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Chapter 1

General Introduction

1.1. Bacteriogenic Amorphous Iron oxide
Element iron is the fourth most abundant element on earth’s crust following oxygen (1st), silicon (2nd),
aluminium (3rd). Iron exists mainly in the form of iron oxides produced during the geological process and can
be found abundantly in nature on the earth, such as ores, rocks and waters. Sixteen iron oxides are known, which
consist of oxides, hydroxides or oxide hydroxides (Table 1). Interestingly unlike the other iron oxides,
ferrihydrite has a poorly ordered atomic arrangement and transforms into members of the group with more stable
atomic order. Commercial iron oxides are important functional materials used as magnetic materials, catalysts
and pigments, which are prepared from iron ores and various minerals by chemical processes.

Table 1. The iron oxides.
Oxides

mineral name

Oxide hydroxides

mineral name

1

-Fe2O3

Haematite

7

-FeOOH

Goethite

2

Fe3O4

Magnetite

8

-FeOOH

Lepdocrocite

3

-Fe2O3

Maghemite

9

-FeOOH

Akaganéite

4

-Fe2O3

10

Fe16O16(OH)y(SO4)z•nH2O Schwertmannite

5

-Fe2O3

11

-FeOOH

6

FeO

12

’-FeOOH

13

High pressure FeOOH

16

Fe(OH)2

Wüstite

hydroxides
14

Fe5HO8•4H2O

Ferrihydrite

15

Fe(OH)3

Bernalite

1

Feroxyhyte
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Aside from naturally occurring iron-based substances which are generated in geological processes
described briefly above, there are such substances with elaborate structures and unique chemical compositions
generated in biological processes. For example, one of aquatic iron-oxidizing bacteria, Leptothrix ochracea,
produces amorphous Fe3+-based oxide in the form of tubules in natural aquatic environment (Figure 1). Takada
et al. named such iron oxides as ‘biogenous iron oxides (BIOXs). It has been believed that iron-oxidizing
bacteria gain energy by oxidizing Fe2+ ion in ground water to insoluble Fe3+ ion to generate BIOXs as byproducts
in their bacterial vital activity. We can find BIOXs as ocherous deposits ubiquitously in natural aquatic
environment such as ditches, natural streams, and in near ocean hydrothermal vents. The bacterial activity of
iron oxidizing bacteria has been utilized to remove iron ion from ground water to obtain pure drinkable water.
This water purification method is safe and chemical-free process, however, a large amount of the resulting
BIOXs has been disposed of as industrial waste and the effective use of BIOXs has been highly expected.
Figure 1. Photographs of ocherous precipitates at a fresh water purification plant in Joyo city, Kyoto, Japan
(a), and a cultivation tank at Okayama University (b)
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Hitherto most of the studies on BIOXs have done from biological and geochemical aspects, Takada,
Hashimoto and their coworkers have been studying them from a viewpoint of material science. They performed
various analyzes including state-of-the-art high-resolution electron microscopy especially on BIOX produced
by Leptothrix ochracea and revealed its structural and compositional details as follows.
The tubules have inner diameter of about 1 m with various length up to several centimeters. The structure
is made because the nanometric oxide particles attached on an extracellular microtubular template made of
bacterial organic excrement. The outer and inner surface of each tubule has different structures; the outer surface
is covered with long fibrils (about 20 nm wide and 50-100 nm length) and the inner surface is the assemblage
of globules with 20-120 nm size. One of characteristics of BIOX is that the smallest unit which makes the whole
Figure 2. SEM images of BIOX produced by Leptothrix ochracea

(a)

(b)

500 nm
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configuration of BIOX is the common primary amorphous iron particles with about 3 nm in diameter. Their
hierarchical mild aggregation results in complex convex-concave nano-sized surface structure with relatively
large surface area (~280 m2g-1). Although BIOX was found to have a similar diffraction pattern with low
crystalline 2-line ferrihydrite (2Fh) by the analysis of X-ray powder diffraction, these two have different atomic
rearrangement in a nanometric scale for high-resolution electron microscopy: BIOX is amorphous but 2Fh have
a crystallinity in a nanometric scale. BIOX was found to contain not only iron as major component but also
structural silicon and phosphorous as minor components. The chemical composition of BIOX obtained from a
cultivation pilot plant at Okayama university can be approximately expressed as 15Fe2O3·8SiO2·P2O5·30H2O
and the ratio of Fe:Si:P in atomic % is ~73:22:5 (except for oxygen, carbon and nitrogen). The compositional
ratio is uniformly kept over the structure at a nanometer resolution. Interestingly, the compositional ratio slightly
differs depending on where BIOX is collected. BIOX from a water purification pilot plant in Joyo City in Kyoto
prefecture, Japan gives the elemental ratio of Fe:Si:P to be ~80:15:5.
BIOX has been shown to have various potential applications. BIOX can be an anode for use as an
anode active material for lithium-ion batteries,1,2 and as a precursor for pigments, and carriers for cell culture.
BIOX can be derivatized as magnetic nanocomposites by heat treatment, and acidic silicas via the combination
of heat and subsequent acidic treatment.3 In the field of organic chemistry, BIOX and magnetized BIOX were
used as solid supports for immobilization of enzyme and the catalysts were used for enzyme-catalyzed kinetic
resolution of secondary alcohols. Acidic silicas derived from BIOX were used acid catalysts in ring-opening
reaction of stylene oxide and Friedel-Crafts type alkyation of indole. Further exploration of the application of
BIOX and its derivatives is highly expected.

1.2. The Use of Iron Oxide for Industrial and Fine Organic Synthesis
In industries, the iron oxides have been widely used since early times of the manufacturing history as a
catalyst precursor or additives of catalysts in inorganic and organic processes. As described below, the
combination of the major and minor components in the catalysts play significantly important roles for the
catalytic activity although their roles have been partially figured out but not fully understood. In the field of
4
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organic fine chemistry in academia, parallel to the explosive growth of the number of studies on iron catalysis
using iron salts or iron complexes just began in this century, the use of iron oxides in organic reactions has also
revived recently although the number of the studies is quite few. In this section, iron oxide-containing catalysts
for industrial use and the development of iron-oxide promoted organic reactions in academia were introduced
accordingly. The thesis aimed to develop find

1.2.1. Industrial synthesis using iron-based catalysts
Haber–Bosch processes
In inorganic process, the well-known use of iron oxide is the catalyst for ammonia production from
atmospheric nitrogen gas and hydrogen gas under high pressures and temperatures, which is known as Haber–
Bosch process (Scheme 1). It is not an overstatement to say that this process changed the world for a sustained
food production during the world population growth. This process was successfully established on an industrial
scale at the German chemical company BASF in 1913 by using doubly promoted iron catalyst obtained by
reductive melting process of the iron oxide Fe3O4 which contains aluminum oxide (Al2O3), potassium oxide
(K2O) as minor components. These minor components play very important role for the catalytic activity. The
actual active catalyst is the Fe(0) obtained through the reduction of iron oxide by hydrogen during the process.
The role of Al2O3 is to increase the surface area of Fe(0). K2O can intensify the catalytic activity of Fe(0) to
enhance the rate of the rate-limiting dissociative adsorption of stable nitrogen molecule. Additionally, iron-based

Scheme 1. Haber–Bosch process

Scheme 2. Water-gas shift reaction for hydrogen synthesis
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catalysts (cf. Fe2O3/CrO3) are used in the water-gas shift reaction to produce hydrogen of raw material of the
process via the reaction between carbon monoxide and water (Scheme 2). Haber–Bosch process is one of great
inventions in 20th century and still used nowadays in industry to produce ammonia for the use as fertilizers and
so on.

Fisher-Tropsh synthesis
Liquid fuels, that consist of long-chain hydrocarbons, can be obtained from the metal-catalyzed
reaction of syngas, a mixture of carbon monoxide (CO) and hydrogen gas (H2), through well-known and
established chemical process called Fisher-Tropsh reaction (Scheme 2). Iron- or cobalt-based catalyst precursors
consist of iron oxide along with cobalt-based ones are mainly used in the synthesis in terms of product selectivity
and cost. Under the conditions of the process, iron oxide is converted into many phases including active phase
of metallic iron. Even though the reaction mechanism is still under debate, there have been proposals in the
literatures. In general, all mechanisms proposed consider six elementary reactions: 1. Reactant adsorption, 2.
Chain initiation, 3. Chain growth, 4. Chain termination, 5. Product desorption, 6. Readsorption and further
reaction. There are three types of mechanisms proposed. Iron oxide Carbon monoxide and hydrogen gas are
obtained by combustion of methane (natural gas), coal, or biomass. Hydrogen gas can be obtained by ironcatalyzed water-gas shift reaction described above if H2 content of these raw materials is low. An typical catalyst
contains copper and potassium oxide as minor components in the ratio of Fe : Cu : K2O: SiO2 (support) = 100 :
Scheme 3. Fisher-Tropsh reaction

Scheme 4. Synthesis of styrene from ethylbenzene

6

Chapter 1

5 : 5 : 25.
Styrene monomer is an important raw material of polystyrene, resins, plastic materials, rubbers, and paints,
and is mainly produced by dehydrogenation of ethylbenzene using iron-based catalysts as one of industrial
processes (Scheme 4). The catalyst shown in the scheme as a selected example consists of Fe2O3 (93%) which
is the catalyst with 5% of Cr2O3 for stabilizing the catalyst and 2% of K2CO3 for increasing of the basicity of
the catalyst to suppress the carbon-based byproduct. Further modification of the catalyst is made by the addition
of alkali earth metals or transition metals.
In addition to act as main catalysts, iron components can be subsidiary additives of the catalysts in the
synthesis of formaldehyde and allylic oxidation of propene to obtain acrolein and acrylic acid. Formaldehyde is
synthesized by dehydrogenation of methanol using iron oxide-containing molybdenum-based catalyst, called
Adkins catalyst (Scheme 5). Currently, two phases are known to exist in the catalyst, the phases of MoO3 and
Fe2(MoO4)3. The active site is the side of the lamellar crystal of MoO3 and its number and stability increase by
addition of Fe2O3.
Multi component Mo-Bi containing Fe catalysts are used allylic oxidation of propane to synthesize
acrolein and acrylic acid (Scheme 6).

Bi-Mo-based multi component with VIII group transition metals (Fe,

Co, Ni) is used for the long-term constant product supply. The main active species of Bi-Mo components
immobilized on the wide region of the surface of FeMoO4 or Fe2(MoO4)3. The number of active sites increase
by the immobilization. Probably, these iron molybdates which enhance oxygen diffusion lead to great
cooperation of both Bi- and Mo-sites, resulting in high catalytic activity and stability of the catalyst.
Scheme 5. Synthesis of formaldehyde from methanol

Scheme 6. Allylic oxidation of propene to synthesize acrolein and acrylic acid
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1.2.2. The use of iron oxide in organic fine chemistry
Because of the abundance, the ease of availability, low toxicity, and promising sustainability of iron, many
researchers have been attempting to use iron in organic fine chemistry in the form of iron salts, iron complex
and solid iron compounds.
The development of organoiron chemistry has achieved mainly by various iron salts and a wide range of
iron complexes. Iron(0) take an electronic configuration of [Ar]4s23d8 and spans formal oxidation states ranging
from -II to +VI. The most common oxidation states are +II and +III. Iron(0) can readily oxidized by air or
moisture to be Fe(III) or Fe(II) compounds. Especially the oxidation states -II, -I, 0, +IV and +VI are important.
The wide range of oxidation states makes iron useful in reductive and oxidative diversity. Lewis acidity of iron
is variable from modest to very high, which is correlated with the oxidation states. For instance, Fe(III) is hard
Lewis acid while Fe(II) is borderline acid. The reactions promoted by iron salts and many other iron complexes
cover a broad range: substitution reactions, addition reactions, elimination, reactions at carbonyl groups and
analogs, cycloadditions, isomerizations, rearrangements, metathesis reaction, polymerization, reductions,
oxidations, and miscellaneous reactions.
Similarly to the explosive growth of the number of studies on homogeneous iron catalysis using iron
salts or iron complexes in this century, the use of iron oxides in organic reactions has also revived recently
although the number of the studies is quite few. The use of iron oxides in organic chemistry has mainly two
aspects: as a solid support for immobilized catalysts4 and as a catalyst or a reaction promotor. For increasing
interest on green or sustainable chemistry, the development of efficient, environmentally benign and cleanly
reusable catalysts has been actively implemented. Iron oxides and the closely related oxides with magnetic
property such as Fe3O4, -Fe2O3, and ferrites (ferrimagnetic ceramic materials) have been employed for the
preparation of such catalysts mainly as a solid support for immobilization of noble metals (Pd, Pt, Ru, Rh, Au,
Mo), lipase, metalloporphilines, and organocatalysts and so on.4-6 The immobilized catalysts with magnetic
property enable easy separation of the organic compounds and the catalyst by magnetic attraction to save time,
cost, and precious resources for the next reuse.
The number of examples to use iron oxides as catalyst have been gradually increasing in recent years.
8
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However, the pioneering report by Murahashi et al. appeared already in 1992 in fine organic chemistry.7 They
showed Fe2O3 catalyzed Baeyer-Villiger oxidation of ketones using molecular oxygen in the presence of
aldehydes (Scheme 7).

Seven cyclic ketones showed were oxidized to be the corresponding lactones in

moderate to high GC yields.
They proposed that the reaction could proceed in two pathways as shown in Scheme 8. The reaction
of aldehyde with molecular oxygen in the presence of Fe2O3 would generate acylperoxy radical A, which is an
intermediate of autoxidation of aldehyde. In one pathway, the radical A abstracts hydrogen from another
aldehyde to give peracid B and acyl radical, then B reacts readily with ketone to yield C. The other pathway
would start from the reaction of radical A and ketone and then reaction with aldehyde to produce C. The
intermediate C would experience rearrangement to give corresponding oxidized product and carboxylic acid.

Scheme 7. Fe2O3-catalyzed Baeyer-Villiger oxidation by Murahashi.

Scheme 8. Fe2O3-catalyzed Baeyer-Villiger oxidation by Murahashi.
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In 2001, Gedanken and the coworkers reported the cyclohexane oxidation catalyzed by nanosized
Fe2O3 deposed on the mesopore of TiO2 under mild conditions.8 The catalyst was prepared using sonication for
the first time to deposit nanosized catalyst (Fe2O3) onto the pores of mesoporous material (TiO2). Fe2O3 nano
particles (5 nm ) deposited on TiO2 gave better conversion of cyclohexane than commercial Fe2O3 and was
collectable, indicating that nanosized catalysts had enhanced reactivity and sonocehmical method could be
applicable for nanosizing.
Maleki

disclosed

the

one-pot

multicomponent

synthesis

catalyzed

by

silica-supported

superparamagnetic iron oxide (Fe3O4) nanoparticles (Scheme 9). Maleki synthesized diazepin derivatives from
1,2-diamines, terminal alkynes, and isocyanides under mild conditions in good yields. The protocol includes
important advantages such as easy work-up procedure, reusability of the catalyst, as well as high atom economy.
While supported nano iron-oxides were developed, non-supported iron oxides nano particles have been
used as catalyst in organic syntheses as described below.
Xu and Ji reported in 2009 that the intramolecular C-N cross coupling reaction catalyzed by ligand-free
nanoparticle Fe3O4 (nano-Fe3O4, 100 nm ). They synthesized 1,4-dihydroquinoline derivatives from ohalobenzaldehydes and -enaminones in moderate to good yields (Scheme 10).9 Nano-Fe3O4 showed better
catalytic activity than nano-Fe2O3 they tested and recyclable by magnetic separation at least four times with

Scheme 9. Supported Fe3O4/SiO4-catalyzed one-pot multicomponent synthesis of diazepin derivatives.
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Scheme 10. Nano Fe3O4-catalyzed one-pot synthesis of 1,4-dehydroquinoline derivatives

constant yields. They proposed possible reaction mechanism involving Baylis-Hillman type reaction,
nucleophilic substitution, and intramolecular C-N cross coupling reaction.
The simple and ligand- and base-free method to synthesize phenols from arylboronic acids through rapid
oxidation using -Fe2O3 was reported by Vishwakarma and Swant et al. in 2014 (Scheme 11). Among the
commercially available iron oxides and iron salts (FeO, Fe2O3, Fe3O4, FeCl3, Fe(OH)3, and Fe(acac)3) screened,
only -Fe2O3 gave the desired phenol and the yield were improved under solar VIS-light irradiation under mild
reaction conditions. The authors proposed that -Fe2O3 is known to have the photocatalytic properties like
TiO210 and played very important role in oxidizing boronic acid in the combination with oxygen. The authors
proposed the plausible reaction mechanism (Scheme 12). The reaction would initiate from the activation of the
photocatalyst -Fe2O3 by the photon with an energy (h) greater than its band gap energy Eg, resulting in the
transient formation of an electron (ecb-)/hole (hvb+) pair (Scheme 12, eq 1). Recombination occurs within 1 ns
without suitable electron and hole scavengers absorbed to the surface of -Fe2O3. However, when appropriate
scavengers present, the valence bond hole (hvb+, oxidation potential: 2.3 V) acts as a powerful oxidant while the
conduction band electrons (ecb-, reduction potential: 0.0 V) function as a moderately powerful reductant.11 The
oxygen adsorbed on the surface of -Fe2O3 (O2, ads) would attack phenylboronic acid ArB(OH)2 to generate
phenyl radical Ar˙ (eq 5), which subsequently reacts with oxygen to form phenylperoxy radical ArO2˙ (eq 6).
The reaction of ArO2˙ and phenylboronic acid (eq 7), followed by hydrolysis of the intermideate ArO2B(OH)2
11

Chapter 1

Scheme 11. Nano -Fe2O3-catalyzed oxidation of phenyl boronic acids to phenols

Scheme 12. Plausible mechanism for the formation of phenol from arylboronic acids using -Fe2O3

would furnish the desired phenol and boric acid B(OH)3 (eq 8). Most of the literatures on the conversion of
arylboronic acids into phenols are ligand or base-mediated reactions, while the method is ligand- or base-free
simple transformation using sun light atmospheric oxygen.
Efficient catalytic oxidation of aldehydes to carboxylic acids was achieved in the reaction system of
commercially available Fe3O4 nanoparticles and ethyl acetoacetate by Villano et al in 2014 (Scheme 13).12

Scheme 13. Fe3O4 nanoparticles-catalyzed oxidation of aldehydes to carboxylic acids in the presence of ethyl
acetoacetate.
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Various aldehydes (aromatic, aliphatic and ,-unsaturated) were obtained in low to high yields. They recovered
F3O4 nanoparticles after the reaction by an external magnet and reused three times with constant moderate yields.
When ethyl acetoacetate was used, the reaction promoted efficiently with not only with t-BuOOH but also with
air as oxidants.
Beller et al. have actively carried out the research and development on iron oxide-based catalyst in organic
reactions such as selective oxidation of alcohols and olefins with hydrogen peroxide, 13,14 selective
hydrogenation of nitroarenes to anilines,15-18 green synthesis of nitriles from alcohols,19 reductive aminations to
synthesize secondary amines,18,20 efficient oxidative dehydrogenation of N-heterocyles,21 oxidation of amines
for selective synthesis of nitrils,22
Although unsupported nanoparticles are known to be usually unstable and their coagulation during
reaction is unavoidable, Beller et al. found that free nano--Fe2O3 showed better catalytic activity than
homogeneous iron compounds in selective oxidation of alcohols and olefins using hydrogen peroxide as a
terminal oxidant.13,14 The results of the catalyst screening showed that bulk iron oxides (-Fe2O3 and -Fe2O3)
were poorly active. When nano--Fe2O3 with particle size of 20-50 nm was applied, the conversion was low but
selectivity was high. On the other hand, nano--Fe2O3 with smaller in size gave high conversion with poor
selectivity, which is similar to the system with the homogenous iron catalysts (FeCl3∙6H2O and Fe(NO3)3∙9H2O)
(Table 2). Thus, nano--Fe2O3 with 20-50 nm in size gave highest TON and found to be most active. The catalyst
Table 2. Selective oxidation of benzyl alcohol to benzaldehyde by Beller.

iron catalyst

particle size
(nm)

conversion (%)

selectivity

TON

nano--Fe2O3

20-50

33

97

32

nano--Fe2O3

3-5

86

35

30

FeCl3∙6H2O

-

90

21

19

Fe(NO3)3∙9H2O

-

71

35

25
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system with nano--Fe2O3 with 20-50 nm in size is applicable to the oxidation of diverse alcohols and aromatic
olefins. They detected a thin carbonaceous layer on the surface of nano-iron oxide after the reaction and
suggested the layer permits for high catalyst stability. They provided the important information on the different
catalytic activity between homogeneous and heterogeneous catalysts.
Flowingly, Beller et al. disclosed the novel nanoscale Fe2O3-based catalyst and application for selective
hydrogenation15,16 or transfer hydrogenation17 of nitroarenes to anilines. Among the catalysts they developed,
one prepared by the pyrolysis of iron(II)-1,10-phenanthroline complex (Fe-phen/C-800) immobilized onto
carbon powder (VULCAN® XC72R) at 800 ˚C under Ar atmosphere expressed the highest catalytic activity in
the hydrogenation of nitroarenes. The detailed procedure for the catalyst preparation is in their literature in
2015.18 The illustration of core-shell-structure of the catalyst is shown in Scheme 14. They screened more than
80 substrates and obtained the corresponding anilines in high yields under the reaction conditions (Scheme 14).
In 2016, the reaction conditions were improved to be milder by using polar solvent (methanol) and basic additive
(aqueous ammonia). The reaction proceeded at 90 ˚C with 30 bar of hydrogen gas and 16 anilines were obtained
in 87-99% yield within 60 h.
Scheme 14. Nitrogen-doped graphene coated Fe2O3 based nanocatalyst for hydrogenation of nitroarenes to
anilines.
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They succeeded in developing the practical synthesis through ammoixdation of medicinally and
biologically important aromatic, heteroaromatic, and aliphatic nitriles from alcohols and aqueous ammonia
using molecular oxygen in the presence of the catalyst Fe-phen/C-800 mentioned above (Shcheme 15).19 Among
a series of nitrogen-doped graphene coated non-noble metal catalysts which contain V, Cr, Mn, Fe, Co, Ni, and
Cu, Fe- and Co-containing catalysts were found to be excellent catalyst by testing those in the synthesis of
benzonitrile from benzylalcohol. A very wide range of substituted and functionalized benzonitriles including
halogenated, and structurally demanding ones were obtained using both Fe- and Co-phen/C-800 in good to
excellent yields within two days. The reaction has highly functional group tolerance. Furthermore, their
methodology enabled to synthesize diverse heterocyclic, allylic, and aliphatic nitriles in satisfactory yields with
modification of the reaction conditions in some cases. The reaction could be performed in gram scales. They
proposed the general reaction pathway as shown in Scheme 16. The reaction begins from the oxidation of
alcohol to aldehyde based on their detection of respective aldehydes during the progress of the reaction, followed
by the condensation reaction with ammonia to form imine. The unstable imine then immediately oxidized to
provide nitriles as final products. Water is the only byproduct during the whole reaction sequence.

Scheme 15. General reaction scheme for the synthesis of nitriles from alcohols using nitrogen-doped
graphene coated Fe2O3 based nanocatalyst.

Scheme 16. General reaction pathway for the synthesis of nitriles from alcohols using nitrogen-doped
graphene coated Fe2O3 based nanocatalyst.
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The catalyst Fe-phen/C-800 is further applicable to synthesize secondary amines through the reductive
amination between nitroarenes and aldehydes using hydrogen as reductant.20 Generally, the reaction proceed
through the first formation of amine from nitro compound by reduction first. Reversible condensation of in situ
generated amine and aldehyde generates imine, which is reduced to the desired secondary amine (Scheme 17).
The catalytic hydrogenation of the imine is the rate-limiting step in the process and they observed minor side
products such as tertiary amines. Thus, they optimized the reaction conditions by increasing the temperature
and hydrogen pressure, and screening the reaction solvent to obtain the desired secondary amine in high yield
to be as shown in Scheme 18. Under the optimized reaction conditions, a wide range of secondary amines were
obtained in moderate to high yields although suffering from slow hydrogenation of intermediate Schiff bases to
detect the intermediate in the final products in some cases. In addition, the catalyst was found to be reusable
five times without leaching of the active metal nor significant loss of activity.
They also got interested in oxidation reactions using the active Fe2O3-based nanocatalyst they developed
and demonstrated that nano-sized Fe2O3 material for the first time could facilitate the selective dehydrogenation
of primary amines to diverse aliphatic, aromatic, and heterocyclic nitriles by using their active iron oxide catalyst
Scheme 17. Reaction pathway of tandem reductive amination they envisioned.

Scheme 18. Tandem reductive amination using nitrogen-doped graphene coated Fe2O3 based nanocatalyst.
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Scheme 19. Selective oxidation of benzylic amines to benzonitriles using nitrogen-doped graphene coated
Fe2O3 based nanocatalyst.

(Fe2O3@NGr-C, previously Fe-phen/C-800).22 As shown in Scheme 19, they carried out their initial experiment
using benzylamine as a benchmark substrate in the presence of the catalyst with molecular oxygen at 110 ˚C.
The desired nitrile and aldehyde were obtained as a minor product while the undesired secondary imine was
produced in large quantity. The authors assumed that the generation of the corresponding imine as reactive
intermediate from amine in the initial iron oxide-catalyzed dehydrogenation of amine occurs. Then the imine
undergoes dehydrogenation to the desired nitrile or formation of more stable secondary imine by addition of
benzyl amine and elimination of ammonia. Trace amounts of aldehyde could be formed by hydrolysis of the
imine. The formation of the secondary imine was remarkably suppressed by the addition of aqueous ammonia
to gain the desired nitriles as major products. Their oxidation system was successfully applied to a wide range
of less reactive primary aliphatic amines which had been less studied, and heterocyclic amines. The gram scale
reactions with benzylic amines were also feasible and the catalyst was revealed to reusable five times with
maintaining high catalytic activity. They proposed that the nitrogen-doped graphene layer in the catalyst to be
crucial for its activity.
In 2014, Beller et al. presented that the synthesis of the novel type of iron oxides surrounded by nitrogendoped-graphene shells immobilized on carbon support (FeOx@NGr-C) for catalytic oxidative dehydrogenation
of N-heterocycles.23 The catalyst FeOx@NGr-C was prepared according to the similar procedure of that for
Fe2O3@NG-C15 except for removal of inactive , agglomerated , and unprotected iron particles generated during
17
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the pyrolysis using high concentration of aqueous hydrochloric acid (Scheme 20). The characterization of only
iron oxide nanoparticles in 20-30 nm size was remained on the surface the catalyst and these particles were
surrounded by graphene layers with thickness of 1.2-3.5 nm. They demonstrated the oxidation reactions under
the reaction conditions or similar ones as shown in Scheme 21 of tetrahydroquinolines, amines and other
relevant compounds and obtained the corresponding oxidized products in sufficient conversions. The reaction
of 1,2,3,4-tetrahydroquinone did not proceed in the presence of a radical scavenger (BHT, 2,6-di-t-butyl-pScheme 20. Schematic illustration for the preparation of FeOx@NGr-C

Scheme 21. Oxidation of hydroquinolines using iron-nitrogen-doped graphene core-shell catalysts

Scheme 22. Proposed reaction mechanism for the oxidation of N-heterocycles
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cresol) while the reaction proceeded at lower temperature (80 ˚C) when H2O2 was used instead of air as oxidant.
Based on these observations, they assumed that the catalytic pathway must progress by radical species e.g.
superoxide ∙O2-, which was generated by the reduction of O2 by the catalyst. The proposed catalytic pathway
shown in Scheme 22 begins with the formation of the corresponding imine followed by tautomerization ant the
second imine formation to give the dehydrogenated product. They detected the radical A by electron
paramagnetic resonance (EPR) analysis and the analysis by X-ray photoelectron spectroscopy (XPS) of the used
catalyst gave supporting information on their proposal.

1.3. The Purpose of the Study
The purpose of the study is to develop organic reactions using BIOX.
As mentioned in section 1.1., bacteriogenic iron oxide produced by bacteria has been just waste but could
be functional material because of its unprecedented material scientific features. As described in section 1.2., the
use of earth-abundant iron-based materials for the bulk syntheses of important materials for human life has a
long history. However, examples of the reactions using iron-based materials are not explored enough in fine
organic synthesis so far despite high expectations. BIOX is a member of earth-abundant iron oxides with
unprecedented material scientific features diverse from other iron oxides. Furthermore, various BIOX-related
materials, such as magnetized BIOX, synthesized and cultivated BIOX mimics were also available. Thus,
discovery of the novel organic synthetic methodology using these BIOX-related materials was highly
promissing. The author pursued the study on the basis of ‘element strategy initiative’24 not only for sustainable
chemistry but also for sustainable society. Element strategy initiative consists of four pillars: substitution,
regulation, reduction, and recycling. One significance of the study is that the effective utilization of ubiquitously
occurring BIOX which have been a waste. In addition, BIOX could show novel functions to be a potential
alternative material for rare metals which have been used as catalysts or reaction promoters, since BIOX has
unique material scientific features. The author also considered the BIOX-involved organic reactions to be readily
accessible and green. As a result, the studies include the use of molecular oxygen as an oxidant and the
elimination of the reaction solvent.
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1.4. Outline of the thesis
The thesis is composed of 5 chapters.
Chapter 1 is the general introduction about bacteriogenic amorphous iron oxide (BIOX), the known use
of iron oxide for industrial and fine organic synthesis, and the purpose of the study.
In this thesis, BIOX was utilized as a solid support for immobilized catalysts and as a reaction promoter
itself. Two studies in which BIOX as a solid support for immobilized catalysts were summarized in chapter 2
and 3. Two developments of BIOX as a reaction promotor were described in chapter 4 and 5.
In the first literature on the use of BIOX as a solid support for immobilized enzyme, the catalytic
activity of lipase was enhanced by being immobilized on BIOX due to the Thus, the further use of BIOX as a
solid support for immobilized catalyst was expanded to immobilize precious palladium-based catalyst. The
catalytic performance of the catalyst was investigated in palladium-catalyzed Suzuki-Miyaura cross coupling

reaction to find the catalyst showed high catalytic activity and the reaction could be promoted under solventfree conditions. Importantly, the catalyst was recyclable with maintaining the high catalytic activity (Chapter 2).

In Chapter 3, reported lipase immobilized onto magnetized BIOX was employed to construct a readily
preparable microtube reactor utilizing magnetic property of the enzyme catalyst itself.
BIOX itself as a reaction promoter is stated in the following two chapters. The first example of BIOX
as a catalyst was achieved in Baeyer-Villiger oxidation reaction using molecular oxygen as an oxidant in the
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presence of aldehyde under mild conditions and the work is summarized in Chapter 4. Unpublished but
promising results obtained during the course of the study about BIOX-promoted derivatization of 2naphtholsunder solvent-free conditions are mentioned in Chapter 5.
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Chapter 2

Biogenous Iron Oxide-Immobilized Palladium Catalyst for the Solvent-Free
Suzuki-Miyaura Coupling Reaction

Abstract
Iron oxide produced by iron-oxidizing bacteria, Leptothrix ocracea, (biogenous iron oxide: BIOX) was
used as a support for immobilized palladium catalysts with organic cross-linkers. Palladium immobilized on
BIOX bearing imidazolium chloride delivered the desired biaryl products in sufficient yields in the Suzuki–
Miyaura coupling reactions under solvent-free conditions and could be reused several times without significant
loss of catalytic activity. It is shown that BIOX can be exploited as a useful support for immobilization of
palladium and the BIOX-immobilized palladium catalyst effectively promotes the solvent-free Suzuki–Miyaura
coupling reactions.

24

Chapter 2

Introduction
Microbially-produced iron oxide, particularly produced by iron-oxidizing bacteria, Leptothrix ochracea,
is referred to as biogenous iron oxide (BIOX1) and has an unique amorphous and porous hollow microtube
structure that cannot be constructed artificially.2 The fascinating structure of BIOX was elucidated by Takada
and his co-workers,2 and its application to new functional materials is the subject of active investigations. We
have recently reported the preparation of lipase immobilized on BIOX through organic cross-linkers and its use
in the kinetic resolution of secondary alcohols.3 The BIOX-immobilized lipase showed high catalytic activity
probably because of the specific shape, surface, and nanostructure of BIOX suitable for the dispersion of each
enzyme molecule on the surface of BIOX. The structure of the organic cross-linker was also found to have a
critical role for the enzymatic activity. These results encouraged us to investigate the utilization of BIOX as a
support for transition metal catalysts such as palladium catalysts.4 In particular, the Suzuki–Miyaura coupling
reaction, one of the well-known palladium-catalyzed reactions, has been widely used for practical syntheses of
various biphenyl-type organic compounds.5 Although most reactions are performed using homogeneous
catalytic systems, many immobilized palladium catalysts on a variety of supports such as polymer, carbon,
mesoporous silica, zeolite, or metal oxides have been studied to improve the catalytic activity and recyclability.6
In this study, we report the development of a BIOX-immobilized palladium catalyst for the Suzuki–Miyaura
coupling reactions. The unique structure of BIOX was found to enhance the catalytic activity in the coupling
reactions, either in water solvent or under solvent-free conditions.

Results and Discussion
We attempted to modify the surface of BIOX with substituted trialkoxysilanes bearing various functional
groups at their termini, which are capable of coordinating palladium for attachment of palladium on BIOX
(Scheme 1). For L groups of trialkoxysilanes, we chose nitrogen-containing functional groups such as
monoamine (MA), diamine (DA), triamine (TA), and pyridinyl Schiff base (PS). Imidazolium chloride (IM),
which is precursor of N-heterocyclic carbene that is well-known as a powerful ligand for metal catalysts,7 was
also employed. The
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Scheme 1. Schematic representation of the preparation of BIOX-immobilized Pd catalysts.

Table 1. Analytical data of modified and BIOX-immobilized Pd and results of the Suzuki–Miyaura coupling
reactions with BIOX-immobilized Pd under various reaction conditions.

modified BIOX
coveragea
entry

BIOX-immobilized Pd
Pd contentb

mmol/g
(wt%)

L

mmol/g
(wt%)

conversion to 3a (%)c
reaction conditions
H2O
with
No
DMFd TBABe solventf

1

BIOXMA

1.48
(12.76)

BIOX-MA-Pd

0.62
(6.6)

34

88

87

2

BIOXDA

1.39
(17.43)

BIOX-DA-Pd

0.64
(6.8)

40

91

88

3

BIOXTA

0.97
(16.62)

BIOX-TA-Pd

0.57
(6.1)

39

65

84

4

BIOXPS

0.77
(13.44)

BIOX-PS-Pd

0.48
(5.1)

26

34

89

5

BIOXIM

1.58
(29.68)

BIOX-IM-Pd

0.89
(9.4)

55

92

90

a Determined

by elemental analysis. b Determined by ICP-OES analysis.
with 0.30 mmol of 4-bromoanisole (1a), 0.33 mmol of phenylboronic acid (2a), and 0.60 mmol of K2CO3
with 5 mg of BIOX-immobilized Pd under the indicated conditions at 50 ºC for 16 h. Conversions were determined by analysis of
1H NMR spectra. d DMF (1 mL) was added to the mixture of BIOX-immobilized Pd, 1a, 2a, and K CO before stirring in an argon
2
3
atmosphere. e H2O (1 mL) was added to the mixture of BIOX-immobilized Pd, 1a, 2a, K2CO3, and 0.15 mmol of TBAB before
stirring in air. f BIO-immobilized Pd, 2a, and K2CO3 were mixed until homogeneous before addition of 1a and the mixture was
heated in air.
c Reactions were performed
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general preparation procedure for modified BIOX and BIOX-immobilized Pd is shown in Scheme 1.
Commercial (MA, DA, TA) or prepared (PS, IM) trialkoxysilanes and BIOX were mixed in dry toluene at
100 °C for 24 h in an argon atmosphere. Subsequently, the modified BIOX was treated with Pd(OAc)2 in dry
toluene at 100 °C for 4-5 h. BIOX-immobilized Pd was obtained after washing and drying under vacuum.
Analytical data of the modified BIOX and the BIOX-immobilized Pd as well as the catalytic activity of the
palladium catalysts in the Suzuki–Miyaura coupling reactions are listed in Table 1. The coverage of organic
cross-linkers on BIO is 0.77–1.58 mmol/g (12.76–29.68 wt%), as determined by elemental analysis, and the
palladium content of BIOX-immobilized Pd catalysts is in a range of 0.48–0.89 mmol/g (5.1–9.4 wt%), as
determined by ICP-OES analysis.
The catalytic activity of BIOX-immobilized Pd was investigated in the Suzuki–Miyaura coupling reaction
of 4-bromoanisole (1a) and phenylboronic acid (2a) as representative substrates and K2CO3 as a base. The
reactions were performed in the presence of 5 mg of BIOX-immobilized Pd in N,N-dimethylformamide (DMF)
at 50 °C for 16 h. Incidentally, the reaction did not proceed in the presence of 5 mg of unmodified BIOX. As
shown in Table 1, conversions to the desired 4-methoxybiphenyl (3a) were from 26 to 55%, and BIOX–IM–
Pd exhibited the best catalytic activity (55% conv) among them. Instead of DMF, water was used as a solvent
in combination with tetra-n-butylammonium bromide (TBAB) for the reaction.8 All palladium catalysts gave
improved conversions in the reactions in water as compared to the reactions in DMF. Among them, BIOX–
IM–Pd also yielded the best conversion (92% conv). At this point, it was assumed that the reaction would
actually proceed in liquid 4-bromoanisole (1a), and not in the water layer. Thus, the reactions of 1a and 2a in
the presence of BIOX-immobilized Pd and K2CO3 were performed without solvent at 50 °C for 16 h.9 When
BIOX–MA–Pd, BIOX–DA–Pd, and BIOX–IM–Pd were used, conversions to 3a were comparable to those
Scheme 2. Schematic representation of the preparation of BIOX-immobilized Pd catalysts.
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obtained in the reactions in water. However, BIOX–TA–Pd and BIOX–PS–Pd showed their best catalytic
activities in the reaction without solvent (84% and 89% conv, respectively). The investigation revealed that
BIOX–IM–Pd gave better overall results involving coverage of organic cross-linkers, Pd content as well as
conversions obtained in the Suzuki-Miyaura coupling reactions under three reaction conditions. When 1a and
2a were allowed to react with Pd(OAc)2 and K2CO3 as a reference reaction under solvent-free conditions, the
product 3a was obtained with only 56% conversion (Scheme 2). In addition, addition of 1.6 mol% 1-butyl-3methylimidazolium chloride to the reaction with palladium acetate yielded 3a in lower conversion (67% conv).
Accordingly, it is unambiguous that the obtained higher reactivity of our catalyst arises from BIOX as a support
for the immobilized palladium catalyst.
We further investigated the reaction condition to optimize the solvent-free Suzuki–Miyaura coupling
Table 2. Screening of reaction conditions of the solvent-free Suzuki–Miyaura coupling reactiona

entry
1
2d
3
4
5
6
7
8
9
10
11
12
13

base
K2CO3
K2CO3
K2CO3
K2CO3
K2CO3
K2CO3
Na2CO3
Cs2CO3
K3PO4
KOt-Bu
KF
KOH
NEt3

Pd loading
(mol %)
1.0
1.0
1.0
1.0
1.0
0.1
1.0
1.0
1.0
1.0
1.0
1.0
1.0

temp
(°C)
100
100
120
80
50
100
100
100
100
100
100
100
100

a

conv
(%)b
90
53
90
82
63
86
45
74
87
16
55
60
5

yield
(%)c
90
84
45
74
87
56
60
-

The reaction was performed with 0.50 mmol of 1a, 0.55 mmol of 2a, and 1.00 mmol of base.
Determined by analysis of 1H NMR spectra.
c
Isolated yield after purification by silica gel column chromatography with hexane/EtOAc = 50:1.
d
silica gel–IM–Pd, which was prepared from commercially available silica gel (BW-127ZH, Fuji
Silycia Chemical Ltd., Japan) was used.
b

28

Chapter 2

reactions of 1a and 2a with BIOX–IM–Pd (Table 2). Various inorganic bases other than K2CO3 and
triethylamine that are used as a representative organic base were tested in the reaction with the catalyst (1 mol%
Pd) at 100 °C for 1 h in air. K2CO3 was found to be the best choice to give the highest conversion to the product
3a (entries 1 and 7–13, Table 2). The reaction with K2CO3 at 120 °C gave 90% conversion to 3a (entry 3). As
the reaction temperature decreased, the conversions to 3a diminished (82% conv at 80 °C, entry 4, and 63%
conv at 50 °C, entry 5). The reaction can be sufficiently facilitated with 0.1 mol% of the palladium catalyst at
100 °C to give the product 3a in 84% yield (entry 6). Silica is often used as a support for palladium-immobilized
catalysts in the Suzuki–Miyaura coupling reactions.6,10 We prepared silica gel-immobilized Pd (silica gel–IM–
Pd) similar to BIOX–IM–Pd according to our preparation procedure and tested it in the reaction with 1 mol%
Pd loading at 100 °C for 1 h under solvent-free conditions. As a result, silica gel–IM–Pd gave lower conversion
as compared to BIOX–IM–Pd (53% conv, entry 2, vs 90% conv, entry 1), indicating that the catalytic activity
was much improved by immobilization on BIOX.
The coupling reactions of various aryl halides and aryl boronic acids were performed under solvent-free
conditions (Table 3).11 The reactions of bromobenzene (1b) and aryl boronic acids bearing electron-donating
and electron-withdrawing groups (2b–e) furnished the desired products 3b–d in 77–91% yields (entries 1–4).
The reaction of 1b and 4-(trifluoromethyl)phenylboronic acid (2f), which has a low reactivity due to its
electron-withdrawing p-CF3 group, was facilitated by 3 mol% Pd catalyst and a longer reaction time to give the
product 3e in good yield (84% yield, entry 5). The coupling between non-substituted 1b and 2a delivered the
desired product 3f in 85% yield with 0.5 mol% catalyst at 120 °C for 4 h (entry 6). The reaction of 4-methyland 4-fluoro-substituted aryl bromides (1c and 1d) and 2a afforded 3b in 84% yield and 3d in 84% yield,
respectively (entries 7 and 8). Interestingly, the reaction between 4-bromonitrobenzene (mp 125 °C) (1e) and
2a (mp 217 °C) is a solid-state reaction; however, it provided the desired product 3g in high yield (95% yield,
entry 9). Among the reports on Suzuki–Miyaura coupling reactions without solvent,12,13 the solid-state reactions
are few.14 Thus, it is notable that BIOX–IM–Pd is an effective immobilized palladium catalyst for the solventfree Suzuki–Miyaura coupling reactions while the reaction was not applicable to the corresponding aryl
chlorides such as chlorobenzene and 4-chloroanisole.
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Table 3. Solvent-free Suzuki–Miyaura coupling reactions of aryl halides and arylboronic acidsa

entry ArX

Ar’

Pd
loading temp time
conv yield
(mol%) (°C) (h)
product (%)b (%)c

1

4-Methylphenyl 2b

1.0

Bromobenzene 1b

120

4

83

3b

77

2
0.5
100 and
1 phenylboronic
91
4-Methoxyphenyl
2c of 4-bromobenzene
3a
Table
4.Bromobenzene
Recycling test 1b
of BIO-IM-Pd
in the reaction
acid

91

3

Bromobenzene 1b

3-Fluorophenyl 2d

0.5

120

1

3c

88

83

4

Bromobenzene 1b

4-Fluorophenyl 2e

0.5

120

1

3d

93

82

3e

5th 94

84

45 Run Number
Bromobenzene
1st 1b
% conva

97

(Trifluoromethyl)phenyl
2nd
3rd 3.0
2f

98

98

1204th 16
94

94

6 a Determined
Bromobenzene
Phenyl
by analysis 1b
of 1H NMR
spectra2a
.

0.5

120

4

3f

90

85

7

0.5

120

1

3b

92

84

4-Bromotoluene 1c

Phenyl 2a

48

Bromofluorobenzene

Phenyl 2a

0.5

100

1

3d

95

84

Phenyl 2a

0.5

120

1

3g

98

95

1d
49

Bromonitrobenzene
1e

a

Reactions were performed with 0.50 mmol of ArX, 0.55 mmol of Ar’B(OH)2, and 1.00 mmol of K2CO3
with BIOXX–IM–Pd in air.
b
Determined by analysis of 1H NMR spectra.
c
Isolated yield after purification by silica gel column chromatography.
Recyclability of BIO–IM–Pd was examined in the reaction 1e and 2a in the presence of 0.5 mol% of
BIOX–IM–Pd and K2CO3 at 120 °C for 1 h. After the extraction of the coupling product 3g with ethyl acetate,
the BIOX–IM–Pd was purified by centrifugation and reused in the next reaction with freshly added 1e, 2a,
and K2CO3. This procedure was repeated four times until the 5th run. As shown in Table 4, it was found that
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Table 4. Recycling test of BIOX-IM-Pd in the reaction of 4-bromobenzene and phenylboronic acid

Run Number

1st

2nd

3rd

4th

5th

% conva

97

98

98

94

94

a

Determined by analysis of 1H NMR spectra.

the reactivity of the catalyst was maintained over five runs without significant loss of its reactivity. A similar
recyclability was also confirmed by using a liquid substrate such as 4-bromoanisole.
To obtain further information on BIOX–IM–Pd, scanning electron microscopy (SEM) was performed.
SEM images of unmodified BIOX, BIOX–IM and BIOX–IM–Pd are shown in Figure 1. No significant change
of the surface structure was observed on BIO–IM in the course of surface modification ((a) and (b)). In the
case of BIOX–IM–Pd, evenly dispersed nanosized particles were detected on the slightly deformed surface of
BIOX–IM ((c)). Average particle size of these particles is 13.2 nm, which was determined by the analysis of
SEM images of BIOX-IM-Pd (the size distribution histogram is in Supplementary Information). It is known
that palladium nanoparticles15 or palladium clusters16 have high catalytic activity. Hence, the observation
indicates that the reactivity of our immobilized palladium catalyst is ascribed to palladium nanoparticles that
are attached and dispersed well on the surface of modified BIO, and these palladium nanoparticles promote the
Suzuki–Miyaura coupling reactions. Detailed analysis of the catalyst and its role in the solvent-free Suzuki–
Miyaura coupling reactions will be further investigated.
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(a)

(b)

(c)

Figure 1. SEM images of (a) BIOX, (b) BIOX–IM, and (c) BIOX–IM–Pd

Conclusion
We have prepared new types of BIOX-immobilized palladium catalysts and successfully applied them to
the Suzuki–Miyaura coupling reactions. Combination of the porous nanostructure of BIOX and choice of
suitable organic cross-linker notably enhanced the catalytic activity to promote the reaction even in a nonsolvent system as well as in a solid-state system. The catalyst could be reused at least five times and was useful.
Developing the functional utility of naturally produced and ubiquitous materials such as BIOX will be an urgent
subject for environmentally benign synthesis.
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Experimental
General
3-Aminopropyltriethoxysilane

(MA),

3-(2-aminoethylaminopropyl)trimethoxysilane

(DA),

3-[2-(2-

aminoethylaminoethylamino)propyl]trimethoxysilane (TA) were purchased from Shin-Etsu Chemical Co., Ltd.,
Japan. Palladium acetate was purchased from Wako Pure Chemical Industries, Ltd. and used without further
purification. Silica gel was purchased from Fuji Shilycia Chemical Ltd., Japan. Commercially available aryl
bromides were distilled under reduced pressure before use or used without further purification. Biogenous iron
oxide (BIOX), obtained at a water purification plant in Joyo City in Kyoto, Japan, was purified by the method
in the literature before use.1 1H and 13C NMR spectra were recorded on a 600 MHz and 150 MHz spectrometer
(Varian unity INOVA AS600). Chemical shifts are reported in ppm relative to tetramethylsilane using the
residual resonance of solvents: CHCl3 (δ 7.26 ppm) for 1H NMR or CDCl3 (δ 77.16 ppm) for 13C NMR as
internal standard. Elemental analyses were performed on a Yanaco CHN recorder MT-6. ICP-OES was carried
out on a SII VISTA-PRO. Pd content of BIO-immobilized Pd catalysts was determined by ICP-OES using a
SII VISTA-PRO analyzer. Scanning Electron Microscopy (SEM) was performed on a Hitachi S-4300
microscope and was operated at 15 kV without surface deposition. FT-IR was recorded on a Shimadzu FTIR8900 spectrometer.

Procedure for synthesis of N-(2-pyridylmethylene)-3-(triethoxysilyl)-1-propanamine

To a flask charged with dried MgSO4 (6.3 g, 15.27 mmol) and dry dichloromethane (26 mL) was added
distilled 2-pyridinecarboxaldehyde (0.5 mL, 5.27 mmol) and 3-aminopropyltriethoxysilane (1.23 mL, 5.27
mmol). The mixture was allowed to stir at room temperature under nitrogen atmosphere. After being stirred for
14 h, the resulting mixture was filtered for separation of MgSO4, which was washed with dried dichloromethane.
The filtrate was concentrated and dried under vacuum to afford brown viscous oil in 68% yield (1.16 g, 4.60
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mmol). The product was identified by comparison with the spectroscopic data in the literature2: IR (KBr) 2974
(s), 2928 (s), 2885 (s), 1651 (m), 1589 (w), 1566 (w), 1470 (m), 1439 (m), 1389 (m), 1296 (w), 1165 (s), 1080
(s), 991 (w), 957 (s), 775 (s) cm-1; 1H NMR (600 MHz, CDCl3)  8.64-8.63 (1H, d, J = 4.2 Hz), 8.37 (1H, s),
7.99-7.97 (1H, d, J = 8.4 Hz), 7.75-7.72 (1H, td, J = 7.8, 1.8 Hz), 7.31-7.26 (ddd, 1H, J = 12.0, 7.2, 1.2 Hz),
3.84-3.80 (6H, q, J = 7.2 Hz), 1.88-1.83 (2H, m), 1.23-1.21 (9H, t, J = 7.2 Hz), 0.70-0.67 (2H, m); 13C NMR
(150 MHz, CDCl3)  162.1, 154.8, 149.5, 136.7, 124.7, 121.3, 64.2, 58.5, 24.3, 18.4, 8.2.

Procedure for synthesis of 1-methyl-3-[3-(triethoxysilyl)propyl]imidazolium chloride3,4

1-Methyl-3-[3-(triethoxysilyl)propyl]imidazolium chloride was prepared according to the literature.2 A dried
two-necked flask equipped with a reflux condenser was charged with 3-chloropropyltriethoxylsilane (0.53 mL,
6.67 mmol) and N-methylimidazolium chloride (1.59 mL, 6.67 mmol) via syringes. The mixture was allowed
to stir at 120 °C under argon atmosphere for 24 h. The resulting yellow sticky oil was cooled to ambient
temperature and washed with dry toluene three times, finally dried under vacuum with stirring. The product
was obtained as pale yellow viscous liquid in quantitative yield: IR (neat) 2974 (s), 2928 (s), 2889 (s), 1570
(m), 1447 (w), 1389 (m), 1296 (w), 1169 (s), 1080 (s), 957 (s), 783 (s), 648 (w), 625 (w), cm-1; 1H NMR (600
MHz, CDCl3)  10.74 (s, 1H), 7.35 (s, 1H), 7.27 (s, 1H), 4.34 (t, 2H, J = 10.8 Hz), 4.12 (s, 3H), 3.83-3.78 (q,
6H, J = 10.8 Hz), 2.04-1.96 (quint. 2H, J = 12.0 Hz), 1.22-1.19 (t, 9H, J = 10.2 Hz), 0.62-0.58 (t, 2H, J = 12.0
Hz); 13C NMR (150 MHz, CDCl3) 138.8, 123.0, 121.7, 58.8, 52.0, 36.8, 24.5, 18.4, 7.3.

General procedure for modification of BIOX with substituted trialkoxysilanes
A mixture of BIOX (300 mg), substituted trialkoxysilane (1 mmol), and toluene (3 mL) was stirred at 100 °C
for 24 h under argon atmosphere. The resulting modified BIOX was washed with ethyl acetate using
centrifugation and dried under vacuum. In the case of IM, DMF (1 mL) was added along with dry toluene (3
mL). Coverage of organic cross-linkers on modified BIOX was analyzed by elemental analysis.
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General procedure for immobilization of palladium on the modified BIOX
BIOX-immobilized Pd was synthesized following the reported method.5 A mixture of modified BIOX and
Pd(OAc)2 in dry toluene was stirred at 120 °C for 4 or 5 h under argon atmosphere (the amount of Pd(OAc)2
was calculated on the basis of the ratio of the coverage of the organic cross-linker on modified BIOX to
Pd(OAc)2 to be 1:1.2). The resulting BIOX-immobilized palladium was washed with ethyl acetate using
centrifugation and dried under reduced pressure. Palladium content was estimated by ICP-OES analysis.

Typical procedure for the Suzuki-Miyaura coupling reaction with BIOX-immobilized palladium under
solvent-free conditions
In a test tube with a screw cap, BIO-immobilized Pd, arylboronic acid and K2CO3 were mixed well until
homogeneous. After addition of arylbromide, the mixture was heated under the conditions of the temperature
and reaction time that were indicated without stirring. Organic materials were extracted with ethyl acetate (four
times) by using centrifugation and concentrated under reduced pressure.

Procedure for the recycling test
In a test tube with a screw cap, BIOX-IM-Pd (2.8 mg, 5.00 x 10-3 mmol), 4-bromonitrobenzene (101.1 mg,
0.50 mmol), phenylboronic acid (67.0 mg, 0.55 mmol) and K2CO3 (138.8 mg, 1.00 mmol) were mixed well
until homogeneous. The mixture was heated at 120 °C for 1 h in air without stirring. Organic materials were
extracted with ethyl acetate (four times) by using centrifugation and concentrated in vacuo. After drying under
vacuum, the residual solids were washed with water (four times) until nearly pH=7, then with dried acetone
(once) and finally with ethyl acetate (once). Recovered BIOX-IM-Pd was dried under vacuum and subjected
to the next Suzuki–Miyaura coupling reaction. This sequence was repeated four times until the 5th run.

Spectroscopic data of biaryl products

4-Methoxybiphenyl (3a)6
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IR (KBr) 3001 (w), 2963 (m), 2936 (w), 1605 (s), 1582 (m), 1520 (s), 1485 (s), 1462 (s), 1408 (w), 1288 (s),
1250 (s), 1200 (s), 1184 (s), 1119 (m), 1038 (s), 833 (s), 806 (w), 760 (s), 714 (w), 687 (s), 571 (m) cm-1; 1H
NMR (600 MHz, CDCl3)  7.57-7.53 (m, 4H), 7.43-7.41 (2H, t, J = 7.8 Hz), 7.32-7.30 (1H, t, J = 7.8 Hz), 6.996.98 (2H, d, J = 9.0 Hz); 13C NMR (150 MHz, CDCl3)  159.3, 141.0, 133.9, 128.9, 128.3, 126.9, 126.8, 114.3,
55.5.

4-Methylbipheyl (3b)6

IR (KBr) 3028 (m), 2920 (m), 1855 (m), 1485 (s), 1443 (m), 1404 (m), 1377 (m), 1126 (w), 1038 (w), 1003
(w), 822 (s), 752 (s), 687 (s) cm-1; 1H NMR (600 MHz, CDCl3)  7.62-7.61 (2H, d, J = 7.8 Hz), 7.54-7.53 (2H,
d, J = 7.8 Hz), 7.47-7.45 (2H, t, J = 7.8Hz), 7.37-7.34 (1H, t, J = 7.8 Hz), 7.29-7.28 (2H, d, J = 7.2 Hz), 2.43
(s, 3H); 13C NMR (150 MHz, CDCl3) 141.3, 138.5, 137.1, 129.6, 128.9, 127.1, 127.1, 127.1, 21.2.

3-Fluorobiphenyl (3c)7

IR (neat) 3063 (w), 3036 (w), 1612 (m), 1589 (s), 1477 (s), 1423 (s), 1292 (m), 1261 (m), 1184 (s), 1157 (m),
1076 (w), 876 (s), 787 (m), 756 (s), 694 (s), 529 (w) cm-1; 1H NMR (600 MHz, CDCl3)  7.61-7.60 (d, 2H, J =
7.8 Hz), 7.49-7.47 (t, 2H, J = 7.2 Hz), 7.44-7.39 (3H, m), 7.34-7.32 (dt, 1H, J = 9.6, 1.8 Hz), 7.09-7.06 (m,
1H); 13C NMR (150 MHz, CDCl3) 164.2, 162.5, 143.7, 143.6, 140.1, 140.1, 130.4, 130.3, 129.0, 128.0, 127.2,
122.9, 114.2, 114.2, 114.1, 114.1, 77.4, 77.2, 76.9.

4-Fluorobiphenyl (3d)8
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IR (KBr) 3063 (w), 2924 (w), 1597 (m), 1520 (s), 1485 (s), 1450 (m), 1396 (m), 1342 (s), 1238 (s), 1196 (s),
1161 (m), 1103 (m), 1007 (w), 837 (s), 760 (s), 687 (s), 556 (m) cm-1; 1H NMR (600 MHz, CDCl3)  7.56-7.54
(4H, m), 7.45-7.43 (2H, t, J = 7.2 Hz), 7.36-7.33 (1H, t, J = 7.2 Hz), 7.14-7.11 (2H, t, J = 9.0 Hz); 13C NMR
(150 MHz, CDCl3)  163.4, 161.8, 140.4, 137.5, 137.5, 129.0, 128.9, 128.8, 127.4, 127.2, 115.8, 115.7.

4-(Trifluoromethyl)biphenyl (3e)6

IR (KBr) 2928 (w), 1612 (m), 1570 (w), 1489 (w), 1404 (m), 1339 (s), 1273 (w), 1165 (m), 1115 (s), 1076 (s),
1007 (m), 845 (s), 768 (s), 729 (s), 691 (m), 598 (w) cm-1; 1H NMR (600 MHz, CDCl3)  7.70 (s, 4H), 7.617.60 (2H, d, J = 7.2 Hz), 7.50-7.47 (2H, t, J = 7.2 Hz), 7.43-7.41 (1H, t, J = 5.4 Hz); 13C NMR (150 MHz,
CDCl3)  144.9, 140.0, 129.6, 129.4, 129.1, 128.3, 127.6, 127.4, 125.9, 125.9, 125.8, 125.8, 125.4, 123.6.

Biphenyl (3f)6

IR (KBr) 3032 (m), 1566 (m), 1516 (w), 1477 (s), 1427 (s), 1342 (w), 1169 (w), 1088 (w), 1042 (w), 1003 (w),
903 (m), 729 (s), 694 (s), 610 (m) cm-1; 1H NMR (600 MHz, CDCl3)

7.62-7.60 (4H, d, J = 7.8 Hz), 7.47-

7.44 (4H, t, J = 7.8 Hz), 7.37-7.35 (2H, t, J = 7.8 Hz); 13C NMR (150 MHz, CDCl3)  141.2, 128.9, 127.4,
127.3.

4-Nitrobiphenyl (3g)6
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IR (KBr) 1597 (m), 1574 (w), 1512 (s), 1477 (w), 1450 (w), 1346 (s), 1103 (w), 853 (s), 775 (w), 741 (s), 694
(m) cm-1; 1H NMR (600 MHz, CDCl3)  8.31-8.29 (d, 2H, J = 8.4 Hz), 7.75-7.73 (2H, d, J = 15.6 Hz), 7.647.62 (2H, d, J = 7.2 Hz), 7.52-7.49 (2H, t, J = 7.2 Hz), 7.46-7.44 (1H, t, J = 7.2 Hz); 13C NMR (150 MHz,
CDCl3)  147.8, 147.2, 138.9, 129.3, 129.1, 127.9, 127.5, 124.2.
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Supporting Information

Reaction of 4-bromoanisole and Phenylboronic acid in the presence of Pd(OAc)2 and 1-butyl-3methylimidazolium chloride

The amount of 1-butyl-3-methylimidazolium chloride is calculated based on the ration of Pd and IM on BIOXIM-Pd.

Information of silica gel and silica gel-IM-Pd (data of BIOX and BIOX-IM-Pd are also shown for
comparison)
Table 1. Surface area and pore diameter of BIO and silica gel

a

support

surface area (m2/g)

pore diameter (nm)

BIOX

280

11

silica gela

530

6

BW-127ZH, Fuji Shilycia Chemical Ltd., Japan.

Table 2. Analytical data of immobilized Pd catalysts
coverage of IMa

Pd content of immobilized Pdb

(mmol/g)

(mmol/g)

BIOX-IM-Pd

1.58

0.89

silica gel-IM-Pd

1.66

0.66

Immobilized Pd catalyst

a

Determined by elemental analysis. b Determined by ICP-OES analysis.
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Results of the reactions of arylchlorides with phenylboronic acid under solvent-free conditions

Recyclability test of BIO-IM-Pd in the reaction of 4-bromoanisole and phenylboronic acid

Run number

1st

2nd

3rd

4th

5th

% conv

89

85

76

74

80

Size distribution of Pd on BIOX-IM-Pd

Figure 1. Size distribution of Pd particles on BIOX-IM-Pd (obtained from analysis of SEM images).
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Chapter 3

Magnetic attachment of lipase immobilized on bacteriogenic iron oxide inside a
microtube reactor for the kinetic resolution of secondary alcohols

Abstract
A PTFE microtube reactor was constructed with lipase immobilized on magnetized bacteriogenic iron
oxide, which was retained inside of the tube by attraction to an external magnet. The reactor was used for the
lipase-promoted kinetic resolution of secondary alcohols and gave sufficient catalytic activity, which was
maintained during long-term flow over 14 days.
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Introduction
Iron-based oxides produced by aquatic iron-oxidizing bacteria are found ubiquitously as ocher deposits in
aquatic environments, and are considered to be generated during bacterial vital activity. 1 We refer to such iron
oxides as biogenous iron oxides (BIOX). Currently, such bacteria are used to purify drinking water at fresh
water-purification plants by removing iron from the water.
1,2

However, the resulting large amount of BIOX causes problems and needs to be disposed of as industrial

waste. Microscopic analyses of BIOX, and especially that produced by the bacteria Leptothrix ochracea,
revealed that it has unique features that cannot be achieved artificially; BIOX is a unique tubular assemblage
(Figure 1) of mild aggregates of Fe3+-based amorphous iron oxide nanoparticles with a diameter of ~3 nm,
along with specific amounts of silicon and phosphorous as minor elements in its structure (the ratio of Fe:Si:P
= 73:22:5). The tubules have a complex porous surface structure, which results in a relatively large surface area
(280 m2/g).
1,3

Further active investigations of its structure, morphology and genesis have been conducted from the

perspective of inorganic chemistry
1,4

5

and microbiology.

BIOX produced by Leptothrix ochracea has been shown to be useful and environmentally benign and

ubiquitous material that is suitable for use as an anode active material for lithium-ion batteries,

50 m

Figure 1. SEM image of BIOX produced by Leptothrix ochracea.
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Figure 2 Preparation of magnetized BIOX-immobilized lipase (BCL/m-BIO-M).

3,6

7

and as a precursor for pigments, magnetic nanocomposites, and acidic silica.

In the field of organic chemistry, we have demonstrated that BIOX can be used as an oxidation catalyst8 and

a solid support for solid catalysts; i.e., immobilized enzymatic catalysts for the kinetic resolution of secondary
alcohols,9 immobilized palladium catalysts for solvent-free Suzuki-Miyaura coupling reactions,10 and
immobilized metal-porphyrin catalysts for the synthesis of carbonates from epoxides and carbon dioxide. 11
BIOX can be exposed to diverse heating and work-up conditions for derivatization. One of the derivatives of
BIOX is magnetized iron oxide covered with silicate, hereafter referred to as m-BIOX,12 which is used as a
support for magnetically recoverable and recyclable immobilized enzyme catalyst.
2

The catalyst (BCL/m-BIO-M) was prepared from BIOX in three major steps, including heat treatment of

BIOX to give magnetized iron oxide(m-BIOX), surface modification of m-BIOX to give m-BIO-M, and
immobilization of lipase (Figure 2). The lipase, Burkholderia cepacia lipase (BCL), was anchored on the
surface of m-BIOX via the interaction with the organic cross-linkage, which was introduced in the surfacemodification step by the reaction of m-BIOX with the silane coupling agent. We previously reported that the
catalyst, hereafter BCL/m-BIO-M, could be used in a batch system for the kinetic resolution of secondary
alcohols. It could be separated from the reaction mixture using an external magnet and showed sufficient
catalytic activity in a recyclability test.2b However, BCL/m-BIO-M was less active than the immobilized
catalyst in which BCL was grafted onto untreated BIOX in the same manner as for the preparation of BCL/m46
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BIO-M. One possible reason for this result could be the decrease in the surface area of m-BIOX after heat
treatment compared to that of untreated BIOX (280 m2g-1, BIOX vs 19 m2g-1, m-BIOX). The microflow
technique can make organic synthesis quite powerful, especially from the perspective of reaction
integration.13,14 By taking advantage of a flow-microreactor, short-lived, highly reactive intermediates such as
organolithium species can be controlled to promote the desired reactions.15 Integrated continuous-flow systems
enable the effective synthesis of even complex molecules such as bioactive oligosaccharides 16, natural products
and drugs.17 To further promote the use of microflow systems in fine organic chemistry, modification of the
reaction channel where the reaction actually takes place in a continuous-flow system is of great importance.
One attractive option to accomplish this is through the introduction of a catalytic polymer membrane between
laminar aqueous and organic layers inside a microchannel to achieve efficient catalytic organic
transformation.18 Inspired by this report, we envisioned that our catalyst (BCL/m-BIO-M) could be attached
into a flow path by the magnetic attachment using the interaction with an external magnet if we properly use
the magnetic property of BCL/m-BIO-M. Also, the use of our catalyst (BCL/m-BIO-M), which is composed of
two environmentally benign and ubiquitous bio-oriented materials (BIOX and enzyme), in the microreactor
could be even more advantageous in terms of a green process, in addition to reducing the need to separate the
catalyst from the reaction solution.19 The installation of magnetized immobilized catalysts in microfluidic
systems has received much attention.20 In previous reports on the application of enzymes in microreactors, 21
magnetized enzymes have also been installed in microchannels using the interaction with a magnetic field to
fabricate readily replaceable and regenerable microreactors. Enzymes immobilized on magnetic microparticles
have been integrated into Teflon tubing for flow injection analysis22 and into microchannels on microchips for
proteolysis23 and other enzymatic reactions.
8,9

Enzymes immobilized on magnetic beads or nanoparticles have been embedded in capillaries for capillary

electrophoresis
10,11

12

and for the electrochemical detection of glucose.

Although a few enzyme microreactors have been used for organic reactions, including kinetic resolution,24

there has been no report on the application of a microreactor that incorporated a magnetized immobilized
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enzyme for organic synthesis. Herein, we describe the construction of a microtube reactor that involves
magnetic retention of an immobilized catalyst that is composed of two bio-oriented materials (bacteriogenic
iron oxide and lipase) using an external magnet, and its application for organic synthesis. Our microtube reactor
have several advantages: (i) the catalyst used in the reactor is made of easily obtainable bio-oriented materials,
bacteriogenic iron oxide and lipase, (ii) our microflow system is simple and easy-to-construct by using magnetic
field, (iii) the catalyst in a microtube is easily attachable and detachable by on-off of the magnetic field, (iv) a
special packing technique is not required, (v) decrease in pressure during continuous flow can be prevent.
A schematic diagram of the microtube reactor with BCL/m-BIO-M, a photograph, and micrographs are
shown in Figure 3. BCL/m-BIO-M was placed inside a PTFE tube (0.75 mm in inner diameter) using a
diaphragm pump as a suction device and retained by magnetic interaction with a linear assemblage of
neodymium magnets placed immediately outside of the tube. Aggregates of the catalyst spread out under the
magnetic field produced by the magnets. The PTFE tube with BCL/m-BIO-M was then attached to a gas-tight
syringe filled with a solution of secondary alcohol and vinyl acetate in diisopropyl ether via a PEEK ferrule
and adaptor, and the syringe was attached to a syringe pump. Part of the PTFE tube and the magnet were kept
in a water bath at 30 °C.25 Micrographs of the magnetic retention of BCL/m-BIO-M in the microtube, which
was filled with the reaction solvent (diisopropyl ether) were taken using a digital microscope (KEYENCE
VHX-2000) (Figure 3, c and d). The magnets clearly showed strong magnetic interaction with BCL/m-BIO-M,
which was densely packed into bundles with a myriad of interspaces. The catalyst was not evenly dispersed,
probably due to the non-uniformity of the magnetic field produced by the linear assemblage of tiny neodymium
magnets. The catalytic performance of BCL/m-BIO-M in the reactor was evaluated in terms of the kinetic
resolution of 1-phenylethanol (rac-1a) at 30 °C, with reference to the reaction conditions previously reported
for a batch system.2b The reaction solution was injected from the syringe at a certain flow rate until the system
reached a steady state. We used 2 equivalents of vinyl acetate to rac-1a and the concentration of the reaction
solution was set at 0.2 M. 26 First, the optimal flow rate was examined using a PTFE tube filled with 4 mg of
BCL/m-BIO-M from 1.0 to 37.8 Lmin-1 by changing the flow rate sequentially in descending order. A
sufficient amount of the steady-state product at each flow rate was collected for 1H NMR and high performance
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liquid chromatography (HPLC) analyses. As summarized in Table 1, as the flow rate decreased, the conversion
of alcohol (rac-1a) increased from 26% to 52% and the enantiomeric excess of (S)-1a increased from 34% to
>99%. As the flow rate decreased, the enantiomeric excess of ester 2a also decreased from 99% to 94%. The E
values were more than 200 at all of the flow rates tested. Overall, the kinetic resolution of rac-1a was found to
proceed most efficiently at a flow rate of 4.2 Lmin-1 with good conversion, good optical purities of the two
products, (R)-2a and (S)-1a, and high E values (entry 5 in Table 1). Next, under the optimized flow rate (4.2
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(a)

(b)

(c)

(d)

Figure 3. Schematic representation (a) and photograph (b) of the PTFE tube reactor system. Microscopic
images of the PTFE tube with BCL/m-BIO-M with a neodymium magnet (c) and a magnified view of the
region highlighted in (c) (d).
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Table 1. Investigation of flow rate with BCL/m-BIO-M in the kinetic resolution of 1-phenylethanola

flow rate

conversion

ee(ester)

ee(alcohol)

entry

(Lmin-1)

(%)b

(%)c

(%)c

Ed

1

37.8

26

99

34

>200

2

12.6

41

99

68

>200

3

7.0

46

98

83

>200

4

5.6

46

98

84

>200

5

4.2

49

98

92

>200

6

2.8

49

96

93

>200

7

1.4

52

94

>99

>200

a

4 mg of BCL/m-BIO-M was placed inside a tube. The reaction was performed with a 0.2 M solution of 1phenylethanol, vinyl acetate (2 equiv) in diisopropyl ether at 30 ℃.
b
Determined by HPLC analysis using the following equation: conversion (c) = ee(alcohol)/[ee(alcohol) + ee(ester)].
c
Determined by HPLC analysis.
d
Determined by HPLC analysis using the following equation: E = ln{[1-c(1 + ee(ester))]/ln{1-c[1-ee(ester)]}.

Lmin-1), the solution of 1-phenylethanol (rac-1a) and vinyl acetate in diisopropyl ether (0.2 M) was
continuously infused into the PTFE tube that contained BCL/m-BIO-M for 5 days. For continuous monitoring
of the performance of BCL/m-BIO-M (4 mg), the eluent was collected for each 6 h period and analyzed by 1H
NMR and HPLC (Figure 4). As a result, high catalytic performance was maintained during the overall
experiment. In addition, we also performed a longer-term continuous-flow experiment for 14 days. In this case,
the syringe had to be periodically filled with the reaction solution during the experiment. Overall, 2.0 g (16.8
mmol) of rac-1a was passed through the microtube reactor during the total 14 days. Analyses and purification
by silica gel column chromatography of the collected eluent revealed that the desired products were obtained
in 48% conversion with a high E value of >200 and sufficient enantiopurities of (R)-2a (1.1 g, 7.0 mmol) and
(S)-1a (0.9 g, 7.2 mmol): 97% ee and 89% ee, respectively. The total turnover number (TTN), defined as the
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Figure 4. Kinetic resolution of 1-phenylethanol during 5 days of continuous flow at the optimal flow rate.

Scheme 1. Kinetic resolution of 1-phenylethanol under 14 days of continuous flow.

total number of moles of the product formed per mole of the enzyme, during 14 days of continuous flow was
calculated to be 2,079,000, which is much higher than that obtained in a four-fold recycling test in the same
reaction with BCL/m-BIO-M in a batch system (49,500).11 This indicates that the microreactor with BCL/mBIO-M ensures a more stable supply of the desired products than a batch system, which often suffers from
catalyst disruption due to stirring or substrate inhibition.
The reactions with rac-1a and rac-1b were performed in the reactor with a decreased amount of BCL/mBIO-M (2 mg). The optimal flow rate with 2 mg of the catalyst was reexamined by sending the reaction solution
containing rac-1a through the tube reactor, and was found to be 1.4
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Table 2. Kinetic resolution of secondary alcohols using less of the catalyst.a

conversion

ee (%)

(%)

(R)-2

(S)-1

E

1

50

97

98

>200

2

45

98

79

>200

entry

a

alcohol

See the footnote in Table 1. 2 mg of BCL/m-BIO-M was used.

rac-1a was sufficiently promoted (entry 1, Table 2). At this flow rate, rac-1b also efficiently underwent
transformation in the reactor (45% conversion, E value of >200, entry 2). Throughout the investigation, we
found that the kinetic resolution of secondary alcohols proceeded efficiently in the microtube reactor with our
immobilized catalyst. The catalyst took the jagged morphology spontaneously in the flow path under the
magnetic field without a special manipulation (see Figure 1 c, d). We speculate that the alignment would
promote efficient mixing and turbulent flow during passage of the reaction solution. Accordingly, the catalyst
effectively makes contact with the reactants at a particular flow rate to promote the kinetic resolution reaction
with sufficient efficiency.
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Conclusion
We constructed a microtube reactor in which lipase was immobilized on magnetized iron oxide derived
bacteria-produced amorphous iron oxide. The enzyme catalyst in the reactor showed sufficient catalytic activity
in the kinetic resolution of secondary alcohols at the optimal flow rate of the reaction solution. Moreover, the
catalyst maintained its high catalytic activity in a long-term flow experiment without flowing out. Our
microtube reactor is an easily prepared without special care about the introduction of the catalyst in a flow path
to achieve efficient organic reaction. The catalyst can be attached and detached with technical ease by the onoff of the magnetic field. This is the first example of the use of a highly environmentally benign catalyst made
of readily available bio-oriented materials (bacteriogenic iron oxide and lipase). Further studies will be needed
to determine whether catalysts other than enzymes can be used in this type of microtube reactor.
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Experimetal
General
1

H NMR spectra was recorded on a Varian NMR system 600 (600 MHz) spectrometer at the SC-NMR

Laboratory of Okayama University. Chemical shifts were reported in ppm with the solvent resonance resulting
from incomplete deuteration as the internal standard (CDCl3: 7.26 ppm). Data is reported as follows: chemical
shift, multiplicity (s = single, d = doublet, t = triplet, q = quartet, br = broad, m = multiplet) coupling constants,
and integration. Enantiomeric ratios were determined by analytical liquid chromatography (HPLC) Shimadzu
chromatograph (DICEL CHIRALCEL OJ-H (4.6 x 250 mm) in comparison with authentic racemic materials.
1-Phenylethanol, vinyl acetate and diisopropyl ether were sourced commercially and distilled before use. 1-(2naphthyl) ethanol was used as received. BCL/m-BIO-M was prepared according to the method previously
reported.1
Racemic samples were synthesized from commercially available starting materials through the known
methods. The content of the enzyme immobilized onto m-BIO-M was determined by the method of Bradford
from the amounts of enzyme in the solutions before and after immobilization to be 3.2% (w/w).
Typical procedure for construction of the microtube reactor:
The tube was placed into a narrow gain of a wooden stick (about 10 cm long) with the almost same width as
the tube. One side of the tube (40 cm) was connected to a diaphragm pump via a PEEK connector and BCL/mBIO-M (2 or 4 mg) was sucked from the other side. BCL/m-BIO-M sucked was retained by the magnetic
interaction with an external assembly of neodymium magnets placed at a middle part of the tube. The tube,
wooden stick, and the magnets were put on a wire-wove base in a water bath filled with water (30 ˚C). Then
the tube was connected to a gas tight syringe via a PEEK connector, which was filled with alcohol and vinyl
acetate in diisopropyl ether, and the syringe was placed on a syringe pump.

Typical procedure for kinetic resolution of secondary alcohol in the microtube reactor
A gas tight syringe filled with the solution of the secondary alcohol (0.2 M) and vinyl acetate (0.4 M) in
diisopropyl ether was placed on a syringe pump. The solution was fed at a flow rate and several drops of the
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eluent was collected in a sample tube and directly analyzed by HPLC. The enantiomeric excess (ee) values of
the ester and unreacted alcohol were obtained by chiral HPLC analysis. The conversion (c) and enantiomeric
ratio (E) of kinetic resolution were calculated according to the literature.25
Kinetic resolution of 1a. The products were characterized according to the literature.

11

(S)-1a: 1H NMR

(CDCl3, 600 MHz)  7.39-7.26 (m, 5H), 4.91 (q, J = 6.6 Hz, 1H), 1.51(d, J = 6.6 Hz, 3H); HPLC: CHIRALCEL
OJ-H, hexane/i-PrOH (99:1), flow rate 0.5 mLmin-1, UV detection =254 nm, (S) 24.4 min, (R) 29.0 min. (R)2a, 1H NMR (CDCl3, 600 MHz)  7.35–7.27(m, 5H), 5.89 (q, J = 6.6 Hz, 1H), 2.07 (s, 3H), 1.54 (d, J = 6.6 Hz,
3H; HPLC: CHIRALCEL OJ-H, hexane/i-PrOH (99:1), flow rate 0.5 mLmin-1, UV detection  =254 nm, (R)
60.0 min, (S) 64.9 min.

Peak #

Ret. Time

Area

Area %

Peak #

Ret. Time

Area

Area %

1

22.339

38349

23.009

1

24.415

162474

47.716

2

26.778

37906

22.743

2

29.050

2368

0.695

3

56.542

45400

27.239

3

60.098

165776

48.685

4

61.451

45016

27.009

4

64.941

9887

2.904

Kinetic resolution of 1b. The production of (S)-1b and (R)-2a was confirmed by the comparison of 1H NMR
spectrum of the crude mixture with 1H NMR spectra of (S)-1b and (R)-2b in the literature.

11

HPLC:

CHIRALCEL OJ-H, hexane/i-PrOH (19:1), flow rate 0.6 mLmin-1, UV detection =254 nm, (S)-1b: (S) 22.4
min, (R) 26.6 min. (R)-2b: (R) 42.3 min, (S) 56.5 min.
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Peak #

Ret. Time

Area

Area %

Peak #

Ret. Time

Area

Area %

1

21.346

27608265

24.743

1

22.468

81820

44.873

2

25.023

27627653

24.760

2

26.685

864

0.540

3

37.205

28172579

25.248

3

42.373

47198

48.985

4

49.851

28173421

25.249

4

56.581

4187

5.603

Purification of crude product obtained from 14-day continuous flow and calculation of TTN.
Acetophenone was observed in the crude product in about 3% determined by 1H NMR analysis. The
crude product was purified by silica gel column chromatography with hexane:EtOAc = 5:1 and some amount
of acetylated product came off with acetophenone.
TTN (the total turnover number) is the total number of moles of the product formed per mole of the
enzyme. Calculated using molecular weight of Burkholderia cepacia lipase as 33,000 from
TTN =

16.8 ×0.48
= 2,079,000
(4×0.032 ÷ 33000)
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Chapter 4

Bacteriogenic Iron Oxide as an Effective Catalyst for Baeyer-Villiger Oxidation
with Molecular Oxygen and Benzaldehyde

Abstract
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 Mössbauer spectroscopy revealed that no change
of the surface structure of L-BIOX was observed even after 4 times of the recycling test and the oxidation state
of iron in L-BIOX is trivalent before and after the oxidation of cyclohexanone. An investigation 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.
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Introduction
Iron oxides produced by aquatic iron-oxidizing bacteria are ubiquitous in nature and considered to be
generated through a process in which the bacteria gain energy for their vital activity by oxidizing soluble Fe 2+
ions into insoluble Fe3+ ions.1-3 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, Leptothrix ochracea is used
to purify drinking water at fresh water 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 industrial waste (Figure 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:P =
73:22:5, except oxygen), and additional organic compounds such as polysaccharides and proteins (Figure 1b,
c). The tubules consist of mild aggregates of Fe3+-based amorphous iron oxide nanoparticles with a diameter
of ~3 nm, leading to 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
perspective of inorganic chemistry7,4 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 nanocomposites, and acidic
silica.10 Especially in the field of organic chemistry, we have demonstrated that L-BIOX can be used as a solid

(a)

(c)

(b)
500 m

Figure 1 (a) Photo of a brown precipitate of iron oxide produced by an iron-oxidizing bacteria, Leptothrix
ochracea, (L-BIOX) at a freshwater purification plant, Joyo City, Kyoto, Japan, (b) and (c) SEM images of
L-BIOX.
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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 coupling reactions.12 Metalporphyrin catalysts anchored on L-BIOX have also been shown to be catalytically active in the synthesis 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 silicate,14-16 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 bacterial origin itself as

a catalyst in organic synthesis.20-24 Comparison 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.

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 -Fe2O3, -Fe2O3, Fe3O4, and  -Fe. The reaction of 1a with L-BIOX
bearing an elemental composition of Fe:Si:P = 73:22:5 gave the desired lactone 2a in 50% yield (entry 1), while
L-BIOX with Fe:Si:P = 78:10:12 gave 2a in 40% yield (entry 2), suggesting that the elemental composition of
L-BIOXs may influence the catalytic activity (vide infra).8 The reactions with Fe (III) oxides such as  -Fe2O3
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Table 1. Baeyer-Villiger Oxidation of Cyclohexanone with Various Iron Compounds.

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 3 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:P = 73:22:5 (except
for O).
d
L-BIOX was obtained from a cultivation tank at Okayama University, Okayama, Japan. Fe:Si:P = 78:10:12 (except
for O).

and  -Fe2O3 gave 2a in yields of 18% and 36%, respectively (entries 3 and 4). The reactions with Fe3O4 and 
-Fe provided the product in 44% and 36% yield, respectively (entries 5 and 6). L-BIOX with Fe:Si:P = 73:22:5
definitely enhanced the reaction 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 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.26-28 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 provided 2a in yields of 4% and 8%, respectively (entries 4 and 5);
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Table 2. Baeyer-Villiger Oxidation of Cyclohexanone with Various Iron Compounds and Aldehydes.a

entry

solvent

aldehyde

yield (%)b

1

benzene

none

<2

2

benzene

benzaldehyde

48

3

benzene

3-chlorobenzaldehyde

10

4

benzene

heptanal

4

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:P=73:22:5 was used.
Determined by GC analysis.
c
The reaction was carried out at 50 °C for 3 h.
b

these results are consistent with previous reports.19,26 Further investigation of the amount of benzaldehyde
revealed that the reaction 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 1,2DCE (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 (tetrahydrofuran) 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-catalyzed BaeyerVilliger oxidation under milder conditions for the subsequent easy screening according to the results in entries
6-9, 11 and 12.30
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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 conditions for each substrate allowed
Baeyer-Villiger oxidation products to form in 23->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 lactone 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 systems compared to other iron-containing
heterogeneous catalysts such as iron-containing mesoporous silica

31-34

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 reaction with 2-methylcyclohexanone 1c proceeded selectively to give 96% of the corresponding
lactone 2c along with 4% of 2c’ (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 adamantanone 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
Table 3. Baeyer-Villiger Oxidation of Various Ketones with L-BIOX.a

entry

substrate

Fe (mol %); time (h)

product

yield (%)b

1

1; 3

>98

2

10; 6

84
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entry

3

substrate

Fe (mol %); time (h)

product

10; 6

yield (%)b

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:P=73:22:5 was used.
Determined by GC analysis.

b
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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
5 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.
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.

Figure 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 Mössbauer 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) = 0.385 mm/s) and after the reaction (IS = 0.377 mm/s) (see Supplementary
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Figure 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).

data, Figure S1), indicating that there was no detectable change in the oxidation state of iron in L-BIOXcatalyzed Baeyer-Villiger oxidation in the benzaldehyde/O2 system.
We subsequently turned our attention to the effect of the elemental composition of L-BIOX (Fe:Si:P) on
its reactivity in Baeyer-Villiger oxidation, since L-BIOX with different elemental compositions showed
different catalytic reactivities, as shown in Table 1 (L-BIOX with Fe:Si:P = 73:22:5, entry 1 vs L-BIOX Fe:Si:P
= 78:10:12, entry 2). In our previous report, we stated that L-BIOX has an amorphous structure similar to that
of 2-line ferrihydrite (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 synthesis of silicon-containing 2Fhs,38,39 and decided to use these L-BIOXanalogous iron oxides in the Baeyer-Villiger reaction of cyclohexanone 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
Figure 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 the molar 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 Figure 3. The reactions with Six/2Fhs with x ranging from 0 to 0.360 furnished the
lactone 2a in a similar yield as L-BIOX, and the yield tended to increase as the silicon molar ratio increased
(entries 1-7). Silicon molar ratios of 0.432 and 0.504 in Six/2Fhs facilitated the reaction more efficiently, and

69

Chapter 4

Table 5. Baeyer-Villiger Oxidation of Cyclohexanone with Si-containing 2-Line Ferrihydrites and
Aerosil® 300.a

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

1.000

27

12

Aerosil® 300

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.

Figure 3. Plot of the yield of 2a vs silicon content (red square: L-BIOX, blue circle: Six/2Fhs, black diamond shape:
Aerosil® 300).
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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 x = 0.576 and Fe:Si:P = 78:10:12, entry 2). In our previous report, we stated
that L-BIOX has an amorphous structure similar to that of 2-line ferrihydrite (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 synthesis of siliconcontaining 2Fhs,38,39 and decided to use these L-BIOX-analogous iron oxides in the Baeyer-Villiger reaction of
cyclohexanone 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 Figure 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 the molar 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 Figure 3. The reactions with
Six/2Fhs with x ranging from 0 to 0.360 furnished the lactone 2a in a similar yield as L-BIOX, and the yield
tended to increase as the silicon molar ratio increased (entries 1-7). 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 x = 0.576 and 0.648,
however, reduced the yield of 2a to 45 and 43%, respectively (entries 10 and 11). The reaction with Aerosil®
300 gave the lactone 2a in 27% yield, indicating that iron component is necessary to facilitate 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
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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 commercially
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 depend 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 catalyst in other types of reactions are now underway.

Experimental
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. -Fe2O3,  -Fe2O3 and Fe3O4 were obtained from Kanto, 
-Fe was from Kojundo Chemical, and Aerosil®300 was from Aerosil. Starting Materials (1a-i) 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 aldehydes were distilled under reduced pressure before
use. Dichloromethane, 1,2-dichloroethane, toluene, acetonitrile, dimethylformamide were distilled before use.
Super dehydrated tetrahydrofuran was purchased from Wako and used as received. Benzene was purchased
from Wako and used as received. Yield of Baeyer-Villiger oxidation products were determined using dodecane
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 following 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 concentrations of m-Na2SiO3·9H2O
(nacalai tesque) aqueous solution were prepared and then these two solutions were mixed to prepare 1L solution.
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Si concentrations were adjusted to x = Si/(Si + Fe) (x = 0-0.90 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.

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 L) and benzene (1 mL). 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 2c’ was identical with
the reported data.43

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 3 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.
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Supplementary Information

Table S1. Investigation of the amount of benzaldehyde in L-BIOX-catalyzed Baeyer-Villiger oxidation of
cyclohexanone.

entry

X equiv

yield (%) a

1

0

<2

2

1

31

3

2

77

4

3

89

a

Determined by GC analysis using dodecane as an internal standard.

before the
reaction

Figure S1. Mössbauer spectra of L-BIOX before and after 3 h reaction of Baeyer-Villiger oxidation of
cyclohexanone.
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Figure S2. XRD patterns of L-BIOX with Fe:Si:P = 73:22:5 and Si x/2Fh with x = 0, 0.3, 0.5.
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Table S2. Baeyer-Villiger Oxidation of Cyclohexanone with L-BIOX and P-containing 2-line Ferrihydrite
(Px/2Fh). a

entry

catalyst

P molar ratio x

yield (%) b

1c

L-BIOX

0.05

38

2

Px/2Fh

0.1

29

3

0.2

35

4

0.3

35

5

0.4

22

6

0.5

4

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 using dodecane as an internal standard.
c
L-BIOX with Fe:Si:P = 73:22:5 was used.

Figure S3. Plot of the yield of 2a vs phosphorous content (red square: L-BIOX, blue circle: Px/2Fhs).
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Chapter 5

Sequential Oxidative Transformation of 2-Naphthols
with Bacteriogenic Amorphous Iron Oxide

Abstract
BIOX was used for oxidative coupling reaction of 2-naphthols under solvent-free conditions to
provide the corresponding BINOLs efficiently. BIOX had higher ability to accelerate the reaction as compared
to typical iron compounds, -Fe2O3, -Fe2O3, Fe3O4, and -Fe. When the reaction temperature was elevated to
130 ºC, 2-naphthol was transformed into peri-xanthenoxanthene via BINOL formation in the presence of BIOX
and certain amount of oxygen in one-pot. BIOX was found to provide PXX while -Fe2O3 and -Fe2O3 did not
under the same reaction conditions using 2-naphthol. This is the first example of one-pot efficient synthesis of
PXX from 2-naphthol using iron-based oxide. Furthermore, the production of three types of Br-substituted
PXX derivatives from the corresponding Br-substituted 2-naphthol derivatives were confirmed by 1H NMR
and mass spectroscopy.
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Introduction
Among versatile organic frameworks derived from 2-naphthols, enatiomerically enriched 1,1’-2,2’binaphtols (BINOL) and a wide range of its derivatives are most widely used chiral inducers for highly
enantioselective catalytic reactions.
1,2,3

BINOLs can be obtained in straightforward way by oxidative coupling reactions of 2-naphthols typically

using transition metal-containing oxidants such as vanadium, manganese, iron, and copper.
4,5,6,7,8,9,10,11,12,13,14,15

Great attention has been devoted to synthesize optically enriched BINOL by

enantioselective oxidative coupling using chiral oxidants.
6,11,15

Whereas optically enriched BINOL can be also obtained simply and efficiently by the subsequent

resolution using chiral resolving agent such as commercially available N-benzylcinchonidinium chloride in a
large scale after large scale synthesis of racemic BINOL in non-enantioselective reaction.
11,16,17,18

As a pioneering work of iron-promoted non-enantioselective oxidative coupling reaction of 2-naphthols,

Toda and his coworkers have reported the use of stoichiometric amount of iron(III) chloride hexahydrate
(FeCl3·6H2O) in the reaction of 2-naphthol at 50 ºC for 2 h under solvent-free conditions to obtain BINOL in
95% yield.
19

Although the authors did not clearly mention in their report, at the reaction temperature, 50 ºC, FeCl3·6H2O

(the melting point is around 34 ºC) could be melt of ion pairs of [FeCl2(H2O)4]+[FeCl4(H2O)2]- according to the
literature
20

and the reaction could take place in the melt as a reaction mediator although no organic solvents was used.

9

Following the report, various iron-based promotor or catalyst for this type of transformation have been

developed such as Fe-incorporated mesoporous silica (MCM-41),
21

FeCl3-adsorbed Al2O3

22

and used for this type of transformation in reaction solvent. However, to the best of our knowledge, there is

no repot on the use of iron oxide in the transformation so far.
Oxidative coupling of 2-naphthols could generate unknown byproducts. During their course of the study
on the oxidative coupling reaction using FeCl3 in dichloromethane under reflux conditions, Tsubaki and his
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Scheme 1. Oxidative coupling of 2-naphthol using iron-based oxidants
(a) Toda’s work

(b) This work

coworkers found that an unknown byproduct, which was found to be a spiro compound, was generated along
with BINOL as a major product.
23

The spiro compound was obtained most efficiently and selectively when FeCl3•6H2O was used. They

proposed BINOLs formed from 2-naphthols underwent one-electron oxidation two times and subsequent
pinacol-type rearrangement gave the corresponding spiro compounds. Corma et al. reported the use of Fe3+- or
Cu2+-doped MCM-41 aluminosilicate as catalyst for highly selective oxidative coupling of 2-naphthol to
synthesize BINOL.
21

They figured out two byproducts, dinaphthofuran and peri-xanthenoxanthene (PXX), that were

generated in high amount when CuSO4 immobilized onto aluminum oxide was used as catalyst among the solid
catalysts they tested. They supposed that dinaphthofuran was generated by dehydration and perixanthenoxanthene (6,12-dioxaanthanthrene, PXX) was by overoxidation of BINOL.
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Among byproducts mentioned above, PXX is a material of importance because of its charge transport
and injection properties, ease of processing, and stabilities toward air, light, moisture, and oxygen contrary to
others. These properties stem greatly from two oxygen atoms in its structure. Thus, although PXX skeltons can
be also found in nature as a pigment,
24

PXX derivatives have been realized rather as one of organic semiconductors in transistor for rollable

organic light emitting displays (OLEDs). There have been not so many reports on the synthesis of PXX; most
of them are prepared over more than two steps including intramolecular C-O bond formation of BINOL
derivatives which are preliminarily prepared from the corresponding 2-naphthols. In the early 20th century,
Pummerer et al. reported the preparation of PXX through the oxidative coupling of 2-naphthol using FeCl3 and
obtained BINOL was subjected to the reaction using Cu(OAc) 2 and NaOH aqueous solution with heating to
yield PXX in moderate yield.
25

Inabe et al. followed their procedure to synthesize PXX to study charge transfer properties and crystal

structures of PXX and three types of PXX-based complexes.
26

For preparation of substituted derivatives of PXX with silicon functional groups from the

corresponding 3,3’-substituted binaphthols. Weinert et al. employed one equivalent of the mercury(II) amide
Hg[N(SiMe3)3]2 and performed the reaction in benzene at 85 ˚C for 24 hours. The authors described the reaction
with mercury(II) amide proceeded via an intramolecular electrophilic aromatic substitution reaction based on
the intermediates detected by NMR spectroscopy.
27

Swager and Song designed and developed the novel conducting polymers containing PXX units.

28

They introduced PXX unit by electrochemical oxidative cyclization of electropolymerizable binaphthol

precursor with tethered oligothiophenes at proper positions of binaphthol skelton at the final stage of the
synthesis. The introduction of PXX units improved the conducting property of the moderately conducting
segmented polymer. Kobayashi et al. at organic electronics research laboratory in Sony corp. have synthesized
and characterized stabilized 3,9-diaryl-substituted PXX for organic thin-film transistors in 2009.
29

They synthesized PXX derivatives from PXX, which was prepared from binaphthol according to the

report by Inabe mentioned above. First, two bromo groups were introduced to the most reactive 3- and 983
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positions of PXX using bromine in dichloromethane to generate dibromo-substituted PXX. Subsequent SuzukiMiyaura cross coupling reaction was performed with either phenyl or para-propylphenyl boronic acid pinacol
ester in the presence of catalytic amount of Pd[(PPh3)]4 in toluene under reflux conditions. The coupling
reaction took 3 days to produce the corresponding two aryl-substituted PXX derivatives. Especially phenylsubstituted PXX derivative have shown high apparent mobility over 0.4 cm2V-1s-1 and stability under ambient
conditions for 5 months. OTFTs with the derivative was found to have great thermal stability at up to 150 ˚C
in air. After this report, Sony corp. made a press release of rollable organic light emitting display derived by
phenyl-substituted PXX incorporated OTFT in 2010.http://www.sony.co.jp/SonyInfo/News/Press/201005/10070/ Further functionalization method of PXX has reported by Qiu and his co-works recently.
30

They synthesized the alkylated PXXs with three types of substitution patterns efficiently by performing

the functionalization before intramolecular C-O cyclization. They prepared binaphthol precursors from 2naphthols by the reaction with FeCl3•6H2O in H2O at 50 ˚C in good yields. The last cyclization was carried out
by microwave reaction with Cu(OAc)2 and pyridine in o-dichlorobenzene at 220 ˚C under oxygen atmosphere.
Although they succeeded in production of the desired PXX derivatives, transformation from binaphthols to the
desired functionalized PXXs took up to 5 steps and shorter and efficient synthetic routes should be expected.
Among the great interests on replacement the carbon atoms of polycyclic all-carbon aromatic hydrocarbons
(PAHs) by heteroatoms, Bonifazi et al. reported the expansion of monomeric PXX into larger O-doped
frameworks by using a stepwise planarization including C-O bond formation through intramolecular copper(I)mediated oxidative reaction.
31

They showed characterization of their products. Although

Herein, we report that application of BIOX as a reaction promotor in oxidative coupling and one-pot
derivatization of 2-naphthols for preparation of practically useful organic compounds under solvent-free
conditions. In addition to the exploration of the use of naturally occurring bacteriogenic iron oxide in organic
syntheses, we aim to provide efficient synthetic method for the development of greener and sustainable
synthetic processes for functional organic materials.
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Results and Discussion
We first compared the abilities of reaction acceleration of BIOX and typical iron compounds in the
reaction of 2-naphthol at 80 ºC for 17 h in air under solvent-free conditions according to Toda’s report (Table
1). The reaction was carried out according to the following procedure: Iron compounds were dried under
reduced pressure at 100 ºC for 4 hours preliminary. In a test tube reactor, an iron compound and 2-naphthol
(finely powdered from the commercial bottle) were mixed well before heating at 80 ºC. Organic compounds
were extracted using dichloromethane and the ratio of organic compounds in the extract was determined by 1H
NMR analysis as a conversion of 2-naphthol. Surprisingly, the ability to accelerate the reaction of BIOX was
the highest among the iron compounds tested to give BINOL in the highest conversion while those of other
typical iron compounds were much lower (97% conv, entry 1 vs <2 to 22% conv, entries 2-5). The reaction did
not proceed at all without iron compound (entry 6). One reason for the difference in the ability to accelerate the
reaction would be explained by the surface area of the iron compounds tested; BIOX has relatively larger
surface area than other iron compounds. Interestingly, -Fe2O3 with 34 m2g-1, which has a larger surface area
as compared to other typical iron compounds (-Fe2O3 with 4 m2g-1, Fe3O4 with 4 m2g-1, -Fe with 0.4 m2g-1),
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Figure 1. Image of the reaction setup.

only gave BINOL (22% conv, entry 3).
Next, the reaction conditions of oxidative coupling of 2-naphthol in the presence of BIOX were
investigated at 80 ˚C (Table 2). The reaction was proceeded at the same level of efficiency both under oxygen
filled atmosphere and in air, thus, special atmospheric environment is not required (95% conv, entry 1 and 96%
conv, entry 2). However, the reaction in argon was not facilitated efficiently (26% conv, entry 3). Based on
these results, a certain amount of oxygen seems to be necessary for the reaction. In the reaction in air, the
conversion of 2-naphthol to BINOL declined from 96 to 10% conv as the amount of BIOX was decreased from
200, 100 to 10 mol % (entries 2, 4, and 5). The results suggest that stoichiometric amount of BIOX is essential
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Table 1. Comparison of BIOX and Typical Iron Compounds in the Reaction of 2-Naphthol

entry

iron compound

surface area (m2g-1)a

conversion (%)b

1

BIOX

280

97

2

-Fe2O3

4

<2

3

-Fe2O3

32

22

4

Fe3O4

4

<2

5

-Fe

0.3

<2

6

none

-

0

a

Determined by BET method. b Determined by 1H NMR analysis.

Table 2. Investigation of Reaction Conditions in the Reaction of 2-Naphthol with BIOX.

entry

X (mol%)

atmosphere

conversion (%)a

1

200

oxygen (O2)

95

2

200

air

96

3

200

argon (Ar)

26

4

100

air

75

5

10

air

10

a

Determined by 1H NMR analysis.
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for the high reaction efficiency.
2-Naphthols with various substituents and a phenol derivative were screened in the oxidative coupling
reaction with BIOX (Scheme 1). Under the reaction conditions optimized for the reaction of 2-naphthol 1a, 2b
and 2c were obtained in relatively high conversions (2b in 90% conv and 2c in 97% conv). The product 2d was
not generated at all at 80 ˚C, but was obtained in 76% conv when the reaction temperature was elevated to 130
˚C. The product 2e with two methyl ester groups at 3 and 3’ positions of BINOL framework was not provided.
The presence of carboxyl groups or ester groups at 3 and 3’ positions of BINOL framework might play roles in
the degree of the reaction promotion although we do not have experimental or theoretical explanation for that
so far. When the reaction was performed with 2,6-ditert-butyl phenyl 1f, the oxidative coupling was facilitated
to give overoxidized quinone compound 2f’ in 96% conv.

Scheme 1. Substrate Scope.
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We turned our attention to see if the oxidative coupling product BINOL 2 undergo further transformation
under the solvent-free conditions using BIOX. Thus, we carried out the reaction of BINOL 2 as a starting
material to find that BINOL 2 could be converted to the corresponding intramolecularly cyclized compound,
peri-xanthenoxanthene (PXX) 3, in 50% conversion at 130 ºC in air for 17 hours (Scheme 2). By combining

Scheme 2. The Reaction of BINOL at 130 ºC.

Scheme 3. The Reaction of 2-Naphthol at 130 ºC.

Figure 1. The Photograph of Isolated PXX 3.
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two elementary reactions using BIOX as a reaction promoter, entry 1 in table 1 and scheme 2, we performed
the reaction employing 2-naphthol as a starting material at 130 ºC under oxygen atmosphere. After 24 hours,
PXX 3 was obtained in 93% NMR yield with 79% yield after isolation as a bright yellow solid (Figure 1),
possibly through the formation of BINOL.
We performed the comparison experiment of iron-based reaction promoters, BIOX, and commercially
available -Fe2O3 and -Fe2O3, in the reaction of 2-naphthol at 130 ºC. The results are summarized in Table 3.
By comparing NMR yields of each product, only BIOX gave detectable amount of PXX 3a while the reaction
with -Fe2O3 and -Fe2O3 did not provide PXX 3a. The reaction with -Fe2O3 furnished more BINOL than that
with -Fe2O3 (76% NMR yield, entry 2 vs 41% NMR yield, entry 3). The result shows that the reaction
acceleration ability is in the order of BIOX > -Fe2O3 > -Fe2O3.

Table 3. The Reaction of 2-Naphthol at 130 ºC.

NMR yield (%)a
entry

iron compound

2a

3a

1a

1

BIOX

3

38

0

2

-Fe2O3

41

0

31

3

-Fe2O3

71

2

20

a

Determined by 1H NMR analysis. NMR yields determined using 1,1,2,2-tetrachloroethane are in
parenthesis. Both values are averages of two runs.
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We set out to perform the reactions of Br-substituted 2-naphthols since these could give further
functionalizable Br-substituted PXX derivatives in one-pot sequence. Different from the reaction of 2-naphthol,
the reactions of Br-substituted 2-naphthols hardly proceeded or the products were hardly collected by extraction
probably because of low solubility in organic solvents we tested. Nonetheless, we could obtain the desired three
kinds of Br-substituted PXX derivative in enough amount for 1H NMR analyzes and mass spectroscopy. Two
derivatives 3g and 3h are unknown, and 3b has been already reported by Kobayashi although no detailed
analytical data was shown.
32

The results encourage us to further pursue reaction optimization to establish efficient one-pot synthetic route

for variety of PXX derivatives.
To gain insight into the different reaction acceleration abilities of iron compounds we tested (BIOX, Fe2O3, -Fe2O3, Fe3O4, and -Fe), we performed the dispersion test of these iron compounds in protic solvent,
water, ethanol, and 2-propanol (Figure 3). An iron compound was suspended in a solvent by vigorous shaking
and then the suspension was allowed to stand for 15 minutes and its photograph was taken for comparison.

Scheme 4. Br-Substituted PXX derivatives which were obtained directly from Br-substituted 2-Naphthols
in the BIOX-promoted reaction under solvent-free conditions.
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BIOX and -Fe2O3 were dispersed in three solvents better than other iron compounds. The dispersibility is
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(a)

(b)

(c)

Figure 2. Photographs of suspensions allowed to stand for 15 minutes after vigorous shaking in H2O (a),
ethanol (b), and 2-Propanol (c).
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attributed to the affinity between the solvent molecule and the iron compound. Thus, we supposed that the
affinity between 2-naphthols, which is a family of alcohols, and the surface of iron compound might have much
effect on the extent of the reactions involving electron transfer during the reaction process.

Conclusion
We found that BIOX could promote oxidative coupling of 2-naphthols efficiently under solvent-free
conditions. BIOX showed much higher ability to promote the reaction as compared to commercially available
typical iron compounds such as …. Furthermore, the reaction of 2-naphthol using BIOX at the elevated
temperature provided PXX selectively in one-pot, which is well-known organic semiconductor. Interestingly,
only the reaction using BIOX furnished PXX contrary to -Fe2O3 or -Fe2O3. In addition, the generation of
synthetically useful Br-substituted PXX derivatives were confirmed by spectroscopic analyzes. Detailed study
on mechanism about the ability of BIOX to accelerate the reaction and brush-up of reaction conditions for
efficient generation of the desired compounds are underway.

Experimental Section
General
Nuclear Magnetic Resonance (NMR) spectra were recorded on JEOL ECS-400 (1H 400 MHz, 13C 100 MHz)
spectrometer. Chemical shifts for 1H NMR are reported in parts per million (ppm) relative to tetramethylsilane
as internal reference. Data are reported as follows: chemical shift, multiplicity (s: singlet, d: doublet, t: triplet,
q: quartet, quin: quintet, sext: sextet, sep: septet, b: broad, m: multiplet), coupling constants, and integration.
Chemical shifts for 13C NMR were reported in parts per million (ppm) relative to CDCl3 ( 77.16 ppm) with
complete proton decoupling. High-resolution mass spectrometry was performed on JEOL JMS-700 MStation
(FAB-MS and EI-MS). The surface area was obtained from nitrogen adsorption isotherms at 77 K (BELSORPmini-II; BEL Japan) using Brunauer-Emmett-Teller (BET) method.
33

Column chromatography was performed with silica gel 60N (spherical, neutral, 40-50 m) purchased from

Kanto Chemical. Oxygen gas used was 99.99% grade supplied from AIR WATER INC.
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Materials. All reagents were obtained commercially and used as received unless otherwise noted. BIOX was
obtained from a cultivation tank. 2-Naphthol was purchased from Sigma-ALDRICH Japan and used crushed
into fine powder using agate mortar and pestle without further purification. 6-Bromo-2-naphthol was purchased
from Tokyo Chemical Industry Co., Ltd. And used without further purification. 2,3-Naphthalenediol was
purchased from KANTO CHEMICAL CO., INC and used without further purification. 3-Hydroxy-2-naphthoic
acid was purchased from Sigma-ALDRICH Japan and used without further purification. Mehtyl 3-hydroxy-2naphthoate was purchased from Tokyo Chemical Industry Co., Ltd. and used without further purification. 2,6Di-tert-buthylphenol was purchased from Tokyo Chemical Industry Co., Ltd. And used without further
purification. 7-Bromo-2-napthol as purchased from Tokyo Chemical Industry Co., Ltd. And used without
further purification. 3-Bromo-2-naphthol was synthesized from 2-methoxynaphthalene according to the
literature.
34

Dichloromethane was purchased form and used without further purification. Mono chlorobenzene was

purchased from Tokyo Chemical Industry Co., Ltd. and used without further purification

Typical procedure for oxidative coupling of 2-naphthol
In a 10 ml test tube, dried BIOX and 2-naphthol were mixed well for 1-2 minutes either in air or under
oxygen gas flow. After closing the test tube with a screw cap, the mixture was heated at 80 ºC on a hot stirrer
with gentle stirring. After 17 hours, the resulting mixture was cooled to room temperature and organic
compounds were extracted with dichloromethane by vigorous stirring, sonication and centrifugation. This
extraction was repeated three times. The extract was then concentrated under reduced pressure and analyzed
by 1H NMR using either 1,1,2,2-tetrachloroethane or n-dodecane as internal standard. The production of the
desired coupling products was confirmed by comparison with the 1H NMR spectra of authentic samples (2a,
2b, and 2d) or the literatures (2c,
35

36

2f’
).
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Typical procedure for one-pot synthesis PXX from 2-naphthol
In a 10 ml test tube, dried BIOX and 2-naphthol were mixed well for 1-2 minutes under oxygen gas flow. After
closing the test tube with a screw cap, the mixture was heated at 130 ºC on a hot stirrer under oxygen gas filled
atmosphere with gentle stirring. After 17 hours, the resulting mixture was cooled to room temperature and
organic compounds were extracted with dichloromethane by vigorous stirring, sonication and centrifugation.
This extraction was repeated three times. The extract was then concentrated under reduced pressure and 1H
NMR using either 1,1,2,2-tetrachloroethane or n-dodecane as internal standard. The crude product was purified
by silica gel column chromatography (eluent for PXX was 100% dichloromethane, that for other PXX was
100% toluene).

peri-Xanthenoxanthene (3a)
21

: Yellow solid. 1H NMR (400 MHz, CDCl3)  7.32 (d, J = 8.8 Hz, 2H), 7.10 (d, J = 5.2 Hz, 4H), 7.10 (d, J =

3.6 Hz, 4H), 6.93 (d, J = 9.2 Hz, 2H), 6.66 (dd, J = 4.4, 3.6 Hz, 2H);

13

C NMR (100 MHz, CDCl3)

. HRMS (EI), calculated for C20H10O2
282.0680, found 282.0681.

2,8-Dibromo-peri-xanthenoxanthene (3b): 1H NMR (400 MHz, CD2Cl2)  7.32 (d, J = 1.6 Hz, 2H), 7.31 (d,
J = 1.6 Hz, 2H), 7.01 (d, J = 9.2 Hz, 2H), 6.83 (d, J = 1.2 Hz, 2H). HRMS (FAB+), calculated for C20H8Br2O2
[M + H]+ 439.8870, found 439.8884.

1,7-Dibromo-peri-xanthenoxanthene (3g): 1H NMR (400 MHz, CDCl3)  7.41 (d, J = 8.8 Hz, 2H), 7.31 (d, J
= 8.8 Hz, 2H), 7.10 (d, J = 9.2 Hz, 2H), 7.08 (d, J = 8.8 Hz, 2H). HRMS (FAB+), calculated for C20H8Br2O2 [M
+ H]+ 439.8870, found 439.8873.

5,11-Dibromo-peri-xanthenoxanthene (3h): 1H NMR (400 MHz, CD2Cl2)  7.63 (s, 2H), 7.20 (t, J = 8.0 Hz,
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2H), 7.10 (d, J = 8.4 Hz, 2H), 6.80 (d, J = 7.6, 0.8 Hz, 2H). HRMS (FAB+), calculated for C20H8Br2O2 [M +
H]+ 439.8870, found 439.8884.
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