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zolium) iodides: a highly
recyclable organocatalyst precursor for benzoin
condensation reaction†

Ue Ryung Seo and Young Keun Chung*
The development of highly efficient, recyclable poly(4-

vinylimidazolium) iodides (2) for the benzoin condensation reaction

under mild reaction conditions is discussed: poly(4-vinyl N-hetero-

cyclic carbene)s (3) obtained from 2 showed higher catalytic activity

than monomeric 4-vinyl N-heterocyclic carbene and could be

successfully recovered and reused over seven times without loss of

performance.
Organocatalysis related to green chemistry has attracted much
attention and has signicantly progressed in recent years.1

Imidazoles obtained from heterocycles are widely used as Lewis
basic organocatalysts.2 One of the most studied reactions by
organocatalysis is the benzoin condensation reaction which
affords a-hydroxyketones (acyloins) via the self-condensation of
two aromatic aldehydes.3 a-Hydroxyketones are important
building blocks in organic synthesis and found in many bio-
logically active compounds.4

Organocatalytic reactions are usually carried out under
homogeneous conditions. However, due to the economic and
environmental issues, many studies have been focused on
reducing waste and reusing materials. In this regard, several
studies on the heterogenization of organocatalysts using
organic polymers5 or mesoporous materials6 have been repor-
ted. However, some of them suffered from relatively low yields
and poor recyclability, probably because of poor stability or
degradation of the catalysts under the basic conditions.
Recently, a self-supported poly(NHC) (NHC ¼ N-heterocyclic
carbene), with in situ generated NHCs orthogonally positioned
along amain chain was reported.7 However, the catalytic activity
of this catalyst for benzoin condensation was not satisfactory.
The recyclability of the catalyst (10 mol%) was investigated only
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in three successive benzoin condensation reactions (67%, 66%,
and 64% yields, respectively).

Recently, poly(NHC)s iodides, being polymeric ionic liquids
(PILs) or poly(ionic liquid)s, obtained from 4-vinylimidazolium
iodide have attracted our interest. Because PILs can combine
the unique properties of ionic liquids and mechanical stability
of polymers, they would offer a great versatility in the catalyst
design.8 we envisioned that poly(4-vinylimidazolium) iodides
would be a very useful polymeric support material and function
as a polymerized catalyst (Scheme 1).9,10 In our previous study,
we reported10 the preparation of poly(4-vinylimidazolium)s and
its application in the cycloaddition of CO2 to epoxides using 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU) and ZnBr2. Herein we
communicate the use of poly(4-vinylimidazolium)s as an
organic precatalyst for N-heterocyclic carbene-catalyzed
benzoin condensation reaction and the tandem reaction of
benzaldehyde and methyl acrylate to afford g-butyrolactone.
The in situ generated poly(NHC)s exhibits higher catalytic
activity than the corresponding monomeric analog and can be
recycled repeatedly without loss in performance in the benzoin
condensation reaction. Recently, Taton et al. reported the use of
poly(1-vinyl-3-alkylimidazolium)s as a precatalyst in benzoin
condensation reactions.11 However, poor recyclability with a
lower yield was observed. As far as we are aware, our study
shows the rst successfully recyclable catalytic system for
benzoin condensation reaction.
Scheme 1 Synthesis of 1 and 2 from histamine.
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Starting from histamine, 4-vinylimidazolium (1) and poly-
(4-vinylimidazolium)s (2) were prepared.10 With 1 and 2 in
hand, their abilities to catalyze the benzoin condensation were
investigated (eqn (1)).

(1)

First, the reaction conditions were investigated, including
the reaction temperature, solvent and base to optimize the yield
of benzoin (Table 1).12

The yield of the reaction in the presence of 2 was highly
sensitive to the base, reaction solvent, and reaction tempera-
ture. In the absence of a base or in the presence of triethylamine
(TEA) as the base, no reaction was observed (entries 1 and 3). A
particular range of reaction temperature (40–50 �C) in dimethyl
formamide (DMF) maximized the yield of the reaction (entries
5–9). The amount of DBU could be reduced to 0.3 equiv. without
decreasing the yield (entries 10–11). As shown in Table 1,
benzoin was obtained as the major product with benzil in
various yields as the byproduct. The yields and product distri-
butions were also highly dependent on the trituration method
(entry 11 vs. 12) because the remaining DBU functioned as a
catalyst in the conversion of benzoin to benzil.13 The acidica-
tion of reaction mixture before exposing to air protects the
transformation of benzoin to benzil in air. Thus, when the
reaction mixture was treated with 4 M HCl in dioxane aer the
Table 1 Optimization of reaction conditionsa

Entry Base Solvent Temp (�C)

Isolated yield (%)

Benzoin Benzil Total

1 None DMF 40 0 0 0
2 t-BuOK DMF 60 11 9 20
3 TEA DMF 60 0 0 0
4 DBU (1 eq.) H2O 60 0 1 1
5 DBU (1 eq.) DMF 60 60 21 81
6 DBU (1 eq.) DMF 80 31 20 51
7 DBU (1 eq.) DMF 50 69 22 91
8 DBU (1 eq.) DMF 40 62 33 95
9 DBU (1 eq.) DMF r.t 21 21 42
10 DBU (0.5 eq.) DMF 40 74 22 96
11 DBU (0.3 eq.) DMF 40 82 15 97
12b DBU (0.3 eq.) DMF 40 96 1 97
13c DBU (0.3 eq.) DMF 40 62 10 72

a Reaction conditions: 1.8 mmol benzaldehyde, 7 mol% catalyst,
appropriate equiv. of base were reacted in 1 mL solvent were reacted
under nitrogen atmosphere. b Acidication aer reaction. c 1 as a
catalyst precursor.
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reaction, the best result was achieved (entry 12).14 The optimum
reaction conditions were as follows: 7 mol% 2, 0.3 equiv. DBU, 1
mL DMF, 40 �C, and 24 h. Moreover, the catalytic activity of 2
was higher than that of 1 (entry 12 vs. 13).

Using the optimized reaction conditions, the catalytic
activity of 1 and 2 were investigated for diverse functionalized
derivatives (Table 2). Benzoins were obtained as the major
products with benzil as the byproduct in various yields (less
than 7%). Interestingly, the yields and distributions of the
products were highly dependent on the substituent on the
benzaldehydes. The yields of benzoin products in the presence
of 2 were moderate to excellent (48–96%). The electronic and
steric nature of the substituents did not affect the yield of the
benzoins. The total yields of the benzoin and benzil in the
presence of 2 were moderate to excellent (52–97%). As expected,
higher yields were observed in the presence of 2 in all the cases
than 1. Strangely, when 4-methoxybenzaldehyde was used as the
substrate, a poor yield (<10%) was obtained. However, when the
reaction temperature was raised to 80 �C, the expected reaction
product was obtained in 77% yield and with 21% recovery of the
reactant (entry 5). Notably, pyridine-3-carboxaldehyde in the
presence of 2 afforded a benzil derivative, 1,2-di(pyridine-3-yl)
ethane-1,2-dione, as the only product in 93% yield (by1H
NMR) (data not shown in Table 2). It has been reported that 2-
pyridinecarboxaldehyde is easily oxidized to a-pyridil in meth-
anol at room temperature in air.15

The reusability of 2 was also examined (Fig. 1). The polymer
catalyst was recovered by the addition of excess acetone into the
reaction mixture. The precipitate was ltered and washed with
acetone and dried. Because a small amount of 2 was used as the
catalyst, the effect of loss during the separation seemed to be
very signicant. Aer seven reaction cycles, 15% of 2 was lost.

As shown in Fig. 1, the catalyst was successfully reused
without loss of performance over seven cycles. Our excellent
result is in contrast to that obtained for poly(1-vinyl-
imidazolium)s.11 In that study, poor recyclability with lower
yields was observed even aer the rst and subsequent recycling
Table 2 Benzoin reactions with various benzaldehydes

Entry R

Yielda by 1 Yielda by 2

Benzoin Benzil Total Benzoin Benzil Total

1 H 69 3 72 96 1 97
2 m-Br 69 11 80 81 7 88
3 p-Br 40 9 49 48 4 52
4 p-Me 68 5 73 72 3 75
5 p-MeO 75 0 75 77b 0 77
6 p-CF3 40 5 45 71 4 75
7 p-Cl 68 8 76 80 4 84

a Isolated yields. b Reaction temp. 80 �C.

This journal is © The Royal Society of Chemistry 2014

http://dx.doi.org/10.1039/c4ra05073h


Fig. 1 Recycling of polymer catalyst in benzoin condensation
reaction.

Table 3 Reaction of aromatic aldehydes with methyl acrylatea,b

Entry R

Yield (%) by 1 Yield (%) by 2

Lactone Ally alcohol Lactone Ally alcohol

1 H 60 8 78 6
2 m-Br 26 6 44 2
3 p-Me 60 Trace 72 Trace
4 p-Cl 34 Trace 42 Trace
5 p-MeO 50c Trace 52d Trace

a Reaction conditions: 1.8 mmol benzaldehyde, 7 mol% catalyst, 0.3
equiv. DBU, 1 mL of DMF at 40 �C for 24 h under N2/18 mmol methyl
acrylate for 5 h. b Isolated yield. c 23% of reactant was recovered.
d Reaction temp. 80 �C and 36% of reactant was recovered.
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catalytic reactions and a partial deactivation of poly-
(1-vinylNHC)s due to the trace impurities was proposed. The
deactivation of in situ generated poly(1-vinylNHC)s is more
likely to occur because of relatively high temperature (80 �C).
However, we expected that the signicant difference in the
reusability between poly(1-vinylNHC)s and poly(4-vinylNHC)s
might arise from the stability of poly(NHC)s under the reac-
tion and workup conditions.

Zhai et al. reported16 the one-step synthesis of g-butyro-
lactones from benzoins/benzaldehydes and methyl acrylate in
the presence of a catalyst generated from the reaction of 1,3-
dimethylimidazolium with a base. We also investigated the
tandem reaction of benzaldehyde and methyl acrylate catalyzed
by 2 in the presence of DBU. Aer the reaction, g-butyrolactone
was isolated in 78% yield and with a concomitant formation of
an allylic alcohol in 6% yield (eqn (2)).

(2)

DBU-catalyzed Baylis–Hillman reaction afforded allylic
alcohol.17 However, allylic alcohol was not obtained in the
presence of 1,3-dimethylimidazolium and a base (KOtBu).16 We
investigated the substrate scope of this tandem reaction in the
presence of 1 or 2 as the catalyst precursor (Table 3). In the
presence of 2 and DBU, the yields of lactones were reasonable to
high (44–78%). However, the yields in the presence of 1 and
DBU were poor to moderate (26–60%). Thus, precatalyst 2
afforded lactones in higher yields than 1. Allylic alcohols were
obtained in better yields for benzaldehyde and m-bromo-
benzaldehyde than for other aldehydes (trace amounts). When
p-methoxybenzaldehyde was used, a considerable amount of
the reactant was recovered.

Recently, Cowley et al. synthesized7 poly(NHC)s, with a
different backbone from our poly(NHC)s, and used in benzoin
condensation reaction. They also observed higher catalytic
activity of poly(NHC)s than the corresponding monomeric
analog. Xie et al. investigated18 di- and triimidazolium salts as
the catalysts for benzoin condensation reaction. In contrast to
our results, the catalytic activity of di- and triimidazolium salts
This journal is © The Royal Society of Chemistry 2014
was inferior to that of the catalyst with only one imidazolium
moiety, probably because of the increase in the steric hindrance
by adding of an imidazolium ring. The highly enhanced reac-
tivity of 2may be attributed to the synergistic effect between the
catalytically active sites along the polymer backbone7,19 or a
higher density of active sites. In addition, the active sites linked
to the polymer backbone in a pendant fashion may help to
increase the reactivity.
Conclusions

In conclusion, we developed a polymer-based organocatalytic
system (2) that shows high catalytic activity in benzoin
condensation reaction and the tandem formation of g-butyro-
lactone from benzaldehyde and methyl acrylate. Precatalyst 2
showed higher catalytic activity than monomeric analog (1).
Moreover, 2 showed higher catalytic activity and reusability in
the benzoin condensation reaction compared to the polymer-
ized precatalysts obtained from 1-vinylimidazolium. Organo-
catalytic system 2 synthesized in three steps from commercially
available materials, has great potential for practical use and
recovery of the polymerized catalysts in benzoin condensation
reaction. Further investigations of the polymer based organo-
catalytic system to other reactions are ongoing in our laboratory.
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