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A B S T R A C T

To avoid the use of peracids oxidant or highly concentrated hydrogen peroxide which is potentially hazardous
and explosive, herein, a new route to ε-caprolactone was developed in which molecule oxygen was employed as
the terminal oxidant. The commercial available N-hydroxyphthalimide and ammonium cerium nitrate were used
as the key catalysts for the increased yield of ε-caprolactone. For instance, the selectivity of ε-caprolactone was
obtained 92 % with 85 % conversion of cyclohexanone which was comparable to the strategies using highly
concentrated hydrogen peroxide. The sacrificed alcohols were transformed into corresponding ketones which
were also valuable chemicals. Furthermore, the efficiency of the alcohols was achieved to unprecedented 52 %.
The Baeyer-Villiger oxidation of various other cycloalkanones was also examined. The substituent group effect
on the efficiency of sacrificed alcohols was investigated in which weak electron-donating substituent induced
nearly quantitative yield of ε-caprolactone. The reaction mechanism was studied with the help of electron
paramagnetic resonance which indicated the existence of a radical pathway.

Introduction

The Baeyer-Villiger (BV) oxidation is an extremely useful organic
reaction in chemical industry [1–6]. For instance, ε-caprolactone pro-
duced from cyclohexanone and organic peracids is usually adopted as
the monomer of polycaprolactone (PCL) which is an extensively used
pharmaceutical material [7]. On the other hand, the BV oxidation also
played an important role in the synthesis of various natural products
[8–12]. It is always the development trend for the chemical industry
that using safer, environmentally friendlier and cheaper oxidant [13].
In terms of the BV oxidation, the replacement of currently used peracids
oxidant is especially urgent due to the facts that the peracids was
known as hazardous (instability and shock sensitivity) and with low
atomic economy. Lots of endeavors have been paid to develop the new
oxidant for the replacement of the organic peracids [14–20]. Particu-
larly speaking, hydrogen peroxide (H2O2) has been promoted as the
potential oxidant as its only theoretical by-product is water [21,22]. In
addition, H2O2 has given several promising reaction results in the last
two decades. In 2001, BV oxidation was conducted with 35 % H2O2 and
Sn-zeolite beta as catalyst by Corma and coworkers, in which the yield
of ε-caprolactone was obtained 52 % [23,24]. Neumann et al. reported
BV oxidation with 60 % H2O2 to give corresponding lactones with
60∼88 % yield [25]. Sheldon et al. reported BV oxidation with 60 %

H2O2 catalyzed by diphenyl diselenides, in which nearly quantitative
lactones were yielded [26]. Berkessel et al. conducted BV oxidation in
hexafluoroisopropanol (HFIP) and 92 % yield of ε-caprolactone was
achieved [27,28]. As disclosed by the aforementioned chemists, the
H2O2 of higher concentration generally gave an ideal oxidative per-
formance. Unfortunately, the usage of H2O2 of higher concentration is
not desirable for safety concerns [29]. Except for commercial available
H2O2, the method using it generated in situ from aerobic oxidation of
alcohols was also promoted at the mean time. Ishii et al. used N-hy-
droxyphthalimide (NHPI)/InCl3 or NHPI/p-toluenesulfonic acid (p-
TsOH) as catalysts and adopted cyclohexanol or benzhydrol as the sa-
crificed agents to conduct BV oxidation [30,31]. Our group used NHPI/
ammonium cerium nitrate (CAN) to catalyzed BV oxidation with KA oil
(mixture of cyclohexanol and cyclohexanone) as the substrate [32].
However, both the methods suffered a poor selectivity of lactones when
the conversion of substrates increased.

In this work, we present a new method to synthesize ε-caprolactone
with oxygen as the oxidant and NHPI/CAN as catalysts. The alcohols
played as the sacrificed agent whose products were also valuable in-
dustrial chemicals. The new route gave a very promising result for both
conversion and selectivity. The substituent group effect on the effi-
ciency of sacrificed alcohols was investigated, as well as the corre-
sponding radical mechanism assisted by the electron paramagnetic
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resonance (EPR) spectroscopy.

Experimental

Material

NHPI, CAN, azobisisobutyronitrile (AIBN), Galvinoxyl, TEMPO,
HFIP, trifluoroethanol (TFE), biphenyl, p-TsOH•H2O, DMPO, alcohols,
ketones and lactones were purchased from Energy Chemical.
Acetonitrile (MeCN), ethyl acetate (AcOEt), n-Butyl acetate (AcOBun),
chlorobenzene (PhCl) and benzonitrile (PhCN) were purchased from
Sinopharm Chemical Reagent Co., Ltd. All the reagents were used di-
rectly without further purification.

Aerobic oxidation

The aerobic oxidation proceeded in a 50mL round bottom with a
magnetic stirring bar in it. In the 1st step, certain amount of NHPI and
AIBN were mixed with certain amount of cyclohexanone and benzhy-
drol (6 mmol, 1.1 g) in AcOEt (3mL), the flask was purged with pure
oxygen for three times by a membrane pump, after which it was heated
to 75 °C by oil bath for 22 h. In the 2nd step, the temperature of reaction
solution was lowered to 45 °C and certain amount of CAN and HFIP
(20 g, 12.5mL) were added and stirred under oxygen for 10 h. The
reaction was analyzed by a Shimadzu gas chromatography instrument
(GC-2010) which was equipped with a capillary column (HP-1, 30m
length, 0.25mm diameter, 0.25 μm film) and a FID detector. Biphenyl
was used as the internal standard compound. GC-MS tests were con-
ducted with a Shimadzu GCMS-QP2010 instrument.

Rearrangement of peroxide intermediate

The 1, 1′-peroxybis (cyclohexan-1-ol) was synthesized according to
previous paper [59]. The rearrangement of 1, 1′-peroxybis (cyclohexan-
1-ol) proceeded in a 25mL single-necked flask with round bottom. The
0.05 g peroxide and 0.0017 g (4mol%) p-TsOH•H2O were added into
5mL degassed HFIP, and the reaction mixture was stirred intensively
with a magnetic stir bar under 25 °C. A Shimadzu high performance
liquid chromatography (HPLC) equipped with shim-pack VP-ODS C18
column (4.6 mm×250 L, 5 μm) was used to quantify the amount of
unreacted substrate.

Characterization of intermediate

The H2O2 measurement was performed according to previous paper
[60]. The EPR spectrum was recorded by a Bruker cw-EPR spectrometer
(A300) at X band. The modulation frequency was 100 KHz and power of
microwave was 2mw. 20 μL reaction solutions was adopted at certain
time and mixed with DMPO solution (0.1M in phosphate buffer saline)
of equivalent volume. After shaking for 5min, the mixture was injected
into a capillary and tested at room temperature. Elemental analysis
result was obtained by Elementar Vario MICRO cube. The nuclear
magnetic resonance (NMR) tests were conducted on Bruker AVANCE III
500 instrument, 1H NMR at 500MHz and 13C NMR at 125MHz.

Results and discussion

BV oxidation with benzhydrol (BHO) using NHPI-mediate CAN as catalyst

For the important application in producing ε-caprolactone, we chose
cyclohexanone as the model substrate. Table 1 presents the results of
BV oxidation of cyclohexanone with BHO as the sacrificed alcohol
(Scheme 1). Under the most optimized conditions (Entry 2), the se-
lectivity of ε-caprolactone maintained 92 % with 85 % conversion of
cyclohexanone. The efficiency of alcohol was 52 % (based on the de-
finition of ε-caprolactone production amount / BHO consumption

amount × 100 %) which was superior to former strategy (37 % effi-
ciency of alcohol with 55 % yield of ε-caprolactone) [30,31]. When the
amount of catalyst decreased to 5mol% (Entry 1), the efficiency of
alcohol dramatically lowered to 42 % which was attributed to the low
conversion of substrate. On the other hand, the efficiency of alcohol
was not significantly improved with the increase of catalyst addition
(Entry 3), also, the selectivity showed obviously decrease. Based on
previous work [27,28], this result could be due to the side reaction
induced by the excessive catalyst. Next, we had examined the effect of
the ratio of alcohol and substrate on the BV oxidation (Entries 4–7). As
expected, the higher efficiency of alcohol was achieved when the ad-
dition amount of cyclohexanone increased (Entries 4–6) which leaded
to the increasing accessibility of cyclohexanone for H2O2 in situ pro-
duced from the aerobic oxidation of BHO. Unfortunately, an unwanted
reaction of cyclohexanone happened which limited the further addition
of cyclohexanone (Entry 4) [32]. When the initial concentration of
cyclohexanone was low, the efficiency of alcohol and selectivity of ε-
caprolactone were both unsatisfactory (Entry 7). This result could be
explained as the higher amount of water which was harmful to the
reaction was produced from the self-decomposition of H2O2 which
could not be timely used by the insufficient cyclohexanone. The HFIP
was chosen as the, solvent for BV oxidation. As reported by former
literatures [27,28,30–32], the HFIP was proved to be irreplaceable
(Entry 13). Furthermore, the ratio of the two solvents obviously af-
fected the result of the BV oxidation (Entries 8, 9). In terms of the
catalysts (Entries 10, 11), we had attempted the p-TsOH to catalyze the
second step which was apparently inferior compared with CAN (Entry
12). Surprisingly, as effective as BHO, benzyl alcohol showed promising
result which 86 % selectivity of ε-caprolactone was obtained with 72 %

Table 1
BV oxidation of cyclohexanone to ε-caprolactone under various conditions with
BHOa.

Entry Catal.mol/%b BHO/
ketone
initial
ratio

Conv.
Ketone/
%

Sel.
Lactone/
%c

Conv.
BHO/
%

Alcohol
efficiency/
%d

1 5 1.5 66 96 99 42
2 7.5 1.5 85 92 99 52
3 10 1.5 96 73 99 47
4 7.5 0.6 45 79 99 59
5 7.5 1 72 75 99 54
6 7.5 2 95 74 99 35
7 7.5 3 96 69 99 22
8e 7.5 1.5 81 85 99 46
9f 7.5 1.5 84 92 99 51
10g 0 1.5 61 36 99 15
11h 0 1.5 Trace 0 0 –
12i 7.5 1.5 84 41 99 23
13j 7.5 1.5 78 26 99 14
14k 7.5 1.5 72 86 81l 51

a General conditions, 1st step, NHPI/AIBN, BHO 6mmol, certain amount of
cyclohexanone in AcOEt 3mL, O2 1 atm, 75 °C, 600 rpm, 22 h; 2nd step, add
CAN and 20 g HFIP, 45 °C, continue reaction for 10 h. Reaction was monitored
by GC, biphenyl was used as internal standard compound.

b Based on BHO amount.
c Sel. Lactone% = ε-caprolactone production amount / cyclohexanone

consumption amount × 100 %.
d Alcohol efficiency/% = ε-caprolactone production amount / BHO con-

sumption amount × 100 %.
e HFIP 15 g.
f HFIP 30 g.
g 10mol% NHPI, 0 mol% CAN.
h 0mol% NHPI, 10mol% CAN.
i 10mol% p-TsOH•H2O was used instead of CAN.
j HFIP 0 g, TFE 20 g.
k Benzyl alcohol was used instead of BHO.
l Conversion of benzyl alcohol.
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transformation of the substrate (Entry 14). One other thing to note was
that none H2O2 was detected when the aerobic oxidation of BHO was
conducted with the fluorinated alcohol in presence. Thus, the strategy
was separated into two steps that fluorinated alcohol was added after
the aerobic oxidation of alcohols was completed. As for the products
achievement, the significant boiling points difference of different
components should facilitate the distillation separation.

The choice of solvent for the aerobic oxidation of alcohol is also
crucial not only for the aerobic oxidation of alcohols but also for the
subsequent BV oxidation. We conducted the strategy in several different
solvents (Table 2). Compared with AcOEt (Entry 1), the conversion of
substrate was slightly lower, along with a similar selectivity of ε-ca-
prolactone in AcOBun (Entry 2). Although the MeCN was reported as a
favorable solvent for H2O2 production [33], its selectivity of BV product
was significantly poor in our strategy (Entry 3). Similarly, PhCN gave
an unsatisfactory result with 74 % selectivity, although the transfor-
mation of cyclohexanone was enhanced (Entry 4). The PhCl gave an
unexpected result which 89 % selectivity of ε-caprolactone was ob-
tained while 87 % of cyclohexanone was converted (Entry 5). Former
researchers examined the PhCl as an inferior solvent because the
aerobic oxidation of alcohol (production of H2O2) proceeded slowly in
it [33]. We speculated PhCl somewhat favored the BV oxidation with
low concentration of H2O2.

Based on above results, various cycloalkanones were reacted under
similar conditions (Table 3). The cyclopentanone was the most fre-
quently used model substrate for BV reaction as the strained ring
greatly facilitated the key rearrangement process [34–36]. As can be
seen, the cyclopentanone gave 93 % selectivity of δ-valerolactone with
99 % conversion (Entry 1). We had investigated the effect of substituent
group on the substrates. The weak electron-donating methyl group
slightly improved the selectivity to 85–86 % (Entries 3–5), while the
substrate was almost quantitatively transformed into lactone under the
tertiary butyl group circumstances (Entry 6). The cycloheptanone was
also examined, which gave 69 % selectivity of oxocan-2-one while 75 %
of substrate was converted (Entry 7). Other cycloalkanones like 2-
norbornanone and adamantanone were oxidized then, which both led
to satisfactory yields (Entries 8, 9).

Substituent group effect on the efficiency of BV oxidation

As the source of in situ H2O2, the aerobic oxidation of alcohols was
assumed to seriously affect the efficiency of the BV reaction (Scheme 2).
Table 4 showed the reaction results with different alcohols under same
conditions. When the alcohol was decorated with weak electron-

donating group like methyl group, the superior selectivity of ε-capro-
lactone was obtained along with a high conversion of substrate (Entry
2). We speculated the weak electron-donating group facilitated the
breakage of the CeH bond of alcohol which was supposed to be the rate
determining step of the oxidation reaction [37,38]. On the contrary, the
BV oxidation dramatically deteriorated when alcohol with electron-
withdraw groups was used (Entries 3–7). These results could be at-
tributed to the reluctance of the aerobic oxidation of the alcohols,
which clearly lesser substrates were oxidized under the same condi-
tions. We also conducted the alcohol effect experiment with a benzyl
alcohol series (see supplementary material, Table S1). To our surprise,
the electron-donating group did not increase the efficiency of BV oxi-
dation but induced the side reaction between H2O2 and aldehydes

Scheme 1. BV oxidation of cyclohexanone to ε-caprolactone
with BHO.

Table 2
Solvent effect on the BV oxidation of cyclohexanone with BHOa.

Entry Solvent Conv. Ketone/% Sel. Lactone/%b

1 AcOEt 85 92
2 AcOBun 79 91
3 MeCN 82 78
4 PhCN 94 74
5 PhCl 87 89

a General conditions, BHO 6mmol, cyclohexanone 4mmol, Catal. mol
%=7.5mol% (based on BHO), O2 1 atm, 600 rpm, solvent 3 mL, 75 °C 22 h,
then add HFIP 20 g, 45 °C 10 h.

b Sel. Lactone/% = ε-caprolactone production amount / cyclohexanone
consumption amount × 100 %.

Table 3
BV oxidation of cycloalkanones to lactones with BHO using NHPI/CAN as
catalysta.

Entry Cycloalkanones Lactones Conv.
Cycloalkanones/
%

Sel.
Lactones/
%b

1 99 93

2 85 92

3 85 97

4 85 97

5 86 96

6 93 95

7 75 69

8 98 95

9 99 99

a General conditions, BHO 6mmol, cycloalkanone 4mmol, Catal.mol
%=7.5mol% (based on BHO), O2 1 atm, 600 rpm, AcOEt 3mL, 75 °C 22 h,
then add HFIP 20 g, 45 °C 10 h.

b Sel. Lactones/% = Lactones production amount / cycloalkanones con-
sumption amount × 100 %.

Scheme 2. Substituent group effect on the efficiency of BV oxidation.
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obtained from oxidation of alcohols [39,40]. The existence of the
phenols as the by-products of the side reactions was proved by GC-MS
spectroscopy (see supplementary material, Fig. S17). However, these
side reactions would not happen when electron-withdrawing groups
were in presence.

EPR evidences for the radical mechanism of BV oxidation

Considering the unique properties of HFIP including strong hy-
drogen bond donation ability, non-nucleophilicity, and high ionizing
power [41–43], former researchers usually proposed ion involved me-
chanism for the rearrangement process of the BV oxidation [31]. To
obtain insight into the reaction mechanism, we had conducted 2, 2, 6,
6-tetramethylpiperidine-N-oxyl (TEMPO) addition experiment (Fig. 1),
in which the reaction was totally inhibited and none ε-caprolactone was
observed [44,45]. This result inferred that radical intermediates maybe
involved in the pathway. Moreover, we have conducted the inhibition
experiment with another well-known radical scavenger, Galvinoxyl
[46–48], which gave similar inhibition results and confirmed the ra-
dical nature of the mechanism.

The direct evidences of the presence of radical intermediates were
provided by the EPR tests with the help of spin trap technique using 5,
5-dimethyl-1-pyrroline N-oxide (DMPO) as the spin trap agent [49]. As
shown in Fig. 2, a clear signal of nitroxide of hydroperoxyl (OOH) ra-
dical-DMPO adduct was observed (g= 2.006, aN=14.0 G,
aHβ=11.4 G, aHγ=1.5 G) when the spin trap agent (DMPO) was

Table 4
Substituent group effect on the BV oxidation of cyclohexanone to ε-caprolactone with BHOa.

Entry Alcohols Conv. Ketone/% Sel. Lactone/%b Conv. Alcohols/% Alcohol efficiency/%c

1 R1 = H; R2 = H 85 92 99 52
2 R1 = CH3; R2 = CH3 93 98 99 61
3 R1 = Cl; R2 = H 69 81 85 44
4 R1 = Cl; R2 = Cl 68 73 83 40
5 R1 = F; R2 = F 70 66 81 38
6 R1 = CF3; R2 = H 71 75 88 40
7 R1 = CN; R2 = CN 69 72 85 40

a General conditions, alcohol 6mmol, cyclohexanone 4mmol, Catal.mol%=7.5mol% (based on alcohol), O2 1 atm, 600 rpm, AcOEt 3mL, 75 °C, 22 h, HFIP 20 g,
45 °C, 10 h. Reaction was monitored by GC, biphenyl was used as internal standard compound.

b Sel. Lactone/% = ε-caprolactone production amount / cyclohexanone consumption amount × 100 %.
c Alcohol efficiency/% = ε-caprolactone production amount / alcohol consumption amount × 100 %.

Fig. 1. TEMPO inhibition effect during the rearrangement of 1, 1′-dihydroxydicycloalkyl peroxide intermediate in HFIP.

Fig. 2. EPR spectrum of the DMPO-OOH adduct. Black line was experimental
spectrum, and red line was simulation spectrum, peaks with asterisk were as-
signed to DMPO-double adduct produced simultaneously.
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added during the first step of the reaction [50]. Based on previous lit-
eratures [51–53], the OOH was most likely released from the aerobic
oxidation of the alcohol, which further abstracted a hydrogen atom and
turned into H2O2. Meanwhile, a weak triplet signal (Fig. 2, peaks with
asterisk) was also mixed within the OOH signal (g= 2.005,
aN=14.4 G, aHγ=1.5 G) which was existed as the only signal when
the addition of DMPO was carried out at the second step of the reaction
(Fig. 3 (a)). We speculated this radical species maybe the key inter-
mediate during the rearrangement of 1, 1′-peroxybis (cyclohexan-1-ol)
to ε-caprolactone. Referring to the tabulated spin trap results [50], the
triplet peaks were carefully assigned to a double adduct of DMPO
(Scheme 3). The further support for this assignment was its variation
which transferred into the DMPOX with the prolongation of the spin
trap time as shown in Fig. 3 (b) (g= 2.007, aN=6.8 G, aH= 3.9 G
(2 H)), which was a typical derivation signal from double adduct of
DMPO as reported by former literatures (Scheme 3) [54]. Finally, we
had synthesized the possible intermediate, 1, 1′-peroxybis (cyclohexan-
1-ol), and conducted the EPR experiment in HFIP which gave similar
spin trap results as above mentioned in the second step. It was noted
that the spin traps did not show significant effect on the catalysis system
including NHPI and CAN.

To summarize, the mechanism was proposed as follows (Scheme 4).
In the first place, the phthalimide-N-oxyl radical (PINO) abstracted a

hydrogen atom from the allylic position of the BHO which gave the 1-
hydroxy-1, 1-diphenylmethyl radical and NHPI. The new generated
radical was facile to react with molecular oxygen to form the peroxide
radical which tended to liberate an OOH radical and a benzophenone.
After a hydrogen atom transfer from NHPI to the OOH radical, the H2O2

for following BV oxidation was produced. As proposed by Ishii et al., we
assumed the generation of ε-caprolactone was via the 1, 1′-peroxybis
(cyclohexan-1-ol) intermediate [31]. However, as suggested by EPR
detection, the rearrangement of this intermediate also happened in a
radical mechanism. For its known high activity, the dioxirane produced
from the 1, 1′-peroxybis (cyclohexan-1-ol) instantly rearranged to ε-
caprolactone [55–58], while at the mean time a cyclohexanone was
regenerated from the cyclohexanone hydrate.

Conclusions

In conclusion, we have developed an alternative route to ε-capro-
lactone using molecular oxygen as the terminal oxidant, with com-
mercial available NHPI-mediated CAN as catalyst. The produced by-
product ketones were also valuable industrial chemicals, and if
necessary, could be reduced back to the original alcohols through the
sophisticated hydrogenation reaction [61–65]. A satisfactory reaction
result (92 % selectivity of ε-caprolactone with 85 % conversion of

Fig. 3. EPR spectrum of (a) the DMPO-double adduct, (b) the DMPOX species derived from DMPO-double adduct. Black line was experimental spectrum, and red line
was simulation spectrum.

Scheme 3. Proposed spin trap adducts for BV oxidation by DMPO.
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cyclohexanone) was achieved. From the efficiency point of view, this
strategy has greatly facilitated the usage of molecular oxygen in the BV
oxidation. The investigation of substituent group effect and mechanism
helped us to gain deeper insight into the reaction. Unfortunately, the
usage of the expensive solvent (HFIP) is still the main drawback of the
in situ H2O2 strategies whose replacement with cheap solvent is un-
derway in our lab.
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