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ABSTRACT: The efficient synthesis of w-epoxide-functionalized macromonomers has been achieved by
optimizing the reaction of polymeric organolithium compounds (PLi) with epichlorohydrin (EPC). The
addition of epichlorohydrin to a benzene solution of poly(styryl)lithium (M, = 2 x 103g/mol) forms the
w-epoxide-functionalized polystyrene in only 9% yield; the major products correspond to dimeric species
(70%). Inverse addition of epichlorohydrin reduces the yield of dimer to 22% (16% ring-opened dimer
and 6% nonfunctional) and increases the epoxidation yield to 28%; the other products correspond to
unfunctionalized polymer (18%) and the ring-opened product (32%). Addition of tetrahydrofuran (THF)
to the solutions of PLi and EPC decreases the dimer yield to 10% and increases the epoxide
functionalization to 74% for poly(styryl)lithium and to 80% for poly(styrene-b-butadienyl)lithium. By
reaction of the polymeric chain ends with 1,1-diphenylethylene (DPE) to form the corresponding polymeric
(1,1-diphenylalkyl)lithium, functionalization yields increase to 83% with 4% dimer in benzene. After
DPE end-capping and in the presence of THF, the epoxide functionalization yields increase to 91—-97%
with < 1% dimer. The w-epoxide-functionalized polymers have been purified by column chromatography,
and the epoxide functional groups have been characterized by *H and **C NMR and FTIR spectroscopy.
Quantitative determination of the amount of epoxide functional groups in polymers was effected by

perchloric acid/tetraethylammonium bromide titration.

Introduction

Macromonomers are linear macromolecules carrying
some polymerizable functional group at their chain
ends; the polymerizable functional group can be at one
chain end or at both chain ends.~> Macromonomers
are macromolecular monomers, often referred to as
“Macromers”.! The important feature of macromono-
mers is that they can undergo copolymerization with
other monomers by a variety of mechanisms to form
comb-type, graft copolymers. If the macromonomer has
a well-defined structure, then the branches in the
comb-type, graft copolymers will have well-defined
structures also. The polymerizable functional group
at the chain end of a macromonomer is often a vinyl
group, but it can also be a heterocyclic ring such as an
oxirane (epoxide) functionality. In contrast to the
plethora of methods available for synthesis of well-
defined macromonomers with vinyl-type functionality,1 ¢
reliable methods for the efficient, direct synthesis of
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epoxide-functionalized macromonomers have not been
available.

Living polymerizations provide reliable methods for
the synthesis of macromonomers with predictable, well-
defined structures.>” Living anionic polymerization is
one of the most reliable and useful methods for the
routine synthesis of macromonomers.2 Milkovich and
Chiang®10 described the synthesis of epoxide-terminated
macromonomers in their series of seminal patents
defining the scope and limitations of the alkyllithium-
initiated synthesis of well-defined macromonomers and
their applications. Poly(styryl)lithium (PSLi) in ben-
zene was terminated with a 1.5 molar excess of epichlo-
rohydrin (EPC), presumably by normal addition to PSLi,
to form an epoxide-functionalized polystyrene mac-
romonomer (eq 1). The molecular weight distribution

0 0
PSLi + CicHy—L —— B poen,—2 ()

1

was described as “very narrow”. However, as later work
and the results reported herein show, this is a very
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inefficient epoxide functionalization procedure. They
also hydrolyzed this product to form the corresponding
w-diol-functionalized polystyrene macromonomer. Nei-
ther of these macromonomers was characterized with
respect to functionality in these patents.

Xie and Sun!l1? reexamined the epichlorohydrin
functionalization of poly(styryl)lithium in detail. In the
presence of a small amount of tetrahydrofuran (THF)
([THF)/[BuLi] ~ 2) and using an inverse addition of
PSLi to an excess of epichlorohydrin ([EPC]/[BuLi] ~
2), the maximum yield of epoxide-functionalized poly-
styrene macromonomer was only 35% under optimized
conditions of mode of addition, temperature, solvent,
and stoichiometry. The epoxide content was assayed
using an argentimetric method.1® In addition to the low
yield of epoxide functionalization, a significant amount
of dimer formation (10—15%) was reported. It was also
reported that end-capping of poly(styryl)lithium with
either 1,1-diphenylethylene or ethylene oxide gave no
better yields of epoxide functionalization.

Mouzali, Lacoste, and Abadiel4 investigated the reac-
tion of a,w-dilithiopoly(styrene-b-isoprene-b-styrene)
with epichlorohydrin in THF at —30 °C and reported a
40% yield of epoxide-functionalized polymer by 'H NMR
analysis. No detailed experimental procedures were
provided, however. The reaction of poly(styryl)lithium
with ethylene oxide prior to addition of epichlorohydrin
(end-capping) produced a product mixture which in-
cluded significant amounts of chlorine by elemental
analysis and a yield of 50% of the epoxide-functionalized
polymer. In contrast to the results reported by Xie and
Sun,112 a quantitative functionalization was reported
for the reaction of epichlorohydrin with the small-
molecule analog, (1,1-diphenylhexyl)lithium in THF;
however, the functionalization reactions with 1,1-di-
phenylethylene end-capping by Xie and Sun!!12 were
apparently carried out in hydrocarbon solvent.

Youging and Eping?!® reported that epoxide function-
alization yields as high as 82% can be obtained by end-
capping poly(styryl)lithium with propylene sulfide prior
to addition of epichlorohydrin. Unfortunately, no de-
tailed experimental procedures were provided. How-
ever, in support of the effectiveness of this end-capping
procedure, Mancinellil® has reported that reaction of
poly(styryDlithium with ethylene sulfide prior to reac-
tion with epichlorohydrin also provides the epoxide-
functionalized macromonomer in 87% yield.

Takenaka, Hirao, and Nakahamal” have developed
an efficient synthesis of epoxide-functionalized polysty-
renes and polyisoprenes by terminating the correspond-
ing living polymers with (2-bromoethyl)oxirane at —78
°Cin THF as shown in eq 2. Termination of either poly-

P THF 2
PLi + BrCH,CHjy — P—CH,CHj @)
i, i 780,
2-3 equiv. 780C 100%

inverse addition

(styryDlithium or poly(isoprenyl)lithium by inverse ad-
dition to 2—3 equiv of (2-bromoethyl)oxirane reportedly
produced the corresponding epoxy-functionalized poly-
mers in quantitative yields as determined by 'H NMR
and TLC-FID chromatography. The requirements of
—78 °C and THF as solvent limit the usefulness of this
procedure, however.

Herein are reported our detailed investigations of the
scope and limitations of the functionalization reactions
of poly(styryllithium and poly(butadienyl)lithium with
epichlorohydrin to prepare epoxide-functionalized mac-
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romonomers. The effects of mode of addition, solvent,
Lewis base, end-capping with 1,1-diphenylethylene, end-
capping with ethylene oxide, and stoichiometry have
been examined.

Experimental Section

Chemicals and Solvents. Benzene, tetrahydrofuran (THF),
and styrene (all Fisher, Certified A.C.S.) were carefully
purified as described previously.'® 1,1-Diphenylethylene (Al-
drich, 97%) was stirred over calcium hydride with periodic
degassing, followed by reduced-pressure distillation into a
calibrated ampule, dilution with benzene, and flame-sealing.
1,3-Butadiene (Matheson, C.P., 99%) was condensed in the
vacuum line at —78 °C into a flask containing freshly ground
CaH,. The butadiene was then stirred over CaH, at —78 °C
with repeated degassing for 24 h, followed by distillation under
reduced pressure into a flask containing neat n-butyllithium
(FMC, Lithium Division). The monomer was stirred over
n-butyllithium at —78 °C for 5 h and then was distilled into
an ampule followed by flame-sealing. This monomer ampule
was used immediately. Epichlorohydrin (Aldrich, 99 +%) was
stirred over calcium hydride for at least 2 days with degassing,
followed by reduced-pressure distillation into calibrated am-
pules just before use. Ethylene oxide (Kodak Laboratory &
Research Products, 99.7%) was purified as described previ-
ously.?® sec-Butyllithium (FMC, Lithium Division, 12 wt %
in cyclohexane) was analyzed by the double titration method
with 1,2-dibromoethane.2°

Polymerization. Anionic polymerization of styrene with
sec-butyllithium as initiator was carried out in benzene at 25
°C for 24 h in all-glass, sealed reactors, using breakseals and
standard high-vacuum techniques.?> The volume ratio of
monomer to solvent was usually 0.1—-0.15. The resulting solu-
tion of poly(styryl)lithium (PSLi) was used for further reactions
after a small aliquot was removed and terminated with
degassed methanol to form a base polymer sample for analysis.

Synthesis of poly(styrene-b-butadienyl)lithium (PS-b-PB-
DLi) was effected by addition of butadiene (BD) monomer
(calculated M, of butadiene block = 216 g/mol; [BD)/[PSLi] =
4) to poly(styryl)lithium (M, = 1500 g/mol, My/M, = 1.06) in
benzene at 25 °C and polymerization for 24 h. The crossover
reaction from PSLi (Amax = 334 nm)? to PBDLi (Amax = 290
nm)% was monitored by UV—visible spectroscopy. 1,1-Diphen-
ylethylene (DPE) end-capping of poly(styryl)lithium was car-
ried out by addition of a benzene solution of 1,1-diphenyleth-
ylene ([DPE])/[PLi] = 1.2/1) to a benzene solution of PSLi. The
crossover reaction to the corresponding polymeric (1,1-diphen-
ylalkyDlithium (Amax = 446 nm)?* was monitored by UV—visible
spectroscopy. 1,1-Diphenylethylene end-capping of poly-
(styrene-b-butadienyl)lithium was carried out by addition of
a benzene solution of 1,1-diphenylethylene ([DPE]/[PLi] = 1.2/
1) into a benzene solution of PS-b-PBDLI, followed by addition
of a small amount of THF ([THF)/[PLi] = 30/1) at room
temperature. The crossover reaction to form the polymeric
(1,1-diphenylalkyDlithium (Amax = 452 nm)?* was monitored
by UV—visible spectroscopy.

Epoxide Functionalization. The reactions of epichloro-
hydrin (EPC) with polymeric organolithium compounds were
carried out under vacuum using a variety of procedures (see
Table 1). For direct addition, a solution of epichlorohydrin
([EPCYJ/[PLI] = 30/1) in benzene in an ampule was added to
the polymer solution by fracturing the breakseal. For inverse
additions, ampules containing a benzene solution or a benzene/
THF (90/10, vol/vol) solution of the polymeric organolithium
were added, by shattering the respective breakseals, to either
benzene, benzene/THF (1/1, vol/vol), or THF solutions of
epichlorohydrin ([EPC)/[PLi] = 30/1) which were stirred vigor-
ously. The optimum addition time was 5 min. THF was only
added to the solutions of polymeric organolithium just before
the functionalization reaction. In general, the reactions were
stirred for 2 h at 0 °C and for 5 h at 25 °C and then quenched
by addition of degassed methanol.

End-capping of poly(styryl)lithium with ethylene oxide (EO)
prior to epichlorohydrin functionalization was effected by
addition of a benzene solution of ethylene oxide ([EQ]/[PSLi]
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= 1/1) and stirring for 24 h.1® A benzene/THF (9/1, vol/vol)
solution of the resulting polymeric lithium alkoxide (POLi) was
added to a benzene/THF (1/1, vol/vol) solution of EPC ([EPC]/
POLi] = 30). The resulting mixture was stirred at 0 °C for 5
h and at room temperature for 12 h prior to quenching with
degassed methanol.

The general workup procedure for the functionalized poly-
mers was to concentrate the reaction solution by removing half
of the solvent using a rotary evaporator and then to precipitate
the concentrated solution into methanol. The polymeric solids
were isolated by filtration or decantation and were dried under
vacuum.

Characterization. Size exclusion chromatographic analy-
ses (SEC) of polymers were performed at a flow rate of 0.4
mL/min in THF at 30 °C using a Waters HPLC component
system (Rl detector) equipped with a six Ultra-u-styragel
columns (two 500, two 103, 104 and 105 A) after calibration
with standard polystyrene samples (Polymer Laboratories). 'H
NMR and 3C NMR spectra of the polymers were obtained in
CDClI; on a Varian Gemini-200 spectrometer. UV-—visible
spectroscopic analysis was performed on a Hewlett-Packard
Model HP8452A diode array spectrometer. Infrared spectra
of polymer films on NaCl plates were obtained on an ATI
Mattson Genesis Series FTIR spectrometer. Vapor pressure
osmometry measurements were made at 45 °C using a Knauer
Type 11.00 vapor pressure osmometer with toluene (Fisher,
dried over 4 A molecular sieves) as the solvent and sucrose
octaacetate (Aldrich) as the calibration standard.

Qualitative characterization of functionalized polymers (0.5
wt % in toluene) was obtained by thin-layer chromatography
(TLC, Eastman Kodak, chromatogram sheet, 13181 silica gel
with fluorescent indicator) using toluene as eluent. Quantita-
tive determination of epoxide groups in the polymers was
carried out by chemical titration using the following procedure
described in ASTM D 1652-90:2° the epoxide-containing poly-
mer (2 g) was dissolved in 30 mL of methylene chloride and
treated with a 20 wt % solution of tetraethylammonium
bromide in glacial acetic acid, prepared previously. After
addition of 6—8 drops of crystal violet indicator solution in
acetic acid, the mixture was titrated with 0.1 N perchloric acid
solution in acetic acid. Hydrobromic acid formed in situ by
the exchange reaction between perchloric acid and tetraethy-
lammonium bromide reacted instantaneously with the epoxide
group, leading to bromohydrin formation. The end point of
the titration was determined by the change of the color of the
solution from a sharp blue to green.

Results and Discussion

Functionalization in Benzene Solution. The
reaction of poly(styryl)lithium (M, = 2 x 103 g/mol) with
excess epichlorohydrin ([EPC]/[PLi] = 30) in hydrocar-
bon solution was reexamined using both direct and
inverse addition procedures in view of the conflicting
results reported in the literature for this reaction (eq
1).°71214 The addition of a benzene solution of EPC to
poly(styryDlithium (normal addition procedure) pro-
duced a mixture of products as shown by SEC analysis.
The major product (70 wt % by SEC) consisted of a
dimeric species. Epoxide end group determination by
perchloric acid/tetrabutylammonium bromide titration
according to ASTM D 1652-90% indicated that the
product mixture contained only 9 wt % of epoxide-
functionalized polymer. When a benzene solution of
poly(styryDlithium was added to a benzene solution of
epichlorohydrin (inverse addition procedure), the yield
of epoxide-functionalized polystyrene increased to 28 wt
% and the yield of dimer was reduced to 22 wt % (see
Figure 1). Although these results stand in sharp
contrast to the implication from the patents of Milkovich
and Chiang®1° that quantitative functionalization is
obtained from a direct addition process, these results
are in good agreement with the work of Xie and Sun,11.12
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Figure 1. SEC (RI) chromatograms of (a) the crude reaction
product obtained from the inverse addition of poly(styryl)-
lithium (M, = 2100 g/mol; Mw/M,, = 1.05) in benzene to an
excess of epichlorohydrin in benzene and (b) the unfunction-
alized polymer products separated by silica gel column chro-
matography.

Scheme 1
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3

who reported that the yield of epoxide-functionalized
polymer was 22 wt % in benzene via an inverse addition
procedure.

A number of competing reactions can be occurring in
these epichlorohydrin functionalization reactions as
outlined in Scheme 1. The Wurtz-like coupling reaction
(A) to form the desired epoxide-functionalized polymer
(1) is only one of at least three competing reactions. A
metalation reaction (B) at the relatively acidic hydrogen
geminal to chloride and S to the epoxide ring would lead
to unfunctionalized polymer (2); this is apparently the
primary reaction mode for n-butyllithium.26227 The
epoxide ring provides another favorable site for reaction
of organolithium compounds,!® and this pathway (C)
would lead to formation of the ring-opened product, 4;
this could also be the pathway for formation of 1 by ring
closure of intermediate 3. Thus, it is not surprising that
such low yields of epoxide-functionalized polymers are
obtained.

Dimer formation (6) can result from secondary reac-
tions of either of the first-formed functionalized poly-
meric products (1 or 3) with poly(styryl)lithium as
shown in Scheme 1. These dimer-forming reactions
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Figure 2. 3C NMR spectrum (CDCI3) of the polymer products
obtained from the inverse addition of poly(styryl)lithium with
excess epichlorohydrin in benzene.

Scheme 2
D. Wurtz-coupling pathway for dimer formation.

0
PSLi + CICHy—Z> ——PSCl + [LicH,— ]

PSCl + PSLi—> PS—PS
E. Single electron transfer pathway for dimer formation.

0 .
(0] bl

. /\ +
PSLi + CICH, — PSe + Li [clcx-lz—A }

2PSe —> pS_PS

would be minimized by the inverse addition procedure
with excess epichlorohydrin which reduces the prob-
ability of these secondary reactions of added PSLi
compared with reaction with epichlorohydrin. Thus,
dimer formation is reduced from 70 wt % for the direct
addition mode to only 22 wt % for the inverse addition
mode. However, the yield of epoxide-functionalized
polymer is still low (28 wt %), although it is higher than
the yield for the direct reaction addition mode (9 wt %).

Insight into the chemistry involved in these function-
alization reactions was provided by silica gel column
chromatography and 13C NMR spectroscopic analysis of
the products from the functionalization using the in-
verse addition mode. Separation of the nonpolar, un-
functionalized polymer products (24 wt % isolated) from
the polar, functionalized polymer products was achieved
by silica gel column chromatography using toluene as
eluent. From the SEC trace of this fraction (see Figure
1 (b)), significant amounts of both unfunctionalized
dimer product (6 wt %) and polymer with the same
elution volume as the base polystyrene (2, 18 wt %) were
obtained. This large amount of isolated, unfunctional-
ized polymer product, 2, suggests that in benzene a
major reaction pathway for reaction of poly(styryl)-
lithium with epichlorohydrin is hydrogen abstraction
(reaction mode B in Scheme 1). The formation of
unfunctionalized dimer is consistent with lithium—
halogen exchange, followed by Wurtz-type coupling
(alkylation)2%® (see mode D in Scheme 2). Another
possibility is that the reaction of poly(styryl)lithium with
epichlorohydrin proceeds by a single electron transfer
process?® to form polystyryl radicals which subsequently
dimerize (reaction mode E in Scheme 2). Precedent for
this mode of dimer formation has been obtained for the
reaction of poly(styryl)lithium with styrene oxide, which
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produces an analogous unfunctionalized dimer with the
expected head-to-head type unit as determined by 13C
NMR analysis?® (6 = 49.5 ppm).3%31 Based on the yield
of unfunctionalized dimer isolated by column chroma-
tography (6 wt %) and the total amount of dimer product
in the crude reaction mixture (22 wt %), the amount of
ring-opened, functionalized dimer product (6) is esti-
mated to be 16 wt %.

The polymer product mixture was characterized by
13C NMR (see Figure 2). It was instructive to calculate
the expected chemical shifts for the functionalized
polymer products (1 and 4) using the general additivity
equations developed by Grant and Paul3? for 4 and the
additivity equations for epoxide compounds of Paulson
et al.33 for 1. The calculated chemical shifts for the
carbons of interest are shown with the structures below.

0 OH
7\
PSCH,—CH—CHj PSCH,CH—CHyCl

8515 ppm §47.2 ppm 8684 ppm  §52.6 ppm

It is noteworthy that Nakahama and co-workers!? have
reported that an epoxidized polyisoprene exhibited
resonances at 6 = 46.9 (CHy) and at 52.1 ppm (CH)
which are in good agreement with the calculated values
for 1 above. From the 13C NMR spectrum in Figure 2,
the resonance observed at 6 = 68.38 ppm can be
assigned to the methine carbon bonded to the hydroxyl
group in 4. The resonance at 6 = 47.5 ppm is assigned
to the methylene carbon of the epoxide ring in 1. The
multiplet of peaks observed in the range of 6 = 50—52
ppm (specifically 6 = 50.4, 51.2, 51.64, and 52.2 ppm)
presumably includes both the methine carbon in the
epoxide ring of 1 (diastereomeric; may exist as a
multiplet) and the methylene group bonded to chlorine
in 4. The peak observed at 6 = 50.4 ppm is consistent
with the resonance expected for the methine carbons
for the head-to-head dimer product discussed previously;
the methine carbons of these head-to-head units have
been observed in the 6 = 48.5—51 ppm region.2°=3! This
structural information together with the yields of un-
functionalized polymer (2, 18 wt %), epoxide-function-
alized polymer (1, 28 wt %), and polymer with the same
retention volume as the base polystyrene (nondimer
product, 78 wt %) can be used to calculate the yield of
ring-opened product (4, 32 wt %) by difference.

These results show that the reaction of poly(styryl)-
lithium with epichlorohydrin is not efficient with respect
to formation of the desired epoxide-functionalized poly-
styrene in hydrocarbon solution. The reaction is com-
plicated by hydrogen abstraction from epichlorohydrin,
Wurtz-coupling, and ring-opening reactions with the
epoxide group even when using an inverse addition
mode in the presence of a 30-fold excess of epichloro-
hydrin.

Functionalization in the Presence of Tetrahy-
drofuran (THF). Polymeric organolithium compounds
are associated into dimers, tetramers, and even higher
aggregates in hydrocarbon solution.834 It has been
observed for many functionalization reactions that the
presence of Lewis bases such as THF, which promote
dissociation of the polymeric organolithium aggregates,
can exert a dramatic effect on the course of the reaction
and often minimize side reactions.3®> However, it should
be noted that polymeric organolithium compounds can
react with THF and terminate by proton abstraction,?
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Table 1. Effect of THF on the Functionalization of Poly(styryl)lithium (PSLi)2 and Poly(styrene-b-butadienyl)lithium
(PS-b-PBDL.I)? with Epichlorohydrin (EPC)°

run PLi PLi solvent EPC solvent PS-epoxided (wt %) dimer (wt %)®
1 PSLi CsHs CeHe 28 22
2 PSLi CeHe THF/CgHg (1/1, vol/vol) 66 19
3 PSLi THF/CgHg (1/9, vol/vol) THF/CgHg (1/1, vol/vol) 69 14
4 PSLi THF/CgHe (1/9, vol/vol) THF 74 10
5 PS-b-PBDL.i CsHs CeHe 29 44
6 PS-b-PBDLi THF/CeHs (1/9, vol/vol) THF/CeHs (1/1, vol/vol) 80 3

aM, = 2.0 x 10% g/mol, My/M, = 1.06, [PSLi] = 0.049 M. ® M,(PS) = 1500 g/mol, M(PBD) = 260 g/mol M,(VPO) = 1800 g/mol.
¢ Termination by inverse addition mode with 30-fold excess of EPC for 2 h at 0 °C and for 5 h at 25 °C; [PLi] &~ 0.05 M. 9 Determined by

titration using ASTM D 1652-90. ¢ Determined by SEC.

analogous to the chemistry of simple organolithium
compounds.2%¢ Furthermore, the presence of THF dur-
ing polymerization would result in the loss of high 1,4-
polydiene stereospecificity, which is a unique and
desirable feature of alkyllithium-initiated polymeriza-
tions in hydrocarbon solution.® Therefore, in order to
study the effect of added THF and preserve the desirable
and unique features of alkyllithium-initiated polymer-
izations, all polymerizations were carried out in hydro-
carbon solution, and THF was either added in the
epichlorohydrin solution or after polymerization to the
solution of the polymeric organolithium compound.
The effects of added THF on the functionalization of
poly(styryDlithium with epichlorohydrin are listed in
Table 1. The addition of THF (THF/CsHg = 1/1, vol/
vol) to the solution of epichlorohydrin ([EPC]/[PLi] =
30) prior to addition of PSL.i to this solution resulted in
a dramatic increase in the epoxide functionalization
yield to 66 wt % but only decreased the amount of dimer
formation to 19 wt %. Quite surprisingly, the addition
of THF to the PSL.i solution only increased the epoxide
functionalization yield slightly (69 wt %) and further
decreased the dimer yield to 14 wt %. The best epoxide
functionalization yields (74 wt %) with minimum dimer
formation (10 wt %) were obtained with THF as solvent
for EPC and with THF added to PSLi (run 4, Table 1).
Effects of Chain-End Structure. Another method
to optimize functionalization reactions and to promote
nucleophilic displacement reactions is to convert the
chain end to a lithium alkoxide prior to reaction with
an electrophilic functionalizing agent, such as an alkyl
halide.?® The reaction of poly(styryl)lithium with eth-
ylene oxide is a simple, quantitative functionalization
reaction which forms the corresponding polymeric lithium
alkoxide (7) quantitatively without oligomerization of
ethylene oxide (see eq 3).81935 |t was expected that

o) CgHg
PSLi + Z\ (excessy —> PSCHpCH,OLi (3)

7

many of the side reactions documented for the func-
tionalization of PSLi with EPC (see Scheme 1) would
not occur; however, it should be noted that proton
abstraction of the acidic hydrogen geminal to chlorine
(see eq 4) has precedent in the monomer chain-transfer
reaction of polymeric alkoxides with propylene oxide.3%

0
PSCH,CH,0Li + CICHy—<4— — PSCH,CH,0H + CICH=CHCH,0Li (4)

The functionalization of the polystyrene lithium alkox-
ide (7) (dissolved in 10 vol % THF/benzene) with excess
epichlorohydrin ([EPC]/[POLI] = 30; dissolved in THF/
benzene, 1/1, vol/vol) formed the corresponding epoxide-
functionalized polystyrene in only 46 wt % yield. How-

ever, this procedure did eliminate dimer formation.
These results are in good agreement with the previous
studies of Mouzali, Lacoste, and Abadie,* who reported
a 50% yield of epoxide-functionalized polymer from the
reaction of the ethylene oxide adduct of a,w-dilithiopoly-
(styrene-b-isoprene-b-styrene) with epichlorohydrin in
THF at —30 °C.

It is known that poly(dienyl)lithiums tend to be
associated more strongly and/or to higher degrees of
aggregation compared to poly(styryl)lithium;834 there-
fore, it was of interest to investigate the epoxide
functionalization of poly(butadienyl)lithium. For this
purpose, poly(styryDlithium (M, = 1500 g/mol, My/M;,
= 1.06) in benzene was converted to poly(styrene-b-
butadienyl)lithium (PS-b-PBDL.) by a crossover reaction
with butadiene monomer [calculated M, (BD) = 216
g/mol]. Complete crossover to butadienyllithium was
documented by UV—visible spectroscopy (see Experi-
mental Section). When a benzene solution of PS-b-
PBDLIi was added via inverse addition to a benzene
solution of epichlorohydrin (30-fold molar excess), the
yield of epoxide-functionalized polymer was only 29 wt
% and the amount of dimer product was 44 wt % (see
run 5, Table 1); using the same procedure for poly-
(styryDlithium, the functionalization yield was compa-
rable (28 wt %) but the amount of dimer was much less
(22 wt %) (see run 1, Table 1). Thus, it appears that
the stronger association of dienyllithium chain ends
promotes dimer formation; similar effects have been
observed in carbonation reactions where significantly
more dimer and trimer formation is obtained for dienyl-
lithium compared to styryllithium chain ends.3”

Based on the previously discussed effects of THF on
poly(styryDlithium functionalization (see Table 1), it was
anticipated that optimum functionalization yields would
be obtained by addition of THF to both the dienyllithium
solution and the EPC solution. When a THF/benzene
(10/90, vol/vol) solution of PS-b-PBDLi was added to a
THF/benzene (1/1, vol/vol) solution of excess epichloro-
hydrin ([EPC)/[PLi] = 30), the yield of epoxide-func-
tionalized polymer increased to 80 wt % with only 3 wt
% dimer (see run 6, Table 1). Under comparable
conditions, poly(styryl)lithium was functionalized in
only 69 wt % yield with 14 wt % dimer (run 3, Table 1).
The small increase in yield for poly(dienyl)lithium may
be a consequence of the differences in association
behavior of dienyllithiums versus styryllithiums.834

One of the most effective end-capping procedures for
decreasing side reactions for functionalizations of poly-
meric organolithiums is to react the chain ends with 1,1-
diphenylethylene.3> 1,1-Diphenylethylene reacts with
poly(styryhlithium and poly(dienyl)lithiums to form the
corresponding polymeric (1,1-diphenylalkyl)lithiums,
which are more stable and more sterically hindered (see
eq 5). This simple, quantitative reaction proceeds
without oligomerization when stoichiometric amounts
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T6H5

PLi + CHp==C(CgHs)y—> PCH)CLi (5)

CeHs

of 1,1-diphenylethylene are added.8383° The quantita-
tive end-capping of poly(styryl)lithium in benzene with
1,1-diphenylethylene (0.2 molar excess) was monitored
by UV—visible spectroscopy (see Experimental Section).
The resulting polymeric (1,1-diphenylalkyl)lithium in
benzene was added (inverse addition) to a benzene
solution of epichlorohydrin ([EPC]/[PLi] = 30) and the
results are shown in Table 2. Even in the absence of
THF, 1,1-diphenylethylene end-capping produced the
highest yield of epoxide-functionalized polymer (83 wt
%) with only 4 wt % dimer (see Table 2, run 1) when
compared to poly(styryl)lithium (see Table 1, runs 1—4)
or poly(butadienyl)lithium chain ends (see Table 1, runs
5 and 6) even in the presence of THF.

The epoxide functionalizations utilizing the 1,1-di-
phenylethylene end-capping procedure for both poly-
(styryDlithium and poly(styrene-b-butadienyl)lithium
were very efficient in the presence of THF (see runs 2—5,
Table 2). In the presence of THF, no significant dimer
formation was observed, and the yield of epoxide-
functionalized polymer was 91-97 wt %. A small
amount of unfunctionalized polymer constituted the
remainder of the polymer products as determined by
TLC. A typical SEC curve for the products of these
functionalizations is shown in Figure 3. This dramatic
effect of chain end structure stands in sharp contrast
to the results of Xie and Sun,? who reported that 1,1-
diphenylethylene end-capping did not improve the yield
of epoxide-functionalized polymer. However, these re-
sults are in accord with the preliminary observations
of Mouzali, Lacoste, and Abadie,’* who reported that
efficient functionalization by epichlorohydrin was ob-
served for the adduct of butyllithium and 1,1-diphenyl-
ethylene in THF at —30 °C.

Characterization of Epoxide-Functionalized
Polymers. The ability to prepare low molecular weight
(M <2000 g/mol), narrow molecular weight distribution
(Mw/Mp < 1.1), epoxide-functionalized polymers in high
yield and separate them from any nonfunctionalized
polymer by silica gel column chromatography has
provided a unique opportunity to characterize the
epoxide functional end group. From TLC analysis (see
Experimental Section) for a purified, epoxy-functional-
ized polystyrene, the Rf value for the functionalized
polymer was 0.56 compared to the Rt value of 0.92 for
the unfunctionalized polystyrene base polymer. These
results further confirm the utility of TLC to qualitatively
analyze the purity of functionalized polymer and the
ability to utilize chromatography to purify functional-
ized polymers.3®

The 'H NMR spectra of epoxide-functionalized poly-
styrenes all exhibited a broad peak in the region of 6 =
2.5—2.6 ppm. An analogous peak at 6 = 2.6 ppm was
reported for the epoxide-functionalized polystyrenes
synthesized by Mouzali, Lacoste, and Abadie.’* Hild
and Lamps*® have assigned peaks at 6 = 3.28 (methine),
2.88 (cis methylene CH), and 2.69 ppm (trans methylene
CH) to the epoxide ring protons in poly(glycidyl meth-
acrylate). The 'H NMR spectrum of epoxidized poly-
butadiene is characterized by resonances at 6 = 2.6
(trans methylene CH) and 2.85 ppm (cis methylene
CH).#142 The 'H NMR spectrum of the purified, epox-
ide-functionalized poly(styrene-b-butadiene) is shown in
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Figure 4. By analogy with previous studies of polymers
with epoxide functional groups, the three new reso-
nances which are observed at 6 = 2.90, 2.72, and 2.45
ppm are assigned to the methine and cis and trans
methylene protons of the oxirane ring, respectively. The
IH NMR spectrum of the epoxide-functionalized poly-
styrene which was end-capped with 1,1-diphenylethyl-
ene prior to functionalization is shown in Figure 5.
Compared to the epoxide-functionalized poly(styrene-
b-butadiene) (Figure 4), the resonances for the epoxide
group are shielded and observed in the region of 6 =
2.2—2.8 ppm. It is noteworthy that the peak corre-
sponding to the methine proton of the terminal 1,1-
diphenylmethine group at 6 = 3.52 (lit.1* 5 = 3.8 ppm;
lit.>* 0 = 3.5 ppm) is not observed in the spectrum of
the functionalized polymer.

The 13C NMR spectra of epoxide-functionalized poly-
mers provide good qualitative evidence for this func-
tional group. As discussed previously with respect to
the functionalization reactions in benzene solution (see
structure 1 and Figure 2), the 3C NMR spectra for
epoxide-functionalized polymers would be expected to
exhibit resonances at 6 = 51.5 and 47.2 ppm for the
methine and methylene carbons of the oxirane ring,
respectively, according to the additivity equations for
epoxide compounds developed by Paulson et al.33 The
13C NMR spectrum (CDCIl3) of purified, epoxidize-
functionalized polystyrene (M, = 2.1 x 102 g/mol; see
run 3, Table 1) is shown in Figure 6. Compared with
the 13C NMR spectrum of unfunctionalized polystyrene
base polymer,’® the epoxide-functionalized polymer
exhibits two new, characteristic resonances at 6 = 47.5
and 51.6 ppm, as expected, which are assigned to the
methylene and methine carbons of the oxirane ring,
respectively. It is also noteworthy that the resonance
for the terminal benzylic carbon in unfunctionalized
polystyrene, at 6 = 34.9 ppm?? is not observed in the
13C NMR spectrum of the epoxide-functionalized poly-
mers which further supports the purity of these samples.

The 13C NMR spectrum of the purified, epoxide-
functionalized poly(styrene-b-polybutadiene) copolymer
(7) is shown in Figure 7b. By comparison with the

0
sec-Bu—-CHoCH HCHZCH=CHCHZJS—CHZ—A
14

CgHs 7

corresponding spectrum of the unfunctionalized base
polymer (Figure 7a)), the epoxide-functionalized poly-
mer exhibits resonances at 0 = 47.5, 48.0, 51.2, and 52.3
ppm. Using the empirical additivity equations devel-
oped by Paulson et al.,®3 the calculated chemical shifts
for the methylene and methine oxirane carbons would
be expected at 6 = 47.0 and 52.4 ppm, respectively, for
the 1,4-butadiene penultimate unit and at 6 = 47.2 and
51.5 ppm, respectively, for the 1,2-butadiene penulti-
mate unit. Based on these calculations, the resonance
at 0 = 52.3 ppm is assigned to the functionalized 1,4-
unit and the resonance at 6 = 51.2 ppm is assigned to
the functionalized 1,2-unit.

The 3C NMR spectrum of the purified, epoxide-
functionalized polystyrene (8) which had been end-

CeHs
0
ﬁ-su—[—CHZCH}JC@C—CHQ—L\

CgHs CgHs 8
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Table 2. Effect of 1,1-Diphenylethylene End-Capping on the Functionalization of Poly(styryl)lithium and
Poly(styrene-b-butadienyl)lithium with Epichlorohydrin (EPC)2

run PLi PLi solvent EPC solvent P-epoxide® (wt %) dimer (wt %)°
1 PS-DPEL 4 CsHs CsHs 83 4
2 PS-DPELdf 10 vol % THF in CgHe THF/CgHs (1/1, vol/vol) 94 <1
3 PS-DPEL.i49 10 vol % THF in CgHs THF/CsHe (1/1, vol/vol) 91 <1
4 PS-DPELidh 10 vol % THF in CgHs THF/CsHe (1/1, vol/vol) 95 <1
5 PS-b-PBD-DPELi 10 vol % THF in CgHe THF/CgHs (1/1, vol/vol) 97 <1

a Termination by inverse addition mode with 30-fold molar excess of EPC for 2 h at 0 °C and for 5 h at 25 °C; [PLi] ~ 0.05 M unless
otherwise noted. P Epoxide-functionalized polymer; determined by titration using ASTM D 1652-90. ¢ Determined by SEC. 9 Product of
end-capping of poly(styryl)lithium with 1,1-diphenylethylene. ¢ M,(SEC) = 1900 g/mol; Mn(VPO) = 2100 g/mol. f M,(SEC) = 1500 g/mol,
Mw/M;, = 1.05; My(VPO) = 1600 g/mol (functionalized polymer); [PLi] = 0.077 M. ¢ My(SEC) = 2000 g/mol, My/M, =1.06; My(VPO) =
2300 g/mol (functionalized polymer). " Mp(SEC) = 4500 g/mol, Mw/Mp = 1.05; M,(VPO) = 4800 g/mol (functionalized polymer); [PLi] =
0.021 M. i Product of end-capping of poly(styrene-b-butadienyl)lithium with 1,1-diphenylethylene; Mn(PS) = 1.1 x 108 g/mol; M/Mnp =1.07);
Mn(PBD) = 260 g/mol; My(VPO) = 1600 g/mol (functionalized polymer).

Differential Refractive Index

T T T T L
32 33 34 35 36

Elution Volume (mL)
Figure 3. SEC (RI) chromatogram for the crude reaction
products obtained for the functionalization of the adduct of
1,1-diphenylethylene with poly(styryl)lithium (M, = 1600
g/mol) with epichlorohydrin (run 2, Table 2).
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Figure 4. *H NMR spectrum (CDCIs) of purified, epoxide-
functionalized poly(styrene-b-butadiene) copolymer (see run
6, Table 1).

capped with 1,1-diphenylethylene prior to functional-
ization is shown in Figure 8b. Compared with the
corresponding spectrum of the unfunctionalized base
polymer (Figure 8a)), the epoxide-functionalized poly-
mer (8) exhibits resonances at 6 = 50.0 and 47.5 ppm.
Based on the empirical chemical shift equations, three
peaks would be expected at 6 = 50.5, 50.6, and 47.4 ppm
for the diphenyl-substituted carbon, the methine carbon
of the oxirane, and the methylene carbon of the oxirane,
respectively. Because of the expected overlap of reso-
nances for the diphenyl-substituted carbon and the
methine carbon of the epoxide ring,’* NMR analysis for
this functionalized polymer is less definitive.
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Figure 5. 'H NMR spectra (CDCls) of (a) polystyrene base
polymer,; (b) 1,1-diphenylethylene end-capped polystyrene
base polymer, and (c) purified, epoxide-functionalized polysty-
rene with 1,1-diphenylethylene end cap (see run 2, Table 2).

With respect to the infrared spectra of the epoxide-
functionalized polymers, it is noteworthy that Mouzali,
Lacoste, and Abadie!* previously reported that medium-
intensity infrared absorption bands corresponding to the
epoxide group in epoxide-functionalized polystyrene
were observed at 1410, 1260, 1130, and 920 cm™1 for a
low molecular weight analog of a 1,1-diphenylethylene
end-capped polymer. Although there are weak bands
at 1411, 1135, and 930 cm~1 which were discerned in
the FTIR spectrum of the functionalized polymer com-
pared to the corresponding spectrum for the unfunc-
tionalized polymer, stronger absorption bands were
observed at 1269 and 828 cm~1. It has been stated that
epoxy ring compounds absorb at 1280—1230 cm~! due
to the ring breathing vibration (symmetrical C—O—-C
stretching) and that another ring vibration is observed
at 880—775 cm~1.43 Thus, it appears that the presence
of the FTIR bands at 1269 and 828 cm~! may be useful
for characterizing epoxide-functionalized macromono-
mers.

Conclusion

The functionalization reaction of polymeric organo-
lithium compounds with epichlorohydrin (EPC) to form
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Figure 6. *C NMR spectrum (CDClIs) of purified, epoxide-
functionalized polystyrene (1) (see run 3, Table 1).
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Figure 7. 3C NMR spectra (CDCIl3) of (a) poly(styrene-b-
butadiene) base polymer and (b) purified, epoxide-functional-
ized poly(styrene-b-butadiene) (7) (see run 6, Table 1).

20 PPM 0

epoxide-functionalized macromonomers is strongly af-
fected by the addition mode of reagents, the solvent, and
the structure of the polymeric chain end. Even using
an inverse addition mode with excess EPC, only low
yields (< 30%) of functionalization are observed for poly-
(styryDlithium and for poly(butadienyl)lithium, while
reasonable yields (83%) are observed for polymeric (1,1-
diphenylalkyl)lithiums formed by 1,1-diphenylethylene
(DPE) end-capping. Addition of THF to both the
polymeric organolithium and the EPC solutions in-
creases the yields to 80 and 74% for poly(butadienyl)-
lithium and poly(styryl)lithium, respectively. Almost
gquantitative yields (91-97%) with <1% dimer are
observed for polymeric (1,1-diphenylalkyl)lithiums in
the presence of THF. Pure epoxide-functionalized poly-
mers can be separated from any unfunctionalized
polymer by silica gel column chromatography. Epoxide-
functionalized polymers exhibit characteristic 'H NMR
resonances (0 = 2.2—3.3 ppm), 13C NMR resonances (&
= 47-52.5 ppm), and FTIR absorption bands (1269 and
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Figure 8. 3C NMR spectra (CDCls;) of (a) 1,1-diphenyleth-
ylene end-capped polystyrene base polymer and (b) purified,
epoxide-functionalized, 1,1-diphenylethylene end-capped poly-
styrene (8) (see run 2, Table 2).

828 cm™1! regions).

Although these epoxide functionalizations were ef-
fected in benzene, analogous results would be expected
in cyclohexane based on the solvent effects reported
by Xie and Sun.’2 The chemistry of these epoxide-
functionalized macromonomers is currently under in-
vestigation and will be reported in subsequent publica-
tions.
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