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ABSTRACT

A flow-through chemistry apparatus has been developed which allows gases and liquids to contact via a semipermeable Teflon AF-2400
membrane. In this preliminary investigation, the concept was proven by application to the ozonolysis of a series of alkenes.

Flow chemistry and related continuous processing techniques
have emerged over recent years as enabling tools which can
offer advantages over the corresponding batch methods.1 For
instance, repetitive and labor intensive purification operations
can often be eliminated from the synthesis scheme when solid-
supported reagents and scavengers are incorporated into a flow
chemistry sequence.2 Additionally, as only relatively small
volumes of reactive material are being processed at any one
time, flow techniques can enhance the overall safety profile of
the process. This is particularly true for reactions which involve
hazardous or explosive intermediates or for reactions which
require high temperatures and pressures.3 The ozonolysis of
alkenes represents a good example of such a reaction as the

potentially dangerous nature of the intermediate ozonides (and
peroxy compounds derived from them) is well documented.4

As ozonolysis is also an extremely useful synthetic transforma-
tion5 and is considered to be more environmentally acceptable
than alternative processes using metal species such as the toxic
and volatile osmium tetraoxide,6 its development into a flow
procedure is highly desirable and is consequently an active area
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of research.7 Typically, gas-liquid contact in flow chemistry
devices involves the mechanical mixing of two phases.8 We
envisaged that a more efficient, controllable, and reliable phase
contact might be realized using a semipermeable membrane which
can have extremely high effective surface areas and selectively
allow gases (but not liquids) to cross from one side to the other.
One commercially available material whose permeability to a range
of gases (including ozone) has been demonstrated is Teflon AF-
2400,9 an amorphous copolymer of tetrafluoroethylene and a
perfluorodimethyldioxolane (shown in Figure 1).

The presence of the perfluorodioxolane units prevents the
polymer from achieving the semicrystalline microstructure
typical of other perfluorinated polymers such as poly(tetrafluo-
roethylene) (PTFE). Instead, a highly microporous, amorphous
structure is obtained which has a low dielectric constant,10 low
refractive index,11 and high gas permeability.12 In addition,
Teflon AF-2400 retains much of the high chemical resistance
of PTFE making it an attractive material for use in chemical
synthesis environments (poly(dimethylsiloxane)/silicone/PDMS
is also permeable to ozone13 but suffers from significant
swelling in a range of common organic solvents).14 As this
material is commercially available in the form of narrow-bore,
thin-walled tubing (providing a high surface-to-volume ratio),
a practical, simple, proof-of-concept apparatus consisting of a
length of membrane tubing that passes through a chamber which
is supplied with a flow of ozone from an ozone generator (Peak
Scientific OZ06) was constructed (Figure 1). For the purposes
of this preliminary investigation Teflon AF-2400 (0.6 mm i.d.,
0.8 mm o.d.) was used, although it is possible to fabricate this
material into tubing and membranes with narrower walls and
higher surface-to-volume ratio.15 In order to ascertain whether
the supplied ozone was permeating this tubing, a short length (3

cm) was filled with solutions (1 mM) in various solvents of either
Sudan-red 7B or oil-red O (dyes which are known to be bleached
by ozone)16 and capped at the ends. While an external oxygen
atmosphere had no observable effect on any dye solution, both
dyes were bleached when the sealed tubing was exposed to ozone
at atmospheric pressure, Sudan-red 7B being bleached at a faster
rate than oil-red O. The relative rates of bleaching of Sudan-red
7B in various solvents are shown in Table 1.

The rate of bleaching did not differ after repetition of the
test using the same piece of tubing (10 times). All subsequent
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Figure 1. (A) Flow ozonolysis apparatus (tubing filled with dye).
(B) Bleaching of Sudan red 7B in flow, tubing coiled for clarity.
(C) Molecular formula of Teflon AF-2400.

Table 1. Relative Rates of Bleaching of 1 mM Sudan-red 7B

entry solvent timea (min)

1 MeOH 1.15
2 MeCN 1.20
3 DCM 2.30
4 CHCl3 2.30
5 EtOAc 2.34
6 EtOH >8

a Time required for complete discoloration.
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investigations were carried out using methanol as the solvent.
In a control experiment, no bleaching was observed when
the tubing was replaced with standard PTFE tubing of
corresponding dimensions. In a microscale experiment with
Teflon AF-2400 tubing, using 1,1-diphenylethene as a
substrate (0.1 M solution in methanol) followed by quenching

the product with triphenylphosphine, it was found (according
to TLC analysis) that 1 h of exposure to the supplied ozone
was sufficient to effect complete conversion to benzophe-
none. Using a 90 cm length of the AF-2400 tubing connected
to a syringe-pump (Infors AG, HT-Precidor) set up to deliver
a 1 h residence time in the apparatus, the ozonolysis of a
series of alkenes was then carried out in flow (Table 2). In
order to facilitate rapid purification and simplify the analysis
of products, the reaction streams were quenched by dropping
into a flask containing a 4-fold excess of polymer-supported
triphenylphosphine suspended in methanol. Initial purification
was carried out simply by filtration and concentration under
reduced pressure (Caution! As ozonides and/or peroxides can
be explosiVe and shock-sensitiVe, solVent was only remoVed
when the solutions tested negatiVe with peroxide test strips).
After NMR analysis the products were further purified by
chromatography on silica gel. As can be seen, complete
conversion of substrate was observed in all cases, and yields
were generally good to excellent.

Shown in Figure 1B is the bleaching of a solution of Sudan
red 7B in methanol in flow, with the same length of
membrane tubing (90 cm) coiled for clarity. The gradual and
steady disappearance of color over the length of the tubing
can clearly be seen, indicating that the ozone is permeating
in a fairly uniform manner.

In summary, we have constructed a simple and convenient
flow chemistry device to bring about the ozonolysis of
alkenes via gas-to-liquid transfer through semipermeable
Teflon AF-2400 tubing. In future versions we plan to
incorporate the quenching step in flow, by either mixing the
ozonide stream with a stream of quench reagent or by passing
the ozonide stream through a cartridge packed with solid-
supported quench reagent. This will allow us to combine
the ozonolysis with other chemical transformations as part
of a multistep flow sequence. Additionally, splitting the
stream of substrate into several flow tubes of greater length
running parallel to each other will increase the throughput.
Many extensions and modifications of the apparatus can be
envisaged, including the manufacture of microfluidic devices
and variable temperature and pressure control, as well as
the incorporation of other reactive gases for chemical
transformations (such as CO, H2, ethylene, acetylene, NO,
Cl2, O2 etc). Moreover, by exposure of the flow stream to
different gases (or vacuum), it should be possible to inject
or remove the gases in a controlled sequence, thereby
allowing multistep gas-liquid flow sequences to be carried
out. Work is underway to exploit these concepts.

Acknowledgment. We thank the BP 1702 Chemistry
Professorship (SVL), EPSRC (MOB), and the Royal Society
(IRB) for funding.

Supporting Information Available: Experimental details
and NMR spectra of all products. This material is available
free of charge via the Internet at http://pubs.acs.org.

OL100322T
(16) Veysoglu, T.; Mitscher, L. A.; Swayze, J. K. Synthesis 1980, 807–

810.

Table 2. Results for Flow Ozonolyses

a Conversion determined by TLC and NMR analysis of crude reaction
products. b Isolated yield after column chromatography on silica gel.
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