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ABSTRACT: The synthesis of a carboxy-functionalized nitroxide based on the 2,2,5-trimethyl-4-phenyl-3-
azahexane-3-oxy (TIPNO) structure and the synthesis of two difunctional alkoxyamines have been achieved.
Because of the presence of the carboxylic acid function, the nitroxide is organo-soluble in its acidic form and
water-soluble in its basic form. Polymerizations of styrene asdmityl acrylate mediated with the functional
nitroxide exhibited all the expected features of a controlled system. The presence of an active chain end was
demonstrated by reinitiation of a polystyrene block to form a polystytepely(n-butyl acrylate) block copolymer.

The ability of the new functional nitroxide to mediate polymerization in homogeneous aqueous solution has also
been demonstrated. The polymerization of sodium styrenesulfonate was successfully achieved at temperatures
below 100°C and led to well-defined polymers, providing the first example of nitroxide-mediated radical
polymerization (NMP) in homogeneous aqueous solution below the water boiling point.

Introduction Scheme 1. Activation-Deactivation Equilibrium in NMP
. ) . . o ] (Equilibrium Constant: K = kg/kc)
Nitroxide-mediated radical polymerization (NMP) is one of K

the most advantageous methods for synthesizing polymers of “/\rO“I\{R1 T/\| -o—l\(R1
well-defined architecture’s? Indeed, controlled free-radical R R R Re
polymerization _(CR_P) methods, including_also atom transfer Scheme 2. TEMPO, 1, DEPN, 2, TIPNO, 3, and New Carboxy
radical polymerization (ATRP)® and reversible chain transfer Functional Nitroxide, 4

(i.e., iodine transfer polymerizatidi, reversible addition
fragmentation chain transfer (RAF%Y, tellurium-mediated

radical polymerizatior®12 and quinone transfer radical po- . ON

lymerizatiort3), combine some of the desirable attributes of Q o o

traditional free radical systems (e.g., relative insensitivity to >L)< ;% Rom

water and polar organic impurities) with the advantages of living ot

ionic polymerization techniques (e.g., low polydispersity and 1 2 3

preparation of chain-end functionalized and block copolyniéraj. >< ><
NMP is based on a reversible activatiotkeactivation equi- O-N O-N

librium (Scheme 1) in which nitroxide reversibly deactivates

the growing radical into dormant alkoxyamine. This equilibrium TW‘

is highly shifted toward alkoxyamine, providing a low concen-

tration of free radicals during the entire polymerization. This HOOC 4 ©00C .

low radical concentration allows a decrease in the number of
irreversible termination events. Furthermore, the activation
reaction in NMP is a spontaneous thermal process, which developed a phosphonate group bearing nitroxig 20
represents a significant advantage since neither metallic catalys{Scheme 2), and Hawker and colleagie® synthesized a series
nor bimolecular exchange between macromolecular species isof acyclic a-hydrogen-bearing nitroxides and corresponding
required. alkoxyamines, which enabled the controlled radical polymeri-
Since the initial reports by Rizzardo et%lin 1985 and  zation of a wide range of monomers, like styrene, acrylates,
Georges et dlin 1993 on the stable free radical polymerization acrylamides, 1,3-dienes, and acrylic atd&tuder’s groufP:2
(SFRP) of styrene (St), much progress has been made in thisand otherd 3! have also significantly improved the efficiency
field. Indeed, as most of first generation nitroxides could only of NMP by developing a variety of nitroxides and alkoxyamines.
control the polymerization of styrene and styrene-like mono-  During the past few years, there has been a great tendency
mers, 2,2,6,6-tetramethylpiperidinyl-1-oxyl (TEMPQ)Scheme to replace the volatile, flammable, and toxic organic solvents
2), being a representative example of them, several groups haveused in synthetic reactions with “greener” ones, such as #ater,
been working on the synthesis of new nitroxides to widen the supercritical carbon dioxid®,or ionic liquids3* The develop-
scope of monomers polymerizable by NMP. Tordo et al. ment of controlled radical polymerization in aqueous media
(homogeneous or dispersed) is thus of great interest, not only
: . R for environmental reasons but also because water-soluble (co)-
* Corresponding author. E-mail: marx@ccr.jussieu.fr.
 UniversitePierre et Marie Curie-Paris 6. polymers of controlled molar mass and structure cannot be
* Carnegie Mellon University. prepared directly by other “living” polymerization tech-
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Scheme 3. Synthesis of the New Functional Nitroxide, 4
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Scheme 4. Synthesis of Heterodifunctional Alkoxyamine 11 by Manganese Coupling
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Scheme 5. Synthesis of Homodifunctional Alkoxyamine 13 by Atom Transfer Radical Cross-Coupling
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niques®>38 Functional groups, which impart water solubility to In the case of NMP, trouble for polymerization in homoge-
monomers and polymers, are not compatible with ionic poly- neous aqueous solution comes from the fact that NMP is a
merizations and require chemical protection prior to polymer- thermal process. On one hand, NMP requires nitroxides that
ization. display high activatiorrdeactivation equilibrium constant at the

Up to now, RAFT has emerged as the most powerful CRP Proceeding polymerization temperatures. On the other hand, the
technique for homogeneous aqueous po|ymerization due to theb0|||ng point of the solvent is the hlgheSt temperature that cannot

variety of monomers polymerizable with this procés. be risen above at atmospheric pressure. At the beginning of the
investigation of NMP, the majority of available alkoxyamines

Various ATRP systems have been studie#f, “° but because ) ; ; e
of the occurrence of several side reactions, the number of water-Vere based on five- or S|x—member_ed-r|ng n_|tr_0X|des, so that
soluble monomers polymerized in controlled fashion is still high temperatures (12C) were required to efficiently COT“’O.'
limited. Acidic monomers such as sodium methacrylate (NaMA) _and carry out the polymerlzatl_on. As a result, polymerlzatl_on
or sodium vinylbenzoate (NaVBA) are good examples to in pure water at atmospheric pressure was T‘.Ot po_SS|bIe.
Therefore, pressure vessBler addition of a high boiling point

illustrate some of the difficulties encountered during homoge- | h hvl s ¢
neous aqueous ATRP reacticiswith these monomers, the Zgl\;ﬁ:‘;’r i::gonas ethylene glycdlwas necessary for aqueous

catalyst can be destroyed either by monomer coordination to
the transition metal at high pH or by protonation of the ligand ~ With the discovery of second-generation nitroxides, which
at low pH, resulting in a loss of the complexing ability. In display higher activationrdeactivation equilibrium constant than
addition to the catalyst, the end functionality of the initiator, or  TEMPO, polymerization in “purely” homogeneous agqueous
propagating chain end, can also be involved in side reactions.solution should be possible below water's boiling point.
Typical initiators used for ATRP in aqueous solution are either However, very few water-soluble alkoxyamines have been
alkyl chlorides or alkyl bromides. In the presence of water, these described. Furthermore, these alkoxyamines cleave into a
halides may undergo nucleophilic substitution by water, or hydrophobic nitroxide and a water-soluble initiating radital.
elimination of hydrogen halide, particularly at high tempera- As a result, NMP has been mainly studied in dispersed aqueous
tures3® media}! using bicomponent or monocomponent initiating
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Figure 1. Plot of M, andM,,/M, vs conversion for bulk polymerization
of styrene at 123C with alkoxyaminell. Experimental conditions:
[11] = 30 mmol L% bulk; T = 123°C.

Ln([M]o/[M])
16

14 -
12 -

1 |
0.8 -
0.6
0.4 -
0.2

(Y -

0 200 250 300 350 400
Time (min)

Figure 2. Kinetic plot for bulk polymerization of styrene at 128
with alkoxyaminell. Experimental conditions:1l] = 30 mmol L%
bulk; T = 123°C.
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systems. Nevertheless, only one reffbabout polymerization

below water boiling point in dispersed aqueous media is
available in the literature. To our knowledge, water-soluble
alkoxyamines based on a water-soluble nitroxide are unknown.

The desire to prepare well-defined telechelic polymers that
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Figure 3. Plot of M, andM,,/M,, vs conversion for bulk polymerization
of n-butyl acrylate at 125°C with alkoxyaminell Experimental
conditions: 1] = 37 mmol L% [4] = 2.22 mmol L% bulk; T =
125°C.
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Figure 4. Kinetic plot for bulk polymerization oh-butyl acrylate at

125°C with alkoxyaminell Experimental conditions:1fl] = 37 mmol

L% [4] = 2.22 mmol LY bulk; T = 125°C.

200

mediate the polymerization of sodium styrenesulfonate in
homogeneous aqueous solution at temperature below @00

Results and Discussion

The synthesis of the nitroxidé was based on the strategy
developed by Hawker and colleagues for the preparation of
o-hydrogen-bearing nitroxideé’d. The reductive condensation of

can be used for several applications, such as the synthesis 0b-methyl-2-nitropropane, with isobutyraldehyde gaws-tert-

macrocycle® or multisegmented (co)polymetéprompted us

to develop a new functional nitroxide. The introduction of

carboxylic acid function on the mediating agent was of interest,
as it should confer water solubility to the nitroxide and thus
allow various water-soluble monomers to be polymerized by
NMP in homogeneous aqueous solution.

In this work, we present the synthesis of a new carboxy
functional, water- and organo-soluble nitroxide, 2,2,5-trimethyl-
4-p-carboxyphenyl-3-azahexane-3-nitroxidg, based on the
structure of the 2,2,5-trimethyl-4-phenyl-3-azahexane-3-nitrox-
ide, also known as TIPNCB?! (Scheme 2). The carboxylic acid
function makes this compound water-soluble in its basic form
and organo-soluble in its acidic form. We also report on the
synthesis of difunctional water-soluble alkoxyamines and their
use to prepare “homo”- and “hetero”telechelic polymers and
copolymers (block and gradient copolymers). We finally
demonstrate the ability of this new functional nitroxide to

butyl-a-isopropylnitrone, 6, in a single high-yielding step
(Scheme 3). Addition of a functional organomagnesium reagent,
8, to a solution of6 in THF, at low temperature, followed by
copper(ll)-catalyzed oxidation under ambient atmosphere re-
sulted in the formation of the protected nitroxiélen 60% yield.
The functional unsaturated Grignard reagent was prepared by
iodine—magnesium exchange as described by Cahiez and
Knochef” and reacted in situ with the nitrorée The efficient
reaction of i-PrMgX with a wide range of functionalized aryl
iodides proceeds under mild conditions, so that various sensitive
functional groups such as ester, nitrile, or amide function are
tolerated during the organomagnesium reagent formation. Thus,
this procedure allows the preparation of a wide range of
functional nitroxides. The nitroxide was then deprotected by
basic hydrolysi¢ to give finally the nitroxide4 in 99% yield.

A heterodifunctional alkoxyamind,1, was synthesized in two
supplementary steps. The diprotected alkoxyamif@ewas

Table 1. Synthesis of Styrenen-Butyl Acrylate Random Copolymers, with Alkoxyamine 11

initial [styrene]/[butyl acrylate] in
[styrene]/[butyl acrylate] the copolymer conversion (%) Mn NMR (g/mol) Mn SEC (g/mol) PDI
71.3/28.7 73.4/26.6 65.7 19430 17 220 1.15
50/50 58.9/41.1 66.55 21350 15 440 1.24
31.8/68.2 44.4/55.6 63.2 21360 22620 1.17
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Figure 5. Kelen—Tudos plot for bulk copolymerization of styrene and
n-butyl acrylate mediated by alkoxyamirdd at 125°C.

0.8 1

obtained by coupling the nitroxidéwith 4-vinylbenzyl acetate,
9,%%in the presence of a Salemanganese compl¢&(Scheme
4). 4-Vinylbenzyl acetated,*® was obtained in quantitative yield
by reaction of sodium acetate with 4-vinylbenzyl chloride. The
alkoxyaminel0O was then deprotected by basic hydrolysis of
the two ester functions, to afford, after acidification, the
a-hydroxy-w-carboxyalkoxyaminell in 86% yield. This

Macromolecules, Vol. 40, No. 17, 2007

called SG1 or DEPN?5and TIPNO?! allows the control of

not only styrene but also a wide range of monomers, such as
acrylates, substituted acrylamides, and diefe&:>1 The ef-
fectiveness of the difunctional alkoxyamidéd for the living

free radical polymerization afi-butyl acrylate was thus tested
at 125°C under bulk conditions. Good control was achieved
with linear increase of the molecular weight and low polydis-
persity (Figure 3). Using 37 mmol1! of 11 with 6% of free
nitroxide 4, poly(n-butyl acrylate) withM, = 10 900 g mot?!

and a polydispersity index of 1.19 was obtained after 15 h 45
min. A linear relationship between In([M[M]) vs time was
again observed, indicating that no detectable termination oc-
curred in this system (Figure 4).

Random Copolymers. One of the major advantages of
radical polymerization over most other forms of polymerization
(anionic, cationic, coordination) is that statistical copolymers
can be prepared from a wide range of comonomers containing
various unprotected functionaliti&&The good control obtained
for styrene anah-butyl acrylate homopolymerizations using the
heterodifunctional alkoxyamin&l prompted us to investigate
their random copolymerization for different ratios of styrene
andn-butyl acrylate.

Using a constant [monomers]/[alkoxyamine] molar ratio of
285, styrene andh-butyl acrylate were copolymerized at
125 °C for 8 h without any free nitroxide. Well-defined
copolymers, with low PDI, were obtained independent of the

alkoxyamine was especially designed to obtain heterotelechelicinitial composition (Table 1).

polymers that can be used as precursors to dotic multi-
segmented polymers.

A homodifunctional alkoxyaminel3, was also synthesized
by atom transfer radical cross-coupPAgScheme 5). Reaction
between the protected nitroxideand ethyl 2-bromoisobutyrate

in the presence of an excess of Cu(0) gave a diprotected

alkoxymine, 12, in 77% yield. The basic hydrolysis af2
resulted, after acidification, in the formation of the dicarboxy-
alkoxyaminel3in 89% yield. This alkoxyamine was especially

designed for agueous polymerizations, where the two carboxylic

acid functions provide water solubility in their basic forms.
Polymerization of Styrene.The effectiveness of the difunc-

tional alkoxyaminell for the living free radical polymerization

of styrene was probed at 128 under bulk conditions. Good

In every case, a drift of the composition in the final copolymer
was observed, as compared to the initial ratio of monomers
(Table 1). The KeleaTudos linearization methééwas used
to calculate reactivity ratios of styrene amebutyl acrylate
(Table 2). Plottingy againsts gave a straight line which from
rmsass/a andrspsa can be extracted as intercepts via extrapola-
tion to & = 0 and& = 1 (Figure 5). Values ofsnga andrngass
were found to be 0.854 and 0.124, respectively, in good
agreement with Chambart et &t.who reported values o&nga
0.81 andrpgass 0.23 at 120°C.

Block Copolymers. To confirm the presence of dormant
initiating centers at the chain end of linear polymers prepared
with the new functional alkoxyaminkl, block copolymers were

control was achieved up to high conversion. A linear increase Synthesized.

of the molecular weight with conversion as well as low PDIs
was observed (Figure 1). Using 30 mmofilof 11, polystyrene
with M, = 20 960 g mot! and a polydispersity index of 1.14
was obtained after 6 h. A linear relationship between Ing{M]

An alkoxyamine-functionalized polystyrene blodd (M, =
15900 g mot?, PDI = 1.10), was initially prepared and then
used to polymerize 300 equiv ofbutyl acrylate, in the presence
of an additional 0.06 equiv of nitroxidé at 125°C for 16 h

[M]) vs time was observed, indicating that no detectable (Scheme 6). The polymerization gave the block copolyfrier

termination occurred in this system (Figure 2).
Polymerization of n-Butyl Acrylate. In contrast to TEMPO,

the second generation of nitroxides, which includesNkert-

butyl-N-(1-diethylphosphono-2,2-dimethylpropyl) nitroxide, also

which had the expected increase in molecular weight, while the
polydispersity index remained lowl, ) = 27 875 g mot?,
Mnexp) = 27 650 g motl, PDI = 1.19). Furthermore, no
unreacted polystyrene was detectable by SEC (Figure 6).

Table 2. Kelen—Tudos Linearization for Reactivity Ratios Calculation

expt S° A SP AP conv Xo© yd
1 71.3 28.7 73.4 26.6 0.657 2.484 2.759
2 50 50 58.9 41.1 0.666 1.000 1.433
3 31.8 68.2 44.4 55.6 0.632 0.466 0.799
expt 0° off b Fh G 7 &
1 0.612 0.679 1.203 1.908 1.463 0.636 0.829
2 0.557 0.799 1.967 0.370 0.220 0.288 0.485
3 0.529 0.905 3.133 0.081 —0.064 —0.135 0.171

aRelative initial monomer ratio®.Relative copolymer compositiofixg = S/Aq. 4y =

S;/Ap eO‘g = conv x (MABU/MSt + XO)/(MABU/MSI + y) f()‘l =

YiXo02. 92 = (In(1 — 02))/(IN(1 — 02)). "F =y/(P). ' G = (y — 1)/z ] a. = (FmFm)Y3 whereFy, andFy are the lowest and higheBtvalues;ny = (zly —

(a2 +y). & = yl(0Z? + ).
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Figure 6. SEC traces of alkoxyamine-functionalized polystyrene block
and poly(styrenep-poly(n-butyl acrylate) block copolymer. Experi-
mental conditions: rf-BA]/[14]/[4] = 300/1/0.06; bulk.T = 125°C.
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Figure 7. Kinetic plot for homogeneous aqueous polymerization of
sodium styrenesulfonate at 75 and 96 with alkoxyamine 13.
Experimental conditions: [sodium styrenesulfonafedf[= 310; [13]

= 1.6 x 10 mol L™ in water;T = 75 and 95°C.

Polymerization in Water. In many respects, water is an
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Figure 8. Plot of M, and My/M, vs conversion for homogeneous
aqueous polymerization of sodium styrenesulfonate at’@5with
alkoxyaminel3. Experimental conditions: [sodium styrenesulfonate]/
[13] = 310; [13] = 1.6 x 103 mol L in water; T = 95 °C.

same group has recently reported the emulsion polymerization
of styrene ana-butyl acrylate with a water-soluble alkoxyamine
initiator 5657

To our knowledge, there is only one example of NMP in
“purely” homogeneous aqueous meéfid his work reports on
the synthesis of poly(sodium 4-styrenesulfonate) in water at
130°C with nitroxides based on 1,1,3,3-tetramethylisoindolin-
2-oxyl and 1,1,3,3-tetraethylisoindolin-2-oxyl with an ionic
group on the aromatic ring. Yet, long polymerization times were
required to prepare low molecular weight polymers (typically
6000 g/mol after 20 h). Several other examples of sodium
styrenesulfonate polymerizations based on Keoshkerian's work
are available in the literatur@. However, in every case, a
cosolvent was used (#8B0% ethylene glycol or DMSO
typically), and the polymerization temperature was around 125
°C. The new functional nitroxidd, which bears a carboxylic
acid function, should allow us to overcome these two limitations,
i.e., the use of a cosolvent and temperatures above@0On
one hand, the carboxylic function will confer good water
solubility to the nitroxide. On the other hand, as the structure
of 4 is similar to TIPNO kg = 3.3 x 103 st at 393 K in the

attractive solvent for radical polymerization. It is an inexpensive ¢ase of phenylethyl-TIPNO-based alkoxyamiffela lower
and environmentally friendly solvent that does not participate dissociation constant of alkoxyamines derlvecifrﬂ;lxmmpared
in radical transfer due to the high bond dissociation energy of 10 TEMPO-based alkoxyaminely(= 5.2 x 107 s at 393 K

its O—H bond (497 kJ molt).52

in the case of phenylethyl-TEMPO-based alkoxyanfihe

Water-soluble (co)polymers of controlled molar mass and €xpected. Controlled polymerizations at temperatures below 100

structure can only be prepared directly by CRP technigés.
Indeed, functional groups that impart water solubility to

°C should thus be possible.
The ability of the new functional nitroxidé to mediate the

monomers and polymers are not compatible with ionic poly- polymerization of sodium styrenesulfonate at 95 and@5n

merizations.
It is thus very interesting to develop controlled radical

homogeneous aqueous solution was investigated using the
difunctional alkoxyamind 3. The two carboxylic acid functions

polymerization in aqueous media. Various examples of hetero- provided good water solubility to the alkoxyamine.
geneous NMP polymerizations in aqueous media have been Polymerization proceeded at 75 and“@ As expected, the

reported. The NMP of styrene (at 9G)** andn-butyl acrylat&>

polymerization rate was significantly higher at 96 than at

in miniemulsion have been described by Charleux et al. The 75 °C. Indeed, the cleavage rate constkntepends on the

Scheme 6. Synthesis of Polystyrengpoly(n-butyl acrylate) Block Copolymer by NMP with Alkoxyamine 11

+m

1"

+ N
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Figure 9. SEC traces of poly(sodium styrenesulfonate) obtained after

24 h of polymerization at 98C with alkoxyaminel3. Experimental

conditions: [sodium styrenesulfonatdf] = 310; [13] = 1.6.10° mol

L=t in water; T = 95 °C.

dissociation energy of the alkoxyamine bond and shows

Macromolecules, Vol. 40, No. 17, 2007

controlled system. The presence of an active chain end was
demonstrated by reinitiation of a polystyrene block to form a
polystyreneb-poly(n-butyl acrylate) block copolymer. The
ability of the new functional nitroxide to mediate polymerization
in homogeneous aqueous solution was also confirmed. The
polymerization of sodium styrenesulfonate was successfully
achieved at temperatures below I@and led to well-defined
polymers, providing the first example of NMP in homogeneous
aqueous solution below the water boiling point.

The NMP in water of other hydrophilic monomers with these
new water-soluble alkoxyamines and the synthesis of macro-
molecular architectures are currently under investigation.

Experimental Section

Experimental Methods. 'H NMR and3C NMR spectra were
recorded at room temperature on Bruker AC 200 MHz or ARX
250 MHz instruments. Proton and carbon chemical shifts are
reported using the resonance of the deuterated solvent as internal
standard. Elemental analyses were performed by the Service Central
d’Analyses of the CNRS. Chemical ionization (CI, ammonia or
methane) and electronic ionization (El) mass spectra were obtained
with a JMS-700 spectrometer.

Size exclusion chromatography (SEC) was performed &C10
with two columns (PSS SDV, linear MU, 8 mx 300 mm; bead
diameter, 5um; separation limits, 4002 x 10° g mol1). The
eluent was THF at a flow rate of 1 mL mih A differential
refractive index detector (LDC Analytical refracto-Monitor V) was
used, and molar mass distributions were derived from a calibration
curve based on polystyrene (PS) standards from Polymer Standards
Service.

Aqueous size exclusion chromatography (ASEC) was performed
at 35°C with two columns (Viscotek Viscogel G3000 PWXL and
G4000 PWXL). The eluent was a mixture 80% 0.05 M,8@, in
water and 20% CECN at a flow rate of 1 mL mint. A differential

Arrhenius temperature dependencies while cross-combinationrefractive index detector (Viscotek Refractive Index Detector)

constantk; shows non-Arrhenius temperature dependerféies.
A linear relationship between In([M[M]) vs time was observed

operating at 660 nm was used, and molar mass distributions were
derived from a conventional calibration based on narrow NaPSS

in both cases, indicating the constant concentration of radicalsstandards.

in these systems (Figure 7).
A linear increase of the molecular weight with conversion

The monomer conversion for styrene amebutyl acrylate
polymerizations was determined by gravimetry after drying the

as well as low PDIs and unimodal SEC traces could also be POlymer samples under vacuum for 48 h.

observed (Figures 8 and 9). Using 1:6 10°2 mol L™ of
alkoxyaminel3 and a ratio [monomer]/[initiatorf= 310, poly-
(sodium styrenesulfonate) witll, = 38 300 g mot! and a
polydispersity index of 1.18 was obtained after 24 h at@5
(conversion 62.6%).

These results indicate that the new functional nitroXidan
efficiently mediate the polymerization of sodium styrene-

The monomer conversion for sodium styrenesulfonate polymer-
izations was determined byH NMR spectroscopy in BED.
Conversion was deduced from integration of the characteristic peaks
of the vinyl protons of NaSS monomer at 5.34 (d), 5.82 (d), and
6.7 ppm (q) and of the alkyl protons of the polymer chain (broad
peak centered at 1.5 ppm). Reaction samples were dried in vacuum
at 50°C prior to NMR analysis.

All reagents and chemicals were obtained from commercial

sulfonate in homogeneous aqueous solution at temperaturesuppliers without further purification: 4-vinylbenzyl chloride

below 100°C.

Conclusion

(technical, 90%, Aldrich), methyl 4-iodobenzoate (98%, Aldrich),
and 2-methyl-2-nitropropane (Aldrichn-Butyl acrylate (BA,
Aldrich, 99%) and styrene (S, Aldrich, 99%) monomers were
distilled under reduced pressure before use. Sodium styrenesulfonate

The synthesis and characterization of a carboxy-functionalized was recrystallized from a mixture MeOH/water (90/10). Tetrahy-
nitroxide based on the structure of TIPNO have been described.drofuran (THF) and diethyl ether (f) were distilled under b
Because of the presence of the carboxylic acid function, this from sodium benzophenone, and DMF was distilled from £aH

new nitroxide is organo-soluble in its acidic form and water-

Silica gel for column chromatography was Merck Kieselgel 60.

soluble when deprotonated. Two functional alkoxyamines have Column chromatographic separations were carried out using Merck

been synthesized and characterized. The heterodifunctiona
alkoxyamine allows for synthesis, in one step, of heterotelechelic

o n
polymers that can be used for several applications, such as th%

synthesis of macrocyclé8, multisegmented polymers$, or
functionalized micelles. The latter could be of great interest for
nanosized drug delivery systefis®3 The dicarboxyalkoxyamine

isilica gel 60 (236-400 mesh) or alumina when indicated.

N-tert-Butyl-a-isopropylnitrone §),2* vinylbenzyl acetatel(0),*°

d the Saleamanganese compl&were synthesized according
literature procedures.

Synthetic Procedures. Synthesis of 2,2,5-Trimethyl-g-methyl-
benzoate-3-azahexane-3-nitroxide TIPNO, 7Under a nitrogen
atmosphere, isopropyl bromide (10.9 mL, 116.6 mmol) was diluted

was especially designed for aqueous polymerization. Polymer-in 10 mL of THF and added dropwise to a solution of magnesium

izations of styrene and-butyl acrylate mediated with the new
functional nitroxide exhibited all the expected features of a

(2.835 g, 116.6 mmol) in 20 mL of THF in order to have a smooth
reflux. After the addition was completed, the solution was stirred
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for 1 h atreflux. This solution was then added to a solution of mmol) via syringe. This slurry mixture was stirred for 5 min, and
methyl 4-iodobenzoate (27.76 g, 106 mmol) in THF (20 mL) at a solution of functionalized alkoxyamiri® (177 mg, 0.428 mmol)
—40°C. The solution was stirred fd. h at—40 °C. A solution of in 1 mL of dry ether was added. The ice bath was removed, and
N-tert-butyl-R-isopropylnitrone (10.1 g, 70.6 mmol) in 100 mL of  the reaction mixture was stirred at room temperature until the
THF was added over 10 min to the solution of methyl benzeate reaction was complete. The hydrolysis was monitored by TLC for
magnesium bromide at40 °C. The mixture was allowed to warm  the disappearance of the ester and was considered to be complete
to —20 °C for 4 h. The excess Grignard reagent was decomposedwhen the ester was no longer observed. The reaction was quenched
by the addition of 10 mL of concentrated ammonium chloride by adding ice water until two clear layers formed. The aqueous
solution followed by 30 mL of water until all solids had dissolved. layer was separated and acidified with concentrated hydrochloric
The organic layer was separated, and the aqueous layer wasacid. The acidified solution was extracted three times with 50 mL
extracted with 50 mL of diethyl ether. The organic layers were portions of ether. The ether extracts were combined, dried over
combined, dried over magnesium sulfate, filtered, and concentratedanhydrous magnesium sulfate, and filtered. The organic phase was
The residue obtained was then treated with a mixture of methanol evaporated to give 150 mg (87.7% yield) bf as a white solid.

(200 mL), of aqueous concentrated MPH (15 mL), and of Cu- IH NMR (250 MHz, CDC}, both diastereomers)d 8.18-7.18
(OACc), (182 mg, 1 mmol) to give a pale yellow solution. A stream (m, 16H, both diastereomers), 6:98.97 (broad peak, 2H, OH,

of air was bubbled through the yellow stirred solution until it both diastereomers), 4.98 and 4.96 (m, 2H, both diastereomers),
became dark blue. Then the mixture was concentrated, and the crud&.73 and 4.69 (each s, 4H, both diastereomers), 3.54 (dJ ¥4,
nitroxide was purified by flash column chromatography (10:1:1 10.33 Hz, major diastereomer), 3.43 (d, 1H+ 10.58 Hz, minor
hexane/ethyl acetate/dichloromethane) to afford 11.733 g (59.8% diastereomer), 2.38 (m, 2H, both diastereomers), 1.65 (d,J3H,

yield) of 7, as an orange solid. Elementary analysigsHz,NO3* 6.15 Hz, major diastereomer), 1.56 (d, 3H= 6.4 Hz, minor
calculated: C, 69.04; H, 8.69; N, 5.03; O, 17.24, found: C, 69.04; diastereomer), 1.32 (d, 3Hd,= 5.9 Hz, major diastereomer), 1.06
H, 8.70; N, 4.80. (s, 9H, minor diastereomer), 0.97 (d, 38,= 5.9 Hz, minor
Synthesis of 2,2,5-Trimethyl-4p-carboxyphenyl-3-azahexane- diastereomer), 0.80 (s, 9H, major diastereomer), 0.55 (dJ3H,
3-nitroxide TIPNO, 4. To a stirred suspension of potassitent- 6.15 Hz, major diastereomer), and 0.24 (d, 3k 6.37 Hz, minor
butoxide (1 g, 8.9 mmol) in dry ether (10 mL), cooled tdO, diastereomer):3C NMR (50 MHz, CDC}, both diastereomers)

was added water (4@, 2.2 mmol) via syringe. This slurry mixture ~ 172.14, 149.01, 145.02, 144.22, 140.15, 139.41, 131.17, 129.49,
was stirred for 5 min. The nitroxid& (310 mg, 1.1 mmol) in 127.28, 126.46, 83.76, 82.84, 72.09, 65.33, 61.03, 32.00, 28.37,
solution in dry ether (5 mL) was added to this mixture. The ice 24.81, 23.28, 22.01, 21.03. HRMS exact mass: calculated for [M
bath was removed, and the reaction mixture was stirred at room + 1]7 Ca4H3aNO, 400.2488, found 400.2486.

temperature until the reaction was complete (over a night). The  Synthesis of 2,2,5-Trimethyl-3-(2-(ethyl-2-methyl-propionate)-
reaction was quenched by adding ice water until two clear layers ethoxy)-4p-methylbenzoate-3-azahexane, 1Zo a Schlenk flask
formed. The aqueous layer was separated, acidified with concen-was added ethyl 2-bromoisobutyrate (1 mL, 6.8 mmol), function-
trated hydrochloric acid, and evaporated under reduced pressurealized TIPNO7 (2.273 g, 8.176 mmol), copper powder (2.224 g,
The solid was dissolved in ethanol (15 mL), dried over anhydrous 35 mmol), copper bromide (9.8 mg, 0.068 mmol), and 10 mL of
magnesium sulfate, and filtered. The solvent was evaporated totoluene. The reaction solution was degassed by bubbling nitrogen,
afford 294.2 mg (99.9% yield) ¢f as an orange solid. HRMS exact and PMDETA (14.25L) was added. The solution was then heated
mass: calculated for [M+ 2]t CisH23NOs; 266.1756; found at 50°C for 18 h. The solution was filtered and concentrated under

266.1758. vacuum. The crude product was purified by column chromatography
Synthesis of 2,2,5-Trimethyl-3-(1-(4acetomethyl)phenylethoxy)- (8/2/1 to 8/2/2 pentanel/dichloromethane/ethyl acetate). 2.066 g
4-p-methylbenzoate-3-azahexane, 1@unctionalized TIPNOY (77.1% yield) ofl2 as a lightly yellow very viscous oil that partially

(3.823 g, 13.75 mmol), and 4-vinylbenzyl acetate (3.582 g, 20.35 crystallizes below 5C was obtainedH NMR (250 MHz, CDC},
mmol) were dissolved in 20 mL of isopropyl alcohol in an open both enantiomers)o 8.18-7.48 (m, 4H, both enantiomers), 4.15
flask. The solution was vigorously stirred, and finely ground Mn- (m, 2H, both enantiomers), 3.90 (s, 3H, both enantiomers), 3.48
(salen)ClI catalyst (245 mg, 0.6876 mmol) was added, followed by (d, 1H, J = 10.33 Hz, both enantiomers), 1.82 (m, 1H, both
NaBH, (0.845 g, 34.252 mmol) in small portions. After 24 h, the enantiomers), 1.62 and 1.58 (each s, 6H, both enantiomers), 1.27
reaction mixture was partitioned between chloroform and 0.5 M (q, 3H,J = 6.63 Hz, both enantiomers), 1.16 (d, 3H= 6.15 Hz,
HCI. The organic layer was separated and washed with water until major enantiomer), 0.92 and 0.80 (each s, 9H, both enantiomers)
it became acid-free. It was dried over Mg$@nd the solventwas  and 0.38 (d, 3H,J = 6.65 Hz, minor enantiomer}3C NMR (50
evaporated. The crude product was purified by column chroma- MHz, CDCl, both enantiomers)d 175.42, 167.50, 148.19, 137.83,
tography (10:1 pentane/ethyl acetate>6/4) to afford 4.276 g 131.28, 128.71, 82.32, 72.37, 60.96, 60.74, 52.04, 30.89, 28.54,
(68.3% yield) of10 as a colorless very viscous otk NMR (250 27.61, 25.30, 23.00, 22.14, 21.07, and 14.23. HRMS exact mass:
MHz, CDCL, both diastereomers)d 8.11-7.00 (m, 16H, both calculated for [M+ 1]t CyH3zeNOs 394.2593; found 394.2588.
diastereomers), 4.89 (m, 2H, both diastereomers), 4.67 and 4.63 Synthesis of 2,2,5-Trimethyl-3-(2-(2-methyl-propanoic acid)-
(each s, 4H, both diastereomers), 3.45 (d, 1K 10.6 Hz, major ethoxy)-4p-carboxybenzoate-3-azahexane, 130 a stirred sus-
diastereomer), 3.35 (d, 1K= 10.3 Hz, minor diastereomer), 2.31  pension of potassiurtert-butoxide (5.87 g, 52.316 mmol) in dry
(two m, 2H, both diastereomers), 2.00 and 1.92 (each s, 6H, bothether (10 mL), cooled to 0C, was added water (234, 13.08
diastereomers), 1.60 (d, 3bl= 6.1 Hz, major diastereomer), 1.51  mmol) via syringe. This slurry mixture was stirred for 5 min. To
(d, 3H,J = 5.9 Hz, major diastereomer), 1.28 (d, 3K+ 5.9 Hz, this solution was added the functionalized alkoxyanfige1.285
minor diastereomer), 1.01 (s, 9H, major diastereomer), 0.95 (d, 3H, g, 3.270 mmol) in solution in dry ether (25 mL). The ice bath was
J = 5.9 Hz, major diastereomer), 0.75 (s, 9H, minor diastereomer), removed, and the reaction mixture was stirred at room temperature
0.50 (d, 3H,J = 6.4 Hz, major diastereomer) and 0.20 (d, 3H; until the reaction was complete. The reaction was quenched by
5.9 Hz, minor diastereomer}*C NMR (50 MHz, CDC}, both adding ice water until two clear layers formed. The aqueous layer
diastereomers)d 167.49, 148.40, 148.19, 145.08, 144.23, 140.21, was separated and acidified with concentrated hydrochloric acid.
139.48, 131.02, 128.61, 126.92, 126.38, 83.58, 82.65, 71.98, 65.27 The acidified solution was extracted three times with 50 mL portions
60.71, 52.01, 31.70, 28.55, 24.81, 23.25, 22.11, 21.95, 21.04.of ether. The ether extracts were combined, dried over anhydrous
Elementary analysis: £Hs;NOs calculated: C, 71.18; H, 8.19;  magnesium sulfate, and filtered. The organic phase was evaporated
N, 3.07; O, 17.56, found: C, 72.02; H, 8.46; N, 3.20. to give 1.021 g (89% yield) ol3 as white solidH NMR (250
Synthesis of 2,2,5-Trimethyl-3-(1-(4hydroxymethyl)phe- MHz, DMSO, both enantiomers)) 13.28-11.91 (broad peak, 2H,
nylethoxy)-4-carboxybenzoate-3-azahexane, 1T.0 a stirred COOH, both enantiomers), 7.98.54 (m, 4H, both enantiomers),
suspension of potassiutart-butoxide (770 mg, 6.857 mmol) in  3.57 (d, 1H,J = 10.0 Hz, both enantiomers), 1.93 (m, 1H, both
dry ether (10 mL), cooled to 0C, was added water (34, 1.714 enantiomers), 1.54 and 1.46 (each s, 6H, both enantiomers), 1.14
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(d, 3H,J = 6.4 Hz, major enantiomer), 1.11 and 0.91 (each s, 9H,
both enantiomers) and 0.35 (d, 3H+= 6.4 Hz, minor enantiomer).
13C NMR (250 MHz, DMSO, both enantiomersj: 176.09, 167.42,

147.16, 137.56, 131.21, 128.09, 81.33, 71.07, 60.16, 31.29, 30.18,

28.10, 27.20, 25.55, 24.14, 22.54, and 20.71. MS (FABJz
calculated for [M+ 1]* 352.2; found 352.3.

General Procedure for Styrene Polymerization; Preparation
of Polystyrene.A mixture of the alkoxyaminé1 (399 mg, 1 mmol)

and styrene (26.04 g, 250 mmol) was degassed by nitrogen bubbling(ll)

for 30 min, sealed under nitrogen, and heated at 23or 5 h.
Samples were removed at different time intervals during polym-
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(7) Gaynor, S. G.; Wang, J.-S.; MatyjaszewskiNfacromoleculed995
28, 8051-8056.

(8) Chiefari, J.; Chong, Y. K.; Ercole, F.; Krstina, J.; Jeffery, J.; Le, T. P.
T.; Mayadunne, R. T. A,; Meijs, G. F.; Moad, C. L.; Moad, G.;
Rizzardo, E.; Thang, S. HMacromoleculesl998 31, 5559-5562.

(9) Moad, G.; Rizzardo, E.; Thang, S. Hust. J. Chem2005 58, 379—
410.

(10) Yamago, S.; Lida, K.; Yoshida, J. Am. Chem. So2002 124, 2874~

2875.

Yamago, S.; Lida, K.; Yoshida, J. Am. Chem. So002 124

13666-13667.

(12) Goto, A.; Kwak, Y.; Fukuda, T.; Yamago, S.; Lida, K.; Nakajima,
M.; Yoshida, J.J. Am. Chem. So@003 125 8720-8721.

erization, and conversion and molecular weights were determined(13) Caille, J. R.; Debuigne, A./ d#me, R.Macromoleculef005 38, 27—

by gravimetry and SEC, respectively. The polymerization was
stopped 1, = 15 910 g mot?, M,,/M,, = 1.10, conversior= 59%)
by quenching the reaction in an ice bath.

General Procedure for Acrylate Polymerization; Preparation
of Poly(n-butyl acrylate). A mixture of the alkoxyamind 1 (42.3
mg, 0.106 mmol), the corresponding nitroxide (1.6 mg, 0.06
mmol), andn-butyl acrylate (2.671 g, 20.84 mmol) was degassed

32.

(14) Matyaszewski, K.; Davis, T. Handbook of Radical Polymerizatipn
Wiley-Interscience: Hoboken, NJ, 2002.

(15) Matyjaszewski, K.; Gnanou, Y.; Leibler, Macromolecular Engineer-
ing. Precise Synthesidaterials Properties Applications Wiley-
VCH: Weinheim, 2007.

(16) Davis, K. A.; Matyjaszewski, KAdv. Polym. Sci2002 159, 2—166.

(17) Solomon, D. H.; Rizzardo, E.; Cacioli, P. US Patent 4,581,429, 1985.

by three freeze/thaw cycles, sealed under nitrogen, and heated afls) Benoit, D.; Grimaldi, S.; Finet, J. P.; Tordo, P.; Fontanille, M.; Gnanou,

125°C for 15 h 45 min. Samples were removed at different time

intervals during polymerization, and conversion and molecular

Y. Polym. Prepr.1997 18, 729.
(19) Benoit, D.; Grimaldi, S.; Finet, J. P.; Tordo, P.; Fontanille, M.; Gnanou,
Y. ACS Symp. Sefl998 685, 225.

weights were determined by gravimetry and SEC, respectively. The (20) Grimaldi, S.; Finet, J. P.; Le Moigne, F.; Zeghdaoui, A.; Tordo. P.;

polymerization was stoppedly = 10 900 g mot?, M,,/M, = 1.19,
conversion= 36%) by quenching the reaction in an ice bath.
General Procedure for Styrenen-Butyl Acrylate Random
Copolymerization; Preparation of Polystyreneco-poly(n-butyl
acrylate). A mixture of the alkoxyaminell (11.2 mg, 2.8.1?
mmol), styrene (583 mg, 5.6 mmol), anebutyl acrylate (288 mg,

2.25 mmol) was degassed by three freeze/thaw cycles, sealed under

nitrogen, and heated at 12& for 8 h. The polymerization was
stopped i, = 17 200 g mot?, M,,/M,, = 1.15, conversior 66%)
by quenching the reaction in an ice bath.

Procedure for Block Copolymer Formation; Preparation of
Polystyreneb-poly(n-butyl acrylate). A mixture of alkoxyamine-
functionalized polystyrene (1.591 g, 0.1 mmdl,, = 15900 g
mol~1, PDI= 1.10), initially prepared by polymerizing styrene with
the alkoxyaminell, the corresponding nitroxidé (1.8 mg, 6.4
mmol), andn-butyl acrylate (3.924 g, 30.61 mmol) was degassed

Benoit, D.; Fontanille, M.; Gnanou, YMacromolecule200Q 33,
1141-1147.

(21) Benoit, D.; Chaplinski, V.; Braslau, R.; Hawker, CJJAm. Chem.
Soc.1999 121, 3904-3920.

(22) Benoit, D.; Harth, E.; Fox, P.; Waymouth, R. M.; Hawker, C. J.
Macromolecule00Q 33, 363—-370.

(23) Rodlert, M.; Harth, E.; Rees, I.; Hawker, CJJPolym. Scj.Part A:

Polym. Chem200Q 38, 4749-4763.

(24) Couvreur, L.; Lefay, C.; Belleney, J.; Charleux, B.; Guerret, O.;
Magnet, S.Macromolecule®003 36, 8260-8267.

(25) Wetter, C.; Gierlich, J.; Knoop, C. A.; Muller, C.; Schulte, T.; Studer,
A. Chem—Eur. J.2004 10, 1156-1166.

(26) Chang, C. C.; Studer, Adacromolecule2006 39, 4062-4068.

(27) Nesvadba, P.; Bugnon, L.; Sift, R. Polym. Scj.Part A: Polym.
Chem.2004 42, 3332-3341.

(28) Grubbs, R. B.; Wegrzyn, J. K.; Xia, @hem. Commur2005 80—

82.

Flakus, S.; Mandel, K.; Bartsch, M.; Schmidt-Naake M&cromol.

Rapid Commun2005 26, 1698-1703.

(29)

by three freeze/thaw cycles, sealed under nitrogen, and heated a{30) Drockenmuller, E.; Lamps, J. P.; Catalaytacromolecule004 37,

125°C for 16 h. The polymerization was stopped.(= 27 650 g
mol~, My/M, = 1.19, conversion= 30.5%) by quenching the
reaction in an ice bath.

General Procedure for Sodium Styrenesulfonate Polymeri-
zation; Preparation of Poly(sodium styrenesulfonate).To a
solution of sodium hydroxide (30.8 mg, 7/ 10~ mol) in water
(20 mL) was added the alkoxyamid8(11.2 mg, 3.2< 1075 mol)

and sodium 4-vinylbenzenesulfonate (2.062 g, 0.01 mol). The

2076-2083.

(31) Hill, N. L.; Braslau, RJ. Polym. Scj.Part A: Polym. Chem2007,
45, 2341-2349.

(32) Narayan, S.; Muldoon, J.; Finn, M. G.; Fokin, V. V.; Kolb, H. C;
Sharpless, K. BAngew. Chem.nt. Ed. 2005 44, 3275-3279.

(33) Jessop, P. G. Supercrit. Fluid2006 38, 211—-231.

(34) Kubisa, PProg. Polym. Sci2004 29, 3—12.

(35) Qiu, J.; Charleux, B.; Matyjaszewski, Rrog. Polym. Sci2001, 26,
2083-2134.

mixture was degassed by bubbling nitrogen for 30 min and heated (36) Charleux, BACS Symp. Se2003 854, 438-451.

at 95°C for 24 h. Samples were removed at different time intervals @7 L

owe, A. B.; McCormick, C. LProg. Polym. Sci2007, 32, 283~
351

during polymerization, and conversion and molecular weights were (38) Coca. S.: Jasieczek C. B.: Beers. K. L. Matyjaszewskd,. Rolym.

determined by!H NMR and aqueous SEC, respectively. The
polymerization was stoppet¥lg = 38 300 g mot?, M,,/M,, = 1.18,
conversion= 62.6%) by quenching the reaction in an ice bath.
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