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ABSTRACT

Molecular oxygen plays a pivot role in the biological systems. In addition, it is
probably the most desirable oxidant in organic synthesis in terms of economical
and environmental viewpoints. Therefore, lots of efforts have long been focused to
utilize molecular oxygen for the oxidation of organic compounds especially using
transition metals as an activator.

In nature, molecular oxygen is employed as an effective oxidant. In this bio—
logical process, an enzyme such as cytochrome P-450 is catalytically involved to
activate molecular oxygen, where one-oxygen reductant such as NADP)H is
necessarily consumed.

In this study, we have developed the oxidation method for the conversion of
olefin to the corresponding alcohol under the oxygen. In this reaction used were
the (salen)Mn(III) complex as the catalyst and NaBH,; as a hydride source. Vinyl
arenes undergo effective oxygenation under this condition, however, other simple
olefins do not experience the desirable conversion due to low reactivity. In order
to improve the scope of the olefin oxygenation procedure by development of the
more effective catalyst, we have synthesized various (schiff-base)Mn(III) com-—
plexes, and examined the complexes as the catalyst for the oxygenation of olefins.
As a result, newly synthesized Mn(III) complex 10 was proved to be effective
catalyst for this method. Various type of olefins were effectively converted to
alcohols using the catalyst 10 in the presence of molecular oxygen. We also have

developed more practical oxygenation method, where readily avaliable Mn salt,



Mn(OAc)s - 2HO or Mn(OAc): - 4HO was employed as the catalyst in the
presence of catalytic amount of schiff-base ligand. This process affords the
flexible reaction, because different type of ligands can be employed to various
olefinic substrates as required.

a,fi-Unsaturated carbonyl compound were oxidized to the saturated a-hydroxy
esters by O: with reducing agent (NaBH; or PhSiHs;) in the presence of (schiff-
base)Mn(IlI) complex 10. The reaction proceeded in good vyield under mild
reaction conditions.

Mechanistically, the oxidation mechanism was consider to proceed via Mn(ID)
and Mn(II) interconversion as the catalytic cycle. In addition, hydride radical and
peroxo radicals are considered to play a pivot role in this oxygenation system.
The suggested mechanism was supported by the deuterium incorporation in the
products obtained using NaBD..

When the reaction was examined using homochiral Jacobsen's catalyst, the

chirality transfer was not observed.
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I . Introduction

Molecular oxygen is vital element to almost all animals on earth as the
biological oxidant to provide energy for life. In addition, it is probably the most
desirable oxidant in organic synthesis in terms of economical and environmental
point of view. As molecular oxygen is notably a very good oxidizing agent being
cheap, abundant and readily available, lots of efforts have long been focused to
utilize molecular oxygen for the oxidation of organic compounds. In industries,
oxygen is used in large extent as the cheapest oxidizing agent. For example,
ethylene oxide has been obtained by the aerobic oxidation of ethylene catalyzed
by silver Salt,1 and phenol has been produced by the cumene process, which
involves an aerobic auto-oxidation of cumene into “cumene hydroperoxide” in a
key step.” The aerobic oxidation of gxylene into terephthalic acid by using
manganese and cobalt salts as catalysts has also been used in industrial
10rocesses,.3 These successful processes, however, have some limitations, because
they are operated under severe conditions of temperature and/or pressure and also
require selected experimental devices and suitable reactant that can endure
extreme conditions. Therefore, recent studies have been directed to the develop—
ment of more mild and efficient oxygenation procedures,4 and indeed some
excellent methods have been published very recently in the case of alcohol
oxidation. For example, Marko et al. reported the oxidation method using Cu(I) or
Ru(VII) complex as a catalyst under molecular oxygen.‘r”6 Sheldon et al. also
reported, quite recently, the aerobic oxidation of various alcohols using a water—

soluble Pd(II).” As in these methods only molecular oxygen is used as the

-1 -



stoichiometric oxidant, they are economical and environmental-friendly. Further—
more, biological study on utilizing molecular oxygen in human being has long
been undertaken.® The results of this study may become helpful to understand
oxygenation mechanism in human being. Therefore, the study of oxygenation will
be of great importance in view of understanding biological oxidation and develop—
ment of novel and mild oxygenation methods.

The ground state of molecular oxygen is a triplet with two unpaired electrons
having parallel spins. Therefore, the direct reaction of molecular oxygen with
singlet organic molecule is a spin—forbidden process.9 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 catalysts. Hence,
many methods have been studied to make active molecular oxygen and also
successful results of oxygenation using transition-metal catalyst have been
reported.10 As one of the methods utilizing molecular oxygen, the catalyst can
incorporate one of its oxygen atoms into a substrate, and reduce the second
oxygen to a water molecule. In this case, the catalyst with more than one
equivalent reductant is necessary (Scheme 1).

In nature, molecular oxygen is employed as an effective oxidant. In this
biological process, an enzyme such as cytochrome P-450 is catalytically involved
to activate molecular oxygen, where one-oxygen reductant such as NADP)H is
necessarily consumed. It was reported that a variety of reductants such as
alcohol,11 aldehyde,12 triethylsilane13 or phenylsilane14 has been used with molecular
oxygen for the metal complex catalytic oxygenation methods. Especially, in case
of epoxidation of olefin using various metallic catalyst, aldehydes have widely

been used as a reductant.’® Recently, Neumann et al. reported that epoxidation
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reaction using Ru-substituted polyoxometalate as a catalyst, does not require the

stoichiometric amount of reductant and is of great interest.”

(o) (H20)

S S(=0)
Catalyst

2H*, 2¢

reductant : NAD(P)H, Me,CHOH, Me;,CH=0, NaBHj,...

Scheme 1. The biomimetic oxygenation using molecular oxygen as the oxidant.

The carbonylation or hydration of olefins, mediated by O is another reaction
that has been investigated in organic synthesis. The carbonylation of olefins is
known well as Wacker—type reaction, which convert ethylene to aldehyde using
palladium(I) chloride and copper(Il) chloride as catalysts under an oxygen
atmosphere and is already applied as industrial method (Scheme 2.1 Our study
has similarity to Wacker—type oxidation, where ketone is obtained. On the other

hand, this reaction provides alcohol as the product. Therefore, development of this

Wacker R O,, cat PdCl,

R
Oxidation Hzo CUC|2 \(f)(

\

Oy, cat LMn(lIl)

This study R\,/ R7{

R' NaBH,4, EtOH R" OH

Scheme 2. Similarity of Wacker oxidation and this study.
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reaction will provide useful olefin hydration method in organic synthesis. In case
of the hydration of olefins, use of Co(Il) as a catalyst and alcohol as a reductant
has been repor‘ced.17

Tabushi and Koga,18 during study of biomimetic oxidations, elucidated that the
oxygenation of olefins is possible using the metal-porphyrins as a catalyst and
NaBH; as a reductant. The model system proposed by Tabushi and Koga has

further been studied by several groups (Table 1). While these studies have

Table 1. Literature survey of olefin oxygenation in the presence of borohydride.

Ar\’/ O, / Catalyst ArY . Ar\K . Ar\gir

R [BH, ] o OH R
A B C
Entry Ar R Catalyst Product(Yield %) Ref.
1 Ph H Mn(TPP)CI A(700)" + B(1700)* 19
2 Ph Me Mn(TPP)Cl1 B(64) + C(16) 20
3 p-Chlorophenyl H Fe(TMPyP)Cl A(39) + B(34) 21
4 Ph Me Mn(TPP)Cl B(69) + C(26) 22
5 Ph Me  Mn(OAc), + L B(19) 23

*Yield based on the amount of catalyst used.

Pyridinedicarboxamide derivative was used as an external ligand.

an advantage of better understanding of the behavior of an enzyme such as
cytochrome P-450 in biology, but in aspect of synthetical applications did not

attract interest. Most of these studies were focused on the reaction mechanism to



access the better understanding of the biological oxidation process, few synthe-
tically useful procedure were developed partly due to low reactivities or product
selectivities, for example, providing olefin dimer as a side product. To overcome
such problems, we tried to develop new catalyst that convert olefins to alcohols
under molecular oxygen.

In this study, we elucidated for the first time that (salen)Mn(III) complexes
can be used as new catalyst of oxygenation.24 (Salen)Mn(III) complexes were
known to have features in common with metalloporphyrins with respect to their
electronic structure and catalytic activity. In asymmetric epoxidation of olefins
using chiral salen complexes as catalyst, Jacobsen has shown that chiral salen—
Mn provided far better selectivity than chiral metadloporphylrins.25 The advantage
of using (salen)Mn(IIl) complexes is that it is more convenient to prepare
analogues containing a wide variety of electron-withdrawing or electron-donating
or sterically different substituents which would be expected to regulate the
catalytic properties.26

In this study, we used (salen)Mn(III) complexes as the catalyst and NaBHy as
the reductant under molecular oxygen. On the basis of catalytic properties of the
(salen)Mn(III) complexes, we have synthesized various Mn(IIl)(salen) type com-
plexes and screened their reactivity. We have used simple olefins, cyclic, or non—
cyclic olefins as substrate. A variety of reaction condition have been investigated
in order to optimize reaction condition of olefin oxygenation. To get the more
practical oxygenation method, we have examined a readily available manganese
salt such as Mn(OAc)s or Mn(OAc), as the catalyst. Also, we used gfi-unsatu-
rated esters as substrate in order to expand the scope of our method.

In order to clarify the mechanism for (salen)Mn-catalyzed oxidation of olefins



by molecular oxygen with NaBH4, the deuterium incorporation was studied using

NaBD.a.



Results and Discussion

I. The oxygenation of vinyl arenes catalyzed by (salen)Mn(III) complexes.

For the screening of the catalytic activity, we have synthesized several (salen)
MndII) type complexes. Usually the ligands were prepared by the coupling of
salicyl aldehydes and corresponding diamine compounds. The prepared salen-type
ligands were treated with manganese(Il) acetate followed by air oxidation to
provide Mn(III)(salen)-type complexes.27 The catalytic activity of the complexes
was examined using d-methylstyrene as a model substrate (Table 2). The
reaction was carried out using 5 mol% Mn(Ill) complexes and 15 equiv. of
NaBH; under balloon pressure of O at room temperature. The reaction was
monitored using gas chromatography. The results are summarized in Table 2. In
all the cases, we obtained the corresponding alcohols as a major product (entries
1-4). Using complexes 1, 2 as a catalyst, alcohols were obtained in 76% and 70%
yvield, respectively. Olefin dimer frequently observed as a by-product in the
previous Mn(porphyrin)-catalyzed reaction was not detected (entries 1, 2). When
the complexes 3, 4 were tried as the catalyst, more substrate conversion was
observed. However, in case of using 3, 4 as a catalyst, we obtained rather lower
yields and also dimer as a by-product (entries 3, 4). Among them, complex 1
showed the best result. These results suggested that choice of the catalyst is
critical to achieve the desired oxygenation. The origin of the reactivity difference

for these (salen)Mn(IIl) complexes is not clear at this point. It might be ascribed
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to their differences in electronic/steric properties around the Mn metal or in their

physical properties, such as solubility in the reaction.”

Table 2. Screening of the (salen)Mn(IIl) complexes for the catalyst of the olefin

oxygenation.
Ph Oy / Cat.(5 mol%), 4 hr
77 + 1.5 NaBH,4 7( + Ph Ph
benzene/EtOH, rt OH
1a 1b 1c
Conversion Yield(%)
Entry Catalyst
(%)? 1b 1c
1 1 93 76 0
2 2 93 70 0
3 3 99 57 11
4 4 99 59 12
4Based on GC analysis
1 X = H, Y =H
2 = t-Bu, = t-Bu
_N\ /N_
/Mn\
X ol o X 3 = cl, - H
Cl
Y Y 4 = Cl, = Cl

From the results in Table 1, our investigation began with an effort to get

optimized reaction conditions for the oxidation of vinyl arenes using -catalytic
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salen-manganese complex 1 and stoichiometric NaBHy under O: atmosphere. a-

Methylstyrene and styrene were chosen as model substrates to give the

Table 3. Examination of the different reaction conditions for the oxygenation of o

-methylstyrene.

\I/ + NaBH; + (salen)Mn(llCI1 7(OH
benzene/EtOH

Entry NaBH,4 Complex 1 Benzene EtOH Product
(equiv.) (mol %) (mL) (mL) (Yield %)?
1 0.5 10 10 2.0 38
2 1.0 10 10 20 53
3 1.5 10 10 2.0 92
4 1.5 5 10 2.0 84
5 1.5 5 1.0 2.0 94
6 1.5 10 1.0 0 39
7 1.5 10 10 0.5 67
8 1.5 10 10 1.0 92
9 1.5 10 10 2.0 7°
10 1.5 10 10 2.0 34°

4GC yields using dodecane as an internal standard. bReaction under N, gas in place
of O,. °Reaction under air in place of oxygen gas.



oxidized product, 2-phenyl-2-propanol and sec-phenethyl alcohol. The results are
summarized in Table 3 and Table 4.

The first experiment was carried out with the variable amount of NaBH, as a
hydride source (entries 1-3). It proved that 1.5 equivalent of sodium borohydride
1S necessary to complete the reaction. Ethanol was found to be necessary in this
reaction, which is presumably due to the increased solubility of the catalyst at
least in part (entries 6-8). Oxygen gas, which was supplied via a balloon, was of
course indispensable for this procedure. For example, when the reaction was
performed under nitrogen gas atmosphere, very low conversion was obtained
(entry 9). Use of air in place of oxygen in an identical condition gave worse
result (entry 10). We also found that the amount of benzene is another important
factor, ie. improved result was obtained with less amount of solvent (entries 4,
5). As seen in Table 4, we also examined reaction conditions for the oxygenation
of styrene. When solvent was reduced to 3 mL, the result was improved (entry
2). Using toluene as the solvent instead of benzene, the corresponding alcohol was
obtained lower, ie. in 75% yield (entry 3). On the other hand, addition of LiCl
salt? which was known to regulate reactivity of hydride through the substitution
with NaBH,, the styrene reactivity was decreased sharply (entry 4). In this case,
some starting material was obtained along with 20% acetophenone as a by-
product. When 2 mL of solvent was used, the result was slightly improved. In
case of entry 6, the best result was obtained in 97% yield. In this reaction, we
also found that the amount of solvent is important factor and also proved that 2.0
equivalent of sodium borohydride is necessary to complete the reaction. As seen
in Table 3 and Table 4, the required amount of NaBH; was dependent on the

substrates, i.e. there needed 1.5 equiv. sodium borohydride for a-methylstyrene
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whereas 2.0 equivalence was necessary for styrene. In fact, using the condition in

Table 3 entry 5 and Table 4 entry 6 as the optimized ones, we were able to let

the reaction go for completion with 5 mol% of the complex 1.

Table 4. Reaction conditions examined for the oxygenation of styrene.

©\/ Oy, 1t, 4 hr
+ complex1 + NaBH
> 4 EtOH (2mL)
OH
solvent
Ent NaBHg4 Complex 1 Solvent Product
n
v (equiv.) (mol %) (mL) Yield (%)?
1 2.0 10 benzene (5) 80
2 2.0 10 benzene (3) 86
3 20 10 toluene (3) 75
40 2.0 10 benzene (3) 22
5 1.5 5 benzene (2) 91
6 2.0 5 benzene (2) 97

8GC vyields using dodecane as an internal standard.

BLICI (2 equiv.) was added as the additive

Different types of vinyl substrates were subjected to the reaction conditions

examined above. As seen in Table 5, the complex 1 coupled with NaBH; proved

to be an efficient catalyst to affect the oxygenation of styrene derivatives to give
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the alcoholic compounds. 1.5 Equiv. and 2.0 equivalence sodium borohydride were
used for the oxygenation of a0-substituted styrenes and vinyl derivatives,
respectively. Also with 4.0 equiv. of reductant, double oxygenation was efficiently
achieved (entry 3). This reaction was generally applicable to other aromatic
compounds such as pyridinyl and naphthyl derivatives (entries 8, 9). Functionality
change in the benzene ring did not affect the reactivity showing low electronic
effect in this reaction (entries 4-7). However, the styrene reactivity was decreased
sharply by introduction of a substitution at terminal carbon of C=C bond (entry
10). For the non-conjugated vinyl compound, this procedure displays very low
conversion leaving most of the starting material intact (entry 11).

This oxygenation procedure turned out to be a very clean reaction, e.g.
following the reaction by GC and GC-MS, the only distinguished side product,

dimers were usually observed in less than 5% yields.
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Table 5. The oxygenation of styrene derivatives catalyzed by (salen)Mn(III)
complex 1 in the presence of NaBH,.*!

O, (1atm), rt, 4 hr

Substrate + NaBH; + 5 mol% Complex 1 Product
benzene/EtOH
NaBHy4 Isolated
Entry Substrate Product
(equiv.) Yield (%)
1 Ph\f 15 N 85
OH
2 P 15 " Lon 90
Ph Ph
HO OH
3 4.0 77
Ph
4 Pho_~ 2.0 b 81
OH
5 2.0 80
=
OH
MeO MeO
6 2.0 87
=
OH
cl Cl
7 2.0 87
=
OH
X | o
8 | P 2.0 N/ 73
N
OH
s L W U
=
Ph o
10 Ph 2.0 Y 35
OH
OH
11 Ph 2.0 ph\)\ 7
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2. Development of (schiff-base)Mn(III) catalysts.

As seen in Table 5, only conjugated vinyl arene substrates were oxidized with
high efficiency. Other olefin substrates, for example, non-conjugated or non-—
vinylic olefins, showed very low yields under mild conditions (Table 5, entries 10,
11). Therefore, we investigated a method to increase product yields. At first,
some methods were reported on solid supports as an additive in order to improve
reactivity in olefin epoxidations.go’ 3 Concerning the similar effect of solid supports,
we examined acidic alumina as an additive in our reaction condition. The results
are summarized in Table 6. In all the cases, the products were produced in 7-
35% yields in the absence of acidic alumina. But, by addition of acidic alumina,
big improvement in product yield was observed. For example, conjugated internal
olefin compound, trans—[fi-methylstyrene gave the corresponding alcohol in 75%
yield (entry 1). Conjugated cyclic compounds such as 1-phenyl-1-cyclohexene and
1,2-dihydronaphthalene were converted to the corresponding alcohol in 71% and
77% vyield, respectively (entries 2, 3). Non conjugated olefin, allyl benzene, was
also converted to the corresponding alcohol in 69% yield (entry 4).

With the results in Table 6, several other solid supports were screened using
allyl benzene as a model substrate. These results are summarized in Table 7. In
case of the absence of additives (entry 1) and raised temperature at 50°C (entry
2), they showed 10% yield and no reaction, respectively. While, similar results
were observed when acidic alumina or molecular sieve 4A was added (entries 4,
8). The reactivity differences of solid supports may be ascribed by proposing that

they inhibit catalyst’s decomposition or oxidative degradation™ or dimerization.™
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Table 6. Reaction under acidic AlQOs.

Oy, rt, 4 hr
Substrate + 10 mol% (salen)complex1 + NaBH4 Product
Acidic Al,O3
benzene/EtOH
NaBH4
Entry Substrate . Product Yield(%)?
(equiv.)
1 Ph A 2.0 Phj/\ 75
OH
Ph Ph OH
2 \© 15 \O 71
OH
3 2.0 77
OH
4 Phx 2.0 Ph._A_ 69

4Based on GC yield.

Unfortunately, we were not able to improve the results further. Therefore, we
decided to develop other method, which is development of new catalyst applicable
to simple olefins such as allyl benzene.

For the screening of the catalytic activity, we have synthesized several Mn
(Il (salen)-type complexes.® As shown in Scheme 3, usually the ligands were

prepared by the coupling of salicyl aldehydes and corresponding diamine
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7

compounds.2 The prepared salen-type ligands were treated with manganese(Il)

Table 7. Additive effect for the olefin oxygenation.

Ph._ . + 2.0NaBH, + 10 mol% complex 1 i Ph/\(
benzene/EtOH OH
Entry Benzene Additive Product
(mL) () Yield (%)?
1 3 No 10
2b 3 No 0
3 3 MS 4A (0.5) 35
4 1 MS 4A (0.5) 69
5 1 MS 4A (0.25) 32
6 1 MS 3A (0.5) 43
7 1 Basic Al,05(0.5) 21
8 1 Acidic Al,O3 (0.2) 63
9 1 Acidic Al,03 (0.5) 39

aGC yields. PReaction at 50°C

acetate followed by air oxidation to provide Mn(IIl)(salen)-type complexes.

As shown in Figure 1, the prepared manganese complexes are divided into
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(0] reflux

< It
NH, NH, OH MeOH
OH HO

Hal1o
1) Mn(OAc), 3) sat. NaCl =N, /N—
HaL1o ——
2) air oxidation
complex 10
Scheme 3. Example of (salen)Mn(II)Cl complex synthesis.
Rs Rs
=N, N= Q
n —N N=
20N g/
R1 ) | O R+ /Mn\
Cl ol o
5 Ry =H Ry=H R3=H 6 Ry =H, Ry =H
R3 R3 7 R1_H, RZ_H, R3—H
8 R1 = {-Bu, R2 = {-Bu, R3 =H
—N\M N= 9 Ry=Cl, Ry=H, R3=H
n
R, 31 % R, 10 Ry =H Ry=H R3= CHj
Cl 11 Ry = tBu, R, = +-Bu, Ry = CHj
2 2 12 Ry =Cl, Ry, =H, Rs=CHs

Figure 1. (Salen)Mn(III) complexes.
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three different categories, i.e. diaminoethane-derived Mn complex 5, diamino-—
benzene-derived Mn complex 6, and diaminopropane-derived Mn complexes 7-12.
The catalytic activity of the complexes was examined using trans—fi-methyl-

styrene (2a) and allyl benzene (3a) as the model substrate (Table 8).

Table 8. Screening of the Mn(IIl)(salen)-type complexes for the oxidation catalyst

using the trans—[fi—-methylstyrene and allyl benzene.

Conversion (%)?

Entry Mn(lll) complex ph\/\ th\

2a 3a

1 5 5 1

2 6 18 0

3 7 86 38

4 8 30 21

5 9 95 58

6 10 96 70

7 11 13 12

8 12 85 66

@Based on GC analysis.

The reaction was carried out using 5 mol% Mn(III) complexes and 1.5 equiv.

of NaBH; under balloon pressure of Os at room temperature for 4 hr. The
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reaction was monitored using gas chromatography. These results are summarized
in Table 8. In the previous experiment, employing the (salen)Mn(III) complex 1 as
the catalyst, the compounds 2a and 3a were oxidized in only 35% and 7%
conversion yield, respectively (see Table 5, entries 10, 11). When the Mn(II)-
salen complex 5 was tried as the catalyst, rather lower substrate conversion was
observed (entry 1). Diaminobenzene-derived Mn(IlI) complex 6 also gave lower
reactivity (entry 2). However, diaminopropane-derived Mn(III) complex 7 showed
big improvement in the conversion yield. For example, using complex 7, we
converted olefins 2a and 3a in 8% and 38% vyield, respectively (entry 3).
Different types of related complexes were examined (entries 4-8), taking the
complex 7 as the leading compound. From this screening, it was concluded that
dimethyl-substituted complex analogue 10 has the best catalytic activity among
the complexes in Table 8. It is interesting to observe that introduction of bulky
and electron-rich tert=butyl group, as shown in 8 and 11, resulted in activity
decrease. Another interesting observation was that electron poor Cl-substituted
complexes, such as 9 and 12, showed comparable but no better catalytic activity
over the simple complex 10. From the results in Table 8 we concluded that
complex 10 is the best choice for a catalyst for this oxidation system. Although
the higher reactivity of complex 10 compared to other complexes is not clear, but
the combination of electronic and steric environments around the salen-type ligand
would account for the reactivity difference.”

With the result in Table 8 at hand, we carried out the oxidation with various
type of olefin substrates in the presence of the complex 10 and 1.5 equivalent of
NaBH; under O.. The results are summarized in Table 9. Non-conjugated vinyl

compound, allyl benzene, gave the corresponding alcohol in 61% isolated yield
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Table 9. Examples of olefin oxygenation reactions using the Mn(III) complex 10

as the catalyst.”

Oy, rt, 4 hr
Olefins + 5 mol% Mn(lll) complex 10 + 1.5 NaBHy4 Alcohols
benzene/EtOH
Entry Olefins Alcohols Isolated Yield (%)
OH
1 Phw Ph\)\ 61
Ph Ph CH
2 A chy 7 CHs 72
OH
Ph
3 Ph,  CHs 7 CHy 71
OH
Ph OH

~N .
ol

OH
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(entry 1). This reaction was very regiospecific, giving only Markovnikov type
hydration product. Conjugated internal olefin, trans-fi—methylstyrene, was also well
oxidized in 72% vyield (entry 2). This conversion was also regioselective; only the
compound oxidized at the benzylic position was observed. Cis—[fi-methylstyrene
was also oxidized in about the same yield as trans substrate (entry 3). Cinnamyl
alcohol was converted to the corresponding alcohol in 65% yield, which shows
that alcohol functionality rarely affects the reactivity (entry 4). Conjugated cyclic
olefins, such as 1,2-dihydronaphthalene, indene, and 2,2-dimethylchromene were
also good substrates for this oxidation procedure, providing the corresponding
alcohols in 82%, 65% and 81% yield, respectively (entries 5-7). In case of 2,2-di—
methylchromene, the corresponding ketone was obtained in 20% yield as the side
product. This could be explained assuming that at least some ketone was
produced as the initial product, which was subsequently reduced by NaBHj to the
alcohol. Tertiary alcohel was also obtained from the ¢ri-substituted olefins. For
example, 1-phenyl-3,4-dihydronaphthalene gave the alcohol in 70% yield (entry 8).
When 1-phenyl-1-cyclohexene (entry 9) was used as the substrate, the expected
alcohol and C-C cleaved ring-open product were isolated in 38% and 30% vyield,
respectively. But limonene showed poor conversion (entry 10). In this case, we
obtained several products, and the major compound in 20% isolated yield was
identified to be tertiary alcohol resulting from the oxygenation on vinylic olefin

over the electron-rich tri-substituted one.
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3. Development of manganese(Ill) acetate as the catalyst.

Previously, we have reported the oxidative conversion of olefins to the
alcohols, where molecular oxygen was used as the oxidant. In this process,
(schiff-base)Mn(III)Cl complexes were used as the catalyst and sodium boro-
hydride was employed as the required hydride source.”*® As a continuous effort
for searching the more practical oxygenation method, we have decided to carry on
the experiment with a readily available manganese salt such as Mn(OAc)s or
Mn(OAc); as the catalyst.*

For the screening of the oxidation conditions, trans-fi-methylstyrene was
selected as the model compounds. The olefin oxidation was performed using O: (1
atm), metal salt, schiff-base! ligand and NaBH, in the organic solvent (benzene/
EtOH) at room temperature. The reaction was monitored using gas chromato-
graphy, and the product yields were obtained using dodecane as the internal

standard. The results are summarized in Table 10.

13 R=H, 14 R =1tBu, 15 R = NO, 16

Figure 2. Schiff-base ligands were used for oxidation.

As the initial trial, the reaction was conducted in the absence of external
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ligands (entries 1-3). The salt of Mn(II) or Mn(III) species rarely provided the
expected alcohol. Employment of one equivalent of Mn(III) salt also provided only
11% yield of the product (entry 2). However, addition of schiff-base type ligands
led to great improvement in product yield. We have screened schiff-bases 13-16,
effective ligands in the (schiff-base)Mn(II) complexes employed previously.24' 35
Among them, diaminopropane-derived ligand 13 showed the best result. For
example, using 13, the starting material was almost consumed (93% conversion)
and the desired product was obtained in 91% vyield (entry 4). The analogous
ligands 14 and 15, having electron rich and electron poor properties compared to
13, were selected for reactivity comparison. With these ligands, lower conversion
of the olefin were observed (entries 5, 6). Trial of salen type ligand 16 also
provided the lower reactivity (entry 7). These results suggested that choice of the
ligand is critical to achieve the desired oxygenation. Examination of Mn(II)
species as the catalyst, in the presence of ligand 13, also afforded the good result
giving the product in 85% vyield (entry 8). This could be explained assuming that
part of Mn(IL is initially oxidized to Mn(IIDL by O: under reaction conditions.
Once Mn(III) species is developed, it could initiate oxidation system where Mn(III)
and Mn(I) species are alternatively involved in the catalytic cycle. When other
metal species such as Fe(Ill) or Co(l) were tried as the catalyst, the expected
oxidation was not observed with lower conversion of the starting material (entries
9, 10).

In this process, (schiff-base)Mn(IlI) complexes formed in situ during the
reaction 1is considered to be the active catalyst, otherwise the reactivity
differences observed with ligand change could not be explained. The correspon-

ding LMn(ID)Cl (L = 13, 14, 16) complexes were prepared, and the catalytic
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Table 10. Examination of reaction conditions for the oxygenation of trans—fi-

methylstyrene.
Pha_~ + NaBH, + Catalyst + Ligand O, 1, 4hr Ph\(\
(2 equiv.) (8 mol%) (8 mol%) benzene/EtOH OH
Entry Catalyst Ligand Conversion(%)2  Yield(%)P
1 Mn(OAc)3 2H,0 No 8 2
2¢ Mn(OAc);2H,0 No 18 11
3 Mn(OAc), 4H,0 No 7 1
4 Mn(OAc)3-2H,0 13 93 91(75)d
5 Mn(OAc)3:2H,0 14 23 19(22)¢
6 Mn(OAc)3:2H,0 15 61 49
7 Mn(OAc)3-2H,0 16 42 24(60)¢
8 Mn(OAc)y 4H,0 13 89 85
9 FeCls 13 23 0
10 Co(OAc),4H,0 13 38 3

aConversion based on GC analysis using dodecane as an internal standard.

bGC yields using dodecane as an internal standard. ©100 mol% Mn(lll) was
employed. 9Yields obtained using the corresponding (schiff-base)Mn(I11)CI complex
(8 mol%) as the catalyst.

activity was compared (entries 4, 5, 7). In this reaction, the alcohol was obtained
in 75%, 22%, and 60% yield, respectively, which is showing the similar reactivity

trend. In addition, the complexation stabilities of the ligand 13-16 to the
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Mn(OAc)s could be partly responsible for the activity differences shown in Table
10.

Using the reaction condition of entry 4 in Table 10, various types of olefins
were examined to achieve the desired oxidation. The results are summarized in
Table 11. When allyl benzene (3a), a non-conjugated olefin, was tried as the
substrate, the secondary alcohol 3b was obtained as the major product in 58%
vield. As a major side product, a reduced alkane (1-phenylpropane) was observed
(entry 1). Examination of other ligands 14-16 in 3a led to the same reactivity
trend described in Table 10. a-Methylstyrene was subjected to the reaction
condition, the desired product was obtained in 78% vyield (entry 2). In this case,
non oxidized dimeric product, 2,3—dimethyl-2,3-diphenylbutane, was isolated as the
minor product. From our experience, dimeric product was obtained when substrate
is too reactive under reaction condition. Thus, 'the less reactive ligand 16 was
tried. As expected, the dimeric impurity was disappeared and the product 1b was
isolated in 90% vyield (entry 2). For the styrene type substrates, the desired
phenethyl alcohols were obtained in 62-83% vields (entries 3-5). In the case of
4-methoxystyrene (6a), the corresponding ketone was obtained in 15% vyield along
with the expected alcohol 6b (entry 5). This could be explained assuming that at
least some ketone was produced as the initial product, which was subsequently
reduced by NaBH,; to the alcohol. Compared to styrene, introduction of the
methoxy group at p-position of the aromatic ring in 6a made the carbonyl less
electrophilic, which caused the carbonyl less reactive to hydride-mediated
reduction. Cinnamyl alcohol (7a) was oxidized to give diol 7b, which shows that
the hydroxy functionality is tolerable to the reaction condition (entry 6). Cyclic

olefins also proved to be good substrates to provide the oxidation at the benzylic
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Table 11. Oxidation of olefins using Mn(OAc)s - 2H>O and schiff-base 13 as the
Catalyst.38
8 mol% Mn(OAGC)3-2H,0
8 mol% Ligand 13
Olefins + O, (1atm) + 2.0 NaBH,4 Product
benzene/EtOH, rt, 4 hr
a A b
Entry Olefins Product Conv. Yield
(%) (%)
OH
1 Phaoxy 3a Ph. A 3b 100 58
Ph Ph
2 1a 1b 100 7 ¢
\]7 j(OH 8 (90)
Ph
3 Ph. > 4a el 4b 100 88
OH
Cl cl
4 5a 5b 100 71
=
MeO MeO OH
5 6a 6b 98 624
=
OH
Ph OH
6 Ph _~_0CH 7, g 7b 100 64
OH
OH
7 8a ©ij 8b 99 78
OH
; o [Ty w w
OH
Ph Ph Ph 10b + 10¢c
9 \© 10a HO>©10b Ho@ 10c 97 53" 3y

aBased on GC analysis. Plsolated yields. CIsolated yield obtained when ligand 16
was employed instead of lignad 13. 9As a minor product, corresponding ketone was

isolated in 15% yield.
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carbon with high selectivity as shown in entries 7 and 8. When 1-phenyl-1-
cyclohexene (10a) was used as the substrate, the expected alcohol 10b and C-C
cleaved product 10c were isolated in 33% and 31% vyield. As seen in Table 11,
this procedure comprises a mild oxygenation method converting the olefins to the

hydration products with high efficiency.

4. The oxygenation of a,f-unsaturated esters.

a-Hydroxycarbonyl compound can be found in various natural products, and
therefore, their various preparative methods have been reported.39 For example, the
stereoselective oxidation of ' the | corresponding —enolates has been examined.™
However, few reports were found about the direct synthesis of a-hydroxycarboxy
-lates with molecular oxygen by the use of transition metal catalysts. From the
synthetic point of view, it is interesting to develop an efficient method for
hydration of olefinic bond having electron withdrawing substituents, such as
esters and ketones. As a part of our continuous effort to extend the scope of
olefin oxygenation, we have decided to examine a,fi-unsaturated esters.

Our investigation began with an effort to optimize reaction condition for the
oxygenation of aofi—unsaturated esters using catalytic (salpro)Mn(III) complex 10
which showed the best result of the oxygenation of various olefins and NaBH,
under O, Lauryl methacrylate was chosen as a model substrate to give the
oxidized product, dodecyl 2-hydroxy-2-methylpropanoate. The results are summa-—

rized in Table 12. The first examined was the amount of catalyst (entries 1, 2).
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Table 12. Examination of reaction conditions for the oxygenation of lauryl

methacrylate.
ON
HOJ% Ci2Has
@]
2 NaBHy4, 05, 4 hr 11b =N, /N_
O\C H . Mn
o 12725 complex 10 oH O C|3I 0]
solvent C10H13/\/
10
11a 11c
Complex 10 Solvent (Yield %)?
Entry Temp.
(mol %) (mL) 11b 11c

1 rt 8 MeCN/EtOH (10/2) 93 trace

2 rt 10 MeCN/EtOH (10/2) 97 trace

3 rt 10 MeCN/EtOH (2/1) 74 11

4 rt 10 MeCN (10) 96 trace

5 o°c 10 MeCN/EtOH (10/2) 98 trace

6 o 10 EtOH (10) 99 trace

3Based on GC analysis

When 10 mol% of complex 10 was employed, the starting material was almost
completely consumed. When the amount of solvent was reduced, the expected
product 11b was obtained in 74% vyield and the reduced alcohol 1lc as a by-—

product was increased (entry 3). In case of entries 4, 5 and 6, the alcohol 11b
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was obtained in respective 96%, 98%, and 99% yield, which is showing the
similar results.

Using the reaction condition of entry 6 in Table 12, we performed the
oxidation of hexyl tigrate, including internal olefin. The result was obtained low

conversion yield in 75%. Therefore, we had to find other reaction condition which

Table 13. Examination of reaction conditions for the oxygenation of hexyl tigrate.

0]

Q 0y, 4 hr
N o Cet1s + NaBHy + catalyst 10 o Cetis
solvent HG

(2 equiv.) (10 mol%)

Entry Temp. S(orlr\f)nt Conv.@ Yield@
(%) (%)
1 o°c MeCN/EtOH (10/2) 24 22
2 0o°c i-PrOH (10) 34 27
3 0% CH,CI,/EtOH (5/5) 43 41
4 0o°c benzene/EtOH (2/2) 88 84
5 rt benzene/EtOH (2/2) 82 77
6 o°c benzene/EtOH (1/1) 92 89

7 o°c benzene/EtOH (2/2) quant 77°
8 o°c CHCl; (4) 99 89

@Based on GC analysis. bAcidic alumina (300mg) was added as the additve.
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could be applied here. The examined results using hexyl tigrate are shown in
Table 13.

As shown in Table 13, use of MeCN, (-PrOH, CHxCl: as a solvent, displayed
low conversion in 24 %, 34 % and 43 % vyield, respectively (entries 1-3). When
benzene was used as the solvent, improvement in conversion and yield was
observed (entry 4). When raising the reaction temperature to room temperature in
reaction condition (entry 5), the conversion and yield became somewhat lower. We
found that the amount of solvent is another important factor, i.e. improved result
was obtained with less amount of solvent (entry 6). Addition of acidic alumina
gave improved conversion and an increase in the reduced alkane as a by-product
(entry 7). Using CHCIls as the solvent, the starting material was almost com-
pletely consumed. The expected product was obtained in 89% yield with 99%
conversion by GC analysis and also the reduced alkane as a by-product was
obtained in 8% yield.

To investigate the reactivity difference of other reducing agent, phenylsilane
and tetrabutylammonium borohydride were further examined. The results are
summarized in Table 14. In case of using hexyl tigrate as the substrate, the
reductant gave almost comparable yield (74% and 73%, respectively, in entries 4
and 6). But, using PhSiHs, the corresponding alcohol was in 32% yield and there
left some starting material intact. Based on the results, it proved that sodium
borohydride is proper reductant in our system.

Using the reaction condition of entry 8 in Table 13, various a,fi-unsaturated
esters were examined to achieve the desired oxidation. The results are summa-
rized in Table 15. Methacrylate-type esters converted to the corresponding tert—

alcohol was obtained good in 74%, 83%, and 80% yield, respectively (entries 1-3).
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Table 14. Using various reductants for the oxygenation reaction.

O,, 4 hr
STM + [Red] + 10 mol% complex 10 Product
solvent
Red
Entry STM A%sz_.v Temp. Solvent Product Yield (%)2
(0] (0]
CHCI
1 _CqoH 2 NaBH 0%c 3 HO _CqoH 83
J\:/O 12H25 4 (@ mL) V‘\FO 12M25
(0] (0]
. i-PrOH/EtOH
2 J\FO\OSINm 1.2 PhSiH3 rt (2 mL/2 mL) Iovg\:/O\OAmImm 76
1 CHCI3/EtOH 0
_CqoH - 0 3 _
3 J\FO 12H25 2 n-BusNBH, 0°c (4 mL/1 mL) I{O C12H2s 79
o CHCI ?
0 3
4 \J&ﬁo\omza 2 NaBH, 0°c (4 mL) \VAFO\OQIS 74
HO
(0] (0]
5 \J\Fo\omza 1.2 PhSiH; rt \mw%_u\mm%_u \VA:/o\omIa 32(50°)
HO
0 CHCI3/EtOH Q
- 0 3
6 Jkﬁo\omza 2nBuNBH, 0% (ol j&ﬁo\omza 73
HO

3|solated yield. °Conversion yield was detected by GC
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This reaction was very regioselective to give only Markovnikov type hydration
product. Hexyl tigrate was also good substrate to give the product in 74% vyield
(entry 4). Acrylate-type ester, tert-butyl acrylate, was also well oxidized in 73%
vield (entry 5). However, ofi-unsaturated esters that have internal double bond is
converted to sec-alcohol with decreased yield (entry 6). In case of entry 6, low
conversion was obtained in 36% yield with 47% conversion. Furthermore, the
corresponding ketone was also found as a by-product. Interestingly, in case of
using ligand 17 that substituted electron-withdrawing nitro group to ligand 13
and Mn(IIl) acetate as a catalyst instead of complex 10, yield improvement was
observed giving 75% vyield (entry 6), and the corresponding ketone was also
obtained in 10% yield.

This reaction provides a new and convenient method for the direct preparation

of various a-hydroxycarboxylic acid esters starting from ai-unsaturated esters.
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Table 15. The oxygenation of various i,fi-unsaturated esters.

0°C, 0y, 4 hr
STM + 2NaBH; + 10 mol % cat. 10 Product
CHCI3 (4mL)
Entry STM Porduct \I(sigllgtgz)
OH
1 /J'\H/O\/ 4\[1/0\/ 742
0] 0]
e O
2 YJ\O/CQH% >HJ\O/C12H25 83
OH
3 )\I(Ovph ’ Ojﬁ(ovph 80
) )
O ]

4 MO/C(SHB />%ko/C6H13 74
OH
o 0
\)KOJ< %Ok 73
OH

5
o @)
CeH b
6 A g -Cettis /\Hko/ o3 36(75°)
OH

aGC vyield using dodecane as an internal standard. PUsing 15 mol% schiff-base
ligand 17 along with 15 mol% Mn(lll) acetate as the catalyst instead of complex 10

schiff-base Ligand = Pﬁ

—N N=

O,N OH HO NO,
17
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5. The oxygenation of 2-pentyl-2-cyclopenten-1-one in the O2/PhSiHz/

catalyst system.

We also examined the oxygenation of 2-pentyl-2-cyclopenten-1-one as the
substrate using O»/PhSiHs and complex 10 as the catalyst. The results are
summarized in Table 16. In all the cases, we obtained the expected a-hydroxyl
ketone 12b and C-C cleaved ring-open product 12c. When this reaction was
conducted using complex 10 as the catalyst, the poor conversion was showed
(entries 1-5). Increasing the amount of catalyst, the conversion result was similar
(compare entry 1 and entry 2). With addition of acidic alumina, the yield was
rather decreased (entry 3). Trial of lower temperature to 0C also provided the
lower conversion (entry 4). In case of raising temperature to 50T, the result was
slightly improved (entry 5). Interestingly, using 15 mol% schiff-base ligand 15
which has electron poor dinitro substitutent compared to ligand 13 along with 15
mol% Mn(IIl) salt as the catalyst instead of complex 10, big improvement in
product yield was observed (entry 6). The expected alcohol 12b and C-C cleaved
ring-open product 12c were isolated in 42% and 40% yield.

Further studies to extend the scope of the oxygenation method of various o,

—unsaturated carbonyl compound are in progress.
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Table 16. The oxygenation of 2-pentyl-2-cyclopenten—1-one.

complex 10
@) ) o
1.2 PhSiH3, O, 4 hr o o)
OH
Cotas . ¥ w
i-PrOH/EtOH CsHy HO CeHy 4
(2 mL/2 mL)
12a 12b 12¢
Entry Temp. Complex 10 Conv. Yield (%)?
(°C) (mol %) (%)° 12b 12¢
1 ; 8 29 3 26
2 rt 15 30 8 o1
4 ¢ : 22 12 10
° > 8 43 12 30
6° rt - 98 42d 40d

aBased on GC yield. ?Added acidic alumina (300mg). °Using 15 mol% (schiff-base)
ligand 15 along with 15 mol% Mn(lll) acetate instead of complex 10 for 12 hr. dsolated

yield.
schiff-base Ligand = ?ﬁ

—N N=
O,N OH HO NO,
NO,  O,N
15

_35_



6. Proposed reaction mechanism.

(Salen)Mn(III) complexes have been well known to catalyze various oxidation
reactions such as epoxidation of olefins, oxidation of saturated hydrocarbon and
alcohols. A high-valent oxomanganese(V) species has been believed as an active
species.” Therefore, we considered possibility that vinyl arene reacting with oxo-
manganese(V) species vields epoxide, which is reduced with NaBH, to give
alcohol. We examined whether ring opening reaction of epoxide occurred or not in
our system (Scheme 4). When the oxygenation of styrene oxide was proceeded in
our system, no reduced alcohol was observed and starting material was recovered
intact. This result indicated a mechanism which does not involve a oxomanga-—

nese(V) species.

(salen)Mn(lll) complex 1

(salen)MnV=0 (salen)Mn(lll) complex 1

Ph Ph
Ph~ %I
0 NaBH,, Oy, rt, 4 hr ?)?
styrene styrene oxide Secg)lggﬁglthw
(0%)

Scheme 4. Possible mechanism involving Mn'=0 species as the intermediate.

In case of styrene, a small amount of acetophenone (< 5%) was detected by

GC analysis. On the basis of that result, the reaction product was alcohol
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resulting from the reduction of the acetophenone by NaBH,. Since the ketones are
hardly reduced by NaBH3;CN, the reaction was performed using NaBHsCN as the
reducing agent instead of NaBH, in order to capture this reaction intermediate. As
a result, the corresponding ketone was formed along with the corresponding
alcohol (Eq. 2). This result implies that the alcohol and ketone are obtained in

different synthetic pathways (see Scheme 6).

(salen)Mn(lll) 1 Ph
Ph” + 0O,(1atm) + 2.0NaBH, Y )
benzene/EtOH OH
(81%)
(salen)Mn(lll) 1, O, Ph Ph
Pho” + 2.0NaBHsCN Y+ Y @
benzene/EtOH
OH (0]
(4%) (7%)
Ph
m/ + O, (1atm) + 2NaBH3CN No Reaction (3)
0 benzene/EtOH

In our reaction conditions, it is assumed that Mn(III) and Mn(II) species are
involved in the catalytic cycle.ZZ' 1 The color change between colorless and dark
brown was observed during the reaction, which also suggested the involvement of
colorless Mn(I) and dark brownish Mn(III) complexes. When the oxidation of
styrene was conducted in the presence of BHT, a phenolic radical scavenger, no
desired product was observed rendering the starting material intact. Thus, it is

assumed that some radical species are involved as the reaction intermediate.
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In order to confirm the generation of radical, we used 2-phenyl-1-vinyl-
cyclopropane that was well known as an efficient radical clock™ as a substrate in
our reaction conditions. When the olefin 18 was subjected to our reaction
condition (see Table 9), the benzylic alcohol 22 was obtained as the major
product (28% yield) along with some unidentified minor products. The reaction of
vinylcyclopropane 18 provides 22 presumably via a unsaturated peroxyl radical 21,
which is produced by the rapid ring opening of the cyclopropylmethyl radical 19

followed by reaction with O: (Scheme 5).

under the reaction

Ph conditions Ph rearrangement Ph R
18 19 20
0,
OH 0

(@)
28% (cis : trans =25 :75)
22 21

Scheme 5. Proposed mechanism for the oxygenation of vinylcyclopropane 18.

On the basis of the results, we propose the reaction mechanism of the
oxygenation of vinyl arenes in our reaction conditions as following (Scheme 6).
(Salen)Mn(III) complex 1 reacting as the oxidant is converting hydride to

hydrogen radical and is reduced to (salen)Mn(II). Then the resulting hydrogen
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radical forms benzyl radical 24 being added to vinyl arene compound. Benzyl
radical is stabilized by resonance. The stabilized radical 24 should easily react
with dioxygen to yield peroxyl radical 25,43 which may be converted to (alkylper—
oxo)—(salen)Mn(III) 26 being captured to (salen)Mn(II). The formation of (alkyl-
peroxo)—(salen)Mn(IlI) 26 may take place with two probable pathway: (1) (salen)
LMn(I) coordinated with peroxyl radical is oxidized to LMn(III) by electron
transfer of dioxygen. (2) electron-rich LMn(I) combined with dioxygen forms
(peroxo)-LMn(III) radical, which reacting with radical 24 may form (alkylperoxo)-
(salen)Mn(II) 26 which may be stabilized in a form of (alkylperoxo)-(salen)
Mn(III) 26.*

The O-O bond of the intermediate 26 derived from vinyl arene may
homolytically cleavage to form ketone (28) and dispropotionation process to form
corresponding alcohol (27). The formed ketone 28 is reduced to corresponding
alcohol (27) by NaBH; under reaction conditions. Meanwhile, since the inter-
mediate 26 generated from a-substituted vinyl arene such as o-methylstyrene,
may directly be reduced by NaBH; to yield tert—alcohol (29). The formation of
small amount of acetophenone was observed in the oxygenation of styrene. It is
quite reasonable to consider that acetophenone is the precursor of the final
oxygenation product, l-phenylethanol. In order to confirm this, the deuterium
incorporation was studied using NaBD.. The reaction conditions were the same as
those described in experimental section, except for the use of NaBD, in place of
NaBH,4. The structures of the oxygenation products of styrene and a-methyl-
styrene were determined by means of "H NMR and GC-MSD.

The results are revealed in Eq. 4 and Eq. 5. In case of styrene, two molecular
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(salen)Mn(lICl + NaBH, —— [ (salen)Mn(lll)—H === (salen)Mn(ll) + H-:] + BHz + NaCl
1

0]
Ar Ar-_. 2 Ar LMn(lT) Ar
/‘\ + H- /T /‘AUIO. XIO
R R R R [
Mn(lll)
23 24 25 26
R=H Ar N b:.% me_l_b Ar
™ o J o o
NaBH, 27 28 27
26 (salen)Mn(lI1)OH

J o

R = alkyl R

29

Scheme 6. Proposed mechanism of the oxygenation of vinyl arenes.
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peaks were observed at m/e = 123 and 124 (relative intensity; 1.6:1), which
correspond to CgHsCH(OH)(CH:D) and CsHsCD(OH)(CH:D), respectively. The
fragmentation peaks due to the CgHsCH(OH) and CsHsCD(OH) radical ions were
also observed at m/e = 107 and 108 (relative intensity: 1.7:1), respectively.

If 1-phenylethanol is necessarily formed via acetophenone, the molecular—ion
peak should be observed only at m/e = 124. The result of deuterium incorporation
indicates that there are, at least, two pathways for formation of 1-phenylethanol.
Since the mass spectroscopy applied in this study can not provide the correct
ratio of CsHsCH(OH)(CH:D) to CsHsCD(OH)(CH:D),* the reaction product were
analyzed by means of "H NMR spectroscopy. The NMR signal were assigned to
CellsCH(OH)(CH:D) and CgHsCD(OH)(CH:D). The signal due to -CH(OH)-
appeared at 4.85 ppm. The comparison of the signal intensity at 4.85 ppm due to
-CH(OH)- with that at 1.45 ppm due to —(CHzD)- suggests that the ratio of the
formation of C¢HsCH(OH)(CH2D) to CsHsCD(OH)(CH2D) is 1:1.

In the oxygenation of a-methylstyrene in the presence of NaBD, 1-deuterio—

2-phenyl-2-propanol was the sole oxygenation product under same conditions.

complex 1, NaBDy Ph

benzene/EtOH, O, D OH H OH
Ph complex 1, NaBDy4 Ph CH,D 5)
benzene/EtOH, Oy H,C OH

In the process of the formation of benzyl radical 24 and peroxy radical 25, it
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is possible to assume another pathway in which the mechanism involving (o8-
alky)Mn(II)-complex™ which is formed by the coordination of olefin and (salen)
MndI). If coordination is done, it is assumed that chirality is somewhat trans—
ferred in the experiment using optical active (salen)Mn complex as the catalyst.
But the optical yield (ee's) of the alcohol 13b was not obtained (Scheme 7).
Judging from this result, the coordination of (salen)Mn(II) with olefin do not
occur.

In case of 1-phenyl-1-cyclohexene was used as the substrate, the expected
alcohol and C-C bond cleaved product were isolated. The product obtained from
1-phenyl-1-cyclohexene could be derived through the pathway described in

Scheme 8. The suggested pathway was supported by the analysis of the products

(S,S)-(+)-cat. OH

+ Oy (1atm) + 1.5 NaBH4
O‘ benzene/EtOH O‘
13a Q 13b
H; H (0% ee)

(S,S)-(+)-cat. 30

Scheme 7. The asymmetric oxygenation of 1-phenyl-3,4-dihydronaphthalene.

using NaBDs. Involvement of LMn(III), NaBD4s and O produced the peroxo—Mn
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intermediate 31 which could be derived either from Os-oxidation of corresponding
C-Mn intermediate or from a pathway involving carbon and C-O-O - radical
species, which could be either reduced to 33 or fragmented to give an interme-—
diate 32. The ketone 32 could be further reduced to the diol 34 by NaBD..

Incorporation of deuterium in 33 and 34 was confirmed by 'H and “C NMR

analysis.
-MnL
8 o O,MnL
Ph LMn(lIl) Ph Ph._O
-, D
\© NaBDy, O,
10a 31 32
NaBDy, then H,0 NaBDy,
then H,O
HO OH

HO D
Ph 33 Ph D 34

Scheme 8. Proposed mechanism of the oxygenation of 1-phenyl-1-cyclohexene.

Using 2-pentyl-2-cyclopenten-1-one as the substrate also produced the
expected alcohol and C-C cleaved ring-open product were isolated. The product
obtained from 2-pentyl-2-cyclopenten-1-one could be derived through the path-
way describe in Scheme 9.

The result of the deuterium incorporation for the reaction of styrene can be
understood by these two mechanisms. Using 1-phenyl-1-cyclohexene or 2-pentyl-

2-cyclopenten—-1-one as a substrate, indicate that there are, at least, two
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pathways for formation of corresponding products. Since no high-valent oxo-—
manganese(V) complex is generated, the epoxidation does not proceed in our

system. Further investigation is needed to identify the detailed reaction

mechanism.
Mn(lll)L oH
y 511
CsHit | mnay, 0,  CsH11,0-0 Mn(lllL
I e} O’
0 PhSiH; 0
@]
12a 35 36
PhSiH3, then i-PrOH PhSiH3, then i-PrOH
HQ | CsH1y 0 0

g v~ A,

12b 12c
Scheme 9. Proposed mechanism of the oxygenation of 2Z2-pentyl-2-cyclopenten-—

1-one.
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M. Experimental

1. General

The reagents and solvent for oxygenations and syntheses were purchased from
Aldrich Co. in highest purity and used without further purification. 2,2-dimethyl-
chromene was prepared by reported procedure.47 All the ligands and complexes
were prepared as reported with some modification.®® All solvents were used after
drying by the appropriate methods. Thin layer chromatography was performed on
Merck prepared plates (silica gel 60 F-254 on aluminum). Column chromatography
was performed using Merck silica' gel 60 (230-400 mesh). The elemental analyses
were carried out using LECO CHN-900 analyzer. The IR spectra were recorded
on a Bruker FSS66 FT-IR spectrometer in the range 4000-370 cm! using KBr
pellets. The UV-visible spectra were recorded on a KONTRON UVIKON 860
UV-VIS spectrometer. NMR spectra were recorded on a JEOL model LAMBDA
NMR spectrometer operating at 400 MHz for 'H and 100 MHz for BC. GC/MSD
analyses were carried out Hewlett-Packard 5772A gas chromatograph with a
mass selective detector equipped with a HP-5 capillary column. The GC analyses
were carried out on a YoungLin 600D instrument equipped with a FID detector
using HP-5 capillary column. The optical yield (ee's) of the product was

determined by '"H NMR spectroscopy using chiral NMR shift reagent Eu(hfc)s.
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2. Synthesis of ligands and complexes.

1) Synthesis of N,N’-cyclohexylbis(salicyaldimine) (HzL1)

@) reflux ; ;

—N N—
OH EtOH

+ 2

HoN NH, OH HO

In a 300 mL round bottom flask were placed salicylaldehyde (2.44 g, 20 mmol)
in ethanol (100 mL). A solution of (+)-trans—1,2-diaminocyclohexane (1.14 g, 10
mmol) in ethanol (10 mL) was added. The mixture was heated to reflux for 2 hr.
The reaction mixture was cooled in an ice bath, the yellow solid began to
precipitate and was collected by vacuum filtration and washed with ethanol. The
ligand HoL; was dried under vacuum at 40 C for 12 hr to yield the desired
product (251 g, 78% yield): Anal. Caled (found, %) for CgH2N2O2: C, 7451

(74.55); H, 6.88 (6.79); N, 8.69 (8.61)

Synthesis of Mn(L;)Cl (complex 1)

Q 1) Mn(OAc), Q
2) Air oxidation

=N N= =N N=
3) sat. NaCl /Mn\

OH HO o] o
Cl
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In a 300 mL three necked flask equipped with a reflux condenser, and an
addition funnel was charged with Mn(OAc); - 4H,O (355 g, 145 mmol) and
ethanol (50 mL). The stirred solution was heated to reflux (80-85C) with heating
mantle, and a solution of ligand HoL; (1.56 g, 4.84 mmol) in toluene (50 mL) was
added in a slow stream over 20 min. The mixture was stirred at reflux for 2 hr
and air was bubbled through the reaction mixture for 1 hr. After addition of brine
solution (20 mL), the mixture was cooled to room temperature and the precipit-
ated brown solid was collected by filtration and washed with toluene (30 mL) and
H-O (50 mL). The complex 1 was dried under high vacuum at 100°C for 12 hr to
vield the desired product (1.74 g, 88% vyield): Anal. Caled (found, %) for

C20H20N20:MnCl: C, 5848 (58.15); H, 4.91 (4.87); N, 6.82 (6.60)

2) Synthesis of N,N’-cyclohexylbis(3,5-di-tert-butylsalicyaldimine) (HsLz)
In a 300 mL round bottom flask were placed 3,5-di-tert-butyl-2-hydroxybenz-
aldehyde (4.69 g, 20 mmol) in ethanol (100 mL). A solution of (*)-trans-1,2-
diaminocyclohexane (1.14 g, 10 mmol) in ethanol (10 mL) was added. The mixture
was heated to reflux for 2 hr. The reaction mixture was cooled in an ice bath
and the precipitated yellow solid was collected by vacuum filtration and washed
with ethanol. The ligand H:l, was dried under vacuum at 40 C for 12 hr to
vield the desired product (454 g, 83% vyield): Anal. Caled (found, %) for

C3sHsN202: C, 79.07 (79.02); H, 9.95 (9.90); N, 5.12 (5.10)

Synthesis of Mn(L2)Cl (complex 2)
In a 300 mL three necked flask equipped with a reflux condenser, and an

addition funnel was charged with Mn(OAc): - 4H20 (3.68 g, 15 mmol) and ethanol
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(50 mL). The stirred solution was

heated to reflux (80-85C) with heating

—N N— mantle, and a solution of ligand H-ls

7N (273 g, 5 mmol) in toluene (50 mL)

was added in a slow stream over 20

min. The mixture was stirred at reflux

complex 2 for 2 hr and air was bubbled through

the reaction mixture for 1 hr. After addition of brine solution (20 mL), the
mixture was cooled to room temperature and rinsed into a separatory funnel with
toluene (20 mL). The brown organic layer was washed with HxO (3 x 50 mL)
and then dried over NaSOs Solvent removal in vacuo yielded a brown solid
which was redissolved completely in CH2Cl, (50 mL). To this solution heptane (50
mL) was added, and the resulting mixture was concentrated by rotary evaporation
to a volume of = 15 mL. The mixture was cooled in an ice bath for 1 hr and
the precipitated brown solid was collected by filtration and washed with toluene
(30 mL) and H:O (50 mL). The complex 2 was dried under high vacuum at 10
0C for 12 hr to yield the desired product (2.79 g, 83% vyield): Anal. Caled (found,

%) for CssHsN20-MnCl: C, 68.07 (67.96); H, 8.25 (8.35); N, 4.41 (4.20)

3) Synthesis of N,N’-cyclohexylbis(5-chlorosalicyaldimine) (HzL3)

In a 300 mL round bottom flask were placed 5-chlorosalicylaldehyde (3.13 g,
20 mmol) in ethanol (100 mL). A solution of (£)-trans—1,2-diaminocyclohexane
(1.14 g, 10 mmol) in ethanol (10 mL) was added. The mixture was heated to
reflux for 2 hr. The reaction mixture was cooled in an ice bath and the

precipitated yellow solid was collected by vacuum filtration and washed with
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ethanol. The ligand H:Ls; was dried under vacuum at 40 C for 12 hr to yield the
desired product (2.15 g, 55% yield): Anal. Calcd (found, %) for CgoHzN20:Cls: C,

61.39 (61.30); H, 5.15 (5.12); N, 7.16 (7.11)

Synthesis of Mn(L3)Cl (complex 3)
In a 300 mL three necked flask equipped with a reflux condenser, and an
addition funnel was charged with Mn(OAc); - 4H>O (3.68 g, 15 mmol) and ethanol
(50 mL). The stirred solution was

heated to reflux (80-85C) with heating

N N mantle, and a solution of ligand H:lj
=NOON=
/Mn\ (196 g, 5 mmol) in toluene (50 mL)
Cl (0] | @] Cl ]
Cl was added in a slow stream over 20

min. The mixture was stirred at reflux

complex 3
for 2 hr and air was bubbled through
the reaction mixture for 1 hr. After addition of brine solution (20 mL), the
mixture was cooled to room temperature and the precipitated brown solid was
collected by filtration and washed with toluene (30 mL) and H-O (50 mL). The
complex 3 was dried under high vacuum at 100C for 12 hr to yield the desired

product (1.78 g, 74% vyield): Anal. Calcd (found, %) for CoHisN202CloMnCl: C,

50.08 (50.15); H, 3.78 (3.80); N, 5.84 (5.89)

4) Synthesis of N,N’-cyclohexylbis(3,5-dichlorosalicyaldimine) (HzL4)
In a 300 mL round bottom flask were placed 3,5-dichlorosalicylaldehyde (3.82
g, 20 mmol) in ethanol (100 mL). A solution of (+)-trans-1,2-diaminocyclohexane

(1.14 g, 10 mmol) in ethanol (10 mL) was added. The mixture was heated to
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reflux for 2 hr. The reaction mixture was cooled in an ice bath and the
precipitated yellow solid was collected by vacuum filtration and washed with
ethanol. The ligand Hols was dried under vacuum at 40 C for 12 hr to yield the
desired product (4.05 g, 838% yield): Anal. Caled (found, %) for CgHisN2O2Cly: C,

52.20 (52.18); H, 3.94 (4.01); N, 6.09 (6.05)

Synthesis of Mn(L4)Cl (complex 4)
In a 300 mL three necked flask equipped with a reflux condenser, and an
addition funnel was charged with Mn(OAc), -+ 4H>O (3.68 g, 15 mmol) and ethanol
(34 mL). The stirred solution was

heated to reflux (80-85C) with heating

N N mantle, and a solution of ligand H2l4
=N W N=
/Mn\ (23 g, 5 mmol) in toluene (50 mL)
Cl O | @] Cl ;
Cl was added in a slow stream over 20
Cl Cl min. The mixture was stirred at reflux
complex 4 for 2 hr and air was bubbled through

the reaction mixture for 1 hr. After addition of brine solution (20 mL), the
mixture was cooled to room temperature and the precipitated brown solid was
collected by filtration and washed with toluene (30 mL) and H:O (50 mL). The
complex 4 was dried under high vacuum at 100C for 12 hr to yield the desired
product (2.19 g, 80% vyield): Anal. Caled (found, %) for CoHisN202CluMnCl: C,

4379 (43.84); H, 2.94 (291); N, 511 (5.18)

5) Synthesis of N,N’-ethylbis(salicylaldimine) (HoLs - 1/4H20)

In a 300 mL round bottom flask were placed salicylaldehyde (6.11 g, 50 mmol)
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in methanol (100 mL). A solution of ethylenediamine (1.5 g, 25 mmol) in methanol
(10 mL) was added. The mixture was heated to reflux for 2 hr. The reaction
mixture was cooled to room temperature and began to precipitate the yellow solid.
The product was collected by vacuum filtration and washed with methanol. The
ligand H:Ls was dried under vacuum at 40 C for 12 hr to yield the desired
product (5.05 g, 74% yield): Anal. Caled (found, %) for CisHigN2O2 - 1/4H;0: C,

70.44 (70.28); H, 6.10 (6.18); N, 10.27 (10.35)

Synthesis of Mn(Ls)Cl (complex 5)
In a 300 mL three necked flask equipped with a reflux condenser, and an

addition funnel was charged with ligand Hols (4.09 g, 15 mmol) and toluene (50

— mL). The stirred solution was heated to reflux

_N\ /N_ with heating ‘mantle, and a solution of Mn(OAc),
Mn

O/ | \O - 4H,0 (3.68 g, 15 mmol) in methanol (30 mL)
Cl

was added in a slow stream over 10 min. The

complex 5 mixture was stirred at reflux for 30 min and air

was bubbled through the reaction mixture for 1 hr. Brine solution (20 mL) was
added and the solution was refluxed for 1 hr. After cooling the mixture to room
temperature, solvent was removed in vacuo. H-O (100 mL) was added with
stirring for 10 min. The solution was concentrated by rotary evaporation to a
volume of =~ 20 mlL, The precipitated reddish brown solid was collected by
filtration and washed with a small portion of cold H2O. The complex 5 was dried
under high vacuum at 100C for 12 hr to yield the desired product (4.06 g, 74%
yield): Anal. Caled (found, %) for CicH1aN20-MnCl - 1/2H20: C, 52.55 (53.07); H,

4.13 (4.65); N, 7.66 (7.85)
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6) Synthesis of N,N’-phenylbis(salicylaldimine) (H:Lg *+ 1/2H20)

In a 300 mL round bottom flask were placed salicylaldehyde (6.11 g, 50 mmol)
in methanol (100 mL). A solution of o-phenylethylenediamine (2.70 g, 25 mmol) in
methanol (10 mL) was added. The mixture was heated to reflux for 2 hr. The
reaction mixture was cooled in an ice bath. The deep red product that precipitated
from the resulting solution was collected by vacuum filtration and washed with
methanol. The ligand Hols was dried under vacuum at 40 C for 12 hr to yield
the desired product (6.24 g, 77% yield): Anal. Calcd (found, %) for CooHigN2Os

1/2H20: C, 73.83 (73.75); H, 5.27 (551); N, 8.61 (8.78)

Synthesis of Mn(Lg)Cl (complex 6)
In a 300 mL three necked flask equipped with a reflux condenser, and an
addition funnel was charged with ligand HsLg (4.88 g, 15 mmol) and toluene (50
mL). The stirred solution was heated to reflux

with heating mantle, and a solution of Mn(OAc)»

N N— - 4H;0 (11.03 g, 45 mmol) in methanol (100 mL)
O; |n<o was added in a slow stream over 20 min. The
Cl mixture was stirred at reflux for 30 min and air
complex 6 was bubbled through the reaction mixture for 1

hr. Brine solution (20 mL) was added and the solution was refluxed for 1 hr.
After cooling the mixture to room temperature, the solution was concentrated by
rotary evaporation to a volume of = 20 mL. After addition of H.O (100 mL), the
solution was stirred for 10 min, whereupon the complex began to precipitate. The
precipitated reddish brown solid was collected by filtration. The complex 6 was

dried under high vacuum at 100C for 12 hr to yield the desired product (4.75 g,
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75% yield): Anal. Caled (found, %) for CoHiaN20-MnCl - H.O: C, 56.82 (56.47); H,
3.81 (4.00); N, 6.63 (6.35)

7) Synthesis of N,N’-propylbis(salicylaldimine) (HsL7 - 3/4H20)

In a 300 mL round bottom flask were placed salicylaldehyde (6.11 g, 50 mmol)
in methanol (100 mL). A solution of 1,3-diaminopropane (1.85 g, 25 mmol) in
methanol (10 mL) was added. The mixture was heated to reflux for 2 hr. The
solution was concentrated by rotary evaporation to a volume of = 20 mL. After
cooling the solution in an ice bath, HO (100 mL) was added, and the mixture
was stirred. The product was obtained as a yellow precipitate, which was
collected by vacuum filtration and washed with HzO. The ligand H:L; was dried
under vacuum at 40 T for 12 hr to yield the desired product (6.03 g, 82% yield):
Anal. Caled (found, %) for Ci7HisN202 - 3/4H,O: C, 69.02 (69.21); H, 6.64 (6.74);

N, 9.47 (9.85)

Synthesis of Mn(L7)Cl (complex 7)

In a 300 mL three necked flask equipped with a reflux condenser, and an
addition funnel was charged with ligand Hol7; (444 g, 15 mmol) and toluene (50
mL). The stirred solution was heated to reflux with heating mantle and a solution

of Mn(OAc); - 4H20 (3.67 g, 15 mmol) in methanol

_m_ (100 mL) was added in a slow stream over 10
;Mn< min. The mixture was stirred at reflux for 30 min
© £| © and air was bubbled through the reaction mixture
for 1 hr. Brine solution (20 mlL) was added and

complex 7

the solution was refluxed for 1 hr. After cooling
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the mixture to room temperature, the solution was concentrated by rotary
evaporation to a volume of = 20 mL. After addition of 50 mL of H:O was stirred
for 10 min, whereupon the product began to precipitate. The precipitated dark
reddish brown solid was collected by filtration. The complex 7 was dried under
high vacuum at 100C for 12 hr to yield the desired product (3.87 g, 66% yield):
Anal. Caled (found, %) for Ci7H;gN2O:MnCl - H:O: C, 52.53 (52.52); H, 4.67 (4.83);

N, 7.21 (7.49)

8) Synthesis of N,N’-propylbis(3,5-di-tert-butylsalicylaldimine) (H:Lsg)

In a 300 mL round bottom flask were placed 3,5-di-tert-butyl-2-hydroxybenz-
aldehyde (2.34 g, 10 mmol) in methanol (100 mL). A solution of 1,3-diamino—
propane (0.37 g, 5 mmol) in methanol (10 mL) was added. The mixture was
heated to reflux for 3 hr. The reaction mixture was cooled to room temperature.
The orange precipitate from the resulting solution was filtered off and washed
with cold methanol. The ligand HoLs was dried under vacuum at 40 C for 12 hr
to yield the desired product (2.26 g, 89% vyield): Anal. Caled (found, %) for

Ca3HsN202: C, 7821 (78.00); H, 9.94 (9.81); N, 553 (5.60)

Synthesis of Mn(Lg)Cl (complex 8)

In a 300 mL three necked flask

N N— equipped with a reflux condenser, and
/1 \ an addition funnel was charged with

ligand HoLs (1.01 g, 2 mmol) and

toluene (100 mL). The stirred solution

complex 8 was heated to reflux with heating
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mantle, and a solution of Mn(OAc): + 4HO (2.21 g, 9 mmol) in methanol (30 mL)
was added in a slow stream over 10 min. The mixture was stirred at reflux for
30 min and air was bubbled through the reaction mixture for 1 hr. Brine solution
(4 mL) was added and the solution was refluxed for 1 hr. After cooling the
mixture to room temperature, the solution was concentrated by rotary evaporation
to a volume of = 20 mL. After addition of H.O (100 mL), the solution stirred for
10 min, whereupon the product began to precipitate. The precipitated dark reddish
brown solid that was collected by filtration and washed with H:O. It was
recrystallized from acetone. The complex 8 was dried under high vacuum at 10
0T for 12 hr to yield the desired product (0.58 g, 48% vyield): Anal. Caled (found,

%) for CssHasN20-MnCl - 1/2H20: C, 65.61 (65.13); H, 8.17 (7.83); N, 4.64 (4.48)

9) Synthesis of N,N’-propylbis(5-chlorosalicylaldimine) (HzLg - 1/4H20)

In a 500 mL round bottom flask were placed 5-chlorosalicylaldehyde (7.83 g,
50 mmol) in methanol (200 mL). A solution of 1,3-diaminopropane (1.85 g, 25
mmol) in methanol (20 mL) was added. The mixture was heated to reflux for 3
hr. The reaction mixture was cooled to room temperature. The yellow product
that precipitated from the resulting solution was filtered off and washed with
methanol. The ligand HolLg was dried under vacuum at 40 C for 12 hr to yield
the desired product (7.69 g, 87% yield): Anal. Caled (found, %) for Ci7HigN2OoClo

- 1/4H,0: C, 57.40 (57.17); H, 4.67 (4.64); N, 7.87 (7.80)

Synthesis of Mn(Ly)Cl (complex 9)
In a 300 mL three necked flask equipped with a reflux condenser, and an

addition funnel was charged with ligand Hslg (3.56 g, 10 mmol) and toluene (50
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m mL). The stirred solution was heated

to reflux with heating mantle, and a

—N N—
\
Mn< solution of Mn(OAc), - 4H.O (4.90 g,
/
Cl O il O Cl' 20 mmol) in methanol (20 mL) was
added in a slow stream over 10 min.
complex 9

The mixture was stirred at reflux for
30 min and air was bubbled through the reaction mixture for 1 hr. Brine solution
(15 mL) was added and the solution was refluxed for 1 hr. After cooling the
mixture to room temperature, the solution was concentrated by rotary evaporation
to a volume of = 20 mL. After addition of 100 mL of H2O, the solution was
stirred for 10 min, whereupon the product began to precipitate. The precipitated
green solid was collected by filtration and washed with cold H2O. It was
recrystallized from methanol. The complex 9 was dried under high vacuum at 10
0T for 12 hr to yield the desired product (2.23 g, 51% vyield): Anal. Calcd (found,

%) for Ci7H1aN20:CL.MnCl: C, 46.45 (46.17); H, 3.21 (3.78); N, 6.37 (6.55)

10) Synthesis of N,N’-2,2-dimethylproylbis(salicylaldimine) (H2Ljo - 1/4H20)

In a 500 mL round bottom flask were placed salicylaldehyde (6.11 g, 50 mmol)
in methanol (150 mL). A solution of 22-dimethyl-1,3-propanediamine (2.55 g, 25
mmol) in methanol (20 mL) as a solvent. The mixture was heated to reflux for 3
hr. The reaction mixture was cooled to room temperature. The yellow product
that precipitated from the resulting solution was filtered off and washed with cold
methanol. The ligand HzLjo was dried under vacuum at 40 C for 12 hr to yield
the desired product (5.98 g, 76% yield): Anal. Calcd (found, %) for CigH22N2O- -

1/4H20: C, 72.47 (72.65); H, 7.20 (7.23); N, 8.90 (8.96)
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Synthesis of Mn(Ljo)Cl (complex 10)

In a 300 mL three necked flask equipped with a reflux condenser, and an
addition funnel was charged with ligand H:Lip (2.20 g, 7 mmol) and methanol (50
mL). The stirred solution was heated to reflux with heating mantle, and a

solution of Mn(OAc), -+ 4H-O (5.14 g, 21 mmol) in methanol (50 mL) was added in

a slow stream over 10 min. The mixture was

Pﬁ stirred at reflux for 30min and air was bubbled
_N\Mn/N_ through the reaction mixture for 1 hr. Brine
o/ (|;|\O solution (10 mL) was added and the solution was

refluxed for 1 hr. The reaction mixture was cooled
complex 10

to room temperature and concentrated by rotary
evaporation to a volume of = 20 mL. After addition of MeOH (100 mL), and the
mixture was stirred for 10 min, and then the  solution was filtered. The filtrate
was removed from solvent in vacuo and yielded the dark yellowish green product,
which was washed with diethyl ether and recrystallized from CH:Cl,. The
complex 10 was dried under high vacuum at 100C for 12 hr to yield the desired

product (1.67 g, 60% vyield): Anal. Caled (found, %) for CigHzoN.O.MnCl: C, 57.23

(57.20); H, 5.06 (4.78); N, 7.03 (7.09)

11) Synthesis of N,N’-2,2-dimethylpropylbis(3,5-di-tert-butylsalicylaldimi-
ne) (HoLi1)

In a 300 mL round bottom flask were placed 3,5-di-tert-butyl-2-hydroxybenz-

aldehyde (2.34 g, 10 mmol) in methanol (100 mL). A solution of 2,2-dimethyl-

1,3-propanediamine (051 g, 5 mmol) in methanol (10 mL) was added. The

mixture was stirred at room temperature for 3 hr. The yellow product that
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precipitated from the resulting solution was filtered off and washed with cold
methanol. The ligand H:Li; was dried under vacuum at 40 C for 12 hr to yield
the desired product (2.46 g, 92% vyield): Anal. Calcd (found, %) for CssHssN2O2: C,

78.65 (78.70); H, 10.11 (10.44); N, 5.24 (5.33)

Synthesis of Mn(L;;)CI (complex 11)
In a 300 mL three necked flask equipped with a reflux condenser, and an

addition funnel was charged with ligand HoLy; (1.07 g, 2 mmol) and methanol (10

mL). The stirred solution was heated
Pﬂ to reflux with heating mantle, and a
_N\Mn/N_ solution of Mn(OAc), - 4H,O (049 g, 2
O/ il\o mmol) in methanol (30 mL) was added
in a slow stream over 10 min. The
mixture was stirred at reflux for 30

complex 11

min and air was bubbled through the
reaction mixture for 1 hr. Brine solution (2 mL) was added and the solution was
refluxed for 1 hr. After cooling the mixture to room temperature, the solution was
concentrated by rotary evaporation. After addition of 50 mL of HO, the solution
was stirred for 10 min, whereupon the complex began to precipitate. The
precipitated dark green solid was collected by filtration and washed with H2O. It
was recrystallized from CH:Cls. The complex 11 was dried under high vacuum at
100C for 12 hr to yield the desired product (047 g, 38% vyield): Anal. Caled

(found, %) for CsHz2N2O:MnCl: C, 67.46 (68.49); H, 8.41 (8.90); N, 4.50 (4.11)
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12) Synthesis of N,N’-2,2-dimethylpropylbis(5-chlorosalicylaldimine)

(HsLs2 + 1/4H20)

In a 300 mL round bottom flask were placed 5-chlorosalicylaldehyde (3.13 g,
20 mmol) in methanol (150 mL), A solution of 2 2-dimethyl-1,3-propanediamine
(1.02 g, 10 mmol) in methanol (15 mL) as a solvent. The mixture was stirred at
room temperature for 1 day. The precipitated yellow solid was collected by
vacuum filtration and washed with cold methanol. The ligand H:Li;» was dried
under vacuum at 40 T for 12 hr to yield the desired product (1.68 g, 44% yield):
Anal. Caled (found, %) for CigH2oN20oCly - 1/4H.O: C, 59.46 (59.65); H, 5.38

(5.48); N, 7.30 (7.40)

Synthesis of Mn(L2)Cl (complex 12)
In a 300 mL three necked flask 'equipped with a reflux condenser, and an

addition funnel was charged with ligand HoLi» (0.77 g, 2 mmol) and toluene (10

mL). The stirred solution was heated

Pﬁ to reflux with heating mantle, and a

_N\M /N_ solution of Mn(OAc)2 - 4HO (0.49 g, 2

Cl O/ |”\O c| mmol) in methanol (20 mL) was added
Cl

in a slow stream over 10 min. The
complex 12 mixture was stirred at reflux for 30
min and air was bubbled through the reaction mixture for 1 hr. Brine solution (2
mL) was added and the solution was refluxed for 1 hr. After cooling the mixture
to room temperature, the solution was concentrated by rotary evaporation. After

addition of 50 mL of H:O, the solution was stirred for 10 min, whereupon the

product began to precipitate. The precipitate was collected by filtration and

_59_



washed with H2O. The complex 12 was dried under high vacuum at 100C for 12
hr to yield the desired product (0.8 g, 8% vyield): Anal. Calcd (found, %) for

CigH1sN202Clz MnCl: C, 48.80 (48.94); H, 3.88 (3.81); N, 5.99 (6.02)

13) Synthesis of N,N’-2,2-dimethylpropylbis(5-nitrosalicylaldimine) (HzL3)
In a 300 mL round bottom flask were placed 2-hydroxy-5-nitrobenzaldehyde
(1.02 g, 6.1 mmol) in benzene (100 mL). A solution of 2,2-dimethyl-1,3-propanedi-
amine (0.31 g, 3 mmol) in methanol (10 mL) was added. The mixture was stirred
at reflux for 4 hr. The precipitated yellow solid was collected by vacuum
filtration and washed with methanol and benzene. The ligand HjlLi3 was dried
under vacuum at 40 C for 12 hr to yield the desired product (0.84 g, 70% yield):
Anal. Caled (found, %) for CigH20N4Og: C, 57.00 (57.65); H, 5.03 (5.18); N, 13.99

(13.85)

14) Synthesis of N,N’-2,2-dimethylpropylbis(3,5-di-nitrosalicylaldimine)

(HaL14)

In a 300 mL round bottom flask were placed 3,5-di—nitrobenzaldehyde (1.28 g,
6 mmol) in ethanol (50 mL), A solution of 2,2-dimethyl-1,3-propanediamine (0.31
g, 3 mmol) in ethanol (5 mlL) was added, whereupon the product began to
precipitate. The mixture was stirred at reflux for 2 hr. The reaction mixture was
cooled in an ice bath and the precipitated yellow solid was collected by vacuum
filtration and washed with ethanol. The ligand H:Li4 was dried under vacuum at
40 C for 12 hr to yield the desired product (1.15 g, 78% vyield): Anal. Calcd

(found, %) for CioHigNgO1o: C, 46.54 (46.29); H, 3.70 (3.82); N, 17.14 (17.40)
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3. Synthesis of the substrates.

1) Synthesis of 2,2-dimethylchromene.
Coumarin (5 g, 34.2 mmol) was dissolved in a mixture of

AN
anhydrous ether (60 mL) and toluene (40 mL) under nitrogen

© atmosphere and with a bath temperature of 38-40C. To this
was added a solution of methyllithium in ether (1.5 M solution) by syringe over 5
minutes. After 3 minutes, the reaction flask was cooled in ice bath, and a mixture
of water (10 mL) and THF (10 mL) was added by syringe over 3 minutes. The
temperature was allowed to rise to room temperature and 102 aqueous KH>PO,
solution was added to make pH below 7.0. The mixture was poured into water
(100 mL) and NaCl was added to| saturation.. The mixture was extracted 3 times
with ethyl acetate (total volume 180 mL) and extracts were dried over Na:SO,
and filtered. The solvent was removed in vacuo. and the residue in hexane (150
mL) was refluxed with stirring under nitrogen in the presence of silica gel (70 g)
for 12 hours. The silica gel was removed by filtration and washed with hexane.
Evaporation of the filtrates under reduced pressure afforded crude 2,2-dimethyl-

chromene. The yield of pure 2,2-dimethylchromene obtained after f. c. c. was 75%

(4.12¢).

2) Synthesis of 2-phenyl-1-vinylcyclopropane.

(1). Synthesis of 2-phenylcyclopropanemethanol.
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O LiAIH,

PhW)J\OH PhWAOH

A 500 mL three-necked round-bottomed flask equipped with a reflux

condenser, and addition funnel. In this flask were placed LiAlH; (4.71 g, 0.12 mol)
in dried ether (150 mL). After the mixture has been stirred for 15 min, a milky
suspension is produced. A solution of trans-2-phenyl-1-cyclopropanecarboxylic
acid (9.74 g, 0.06 mol) in dried ether (50 mL) was added from the dropping
funnel slowly with vigorous stirring for 2 hr under nitrogen atmosphere. The
excess LiAlHy is decomposed by adding 40 mL of water slowly with stirring and
then 6N hydrochloric acid (50 mlL) was added slowly to the mass. Stirring is
continued for 30 min, and the solution becomes clear during this period. This
mixture is transferred to a separatory funnel. Brine solution (100 mL) was added
and extracted with diethyl ether. The organic layer concentrated in vacuo and
purified by flash column chromatography to give 2-phenylcyclopropanemethanol

(7.99 g, 90% vyield).
(2) Synthesis of 2-phenylcyclopropanecarbaldehyde.

0O

Bh Swern oxidation oh
W/\OH W)J\H

A solution of oxalyl chloride (591 g, 46.5 mmol) in 50 mL of CH:Cl, was

placed in a 250 mL round bottom flask, the flask was cooled in immersion cooler,
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and DMSO (44 mL, 62 mmol) was added. The reaction mixture was stirred for
15 min at this temp, and then alcohol (4.6 g, 31 mmol) in 40 mL of CH:Cl; was
added. Stirring continued for 30 min and then Et:N (129 mL, 93 mmol) was
added. The reaction mixture was stirred for 30 min. It was poured into H»O and
extracted with CH3Cl: and the combined organic extracts were washed with brine
solution and dried over Na:SO,. The organic layer was concentrated in vacuo and
purified by flash column chromatography to give 2-phenylcyclopropanecarbalde—

hyde (353 g, 78% vyield) as the product.
(3) Synthesis of 2-phenyl-1-vinylcyclopropane.

O

Wittig reaction
Ph W)k H Ph \v&

A 300mL three—necked round bottomed flask is fitted with a reflux condenser,

an addition funnel. A etheral solution of n-butyllithium (about 120 mL, 12 mmol)
and 30 mL of anhydride diethyl ether was added to the flask under nitrogen
atmosphere. The solution of triphenylmethylphosphonium bromide (4.3 g, 12 mmol)
in diethyl ether (50 mL) was added cautiously over a 5 minute period. The
solution was stirred for 4 hr at room temperature. And then, 2-phenylcyclo—
propanecarbaldehyde (1.5 g, 10 mmol) was added dropwise. The mixture was
heated under reflux for 4 hr, allowed to cool at room temperature, and the yellow
precipitate was removed by suction filtration. The filtrate was washed with brine
solution (3 x 50 mL) and then dried over NaSOi The solvent was removed in

vacuo and purified by flash column chromatography to give 2-phenyl-1-vinyl-
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cyclopropane (0.43 g, 30% vyield) as the product.

4. General procedure.

1) The oxygenation of vinyl arenes.

In a 50 mL round bottom flask were placed a-methylstyrene (118 mg, 1.0
mmol), racemic (salen)Mn(IIICl complex 1 (20 mg, 0.05 mmol) and benzene/
EtOH (2 mL/2 mL) as a solvent. After oxygen balloon was adapted to the
reaction flask, flushing the vessel with Os was under taken by evacuation/
charging procedure three times. To this was added via syringe NaBH; (56 mg,
1.5 mmol) dissolved in 4 mlL ethanol over 20 min with stirring. After the mixture
was stirred for 4 hr at rt, it was poured into sat. NH4Cl solution and extracted
with diethyl ether. The organic layer was dried with NasSO4 concentrated in
vacuo and purified by flash column chromatography to give 2-phenyl-2-propanol

(116 mg, 85% yield) as the product.

2) The oxygenation of various olefins.

In a 50 mL round bottom flask were placed trans—fi—-methylstyrene (118 mg,
1.0 mmol), (salpro)Mn(III)Cl complex 10 (20 mg, 0.05 mmol) and benzene/ EtOH
(2 mL/2 mL) as a solvent. After oxygen balloon was adapted to the reaction
flask, flushing the vessel with O was under taken by evacuation/charging
procedure three times. To this was added via syringe NaBH; (56 mg, 1.5 mmol)

dissolved in 4 mL ethanol over 20 min with stirring. After the mixture was
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stirred for 4 hr at rt, it was poured into sat. NH4Cl solution and extracted with
diethyl ether. The organic layer was dried with NaxSO4 concentrated in vacuo
and purified by flash column chromatography to give 1-phenyl-1-propanol (99

mg, 73% vyield) as the product.

3) The oxygenation of olefins using Mn(III) salt along with schiff-base
ligands as the catalyst.

In a 50 mL round bottom flask were placed a-methylstyrene (118 mg, 1.0
mmol), ligand 13 (26 mg, 0.08 mmol), Mn(OAc)s - 2H.O (22 mg, 0.08 mmol) and
benzene/EtOH (10 mL/2 mL) as a solvent. After oxygen balloon was adapted to
the reaction flask, the vessel was flushed three times by O, To this was added
via syringe NaBHy (74 mg, 2 mmol) dissolved in 4 mL ethanol over 20 min with
stirring. After the mixture was stirred for 4 hrat rt, the reaction was quenched
by adding sat. NH4Cl solution. The organic layer extracted with diethyl ether was
dried with NasSO,4, concentrated, and then purified by flash column chromato-

graphy to give 2-phenyl-2-propanol (106 mg, 78% vyield) as the product.

4) The Oxygenation of a,f-unsaturated esters.

In a 50 mL round bottom flask were placed lauryl methacrylate (254 mg, 1.0
mmol), (salpro)Mn(III)Cl complex 10 (39 mg, 0.1 mmol), and CHCl3 (4 mL) as a
solvent. After oxygen balloon was adapted to the reaction flask, flushing the
vessel with O, was under taken by evacuation/charging procedure three times. To
this was added via syringe NaBH; (74 mg, 2 mmol) dissolved in 4 mL ethanol
over 20 min with stirring. After the mixture was stirred for 4 hr at rt, it was

poured into sat. NH4Cl solution and extracted with diethyl ether. The organic
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layer was dried with Na:SQ,, concentrated in vacuo and purified by flash column
chromatography to give dodecyl 2-hydroxy-2-methylpropanoate (226 mg, 83%

yield) as the product.

5) The Oxygenation of 2-pentyl-2-cyclopenten-1-one.

In a 50 mL round bottom flask were placed 2-pentyl-2-cyclopenten—1-one (152
mg, 1.0 mmol), schiff-base ligand 15 (74 mg, 0.15 mmol), Mn(OAc)s - 2H.O (40
mg, 0.15 mmol), and -PrOH/EtOH (2 mL/2 mlL) as a solvent. After oxygen
balloon was adapted to the reaction flask, flushing the vessel with O, was under
taken by evacuation/charging procedure three times. After the mixture was stirred
for 12 hr at rt, it was poured into sat. NH4Cl solution and extracted with diethyl
ether. The organic layer was dried with NaxSO4 concentrated in vacuo and
purified by flash column chromatography to give 2-hydroxy-2-pentylcyclopentan—
one (72 mg, 42% vyield) along with 5-oxo-decanoic acid (74 mg, 40% vyield) as

the product.

6) The asymmetric oxygenation of 1-phenyl-3,4-dihydronaphthalene.

In a 25 mL round bottom flask were placed 1-phenyl-3,4-dihydronaphtalene
(206 mg, 1 mmol), (s,s)—(+)-Jacobsen's catalyst (32 mg, 0.05 mmol), and benzene/
EtOH (2 mL/2 mL) as a solvent. After oxygen balloon was adapted to the
reaction flask, the vessel was flushed three times by O To this was added via
syringe NaBH; (74 mg, 2 mmol) dissolved in 4 mL ethanol over 20 min with
stirring. After the mixture was stirred for 4 hr at rt, the reaction was quenched
by adding sat. NH4Cl solution. The organic layer extracted with diethyl ether was

dried with NaxSOs, concentrated, and then purified by flash column chromato-
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graphy to give 1-phenyl-1,2,3 4-tetrahydro—1-naphthalenol (54 mg, 24% yield) as
the product. The optical yield (ee’s) of the product was determined by 'H NMR

spectroscopy using chiral NMR shift reagent Eu(hfc)s.
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Figure 32. C NMR spectrum (100 MHz) of 5-oxo-decanoic acid in CDCls.
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IV. Conclusion

In this study, we wanted to develop a practical olefin oxidation method using
molecular oxygen as an oxidant and metal complexes as a catalyst. Molecular
oxygen 1s economically cheap and environment-friendly oxidant. In this reaction
used were the (salen)Mn(III) complexes as the catalyst and NaBH; as the one-
oxygen reductant.

We have shown the oxidation procedure for the conversion of olefin to the
corresponding alcohol under the molecular oxygen. While vinyl arenes undergo
effective oxygenation using complex 1 as the catalyst under mild condition, other
simple olefins do not experience the desirable conversion due to low reactivity.
Therefore, to extend the scope of' the olefin oxygenation procedure by develop—
ment of the more effective catalyst, we have synthesized several (schiff-
base)Mn(IlI) complexes, and examined the complexes as the catalysts for the
oxygenation of olefins. As a result, (salpro)Mn(III) complex 10 was a very good
catalyst for our system. The complex 10 was found to be easy to handle due to
its stability to moisture and air. Various types of olefins were effectively
converted to olefins using the catalyst 10 in the presence of molecular oxygen
under mild condition, i.e. balloon pressure of oxygen and room temperature.

We also have shown that readily available Mn salt, Mn(OAc); - HXO could be
employed as the catalyst in the presence of appropriate schiff-base ligand.
Atmospheric pressure of O is used as the oxidant, and mild reducing agent

NaBH; is used as the hydrogen source. The requried ligand such as 13 is easily
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prepared from the condensation of diamine and salicyl aldehyde. This process
affords the flexible reaction method, because different type of ligands can be
employed to various olefinic substrates as needed.

ofi-Unsaturated ester was subjected to the reaction condition with O and
NaBH, catalyzed by complex 10. Methacrylate-type and acrylate-type esters are
converted to the corresponding tert—alcohol in good yield. However, crotonate-type
esters having internal C=C bond is converted to sec-alcohol in low yield. But,
using lignad 17 along with Mn(III) acetate instead of complex 10 as the catalyst
provided good yield.

Mechanistically, the oxidation mechanism was considered to proceed via Mn(II)
and Mn(II) interconversion as the catalytic cycle. The color change between
colorless Mn(II) and brownish Mn(III) complexes. When the oxidation of styrene
was conducted in the presence of BHT, a phenolic radical scavenger, no desired
product was observed recovering much of the starting material. Thus, it is
considered that some radical species are involved as the reaction mechanism. On
the basis of the results, we propose the reaction mechanism of the oxygenation of
vinyl arenes in our reaction conditions (Scheme 6). The mechanism involving a
pair of alkyl radical and (salen)Mn(II) which is formed by the reaction of alkene,
a hydride, and (salen)Mn(I). The radical reacts with dioxygen to form the
(alkylperoxo)Mn(III) complex which is converted to acetophenone and directly
reduced with NaBH, in the reaction of styrene. In case of n-methylstyrene is
directly reduced with NaBH4. The result of the deuterium incorporation for the
reaction of styrene can be understood by these two mechanism. In case of
1-phenyl-1-cyclohexene, the result of deuterium incorporation indicates that there

are, at least, two pathways for formation of corresponding products. No evidence
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for formation of the (m-alkyl)Mn(IIl)-complex has been obtained in this study.
Since no high-valent oxomanganese(V) complex is generated, the epoxidation does
not proceed in our system. Further investigation is needed to identify the detailed
reaction mechanism. When the reaction was examined using homochiral
Jacobsen's catalyst, the chirality transfer was not observed.

If this oxygenation could be generally used in simple olefins, this could be
important oxidation method in organic synthesis as well as in industry. This
study also has a biological importance as a model in biomimetic oxidation
pathway. We also believe this study will contribute to the development of related

oxygenation studies by providing fundamental data.
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