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ABSTRACT: Tailor-made water-soluble macromolecules,
including a glycopolymer, obtained by living/controlled
RAFT-mediated polymerization are demonstrated to react
in water with diene-functionalized poly(ethylene glycol)s
without pre- or post-functionalization steps or the need for
a catalyst at ambient temperature. As previously observed
in organic solvents, hetero-Diels—Alder (HDA) conjuga-
tions reached quantitative conversion within minutes when
cyclopentadienyl moieties were involved. However, while
catalysts and elevated temperatures were previously
necessary for open-chain diene conjugation, additive-free
HDA cycloadditions occur in water within a few hours at
ambient temperature. Experimental evidence for efficient
conjugations is provided via unambiguous ESI-MS, UV/vis,
NMR, and SEC data.

ombining controlled/living polymerizations' with modu-
lar orthogonal conjugation” has led to a paradigm shift
within polymer science.’ This effective combination has led to a
multitude of novel materials with a wide array* of functionality
and architecture for application in scientific fields as varied as
biology® through to high-end semiconductor manufacturing.®
At the forefront of the free radical polymerization/click con-
jugation field, reversible addition—fragmentation chain-transfer
(RAFT) polymerization with subsequent hetero-Diels—Alder
(HDA) cycloaddition has proven to be one of the premier
synthetic tools.” This is due to the ultrafast kinetics of the reac-
tion, the mild conditions required, the occasional absence of
catalyst, the compatibility with a number of substrates, and the
potential reversibility of the linkage.7b’8 However, to date, no
RAFT-HDA conjugations in benign solvents such as water have
been reported. Water presents non-negligible advantages for organic
reactions. Its abundance and low impact on the environment make
it a cheap and green solvent. Some direct effects were also observed
on specific reactions. For instance, water could increase the rate of
some reactions, e.g, Diels—Alder [4+2] cycloaddition9 or Claisen
rearrangement, or even enhance selectivity.'®
The ability to carry out macromolecular conjugations in aque-

ous environments has numerous advantages, especially when con-
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sidering biological applications. For instance, polymer—protein'!
click conjugations have been achieved previously in aqueous
media using the copper-catalyzed azide—alkyne 1,3-dipolar cyclo-
addition (CuAAC). However, from a biological standpoint, the
need for a metal catalyst in CuAAC can be problematic.'” There
have been catalyst-free examples of this reaction employing
strained cyclooctynes," but the latter require multiple steps for
their synthesis and incorporation. The difficulty in the synthesis
of the starting materials represents the major limitation of the
recently reported tetrazine—norbornene click reaction as well."*
The ultimate goal is to find a methodology where one can first
synthesize a polymer with common reagents and subsequently
employ this polymer with no further functionalization and effi-
ciently carry out further conjugation without catalyst in biologi-
cally relevant media. Such an achievement would represent a
major step forward in the field of polymer (bio)conjugation.

Herein, we demonstrate for the first time the aqueous
modular ligation of poly(2-hydroxyethyl acrylate) (PHEA) and
poly(glucopyranosyl acrylate) synthesized with classical RAFT-
HDA agents without the need for a post-functionalization
method. The ability of these agents to control the polymeriza-
tion is demonstrated. The potential of these as-formed poly-
mers for subsequent efficient conjugations in aqueous environ-
ments with no catalyst is demonstrated through their (ultra)fast
and stoichiometric reactions with diene-functionalized poly-
(ethylene glycol)s (PEGs).

To demonstrate the possibility of RAFT-HDA cycloadditions
in aqueous solution, water-soluble PHEA (1a,b; see Table S1
for SEC-derived molecular weight averages) was prepared
employing 2-cyanoprop-2-yl diethoxyphosphoryldithioformate
as chain-transfer agent (Scheme 1). Addition of an excess cyclo-
pentadiene to an aqueous solution of la resulted in an
instantaneous discoloration indicating the consumption of the
dithioester end-group.

Figure 1la depicts the monitoring of the reaction by size exclu-
sion chromatography—electrospray ionization—mass spectrometry
(SEC-ESI-MS). A shift of the main distribution of 66 amu
reveals the cycloaddition of cyclopentadiene (M = 66.05).
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Scheme 1. Polymers Prepared by RAFT Polymerization
Serving as Dienophiles in the RAFT-HDA Reaction®
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“la and 1b represent poly(2-hydroxyethyl acrylate)s of different
molecular weights.
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Figure 1. SEC-ESI-MS spectra of PHEA (1a) prior to (top) and after
(bottom) reaction with (a) cyclopentadiene and (b) transtrans-2,4-
hexadien-1-ol in water at ambient temperature.

A series of signals of lower intensity shows an equal shift to
higher m/z values. These signals correspond to the incorpor-
ation of one repeat unit of ethylene glycol diacrylate
(EGDA) which is formed from HEA by transesterification
(see Figure S4 for structures and a zoom into one repeat
unit). Signals corresponding to la in the product spectrum
do not necessarily indicate incomplete conversion. Previous
MS-MS investigations’® and the fact that the cycloadition
reaction can be quantitatively reversed at 90 °C*" suggest that
their occurrence can be explained by a retro-HDA reaction under
ESI-MS conditions.

It was demonstrated in previous publications that diethoxy-
phosphoryl dithioester-functionalized polymers react with trans,
trans-2,4-hexadien-1-ol-based open-chain dienes in a quantitative
fashion at elevated temperatures (SO °C) in the presence of
ZnCl, in chloroform solution.”* The drastic acceleration of many
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(hetero-)Diels—Alder reactions in aqueous media compared to
organic solvents”™ encouraged us to investigate the ability of 1a
to react with trans trans-2,4-hexadien-1-ol in water at ambient
temperature. The SEC-ESI-MS spectra in Figure 1b prove that
quantitative conversion was achieved without a catalyst employ-
ing water as reaction medium. The achievement of RAFT-HDA
conjugations at ambient temperature employing open-chain
dienes represents a major advancement of the concept. Func-
tionalization of molecules with a hexadienoyl moiety is straight-
forward in contrast to the incorporation of a cyclopentadienyl
group which may undergo self-dimerization. Further confirma-
tion for the assigned structures is provided by 'H NMR
spectroscopy (Figure 2). In the case of cyclopentadiene employed
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Figure 2. Partial "H NMR spectra of PHEA prior to (top) and after

reaction with cyclopentadiene (middle) and transtrans-2,4-hexadien-1-ol
(bottom) in water at ambient temperature. See Figure S5 for full spectra.

as the diene, two new signals (e+d) between 6.0 and 6.1
ppm, and between 6.4 and 6.6 ppm, can be assigned to the
protons of the olefinic double bond of the cycloadduct 3.'°
The formation of a 3,6-dihydro-2H-thiopyran ring using
trans,trans-2,4-hexadien-1-o0l as diene is indicated by the
occurrence of a multiplet between 5.6 and 6.1 ppm arising
from the olefinic protons (f+g) of different stereo-/regioiso-
mers of the cycloadduct 4.7 It should be noted that the
product signals partially overlap with three signals (a+b+c)
originating from the acrylic double bond of the PHEA
species 1a’ with an EGDA repeat unit.

To explore the possibility of polymer—polymer conjugations
in water, two PEGs bearing appropriate end-groups (Scheme 2)

Scheme 2. Diene-Functionalized Poly(Ethylene glycol)s
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were employed as dienes in the HDA reactions displayed in
Scheme 3. Importantly, no purification step was performed
after the coupling reactions.
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Scheme 3. Formation of Block Copolymers by HDA
Cycloaddition in Water at Ambient Temperature
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The progress of the coupling reaction can be monitored
by UV/vis spectroscopy utilizing the strong absorbance at
327 nm caused by an allowed 7—z* transition of the terminal
dithioester (see Figure S9 for a UV/vis spectrum of PHEA 1b).
UV/vis and SEC monitoring of the HDA coupling confirms
that utilizing PEG-Cp (5) as diene enables quantitative poly-
mer conjugation within 15 min (Figures 3a and S6). Thus,
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Figure 3. UV/vis monitoring of the HDA coupling of (a) PHEA (1b)
and PEG-Cp (S) and (b) PHEA (1b) and PEG-OCD (6) in
equimolar ratios in water at ambient temperature. The decrease of
the absorbance at 327 nm is associated with the polymer—polymer
conjugation. The inset in (b) shows the evolution of the UV/vis
spectra with reaction time.

the reaction proceeds in an equally fast manner as in chloro-
form solution.”® Although inspection of Figure 3b indicates
that the cycloaddition is significantly slower with PEG-OCD
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(6) as the diene, block copolymer formation is achieved in a
remarkably short reaction time of 4 h and thus even faster
than in organic media at 50 °C in the presence of ZnCl, as
catalyst.”*

To further investigate the coupling efficiency, an
equimolar solution of PHEA (1a) and PEG-OCD (6) in
water was stirred for 4 h at ambient temperature. The solvent
was removed in vacuo and the residue analyzed by SEC as
depicted in Figure 4.
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Figure 4. Overlay of SEC traces (THF) showing the formation of la-
b-6 from PHEA (la) and PEG-OCD (6) in water at ambient
temperature. Refer to Table S1 for the molecular weight averages
associated with the depicted distributions.

A clear shift to lower retention times indicates the successful
block copolymer formation. The click product displays a unimodal
distribution without any tail or shoulder associated with the
starting materials. When PEG-Cp is employed as diene, block
copolymer formation is achieved within 15 min, as can be seen
from the SEC traces in Figure S6. In addition, "H NMR analysis
provides unambiguous evidence for the generation of a new C—C
double bond associated with the formation of the HDA
cycloadduct (Figures S7 and S8).

To further expand the scope of RAFT-HDA conjugation
in aqueous solution, we investigated the utilization of the
glycopolymer poly(3-O-acryloyl-a,f-p-glucopyranoside)
(PAGIc, 2, see Table S1 for SEC data) (Scheme 1) as
dienophile. Glycopolymers represent a valuable class of
water-soluble polymers due to their biocompatibility and
the ability to form specific binding interactions with bio-
molecules.'® The HDA ligation with PEG-Cp (Scheme 4)

Scheme 4. Formation of PEG-b-PAGIc by HDA
Cycloaddition in Aqueous HCl at Ambient Temperature
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was carried out in a 0.01 M aqueous HCI solution, as the
pyridinyl dithioester end-group must be activated by
protonation. The SEC trace of the coupling product after
15 min reaction time shows a clear shift to lower retention
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Figure S. Overlay of SEC traces (DMAc) showing the formation of
5-b-2 from PEG-Cp (5) and PAGIc (2) in 0.01 M aqueous HCI at
ambient temperature. Refer to Table S1 for the molecular weight
averages associated with the SEC data.

times compared to the individual building blocks (Figure S),
indicating quantitative formation of the desired block copolymer.

In summary, we have demonstrated that the HDA cycloaddi-
tion of RAFT polymers permits an efficient and rapid con-
jugation in aqueous solution at ambient temperature without
the need of a catalyst. The effect of water as solvent enables
for the first time the use of open-chain dienes at ambient tem-
perature within the RAFT-HDA concept. These findings pave
the way for the application of RAFT-HDA as a tool for protein
functionalization. Appropriate work is currently in progress in our

group.
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