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ABSTRACT: A new methodology has been developed for
preparing α-functional polymers in a one-pot simultaneous
polymerization/isocyanate “click” reaction. Our original syn-
thetic strategy is based on the preparation of a carbonyl-azide
chain transfer agent (CTA) precursor that undergoes the
Curtius rearrangement in situ during reversible addition−
fragmentation chain transfer (RAFT) polymerization yielding
well-controlled α-isocyanate modified polymers. This strategy
overcomes numerous difficulties associated with the synthesis of
a polymerization mediator bearing an isocyanate at the R group
and with the handling of such a reactive functionality. This new carbonyl-azide CTA can control the polymerization of a wide
range of monomers, including (meth)acrylates, acrylamides, and styrenes (Mn = 2−30 kDa; Đ = 1.16−1.38). We also show that
this carbonyl-azide CTA can be used as a universal platform for the synthesis of α-end-functionalized polymers in a one-pot
RAFT polymerization/isocyanate “click” procedure.

■ INTRODUCTION

In recent years, the most significant advances in polymer
chemistry have relied on the exploitation of organic chemistry
concepts and tools to control the structure of polymeric
architectures at the molecular level. Preparation of new
nanomaterials with improved properties and applications is
still an intense and challenging area for scientists,1 and the
advance of modern synthetic methods has paved the way for
new opportunities in the preparation of well-defined materials
based on polymeric macromolecules.2 Among these materials,
end-functionalized polymers are receiving considerable atten-
tion, due to their wide applications in chemistry, medicine, and
material science.3 To achieve end-functionalized polymers,
researchers have widely adopted techniques typically employed
in the synthesis of small organic molecules and applied them to
macromolecular chemistry.2 Today, one of the remaining
challenges is still to explore and combine these highly efficient
organic reactions to respond to the challenges of bringing this
chemistry to the macromolecular scale.
End-functionalized polymers are usually obtained via chain

growth polymerization using one of the two following
strategies: (1) Prepolymerization modification, in which a
functionalized polymerization initiator carrying the desired
functionality is synthesized.4 This strategy provides a high
degree of α-functionalization, if polymerization conditions are
carefully chosen. However, this approach is time-consuming,

may require several synthetic steps, and lacks versatility, since a
different initiator has to be synthesized for each new α-
functionalized polymer. (2) Postpolymerization modification, in
which the polymer chain bearing a reactive group reacts with,
e.g., a (bio)molecule of interest that possesses a complementary
functional group.5 Such a strategy is challenging, since the
coupling reaction has to be very efficient in order to
compensate for the low accessibility of the polymer chain-end
(due to steric hindrance).
Over the past decade, a growing number of tools has been

developed and combined to access controlled and function-
alized architectures. Among these tools, the advent of
reversible-deactivation radical polymerization (RDRP,6 also
known as controlled radical polymerization or CRP), e.g.,
reversible addition−fragmentation chain transfer, RAFT,7 atom
transfer radical polymerization, ATRP,8 aminoxyl-mediated
radical polymerization, AMRP (also known as nitroxide
mediated polymerization, NMP),9 as well as ring-opening
polymerization (ROP) has allowed for the synthesis of very
well-defined polymers with a very precise control of the chain-
end. Furthermore, the use of highly efficient coupling
chemistries, such as “click chemistry”, enables polymer chemists
to overcome one of the central difficulties in functionalizing
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macromolecules.10 However, a critical analysis of the character-
istics of the most widely used “click” reactions highlights a few
drawbacks.11 For example, while the copper(I)-catalyzed
azide−alkyne cycloaddition (CuAAC) reaction remains a gold
standard for “click” reactions,12 it requires the introduction of
one of the entities (azide or alkyne) on the (bio)molecules of
interest, as none of these two functional groups exist in natural
compounds. This demands preliminary stages of synthesis that
can add very significantly to the complexity of the coupling
strategy. Moreover, such azide groups may be involved in side
reactions during radical polymerization,13 and the copper
catalyst can contaminate the product. For the thiol−ene/yne
and Michael-addition type reactions,14 drawbacks include the
necessity to introduce the thiol and ene/yne functionalities on
the bio(molecule) of interest for a further “click” reaction, since
these groups are reactive in radical chemistry. Likewise, the
strict orthogonality of the attractive (hetero)Diels−Alder
“click” reaction,15 coupled to the necessity of using
protection/deprotection steps, limits its versatility.
In this context, it would be highly advantageous to employ a

functionality that is readily synthesized, is stable in radical
polymerization, and is capable of reacting efficiently with a wide
range of (naturally occurring) functional groups. In this respect,
the isocyanate group is a very promising candidate. Isocyanates
can be easily and safely prepared from carboxylic acids via a
thermal Curtius rearrangement of the carbonyl-azide group.16

The (re)discovery of diphenylphosphoryl azide (DPPA) has
simplified their synthesis,17 avoiding the use of potentially
explosive sodium azide or highly toxic phosgene. Moreover, the
stability of isocyanates in radical polymerizations has already
been demonstrated in the literature.18 Isocyanates are also one
of the only functionalities, along with epoxides, azlactones,19

and ketenes20 which have the unique and attractive property to
react rapidly and quantitatively, without formation of side
products, under mild reaction conditions with a wide range of
nucleophiles (such as amines,21 thiols,22 alcohols,23 and
carboxylic acids24). Despite the importance of isocyanates
(particularly in poly(urethane) chemistry), the synthesis of an
α-isocyanate end-functional polymer has not yet been reported,
even though a few articles mention the use of isocyanate-
modified monomers in radical polymerization, most likely due
to the difficulty of introducing and handling such a reactive
functionality.25

In this article, we describe for the first time the synthesis of
α-isocyanate end-functional polymers from acrylate, methacry-
late, acrylamide, and styrene derivatives via an original and
highly efficient strategy based on the use of a carbonyl-azide
RAFT agent precursor (see Scheme 1) that rearranges into an
isocyanate in situ during RAFT polymerization. As elegantly
shown by Hawker and co-workers for the generation of highly
reactive ketene from Meldrum’s acid units via thermolysis,26 the
concept of using a stable prereactive group appears very
powerful and circumvents numerous difficulties associated with
the synthesis, purification, and storage of a highly reactive
functionality. In our case, the carbonyl azide RAFT agent acts
as a protected isocyanate RAFT agent that is easier to handle.
In addition, we also demonstrate that this RAFT agent is highly
effective in the preparation of α-end-functionalized polymers in
a one-pot RAFT polymerization/“click” alcohol-isocyanate
coupling approach. This one-pot reaction is at the borderline
between a domino strategy and an orthogonal tandem reaction.
This approach is rapid, is very versatile, and offers important
new perspectives in the quest for a fast, simple synthesis of α-
end-functionalized polymers.

■ RESULTS AND DISCUSSION
Synthesis of the Carbonyl-azide RAFT Agent, DIAzTC,

2. One of the drawbacks of isocyanates is their poor stability in
the presence of water, which renders them difficult to handle
and greatly limits their utility regarding the development of
postpolymerization modification strategies. However, isocya-
nates show different reactivity depending on their electronic
and steric environments. For example, the reactivity of the
isocyanate moiety in the monomer dimethyl meta-isopropenyl
benzyl isocyanate (TMI) appears to be lowered due to steric
hindrance, and consequently, it exhibits good stability in the
presence of water.27 With this in mind, our aim was to design a
CTA, bearing an isocyanate with a good balance between
reactivity and stability. Our initial work showed that an
isocyanate group on a secondary carbon is too reactive to offer
good control over the addition reaction. We, therefore, focused
our research on the RAFT agent S-1-dodecyl-S′-(α,α′-dimethyl-
α′′-acetic acid)trithiocarbonate (DDMATC, 1, Scheme 1),
which possesses a tertiary carboxylic acid in the R group that is
likely to give a stable carbonyl-azide and, hence, isocyanate. In a
first step, the corresponding carbonyl-azide CTA (dodecyl

Scheme 1. Synthesis of the Carbonyl-azide RAFT Agent DIAzTC, 2; (a) Rearrangement into Isocyanate with Concomitant
Degradation; (b) Simultaneous RAFT Polymerization and Rearrangement into Isocyanate; and (c) One-Pot RAFT
Polymerization/“Click” Alcohol-Isocyanate via in-situ Rearrangement into Isocyanate
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isobutyryl azide trithiocarbonate, DIAzTC, 2) was prepared by
the reaction of DDMATC with diphenylphosphoryl azide
(without the requirement of using anhydrous solvents), which
afforded the desired RAFT agent in good yield (83% after
column chromatography on silica gel, Supporting Information
(SI) Figures S1−2). The carbonyl-azide appears stable at room
temperature, making it easy to handle. Indeed, after one week
at ambient temperature under air or vacuum, no degradation or
rearrangement into isocyanate was observed (SI Figures S3−4).
Synthesis of the Isocyanate RAFT Agent, DIPTC, 3.

The next step was to convert the carbonyl-azide CTA 2 into
isocyanate CTA 3 via the Curtius rearrangement (pathway a in
Scheme 1). Attempts to effect a thermally driven rearrangement
at different temperatures between 35 and 90 °C revealed that
the isocyanate CTA 3 could not be obtained with an acceptable
purity. The reaction was monitored by Fourier transform
infrared spectroscopy (FTIR) and by proton nuclear magnetic
resonance spectroscopy (1H NMR) at 50 and 65 °C, which
showed that the carbonyl-azide CTA 2 is relatively stable at 50
°C (low yields in rearrangement into isocyanate observed by
FTIR after 4 h 30 min; SI Figure S5). However, at 65 °C, where
the rearrangement into isocyanate occurred slowly (50% by 1H
NMR after 20 h, SI Figure S6), analysis by 1H NMR and by
thin-layer chromatography (TLC) indicated a degradation of
the CTA (not visible by FTIR). Increasing the temperature
allows the carbonyl-azide to rearrange faster into isocyanate but
also leads to degradation of the CTA.
RAFT Polymerization with Carbonyl-azide CTA 2.

Since the carbonyl-azide CTA displayed good stability at 50
°C, it was used directly to test the RAFT polymerization of
methyl acrylate (MA) at this temperature (pathway b in
Scheme 1). The aims were to (1) study the ability of this new
carbonyl-azide-based leaving group to control RAFT polymer-
ization and (2) prepare a α-carbonyl-azide end-functional
polymer that could be further rearranged into an isocyanate
upon heating, thus avoiding the problem of CTA degradation.
Low molar mass polymers were initially targeted (3400
g·mol−1) to facilitate the analysis by 1H NMR and FTIR.
Figure 1 shows the kinetics of the polymerization of MA at

50 °C with the carbonyl-azide CTA 2 as well as the evolution of
molecular weights with conversion. The polymerization is
relatively fast, with 91% conversion reached in 4.5 h; however,
an induction period of about 1 h was observed (vide inf ra).
Excellent control of the molecular weights, which increase
linearly with conversions, and low dispersity values (Đ) around
1.16 are achieved. Analysis of 1H NMR spectra during the first
hour (SI Figures S7−9) revealed that the CTA is selectively
converted into a macro-CTA containing a single monomer unit,
i.e. the first monomer adduct. The almost-total consumption of
the CTA is observed with the disappearance of the peak
corresponding to the six protons of the two methyl groups (R
group at 1.67 ppm), the shift from 3.28 ppm to 3.34 ppm of the
peak relative to the two protons of the CH2−S (Z-group), and
the appearance of a peak (at 4.89 ppm) that is assigned to
proton Hα of the newly formed dormant chains. Once the
CTA is fully consumed, the polymerization proceeds rapidly via
the main equilibrium of the RAFT process. This induction
period, although typical for dithiobenzoate RAFT agents,28 is
not common with trithiocarbonate CTAs, and we attribute it to
an initialization period29 arising from slow reinitiation by the
carbonyl-azide leaving group. Monitoring the RAFT kinetics by
FTIR reveals a fascinating and extremely useful effect: as the
polymerization proceeds, the Curtius rearrangement from the

carbonyl-azide into isocyanate occurs simultaneously. Indeed,
after 10 h (SI Figure S13), α-isocyanate end-functional
polymers are obtained with conversion of monomer of ca.
99% (Mn,theo = 3370 g·mol−1,Mn,SEC = 3400 g·mol−1, Đ = 1.13).
By comparing this result to the observation made when the
CTA DIAzTC was heated alone at the same temperature (i.e.,
no rearrangement observed), it is clear there is a very strong
influence of the electronic environment on the stability of the
carbonyl-azide. FTIR and 1H NMR spectra (SI Figures S7−12)
show that the rearrangement begins to occur during the first
hour, which coincides with the consumption of the CTA (i.e.,
reinitiation step by the carbonyl-azide leaving group). This
observation strongly suggests that as soon as the covalent bond
between carbon and sulfur is broken (fragmentation step of the
initial CTA) and replaced by a carbon−carbon bond
(reinitiation step), the stability of the carbonyl-azide decreases
sufficiently to allow the Curtius rearrangement to occur. Based
on this observation, and with the aim of polymerizing more
activated monomers such as methacrylics and styrenics, the
carbonyl-azide CTA 2 was tested at higher temperature (65
°C). Heating the carbonyl-azide CTA alone at 65 °C showed its
degradation, possibly due to the close proximity between the
carbonyl-azide and the thiocarbonyl-thio group (the mecha-
nism of degradation is yet to be elucidated). However, if the
reinitiation of the carbonyl-azide leaving group is faster than the
rearrangement/degradation of the CTA, it would be possible to
limit or suppress this side reaction. This hypothesis was then
examined by monitoring the control of the polymerization of
MA at 65 °C by FTIR and 1H NMR. Similar control over the
molecular weights distribution is obtained at 65 °C in
comparison with the polymerization at 50 °C (linear evolution
of the molecular weights with conversion, and dispersity values
around 1.15, SI Figure S13), thus confirming our hypothesis.
The degradation of the CTA 2 seems to be avoided during the
RAFT polymerization. Kinetics also shows that the initialization
period appears slightly shorter (around 45 min). As observed at
50 °C, FTIR (Figure 2 A) and 1H NMR spectra (SI Figures
S15−16) from experiments at 65 °C reveal that the
rearrangement occurs as soon as the first monomer unit is
added. However, the Curtius rearrangement takes place much

Figure 1. (A) Conversion and pseudo-first-order kinetic plots of MA
vs time and (B) evolution of number average molecular weights and
dispersity values with conversion in the DIAzTC-mediated RAFT
polymerization of MA at 50 °C. The black line represents the
theoretical molecular weights. [MA]0 = 6.4 M; [MA]0/[DIAzTC]0/
[AIBN]0 = 35:1:1.
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faster than either the polymerization at 50 °C or when the CTA
is reacted alone under the same conditions (Figure 2B). After 2
h (72% of monomer conversion), the majority of polymer
chains already bear an isocyanate at the α-chain end (SI Figures
S17−18), in contrast to the slow rearrangement observed at 50
°C. After 3 h, the Curtius rearrangement is complete (SI Figure
S19). The structure of the resulting α-isocyanate end-functional
polymers was confirmed by 13C NMR (SI Figure S20), with the
disappearance of the peak corresponding to the carbonyl-azide
of the initial CTA 2 at 180.8 ppm (SI Figure S2) and the
appearance of the peak at 118.9 ppm assigned to the isocyanate
formed.
These results at 50 and 65 °C prove that this in situ

rearrangement from carbonyl-azide into isocyanate during the
RAFT polymerization is intimately linked with the electronic
environment of the structures created. Given the excellent
control of the RAFT polymerization, even at 65 °C, it seems
that the degradation of the CTA 2 is prevented at high
temperatures due to a fast reinitiation in comparison with the
Curtius rearrangement. The proof for this nondegradation of
the thiocarbonyl-thio end group was obtained via a chain
extension experiment with MA at 65 °C. An α-isocyanate end-
functional poly(methyl acrylate) synthesized at 65 °C
(conversion =93%, Mn,theo = 3600 g·mol−1, Mn,SEC = 3450
g·mol−1, Đ = 1.17), used as macro-CTA, shows a perfect
reinitiation of the polymer chain with no apparent tailing and
gives a final block-type homopolymer with an excellent control
(conversion = 93%, Mn,theo = 19 600 g·mol−1, Mn,SEC = 18 900
g·mol−1, Đ = 1.17) (SI Figure S21).
Although analysis by FTIR and 1H NMR confirms that the

rearrangement into isocyanate is successful, it is difficult to
estimate how quantitative the conversion of the carbonyl-azide
into isocyanate is. Indeed, it could be that the carbonyl-azide
degrades in parallel to its rearrangement, with no impact on the
thiocarbonyl-thio functionality. In order to assess the retention
of end group functionality, postpolymerization modifications of
the new α-isocyanate end-functional polymers with model
compounds were carried out.
Postpolymerization Modification of α-Isocyanate

Poly(methyl acrylate). In order to confirm the high degree
of retention of the isocyanate in the α-chain end, alcohol- and
amine-isocyanate reactions were both tested on two isocyanate-
poly(methyl acrylate)s prepared by RAFT polymerization at 65
°C. As a proof-of-concept for our strategy, propargyl-alcohol
and benzylamine were chosen as model compound due to their
characteristic chemical shifts before and after coupling that do
not interfere with any of the other peaks from the polymer
chain.

Both reactions were realized at room temperature, in air and
in nondistilled dichloromethane or chloroform to test the
robustness of our isocyanate post-polymerization modification
strategy.
For the alcohol-isocyanate coupling (3 equiv of alcohol),

dibutyltin dilaurate (DBTDL) was used as a catalyst, and after
48 h, complete consumption of the isocyanate group is
obtained, as proven by the FTIR spectra (Figure 3A) with the

complete disappearance of the associated peak at 2243 cm−1.
The 1H NMR spectra (Figure 3B) also confirmed the efficiency
of the alcohol−isocyanate coupling with the disappearance of
the two peaks corresponding to the two methyl groups in the
α-position with respect to the isocyanate at 1.34 and 1.31 ppm,
and the shift of the two protons of the propargyl alcohol (from
4.27 ppm to 4.62 ppm, SI Figures S22−23). Integration of
these two protons reveals an almost quantitative coupling with
the isocyanate (around 95%, SI Figure S24) and confirms that

Figure 2. Time evolution of normalized FTIR absorption spectra of (A) RAFT polymerization of MA at 65 °C and (B) DIAzTC CTA alone at 65
°C, showing the rearrangement of the carbonyl-azide into isocyanate.

Figure 3. (A) FTIR and (B) 1H NMR spectra (CDCl3, 200 MHz)
showing the postpolymerization modification of α-isocyanate-end
PMA (run 2, Table 1) with propargyl alcohol.
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no side-reaction of the isocyanate group takes place during the
entire process (polymerization, purification, and coupling)
despite using nondistilled solvents.
For the amine-isocyanate coupling (1.2 equiv of amine), the

reaction was undertaken without a catalyst in less than 1 h to
obtain complete consumption of the isocyanate, as seen from
FTIR (SI Figure S25). The 1H NMR spectra (SI Figure S26),
before and after precipitation in n-hexane, confirmed the high
and fast efficiency of the amine−isocyanate coupling (% α-
functionalization ≈98%). Remarkably, no side reaction
(aminolysis) of the trithiocarbonate end group was observed.
The retention of the trithiocarbonate end group was also
proved by a successful block extension with butyl acrylate (SI
Figure S27).
These results prove that the in situ Curtius rearrangement

from the carbonyl-azide CTA 2 into isocyanate during the
RAFT polymerization is quantitative even at 65 °C, in contrast
to the isolated CTA 2, which was unstable at that temperature.
This means that the reinitiation step of the carbonyl-azide
leaving group occurs more quickly than the rearrangement/
degradation of the CTA. This post-polymerization modification
strategy based on isocyanate is a powerful method and meets
key requirements of a “click” reaction, such as room
temperature, high efficiency, robustness, and the absence of
side-products.
RAFT Polymerization of a Variety of Vinyl Monomers

Mediated by DIAzTC. This new carbonyl-azide CTA was
further tested in the RAFT polymerization of a range of
monomers to evaluate its potential for preparing a large range
of α-isocyanate end-functional polymers. N-Isopropyl acryl-
amide (NIPAM) and styrene (Sty) were selected as acrylamide
and styrenic derivatives, respectively. The polymerization of
methyl methacrylate (MMA) was also attempted, even though
trithiocarbonates are known to be less efficient CTAs in the
mediation of the RAFT polymerization of methacrylate
derivatives. Polymerization conditions and results are reported
in Table 1. Good control of the molecular weights and low
dispersity values are observed with this new CTA for all
monomers. Interestingly, a substantial difference in dispersity
values is observed depending on the targeted molecular weight.
Excellent control is exhibited when low molecular weight
poly(methyl (meth)acrylate) and poly(styrene) are targeted
with Đ between 1.16 and 1.23 (runs 1, 2, 5, and 8, Table 1, and

SI Figures S28−29). It is particularly remarkable to note that
this CTA enables very good control of poly(methyl
methacrylate). Analysis by FTIR shows the complete
disappearance of the carbonyl-azide group and the formation
of α-isocyanate end-functional polymers (SI Figures S30−31).
The polymerization seems less controlled for NIPAM (Đ =
1.33, run 4) and when higher molecular weights poly((meth)-
acrylate) and poly(styrene) are targeted (Đ increases from 1.16
to 1.38; runs 3, 6, 7, and 10). This can be explained by the
competition during the initialization step between reinitiation
of the carbonyl-azide leaving group (e.g., preventing the
degradation) and the rearrangement/degradation of the CTA.
Indeed, when higher molecular weights are targeted, the
polymerization is slower due to lower concentration in AIBN
(since [CTA]0/[AIBN]0 is kept constant), thus increasing the
time of the initialization period. In all cases, chromatograms
obtained by size exclusion chromatography (SEC) in
tetrahydrofuran (THF) show a monomodal distribution, but
with a tail toward lower molecular weights when high molecular
weights are targeted (SI Figures S32−33). For polymers with
higher molecular weights, the intensity of the isocyanate peak at
2243 cm−1 in FTIR spectra decreases (with the intensity being
very low for polymers with ca. 10 000 g·mol−1) and the
isocyanate peak could not be observed for polymers with
molecular weights higher than 20 000 g·mol−1 (SI Figures S33−
35). Since the polymerization appears controlled and the SEC
chromatograms do not show any degradation of the polymers,
we conclude that the isocyanate peak intensity is below the
detection limit of the FTIR spectrometer. This is confirmed by
1H NMR spectra that always show the characteristic peaks of
the two methyl groups in the α-position with respect to the
isocyanate (at 1.30 and 1.34 ppm, Figure S33) but, as expected,
with a very low intensity for higher molecular weights.

One-Pot RAFT/Alcohol-isocyanate “Click” Reaction.
Despite the very high levels of control attained in the field of
polymer synthesis, only a few articles report one-pot strategies
that combine simultaneous polymerization and α- or side-chain
functionalization. In this area, we can cite the works of Ranjan
and Brittain combining CuAAC reaction and RAFT polymer-
ization with the simultaneous attachment of the azido-RAFT
agent onto the alkyne-functionalized surface of silica nano-
particles and the polymerization of styrene (orthogonal tandem
reactions).30 Another interesting one-pot strategy has been

Table 1. Polymerization Conditions and Macromolecular Characteristics of Polymers Synthesized by RAFT Polymerization
Using DIAzTC as Chain Transfer Agent

run polymer solvent
[M]0

(mol·L−1)
[M]0/[DIAzTC]0/

[AIBN]0
temp
(°C)

time
(h)

conva

(%)
Mn,theo

b

(g·mol−1)
Mn,SEC

c

(g·mol−1) Đc

1 NCO-PMA toluene 6.4 35:1:1 50 4.5 91 3 100 3 000d 1.16
2 NCO-PMA toluene 6.4 35:1:0.1 65 4 94 3 200 3 000d 1.16
3 NCO-PMA toluene 6.4 500:1:0.1 60 15 83 35 700 25 300d 1.35
4 NCO-PNIPAM dioxane 2 27:1:0.1 65 4 74 2 650 2 200 1.33
5 NCO-PMMA toluene 5.5 32:1:0.1 60 13 85 3 100 3 000e 1.18
6 NCO-PMMA toluene 5.5 200:1:0.1 60 13 49 9 900 9 900e 1.38
7 NCO-PMMA toluene 5.5 400:1:0.1 65 20 80 31 800 27 700e 1.37
8 NCO-PSty toluene 8.1 60:1:0.1 65 15 44 3 150 3 700 1.23
9 NCO-PSty bulk 8.7 200:1:0.1 65 19 41 8 900 6 700 1.24
10 NCO-PSty bulk 8.7 400:1:0.1 70 16 28 11 700 9 000 1.28

aDetermined by 1H NMR in CDCl3.
bMn,theo = [M]0 × Conv MM/[DIAzTC]0 + MDIAzTC − MN2.

cDetermined by SEC/RI in THF with PSty used
as molecular weight standards. dMolecular weight values corrected using the Mark−Houwink−Sakurada parameters KPSty = 14.1 (×103 mL·g−1),
αPSty = 0.700 and KPMA = 19 (×103 mL·g−1), αPMA = 0.660. eMolecular weight values corrected using the Mark−Houwink−Sakurada parameters
KPSty = 14.1 (×103 mL·g−1), αPSty = 0.700 and KPMMA = 10.4 (×103 mL·g−1), αPMMA = 0.697.
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reported by Barner-Kowollik and co-workers for the prepara-
tion of ω-cyclopentadienyl poly(2-ethyl-2-oxazoline) (PEtOx−
Cp) via cationic ring-opening polymerization utilizing sodium
cyclopentadienide as a termination agent (nontandem reaction,
multicatalytic strategy).31 Du Prez et al.32 also described the in
situ generation of thiols by nucleophilic ring-opening of a
thiolactone with amines, followed by a UV-initiated radical
thiol−ene reaction in a one-pot fashion (nontandem reaction,
domino strategy). In this context, we were interested in probing
as to whether the carbonyl-azide CTA could rearrange into an
isocyanate during the polymerization and simultaneously
undergo a postmodification reaction in a one-pot procedure
(pathway c in Scheme 1). As a proof of concept, we tested the
alcohol-isocyanate coupling since, contrary to amines and thiols
that give rise to side reactions in RAFT polymerization,
alcohols are relatively inert during the RAFT process. Two one-
pot RAFT/alcohol-isocyanate “click” reactions were performed
with MA and MMA, using the model compound: trimethylsilyl
propargyl alcohol (TMS-prop.alc.) (Table 2). The protected
version of the propargyl alcohol was used as a marker in 1H
NMR analyses, and low molecular weights were targeted to
follow the reaction by FTIR and to facilitate the quantification
of the coupling by 1H NMR. The two polymerizations were

carried out in the presence of the catalyst DBTDL, with
trimethylsilyl propargyl alcohol in nonanhydrous toluene (as a
proof of the robustness of the process), and at 65 °C, at which
temperature degradation of the CTA 2 was observed previously
(SI Figure S6). After 20 h, quantitative conversions are
obtained for both acrylate and methacrylate monomers.
Molecular weights are in very good agreement with theory
for PMA and slightly higher than expected for PMMA. For
both, dispersity values are low with values around 1.25 (SI
Figures S37−39). These results show that the catalyst DBTDL
does not interfere with the RAFT process. Results of α-
functionalization appear excellent, with a yield above 95% (as
determined by 1H NMR; SI Figures S36−38). Comparison of
FTIR spectra before and after polymerization (Figure 4) shows
that the azide peak at 2150 cm−1 (carbonyl-azide CTA) has
completely disappeared and that no isocyanate peak is present.
It is therefore clear that the vast majority of polymer chains
reacted with the TMS-propargyl alcohol during the RAFT
polymerization in this one-pot fashion regime.

■ CONCLUSION
In summary, we have developed a simple and efficient
methodology for the preparation of either α-isocyanate end-

Table 2. Polymerization Conditions and Macromolecular Characteristics of the One-Pot RAFT Polymerization, Rearrangement
into Isocyanate, and Simultaneous “Click” Reaction with TMS-propargyl Alcohol in Toluene at 65°C for 20 h

samples
[M]0

(mol·L−1)
[M]0/[DIAzTC]0/[AIBN]0/[TMS-prop.alc.]0/

[DBTL]0
conv.a

(%)
Mn,theo.

b

(g·mol−1)
Mn,SEC

c

(g·mol−1) Đc
functionalization

(%)

TMS-prop.PMA 6.4 40:1:0.1:3:0.18 99 3900 3800d 1.26 >95 ± 5
TMS-

prop.PMMA
5.5 35:1:0.1:3:0.22 99 3900 5300e 1.23 >95 ± 5

aDetermined by 1H NMR in CDCl3.
bMn,theo = [M]0× Conv MM/[DIAzTC]0 + MDIAzTC − MN2

+ MTMS−prop.alc.
cDetermined by SEC/RI in THF

with PSty used as molecular weights standards. dMolecular weights values corrected using the Mark−Houwink−Sakurada parameters KPSty = 14.1
(×103 mL·g−1), αPSty = 0.700 and KPMA = 19 (×103 mL·g−1), αPMA = 0.660. eMolecular weights values corrected using the Mark−Houwink−
Sakurada parameters KPSty = 14.1 (×103 mL·g−1), αPSty = 0.700 and KPMMA = 10.4 (×103 mL·g−1), αPMMA = 0.697.

Figure 4. (A) FTIR and (B) 1H NMR spectra (CDCl3, 200 MHz) showing the one-pot RAFT polymerization at 65 °C for 20 h of MA (left) and
MMA (right); rearrangement into isocyanate and simultaneous “click” reaction with TMS-propargyl alcohol.
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functional polymers or α-end-functionalized polymers based on
the synthesis of a novel carbonyl-azide chain transfer agent. Our
carbonyl-azide RAFT agent undergoes the Curtius rearrange-
ment, while mediating the RAFT process and allowing for the
easy preparation of α-isocyanate polymers without the usual
problems associated with handling an isocyanate-bearing RAFT
agent. We also showed that a one-pot RAFT polymerization/
“click” alcohol-isocyanate coupling can be performed simply by
adding an alcohol and the catalyst DBTDL to the polymer-
ization medium, enabling the preparation of well-defined α-
end-functionalized polymers. A catalyst is however not needed
when using amines, which leads to a quantitative functionaliza-
tion at ambient conditions, notably without side-reaction on the
trithiocarbonate end group (aminolysis).
The advantages of this strategy include (1) the carbonyl-

azide CTA can be readily prepared in a good yield and is easily
handled at room temperature (with no rearrangement/
degradation); (2) a wide range of monomers can be
polymerized (acrylates, acrylamides, methacrylates, and styr-
enics) at up to 70 °C to give well-defined α-isocyanate end-
functional polymers, and (3) no exclusion of air or anhydrous
solvent in postpolymerization modification is required due to
the stability of the tertiary isocyanate.
The concept was demonstrated using RAFT polymerization

and can clearly be extended to other types of polymerization,
radical- or nonradical-based, and permit reaction with a wider
range of functional groups (e.g., amines, thiols). This original
approach, which is both rapid and very versatile, offers
tantalizing opportunities by expanding the current toolbox
available to material scientists in the realm of facile end-group
modification of macromolecular architectures.
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