
http://dx.doi.org/10.1039/c2gc35555h
http://dx.doi.org/10.1039/c2gc35555h
www.rsc.org/greenchem
http://dx.doi.org/10.1039/c2gc35555h
http://pubs.rsc.org/en/journals/journal/GC
http://pubs.rsc.org/en/journals/journal/GC?issueid=GC014010


reactions in the literature using continuous flow include Fischer-
type esterifications,6a–c the use of lipases6d–f and other types of
esterification reactions.6g–i

Results and discussion

In preliminary batch experiments, the condensation of equimolar
amounts of benzoyl chloride with ethanol was carried out at
room temperature in diethyl ether. Only a trace of ethyl benzoate
was detected after 21 h. However, this benzoate was isolated in
quantitative yield when benzoyl chloride was reacted with a
10 molar excess of ethanol for 200 min. A similar condensation
of benzoyl chloride with a 10 molar excess of methanol gave
quantitatively methyl benzoate after 15 min.

To evaluate the condensation of acid chlorides and alcohols
under continuous flow, the reaction between benzoyl chloride
and methanol was chosen as the generic reaction. All reactions
were performed solventless (unless the starting material was a
solid) in a microreactor with an internal volume of 10 μl
(Labrix® Start microreactor from Chemtrix).

In a first series of experiments, the optimal conditions for the
microreactor procedure were developed. The reaction tempera-
ture, the residence time and the stoichiometric ratio of both
reagents were varied and the results were evaluated using IR
(νCvO benzoyl chloride = 1770 cm−1; νCvO methyl benzoate =
1720 cm−1). From these experiments, it was clear that the reac-
tion temperature is preferable above the atmospheric boiling
point of methanol (Tb = 65 °C). Good conversions were obtained
with a reaction temperature of 80 °C whereas the conversion was
limited at 50 °C. In order to prevent the formation of gas
bubbles in the microreactor chip (HCl is formed during the reac-
tion and the reaction mixture is heated above the atmospheric
boiling point of the alcohol), a back pressure regulator (BPR) of
10 bar was used. The most important experiments were then
reconfirmed in order to determine the conversion by GC
(Table 1).

Full conversion of benzoyl chloride with methanol into
methyl benzoate was obtained with a residence time of 300 s, a
reaction temperature of 80 °C and as little as 1.3 equiv. of
MeOH. In order to determine the isolated yield, the microreactor
was run for 5.6 h. The work-up of the reaction mixture was very
straightforward: pure methyl benzoate was obtained with a yield
of 90% after evaporation of the excess MeOH. At lower resi-
dence times, traces of benzoyl chloride were detected in the reac-
tion mixture, even if the ratio MeOH/BnCl was increased. In
attempts to achieve full conversion with a stoichiometric ratio
beneath 1.3, the reaction temperature was increased but without
success. However, 99% conversion was obtained with a reaction
temperature of 100 °C and 1.1 equiv. of MeOH.

In a next series of experiments, the optimised conditions for
the condensation of benzoyl chloride and methanol were used
for the condensation of benzoyl chloride and ethanol. However
at a temperature of 80 °C, the stoichiometric ratio EtOH/BnCl
had to be above 1.3 in order to obtain good conversions. Prob-
ably, this is due to the fact that a reaction temperature of 80 °C is
close to the atmospheric boiling point of EtOH (Tb = 78 °C).
Increasing the reaction temperature to 110 °C led to full conver-
sion with 1.3 equiv. of EtOH. Excellent conversions (99%) were

obtained for a stoichiometric ratio EtOH/BnCl of 1.1 when the
reaction temperature was raised (130 °C or 140 °C).

When benzoyl chloride was reacted with iPrOH instead of
EtOH, the conversion was poor at a reaction temperature of
80 °C, even with 2 equiv. of iPrOH. Raising the reaction temp-
erature allowed again good conversions. For the condensation of
benzoyl chloride and iPrOH, the optimised conditions were a
reaction temperature of 120 °C, a residence time of 300 s and
1.3 equiv. of iPrOH.

Using the optimised conditions for the different alcohols,
other acid chlorides were converted into their corresponding
esters (Table 2).

To extend the scope of the reaction, the continuous flow pro-
cedure was evaluated for solid acid chlorides and alcohols in
solution.

In a first attempt, a solution of a solid acid chloride (4-bromo-
benzoyl chloride) was reacted with neat MeOH. Different con-
centrations of the acid chloride in different solvents (dioxane,
CH2Cl2 or CH3CN) were evaluated. These experiments were
conducted at a reaction temperature of 80 °C and a residence
time of 300 s. In the first trials, high concentrations of 4-bromo-
benzoyl chloride were used in order to establish a good ratio
between the flows of both reagents. However, using CH2Cl2
(5 M) or dioxane (4 M) resulted in clogging of the microreactor
channels (width = 300 μm, depth = 60 μm). Lowering the con-
centration to 3.25 M in dioxane or CH3CN resulted in less than
5% conversion (GC), even if up to 3 equiv. of MeOH were used.
Subsequently, the concentration of the CH3CN-solution was
lowered to 0.5 M in order to overcome possible mixing problems
due to the viscosity of the 4-bromobenzoyl chloride solution.
However, the conversion of the acid chloride was limited to
10% (GC).

Subsequently, a solid alcohol (p-cresol) in solution was
reacted with neat benzoyl chloride (Table 2, entry 11). The
alcohol was dissolved in dioxane or CH3CN with a concentration

Table 1 Condensation of benzoyl chloride with MeOH, EtOH or
iPrOH: GC-conversion (%)

T (°C) RTa (s)

Alcohol (equiv.)

1 1.1 1.2 1.3 1.5 2

MeOH
80 100 — — — — — 97
80 200 — — 96 — 98 97
80 300 95 — 99 100 — —
90 300 95 — — — — —
100 300 — 99 — — — —
EtOH
80 300 — — — 88 93 98
100 300 — — — 99 — —
110 300 — 95 — 100 — —
130 300 — 99 — — — —
130 400 — 99 — — — —
140 300 — 99 — — — —
140 400 — 99 — — — —
iPrOH
80 300 — — — — — 61
100 300 — — — 92 95 —
110 300 — — — 99 100 —
120 300 — — — 100 — —

aRT = residence time.
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of 2 M. Initial experiments were conducted at a reaction tempera-
ture of 80 °C, a residence time of 300 s and 1.3 equiv. of
p-cresol in CH3CN. However, these conditions resulted in a
limited conversion of only 25% (GC). The conversion increased
(78% (GC)) by raising the temperature to 120 °C. A further
increase of the reaction temperature (140 °C) in combination
with a residence time of 400 s and 2 equiv. of p-cresol led to a
conversion of 98% (GC). When these reactions were performed
in dioxane, lower conversions were obtained. The optimised con-
ditions were also applied on the condensation of butyryl chloride
with p-cresol (Table 2, entry 12).

At last, the condensation of a solid acid chloride (4-
BrC6H4COCl) with a solid alcohol (p-cresol) was evaluated
when both reagents were dissolved in CH3CN. The reactions
were performed at a temperature of 140 °C and a residence time
of 400 s. Initial experiments revealed that 2 equiv. of p-cresol are
needed in order to obtain reasonable conversions. Varying the
concentration of both solutions finally led to the optimal con-
ditions in which both reagents were dissolved in CH3CN with a
concentration of 1.5 M. A conversion of 79% (GC) could be
obtained (Table 2, entry 13).

In order to investigate the applicability of this reaction on an
industrial scale, the developed mmol procedure was scaled–up.
The optimised conditions for the condensation of benzoyl chlor-
ide and MeOH were tested with a microreactor with an internal
volume of 13.8 ml (KiloFlow® microreactor from Chemtrix).
The use of this system led to a capacity of 2.2 g min−1 methyl
benzoate with an isolated yield of 98%. Moreover, the formed
HCl could be recuperated by purging the reaction mixture with
dry nitrogen gas and subsequently trapping the HCl vapour in
water. The work-up of the reaction mixture was very straightfor-
ward. Pure methyl benzoate was obtained after evaporation of
the excess MeOH. At last, the condensation of benzoyl chloride
and MeOH was run for several hours on the KiloFlow® micro-
reactor in order to monitor the conversion and yield during the
course of the operation (Table 3). After reaching the steady state,
the experiment was run for 4 h and samples were collected at
different times. Initially, a yield of 90% was obtained which is
lower than the yield of 98% in the previous experiment. After
1 h, a drop in the yield was observed after which the yield stabil-
ised on 86–87%.

Conclusions

The developed catalyst-free continuous flow procedure provides
a green alternative for the existing methods of esterification of
acid chlorides. Both aliphatic and phenolic hydroxyl groups
reacted with different acid chlorides with formation of the corres-
ponding esters in excellent conversions and very short reaction
times (5–7 min). The reaction was performed solventless for
liquid reagents but requires a solvent for solid reagents in order
to prevent clogging of the microreactor channels. Upscaling the
reaction resulted in a productivity of 2.2 g min−1 of ester with an
isolated yield of 98% and recuperation of the formed HCl which
makes this reaction industrially relevant.

Experimental

All alcohols and acid chlorides are commercially available.
Liquid reagents were used in neat form and, if necessary, dis-
tilled prior to use. Solid reagents were dissolved in dioxane,
CH2Cl2 or CH3CN.

The small-scale reactions were performed using a Labtrix®
Start system (Chemtrix) (Table 4) fitted with a glass microreactor
chip of 10 μl internal volume and 2 × 1000 μl gas-tight syringes
(SGE). A back pressure regulator (BPR) of 10 bar was used in
order to keep all reagents in solution at elevated temperatures.
Before performing the reaction, the microreactor was rinsed with
the alcohol or solvent under investigation. Subsequently, the
microreactor was primed with the required alcohol and acid
chloride using a total flow rate of 15–20 μl min−1 for 5–6 min.

Table 2 Condensation of acid chlorides with alcohols under catalyst-free continuous flow conditions

Entry Acid chloridea (M) Alcohola (M) RTb (s) Tb (°C) Alcohol (equiv.) Conversion (%)

1 C6H5COCl MeOH 300 80 1.3 100c

2 C6H5COCl EtOH 300 110 1.3 100
3 C6H5COCl iPrOH 300 120 1.3 100
4 CH3(CH2)2COCl MeOH 300 80 1.3 100
5 CH3(CH2)2COCl EtOH 300 110 1.3 100
6 CH3(CH2)2COCl iPrOH 300 120 1.3 100
7 CH3OCH2COCl MeOH 300 80 1.3 91
8 CH3OCH2COCl EtOH 300 110 1.3 97
9 CH3OCH2COCl iPrOH 300 120 1.3 100
10 4-BrC6H4COCl (0.5 M) MeOH 300 80 2 10
11 C6H5COCl p-Cresol (2 M) 400 140 2 98
12 CH3(CH2)2COCl p-Cresol (2 M) 400 140 2 99
13 4-BrC6H4COCl (1.5 M) p-Cresol (1.5 M) 400 140 2 79

aWhen the starting material was solid, the compound was dissolved in CH3CN.
bRT = residence time, T = temperature. c Isolated yield after running

the microreactor for 5.6 h: 90%.

Table 3 Conversion and yield for the condensation of benzoyl
chloride and MeOH during the course of the operation (KiloFlow®
microreactor)

Time Conversiona (%) Yield (%)

t0 = 0 h 92 90
t1 = 1 h 80 80
t2 = 3 h 87 86
t3 = 4 h 88 87

aGC-conversion.
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Finally, both reagents were pumped through the microreactor
with a flow rate corresponding to the desired stoichiometric ratio
and residence time. After a steady state period (50–65 min
depending on the total flow rate, total volume of 100 μl), a
sample was collected to be analyzed by GC. The formed esters
are well known compounds and their spectral data correspond to
the data reported in the literature.

The upscaling of the condensation of benzoyl chloride with
methanol was performed using a KiloFlow® system (Chemtrix)
(Table 4) with an internal reactor volume of 13.8 ml. Both
benzoyl chloride and methanol were sonicated for 15 min before
use. A BPR of 13 bar was used in order to keep all reagents in
the liquid phase. After rinsing the microreactor with methanol,
the reactor was primed with benzoyl chloride and methanol.
Subsequently, both reagents were pumped through the micro-
reactor with a total flow rate of 2.8 ml min−1 (FMeOH =
0.9 ml min−1, Fbenzoyl chloride = 1.9 ml min−1) and thus a resi-
dence time of 5 min and a ratio MeOH/BnCl of 1.36. After
reaching steady state (30 min), a sample was collected and ana-
lyzed by GC. Formed HCl was recuperated by bubbling dry
nitrogen through the reaction mixture and subsequently trapping
the HCl in water. After evaporating the excess of methanol,
methyl benzoate was obtained with an isolated yield of 98%.
Spectral data are in comparison with the literature.
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