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Abstract: The effect of multifarious organic bases in chiral manga-
nese porphyrin catalyzed enantioselective alkene epoxidation was
investigated. For substituted pyridines, the enantioselectivity of cis-
�-methylstyrene epoxidation follows a linear free energy relation-
ship for pyridines bearing electron-donating groups. Compared to
the case of no amine additive, a significant improvement in enantio-
selectivity from 43% ee to 81% ee for epoxidation of cis-�-methyl-
styrene with a 86.5% stereospecificity were observed when DMAP
and KHSO5 were employed as axial ligand and oxidant respective-
ly.

Key words: enantioselective epoxidation, metalloporphyrin, axial
ligand, biomimetic oxidation

Heme (iron protoporphyrin) in biochemically functioning
proteins such as cytochrome P-450 and hemoglobin are
axially co-ordinated by thiolate and imidazole of amino
acid residues respectively.1 Also, the catalytic activity and
selectivity of metalloporphyrins and related transition
metal complexes in biomimetic oxidation chemistry of
cytochrome P-450 is profoundly affected by the fifth co-
ordination.2 It has been reported that the rate of organic
oxidations catalyzed by metalloporphyrins are strongly
enhanced by addition of an axial ligand such as pyridine-
type bases.3 For asymmetric epoxidation, addition of axial
ligand to catalytic reaction systems is known as a conve-
nient and efficient strategy to enhance enantioselectivity.
For instance, high enantioselectivity and good chemical
yields were realized in the epoxidation of 2,2-dimethyl-
chromene derivatives using achiral Mn(salen) as a cata-
lyst in the presence of chiral bipyridine N,N�-dioxide as
ligand.4 Also, axial ligation is important for effective
asymmetry transfer in alkene epoxidation catalyzed by
single-faced chiral porphyrins as they can act as blocking
agents for the unhindered face to force the incoming sub-
strates to interact with the hindered chiral pocket.5 Al-
though a number of chiral metalloporphyrins for
enantioselective epoxidation have been developed during
the last two decades,6 little attention has been paid to the
electronic effect of the axial ligands in the catalytic reac-
tion. Recently, Gilheany reported that the use of phos-
phine oxides as axial ligands enabled oxochrominum
salens to stoichiometrically oxidize trans-�-methyl-

styrene with excellent enantioselectivity but this benefi-
cial effect of axial ligation could not be observed in
catalytic version.7 Interestingly, Gross reported a dramatic
increase in enantioselectivity from 13% ee to 35% ee in
styrene epoxidation with a double-faced chiral iron por-
phyrin as catalyst by using excess pyridine. However
there was no significant improvement in enantioselectivi-
ty for the manganese counterpart.8 We noticed that Halter-
man’s manganese porphyrin catalyst gave satisfactory
results in epoxidation of alkenes using Collman’s proce-
dure where NaOCl acts as oxidant in the presence of 4-
tert-butylpyridine as axial ligand.9 However, there is no
account for the necessity of adding 4-tert-butylpyridine in
order to attain the high enantioselectivity (76% ee for cis-
�-methylstyrene).10 Due to the trans-relationship of the
axial ligand to the oxene moiety, we speculate that enan-
tioselectivity of alkene epoxidation could be substantially
varied by employing organic bases with different elec-
tronic properties as axial ligand. With the D4-symmetrical
manganese porphyrin (1) possessing two-faced chirality,
we observed a significant improvement in enantioselec-
tivity by proper choice of axial ligand. This axial ligand
effect is attributed to electronic modification of the
oxidized metal center in the catalytic cycle instead of ef-
fect of steric nature.

Figure 1 (Por*) MnCl 1, Organic bases

We are currently interested in utilizing Oxone® (KHSO5)
in asymmetric epoxidation due to its environmental
friendly results and there is no report describing its suc-
cessful use with chiral metalloporphyrin catalyst. There-
fore, the D4-symmetrical manganese porphyrin (1),
Oxone® (KHSO5) and aqueous acetonitrile were em-
ployed as catalyst, oxidant and solvent respectively for
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catalytic epoxidation of cis-�-methylstyrene and a series
of organic bases was used as axial ligand additives.11 The
results are summarized in Table 1.

The use of heterocycles with sp3 hybridized N-donor such
as piperidine and pyrrolidine (entries 8 and 10) provides
an improvement in enantioselectivity but resulted in low
conversion. 1,2-Dimethylimidazole; which is regarded as
an aromatic amine with concentrated � electrons (6� elec-
trons in a five-membered aromatic ring) also provides a
substantial improvement in enantioselectivity but the con-
version was not satisfactory. Pyridines bearing electron-
withdrawing groups 3-Br, 4-Cl and 4-CN displayed obvi-
ous negative effect towards enantioselectivity (entries 3–
5). It is noteworthy that 4-phenylpyridine, 4-tert-butylpy-
ridine and DMAP (4-N,N-dimethylaminopyridine) form a
class of para-substituted pyridines that gave significant
improvement. Among the organic bases, DMAP shows
the best result of catalysis in both conversion and enanti-
oselectivity (entry 13) when compared with organic base
free catalysis (entry 1). An increase in the ratio (DMAP/
catalyst) from 5 to 12 shows no further improvement in
enantioselectivity. In general, organic amines of high ba-
sicity tend to give beneficial effect to enantioselectivity

for this catalytic system. For the various substituted py-
ridines (X-C6H4N), an attempt has been made to correlate
Hammett constants � and ln(R/S), where ln(R/S) is direct-
ly proportional to ��G‡ (the free energy difference be-
tween two diastereomeric transitions states as a result of
two facial approaches of cis-�-methylstyrene towards the
high valent manganese intermediate). The broken line of
the Hammett plot shown in Figure 1 indicates the depen-
dence of ��G‡ for the facial selectivity on the electronic
nature of the substituted pyridines.

Intriguingly, a linear free energy relationship (� = –1.08,
r2 = 0.99) is established for the electron donating region
ranging from 4-NMe2, 4-OMe, 4-t-Bu to 4-Ph and repre-
sented by the solid line. The linearity of the correlations
implies that the changes in enantioselectivity are due to
the electronic character of the catalysts, which can be ex-
plained on the basis of the work by Jacobsen.12 Compared
to chloride anion, the action of DMAP can lead to a prom-
inent increase in ��G‡ by 0.76 kcalmol–1. However, that
the straight line cannot be extended to the electron-with-
drawing region may imply a switch of mechanism when
using pyridines bearing electron withdrawing group. Cat-
alytically active intermediate without coordination of

Table 1 Epoxidation of cis-�-Methylstyrene with Various Organic Bases as Axial Ligand

Entry Organic Base % ee (cis)a � % ee (cis)b cis/trans ratio Conversionc (%)

1 chloride 43 – 21.3 60

2 quinoline 25 –18 18.9 24

3 3-bromopyridine 29 –14 29.6 24

4 4-chloropyridine 31 –11 10.6 28

5 4-cyanopyridine 37 – 6 17.3 22

6 pyridine 38 – 5 8.0 6

7 4-phenylpyridine 61 +18 14.0 50

8 4-tert-butylpyridine 65 +22 12.0 18

9 4-methoxypyridine 69 +26 12.8 30

10 piperidine 71 +28 25.2 7

11 1,2-dimethylimidazole 72 +29 10.3 24

12 pyrrolidine 75 +32 18.2 12

13 DMAP 81 +38 6.4 79

a Enantiomeric excesses were determined by chiral GC-FID (column: J&W Scientific Cyclodex B, length 30m).
b Change in enantiomeric excess using different substituted pyridines compared to the % ee in entry 1.
c Conversion is based on the consumption of cis-�-methylstyrene after 16 h reaction time.

CH3CN/H2O

catalyst, organic base

O O

+

(1R, 2S)

KHSO5, Na2CO3

D
ow

nl
oa

de
d 

by
: C

ol
le

ct
io

ns
 a

nd
 T

ec
hn

ic
al

 S
er

vi
ce

s 
D

ep
ar

tm
en

t. 
C

op
yr

ig
ht

ed
 m

at
er

ia
l.



LETTER Effect of Fifth Coordination in Catalytic Epoxidation 1477

Synlett 2002, No. 9, 1475–1478 ISSN 0936-5214 © Thieme Stuttgart · New York

electron deficient pyridine may involve in catalytic cycle
for their weaker donating power. This may be one of the
reasons for the deviation from linearity. It seems that an
increase in electrophilicity of the metal-oxo moiety can
lead to better enantioselectivity. Previous ab initio calcu-
lation suggested that replacement of chloride ion by pyri-
dine can lead to an increase of Mn=O length from 1.41 Å
to 2.08 Å.13 Since the �-donating effect of DMAP is much
stronger than that of pyridine, it significantly weakens the
d
�
-p

�
 interaction of Mn=O resulting in a radial like canon-

ical structure b as depicted in Figure 2. Consequently, the
ligated oxygen atom is transferred to the alkene substrate
forming the intermediate c (Scheme 1). This allows C-C
bond rotation of the partially oxidized cis-�-methylsty-
rene molecule before epoxide formation. This model can
explain the comparatively high stereospecificity in the
case of electron withdrawing pyridines such as 3-bro-
mopyridine and 4-cyanopyridine. Therefore, it is reason-
able to observe that good enantioselectivity and
comparatively high stereospecificity were observed in the
case of pyrrolidone and piperidine, having strong �-dona-
tion but no �-interaction.

For cis-�-methylstyrene, 81% ee was obtained by using
Collman’s procedure5b indicated that the use of DMAP as
axial ligand can result in positive effect towards enantio-
selectivity. With NaOCl or KHSO5, 70% ee of the ep-
oxides was obtained in the case of 1,2-dihydronapthalene,
and this is comparable to the result obtained by using a
combination of the ruthenium analogue Ru(Por*)(CO)
and 2,6-dichloropyridine N-oxide as reported by Berkes-
sel and Frauenkron.14 Unfortunately, there is only slight
improvement for monosubstituted alkene (53% ee com-
pared to 52% ee in enantioselectivity for styrene com-
pared to that obtained by using 4-tert-butylpyridine

although higher yield and shorter reaction time were at-
tained). Nevertheless, we have demonstrated the conve-
nience of using easily available organic bases to
manipulate stereochemical control in alkene epoxidation
catalyzed by a double-faced chiral manganese porphyrin.
This report also highlights the dependence of enantiose-
lectivity on the electronic nature of axial ligand and the
first successful use of Oxone® in metalloporphyrin-cata-
lyzed asymmetric epoxidation.
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