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Abstract: A  bromoalkyl functionalized vinylic  addition
polynorbornene has been used as an inert new scaffold to support
imidazolium salts by straightforward nucleophilic substitution using
different imidazoles ImR (R = Me, mesityl, 2,6-iPr206H3). These
polymers, VA-PNB-(CH,);ImRBr, are precursors of N-heterocyclic
carbenes which are useful as heterogeneous organocatalysts. The
polymeric carbenes have been tested in two model reactions: The
synthesis of saturated esters from a,B-unsaturated aldehydes and
the conjugate umpolung reaction of «,p-unsaturated aldehydes for
the synthesis of y-butyrolactones. The supported catalyst (R =
mesityl) is fully recyclable and can be recovered as an imidazolium
salt and stored for further use.

Introduction

Over the last decade N-heterocyclic carbenes (NHCs) hage
proved to be useful tools in organic synthesis because they,
active organocatalysts in many different transformations,
as benzoin condensations, transesterifications, Stetter reactions,

separation efficiency and allowing
catalysts. Many different scaffolds
NHCs as ligands to form organo

examples can be found on
organocatalysis. The functio
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eric NHCs have
ious synthesis of specific
tituents,®®"! or masked
olymerization of those
e first case or a ROMP
ese examples show good
ability has either not been
ited applicability in most cases. Recently
obtained better results.”! Other pre-
ers have been polymerized such as
thiazolium su s; they lead to materials that can
be used in a continuous flow system but cannot be reused after
the first run?etter organocatalytic results have been achieved

monomers contain
carbene functiona
monomers by a ra

frameworks containing imidazolium salts in the
in chain. Meir preparation require a several step synthesis of
ially designed monomers to give the polymeric framework
densation,"” or by Suzuki coupling as shown in Scheme
is way symmetric or closely substituted NHCs can be
part of the polymeric main chain but the
a carbene moiety with a different substitution
pattern neells the synthesis of a new polymeric framework from
scratch. NHCs have also been supported on a mesoporous
MCM-41,"2! or in a supported peptide framework for specific
tions.!"®! The use of polymeric anions to recover and
thiazolium cations has also been explored.?”!

Scheme 1. Synthesis of a polymeric framework with imidazolium salts in the
main chain used as carbene precursors, described in ref. [11a].

Our group has reported the synthesis of vinylic addition
polynorbornenes (VA-PNB) with a completely saturated
backbone and pendant bromoalkyl substituents.! ! This
polymeric backbone has two salient features that can be very
convenient for the preparation of NHC organocataysts. First, it is
a completely saturated and robust scaffold with no reactive sites
on the polymeric backbone, apt to be used if harsh conditions
are needed. For example, it has proved to be a good support for
tin reagents in the Stille reaction.!” On the other hand the



presence of the bromo substituent allow to introduce an
imidazole group by a straightforward, one step nucleophilic
substitution reaction. Thus, we describe here the use of this
halogenated vinylic addition polynorbornene to synthesize
supported NHCs and its excellent applicability and recyclability
in two organocatalyzed reactions.

Results and Discussion

A vinylic addition polynorbornene with bromobutyl side chains
(1) was used to anchor an imidazolium substituent. The
polymeric support was synthesized by the Ni-catalyzed
copolymerization of norbornene and bromobutylnorbornene in a
chosen monomer feed ratio as we described before (Scheme
2)." The bromobutylnorbornene used in this polymerization is
not commercially available but can be easily synthesized by a
Diels-Alder reaction of cyclopentadiene and 6-bromo, 1-
hexene.™ A copolymer 1 of composition x/y = 2.73, i.e. 2.055
mmol Br/g polymer, was functionalized by nucleophilic
substitution of Br by imidazole in a process that shows complete
atom economy (Scheme 3). Just by selection of the desired
imidazole derivative we prepared polymer-bound imidazolium
salts with different steric demand. These reactions can be
carried out by heating in toluene in the case of low hindered
molecules like 1-methylimidazole, or in a microwave oven
bulkier imidazoles such as 1-mesityl- or
diisopropylphenyl)imidazole, a method that needs sfiorter
reaction times (cf. 60 h vs. 50 min for the microwave r
Thus, the tunability of one of the NHC substituent to
electronic behavior and steric hindrance is possible a

[Ni] = [Ni(CgF5)2(SbPhg3)s]

Scheme 2. Synthesis of the halogenated vi
PNB used as support (see ref. [14]).

R = Me, 2a;
Mesityl, 2b; )
2,6-diisopropylphenyl, 2¢c R

nd imidazolium salts from a halogenated

vinylic addition polynor] rent imidazole derivatives.
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The polymer-bound imidazolium salt 2a swells in methanol
and it was characterized by NMR ggectroscopy on the viscous
solution. However, 2b and 2c ar le in most common
solvents. Thus, they were characterize CP-MAS NMR
and IR spectroscopy. The v(C-Br) IR
starting polymer 1 at 562 crga
v(C=N) absorptions were

haracteristic
range 1570-1540 cm’™.
alyses of the polymers
aytion of the bromo
nt to the pendant
ut with aryl substituted
zole used was easily
and evaporation of the

and incorporation
chains. For those
imidazoles, the
recovered by filtra
filtrate. This igimp
are not co
purchased, they
In order to cl
hetero

uite expensive.

the activity of these polymers as
lysts, 2b was tested in two different
reactions: f a,B-unsaturated aldehydes into
saturated esters (Sc 4)"®1 and the synthesis of y-
butyrolactones (Scheme 5).!"! Both processes are umpolung
rdactions, q attractive from the synthetical point of view,
ich are lyzed by NHCs due to their nucleophilic behavior.
nsaturated aldehydes are commonly used reagents for
transformations because of their performance like
olates. In the first model reaction a proton acts as
whereas in the second one a carbonyl group plays
g to the cyclization product.

PolymeW2b contains 1.49 mmol of imidazole per gram of
polymer as determined by quantitative analyses (see above).
The formation of the carbene, the catalytic active species in both
reactions, was carried out by stirring the polymer at room
rature for 30 minutes with an equivalent amount of DBU
Diazabicyclo[5.4.0Jundec-7-ene) as base before adding the
responding reagents. Both reactions were tested without
olymer 2b, or with 2b and no base and no reaction was
observed in either case. As mentioned before, the polymers
bearing the imidazolium salts are insoluble in most organic
solvents and show negligible swelling in THF or toluene. The
same behavior as far as solubility and swelling is concerned is
observed when polymers 2 are soaked in a DBU solution in
THF. Regardless the little swelling observed, the activity in the
catalytic reactions is high (see below).

According to the conditions described by Chan and Scheidt
for non-supported NHCs,"® the syntheses of saturated esters
(3) from a,B-unsaturated aldehydes were carried out by adding
an aldehyde, a twofold molar amount of phenol (used as
electrophile source), and a fivefold molar amount of another
alcohol to a suspension of 10% mol of the preformed carbene
catalyst from 2b in toluene (Scheme 4). After 48 h at 110 °C
complete conversion was achieved. Simple filtration and
washing of the polymer with toluene under a nitrogen
atmosphere allowed the recovery of the catalyst which can be
reused. Table 1 collects the results obtained. Polymers 2a and
2c were also tested in this reaction in the conditions of entry 1,
Table 1. Polymer 2c (99% yield) turned out to be as active as 2b
whereas and 2a (73% yield) is less efficient. Thus, the presence




of a bulky R group is clearly beneficial for catalyst. The synthesis

of the precursor mesityl imidazole is more convenient and

affords higher yields than the preparation of 1-(2,6-

diisopropylphenyl)imidazole, according to literature methods

(see Experimental). Thus, the complete catalytic study was
2b (10 mol %)

carried out with 2b.
0 0
DBU (10 mol %)
H + R—OH OR'
| 2 PhOH

R Toluene, 48h, 110 °C. R 3
R =Ph, n-Pr R'=PhCH;, Ph

Scheme 4. Synthesis of saturated esters catalyzed by 2b.

Table 1. Catalytic results on the conversion of a,3-unsaturated aldehydes
into saturated esters with 2b."!

Entry  Aldehyde Alcohol Cycle 3, Yield (%)
1 PhCH=CH-C(O)H PhCH,OH 1 99
2 PhCH=CH-C(O)H PhCH,OH 2 97
3 PhCH=CH-C(O)H PhCH,OH 3 94
4 PhCH=CH-C(O)H PhCH,OH 4 99
5 PhCH=CH-C(O)H PhCH,OH 5 99
6L PhCH=CH-C(O)H PhCH,OH 6 9
7 CsH7-CH=CH-C(O)H  PhCH,OH 1

8 CsH7-CH=CH-C(O)H  PhCH,OH 2

9 C3H7-CH=CH-C(O)H  PhCH,OH 3 92
10 CsH7-CH=CH-C(O)H  PhCH,OH 4

1 C3H;-CH=CH-C(O)H  PhCH,OH ‘f

12 PhCH=CH-C(O)H

13 PhCH=CH-C(O)H

141 PhCH=CH-C(O)H

first use of the catalyst but also for at
iments (Table 1, entries 1-5). As
descri action the polymer was recovered
by filtration, ne and it was reused without
further treatment. After these five uses, the imidazolium salt was
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recovered by treatment of the polymer with an acid such as
tetrafluoroboric acid in diethyl etpar. This polymer was then
exposed to air, stored, and reus
reaction giving again very high yields (
enals like trans-2-hexenal gave good
when the catalyst was reus;

h the nucleophile and
obtained (entry 12). As
ed by either the
e (Table 1, entries
ormed to rule out the
d catalyze the reaction.
were reacted under the
h. After this time 3 had

13 and 14). A fil
presence of dissol
Cinnamaldehyde a
conditions of
been formed
filtrate was kep
additional 12 h.

The polymeric NHC precursor 2b
works under the sa reaction conditions (solvent and
temperature) than the non-supported monomeric
' salts used by Chan and Scheidt as NHC
he formation of 3.1 However, the reaction time
ed is longer (2-6 h for the monomeric catalyst vs. 48 h for
his drawback is counterbalanced by the reusability of the
precursor.
0 electron microscopy images of 2b before and after
synthesis of saturated esters were recorded.
Polymer 2I¥ before use shows a granular texture with small
pores (Figure 1, a). After five uses and the recovery of the
imidazolium polymer by treatment with acid, the surface of the

swelling effect of the solvent, this seems to indicate that
olymeric matrix exposes enough reactive catalytic centers
the outer surface of the polymer to ensure a high catalytic

Figure 1. SEM images of polymer 2b: a) before use; b) after five uses in the
synthesis of saturated esters.

Polymer 2b is also an efficient organocatalyst in the
conjugate umpolung reaction of «,p-unsaturated aldehydes for
the synthesis of y-butyrolactones (Scheme 5).1"! After the
formation of the carbene with the base as described above,
cinnamaldehyde and 2,2,2-trifluoroacetophenone were added
and the mixture heated at 80 °C for 16 hours. The polymer was
reused five times with almost constant yields and diastereomeric



ratios (Table 2, entries 1-5).['®! After several reactions the
polymer was recovered and, three months later, the reaction
was carried out again affording good yields (Table 2, entry 6).
Again, no reaction was observed when either the imidazolium
precursor 2b or DBU were used alone (Table 2, entries 7 and 8).

When compared to other catalytic systems in the synthesis
of y-butyrolactones, 2b needs higher temperatures but similar
reaction times than the reactions carried out with non-supported
imidazolium salts as NHC precursors (80°C for 2b vs. room
temperature for the non-polymeric species). This has also been
observed for the only example of a main chain polymeric
carbene used as catalyst in this synthesis as reported before.'"®
Again, the efficient reuse of the catalyst precursor 2b
counterbalance the temperature raise needed.

o 0 0
o 2b (25 mol %)
/|HLH . Jl_ DBU@smI%) /iéo ) /iéo
Ph™ "CF3 THF,16h,80C py CF5 PH iPh
Ph CF3

4, cis 4, trans

Scheme 5. Synthesis of y-butyrolactones 4, as a mixture of cis (like) and trans
(unlike) diastereoisomers, catalyzed by 2b.

Table 2. Catalytic results in formation of butyrolactones 4.

Cycle 4, Yield (%) dr (cis/trans)® o=
1 58 2.22 '

2 56 2.22

3 59 217

4 60 2.26

5 61 2.14 ‘
6 60 2.15 .
, ; )
g 0 I

[a] Reaction conditions shown in
diastereomeric ratios were determi
Without DBU.

cheme 5. [b] Cru s and
F NMR. d) With§lt 2b. e)

The model reactions tes
in these conditions, the robus
vinylic additiol
important to expl

here use high femperatures and,
s of the completely saturated
backbone may be quite
very of the catalyst. As it
sts, polymer 2b is less
t monomeric NHC derivatives,"®"" but
ives an added turnover number that
-supported NHCs. Moreover, the
fact that this jum salt can be recovered and
stored for future use is a most convenient feature.
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Conclusions

The saturated, non-reactive vin
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venient support

Its is straightforward by
imidazole in the versatile
easy introduction
azolium nitrogens
lymer from a specific
other hand, these salts
tive as organocatalysts
the catalyzed reactions,

without the need
monomer for eac
are convenient pr

eral Met S.

"®F NMR spectra were recorded using Bruker AV-400 and Agilent
instruments. Chemical shifts (8) are reported in ppm and
Me,Si ("H) or CFCl; ("°F). All of the NMR spectra were
K. Most of the NMR spectra were recorded in protic
an acetone-d6 capillary. The solid state NMR spectra
were recorded at 293 K under magic angle spinning (MAS) in a Bruker
AV-400 spectrometer using a Bruker BL-4 probe with 4mm diameter
zirconia rotors spinning at 8 kHz. *C CP MAS NMR spectra were
ed at 100.61 MHz and recorded with proton decoupling (tppm),
90° pulse length of 4.5 ps and a contact time of 3 ms and recycle
of 3 s. The "*C NMR spectra were referred to glycine (CO signal at
.1 ppm). IR spectra were recorded on a Perkin-Elmer FT/IR
PECTRUM FRONTIER spectrophotometer with Csl + ATR diamond
accessory. Scanning Electron Microscopy (SEM) measurements have
been carried out at the Unidad de Microscopia Avanzada of the Parque
Cientifico UVa by means of an Environmental Scanning Electron
Microscope (ESEM), model FEI-Quanta 200FEG provided with a
Schottky-Field Emission filament. The SEM analyses were performed at
Low Vacuum Mode using water vapour as auxiliary gas. This imaging
mode allows working with non-conductive samples without any specific
preparation or metallic coatings. The measurements were performed at a
working pressure in the chamber ranging between 0.6 - 1 Torr [80 - 133
Pa] and an accelerating voltage of 7kV. The Secondary Electron SEM
images were acquired with a Large Field Detector (LFD) which is the
suitable one for working at Low Vacuum Mode. Microwave-promoted
experiments were carried out with a CEM Discover 300W single-mode
microwave instrument, with simultaneous cooling with compressed air.
The reaction mixtures were prepared in 10 mL special glass reaction
tubes with self-sealing septa with a pressure sensor on top of the vial.
The temperature was monitored through a noncontact infrared sensor
centrally located beneath the cavity floor. Magnetic stirring was provided
to ensure complete mixing of the reagents. The power applied was 300
W with a ramp time of 10 min. The halogen content in the polymers was
determined by oxygen-flask combustion of a sample and analysis of the
residue by mercurimetric titration of the bromide.™ The nitrogen content
was determined using a LECO CHNSO-932 microanalyzer. Solvents
were dried prior to use and stored under nitrogen. The reagents used in



the organocatalytic reactions were purchased from Aldrich, Alfa-Aesar
and Acros. The vinylic addition polynorbornene CopNBNB(CH,),Br,!" 1-
Mesitylimidazole and 1-(2,6-diisopropylphenyl)imidazole! * 1 were
prepared according to the literature procedures.

[CopNBNB(CH:)4IMe]Br (2a) (IMe = 1-Methyl imidazole).

In a round-bottom flask copolymer CopNBNB(CH:)4Br (1, 0.200 g, 0.411
mmol of Br) and 1-methylimidazole (0.169 g, 2.06 mmol) were stirred in
toluene (30 mL) at reflux for 60 hours. The solvent was partially removed
to c.a. 15 mL, the mixture was then poured onto acetone (40 mL) and
stirred for 7 hours at room temperature. The polymer was filtered,
washed with acetone (5 x 10 mL) and air-dried. A white solid was
obtained (0.230 g, 98% yield). Elemental analysis: calcd for
[(C7H10)x{C7Hs(CH2)4(C4HeN2)}IBr (x/y = 2.73): 140.6 mg Br/g (14.06%),
N 4.93%; found: Br 141.2 mg Br/g (14.12%), N 4.86%. IR (neat,), v =
1567 cm™ (C=N). '"H NMR (400.15 MHz, 5, CD;0D): 7.8-7.4 (br, 2H, N-
CH=CH-N), 4.2 (br, 2H, -CH.-N), 3.9 (br, 3H, N-CHj3), 2.8-0.3 (br, 25H).
¥C CP-MAS NMR (100.61 MHz): 143-134 (br, 1C, NCHN), 130-117 (br,
2C, NCH=CHN), 67-16 (br, polyNB, Me).

[CopNBNB(CH:)sIMes]Br (2b) (IMes = 1-Mesityl imidazole).

Copolymer CopNBNB(CH,):Br 1 (0.200 g, 0.411 mmol Br), 1-
Mesitylimidazol (0.383 g, 2.06 mmol) and CH3CN (2.0 mL) were placed in
a 10 mL microwave reaction vessel. The mixture was heated to 170 °C
and stirred for 50 minutes in the microwave oven using a maximum
power of 300 W. The reaction mixture was poured onto Et,0 (30 mL) and
stirred for four hours. The solid was filtered, washed with Et,O (5
mL) and air-dried. The product was obtained as a white solid (0.
99% vyield). This procedure can be scaled to obtain a larger
(4120 g, 99% yield). Elemental analyses:
[(C7H10)X{C7H9(CH2)4(C12H14N2)}y]Br (X/y = 273) 118.8 mg Br/,
N 4.17%; found: Br 118.2 mg Br/g (11.82%), N 4.39%. |
1544 cm™ (C=N). "*C CP-MAS NMR (100.61 MHz): 15
aromatic, NCHN, NCH=CHN), 70-24 (br, polyNB), 24-15

[CopNBNB(CH,)4IPr]Br
imidazole).

(2¢) (IPr = 1-(2,6-di

Copolymer CopNBNB(CH;):Br 1 (0.200 g, 0.411 mmol Br), 1-(2,63
diisopropylphenyl)-imidazol (0.470 g, 2.06 mmol) and CH3CN (2.
were placed in a 10 mL microwave reactign vessel. The mixture

white solid (0.286 g, 97% yiel

[(C7H10)x{C7Hs(CH2)4(C15H20N2)}y

NCHN, Corino), 142-137 (br,
Cpara), 128-119 (br, 3C, (CH2)s

CH_)sNCH=CHN,
(br, polyNB, 'Pr).

cinnamaldehyde (13.2 mg, 0.1 mmol),
mol) and phenol (18.8 mg 0.2 mmol)
as stirred at 110 °C for 48 h and then

checked by '"H NMR (crude yiel %). The mixture was filtered under
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nitrogen and the polymer was washed (4 x 5 mL toluene) and stored
under 2 mL of dry toluene to be recyclegaThe filtrate was evaporated and
purified by silica gel chromatography /ether 10:1) affording the
ester as a light yellow oil (22.9 mg, 95%). ity of the product was
confirmed by comparison of the characterizati kh those found in
the literature.®"! The other experiments coll were carried
out in the same way.

Standard procedure fj

In a Schlenk tube
copolymer 2b (74.0
mmol) were ad

here 10 mL of dry THF,
) and DBU (15.2 mg, 0.10
at room temperature for 30
minutes. Then g, 0.40 mmol) and 2,2,2-
trifluoroacetophen . yeZ'mmol) were added and the reaction
mixture was heated hours at 80 °C. Reaction was checked by 'H
58%). The mixture was filtered and the
THF) and stored under 10 mL of dry THF
in order to be r te was evaporated and the product was
purified by silica gel chromatography (hexane/ethyl acetate 20:1) to
obtain a yellowish oil (69.6 mg, 56.8%). The identity of the products was
arison of the characterization data with those found in

literature.

Pr ation of the carbene with acid.

used in the catalytic processes described above, a
(0.011 mmol of IMes) in toluene was treated with
HBF4.Et,O 27 mL, 0.02 mmol). It was stirred at room temperature
for 1 hour antl the polymer was filtered, washed with toluene (4 x 5 mL)
and air dried. The polymer can be stored for an indefinite period of time.
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