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A simple one pot orthogonal procedure for synthesizing a-aldehyde, w-thiol heterotelechelic
poly(N-vinylpyrrolidone) (PVP) is introduced. Firstly we designed a xanthate chain transfer agent with an
acetal protected aldehyde functionality in the leaving group, then we synthesized a-acetal w-xanthate
end-functional PVP, via a RAFT-mediated polymerization. The end-groups were modified via a facile,
modular protocol, by first aminolysing the w-xanthate end-groups to form thiols, using an excess of a
primary amine, and subsequently acidifying the reaction medium to simultaneously convert excess
primary amine to its (non-interfering) quaternary ammonium salt form, as well as effect the acid-catalysed
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deprotection of the acetal into an aldehyde functionality, to access the a-aldehyde, w-thiol-PVP. Finally,
we demonstrated the utility of these end-groups by performing conjugations with model small molecules.
This study establishes a facile procedure for accessing different and bio-relevant end-functional groups

www.rsc.org/polymers

Introduction

Bioconjugates of synthetic vinyl polymers have many bio-
medical applications, including as drug delivery vehicles.'™
Often the conjugates are prepared by coupling the reactive
end-groups of telechelic polymers with complementary
functional groups in bioactive compounds or bio(macro)-
molecules.”” In this regard, heterotelechelic polymers are
particularly interesting because the different end-groups can
often be addressed orthogonally.”” Synthetic strategies for
preparing telechelic polymers have been enhanced through
advances made in reversible deactivation radical poly-
merization (RDRP), which enable routine access to precise
polymers, with defined end-groups usable in bioconjugate
formation.**™* One of the main RDRP processes is the revers-
ible addition fragmentation chain transfer (RAFT) technique,
mediated by thiocarbonyl thio compounds, commonly referred
to as RAFT agents.'* RAFT agents generally consist of a leaving
(R) group, and a thiocarbonyl thio functional (Z) group, both
retained in the final polymer as a and o end-groups, respec-
tively. Functional groups incorporated into the R or Z groups,
are retained as o and o end-functionalities, respectively.
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with a biocompatible vinyl polymer, suitable for making drug delivery vehicles.

Z groups are however unstable to nucleophiles, are often
coloured and degrade into odorous compounds. Therefore, the
in situ synthesis of end-functional polymers is traditionally
conducted with R-group functional RAFT agents, for example,
bearing activated esters,">'® activated disulfides,"” biotin,® or
azide functionalities,'® yielding a-end telechelic functional poly-
mers, for use in bioconjugate formation. The w-end thiocarbo-
nyl thio moieties are readily converted into thiols by treating
the polymer with nucleophiles, mainly primary amines.'”"
Thiol end-groups have numerous functionalization possibilities,
including click-type Michael addition reactions with acrylate
and maleimide functionalities and disulfide formation, e.g.
with cysteine residues of peptides or proteins.*>*

Whilst the synthesis of mono-telechelic functional poly-
mers is a mature paradigm, there are still only a few reports on
the synthesis of ao,w-heterotelechelic polymers. One of these
approaches entails using RAFT agents with functionalised
R and Z groups to directly synthesise o,w-heterotelechelic
functional polymers.>* The nucleophilic and thermal insta-
bility of thiocarbonyl thio moieties, however, makes the w-end-
functionality inherently unstable, encumbering this approach.
Other methods utilise a combination of functionalised
R-groups, for a-end-functionality; and either aminolysis of the
Z group to form a thiol,>* or the use of radical-radical
coupling, with concomitant Z group removal,’ to install
o-functionality. Heterotelechelic a-amine, w-thiol poly(N-vinyl-
pyrrolidone) (PVP), has been obtained by simply treating PVP,

This journal is © The Royal Society of Chemistry 2016
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synthesized using O-ethyl S-(phthalimidomethyl) xanthate
RAFT agent, with hydrazine, to effect both the hydrazinolysis
of the phthalamidomethyl R group, to an amine, and the
aminolysis of the w-xanthate chain end to a thiol at the same
time.>* There is a lot of scope, however, to introduce other
combinations of bio-relevant end-functionalities using facile,
preferably one pot, and orthogonal procedures, in order to
further enhance this technology. Orthogonally addressable
a,m-heterotelechelic functionalities such as aldehydes and
thiols interest us, because they have many applications in
bioconjugate formation.”*"**> Aldehydes and thiols, react
readily with amine and thiol functionalities, respectively,
which are found in lysine and cysteine residues, respectively,
of peptides and proteins, under relatively undemanding con-
ditions. PVP, which can be synthesized via the RAFT-mediated
polymerization of N-vinylpyrrolidone (NVP),*® with xanthate
RAFT agents, is an established biocompatible polymer,>”*®
and an attractive choice in the design of a,w-heterotelechelic
polymers for bioconjugate formation.>>>°

Herein we introduce a facile, one-pot and orthogonal
method converting RAFT-made a-acetal, w-xanthate PVP, into
a-aldehyde, w-thiol heterotelechelic PVP. Firstly, we poly-
merized NVP, via RAFT-mediated polymerization using a
triazole based xanthate RAFT agent incorporating an acetal-
protected aldehyde in the R group. Along the way we optimised
the structure of the triazole based R group, to obtain good
control over the RAFT polymerization of NVP; as well as the
structure of the triazole linked acetal, in order to enhance its
acid catalysed deprotection into an aldehyde. Then we develo-
ped a facile, one-pot two-step protocol for aminolysing the
Z group, and then deprotecting the acetal into aldehyde
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Fig. 1 RAFT agent structures.

Table 1 RAFT-mediated polymerization of NVP

View Article Online

Paper

functionality via acid catalysis. Finally we illustrated the use of
these functional end-groups in bioconjugate formation, and
stimuli (pH) responsive release, through the use of model
reactions with small organic molecules.

Results and discussion

In previous work, in our group, we used RAFT agents with a
(1-phenyl-1H-1,2,3-triazol-4-yl)methyl (triazole based) leaving
group to, successfully, control the polymerizations of vinyl
acetate, NVP, n-butyl acrylate and styrene.** We used this
approach to introduce a functional group, ie. an acetal
protected aldehyde, into the R group of RAFT agent 1 (Fig. 1),
synthesised via the copper-catalyzed azide alkyne coupling
reaction (Scheme $17)."**° NVP was subsequently polymerized
using RAFT agent 1, targeting two degrees of polymerisation
(DP), 100 and 200, respectively (entries 1 and 2, Table 1). The
obtained polymers, however, exhibited high B values, of
1.91 and 1.73, respectively, much higher than expected for a
well-behaved RDRP process. We attributed this to a poor
leaving group ability of RAFT agent 1’s R group, compared to
the PVP macroradical, causing hybrid behaviour.®® In our
earlier successful RAFT polymerizations, with triazole-based
RAFT agents, the triazole was directly linked (conjugated) to a
phenyl ring, on the N-1 of the triazole,*® which probably com-
plemented the triazole’s pseudo-aromatic resonance, thereby
improving its leaving group ability. RAFT agent 1, however,
contains a methylene group as a substituent on the N-1 of the
triazole, which cannot offer the same resonance stabilisation
as the phenyl moiety in our earlier work. We therefore intro-
duced a methyl substituent into the R group (i.e. RAFT agent
2, Scheme S27), so as to form a more stable secondary radical
during the polymerization reaction, with a better leaving group
ability. Pleasingly, the polymerisation of NVP using RAFT
agent 2 provided much better control as evidenced by the low
D values (entries 3-5, Table 1), affirming our earlier hypothesis
that the poor control exhibited by RAFT agent 1 was due to the
poor quality of its leaving group. Subsequent "H NMR spectro-
scopic analysis confirmed the retention of a-acetal (methylene
‘g’ at 4.47 ppm and methine ‘%’ at 5.18 ppm) and o-xanthate
(methylene ‘f* at 4.60 ppm) end-groups in the polymers
(Fig. 2). The ratio of «:w-end groups, calculated using the

Entry  RAFTagent  [M]:[RAFT]:[AIBN]  a“(%) Time(h) M, meo(gmol™) M, spc”(gmol™) M, nwvr(gmol™) D

1 1 100:1:0.20 60 5 7000 6400 n/a¢ 1.91
2 1 200:1:0.20 62 5 14000 12700 n/a’ 1.73
3 2 200:1:0.20 26 15 6100 4100 6000 1.20
4 2 200:1:0.25 24 15 5700 3500 5500 1.17
5 2 200:1:0.33 25 15 6000 3900 5900 1.19
6 3 50:1:0.25 60 20 3700 2700 3900 1.24
7 3 100:1:0.25 60 20 7000 5300 7300 1.16

“ Conversmns, determined l;y H NMR spectroscopy.*”

by '"H NMR spectroscopy.*

This journal is © The Royal Society of Chemistry 2016

M,,, sec determined by SEC in DMAc relative to PMMA standards. °
It was not possible to determine end groups because chain ends were not retained quantitatively.

M, nvr determined
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Fig. 2 Representative *H NMR spectrum of PVP, in CDCls, synthesised
using RAFT agent 2.

signals for protons ‘f’: ‘g’, or ‘f’: ‘k’ was above 0.9, indicating a
high degree of telechelic functionalization. Additionally,
M, values calculated from 'H NMR spectroscopy (Mp, nmr)
were in good agreement with theoretical M, values, (entries
3-5, Table 1) indicating very good end group retention.

As part of the RAFT agent structure optimisation, we also
tested the acid catalysed deprotection of the cyclic acetal
R group functionality, into aldehyde, since acetals are known
to readily convert into aldehydes with acid catalysis.*'
Surprisingly, the cyclic acetal of model compound 4 remained
intact upon treatment with 1 M HCI in acetone at room temp-
erature for 24 h (Scheme 1), as evidenced by TLC analysis and
"H NMR spectroscopic analysis of the crude reaction mixture.
Repetition of the reaction under refluxing conditions resulted
in structural degradation. We tried a number of deprotection
conditions, e.g. using p-tosyl sulfonic acid or 10% iodine
in acetone, without any success.>**? It is known that acetals
close to amino groups are more resistant to acid catalysed
deprotection,®® therefore we reasoned that the failed
deprotection of 4 was probably caused by the close proximity
of the acetal to the triazole-ring. As shown in Scheme 2, it is
likely that the triazole ring’s N-3 atom, being the most basic,*”
will be rapidly protonated in acidic media (4B). For hydrolysis
to occur, one of the acetal oxygen atoms needs to be proto-
nated to allow oxocarbenium ion formation (4D), but this
would result in a doubly charged species (4C) incurring a high
thermodynamic penalty. Thus the reaction probably goes no
further than (4B), and forcing the conditions simply promotes
acid catalysed breakdown of the starting material. The added
fact that cyclic acetals are more stable than their acyclic
counterparts probably enhances the difficulty in achieving
hydrolysis on this compound.*® Consequently, we made two

N=N °/> N=N %
\ % \
OO e O
4
Scheme 1 Attempted acid catalysed deprotection of model acetal

compound 4; 1 M HCl in acetone.
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Scheme 2 Proposed mechanism of unsuccessful acetal deprotection.

changes, in order to increase the acid lability of the triazole
linked acetal, firstly we increased the distance between the
triazole and the acetal, by including an extra methylene group
and secondly we switched to using a linear acetal.

Model compound 5 was then synthesized (Scheme S47),
and when treated with 1 M HCI in acetone, the acetal was
successfully deprotected into an aldehyde in ~4 h (Fig. S1t).
Subsequently we synthesized RAFT agent 3 (Scheme S57),
bearing a linear acetal R group functionality, with a longer
spacer between the triazole and the acetal. The RAFT-mediated
polymerization of NVP, with RAFT agent 3, yielded
well-defined polymers, with low D (entries 6 and 7, Table 1).
We obtained monomodal SEC traces (Fig. 3a and b), and
M, increased linearly as a function of conversion (Fig. 3c)
pointing to the living character of the polymerization. Also D
values were consistently low, b < 1.4 (Fig. 3c). The discrepancy
between the experimental and theoretical M,, values, in Fig. 3c,
was attributed to the use of PMMA standards in the SEC
calibration. "H NMR spectroscopic analysis also confirmed the
retention of a-acetal (methylene ‘g’ at 4.37 ppm, and methine
‘W’ at 4.47 ppm) and e-xanthate (methylene /> at 4.60 ppm)
end-groups in the polymers (Fig. 4). The ratio of o:w-end
groups, calculated using the signals for protons ‘f’:‘g,
(or " :‘w’) was also above 0.9, and, M, nmr values agreed
reasonably well with theoretical M,, values, (entries 6 and 7,
Table 1) indicating a very good end group retention.

One-pot sequential deprotection

Our envisioned one-pot, deprotection strategy entails amino-
lysis of the w-xanthate end-group into a thiol, first, and then
(after lowering the pH of the reaction mixture) effecting the
acid catalysed deprotection of the o-acetal moiety into an
aldehyde functionality. The acidic conditions utilised in acetal
deprotection, also serve to quaternize excess primary amine,
used for aminolysis, forming a salt that precipitates out of the
reaction mixture in organic solvent, helping to prevent a dele-
terious side reaction, i.e. Schiff base formation between excess
amine and deprotected aldehyde. We tested the proposed
deprotection procedure on RAFT made PVP (entry 6, Table 1),
by treating the acetone solution of the polymer with n-hexyl-
amine, and then lowering the pH with HCI in dioxane, and
stirring for 4 h (Scheme 3). Afterwards the polymer was puri-
fied by dialysis. "H NMR spectroscopy analysis of the product

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 SEC traces for the RAFT-mediated polymerization of NVP, with RAFT agent 3, for target DP = 100 (a), and 300 (b), and the corresponding

plots of M,, and D, as a function of conversion (c).
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Fig. 4 Representative *H NMR spectrum of PVP, in CDCls, synthesised
using RAFT agent 3.

showed the disappearances of the w-xanthate’s signal f, at
4.60 ppm, due to the aminolysis, and the acetal’s signal £, at
4.48 ppm, due to the acid catalysed acetal deprotection, which
was complemented by the appearance of the a-aldehyde
end-group’s proton signal (i) at 9.79 ppm (Fig. 5). The signal of
the methylene protons ‘g’ also shifted slightly downfield from
4.4 ppm to 4.6 ppm, presumably due to electron withdrawing
effects of the aldehyde. Further analysis was conducted using
SEC. Fig. 6 shows the SEC traces before and after end-group
modification, recorded with RI and UV detectors. The

This journal is © The Royal Society of Chemistry 2016

/ \
H N s—s ~ H
n n
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Scheme 3 One pot deprotection of RAFT made PVP (entry 6, Table 1);
(a) n-hexylamine, acetone, r.t.; (b) 4 M HCl in dioxane, acetone, r.t.

UV detector was set at 280 nm to allow for selective detection
of the w-xanthate chain end moiety. The elution curve, with RI
detection, showed a bimodal peak for the end-group modified
sample, which we attribute to disulfide formation between
thiol end-groups of two polymer chains. Disulfide formation
occurred because we did not take any precautions to prevent
oxidising conditions, which also affirmed the successful
formation of w-thiol end-groups. The UV recorded SEC trace,
of the modified polymer shows no peak in the molecular

Polym. Chem., 2016, 7, 6450-6456 | 6453
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Fig. 5 Comparison of *H NMR spectra of RAFT made PVP, (entry 6,
Table 1) (top) and end-modified, aldehyde functional PVP (bottom), both
in CDCls.
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Fig. 6 SEC traces comparing the DRI (top) and UV (bottom) signals of
unmodified PVP (6, Scheme 3) and end-modified PVP (7a/b, Scheme 3).
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weight region of the polymer, unlike with the sample before
modification, confirming the removal of the xanthate end-
groups. Put together, the "H NMR spectroscopy and SEC ana-
lysis evidence a successful one-pot, orthogonal end-group
modification and synthesis of a-aldehyde, w-thiol-PVP.

Model conjugation reactions and stimuli responsive release

The overall goal of this research program is to synthesize
polymer drug conjugates (using hydrophobic drugs) with the
ability to undergo self-assembly into micellar-type structures,
decorated with targeting ligands on the outside, for cell
specific recognition and uptake, where the drug will then be
released in response to a specific stimulus, i.e. pH. With this
in mind we tested the coupling efficiency of the end-groups
with model small molecule compounds to mimic conjugate
formation. We used glycine-br-serine (Gly-bL-Ser) as a model
compound to mimic the targeting ligand and conjugated it to
the polymer’s a-chain end, by reductive amination (Scheme 4).
Analysis by "H NMR spectroscopy showed the disappearance
of the aldehyde signal (Fig. 7), presumably due to the
formation of the PVP-peptide conjugate (9) via reductive
amination.

The reactivity of the w-thiol was tested by performing a
thiol-Michael addition click reaction between the PVP-peptide
conjugate (9) with a phenyl acrylate, in order to link PVP with
the phenyl moiety via a p-thio propionate. This linkage is par-
ticularly interesting because it is cleavable under mildly acidic
conditions such as those found in endosomes (pH 5.5), but it
is stable at blood pH (7.4), allowing for selective release of the
drug after endocytotic uptake.’® The reaction was carried out
in a 50% aqueous DMF solution, with respective ratios of
[PVP-SH]:[phenyl acrylate]:[triethylamine (catalyst)] of
1:1.5:9.*° The PVP-SH was formed in situ by reduction with
sodium borohydride.>* "H NMR spectroscopy analysis, of the
purified product (11), revealed the appearance of aromatic
protons assignable to phenyl ring, indicating a successful
thiol-Michael addition click reaction (Fig. 7).

Finally, we evaluated the acid lability of the p-thio
propionate by placing the polymer conjugate (11) in an
aqueous solution buffered at pH 5.5. We followed the progress
of the reaction by withdrawing samples, at intervals for TLC
analysis. The release kinetics of phenyl moiety were then
profiled by performing colour intensity measurements of the
TLC plates, using the digitizing software UN-SCAN-IT (Silk
Scientific Inc), in order to obtain a (reasonably) quantitative
interpretation of the TLC analysis over time. A similar experi-
ment was performed on a conjugate kept in phosphate buffer
(pH 7.4) as a control. As shown in Fig. 8, the acid catalysed
cleavage of the p-thio propionate ester linker, releasing the
phenyl moiety, was ~90% complete in just over 5 h. Although
the accuracy of the TLC study is not considered to be great, the
release of the phenolate ion had a similar profile to that
reported by Oishi et al as determined via SEC.*
Consequently, this experiment confirmed the acid lability of
the p-thio propionate ester linker.

This journal is © The Royal Society of Chemistry 2016
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Scheme 4 Model conjugation reactions of a-aldehyde, o-thiol functional PVP; with a model peptide (Gly-pL-Ser) and phenyl acrylate, utilising reduc-
tive amination and Michael addition chemistry, respectively; (a) sodium borate buffer (pH = 9.1), NaBHzCN, r.t.; and (b) NaBHy,4, triethylamine, r.t.
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Conclusions

In conclusion, we have introduced a facile one-pot, orthogonal
strategy for converting an a-acetal, w-xanthate PVP into
a-aldehyde, w-thiol heterotelechelic PVP, by first aminolysing
the o-xanthate chain end, using a primary amine, and then
immediately lowering the pH, to simultaneously capture
excess primary amine and deprotect the acetal into an alde-
hyde, to afford the desired a-aldehyde, w-thiol heterotelechelic
PVP. The PVP was synthesized using a triazole-based xanthate
RAFT agent. It was found that the triazole-ring alone as a
substituent on the a-carbon of the R-group, was not enough to
stabilise the radical during polymerisation of NVP, yielding a
poorly defined PVP. Good control over molar mass and D was
obtained after the leaving group was converted into a second-
ary radical. We also found that a cyclic acetal in close proximity
to the nitrogen-containing triazole functionality was
impossible to deprotect by acid catalysis, presumably due to
unwanted protonation of the N3 atom of the triazole ring. This
could be overcome by increasing the chain length between the
acetal moiety and the triazole-ring (nitrogen source) and by
making use of a linear acetal functionality. Finally we demon-
strated the utility of the functional groups by conjugation with
model small molecules. The a-aldehyde end-group was used to
couple glycine-pr-serine, via reductive amination, whilst the
o-thiol end-group was utilised in a thiol-Michael addition click
reaction to conjugate phenyl acrylate via an acid labile p-thio
propionate ester linker. We also confirmed the acid lability of
that linker. This development, of a modular, one pot protocol
for functionalising polymer chain ends is very important for
enhancing the versatility of biocompatible vinyl polymers for
biomedical applications. Further efforts are currently directed
at using the o-aldehyde, w-thiol heterotelechelic PVP to
prepare viable drug delivery systems.
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