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ABSTRACT: Polymers bearing the dibromomaleimide

(DBM) group as a functional chain end have been synthesized ,ﬁ JL

by RAFT polymerization. A DBM functional chain transfer
agent (CTA) was utilized to afford well-defined P'BA, PMA,
and PTEGA, without the requirement of protecting group
chemistry. It was found that RAFT polymerization of NIPAM
and styrene with this CTA was severely retarded/inhibited
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which is ascribed to their relatively low propagation rate constants compared to acrylates. This observation is accounted for by a
reversible trapping of propagating radicals by the DBM group in RAFT polymerizations using a monomer with low k,. However,
further attempts to synthesize DBM-terminated P'BA and PMA by ATRP using an analogous initiator were unsuccessful, and
broad PDI were observed. Furthermore, highly efficient postpolymerization functionalization of DBM-terminated PMA
produced by RAFT, with the model compound thiophenol was also demonstrated.

he synthesis of polymers bearing maleimide functional
groups is desirable due to the range of efficient post
functionalization reactions possible."”> For example, the
reaction with thiols which proceeds via a Michael addition or
the Diels—Alder cycloadditions with dieneophiles such as furan
or anthracene, allow for postpolymerization functionalization of
maleimide containing polymers. These “click” reactions have
been utilized to form a variety of complex polymer
architectures,>™” reversibly cross-linked networks,'°™*? and
polymer—protein conjugates.m_18
Polymer end-group functionality is controlled in living
polymerizations by incorporation of the desired functionality
into the initiator or chain transfer agent. Indeed, maleimide
terminated polyesters have been synthesized by r1n§ opening
polymerization using a maleimide containing initiator,” 92001 a
furan-protected maleimide initiator has also been used.*' This
maleimide—furan system subsequently enabled the one-pot
synthesis of telechelic a,w-bismaleimide terminated polylactide
allowing the formatlon of cyclic polymers on reaction with a
bisthiol linker.”* Recently, a maleimide containing initiator has
also been used to synthesize polystyrene by cationic polymer-
ization, with the resultant “macroinitiators” then polymerized to
give polystyrene grafts.”®
Due to the reactivity of the maleimide double bond toward
radical polymerization, resulting in copolymerization,** it has
usually been necessary to use protected maleimide initiators for
the synthesis of polymers via reversible deactivation radical
polymerization (RDRP) or controlled radical polymerization
(CRP).>*® The Diels—Alder adduct with furan has been
commonly utilized to protect the malelmlde functionality in
ATRP initiators"*'>'®'® and RAFT agents, ¢ while the use of
alternative dieneophiles such as dimethylfulvene allows the
thermal stability to be improved.”” Although these polymer-
izations are successful, they often need to be stopped at
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relatively low conversions to prevent undesirable reactions.
Alternatively, the maleimide end-group can also be introduced
via postpolymerization functionalization, for example, by the
reaction of RAFT polymers with a furan—maleimide containing
diazo compound'”'” or an excess of bismaleimide.'>** In all
cases where a Diels—Alder adduct has been used, it is necessary
to thermally deprotect the maleimide before reaction with
thiols or other dieneophiles.

Recently, elegant work from Caddick and Baker has
demonstrated that mono- and dibromomaleimides (DBM)
undergo rapid and highly efficient conjugation with thiols via a
substitution reaction as opposed to a nucleophilic addition.*
The reaction is selective for thiols in the presence of other
nucleophiles. It is also reversible, due to it being a substitution
reaction, on addition of an excess of a competing thiol or by
reduction with TCEP, unlike the conventional irreversible
maleimide Michael addition conjugation. Furthermore, 2,3-
DBM has been used to bridge the disulfide bond of the Grb2
adaptor protein,®® and this concept has been extended to
protein—polymer conjugates using a DBM-modified PEG to
afford a polymer—protein conjugate.’’ Hence, in this study, we
proposed exploring the introduction of a dibromomaleimide
into a controlled radical initiator or chain transfer agent to
allow for the facile preparation of end functionalized polymers
without the need for protecting group chemistry to allow for
reversible modification of the chain end using this new
chemistry.

Inspired by Caddick and Baker,”” we designed and prepared
a new dibromomaleimide functional RAFT agent (3) in three
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Scheme 1. Synthesis of DBM Functional RAFT Agent (3)

O
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Table 1. RAFT Polymerizations Conducted with CTA (3), Performed at 65 °C in Dioxane
polymer monomer [3/M/AIBN] time (h) M,* (kg'mol™") M, (kgmol™) M, /M,* conv.” (%)

4a ‘BA 1:50:0.1 3 2.5 3.0 131 37
4b ‘BA 1:50:0.1 6 5.7 6.0 1.18 84
S ‘BA 1:100:0.1 3 10.5 114 1.18 84
6 MA 1:50:0.1 3 43 42 120 54
7 MA 1:100:0.1 3 6.9 6.9 1.14 73
8 TEGA® 1:50:0.1 16 S.5 59 1.27 48
9 TEGA® 1:100:0.1 16 129 17.9 1.32 79
10 NIPAM 1:50:0.1 16 0.8 0.7 1.12 1
11 Sty? 1:90:0¢ 16 1.0 1.0 1.41 4
12 Sty? 1:900:0¢ 16 27.1 334 135 35

“Molecular weight data were obtained by SEC. Samples were taken without fractionation or precipitation. *Monomer conversion monitored by 'H
NMR spectroscopy. M, , calculated from monomer conversion. “Triethyleneglycol monomethyl ether acrylate. Styrene polymerizations were
conducted in bulk, with thermal initiation at 110 °C.

steps, according to Scheme 1. The reactivity of the the polymer, provided by a PDA detector fitted to the SEC,

dibromomaleimide group toward sulfur-based nucleophiles showed the characteristic trithiocarbonate absorbance (4,,,, =
necessitated initial formation of the trithiocarbonate. The 307 nm), confirming the presence of the RAFT end-group
alcohol containing trithiocarbonate (1), a chain transfer agent (Figure S4). The *C NMR spectrum of § showed resonances
(CTA), was prepared from 1-dodecanethiol, carbon disulfide, at 163.6 and 129.5 ppm, indicating the polymer also contained
and 4-(chloromethyl)benzyl alcohol, as previously reported,32 the dibromomaleimide end-group (Figure S6). Kinetic analysis
with subsequent bromination to give 2 following column of this ‘BA polymerization confirmed a linear increase of
chromatography. Alkylation of the commercially available 2,3- molecular weight with conversion, with measured and
dibromomaleimide with 2 following the procedure of Weinreb theoretical values (based on conversion) in good agreement,
et a3 gave the desired CTA (3) in about 30% overall yield. and gave a linear first-order rate plot, although an induction
Characterization by 'H and ¥C NMR spectroscopy confirmed period of approximately 40 min was observed (Figures S7—S9).
the desired structure (Figure S1 and S2), with the characteristic Subsequently, polymerizations with a range of monomers
signals of the dibromomaleimide group identified by *C NMR (acrylate, acrylamide, and styrene) were attempted (6—11)
at 163.6 and 129.5 ppm along with the diagnostic resonance under the conditions highlighted in Table 1. It was anticipated
attributable to the trithiocarbonate group at 223.5 ppm. that 3 would be a good CTA for these monomers as
Following the successful preparation of this new dibromo- benchmarking polymerizations with the alcohol analogue (1)
maleimide chain transfer agent (3), its ability to control the had proceeded to high conversions, with good control over
polymerization of a range of vinyl monomers was explored. molecular weight under identical conditions (Table S1),
Initially we investigated the control reaction of 3 in the demonstrating that the choice of R and Z group was suitable
presence of 0.1 equiv of AIBN in dioxane at 65 °C, and this for this range of monomers. However, it was found that only
showed no reaction after 6 h (by both 'H NMR spectroscopy the MA (6 and 7) and TEGA (8 and 9) polymerizations
and HPLC analysis), confirming that the dibromomaleimide proceeded to high conversion. The MALDI-ToF mass spectra
group was stable under these model radical polymerization of PMA (6) and PTEGA (8) using an alkali salt as cationization
conditions. This is in contrast to other unprotected maleimides agent,”*** further confirmed the presence of the dibromoma-
that are known to react in the presence of a radical initiator. leimide group at the polymer chain end with excellent
Following this promising result, a series of polymerizations agreement between observed and theoretical masses and
were performed (Table 1). isotope pattern (Figures $10—S13). The presence of a single
Initial polymerization of ‘BA (4) was found to proceed discrete molecular species in both cases suggests a high degree
reasonably rapidly, with 37% conversion reached after 3 h (4a) of end-group fidelity, which is desirable for later end-group
and 84% conversion achieved after 6 h (4b), to give a well- modification.
defined polymer with M, /M, = 1.15, as measured by SEC. In contrast to the acrylic monomers, NIPAM (10) and Sty
Interestingly, doubling the equivalents of monomer from S0 to (11) showed significantly slower polymerization rates com-
100 (S) while keeping monomer concentration constant led to pared to the polymerization under identical conditions with a
a more rapid reaction, with 84% conversion achieved after just related CTA (1) which does not contain dibromomaleimide
3 h (vide infra). Again, the polymer, as characterized by SEC, functionality. Given that polymerizations (10) and (11)
was well-defined (Figure S3), while the UV—vis spectrum of proceeded to low conversion after 16 h, we postulated that
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this is due to the dibromomaleimide group reacting reversibly
with radicals present in the system thereby retarding polymer-
ization for these monomers which have a low propagating rate
constant relative to acrylic monomers.

Three approaches were taken to test the hypothesis of
reversible addition of propagating radicals to the dibromoma-
leimide group. First, polymerizations with (1) as RAFT agent
and 1 equiv of 2,3-dibromomaleimide as an additive were
explored (Table S2). Retardation of the polymerization of all
these monomers was observed when compared to the
polymerizations of (1) with no additive. In addition, styrene
polymerizations with the commercially available RAFT agents
2-(dodecylthiocarbonothioylthio)-2-methylpropionic acid and
4-cyano-4-(phenylcarbonothioylthio) pentanoic acid (a trithio-
carbonate and dithioester, respectively) were also performed in
the presence of 1 equiv of 2,3-dibromomaleimide as an additive.
In both cases a 10-fold reduction in conversion was observed
when compared to styrene polymerization in the absence of
additive. This is clear evidence that the retardation effect is
attributable to the dibromomaleimide group. The observation
that the linear growth of the molecular weight with conversion
and first-order kinetics was maintained in these polymerizations
(Figures S14—S16) also demonstrates that dibromomaleimide
does not irreversibly terminate polymerization nor act as a
chain transfer agent.

Second, to explore this effect further, Sty was polymerized
with 3 in an increased monomer to chain transfer agent ratio,
900:1 (12), while keeping monomer concentration constant.
The effect was that conversion increased to 35% over 16 h as
compared to 4% for the 90:1 ratio concentration. It is proposed
that the decrease in the concentration of dibromomaleimide
decreases the proportion of dibromomaleimide “capped”
radicals, thereby shifting the equilibrium between propagating
radicals and dibromomaleimide “capped” radicals toward the
propagating species, which results in an increase in rate and,
hence, conversion in a given time.

Third, the Sty polymerization was repeated with 90 equiv of
monomer with CTA (1) in the presence of 0, 0.01, 0,05, 0.1,
0.5, and 1 equiv of 2,3-dibromomaleimide; Table S3. After 16 h
of reaction, a clear increase in conversion and M, with
decreasing dibromomaleimide concentration was observed
(Figure 1 and Table S3). SEC chromatograms for each of
these samples also demonstrate this trend and show well-
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Figure 1. Conversion and M, (obtained by SEC) vs the molar ratio of
2,3-dibromomaleimide [(DBM)]/[1] for RAFT polymerizations of
Sty with 1 in the presence of 2,3-dibromomaleimide.
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defined polymer peaks for the lower dibromomaleimide
concentrations (Figure S17). With the retardation effect of
dibromomaleimide on the kinetics of polymerization for
monomers with relatively low propagation constants in RAFT
reactions established, we were interested in exploring if a similar
effect would be observed in ATRP.

We recently reported the synthesis of dibromomaleimide
functional polymers synthesized by ATRP using two
independent post-polymerization modification approaches.*®
It was demonstrated that the polymerization of oligo(ethylene
glycol) methacrylates was severely retarded in the presence of
the dibromomaleimide moiety and as a consequence,
alternative strategies were investigated. As a complement to
the present RAFT study, we explored the viability of the
synthesis of a-dibromomaleimide functional polymers by
ATRP using functionalized initiators (13 and 14, Figure 2).

(o] o) [e]
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| NO Br \ N ° Br
Br HBI’ o
(o] o Br
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Figure 2. Synthesized dibromomaleimide ATRP initiators 13 and 14.

As an initial study, initiator 13 was employed under relatively
standard ATRP conditions for the polymerization of MA and
‘BA, with experimental details and results summarized in Table
2. In both cases, the polymerizations proceeded at an
appreciable rate, with linear first-order kinetics observed
throughout (Figure S18—S21). Analysis of the polymerization
samples by SEC, however, indicated a loss of control, with
bimodal traces observed for each sample (Figure S22 and $23).
Because bimodality was observed at relatively low conversions,
this was attributed to the copolymerization of the dibromoma-
leimide end-group with the propagating chain end.

The effect of the N-substituent of the maleimide has been
widely studied in radical polymerizations.®” A second (N-alkyl)
dibromomaleimide initiator (14) was synthesized and studied
for the polymerizations of MA and ‘BA in an attempt to reduce
the propensity of the dibromomaleimide to undergo copoly-
merization with propagating chains. Polymerizations of MA and
‘BA initiated by (14) proceeded rapidly, with comparable rates
to those initiated with 13. Again, linear first order kinetics were
observed (Figures $24—S27), consistent with a well-controlled
polymerization; however, bimodal SEC traces were obtained
for each of the reaction samples (Figures S28 and S29). We
propose that the difference in polymerization results between
the ATRP and the RAFT systems may be due to the difference
in active radical species in the two systems; in the former, the
radical can be considered “caged”; however, in the latter it has
been demonstrated to be a “free” propagating radical. This is
consistent with the previous observations that the monomer
reactivity ratios measured for ATRP are significantly different
to free radical polymerization.’®™*® Whereas for RAFT
polymerization, reactivity ratios are the same as a RAFT
chain transfer event.*' Following the unsuccessful synthesis of
well-defined dibromomaleimide functional polymers via ATRP,
further studies were conducted using the polymers synthesized
by RAFT.
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Table 2. ATRP Polymerizations Conducted with Initiators 13 and 14, Performed in Toluene” at 65 °C

polymer monomer [I/M] time (h) M,? (kg-mol™) M, ¢ (kg'mol™) M,/M,b conv. (%)
15¢ MA 1:50 3 74 35 1.34 73
167 ‘BA 1:50 3 S.1 6.2 1.94 90
17¢ MA 1:50 3 5.9 3.5 1.54 72
18°¢ ‘BA 1:50 3 S4 6.6 1.44 96

“1:1 v/w with monomer. “Molecular weight data were obtained by SEC. Samples were taken without fractionation or precipitation. “Monomer
conversion monitored by "H NMR spectroscopy. M, , calculated from monomer conversion. “Initiator (13) employed. “Initiator (14) employed.
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Figure 3. MALDI-ToF MS analysis of postpolymerization functionalization of 6 with thiophenol. Spectrum collected in linear mode, with high

resolution masses obtained in reflectron mode.

The postpolymerization modification of dibromomaleimide-
terminated PMA prepared by RAFT using a model thiol was
subsequently explored. Thiophenol was chosen as this gives a
clearly assignable mass shift allowing analysis by MALDI-ToF
mass spectrometry, as well as being UV—vis active, allowing
characterization with SEC coupled to a PDA detector. In the
reaction of 6 with 10 equiv thiophenol in THF at ambient
temperature, only a minor population of monosubstituted PMA
was observed by MALDI-ToF MS after 24 h. However, in the
reaction of 6 with 2.5 equiv of thiophenol in the presence of 2.5
equiv of the base catalyst imidazole, a very rapid reaction was
observed.

MALDI-ToF MS showed that, after 15 min, the major
product was the dithiophenol-maleimide terminated PMA
(19), and after 60 min, no starting material or monosubstituted
PMA remained (Figure 3). SEC analysis showed no appreciable
change in the molecular weight distribution of the thiol
functionalized product (Figure S30). In contrast, the UV—vis
spectrum of the product (19) obtained using the SEC’s PDA
detector showed an absorbance maxima at 415 nm attributed to
the dithiophenol-maleimide group, in addition to the A, at
307 nm due to the trithiocarbonate group (Figure S31).
Current work is exploring these chemistries in a range of
polymer coupling and functionalization applications. We are

particularly excited by the opportunity to allow for reversible
cleavage of the linkage under mild conditions.

B ASSOCIATED CONTENT

© Supporting Information

Materials and apparatus, synthetic protocols, and NMR, SEC,
and MALDI-ToF MS data. This material is available free of
charge via the Internet at http://pubs.acs.org.
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