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ABSTRACT: Synthesis of novel poly(ionic liquid)s, namely,
poly(1-vinyl-3-alkylimidazolium hydrogen carbonate)s, denoted
as poly([NHC(H)][HCOs])s or PVRIMHCO3, where R is an alkyl
group (R =ethyl, butyl, phenylethyl, dodecyl), is described.
Two distinct synthetic routes were explored. The first method
is based on the free-radical polymerization (FRP) of 1-vinyl-3-
alkylimidazolium monomers featuring a hydrogen carbonate
counter anion (HCO3z ), denoted as VRIMHCOs;. The latter
monomers were readily synthesized by alkylation of 1-
vinylimidazole (VIm), followed by direct anion exchange of 1-
vinyl-3-alkylimidazolium bromide monomers (VRImBr), using
potassium hydrogen carbonate (KHCO3) in methanol at room
temperature. Alternatively, the same anion exchange method
could be applied onto FRP-derived poly(1-vinyl-3-alkylimidazo-
lium bromide) precursors (PVRImBr). All PVRImMHCO; salts
proved air stable and could be manipulated without any
particular precautions. They could serve as polymer-supported

INTRODUCTION In the last two decades, N-heterocyclic car-
benes (NHCs) have been employed not only as unique
ligands for transition metals," but also as true organocata-
lysts in molecular chemistry for various molecular transfor-
mations.*® More recently NHCs have also served as
organocatalysts or building blocks in metal-free polymer syn-
thesis.””® Steric and/or electronic properties of NHCs can be
finely tuned through variation of their substituent pattern,
which allows modulating their overall reactivity (e.g., nucleo-
philicity and/or basicity) toward various substrates.'®!?
However, their poor stability when exposed to air makes
NHCs difficult to handle.'>** To circumvent this limitation,
various masked NHCs have proved of practical use, for

precatalysts to generate polymer-supported N-heterocyclic car-
benes, referred to as poly(NHC)s, formally by a loss of “H,CO3"
(H,O +CO,) in solution. This was demonstrated through
selected organocatalyzed reactions of molecular chemistry,
known as being efficiently mediated by molecular NHC cata-
lysts, including benzoin condensation, transesterification and
cyanosilylation of aldehyde. Of particular interest, recycling of
the polymer-supported precatalysts was possible by re-
carboxylation of in situ generated poly(NHC)s. Organocatalyzed
reactions could be performed with excellent yields, even after
five catalytic cycles. © 2013 Wiley Periodicals, Inc. J. Polym.
Sci., Part A: Polym. Chem. 2013, 57, 4530-4540
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instance, as precatalysts in molecular and macromolecular
reactions.>’

For instance, NHCs can be masked in the form of NHC-Ag(I)
complexes'®'® or 2-alkoxy,'”™?° trichloromethyl,>! penta-
fluorophenyl,?* isothiocyanate,? carboxylic acid,?*** and
NHC-CO, adducts.?>?® The latter zwitterionic azol(in)ium-2-
carboxylates usually result from the carboxylation of free
carbenes with CO,. Hence, the intermediacy of air- and
moisture-sensitive species is required in most cases. 2527730
Therefore, a need still exists to develop air-stable NHC pre-
cursors that could be of practical usage for the purpose of
organocatalysis or organometallic chemistry.>!~*2

Additional Supporting Information may be found in the online version of this article.

© 2013 Wiley Periodicals, Inc.
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In addition, progressive hydrolysis of NHC-CO, adducts,
forming imidazol(in)ium hydrogen carbonates, denoted as
[NHC(H)][HCO5], has been reported.*"** However, we have
shown that these salts can serve as a genuine source of
NHCs under very mild conditions, formally by a loss of
“H,C03” (H,0 +C0,).*"** Synthesis of [NHC(H)][HCO3] pre-
cursors can be readily achieved in one pot, by anion
exchange from commercial imidazol(in)ium halides
([INHC(H)][X]; X=Br or Cl), in the presence of KHCO;3 in
methanol. Their NHC-like behavior was then experimentally
evidenced in model (macro)molecular reactions, and NHC
formation was supported by density functional theory (DFT)
calculations.***®

We now wish to report polymeric versions of these imidazolium
hydrogen carbonates, referred to as poly([NHC(H)][HCOz])s, and
their use in organocatalysis. Catalyst recycling is obviously of
prime importance in catalyzed processes,**>! including molecu-
lar reactions by an organocatalytic pathway.> In a previous con-
tribution, we described the synthesis of polymeric analogs of
both NHCs and NHC-CO, adducts, denoted as poly(NHC)s and
poly(NHC-CO,) adducts.>> When used as polymer-supported
precatalysts for metal-free transesterification and benzoin con-
densation reactions, poly(NHC-CO;) adducts proved easier to
handle and could be more easily recycled, than their “bare” pol-
y(NHC) counterparts. One limitation of this approach, however,
was the need for the prior synthesis of related air sensitive pol-
y(NHC) intermediates.®®> We now provide an easy synthetic
access to air-stable and recyclable poly([NHC(H)][HCOs])s for
facile organocatalysis. These salt precursors were thus readily
synthesized following two distinct routes that did not require
the prior formation of poly(NHC)s. These particular poly(ionic
liquid)s (PILs)** " were subsequently used as a source of pol-
y(NHQC)s, by analogy with their molecular versions, for selected
organocatalyzed molecular reactions. Recarboxylation at the
completion of each tested reaction allowed us to recycle the
poly([NHC(H)][HCO3]) precursors (Scheme 1), while maintain-
ing excellent yields, even after five catalytic cycles.

EXPERIMENTAL

Instrumentation

"H NMR and *3C NMR spectra were recorded on a Bruker
AC-400 spectrometer in appropriate deuterated solvents.
Molar masses were determined by size exclusion chromatog-
raphy (SEC) in H,0/formic acid (0.3 M) as the eluent (0.6
mL/min) and with pyridine as a flow marker at 25 °C, using

\ A, -COg; -Hy0 N +(:o2

o)+ [ o ~— [ >—<o
N HCOO +COy; +H,0 N
R 3 R

Poly(NHC) Poly(NHC-COz)

Poly(INHC(H)JIHCO3))

SCHEME 1 Reversible generation of poly(NHC)s 5 from poly
(INHC(H)I[HCO3]) salts 4 and poly(NHC-CO,) adducts 6. [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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both refractometric (RI) and UV detectors (Varian). Analyses
were performed using a PL-GPC50 plus integrated GPC Sys-
tem equipped with PSS SUPREMA Max columns with pore
sizes of 30 and 1000 A, respectively (connected in series),
fitted with dual detectors (refractometry and UV). Calibration
curve was done using poly(2-vinylpyridine) as polymer
standards.

Materials

1-Vinylimidazole  (99%), 1-bromobutane (99%), 1-
bromoethane (99%), 2-bromoethylbenzene (99%), and 1-
bromododecane (99%) were obtained from Alfa Aesar and
used as received. Azobis(2-methylpropionitrile) (AIBN, 99%)
was received from Aldrich and was purified by recrystalliza-
tion from methanol. Dimethylaminopropionitrile (DMAPN,
98%) and potassium persulfate (KPS, 99%) were purchased
from Aldrich and used as received. 4,4'-Azobis(4-cyanovaleric
acid) (V-501, 99%) and 2,2'-azobis(4-methoxy-2,4-dimethyl
valeronitrile) (V-70, 99%) were purchased from Wako chemi-
cals used as received. Benzyl alcohol (Aldrich, 99%) and
benzaldehyde (Aldrich, 99.5%) were distilled before use.
Vinyl acetate (Aldrich, 99%) was dried over CaH, and dis-
tilled before use. Trimethylsilylcyanide (TMSCN, 98%, ABCR)
was used as received. Potassium bicarbonate (KHCO3 99.7%,
Aldrich) was dried at 50 °C for 12 h under vacuum before
use. Tetrahydrofuran (THF) was distilled over Na/benzophe-
none. Dimethyl sulfoxide (DMSO 99.5%, Fischer) and ethyl
acetate (99.7%, Aldrich) were used without further purifica-
tion. MeOH was distilled over Na metallic before use. CO,
(N-45, Air Liquide) was purified by passing through a click-
on inline “super clean purifier” (SGT) before use.

Synthesis of 1-Vinyl-3-ethylimidazolium Bromide
VEtImBr (1a)

1-Vinyl-3-ethylimidazolium bromide ([NHC(H)][Br]) 1a was
prepared following a procedure already described.3>¢1¢3
The monomer was recovered as a white solid (100% yield).
1-Vinyl-3-butylimidazolium bromide VBulmBr (1b)*', 1-
vinyl-3-(1-phenylethyl)-imidazolium  bromide VEtPhImBr
(1¢)*° and 1-vinyl-3-dodecylimidazolium bromide VDo-
deImBr (1d)°* were prepared following a similar procedure.
NMR data were in accordance with those reported in the
literature.®®

Synthesis of 1-Vinyl-3-ethylimidazolium Hydrogen
carbonate VEtImHCO; (2a)

A mixture of 1-vinyl-3-ethylimidazolium bromide, 1a, (1 g,
4.92 mmol) and 1.05 equiv of KHCO3 (518 mg, 5.18 mmol)
was dried at 60 °C under vacuum for 12 h. Dry methanol (5
mL) was then added, and the resulting suspension was
stirred for 24 h at rt. After filtration of the suspension over
Celite, methanol was evaporated under vacuum to yield a
sticky solid. After trituration of the solid with acetone and
filtration, 2a was obtained as a yellowish powder and dried
under dynamic vacuum (yield: 83%). The product was then
stored under static vacuum.

'H NMR (CDs0D): § 1.56 (d, CH;—CH,—, 3H), 439 (q, CHy—
CH,—, 2H), 5.43 (dd, HCH=CH—N, 1H), 5.92 (dd, HCH=CH—N,
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FIGURE 1 "H NMR spectrum of 1-vinyl-3-butylimidazolium hydrogen carbonate 2b in CD;0OD. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

1H), 7.26 (dd, CH,=CH—N, 1H), 7.78 (s, N—CH=CH—N, 1H),
8.00 (s, N—CH=CH—N, 1H). *C NMR (CD;0D): & 15.41
(CH;—CH,—), 52.8 (CH,—CHs), 109.9 (CH,=CH—N), 120.8
(N—CH=CH—N), 124.1 (N—CH=CH—N), 129.9 (CH,=CH—N),
136.1 (N—CH—N), 161.4 (HCO,).

Synthesis of 1-Vinyl-3-butylimidazolium Hydrogen
Carbonate VBulmHCO; (2b)

2b was prepared following a similar procedure to that used
for the synthesis of 2a.

'H NMR (CD50D, Fig. 1): 6 0.98 (t, CH;—CH,—CH,—CH,—,
3H), 132 (s, CH;—CH,—CH,—CH,—, 2H), 190 (¢,
CH3—CH,—CH,—CH,—, 2H), 4.27 (tN—CH,—CH,—CH,—CHs,
2H), 54 and 49 (d, N—CH—CH,, 2H), 7.25 (dd, N—CH=CH,,
1H), 7.7 and 8.0 (d, CH=CH, 2H). *3C NMR (CD;0D, Fig. 2): ¢
13.57 (CHs;—CH,;—CH,—CH,—), 20.28 (CH3—CH,—CH,—CH,—),
37.72 (CHs—CH,—CH,;—CH,—), 50.73 (CH3—CH,;—CH,—CH,—),
1099  (CH,=CH—N), 1208 (N—CH=CH—N), 124.1
(N—CH=CH—N), 1299 (CH,=CH—N), 1351 (N—CH—N),
161.0 (HCO5).

Synthesis of 1-Vinyl-3-(1-phenylethyl)imidazolium
Hydrogen Carbonate VEtPhImHCO;3 (2c)

2c¢ was prepared following a similar procedure as that used
for the synthesis of 2a.

'H NMR (CD3;0D): & 1.89 (d, CH;—CH—, 3H), 5.42 (dd,
HCH=CH—N, 1H), 5.83 (m, CH—(CH3)(C¢Hs), 1H), 6.00 (dd,
HCH=CH—N, 1H), 7.29 (dd, CH,=CH—N, 1H), 7.43 (m,
CH—C¢Hs, 5H), 8.00 (s, N—CH=CH—N, 1H), 825 (s,
N—CH=CH—N, 1H), 9.84 (s, N—CH—N, 1H). 3C NMR
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(DMSO-dg): & 1936 (CH;—CH—), 58.9 (CH—(CH;)(C¢Hs)),
107.7 (CH,=CH—N), 1188 (N—CH=CH—N), 120.8
(N—CH=CH—N), 126.0 and 1280 (CH—C¢Hs), 1335
(CH;=CH—N), 138.1 (N—CH—N), 158.3 (HCO5).

Synthesis of 1-Vinyl-3-dodecylimidazolium Hydrogen
Carbonate VDodeImHCO3 (2d)

2d was prepared following a similar procedure to that used
for the synthesis of 2a.

'H NMR (CD50D): § 0.7 (t, CH3(—CH;—)1oCH,, 3H), 1.2-1.3 (m,
CH3(—CH;—)oCH,—CH,, 18H), 1.7 (q, CH3(—CH,—)oCH,—CH,,
2H), 4.1 (t, CH3(—CH,—)oCH,—CH,, 2H), 54 (dd, HCH=CH—N,
1H), 592 (dd, HCH=CH—N, 1H), 7.26 (dd, CH,=CH—N, 1H),
7.78 (s, N—CH=CH—N, 1H), 8.00 (s, N—CH=CH—N, 1H). C
NMR (CD30D) (3 151 (CH3_CH2_CH2(_CHZ_)7CHZ_CH2_),
249 (CH3_CH2_CH2(_CHZ_)7CH2_CH2_), 28.2 (CHg_CHZ_
CHz(_CHZ_)7CH2_CH2_), 31.2 (CHg_CHZ_CHz(_CHZ_)7
CHZ_CHZ_), 34.7 (CHg(_CHZ_)chz_CHZ_), 542 (CH3_
CH,—CH,—CH,—), 110.5 (CH;=CH—N), 122.8 (N—CH=CH—N),
124.1 (N—CH=CH—N), 130.9 (CH,=CH—N), 137.3 (N—CH—N),
161.4 (HCO3).

Synthesis of PVBulmBr (3b) by Polymerization of
VBulmBr (1b)

In a typical experiment, a 10-mL Schlenk tube was flame
dried and charged with 1 g (4.3 mmol) of 1b, 12.7 mg (0.08
mmol) of AIBN and 4 mL of methanol. The Schlenk tube was
subjected to five freeze-thaw cycles and placed in a thermo-
stated oil bath previously maintained at 80 °C. The reaction
was quenched after 3 h by sudden cooling with liquid

@WILEY i ONLINE LIBRARY
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FIGURE 2 "*C NMR spectrum of 1-vinyl-3-butylimidazolium hydrogen carbonate 2b in CD;0D. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

nitrogen. The resulting poly(1-vinyl-3-butylimidazolium) bro-
mide (3b) was isolated by precipitation in acetone. After
drying under vacuum, 3b was obtained as a yellowish pow-
der (yield 95%). M, = 25,000 g mol * (D = 1.45) by SEC in
H,0/acid formic (0.3 M) (see Fig. 5).

'H NMR (CD30D, see Supporting Information Fig. S7): 6 8.9-
9.3 (br, N—CH—N, 1H), 7.3-7.8 (br, CH=CH, 2H), 3.9-4.5 (br,
N—CH,—CH,—CH,—CHs;, 2H), 4.4-4.8 (br, N—CH—CH,, 1H),
24-30 (b N—CH—CH,, 2H), 1.7-21 (br, CHs3;—
CH,—CH,—CH,—, 2H), 1.3-1.6 (br, CH3—CH,—CH,—CH,—,
2H), 0.9-1.2 (br, CH3—CH,—CH,—CH,—, 3H). PVEtImBr (3a),
PVPhEtImBr (3c), and PVDodelmBr (3d) were obtained fol-
lowing a similar procedure.

Synthesis of PVEtImHCO; (4a, R = ethyl) by
Polymerization of VEtImHCO;

In a typical experiment, a Schlenk tube was flame-dried and
charged with 1 g (5.43 mmol) of 2a, 24.3 mg (0.09 mmol) of
KPS and 10 mL of DMSO. The Schlenk tube was subjected to
five freeze-thaw cycles before adding 10.1 pL (0.09 mmol) of
DMAPN under argon flow. The reaction mixture was stirred
for 24 h at room temperature. The obtained polymer was
precipitated in acetone to remove residual monomer, fil-
trated, and dried under vacuum. 4a was recovered as a yel-
lowish powder (yield: 85%). M,, = 29,000 g mol ! (D=23)
by SEC in H,0/formic acid (0.3 M) (see also Fig. 5).

'H NMR (CD;0D, see Supporting Information Fig. S2): 1.4-
1.7 (CHs—CH,, 3H), 24-27 (H,C—CH—N, 2H), 4.1-
4.4(CH,—CHs, 2H), 4.4-4.7 (H,C—CH—N, 1H), 7.4-8.0
(N—CH=CH—N, 2H). '3C NMR (CDs0D, see Supporting Infor-

M&%‘E},} WWW.MATERIALSVIEWS.COM
|

mation Fig. S1) : § 14.7 (CH;—CH,—), 40.9 (H,C—CH—N),
58.3 (CH,—CH3),120.3 and 122.0 (N—CH=CH—N), 136.8
(N—CH—N), 160.9 (HCO5).

Synthesis of PVBulmHCO3 (4b, R = butyl) by
Polymerization of VBulmHCO;

4b was prepared following a similar procedure to that used
for 4a (yield: 98%). M, = 26,200 g mol ' (D = 1.78) by SEC
in H,0/formic acid (0.3 M) (see also Fig. 5).

'H NMR (CDsOD, see Fig. 3): 0.8-1 (br, CH;—CH,—
CH,—CH,—, 3H), 1.2-14 (br, CH;—CH,—CH,—CH,—, 2H),
1.6-19 (br, CH;—CH,—CH,—CH,—, 2H), 2.1-24 (br,
CH,—CH—N, 1H), 3.7-4.1 (br, CH,—CH—N, 1H), 4.2-4.7
(b N—CH,—CH,—CH,—CHs, 2H), 7.5-8.0 (br, CH=CH, 2H),
9.5-10 (br, N—CH—N, 1H). *C NMR (CD5OD, see Fig. 4): §
135 (CH3_CH2_CH2_CH2_), 2028 (CH3_CHZ_CH2_CH2_),
(CHs—CH,—CH,—CH,—), 54.2 (CH,—CH—N), 120.8-122.3
(N—CH=CH—N), 137.1 (N—CH—N), 159.0 (HCO5).

Synthesis of PVPhEtImHCO; (4c, R= 1-phenylethyl) by
Polymerization of VPhEtImHCO3

4c was prepared following a similar procedure to that used
for 4a (yield 95%).

'H NMR (CD;0D, see Supporting Information Fig. S4) : 1.7-
2.1 (br, CH ;—CH—, D3H), 2.3-3.3 (br, H,C—CH—N, 2H), 4.6-
5.1 (br, CH,—CH—N, 1H), 5.3-5.6 (br, CH— (CH3)(C¢Hs), 1H),
7.2-7.7 (br, CH—C¢Hs, N—CH=CH—N, N—CH=CH—N, 7H).
13C NMR (CD50D, see Supporting Information Fig. $3): 22.3
(CH;—CH—), 41.4 (CH,—CH—N), 60.2 (CH—(CH3)(CeHs)),
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FIGURE 3 'H NMR spectrum of poly(1-vinyl-3-butylimidazolium hydrogen carbonate) salt 4b in DMSO-ds. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

619 (CH,—CH—N), 1215 (N—CH=CH—N), 128.7-1363 (—CH,—)oCH,—CH, 18H), 1.7-2.0 (br, CH3(—CHy—)s

(CH—CsHs), 139.8 (N—CH—N), 161.4 (HCOs). CH,—CH,, 2H), 2.—2.5 (br, CH,—CH—N, 2H), 4.1-43 (br,
CHa(—CH,—)oCH,—CH,, 2H), 43-45 (br, CHy—CH—N, 1H),

_ 13 :
Synthesis of PVDodeImHCO; (4d, R = dodecyl) by 7.5-8.0 (b, CH=CH, 2H). “C NMR (CD30D, see Supporting

Polymerization of VDodeImHCO; Information Fig. S5): 6 15.1 (CH3—CH,—CH,(—CH;—);

4d was prepared following a similar procedure to that used CH,—CH,—), 249  (CH3—CH,;—CHz(—CH,—);CH,—CH,—),
for 4a [yleld 68%) 282 (CH3_CH2_CH2(_CHZ_)7CH2_CH2_), 312 (CHg_CHZ_

CHz(_CHz_)7CH2_CH2_), 347 (CHg(_CHz_)QCHZ_CHZ_),
'H NMR (CD;0D, see Supporting Information Fig. S6) & 0.7-  44.2 (CH,—CH—N), 54.2 (CH;—CH,—CH,—CH,—), 122.8-
0.8 (br, CH3(—CH,—)1oCH,, 3H), 1.2-1.1-14 (br, CH; 124.2 (N—CH=CH—N), 137.3 (N—CH—N), 162.2 (HCO3).
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FIGURE 4 "3C NMR spectrum of poly(1-vinyl-3-butylimidazolium hydrogen carbonate) salt 4b in DMSO-d. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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FIGURE 5 Aqueous SEC traces of PVBulmBr 3b, PVEtImHCO;
4a (entry 3, Table 1) and PVBulmHCO3; 4b (entry 4, Table 1)
obtained by free radical polymerization in DMSO at rt. [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Synthesis of PVRImHCO; via Anion Exchange of PVRImBr
Poly(1-vinyl-3-alkylimidazolium bromide) (4 mmol) 3 were
dissolved in dry methanol, and the resulting solution was
added to a stirred solution of KHCO3 (1.05 equiv), in metha-
nol. The resulting suspension was stirred for 24 h at rt. After
filtration over Celite, methanol was evaporated under vac-
uum to yield a sticky solid. After trituration of the solid with
acetone and filtration, poly(1-vinyl-3-alkylimidazolium hydro-
gen carbonate) 4 was obtained as a yellowish powder and
dried under dynamic vacuum (yield 95%). NMR data were in
accordance with 4b (see Figs. 3 and 4).

Catalytic Tests Using PVRImHCO3 Salt Precursors
All catalytic tests were carried out under a dry and inert
atmosphere, at rt and at 80 °C, using Schlenk equipments.

Transesterification
In a typical experiment (see Fig. 6), precursor 4 (0.5 mmol)
was introduced in a Schlenk tube. The solid compound was

Path a
\ﬁ “-\l ’VYn
N
N i) KHCO, N, ii) KPS/DMAPN | @>_H
(s o (3o e (2
o e MeOH N p DMSQ RT, 24h N‘ e
L e RT, 24h |, Hoos L HCO;
1 2 R = Et (4a), Bu (4b and
VRImEr VRIMHCO, 4b"),PhELt (4c), Dodecyl (4d)
PVRIMHCO;
Path b { T
,‘/\r)’n A
i) AIBN N ii) KHCO; ‘
[ca; H
MeQH
RT. 24h N B RMI‘E.(ZJEh
R

3
PVRImBr

SCHEME 2 Synthesis of PVRImMHCO; 4a-d by anion exchange
of VRImBr 1a-d, followed by FRP of VRImMHCO; 2a-d (path a)
and synthesis of PVRImMHCO3; 4b’ by FRP of VRImBr 1b fol-
lowed by anion exchange exchange of PVRImBr 3b (path b).
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FIGURE 6 Results of the transesterification of benzyl alcohol (1
equiv) and vinyl acetate (1.2 equiv) in THF at 80 °C for 2 h in
the presence of poly([NHC(H)][HCOs]) 4 (see also Scheme 2).
[Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

allowed to stir for 1 h under vacuum and the flask was then
subjected to three Ar/vacuum cycles. A 5 mL portion of THF,
0.5 mL (5 mmol) of benzyl alcohol, and 0.55 mL (6 mmol) of
vinyl acetate were added. The reaction mixture was stirred
for 2 h at 80 °C. Note that a suspension was obtained under
these conditions owing to the nonsolubility of precursor 4a-
c. After the reaction mixture was allowed cooling to rt, 1
atm of CO, was added, to favor the formation of poly(1-
vinyl-3-alkylimidazolium carboxylate) 6 from the corre-
sponding poly(NHC) 5 (see Scheme 1). After stirring for 30
min, the mixture was filtered under vacuum, and the filtrate
was analyzed by "H NMR in CDCl;. Conversion in benzyl ace-
tate was calculated by "H NMR in CDCl; (Supporting Infor-
mation Fig. S8) by comparing the integral value of the
—CH,— benzyl alcohol signal (0 4.5 ppm) to that of the
—CH,— benzyl acetate signal (6 5 ppm). The recovered poly-
mer was suspended in THF and reused for a next run of
catalysis.

Cyanosilylation

In a typical experiment (see Fig. 7), a Schlenk tube was
charged with 4 (0.25 mmol), and the solid compound was
allowed to stir for 1 h under vacuum and the flask was then
subjected to three Ar/vacuum cycles. A 5 mL portion of THF
followed by 0.5 mL (5 mmol) of benzaldehyde and 0.75 mL
of TMSCN (6 mmol) were added. The rest of the procedure
was identical to that described above for the transesterifica-
tion reaction. Conversion in «-trimethylsilyloxy-phenylaceto-
nitrile was determined by 'H NMR in CDCl; (Supporting
Information Fig. S9) by comparing the integral value of the
aldehyde signal of benzaldehyde (6 10 ppm) to that of the
—CH— cyanide product (6 5.5 ppm).

Benzoin Condensation
In a typical experiment (see Fig. 8), 4 (0.5 mmol) and molec-
ular sieves were introduced into a Schlenk tube. The solid
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FIGURE 7 Results of the cyanosilylation of benzaldehyde and trimethylsilyl cyanide performed in THF at 80 °C for 1 h in the pres-
ence of poly([NHC(H)][HCOs]) 4 (see also Scheme 2). [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

mixture was allowed to stir for 1 h under vacuum and the
flask was then subjected to three Ar/vacuum cycles. A 5 mL
portion of THF and then 0.5 mL (5 mmol) of benzaldehyde
were added. The reaction mixture was stirred for 24 h at 80
°C. The rest of the procedure was identical to that dscribed
above for the transesterification reaction. Benzoin conversion
was determined by H NMR in CDCl; (Supporting Informa-
tion Fig. S10) by comparing the integral value of the alde-
hyde signal of benzaldehyde (6 10 ppm) with that of the
—CH— benzoin signal (6 6 ppm).

RESULTS AND DISCUSSION

Synthesis of Poly(1-vinyl-3-alkylimidazolium hydrogen
carbonate)s, 4

Poly(1-vinyl-3-alkyl imidazolium hydrogen carbonate)s 4
synthesized in this work, denoted as poly(VRImHCO3)s or
poly([NHC(H)][HCO3])s, where R is an alkyl substituent
(R = ethyl, butyl, phenylethyl, dodecyl), represent novel pol-
y(ionic liquid)s (PILs).>*®® As depicted in Scheme 2, synthe-
sis of these specific PILs could be achieved following two
distinct routes that did not require the prior formation of
poly(NHC) precursors, in contrast to our previous work.>®

The first synthetic method is based on the free-radical poly-
merization (FRP) of 1-vinyl-3-alkylimidazolium monomers
featuring a hydrogen carbonate (HCO3; ) counter anion,
denoted as VRImHCO3 (Scheme 2, path a). The latter mono-
mers were readily synthesized by alkylation of 1-
vinylimidazole (VIm), followed by direct anion exchange of
1-vinyl-3-alkylimidazolium bromide (VRImBr) monomers,
using potassium hydrogen carbonate (KHCO3) in methanol,
at room temperature. This method could be generalized to
VRImBr monomers carrying various alkyl substituents in 3-
position. Four different VRImBr monomers 1a-d were thus
synthesized by quaternization of VIm, using various alkyl (1-
phenylethyl, n-butyl, ethyl and n-dodecyl) bromides, follow-
ing a well-established procedure.’*®'"®3 The four corre-
sponding VRImHCO3; monomers 2a-d (R= ethyl, n-butyl, 1-
phenylethyl and n-dodecyl) were next obtained by anion
exchange on the basis of our recent reports on molecular
imidazolium precursors.**** The novel VRImHCO; mono-
mers were characterized by 'H and '3C NMR spectroscopy.
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Figures 1 and 2 show the NMR spectra of the VBulmHCO;
2b compound. Analysis by '"H NMR in CD30D did not allow
stating on the quantitative anion exchange, from bromide to
hydrogen carbonate (Fig. 1); chemical shifts of protons of
the imidazolium backbone were similar to that of the start-
ing material 1b. In contrast, the characteristic signals of both
the N,CH carbon and the HCO3;  quaternary carbon atoms
were observed by 13C NMR at 136.0 and 161.1 ppm, respec-
tively (Fig. 2). All other signals observed both on the 'H and
13C NMR spectra were consistent with data reported on
molecular imidazolium hydrogen carbonate homologs.*!

Synthesis of PILs by free-radical polymerization (FRP) of 1-
vinyl-3-alkylimidazolium is well-documented.>*®® FRP of
VRImHCO3; monomers 2a-d was investigated under different
conditions, as summarized in Table 1. For instance, attempts
to polymerize 2b using either azobis(2-methylpropionitrile)
(AIBN) or 4,4’'-azobis(4-cyanovaleric acid) (V-501) as a radi-
cal source at 80 °C were not successful, neither in DMSO nor
in MeOH as solvent (entry 1). We hypothesized that a too
high temperature (80 °C) could lead to the degradation of
VRImHCO3; monomers 2. 2,2’-Azobis(4-methoxy-2,4-dimethyl
valeronitrile) (V-70) was then employed as initiator at 40 °C,
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FIGURE 8 Results of the benzoin condensation from benzalde-
hyde performed in THF at 80 °C for 24 h in the presence of
poly(INHC(H)I[HCO3]) 4 (see also Scheme 2). [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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TABLE 1 Free-Radical Polymerization of VRIMHCO3; Monomers 2

Entry Monomer Initiator® T(°C) Solvent Time (h) Conv. (%)° M, (g mol™")° D°
1 2b AIBN or V-501 80 DMSO or MeOH 144 0 - -

2 2b V-70 40 DMSO 72 30 - -

3 2a KPS/DMAPN R.T. DMSO 18 85 29,000 2.30
4 2b KPS/DMAPN R.T. DMSO 18 98 26,200 1.78
5 2b KPS/DMAPN R.T. MeOH 18 40 - -

6 2c KPS/DMAPN R.T. DMSO 18 95 - -4

7 2d KPS/DMAPN R.T. DMSO 18 68 - -

2 A [monomer]/[initiator] ration equal to 60:1 was used.

b Conversion was calculated by '"H NMR from the disappearance of the
signal at 7.2 ppm and appearance of signal at 0.8 ppm corresponding
to the polymer.

which allowed the polymerization to proceed, albeit with a
low conversion after a reaction time of 72 h (entry 2). In
contrast, the redox initiating system utilizing potassium per-
sulfate (KPS) and dimethylaminopropionitrile (DMAPN) at
room temperature (rt) enabled quantitative conversion of
monomer 2b in DMSO, after 18 h (entry 4), whereas a low
conversion was noted in MeOH, likely owing to the poor solu-
bility of KPS in the latter solvent (entry 5). All monomers 2a-
d were thus efficiently polymerized in DMSO at rt in the pres-
ence of KPS/DMAPN, providing polymers, PVRImHCO3 4a-d,
in near quantitative yields (Table 1). Although the possibility
of anion exchange between KPS and PVRImHCO3; cannot be
ruled out, this exchange reaction could not be evidenced.

Characterization of these polymers by "H NMR spectroscopy
confirmed the expected structure (Experimental and ESI). In
particular, the signal corresponding to the CH proton of the
imidazolium moiety could be clearly identified at 9-10 ppm.
In addition, signals due to the vinylic protons of monomers
at 5.4-6 ppm completely vanished, while protons of mono-
mer units CH—CH, were observed at 4-4.3 ppm (Figs. 3 and
4 and Supporting Information Figs. S1 and S6). While all sig-
nals were broadened after polymerization, that correspond-
ing to the HCO3;  carbon atom at 160.0 ppm was found as
sharp as in the *C NMR spectrum of monomer 2 (Fig. 4).

Characterization of PILs by size exclusion chromatography
(SEQ) is often challenging owing to interactions of these pol-
ylectrolytes with SEC columns.®* Very recently, however,
Matyjaszewski et al. reported a “universal” method to ana-
lyze well-defined PILs based on imidazolium-based with bis(-
trifluoromethanesulfonyl)imide (" NTf;) counter-anions, by
employing THF as eluent in presence of the same ~NTf,
anion. In the present work, analysis of some polymers
(PVBulmBr 3b, PVEtImHCO3; 4a and PVBulmHCO3 4b) by
aqueous SEC showed a unimodal molecular weight distribu-
tion in each case (Fig. 5), with a dispersity between 1.4 and
2.3. Due to the nonsolubility of 4c and 4d in water, analysis
of these polymers by aqueous SEC could not be carried out.

An alternative synthetic route to PVRImHCO3; 4 consisted in
applying the same anion exchange method described above

MA%‘&} WWW.MATERIALSVIEWS.COM
|

¢ Molecular weight and dispersity were determined by SEC in water/for-
mic acid (0.3 M) calibrated with poly(2-vinyl pyridine).

9 Molecular weight ant dispersity were not determined due to the insol-
ubility of corresponding polymer in aqueous solvent used for SEC.

to FRP-derived poly(1-vinyl-3-alkylimidazolium bromide)s,
PVRImBr 3 (Scheme 1, path b). The FRP of VRImBr mono-
mers 1 was already reported.3>®*>%05¢ For instance,
PVBulmBr 3b was synthesized in methanol using AIBN as a
radical source at 80 °C. Characterization of 3b by 'H NMR
spectroscopy confirmed the expected structure (Supporting
Information Fig. S7). Corresponding PVBulmHCO3; 4b’ was
obtained by anion exchange of 3b with KHCO3 in methanol at
rt for 24 h (see Scheme 2). A similar yellowish powder to 4b
(path a) was obtained, with identical 'H and *>C NMR spectra.

Thus, synthesis of novel 1-vinyl-3-alkyl imidazolium-based
PILs with hydrogen carbonate as counter-anion could be
readily achieved, following two distinct routes both relying
on a simple and direct anion exchange, from Br~ to HCO3 .

Use of Poly(1-vinyl-3-alkyl imidazolium hydrogen
carbonate)s 4 in Organocatalysis

The potential of poly(vinylimidazolium hydrogen carbonate)
salts 4a-d and 4b’ (see Scheme 2) as polymer-supported
precatalysts was then explored. Here we provide our prelimi-
nary results regarding their catalytic potential, without a real
investigation into the optimization of the catalytic efficiency.
It is well established, indeed, that polymer-supported cata-
lysts with optimized catalytic properties requires a specific
design and a systematic and logical approach, from the pre-
cise understanding of the mechanism of elementary catalytic
reactions.®” Various parameters can be manipulated, includ-
ing the nature of the polymer support, the nature of the
linker, catalyst density along the polymer support, and the
nature of the connectivity of the catalyst to the support.

Here, polymers 4a-d and 4b’ were expected to in situ gener-
ate poly(NHC)s 5, as illustrated in Scheme 1, by analogy
with their molecular versions.®® In this regard, 4a-d and 4b’
are also denoted as poly[NHC(H)][HCOs3]s.

Three different organocatalyzed reactions of molecular chem-
istry were implemented, namely, transesterification,>¢%~7°
benzoin condensation®*3%7%7! and cyanosilylation of alde-
hydes,”*”® known as being efficiently catalyzed by both
molecular NHCs and ([NHC(H)][HCO3]) salt precursors.**
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SCHEME 3 Use of poly([INHC(H)][HCOs]) 4 as polymer-
supported precatalysts of transesterification between vinyl ace-
tate and benzyl alcohol (see also Scheme 2).

Similar experimental conditions were used for all organoca-
talytic tests: reagents and polymer salt precursors 4 were
mixed in THF and stirred at 80 °C for 1, 2, or 24 h, depend-
ing on the implemented reaction. It is worth pointing out,
however, that 4 were not soluble under such conditions,
organocatalyzed reactions taking place heterogeneously,
except in the case of precursor 4d carrying the dodecyl
group on the imidazolium ring. Moreover, access to the NHC
catalytic sites—generated from [NHC(H)][HCO3] units—
might be reduced because of the close vicinity of NHCs to
the polymer backbone (short linker) and the steric hindrance
brought by the alkyl group on the imidazole ring. It is there-
fore likely that the in situ generation poly(NHC)s from poly][-
NHC(H)][HCO3] 4a-d and 4b’ was not complete. This also
explained why a catalytic amount of up to 10%mol. of these
polymer-supported precatalysts was employed, while molec-
ular versions, [NHC(H)][HCO3], required only 0.1-1% mol at
room temperature for the same reactions.**

Addition of CO,, at rt, at the completion of each tested reaction,
allowed retrieving polymer-supported precatalysts, presumably
co-existing in the form of a mixture of poly[NHC(H)][HCO3] 4
and poly[NHC-CO,] adducts 6 (see Scheme 1). The as-
recovered polymers could thus be filtered off and recycled.

In a typical transesterification reaction, benzyl alcohol
(BnOH) and vinyl acetate (VAc) were added to a THF solu-
tion containing poly[NHC(H)][HCO3] salts 4, and the reaction
was stirred for 2 h (Scheme 3). Analysis by 'H NMR spec-
troscopy of the filtrate confirmed the formation of benzyl
acetate and the conversion could thus be determined.

All poly([NHC(H)][HCO3]) salts exhibited an excellent cata-
lytic activity at the first run, providing excellent conversion
of benzyl acetate (83-100%), irrespective of the nature of
the alkyl substituent on the imidazolium ring (Fig. 6). This
indicated that free poly(NHC)s 5 were efficiently generated
at 80 °C, at least partially, from the poly([NHC(H)][HCO3])
salt precursors, formally by loss of H,COs. In contrast, the
same precursors did not show any catalytic activity at rt.

Fairly good conversions (63-98%) were achieved with 4a-c
and 4b’ over 3 runs of organocatalysis, attesting to an efficient
recycling with no significant loss of catalytic activity. Precur-
sors 4b and 4b’, obtained from path a and path b, respectively
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(Scheme 2), showed the same catalytic efficiency for this trans-
esterification reaction, indicating that the structure of both
polymers was very similar. The poly([NHC(H)][HCO3]) precur-
sor 4d allowed reaching a complete conversion in benzyl ace-
tate after the first run (Fig. 6). However, 4d (or 6d, Scheme 1)
could not be recovered by re-carboxylation due to its solubility
in THEF, unlike 4a-c (or 6a-c). The catalytic efficiency of the
latter precursors however decreased progressively with the
number of cycles, which might be explained by uncomplete re-
incorporation of CO, and/or of partial deactivation of in situ
generated poly(NHC)s 5a-c.

Precursors 4a-d were then investigated as polymer-
supported precatalysts for the cyanosilylation of benzalde-
hyde with trimethylsilyl cyanide (TMSCN), another NHC-
catalyzed molecular reaction.”>”* Only one report previously
described the use of some polymer-supported version of
NHC precursors for this reaction (1 mol % of catalyst, rt, 10
min).”* Results of the cyanosilylation of benzaldehyde
with TMSCN catalyzed by 5%mol. of 4a-d in THF for 1 h
(Scheme 4) are presented in Figure 7.

Excellent yields were obtained with 4a-c and 4b’ up to five
catalytic cycles, meaning that all polymer-supported NHC
precursors could be readily recycled after carboxylation,
without any significant loss of catalytic activity (Fig. 7). For
the same reason mentioned above, the THF soluble precur-
sor 4d/6d could not be recycled, though also providing a
quantitative conversion after the first run of organocatalysis.

Then, we examined the catalytic potential of poly([NHC(H)]
[HCO3])s 4 for the benzoin condensation, a NHC-catalyzed
self-condensation of benzaldehyde forming a f-keto alcohol
called benzoin.*>3¢7%7! Reactions were carried out in THF for
24 h at 80 °C, in the presence of 10%mol. of 4 (Scheme 5).

The first catalytic cycle led to benzoin in rather good yield
(62-79%) with 4a-b’ and 4d. In contrast, poor yield (28%)
in benzoin was obtained with 4c after the first run of cataly-
sis. This might be ascribed to the poorer solubility of poly([-
NHC(H)][HCO3]) 4c in the reaction mixture compared to the
other precursors, the corresponding poly(NHC) being more
hardly generated or prematurly deactivated. The slow kinetic

i~

N
o 5% [(;?_H NG OTMS

©
" L HCO; H
+ Me;Si—CN
THF, 80 °C, 1h

4a: R=Et

4b: R = n-Bu®

4b': R = n-Bu®

4c: R = 1-phenylethyl
4d: R = Dodecyl

SCHEME 4 Use of poly(INHC(H)][HCOs]) 4 as polymer-
supported precatalysts of the cyanosilylation of benzaldehyde
with trimethylsilyl cyanide (see also Scheme 2).
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SCHEME 5 Use of poly([NHC(H)][HCO3]) 4 as polymer-
supported precatalysts of the benzoin condensation of benzal-
dehyde (see also Scheme 2).

of the reaction did not allow us to efficiently recycle the
polymer precatalyst. A significant decrease of the yield was
also noted in the second catalytic cycle both for 4b’ and 4c
(25 and 9%, respectively), whereas the yield decreased only
at the third run both with 4a and 4b (5 and 15%, respec-
tively). Increasing the reaction time to 48 h did not allow
improving the generation of free poly(NHC)s 5 from 4, as
conversions were close to those obtained after 24 h. Overall,
results of the benzoin condensation utilizing polymer precur-
sors 4 are consistent with our previous observations when
poly(NHC-CO,) adduct homologues were employed:>® the
reaction is rather slow, yields drop after a few cycles, and
polymer-supported precatalysts can be hardly recycled.

CONCLUSIONS

Novel poly(ionic liquid)s, namely, poly(1-vinyl-3-alkyl imida-
zolium hydrogen carbonate)s, poly([NHC(H)][HCOs]), can be
readily accessed and serve as air stable polymer-supported
precatalysts for organocatalyzed molecular reactions. The in
situ generation of related polymer-supported NHCs, pol-
y(NHC)s, occurs by a loss of H,CO3 (H,O +CO;). Re-
carboxylation of poly(NHC)s allows easily recycling polymer
precursors and reusing them for several organocatalytic
cycles, especially for transesterification and cyanosilylation
reactions. Excellent catalytic activities could be achieved for
the latter reactions, whereas benzoin condensation requires
longer reaction times, and did not allow efficiently recycling
the polymer-supported precatalysts, presumably owing to
premature deactivation of poly(NHC)s under forcing condi-
tions. Further optimization of the organocatalytic properties
of poly([NHC(H)][HCO3]) precursors would be needed via a
systematic approach, including, for instance, the introduction
of a spacer group between NHC monomer units and the
polymer backbone, and manipulation of the organocatalyst
density via statistical copolymerization. These experiments
are ongoing in our group. We are also currently exploring
the potential of these poly(NHC) precursors for further post-
polymerization modification, taking benefit of NHC units to
selectively react with various substrates at stoichiometry
(e.g. transition metals, azides, or thiocyanates).

MA%‘&} WWW.MATERIALSVIEWS.COM
|

WWW.POLYMERCHEMISTRY.ORG

ARTICLE

ACKNOWLEDGMENTS

The authors are grateful to the French Ministry of Education
and Research for financial support of PC and to CNRS and
Région Aquitaine for financial support of ME. The P2M RNP pro-
gram from ESF is also gratefully acknowledged.

REFERENCES AND NOTES

1S. J. Hock, L.-A. Schaper, W. A. Herrmann, F. E. Kuhn, Chem.
Soc. Rev. 2013, 42, 5073-5089.

2 R. H. Crabtree, Coord. Chem. Rev. 2007, 251, 595-595.

3 S. Diez-Gonzalez, N. Marion, S. P. Nolan, Chem. Rev. 2009,
109, 3612-3676.

4 N. Marion, S. Diez-Gonzélez, S. P. Nolan, Angew. Chem. Int.
Ed. 2007, 46, 2988-3000.

5 D. Enders, O. Niemeier, A. Henseler, Chem. Rev. 2007, 107,
5606-5655.

6 J. Moore, T. Rovis, In Asymmetric Organocatalysis; B. List,
Ed.; Springer Berlin / Heidelberg, 2009; Vol. 291, Chapter 3, pp
77-144.

7 M. K. Kiesewetter, E. J. Shin, J. L. Hedrick, R. M. Waymouth,
Macromolecules 2010, 43, 2093-2107.

8 M. Févre, J. Vignolle, Y. Gnanou, D. Taton, In Polymer Sci-
ence: A Comprehensive Reference; Editors-in-Chief:; K. Matyjas-
zewski, M. Moller, Eds.; Elsevier: Amsterdam, 2012; Vol. 4,
Chapter 6, pp 67-115.

9 M. Fevre, J. Pinaud, Y. Gnanou, J. Vignolle, D. Taton, Chem.
Soc. Rev. 2013, 42, 2142-2172.

10 F. Glorius, N-Heterocyclic Carbenes in Transition Metal
Catalysis; Springer Berlin / Heidelberg, 2007, pp 1-20.

11 T. Droge, F. Glorius, Angew. Chem. Int. Ed. 2010, 49, 6940-
6952.

12 P. de Frémont, N. Marion, S. P. Nolan, Coord. Chem. Rev.
2009, 253, 862-892.

13 M. K. Denk, J. M. Rodezno, S. Gupta, A. J. Lough, J. Orga-
nomet. Chem. 2001, 617-618, 242-253.

14 O. Holléczki, P. Terleczky, D. Szieberth, G. Mourgas, D.
Gudat, L. Nyulaszi, J. Am. Chem. Soc. 2010, 133, 780-789.

15 H. M. J. Wang, I. J. B. Lin, Organometallics 1998, 17, 972-
975.

16 J. C. Y. Lin, R. T. W. Huang, C. S. Lee, A. Bhattacharyya, W.
S. Hwang, I. J. B. Lin, Chem. Rev. 2009, 709, 3561-3598.

17 D. Enders, K. Breuer, G. Raabe, J. Runsink, J. H. Teles, J.-P.
Melder, K. Ebel, S. Brode, Angew. Chem. Int. Ed. 1995, 34,
1021-1023.

18 O. Coulembier, A. P. Dove, R. C. Pratt, A. C. Sentman, D. A.
Culkin, L. Mespouille, P. Dubois, R. M. Waymouth, J. L.
Hedrick, Angew. Chem. Int. Ed. 2005, 44, 4964-4968.

19 S. Csihony, D. A. Culkin, A. C. Sentman, A. P. Dove, R. M.
Waymouth, J. L. Hedrick, J. Am. Chem. Soc. 2005, 127, 9079-
9084.

20 O. Coulembier, B. G. G. Lohmeijer, A. P. Dove, R. C. Pratt, L.
Mespouille, D. A. Culkin, S. J. Benight, P. Dubois, R. M.
Waymouth, J. L. Hedrick, Macromolecules 2006, 39, 5617-5628.
21 G. W. Nyce, S. Csihony, R. M. Waymouth, J. L. Hedrick,
Chem. Eur. J. 2004, 10, 4073-4079.

22B. C. Norris, D. G. Sheppard, G. Henkelman,
Bielawski, J. Org. Chem. 2010, 76, 301-304.

23 0. Coulembier, X. Delva, J. L. Hedrick, R. M. Waymouth, P.
Dubois, Macromolecules 2007, 40, 8560-8567.

C. W.

JOURNAL OF POLYMER SCIENCE, PART A: POLYMER CHEMISTRY 2013, 57, 4530-4540

4539



4540

ARTICLE

24 0. Coulembier, S. B. Moins, P. Dubois, Macromolecules
2011, 44, 7493-7498.

25 L. Delaude, Eur. J. Inorg. Chem. 2009, 2009, 1681-1699.

26 L. Delaude, A. Demonceau, J. Wouters, Eur. J. Inorg. Chem.
2009, 2009, 1882-1891.

27 J. D. Holbrey, W. M. Reichert, |. Tkatchenko, E. Bouajila, O.
Walter, I. Tommasi, R. D. Rogers, Chem. Commun. 2003, 28-29.

28 |. Tommasi, F. Sorrentino, Tetrahedron Lett. 2006, 47, 6453—
6456.

29 H. A. Duong, T. N. Tekavec, A. M. Arif, J. Louie, Chem.
Commun. 2004, 112-113.

30 B. R. Van Ausdall, J. L. Glass, K. M. Wiggins, A. M. Aarif, J.
Louie, J. Org. Chem. 2009, 74, 7935-7942.

31 A. M. Voutchkova, L. N. Appelhans, A. R. Chianese, R. H.
Crabtree, J. Am. Chem. Soc. 2005, 127, 17624-17625.

32 A. M. Voutchkova, M. Feliz, E. Clot, O. Eisenstein, R. H.
Crabtree, J. Am. Chem. Soc. 2007, 129, 12834-12846.

33 X. Sauvage, A. Demonceau, L. Delaude, Macromol. Symp.
2010, 293, 28-32.

34 P. U. Naik, L. Petitjean, K. Refes, M. Picquet, L. Plasseraud,
Adv. Synth. Catal. 2009, 351, 1753-1756.

35 J. Pinaud, J. Vignolle, Y. Gnanou, D. Taton, Macromolecules
2011, 44, 1900-1908.

36 A. B. Powell, Y. Suzuki, M. Ueda, C. W. Bielawski, A. H.
Cowley, J. Am. Chem. Soc. 2011, 133, 5218-5220.

37 G. M. Pawar, M. R. Buchmeiser, Adv. Synth. Catal. 2010,
352, 917-928.

38 H. A. Duong, M. J. Cross, J. Louie, Org. Lett. 2004, 6, 4679-
4681.

39 B. Bantu, G. M. Pawar, U. Decker, K. Wurst, A. M. Schmidt,
M. R. Buchmeiser, Chem. Eur. J. 2009, 15, 3103-3109.

40 B. Bantu, G. M. Pawar, K. Wurst, U. Decker, A. M. Schmidt,
M. R. Buchmeiser, Eur. J. Inorg. Chem. 2009, 2009, 1970-1976.

41 M. Févre, J. Pinaud, A. Leteneur, Y. Gnanou, J. Vignolle, D.
Taton, K. Miqueu, J.-M. Sotiropoulos, J. Am. Chem. Soc. 2012,
134, 6776-6784.

42 P. U. Naik, K. Refes, F. Sadaka, C.-H. Brachais, G. Boni, J.-P.
Couvercelle, M. Picquet, L. Plasseraud, Polym. Chem. 2012, 3,
1475-1480.

43 N. J. Bridges, C. C. Hines, M. Smiglak, R. D. Rogers, Chem.
Eur. J. 2007, 13, 5207-5212.

44 M. Févre, P. Coupillaud, K. Miqueu, J.-M. Sotiropoulos, J.
Vignolle, D. Taton, J. Org. Chem. 2012, 77, 10135-10144.

45 M. Fevre, J. Vignolle, D. Taton, Polym. Chem. 2013, 4, 1995-
2003.

46 R. Akiyama, S. Kobayashi, Chem. Rev. 2009, 109, 594-642.
47 P. Barbaro, F. Liguori, Chem. Rev. 2008, 109, 515-529.
48 S. lkegami, H. Hamamoto, Chem. Rev. 2009, 109, 583-593.

JOURNAL OF POLYMER SCIENCE, PART A: POLYMER CHEMISTRY 2013, 57, 4530-4540

WWW.POLYMERCHEMISTRY.ORG

JOURNAL OF Polymer
poLvMER sciEncE Chemistry

49 J. Lu, P. H. Toy, Chem. Rev. 2009, 709, 815-838.
50 M. R. Buchmeiser, Chem. Rev. 2008, 109, 303-321.

51 D. E. Bergbreiter, J. Tian, C. Hongfa, Chem. Rev. 2009, 109,
530-582.

52 Y. C. Yang, D. E. Bergbreiter, Pure Appl. Chem. 2013, 85,
493-509.

53 H. Zhou, W.-Z. Zhang, Y.-M. Wang, J.-P. Qu, X.-B. Lu, Mac-
romolecules 2009, 42, 5419-5421.

54 M. D. Green, T. E. Long, Polym. Rev. 2009, 49, 291-314.

55 O. Green, S. Grubjesic, S. Lee, M. A. Firestone, Polym. Rev.
2009, 49, 339-360.

56 E. B. Anderson, T. E. Long, Polymer 2010, 51, 2447-2454.
57 D. Mecerreyes, Prog. Polym. Sci. 2011, 36, 1629-1648.

58 J. Yuan, M. Antonietti, Polymer 2011, 52, 1469-1482.

59 J. Texter, Macromol. Rapid Commun. 2012, 33, 1996-2014.

60 J. Yuan, D. Mecerreyes, M. Antonietti, Prog. Polym. Sci.
DOI: 10.1016/j.progpolymsci.2013.1004.1002.

61 R. Marcilla, J. Alberto Blazquez, J. Rodriguez, J. A.
Pomposo, D. Mecerreyes, J. Polym. Sci. Part A: Polym. Chem.
2004, 42, 208-212.

62 F. Zhao, Y. Meng, J. L. Anderson, J. Chromatogr. A 2008,
1208, 1-9.

63 T. Kim, M. Suh, S. J. Kwon, T. H. Lee, J. E. Kim, Y. J. Lee, J.
H. Kim, M. Hong, K. S. Suh, Macromol. Rapid Commun. 2009,
30, 1477-1482.

64 H. He, M. Zhong, B. Adzima, D. Luebke, H. Nulwala, K.
Matyjaszewski, J. Am. Chem. Soc. 2013, DOI 10.1021/
ja4012645.

65 J. Lu, F. Yan, J. Texter, Prog. Polym. Sci. 2009, 34, 431-448.

66 W. Jaeger, J. Bohrisch, A. Laschewsky, Prog. Polym. Sci.
2010, 35, 511-577.

67 N. Madhavan, C. W. Jones, M. Weck, Acc. Chem. Res. 2008,
41, 1153-1165.

68 G. W. Nyce, J. A. Lamboy, E. F. Connor, R. M. Waymouth,
J. L. Hedrick, Org. Lett. 2002, 4, 3587-3590.

69 G. A. Grasa, T. Guveli, R. Singh, S. P. Nolan, J. Org. Chem.
2003, 68, 2812-2819.

70 M. Hans, J. Wouters, A. Demonceau, L. Delaude, Eur. J.
Org. Chem. 2011, 35, 7083-7091.

71 R. Breslow, J. Am. Chem. Soc. 1958, 80, 3719-3726.

72 W. A. Herrmann, L. J. Goossen, C. Kocher, G. R. J. Artus,
Angew. Chem. Int. Ed. 1996, 35, 2805-2807.

73 J. J. Song, F. Gallou, J. T. Reeves, Z. Tan, N. K. Yee, C. H.
Senanayake, J. Org. Chem. 2006, 71, 1273-1276.

74 M. Tan, Y. Zhang, J. Y. Ying, Adv. Synth. Catal. 2009, 351,
1390-1394.

@WILEY i ONLINE LIBRARY


info:doi/10.1016/j.progpolymsci.2013.1004.1002
info:doi/10.1021/ja4012645
info:doi/10.1021/ja4012645



