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Abstract

A series of chiral (pyrrolidine salen)Mn(III) complexes were synthesized fromNaza-substituted (R,R)-N,N ′-bis(3,5-di-tert-butylsalicylidene)-
3,4-diaminopyrrolidine salen ligands. High yields and comparable enantioselectivity relative to Jacobsen’s catalyst were achieved in ac
epoxidation of styrene and chromenes using NaClO/PPNO andm-CPBA/NMO as the oxidant systems. Complexes1–3, featuring a tertiary amine
unit, displayed higher activity than complex4, bearing an amide unit and Jacobsen’s catalyst in the NaClO/PPNO aqueous/organic b
system. The influence of CH3I on epoxidation of 6-nitro-2,2-dimethylchromene catalysed by1–4 in the biphasic medium was studied to explo
the catalysts with built-in phase-transfer capability. The alkenes’ access pathway is discussed on the basis of the steric effect of theNaza-substituent
in the pyrrolidine backbone of complexes1–3 on the enantioselectivity of epoxidation.
 2005 Elsevier Inc. All rights reserved.

Keywords: Asymmetric epoxidation; Enantioselectivity; Pyrrolidine; (Salen)Mn(III) complex; Unfunctionalized alkenes
rfu
nds
hav

o
tal-
an
ng
th
se
a-
f-

for
l
Ja
t

ous

m

st of
ym-
by

en
ps
f the
ry

-in
chi-
to

the
sts
rro-
lock
III)
oin-
the
1. Introduction

Catalytic asymmetric epoxidation of alkenes is a powe
method for the synthesis of various chiral organic compou
During last two decades, various transition metal catalysts
been reported for the highly enantioselective epoxidation
alkenes[1]. In recent years, asymmetric epoxidation ca
ysed by efficient organocatalysts, including chiral ketones
iminium salts[2–5], has also attracted intense interest. Amo
several catalytic procedures to optically active epoxides,
asymmetric epoxidation of unfunctionalized alkenes cataly
by chiral (salen)Mn(III) complexes, initially developed by J
cobsen[6] and Katsuki[7], is considered one of the most e
fective methods discovered in the last 20 years[8,9]. The clas-
sic (salen)Mn(III) catalysts display high enantioselectivity
the asymmetric epoxidation ofZ- and tri-substituted prochira
alkenes, and the chiral (salen)Mn(III) complex known as “
cobsen’s catalyst” (Scheme 1) has proven to be an efficien
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and practical catalyst for asymmetric epoxidation of vari
Z-alkenes with enantiomeric excesses generally>90%[10].

Although the chiral (salen)Mn(III) complexes derived fro
trans-1,2-diphenylethylenediamine andtrans-1,2-diaminocyc-
lohexane have been extensively investigated, to the be
our knowledge there are only two reports concerning as
metric epoxidation of unfunctionalized alkenes catalysed
the chiral (salen)Mn(III) complexes derived fromtrans-3,4-
diaminopyrrolidine[11,12]. The advantages of the chiral sal
ligand with a pyrrolidine backbone are that different grou
and fragments can be readily tethered to the backbone o
ligand through the N atom of pyrrolidine and that a tertia
amine unit of the pyrrolidine salen ligand may impart a built
phase-transfer capability to the catalyst. For example, the
ral (pyrrolidine salen)Mn(III) catalyst is covalently attached
either the polymer support or silica gel via the N atom of
pyrrolidine moiety[11,12], and such heterogeneous cataly
are recyclable in asymmetric epoxidation of alkenes. Py
lidine salen ligands also have been used as a building b
to construct photosensitizer–catalyst binuclear Ru(II)Mn(
and Re(I)Mn(III) complexes as catalyst candidates for phot
duced asymmetric oxidation of organic substrates, in which

http://www.elsevier.com/locate/jcat
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Scheme 1. Jacobsen’s catalyst (left) and (pyrrolidine salen)Mn(III) complexes (right).
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chiral (pyrrolidine salen)Mn(III) moiety is covalently linke
by a carboxamide linkage to Ru(II) and Re(I) fragments[13,
14]. In view of the reactivity of the backbone in the pyrrolidin
salen ligand and the potential application of chiral (pyrro
dine salen)Mn(III) complexes in epoxidation, it is of intere
to study their catalytic properties in asymmetric epoxidat
of unfunctionalized alkenes. Recently, we prepared a serie
chiral (pyrrolidine salen)Mn(III) complexes1–4 derived from
(R,R)-N,N ′-bis(3,5-di-tert-butylsalicylidene)-3,4-diaminopy
rolidine salen ligands with CH3, Bn, 2,4,6-trimethylbenzyl an
a Boc group bonded to the N atom of the ligand backb
(Scheme 1). The pyrrolidine moieties of complexes1–3 are
cyclic tertiary amines, and complex4 has an amide functiona
ity in its pyrrolidine fragment. The immediate goals of pres
study were to explore (1) the catalytic properties of1–4 with
NaClO andm-CPBA as oxidants using styrene and chrome
as model substrates; (2) the influence of CH3I on the catalytic
activity and enantioselectivity of complexes1–3 with NaClO as
oxidant under a biphasic reaction condition, to probe the b
in phase-transfer capability of the ammonium salts of1–3 in
asymmetric epoxidation of alkenes; and (3) the steric effec
the backbone R groups in (pyrrolidine salen)Mn(III) comple
1–4 on enantioselectivity, to gain insight into the alkenes’
cess pathway.

2. Experimental

2.1. Material

α-2-Chloroisodurene, 4-phenylpyridineN -oxide (PPNO),
and N -methylmorpholineN -oxide (NMO) were purchase
from Acros, Aldrich, and Alfa Aesar, respectively. Other co
mercially available chemicals were laboratory-grade reag
from local suppliers. Styrene was passed through a pa
neutral alumina before use. 6-Nitro-2,2-dimethylchromene
6-cyano-2,2-dimethylchromene were synthesized as desc
previously [15]. Chiral ligand (3R,4R)-N,N ′-bis(3,5-di-tert-
butylsalicylidene)-3,4-diaminopyrrolidine (hereinafter referr
to as pyrrolidine salen ligand) was prepared as described
viously [13,16,17]. All solvents used were purified by standa
procedures.

2.2. Methods

All IR spectra were recorded from KBr pellets using
JASCO FT/IR 430 spectrophotometer.1H NMR spectra were
obtained on a Varian INOVA 400NMR apparatus with TM
as an internal standard. Mass spectra were performed by
trospray ionization (ESI) on an HP1100 MSD instrument a
of
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by HR-ESI-MS on an HPLC-Q-TOF MS (Micromass) ma
spectrometer. Optical rotations at 589 nm were measured
a JASCO P-1010 digital polarimeter. Elemental analyses w
performed on a THERMOQUEST-FLASH EA 1112 eleme
tal analyzer. The ee values of styrene oxide and the epox
of substituted 2,2-dimethylchromenes were determined by
chromatography (using an HP 6890 gas chromatograph) u
chiral capillary columns (Chiraldex GTA, 30 m× 250 µm i.d.
and HP 19091G-B233, 30 m× 251 µm× 0.25 µm).

2.3. Synthesis of Naza-substituted pyrrolidine salen ligands

2.3.1. Synthesis of (3R,4R)-N -methylpyrrolidine salen ligand
(5) and (3R,4R)-N -(2,4,6-trimethylbenzyl)pyrrolidine salen
ligand (7)

A solution of pyrrolidine salen ligand (0.533 g, 1 mmol), t
ethylamine (278 µL, 2 mmol), iodomethane (75 µL, 1.2 mm
or α-2-chloroisodurene (0.168 g, 1 mmol) in ethanol was stir
at room temperature for 48 h and then concentrated under
uum. The residue was purified by silica gel column chroma
raphy to give the desired chiral ligands:

5: Yield 55% (0.30 g). Anal. calcd for C35H53N3O2: C, 76.74;
H, 9.75; N, 7.67. Found: C, 76.50; H, 9.69; N, 7.50%.
(KBr): ν 2957, 2869, 1626, 1596, 1469, 1440 cm−1. 1H NMR
(400 MHz, CDCl3): δ 1.27 (s, 18H,tert-Bu), 1.45 (s, 18H,tert-
Bu), 2.46 (s, 3H, NCH3), 2.92 (dd, 2H, CH2 of pyrrolidine),
3.10 (dd, 2H, CH2 of pyrrolidine), 3.98 (dd, 2H, CH of pyrroli
dine), 7.05 (d, 2H, Ar), 7.38 (d, 2H, Ar), 8.30 (s, 2H, N=CH),
13.44 ppm (s, 2H, OH).[α]27

589= −378 (c = 0.02, CH2Cl2).

7: Yield 91% (0.60 g). Anal. calcd for C44H63N3O2: C, 79.35;
H, 9.53; N, 6.31. Found: C, 79.39; H, 9.56; N, 6.40%.
(KBr): ν 2957, 2868, 1628, 1595, 1468, 1440 cm−1. 1H NMR
(400 MHz, CDCl3): δ 1.27 (s, 18H,tert-Bu), 1.45 (s, 18H,
tert-Bu), 2.26 (s, 3H, CH3 of 2,4,6-Bn), 2.42 (s, 6H, CH3 of
2,4,6-Bn), 2.89 (dd, 2H, CH2 of pyrrolidine), 3.12 (dd, 2H, CH2
of pyrrolidine), 3.69 (dd, 2H, CH2 of 2,4,6-Bn), 3.92 (dd, 2H
CH of pyrrolidine), 6.85 (s, 2H, CH of 2,4,6-Bn), 7.01 (d, 2
Ar), 7.37 (d, 2H, Ar), 8.27 (s, 2H, N=CH), 13.55 ppm (s, 2H
OH). [α]27

589= −251 (c = 0.02, CH2Cl2).

2.3.2. Synthesis of (3R,4R)-N -benzylpyrrolidine salen
ligand (6)

The experimental procedure for the synthesis of6 was car-
ried out as described previously[12,18] with minor modifica-
tions:
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6: Yield 58% (3.61 g). Anal. calcd for C41H57N3O2: C, 78.93;
H, 9.21; N, 6.73. Found: C, 79.01; H, 9.21; N, 6.76%.
(KBr): ν 2957, 2868, 1626, 1595, 1468, 1441 cm−1. 1H NMR
(400 MHz, CDCl3): δ 1.26 (s, 18H,tert-Bu), 1.45 (s, 18H,tert-
Bu), 2.96 (dd, 2H, CH2 of pyrrolidine), 3.15 (dd, 2H, CH2 of
pyrrolidine), 3.76 (s, 2H, CH2 of Bn), 3.98 (dd, 2H, CH of
pyrrolidine), 7.03 (d, 2H, Ar), 7.29–7.41 (m, 7H, CH of A
and CH of Bn), 8.28 (s, 2H, N=CH), 13.49 ppm (s, 2H, OH)
[α]27

589= −298 (c = 0.02, CH2Cl2).

2.3.3. Synthesis of (3R,4R)-N -Boc-pyrrolidine salen
ligand (8)

A solution of Boc-anhydride (0.218 g, 1 mmol) in ethan
(5 mL) was added dropwise to the solution of pyrrolidine sa
ligand (0.533 g, 1 mmol) in ethanol (15 mL). The mixture w
stirred at room temperature for 4 h and then concentrated u
vacuum. The residue was purified by silica gel column ch
matography to give the desired chiral ligand:

8: Yield 95% (0.60 g). Anal. calcd for C39H59N3O4: C, 73.89;
H, 9.38; N, 6.63. Found: C, 74.25; H, 9.47; N, 6.58%.
(KBr): ν 2960, 2875, 1624, 1594, 1474, 1440 cm−1. 1H NMR
(400 MHz, CDCl3): δ 1.26 (s, 18H,tert-Bu), 1.43 (s, 18H,
tert-Bu), 1.50 (s, 9H, CH3 of Boc), 3.59 (dd, 2H, CH2 of pyrro-
lidine), 3.88–3.98 (m, 4H, CH2, and CH of pyrrolidine), 7.04
(s, 2H, Ar), 7.38 (s, 2H, Ar), 8.37 (s, 2H, N=CH), 13.11 ppm
(s, 2H, OH).[α]27

589= −238 (c = 0.02, CH2Cl2).

2.4. Synthesis of (pyrrolidine salen)Mn(III) complexes

(Pyrrolidine salen)Mn(III) complexes were prepared as
scribed previously[12], with some modifications:

1: Yield 73%. Anal. calcd for C35H51ClMnN3O2·H2O: C,
64.26; H, 8.17; N, 6.42. Found: C, 63.91; H, 8.07; N, 6.26
IR (KBr): ν 2958, 2869, 1622, 1535, 1464, 1435 cm−1. HR-
ESI-MS: m/z calcd for [M–Cl]+: 600.3362, found: 600.337
(100%).

2: Yield 82%. Anal. calcd for C41H55ClMnN3O2·0.5H2O:
C, 68.27; H, 7.83; N, 5.83. Found: C, 68.26; H, 7.94; N, 5.78
IR (KBr): ν 2957, 2868, 1620, 1534, 1463, 1433 cm−1. HR-
ESI-MS: m/z calcd for [M–Cl]+: 676.3675, found: 676.366
(100%).

3: Yield 79%. Anal. calcd for C44H61ClMnN3O2·0.5H2O:
C, 69.23; H, 8.19; N, 5.50. Found: C, 69.22; H, 8.17; N, 5.38
IR (KBr): ν 2957, 2868, 1625, 1534, 1463, 1434 cm−1. HR-
ESI-MS: m/z calcd for [M–Cl]+: 718.4144, found: 718.415
(100%).

4: Yield 86%. Anal. calcd for C39H57ClMnN3O4: C, 64.85;
H, 7.95; N, 5.82. Found: C, 64.69; H, 8.08; N, 5.67%; IR (KB
ν 2958, 2870, 1624, 1534, 1463, 1433 cm−1. ESI-MS: m/z

calcd for [M–Cl]+: 686.4, found: 686.3 (100%).
er
-

-

.

.

.

2.5. General procedure for asymmetric epoxidation of styrene
and chromenes

2.5.1. Using NaClO as oxidant [19]
To a cooled solution (0◦C) of alkene (0.4 mmol), PPNO

(13.7 mg, 0.08 mmol),o-dichlorobenzene (internal standa
56 µL, 0.5 mmol), and (pyrrolidine salen)Mn(III) comple
(0.008 mmol) in CH2Cl2 (1 mL), a precooled NaClO aqueou
solution (0.8 mmol, pH= 11.3, 0◦C) was added portionwise
The mixture was stirred at 0◦C, and the reaction was monitore
by gas chromatography. When the reaction reached a s
conversion, the mixture was diluted with CH2Cl2 (3 mL). The
phases were separated, and the aqueous layer was ext
with CH2Cl2 (3 mL × 2). The combined organic layers we
washed with brine (3 mL×2) and dried over anhydrous sodiu
sulfate. The concentrated filtrate was purified by silica gel
umn chromatography to afford the corresponding epoxide.

2.5.2. Using m-CPBA as oxidant [20]
A solution of alkene (0.4 mmol), NMO (270 mg, 2 mmo

o-dichlorobenzene (internal standard, 56 µL, 0.5 mmol),
(pyrrolidine salen)Mn(III) complex (0.008 mmol) in CH2Cl2
(2 mL) was cooled to the desired temperature. Solidm-CPBA
(138 mg, 0.8 mmol) was added in four portions over 2 min. T
reaction mixture was stirred for 1 h, after which NaOH (4 m
1.0 M) was added. The mixture was treated by the aforem
tioned procedure to get the corresponding epoxide.

2.5.3. Using CH3I as additive
A solution of alkene (0.4 mmol), PPNO (13.7 m

0.08 mmol), o-dichlorobenzene (internal standard, 56 µ
0.5 mmol), CH3I, and (pyrrolidine salen)Mn(III) complex
(0.008 mmol) in CH2Cl2 (1 mL) was stirred for 1 h and the
cooled to 0◦C. The further reaction and the purification
epoxides were done as described in Section2.5.1.

3. Results and discussion

3.1. Asymmetric epoxidation of styrene and chromenes
catalysed by 1–4

The catalytic activity and selectivity of complexes1–4 were
explored for the asymmetric epoxidation of styrene, 6-ni
2,2-dimethylchromene and 6-cyano-2,2-dimethylchromene
ing NaClO/PPNO orm-CPBA/NMO as an oxidant system
Jacobsen’s catalyst was also examined for comparison
poses. The results are summarized inTable 1. All reactions
proceeded smoothly, and complexes1–4 gave high yields of the
epoxides at 2 mol% catalyst loading with both NaClO/PP
and m-CPBA/NMO as oxidant systems. In the NaClO aqu
ous/organic biphasic system without additive PPNO, com
2 took 16 h to epoxidize styrene, and the ee obtained (2
was relatively low (entry 5 vs. entry 2), indicating that PPN
as an axial ligand has a pronounced effect on both the a
ity and the enantioselectivity of the asymmetric epoxidat
reaction, as has been reported for other chiral (salen)Mn
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Table 1
Asymmetric epoxidation of styrene, 6-nitro-2,2-dimethylchromene and 6-cyano-2,2-dimethylchromene catalysed by complexes1–4 with NaClO/PPNOa and
m-CPBA/NMOb as oxidant systems

Entry Substratec Catalyst Oxidant system Time (h) Yield (%)d ee (%)e Configuration

1 A 1 NaClO/PPNO 0.5 100 37 R

2 2 NaClO/PPNO 0.5 100 38 R

3 3 NaClO/PPNO 0.5 100 39 R

4 4 NaClO/PPNO 2 94 37 R

5 2 NaClO 16 51 25 R

6 1 m-CPBA/NMO 10 min 100 39 R

7 2 m-CPBA/NMO 10 min 100 40 R

8 3 m-CPBA/NMO 10 min 100 44 R

9 4 m-CPBA/NMO 10 min 99 41 R

10 2 m-CPBA 1.5 90 0 R

11f 2 m-CPBA/NMO 15 min 100 50 R

12 B Jacobsen’s catalyst NaClO/PPNO 8 92 90 3R, 4R
13 1 NaClO/PPNO 5 92 86 3R, 4R
14 2 NaClO/PPNO 6 93 88 3R, 4R
15 3 NaClO/PPNO 6 91 89 3R, 4R
16 4 NaClO/PPNO 8 86 91 3R, 4R
17 1 m-CPBA/NMO 1 94 91 3R, 4R
18 2 m-CPBA/NMO 1 92 91 3R, 4R
19 3 m-CPBA/NMO 1 99 93 3R, 4R
20 4 m-CPBA/NMO 1 99 94 3R, 4R

21 C Jacobsen’s catalyst NaClO/PPNO 7 96 93 3R, 4R
22 1 NaClO/PPNO 4 95 89 3R, 4R
23 2 NaClO/PPNO 4.5 92 89 3R, 4R
24 3 NaClO/PPNO 6 93 91 3R, 4R
25 4 NaClO/PPNO 8 86 93 3R, 4R
26 1 m-CPBA/NMO 1 99 91 3R, 4R
27 2 m-CPBA/NMO 1 97 92 3R, 4R
28 3 m-CPBA/NMO 1 97 96 3R, 4R
29 4 m-CPBA/NMO 1 98 95 3R, 4R

a Reactions were carried out at 0◦C in CH2Cl2 (1 mL) with alkene (0.4 mmol), catalyst (0.008 mmol, 2 mol%), NaClO aqueous solution (pH= 11.3, 0.8 mmol),
PPNO (0.08 mmol) ando-dichlorobenzene (internal standard, 0.5 mmol).

b Reactions were carried out at 0◦C in CH2Cl2 (2 ml) with m-CPBA (0.8 mmol) and NMO (2 mmol). Other conditions are the same as aforementioned.
c A = styrene,B = 6-nitro-2,2-dimethylchromene,C = 6-cyano-2,2-dimethylchromene.
d GC conversions (entries 1–11) or isolated yields (entries 12–29).
e Determined by GC with chiral capillary columns (Chiraldex GTA, 30 m× 250 µm (i.d.) for entries 1–11 and HP19091G-B233, 30 m× 251 µm× 0.25 µm for

entries 12–29).
f ◦
The reaction was carried out at−78 C.
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catalysts[21,22]. In the absence of the additive NMO, the a
tivity of 2 apparently decreased, and the enantioselectivity
completely lost for epoxidation of styrene withm-CPBA as an
oxidant (entry 10 vs. entry 7)[20]. In general, the epoxidatio
reaction in them-CPBA/NMO system was much faster th
that in the NaClO/PPNO biphasic system and afforded hig
ee values. For example, complex3 gave 96% ee for the epoxida
tion of 6-cyano-2,2-dimethylchromene in them-CPBA/NMO
system within 1 h (entry 28), whereas the same reactio
the NaClO/PPNO system was completed in 6 h with 91%
(entry 24). In the case of styrene, enantiomeric excess va
(37–44%, entries 1–4 and 6–9) were not encouraging. Whe
reaction temperature was lowered from 0 to−78◦C, the enan-
tioselectivity of2 in them-CPBA/NMO system was improve
from 40% ee to 50% ee (entry 7 vs. entry 11). Complexes1–4
afforded 86–94% and 89–96% ee (entries 13–20 and 22–29
asymmetric epoxidation of 6-nitro-2,2-dimethylchromene a
6-cyano-2,2-dimethylchromene, respectively.

As shown inTable 1, the overall reaction rates of asymme
ric epoxidation of substituted chromenes in the NaClO/PP
s

r

n
e
es
e

or

aqueous/organic biphasic system by complexes1–3 bearing a
tertiary amine unit are considerably faster than those of t
analogous Jacobsen’s catalyst (Fig. 1), with comparable yields
and slightly lower ee’s (entries 12–15 and 21–24). In contr
the (pyrrolidine salen)Mn(III) complex4 bearing an amide un
showed somewhat lower activity than Jacobsen’s catalys
the same reaction, with a lower yield and a similar ee (ent
16 vs. 12 and 25 vs. 21). The enhanced activities of compl
1–3 might be attributed to the presence of a tertiary amine
in the pyrrolidine moiety, imparting the built-in phase-trans
capability to the catalyst[23,24]. The lower yield of4 is pre-
sumably caused by decomposition of4 with an amide bond in
the basic aqueous/organic medium.

3.2. The effect of CH3I on asymmetric epoxidation of
6-nitro-2,2-dimethylchromene

The epoxidation of chromenes catalysed by chiral (sa
Mn(III) complexes with NaClO as an oxidant under biphasic
action conditions generally requires a long reaction time eve
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Fig. 1. The conversion versus reaction time plot for epoxidation of 6-n
2,2-dimethylchromene catalysed by1–4 and Jacobsen’s catalyst with NaClO
PPNO as oxidant system at 0◦C.

Table 2
Asymmetric epoxidation of 6-nitro-2,2-dimethylchromene catalysed by1–4
with NaClO/PPNOa at 0◦C

Entry Catalyst CH3Ib Time
(h)

Yieldc

(%)
eed

(%)
Configu-
ration

30 (vs. 13)e 1 50 1 (5) 80 (92) 70 (86) 3R, 4R
31 (vs. 14) 2 2 5 (6) 92 (93) 88 (88) 3R, 4R
32 2 10 4.5 90 86 3R, 4R
33 2 50 2 84 83 3R, 4R
34 (vs. 15) 3 50 2 (6) 90 (91) 88 (89) 3R, 4R
35 (vs. 16) 4 50 8 (8) 87 (86) 91 (91) 3R, 4R
36 4 100 8 86 91 3R, 4R

a Reactions were carried out in CH2Cl2 (1 mL) with alkene (0.4 mmol),
PPNO (0.08 mmol),o-dichlorobenzene (internal standard, 0.5 mmol), CH3I,
catalyst (0.008 mmol, 2 mol%) and NaClO aqueous solution (pH, 1
0.8 mmol).

b Based on the mol of catalyst.
c Isolated yield.
d Determined by GC with a chiral capillary column (HP 19091G-B2

30 m× 251 µm× 0.25 µm).
e The data in the parentheses are obtained from the same reaction in t

sence of CH3I.

the presence of PPNO or PPPNO (4-(3-phenylpropyl)pyrid
N -oxide) [25–27]. Reportedly the activity can be enhanced
the two-phase reaction medium using (salen)Mn(III) catal
with built-in phase-transfer capability[23,24], constructed by
introducing the tertiary amine unit(s) to the salen ligand.

To investigate the influence of the quaternary ammon
unit formed in the molecule of the catalyst, we studied the
fect of CH3I on epoxidation of 6-nitro-2,2-dimethylchromen
The catalytic results are summarized inTable 2. The epoxida-
tion of 6-nitro-2,2-dimethylchromene by1–3 bearing a tertiary
amine moiety in the absence of CH3I took 5–6 h to the end
of the reaction (entries 13–15 inTable 1), whereas in the pres
ence of 50 equiv of CH3I versus the catalyst, epoxidation w
completed within 1–2 h (entries 30, 33, and 34 inTable 2). An
increase in the amount of added CH3I from 2 to 50 equiv had an
apparent positive effect on the overall reaction rate with c
plexes1 and 2 (entries 30–33,Fig. 2), but at the same tim
brought about considerable decreases in yields and enan
,

ab-

-

s

-

-

se-

Fig. 2. The conversion versus reaction time plot for epoxidation of 6-n
2,2-dimethylchromene catalysed by2 in the presence of 0, 10 and 50 equ
of CH3I with NaClO/PPNO as oxidant system at 0◦C.

lectivity. The epoxidation of 6-nitro-2,2-dimethylchromene
complex3 in the presence of 50 equiv of CH3I versus3 was
completed within 2 h, 4 h shorter than the reaction time nee
for the same reaction in the absence of CH3I, with no decrease
in yield and ee value (entry 34). As for complex4, featuring
an amide unit in the salen ligand, the addition of CH3I, even
to 100 equiv versus4, produced no observable effect on t
overall reaction rate, the yield, and the ee value in the ep
idation of 6-nitro-2,2-dimethylchromene (entries 35 and 3
According to the catalytic results, the significant enhancem
of the overall reaction rate for the epoxidation of 6-nitro-2,2-
methylchromene by1–3 is attributed to the formation of th
quaternary ammonium unit in the salen ligand of interme
ate11 (Scheme 2),which has a built-in phase-transfer capabi
and may facilitate the reaction in a biphasic medium. The
composition of the catalyst during the reaction from loss of
central metal causes the decreased yield and enantiosel
ity. To determine the Mn(III) species formed in the presenc
PPNO and CH3I, the mixture of complex2, 10 equiv of PPNO
and 10 equiv of CH3I was stirred for 1 h in the CH2Cl2/H2O
(10/1, v/v) two-phase medium, and the solution was cha
terized by ESI-MS (Fig. 3). As shown in the MS spectrum
there are two manganese-containing species: a PPNO ax
coordinated Mn(III) complex10 ([M–Cl]+, found: m/z =
847.5, calcd: 847.4) and a quaternary ammonium intermed
11 ([M–Cl–I]2+, found:m/z = 431.4, calcd: 431.2). An ammo
nium salt9 ([M–I] +, found:m/z = 638.5, calcd: 638.5) of the
pyrrolidine salen ligand, formed by dissociation of the Mn(I
ion in the catalyst (Scheme 2), is also detected in the solutio
Research on the catalysts with built-in phase-transfer capa
is currently underway in our laboratory.

3.3. The steric effect of the backbone R group on
enantioselectivity and the proposed side-on approach pathway

Soon after the discovery of asymmetric epoxidation ca
ysed by chiral (salen)Mn(III) complexes, side-on appro
models were developed to explain the enantioselectivitie
products. In general, there are three possible side-on app
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Scheme 2.
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Fig. 3. ESI-MS spectrum of the solution obtained from the reaction o2,
10 equiv of PPNO and 10 equiv of CH3I in the CH2Cl2/H2O (10/1, v/v) two
phase medium.

pathways for alkenes to access the oxo(salen)Mn(V) active
ter (Scheme 3). Jacobsen, assuming a planar structure of
salen ligand in an oxo(salen)Mn(V) catalyst[6,9], proposed tha
the molecule of alkene approaches the oxo(salen)Mn(V) ce
along either pathwaya, favored bytrans-1,2-diphenylethylene
derived catalysts (Scheme 3a), or pathwayb, favored bytrans-
1,2-diaminocyclohexane-derived catalysts because of the
ence of bulkytert-butyl groups at the C5 and C5′ positions of
n-
e

er

s-

the salen ligand (Scheme 3b). Katsuki put forward two plausi
ble pathways: pathwayc, along the direction of the N–Mn bon
due to the steric andπ -electronic repulsions between the be
zene ring of the salen ligand and the substituent on the al
[28,29], and pathwaya, based on a nonplanar oxo(salen)Mn(
catalyst (Scheme 3b) [10,22,30,31]. However, the structure o
the active catalyst and the actual pathway of alkene’s acce
the oxo(salen)Mn(V) center are not completely clear.

We prepared (pyrrolidine salen)Mn(III) complexes1–3 with
different backbone R groups in an attempt to gain insight
the steric effect of the R group on the enantioselectivity
alkene epoxidation. An increase in the size of the R group on
N atom of the (pyrrolidine salen)Mn(III) complex, from meth
(1) and benzyl (2) to 2,4,6,-trimethylbenzyl (3), led to a slight
but observable increase in the enantioselectivity of the cata
for asymmetric epoxidation of styrene and chromenes (en
1–3, 6–8, 13–15, 17–19, 22–24, and 26–28). A similar tende
was also observed in the epoxidation of 6-nitro-2,2-dime
ylchromene catalysed by complexes1–3 in the presence o
50 equiv of CH3I versus catalyst (entries 30, 33, and 34
Table 2). These results convey some information about the a
nes’ access pathway in catalytic asymmetric epoxidation.

Provided that the molecule of alkene approached
(oxo)Mn(V) center along pathwayb, the steric hindrance o
Scheme 3. Proposed side-on approach pathways for alkenes’ access.
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the backbone of the catalyst would have a significant ne
tive effect on both epoxidation rate and enantioselectivity.
the other hand, it could be predicted that an increase in
size of the backbone R group should have a negligible e
on epoxidation via pathwaya. The present catalytic resul
are in disagreement with either of the side-on approacha
or b as a major pathway. The catalytic results support side
approach pathwayc; that is, alkenes approach the nonpla
oxo(pyrrolidine salen)Mn(V) active site along the direction
the N–Mn bond (Scheme 3c).

4. Conclusion

The results of the present work show thatNaza-substituted
chiral (pyrrolidine salen)Mn(III) complexes1–4, in combina-
tion with NaClO/PPNO andm-CPBA/NMO as the oxidan
systems, are highly active for the asymmetric epoxidation
styrene and substituted chromenes, affording comparable e
tioselectivity relative to Jacobsen’s catalyst. The higher acti
of complexes1–3, which feature a tertiary amine unit, com
pared with complex4 bearing an amide unit and Jacobse
catalyst, in the NaClO/PPNO aqueous/organic biphasic sy
is attributed to the built-in biphasic-transfer capability of1–3.
Adding an excess of CH3I to the biphasic system further quic
ened the epoxidation reaction of 6-nitro-2,2-dimethylchrom
catalysed by1–3, compromising the yield and enantioselect
ity for 1 and2 without decreasing the yield and ee value for3.
In contrast, adding a large excess CH3I had no observable ef
fect on the overall reaction rate, yield, and enantioselect
for epoxidation of 6-nitro-2,2-dimethylchromene catalysed
complex4. An increase in the size of theNaza-substituent on the
pyrrolidine backbone of complexes1–3 led to a slight increas
in enantioselectivity, supporting the side-on approach path
of alkenes to the nonplanar oxo(pyrrolidine salen)Mn(V) ac
site along the direction of the N–Mn bond.
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