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Abstract: Chiral bioinspired iron complexes of N4 li-
gands based on the ethylenediamine backbone dis-
play remarkable levels of enantioselectivity for the
first time in the asymmetric epoxidation of a,b-unsa-
turated ketones using hydrogen peroxide (up to 87%
ee) or peracetic acid as oxidant, respectively. Nota-
blely, isotopic labeling with H2

18O strongly demon-
strated that there is a reversible water binding step
prior to generation of the significant intermediate.
Besides, the complex [L2Fe ACHTUNGTRENNUNG(III)2ACHTUNGTRENNUNG(m-O) ACHTUNGTRENNUNG(m-CH3CO2)]3+

usually derived from the decay of the LFe(IV)=O
species or thermodynamic sinks for a number of iron
complexes was identified by HR-MS. In addition, the
possible mechanisms were proposed and LFe(V)=O
species may be the main active intermediate in the
catalytic system.

Keywords: chiral N4 ligand; enantioselectivity; epoxi-
dation; iron; a,b-unsaturated carbonyl compounds

Introduction

Iron complexes have been extensively studied as
models for non-heme iron oxygenases, demonstrating
catalytic potential for the oxidation of organic sub-
strates. Depending on the coordination sphere around
the iron atom, these complexes can promote hydrox-
ylation, epoxidation, cis-dihydroxylation, and a
number of other organic transformations.[1–3] Among
the developed ligands, tetradentate nitrogen ligands

(N4) based on an ethylenediamine backbone such as
N,N’-dimethyl-N,N’-bis(2-pyridylmethyl)ethane-1,2-di-
amine (mep or BPMEN), (R,R)-N,N’-dimethyl-N,N’-
bis(2-pyridylmethyl)-cyclohexane-1,2-diamine (mcp or
BPMCN) have been established as promising ligand
frameworks (Figure 1). In 2001, Que et al. reported
[Fe(6-Me2-bpmcn) ACHTUNGTRENNUNG(CF3SO3)2] (CF3SO3 =OTf) as cata-
lyst for cis-dihydroxylation of trans-2-octene with hy-
drogen peroxide providing up to 82% ee.[4] Mean-
while, Jacobsen and co-workers discovered an excel-
lent catalyst based on an FeACHTUNGTRENNUNG(mep) complex that can
efficiently promote epoxidation of a variety of ali-
phatic olefins with aqueous H2O2.

[5] The asymmetric
version of this highly active Fe catalyst is currently a
challenge, although several analogous catalyst systems
have been developed.[6] A breakthrough in the bio-
mimetic oxidation has been achieved by Que and co-
workers who reported highly enantioselective cis-di-
hydroxylation of alkenes with Fe complexes of N4 li-
gands.[7] Notably, the rational design of proper ligands
could lead to a significant success. We also developed
a novel family of N4 ligands, through the introductionFigure 1. Chiral Fe complexes used in this study.
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of aryl groups at the 2-pyridinylmethyl positions of
the mcp ligand. Their manganese complexes exhibited
a clear enhancement in the asymmetric induction for
the epoxidation reaction.[8]

As a part of our continuing interest in bioinspired
oxidation, we describe herein the development of
chiral Fe(II) complexes of N4 ligands for the asym-
metric epoxidation of a,b-enones employing H2O2 or
peracetic acid as oxidant, respectively (Figure 1). In
addition, the strategy of isotopic labeling with H2

18O
was adopted to have a rough insight into the mecha-
nism. Besides, [L2Fe ACHTUNGTRENNUNG(III)2ACHTUNGTRENNUNG(m-O)ACHTUNGTRENNUNG(m-CH3CO2)]3+ usually
derived from the decay of the LFe(IV)=O species or
thermodynamic sinks for a number of iron complexes
was identified by HR-MS.

Results and Discussion

Iron complexes 1 and 2 are readily prepared by the
reaction of N4 ligands R,R,R,R-pmcp (L1) or R,R,R,R-
bpmcp (L2) and FeCl2 in CH3CN, then the anion can
be changed to OTf� by the addition of AgOTf.[8a,9]

Complexes 1 and 2 are isolated as pale yellow solids
and were characterized by elemental analysis and
ESI-TOF-MS. The crystal structure of 1 is shown in
Figure 2, indicating that the ligand coordinates the
iron centre in a cis-a topology.[10,11]

Since the initial report of Jacobsen about the effect
of acetic acid on non-heme iron-catalyzed epoxida-
tion,[5] Que and co-workers demonstrated that the use

of acetic acid as an additive in iron catalysis could
lead to a shift of the oxidation reaction away from
cis-dihydroxylation towards epoxidation.[12] During
the process, peracetic acid may be formed in situ from
H2O2 and acetic acid in the presence of non-heme
iron catalysts.[12a] Based on these previous studies, we
firstly evaluated the catalytic property of these new
iron catalysts in the asymmetric epoxidation of chal-
cone with H2O2 as oxidant, in the presence of acetic
acid (Table 1). Obviously, the reaction did not occur
when the anion of the catalyst was chlorine (see Sup-
porting Information, Table S1, entries 1 and 2). When
1 mol% of complex 1 was employed, epoxidation of
chalcone occurred with 33% yield and 66% ee
(Table 1, entry 1). Encouraged by these preliminary
results, further optimization of the reaction conditions
was performed. Using 2 mol% of complex 1 or 2 as
catalyst led to nearly same yield and asymmetric in-
duction (>70%) with 2 equivalents of H2O2 at room
temperature (Table 1, entries 4 and 6). However, em-
ploying [Fe ACHTUNGTRENNUNG(mcp) ACHTUNGTRENNUNG(CF3SO3)2] as catalyst, a 54% ee was
observed under the identical conditions. Remarkably,
the asymmetric induction of epoxidation reached
77% ee using 2 mol% complex 2 as catalyst at �15 8C
(Table 1, entry 8). And further decreases in tempera-
ture did not lead to an evident increase in enantiose-
lectivity. In addition, some other acids were also

Figure 2. X-ray structure of Fe complex 1 (hydrogen atoms
are omitted for clarity).

Table 1. Screening of the catalysts and reaction conditions
for catalytic asymmetric epoxidation of chalcone using H2O2

as the oxidant.[a]

Entry Cat. (mol%) T
[oC]

H2O2

(equiv.)
Yield
[%][b]

ee
[%][c]

1 1 (1) r.t. 6.0 33 66
2 1 (2) r.t. 6.0 42 68
3 1 (2) r.t. 1.5 36 69
4 1 (2) r.t. 2.0 45 71
5 R,R-(mcp)Fe

(2)
r.t. 2.0 47 54

6 2 (2) r.t. 2.0 47 72
7 2 (2) 0 2.0 50 73
8 2 (2) �15 2.0 53 77
9 2 (2) �30 2.0 52 78
10[d] 2 (2) r.t. 2.0 33 67

[a] Reaction conditions: 0.25 mmol chalcone, 1.0 mL CH3CN,
5 equiv. of AcOH, 50% H2O2 in 0.5 mL CH3CN was
slowly added over a period of 60 min with a syringe
pump, and 60 extra minutes of stirring were allowed.

[b] Isolated yield.
[c] Determined by HPLC with a Daicel OD-H column.
[d] 0.125 mmol chalcone, 0.5 mL CH3CN, 20 equiv. of H2

18O,
50% H2O2 in 0.25 mL CH3CN was slowly added over a
period of 60 min with a syringe pump, and 60 extra mi-
nutes of stirring were allowed.
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tested, such as benzoic acid, formic acid, substituted
acetic acid and so on. Unfortunately, the yield and
the ee were poorer than those with acetic acid (see
the Supporting Information, Table S1). Thus, the opti-
mum conditions for epoxidation appear to be 2 mol%
of complex 2, 2 equivalents of H2O2, and 5 equivalents
of AcOH in CH3CN at �15 8C.

Subsequently, pre-prepared peracetic acid as the
oxidant was examined for the reaction and the results
are summarized in Table 2. Notably, all chiral Fe com-
plexes used in the study showed a certain activity for
the epoxidation of chalcone (Table 2, entries 1 and 2
and Supporting Information, Table S2, entries 1 and
2). Similar results were also obtained using complex 1
or 2 as the catalyst. After rough optimization of the
reaction conditions, moderate yield and ee were ob-
tained at mild conditions (2 mol% catalayst 2, room
temperature, 1.2 equiv. of peracetic acid, 2 h). As a
whole, H2O2 as the oxidant led to a slightly higher ee
and lower yield compared with peracetic acid. Be-
sides, the catalysts used in the study were inert to the
chalcone epoxidation using PhIO as the terminal oxi-
dant.[13]

To explore the substrate scope and the potential for
the asymmetric bioinspired epoxidation, the enantio-
selective epoxidation of a variety of a,b-unsaturated
ketones[14,15] with H2O2 or peracetic acid as the oxi-
dant was then evaluated, respectively, using complex
2 under the optimized conditions. The results are
listed in Table 3. In general, the data presented the

similar trend as with the epoxidation of chalcone: a
slight higher ee and similar yield were obtained with
H2O2 as the oxidant compared with peracetic acid as
the oxidant. Meanwhile, based on our previous bioin-
spired Mn complex-catalyzed epoxidation, the out-
come of the asymmetric induction definitively de-
pended on the groups of the a,b-unsaturated ke-
tones.[8,16] The same phenomena were also observed in
the Fe-catalyzed epoxidation system. Clearly, the sub-
stituent groups of different electronic characters on
the phenyl ring of the olefin side gave rise to consid-
erable improvement in epoxide yield and enantiose-
lectivity either with H2O2 or with AcOOH as oxidant
(Table 2, entries 3–9). For example, p-F substituted
substrate led to 87% ee with H2O2 as oxidant
(entry 7). Additionally, the effect of the groups on the
phenyl ring connected to the carbonyl was subse-
quently investigated. Epoxides were isolated in slight
lower or similar yields for both electron-withdrawing
and electon-donating groups on the phenyl ring of the

Table 2. Screening of the catalysts and reaction conditions
for catalytic asymmetric epoxidation of chalcone using
AcOOH as the oxidant.[a]

Entry Cat.
(mol%)

Amount of per-
acid (%)

T
[oC]

t
[h]

Yield
[%][b]

ee
[%][c]

1 1 (2) 1.2 r.t. 2 57 55
2 2 (2) 1.2 r.t. 2 56 55
3 1 (2) 1.2 �15 3 20 60
4 2 (2) 1.2 �15 3 53 45
5[d] 2 (2) 1.2 r.t. 2 60 56
6 2 (2) 1.5 r.t. 2 54 55
7 2 (2) 1.0 r.t. 2 46 56
8 2 (1) 1.2 r.t. 4 42 54
9 2 (0.5) 1.2 r.t. 4 24 56
10[e] 2 (2) 1.2 r.t. 2 22 56

[a] Reaction conditions: 0.25 mmol chalcone, 1.0 mL CH3CN,
1.2 equiv. of 8% AcOOH in 0.5 mL CH3CN was added
quickly with a syringe pump.

[b] Isolated yield.
[c] Determined by HPLC with a Daicel OD-H column.
[d] 1.2 equiv. of 8% AcOOH in 0.5 mL CH3CN was added

over a period of 60 min with a syringe pump.
[e] 0.125 mmol chalcone, 0.5 mL CH3CN, 20 equiv. of H2

18O,
1.2 equiv of 8% AcOOH in 0.25 mL CH3CN was added
quickly with a syringe pump.

Table 3. Asymmetric epoxidation of a,b-enones catalyzed by
iron complex 2.

Entry Substrate Yield [%][c] ee [%][d]

1[a] R1 =H; R2 = H 53 77
2[b] 57 55
3[a] R1 =H; R2 = p-Cl 90 84
4[b] 83 68
5[a] R1 =H; R2 = o-Cl 80 83
6[b] R1 =H; R2 = o-Br 63 82
7[a] R1 =H; R2 = p-F 73 87
8[b] 62 70
9[a] R1 =H; R2 = p-CH3 52 78
10[a] R1 =p-Cl; R2 =H 40 69
11[b] 53 50
12[a] R1 =p-F; R2 =H 56 74
13[b] 67 53
14[a] R1 =p-CH3; R2 = H 61 82
15[b] 48 62
16[a] R1 =p-CH3; R2 = p-F 84 84
17[b] 51 73

[a] Reaction conditions: 0.25 mmol substrates, 1 mL CH3CN,
2 mol% complex 2, 5 equiv. of AcOH, 2 equiv. of 50%
H2O2 in 0.5 mL CH3CN was slowly added over a period
of 60 min with a syringe pump, and 60 extra minutes of
stirring were allowed at �15 8C.

[b] Reaction conditions: 0.25 mmol substrate, 1.0 mL
CH3CN, 2 mol% complex 2, 1.2 equiv of 8% AcOOH in
0.5 mL CH3CN was added quickly with a syringe pump
and then the mixture was stirred for 2 h at room tempre-
ture.

[c] Isolated yield.
[d] Determined by HPLC with Daicel chiral column.
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carbonyl side compared with that of chalcone (en-
tries 10–15). Interestingly, substrates substituted
either on the carbonyl side or on the olefin side could
be both transformed to the desired epoxide in 84% ee
with an 84% yield using H2O2 as the oxidant
(entry 16). Hence, the bioinspired Fe-complexes of N4

ligands show nearly equal asymmetric inductions as
the corresponding Mn(II) complexes in the epoxida-
tion of a,b-unsaturated ketones.[8] Importantly, the
amount of H2O2 could be reduced from 6.0 equiv. to
2.0 equiv. with respect to the substrate by virtue of a
slow addition protocol.[17] Unfortunately, the catalytic
system was unsuitable for traditional olefins such as
styrene, which was almost recovered and just trans-
formed to a spot of benzyl aldehyde.

Up to now, iron-oxo species were speculated as the
active species during the epoxidation in many re-
ports.[18] Also, the exchange of their oxygen atom be-
tween the non-heme iron-oxo species and water
through an oxo-hydroxo tautomerism before attack to
a substrate was widely accepted.[19] Although much
progress has been made in mechanistic research, the
exact pathway for the epoxidation catalyzed by non-
heme iron complexes, especially our designed catalyst,
remains obscure. Therefore, a rough insight into the
epoxidation mechanism of a,b-enones catalyzed by
our catalytic system was first obtained by means of
isotopic labeling with H2

18O. Studies of the epoxida-
tion of chalcone using H2O2 as the oxidant in the
presence of H2

18O (20 equiv.) indicated that only 10%
of the oxygen atoms in the epoxide derived from
H2

18O (Figure 3 vs. Figure 4). On the other hand, ex-
periments with peracetic acid as the oxidant by
adding 20 equivalents of H2

18O showed a 17% incor-
poration of oxygen atoms from water into epoxide
(Figure 3 vs. Figure 5). The different extents of label
incorporation from labeled water may be ascribed to
the different mole ratios of H2

16O:H2
18O in the two

catalytic systems. The above results and the previous
reports strongly demonstrated that there is a reversi-
ble water binding step prior to the generation of the
significant intermediate [LFe(V)=O a or LFe(IV)=O
b] in our catalytic systems.[20] Besides, HR-MS was
also used to trap the intermediate of the reaction. As
shown in Figure 6, Figure 7, and Supporting Informa-
tion, Figure S1 and Figure S2, d [L2Fe ACHTUNGTRENNUNG(III)2ACHTUNGTRENNUNG(m-O)ACHTUNGTRENNUNG(m-
CH3CO2)]3+ and its isotopic labeling with 18O were
obviously identified: [L2Fe ACHTUNGTRENNUNG(III)2 ACHTUNGTRENNUNG(m-O) ACHTUNGTRENNUNG(m-CH3CO2)]3+

(m/z= 454.5727) and [L2Fe ACHTUNGTRENNUNG(III)2 ACHTUNGTRENNUNG(m-18O) ACHTUNGTRENNUNG(m-CH3CO2)]3+

(m/z= 455.2399). Also, labeled d with 18O may derive
from both the previous water binding and simple ex-
change between non-labeled d and H2

18O (Scheme 1,
d!d’). Unfortunately, neither LFe(V)=O nor
LFe(IV)=O has been detected during the reaction,
probably because of their too short half-life times
under the test conditions. Although it was reported
that the decay of the LFe(IV)=O species or thermo-

dynamic sinks for a number of iron complexes usually
lead to its conversion to [L2FeACHTUNGTRENNUNG(III)2ACHTUNGTRENNUNG(m-O) ACHTUNGTRENNUNG(m-
CH3CO2)]3�,[12b,19a,21] LFe(IV)=O species could not be

Figure 3. The HR-MS of the product obtained under stan-
dard conditions.

Figure 4. The HR-MS of the product obtained under the fol-
lowing conditions: 0.125 mmol chalcone, 0.5 mL CH3CN,
20 equiv. of H2

18O, 50% H2O2 in 0.25 mL CH3CN was slowly
added over a period of 60 min with a syringe pump, and 60
extra minutes of stirring were allowed.

Figure 5. The HR-MS of the product obtained under the fol-
lowing conditions: 0.125 mmol chalcone, 0.5 mL CH3CN,
20 equiv. of H2

18O, 1.2 equiv. of 8% AcOOH in 0.25 mL
CH3CN was added quickly with a syringe pump and then
the mixture was stirred for 2 h.
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deduced to be the active intermediate. Moreover,
most researchers supported LFe(V)=O as the active
intermediate in similar catalytic systems with compa-
rabel structures related to our designed catalyst.[12b,22]

Therefore, up to now, both path A and path B may be
involved in the system (Scheme 1) and path A may be
the main route to achieve the epoxidation. In addi-
tion, the detailed mechanism still needs evidence to

confirm LFe(V)=O or LFe(IV)=O as the active inter-
mediate.

Conclusions

In summary, this report describs the first example of
Fe complexes of N4 ligands based on the ethylenedi-

Figure 6. a : The chiral complex 2 (0.25 mmol) in 0.5 mL CH3CN; b : 0.625 mmol AcOH and 0.25 mmol of 50% H2O2 was
added sequentially into the above system; c : based on b, 2.5 mmol H2

18O was added.
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ACHTUNGTRENNUNGamine backbone as catalysts for asymmetric epoxida-
tion. These complexes display remarkably high enan-
tioselectivities (up to 87% ee), using H2O2 or perace-
tic acid as oxidant, respectively. Notably, we indirectly
demonstrated that there is a reversible water binding
step prior to the generation of the most significant in-
termediate. Besides, [L2Fe ACHTUNGTRENNUNG(III)2ACHTUNGTRENNUNG(m-O) ACHTUNGTRENNUNG(m-CH3CO2)]3+

usually derived from the decay of the LFe(IV)=O
species or thermodynamic sinks for a number of iron
complexes was identified by HR-MS. In addition,
both path A and path B may be involved in the
system and path A may be the main route to achieve
the epoxidation. Further studies on expanding the
scope of this catalytic asymmetric epoxidation of ole-
fins, the detailed mechanism as well as the develop-
ment of even more efficient catalysts are in progress.

Experimental Section

General information

The 1H and 13C NMR spectra were recorded on a Bruker
Avance III 400 MHz spectrometer. The chemical shifts (d)
are reported in ppm and coupling constants (J) in Hz. High
resolution mass spectra (HR-MS) were obtained on a
Bruker Daltonics micrOTOF-QII mass spectrometer. HPLC
analysis was performed on Waters-Breeze (2487 Dual l Ab-
sorbance Detector and 1525 Binary HPLC Pump). Chiral-
pak OD-H, AD-H, OB-H, OJ, AS columns were purchased
from Daicel Chemical Industries, LTD. Column chromatog-
raphy was generally performed on silica gel (200–300 mesh)
and TLC inspections were on silica gel GF254 plates.

All reactions were carried out under argon in dried glass-
ware. All chemicals and solvents were used as received
unless otherwise stated. THF, diethyl ether (Na, benzophe-

Figure 7. d : The chiral complex 2 (0.25 mmol) in 0.5 mL CH3CN; e : 0.15 mmol AcOOH was added into the above system; f :
based on e, 2.5 mmol H2

18O was added.

Adv. Synth. Catal. 2011, 353, 3014 – 3022 � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim asc.wiley-vch.de 3019

Chiral Bioinspired Non-Heme Iron Complexes for Enantioselective Epoxidation of a,b-Unsaturated Ketones

http://asc.wiley-vch.de


none), acetonitrile (CaH2) were distilled under argon prior
to use. a,b-Enones were prepared according to the reported
procedures.[23] Ligand 1 (R,R,R,R-pmcp) and ligand 2
(R,R,R,R-bpmcp) were prepared according to our reported
procedures.[8a]

Synthesis and Characterization of Complexes 1 and 2

Under an argon atmosphere, FeCl2 (37.5 mg, 0.3 mmol) was
added to a stirred solution of chiral ligands 1 or 2
(0.3 mmol) in CH3CN (3 mL). The reaction mixture was re-
fluxed for 12 h to allow the complete precipitation of a pale
yellow solid which corresponds to [LFeCl2]. The solution
was filtered and the solid was washed with CH3CN and
dried under vacuum to afford a light orange solid. Under an
argon atmosphere, to a stirred mixture of [LFeCl2]
(0.15 mmol) in CH3CN (2 mL) was added AgCF3SO3

(0.3 mmol). The mixture was stirred for 2 h and filtered
through Celite to remove precipitated AgCl. Then the sol-
vent was removed under vacuum to give the desired Fe
complexes. If necessary, several drops of CH2Cl2 were added
to remove the CH3CN under vacuum. Then complex 1 or 2
was washed with ether three times and dried under vacuum.

Complex 1 Fe(II)ACHTUNGTRENNUNG(pmcp) ACHTUNGTRENNUNG(CF3SO3)2: 19F NMR (CD3CN,
298 K): d=�78.2; ESI-TOF-MS: m/z=681.1786, calcd. for
C33H36F3FeN4O3S [M�OTf]+: 681.1805; anal. calcd. for
C34H36F6FeN4O6S2·H2O: N 6.60, C 48.12, H 4.51; found: N
6.62, C 48.10, H 4.46.

Complex 2 Fe(II)ACHTUNGTRENNUNG(bpmcp) ACHTUNGTRENNUNG(CF3SO3)2: 19F NMR (CD3CN,
298 K): d=�77.8; ESI-TOF-MS: m/z=793.3050, calcd. for
C33H36F3FeN4O3S [M�OTf]+: 793.3057; anal. calcd. for
C42H52F6FeN4O6S2·CH2Cl2: N 5.45, C 50.25, H 5.30; found:
N 5.86, C 49.94, H 5.26.

General Procedure for the Fe-Catalyzed Epoxidation
of a,b-Enones using H2O2 as the Oxidant

The chiral complex 1 or 2 (0.5 mmol), substrate (0.25 mmol)
and 5 equiv. of AcOH were added to CH3CN (1.0 mL)
under an argon atmosphere and the solution was stirred for
5 min. Then 2 equiv. of 50% H2O2 (0.5 mmol, diluted with
0.5 mL MeCN) were delivered by a syringe pump over
60 min and the mixture was stirred at �15 8C for 60 min.
The crude product was purified by chromatography on silica
gel (EtOAc/PET= 50:1) to afford the epoxide product.

General Procedure for the Fe-Catalyzed Epoxidation
of a,b-Enones using AcOOH as the Oxidant

The chiral complex 1 or 2 (0.5 mmol) and substrate
(0.25 mmol) were added to CH3CN (1.0 mL) under an argon
atmosphere and the solution was stirred for 5 min. Then
1.2 equiv. of 8% AcOOH (diluted with 0.5 mL MeCN) was
added quickly with a syringe pump. And the mixture was
subsequently stirred for 2 h at room temperature. The crude
product was also purified by chromatography on silica gel
(EtOAc/PET= 50:1) to afford the epoxide product.

trans-(2S,3R)-Epoxy-1,3-diphenylpropan-1-one: Yield:
53%; 1H NMR (400 MHz, CDCl3): d=8.01 (d, J= 8.4 Hz,
2 H, ArH), 7.62 (t, J=8.4 Hz, 1 H, ArH), 7.49 (t, J= 8.0 Hz,
2 H, ArH), 7.43–7.36 (m, 5 H, ArH), 4.29 (d, J=2.0 Hz, 1 H,
CH), 4.08 (d, J=2.0 Hz, 1 H, CH); 13C NMR (100 MHz,
CDCl3): d=193.1, 135.5, 135.4, 134.0, 129.1, 128.9, 128.8,
128.4, 125.8, 61.0, 59.4; HPLC (Chiralcel OD-H, 20 8C,
254 nm, 98/2 hexane/EtOH, 1.0 mL min�1): tmajor =16.56 min,
tminor =18.94 min.

trans-(2S,3R)-Epoxy-3-(4-chlorophenyl)-1-phenylpropan-
1-one : Yield: 90%; 1H NMR (400 MHz, CDCl3): d=8.00 (d,

Scheme 1. The proposed mechanism catalyzed by the designed catalytic system.
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J=7.6 Hz, 2 H, ArH), 7.64 (t, J= 7.6 Hz, 1 H, ArH), 7.50 (t,
J=7.6 Hz, 2 H, ArH), 7.39 (d, J= 8.4 Hz, 2 H, ArH), 7.31 (d,
J=8.4 Hz, 2 H, ArH), 4.26 (d, J=1.6 Hz, 1 H, CH), 4.07 (d,
J=1.6 Hz, 1 H, CH); 13C NMR (100 MHz, CDCl3): d 192.7,
135.4, 135.0, 134.1, 134.0, 129.0, 128.9, 128.4, 127.1, 60.9,
58.7; HPLC (Chiralcel OJ, 20 8C, 254 nm, 90/10 hexane/i-
PrOH, 1.0 mL min�1): tmajor = 20.59 min, tminor =30.00 min.

trans-(2S,3R)-Epoxy-3-(2-chlorophenyl)-1-phenylpropan-
1-one: Yield: 80%; 1H NMR (400 MHz, CDCl3): d= 8.06
(dd, J1 =1.2 Hz, J2 =8.4 Hz, 2 H, ArH), 7.64 (t, J= 10.0 Hz,
1 H, ArH), 7.51 (t, J=7.2 Hz, 2 H, ArH), 7.42–7.40 (m, 2 H,
ArH), 7.34–7.32 (m, 2 H, ArH), 4.41 (d, J=2.0 Hz, 1 H,
CH), 4.18 (d, J=2.0 Hz, 1 H, CH); 13C NMR (100 MHz,
CDCl3): d=192.8, 135.3, 134.1, 133.8, 133.3, 129.8, 129.3,
128.9, 128.4, 127.3, 126.1, 60.1, 57.2; HPLC (Chiralcel AD-
H, 20 8C, 254 nm, 99/1 hexane/iPrOH, 1.0 mL min�1): tmajor =
22.22 min, tminor =19.59 min.

trans-(2S,3R)-Epoxy-3-(2-bromophenyl)-1-phenylpropan-
1-one: Yield: 63%; 1H NMR (400 MHz, CDCl3): d=8.06 (d,
J=3.2 Hz, 2 H, ArH), 7.64–7.58 (m, 2 H, ArH), 7.51 (t, J=
7.6 Hz, 2 H, ArH), 7.40–7.38 (m, 2 H, ArH), 7.28–7.26 (m,
1 H, ArH), 4.36 (d, J= 1.6 Hz, 1 H, CH), 4.17 (d, J= 1.6 Hz,
1 H, CH); 13C NMR (100 MHz, CDCl3): d=192.8, 135.4,
135.3, 134.1, 132.5, 130.1, 128.9, 128.5, 127.8, 126.5, 122.5,
60.0, 59.4; HPLC (Chiralcel AD-H, 20 8C, 254 nm, 99/1
hexane/i-PrOH, 1.0 mL min�1): tmajor =28.27 min, tminor =
24.86 min.

trans-(2S,3R)-Epoxy-3-(4-fluorophenyl)-1-phenylpropan-
1-one: Yield: 73%; 1H NMR (400 MHz, CDCl3): d=8.00 (d,
J=8.4 Hz, 2 H, ArH), 7.63 (t, J= 7.6 Hz, 1 H, ArH), 7.49 (t,
J=8.0 Hz, 2 H, ArH), 7.37–7.33 (m, 2 H, ArH), 7.09 (t, J=
8.4 Hz, 2 H, ArH), 4.25 (d, J=2.0 Hz, 1 H, CH), 4.07 (d, J=
2.0 Hz, 1 H, CH); 13C NMR (100 MHz, CDCl3): d= 192.9,
164.4, 161.9, 135.4, 134.1, 131.3, 131.2, 128.9, 128.4, 127.6,
127.5, 116.0, 115.8, 60.9, 58.8; HPLC (Chiralcel OJ, 20 8C,
254 nm, 90/10 hexane/i-PrOH, 1.0 mL min�1): tmajor =
17.46 min, tminor =20.65 min.

trans-(2S,3R)-Epoxy-3-(4-methylphenyl)-1-phenylpropan-
1-one: Yield: 52%; 1H NMR (400 MHz, CDCl3): d=8.00 (d,
J=6.8 Hz, 2 H, ArH), 7.61 (t, J= 7.6 Hz, 1 H, ArH), 7.49 (t,
J=7.6 Hz, 2 H, ArH), 7.28–7.21(m, 4 H, ArH), 4.30 (d, J=
1.6 Hz, 1 H, CH), 4.04 (d, J=1.6 Hz, 1 H, CH), 2.38 (s, 3 H,
CH3); 13C NMR (100 MHz, CDCl3): d=193.2, 139.1, 136.0,
134.0, 132.4, 129.5, 128.9, 128.3, 125.8, 61.1, 59.5, 21.3;
HPLC (Chiralcel OD-H, 20 8C, 254 nm, 98/2 hexane/i-
PrOH, 1.0 mL min�1): tmajor = 17.58 min, tminor =18.78 min.

trans-(2S,3R)-Epoxy-3-phenyl-1-(4-chlorophenyl)-propan-
1-one: Yield: 40%; 1H NMR (400 MHz, CDCl3): d=7.97 (d,
J=8.8 Hz, 2 H, ArH), 7.47 (d, J= 8.8 Hz, 2 H, ArH), 7.44–
7.35 (m, 5 H, ArH), 4.25 (d, J=2.0 Hz, 1 H, CH), 4.08 (d, J=
2.0 Hz, 1 H, CH); 13C NMR (100 MHz, CDCl3): d= 192.1,
140.6, 135.2, 133.7, 129.8, 129.3, 129.2, 128.8, 125.8, 61.1,
59.4. HPLC (Chiralcel OJ, 20 8C, 254 nm, 90/10 hexane/i-
PrOH, 1.0 mL min�1): tmajor = 23.02 min, tminor =18.70 min.

trans-Epoxy-3-phenyl-1-(4-fluorophenyl)-propan-1-one:
Yield: 56%; 1H NMR (400 MHz, CDCl3): d=8.09–8.04 (m,
2 H, ArH), 7.44–7.36 (m, 5 H, ArH), 7.17 (t, J=8.4 Hz, 2 H,
ArH), 4.25 (d, J=1.6 Hz, 1 H, CH), 4.08 (d, J=1.6 Hz, 1 H,
CH); 13C NMR (100 MHz, CDCl3): d=191.6, 167.5, 165.0,
135.3, 131.9, 131.8, 131.2, 131.1, 129.2, 128.8, 125.8, 116.3,
116.0, 61.1, 59.3; HPLC (Chiralcel AD-H, 20 8C, 254 nm, 90/

10 hexane/i-PrOH, 1.0 mL min�1): tmajor = 14.63 min, tminor =
12.10 min.

trans-(2S,3R)-Epoxy-3-phenyl-1-(4-methylphenyl)-
propan-1-one: Yield: 61%; 1H NMR (400 MHz, CDCl3): d=
7.92 (d, J= 8.0 Hz, 2 H, ArH), 7.43–7.35 (m, 5 H, ArH), 7.28
(d, J=8.4 Hz, 2 H, ArH), 4.27 (d, J=2.0 Hz, 1 H, CH), 4.07
(d, J= 1.6 Hz, 1 H, CH), 2.42 (s, 3 H, CH3); 13C NMR
(100 MHz, CDCl3): d= 192.6, 145.1, 135.6, 133.0, 129.6,
129.0, 128.8, 128.8, 125.8, 60.9, 59.3, 21.8; HPLC (Chiralcel
OB-H, 20 8C, 254 nm, 90/10 hexane/i-PrOH, 1.0 mL min�1):
tmajor =20.90 min, tminor =27.43 min.

trans-Epoxy-3-(4-fluorophenyl)-1-(4-methylphenyl)-
propan-1-one: Yield: 84%; 1H NMR (400 MHz, CDCl3): d=
7.91 (d, J=8.0 Hz, 2 H, ArH), 7.36–7.28 (m, 4 H, ArH),
7.11–7.07 (m, 2 H, ArH), 4.23 (d, J= 2.0 Hz, 1 H, CH), 4.06
(d, J= 1.6 Hz, 1 H, CH), 2.43 (s, 3 H, CH3); 13C NMR
(100 MHz, CDCl3): d= 192.4, 164.4, 162.0, 145.2, 133.0,
131.5, 131.4, 129.6, 128.5, 127.6, 127.5, 116.0, 115.7, 60.9,
58.7, 21.8; HPLC (Chiralcel OJ, 20 8C, 254 nm, 90/10
hexane/i-PrOH, 1.0 mL min�1): tmajor =17.46 min, tminor =
20.65 min.
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