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Abstract

Novel chiral dimeric salen-Mn complexes were synthesized and their catalytic effects in asymmetric epoxidation of non-functionalized
alkenes were investigated. The study was undertaken using a dimeric catalyst to establish whether high enantioselectivity could be achieved
just like its active monomer, and whether the bigger complex could be efficiently recovered and reused by a simple controlling solvent system.
The result showed that high activity and enantioselectivity were achieved. The dimeric complex formation enhanced the catalyst’s reactivity
and stability without compromising its enantioselectivity. Catalyst3a, unlike its monomer, could be easily recovered and reused for several
cycles under the mild reaction conditions before a marked decline in yield and ee was observed.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Since Jacobsen designed and synthesized the first chiral
C2-asymmetric salen-type complex in the 1990s, a large
number of chiral Schiff-base complexes have been devel-
oped as catalysts for various asymmetric reactions[1–3].
With regard to environmental legislation and economical
consideration, the synthesis of catalysts that can be eas-
ily recovered and provide high selectivity while producing
low levels of waste is highly desirable[4]. The Jacobsen
salen-Mn catalysts, with a simple structure (monomer) and
lighter molecular weights, have emerged as efficient and
practical catalysts for asymmetric epoxidation ofcis-alkenes
[5], for example1 and2 (Scheme 2) that beart-butyl groups
at the C3 (3′) and C5 (5′) positions have been commercially
excellent catalysts. However, it has been established that
the salen-Mn catalysts are unstable under prolonged oxida-
tive condition and cannot be recovered and recycled[6].
In practice, the steric and electronic properties of the salen
framework, composed of two salicylaldehyde units and a
chiral diamine, can be tuned by altering the substituents on
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either portion. Therefore, many reports have afterward ap-
peared describing studies of structurally varied complexes
[7]. For example, some macrocycle complexes and multinu-
clear complexes reported contain several active centers[8].
But these efforts to improve catalysts’ reactivity or recycla-
bility have succeeded less often as a result of unsuitable or
unstable catalyst structure[9]. While homogeneous catal-
ysis often provides the best results in achieving high levels
of enantioselectivity, heterogeneous catalysis offers the ad-
vantages of simplified product purification and the potential
for recycling the catalyst. In order to be recovered for reuse,
a number of supported catalysts with big molecular weights
have been synthesized and studied. Among them, the salen
monomer was incorporated to support by many methods
including non-covalent immobilization, inorganic graft,
copolymerization or polymer attachment, etc.[10]. Pozzi
et al. fluorous biphase systems (FAB) was also one of the
interesting attempts about separation and recycling tech-
niques[11]. These supported catalysts, however, generally
involved complicated synthesis or high costs and their uses
have produced varied results including lower conversion,
poor selectivity, narrow range of use, and even limited re-
cyclability [12]. Indeed, making material precipitate by the
control of solvent is still the most convenient and economi-
cal method for both product isolation and catalyst recovery.
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Scheme 1. Reagents and conditions: (i) catalyst, H2SO4, acetone; (ii) hexamethylenetetramine, acetic acid, 33%H2SO4, �; (iii) EtOH, reflux; (iv)
Mn(OAc)2/LiCl, CH2Cl2, EtOH.

We had expected that increasing the number of active
metal sites on the catalyst would result in high activity or
reactivity and help substrate turnover. Conversely appro-
priately increasing the molecular weight of catalyst would
lower its solubility with a wider solvent selection, thus
aid product isolation and catalyst recovery. Therefore, two
dimeric salen-Mn(III) complexes (3a and 3b, Scheme 2)
were designed and synthesized. The immediate goals of
our studies were to evaluate the effect of new dimeric cat-
alysts on the enantioselectivity and to further determine
the extent of its recovery and recycling in different solvent
systems.

2. Results and discussion

2.1. Synthesis of dimeric Mn(III)-Schiff-base complexes

The synthesis route for chiral dimeric complexes3a and
3b is shown inScheme 1. The procedure includes initial
preparation of 5,5-isopropylidene-bis-salicylaldehyde6 by
aldonization fromo-t-butyl-bis-phenol-A5, followed by a
condensation of6 with the chiral half-units7, which were
synthesized by condensation from 3,5-disubstituted-sali-

Scheme 2.

cyaldehyde and (S, S)-1, 2-diphenylethylenediamine or (R,
R)-1, 2-cyclohexanediamine, final metallation with Mn(II)
salt.

2.2. The effect of dimeric catalysts on epoxidation

Complexes3a and 3b were then used as catalysts in
epoxidation of styrene (A),cis-�-methyl-styrene (B) and
6-cyano-2,2-dimethylchromene (C). The monomer1 was
also examined as a comparison. Two model oxidation sys-
tems (m-CPBA/NMO/CH2Cl2 homogeneous system and
NaClO/PPNA/H2O/CH2Cl2 binary media system) were se-
lectively employed as oxidant conditions. The results from
the epoxidation of these substrates are shown inTable 1.

All reactions proceeded smoothly and afforded high
yields and enantioselectivity. However, the terminal-olefin
styrene gave somewhat moderate ee’s. The possibility for
partial epoxide ring opening with subsequent kinetic res-
olution cannot be ruled out[13]. Two kinds of oxidants
afforded almost identical yields and ee’s as to most of
the substrates. The NaClO system resulted in longer re-
action times (e.g. at 0◦C reaction time extend to 2 h,
while under them-CPBM system the reaction was gen-
erally completed in 15 min) (entries 5, 8 and 10). In the
m-CPBA/NMO/CH2Cl2 system, lowering the temperature
from 0 to−20◦C had practically no effect on the ee of the
epoxide but had a minor affect on the increase of conver-
sion (entries 1 and 2). Further lowering of the temperature
to −78◦C resulted in retardation of the reaction rate and
only a slight increase in ee (entry 3). For the same catalyst,
the effect of asymmetric epoxidation gradually improved
in the order of substrates from A, B to C. Particularly
useful values (yield, ee) were obtained for electron-rich
substrate C (entries 11–13). We also saw the difference
in reactivity between 1,2-diphenylethylenediamine- and
1,2-diaminocyclohexane-derived catalysts (3a versus3b).
While catalyst3b produced slightly better results compared
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Table 1
Epoxidation of styrene,cis-�-methyl-styrene and 6-cyano-2,2-dimethylchromene using catalyst3a, 3b and 1a

Entry Alkeneb Catalyst Oxidant Temperature (◦C) Time (min) Yield (%)c ee (%)d Configuration

1 A 3a m-CPBA 0 10 73 55 S
2 A 3a m-CPBA −20 15 76 56 S
3 A 3a m-CPBA −78 20 75 57 S
4 A 3b m-CPBA −30 20 70 51 R
5 A 3b NaClO 0 120 68 47 R
6 B 1 m-CPBA −20 30 81 82 1S, 2R
7 B 3a m-CPBA −20 15 83 83 1S, 2R
8 B 3a NaClO 0 100 79 76 1S, 2R
9 B 3b m-CPBA −20 25 81 78 1R, 2S

10 B 3b NaClO 0 120 77 81 1R, 2S
11 C 1 m-CPBA −20 25 91 94 3S, 4S
12 C 3a m-CPBA −20 15 93 92 3S, 4S
13 C 3b m-CPBA −20 15 92 94 3R, 4R

a Reaction were carried out in CH2Cl2 usingm-CPBA as oxidant with a molar ratio of substrate:catalyst:oxidant:NMO= 1:0.025 (0.05 for1):2:5, or
using NaClO as oxidant and 4-phenylpyridine N-oxide as additive.

b A: styrene, B:cis-�-methyl-styrene, C: 6-cyano-2,2-dimethylchromene.
c Determined by GC.
d Determined by GLC.

to 3a for C, catalyst3a gave higher values of ee’s and
yields than3b gave for else substrates. As compared with
Jacobsen complex1, 3a is also a better catalyst to afford
more excellent conversions although they showed a similar
level of asymmetric induction (entries 6–7 and 11–12).

In practice, it was found that most of the above catalytic
reactions were finished in less than 15 min. However, the
reactions using Jacobsen’s monomeric catalyst would close
after 25 min. As expected, the dimeric complexes showed
enhanced activity and the results indicate that the two metal
centers were not working in isolation but had some syner-
getic interaction.

In order to compare the efficiency between mono- and
dimeric catalysts (1 and3a) with different loadings, a fur-
ther examination was carried out. The results are shown in
Table 2. We found the lowest level of efficient loading was
1 mol% (3a) or 2.5 mol% (1). When catalyst loading was
increased from 1 to 5 mol% the reaction rate was acceler-

Table 2
Yield (%) (ee%) of epoxide ofcis-�-methyl-styrene with different loading
of catalysts in CH2Cl2 at different timea

Time (min)

2 7 15 30 60

Catalyst3a (mol%)
1.0 53 (82)b 74 (83) 80 82 83
2.5 81 (83) 83 (82) 83 (83) 83 (82) –
5.0 83 (83) 83 84 – –

Catalyst3a (mol%)
1.0 38 56 68 72 –
2.5 39 69 78 82 82
5.0 64 76 82 83 –

a Reaction were carried out in CH2Cl2 at −20◦C using m-CPBA
as oxidant with a molar ratio of substrate:catalyst:m-CPBA:NMO
= 1:0.01–0.05:2:5.

b Values in parentheses are ee(%) determined at correlative time.

ated obviously, and for3a the yields of epoxide rose greatly
from 53 to 83% at the second minute. The reaction was fin-
ished after 7 min using 2.5 mol% dimeric catalyst3a, but for
monomer1 the reaction was finished after more than 30 min
under the same reaction condition. When catalyst loading
was increased to 5.0 mol%, maximum conversion occurred
within 2 min for 3a but more than 15 min for1. We also
found the enantioselectivity of reactions was independent of
the loading level of the catalyst and always high, even in the
presence of only 0.5 mol% of the catalyst. This result was
fully consistent with that of monomer reported previously
[14].

2.3. The recovery and recycling of dimeric catalyst

At first using m-CPBA as the oxidant, the recovery and
recycling of catalyst3a was investigated in both homoge-
neous and heterogeneous reactions. In practice, this dimeric
catalyst was found to be less soluble than its monomer. It
could be easily precipitated from hexane, ether, even EtOAc
and EtOH, but soluble in CH2Cl2, DMF and CH3CN. For
catalyst3a, we chose soluble CH2Cl2 as homogeneous reac-
tion solvent and difficult-soluble ether as the heterogeneous
reaction medium. In the former system, the catalyst was re-
covered by adding sufficient hexane to reaction mixture and
was filtrated, while in the latter system the catalyst was re-
covered through direct filtration of the suspension. The filter
cake was washed with aq. NaOH (1 M) and water then dried
for reuse in the next run. The results for the multi-recycle
epoxidation ofcis-�-methyl-styrene are shown inTable 3.

It was interesting to note that in general recycles, the
conversions of epoxide were more steady but showed a
significant drop in ee’s under heterogeneous catalytic re-
actions while in homogeneous reaction, the values of ee’s
only had a slight decrease but a quickly reducing change
in yields. It was also noteworthy that recycling under two
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Table 3
Catalyst3a’s recyclability in different-phase epoxidation ofcis-�-methyl-styrene at−20◦C

Reaction Homogeneous (m-CPBA/CH2Cl2) Heterogeneous (m-CPBA/ether)

Run 1 2 3 4 5 1 2 3 4 5
Yield (%) 80 71 63 56 49 79 74 70 67 64
ee (%) 83 82 80 77 72 78 74 69 63 58
Time (min) 15 15 20 25 30 15 20 25 30 40

reaction types could be successfully repeated about 2–3
times at temperatures 0◦C or lower. At room temperature
or higher, however, the efficiency of recycling would, es-
pecially for homogeneous catalysis, sharply worsen with
rapidly decreasing ee’s and yields. One possible reason is
that low temperatures would prevent or slow catalyst degra-
dation[13]. The oxidative degradation or soluble loss of the
catalyst in a homogeneous reaction was heavier than in a
heterogeneous reaction. It is apparent from the results that
the solvent systems can influence the efficiency of catalyst
recycling. This also indicates that the insoluble nature of the
catalyst does not obviously affect the rate of epoxidation.

Then the recycling of catalyst3a was conducted un-
der binary solvent systems (m-CPBA/CH2Cl2/ether and
NaClO/H2O/CH2Cl2 biphase system). In the first system,
ether was slowly dropped into a previous solution of mixture
of catalyst, alkene and NMO in CH2Cl2 until the solution
just became slightly turbid and thenm-CPBA was added in.
The results are shown inTable 4.

Under NaClO/H2O/CH2Cl2 system,3a could be used in
a second reaction with light loss of both ee and yield for the
epoxidation ofcis-�-methyl-styrene. After the first recycle,
unfortunately, precipitation resulted in a pale-color gummy
solid that led to poor results in further recycles. It was ex-
citing to find that under them-CPBA/CH2Cl2/ether biphase
system, catalyst3a could be effectively used for 4–5 times
without a significant drop in selectivity and without an unac-
ceptable yield. Further attempts to recycle, however, resulted
in poor results of both conversion and enantioselectivity. The
NaClO oxidative system was not more robust thanm-CPBA
system, possibly due to the loss of more manganese in the
base solution. The studies indicate that the reaction condi-
tions play a fundamental role in the extent of catalysis and
recycles.

While monomeric salen-Mn catalysts are generally diffi-
cult to recover and recycle[6] the bigger dimeric catalyst
3a can be recovered and reused for several recycles. Obvi-

Table 4
Catalyst3a’s recyclability in binary solvent oxidation systems

Reaction m-CPBA/CH2Cl2/ether,−20◦C NaClO/H2O/CH2Cl2, 0◦C

Run 1 2 3 4 5 1 2 3 4 5
Yield (%) 80 77 74 70 65 78 67 48 24 –
ee (%) 82 81 80 78 73 76 71 64 56 43
Time (min) 15 20 25 30 40 100 120 200 250 360

ously, catalyst3a’s repeatability or stability is better and its
recyclability is even superior to polymer-supported catalysts
which generally involve complicated synthesis or high costs
as noted previously[12].

In conclusion, the new dimeric Mn(III)-Schiff-base com-
plexes have been synthesized and successfully used in the
asymmetric epoxidation of unfunctionalized alkenes exam-
ined in this investigation. Complex3a is a superior catalyst
with higher catalytic activity and asymmetric inductivity.
The quickened reaction and high activity indicates that two
metal centers of dimeric catalyst are working under syn-
ergetic interaction. The dimeric catalyst also shows better
repeatability and stability than monomer. Multiple recycles
of the dimeric catalyst have been carried in different phase
reactions. Complex3a can be efficiently used for as many
as five cycles under the biphase reaction system used. The
activity of the recycled catalyst gradually decreased during
each successive use, possibly due to minor catalyst’s degra-
dation or soluble loss during the reaction. Choosing a heav-
ier catalyst or semi-soluble oxidation condition can be an ef-
ficient and desirable way to aid catalyst recovery and reuse.

3. Experiment

3.1. Generation

1H NMR spectra were obtained at 200 MHz on Bruker
DRX-200 spectrometer using CDCl3 as solvent. IR spec-
tra were recorded on Nicolet NEXUS 670 FT-IR spec-
trum. FAB-MS was acquired on MASPEC II System
mass spectrometer. Elemental analyses were performed
on Elementar VarioEL instrument in the Analysis and
Test Center of Lanzhou University. Chiral half-units
7a–b were prepared by reference to literature[15,16].
Catalyst 1 was prepared as indicated in the literature
[17]. (S, S)-1,2-Diphenylethylenediamine and (R, R)-1,
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2-cyclohexanediamine were purchased from the Likai Chi-
ral Technique Company Ltd. in Chengdu.

3.2. Synthesis of 2,2-di-t-butylbisphenol-A 5 [18]

Acetone (3.0 ml, 0.04 mol) was dropped into a mixture of
o-t-butyl-benzene phenol (0.08 mol), catalyst H2SO4 (78%,
5 ml) and additional catalyst in 15 ml methylbenzene under
continuous stirring, and the temperature was confined below
35◦C. The mixture continued to be stirred for 2 h with a
higher temperature between 35 and 40◦C. Then the mixture
was poured into 40 ml cold water and stood for several hours.
The precipitation was filtered and washed with cold water
till the filter-liquor showed with no acid reaction. After being
dried, the crude product was recrystallized in EtOH to give
white needle crystal (yield 64%).1H NMR (CDCl3): δ 1.28
(18H, s), 1.38 (6H, s), 4.95 (2H, s), 6.50–7.35 (6H, m) ppm.

3.3. Synthesis of 5,5-isopropylidene-3,3-di-t-
butyl-bissalicylaldehyde (6)

The general preparation was referenced partially to litera-
ture[16]. A mixture of 2,2-di-t-butylbisphenol A (0.012 mol)
and 6.8 g hexamethylenetetramine in 16 ml acetic acid was
heated slowly to 130◦C while being stirred and refluxed
for 2 h and then cooled to 75◦C. After adding 16 ml 33%
H2SO4 and being refluxed 1 h at 105–110◦C, the mixture
was cooled back to room temperature and extracted with
ether. The extract was washed with water, dried over anhy-
drous Na2SO4 and the solvent was removed. The residue
was purified by silica gel column chromatography to give
yellow semi-solid product. Yield 57%.1H NMR (CDCl3):
δ 1.35 (18H, s), 1.60 (6H, s), 7.35–7.38 (2H, d), 7.60–7.63
(2H, d), 9.89 (2H, s), 11.66 (2H, s) ppm.

3.4. Synthesis of Schiff-base ligands (8a–b)

The general preparation was referenced to litera-
ture [19]. A solution of mono-imine7 (1.0 mmol) and
bis-salicylaldehyde6 (0.5 mmol) in dry EtOH (20 ml) was
refluxed for 5–7 h. The resulting solution, after being con-
centrated, precipitated out the desired chiral ligand. The
residue was purified by silica gel column chromatography
(eluent hexane–EtOAc) to give8.

8a was prepared from6 and 7a, yellow foam-solid.
Yield 75%.1H NMR (CDCl3): δ 1.26 (18H, s), 1.44 (36H,
s), 1.60 (6H, s), 4.78 (4H, s), 6.76–7.30 (28H, m), 8.40
(4H, s), 13.63 (bs, 4H exchangeable with D2O) ppm.
FAB-MS m/z: 1217.87(M + 1)+ (FM 1216). Anal. calcd.
for C83H100N4O4: C, 81.87; H, 8.28; N, 4.60%. Found: C,
81.64; H, 8.37; N, 4.46%.

8b was prepared from6 and7b, yellow foam-solid. Yield
80%. 1H NMR (CDCl3): δ 1.24 (18H, s), 1.42 (36H, s),
1.55 (6H, s), 1.57–2.26 (16H, m), 3.22 (4H, s), 6.78 (4H, s),
7.10 (4H, s), 8.24 (4H, s), 13.76 (bs, 4H exchangeable with
D2O) ppm. FAB-MSm/z: 1021.56(M + 1)+ (FM 1020).

Anal. calcd. for C67H96N4O4: C, 78.78; H, 9.47; N, 5.48%.
Found: C, 79.03; H, 9.33; N, 5.51%.

3.5. Synthesis of Mn (III)-Schiff-base complexes (3a–b)

A mixture of 8a or 8b (1 mmol, in CH2Cl2) and
Mn(OAc)2·4H2O (2.1 mmol, in EtOH) was stirred under
reflux under nitrogen atmosphere for 5–6 h. Solid LiCl·H2O
(5 mmol) was added and the mixture was further refluxed
for 3 h while exposed to air. The solvent was removed, and
the residue was extracted with CH2Cl2. The extract was
washed with water and brine and concentrated partially.
After an addition of hexane, the precipitation was filtered
and dried over anhydrous Na2SO4 to afford dark brown
complex3a or 3b.

3a, yield 93%, Anal. calcd. for C83H100Cl2Mn2N4O6: C,
69.69; H, 7.05; N, 3.92; Mn, 7.68%. Found: C, 69.58; H,
7.02; N, 3.97; Mn, 7.45%. IR (KBr): 3447, 3056, 3027, 2949,
2922, 2866, 1614, 1533, 1465, 1442, 1380, 1319, 1279,
1216, 1188, 1100, 1025, 969, 870, 738, 701, 633, 521 cm−1.
ΛM (MeOH): 3 mho cm−1 mol−1.

3b, Yield 88%. Anal. calcd. for C67H96Cl2Mn2N4O6: C,
65.20; H, 7.84; N, 4.54; Mn, 8.90%. Found: C, 66.50; H,
7.75; N, 4.63; Mn, 9.22%. IR (KBr): 3438, 3024, 3002,
2952, 2923, 2865, 1610, 1538, 1472, 1442, 1388, 1338,
1302, 1268, 1220, 1178, 1089, 1024, 937, 829, 758, 686,
565 cm−1. ΛM (MeOH): 5 mho cm−1 mol−1.

3.6. General procedure in epoxidation reactions

For m-CPBA system, enantioselective epoxidation was
carried out with a minor modification to the reported proce-
dure [20]. A solution containing catalyst3a (2.5 mmol%),
alkene (0.5 mmol) and NMO (2.5 mmol) in dichloromethane
(or, ether) was cooled to desired temperature (−78–0◦C).
The pre-cooled solidm-CPBA (1.0 mmol) was portion-wise
added with stirring. The reaction process was monitored by
GC. After completion of the reaction, the mixture was con-
centrated and diluted with hexane. The precipitated catalyst
was recovered by filtration, washed with 1 M NaOH and
dried to reuse. The organic phase was separated and washed
with water then with brine, dried over anhydrous sodium
sulphate and concentrated. The residue was purified by flash
chromatography on silica gel to offer the epoxide.

For NaClO system, the epoxidation was carried out
according to the literature[21]. To a cooled (0◦C) solu-
tion of catalyst3a (2.5 mmol%), substrate (0.5 mmol) and
4-phenylpyridine N-oxide (0.5 mmol) in dichloromethane, a
pre-cooled solution of 13% NaClO (1.0 mmol, pH 11) was
portion-wise added. After completion of the reaction, the
mixture was diluted with dichloromethane and water. The
organic phase separated, was washed with water, brine, and
then concentrated. The catalyst was separated by precipi-
tation with hexane to be reused. The organic solvent was
removed and the residue was purified to determine the ee.
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