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Abstract: A study into the enantioselective epoxidation of o, B-unsaturated ketones utilising Cinchona alkaloid-
derived quaternary ammonium phase-transfer catalysts bearing an N-anthracenylmethyl function is presented, It has
been found that the O-benzyl derivatives of these catalysts in conjunction with sodium hypochlorite give high
enantio- and diastereoselectivities in the epoxidation of a range of substrates RICH=CHCOR?, where R!=alkyl or aryl
and RZ=aryl, In the cases where R?=alkyl high enantioselectivity has also been observed, however the rate of reaction
is substantially reduced. Application of this process to the enantioselective synthesis of a range of trans-a, B-epoxy
ketones (e.e. 71-90%) is presented. © 1999 Elsevier Science Lid. All rights reserved.
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The enantioselective epoxidation of acyclic o, B-unsaturated ketones of type 1 employing chiral catalysts has
received considerable attention in recent years.1: 2
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As a consequence a variety of methods have been reported to effect this transformation, including the use of
polyphasic systems involving hydrogen peroxide in the presence of polyamino acids,? alkylperoxides in
conjunction with lanthanoid-binaphthol complexes,* tartrate-modified metal tert-butyl peroxides, and
hydrogen peroxide in the presence of chiral platinum (IT) complexes.6 Asymmetric phase-transfer catalysis

has also been utilised for transformations of this type.?8.9.10
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In this latter context, early studies by Wynberg demonstrated that chiral quaternary ammonium salts derived
from cinchona alkaloids (e.g. N-benzylquininium chloride 3) could effect epoxidation of simple acyclic o, B-
unsaturated ketones with moderate enantioselectivities (254% e.e.). Intriguingly, during the course of this
work it was noted that the sense of selectivity in the asymmetric epoxidation of chalcone 1a changed
depending upon the nature of the stochiometric oxidant” (scheme 1). These studies also suggested that the
reaction was subject to strong solvent effects,’® with non-polar solvents generally leading to higher
enantioselectivity. The asymmetric phase-transfer catalysed epoxidations have been applied to a range of
alternative enone substrates and a number of modified reaction conditions developed,” however until
recently®:10 no catalysts that gave high enantioselectivities over a wide range of substrates of type 1 had been
identified.

The recent observation that phase-transfer catalysts of the type 4a-e, 5a-e were superior to previously
reported quaternary ammonium salts for the asymmetric alkylation of glycine-imines!! prompted us to examine
their utility in the phase-transfer mediated oxidation of o, B-unsaturated ketones.

a, Ri=H, R2=CH=CH,,R3=H

b, R'=H,R*=CH,CH;, R’ = H

¢, R'= OCH;, R?=CH=CH,,R*=H
d, R'=H, R*=CH=CHz, R?=Bn
e, Rl=H, R?= CHy-CH;3,R? = Bn

Preliminary studies,® carried out using catalyst N-anthracenylmethylcinchoninium chloride 4a, X=Cl
(10mol. %) and chalcone 1a as the substrate, indicated that successful epoxidation could be achieved using
either hydrogen peroxide or sodium hypochlorite as the stochiometric oxidant, however in both cases the
enantioselectivities obtained were low (table 1).

Cat. 4a (10mol%)

la ———— 2a
oxidant
solvent, 25°C
Solvent Oxidant Time (h) | % e.e.® (sign of rotation) % Yield®

toluene 11% aq. NaOCl 48 39¢-) 65

toluene 30% aq. Hy0? 48 0 <104
dichloromethane 11% aq. NaOCl 48 23(¢) 71
dichloromethane 30% aq. HyO2? 4 11(+) 75

a - 1 drop of 50% aq. KOH also added. b - e.e. values reproducible to 2%, determined by HPLC on Chiralce]l OD-H column.
¢ - After purification by chromatography. d - remainder starting material.

Table 1
In line with previous reports,’>c we found that the opposite sense of enantioselectivity was obtained on
switching from sodium hypochlorite to hydrogen peroxide (table 1, entries 3-4) and that strong solvent effects
were evident (table 1, compare entries 1, 3 and 2, 4). This would tend to suggest that two (or more)
competing reaction pathways may be operating. This is also reflected in the surprising rate changes observed
on changing oxidant and solvent (table 1, compare entries 2, 4).

Control studies demonstrated that both the hydroxyl group and the anthracene ring in catalyst 4a were stable
towards oxidation under the reaction conditions (sodiun hypochlorite) and that the uncatalysed rate of
epoxidation was extremely slow (no reaction observed after 48h at 25°C with either oxidant). It was therefore
considered that these effects may be associated with interaction of the oxidant or the substrate (via hydrogen
bonding) with the hydroxy group in the catalyst. In order to test this hypothesis we decided to prepare the
corresponding O-benzyl derivative 4d. This was readily achieved via treatment of 4a with benzylbromide
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under two-phase conditions,!2 giving the product 4d in good yield (72%). Investigation of catalyst 4d in the
epoxidation of chalcone was then examined (table 2).

Cat. 4d (10mol%)
1a —idant (-)-2a
solvent, 25°C
Solvent Oxidant Time (h) | % eeb % Yield®

toluene 11% aq. NaOC1 48 81 90

toluene 30% aq. Hy0® 48 10 69
dichloromethane 11% aq. NaOC1 48 66 60
dichloromethane 30% aq. HoOo? 48 2 <10

a - 1 drop of 50% aq. KOH also added. b - e.e. values reproducible to 2%, determined by HPLC on
Chiralcel OD-H column. ¢ - After purification by chromatography.

Table 2

As can be seen from the results, the O-benzyl catalyst 4d shows a remarkable improvement in
enantioselectivity when sodium hypochlorite is used as the oxidant. In addition, although low, the
enantioselectivity obtained using hydrogen peroxide is now in the same direction, giving epoxide (-)-2a in
excess. A substantial decrease in reaction rate was also observed when using hydrogen peroxide in
conjunction with dichloromethane (table 2, compare entries 2, 4). These results show that derivatisation of the
hydroxyl function in the catalyst strongly influences the reaction outcome and appears critical to obtaining high
enantioselectivities when using sodium hypochlorite. It is perhaps significant that the oxygen function in
catalyst 4d cannot participate directly in hydrogen bonding interactions with either the substrate or sodium
hypochlorite, whereas this possibility still remains for the peroxide ion. It also appears from these results that
toluene is the preferred reaction solvent when using sodium hypochlorite.

In order to establish that the reaction systems could be modified to provide an excess of either enantiomer of
epoxide 2a we next investigated the reaction using the cinchonidine-derived catalyst Se. Generally it would be
expected that phase-transfer catalysts derived from cinchonidine (e.g. 5a-e) would give similar but opposite
enantioselectivities to those derived from cinchonine (e.g. 4a-e),” and this indeed proved to be the case
(scheme 3), demonstrating the flexibility of this approach towards epoxides of type 2.

Cat. Se (10mol%)

la ——————— (4+)-2a 86% e.e., 90% yield
11%Na0C1
PhMe, 25°C, 48h
Scheme 3

It is interesting to compare these results with those described by Arai, Shioiri and co-workers in a recent study
on the epoxidation of o, B-unsaturated ketones using of N-[(4-substituted)benzyl]cinchoninium bromides in
conjunction with hydrogen peroxide.l0 In this work it was found that N-[(4-iodo)benzyl]cinchoninium
bromide 6a gave high enantioselectivity in the epoxidation of chalcone 1a, whereas the corresponding O-
substituted catalyst 6b did not (scheme 4). In addition, the major isomer obtained in this case was (+)-2a,

the opposite enantiomer from that obtained with catalyst 4d and sodium hypochlorite (table 2, entry 1).

eKO\ Catalyst % e.e.| % Yield
(Smal. %) Br
1

LiOH, 30% H,0, n-Bu,0, 4'C 22 |6aR=H 84 1
»30% K0y, n-Bu0, 6b, R = CH,CH=CH,

1a

~

72

(ref. 10)
Scheme 4
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Although the mechanistic detail of these two reaction systems remains to be clearly defined, taken together,
these results indicate that chiral phase-transfer catalysts derived from the same cinchona alkaloid (cinchonine)
can give high selectivity for either enantiomer of epoxide 2a. This shows that both the choice of oxidation
conditions and the precise nature of the O- and N-substituents in the catalyst can have a profound effect on the
enantioselectivity of the epoxidation reaction. Given this it seems appropriate to report the effects of the
substrate structure on reaction selectivity and some of our studies using the N-anthracenylmethy] catalyst Se
are described below.?

The results outlined in table 313 illustrate the selectivity obtained for a series of phenylketones 1a-e. We
chose a simple series of B-substituents (R!) in order to determine if there were any obvious limitations to the
nature of substituents that could be incorporated in this position of the enone.

Epoxide R! % eer | % Yield®

n‘/\/ﬁ\m 2a O/\ 86 %

la-e
o
2b 82 87
Cat. Se (10mol%) MeO
11% NaOCl, PhMe
RT, 4-48h
2¢ <

OI)/H

g 83 97
) /<i’i 2d dj 82 86
R Ph

2a-e

(295% dee) 2e NN 77 92

a - e.e. values reproducible to $2%, determined by HPLC on Chiralcel
OD-H column. b - After purification by chromatography.

Table 3

Within the series of aryl R!-substituents tested (enones 1a-d), there appears to be relatively little variation in
enantioselectivity. Since this series includes a range of different substitution patterns, and aromatic ring-
systems with significantly differing electronic properties, it would appear to suggest that the catalyst will
tolerate a variety of aromatic substituents in position R!l. In the case where R! = n-CgHy;, the
enantioselectivity is slightly diminished. In all these examples the trans-epoxides were obtained with high
diastereoselectivity.14 Since the asymmetric epoxidation of B-alkyl substituted enones would allow access to a
wide range of useful chiral materials we investigated the consequences of varying the aryl group (R2) in
substrates of this type (table 4).13

It appears from these results that the precise nature of the aryl group R2 can have a small but significant
influence on the enantioselectivity of the reaction. Thus with R2 = phenyl, the corresponding epoxide 2e is
obuained in 77% e.e., whereas with R2 = 4-nitrophenyl, the product 2g is obtained with 90% e.e.,
demonstrating that it is possible to obtain high enantiomeric excesses with B-alkyl groups simply by varying
the R! substituent. Although this points to a potential limitation in the application of these catalysts to the
synthesis of chiral epoxides, there are a number of cases when the nature of the substituent at position R! is
unimportant. For example the Baeyer-Villiger reaction has been applied to substrates of type 2, giving high
yields of the corresponding o, B-epoxyesters.3&b In this context, the aryl group is usually removed by
subsequent hydrolysis which means that the enantioselectivity of the ultimate target material can be optimised
by choosing the most appropriate R2 substituent.
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Epoxide R? % ee.' % Yield®
X,
2e O/ 7 92
[¢]
\/W\)L R’ 2f B O/ 84 89
le, 1f-k XY
2g O/ 9 79
O,N

Cat. Se (10mol%)

11% NaOQ1, PhMe
RT, 4-48h 2h 84 94
MeO

N
9 21 U 81 93
\/\/\/<i)l\ Me
\ R? 1,.
290% de.) [o]
2K w 78 8

o

Py

a -e.c. values reproducible to $2%, d ined by HPLC on Chiralcel
OD-H column. b - After purification by chromatography.
Table 4

We also examined the influence of R? in substrates that contained a B-phenyl substituent (table 5).13

Epoxide R? % ee' | % Yield®

2a UR 86 90
Ph/\/“\ R? 21 o ,O/ * 88 9

1a, 1l-q %
2m ,O/ 83 85
Cat. Se (10mol%) ON
11% NaOCl, PhMe \
RT, 4-48h 2n (_s]’ 85 82
o %,
A‘i/ﬁ\ 20 < U 89 95
Ph A2 o~
2a, 2l-q
@ 95% de) 2p Oi) n 7

2q > 8 40 (14y°
a - e.e. values reproducible to $2%, d& ined by HPLC on Chirsicel
OD-H column. b - After purification by chromatography. ¢ - yield in
P heses based on d enonc
Table 5§

Here again we see some variation in enantioselectivity, but the majority of examples fall into a narrow range
(83-89% e.e.). Itis also of note that enone 1q (R2=t-Bu) falls into this selectivity range. This would tend to
suggest that a range of different groups can be tolerated at position R in the enone substrates.
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The rates of epoxidation of the enones 1a-p are generally comparable, typically taking 4-48h to reach
completion.15 One exception to this is enone 1q where the reaction is substantially slower and is only ca.
50% complete after 5 days. This is the only example shown above in which R2%#aryl, however we have also
observed that with other alkyl substituents in this position (R?=i-Pr, Me), the rate of epoxidation is also slow,
making the desired transformation impractical in these instances. This would seem to suggest a general
limitation for substrates of this type.

In conclusion, we have shown that phase-transfer catalysts of type 4d and 5e in conjunction with sodium
hypochlorite give high enantio- (71-90% e.e.) and diastereoselectivities (90-95% d.e.) in the epoxidation of a
range of enone substrates of type 1. This study suggests that the catalyst system is tolerant of a variety of
different substituents in position R!, but may be limited on grounds of practicality, to aryl substituents in
position R2. Further studies into the mode of action and utility of these catalysts is currently underway and
will be reported in due course.
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support, Dr. M. Stuckey for n.m.r. spectra and Mrs. R. Howard, Mrs. L.K. Cunliffe for mass spectra. We
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Experimental

Infra-red absorption spectra were recorded on Perkin-Elmer 1600 and 1710 Fourier-transform spectrometers.
All the spectra were recorded neat. !'H nuclear magnetic resonance (nmr) spectra were recorded at 300MHz
and 13C nuclear magnetic resonance spectra at 7SMHz on a Bruker AC300 spectrometer. All chemical shifts
(8) were referenced to the deuterium lock and are reported in parts per million (ppm). The following
abbreviations have been used to describe the signal multiplicity: br (broad), s (singlet), d (doublet), dd
(doublet of doublets), t (triplet), dt (doublet of triplets), q (quartet), m (multiplet), and J (coupling constant in
Hz). Mass spectra (MS) were recorded at low resolution on a Finnigan 4500 instrument with chemical
ionisation (CI) using ammonia. Accurate mass measurement (high resolution) and fast atom bombardment
(FAB) mass spectra were recorded on a Kratos Concept 1-S instrument. Optical rotations ([ot]p) are quoted to
14 and were measured on an AA-10 monochromatic 589nm (Optical Activity Ltd.) polarimeter at room
temperature. Melting points (mp) were determined using an electrothermal apparatus and are uncorrected.
Thin layer chromatography (TLC) was performed on plates pre-coated (0.25mm) with CAMLAB DC-
Fertigplatten SIL G-25 UV254 (silica). The plates were visualised by the use of a combination of ultraviolet
light, iodine, ethanolic vanillin, or aqueous potassium permanganate. Silica gel 60 (particle sizes 40-63 m),
supplied by Merck, was employed for flash chromatography. HPLC analysis was performed using a Gilson
apparatus in conjunction with a 0.46x25cm Chiralcel OD-H column (Diacel Chemical Ind., Ltd.) and UV
detection. All non-racemic materials were compared with racemic material generated using tetra-n-
butylammonium bromide as the phase-transfer catalyst. Where necessary, solvents and reagents were dried
and purified according to recommended procedures.! Enones 1a-d, 1n, and 1p were prepared via aldol
condensation using standard conditions.!” Enones 1e-k, 11-m, and 1q were prepared via Wittig reaction
again using standard conditions.18

Preparation of (2R, 5R, 1'S)-1-(9-anthracenyl)methyl-5-ethylene-2-[1-hydroxy-1-(quinol-
4-yl)Imethyl-1-azoniabicyclo[2.2.2]Joctane chloride (4a)
A mixture of cinchonine (500mg, 1.70mmol) and 9-chloromethylanthracene (390mg, 1.72mmol) was heated

at reflux in toluene (20ml) under argon for 4h. The solution was then cooled to room temperature and the
resulting precipitate filtered. The residue was recrystallised from chloroform/petroleum ether to give the
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product 4a (521mg, 59%) as a yellow solid. R (silica gel) 0.3(93:7, dichloromethane:methanol). [a]p +240
(c=1.0, CHCl3). mp 166-167°C. Vg (neat) 3050(0OH) cm-t. 'H nmr § (300MHz, CDCl3)!9 9.25(1H, d,
J=9.0Hz), 8.96(1H, d, J=8.5Hz), 8.85(1H, d, J=4.0Hz), 8.39(1H, d, J=9.0Hz), 8.07(1H, d, J=4.5Hz),
7.85(1H, s), 7.61(1H, d, J=8.5Hz), 7.54(1H, d, J=8.0Hz), 7.44(1H, d, 8.5Hz), 7.30-6.91(8H, m, Ar-H,
CH  HpAnth), 6.46(1H, d, J=13.5Hz, CH,H,Anth), 5.62-5.51(1H, m, CH=CH,), 5.01(1H, d, J=10.5Hz,
C=CH_Hy), 4.79(1H, d, J=12.0Hz, C=CH,H}), 4.77-4.52(1H, m, H-2), 4.45-4.35(1H, m, H-6a), 4.32-
4.18(1H, m, H-7a), 2.53-2.39(1H, m, H-6b), 2.37-2.25(1H, m, H-7b), 1.90-1.85(1H, m, H-3a), 1.79-
1.60(3H, m, H-5, H-8a, OH), 1.57-1.45(1H, m, H-4), 1.41-1.30(1H, m, H-8b), 0.70-0.55(1H, m, H-3b).
13C nmr 8§ (75MHz, CDCl;) 148.9, 146.3, 146.1, 135.4, 1329, 132.6, 130.9, 130.2, 129.9, 128.6, 128.4,
128.1, 127.5, 127.2, 126.8, 124.8, 124.5, 124.1, 120.0, 1179, 117.4, 67.6, 66.6, 57.5, 54.1, 53.8, 38.0,
26.2, 24.0, 22.6. m/z (FAB) 191(80%), 398(45%), 404(100%), 485(M+-Cl, 30%). Found [M-CI}*
485.2603, C14H33N70 requires 485.2593.

Preparation of (25, 5R, 1'R) 1-(1-anthracenyl)methyl-5-ethyl-2-[1-hydroxy-1-(quinol-4-
yl)Imethyl-1-azoniabicyclo[2.2.2]octane chloride (5b)

A mixture of dihydrocinchonidine (230mg, 0.78mmol) and 9-chloromethylanthracene in toluene (10ml) was
heated at reflux under argon for 24h. The solution was then cooled to room temperature and the resulting
precipitate filtered to give the product 5b (270mg, 66%) as a yellow solid. R¢ (silica gel) 0.3(93:7,
dichloromethane:methanol). [a]p -250 (c=0.8, CHCl3). mp 155-156°C. Vyax (neat) 3054(OH) cm-l. H
nmr 3 (300MHz, CDCl»)!? 8.96(1H, d, J=8.5Hz), 8.85-8.76(2H, m), 8.66(1H, d, J=9.0Hz), 8.12(1H, d,
J=5.0Hz), 8.01(1H, d, J=4.5Hz), 7.98(1H, s), 7.72-7.60(2H, m), 7.56(1H, d, J=8.0Hz), 7.38-6.96(7H,
m), 6.66(1H, d, J=13.5Hz, CH ,HyAnth), 6.56(1H, d, J=13.5Hz, CH HAnth), 4.77-4.56(2H, m, H-2, H-
7a), 3.62-3.49(1H, m, H-6a), 2.65-2.50(1H, m, H-6b), 2.38-2.25(1H, m, H-7b), 1.98-1.70(2H, m, H-3a,
H-8a), 1.65-1.57(1H, m, H-4), 1.30-0.88(5H, m, H-3b, H-5, H-8b, CH;Me), 0.52(3H, t, J=7.0Hz, CH3).
13C nmr § (75MHz, CDClj) 149.5, 147.1, 145.8, 133.0, 132.7, 131.0, 130.4, 130.2, 129.3, 128.4, 127.6,
127.1, 127.0, 126.1, 125.4, 124.8, 124.3, 123.8, 120.2, 118.2, 67.4, 66.9, 63.8, 54.9, 50.7, 37.0(C-5),
26.6, 26.1, 23.2, 229, 11.4. m/z (FAB) 191(100%), 487(M*-Cl, 30%). Found [M-Cl}* 487.2755,
Ci4H3sN,0 requires 487.2749.

Preparation of (2R, SR, 1'S)-1-(1-anthracenyl)methyl-5-ethylene-2-[1-benzyloxy-1-
(quinol-4-yl)Imethyl-1-azoniabicyclo[2.2.2]Joctane bromide (4d)

50% Aqueous sodium hydroxide (0.1ml, 0.13mmol) was added to a solution of salt 4a (0.20g, 0.38mmol)
and benzyl bromide (0.13ml, 1.10mmol) in dichloromethane (3ml) and the mixture stirred vigorously for
1.5h. Water (2ml) was then added and the aqueous layer extracted with dichloromethane (2ml). The
combined organics were dried over magnesium sulfate, filtered, and concentrated under reduced pressure.
The residue was purified by chromatography on silica gel (19:1, dichloromethane:methanol) to give the
product 4d (0.16g, 72%) as a yellow solid. Ry (silica gel) 0.6(95:5, dichloromethane:methanol). [e]p +220
(c=0.90, CHCl3). mp 124-125°C. Vy.x (neat) 3406 cm-!. 'H nmr 8 (300MHz, CDCl3)19 9.91-9.61(2H,
m), 9.50-9.31(1H, m), 9.17-8.90(2H, m), 8.60(1H, s), 8.35-8.21(1H, m), 8.20-8.06(1H, m), 8.05-
7.97(2H, m), 7.95-7.66(4H, m), 7.64-7.46(4H, m), 7.42-7.21(2H, m), 6.95-6.50(2H, m, H-1',
CH_HyAnth), 5.95-5.47(4H, m, CH H,Anth, CH=CH,, H-2, H-6a), 5.31-5.18(1H, m, C=CHH,), 5.10-
4.76(3H, m, C=CH,Hj, CH,Ph), 4.41-4.15(1H, m, H-7a), 3.05-2.89(1H, m, H-7b), 2.70-2.25(2H, m),
2.20-2.1.69(3H, m), 1.65-1.45(1H, m, H-5), 1.32-1.11(1H, m, H-3b). 13C nmr & (75MHz, CDCl3) 149.0,
148.4, 139.9, 136.3, 135.7, 133.9, 133.3, 132.3, 131.4, 130.8, 129.9, 129.2, 128.9, 128.7, 128.6, 128.3,
127.5, 127.2, 127.0, 126.8, 126.0, 125.4, 124.9, 123.2, 118.9, 1179, 117.5, 75.6, 71.2, 65.9, 57.1,
55.0, 54.8, 37.6, 26.3, 24.4, 23.8. m/z (FAB) 191(100%), 575(M*-Br, 45%). Found [M-Br]* 575.3045,
C41H39N,0 requires 575.3062. ’
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Preparation of (25, SR, 1'R)-1-(1-anthracenyl)methyl-5-ethyl-2-[1-benzyloxy-1-(quinol-4-
yl)Imethyl-1-azoniabicyclo[2.2.2])octane bromide (5e)

50% Aqueous sodium hydroxide (0.35ml, 0.44mmol) was added to a solution of salt 5b (0.70g, 1.34mmol)
and benzyl bromide (0.46ml, 3.89mmol) in dichloromethane (10ml) and the mixture stirred vigorously for
1.5h. Water (Sml) was then added and the aqueous layer was extracted with dichloromethane (Sml). The
combined organics were dried over magnesium sulfate, filtered, and concentrated under reduced pressure.
The residue was purified by chromatography on silica gel (19:1, dichloromethane:methanol) to give the
product Se (0.46g, 58%) as a yellow solid. Ry (silica gel) 0.6 (19:1, dichloromethane:methanol). [ct]p -215
(c=1.1, CHCl3). mp 137-138°C. vy, (neat) 3382 cm-!. 'H nmr § (300MHz, CDCl3)19 9.62(1H, d, J=9.0
Hz), 9.32-9.08(1H, m), 9.00(1H, d, J=4.0Hz), 8.49(1H, s), 8.15(1H, d, J=8.5Hz), 8.03-7.85(3H, m),
7.84-7.65(4H, m), 7.61-7.48(6H, m), 7.38-7.26(1H, m), 6.95-6.57(2H, m, CHHyAnth, H-1'), 5.95-
5.60(1H, m, CH,HpAnth), 5.49-5.18(1H, m, H-2), 4.95-4.78(2H, m, CH,Ph), 4.65-4.29(2H, m, H-6a, H-
7a), 2.96-2.70(1H, m, H-7b), 2.62-2.41(1H, m, H-6b), 2.39-2.11(2H, m, H-3a, H-8a), 2.04-1.90(1H, m,
H-8b), 1.89-1.79(1H, m, H-4), 1.59-1.47(2H, m, H-5, CH,H,Me), 1.46-1.13(2H, m, H-3b, CH . H,Me),
0.72-0.59(3H, m, CHj3). 13C nmr 8 (75MHz, CDCls) 148.5, 148.4, 136.3, 134.0, 133.2, 132.1, 1314,
130.8, 129.9, 129.2, 128.8, 128.6, 127.4, 127.1, 125.9, 125.6, 124.8, 123.3, 118.1, 75.5, 71.5, 66.0,
62.8, 55.0, 51.1, 37.0, 26.4, 26.3, 23.5, 23.4, 11.6. m/z (FAB) 191(100%), 387(25%), 577(M*-Br,
40%). Found [M-Br]* 577.3198, C,;H4;N,0 requires 577.3219.

General procedure for the epoxidation of enones

A solution of the enone (0.34mmol) and the appropriate catalyst (0.034mmol) in toluene (2ml) was treated
with 11% aqueous sodium hypochlorite (0.4ml, 0.74mmol) and the mixture was stirred (ca. 1000rpm) at
room temperature for 4-48 hours.16 Water (2ml) was then added and the aqueous layer was extracted with
ethyl acetate (2x3ml). The combined organics were dried over sodium sulfate, filtered, and concentrated under
reduced pressure. The residue was then purified by passing through a pad of silica gel (1:1, ethyl
acetate:petroleum ether).

Preparation of frans-2,3-epoxy-1,3-diphenylpropan-1-one (2a)

Ry (silica gel) 0.7(9:1, petroleum ether:ethyl acetate). +179 (c=1.0, THF, 86% e.e.), lit [at]p +195 (c=2.73
THF).38 mp 76-77°C. Vinax (neat) 1689(C=0) cm-!. 'H nmr § (300MHz, CDCl3) 8.04-7.93(2H, m, Ar-H),
7.67-7.32(8H, m, Ar-H), 4.29(1H, d, J=1.5Hz, H-2), 4.06(1H, d, J=1.5Hz, H-3). m/z (NHj, CD)
225(M+H*, 55%), 242(M+NH,4*, 100%). Found (M+H)* 225.0913, C;5H;30; requires 225.0915. R,
HPLC (95:5, hexane:dioxane, 254nm, 0.5ml/min) 35.9min, (+)-isomer; 39.4min, (-)-isomer.

Preparation of trans-2,3-epoxy-3-(4-methoxyphenyl)-1-phenylpropan-1-one (2b)

R (silica gel) 0.3(9:1, petroleum ether:ethyl acetate). [a]p +131 (c=0.70, CHCls, 82% e.e.). Vmax (neat)
1688(C=0) cml. 'H nmr § (300MHz, CDCl3) 8.03-7.95(2H, m, H-2', H-6"), 7.63-7.41(3H, m, H-3', H-
4, H-5"), 7.32-7.23(2H, m, H-2", H-6"), 6.95-6.87(2H, m, H-3", H-5"), 4.28(1H, d, J=2.0Hz, H-2),
4.00(1H, d, J=2.0Hz, H-3), 3.80(3H, s, CHy). m/z (NH,, Cl) 105(100%), 255(M+H+*, 40%). Found
(M+H)* 255.1022, Cy6H;505 requires 255.1021. R, HPLC (95:5, hexane:dioxane, 254nm, 0.5ml/min)
49.3min, (+)-isomer; 53.0min, (-)-isomer.

Preparation of trans-2,3-epoxy-3-[3,4-(methylenedioxy)phenyl]-1-phenylpropan-1-one (2¢c)
Ry (silica gel) 0.3(9:1, petroleum ether:ethyl acetate). [a)p -229 (c=1.0, CHCl;, 83% e.e.). mp 83-84°C.
Vmax (neat) 1689(C=0) cm-!. H nmr § (300MHz, CDCl3) 8.01-7.93(2H, m, H-2', H-6), 7.53-7.41(1H,
m, H-4), 7.52-7.42(2H, m, H-3', H-5), 6.86(1H, dd, J=1.5, 8.0Hz, H-6"), 6.81-6.71(2H, m, H-2", H-
5"), 5.96(2H, apparent s, CHy), 4.23(1H, d, J=2.0Hz, H-2), 3.97(1H, d, J=2.0Hz, H-3). m/z (NH3, CI)
105(45%), 168(100%), 269(M+H*, 5%), 286(M+NH,*, 65%). Found (M+H)* 269.0815, C;6H;3NO4
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requires 269.0814. R, HPLC (95:5, hexane:dioxane, 254nm, 0.5ml/min) 61.9min, (-)-isomer; 65.1min, (+)-
isomer.

Preparation of trans-2,3-epoxy-3-(naphth-1-yl)-1-phenylpropan-1-one (2d)

Rg¢ (silica gel) 0.6(4:1, petroleum ether:ethyl acetate). [afp -69 (c=1.0, CHCl3, 82% e.¢.). Vinax (neat) 1689
(C=0) cm-l. 'H nmr 8 (300MHz, CDCl;) 8.11-8.01(2H, m, Ar-H), 8.0-7.93(1H, m, Ar-H), 7.92-7.82(2H,
m, Ar-H), 7.68-7.40(7H, m, Ar-H), 4.72(1H, d, J=1.5Hz, H-2), 4.30(1H, d, J=1.5Hz, H-3). m/z (NH;,
Cl) 105(100%), 275(M+H+, 30%). Found (M+H)* 275.1066, C 9H150, requires 275.1072. R, HPLC
(95:5, hexane:dioxane, 254nm, 0.5ml/min) 39.4min, (-)-isomer; 49.5min, (+)-isomer.

Preparation of trans-2,3-epoxy-1-phenylnonan-1-one (2e)

R¢ (silica gel) 0.5(9:1, petroleum ether:ethyl acetate). [a]p +7 (c=0.6, CHCl3, 77% e.e.). Vimax (neat)
1690(C=0) cm-l. 'H nmr 8 (300MHz, CDCl;) 8.03-7.92(2H, m, H-2', H-6"), 7.75-7.54(1H, m, H-4"),
7.53-7.40(2H, H-3', H-5"), 4.00(1H, d, J=2.0Hz, H-2), 3.16-3.05(1H, m, H-3), 1.84-1.60(2H, m, H-4a,
H-4b), 1.59-1.15(8H, m, H-5a, H-5b, H-6a, H-6b, H-7a, H-7b, H-8a, H-8b), 0.95-0.73(3H, m, CH,).
m/z (NHs, Cl) 233(M+H*, 15%), 250(M+NH4*, 100%). Found (M+H)* 233.1547, C;sH2,0, requires
233.1541. R, HPLC (95:5, hexane:dioxane, 254nm, 0.5mV/min) 15.8min, (+)-isomer; 17.1min, .

Preparation of trans-2,3-epoxy-1-(4-bromophenyl)nonan-1-one (2f)

R¢ 0.5(silica gel) (90:10, petroleum ether:ethyl acetate). mp 59-60°C. [a]p +6 (c=2, CHCL, 84% e.c.).
Vmex (neat) 1682(C=0) cm-!. 'H nmr 8 (300MHz, CDCl3) 7.89-7.85(2H, m, Ar-H), 7.64-7.60(2H, m, Ar-
H), 3.92(1H, d, J=2.0Hz, H-2), 3.14-3.09(1H, m, H-3), 1.79-1.23(10H, m), 0.89-0.84(3H, m, H3-9).
m/z (NH3, Cl) 311/313(M+H+, 5%), 328/330(M+NH4*, 100%). Found (M+H)* 311.0650, C1sH20BrO;
requires 311.0647. R HPLC (95:5, hexane:IPA, 254nm, 0.5ml/min) 13.3min, (+)-isomer; 14.3min, (-)-
isomer.

Preparation of trans-2,3-epoxy-1-(4-nitrophenyl)nonan-1-one (2g)

Ry 0.4(silica gel) (90:10, petroleum ether:ethyl acetate). mp 45-46°C. [a]p +36 (c=2, CHCL, 90% e.c.).
Vmax (neat) 1673(C=0) cm-l. 'H nmr & (300MHz, CDCl3) 8.34-8.30(2H, m, Ar-H), 8.19-8.14(2H, m, Ar-
H), 3.94(1H, d, J=2.0Hz, H-2), 3.16-3.12(1H, m, H-3), 1.81-1.23(10H, m), 0.89-0.85(3H, m, H3-9).
m/z (NHj, Cl) 174(60%), 248(52%), 278(M+H+*, 8%), 295(M+NH4*, 100%). Found (M+H)* 278.1392,
C15H2oNOQ4 requires 278.1392. R{HPLC (99:1, hexane:IPA, 254nm, 0.5ml/min) 55.1min, (-)-isomer;
58.5min, (+)-isomer.

Preparation of trans-2,3-epoxy-1-(4-methoxyphenyl)nonan-1-one (2h)

Rt 0.3(silica gel) (90:10, petroleum ether:ethyl acetate). [a]p -4 (c=2, CHCl3, 84% c.e.). Vpax (neat)
1678(C=0) cm-l. H nmr § (300MHz, CDCl3) 8.02-7.98(2H, m, Ar-H), 6.97-6.92(2H, m, Ar-H),
3.96(1H, d, J=2.0Hz, H-2), 3.87(3H, s, OCHj3), 3.13-3.09(1H, m, H-3), 1.78-1.17(10H, m), 0.88-
0.84(3H, m, H3-9). m/z (NH;, Cl) 263(M+H*, 100%), 280(M+NH,4*, 88%). Found (M+H)* 263.1647,
C16H2303 requires 263.1647. R HPLC (95:5, hexane:IPA, 254nm, 0.5ml/min) 16.6min, (-)-isomer;
17.5min, (+)-isomer.

Preparation of trans-2,3-epoxy-1-(4-methylphenyl)nonan-1-one (2i)

Ry 0.6(silica gel) (90:10, petroleum ether:ethyl acetate). [o]p -3 (c=2.5, CHCl3, 81% e€.e.). Vmax (neat)
1689(C=0) cm-!. 'H nmr § (300MHz, CDCl;) 7.91-7.89(2H, m, Ar-H), 7.29-7.26(2H, m, Ar-H),
3.99(1H, d, J=2.0Hz, H-2), 3.13-3.09(1H, m, H-3), 2.41(3H, s, ArCHj), 1.79-1.17(10H, m), 0.89-
0.84(3H, m, H3-9). m/z (NHs, Cl) 247(M+H*, 31%), 264(M+NH4*, 100%). Found (M+H)* 247.1697,
C16H230; requires 247.1698. R(HPLC (99:1, hexane:IPA, 254nm, 0.5ml/min) 21.7min, (-)-isomer;
23.7Tmin, (+)-isomer.
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Preparation of trans-2,3-epoxy-1-[(3,4-methylenedioxy)phenyl]nonan-1-one (2j)

Ry 0.4(silica gel) (90:10, petroleum ether:ethyl acetate). [a]p +1 (c=2, CHCl;, 86% €.€.). Vmax (neat)
1678(C=0) cm-1. 'H nmr § (300MHz, CDCl3) 7.64(1H, dd, J=1.0, 8.5Hz, H-6"), 7.46(1H, br. s, H-2"),
6.86(1H, d, J=8.5Hz, H-5), 3.92(1H, d, J=2.0Hz, H-2), 3.12-3.08(1H, m, H-3), 1.78-1.21(10H, m),
0.88-0.84(3H, m, H3-9). m/z (NH;, Cl) 264(82%), 277(M+H*, 61%), 294(M+NH,*, 100%). Found
(M+H)* 277.1437, C16H;,04 requires 277.1440. R HPLC (98:2, hexane:IPA, 234nm, 0.5ml/min)
30.9min, (-)-isomer; 33.3min, (+)-isomer.

Preparation of trans-2,3-epoxy-1-(naphth-2-yl)nonan-1-one (2k)

Ry 0.5(silica gel) (90:10, petroleum ether:ethyl acetate). [a]p -16 (c=2, CHCl3, 78% €.€.). Vmax (neat)
1682(C=0) cml. 'H nmr § (300MHz, CDCl3) 8.57(1H, br. s, H-1"), 8.04-7.87(4H, m, Ar-H), 7.65-
7.54(2H, m, Ar-H), 4.15(1H, d, J=2.0Hz, H-2), 3.22-3.18(1H, m, H-3), 1.85-1.23(10H, m), 0.89-
0.87(3H, m, H3-9). m/z (NH3, Cl) 283(M+H*, 39%), 300(M+NH,4*, 100%). Found (M+H)*+ 283.1702,
Ci19H230; requires 283.1698. R HPLC (95:5, hexane:IPA, 254nm, 0.6ml/min) 17.2min, (-)-isomer;
23.2min, (+)-isomer.

Preparation of frans-2,3-epoxy-3-phenyl-1-(4-bromophenyl)propan-1-one (21)

R¢ 0.4(silica gel) (90:10, petroleum ether:ethyl acetate). mp 90-91°C. [a]p +194 (c=1.5, CHCl3, 88% e.e.).
Vmax (neat) 1674(C=0) cm-l. 'H nmr 3 (300MHz, CDCl3) 7.89-7.85(2H, m, Ar-H), 7.64-7.60(2H, m, Ar-
H), 7.42-7.32(5H, m, Ar-H), 4.21(1H, d, J=2.0Hz, H-2), 4.05(1H, d, J=2.0Hz, H-3). m/z (NH;, Cl)
303/305(M+H*, 12%), 320/322(M+NH4*, 100%). Found (M+H)* 303.0022, C,sH,BrO, requires
303.0021. R{HPLC (95:5, hexane:IPA, 234nm, 0.5ml/min) 30.3min, (-)-isomer; 32.4min, (+)-isomer.

Preparation of trans-2,3-epoxy-3-phenyl-1-(4-nitrophenyl)propan-1-one (2m)

Ry 0.2(silica gel) (90:10, petroleum ether:ethyl acetate). {ct]p +222 (c=2, CHClL3, 83% e.€.). Vmax (neat)
1681(C=0) cml. H nmr 8 (300MHz, CDCl3) 8.34-8.30(2H, m, Ar-H), 8.20-8.15(2H, m, Ar-H), 7.43-
7.33(5H, m, Ar-H), 4.24(1H, d, J=2.0Hz, H-2), 4.09(1H, d, J=2.0Hz, H-3). m/z (NH;, Cl) 270(M+H*,
5%), 287(M+NH4*, 100%). Found (M+H)* 270.0764, C;sH12NO4 requires 270.0766. R;HPLC (80:20,
hexane:IPA, 254nm, 0.6ml/min) 59.6min, ()-isomer; 70.0min, ()-isomer.

Preparation of trans-2,3-epoxy-3-phenyl-1-(thien-2-yl)propan-1-one (2n)

R¢ 0.3(silica gel) (80:20, petroleum ether:ethyl acetate). mp 85-86°C, lit. mp 88-90°C.3b [a]p +198 (c=2,
CHCls3, 85% e.e.). Vmax (neat) 1659(C=0) cm-!. H nmr § (300MHz, CDCls) 7.99(1H, dd, J=1.0, 4.0Hz,
H-3"), 7.73(1H, dd, J=1.0, 5.0Hz, H-5"), 7.42-7.31(5H, m, Ar-H), 7.16(1H, dd, J=4.0, 5.0Hz, H-4),
4.15(1H, d, J=2.0Hz, H-2), 4.06(1H, d, J=2.0Hz, H-3). m/z (NH3, Cl) 231(M+H*, 69%), 248(M+NH,*,
100%). Found (M+H)* 231.0489, C;3H;0S0; requires 231.0480. R HPLC (95:5, hexane:IPA, 254nm,
0.5mVmin) 30.4min, (-)-isomer; 35.3min, (+)-isomer.

Preparation of trans-2,3-epoxy-1-[3,4-(methylenedioxy)phenyl]-3-phenylpropan-1-one (20)
Ry (silica gel) 0.3(9:1, petroleum ether:ethyl acetate). [a]p +172 (c=1.0, CHCls, 89% e.e). mp 83-84°C.
Vmax (neat) 1678(C=0) cm!. 'H nmr § (300MHz, CDCl;) 7.61(1H, dd, J=1.5, 8.0Hz, H-6), 7.46(1H, d,
J=1.5Hz, H-2'), 7.42-7.30(5H, m, H-2", H-3", H-4", H-5", H-6"), 6.84(1H, d, J=8.0Hz, H-5),
6.04(2H, apparent s, CHj), 4.20(1H, >d, J=2.0Hz, H-2), 4.03(1H, d, J=2.0Hz, H-3). m/z (NHj, Cl)
149(100%), 269(M+H*, 5%), 286(M+NH4*, 10%). Found (M+H)* 269.0815, C;sH 30,4 requires
269.0814. R, HPLC (95:5, hexane:dioxane, 254nm, 0.5SmV/min) 72.0min, (+)-isomer; 84.3min, (-)-isomer.

Preparation of trans-2,3-epoxy-1-(naphth-1-yl)-3-phenylpropan-1-one 2p)

R¢ (silica gel) 0.4(9:1, petroleum ether:ethyl acetate). [a]p -188 (c=1.0, CHCl3, 71% e.e.). Vimax (neat)
1686(C=0) cm-!. 'H nmr & (300MHz, CDCl;) 8.68(1H, d, J=7.5Hz, Ar-H), 8.08-7.81(3H, m, Ar-H),
7.68-7.28(8H, m, Ar-H), 4.25(1H, d, J=2.0Hz, H-2), 4.14(1H, d, J=2.0Hz, H-3). m/z (NH3, Cl)
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155(100%), 275(M+H+*, 5%), 292(M+NH4*, 15%). Found (M+H)* 275.1083 C,9H;50; requires
275.1072. R HPLC (95:5, hexane:dioxane, 254nm, 0.5ml/min) 52.5min, (+)-isomer; 60.0min, (-)-isomer.

Preparation of trans-1,2-epoxy-4,4-dimethyl-1-phenylpentan-3-one (2q)

Ry (silica gel) 0.5(97:3, petroleum ether:ethyl acetate). mp 58-59°C, lit. mp 68-70°C.3! [a]p +183 (c=1.0,
CHCl3, 85% e.e.), lit. [@]p +162 (¢=0.6, CHCl3).3! vpex (neat) 1704(C=0) cm-!. 'H nmr 8 (300MHz,
CDCl3) 7.42-7.25(5H, m, Ar-H), 3.86-3.82(2H, m, H-1, H-2), 1.22(9H, s, C(CH3)3). m/z (NH3, Cl)
85(50%), 205(M+H+, 20%), 222(M+NH,*, 100%). Found (M+H)* 205.1237, Cy3H70, requires
205.1228. R HPLC (98.5:1.5, hexane:dioxane, 232nm, 0.5ml/min) 32.8min, (-)-isomer; 34.8min, (+)-
isomer.
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