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Recently, we have demonstrated that functional are-
nesulfonyl chlorides represent the first class of universal
initiators for monoradicall? and diradical® metal-
catalyzed “living” polymerization of styrene(s),1~® meth-
acrylates,3~% and acrylates35% (Scheme 1). This “uni-
versality” (i.e., quantitative and faster initiation than
propagation for a variety of functional initiators and
several classes of monomers) is facilitated by several
particularities of the sulfonyl halides and of the corre-
sponding sulfonyl radicals that make them behave
differently from alkyl halides and the corresponding
C-based radicals. They are as follows: (a) sulfonyl
radicals form much faster than C-based radicals;’ (b)
the reactivity of sulfonyl radicals is much less affected
by their substituent than that of C-based radicals;? (c)
the addition of sulfonyl radicals to olefins is known to
tolerate functional groups;® (d) the rate of addition of a
sulfonyl radical to an olefin such as styrene is little
affected by the substituents present on its side group
(i.e., phenyl);1° (e) sulfonyl radicals have an extremely
low rate of dimerization by comparison with C-centered
radicals, and in the presence of olefins they virtually
do not dimerize;!! (f) even if the addition of sulfonyl
radicals to olefins is reversible,® under suitable reaction
conditions they can add quatitatively to olefins.3—®
These particularities facilitate a quantitative initiation,
which depending on the class of monomers used, is from
5 (styrene) to 3 (methacrylates and acrylates) orders of
magnitude faster than propagation.*=® Therefore, this
“living” radical polymerization does not require a suit-
able initiator designed for each monomer in part, as is
the case for the “living” radical polymerization mediated
by nitroxides!? and organocobalt complexes!® and for the
metal-catalyzed polymerization initiated with alkyl
halides,'*15 to generate an initiation faster or at least
equal to propagation. The large difference between the
rate of initiation and propagation accessible with sul-
fonyl halides allows a complete separation of initiation
from propagation via temperature*=® and opens new
possibilities for the synthesis of polymers with controlled
architecture.’®> We have demonstrated that arenesulfo-
nyl chlorides containing substituents with electronic
character ranging from donor (p-methoxy, p-methyl) to
acceptor (p-fluoro, -chloro, -nitro) act as universal initia-
tors in this polymerization process.1=®

The goal of this communication is to explore the
synthetic utility of functional arenesulfonyl chlorides
containing substituents ranging from acidic and elec-
trophilic (—COOH, —OH, halogen, —N=N-) to basic
and nucleophilic (methoxy, —N(CHj3),), placed in the
para and ortho positions of the sulfonyl chloride group,
and to expand the scope of sulfonyl chlorides from
arylsulfonyl chlorides to alkanesulfonyl chlorides as
universal initiators for metal-catalyzed “living” radical
polymerization of styrene and methacrylates.
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Scheme 1. Mechanism of the “Living” Radical
Polymerization Initiated with Substituted Sulfonyl

Chlorides
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Chart 1. Structures of Sulfonyl Chlorides Used as
Initiators in the CuCl/bpy-Catalyzed Radical
Polymerization of Styrene, MMA, and BMA

COH

—soza
: g : ~S0,C i
80,01 S0, ClyC—S0,Cl
¢l CABSC DCHBSC HBSC TCMSC
SO,CI
SO:C
SO.Cl OO Me0~©-soz<:|
cl
DCBSC 1-NASC 2-NASC MBSC
MeO
O
SO,CI / N\
MeO NO—SOZCI
sozm
DMBSC ADZBSC

Chart 1 summarizes the group of initiators investi-
gated in heterogeneous (CuCl/bpy, where bpy is 2,2'-
bipyridine) metal-catalyzed “living” radical polymeri-
zation of styrene(s), methyl methacrylate (MMA), and
butyl methacrylate (BMA). Plots of conversion and In-
[M]o/[M] in time were used to demonstrate a first order
in monomer concentration of the rate of polymerization
and to determine the experimental value kp**P. Plots
of Mp(GPC) versus My, (where My, = conv x My x [M]o/
[No + FWinitiator, Where My, = repeat unit mass) and M,/
M, versus My, demonstrated a 100% initiation efficiency
and a constant steady state concentration of radicals
(i.e., extremely low extents of termination and chain
transfer) through the polymerization process for all
initiators shown in Chart 1 (Figures 1 and 2). The
kinetic results not shown in these two figures are
available in the Supporting Information. Table 1 sum-
marizes M,/M, values obtained at the maximum con-
version determined, k,®® values, and the steady state
concentration of propagating radicals [P°], assuming
that their reactivity is not affected by catalyst.

© 1997 American Chemical Society



Macromolecules, Vol. 30, No. 26, 1997

MMAYJ/[DCBSC]=200/1
@ g0l g/[ ] > /1, (b) 20 1 1.6
—_ 90 J
£ 80 ° o>
~ T35 o
c Z - 1.4 e
o 60 s x m] =
4 2 ©10T7 3
@ 40 =Y =
g T ¢ o_od'
8 20 1 = o
0 - o 0 ——t L0
001 2 3 4 5 & 0 10 . 20
time (h) My x 10
[MMAJ/{CABSC]=200/1
(©) 100 s @5 1.6
L so 1o © © o
- £ 7 414 ¢
S 60 5 X =
8 40 g 97 z
g ) ooy 42 =
3 20 =
0 0 e 1.0
6o 1 2 3 4 0 10 . 20
time (h) M x 10°
MMAJ/[DCHBSC]=200/1
(e) 100[ V1D ] s 5 1.6
£ 8o I, = o—
~ o
e E - T 1.4 £
§ o0 S sl $
5 g 9 H
2 40 e pm {12
3 20 =
0 0 s 1.0
0 1 2 3 4 5 & 0 10, 20
time (h) My, x 10

Figure 1. CuCl/bpy-catalyzed polymerization of MMA initi-
ated with (a, b) DCBSC, (c, d) CABSC, and (e,f) DCHBSC in
p-xylene. Reaction conditions: [MMA] = 6.2 M, [MMAJ/[I]/
[CuCl]/[bpy] = 200/1/1/3 molar ratio, reaction temperature 90
°C.

The first rewarding result is that free carboxylic
(CABSC) and phenol groups (DCHBSC and HBSC)
placed in either the para or ortho positions to the
sulfonyl chloride are tolerated by this polymerization
process (Figure 1) without affecting its rate (Table 1).

The ortho substituent effect was tested by using both
electron-withdrawing (chloro in DCBSC and phenol in
DCHBSC) (Figure 1a,b,e,f) and electron-donating (meth-
oxy in DMBSC) (Figure 2c,d) substituents. The same
effect was investigated by using 1-NASC and 2-NASC
as initiators (Figure 2a,b). No significant effect of ortho
substitution on ky**P was observed (Table 1).

Figure 3 shows the 'H-NMR spectrum of PMMA
obtained by initiation with CABSC. The quantitative
initiation can be estimated from the complete upfield
shift of a’ and b’ from CABSC into a and b resonances
after insertion of the initiator as a polymer chain end
and from the agreement between the M,(GPC) and M-
(NMR) = e/3 x 4/(a + b) x 100 + FWcassc. Changing
the nucleophilic character of the aromatic ring attached
to the sulfonyl chloride from DCBSC to 1- and 2-NASC,
MBSC, and DMBSC also does not affect the “livingness”
of this polymerization process.

Figure 2e,f shows the kinetic data for polymerization
of MMA initiated with the very nucleophilic and basic
ADZBSC. After a small induction period created by the
limited solubility of this initiator in the reaction me-
dium, a “living” polymerization process occurs. Inter-
estingly, since this initiator is a dye, the resulting
polymer is colored (orange to yellow). Its color is
determined by the amount of initiator present at its
chain end (i.e., its DP). Polymerization initiated with
dansyl chloride (DAC) is slower and yields a polymer
with a broader polydispersity (Table 1). No explanation
for this behavior is available.
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Figure 2. CuCl/bpy-catalyzed polymerization of MMA initi-
ated with (a, b) 1-NASC (squares) and 2-NASC (triangles), (c,
d) DMBSC, and (e, f) ADZBSC in p-xylene. Reaction condi-
tions: [MMA] = 6.2 M, [MMAJ/[IJ/[CuCl]/[bpy] = 200/1/1/3
molar ratio, reaction temperature 90 °C.

Table 1. Experimental Rate Constants of Propagation
(kp®P) and the Concentration of Propagating Radicals
([P°]) for the CuCl/bpy-Catalyzed Radical Polymerization
of S (5.9 M), MMA (6.2 M), and BMA (4.9 M) Initiated with
Substituted Arenesulfonyl Chlorides®

My/Mn k2P [P
M 1 (conv, %) T (°C) (1074s71) (1078 M)P

S CABSC 1.38 (96) 130 0.50 0.19
S DCHBSC  1.40 (85) 130 0.53 0.20
S HBSC 1.53 (90) 130 0.36 0.14
S MBSC 1.25 (93) 130 0.39 0.15
S MSC 1.49 (89) 130 0.59 0.23
MMA CABSC 1.22 (88) 90 1.83 0.70
MMA DCHBSC 1.19 (76) 90 0.92 0.35
MMA HBSC 1.27 (89) 90 1.50 0.57
MMA TCMSC 1.21 (91) 90 1.50 0.57
MMA DCBSC 1.14 (96) 90 1.58 0.61
MMA 1-NASC 1.19 (97) 90 2.44 0.94
MMA 2-NASC  1.22 (97) 90 2.97 1.14
MMA MBSC 1.18 (94) 90 2.44 0.94
MMA DMBSC 1.20 (92) 90 1.81 0.69
MMA ADZBSC 1.25 (93) 90 2.08 0.80
MMA DAC 1.60 (93) 90 0.54 0.21
MMA MSC 1.35(89) 90 2.87 1.10
BMA CABSC 1.26 (92) 120 3.42

BMA MBSC 1.24(98) 120 3.42

BMA MSC 1.27 (94) 120 7.50

a [M]/[1)/[CuCl)/[bpy] = 200/1/1/3 molar ratio. ? [P*] = kp®P/k,"2d.
For S: kpad = 107630 L mol~! s~1 exp(—32.51 kJ mol~Y/RT). For
MMA: kprad = 106423 | mol~1 s~1 exp(—22.34 kJ mol~Y/RT). From:
IUPAC Commission on Polymer Characterization and Properties.
Pure Appl. Chem. 1996, 68, 1491.

Finally, the polymerization of styrene, MMA, and
BMA was initiated with methanesulfonyl chloride (MSC),
and that of MMA, with trichloromethanesulfonyl chlo-
ride (TCMSC). The successful polymerization results
summarized in Table 1 demonstrate the expansion of
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Figure 3. 200 MHz *H-NMR spectrum (CDCl;, TMS, 20 °C)
of PMMA obtained by CuCl/bpy-catalyzed radical polymeri-
zation of MMA initiated with p-carboxybenzenesulfonyl chlo-
ride (CABSC) in p-xylene (My(NMR) = 11 500, My(GPC) =
11 800, Mw/M,, = 1.17).

this class of initiators from arenesulfonyl chlorides to
alkanesulfonyl chlorides.

In conclusion, the experiments reported here have
demonstrated a remarkable synthetic utility for func-
tional aromatic and aliphatic sulfonyl chlorides as
initiators in the metal-catalyzed “living” radical poly-
merization of styrenes and methacrylates. Since aro-
matic and aliphatic sulfonyl chlorides tolerate a variety
of functional groups in their structure and maintain
guantitative and faster initiation than propagation for
styrene and methacrylates, they provide a much broader
versatility for chain end functionalization by initiation
than alkyl halide initiators.”* However, even if the
initiation is faster than the propagation, the nature of
the initiator affects the k,®*® values (Table 1), most
probably by small extents (less than detectable by the
analytical techniques used) of side reactions (for ex-
ample, the irreversible termination in the initiation step
eq 7, Scheme 1, etc.) which subsequently creates an
excess of Cu''Cl; that controls the steady state concen-
tration of [P°] in the polymerization process.
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techniques, syntheses of CABSC and HBSC, an example of a
kinetic experiment, determination of k,®® from polymerization
experiments, and five figures containing 13 kinetic plots (9
pages). See any current masthead page for ordering and
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