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Functional polystyrenes such as poly(styrene-co-(chlo-
romethyl)styrene) serve as versatile intermediates in
polymer chemistry, as their chlorine groups are easily
displaced by nucleophiles’? to produce anion-exchange
polymers,® solid state synthesis (Merrifield) resins,*°
and electron beam negative resists.6=8 The two main
preparative routes used today are chloromethylation of
polystyrene® and copolymerization of vinylbenzyl chlo-
ride with styrene.® Chloromethylation is carried out
using chloromethyl alkyl ethers® in the presence of
Lewis acid catalysts and can suffer from poor control of
the degree of chloromethylation and unwanted cross-
linking. The copolymerization approach involves a
specialty monomer (vinylbenzyl chloride), and is limited
to radical copolymerization processes.

Several years ago, poly(4-methylstyrene) was discov-
ered as a potential precurser polymer. 4-Methylstyrene
is commercially available!! and, much like styrene, may
be polymerized by free radical, living anionic, and
cationic processes to give polymers of controlled molec-
ular weight. The 4-methyl groups offer a handle for
post-polymerization modifications, and methods aiming
at direct and selective halogenation at the 4-methyl site
were developed. Ford'? and Jones!® described radical
chlorinations using hypochlorite and phase transfer
agents, indicating that the high reactivity of the chlorine
radicals caused some backbone and aromatic chlorina-
tion. Wang and Powers at Exxon developed a method
for the free radical bromination of poly(isobutylene-co-
4-methylstyrene)s.1*15 Due to the lower reactivity of the
bromine radicals, aromatic and backbone methylene
sites are not affected, and the backbone benzylic me-
thine is effectively protected by the neighboring isobu-
tylene sites. This method is especially elegant, with
multiple bromination at the 4-methyl sites being only
observed at quite high degrees of bromination. More
recently, direct metalation of poly(isobutylene-co-4-
methylstyrene)s with superbases was used to selectively
incorporate electrophiles into the 4-methyl site.16:17

Recently, we reported the cobalt-catalyzed air oxida-
tion of the 4-methyl groups in poly(4-methylstyrene) to
aldehyde and carboxylic acid,'® as well as the stoichio-
metric oxidation of poly(4-methylstyrene) by cobalt(l11)
acetate and cerium(IV) ammonium nitrate.’® The latter
oxidation proceeds through intermediate polymeric ben-
zyl cations that quench with the acetate and nitrate
nucleophiles present in the system.

In this paper we report the related oxidation of poly-
(4-methylstyrene) with cobalt(l11) acetate in presence
of lithium chloride. Here, the polymeric benzyl cations
are intercepted by chloride anions, to form in one step
poly(4-methylstyrene-co-(chloromethyl)styrene)s of up to
21% (chloromethyl)styrene content.?® No aromatic,
aliphatic, or backbone chlorination is observed at this
level of chlorination. Formation of dichloromethyl
groups is not observed, which is likely due to the cationic
mechanism of the reaction.

Figure 1 shows the proposed mechanism for this
reaction, based on the similar chlorination of toluene
reported by Heiba et al.?*
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Figure 1. Mechanism of oxidative chlorination of poly(4-
methylstyrene).
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Figure 2. 'H NMR spectra of poly(4-methylstyrene) (A) and
12.5% chlorinated poly(4-methylstyrene) (B).

The first step involves either sequential electron
transfer to the Co(lll) chloride complex followed by
proton loss, or direct abstraction of a hydrogen atom
from poly(4-methylstyrene) (1), to form the intermediate
polymeric benzyl radical (2).1°® This radical subse-
guently transfers an electron to a second Co(l11) complex
to form the intermediate benzylic cation (3). This cation
finally quenches with chloride ions to form the final
chloromethyl copolymer (4). In this reaction, lithium
chloride serves both as a chloride source and as an
activator for the cobalt(l11) acetate.

Comparison of the 1H NMR spectra for poly(4-meth-
ylstyrene) (Figure 2a) and for the 12.5% oxidized
product (Figure 2b) shows the appearance of the 4-chlo-
romethyl group at 4.48 ppm. The 13C NMR spectra of
poly(4-methylstyrene) (Figure 3a) and a 21% oxidized
polymer (Figure 3b) show the appearance of both the
chloromethyl carbon at 46.29 ppm and the ipso quater-
nary carbon at 145.78 ppm. FT-IR shows characteristic
chloromethyl absorptions at 1266, 816, and 676 cm™1.

Table 1 shows a comparison of the degrees of chlori-
nation as measured by elemental analysis (EA),2?
neutron activation analysis (NAA),2 and 'H NMR
(chloromethyl signal). The values obtained by these
three independent methods are in close agreement,
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Figure 3. 13C NMR spectra of poly(4-methylstyrene) (A) and
21% chlorinated poly(4-methylstyrene) (B).

Table 1. Chlorine Analyses

% C % H % ClI mol % —CHCI
EA? 85.59 7.90 6.07 21.5¢
NAAD 6.0 20.6°
1H NMR 6.04 21.0d

a EA (elemental analysis) sums to 99.56%. ® Neutron activation
analysis. ¢ Expressed as CH,CI. @ Based on integration of the
CHCI signal.

Table 2. Effect of Lithium Chloride on Degree of
Chlorination?

LiCl [mmol] Mn Muw/Mp mol % of —CH,ClI
7.0 16 500 2.05 13
15 16 900 1.79 125
20 17 000 1.92 151
30 14 200 1.93 21.2

a Conditions: 2.5 mmol of P4AMS; 5 mmol of Co(Ac)s; 15 mL each
of benzene and glacial acetic acid; 50 °C; Ng; 2 h.

Table 3. Effect of Cobalt(l11) Acetate on Oxidation?

[Co(OAC)3] (mmol) Mn Muw/Mp mol % of —CHCI
0.5 17 400 1.85 0.7
1.0 16 200 1.89 19
2.5 15 600 1.89 8.0
5.0 17 000 1.92 15.1
10 17 000 1.89 13.8

2 Conditions: 2.5 mmol of P4AMS; 20 mmol of LiCl; 15 mL each
of benzene and glacial acetic acid; 50 °C; Ng; 2 h.

Table 4. Effect of Reaction Time on Oxidation?

reaction time (hours) Mn Mw/M,  mol % of —CH,CI
1.0 16 400 1.81 6.4
2.0 17 000 1.92 15.1
3.0 13 600 1.94 14.7
5.0 11 900 2.12 16.5

a Conditions: 2.5 mmol of P4AMS; 5 mmol of Co(Ac)s; 20 mmol
of LiCl; 15 mL each of benzene and glacial acetic acid; 50 °C; Na.

supporting the absence of aromatic or backbone chlori-
nation, and of dichloromethyl groups. In Tables 25,
the values shown for CH,CIl were determined by H
NMR.
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Table 5. Effect of Reaction Temperature on Oxidation?

reaction temp (°C) Mn Muw/Mp mol % of —CHClI
35 16,700 1.91 15.8
50 17,000 1.92 15.1
60 12,400 2.06 14.7
70 9,600 245 20.1
80 9,600 2.26 185

a Conditions: 2.5 mmol of P4MS; 5 mmol of Co(Ac)s; 20 mmol
of LiCl; 15 mL each of benzene and glacial acetic acid; Ny; 2 h.

@ @ DMSO, NaHCO3 @ @
6 hrs, 155 C
Cl H )
Figure 4. Reaction of 21% chlorinated poly(4-methylstyrene)
with DMSO.

The chloride ions appears to serve a dual role in this
reaction:

(1) No reaction was observed between cobalt(ll1)
acetate and poly(4-methylstyrene) in acetic acid/benzene
in the absence of lithium chloride. Plausibly the
chloride ion forms an activated Co(lll) complex.

(2) The intermediate polymeric benzyl cation is
guenched by chloride anions present in the system to
form exclusively chloromethyl groups. No acetoxy-
methyl or nonselective chlorination products were ob-
served. This suggests ligand transfer of chloride from
the cobalt complex to the benzyl cation.

The degree of chlorination increased with increasing
lithium chloride concentration (Table 2). This is in
contrast to the findings by Heiba et al. for the analogous
chlorination of toluene, where lithium chloride concen-
trations from 0.24 molar to 1.2 M gave similar degrees
of chlorination (70—76%).2%

As the solutions became turbid at the highest lithium
chloride concentrations (1 M) due to undissolved salt,
subsequent reactions were run at 665 mM in lithium
chloride (20 mmol of LiCl/30 mL). This fairly low
lithium chloride concentration, as well as steric hin-
drance in the backbone (out-of-plane conformation of the
competing methine cation'®), is likely responsible for
suppressing both the ring chlorination reported by
Heiba?! and the backbone chlorination.

The degree of chlorination increased with cobalt(l11)
acetate concentration (Table 3), showing a maximum
at a molar ratio of Co(l11):P4MS of 2:1.

Oxidation beyond 2 h did not increase the degree of
chlorination, indicating essentially complete conversion
of cobalt(l11) at that time (Table 4).

While the degree of chlorination increased slightly
with temperature, this came at the expense of signifi-
cant backbone cleavage. This backbone cleavage likely
proceeds through formation of a tertiary backbone
cation followed by g-scission and becomes significant
only at temperatures above 50 °C.1°

Methyl ethyl ketone and n-heptane were tested as co-
solvents instead of benzene. No reaction or molecular
weight change was observed in these cases, likely due
to the reduced solubility of lithium chloride.

To illustrate the versatility of chloromethylated poly-
styrenes, we converted?* the chloromethyl groups into
aldehyde by oxidation in dimethyl sulfoxide as shown
in Figure 4 below.2572? The 'H NMR spectrum of the
product polymer showed quantitative conversion of
chloromethyl to benzaldehyde groups (aldehyde, 9.9
ppm; aromatic hydrogens ortho to the aldehyde, 7.48
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ppm; no chloromethyl signals). There was no evidence
of functional groups other than aldehyde.?8

In conclusion, we report a process to chlorinate up to
21% of the methyl groups in poly(4-methylstyrene),
without detectable side reactions. The process uses
cobalt(lll) acetate as an oxidant in the presence of
lithium chloride. Functional polymers with number
average molecular weights between 13 000 and 17 000
were obtained, indicating slight backbone cleavage from
the starting molecular weight of 18 900. This backbone
cleavage was minimized by limiting the reaction tem-
perature to 50 °C. The resulting chloromethyl copoly-
mers can be further modified, thus giving access to a
wide range of functional polymers.
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