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Abstract

The catalytic activity of two manganese(Ill)-oxazoline complexes [Mn(phox),(CH;OH),]ClO, and Mn(phox); (Hphox =2-(2'-hydroxy-
Iphenyl)oxazoline), was studied in the epoxidation of various olefins. All of epoxidation reactions were carried out in (1:1) mixture of
methanol:dichloromethane at room temperature using urea hydrogen peroxide (UHP) as oxidant and imidazole as co-catalyst. The epoxide
yields clearly demonstrate the influence of steric and electronic properties of olefins, the catalysts and nitrogenous bases as axial ligand.
[Mn(phox),(CH30H),]ClO, catalyst with low steric properties has higher catalytic activity than Mn(phox);. The highest epoxide yield (95%)
was achieved for indene at the presence of [Mn(phox),(CH3;0H),]ClO, within 5 min. The proximal and distal interactions of strong -donor axial
ligands such as imidazole with the active intermediate are efficiently increased activity of the catalytic system.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Oxidative functionalization of hydrocarbons into useful
organic compounds is of immense interest in the era of tran-
sition metal complexes mediated reaction [1-4]. Epoxidation
of olefins is a useful reaction that has numerous applications
in organic synthesis [5]. Over the past three decades transition
complexes of a variety of ligand systems such as porphyrins [6],
Schiff bases [7] and oxazolines [8] have been used as catalysts for
the catalytic oxygen transfer reactions in the oxidation of hydro-
carbons. The catalytic oxidations have been carried out using a
variety of oxidants such as PhIO [9], NaOCl [10], HyO, [11],
UHP [12] and molecular oxygen [13]. Aqueous hydrogen per-
oxide has high relative oxygen content and leaves only water as
waste product. However, in some cases the use of aqueous hydro-
gen peroxide decreases the selectivity of the desired epoxide
due to isomerization and hydrolysis of the epoxide and also the
formation of other cleaved products. Hence, it was thought that
instead of aqueous hydrogen peroxide, anhydrous urea hydrogen
peroxide adduct (UHP) can be used as the oxidizing reagent [14].
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Given the considerable usefulness of hydrogen peroxide in many
fields, such as atmospheric chemistry, photodissociation dynam-
ics, and oxidation reactions, and of urea in biological processes
because of potential hydrogen-bonding and acid—base properties
associated with both the amine and the carbonyl groups, the urea
hydrogen peroxide (UHP) 1:1 complex has been widely used in
several oxidation processes and also as a safe source to produce
hydrogen peroxide [15]. The major advantages of UHP lie in its
stability, low price and potential for releasing anhydrous H,O;
into solution in a controlled manner [16]. Therefore, we decided
to examine its use in this study.

The chemistry of oxazoline-based ligands continues to be an
area of interest due to their use as chirality-transfer auxiliaries
in combination with several transition metals in a wide range of
asymmetric catalytic reactions [17]. In nature, these groups have
been found in microbial metal-transporting agents with a high
affinity for Fe(IIT) [18]. In recent years, other metal-oxazoline
complexes such as oxo-vanadium [18a,19], oxo-molybdenum
[20], oxo-rhenium [21] and manganese [22] have been demon-
strated as efficient catalysts in oxygen transfer reactions. Control
of the stereo-selectivity of the catalytic process of these com-
plexes mainly depends on the steric or electronic nature of the
ligands around the metal center [20,22]. This paper reports
studies the catalytic activity of two manganese(IIl)-oxazoline
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complexes during olefin epoxidation with urea hydrogen perox-
ide, showing the effect of axial ligand on the catalytic efficiency.

2. Experimental
2.1. Materials

All of the reagents were supplied by Merck and employed
without further purification. 2-(2'-Hydroxylphenyl)oxazoline
(Hphox) [23] and its manganese complexes [bis{(2-oxazo-
linyl)phenolato }dimethanol manganese(IlI)] perchlorate [Mn
(phox),(CH30H),]C104  [22c] and [tris{(2-oxazolinyl)
phenolato }manganese(I1T)] Mn(phox)3 [22e] have been synthe-
sized according to published procedures.

2.2. Instrumentations

IR spectra were recorded on Unicam Matson 1000 FT-IR
paragon 1000 spectrophotometer. 'H and '3C NMR spectra
of the ligands and products of epoxidation were recorded on
a Bruker FT-NMR 500 MHz spectrometer. Gas chromatogra-
phy (GC) analyses were performed on Agilent Technologies
6890N, 19019 J-413 HP-5, 5% phenyl methyl siloxane, capil-
lary 60.0m x 250 pm x 1.00 pm.

2.3. Catalytic experiments

The following procedure is typical: to a solution of
olefin (0.15mmol), nitrogenous bases (0.2mmol) as axial
ligand, chlorobenzene (0.15mmol) as internal standard and
[Mn(phox)2(CH30H),>]CIO4 or Mn(phox); (0.0l mmol) in
(1:1) mixture of CH3OH/CH;Cl, (ImL) was added 0.6 mmol
urea hydrogen peroxide as oxidant. The mixture was stirred at
room temperature and the reaction progress was monitored by
GC. Assignments of products were made by comparison with
authentic samples. All the reactions were run at least in duplicate
(Scheme 1).

[Mn(phox),(CH,0H),]CIO,

or
Mn(phox), (6.7 mol%)
UHP, ImH, CH,CL,/CH,OH, r.t.

[Mn{phox),(CH,0H),I*

Scheme 1. Epoxidation of cyclooctene with UHP catalysed by [Mn(phox);
(CH30H),]C104 or Mn(phox)3.

Table 1
The epoxidation of styrene with [Mn(phox),(CH3 OH);]ClO4/ImH/UHP in var-
ious solvents®

Entry Solvent Epoxide yield (%)°
1 CH3COCH3 53
2 CH,Cl, 30
3 CHCl3 10
4 CH30H 70
5 CH3CN 63
6 CH3OH/CHxCl, (1:1) 76

2 Conditions: The molar ratio for Mn(phox),(CH3OH),]ClO4:ImH:styrene:
oxidant are 1:20:15:60. The reactions were run for 5 min at room temperature.
b GC yields based on the starting styrene.

3. Results and discussion

3.1. The effect of solvent on the epoxidation of styrene with
UHP catalysed [Mn(phox),(CH30H);]ClO4

To find the optimised conditions in UHP epoxidation of
olefins catalysed by [Mn(phox),(CH30H);]ClO4, styrene was
used as the model substrate. The molar ratio 1:20:15:60 of
the catalyst:imidazole:styrene:UHP was found as the optimum
molar ratio for the catalytic system. To obtain the appropri-
ate solvent in UHP-epoxidation of olefins, catalysed by the
manganese-oxazoline complexes, the epoxidation of styrene in
the presence of [Mn(phox)>(CH30H),]ClO4 was carried out in
various solvent. Among the solvents, in which the manganese
complexes are soluble (1:1) mixture of CH30OH/CH;Cl, was
chosen as the reaction medium. Urea hydrogen peroxide is not
completely soluble in less polar organic solvents such as acetone,
dichloromethane, chloroform and acetonitrile, so the epoxida-
tion yield is low in these solvents (Table 1). In the other hand, the
epoxidation yield is increased with polarity of the solvents. High
polar solvents like methanol have an important role in breaking
of adduct between urea and hydrogen peroxide and releasing
of active H,O» in the reaction medium. The catalytic oxidation
system in CH3OH has reasonable yield, but the (1:1) mixture of
CH3O0H/CH,Cl; acts better than pure methanol.

3.2. The effect of nature of axial ligands on the epoxidation

A study on the epoxidation of styrene with aqueous HyO»
catalysed by Mn(III)-oxazoline complexes indicates the oxida-
tion reaction is accelerated in the presence of a base such as
1-methylimidazole [22¢,22¢]. To better understanding the role of
nitrogenous bases in activating manganese(IlI)-oxazoline com-
plexes, we investigated the co-catalytic effects of various nitro-
gen donors with different steric and electronic properties upon
the epoxidation of styrene. As the result in Table 2 shown, pure
o-donor amines are very poor co-catalysts in the epoxidation
of styrene. Within this group, it seems that steric properties are
the dominant factor in determining their co-catalytic activities
(Table 2, entries 2—4). Pyridine and methyl-substituted pyridines
with weak m-donating ability [24] show co-catalytic activi-
ties similar to those of o-donor amines (Table 2, entries 5-8).
Aminopyridines are much better co-catalysts than pyridines and
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Table 2
The effect of various axial ligands in the epoxidation of styrene by
[Mn(phox),(CH30H),]C104/UHP and Mn(phox)3/UHP?

Entry Nitrogenous [Mn(phox),(CH30H),]C104¢ Mn(phox)3©
bases®
1 None 0 0
2 Quinuclidine 2 0
3 Et,NH 4 6
4 EtzN 0 3
5 Py 3 6
6 4-MePy 4 7
7 2-MePy 2 2
8 2,6-Me, Py 5 2
9 4-CNPy 2 4
10 PyO 2 12
11 4-NH,Py 69 50
12 4-NMe, Py 44 25
13 ImH 78 64
14 2-MelmH 54 4
15 BzImH 14 31
16 1-MeIlm 59 55

? The molar ratios for [Mn(phox),(CH30H),]ClO4 or Mn(phox)3:axial lig-
and:substrate:oxidant are 1:20:15:60. The reactions were perform in (1:1) mix-
ture of CH,Cl,/CH3OH (1 mL) under air at 25 °C.

b Et;NH, diethylamine; Et;N, triethylamine; Py, pyridine; 4-CNPy, 4-
cyanopyridine; 4-MePy, 4-methylpyridine; 2-MePy, 2-methylpyridine; 2,6-
Me, Py, 2,6-dimethylpyridine; 4-NH;Py, 4-aminopyridine; 4-NMe,Py, 4-N,N-
dimethylpyridine; PyO, pyridine-N-oxide; ImH, imidazole; 2-MelmH, 2-
methylimidazole; BzImH, benzimidazole; 1-Melm, 1-methylimidazole.

¢ The GC epoxide yields (%) are measured relative to the starting olefins after
5 min.

pure o-donor amines. Apparently the w-resonance effect of the
lone pair on the amino-substituent makes the nitrogen donor
site of 4-NH,py and 4-NMe;py both good o- and w-donor [24]
(Table 2, entries 11 and 12). Among the various nitrogenous
bases investigated in this study imidazole and substituted imi-
dazole with strong w-donating ability [24,25] show the high
accelerating effect on the epoxidation of styrene and the best
epoxide yield was achieved in the presence of imidazole as axial
ligand. These results may suggest the importance of - rather
than o-interactions of nitrogenous donors with the metal center
[25b].

The epoxide yields for different ImH/Mn (Mn=
[Mn(phox)2(CH30H),]C104) molar ratio are plotted in
Fig. 1. As ImH/Mn molar ratio is increased up to 20 the epoxide
yield increases probably due to increasing of the concentration
of [Mn(phox);(ImH)]* that can be coordinated by H,O, to
produce [Mn(phox),(ImH)(HOO)] that is a precursor to high-
valent Mn-oxo species as the active intermediate to transfer
oxygen to olefinic substrate. From various mechanistic studies
have been revealed that a MnV-oxo intermediate is formed
during H>O;-epoxidation catalysed by Mn-complexes such as
manganese-porphyrins [26] and manganese-Schiff base [27]
catalysts. As seen in Fig. 1 further increase in amount of imida-
zole results in a decrease of [Mn(phox),(ImH)]* and increases
the inactive entity concentration, i.e. [Mn(phox),(ImH);]*,
that do not have any vacant site for coordination of H,O»
to the central metal, resulting in a decrease on the epoxide
yield.

90
80
70
60
50
40
30 4
20
10 -
0

Epoxide yield (%)

0 5 10 15 20 25 30
molar ratio of ImH/Mn

Fig. 1. Epoxide yields as function of molar ratio of ImH/Mn for the epoxidation
of styrene with [Mn(phox),(CH3OH);C104/UHP/ImH catalytic system.

Reedijk and co-workers have reported that due to [Mn
(phox)2(CH30H);]* complex that containing [Mn(phox);]*
unit is less effective catalyst than [Mn(phox)3], the availabil-
ity of free coordination sites is not of crucial importance for the
bis- and tris-oxazoline complexes [22c]. Indeed, in molar ratio
143:1 for 1-MeIm/Mn used in the H>O; epoxidation of olefins
[22c¢], the inactive species [Mn(phox);(1-Melm);]* is dominant
entity that cannot activate the oxidant through its coordination
to the manganese atom. Thus, Reedijk and co-workers proposed
[22c] the presence of a base does decrease the acidity of the
solution caused by hydrogen peroxide, resulting in an increase
of the HOO™ concentration, which might react more easily
with a manganese compound to form a Mn—O-O-H entity as
an active intermediate species. But much lower epoxide yields,
for diethylamine with more basic property (pK, (BH") 11.02)
than imidazole (pK, (BH") 6.95) (Table 2, entries 3 and 13) indi-
cate nitrogenous bases have to affect on the epoxidation reaction
through coordination to the metal complex.

Various studies on the effect of a nitrogenous base in man-
ganese complex-catalysed epoxidation reactions have shown
proximal effect of the base is effective in the formation of a high
valent Mn-oxo intermediate and transferring of oxygen from
this species to the olefins [28]. To form this metal-oxo interme-
diate essentially needs free coordination site on metal center,
however there must be another site for coordination of an axial
ligand. Comparing of epoxidation yields in the absence and
presence of axial ligand (Table 2, entries 1 and 13) confirms that
connecting of imidazole to manganese increases catalytic activ-
ity of the catalyst by increasing of electron density on the metal.
[Mn(phox)2(CH30H),]Cl0O4 has higher epoxidation yield with
various olefins than Mn(phox)3. This directly can be related to
availability of two sites for forming of oxo-intermediate and
coordination of axial ligand in [Mn(phox)>(CH30H);]ClO4,
but the tris-complex has to prepare free sites for these con-
nections. These sites can be created by one of following ways:
first, the tris-complex losses one of its oxazoline ligands and
converts to bis-complex (Scheme 2, pathway A). The second
pathway can be related to formation of dangling ligands through
breaking of two oxazolinate ligands (Scheme 2, pathway B).
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Scheme 2. Two pathways for activation of Mn(phox)3. (A) Remove of one oxazoline ligand and conversion to the bis-complex. (B) Dangling of two oxazoline

ligands.

distal interaction with the coordinated
hydrogen peroxide

» proximal interaction

3

—— » hydrogen bonding of free base (B) with

the coordinated base

Scheme 3. The proximal and distal effect of imidazole on the epoxidation olefins catalysed by [Mn(phox),(CH30H),]ClO4.

Due to formation of these species requires some activation
energy prior to formation of the oxo-manganeses intermediate,
the bis-complex is shown greater catalytic activity than the
tris-complex in the epoxidation reaction.

The much lower co-catalytic activity of 2-methylimidazole
than imidazole is due to the steric effects between methyl sub-
stituent and plane of oxazoline ligands [29], which is more
clearly shown in the presence of bulky Mn(phox); (Table 2,
entry 14). In addition to the proximal interaction, possible distal
hydrogen bonding between the coordinated hydrogen peroxide
and imidazole should also be considered [25b,30] (Scheme 3).
Among imidazole derivatives used 1-methylimidazole is the
only nitrogenous base that lacks N-H bond, so it cannot
form N-H---HO-O-Mn hydrogen bond (distal effect) with
coordinated hydrogen peroxide [31] (Scheme 3). The other
type of hydrogen bonding is formation of N-H---B hydro-
gen bond leads to a shift of electron density from free base
(B) to the coordinated base, increasing donating ability of the
axial ligand [32], whereas 1-methylimidazole is also chem-
ically incapable of such bonding. Good co-catalytic activity
of 1-Melm in the epoxidation of styrene (Table 2, entry 16)
clearly shown the proximal interaction of axial ligand has
more important role of its distal effect. Also the difference
between co-catalytic activity of 4-NH,py (Table 2, entry 11)
and 4-NMe,py (Table 2, entry 12) can be related to the lack
of distal interaction of the latter with coordinated hydrogen
peroxide and the hydrogen bonding with coordinated base
(Scheme 3).

3.3. Catalytic olefins epoxidation by
[Mn(phox);(CH30H ), ]ClO4/ImH/UHP and
Mn(phox)3/ImH/UHP

Epoxidation of various olefins was performed at room
temperature in 1:1 mixture of CH3OH/CH,Cl, contain-
ing the manganese(Ill)-oxazoline complex, imidazole,
olefin and the oxidant in 1:20:15:60 molar ratio, respec-
tively. The results are shown in Table 3. Monitoring
the epoxide yield versus the time for the styrene epox-
idation with [Mn(phox),(CH30OH),]Cl04/ImH/UHP and
Mn(phox)3/ImH/UHP catalytic systems indicates that the
reactions proceed in a rapid rate in which 55%, and 60%,
respectively, of the epoxidations occur within 1 min followed
by rapid loss of activity up to 5 min concomitant with catalyst
bleaching (Fig. 2).

As the data in Table 3 indicate, electron rich olefins are more
reactive than electron-poor ones. For instance a-methylstyrene
with methyl group as electron donating substituent gives higher
epoxidation yield than styrene (Table 3, entries 4 and 5). The
observed order of epoxidation yields of 4-methoxystyrene >4-
methylstyrene > styrene is also directly related to electron releas-
ing ability of methoxy and methyl groups. These results may
indicate the MnY=0 intermediate to transfer its oxygen atom to
the olefinic double bond in an electrophilic reaction. According
to the results in Table 3, olefinic substrates which are conjugated
with phenyl ring (Table 3, entries 4-8), are more reactive than
non-conjugated cyclic olefins.
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Table 3
Epoxidation of olefins catalysed by [Mn(phox),(CH3OH),]C1O4/ImH/UHP and Mn(phox)3;/ImH/UHP?
Entry Substrate Product [Mn(phox);(CH3;OH),]C10,4" Mn(phox);°

2 O ()0 69 39

3 Q/ Og) 67 49

4 Q_\\ < > N 76 63

5 ®_< ©7§ 86 76

(0]
6 H,C ‘Q_\\ H3C4< > AV 87 79
; cmo@—\\ CH,0 @—VO 89 80
o]
9 — 81 66

=

<

10

11

ats
<y

30 (cis-epoxide), 30 (trans-epoxide)

26 (1,2-epoxide), 26 (8,9-epoxide),
23 (1,2-8,9-epoxide)

21 (cis-epoxide), 21 (trans-epoxide)

20 (1,2-epoxide), 20 (8,9-epoxide),
18 (1,2-8,9-epoxide)

2 The molar ratios for [Mn(phox),(CH30H),]ClO4 or Mn(phox)s:imidazole:substrate:oxidant are 1:20:15:60. The reactions were perform in (1:1) mixture of

CH,Cl,/CH30H (1 mL) under air at 25 °C.

b The GC epoxide yield (%) are measured relative to the starting olefin after 5 min.

While epoxidation of trans-stilbene stereospecifically pro-
ceeds with complete retention of configuration, epoxidation
of cis-stilbene was associated with loss of stereochemistry to
afford to a mixture of cis-stilbene oxide and trans-stilbene oxide
with ratio of (1:1) (Table 3, entries 9 and 10). Apparently, for-
mation of the thermodynamically more stable trans-stilbene
oxide requires a free rotation about the alkene C—C bond at
some intermediate step. It is well known that formation of cis-

and trans-stilbene oxide in epoxidation of cis-stilbene provide
an evidence for the radical or cationic mechanism [26]. To
explore the intermediacy of the radical species in the epoxida-
tion reaction, 2,6-di-tert-butyl-p-cresol was used as radical trap
in cis- and trans-stilbene epoxidation with UHP catalysed by
[Mn(phox)2(CH30H),]ClO4. The results are shown in Table 4.
Owing to the epoxidation reaction is not completely inhibited, a
free radical chain mechanism is excluded [33]. The reduction in
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Fig. 2. Epoxide yields as function of reaction time for the epoxidation of styrene
with UHP catalysed by [Mn(phox)>(CH30H),]C104 (M) and Mn(phox)3 (A)
complexes.

Table 4

Epoxidation of cis- and trans-stilbene catalysed by [Mn(phox),(CH30H);]
ClO4/ImH/UHP at the presence of 2,6-di-fert-butyl-p-cresol as radical
scavenger®

Entry Substrate Epoxide yield (%)°
1 Cis-stilbene 16 (cis-epoxide), 17 (trans-epoxide)
2 Trans-stilbene 64 (trans-epoxide)

2 The amounts of [Mn(phox),(CH30H);]ClO4, imidazole, substrate, 2,6-di-
tert-butyl-p-cresol, and UHP are 0.01, 0.2, 0.15,0.15 and 0.6 mmol, respectively.
The reactions were perform in (1:1) mixture of CH,Cl,/CH3OH (1 mL) under
air at 25 °C.

b The GC epoxide yield (%) are measured relative to the starting olefin after
S min.

epoxide yields in the presence of the radical scavenger (Table 4)
may indicate a radicaloid intermediate must be formed during
the reaction pathway [33].

4. Conclusions

This study has demonstrated that [Mn(phox)>(CH30H);]
ClO4 and Mn(phox)3 complexes are efficient catalysts for olefin
epoxidation with urea hydrogen peroxide during short reaction
times (5 min). The presence of a nitrogenous base is necessary to
obtain efficient catalytic activity. Among various nitrogen donor
bases used in this study, strong mw-donor axial ligands such as
imidazole are shown more co-catalytic effect. The co-catalytic
effect is caused by the proximal and distal interactions of imida-
zole with the catalysts. The epoxide yields show the importance
of steric and electronic properties of olefins, the catalysts, and
axial ligands. Less hindrance [Mn(phox),(CH3OH),]ClO;4 cat-
alyst has higher catalytic activity than Mn(phox)3.
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