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N-substituted maleimides have become an indispensable tool for
the synthesis of bioconjugates and functional materials. Herein, we
present three strategies for the incorporation of N-alkyl substi-
tuted maleimides into RAFT agents and show that these male-
imide-derived CTAs can be used to easily introduce a range of
chemical functionality at the -position of polymer chains, result-
ing in a,p,®-functional RAFT polymers. With both functional malei-
mides and RAFT agents that are increasingly available on the
market, the approach presented in this study could facilitate the
synthesis of end-functional macromolecules and will complement
well the range of existing synthetic routes, including those utilising
N-substituted maleimides, to functional polymeric materials.

Introduction

Maleimides are versatile molecular tools utilised by chemists
and biologists to engineer functional materials and (bio)conju-
gates. Due to their unique reactivity, maleimides are often part
of ligation strategies to incorporate molecular fragments with
specific functionalities - e.g fluorophores, spin probes,
polymer chains and drugs - into (bio)molecules with comple-
mentarily reactive residues.? This is typically done through (i)
thio-Michael and (ii) Diels-Alder reactions, and (iii) use of
N-substituted maleimides as comonomers in radical poly-
merisations. Due to its high efficiency and, under specific con-
ditions, selectivity, thio-Michael reaction between maleimide

“Division of Molecular Therapeutics and Formulation, School of Pharmacy,

University of Nottingham, Nottingham NG7 2RD, UK.

E-mail: giuseppe.mantovani@nottingham.ac.uk, snow.stolnik@nottingham.ac.uk
bSchool of Life Sciences, University of Nottingham, Queens Medical Centre,
Nottingham NG7 2UH, UK

‘Department of Pharmaceutical and Pharmacological Sciences, University of Padova,
Padova 35131, Italy

School of Chemistry, University of Nottingham, Nottingham NG7 2RD, UK
tElectronic supplementary information (ESI) available: Synthetic procedures
and characterisation of RAFT agents and relative intermediates, polymerisation
reactions. See DOI: https://doi.org/10.1039/d1py01565f

This journal is © The Royal Society of Chemistry 2022

™ COYAL SOCIETY
ap OF CHEMISTRY

Direct routes to functional RAFT agents from
substituted N-alkyl maleimides¥
@b Ruggero Foralosso,? Lampros Spanos,® Emanuele Russo,?

© Pratik Gurnani,
Snow Stolnik*® and Giuseppe Mantovani (2 *

2 Kevin Butler,? Huw Williams,®

and sulfhydryl-containing (bio)molecules is often utilised as
the ligation strategy for the synthesis of bioconjugates. For
example, 8 of the 11 currently approved antibody drug conju-
gates (ADCs) used as anticancer therapeutics,* as well as
clinically PEGylated Fab’ fragment Certolizumab pegol, target-
ing tumour necrosis factor alpha (TNF-a) and clinically utilised
to treat a range of inflammatory autoimmune diseases,” are
generated through maleimide-cysteine coupling. Moreover, the
ability of maleimides to act as electron-deficient dienophiles
in Diels-Alder (DA) reactions resulted in their use to produce a
variety of functional low molar mass intermediates,® bioconju-
gates,” and polymer-based materials.®

In radical polymerisations, N-substituted maleimides
possess a rather peculiar reactivity, in that they have a little or
no tendency for homopolymerisation, but very rapidly cross-
propagate in the presence of electron-rich monomers such as
styrenes.’ This unique behaviour has been exploited in revers-
ible-deactivation radical polymerisations (RDRP) to insert
monomers at predetermined positions of polymer chains,
where N-substituted maleimides are added at definite time
points during the polymerisation reaction and, due to their
preferential crossover propagation, they are very rapidly incor-
porated into specific short segments of the growing polymer
chains.’® The Lutz group have pioneered this approach and
very elegantly utilised N-substituted maleimides to control
monomer sequence distribution in polymers synthesised by
RDRP, inserting functionalities at precisely defined points of
polymer chains.”’! For example, 1-alkyne and activated
ester functionalities have been used to generate polymer
chains with defined intramolecularly crosslinked regions,"?
including well-defined structures such as a-shaped®" and more
complex'® macromolecular origamis. Bulky substituents such
as functional dendrons™ and, following post-polymerisation
modification, poly(ethylene oxide) side chains'' can also be
introduced within specific segments of polymer chains.
Harrisson and co-workers have then investigated the level of
monomer insertion precision that can be obtained using
chain polymerization, and estimated that improved control
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can be attained for longer chains, controlling the relative posi-
tion of a specific monomer with respect to the total chain
length.*?

Taking advantage from their very low tendency to homopoly-
merize, Stayton and co-workers successfully inserted single
N-substituted maleimide units at the o (Z)-terminal chain end
of RAFT polymers with very good efficiencies.”® Xu et al. utilised
photoinduced electron/energy transfer (PET) to develop a single
unit monomer insertion (SUMI) strategy based on RAFT poly-
merisation, where three different monomers, including
N-substituted maleimides, are sequentially added, to generate
well-defined trimers with high control over monomer
sequence.”* Longer discrete and stereospecific oligomers were
subsequently synthesised by Xu and Boyer following a similar
approach, under red light irradiation and ZnTPP as the photo-
catalyst, using and indenes and N-substituted maleimides as
electron donor and electron acceptor monomers, respectively.>

RAFT polymerisation is ideally suited for the synthesis of het-
erotelechelic polymers, that is, polymer chains with different
functionalities at their a and ® chain-ends, which are derived
from the R and Z groups of the chain-transfer agents (CTAs)
chosen for their synthesis.>*>® However, for specific applications
an additional functionality may be required at one of the two
polymer chain-ends, to give o,f,o-functional polymer chains. In
this work, we addressed this need and describe three synthetic
routes where functional N-alkyl maleimides are utilised to insert
specific functionalities between the R and Z groups of trithiocar-
bonate CTAs. Following characterisation of these CTAs, we then
show that they can be successfully employed to generate
a,B,m-functional polymers using acrylates and acrylamide model
monomers. We believe that our approach complements well the
existing routes to functional heterotelechelic (co)polymers and,
with the increasing number of N-substituted maleimides that
are increasingly becoming available it could become a valuable
strategy among the wide toolbox of synthetic strategy to produce
functional polymeric materials.

Results and discussion
Design of N-alkyl maleimide-derived chain-transfer agents

To produce the required maleimide-derived chain-transfer
agents (Mal-CTAs) the three synthetic strategies illustrated in
Fig. 1 were designed. These routes rely on a single unit
monomer insertion approach, which involves the addition of a
single monomer molecule to a preformed RAFT agent,”® or a
bis(thioacyl) disulfide. In Route 1a, oxidative coupling of
trithiocarbonate salts (D)*° using K;Fe(CN)g or I, afforded the
bis(thioacyl) disulfides (A). Reaction of the latter with 1.8 equi-
valent of AIBN, used here as a representative model azo-
initiator, and N-alkyl maleimides (B) at 70 °C in toluene,
afforded the desired (Mal-CTAs) (chemical structures shown in
Chart 1).

Route 1b starts from a preformed trithiocarbonate CTA (C),
thus it is particularly suited for use with commercially avail-
able RAFT agents, e.g. 2-cyano-2-propyl dodecyl trithiocarbo-
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nate CTA (7) used in this work. These can be converted into
the final N-alkyl maleimide-derived chain-transfer agents Mal-
CTAs in one step, by reaction with 0.05 eq. of a radical azo
initiator. With an increasing number of trithiocarbonate CTAs,
as well as bis(thioacyl) disulfides, that are now becoming avail-
able on the market, strategies 1a and 1b provide a direct
access to the desired Mal-CTAs from readily accessible precur-
sors. If required, trithiocarbonate CTAs starting materials (C)
can also be obtained from bis(thioacyl) disulfides (A) by treat-
ment with a radical azo initiator.”® However, as already dis-
cussed, in this case Route 1a allows to bypass this extra step,
affording the desired N-alkyl maleimide-derived Mal-CTAs
directly from bis(thioacyl) disulfides precursors (A).

Route 2 starts from trithiocarbonate salts (D), prepared
from thiols and CS,, again following well-established proto-
cols®® (ESI, Scheme S17). Reaction of these with an a-halogen
propionic ester, in this case methyl 2-bromopropionate,
afforded the intermediates with general structure (E), which
were then treated with 0.05-0.010 eq. of AIBN to give the
desired N-alkyl maleimide-derived Mal-CTAs.

Fig. 1 (bottom) also shows the chemical structure of all
intermediates utilised in this work. Hydrophobic (10a) and
hydrophilic (10b) and (10c) N-alkyl substituted maleimides
were chosen for these proof-of-principle experiments as model
maleimide monomers (Fig. 1). (10a) possesses a diglyceride-
like structure, and its incorporation at the f position results in
polymers with two fatty acid ester moieties at their chain-end.
These materials possess a molecular structure largely analo-
gous to that of a-diglyceride polymers described by Hawker
and co-workers,*" and to that of phospholipid-terminated poly-
mers utilised as membrane-inserting macromolecules for the
modification of artificial lipid bilayers,”* and plasma mem-
branes of selected cells both in vitro®*>® and in vivo.”
Maleimides (10b) and (10c) were chosen as representative
example of a hydrophilic maleimide monomer, with free
hydroxyl groups available for further chemical modification
either prior or after incorporation into the desired functional
polymers. Both maleimide derivatives were synthesised by
reacting a furan-maleic anhydride Diels-Alder adduct with an
appropriate amine in methanol in the presence of Et;N, fol-
lowed by removal of furan protecting group by retro Diels-
Alder reaction in refluxing toluene, to give the maleimide
monomers (10a), (10b), (10c) used in this study (ESI,
Scheme S27).

Hydrophilic and hydrophobic bis(thioacyl) disulfides (3)
and (6), respectively, were used for Route 1a. It should be
noted that although in this study bis(dodecylsulfanylthiocar-
bonyl) disulfide (6) was synthesised as described in the ESI,T
this intermediate is also commercially available, which further
simplifies access to the desired Mal-CTAs. The same consider-
ation also applies to 2-cyano-2-propyl dodecyl trithiocarbonate
CTA (7), which was chosen as the starting point for Route 1b.

Route 2 started from sodium 2-hydroxyethyl carbonotrithio-
ate (1) and sodium dodecyl carbonotrithioate (4), which follow-
ing reaction with 2-bromo methylpropionate in acetone at
ambient temperature gave the trithiocarbonate CTAs (2) and

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Top. Synthetic routes to N-alkyl-substituted maleimide-derived chain-transfer agents (Mal-CTAs) synthesised in this study. Bottom: precur-

sors utilised to produce the Mal-CTAs.

(5) respectively. Finally, treatment of the latter with 0.05-0.010
eq. of AIBN at 70 °C in the presence of N-alkyl substituted mal-
eimides (10a) and (10b) afforded the required maleimide-
derived chain-transfer agents (Mal-CTAs). The chemical struc-
ture of all Mal-CTAs synthesised in this work is shown in
Chart 1. Overall yields for isolated Mal-CTAs are in the 22-73%
range (Tables S1 and S27), which is in line with previous work
by Coote, Boyer, Xu and co-workers, who reported an overall
yield of 56% for a single insertion of N-phenylmaleimide (PMI)
into n-butyl benzyl trithiocarbonate (BBTC) CTA, using zinc tet-
raphenylporphyrin (ZnTPP) as the photocatalyst, after 20 h of

This journal is © The Royal Society of Chemistry 2022

red-light irradiation (An.x = 635 nm) and subsequent purifi-
cation by silica chromatography. These authors also reported
that further increasing the [maleimide]:[CTA] ratio not only
did not improve the reaction yield, but rather led to more by-
products due to multiple maleimide monomer insertions.”®
For the synthesis of (11a-c) and (12a-b), the complex pattern
of signals in the 'H NMR spectra of these RAFT agents do not
allow to easily detect potential traces of azo initiator-derived
by-products in the crude reaction mixtures, although their
presence before the purification steps in principle cannot be
ruled out.

Polym. Chem., 2022, 13, 6261-6267 | 6263
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Chart 1 Maleimide-derived chain-transfer agents (Mal-CTAs) synthesised in this work.

In terms of reaction mechanism and characterisation of
the final Mal-CTA, the two sp>-hybridsed CH vinyl carbon
atoms of maleimide precursors are prochiral, that is, each
can be converted into a chiral centre by addition of a further
substituent. '"H NMR analysis of (13b) is discussed here as a
representative example, as this Mal-CTAs does not possess
any chiral centres in R group of the precursor, or in the
N-alkyl substituent R of the maleimide monomer, which
would result in more complex spectra due to the presence of
additional stereoisomers.

In principle, addition of two substituent to maleimide vinyl
group could occur in cis (syn)- or trans (anti)-fashions. The
presence of a single pattern of signals for -CHSC(S)SZ- (6 =
4.72 ppm, d, Jutpng = 6.2 Hz, He) and CHC(CH;,)ZCN (CHR, § =
3.22 ppm, d, Jugur = 6.2 Hz, Hy) groups in the 'H NMR spec-
trum of (13b) indicated that addition of R and Z groups of its
CTA precursor (or R group from the azo initiator and Z from
bis(thioacyl) disulfides) to the maleimide vinyl group was
stereoselective, leading exclusively to a single pair of enantio-
mers (Fig. 2, top). Although experiments such as single-crystal
X-ray diffraction to assign the absolute configuration of the
stereocentres of the adducts were not carried out in this study,
both reaction mechanism and "H NMR spectral features of our
Mal-CTAs closely resemble those of the trans-(BBTC-PMI)
adduct described by Coote, Boyer, Xu and co-workers>
strongly suggest that (13b) exists as a mixture of ¢rans-stereoi-
somers, namely enantiomers (R,S) and (S,R), at their newly
generated saturated 5-membered rings. Moreover, the J coup-
ling constant Jye s = 6.2 Hz observed for the two CH at the
newly generated stereogenic centres is in line with those
reported in previous studies (J = 6.4-6.5 Hz) for trans-adducts
formed by reaction between substituted maleimides and
xanthates,®™*° further suggesting a trans-configuration for
(13b) and the other Mal-CTAs synthesised in this work.

6264 | Polym. Chem., 2022, 13, 6261-6267

This is consistent with a mechanism by which a 2-(2-
methylpropanenitrile) radical is first added to the maleimide
ring, providing significant steric hindrance on the face at
which this first addition occurred. As a result, addition of the
second substituent occurs at the less sterically encumbered
opposite face of the 5-membered rings, yielding a trans (anti)-
adduct. 'H and *C NMR spectra of all Mal-CTAs, along with
2D COSY and HSQC spectra are shown in the ESI, Fig. S42-
S73.7 Conversely when a relatively less hindered 2-methyl-
propanoate group was added to the maleimide vinyl group the
presence of a small amounts of the minor cis (syn) adduct was
also observed (Fig. 2, bottom), with signals for the -CHSC(S)SZ
proton in their '"H NMR spectrum shifted at lower fields, and
with larger J coupling values of around 9 Hz, consistent with a
smaller torsion angle (5-10°) for the cis (syn) isomer. NOESY
analysis further supported this assignment, by showing that,
for the trans (anti), but not cis (syn) isomer, the -CHSC(S)SZ
proton is spatially close to the methyl group of the 2-methyl-
propanoate substituent (Fig. S50 and S58+).

Next, to confirm their suitability to mediate RAFT polymeris-
ations, selected Mal-CTAs were utilised for the polymerisation
of (i) n-butyl acrylate (BA) and (ii) N-hydroxyethylacrylamide
(HEA), 4-acryloylmorpholine (NAM), and N,N-dimethyl-
acrylamide (DMA) as model acrylate and acrylamide monomers,
respectively, initially at a [monomer],:[Mal-CTA], = 50:1
(Fig. 3). Polymerisations of BA were carried out using the rela-
tively hydrophobic Mal-CTAs (11a) and (12a) in DMF, using
AIBN as the radical initiator, whereas for HEA, NAM and DMA
hydrophilic acrylamide monomers and more hydrophilic CTA
(11b) Perrier’s ultrafast RAFT conditions,*" with VA-044 azo
initiator in water/1,4-dioxane, were chosen (Table S37). All poly-
merisations were found to be controlled, with molar mass dis-
tributions D < 1.20 (Table 1, runs 15-19). Using N,N-dimethyl-
acrylamide (DMA) as a representative acrylamide monomer,

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Top: *H NMR spectrum of racemic trans (anti)-adduct Mal-CTA
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polymers with increasing DP - [monomer], : [Mal-CTA], = 50,
100, 200, and 500 : 1 — were then synthesised.

A slight shoulder at low molecular masses was observed in the
SEC traces of the two shorter polymers (11b)-DMA;, and (11b)-
DMAy;, potentially suggestive of either a small proportion of early
irreversible termination, or slow consumption of the RAFT agent
in the pre-equilibrium step. (Mal-CTA}-DMA, materials with
higher molar mass (11b)-DMA,;, and (11b)-DMA,,5s had compar-
ably more symmetrical traces, and again good control over molar
mass dispersity was achieved (Table 1, runs 19-22).

To further examine the controlled nature of these poly-
merisations, we periodically sampled a DMA polymerisation,
mediated by (13b) at 15, 30, 60, 120 and 360 min. Consistent
with conventional RAFT agents, the polymerisation with Mal-
CTA (13b) exhibited a linear evolution of molar mass with con-
version. SEC chromatograms displayed narrow molar mass dis-
tributions for each time point (P < 1.20, Fig. S84f%).
Furthermore, the first order kinetic plot also exhibited the
typical linear increase then plateauing due to termination,
with a small acceleration between 120 and 360 min likely due
to the gel effect at high conversion.

To extend the range of monomer types and Mal-CTAs evalu-
ated, we also conducted a polymerisation using (13b) with
methyl methacrylate (MMA) targeting a DP of 125.
Interestingly the resulting polymer displayed a broad molar
mass distribution (P = 2.05) and M, ggc (51.0 kg mol ™) signifi-
cantly higher than the theoretical molar mass (10.5 kg mol ™),
suggesting methacrylate polymerisations may not be con-
trolled with this Mal-CTA (Fig. S85 and Table S4f). We
theorised this was due to the insertion of the maleimide
between the typically stabilising nitrile based reinitiating
group and the trithiocarbonate. This would lead to a more
stable radical on the MMA initiator derived chains than the
maleimide reinitiating group on the Mal-CTA resulting in poor
CTA participation in the polymerisation and thus high molar
masses with high dispersity. To investigate this, we conducted
an identical MMA polymerisation with CTA (7), the precursor
to Mal-CTA (13b). In this case, the polymerisation was well
controlled, displaying low dispersity (P = 1.19) while the
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Fig. 3 Synthesis and SEC characterisation of «,p,0-functional polymers produced from maleimide-derived CTAs. Reagents and conditions. a. for
(Mal-CTA)-(BA),, — [BAl : [Mal-CTAlp 50 : 1, DMF, AIBN, 80 °C, 90 min; for (Mal-CTA)-(HEA),, and (Mal-CTA)-(NAM),, — [monomer], : [Mal-CTA], 50: 1,
water : 1,4-dioxane, VA-044, 100 °C, 15 min; for (Mal-CTA)-(DMA),, — [DMAI], : [Mal-CTA]o 50, 100, 200, 500 :1, DMF water : 1,4-dioxane, VA-044,
75 °C, 15 min. HEA = N-hydroxyethylacrylamide, NAM = 4-acryloylmorpholine, DMA = N,N-dimethylacrylamide. Right: SEC traces for the analysis of
(Mal-CTA)-(HEA),, (Mal-CTA)-(NAM),, and (Mal-CTA)-(DMA),, polymers, in DMF + 0.1% LiBr as the mobile phase. (Mal-CTA)-(BA),, were analysed
using CHClz as the mobile phase and are shown in the ESI.}
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Table 1 Composition and molar mass distribution of the maleimide-based polymers synthesized in this study

Code Polymer Mal-CTA Monomer [M]o : [Mal-CTA], Conversion” (%) DPiheo’ My, sec (kg mol™) D

15 (11a)-BAy, (11a) BA 50 97 48 7.2¢ 1.17°
16 (12a)-BA, (12a) BA 50 69 34 7.6° 1.15°
17 (11b)-HEA,; (11b) HEA 50 87 43 7.8¢ 1.14
18 (11b)-NAM,o (11b) NAM 50 98 49 6.17 1.174
19 (11b)-DMA;, (11b) DMA 50 79 39 5.14 1.15¢
20 (11b)-DMA,, (11b) DMA 100 97 97 10.7° 1.207
21 (11b)-DMA,g, (11b) DMA 200 92 184 16.97 1.17¢
22 (11b)-DMA 5 (11b) DMA 500 95 475 35.87 1.244

“Determined by 'H NMR, by comparing the area of the vinyl signals of residual monomer with that of polymer pendant chains. ” Theoretical
degree of polymerisation was calculated from monomer conversion and initial [M], : [Mal-CTA],. © Estimated by SEC analysis, using chloroform as
the mobile phase and PMMA narrow standards. ¢ Estimated by SEC analysis, using DMF + 0.1 w/w% LiBr as the mobile phase and PMMA narrow

standards.

theoretical (M = 10.5 kg mol ™) and experimental (M sk =
13.2 kg mol™') were in closer agreement (Fig. S84 and
Table S47). Overall, this highlights a potential limitation for
the use of these Mal-CTAs to mediate the polymerisation of
methacrylate monomers, while being able to efficiently control
acrylate and acrylamide polymerisations.

Conclusions

In summary, in this study we present three general strategies for
the synthesis of functional chain-transfer agents starting from
N-alkyl substituted maleimides. Typically heterotelechelic poly-
mers can be produced by RAFT polymerisation by using chain-
transfer agents with functional R groups and subsequently mod-
ifying the thiocarbonylthio group at the w-chain-end.””** By
using appropriate N-substituted maleimides and common RAFT
agents and precursors, the simple approach we present allows
for a facile introduction of an additional residue at the
B-position of a polymer chain, resulting in o,p,o-functional poly-
mers, potentially further expanding the range of applications of
RAFT polymers. Moreover, an increasing number of maleimide-
containing derivatives are becoming available, largely driven by
their application in biology and conjugation chemistry. At the
same time, many RAFT agents are also now available on the
market. Our strategy can therefore allow for the production of a
range of functional chain-transfer agents - incorporating for
example fluorophores, ligands, peptide/proteins or drug mole-
cules - in one simple step starting from commercially available
maleimide derivatives and RAFT agents. We believe that the
strategies presented in this study complements well the existing
techniques which utilise N-substituted maleimides for the syn-
thesis of functional polymers and will further expand the palette
of tools available to polymer chemists for the design of func-
tional CTAs and resulting polymeric materials.
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