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Letters
Nanoflow system for perfect regiocontrol in the Baeyer–Villiger
oxidation by aqueous hydrogen peroxide using lowest concentration

of a fluorous lanthanide catalyst
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Abstract—The scandium bis(perfluorooctanesulfonyl)amide-catalyzed Baeyer–Villiger reaction significantly increased the regiose-
lectivity as well as the reaction rate by nanoflow system continuously controlled by a nanofeeder even in the lowest concentration of
the catalyst (�0.1mol%). The Baeyer–Villiger reaction completed within few seconds as a contact time in the microcell to afford the
lactone products high regioselectively without hydrolysis.
� 2004 Elsevier Ltd. All rights reserved.
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The Baeyer–Villiger (B–V) reaction has been widely
employed in organic synthesis by virtue of the unique
transformation: an oxygen atom can be inserted into a
carbon–carbon single bond.1 Particularly, hydrogen
peroxide is an environmentally friendly oxidant to waste
only water. This environmental advantage can make
hydrogen peroxide attractive for industrial operations.
Hydrogen peroxide has, in turn, disadvantages: less
reactivity, formation of the regioisomeric mixtures par-
ticularly from cyclopentenones, and hydrolysis of the
lactone products in the presence of strong acids.2 To
overcome these disadvantages, a wide variety of homo-
geneous and heterogeneous metal catalysts have been
explored for the B–V oxidation.1b

The miniaturization of chemical analytic device using
the micro-total analysis system (l-TAS) has demon-
strated a new paradigm especially in biochemical field.3

Recently, miniaturized chemical reactor, namely mic-
roreactor, has been attracting much attention of syn-
thetic chemists to increase the reaction rate. However,
strict control of the flow rates of the reaction media in
nanolevel has been required to exploit the fully inte-
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grated microreaction system and further downsizing by
three orders.4 We herein report the significant increase
not only in the reaction rate but also in the regioselec-
tivity of the B–V oxidation with 30% H2O2 even by use
of low concentration of a fluorous lanthanide complex7;8

with bis(perfluorooctanesulfonyl)amide ponytail9 (e.g.,
Sc[N(SO2C8F17)2]3) in our nanoflow system. This fluor-
ous lanthanide catalyst can be fully employed through
the microfabricated device strictly controlled by nano-
feeder DiNaS5;6 (Direct Nanoflow System) (Scheme 1).

When a substrate and Sc[N(SO2C8F17)2]3 in benzotri-
fluoride (BTF) as a fluorous–organic hybrid solvent10
"organic"
"aqueous"

DiNaS-b  (30% H2O2 
 aqueous sol.)

Scheme 1. The Baeyer–Villiger reaction by nanoflow system.
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and 30% H2O2 were introduced through two microinlets
separately, a very short diffusion of molecules at a large
interfacial area between the two phases were achieved in
the nanoflow system (Scheme 1). Significantly the B–V
oxidation reactions of cyclic ketones were completed
within seconds at rt even in very low concentration
(0.00005M) of Sc[N(SO2C8F17)2]3. The flow rate was
continuously controlled by 100 nL/min for both phases
and thus the reactions were examined for 8.1 s as
biphasic contact time through 30 lm · 30 lm · 3 cm
microchannel. Surprisingly high regioselectivity of the
product as well as high chemical yield were obtained in
sharp contrast to lower yield and regioselectivity
obtained in the batch system (Table 1). It is noted that
the complete regioselectivity was achieved with quanti-
tative yield in the nanoflow system even employing
cyclopentanone substrates. The lower yield and regio-
selectivity even after 5 h in the batch system is due to the
heterogeneous conditions.

Such successful results in the nanoflow system indicate
that the faster dispersion of aqueous H2O2 into fluor-
ous–organic hybrid BTF solution including the sub-
strate and the Sc catalyst can be achieved. The origin of
the perfect regioselectivity and remarkably increased
Table 2. The experimental data for pre-complexation of the Sc peroxo spec
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Time (h) Method a

Regioselectivity Yield (%)

1 60:40 17

2 65:35 22

4 70:30 39

a Substrates (0.1M) and catalyst (1mol%) were used in batch system; yield

Table 1. The B–V reaction in the nanoflow and batch systemsa
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a Substrates (0.1M), 30% H2O2 and a catalyst (0.05mol%) were used in th

100 nL/min at rt.
b Catalyst (1mol%) was used in batch system.
chemical yield in the nanoflow system can be predicted
to form the metal peroxo species,11 which can increase
the nucleophilicity of HO2

�, by the faster dispersion of
aqueous H2O2 into BTF solution. To find experimental
support for the metal peroxo formation in the nanoflow
system,12 we then compared two experimental proce-
dures in the batch system (round bottomed flasks) for
2-methylcyclopentanone (Table 2). In the first batch
experiment (method a) under almost the same condition
as the nanoflow system other than the high Sc catalyst
concentration (otherwise, oxidation did not proceed
within reasonable reaction times). The Sc catalyst was
dissolved in BTF (0.001M) and the substrate was added
(0.1M) followed by 30% aqueous H2O2. The low regio-
selectivity was observed throughout the reaction in the
first batch experiment. In the second batch experiment
(method b), the Sc catalyst was pre-mixed with aqueous
H2O2 for about 30min prior to substrate addition using
the same concentrations of the substrate (0.1M) and the
Sc catalyst (0.001M) as in method a. In contrast to the
first experiment, the higher regioselectivity was
achieved.

According to the above experimental observations in the
batch system, the remarkably increased regioselectivity
iesa
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O

Method b

Regioselectivity Yield (%)

95:5 17

94:6 22

91:9 43

and regioselectivity were determined by GC analysis.

(s) Yield (%) Regioselectivity

99 97:3

53 67:33)b

92 99:1

55 70:30)b

91 100:0

28 69:31)b

74 100:0

17 100:0)b

63

22)b

e nanoflow system and flow rates for both layer were maintained by
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Scheme 2. The mechanism of the metal peroxo formation followed by

the regioselective oxygen atom insertion.
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can be illustrated in terms of efficient metal peroxo
formation in the nanoflow system as shown in Scheme 2.
It is crucial step either the complexation of the Sc cat-
alyst with H2O2 affording more nucleophilic Sc peroxo
species (path b) or the coordination of the Sc catalyst on
the ketone (path a). In path b, the intramolecular
nucleophilic attack of the hydroperoxy moiety on the
Sc-coordinated ketone can strictly control the direction
of O–O bond anti to the migratory carbon bearing R
group to afford highly regioselective product in contrast
to path a, where the intermolecular H2O2 attack should
be occurred. In the nanoflow system, the faster disper-
sion of aqueous H2O2 into BTF phase can predomi-
nantly re-form the Sc peroxo species by the
complexation of the Sc hydroxide with H2O2.

In summary, we have envisioned that the Sc amide-
catalyzed B–V reaction is significantly increased in the
regioselectivity as well as the reaction rate by nanoflow
system even in the low concentration of the catalyst
(�0.1mol%). Further investigations to develop asym-
metric Baeyer–Villiger reactions in nanoflow system are
now under progress.
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