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Abstract:
The Grignard exchange reaction of ethylmagnesium bromide
(EtMgBr) and bromopentafluorobenzene (BPFB) to give pen-
tafluorophenylmagnesium bromide (PFPMgBr) was carried out
using small- and medium-scale microflow systems consisting
of a micromixer and a microheat exchanger. The results indicate
that the microflow systems are quite effective. On the basis of
the data obtained, a pilot that involves the Toray Hi-mixer
connected to a shell and tube microheat exchanger was
constructed. Continuous operation for 24 h was accomplished
without any problem to obtain pentafluorobenzene (PFB) after
protonation (92% yield).

1. Introduction
Grignard reagents are useful reagents in organic syntheses

and are widely utilized in laboratory syntheses1 and industrial
production of fine chemicals.2 Although Grignard reagents
are usually prepared by the reaction of organic halides with
magnesium metal, Grignard exchange reactions (halogen-
magnesium exchange reactions) are sometimes used for
Grignard reagents that are difficult to prepare by the direct
method.3 Because Grignard exchange reactions are usually
very fast and highly exothermic, they are difficult to control,
especially in large-scale syntheses. Usually, slow addition
has been used to avoid rapid temperature increase. Therefore,
efficient heat removal has been a crucial point for industrial
applications of this useful reaction.

Recently, microflow systems have been utilized for chem-
ical reactions because they are expected to make a revolu-
tionary change in chemical synthesis from the viewpoint of
not only laboratory synthesis but also industrial production.4-6

Characteristic features of microflow systems involve ex-
tremely fast mixing by virtue of short diffusion path and
efficient heat transfer owing to high surface-to-volume ratio.
These features are quite advantageous for conducting ex-

tremely fast and highly exothermic reactions. In some cases,
product selectively can be enhanced signficantly by the use
of microflow systems.7 Easy numbering-up of microsystems
for increasing the amount of production are also beneficial
from the viewpoint of industrial production.8

Thus, we envisioned that the use of a microflow system
solves the problem associated with the application of
Grignard exchange reactions to industrial production. Herein,
we report the results of our study on the Grignard exchange
reaction using microflow systems.

We focused on the reaction of ethylmagnesium bro-
mide with bromopentafluorobenzene (BPFB) to give pen-
tafluorophenylmagnesium bromide (PFPMgBr) (Scheme 1).9

PFPMgBr has been produced by this method in industry,
because it is difficult to prepare by the direct method using
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magnesium metal. The formation of PFPMgBr was con-
firmed by the protonation with methanol to give pentafluo-
robenzene (PFB). Industrially, PFPMgBr has been used for
the reaction with BCl3 to give tetrakis(pentaflurophenyl)-
borate, derivatives of which are utilized in metallocene-
catalyzed polymerization and photopolymerization.

2. Experimental Section
Grignard Reagent. A solution of ethylmagnesium bro-

mide (EtMgBr) in dibutyl ether was prepared by the reaction
of bromoethane (38.73 g, 0.355 mol) and magnesium
turnings (9.38 g, 0.389 mol) in dibutyl ether (180 g) at 20
°C. The concentration of EtMgBr was determined as 1.3 M
by the acid/base titration.

GC Analysis. The yield of the product was determined
by GC analysis with Shimadu GC-17A equipped with a
DB-WAX clolumn (L 30 m× i.d. 0.53 mm× T 1.00µm)
using ethyleneglycol diethyl ether as an internal standard.

Small-Scale Reaction System.The small-scale reactions
were carried out using a microflow system consisting of two
syringe pumps, a micromixer, and a microtube heat ex-
changer. A schematic diagram of the system is shown in
Figure 1. A solution of EtMgBr (1.3 M, flow rate: 0.038-

1.233 mL/min) and BPFB (neat, 8.0 M, flow rate: 0.006-
0.202 mL/min) were introduced to a micromixer by syringe
pumping, and the resulting solution was introduced to a

microtube heat exchanger. The micromixer and the microtube
heat exchanger were dipped in a water bath, the temperature
of which was maintained at 20°C. As a micromixer, a
T-shaped mixer (i.d. 800µm) and an IMM single mixer (ver.
2, channel width 40µm) were examined. As a heat
exchanger, three microtubes of different diameter (i.d. 250
µm × 1.8 m, i.d. 500µm × 3.6 m, i.d. 1000µm × 0.9 m)
were examined. The reaction was quenched by the addition
of an excess amount of methanol to the reaction mixture at
the outlet of the microtube heat exchanger.

Shell and Tube Microheat Exchanger.A shell and tube
microheat exchanger shown in Figure 2 was developed to
conduct the reaction at higher flow rate (ca. 100 mL/min).
The heat exchanger consists of 55 microtubes (i.d. 490µm
× 200 mm), which are placed in the shell (i.d. 16.7 mm×
200 mm) as shown in Figure 2. A coolant (water) is
circulated through the shell. The flow distribution of micro-
tubes was not determined.

Medium-Scale Reaction System.With the shell and tube
microheat exchanger in hand, medium-scale reactions were
conducted using several different types of micromixers.10 A
T-shaped mixer (i.d. 800µm), an IMM single mixer (ver. 2,
channel width 40µm),7a a Yamatake YM-1 mixer,11 and a
Toray Hi-mixer (Toray Engineering) shown in Figure 3 were
examined.
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Scheme 1

Figure 1. Schematic diagram of the small-scale reaction
system.

Figure 2. Shell and tube microheat exchanger.
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Let us briefly touch on how mixing takes place in these
micromixers. In the T-shaped mixer, two streams are allowed
contact with each other. If the diameters are sufficiently
small, the laminar mixing is predominant. If the diameters
are large and flow velocities are high, turbulent mixing seems
to be predominant. The type of mixing also depends on the
fluid viscosity and the flow velocity. In the IMM single
mixer, two fluids are introduced into the mixing element as
two counterflows and the fluids stream into an interdigital
channel configuration. In the next stage, a periodical flow
configuration consisting of the lamellae of the two fluids is
generated, which leaves the mixing element perpendic-
ular to the direction of the feed flows. Because of the
short diffusion path in multilaminar configuration, the mixing
takes place very fast. The YM-1 micromixer is a manifold
splitting and recombination type micromixer, in which the
mixing channel path, i.e., the geometry, is split and recom-
bined. The Hi-mixer is another type of manifold splitting
and recombination mixer. The structure of the mixer is shown
in Figure 4.

Measurement of Pressure Drop.The pressure drop of
the system consisting of a micromixer and the shell and tube
heat exchanger was measured by flowing water at 20°C
using Fuji-techno plunger pumps. The pressure at the inlet
of the mixer and that at the outlet of the heat exchanger were
measured using diaphragm-type pressure meters.

Pilot Plant. A pilot plant consisting of the Hi-mixer and
the shell and tube heat exchanger was constructed. A
schematic diagram of the pilot plant is shown in Figure 5.
Plunger pumps (Fuji-techno) were used for introducing a
EtMgBr solution (1.3 M) from a 60-L stainless steel tank
at the flow rate of 32 mL/min and for introducing BPFB
(neat, 8.0 M) from a 10-L stainless steel tank at the flow

rate of 5.3 mL/min. The residence time was ca. 5 s. The
reaction temperature was automatically controlled at 20°C
by circulating water in the shell and tube reactor. The
product solution containing PFPMgBr was introduced to a
60-L stainless steel tank. For the determination of the
yield, aliquots of the product solution were taken and were
immediately quenched by methanol to obtain pentafluo-
robenzene (PFB).

3. Results and Discussion
Small-Scale Reaction System.The Grignard exchange

reaction of EtMgBr and BPFB was carried out using a small-
scale reaction system with a T-shaped mixer and a microtube

Figure 3. Micromixers used for the medium-scale reaction
system. (a) T-shaped mixer (O ) 2 mm). (b) IMM single mixer
(40 µm). (c) Yamatake YM-1 mixer (400 µm). (d) Toray Hi-
mixer (1.5 mm).

Figure 4. Structure of Toray Hi-mixer.

Figure 5. Schematic diagram of the pilot plant.
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heat exchanger. The residence time was varied by changing
the flow rate. As depicted in Figure 6, the yield of PFB
increased with the increase of the residence time, indicating
that the mixing also takes place in the microtube heat
exchanger. The effect of the diameter of the microtube heat
exchanger is interesting. With the microtube of 0.25 mm
diameter, the yield did not vary significantly with the
residence time, indicating that the mixing in the tube was
very fast and that the reaction completed very rapidly. In
contrast, with the microtube of 1.0 mm diameter, the yield
increased gradually with the residence time, indicating lower
efficiency of the mixing in the microtube. These results
indicate that the chemical reaction was fast under the
conditions and that the progress of the reaction was
determined by the mixing.

Next, the effect of the nature of the micromixer was
examined. As shown in Figure 7. the IMM single mixer gave
the better yields of the product. The present observation
indicates that the mixing in the IMM single mixer was faster
than the mixing in the T-shaped micromixer. The small-size
multilamination configuration in the IMM single mixer seems
to be responsible for greater mixing rate.

It should be noted that PFB was obtained in 97% yield
when the IMM single mixer was used together with the
microtube heat exchanger of 0.5 mm diameter. This yield is
comparable to those obtained by laboratory-scale batch
reaction (reactor size: 300 mL) and commercial-scale batch
reaction (reactor size: 10 m3).

Medium-Scale Reaction System.To increase the capac-
ity of the microtube heat exchanger, we have developed a
new shell and tube microheat exchanger, which contains 55
microtubes (φ) 0.49 mm) in the shell (Figure 2). Thus, we
constructed medium-scale reaction systems, which consist

of several types of micromixers and the shell and tube
microheat exchanger.

At first, the pressure drop of the system was measured
using water flow before carrying out the reaction. The results
are summarized in Figure 8. Although the use of the
T-shaped mixer caused little pressure drop, the use of the
IMM single mixer resulted in rapid increase of the pressure
drop with the increase of the flow rate. The use of the
Yamatake YM-1 mixer also gave rise to a significant increase
of the pressure drop. The use of Toray Hi-mixer was,
however, quite successful. No appreciable pressure drop was
observed until the flow rate reached 100 mL/min.

Next, the Grignard exchange reaction was conducted using
the medium-scale systems with the T-shaped mixer and the
Hi-mixer. It can easily be seen from Figure 9 that the use of
the T-shaped mixer resulted in low yield at lower flow rate.
This is presumably because of low mixing efficiency of the
T-shaped mixer at low flow rate. On the contrary, the use
of the Toray Hi-mixer gave rise to the formation of PFB in
high yields even at lower flow rate, although yield decreased
significantly with the decrease of the flow rate below 25
mL/min. The increase of the yield at very low flow rate
seems to be attributed to the increase of the residence time.
A similar tendency was reported for the extraction processes
using micromixers.12

Pilot Plant. On the basis of the results obtained with
medium-scale reaction systems, a pilot plant, which involves
the Toray Hi-mixer connected to the shell and tube microheat
exchanger was constructed (Figures 5 and 10).

(12) Benz, K.; Jäckel, K.-P.; Regenauer, K.-J.; Schiewe, J.; Drese, K.; Ehrfeld,
W.; Hessel, V.; Löwe, H.Chem. Eng. Technol.2001,24, 11.

Figure 6. Plots of the yield of PFB against residence time
obtained with the T-shape mixer connected to the microtube
heat exchanger. Effect of the diameter of the microtube.

Figure 7. Plots of the yield of PFB against residence time
obtained with the T-shaped mixer and the IMM single
mixer.

Figure 8. Plots of pressure drop (DP) against flow rate
(medium-scale reaction system). Effect of the nature of micro-
mixer.

Figure 9. Plots of the yield of PFB against flow rate (medium-
scale reaction system).

790 • Vol. 9, No. 6, 2005 / Organic Process Research & Development



The effect of residence time on the yield was examined
at various temperatures, and the results are summarized in
Figure 11. At lower temperatures, the yield increased with
the increase of the residence time. This observation indicates
that the mixing is not fast at lower temperatures because of
smaller rates of diffusion and/or smaller rates of reaction.
On the other hand, the yield did not vary with the flow rate
at higher temperatures. Presumably, the mixing was very fast
and completed within 2 s atsuch temperatures because of
fast diffusion.

On the basis of the results obtained above, the continuous
operation was carried out at 20°C with the residence time
of 5 s for 24 h in order to examine the durability of the
production using the pilot plant. As shown in Figure 12, the
yield of PFB did not change appreciably throughout the
operation time. The reaction temperature and the pressure
also did not change appreciably as shown in Figure 13.

Thus, we confirmed that for 24 h the pilot plant can be
operated smoothly without any problem to obtain the product

(92% GC yield, corresponds to 14.7 kg of the product). It
should also be emphasized that the industrial-scale produc-
tion, which had been carried out using a batch reactor (10
m3), could be accomplished by adding only four microflow
systems of the present scale. The use of the microflow
systems should lead to a significant decrease in investment
compared with that for the current batch process.

4. Conclusion
The results described above indicate that microflow

systems consisting of a micromixer and a microheat ex-
changer are quite effective for conducting very fast and
highly exothermic reactions such as Grignard exchange
reactions. Fast mixing and efficient heat transfer, which are
inherent advantages of microsystems, seem to be responsible
for the effective control of the reaction. The data obtained
with the continuous operation using the pilot plant demon-
strate that the microflow system can be applied to relatively
large-scale production and speak well the potentiality of
microchemical plants in industry.
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Figure 10. Picture of the pilot plant.

Figure 11. Plots of the yield of PFB against residence time at
various temperatures (pilot plant).

Figure 12. Plots of the yield of PFB for 24 h continuous
operation of the pilot plant.

Figure 13. Plots of the temperature and pressure for 24 h
continuous operation of the pilot plant.
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