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ABSTRACT: The noncatalyzed cycloaddition of azides with electron-poor olefins was investigated in conditions
mimicking those of living radical polymerization. The pathway of this reaction was investigated, and model
reactions were designed to study this reaction with various types of monomers (N-isopropylacrylamide,
dimethylacrylamide, methyl acrylate, methyl methacrylate, and styrene). We found that the azide undergoes 1,3-
cycloaddition with the double bond of these monomers, in the absence of catalyst, at high temperatures (60 °C)
and for long reaction times. This side reaction can be of dramatic significance as it impairs the orthogonality of
copper-catalyzed azide-alkyne cycloaddition (“click chemistry”); short polymerization time and low temperatures
should be targeted to limit these side reactions.

Introduction

Click chemistry, the category of perfect reaction first de-
scribed in 2001 by Sharpless and co-workers,1 and its best
example, the copper-catalyzed azide-alkyne cycloaddition
(CuAAC),2 have been the object of intensive research over the
past 7 years. CuAAC in particular is viewed as a very useful
and versatile addition to the synthesis toolbox and has been
applied to nearly all the areas of chemistry.3 This reaction is
especially relevant to modern polymer synthesis, where high-
yielding precise organic reactions are coupled with controlled
polymer syntheses methods to create highly sophisticated
materials.4 Living radical polymerization (LRP) techniques are
such polymer synthesis methods, which have rapidly developed
as ways to manufacture polymers of controlled architectures
and topologies and to engineer new functional materials. These
techniques share a number of key features with CuAAC such
as robustness, versatility, and excellent tolerance toward func-
tional groups. Recently, a number of research groups have
combined LRP and CuAAC to synthesize functional polymers.
Typically, LRP is used to synthesize well-defined polymeric
architectures, which are subsequently functionalized using
CuAAC. This strategy has been applied to produce polymers
of various architectures (block copolymers,5 graft,6 star,7

hyperbranched,8 telechelic,9 multifunctional,10 surface-teth-
ered,11 and cyclic12 polymers), macromonomers,13 self-assembly
structures such as micelles,14 shell cross-linked nanoparticles,15

nanocapsules,16 and polymersomes,17 and bioconjugates.18 Azide
or terminal alkyne groups are introduced in the polymer before
or during the polymerization using functional initiators, chain
transfer agents, or monomers or after the polymerization by
modification of the end or pendent groups. The postpolymer-
ization procedure is efficient but might be hindered by incom-
plete functionalization of the polymers, leading to poorly defined
macromolecules or decreased atom efficiency of the synthesis.
The use of functional reactants helps to overcome this problem,
as long as azides and alkynes are compatible with the experi-
mental conditions of polymerizations. It is well-known that

acetylene groups can undergo radical addition reactions, and
they are usually protected using trialkylsilyl groups to avoid
side reactions during polymerization. Azides, on the other hand,
do not require protective chemistry and are more widely used
to introduce a functional group prepolymerization. However,
careful observation of the recent literature regarding the
combination of CuAAC and LRP suggests that azides may also
be involved in side reactions during polymerization, although
the effect seems to have often been overlooked. Indeed, only
Benicewitz and co-workers have reported the loss of azide
functionalities during polymerization, and they suggested the
formation of triazolines from the 1,3-cycloaddition of a vinyl
bond onto an azide moiety between two azide-functional
methacrylate monomers.19 During our own work on the
synthesis of chain-end functional poly(N-isopropylacrylamide)
via CuAAC, we made similar observations and decided to
investigate further the occurrence of side reactions between
azides and vinyl groups.

Experimental Section

All solvents, monomers, and other chemicals were purchased
from Aldrich unless otherwise stated. Methyl acrylate (MA), N,N-
dimethylacrylamide (DMA), methyl methacrylate (MMA), and
styrene (St) were passed through a basic alumina (Brockmann I)
column to remove the inhibitor before use. N-Isopropylacrylamide
(NIPAAM) was recrystallized twice from mixtures of hexane and
toluene prior to use. Other chemicals were of analytical grade and
used as received. 1,4-Dioxane-d8 (99% D, contains 0.03% (v/v)
TMS) was used as received. 2,2-Azobis(isobutyronitrile) (AIBN,
99%, Fisher) was recrystallized twice from ethanol. Methyl
R-bromophenylacetate (97%) was supplied from Aldrich. Air- and
moisture-sensitive compounds were manipulated using standard
Schlenk techniques under a nitrogen atmosphere.

Gel Permeation Chromatography (GPC). Molecular weight
distributions were recorded using gel permeation chromatography
(GPC) at ambient temperature using a system equipped with a
Polymer Laboratories 5.0 µm-bead-size guard column (50 × 7.5
mm) and two Polymer Laboratories PLgel 5 µm MIXED-C columns
(molecular weight range of 2 000 000-500 g mol-1) with a
differential refractive index detector (Shodex, RI-101). Tetrahy-
drofuran was used as an eluent at a flow rate of 1 mL min-1, and
toluene was used as a flow rate marker. Polystyrene in the range
of 7 500 000-580 g/mol were used for calibrations.

NMR Spectroscopy. Both 1H (400 MHz) and 13C (100 MHz)
NMR spectra were recorded on a Bruker 400 UltraShield spec-
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trometer at 25 °C, and chloroform-d with 0.3% TMS was used as
a solvent, unless otherwise stated.

Fourier Transform Infrared Spectroscopy (FT-IR). FTIR
spectra were recorded using a Perkin-Elmer Spectrum One Infrared
Fourier transform spectrometer in the region between 4000 and 400
cm-1. The contact sampler was a horizontal internal reflectance
accessory (ATR) with a resolution of 4 cm-1. Scan speed was set
at 0.5 cm/s with 100 scans performed per sample.

S-Azidopropanoxycarbonylphenylmethyl Trithiocarbonate
(1). Sodium azide (9.35 g, 143 mmol) and 3-bromo-1-propanol (10
g, 71 mmol) were refluxed (80 °C) overnight in an acetone/water
mix (6:1). The product was extracted into diethyl ether, washed
with water, and dried over sodium sulfate to yield 3-azido-1-
propanol (5.7 g, 56.4 mmol; yield: 79%).

N,N-Dicyclohexylcarbodiimide (11.6 g, 56 mmol) was added
dropwise to a cooled solution (ice-water bath) of 2-bromo-2-
phenylacetic acid (12.12 g, 56 mmol), 3-azido-1-propanol (5.7 g
56 mmol), 4-DMAP (0.68 g, 5.6 mmol), and dry DCM (as solvent).
The solution was stirred for 4 h, and the resulting precipitate (N,N-
dicyclohexylurea) was removed by filtration. The desired com-
pound, 3-azidopropyl 2-bromo-2-phenylacetate was isolated by flash
chromatography on silica (n-hexane:ethyl acetate, 6:1) (9.1 g, 31
mmol; yield: 55%).

Carbon disulfide (2.6 g, 34 mmol) in diethyl ether (as solvent)
was added to a 21% solution of sodium thiomethoxide (NaSCH3)
in water (8.65 mL, 28 mmol) at room temperature. The biphasic
solution was vigorously stirred for 4 h, after which time 3-azi-
dopropyl 2-bromo-2-phenylacetate (8.5 g, 28 mmol) was added
dropwise over 15 min. The reaction was stirred overnight, after
which time NaCl was added and the product extracted into ethyl
acetate. HCl was added (37%, 10 mL), and the organic phase was
washed with water (3 × 100 mL). The organic phase was con-
centrated and dried over sodium sulfate. Compound was isolated
as a yellow oil by column chromatography on silica (n-hexane:
ethyl acetate, 5:1) (7.7 g, 23 mmol; yield: 81%). 1H NMR (CDCl3,
298 K, 400 MHz) δ (ppm from TMS): 1.87 (2H, m, CH2-
CH2-CH2), 2.73 (3H, m, SCH3) 3.29 (2H, m, CH2-N3), 4.25 (2H,
m, O-CH2), 5.79 (1H, s, -S(Ph)CH), 7.35-7.40 (5H, m, Ar-H).
13C NMR (CDCl3, 298 K, 100 MHz) δ (ppm from TMS): 20.32
(CH3), 28.08 (CH2CH2N3), 62.90 (CH2N3), 47.96 (CH), 58.92
(O-CH2) 128.79, 128.96, 129.15, 129.25, 129.54, 132.50 (CH of
Ar), 175.16 (CdO), 221.95 (CS2). FTIR (cm-1): 2090 (C-N3); 1731
(CdO); 1605-1444 (aromatic skeleton area). EA: Found; C: 45.9%,
H: 4.25%, N: 11.9% S: 28.34% (Anal. Calcd; C: 45.73%, H: 4.43%,
N: 12.31%, S: 28.17%).

Benzyl Azide. To a round-bottom flask was added benzyl
chloride (2.53 g, 20 mmol), sodium azide (6.50 g, 100 mmol), and
DMSO (20 mL), and the mixture was stirred at 90 °C overnight.
After cooling to ambient temperature, the mixture was partitioned
between water and dichloromethane. The aqueous layer was
extracted with dichloromethane thrice, and the organic phase was
combined and dried over MgSO4 overnight. After concentration,
benzyl azide (2.10 g, 78.9% of yield) was obtained as a colorless

oil. 1H NMR (CDCl3): δ 7.31-7.41 (m, 5H, PhH), 4.34 (s, 2H,
CH2).

Reaction of Benzyl Azide with Vinyl Monomers. In a typical
run, to a round flask was added benzyl azide (0.266 g, 2.0 mmol)
and NIPAAM (0.905 g, 8.0 mmol) under nitrogen, and then dioxane
was added dropwise until the total volume was 8.0 mL. The flask
was placed into an oil bath preheated to 60 °C for 20 h, and the
mixture was concentrated under reduced pressure. 1H NMR spectra
of the crude product revealed that 79.3% of benzyl azide was
consumed. Other reactions were conducted according to similar
conditions, and the conversion was determined by comparison of
the integrated signals of phenyl protons (7.2-7.4 ppm) and
unreacted CH2N3 (4.34 ppm).

Typical Polymerization of NIPAAM. NIPAAM (5.01 g, 0.0442
mol) was dissolved in 1,4-dioxane (w/v wrt monomer ) 1:2) with
1 (0.1479 g, 4.42 × 10-4 mol) and AIBN (0.014 50 g, 0.88 × 10-4

mol). The [monomer]:[CTA]:[AIBN] ratio was 100:1:0.2. The
polymerization was deoxygenated by freeze-pump-thaw, and
the reaction was left for 20 h at 60 °C in an oil bath.

Results and Discussion

Reversible addition-fragmentation chain transfer (RAFT) is
a well-established radical polymerization technique that allows
the synthesis of polymeric architectures of very-well controlled
molecular weight distribution and functionality;20-23 RAFT has
already been successfully employed with CuAAC, by introduc-
ing azides and alkyne groups either as end groups or as
monomers.5b,c,7c,8,9b,d,13a,15,19 In previous work, we reported the
facile synthesis of functional chain transfer agents with a phenyl
acetate as R group, which can control the polymerization of a
variety of monomers.24-27 We adapted this synthetic procedure
to produce the chain transfer agent 1, which has a similar
structure and shows an azide moiety. 1 was synthesized via the
reaction of a trithiocarbonate salt, with 3-azidopropyl 2-bromo-
2-phenylacetate as shown in Scheme 1. Flash chromatography
afforded 1 in 40% yield. The presence of the azide group was
confirmed by 1H NMR with the CH2N3 signal at 3.3 ppm and
by FT-IR spectroscopy showing the characteristic azide band
at 2092 cm-1.

Table 1 summarizes the polymers that were synthesized using
1. Polymerizations were undertaken for 20 h to ensure that high
conversions were reached. Molecular weights of the final
polymers were close to the targeted molecular weights and the
polydispersities were low (<1.12), indicative of a very well
controlled polymerization system, with low levels of termination.

Careful observation of the NMR spectra of the polymers
failed to identify the signal of the methylene group adjacent to
the azide. Additional characterizations by FT-IR showed no band
at 2092 cm-1, thus confirming the absence of azide groups in
the polymers (Figure 1).

Interestingly, this disappearance of azide groups during
polymerization has also been observed in previous studies but
remained unexplained.9c The pioneering work of Huisgen28 and
L’Abbé29 has shown that azides can undergo 1,3-dipolar
cycloaddition on electron-deficient olefins, and this reaction is
generally stereo- and regioselective. However, the cycloaddition

Scheme 1a

a Reagents and conditions: (a) NaN3, acetone:water (6:1), reflux, 24 h;
(b) R-bromophenylacetic acid, DMAP, DCC, CH2Cl2, ambient tem-
perature, 24 h; (c) sodium methyl trithiocarbonate, Et2O:H2O (1:1),
ambient temperature, 24 h.

Table 1. RAFT Polymerization of NIPAAM in 1,4-Dioxane at
60 °C for 20 h

entry [1]0:[I]0:[M]0
a conv (%) Mn,theo

b Mn,GPC
c Mn,NMR

d PDI

1 1:0.2:17 96 1844 2600 1800 1.12
2 1:0.2:26 97 2850 5100 3300 1.07
3 1:0.2:35 96 3797 5300 3900 1.05
4 1:0.2:100 94 10622 10600 8300 1.07
a I ) AIBN, M ) NIPAAM. In 1,4-dioxane (w/v wrt monomer )

1:2). b Calculated with Mn,theo ) ([M]0/[1]0) × conv × MWNIPAAM +
MW1. c Determined by GPC using PMMA standards. d Determined by 1H
NMR comparing the signals of SCH3 (2.4 ppm) and CH(CH3)2 (1.5 ppm).
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is very slow, with reaction times lasting for weeks or even
months at room temperature, to reach low yields. The low
stability of the triazolines was thought to prohibit the use of
high temperatures, and employing high pressure was proposed
as a mean to accelerate such reactions.30 From this work, and
despite the higher temperatures of our reactions, we postulated
that the disappearance of the azide moiety could be due to side
reactions with the vinyl group of the monomer, and we carried
out a model online 1H NMR experiment to follow the reaction.
A Young’s tap NMR tube containing a degassed solution of 1
and NIPAAM (molar ratio ) 1:1.85) in 1,4-dioxane-d8 was
heated to 60 °C (to mimic polymerization conditions) and placed
in a spectrometer, and NMR spectra were recorded every 10
min for 13 h to assess the kinetics of azide consumption. A
ratio 1:1.85 was chosen to allow for accurate integration of the
peaks representing the various species formed or consumed
during reaction. The NMR peaks of the different functional
groups were monitored with respect to the aromatic protons of
1 (see Figure 2). The reliability of the analysis is demonstrated
by the constant integration values throughout reaction time of
the signals of CH(CH3)2 and CH(CH3)2 of NIPAAM and S-
CH3 and C(O)O-CH2 of 1, as expected. (Note that the slight
variations in the integrations of the peaks of CH(CH3)2 and

C(O)O-CH2 may be explained by their overlapping.) On the
other hand, the signals of CH2N3 in 1 and of the vinyl protons
of NIPAAM decrease rapidly early in the reaction, with a loss
of 13% of both the azide and the vinyl group within 2 h and
45% and 30%, respectively, after 8 h (see Figure 3), which
represents a typical polymerization time to reach high monomer
conversions. After 13 h, only 47% of the azide groups and 60%
of the monomer remain. This suggests that the stoichiometry
of the reaction varies from a ratio 1:NIPAAM of 1:1 early in
the reaction to 1:1.4 later in the reaction (see text below for
further discussion on this point). It is key to note that this azide
loss is expected to be even more significant in typical poly-
merization conditions, for which the azide group is in the
presence of a very large excess of monomers.

Huisgen et al. have reported the cycloaddition of phenyl azide
with acrylonitrile at room temperature to give a mixture of a
triazoline and aziridine.28 Broeckx et al. demonstrated that other
electron-poor olefins could yield similar products, although the
reaction was very slow and performed at room temperature.29

We propose therefore the reaction pathway highlighted in Figure
4. In the presence of NIPAAM, 1 undergoes 1,3-dipolar
cycloaddition with the azide to form preferentially the 1,4-
regioisomer over the 1,5-regioisomer triazoline (2), due to the
substituent effect of the amide group of NIPAAM.31 The
synthesis of the triazoline in the reaction was confirmed by high-
resolution mass spectroscopy. The triazoline 2 can either degrade
to the aziridine 328,29 or isomerize to the open-chain azo
compound 4, as expected from triazoline with electron-
withdrawing substituents in the 4-position.28 LC-MS confirmed
the formation of 3. 4 may undergo a second cycloaddition with
another molecule of NIPAAM to give the pyrazoline 5,29 which
was identified by high-resolution mass spectroscopy. Note that
4 may also undergo a Michael addition on the double bond of
NIPAAM, although no evidence of the product was observed
by 1H NMR spectroscopy, and we expect the diazo moiety to
be more reactive than the amine.29 Additional evidence of the
formation of 3 and 5 during polymerization was also given by
MALDI analyses of the poly(NIPAAM) synthesized using 1
as CTA. Indeed, four different polymers were observed: (1) a
small fraction of azide-functionalized polymer, (2) polymers
containing the aziridine group, (3) polymer terminated with a
pyrazoline analogue to 5, and (4) a polymer which terminal
groups could not be identified (see Supporting Information).
Note that MALDI analysis of RAFT synthesized polymers is
not always reliable,32 but we believe these analyses support well
the reaction pathway we propose. The online 1H NMR experi-
ment suggests that early in the reaction (up to 2 h) one azide

Figure 1. FT-IR showing the loss of azide after polymerization of
NIPAAM using 1.

Figure 2. 1H NMR spectra showing reaction of 1 with NIPAAM, at
60 °C in 1,4-dioxane-d8: (black line) time ) 0; (red line) time ) 800
min.

Figure 3. Percentage of remaining species, from selected integrations
of 1H NMR signals for 1 and NIPAAM in 1,4-dioxane-d8 in the ratio
of 1:1.85 at 60 °C. The signals are calibrated to the intensity of the
aromatic protons of 1 (NH of NIPAAM is excluded due to interference
from emerging signals).
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group reacts with one molecule of monomer. The stoichiometry
then increases to two azide groups reacting with nearly three
vinyl groups (1:NIPAAM ) 1:1.4, see above), leading to the
formation after 13 h of 3 and 5 in a 1:1 ratio (Figure 3). This
ratio is also confirmed by the LC-MS analysis (see Supporting
Information). It is remarkable that the reaction occurs in such
a short frame of time, without the use of catalyst2 or high
pressure.30

These results prompted us to investigate the behavior of other
monomers in the presence of azides. We examined the reaction
of benzyl azide with electron-poor olefins in typical polymer-
ization conditions (1,4-dioxane, 60 °C, 20 h). A long reaction
time (20 h) was used to assess the kinetics of azide consumption.
Benzyl azide was selected as model azide compound, as the
conversion of azide can be measured by 1H NMR by comparing
the integrations of the aromatic protons (7.3-7.4 ppm) and the
methylene group adjacent to the azide (4.34 ppm). Table 2
presents the results of this study and reveals the dramatic effects
that such side reactions may have on the final product. We
demonstrated that in presence of an acrylate (methyl acrylate,
MA) up to 95% of the azide group is lost within 20 h. Also,
the addition of MA on the azide leads to a mixture of the 1,4-
and 1,5-regioisomers, while sole the 1,4-regioisomer is obtained
for the other monomers. In the same time frame, acrylamides
also react readily with azide groups, leading to a loss of
70.6-79.3% in the case of N-isopropylacrylamide (NIPAAM)
and 89.4% in the case of dimethylacrylamide (DMA). Reactions
with a methacrylate (methyl methacrylate, MMA) have lower
yield, although almost a third of the original azide is lost. Styrene
is far less reactive than other monomers, with less than 5% of
the original azide being lost during reaction. The reactivity

difference between the various monomers is mainly due to the
electron-withdrawing effect of the double bonds substituent.
Acrylamides have a lower electron-withdrawing effect than
acrylate, thus leading to a relative increase in the electron density
of the double bond. In the case of MMA, the steric hindrance
of the methyl group on the double bond may explain the lower
reactivity of monomer. Styrene poor reactivity is due to the
delocalization of the double bond to the benzene ring. A further
remark concerns the stoichiometry of the reaction. The reaction
path we propose involves the addition of two olefins for one
azideshowever, a large excess of olefin is present during
polymerization (typically ratios monomer/azide >100), and we
expect this may enhance the rate of azide loss. This point is
exemplified by comparing the effect of two stoichiometries in
the reaction between NIPAAM and benzyl azide. A ratio
NIPAAM/azide ) 2/1 leads to 70.6% azide loss, while a ratio
NIPAAM/azide ) 4/1 increases the azide conversion to 79.3%.

Careful observation of the recent literature regarding the
combination of CuAAC and LRP demonstrates the significance
of the side reaction investigated in this paper and underlines
the fact that it has often been overlooked. Indeed, to date,
Benicewicz and co-workers19 and Lee et al.33 are the only
researchers who have reported the loss of azide when in the
presence of methacrylate and acrylate derivatives, respectively,
and suggested that a cycloaddition with the double bond of the
monomer may be involved. However, the cycloaddition of azide
with monomers is likely to be responsible for the azide-free
polystyrene chains detected by Neoh and co-workers7c and for
the broad PDI or shoulders visible in chromatograms of block
copolymers obtained by clicking azide and alkyne homo-
polymers5b,c,34 The way to circumvent this side reaction and
preserve high end-group fidelity is to keep the polymerization
time short and/or work at low temperatures.9b,d,19

In summary, we examined the cycloaddition of azides with
various commonly used monomers in LRP for long reaction
times. FT-IR and NMR showed the loss of azide moiety in
poly(NIPAAM) obtained using an azido-functionalized trithio-
carbonate RAFT agent. Model reactions were designed to
investigate this disappearance. NMR and mass spectroscopy
were used to identify the side products, and a reaction pathway
was proposed. This side reaction occurs with most monomers
and can be of dramatic significance as it impairs the orthogonal-
ity of CuAAC. In order to limit this side reaction during
polymerization, the reaction time should be kept short and/or
temperatures should be kept low.
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