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A new microwave applicator specifically designed for continuous flow synthesis has been
developed and tested in the Fischer indole synthesis and in the Diels—Alder reaction to afford the

reaction products at a scale of 100 g/h.
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Microwave-assisted organic synthesis has many advantages and is widely applied to a variety

of reactions. We have developed a new single-mode microwave applicator, specific to

continuous flow synthesis, whose main feature is that it generates a uniform electromagnetic

field inside its resonant cavity. Two well-known reactions, the Fischer indole synthesis and the

Diels—Alder reaction, proceeded very quickly when a solution of substrates was pumped

through a helical glass tube reactor inside the resonant cavity, under the pressure of 2.5 MPa.

The desired products were obtained in high yields. This compact apparatus constitutes a new

method for switching organic synthesis from batch to continuous flow, and enables continuous
synthesis of products at a scale of 100 g/h or more.

Introduction

Organic syntheses using microwave (MW) applicators have made
tremendous progress during the past three decades. In the beginning,
most applicators used were modified domestic MW ovens.
Subsequently, specialized MW applicators for chemical synthesis,
equipped with small-scale batch reactors and temperature and
pressure control functions, have been developed and commercially
supplied. Consequently, the number of MW-assisted reactions has
been increasing. MW irradiation has become one of the most popular
heating methods for organic synthesis and has found applications in
various fields, such as heterocyclic chemistry, natural product
synthesis, and medicinal chemistry. Compared with traditional
external heating methods that use oil baths, heating blocks, etc., the
MW method enables direct and rapid heating of substrates and
solvents and generates a more uniform heating profile, which
significantly reduces reaction times and, in many cases, increases
yields and saves energy and resources.'

However, scaling up of the MW-assisted organic synthesis is
restricted by the limited penetration depth (e.g., about 1 cm in water
at 25 °C, 2.45 GHz)'™"° and irradiation power of microwaves.
Although large multimode MW applicators® and stop-flow synthesis®
that partly overcome these problems have been developed, different
and more fundamental solutions are in great demand in order to
make large-scale production possible.

Considering the advantages of flow synthesis, such as a large
surface-to-volume ratio, which enables fast heating, as well as a
relatively small flow reactor volume that minimizes the risk of
accidents under high pressure and high temperature, we intended to
combine the benefits of flow synthesis and MW synthesis. While the
majority of continuous flow apparatuses use conductive heating

This journal is © The Royal Society of Chemistry 2013

equipment, such as oil baths, heated air, and heated metal blocks,
continuous flow devices using modified batch MW applicators have
also been developed by the modification of batch MW
applicators.'*%>® Recently, new technologies for the MW-assisted
continuous flow syntheses have been developed that use nonresonant
MW applicators,’ the follow MW applicators equipped with small-
volume reactors,*” special reactors using good MW-absorbing
materials®' a transmission line short-circuited waveguide reactor,''
and transient processing through MW cavities in series.'” Despite
these efforts, there is still a great need for improving these devices
with respect to energy efficiency, fine tuning of irradiation
frequency, and productivity per unit time. Additionally, in most of
the reported apparatuses, temperature is monitored by IR sensors
located outside the reactor, because of which the actual temperature
of the reaction mixture is often underestimated.'!?

We present herein a new single-mode, bench-top MW
applicator for the continuous flow syntheses. This apparatus
features the following: 1) highly efficient MW irradiation (up to
200 W) by generating a uniform electromagnetic field in its
resonant cavity,'* 2) a wide and long helical tubular glass
reactor (i.d. 3.6 mm, internal volume: 5.5—6.0 mL) in a resonant
cavity,'> 3) an original control system that enables quick and
fine adjustment to the best irradiation frequency in accordance
with the changes in the electric permittivity of the reaction
mixture,'® and 4) direct measurement of the temperature in the
reaction mixture using a thermocouple set at the exit of the
reactor. Using this apparatus, we have observed some of the
characteristic advantages of MW heating, which are difficult to
achieve by external heating and have demonstrated the
continuous production of more than 100 g/h (0.67 mol/h) of an
indole derivative.
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Results and discussion

The new apparatus for MW-assisted flow synthesis (Fig. 1a) consists
of a MW generator, a resonant cavity (8 cm x 8 cm x 20 cm), a
helical tubular borosilicate glass reactor (i.d. 3.6 mm, internal
volume in the resonant cavity: 5.5-6.0 mL, see: Fig. 1b), a pumping
system, and a control device. In particular, we have devised a novel
system for generating a uniform electromagnetic field in the resonant
cavity, which makes use of a solid-state device for
telecommunications'” in order to generate the MW. This is the key to
achieving quick and fine adjustments of the irradiation frequency,
according to the changes in the electric permittivity of the reaction
mixture. This device produces up to 200 W output in a frequency
range covering 2.4 to 2.5 GHz. The irradiation power, reflected
power, electric field in the cavity, temperature of the reaction
mixture at the exit of the reactor (a thermocouple is set inside the
helical tube reactor) and pressure of the reaction mixture are
monitored and controlled in real time. The flow system is equipped
with a back-pressure regulator next to the glass reactor, in order to
maintain the pressure of the reaction mixture at up to 2.5 MPa. All

control
device

a polytetrafluoroethylene
tubular film for safety and
insulation reasons.
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these components are compactly assembled in the space of 160 cm x
60 cm x 60 cm.

In an initial study to evaluate the performance of this
apparatus, acetonitrile (MeCN) was pumped into the reactor under a
backpressure of 2.5 MPa, and the heating profile was recorded while
changing the irradiation power (50-200 W) and the flow rate (5-20
mL/min). In general, the temperature of MeCN at the exit of the
reactor reached a steady state in less than 6 min after starting the
flow. The temperature increased following the increase in irradiation
power and the decrease in flow rate (for details, see: ESI). Under
some conditions, the temperature rose up to 230 °C; however,
further increase of the irradiation power at the lower flow rate
brought the MeCN to boiling, resulting in the disruption of the
temperature, pressure, and electric field in the cavity. Therefore, the
following studies were carried out under the conditions that did not
cause either the solvents or the reactants to boil. The surface
temperature of the entire helical tube reactor was directly monitored
by a thermal imaging infrared camera, showing that the temperature
continuously increased from the entrance of the reactor up to two
thirds of its length and remained almost the same on the last third
(for details, see: ESI).

pumping system,
_ back-pressure regulator

thermocouple

MW generator & 4
2.ad resonant cavity BRI

The glass tube is covered with

Fig. 1 (a) Entire apparatus for MW-assisted flow synthesis. (b) The helical borosilicate glass tube reactor set in the resonant cavity.
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Next, we studied the temperature profiles of a dozen common
organic solvents under identical conditions (backpressure 2.5 MPa,
irradiation power 200 W, flow rate 20 mL/min). During their
passage through the reactor, in about 16 s, all solvents beside toluene
were heated way above their boiling point under atmospheric
conditions (the exit temperature of each solvent after reaching a
steady state is given in Table 1). The exit temperature of each
solvent seemed to be dependent on the physicochemical nature of the
solvent and have a insignificant relation to its boiling point under
atmospheric conditions, a trend that is never observed during
external heating.'® The solvents examined were classified into four
groups, based on the exit temperature, as follows: 1) 100-110 °C,
hydrocarbons such as n-hexane and toluene; 2) close to 150 °C,
aprotic less polar solvents such as ethyl acetate (EtOAc) and
cyclopentyl methyl ether; 3) 180-200 °C, protic solvents such as
alcohols and acetic acid (AcOH); and 4) above 210 °C, aprotic polar
solvents such as N,N-dimethyl formamide and dimethyl sulfoxide.
These data are in accordance with the characteristic feature of MW
heating, viz., a heating profile that is dependent on the
physicochemical nature of each solvent. It is also worth noting that
many solvents were heated to over 150 °C in about 16 s (residence
time) with an irradiation power of 200 W and a flow rate 20 mL/min,
an achievement which was due to the high efficiency of the MW
irradiation and the high adjustment ability of this apparatus.

Table 1 The exit temperature of common organic solvents heated
using a continuous-flow MW apparatus®

after the exit temperature reached a steady state (Table 2, upper line
of each cell). We found that the higher yields of 4 were obtained
when the exit temperature was also higher. At the same flow rate, a
better yield of 4 was obtained by increasing the irradiation power;
however, the reaction mixture began to boil at around 240 °C.

Interestingly, when the concentration of solutions A and B was
doubled (2.0 M of solution A and 2.2 M of solution B), under the
same conditions, the reaction produced a higher yield of 4, while
also exhibiting higher exit temperatures than the reaction using 1.0
M of solution A (Table 2, compare the upper and lower lines in each
cell). These phenomena proves that the substrates (1 and 2) and/or
intermediate 3 absorbed the MW more effectively when
concentrated, speeding up the reaction, which is another
characteristic feature of MW heating.

Having established the optimum conditions for the continuous
production of 4, we next examined a 100 g scale synthesis.
Continuous operation was conducted by pumping a 2.0 M solution
of A and a 2.2 M solution of B at a constant rate (total flow rate of
15 mL/min), maintaining the exit temperature at around 240 °C to
avoid boiling the reaction mixture. Consequently, as much as 115 g
of' 4 were produced during a 1 h operation (75% yield based on 1).

1(1.0 eq) &

organic solvent temperature boiling point
(°C) at the exit  (°C) under
of the reactor” atmospheric
conditions
n-hexane 101 69
toluene 109 111
EtOAc 148 77
cyclopentyl methyl ether 151 106
MeOH 178 65
EtOH 185 79
n-PrOH 198 97
AcOH 200 118
MeCN 209 82
N,N-dimethyl formamide 220 153
N,N-dimethyl acetamide 225 165
dimethyl sulfoxide >250 189

¢ Each organic solvent at room temperature was pumped
through the reactor at the flow rate of 20 mL/min under a back-
pressure of 2.5 MPa, with a MW irradiation of 200 W.

b Solvent temperature after reaching a steady state, measured
directly using a thermocouple installed at the exit of the reactor.

With these basic results in hand, we next applied our MW flow
apparatus to the Fischer indole synthesis (Fig. 2).””** A 1.0 M
solution of cyclohexanone (1) in AcOH (solution A) and a 1.1 M
solution of phenylhydrazine (2) in MeCN (solution B) were
separately pumped into the reactor at the same flow rate via a mixer
installed just before the reactor. The conditions were varied by
changing the flow rate of the mixed solution (13—17 mL/min) and
the irradiation power (130-190 W) and each reaction was evaluated
using the GC yield of 1,2,3,4-tetrahydro-1H-carbazole (4) measured

This journal is © The Royal Society of Chemistry 2012
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Fig. 2 Preparation of 1,2,3,4-tetrahydro-1H-carbazole (4) from
1 and 2 using the continuous-flow MW apparatus.

With the success in the Fischer indole synthesis clearly
demonstrating the utility of our apparatus, we next turned our
attention to another representative organic transformation. The
Diels—Alder (DA) reaction of acetylenedicarboxylates and furans is
known to be very sensitive to the reaction temperature. Under
conventional external heating conditions, the reaction is generally
conducted at temperatures not exceeding 110 °C (refluxing toluene)
for a long time, such as 10 h or more, because the retro DA reaction
and/or decomposition takes place at higher temperatures.> MW-
heating was also applied to the DA reactions, in which significant
decomposition was observed above 150 °C.>* We assumed that our
MW-assisted flow reactor would be suitable to overcome these
difficulties with the expectation that the high reaction temperature
applied for a short period of time would be not only sufficient to
promote the DA reaction, but also effective in suppressing the
undesired reactions. To illustrate our idea, we applied our MW
apparatus to the DA reaction of diethyl acetylenedicarboxylate (5)
and furan (6) as a model case (Fig. 3).
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Table 2. The GC yield of 1,2,3,4-tetrahydro-1H-carbazole (4) and the exit temperature under various conditions by changing the flow rate,

irradiation power, and concentration of 1.

concentration | GC yield (%) of 4* and exit temperature (°C)°
M) of 1
irradiation 130 150 170 190
power (W)
flow rate®
mL/min) and
residence time?
13 (24 5) 1.0°¢ 54, 205 83, 232 7 T
2.0 63, 219 — — -y
15 (215s) 1.0¢ 35, 189 43, 199 60, 213 81, 233
2.0¢ 50, 206 70, 232 —f —f
17 (18 s) 1.0° 14, 156 22, 173 38, 194 51, 209
2.08 27, 180 37, 195 59, 219 —y

“ p-Decane was used as the internal standard. ” The exit temperature of the reaction mixture after reaching a steady state, measured
directly using a thermocouple at the exit of the reactor. ¢ Flow rate of a 1:1 mixture of solutions A and B. ¢ The residence time in
the reactor (internal volume 5.2 mL) is shown in the parenthesis. ¢ A 1.0 M solution of 1 in AcOH and a 1.1 M solution of 2 in
MeCN were pumped into the reactor at the same flow-rate under the back-pressure of 2.5 MPa and MW irradiation of the given
power.”/ Not available due to boiling of the reaction mixture. ¢ A 2.0 M solution of 1 in AcOH and a 2.2 M solution of 2 in MeCN
were used, and the remainder of the procedure was the same as described in footnote e.

2
® @
N
@@@&Q/
Et0,C—=—=—CO,Et N
o 5 (1 eq) FS
— microwave X /- CO:Et
;\ /;
6(xeq) | l—=_=
CO,Et
n-PrOH 7

Fig. 3 A DA reaction of 5 and 6 using the continuous-flow MW
apparatus.

A mixture of 5 (1.0 M) and 6 (2.0 M) in n-PrOH® was
pumped into the reactor with the flow rate and irradiation power
varying over a range of 1-10 mL/min and 20-80 W, respectively
(Table 3, upper line of each cell). This extensive survey revealed
some characteristic tendencies of the reaction, as follows: as seen
from Table 3, an optimum irradiation power could be determined for
every specific flow rate, and vice versa.’ The combination of
parameters that gave the maximum yield shifted from the upper left
to the lower right of Table 3. At this point, the exit temperature also
increased to more than 200 °C (compare 1.2 mL/min, 30 W, 71%
and 5.0-6.0 mL/min, 70 W, 70%). That is, the highest yield was
achieved only when the reaction mixture underwent high
temperatures for as short a time as possible. However, we could not
run the reaction at an exit temperature above 200 °C because the
temperature fluctuated. The best yield of 7 was 76% at a flow rate of
1.0 mL/min with 30 W irradiation.

The use of a double amount of 6 (4.0 M) generally resulted in
a better yield of 7 under any of the conditions used (Table 3, lower
line of each cell), and the yield was increased to 85% (flow rate 5.0
mL/min, irradiation power 60 W, exit temperature 194 °C). The
continuous-flow reaction of a solution of 5 (1.1 M) and 6 (4.4 M) in
n-propanol (n-PrOH) produced, during 5 min, 4.9 g of 7 (76%
isolated yield). This is the highest productivity per unit time (1.0

4| J. Name., 2012, 00, 1-3

g/min) achieved, in comparison with the similar DA reactions under
continuous MW flow synthesis.g’13C Thus, the continuous-flow MW
apparatus enabled, at high flow rate (~4 mL/min), the rapid heating
(residence time <1.5 min) and rapid cooling necessary to minimize
the retro DA reaction that usually occurs at such temperatures (190—
200 °C).

Conclusions

We have developed a new MW apparatus for continuous-flow
synthesis that features highly efficient single-mode MW
irradiation by generating a uniform electromagnetic field in its
resonant cavity. The quick and fine adjustment of the
irradiation frequency was achieved by obtaining immediate
feedback on the reflected power and electric field in the cavity,
and the best resonance was maintained in accordance with the
continuous change in the electric permittivity of the reaction
mixture. With a back-pressure of 2.5 MPa, this apparatus is
able to heat polar solvents and reactants up to > 250 °C under
maximum 200 W-irradiation, with the solution passing through
the tube reactor for as short a time as 16 s. The thermocouple
installed at the exit of the reactor displayed the temperature of
the reaction mixture in real time.

The practical usefulness of this apparatus was demonstrated
using two typical organic reactions: the Fischer indole synthesis
and the DA reaction. In this way we have shown that our
system combines the characteristic advantages of the MW-
assisted heating, viz., the solvent- and reactant-dependent,
highly effective absorption of the MW energy, with those of the
flow synthesis, viz., the continuous production, the precise
control of the reaction temperature, and the rapid heating and
rapid cooling. Thus, this small bench-top apparatus can help
synthetize products at a scale of more than 100 g/h. Further
testing of our new synthetic tool in a wide range of organic
reactions is now in progress in our laboratory.

This journal is © The Royal Society of Chemistry 2012
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Table 3. The NMR yield of the product (7) and the exit temperature under various conditions by changing the flow rate, irradiation power,

and concentration of 6.

concentration NMR yield (%) of 7% and exit temperature (°C)”
M) of 6
irradiation 20 30 40 50 60 70 80
power (W)
flow rate
(mL/min) and
residence time*
1.0 (6.0 min) 2.07 52, 106 | 76, 135 | 67, 162 | 43, 180
4.0° 78, 136 | 59, 168
1.2 (5.0 min) 2.07 50, 112 | 71, 140 | 61, 167 | 50, 180
4.0° 79, 142 | 65, 169
1.5 (4.0 min) 2.07 42, 113 | 69, 139 | 70, 168 | 49, 186
4.0° 81, 144 | 72, 168
2.0 (3.0 min) 2.07 60, 140 | 67, 171 | 67, 194 63, 200
4.0° 80, 171 | 69, 190
2.5 (2.4 min) 2.07 70, 169 | 70, 190 61, 205
4.0° 80, 171 | 74, 191
3.0 (2.0 min) 2.07 63, 165 | 69, 184 67, 205
4.0¢ 82, 189 77, >200"
4.0 (1.5 min) 2.0 55, 159 | 61, 175 69, 196
4.0° 83, 189 82, 195
5.0 (1.2 min) 2.07 48, 167 62, 189 70, 205
4.0° 77, 170 85, 194 77,>2007
6.0 (1.0 min) 2.07 54, 170 49, 182 70, 200
4.0° 73, 162 78, 180 79, >200/
8.0 (455s) 2.07 48, 182 64, 200
4.0° 73, 172 76, 187 81,>200"
10.0 (36 s) 2.0 56, 182 64, 200
4.0¢ 73, 177 78, >200/

“The yield was based on the ratio of 5 and 7 determined by '"H NMR analysis of a crude product. ” The exit temperature of the reaction
mixture was directly measured by a thermocouple installed at the exit of the reactor, after reaching a steady state. © The residence time in the
reactor (internal volume 6.0 mL) is shown in the parenthesis. ¢ A solution of 5 (1.0 M) and 6 (2.0 M) in #n-PrOH was pumped into the reactor
at the given flow rate with the given irradiation power, under the back-pressure of 2.5 MPa. ¢ A solution of 5 (1.0 M) and 6 (4.0 M) in n-
PrOH was pumped into the reactor at the given flow rate with the given irradiation power under the back-pressure of 2.5 MPa.”/ The exit
temperature of the reaction mixture fluctuated in the range of 200-210 °C.

Experimental

The continuous preparation of 1,2,3,4-tetrahydrocarbazole (4)
during 60 min using the continuous flow MW apparatus

A solution of cyclohexanone (1) in AcOH (2.0 M) and a
solution of phenylhydrazine (2) in MeCN (2.2 M) were pumped into
the reactor at the same flow rate (total flow rate of 15 mL/min) with
the MW irradiation of 145 W. After 5 min, the exit temperature
reached a steady state at 240 °C. The collection of the crude reaction
mixture into a flask was started at this time and continued during the
following 60 min, while the exit temperature kept at around 240 °C
by adjusting the irradiation power in a range of 130—-150 W to avoid
boiling the reaction mixture. The time-course of the exit temperature
and the irradiation power are shown in Fig. S6 of ESI. The crude
reaction mixture was placed in a refrigerator (ca. 4 °C) for 3 h, and
the precipitate was filtered to give 52.6 g of 1,2,3,4-tetrahydro-1H-
carbazole (4). The filtrate was concentrated and the residue was
dissolved in EtOAc and washed with brine. The organic layer was
separated, dried with MgSQO,4, and concentrated in vacuo. The

This journal is © The Royal Society of Chemistry 2012

residue was purified by recrystallization from MeCN to provide 47.1
g of 4. The mother liquor was concentrated in vacuo and purified by
column chromatography on silica gel (n-hexane/EtOAc = 10:1) to
give 15.3 g of 4. Each product was obtained as a pale brown solid,
and its purity was examined by 'H NMR analysis to be more than
95%. Thus, 115 g (75% yield based on 1) of 4 was obtained in total.
Mp 112-115 °C (1it.*114-116 °C). & (500 MHz; CDCls; Me,Si)
1.87-1.95 (m, 4H, C(2)-H, and C(3)-H,), 2.71-2.75 (m, 4H, C(1)-H,
and C(4)-H,), 7.06-7.13 (m, 2H, C(6)-H and C(7)-H), 7.28 (d, J =8
Hz, 1H, C(8)-H), 7.46 (d, J = 8 Hz, 1H, C(5)-H), 7.66 (br s, 1H,
NH). & (500 MHz; CDCLy) & = 20.9, 23.19, 23.21, 23.3, 110.1,
110.3, 117.7, 119.1, 120.9, 127.8, 134.0, 135.6.

The Diels—Alder reaction of diethyl acetylenedicarboxylate (5)
and furan (6) by the continuous flow MW apparatus

A solution of diethyl acetylenedicarboxylate (5) (1.1 M) and
furan (6) (4.4 M) in n-PrOH was pumped into the reactor at the flow
rate of 5.0 mL/min with the MW irradiation of 60 W. After 5 min,
the exit temperature reached a steady state at 194 °C. The collection
of the crude reaction mixture was started at this time and continued

J. Name., 2012, 00, 1-3 | 5
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during the following 5 min, while the exit temperature kept at
194 °C. The crude product was concentrated in vacuo, and the
residue was purified by column chromatography on silica gel (n-
hexane/EtOAc = 10:1 to 3:1) to give diethyl 7-oxabicyclo[2.2.1]-
hepta-2,5-diene-2,3-dicarboxylate (7)"* (4.91 g, 76%) as a slightly
yellowish oil. &y (500 MHz; CDCl3; Me,Si) 1.32 (t, J = 7 Hz, 6H,
CH; x 2), 4.27 (q, J = 7 Hz, 4H, CH, x 2), 5.68 (s, 2H, CH-O x 2),
7.22 (br s, 2H, vinyl-H x 2). &¢ (125 MHz; CDCl;) 14.1 (CH3), 61.4
(CH2), 85.1 (C-0), 143.2 (vinyl-CH), 152.7 (vinyl-C), 163.1 (C=0).
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axial field applicator allowed the MW field to be concentrated axially
inside the coil. On the other hand, our applicator generates a uniform
electromagnetic field in the resonant cavity, which uses a solid-state
device for telecommunications. The inner volume of the reactor (about
1 mL), maximum irradiation power (150 W), and total flow rate (up to
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(200W), resonant cavity length (20 cm), back pressure (2.5 MPa), tube
reactor (i.d. 3.6 mm, inner volume: 5.5-6.0 mL), rapid response by
using the latest programmable logic controller, and several safety
measures. Thereby, the productivity of organic compounds, pursuit
performance of the resonant frequency and operational safety have been
dramatically increased.
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These differences arise from the different parameters involved in the
energy transfer. The temperature increase due to external heating is
dependent only on the heat capacity of the solvents, while that achieved
through MW irradiation is caused by the vibration of the
electromagnetic field, and is affected by the polarity of molecule and
the intermolecular restraint force of the vibrational motion.
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As a preliminary study, mixtures of 5 (1.0 M) and 6 (2.0 M) in several
organic solvents were pumped into the reactor at a flow rate of 3
mL/min and the irradiation power was varied (50-70 W). This showed
that n-PrOH is the most suitable solvent in terms of the yield of reaction
product 7 and the moderate boiling point of the solvent that allows an
easy workup.

The decrease in the yield at higher temperatures was most probably due
to the retro DA reaction of 7. This hypothesis was demonstrated by
pumping a 1.0 M solution of 7 in n-PrOH into the reactor under 60 W
irradiation at flow rate of 3.0 mL/min (residence time 2.0 min, exit
temperature 197 °C). The end product was a 2:1 mixture of 7 and 5. On
the other hand, the isolated 7 did not suffer any change if kept at room
temperature for 27 h.
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