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Neat benzoin condensation in recyclable room-temperature
ionic liquids under ultrasonic activation
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Abstract—A new method for the benzoin condensation is proposed in imidazolium-based ionic liquids as solvents/catalysts. The use
of a 30 kHz ultrasonic irradiation as activation method provides a quantitative yield of benzoin in 1-octyl-3-methyl-imidazolium
bromide without degrading the ionic medium which can be-reused at least three times with no loss of activity.

© 2006 Elsevier Ltd. All rights reserved.

Over the past decade, room temperature ionic liquids
(RTILs) have emerged as a new class of stable and inert
solvents. Indeed, this family of ionic moieties presents
several interesting properties compared to classical
molecular solvents. They exhibit at least high thermal
stability, high polarity due to their ionic nature and a
great ability to solubilize polar and non-polar organic
compounds.! Moreover, their immiscibility with some
molecular solvents and their very low vapor pressure
make them very good solvents for both extraction and
recyclability.> The use of ionic liquids as solvents for
chemical transformations is also of a topical interest in
academia and industry according to the 12 principles
ruling Green Chemistry.> Moreover, together with the
substitution of common molecular solvents, non con-
ventional activation methods have emerged as powerful
tools to decrease reaction times and to enhance reactiv-
ity, mainly ultrasound and microwave irradiations.
Ultrasound can enhance or promote chemical reaction,
mass transfer and offer potential for shorter reaction
cycles and less extreme physical conditions. Sonochemis-
try, the devoted name of ultrasound chemistry, arises
from acoustic cavitation which is the formation, the
growth and implosive collapse of bubbles in a liquid.
Cavitational collapse produces intense local heating
(5000 K), high pressures (~1000 atm), and enormous
heating and cooling rates (>10'" K x s~ '). Acoustic cav-
itation provides a unique interaction of energy and mat-
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ter, giving rise to an unusual mechanism for generating
high-energy chemistry.* Suslick et al. studied the ultra-
sonic irradiation of organic liquids and established that,
as long as the total vapor pressure is low enough to
allow an effective bubble collapse, almost all organic
liquids generate free radicals when they undergo an
ultrasonic irradiation. Unusual reactivity patterns have
then been observed during ultrasonic irradiation, includ-
ing the initiation of homogeneous catalysis at a low
ambient temperature, with rate enhancements greater
than 100,000-fold.>

In addition, several physical effects occur such as mass
transport, size reduction of particles or efficient micro-
mixing. These very specific conditions can be of great
interest for chemical reactions especially in biphasic sys-
tems as for instance aromatic substitutions® or rear-
rangements.” In sonochemistry, the use of high-vapor
pressure solvents is not interesting since their incorpora-
tion in collapsing bubbles can lead ecither to their decom-
position, allowing side-reaction or ‘vaporous’ cavitation
that produces lower temperature and pressure condi-
tions during the collapse. Consequently, the use of
room-temperature ionic liquids (RTILs) can be espe-
cially powerful in sonochemistry as their low vapor pres-
sure avoid them going into cavitation bubbles. Thus,
RTILs have already been utilized in sono-assisted
organic reactions such as Suzuki and Heck®® coupling,
Diels-Alder cyclisation!® or even for the synthesis of
RTILs.!!

In this way, benzoin condensation is a well-known
synthetic organic reaction leading to very attractive
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a-hydroxy-carbonyls. These compounds are very inter-
esting building blocks to access to several natural
compounds!? by following the overall reaction described
in Scheme 1.

The key-step of the mechanism is the inversion of polar-
ity of the C, carbonyl via an acyl-anion. According to
this, various catalysts have been successfully used, such
as thiamin, '3 triazolium,'# heteroazolium carbens,' cya-
nide anion,'® metallophosphites'* or thiazolium salts.!”
In his pioneering work about this reaction, Breslow gave
a mechanism catalyzed by thiazolium salts and base as
co-catalyst,!® the generally admitted mechanism being
given here below (Scheme 2).

As this pathway is driven by an ionic mechanism, the
beneficial effects brought by ultrasound are hypotheti-
cally of physical nature. Indeed, the high viscosity of
RTILs avoids or disturbs heterogeneous systems to be
efficient under conventional mechanical stirring. The
use of ultrasound might lead to an enhanced micro-
emulsion and therefore to an enhanced process by
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breaking the heterogeneity of the system. We recently
described a microwave-assisted benzoin condensation
in RTILs.!"” This methodology gives very interesting
results for very short reaction times and for 2% amount
of catalyst as described in Scheme 3.

Microwave dielectric heating is very dependent on the
polarity of the irradiated medium. The more polar the
mixture is, the higher and faster the heating is. Because
of their exclusive ionic nature, RTILs absorb strongly
microwaves. In our microwave methodology for benz-
oin condensation, the main drawback is the very polar
nature of the RTIL catalysts which does not only imply
the swift and efficient heating of the reaction but also the
problematic degradation of the ionic liquid itself. Conse-
quently, the ionic medium cannot be recycled when this
methodology is used. Thus, a brownish and decomposed
ionic liquid was obtained after extraction when it was
used as well as catalyst and solvent. It was so necessary
to change the activation method and, in this present arti-
cle, ultrasounds were chosen as activation methods for
benzoin condensation in view of RTIL recycling.
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Scheme 1. Benzoin condensation catalyzed by thiamin hydrochloride.
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Scheme 3. Microwave-assisted benzoin condensation with 3-octyl-1-methyl-imidazolium bromide (OMIBr) as catalyst.



J. Estager et al. | Tetrahedron Letters 48 (2007) 755-759

Table 1. Benzoin condensation under ultrasonic activation with a 2%
ratio RTIL catalyst

Entry® RTIL catalyst Frequency Reaction  Yield® (%)
(kHz) time(s)®

1 OMIBr 30 30 64

2 OMIBr 500 60 28

3 OMIBr 1600 20 54

4 OMIOTf 30 20 24

5 OMIPF4 30 30 45

#General procedure: 100 mmol of benzaldehyde; 10 mol % MeONa;
2% RTIL; no solvent; 80 °C.

®Reaction stopped after natural precipitation of the mixture.

°GC-MS yield.

On the first stage, benzoin condensation is performed
without solvent and with different RTILs as catalysts
so as to keep the conditions described in recently pub-
lished microwave method. Different frequencies and
RTILs were tested but for all of them natural precipita-
tion of the medium was observed after less than 1 min as
shown in Table 1.

These first results give significant information about the
reaction system. First of all, benzoin condensation suc-
ceeds with relatively good yields compared to the very
short time of reaction. In addition, the reaction occurs
more easily when, for the same I-octyl-3-methyl-imid-
azolium cation, bromide (Br™) is used as a counter an-
ion. This phenomenon was already observed in previous
works,!°?? and was ascribed to the steric hindrance due
to the size of the anion precluding the reaction on the
C, carbon of the imidazolium ring. An influence of the
ultrasonic frequency on the yield of reaction is also ob-
served. It is well-known that low-frequency ultrasound
produces harsher physical effects on the irradiated heter-
ogeneous midfield than does high-frequency one.?! In
other words, the stirring of the mixture is more efficient
with lower frequencies. This might explain the higher
yield of the reaction done under 30 kHz in spite of inter-
ference other parameters such as acoustic power or the
geometry of the different reactors interfere. However, a
geyser of liquid is observed for a 1600 kHz irradiation.
This physical effect seems to be sufficient to mix the
whole system since 54% benzoin are obtained. Neverthe-
less, the precipitation of the system is very problematic
in both cases. Indeed, by precipitating, the solid benzoin
reflects the ultrasonic wave.?? This reflection implies a
very quick overheating of the ultrasonic piezo-electric
probe leading to its destruction. This problem can be
overcome by diluting or solubilizing the medium with
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a solvent, as our objective was to perform a green ben-
zoin condensation using a recyclable RTIL catalyst,
we avoided the use of common molecular volatile organ-
ic compounds (VOC’s). We then drastically increased
the amount of RTIL, using it as well as catalyst and
solvent. These experiments are described in Table 2.

The results in Table 2 show that a gradual increase of
temperature occurs along the 30 min reaction time. This
phenomenon is probably due to the inadequate diffusion
of the ultrasonic waves in such a viscous midfield which
implies its heating, even with a temperature regulation
system. The reaction was then begun at room-tempera-
ture so as to avoid this quick over-heating of the system.
It can also be quoted that the reaction occurs quantita-
tively in OMIBr but not in the other ionic liquids tested,
which confirms the hypothesis that bulky anions block
the C, of imidazolium. Nevertheless, this hypothesis
does not fit for OMICI. Actually, as the bromide anion
is bulkier than chloride one, the steric effect should be
more important for OMIBr so it shall not work as well
as OMICI. This is obviously not the case since only 23%
of benzoin is obtained with OMICI as shown in entry 4.
This poor yield can be explained by the degradation of
the ionic medium OMICI during the ultrasonic irradia-
tion. This degradation was already described by Suslick
et al.”> when 1-butyl-3-methyl-imidazolium moieties are
used under sonication. It is generally admitted that
reagents having an important vapor pressure are able
to vaporize and then can go into the cavitation bubbles
in which high temperature and pressure catalyze the
reaction. As RTILs have a neglectable vapor pressure,
they cannot follow this path. However, Suslick et al.
demonstrated that temperature and pressure reached
during the collapse are high enough to decompose pure
ionic liquids in the surrounding shell of the cavitation
bubbles at the liquid—gas interface. By controlling our
final mixture by GC-MS, degradation is observed only
when 1-octyl-3-methyl-imidazolium chloride (OMICI)
is used and not for the other ionic liquids tested. More-
over, the presence of l-chlorooctane in the reactional
medium is very problematic since it can deactivate
sodium methoxide with a reaction of B-H-elimination
between 1-chlorooctane and sodium methoxide.

Consequently, only OMIBr is reactive and stable en-
ough to catalyze benzoin condensation in the conditions
described in Table 2. The influence of the frequency on
the reaction is comparable to those described in Table 1
with a drastically lower yield with a high frequency son-

Table 2. Ultrasound-assisted benzoin condensation in RTILs as solvent—catalyst

Entry® Solvent Temperature (°C) Frequency (KHz) Reaction time (min) Yield® (%)
1 OMIBr From rt to 50 30 30 99
2 OMIBr From rt to 50 500 30 0
3 OMIBr From rt to 50 1600 30 7
4 OMICI From rt to 50 30 30 23¢
5 OMIPF4 From rt to 50 30 30 0
6 OMIBF, From rt to 50 30 30 0
7 OMIOTf From rt to 50 30 30 0

# General procedure: 5 mmol of benzaldehyde; 10 mol % MeONa; 10 mL RTIL; temperature from rt to 50 °C after 30 min.

®GC-MS yield.
¢ Degradation is observed.
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CHO OMIBr solv., MeONa 10%, 30 min.
30 kHz, temperature from rt to 50 °C

Yield: 99%, recyclable
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Scheme 4. Ultrasound-assisted benzoin condensation in OMIBr as solvent—catalyst.

Table 3. Effect of recycling on ultrasound-assisted benzoin condensation

Entry® Solvent Temperature (°C) Frequency (KHz) Recycling Yield® (%)
1 OMIBr From rt to 50 30 — 99
2 OMIBr From rt to 50 30 First recycling 99
3 OMIBr From rt to 50 30 Second recycling 97
4 OMIBr From rt to 50 30 Third recycling 97

# General procedure: 5 mmol of benzaldehyde; 10 mol % MeONa; 40°C; 30 min, mechanical stirring.

> GC-MS yield.

ication. Thus, no geyser effect is observed for a 1600 kHz
irradiation probably because of the density of the ionic
medium when used as a dual catalyst/solvent. The yield
of benzoin for this frequency is consequently drastically
lower than when only 2% of ionic liquid are used (see
Table 1). As there is no other difference between Table
1, entry 3 and Table 2, entry 3 but this geyser effect
(same reactor, same frequency, same volume of liquids),
it tends to prove that the geyser observed only when 2%
of RTIL are used is responsible of the quite high yield
observed on Table 1, entry 3. Actually, a three-phase
midfield is observed since the ionic liquid phase remains
between the sodium methoxide solid below and benzal-
dehyde in the upper phase. It is so very important to
have a very efficient stirring in order to solve this prob-
lem of heterogeneity. As comparison, experiments have
been performed in the same conditions under mechani-
cal stirring in silent conditions without any conversion
of benzaldehyde. In fact, mechanical stirring is not effi-
cient enough to break the heterogeneity of the system
since two phases (benzaldehyde/ionic liquid) are ob-
served all reaction long. As optimal conditions are
now obtained for ultrasound-assisted benzoin condensa-
tion, some recycling experiments were run to valorize
the overall process. The reaction studied is shown in
Scheme 4.

One of the most interesting property of ionic liquids is
their ease of recycling. Indeed, most of the organic prod-
ucts can be distilled from ionic liquids as RTILs have
very large liquid range compared to organic compounds.
For this recycling, the solubility properties of OMIBr
are advantageously used. Actually, as OMIBr is soluble
in water but not in diethylether, the final mixture is
poured into water and benzoin is then extracted with
diethylether. Water is evaporated under vacuum and
OMIBr is then re-used for benzoin condensation. The
results of benzoin condensation operated with recycled
OMIBr are summarized in Table 3. Three recycling
cycles were performed.

The results in Table 3 show that after three recycling of
OMIBr, no significant loss of activity is observed, con-

firming the OMIBr’s recycling ability. It is to our best
knowledge the first time that room temperature ionic
liquids are recycled for benzoin condensation.?*

In this letter, we showed that the use of low-frequency
ultrasound is of great interest in performing benzoin
condensation. 1-Octyl-3-methyl-imidazolium bromide
can be used as very efficient solvent—catalyst for this
reaction and low-frequency ultrasound is an adequate
activation method to break the problematic heterogene-
ity of this triphasic system. By using 1-octyl-3-methyl-
imidazolium bromide as solvent/catalyst, quantitative
yield was observed under a 30 kHz ultrasonic irradiation
for only a 30 min ultrasonic irradiation. Furthermore,
no loss of activities are observed even after three recy-
cling of the RTIL meaning that these conditions do
not or significantly degrade the ionic medium. At last,
the use of water as a recycling agent makes the overall
process approach Green Chemistry.
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