promote the polymerization of simple alkenes! bieeds to
be in a poorly solvated (“naked”) form. tications present in

The high polydispersity of the polymers, the need for a radical
initiator, the nature of the end group in air-initiated polymers, and
the TH NMR spectra, which suggest atactic structures, are all
compatible with radical mechanism.

Table 1. LiCB11(CHz)12-Catalyzed Polymerization in 1,2-Dichloroethane@
aerobic, 25 °C AIBN, 25 °C DTBP, 80 °C DTBP/UV, 25 °C
monomer MJ10®  MJ10°  nb o Y(%)  MJI0P  MJ10° P Y (%)  MJI0®  MJ10° b Y(%)  MJI0P MJ10 P Y (%)

CH,=CH; 3.00 115 41 40 75 340 120 43 82 620 200 71 88 140 053 19 88
MeCH=CH, 885 345 82 80 83 9.15 360 90 88 204 715 170 92 445 230 55 93
Me,C=CH, 490 170 30 27 70 525 210 37 78 775 270 47 90 275 170 30 95
EtCH=CH; 6.60 235 42 41 80 960 310 55 84 335 119 212 92 325 190 34 98
t-BUCH=CH, ¢ 350 125 15 13 68 9.05 260 31 79 122 340 40 85 228 149 18 85
n-BuCH=CH, 250 115 14 14 65 103 490 53 75 238 950 110 85 810 290 35 94
MesSiCH=CH, 980 400 38 3 75 241 105 100 78 352 114 109 86 108 425 43 98
CH,=CMeCH=CH; 8.00 350 51 50 82 132 490 72 86 185 640 94 90 124 459 68 99
CH,=CMeCMe=CH, 10.2 440 53 50 75 185 6.10 74 85 222 720 87 89 955 398 48 99
CgHs—C=CHe 9.00 270 26 82 140 6.00 76 85 289 9.05 88 94 135 525 51 90
n-Bu-C=CH' 12.4 410 48 88 16.2 550 67 90 24.0 705 85 95 159 559 68 94

aUnoptimized results with commercial alkenes. Lig®Hs)12, AIBN, and DTBP at 10 wt %. Degassed samples, except for aerobic initiation, done in
ambient air. The polymers were precipitated with4Oi, and the catalyst was recovered almost quantitatively after filtration or sedimentation and solvent
evaporation, with no noticeable loss of activity. Without catalyst, no polymer was foftvadrage degree of polymerization (SEC in THF with polystyrene
standards)¢ From 'H NMR spectra; quantitated after treatment of the polymers with trichloroacetyl isocyanate-QHgO—CO—NHCO—CCl; protons
were a doublet at 3.774.03 ppm {§ = 6.1-6.3 Hz) and the-NH protons a broad singlet at 10420.47 ppm. Protons of CRHO—CO—NH—-CO—CCl3
groups, expected at 5.3%.22 ppm, were not detectable. Peaks in the vinylic region were extremely weak or dd&gatpolymer contains no CGHyroups,
and its structure is under investigaticrUV —vis (dichloromethane)Amax = 248 nm ¢ = 6100 M1 cm™1), 328 (3100), 380 (2900J.UV —vis (hexane)
Amax = 285 nm € = 1900 Mt cm™1), 330 (1700). The absorption coefficients are per monomer.
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Table 2. LiCB11(CHj3)12-Catalyzed Copolymerization?

monomers® M, M, ratio® n? Y (%)
n-BuCH=CH,/ViAc 5100 2100 30/70 7117 88
n-BuCH=CH,/Meth 8150 2500 27173 8/18 90
MesSiCH=CH,/ViAc 6800 3000 37/63 11/22 85
MesSiCH=CH,/Meth 8500 2700 40/60 10/16 92

awith AIBN, 25 °C. SEC, relative to polystyren& Equimolar ratio of
monomers¢ By mass, quantified byH NMR.  Degree of polymerization
for each component.

To test the need for naked Liand to exclude the distant
possibility of Lit-induced cationic polymerization, additional
controls were run with 1-hexene. Air did not initiate its polymer-
ization when 12-crown-4 was added, wher kas replaced with
Na' or Csf, or when 1,2-dichloroethane was replaced with THF.
Deaerated 1-hexene did not polymerize (i) with LiGEHS3)1,
without initiator or with DTBP at 25°C without irradiation, (ii)
with AIBN at 25 or 65°C without LiCB;3(CHs)12, and (iii) in the
presence of 0.1 M hydroquinone with AIBN in 1,2-dichloroethane
at 25 or 50°C. It took longer (26 h) to polymerize in the presence
of 0.1 M t-BuOLi, which presumably ties up tipartially as
t-BuOLiy™. CHD (0 0.85 ppm in?D NMR) was incorporated into
the polymer in the presence of 1% @DD, but not CHOD.

At the temperatures used, AIBN and DTBP do not ordinarily
yield radicals at a useful rate in the dark. However, like other Lewis
acids® LiCB;Me;, catalyzes the thermal decomposition of both
initiators. The decay of AIBN in benzertg-at 25°C has been
reported! to be first order in AIBN and in LiCBMe;,, with an
observed rate constant &f,s = 0.49[LICB;;Me;)/L mol—t s71,
The rate of decomposition of DTBP (initial concentration, 0.015
M) in 1,2-dichloroethanel, at 80°C is first order in DTBP and in
LiCBllMelz, with kobs: 063[L|CB]_1M€12]/L mol~-1s1

1-Hexene and trimethylvinylsilane copolymerize with vinyl
acetate (ViAc) and methyl methacrylate (Meth) (Table 2).

To compare the effectiveness offLsalts of various anions in

promoting the propagation step at a constant initiation rate, samples

containing degassed 1-hexene, 10% DTBP, and a 10%sal*

(both by weight) in 1,2-dichloroethane were exposed to the same

UV photon flux (450-W medium-pressure Hg lamp with a Pyrex
filter) in a merry-go-round apparatus at 26, where this initiator

is inactive in the dark. TheM,, (n, polydispersity) values ob-
tained with Li(1-Hx-CB1EtyMe,),3> Li(1-H-CBiEtgMey),3°
LiCB11Me]_2,13‘14|_i(1—H'CB]_1M911),36Li[(7-12)-|6—CB]_1H6],35LiCBJ_1H12,

and no catalyst were 13 500 (55, 2.9), 11 200 (46, 2.9), 9500 (41,
2.8), 8600 (36, 2.8), 6700 (26, 3.1), 5600 (23, 2.9), and no polymer,

respectively (SEC, polystyrene standards). Thuschitalyzes both

Supporting Information Available: Experimental details and the
H, 13C, and APT NMR spectra of the polymers. This material is
available free of charge via the Internet at http:/pubs.acs.org.
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