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a b s t r a c t

Iron oxide produced by iron-oxidizing bacteria, Leptothrix ochracea, (L-BIOX) obtained from a freshwater
purification plant, Joyo City in Kyoto, Japan catalyzed Baeyer-Villiger oxidation with molecular oxygen in
the presence of benzaldehyde at 25 �C more efficiently than usual iron compounds. L-BIOX can promote
the reactions of various substrates to give the desired products in sufficient yields and was found to be
reusable. Scanning transmission electron microscopy and 57Fe M€ossbauer spectroscopy revealed that no
change of the surface structure of L-BIOX was observed even after four times of the recycling test and the
oxidation state of iron in L-BIOX is trivalent before and after the oxidation of cyclohexanone. An in-
vestigation with analogous amorphous iron oxides which contain silicon revealed that the catalytic
activity of L-BIOX might stem from a synergetic effect of iron and silicon in the structure.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Iron oxides produced by aquatic iron-oxidizing bacteria are
ubiquitous in nature and considered to be generated through
a process inwhich the bacteria gain energy for their vital activity by
oxidizing soluble Fe2þ ions into insoluble Fe3þ ions.1e3 We refer to
such iron oxides as biogenous iron oxides (BIOXs). BIOXs are found
ubiquitously as ocher deposits in living and natural environments.
L-BIOX is produced by Leptothrix ochracea, a species of iron-
oxidizing bacteria. By taking advantage of this activity, L. ochracea
is used to purify drinking water at freshwater purification plants by
removing iron in water.4,5 However, the resulting large amount of
iron oxide can cause problems and needs to be disposed of as in-
dustrial waste (Fig. 1a). If the resulting waste could be used as an
iron material, it should help to reduce both the cost and time, and
thus promote sustainability. L-BIOX has unique features that cannot
be achieved artificially; L-BIOX is an amorphous iron oxide in
micro-tubular form that contains specific amounts of silicon,
phosphorous (Fe:Si:P¼73:22:5, except oxygen), and additional or-
ganic compounds such as polysaccharides and proteins (Fig. 1b, c).
The tubules consist of mild aggregates of Fe3þ-based amorphous
iron oxide nanoparticles with a diameter of w3 nm, leading to
x: þ81 86 251 8082; e-mail
a complex porous surface structure with a relatively large surface
area (280 m2/g).4,6 Further active investigations on its structures,
morphologies, and genesis have been conducted from the per-
spective of inorganic chemistry4,7 and microbiology.8 L-BIOX has
been shown to be useful as an anode material for lithium-ion
batteries,6,9 and as a precursor for pigments, magnetic nano-
composites, and acidic silica.10 Especially in the field of organic
chemistry, we have demonstrated that L-BIOX can be used as a solid
support for reusable solid catalysts; i.e., immobilized enzymatic
catalysts for the kinetic resolution of secondary alcohols11 and
immobilized palladium catalysts for solvent-free Suzuki-Miyaura
Fig. 1. (a) Photo of a brown precipitate of iron oxide produced by an iron-oxidizing
bacteria, L. ochracea, (L-BIOX) at a freshwater purification plant, Joyo City, Kyoto, Ja-
pan, (b) and (c) SEM images of L-BIOX.
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Table 2
Baeyer-Villiger oxidation of cyclohexanone with various iron compounds and
aldehydesa

Entry Solvent Aldehyde Yield (%)b

1 Benzene None <2
2 Benzene Benzaldehyde 48
3 Benzene 3-chlorobenzaldehyde 10
4 Benzene Heptanal 4
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coupling reactions.12 Metal-porphyrin catalysts anchored on L-
BIOX have also been shown to be catalytically active in the syn-
thesis of carbonates from epoxides and carbon dioxides.13 L-BIOX
can be exposed to diverse heating and work-up conditions. One of
the derivatives of L-BIOX is magnetic iron oxide covered with sili-
cate,14e16 which is used as a support for magnetically recyclable
immobilized enzyme catalyst.5 Silica microtubules with a trace
amount of an iron component can also be obtained by heat and acid
treatment and reactions.17,18 Nevertheless, the functions of L-BIOX
itself in organic synthesis have not yet been explored. Therefore, we
investigated the catalytic ability of L-BIOX in iron oxide-catalyzed
Baeyer-Villiger reactions, which were developed by Murahashi
et al. in 1992 using a molecular oxygen/aldehyde system.19 Herein,
we report that L-BIOX, which has hitherto been treated as industrial
waste, is capable of promoting the Baeyer-Villiger reaction using
molecular oxygen as a readily accessible oxidant and an aldehyde
under ambient reaction conditions. To the best of our knowledge,
this is the first example of the application of an iron oxide of bac-
terial origin itself as a catalyst in organic synthesis.20e24 Compari-
son of L-BIOX and typical iron compounds in the reaction and
additional experiments were also performed to gain insight into
the catalytic activity of L-BIOX.

2. Results and discussion

Initially, we set out to screen various iron compounds including
L-BIOX in the Baeyer-Villiger oxidation of cyclohexanone in the
presence of benzaldehyde in benzene at 25 �C under an oxygen
atmosphere, referring to Murahashi’s report. (Table 1).19 The iron
compounds that were tested in the reaction by way of comparison
were commercially available a-Fe2O3, g-Fe2O3, Fe3O4, and a-Fe. The
reaction of 1a with L-BIOX bearing an elemental composition of
Fe:Si:P¼73:22:5 gave the desired lactone 2a in 50% yield (entry 1),
while L-BIOX with Fe:Si:P¼78:10:12 gave 2a in 40% yield (entry 2),
suggesting that the elemental composition of L-BIOXs may in-
fluence the catalytic activity (vide infra).8 The reactions with Fe (III)
oxides such as a-Fe2O3 and g-Fe2O3 gave 2a in yields of 18% and
36%, respectively (entries 3 and 4). The reactions with Fe3O4 and a-
Fe provided the product in 44% and 36% yield, respectively (entries
5 and 6). L-BIOX with Fe:Si:P¼73:22:5 definitely enhanced the re-
action compared to catalyst-free conditions (entry 1 vs entry 7). L-
BIOX enhanced the reaction better than the other iron compounds
investigated, including two types of Fe2O3.25
Table 1
Baeyer-Villiger oxidation of cyclohexanone with various iron compoundsa

Entry Iron compound Yield (%)b

1c L-BIOX 50 (57, 56, 38)
2d L-BIOX 40 (47, 40, 34)
3 a-Fe2O3 18 (25, 20, 10)
4 g-Fe2O3 36 (48, 38, 24)
5 Fe3O4 44 (55, 41, 36)
6 a-Fe 36 (55, 32, 22)
7 No catalyst 25 (35, 22, 18)

a Reaction conditions: 1a (1 mmol), iron compounds (1 mol % Fe), benzaldehyde
(3 mmol) in 3 mL of benzene at 25 �C under an O2 atmosphere (1 atm).

b Average yields of three runs. The yield of each run is in parentheses. Determined
by GC analysis using dodecane as internal standard.

c L-BIOX was obtained from a freshwater purification plant in Joyo city, Kyoto,
Japan. Fe:Si:P¼73:22:5 (except O).

d L-BIOX was obtained from a cultivation tank at Okayama University, Okayama,
Japan. Fe:Si:P¼78:10:12 (except O).
The effects of aldehydes and solvents in the L-BIOX-catalyzed
Baeyer-Villiger oxidation of cyclohexanone are summarized in
Table 2. We first carried out the reaction with various aldehydes in
benzene for 1 h since the structure of the aldehyde can influence
the reactivity in Baeyer-Villiger oxidation.26e28 While the reaction
in benzene without aldehyde did not proceed (<2% yield, entry 1),
the reaction with benzaldehyde gave 2a in 48% yield (entry 2). The
reaction with 3-chlorobenzaldehyde provided 2a with diminished
yield (10%, entry 3) as observed in the literature for aerobic Baeyer-
Villiger oxidation.27,29 Aliphatic aldehydes such as heptanal and
isobutyraldehyde were less effective than benzaldehyde, and pro-
vided 2a in yields of 4% and 8%, respectively (entries 4 and 5); these
results are consistent with previous reports.19,26 Further in-
vestigation of the amount of benzaldehyde revealed that the re-
action with 3 equivalents of benzaldehyde proceeded efficiently
(see Supplementary data, Table S1). In the reactions with other
solvents, a trace amount of lactone 2a was obtained in DCM
(dichloromethane) or acetonitrile (6% yield in entry 7 and 7% yield
in entry 9), whereas the reaction in 1,2-DCE (1,2-dichloroethane)
proceeded more efficiently to give 2a in 43% yield (entry 8). No
reaction, at least within 1 h, was observed in toluene, THF (tetra-
hydrofuran) or DMF (N,N-dimethylformamide) (entries 6, 11, and
12). Whereas the reaction in less toxic acetonitrile performed at
50 �C for 3 h proceeded efficiently to obtain 2a in>98% yield (entry
10), benzene was a solvent of choice to facilitate the L-BIOX-cata-
lyzed Baeyer-Villiger oxidation under milder conditions for the
subsequent easy screening according to the results in entries 6e9,
11 and 12.30
5 Benzene Isobutyraldehyde 8
6 Toluene Benzaldehyde 0
7 DCM Benzaldehyde 6
8 1,2-DCE Benzaldehyde 43
9 Acetonitrile Benzaldehyde 7
10c Acetonitrile Benzaldehyde >98
11 THF Benzaldehyde 0
12 DMF Benzaldehyde 0

a Same conditions as those in Table 1. L-BIOX with Fe:Si:P¼73:22:5 was used.
b Determined by GC analysis.
c The reaction was carried out at 50 �C for 3 h.
The range of the applicable substrates in L-BIOX-catalyzed
Baeyer-Villiger oxidation was extended to a variety of cyclic and
acyclic ketones (Table 3). Adjustment of the optimal reaction con-
ditions for each substrate allowed Baeyer-Villiger oxidation prod-
ucts to form in 23e>98% yield with high regioselectivity of the
oxygen insertion position at either a more substituted alkyl group
or an aryl group adjacent to the carbonyl carbon. Cyclohexanone,
which was used to optimize the reaction conditions, gave the lac-
tone 2a in >98% yield within 3 h in the oxidation with 1 mol % Fe
(entry 1). Notably, the reaction with L-BIOX furnished the lactone
2a effectively under milder reaction conditions in aldehyde/O2



Table 3
Baeyer-Villiger oxidation of various ketones with L-BIOXa

Entry Substrate Fe (mol %);
Time (h)

Product Yield (%)b

1 1; 3 >98

2 10; 6 84

3 10; 6 96

4

4 5; 6 >98

5 10; 6 >98

6 10; 3 96

7 5; 16 95

8 1; 3 23

9 10; 16 88

a Same conditions as those in Table 1. L-BIOX with Fe:Si:P¼73:22:5 was used.
b Determined by GC analysis.

Table 4
Recycling of L-BIOX in Baeyer-Villiger oxidation of cyclohexanone

Run 1st 2nd 3rd 4th 5th

Yield (%)a 96 94 98 >98 >98

a Determined by GC analysis.
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systems compared to other iron-containing heterogeneous cata-
lysts such as iron-containing mesoporous silica31e34 and clay.35,36

The reaction with cyclopentanone 1b proceeded with 10 mol % Fe
from L-BIOX in 6 h to provide the lactone 2b in 84% yield (entry 2).
The reactionwith 2-methylcyclohexanone 1c proceeded selectively
to give 96% of the corresponding lactone 2c along with 4% of 2c0

(entry 3). 4-Methylcyclohexanone 1d provided the desired product
2d in >98% yield (entry 4) and 4-phenylcyclohexanone 1e was
transformed into the product 2e in >98% yield after 6 h (entry 5).37

L-BIOX could also efficiently facilitate the reaction with ada-
mantanone 1f to give the product 2f in 96% yield (entry 6). With an
acyclic ketone that contains t-butyl and methyl groups (1g), only
the corresponding product 2g was produced in 95% yield (entry 7).
The yield of 2g was much improved in an L-BIOX-catalyzed system
compared to previously reported systems with iron-containing
solid catalysts.34,36 Acyclic acetophenone 1h was also used in the
reaction and only 23% of phenylacetate 2h was obtained (entry 8).
In contrast, the process with acetophenone bearing a methoxy
group at the phenyl moiety 1i gave the product 2i in 88% yield
(entry 9).

We tested the recyclability of L-BIOX as a catalyst in Baeyer-
Villiger oxidation. The test was carried out with cyclohexanone
1a as a reaction substrate and the results are summarized in Table 4.
L-BIOX was used five times and gave the product 2a in high yield in
each run (94 to >98% yield), revealing that L-BIOX is a reusable
catalyst in the reaction without a significant loss of catalytic
activity.
Fig. 2 shows secondary electron images acquired by a scanning
transmission electron microscope (STEM, JEOL, JEM-2100F) of L-
BIOX used in the Baeyer-Villiger oxidation of cyclohexanone with 3
equivalents of benzaldehyde in benzene at 25 �C under an oxygen
atmosphere after 1 h and 3 h and after the 5th run in the recycling
test. By comparing the STEM images of L-BIOX to those before use in
the reaction, we found no significant changes in the surface
structure after the reaction and the recycling test; the characteristic
surface fibrillar structure involving intricate asperities and pores
was mostly maintained during the oxidation process. 57Fe
M€ossbauer spectroscopy was also performed with L-BIOX before
and after the Baeyer-Villiger oxidation of cyclohexanone for 3 h. The
oxidation state of iron in L-BIOX is trivalent both before the reaction
(isomer shift (IS)¼0.385 mm/s) and after the reaction
(IS¼0.377 mm/s) (see Supplementary data, Fig. S1), indicating that
there was no detectable change in the oxidation state of iron in L-
BIOX-catalyzed Baeyer-Villiger oxidation in the benzaldehyde/O2
system.

We subsequently turned our attention to the effect of the ele-
mental composition of L-BIOX (Fe:Si:P) on its reactivity in Baeyer-
Villiger oxidation, since L-BIOX with different elemental composi-
tions showed different catalytic reactivities, as shown in Table 1 (L-
BIOX with Fe:Si:P¼73:22:5, entry 1 versus L-BIOX Fe:S-
i:P¼78:10:12, entry 2). In our previous report, we stated that L-
BIOX has an amorphous structure similar to that of 2-line ferrihy-
drite (2Fh).4,6,7,38 Thus, we prepared silicon-containing 2Fhs while
varying the ratio of Fe and Si according to the report on the syn-
thesis of silicon-containing 2Fhs,38,39 and decided to use these L-



Fig. 2. STEM images by TEM analysis of L-BIOX before the reaction (a) and after the Baeyer-Villiger oxidation of cyclohexanone for 1 h (b) and 3 h (c), and after the 5th run in the
recycling test (d).

Fig. 3. Plot of the yield of 2a versus silicon content (red square: L-BIOX, blue circle: Six/
2Fhs, black diamond shape: Aerosil� 300).
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BIOX-analogous iron oxides in the Baeyer-Villiger reaction of cy-
clohexanone 1a to examine the effect of the amount of silicon on
the catalytic activity of L-BIOX (For XRD patterns of L-BIOX and
silicon-containing 2Fhs, see Fig. S2 in Supplementary data). Table 5
summarizes the results obtained in the Baeyer-Villiger oxidation of
cyclohexanone with silicon-containing 2Fh (Six/2Fh, x represents
themolar ratio of silicon to the total amount of iron and silicon).We
prepared Six/2Fhs with x ranging from 0 to 0.648. Aerosil� 300 was
also examined as a pure silicon oxide. The same weights of L-BIOX,
Six/2Fhs, and Aerosil� 300 were used in the reaction (1.2 mg for
each 1 mmol of cyclohexanone). The yields of 2a in Table 5 were
plotted as a function of the silicon molar ratio, as shown in Fig. 3.
The reactions with Six/2Fhs with x ranging from 0 to 0.360 fur-
nished the lactone 2a in a similar yield as L-BIOX, and the yield
tended to increase as the siliconmolar ratio increased (entries 1e7).
Silicon molar ratios of 0.432 and 0.504 in Six/2Fhs facilitated the
reaction more efficiently, and gave the lactone 2a in 65% yield
within 1 h, which reflected a higher catalytic activity than L-BIOX
(entries 8 and 9). The use of Six/2Fhs with x¼0.576 and 0.648,
however, reduced the yield of 2a to 45 and 43%, respectively (en-
tries 10 and 11). The reaction with Aerosil� 300 gave the lactone 2a
in 27% yield, indicating that iron component is necessary to facili-
tate the reaction since the catalyst-free reaction provided the
product in almost the same yield (25% yield, entry 7 in Table 1).
Although there is currently no clear explanation for the relation
between catalytic activity and elemental composition, the catalytic
activity might arise from some cooperative effect of the iron and
silicon components.40
Table 5
Baeyer-Villiger oxidation of cyclohexanone with Si-containing 2-line ferrihydrites
and Aerosil� 300a

Entry Catalyst Si molar ratio x Yield (%)b

1 L-BIOX 0.22 49
2 Six/2Fh 0 47
3 0.074 49
4 0.144 50
5 0.210 49
6 0.289 52
7 0.360 53
8 0.432 65
9 0.504 65
10 0.576 45
11 0.648 43
12 Aerosil� 300 1.000 27

a Reaction conditions: 1a (1 mmol), catalyst (1.2 mg), benzaldehyde (3 mmol) in
3 mL of benzene at 25 �C under an O2 atmosphere (1 atm).

b Determined by GC analysis.
3. Conclusion

We demonstrated that L-BIOX could be an effective catalyst for
Baeyer-Villiger oxidation using a benzaldehyde/O2 system. L-BIOX
showed superior catalytic activity compared to typical commer-
cially available iron compounds. The L-BIOX-catalyzed oxidation
proceeded efficiently even at ambient temperature and can be
applied to a variety of substrates. The catalytic activity might de-
pend on the presence of silicon and its amount in the amorphous
oxide structure. The detailed investigation on the origin of the
catalytic activity of L-BIOX and the application of L-BIOX as a cata-
lyst in other types of reactions are now underway.
4. Experimental section

4.1. General

L-BIOX was obtained as an ocher precipitate either from an
experimental freshwater purifying tank in Joyo, Japan (47 wt % of
Fe) or an experimental water purifying tank at Okayama, Japan
(48 wt % of Fe) and purified by following the reported procedure.6

L-BIOX and other iron-containing materials used as catalysts were
dried under reduced pressure at 100 �C for 4 h before use. a-Fe2O3,
g-Fe2O3 and Fe3O4 were obtained from Kanto, a-Fe was from
Kojundo Chemical, and Aerosil� 300 was from Aerosil. Starting
Materials (1aei) were purchased from TCI, Wako, Aldrich or nacalai
tesque and distilled under reduced pressure before use or used as
received according to their purity checked by GC analysis. All al-
dehydes were distilled under reduced pressure before use.
Dichloromethane, 1,2-dichloroethane, toluene, acetonitrile, dime-
thylformamide were distilled before use. Super dehydrated tetra-
hydrofuran was purchased from Wako and used as received.
Benzene was purchased from Wako and used as received. Yield of
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Baeyer-Villiger oxidation products were determined using dodec-
ane as an internal standard by means of gas chromatography (GC)
or 1H NMR analysis. GC analysis was performed with Agilent GC-
2014, capillary column, FID detector, 280 �C; injection, 280 �C,
carrier gas, nitrogen; carrier gas rate, 54 mLmin�1; under the fol-
lowing condition 5 min hold at 100 �C, then raised to 270 �C at
a rate of 10 �Cmin�1. Based on previous reports, Si-doped samples
were prepared as follows.39,41 A 0.025 molL�1 Fe(NO3)3$9H2O
(nacalai tesque, 99.0%) aqueous solution and appropriate concen-
trations ofm-Na2SiO3$9H2O (nacalai tesque) aqueous solutionwere
prepared and then these two solutions were mixed to prepare 1L
solution. Si concentrations were adjusted to x¼Si/(SiþFe)
(x¼0e0.90 in 0.10 increments). The solution was vigorous stirred
with slowly adding NH3 aq (nacalai tesque, 28 wt %) until pH was
reached at 10.0 and then left for 15 min. The obtained precipitate
was repeatedly centrifuge-washed with distilled water until the
electrical conductivity of supernatant was reached to nearly 0 S/m.
The precipitate was vacuum-dried and crashed to fine powder by
alumina mortar.

4.2. General procedure for Baeyer-Villiger oxidation

In a two-necked 25 mL round-bottom flask was charged with L-
BIOX (0.01 mmol, 1.2 mg), a ketone (1 mmol), and benzene (2 mL)
before addition of benzaldehyde (3 mmol, 306 mL) and benzene
(1mL). After purging with O2 gas, the mixture was allowed to stir at
25 �C in a water bath attached with a gas bag filled with O2 gas
(1 atm). After appropriate reaction time, to the reaction mixture
was added dodecane followed by filtration through a short plug of
Celite and MgSO4 to remove a catalyst and the filtrate was analyzed
by GC or 1H NMR. Spectral properties of products (2a, 2b, 2d, 2g,
2h) were identical with those of commercial (TCI, nacalai tesque,
Kanto) authentic sample. Spectral properties of products (2c, 2e, 2f,
2i) were identical with those of authentic sample synthesized
according to the reported procedure.42 Spectral property of 2c0 was
identical with the reported data.43

4.3. Procedure for recycling test of L-BIOX

After the reaction of cyclohexanone performed according to the
general procedure, L-BIOX was separated from the organic layer
and washed with ethyl acetate three times and then dried under
reduced pressure at 100 �C for 4 h. The organic layer was analyzed
by GC. The dried L-BIOX was resubjected to the next reaction of
cyclohexanone. This procedure was repeated until the 5th run.

Supplementary data

Supplementary data associated with this article can be found in
the online version, at http://dx.doi.org/10.1016/j.tet.2015.10.057.

References and notes

1. Spring, S.. The Prokaryotes: an Evolving Electronic Resource for the Microbio-
logical Community, 3rd ed.; Springer: New York.

2. Emerson, D.; Fleming, E. J.; McBeth, J. M. Annu. Rev. Microbiol. 2010, 64,
561e583.

3. Ghiorse, W. C. Annu. Rev. Microbiol. 1984, 38, 515e550.
4. Hashimoto, H.; Yokoyama, S.; Asaoka, H.; Kusano, Y.; Ikeda, Y.; Seno, M.; Takada,

J.; Fujii, T.; Nakanishi, M.; Murakami, R. J. Magn. Magn. Mater. 2007, 310,
2405e2407.
5. Ema, T.; Miyazaki, Y.; Kozuki, I.; Sakai, T.; Hashimoto, H.; Takada, J. Green Chem.
2011, 13, 3187e3195.

6. Hashimoto, H.; Kobayashi, G.; Sakuma, R.; Fujii, T.; Hayashi, N.; Suzuki, T.;
Kanno, R.; Takano, M.; Takada, J. ACS Appl. Mater. Interfaces 2014, 6, 5374e5378.

7. Hashimoto, H.; Fujii, T.; Kohara, S.; Asaoka, H.; Kusano, Y.; Ikeda, Y.; Nakanishi,
M.; Benino, Y.; Nanba, T.; Takada, J. Mater. Chem. Phys. 2012, 137, 571e575.

8. Suzuki, T.; Hashimoto, H.; Ishihara, H.; Kasai, T.; Kunoh, H.; Takada, J. Appl.
Environ. Microbiol. 2011, 77, 7873e7875.

9. Sakuma, R.; Hashimoto, H.; Kobayashi, G.; Fujii, T.; Nakanishi, M.; Kanno, R.;
Takano, M.; Takada, J. Mater. Lett. 2015, 139, 414e417.

10. Hashimoto, H.; Asaoka, H.; Nakano, T.; Kusano, Y.; Ishihara, H.; Ikeda, Y.; Na-
kanishi, M.; Fujii, T.; Yokoyama, T.; Horiishi, N.; Nanba, T.; Takada, J. Dyes Pigm.
2012, 95, 639e643.

11. Sakai, T.; Miyazaki, Y.; Murakami, A.; Sakamoto, N.; Ema, T.; Hashimoto, H.;
Furutani, M.; Nakanishi, M.; Fujii, T.; Takada, J. Org. Biomol. Chem. 2010, 8,
336e338.

12. Mandai, K.; Korenaga, T.; Ema, T.; Sakai, T.; Furutani, M.; Hashimoto, H.; Takada,
J. Tetrahedron Lett. 2012, 53, 329e332.

13. Ema, T.; Miyazaki, Y.; Taniguchi, T.; Takada, J. Green Chem. 2013, 15, 2485e2492.
14. Hashimoto, H.; Fujii, T.; Nakanishi, M.; Kusano, Y.; Ikeda, Y.; Takada, J. Mater.

Chem. Phys. 2012, 136, 1156e1161.
15. Hashimoto, H.; Itadani, A.; Fujii, T.; Nakanishi, M.; Asaoka, H.; Kusano, Y.; Ikeda,

Y.; Kuroda, Y.; Takada, J. Mater. Res. Bull. 2013, 48, 1174e1177.
16. Hashimoto, H.; Fujii, T.; Kohara, S.; Nakanishi, K.; Yogi, C.; Peterlik, H.; Naka-

nishi, M.; Takada, J. Mater. Chem. Phys. 2015, 155, 67e75.
17. Hashimoto, H.; Itadani, A.; Kudoh, T.; Kuroda, Y.; Seno, M.; Kusano, Y.; Ikeda, Y.;

Nakanishi, M.; Fujii, T.; Takada, J. ACS Appl. Mater. Interfaces 2013, 5, 518e523.
18. Hashimoto, H.; Itadani, A.; Kudoh, T.; Fukui, S.; Kuroda, Y.; Seno, M.; Kusano, Y.;

Ikeda, Y.; Benino, Y.; Nanba, T.; Nakanishi, M.; Fujii, T.; Takada, J. ACS Appl. Mater.
Interfaces 2013, 5, 5194e5200.

19. Murahashi, S.-I.; Oda, Y.; Naota, T. Tetrahedron Lett. 1992, 33, 7557e7560.
20. Shi, F.; Tse, M. K.; Pohl, M.-M.; Radnik, J.; Br€uckner, A.; Zhang, S.; Beller, M. J.

Mol. Catal. A: Chem. 2008, 292, 28e35.
21. Jagadeesh, R. V.; Surkus, A. E.; Junge, H.; Pohl, M. M.; Radnik, J.; Rabeah, J.;

Huan, H.; Schunemann, V.; Bruckner, A.; Beller, M. Science 2013, 342,
1073e1076.

22. Jagadeesh, R. V.; Junge, H.; Beller, M. Nat. Commun. 2014, 5.
23. Jagadeesh, R. V.; Junge, H.; Beller, M. ChemSusChem 2015, 8, 92e96.
24. Jagadeesh, R. V.; Natte, K.; Junge, H.; Beller, M. ACS Catal. 2015, 5, 1526e1529.
25. The type of Fe2O3 is not mentioned in ref 19.
26. Lan, H.-Y.; Zhou, X.-T.; Ji, H.-B. Tetrahedron 2013, 69, 4241e4246.
27. Kaneda, K.; Ueno, S.; Imanaka, T.; Shimotsuma, E.; Nishiyama, Y.; Ishii, Y. J. Org.

Chem. 1994, 59, 2915e2917.
28. Yamada, T.; Takahashi, K.; Kato, K.; Takai, T.; Inoki, S.; Mukaiyama, T. Chem. Lett.

1991, 641e644.
29. Nabae, Y.; Rokubuichi, H.; Mikuni, M.; Kuang, Y.; Hayakawa, T.; Kakimoto, M.-A.

ACS Catal. 2013, 3, 230e236.
30. More environmentally and physically benign solvents are under investigation.
31. Jeong, E. Y.; Ansari, M. B.; Park, S. E. ACS Catal. 2011, 1, 855e863.
32. Subramanian, H.; Nettleton, E. G.; Budhi, S.; Koodali, R. T. J. Mol. Catal. A: Chem.

2010, 330, 66e72.
33. Subramanian, H.; Koodali, R. T. React. Kinet. Catal. Lett. 2008, 95, 239e245.
34. Kawabata, T.; Ohishi, Y.; Itsuki, S.; Fujisaki, N.; Shishido, T.; Takaki, K.; Zhang, Q.;

Wang, Y.; Takehira, K. J. Mol. Catal. A: Chem. 2005, 236, 99e106.
35. Belaroui, L. S.; Sorokin, A. B.; Figueras, F.; Bengueddach, A.; Millet, J.-M. M. C. R.

Chim. 2010, 13, 466e472.
36. Kawabata, T.; Fujisaki, N.; Shishido, T.; Nomura, K.; Sano, T.; Takehira, K. J. Mol.

Catal. A: Chem. 2006, 253, 279e289.
37. For the reaction with prochiral 4-phenylcyclohexanone, we expected that trace

amount organic compounds in L-BIOX including polysaccharides and proteins
might have some effect on L-BIOX-catalyzed Baeyer-Villiger oxidation to be
enantioselective; however, the product was identified as racemate by HPLC
analysis.

38. Hashimoto, H.; Nishiyama, Y.; Ukita, M.; Sakuma, R.; Nakanishi, M.; Fujii, T.;
Takada, J. Inorg. Chem. 2015, 54, 7593e7599.

39. Seehra, M. S.; Roy, P.; Raman, A.; Manivannan, A. Solid State Commun. 2004, 130,
597e601.

40. We also carried out the similar investigation on the effect of phosphorous using
phosphorous-containing 2Fhs (Px/2Fh, x ¼ 0.1, 0.2, 0.3, 0.4, 0.5) and revealed
that the catalytic activities of Px/2Fhs are lower than L-BIOX with Fe:Si:P ¼ 73:
22:5 and decrease as phosphorous molar ratio increased. See Supplementary
data, Table S2 and Figure S3.

41. Eggleton, R. A.; Fitzpatrick, R. W. Clays Clay Miner. 1988, 36, 111e124.
42. Yato, M.; Homma, K.; Ishida, A. Tetrahedron 2001, 57, 5353e5359.
43. Ochiai, M.; Yoshimura, A.; Miyamoto, K.; Hayashi, S.; Nakanishi, W. J. Am. Chem.

Soc. 2010, 132, 9236e9239.

http://dx.doi.org/10.1016/j.tet.2015.10.057
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref2
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref2
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref2
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref3
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref3
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref4
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref4
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref4
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref4
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref5
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref5
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref5
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref6
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref6
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref6
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref7
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref7
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref7
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref8
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref8
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref8
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref9
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref9
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref9
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref10
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref10
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref10
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref10
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref11
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref11
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref11
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref11
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref12
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref12
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref12
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref13
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref13
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref14
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref14
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref14
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref15
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref15
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref15
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref16
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref16
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref16
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref17
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref17
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref17
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref18
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref18
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref18
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref18
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref19
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref19
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref20
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref20
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref20
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref20
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref21
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref21
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref21
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref21
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref22
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref23
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref23
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref24
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref24
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref25
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref25
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref26
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref26
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref26
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref27
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref27
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref27
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref28
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref28
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref28
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref29
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref29
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref30
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref30
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref30
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref31
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref31
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref32
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref32
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref32
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref33
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref33
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref33
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref34
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref34
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref34
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref35
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref35
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref35
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref36
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref36
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref36
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref37
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref37
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref38
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref38
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref39
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref39
http://refhub.elsevier.com/S0040-4020(15)30157-5/sref39

	Bacteriogenic iron oxide as an effective catalyst for Baeyer-Villiger oxidation with molecular oxygen and benzaldehyde
	1. Introduction
	2. Results and discussion
	3. Conclusion
	4. Experimental section
	4.1. General
	4.2. General procedure for Baeyer-Villiger oxidation
	4.3. Procedure for recycling test of L-BIOX

	Supplementary data
	References and notes


