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Recent advances in the aerobic oxygenations of olefins using transition-metal complex catalysts are
reviewed. The main topics focused on are the cobalt(II)-complex-catalyzed oxygenation of olefins, nickel-
(II)-complex-catalyzed aerobic epoxidation, enantioselective, aerobic epoxidation using chiral manganese(I1I)
complex catalysts, aerobic Baeyer—Villiger oxidation and direct oxygenation of aromatic compounds.

Molecular oxygen is vital to almost all animals on
earth, including man, for metabolism and to provide en-
ergy for life. In the chemical industry as well, much has
been expected of molecular oxygen as the most avail-
able oxidant for mass production: for example, eth-
ylene oxide has been obtained by the aerobic oxida-
tion of ethylene catalyzed by silver salts,") and phenol
has been produced by the cumene process, which in-
volves an aerobic auto-oxidation of cumene into “cu-
mene hydroperoxide” (1-methyl-1-phenyl hydroperox-
ide) in a key reaction step.? The aerobic oxidation of
p-xylene into terephthalic acid by using manganese and
cobalt salts as catalysts has also been used in industrial
processes.> Palladium-and-copper-catalyzed oxidation
of olefins, the Wacker reaction, has been employed in
the production of aldehydes and ketones.? These suc-
cessful processes, however, have some limitations, be-
cause they are operated under severe conditions of tem-
perature and/or pressure. Hence, the development of
efficient oxygenation reactions, which can be performed
under mild conditions, has been eagerly pursued.

The ground state of molecular oxygen is a triplet with
two unpaired electrons having parallel spins. Therefore,
the direct reaction of molecular oxygen with a singlet
organic molecule is a spin-forbidden process.” On the
other hand, the radical chain reaction is one practical
process by which organic compounds may be oxidized
with molecular oxygen using transition-metal salt cat-
alysts.

As oxygenation by biogenetic systems is performed
under very mild conditions, biomimetic investigation

has focused on modifying the structure of ligands in
order to simulate the functions of hemocyanin®” and
hemoglobin, which are known to transport molecular
oxygen in vivo and to incorporate the oxygen atom
into organic substrates. Hemocyanin and tyrosigenase,
which are found in invertebrates such as arthropods
or mollusks, are copper-containing proteins, whereas
hemoglobin, which is found in all vertebrates includ-
ing mammals, contains a “heme” group. Iron-por-
phyrin, an iron complex of a macrocyclic tetrapyrrole,
is considered to be the active site for oxygenation reac-
tions. The mechanism of oxygenation by cytochrome
P-450, a typical iron-complex containing heme-pro-
teins, has been studied in detail; in this case, an oxo-
iron complex is considered to be the reactive interme-
diate (Scheme 1).® It was reported during the 1970’s
that several oxygen donors, such as periodate, per-
oxy acid,” peroxide,'® or iodosylarene,'") completed a
short-circuited catalytic cycle “shunt”'? in accord with
the proposed mechanism,'® and cytochrome P-450 cat-
alyzed oxidations such as the epoxidation of olefins were
demonstrated. Following the publication of these re-
sults, many chemical studies have been done using such
biomimetic approaches.

With regard to aerobic oxidation catalyzed by tran-
sition- metal complexes, several reactions involving
the combined use of molecular oxygen with reducing
agents have been studied: for example, (tetraphenyl-
porphyrinato)manganese(IIT) complex/NaBH, (or col-
loidal Pt-H,).!¥ The combination of three components,
that is, a transition-metal, organic ligands, and a re-
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Scheme 1. “Shunt” pass mechanism for P450 model.

ductant, is considered to create an effective oxygenation
system for such aerobic reactions.

Salicylideneamine derivatives, abbreviated as salen
derivatives, have been studied for their catalytic ac-
tivities as models of porphyrins. Although (-diketone
derivatives also form coordinated complexes with tran-
sition-metals, few have been studied as model com-
pounds of the porphyrin ligands except for the most
simple acetylacetonato complex. It should be possible
using conventional methods to prepare analogues con-
taining a wide variety of electron-withdrawing or do-
nating or sterically -hindered substituents which would
be expected to regulate the catalytic properties.

In this account, we would like to review the recent
dramatic advances in aerobic oxygenation reactions cat-
alyzed by transition-metal complexes, mainly concern-
ing the exploration of new possibilities in the bis(4-dike-
tonato)metal-complex-catalyzed aerobic oxygenation,
which have led to new synthetic methodologies.*®

1. Cobalt(II)- Complex- Catalyzed Oxy-
genation of Olefins

1-1. Catalytic Oxidation-Reduction Hydra-
tion. Cobalt(II) complexes are some of the most
promising catalysts for aerobic oxidation reactions be-
cause they readily transfer to-and-fro between the ox-
idation states of Co?T and Co3*, and because, as has
been reported,'® bis(acetylacetonato)cobalt(II) readily
absorbs molecular oxygen in the presence of pyridine.

Salen derivatives are easily prepared from the cor-
responding diamines and salicylaldehyde, and are one
of the ligands most often used in models of por-
phyrins. Recently, it was reported that {N,N-bis-
[3- (salicylideneamino)propyl]methylaminato }cobalt (II)
(CoSMDPT, Fig. 1), a salen-cobalt(II) complex, can be
employed as an effective catalyst for the oxygenation
of styrene into phenethyl alcohol and/or acetophenone
in a primary or secondary alcohol solvent.!” The ra-
tio of hydrated product (alcohol) to oxidized product
(ketone) was influenced by the concentration of etha-
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Fig. 1. Cobalt-salen deriv. complexes.
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nol in the solvent, although the ketone was produced as
the major product in all cases (Table 1). Phenethyl al-
cohol was formed when a porphyrinato cobalt(II) com-
plex such as (tetraphenylporphyrinato)cobalt(II) (Co-
(TPP)) and a hydride reductant such as Et4NBH,'®
or NaBH'® were employed in the aerobic oxygenation
of styrene derivatives (Scheme 2).

[B-Diketone derivatives are widely employed as a fun-
damental organic ligand forming stable complexes with
a wide variety of transition metals. Many kinds of 1,3-
diketone derivatives have been used for the separation
of metal ions in analytical chemistry, or as ligands for
metal-complex catalysts in organic synthesis.?® Many
varied 1,3-diketone derivatives are easily prepared by
common synthetic methods, and are able to regulate
the stereochemical and/or electrochemical properties of
the coordinated complexes.

Our research started by making use of the above
properties of 1,3-diketones in cobalt(II) complex cat-
alysts for the aerobic oxygenation of olefins with molec-
ular oxygen. During the course of the above experi-
ments, 4-phenyl-2-butanol, an oxygenated product, was
formed as a major product along with 1-phenylbutane

Table 1. CoSMDPT-Catalyzed Oxygenation in Alco-
holic Solvent

P L CoSMDPT, AN+

, Alcohol
02 2-Hexanone O 2-Hexanol OH

—AM’I‘urnovers (24 h) 2-Hexanone : 2-Henanol

EtOH : }~OH
100: O 12.1 52 : 48
50 : 50 6.8 55 : 45
30: 70 5.1 60 : 40
10: 90 2.7 67 : 33
2: 98 0.94 73: 27

OH

o

Hydride reductant: Et,NBH,
NaBH,

Co(TPP)
O,, Hydride reductant

@ Co(TPP): 5,10,15,20-Tetraphenylporphyrinatocobalt(II)

Scheme 2. Cobalt-catalyzed oxygenation in the pres-
ence of hydride reductant.
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Scheme 3. Oxidation-reduction hydration.

and 4-phenyl-2-butanone when 4-phenyl-1-butene was
treated with an atmospheric pressure of molecular oxy-
gen in 2-propanol using a catalytic amount of bis(acetyl-
acetonato)cobalt(II) (Table 2). The reaction proceeded
smoothly in secondary alcohols such as 2-propanol or
cyclopentanol,?? whereas primary or tertiary alcohol
solvents did not afford the hydrated product. Those
results indicated that the (5-diketonato)cobalt(II)-cat-
alyzed oxygenation reaction affords the corresponding
hydrated product as a major product directly from the
olefin via concomitant transfer of oxygen and hydro-
gen atoms, even under the neutral and mild oxidation
conditions. In this hydration reaction therefore, both
oxidation (oxygenation) and reduction (hydrogenation)
occur together, thus it was named the “Oxidation-Re-
duction Hydration” (Scheme 3).

Examination of the catalytic activity of several
cobalt(IT) complexes having different 1,3-diketone-type
ligands (Table 3) indicated that the ratio of the three
products: i.e. hydrated product (alcohol), oxidized
product (ketone), and reduced product (alkane), was
influenced by the structure of the ligand.?® The selec-
tivity towards hydration was increased when cobalt(II)
complexes coordinated by a ligand containing an elec-
tron-withdrawing group were employed as the catalyst.
Finally, the yield of alcohol was improved to 81% by
using bis(trifluoroacetylacetonato)cobalt(II) as the cat-
alyst.

To elucidate the effect of ligands on catalytic activ-
ity, the redox potentials of the above cobalt(II) com-
plexes were measured (Fig. 2).2® Catalytically active
complexes were characterized by having redox poten-
tials between those of Co?t and Co®t. It was found
that complexes whose redox potentials were in the range
0.0 to +0.5 V were effective catalysts of this hydra-
tion reaction. These complexes having higher or lower
redox potentials, outside the above-mentioned range,
showed no catalytic activity at all. This relationship
between the structure of ligand and the catalytic ac-
tivity of its cobalt(II) complex can be explained as
follows: in the case of cobalt(II) complexes contain-
ing ligands with electron-donating groups, such as 3-
phenyl-2,4-pentanedione (Entry 1 in Table 3), the com-
plex is readily oxidized itself, both electrically and by
molecular oxygen, and the oxidized complex no longer
shows any catalytic activities in the hydration reaction.
On the other hand, molecular oxygen can not be cap-
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tured by cobalt(II) complexes containing ligands with
strongly electron-withdrawing groups such as hexafluo-
roacetylacetone and hence they show no catalytic activ-
ity (Entry 9 in Table 3).

As mentioned above, one oxygen atom of molecu-
lar oxygen (Oxidant) was introduced into the olefin
to form the corresponding alcohol, while the other ac-
cepted two hydrogen atoms from the secondary alcohol
(Reductant) to form water (Scheme 3). Thus, it was
assumed that removal of water from the reaction sys-
tem would increase the yield based on catalyst. Addi-
tion of 4A Molecular Sieves into the reaction mixture or
azeotropic removal of water was found to be effective,
and the desired alcohol was formed in 8500 and 9140%
yield, respectively.

This Oxidation-Reduction Hydration was successfully
applied to various olefins. Both acyclic and cyclic
olefins were hydrated in high yields. Trisubstituted
and 1,1-disubstituted ethenes were converted into the
corresponding tertiary alcohols in more than 10000%
yield (Table 4). Since the conventional method for
hydration of olefin is performed under strongly acidic
conditions,?® functionalized olefins having ester, amide
or acetal groups cannot usually be employed. On the
other hand, even olefins containing an acetal group can
be hydrated to give the desired product in high yield us-
ing this new reaction, because it proceeds under neutral
conditions.

The present procedure using a cobalt(II) complex cat-
alyst together with molecular oxygen (Oxidant) and 2-
propanol (Reductant) was also applied to the direct ox-
idation of secondary alcohols into the corresponding ke-
tones (Scheme 4),2% to the direct preparation of ketones
from vinylsilane (Scheme 5),2® and to the stereoselec-
tive oxidative cyclization of 5-hydroxyalkenes into tetra-
hydrofuran derivatives (Scheme 6).%"

Concerning the mechanism and reactive intermedi-
ates of the cobalt(II)-catalyzed oxygenation of olefins,
Nishinaga has proposed cobalt(I) hydride to be the key
intermediate, from the deuterium labelling experiments.
When PhCD,OH was used in place of PhCH,OH as
hydrogen-donor (Reductant), the olefin (styrene) was
oxygenated to the corresponding mixture of mono- and

RLrR2 A Co(tta),, O, nLﬂ,R2
OH 0

Scheme 4. Aerobic oxidation of s-alcohol into ketone.

SiR%  “Co(ecbo)s, Oz R1\n/
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Scheme 5. Aerobic oxidation of vinylsilane into ketone.
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Scheme 6. Oxidative cyclization of 1-alken-5-ol.
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Table 2. Solvents for Oxidation-Reduction Hydration Catalyzed
by (B-Diketonato)cobalt(II) Complexes

OH o]
©/\/§ CO(“ Complex ©/\/K + (j\)k + ©/\/\
1 atm 02
Solvent

iel
Entry  Co(II) complex  Solvent Yields/%
Alcohol Ketone Alkane
1 Co(acac)s >-0H 46 8 17
Co(acac)z O—OH 45 9 16
Co(acac)z EtOH No Reaction
4 Co(acac)z —-}—OH No Reaction
5 Co(salen) >-OH No Reaction

Table 3. Efect of Ligands for (3-Diketonato)cobalt(IT) Complexes

Cat.CoL2 OH i
Cotiy > ~ CgHi7 AN CgH7 + CgHyy 7
Oz )-OH 75°C " pjcohol Ketone Alkane
Entry Ligand (LH) Conversion/% Yields/%
Alcohol Ketone Alkane
0 0
1 AN No Reaction
Ph
2 /S’v(?,\ (Hacac) 100 45 7 22
00O
3 A (Hecbo) 100 72 14 2
CO,Et
OO0
4 100 59 17 15
pr* AN
O O
5 AN OFt 87 65 10 2
g .
o 0% o
6 tBu“\*gN'/ (Hmodp) 94 74 7 5
00
7 B CE, 100 81 9 4
(0o}
8 AN (Htfa) 100 81 13 2
CFs
9 22 (Hhfa) No Reactio
CF3M0F3 o reaction

non-deuterated ketones (acetophenones) and alcohols

(1-phenylethanols) (Scheme 7).28) The results suggested ([ o] o ]
that hydrogen transfer from the a-position of the al- . 0
cohol (PhCD2OH, reductant) to the terminal methyl- N oLl Ketons

ene carbon of olefin takes place during the oxygenation: ©/\ '_“0_2"_‘> A OH on ]
that is, the key step is the addition of cobalt hydride D D D
to the olefin, which is followed by insertion of molec- phon *

ular oxygen to afford a peroxy intermediate, and this L Alcohol

then is converted into the alcohol or ketone (Scheme 8). Scheme 7.  Cobalt- catalyzed oxygenation in deu-
Contrary to this, Drago® proposed that cobalt hydro- trated alcohol.

peroxide is a reactive intermediate (Scheme 9), based
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Fig. 2. Relationship of redox potentials and catalytic activities for Co(II) complexes.

Table 4. Oxidation-Reduction Hydration of Various Olefins Catalyzed

by Co(ecbo)2

Entry Olefin Alcohol Yield based on catalyst/%
1 /\/\/\Jk/ /\/\/\'/k%1 10110
2 /\/\/\/\( 9780
3 , O/ OLOH 10370
4 Meo~oth N o O@J\ 9340
RCH,OH o, R
Co! + O, —» Co™(OH) —2— Cox_-j o<
H H
111 (o]
LCo! O -Co™L H
Ketone

SOt s At

(o]
@)\,H
Aicohol

Scheme 8. Cobalt-hydride mechanism proposed by Nishinaga.
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Scheme 9.  Cobalt- hydroperoxide mechanism pro-
posed by Drago.

on experiments using hydrogen peroxide as oxidant in
place of molecular oxygen. The oxygenation reaction of

X + ESH+ O,

Sulyl peroxide

Scheme 10. Direct peroxygenation of olefins.

olefin occurred not only with the latter but also with
the former. In the latter case, were the cobalt hydride
species, proposed by Nishinaga, to be formed when hy-
drogen peroxide is added to the cobalt complex in the
presence of the olefin, the dioxygen species generated by
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Scheme 11. Hydration of «,8-unsaturated carboxylic acid ester.

decomposition of hydrogen peroxide would be required
to insert into the resulting alkyl-cobalt bond. Therefore,
it seems likely that cobalt hydroperoxide should be con-
sidered as a key intermediate, although the detailed
mechanism is not yet completely clear.

1-2. Catalytic Peroxygenation of Olefins. Si-
lane is known as one of the most reliable reductants in
organic synthesis.?® To try to find a new effective re-
ductant (a hydrogen donor) for the bis(1,3-diketonato)-
cobalt(IT) catalyzed hydration, triethylsilane was em-
ployed in place of 2-propanol.3® As a result, an unex-
pected peroxygenated product, the triethylsilylperoxy
derivative, was obtained when the above reaction was
carried out at room temperature in dichloroethane 3V
For example, 4-phenyl-1-butene reacted with molecu-
lar oxygen and triethylsilane at room temperature in
the presence of a catalytic amount of bis(acetylaceto-
nato)cobalt(II) complex to give the corresponding 1-
phenyl-3-(triethylsilylperoxy)butane in good yield. Af-
ter screening various cobalt(II) complexes, Co(modp)2
was found to be most effective (Scheme 10). The si-
lylperoxy group was introduced into olefins with com-
plete regioselectivity according to the Markownikov rule
(Table 5). The resulting triethylsilyl peroxide is purified
without any decomposition by thin layer chromatogra-
phy on silica gel or vacuum distillation.?® The present
peroxygenation reaction provides a simple and efficient
method for the direct introduction of dioxygen func-
tionality into the carbon—carbon double bond of olefinic
compounds under mild conditions.

Besides peroxygenation of simple olefins, several «,3-
unsaturated esters were also peroxygenated according
to the above procedure, producing the corresponding
triethylsilylperoxy derivatives.?® This peroxygenation

Table 5.  Peroxygenation of Various Olefins with
Molecular Oxygen and Triethylsilane Catalyzed
by Co(modp)2

Entry -Olefin Silyl peroxide Yield/%
SiEt;
S
2 NN QOSiEty 80
(o] .
3 SiEts 99
B S S
O  OOSiEty
S O\ .
Ph P Ph

with molecular oxygen catalyzed by cobalt(II) complex
was achieved by adding a catalytic amount of #butyl
hydroperoxide, and the corresponding triethylsilylper-
oxy derivatives were formed in high yields. The trieth-
ylsilylperoxy group was introduced into the a-position
of such esters with complete regioselectivity, and the
initial product was transformed into the corresponding
a-hydroxy ester in high yield via reductive treatment
(Scheme 11).

An efficient method for the direct preparation of a-
hydroxy carboxylic ester from «,3-unsaturated esters
was also established. When phenylsilane®® was em-
ployed as reductant in place of triethylsilane, direct re-
duction of silylperoxy intermediates, derived from per-
oxygenation of o, F-unsaturated ester, proceeded in one-
pot, affording the corresponding a-hydroxy carboxyl-
ic acid esters in high yields. Also, it was shown that
a manganese(II) complex, bis(dipivaloylmethanato)-
manganese(IT) (Mn(dpm)z), is more effective than
cobalt(II) complexes for the direct hydration of a,8-
unsaturated esters.>® The reaction proceeded smoothly,
and the corresponding a-hydroxy carboxylic esters were
obtained regioselectively in high yields (Table 6).

The reactive intermediates generated in this system
of using phenylsilane and cobalt(II) complex in the ab-
sence of molecular oxygen also accepted several alde-
hydes as well as molecular oxygen.>® In the presence of
phenylsilane and a catalytic amount of cobalt(II) com-
plex under argon atmosphere, the coupling reaction of
a,[B-unsaturated carbonitrile and carboxamide with al-
dehydes afforded aldol-type adducts in good to high

Table 6. Manganese(II) Catalyzed Hydration of Var-
ious a,B-Unsaturated Esters
R%OH

R3
R\%\ COR* RKR(COZR‘
R? R?

Entry o,8-Unsaturated ester a-Hydroxy ester Yield/%

& Mn(dpm),, O,, PhSiH,
0 °C, 2-propanoi

OH
1 #>CO.Bn 91
2 )\COZBn
2 N o 91
co.8
250 ~Acosen

OH
3 \)\COan \><COQBn "

4 Et0,C N COoLEt
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Fig. 3. Oxidation potentials and catalytic activities of nickel(II) complexes.
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Scheme 12.  Coupling reaction of «,B-unsaturated

compounds with aldehyde.

yields (Scheme 12).37

2.  Nickel(II)- Complex- Catalyzed Aerobic
Epoxidation of Olefins

Epoxides are one of the most useful synthetic inter-
mediates for the preparation of oxygen-containing nat-
ural products or the production of epoxy resins. Per-
oxy acids®® are often employed as convenient oxidants
for the synthesis of epoxides; i.e. m-chloroperbenzoic
acid in small scale preparations, and peracetic acid in
industrial production. Hydroperoxides are also use-
ful oxidants in the preparation of allyl alcohols using
vanadium(IV) complex catalysts.>® Since peroxy com-
pounds have potentially explosive properties, careful
handling is always required when using them, whereas
molecular oxygen, abundant in the atmosphere, is a
fairly safe and clean oxidant. Thus, much effort has
been made to develop direct and selective epoxidations
of olefins with molecular oxygen. Ethylene oxide is pro-
duced industrially by aerobic epoxidation of ethylene
catalyzed by silver compounds. However, it is difficult
to control the reaction of substituted olefins such as
propylene, because of side-reactions under the usually
severe reaction conditions of high pressure of oxygen or

Kg 0Oy, ® VO(acp), /’BO
_—

»-OH, MS4A, 75°C 090
R R VO@cpl =~ V.

Scheme 13. Vanadium-catalyzed aerobic epoxidation.

/|3/\/\/\/

o

M O = Ni(dmp)z'
primary alcohol
MS4A, 100 °C

Scheme 14.  Nickel(II)- complex- catalyzed aerobic
epoxidation.

high temperature. Here the search for mild reaction
conditions has been persued to eliminate side-reactions
and to lead to more efficient epoxidation method.

2-1. Nickel(IT)-Catalyzed Epoxidation. The
“Oxidation-Reduction Hydration”?® of olefins into the
corresponding hydrated compounds by using molecular
oxygen (Oxidant) and a secondary alcohol (Reductant)
catalyzed by bis(1, 3- diketonato)cobalt(II) was de-
scribed in Chapter 1. The results indicated that one
oxygen atom from molecular oxygen and two hydro-
gen atoms from 2-propanol were introduced together
into the olefin, affording the hydrated product, the sec-
ondary alcohol behaving as an effective reductant. It
was postulated that secondary alcohols would also be-
have as reliable reductants to bring about a catalytic
cycle in the epoxidation of olefins with molecular oxy-
gen.

As expected, norbornene analogues are monooxy-
genated to the corresponding epoxides in good yields by
the combined use of molecular oxygen and 2-propanol
in the presence of a catalytic amount of bis(2-alkyl-1,3-
diketonato)oxovanadium(IV) (Scheme 13).49)

Nickel(II) complexes have been reported to be effi-
cient catalysts for the epoxidation of olefins when ter-
minal oxidants such as iodosylbenzene*V or sodium
hypochlorite are used.*?

The aerobic epoxidation of olefins in an alcohol sol-
vent (a reductant) was attempted by using such com-

°2" Ni(dmp),

/K/\Ri A m‘ )Q/\R‘

atm
R2CHO RT RECOOH
Scheme 15. Aerobic epoxidation by nickel(II)-alde-
hyde procedure.
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plexes having 1,3-diketone ligands. Contrary to our
expectations, epoxide was formed in higher yield using
a primary rather than secondary alcohol (2-propanol),
or in the absence of alcohols (Scheme 14).4%

Several 1,3-diketone ligands were examined in the
epoxidation of 2-methyl-2-decene with molecular oxy-
gen in primary alcohols such as 1-butanol, and nickel-
(IT) complexes having electron-donating ligands were
found to be more effective (Fig. 3). For example, us-
ing bis[1,3-bis(p-methoxyphenyl)-1,3-propanedionato]-
nickel(IT) (Ni(dmp)2) epoxidation proceeded smoothly
even under lower oxygen pressure.

During a continued study to find reductants other
than alcohols in the above aerobic epoxidation of olefins,
the use of an aldehyde as reductant together with molec-
ular oxygen at room temperature was found to give
excellent results (Scheme 15).*4) Similar combinations
have already been reported in patents and the chem-
ical literature; for example, propylene was monooxy-
genated into propylene oxide with molecular oxygen in
the presence of several metal complex catalysts and an
aldehyde, such as acetaldehyde*® or crotonaldehyde.*®
However in these cases, the conversion of olefin and the
selectivity of epoxide formation never reached satisfac-
tory levels. Recently, praseodymium(III) acetate was
also shown to be an effective catalyst for the aerobic
epoxidation of olefins in the presence of an aldehyde.*”

In the above-mentioned nickel(II)-complex-catalyzed
epoxidation, the yield of epoxide was influenced by the
structure of the aldehyde (reductant); for example, for
epoxidation of 2-methyl-2-decene catalyzed by bis(3-
diketonato)nickel(II), both conversion of the olefin and
yield of the epoxide were low when butyraldehyde was
used, while the corresponding epoxides were obtained
in quantitative yields when aldehydes having secondary
or tertiary carbon next to the carbonyl carbon, such as
isobutyraldehyde, cyclohexanecarbaldehyde, or pivalal-
dehyde, were employed (Table 7). Various trisubsti-
tuted or 1,1-disubstituted ethenes and norbornene ana-
logues were smoothly monooxygenated according to the
above procedure to the corresponding epoxides in high
to quantitative yields under an atmospheric pressure of
oxygen at room temperature. It should be pointed out
here that in no case did over-oxidation at the allylic
position, or cleavage of carbon—carbon double bonds,
take place to any extent. Styrene derivatives were also
monooxygenated to the corresponding epoxides in high
yields. In the case of trisubstituted ethenes, the corre-

Table 7. Aldehydes as Reductant in Aerobic Epoxi-
dation of 2-Methyl-2-decene

Entry Aldehyde Conversion/% Yield/%
1 ~CHO 10 7
2 >—CHO 100 Quant.
3 é—CHO 100 Quant.
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sponding epoxides were obtained in quantitative yields
even under air. For the aerobic epoxidation of 1,2-disub-
stituted ethenes, the use of a smaller amount of nickel-
(IT) complex was sufficient to give good yield of the
corresponding epoxide. Isovaleraldehyde was remark-
ably effective in the epoxidation of terminal olefins (1-
alkenes), and the corresponding 1,2-epoxyalkanes were
obtained in good to high yields (Table 8).*® The follow-
ing results show the efficiency of nickel(IT) complexes in
this epoxidation: even using only 0.0096 molar amount
of Ni(dmp),, the epoxidation proceeded smoothly and
the yield of produced epoxide based on catalyst was
1020000%.

The nickel(II)-catalyzed epoxidation was also applied
to the oxidation of enolates, and a-silyloxy carbonyl
compounds were obtained, probably via rearrangement
of the initially formed silyloxy epoxides.*® a-Hydroxy
carbonyl compounds were obtained in good yields by
subsequent desilylation with potassium fluoride. By
using an iron(IIT) complex catalyst, epoxy alcohol was
obtained in quantitative yield without any over-oxida-
tion of the hydroxyl group of alkyl alcohols, whereas
nickel(IT) complex-catalyzed epoxidation of citronellol
stopped half-way, and the yield of epoxy alcohol was
moderate.>®

Bis(acetylacetonato)nickel(II) and tris(acetylaceto-
nato)iron(III), both of which exhibited excellent cat-
alytic activity in the epoxidation of aliphatic or aro-
matic olefins, were not effective for the oxygenation
of a,3-unsaturated carboxamides, and the correspond-
ing epoxide was formed in low yield. On the other
hand, bis(dipivaloylmethanato)oxovanadium(IV) (VO-
(dpm)s) was an effective catalyst, and an o,(3-unsat-
urated carboxamide was oxygenated by the combined
use of molecular oxygen and isovaleraldehyde, affording
the corresponding epoxide in 87% yield.’V It was sug-
gested that the above epoxidation is promoted by the
possible interaction with the amide group of the «,8-
unsaturated carboxamide (Scheme 16).

Recently, aerobic epoxidations catalyzed by
(tetramesitylporphyrinato)ruthenium(Il) (Ru(TMP),
Fig. 4),°» or ethoxooxo(tetra- p- tolylporphyrinato)-
molybdenum(V)>® has been reported by Groves and
Murakami et al. Studies on the mechanism of aero-
bic oxidation catalyzed by the ruthenium complex (Ru-
(TMP)) showed that the catalytic system was achieved
by the interconversion of ruthenium between its Ru?t,

0 (0]
A, P Catalyst Ph
N N
chs Oy : CH,
RCHO RCOOH

Catalyst Conversion /% Yield/ %
Ni(acac), — trace
Fe(acac), 33 26
VO(dpm), 92 87

Scheme 16. Epoxidation of a,3-unsaturated carboxamide.
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Table 8. Nickel-Catalyzed Aerobic .Epoxida.tion of Various Olefins

Quant.

Quant.

Ko~ 93% yield

0\>\/\/\
?}\/\/\/\/\/\/ 89% yield

/i>/\Ole

97% yield (cis : trans=>51 : 49)

97% yield

Scheme 17. Ru(TMP)-catalyzed aerobic epoxidation.

Ru**, and Ru®t oxidation states (Scheme 17): that
is, initially an oxoruthenium(IV) complex is formed by
treating the ruthenium carbonyl complex with mCPBA.
Then, the former complex behaves as a co-reduc-
tant, disproportionating® rapidly into RuY!(TMP)-
(0O3) and Ru'TMP. The resulting RuV(TMP)(Oy),
the active oxidant, reacts with olefins to afford epox-
ides and molecular oxygen is captured by a transient
ruthenium(II) complex. Furthermore, the stereochem-
istry of the aerobic epoxidation of the 5,6-double bond
in cholesteryl benzoate catalyzed by ruthenium com-
plex was studied.>® When peroxy acids such as mCPBA
or MMPP (magnesium monoperoxyphthalate hexahy-
drate)®® were used, cholesteryl benzoate was converted

into the corresponding mixture of 5,6-a- and 5,6-8-ep-
oxides in the ratio of 71 to 29 (mCPBA, Entry 1 in Ta-
ble 9),5” or of 85 to 15 (MMPP), respectively. This was
explained as due to steric hindrance of the g-face by the
axial methyl group at C-10 and C-13, causing a-stereo-
selection in the epoxidation of cholesterol with peroxy
acids.’® On the other hand, §-stereoselectivity was ob-
served in the epoxidation catalyzed by Ru(TMP)(O3)
(Entry 2). This was explained by assuming a mech-
anism in which the alkene approaches the metal-oxo
bond via side-on manner.

Similarly, the epoxidation with molecular oxygen and
isobutyraldehyde in the presence of a catalytic amount
of metal ion (nickel(IT), iron(IIT), or manganese(11)) co-
ordinated by 1,3-diketones led to the formation of the
hindered 5,6-3-epoxide as the major product,®® whereas
the less hindered 5,6-a-epoxide was obtained as the ma-
jor product when a peroxy acid was used as an oxidant
(Entries 3 and 4 in Table 9). This remarkable rever-
sal of stereoselectivity in the epoxidation of cholesteryl
benzoate obviously indicates that the active oxidant in
the above-mentioned epoxidation is not a simple per-
oxy carboxylic acid generated from an aldehyde in an
autooxidative manner.

Interesting behavior concerning the reactive interme-
diate of this aerobic epoxidation is reported in the reac-
tion with a singlet-oxygen scavenger:®? that is, the reac-
tion mixture of bis(/-diketonato)nickel(II) and various
aldehydes exhibits high reactivity toward tetraphenyl-
cyclopentanedione (singlet-oxygen scavenger). This ob-
servation suggests that a nickel(IT) complex coordinated
by aldehyde and molecular oxygen is formed in the first
step and the latter is then converted into a singlet oxy-
gen-like active oxygen species. It is this which is tenta-
tively considered to be the reactive intermediate.

The stereochemistry of the epoxidation of cholesterol
derivatives suggests that the manganese complex par-
ticipates directly in the oxidation step. An enantiose-
lective aerobic epoxidation should be achievable, were
optically active manganese complexes to be used as cat-
alysts (see next Section; 2-2.).

2-2. Enantioselective Aerobic Epoxidation
of Unfunctionalized Olefins Catalyzed by Chi-
ral Manganese(III) Complexes. Optically ac-
tive epoxides have attracted much attention as versa-
tile intermediates®?) for the synthesis of a wide vari-
ety of chiral compounds, including biologically active
compounds®® such as precocene II derivatives, cyto-
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Table 9. ﬂ—StereoselectivevEpoxidation of Cholesteryl Benzoate

CgHy7

wH
Epoxidation

B-Epoxide

Entry Epoxidation reagent a-Epoxide : f-Epoxide
1 mCPBA 71: 29
2 b Ru(TMP)(02), O2 >99
3 cat'Ni(dmp)2, O2, )'CHO 31:69
4 2t Mn(dpm)a 20 : 80

toxic agent selectively to insects,® and medicinal com-
pounds for the remedy of hypertension and asthma,
as well as functional organic materials such as ferro-
electric liquid crystals.®® The reliable enantioselective
titanium(IV)-catalyzed epoxidation of allylic alcohols
developed by Sharpless and Katsuki uses tbutyl hydro-
peroxide as an oxidant, affording optically active 2,3-
epoxy alcohols with very high enantiomeric excesses.®®
Such epoxidation has been widely applied to the syn-
thesis of a number of natural products.

Many approaches have been tried to develop ef-
ficient, enantioselective epoxidation of unfunctional-
ized olefins; for example, several biological systems
have been employed in the enantioselective epoxida-
tion of terminal alkenes using an enzymatic catalyst
such as Pseudomonas oleovorans,®” hydrocarbon-as-
similating microorganisms such as Nocardia corallia B-
276,%8) or Corynebacterium equi (IFO 3730).5 With
regard to nonenzymatic systems, artificial metal-por-
phyrins (Fig. 5) have been designed as cytochrome P-
450 modeling systems which catalyze the enantiose-
lective epoxidation of styrene analogues.”® Recently,
Jacobsen”™ and Katsuki’® independently reported
that manganese(III)-salen complexes, (A and B™ in

0 Me:;Si
MesSi \ & Mn(il1)complex A \
77N A
NaClo NaCl 98 %ee
AcNH AcNH g
cl Xy “Mn(icomplex B C
ON o TN\ ON o 98%ee

e
10 ©/|
OSiMeg (¢] '
2Mn(Il)complex C @'QS'M%
62 %
<l s )

Scheme 18. Mn(1IT)-catalyzed enantioselective epox-
idation by using a terminal oxidant.

Fig. 6), are effective catalysts for the enantioselec-
tive epoxidation of unfunctionalized olefins (Scheme 18)
using terminal oxidants such as iodosylbenzene,™
sodium hypochlorite,” or hydrogen peroxide.” The
manganese(III)-catalyzed system was also applied to
the oxidation of silyl enol-ethers into the corresponding
a-hydroxy carbonyl compound™ (catalyst C in Fig. 6).
However except for the case of artificial-bleomycin cat-
alyzed epoxidations,”” few scientists have reported on
the utilization of molecular oxygen for the enantioselec-
tive epoxidation of simple olefins.

In the presence of a catalytic amount of optically ac-
tive manganese(IIl) complex of salen derivatives (Al
and A2 in Fig. 7) or (B-oxo aldiminato)manganese-
(IIT) complex (D and E), aerobic and enantioselec-
tive epoxidation of unfunctionalized olefins was per-
formed by the combined use of molecular oxygen and
pivalaldehyde (Scheme 19). Optically active salen-
type manganese(III) complexes were prepared by the
conventional method,”® and purified by column chro-
matography on silica-gel, or by washing a benzene
solution with aqueous lithium chloride solution (A1l
and A2)."” In addition, various (S-oxo aldiminato)-
manganese(III) complexes (type D and E) were synthe-
sized from the corresponding alkyl(R) acetoacetate®®
and acetophenone derivatives in a few steps, and puri-
fied by the above procedures. After screening various
aldehydes, it was found that use of pivalaldehyde re-
sulted in good enantioselection and chemical yields. In
the case of epoxidation using a salen-type complex cat-
alyst, addition of a catalytic amount of N-methylimi-
dazole was effective in improving®? the optical yield of
epoxide. Interestingly, the absolute configuration of the

R

R0 e K
—>—CHO %—COOH

Scheme 19. Aerobic enatioselective epoxidation cat-
alyzed by Mn(III) complexes.

caMn(111)complex 0o
A1,A2,D,0rE _Z )

Optically active
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CH2 -
OMe

OMe (A)
seug

Fig. 5. “Twin-cornet” porphyrin complex catalyst.

(S, S)-(salen deriv.)-Mn(II)Cl (S, S, aR)-(salen deriv.)-Mn(Ill) (S, S)-(salen deriv.)-Mn(IIN)C!

Fig. 6. Optically active manganese(III) catalyst with combined use of terminal oxidants.

> 3
M R =N N= R = =
R |q R \ M7 \ N!""?N /
cl 0 oé (0! o) o) o’ |0 (o)
’ A1R=CH, 1 D Cl E

A2 'Bu
(S, S)-(salen deriv.)-Mn(LI)C}

Fig. 7. Optically active manganese(III) catalyst for aerobic enantioselective epoxidation.

Fig. 8. X-Ray analysis of (a-aminomethylene-[3-oxo
ester)-Mn(IIl) D (R=cyclopentyl).

epoxide obtained was reversed by adding N-methylimi-
dazole.

Effective ligands have been rationally designed from
the prediction that bulkiness in the ester moiety of a-
aminomethylene-3-oxo ester ligands would influence the
optical yield, as deduced from an X-ray diffraction study
(Fig. 8).%? Thus, the (a-aminomethylene-£3-oxo ester)-
Mn(IIT)Cl containing the isoborneol moiety (D) and
the (a-aminomethylene-3-diketone)-Mn(I1I)Cl contain-
ing the mesitoyl side-chain (E) were prepared.

(S, S)-(B-oxo aldiminatb)-Mn(liI)Cl

Table 10. Aerobic Enantioselective Epoxidation of
Various Olefins
Optical yield/%ee
Entry Olefin (Yield /%) Catalyst
1 64 (70) D
2 72 (80) A1
3 70 (43) D
4 B,,o 66 (38) Al
NO,
5 MeO. @‘ 59 (67) D
. o
6 84 (52) D
7 @fo‘jv 92 (37) A2
: ow) s

The present aerobic oxidation system was applied
to the enantioselective epoxidations of various simple

olefins (Table 10).

Dihydronaphthalenes were con-



28  Bull. Chem. Soc. Jpn., 68, No.1 (1995)

Table 11.  Absolute Configuration of Epoxide Cat-
alyzed by ((S,5)-salen deriv.)-Mn(III) Complex
Al

Entry Oxidant Major product

0
1 0,->cHo @(j (1R,2S)-(+)
2 NaClO &
<O (1S,2R)-(-)
3 PhIO _

verted into the corresponding optically active epoxides
in good yields with moderate to good enantioselectiv-
ities. The enantioselective aerobic epoxidation of 7-
membered cyclic olefins afforded the corresponding ep-
oxides with high enantiomeric excess in the presence of
" Mn(III) complex (salen deriv.-Mn(III)Cl Al: 83%ee,
(a-aminomethylene-3-oxo ester)-Mn(IIT1)Cl D: 84%ee,
Entry 6). Chromene derivatives®® and simple acyclic
olefins were also converted into the corresponding opti-
cally active epoxides with high enantioselectivities.
When the (5,5)-complex was employed as a cata-
lyst in the aerobic epoxidation (Entry 1 in Table 11),
the absolute configuration of the epoxide derived from
dihydronaphthalene was determined to be (1R,2S5) by
comparison of the sign of its optical rotation with the
reported value.®¥ It should be noted here that this re-
sult, formation of the (1R,2S5)-epoxide using the (S§,S5)-
catalyst, is opposite to that reported by Jacobsen or
Katsuki using iodosylbenzene or sodium hypochlorite
as oxidant (Entries 2 and 3 in Table 11), Further-
more, in the presence of a catalytic amount of N-meth-
ylimidazole, the absolute configuration of the epoxide
formed in the (5,5)-complex-catalyzed epoxidation is
completely reversed, and the epoxide with the (15,2R)-
configuration is formed. These results suggested that
the reactive intermediate affording the (1R,25)-epox-
ide was different from that giving the (15,2R)-epox-
ide in the presence of N-methylimidazole. Similarly,
the (1R,25)-(+)-epoxide resulted when the epoxidation
was carried out in the presence of a catalytic amount of
(S,9)-salen deriv.-Mn(III) complex A1l with peracetic
acid as oxidant instead of the combined system, molec-
ular oxygen and pivalaldehyde. The absolute config-
uration of the epoxide formed were again reversed to
(15,2R)-(—),® by an addition of N-methylimidazole
(Scheme 20). It was recently reported that [(acylper-
oxo)porphyrinato]iron complexes are converted into the
corresponding (oxo)iron complexes by coordination of
imidazole derivatives.®®) Thus, the reversal of absolute
configuration of the epoxides may be explained as fol-
lows: (acylperoxo)manganese complex I is formed from
molecular oxygen, pivalaldehyde, and the manganese-
(IIT) complex in the first step. In the absence of N-
methylimidazole, (acylperoxo)-(S,S)-salen deriv.-Mn-
(IIT) complex I®¥") reacts with olefin to afford the (1R,-
25)-(+)-epoxide. On the other hand, complex I is con-
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o 0
(1R,25)-(+) (1R.25)-(+)
0,+RCHO = 7 AcOOH

0,+RCHO ' NaOC! acobsen)
Imidazole ACOOH / Imidazole
(18,2R)-(-) (15,2R)-(-)

Scheme 20. Reactive intermediates ((S5,5)-salen de-
riv. complex).

verted into (oxo)manganese complex II in the presence
of N-methylimidazole by coordination of the latter as an
axial donor ligand (Fig. 9). The complex IT is widely
accepted®® to be the reactive intermediate in epoxida-
tion when terminal oxidants such as iodosylbenzene®®
and sodium hypochlorite are used.®®

Also, in the aerobic enantioselective epoxidation of
1-propenylbenzene catalyzed by chloro(8-oxo aldim-
inato)manganese(II1),°Y the enantiofacial selection is
opposite to the results reported using oxidants other
than molecular oxygen: that is, using a terminal oxidant
such as sodium hypochlorite, (5,5)-(a-aminomethylene-
B-diketone)Mn(II1)Cl E, afforded (1.5,2R)-(+)-cis-epox-
ide, while (1R,25)-(—)-epoxide was obtained from the
(S,5)-(a-aminomethylene-/3-diketone)Mn(III)Cl E cat-
alyzed epoxidation using the combination of molecu-
lar oxygen and pivalaldehyde (Fig. 10). These results
clearly indicate that the reactive species in this aerobic,
enantioselective epoxidation is different from the (o0xo)-
manganese complex intermediate generated from chi-
ral manganese(III) catalyst and terminal oxidants such
as sodium hypochlorite or iodosylbenzene. Since the
combined use of (5,5)-(a-aminomethylene-3-diketone)-
Mn(IIT)Cl E and peracetic acid also afforded (1R,2S5)-
epoxide, it is reasonable to assume that the (acylper-
oxo)manganese complex generated from optically active
manganese catalyst, molecular oxygen and pivalalde-
hyde is the key intermediate in this reaction.

2-3. Cobalt(II)-Complex-Catalyzed Epoxida-
tion of Olefins under Neutral Conditions. In the
aerobic epoxidation mentioned above, aldehydes were
converted into the corresponding carboxylic acids as a
result of accepting one oxygen atom during the epoxi-
dation process and also by autooxidation. When peroxy
acids, conventional oxidants, are employed in the epox-
idation of olefins, carboxylic acids are also produced
together with the desired epoxides. In these reactions,
acid-sensitive epoxides often undergo oxiran-opening or
rearrangement caused by the carboxylic acids produced
at the same time. Accordingly, much effort has been
dedicated to the development of olefin epoxidation un-
der neutral conditions. One solution to this problem
for allylic alcohols has been the vanadium-catalyzed
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Mn(I)L, -R-gﬂg>

(8,5)-E +[O», aldehyde] 0
—

—) (1R,25)-()

A3

—

(5.5)-E +NaOCl (18 2R-4)

Fig. 10. Absolute configuration of epoxide formed by
catalyst (5,9)-E.

O,OSMeg @OSI Me;

’ 99%yield
X Y

0-0 o
Scheme 21. Neutral oxidation with dioxirane.

epoxidation with #-butyl hydroperoxide, which is per-
formed under acid-free conditions, since only #butyl al-
cohol is co-produced.®? Furthermore, it was recently re-
ported that dimethyldioxirane and its derivatives, pre-
pared from the corresponding ketones and potassium
peroxomonosulfate,®® are also useful and more general
reagents for this purpose,® because nonacidic com-
pounds are formed during the epoxidation reactions
(Scheme 21).

1 cat,
/k/Cﬁ'hs 2Am O %)j ‘/i>/c7H15

a5 % vield
OFEt OFt yie
Toet . /\g + EOH

Scheme 22. Aerobic epoxidation under neutral conditions.

Table 12.  Cobalt(II)-Catalyzed Epoxxda.tlon in the
Presence of Acetal

Yield/%
Epoxide By-product
Epoxidation

(o] (o]
———

at-Co (H) Lz, O2

Olefin

EtCH(OEt), 77 0
mCPBA 46 33
1 R! OH R'
R OH ) _— Rzl'l—t o_R?
R o) HO
Cat'CO(II)Lg, 02
EtCH(OEt): 82 0
mCPBA 0 84
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RCOO"
Fig. 9. Reactive intermediates I and II.

Recently, we have found cyclic ketones such as 2-
methylcyclohexanone,®® and acetals such as propion-
aldehyde diethyl acetal,®® to be useful reductants in
the aerobic epoxidation of olefins catalyzed by cobalt-
(II) complexes. In the latter case, ethyl propionate and
ethanol co-products were detected in nearly stoichio-
metric amounts (Scheme 22), showing that the reaction
system remained neutral throughout the epoxidation.
Using this procedure, epoxidation of +v,6-unsaturated
alcohols and 2 H-chromenes was achieved, affording the
desired epoxides in good to high yields without any
further reaction (Table 12). The cobalt(II)-catalyzed
epoxidation was also applied to the oxygenation of acid-
sensitive compounds, such as silyl enol ethers and silyl
ketene acetals, to afford a-hydroxy carbonyl compounds
in good yields.®”

By the combined use of molecular oxygen with methyl
2-oxocyclopentanecarboxylate as co-reductant, a similar
aerobic epoxidation system was recently reported to be
achieved in the presence of a catalytic amount of cobalt
complex prepared from cobalt(II) salt and Schiff base
containing L-serine (CoOSANSE) (Scheme 23).%%)

3. Miscellaneous

An efficient aerobic epoxidation of various olefins
using molecular oxygen, aldehyde and a catalytic
amount of metal complex, was described in the
previous chapter. After our results were pub-
lished, similar aerobic oxygenation systems using
an aldehyde as oxygen acceptor were reported us-
ing either clay-impregnated nickel(II) acetylaceton-
ate as a heterogeneous catalyst,®® or tris(tetrazo-
lyl enolate)iron(III) complex,®® bis[N-(1-phenyleth-
yl)- N-salicylideneaminato]cobalt(II) complex,®V) N,N’-
bis[o- (p-tolylsulfonylamino)benzylidene|ethylenediami-

aColl1
Z CioHiz 7“%‘ I)\Cme
O O
l
é/u‘om _._(_).>°“ I é(‘LOMe é(lLOMe
OH

M
e0,C o

N
Co(Il)= ds°

(o}
Ny

OzMe
CoSANSE

Scheme 23. Cobalt-catalyzed aerobic epoxidation.
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RYH Nj(p-diketonato), RTOH
RCHO RCOOH

Scheme 24. Aerobic oxidation of aldehyde catalyzed
by nickel.

nonickel(II) complex,%? or copper(II) hydroxide!®® as
homogeneous catalyst, or without any catalyst at all.1%

The observation that carboxylic acid is formed during
the epoxidation led us to study the direct oxygenation
of aldehydes into the corresponding carboxylic acids
(Scheme 24).105:108) A similar aerobic oxidation of a sec-
ondary alcohol into the corresponding ketone with a
ruthenium!°”-cobalt bimetallic catalyst in the presence
of aldehyde has been reported.'®®

Since oxidation of olefins into 1,2-diols'®® or a-
hydroxy ketones is a useful reaction for introducing
two oxygen-containing functions in a one-step proce-
dure, this kind of reaction has also been a focus of re-
search, and oxidation of steroid derivatives with Milas’
reagent (hydrogen peroxide in anhydrous #butyl alco-
hol),’*® ruthenium-catalyzed oxidation with peracetic
acid,"*" and stoichiometric manganese(VII) peroxide
oxidation!'? have been reported.

We too have demonstrated an aerobic bifunctionaliza-
tion reaction of various olefins into a-hydroxy ketones
using catalytic amounts of osmium(IV) tetraoxide and
bis(5-diketonato)nickel(IT) (Scheme 25).113

3-1. Aerobic Baeyer—Villiger Oxidation. In
the aerobic epoxidation reaction, one oxygen atom of
molecular oxygen is added to a carbon—carbon double
bond (substrate) to afford the corresponding epoxide,
while the other is captured by an aldehyde (reductant)
to form the corresponding carboxylic acid.

The Baeyer—Villiger reaction is one of the typical one-
oxygen transfer reactions of organic synthesis; reagents
like hydrogen peroxide or organic peroxy acids such as
peracetic acid and mCPBA are generally employed. In
addition to these, bis(trimethylsilyl) peroxide!!'¥ and
magnesium monoperoxyphthalate (MMPP)!!%) have re-
cently been shown to be effective oxidants. Several
attempts to achieve an aerobic Baeyer—Villiger reac-
tion, preparing e-caprolactone from cyclohexanone by
the combined use of aldehyde and transition-metal cat-
alysts, have been reported.!'%!1") However, the selectiv-
ities for e-caprolactone formation are not satisfactory
(70-—86%), and conversions of cyclohexanone are gen-
erally low (3—30%).

On the other hand, in the presence of a catalytic

/k/\ Ho)k“/\

X OBz

0Bz 5
>—CHO >—COOH

Scheme 25. Aerobic oxidation catalyzed by osmium
and nickel.

cat.

°at Nj(B-diketonato)
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amount of nickel(IT) complexes coordinated by 1,3-dike-
tones, cyclohexanone is effectively converted into e-
caprolactone by the combined use of molecular oxygen
and isovaleraldehyde (Scheme 26).''®) The nickel(II)-
catalyzed aerobic Baeyer—Villiger oxidation has success-
fully been applied to various ketones (Table 13). Cy-
clohexanone and its derivatives (2- or 4-substituted)
were oxidized to the corresponding e-caprolactones in
high yields without any accompanying over-oxidation
products. Oxidation of 2-methylcyclohexanone afforded
e-heptanoic lactone as a single isomer via regioselec-
tive migration of the more substituted carbon atom,
whereas two isomers, e-heptanoic lactone and 2-meth-
ylcaprolactone were obtained with mCPBA. Similar
aerobic Baeyer—Villiger oxidations have recently been
reported using iron powder''® or copper(II)/nickel(II)
salts'?? as catalyst in the presence of an aldehyde. The
aerobic oxidation system has been applied to a “Tan-
dem oxidation—Baeyer—Villiger sequence”: That is, a
cyclic secondary alcohol was converted into a ketone,
which was in turn oxidized to the corresponding lac-
tone via a Baeyer—Villiger reaction in a one-pot pro-
cedure catalyzed by using a cyclic chromium(VI) ester
catalyst.’?) The aerobic Baeyer—Villiger reaction has
also been applied to the oxidation of 2-alkoxycyclo-
hexanones, subsequent acidic treatment affording acetal

- carboxylic acids'*® (Scheme 27).

3-2. Direct Oxygenation of Aromatic Com-
pounds. The direct oxygenation of aromatics
into their hydroxylated derivatives is one of the most
challenging problems in organic synthesis. Since the

Scheme 26.  Nickel(II)- catalyzed aerobic Baeyer—
Villiger reaction.

Table 13.  Nickel(II)- Catalyzed Aerobic Baeyer—
Villiger Oxidation
Entry Ketone Lactone (Ester)  Yield/%
0 0
1 é 0 91
e} o
2 C}L 93
R, R=CH; 9%
C) Bu 95
Ph 83

o
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Scheme 27. Preparation of acetal carboxylic acid.

O caty o(p-diketonato), OOH
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Scheme 28. Aerobic hydroxylation of aromatic com-

pounds.

R! ]
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Scheme 29. Aerobic oxidation of naphthalene into
1,4-naphthoquinone.

aromatic nucleus is resistant to oxidation because of
its resonance stabilization, oxygenation almost invari-
ably requires a highly reactive oxidant and severe
conditions.'?® Transition metal-catalyzed oxygenation
by using an iron(III) compound with hydrogen perox-
ide (Fenton’s reagent),'?¥ and stoichiometric hydrox-
ylation by a vanadium(V) peroxo complex*? have been
reported. Direct oxygenation with molecular oxygen
promoted by several oxygenases'?® has also been ex-
amined in vivo. Aerobic oxygenation of aromatics by
using transition-metal catalysts have also been demon-
strated, though phenolic compounds were only detected
in low yields.'?”

Based on the results we had obtained, it seemed that
the direct aerobic oxygenation of benzene and its ana-
logues into phenol derivatives should be possible. We
have studied this reaction by using bis(S-diketonato)-
oxovanadium(IV) catalyst in the presence of crotonal-
dehyde!?® (Scheme 28).

This oxovanadium(IV) catalyzed oxygenation was
also applied to the transformation of naphthalene
derivatives into the corresponding 1,4-naphthoqui-
nones'?®  (Scheme 29). It has previously been
reported'®® that 2,3,6-trimethylphenol is effectively
oxygenated to trimethyl-p-benzoquinone, a key com-
pound for vitamin E synthesis, with molecular oxygen
in the presence of copper(II) chloride-hydroxylamine in
an alcoholic solvent.

3-3. Aerobic Oxygenation of the Carbon-Hy-
drogen Bond. The functionalization of unactivated
carbon—hydrogen bonds in hydrocarbons has been in-
vestigated for both its synthetic and its biological in-
terest. A combination of molecular oxygen and non-
porphyrinic iron catalysts has been examined for the
oxygenation of saturated hydrocarbons (“Gif” and “Gif-
Orsay” system).’3) Recently, the ruthenium-catalyzed

transformation of the C-H bond into an acyloxy group
was reported.'®® In the presence of an aldehyde, car-
boxylic acid and a catalytic amount of ruthenium(IIT)
chloride, -lactams were effectively converted into the
corresponding 4-acyloxy-2-azetidinones with molecular
oxygen in good to high yields (Scheme 30). A similar
catalytic system was applicable to the oxidation of un-
activated alkanes.’® Cyclohexane was converted into
cyclohexanone (66% selectivity at 11% conversion), and
cyclohexanol (29% selectivity), and adamantane into 1-
adamantanol (75% selectivity at 36% conversion).

Several new “reductants” other than alcohols and al-
dehydes have been reported for aerobic oxygenation re-
actions. For example, 2-oxocyclopentanecarboxylate!3%
was reported to be an efficient reductant for aerobic
epoxidation or allylic and benzylic oxidation catalyzed
by cobalt(I) complexes (Scheme 31). Also, carbon
monoxide (CO)*% and a-diketone'3® have been re-
ported to be useful reductants for the oxidation of ben-
zyl ethers'®” and/or cyclic ether into the corresponding
lactone (Scheme 32).

As mentioned above, one oxygen atom of molecu-
lar oxygen was captured by the “reductant”, while the
other was introduced to the substrate via a mono-oxy-
gen transfer reaction. The substrates and “reductants”
mentioned in this review are listed in Table 14. These
aerobic oxygenation systems using a “reductant” and a
metal-catalyst act as an “artificial-monooxygenase”,3%)

O R

Jj
o
NH

63 - 92 % yield

H
;r catRy(1)
o NH : 021 :
CHZCHO RCO,H CH3COOH
Scheme 30. Ruthenium-catalyzed Oxidation of S-lactam.

@ L CoSANSE @
/ ON 71% yield
é/"‘oa é(u‘oa
OH

Scheme 31. Co(II)-catalyzed aerobic oxidation of al-

lylic carbon.
Q2 o
CO,

Scheme 32. Pd—Cu catalyzed aerobic oxidation in the
presence of CO.

cat, Pd cat, Cu
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Table 14.  Monooxygenase- Like Oxidation in the
Presence of Reductant
catalyst
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enabling various efficient, one-oxygen transfer reactions.

4. Conclusion

Through observation of an unexpected phenomenon,
we were able to find and develop an oxidation—reduc-
tion hydration not so long after we started our research
work on oxygenation of olefins. This gave us the impor-
tant hint (combined use of molecular oxygen (oxidant)
and an appropriate reductant) that proved essential to
developing an aerobic oxygenation.

In chemical research, one topic leads to another
through pursuit by experiment. Such knowledge,
backed up by our daily accumulated experience of prac-
tical research, becomes the driving force for new ad-
vances. At present, it is important to dig out further
interesting and useful possibilities from the limitless po-
tential of O chemistry hidden all around us.
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