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Fluorous multi-phase bromination reaction of alkenes could be successfully transformed to a continuous microflow
system in which a fluorous polyether, Galden® HT135, is employed as a recyclable molecular bromine support. This
microflow bromination of alkenes could be carried out without any temperature control or an inert gas atmosphere.
The circulatory continuous microflow reaction system for bromination of cyclohexene was created which gave 8.3 g
(85%) of dibromocyclohexane after continuous operation for 6 h.
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1. Introduction

The role of fluorous solvents as a green substitute for organic
solvents has steadily grown in organic synthesis these two
decades [1]. Fluorous-organic multi-layered systems can be
applied to bromination of alkenes, in which fluorous solvents
serve as liquid membrane to transport reagents to substrates [2].
Triphasic and quadraphasic bromination methods, termed as
phase-vanishing bromination [3], have an advantage of sponta-
neous cooling of the exothermic reaction since the diffusion of
bromine into the mid-fluorous phase is slow enough to function
as heat buffer. Thus, leaving the three phases overnight results
in two phases with missing bottom bromine layer without any
cooling operation. To obtain bromination product much more
quickly but still without the need for any cooling control, we
believed that the application of a continuous microflow system
[4, 5] to multi-phase bromination reaction would be beneficial,
in which fluorous phases are expected to function as a recycling
bromine support and the heat buffer in micro space. In this way,
we thought that high throughput production of brominated
products would be attained by continuous flow reaction [6].

2. Results and Discussion

To find an efficient fluorous support suitable for flow bro-
mination of alkenes, we compared the relative ability of three
fluorous solvents, perfluorodecaline, perfluorohexane (FC-72),
and Galden® HT135 (Scheme 1, supplier: Solvay Specialty
Polymers), with regard to the efficiency in the phase-vanishing
bromination of cyclohexene (Table 1). Among them, Galden®
HT135 was found to be the most effective in terms of the rapid
diffusion of molecular bromine. The approximate molar concen-
tration of bromine in bromine-saturated Galden HT135 solution
was estimated to be 0.2M from the yield of 1,2-dibromododecane
obtained by the reaction of the bromine-saturated Galden solu-
tion with excess 1-dodecene.
Then, we examined two phasic bromination of alkenes in a

continuous flow system, using Galden® HT135 as a bromine
carrier. A 0.16-M solution of cyclohexene in hexane and a
0.2-M solution of Br2 inGalden®HT135were introduced into the
flow reactor system equipped with a T-shaped micromixer hav-
ing 400 μm i.d. (MiChS®, α-400 [8]), fitted with tubular micro-
reactor (500 μm i.d., 1-m length of PTFE tube) through two
syringe pumps at the flow rate of 5.89 mL/h, respectively, for

which the calculated reaction time (residence time) was 1 min.
Organic/fluorous two layers resulted, and from the upper or-
ganic layer, the desired 1,2-dibromocyclohexane was obtained
in 77% NMR yield (Scheme 2). The similar flow reactions of
1-dodecene and styrene also worked well to give the correspond-
ing dibrominated products in 94% yields.
We have previously demonstrated circulatory flow catalysis

in which flow cross-coupling reactions can be attained with
efficient catalyst/solvent recycling [5, 9]. In our previous sys-
tem, ionic liquids were used for the purpose of the catalyst
support and the reaction solvent. We then decided to apply the
circulatory flow system for the flow bromination in which a
fluorous bromine support is recycled (Scheme 3). Thus, satu-
rated Br2 solution in Galden® HT135 (0.2 M) was prepared
in situ by adding excess bromine with gentle stirring. On the
top of the saturated solution, water layer was placed so as to
suppress the loss of Br2 from the solution. The saturated Br2
solution was then introduced into a micromixer having 400 μm
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Scheme 1. Physical Properties of Galden® HT135 [7]

Table 1. Comparison of fluorous solvents for phase-vanishing bromination
of cyclohexene

Fluorous solvent Yield

Reaction time: 3 h 6 h 15 h

Perfluorodecalin 2% 6% 20%
C6F14 6% 14% 50%
Galden®HT135 18% 35% 89%
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i.d. (MiChS®, α-400) and mixed with cyclohexene solution in
hexane, where the molar ratio of Br2 and cyclohexene was 2.1:1.
Then, the resulting mixture was introduced into residence time
unit (1 mm i.d., 3.4 m length) at room temperature for 2 min
residence time. After in-line quenching with aqueous Na2S2O3,
the reaction mixture was collected in the Y-shaped glass-made
container, where a small amount of CHCl3 was placed to facilitate
the fluorous/aqueous phase separation. The bottomed fluorous
solvent was pumped back to the initial flask containing bromine
and recycled in a continuous way. When the system was operated
for 6 h, 8.3 g (85%) of dibromocyclohexane was obtained from
the top hexane layer after purification by short silica gel column
chromatography [10].

3. Conclusion

In summary, fluorous multi-phase bromination reaction of
alkenes could be successfully transformed to a continuous micro-
flow system. The present flow bromination of alkenes could be
carried out without any temperature control or an inert gas
atmosphere. Galden® HT135 was found to be an efficient Br2
carrier in terms of high diffusion of molecular bromine. The
circulatory continuous microflow reaction system for bromina-
tion was successfully carried out with recycle of a Br2 support.
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Scheme 2. Microflow bromination of alkenes using Galden® HT135 as bromine support

aYields were determined by 1H-NMR analysis using 1-chlorotetradecane as an internal standard.

Scheme 3. Circulatory micro flow bromination of cyclohexene using fluorous polyether Galden® HT135 as bromine support
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