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Preface

Recent advances in oxidation chemistry
Oxidation reactions represent a fundamental class of organic
transformations and almost every natural product total
synthesis involves an oxidation step. As our living atmo-
sphere contains oxygen, oxidation reactions have been
involved in almost every cell. For example, the oxidation of
carbon-containing compounds is an important energy source
for most living organisms. No doubt, oxidation reactions are
essential to organic synthesis as well as life processes, and
great progress has been made in the last century on new
catalysts, methodologies, and mechanistic studies for oxida-
tion reactions. Nevertheless, the current methods available
for oxidation reactions are still far from ideal, in particular,
compared to Mother Nature, in terms of regioselectivity,
stereoselectivity, mildness of conditions, efficiency, and
environmental issues. It is high time for this Symposium-
in-Print to focus on the advances in oxidation reactions,
and to present the challenges and opportunities for future
research in oxidation reactions.

Since it is impossible for this Symposium-in-Print to cover all
the significant work done in the area, the following aspects of
the recent developments in oxidation reactions have been
highlighted instead: enantioselective epoxidation of olefins
catalyzed by chiral iminium salts (Page), ketones (Arm-
strong, Shing), lanthanide/H8-BINOL reagents (Shibasaki),
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.04.103
and chiral Mn(salen) catalysts immobilized on mesoporous
materials (Li); epoxidation of olefins using electrochemi-
cally generated hydrogen peroxide as the terminal oxidant
(Wong and Chan); alcohol oxidation catalyzed by laccases
(Sheldon) and gold nanoparticles (Corma and Garcia); man-
ganese dioxide-mediated tandem oxidation processes for
alcohols (Taylor); C–H bond oxidation catalyzed by trihy-
droxyisocyanuric acid (Ishii); asymmetric Baeyer–Villiger
oxidation catalyzed by chiral BINOL/aluminum reagents
(Bolm); and photooxidative cleavage of olefins (Turro).

From this selection of 13 contributions, we can see that
oxidation chemistry is an active and frontier research field,
with great opportunities to explore and significant chal-
lenges to meet.

Dan Yang
Department of Chemistry,

The University of Hong Kong,
Pokfulam Road,

Hong Kong,
PR China

E-mail address: yangdan@hku.hk

Available online 2 June 2006

mailto:yangdan@hku.hk
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Abstract—A range of substituted dihydroisoquinolinium salts has been tested in the catalytic asymmetric epoxidation of simple alkenes using
our newly developed non-aqueous conditions employing tetraphenylphosphonium monoperoxysulfate (TPPP) as oxidant, giving ees of up to
97%.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

In 1976, it was established that oxaziridinium salts are ex-
tremely reactive reagents for oxygen transfer to nucleophilic
substrates.1 Since then, there has been significant interest in
developing effective iminium salt catalysts for epoxidation
of olefins.2 The primary oxidant used is oxone and the reac-
tions are usually performed at 0 �C in the presence of a base.
In addition to an organic solvent, usually acetonitrile, water
is an essential cosolvent, required in order to provide suffi-
cient oxone solubility.

We have previously described our approach to new types of
cyclic chiral iminium salts, functionalised with chiral units
at the nitrogen atom.3 These enantiomerically pure iminium
salts have been successfully employed in the catalytic asym-
metric epoxidation of unfunctionalised alkenes, the dioxane-
derived catalysts 1–5 giving ees of up to ca. 60%,4 catalyst 6
giving ees of up to 97%,5 and catalyst 7 ees of up to 95%.6

The standard conditions employed by ourselves and others
in epoxidation reactions catalysed by iminium salts involve
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.10.084
the use of oxone as stoichiometric oxidant, a base (2 mol
equiv of Na2CO3 per equiv of oxone) and water/acetonitrile
as solvent mixture.

The principal limitation of this system is the restricted range
of temperatures at which the epoxidation can be performed
(ca. �5 �C to ambient). The upper temperature limit results
from the relatively fast decomposition of oxone in basic
media at room temperature. The lower limit is determined
by the requirement for an aqueous solution (the normal
ratio of solvents is (CH3CN/H2O; 1:1); aqueous acetonitrile
freezes at �8 �C. An additional drawback arising from the
dependency on oxone is the large quantity of inorganic salt
byproducts produced in the reaction.

We have recently described new reaction conditions for imi-
nium salt-catalysed epoxidation, which eliminate the use of
both water and base.7 This was achieved through the identi-
fication of an effective oxidant, tetraphenylphosphonium
monoperoxysulfate (TPPP), that is soluble in organic sol-
vents. When oxone is treated with tetraphenylphosphonium
chloride, TPPP is produced as a colourless solid (Eq. 1).
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TPPP has previously been used for the oxidation of man-
ganese(III) porphyrins.8

Ph4P+ Cl�+ Oxone ð2KHSO5:KHSO4:K2SO4Þ
/Ph4P+ ðHSO5Þ�

ð1Þ

We were pleased to find that the use of TPPP in place of
oxone induces efficient epoxidation in organic solvents in
the absence of water and furthermore that the presence of
base is now not required; indeed, addition of base actually
suppresses the epoxidation process. Use of this oxidant also
enables greater scope for reaction monitoring and analysis,
as water is no longer required. Reactions can be carried out
at low temperature, and, when carried out in deuteriated sol-
vent, monitored by NMR spectroscopy. We describe herein
the catalytic asymmetric epoxidation of several unfunction-
alised alkenes using catalysts 2–6 under the new anhydrous
conditions, employing (TPPP) as stoichiometric oxidant.
The catalysts were first tested in the asymmetric epoxidation
of 1-phenylcyclohexene at varying temperatures using TPPP
in dichloromethane (Table 1).

As the temperature is reduced there is an increase in enantio-
meric excess at the expense of rate of conversion to epoxide.
It is interesting that, while catalyst 1 gives the (�)-(1S,2S)
epoxide, when the catalyst contains a strongly electron-with-
drawing nitro or sulfone substituent (catalysts 2 and 6),

Table 1. Catalytic asymmetric epoxidation of 1-phenylcyclohexene using
TPPP in CH2Cl2

a

Entry Temp (�C) Catalystb Conversion (%)c ee (%)d Configuratione

1 0 1 100 16 (�)-(1S,2S)
2 2 100 25 (+)-(1R,2R)
3 3 72 16 (+)-(1R,2R)
4 4f — — —
5 6 100 33 (+)-(1R,2R)

6 �30 1 — — —
7 2 100 28 (+)-(1R,2R)
8 3 92 33 (+)-(1R,2R)
9 4f 76 25 (+)-(1R,2R)
10 6 100 36 (+)-(1R,2R)

11 �45 1 70 37g (�)-(1S,2S)
12 2 54 30 (+)-(1R,2R)
13 3 67 33 (+)-(1R,2R)
14 4f — — —
15 6 96 42 (+)-(1R,2R)

16 �78 1 15 23h (�)-(1S,2S)
17 2 0 — —
18 3 15 50h (�)-(1S,2S)
19 4f 13 29h (+)-(1R,2R)
20 6 — — —

a Epoxidation conditions: iminium salt (10 mol %), TPPP (2 equiv),
CH2Cl2, 4 h.

b Catalyst configuration (4S,5S) unless otherwise stated.
c Conversions were evaluated from the 1H NMR spectra by integration of

alkene and epoxide signals.
d Enantiomeric excesses were determined by 1H NMR spectroscopy in the

presence of (+)-Eu(hfc)3 (0.1 mol equiv).
e The absolute configurations of the major enantiomers were determined by

comparison of optical rotation with literature values.
f Catalyst configuration (4R,5R).
g Reaction carried out at �40 �C.
h Reaction time 8 h.
a change in the configuration of the enantiomer of epoxide
formed preferentially, to the (+)-(1R,2R) isomer, is observed
in every case.

The thiomethyl catalyst 3 also gives the (+)-(1R,2R) enantio-
mer of 1-phenylcyclohexene preferentially, but only be-
tween temperatures of 0 �C and �50 �C (Table 1, entries
3, 8, 12); at �78 �C the (�)-(1S,2S) enantiomer is preferen-
tially formed (Table 1, entry 18). We reason that this is due to
rapid oxidation of the sulfide to the sulfone at temperatures
above �78 �C, generating catalyst 6 in situ. Catalyst 4,
which contains an electron-donating methoxy substituent,
and has the opposite absolute stereochemistry to catalysts
1, 2, 3 and 6, produces the (+)-(1R,2R) epoxide enantiomer
preferentially, regardless of temperature. Catalyst 4 thus ex-
hibits the same facial selectivity as unsubstituted catalyst 1
(and catalyst 3 at low temperatures).

In the case of catalyst 3, to prove that the active catalyst at
temperatures above �78 �C was indeed the corresponding
sulfone 6, a standard epoxidation reaction was performed
in deuteriated dichloromethane solution and the reaction
mixture was subjected to 1H NMR spectroscopic analysis.
The chemical shift for the methyl group attached to sulfur
had shifted from d 2.42 to 3.03, confirming that the sulfide
had been oxidised to the sulfone, by comparison with
authentic catalyst 6. The sulfoxide intermediate was not
observed.

In order to determine the effects of solvent on the reaction,
several other solvents were screened using our three most
enantioselective catalysts 1, 4 and 6 (Table 2). TPPP was
found to be insoluble in carbon tetrachloride, ethyl acetate
and dimethoxyethane. In dimethylformamide, the TPPP
dissolved but no reaction occurred. TPPP is also soluble in
dichloroethane, however, and epoxidation reactions of

Table 2. Asymmetric epoxidation of 1-phenylcyclohexene using various
solventsa

Solvent Catalystb Time/h Conversion/%c ee/%d Configuratione

CH3CN 1 1.0 42 43f (�)-(1S,2S)
4g 0.2 30 44 (+)-(1R,2R)
6 2.5 89 45 (�)-(1S,2S)

CH2Cl2 1 4 70 37f (�)-(1S,2S)
4g 4 76 25 (+)-(1R,2R)
6 4 100 36 (+)-(1R,2R)

C2H4Cl2 1 24 29 24 (�)-(1S,2S)
4g 24 87 17 (+)-(1R,2R)
6 4 97 32 (+)-(1R,2R)

CHCl3 1 24 52 33 (�)-(1S,2S)
4g 24 73 11 (+)-(1R,2R)
6 12 100 48 (+)-(1R,2R)

a Epoxidation conditions: iminium salt (10 mol %), TPPP (2 equiv),
solvent, �30 �C.9 Catalyst configuration (4S,5S).

b Catalyst configuration (4S,5S) unless otherwise stated.
c Conversions were evaluated from the 1H NMR spectra by integration of

alkene and epoxide signals.
d Enantiomeric excesses were determined by 1H NMR spectroscopy in the

presence of (+)-Eu(hfc)3 (0.1 mol equiv).
e The absolute configurations of the major enantiomers were determined by

comparison of optical rotation with literature values.
f Reaction carried out at �40 �C.
g Catalyst configuration (4R,5R).



6609P. C. B. Page et al. / Tetrahedron 62 (2006) 6607–6613
1-phenylcyclohexene performed in this solvent gave almost
identical results to those obtained with dichloromethane for
catalysts 6 and 4. Curiously, catalyst 1 was far less reactive in
this medium and gave a reduced ee (24% compared to 37%).
When the reactions were repeated in chloroform, we
observed a dramatic decrease in ee for catalyst 4, while cat-
alyst 1 gave similar results to those obtained in dichloro-
methane (33% ee). Catalyst 6 in chloroform, however,
gave the best ee for 1-phenylcyclohexene (48% ee) that we
have observed with this series of iminium salt catalysts.
Interestingly, in acetonitrile at�30 �C we observed a similar
degree of enantioselectivity to that seen in the reaction car-
ried out in chloroform (48% ee, (+)-(1R,2R) enantiomer),
but producing the opposite (�)-(1S,2S)-enantiomer of phe-
nylcyclohexene oxide in 45% ee. The origins of these sol-
vent effects upon enantioselectivity remain unclear.
Using our most enantioselective catalyst 6, we next carried
out asymmetric epoxidations of several other unfunctional-
ised alkenes in acetonitrile and in chloroform solution at
a standard temperature of �40 �C, using 10 mol % catalyst
(Table 3). Remarkably, changing the reaction solvent was
found to switch the major enantiomer of epoxide generated
from all trans- and tri-substituted alkenes tested. Further,
trans-stilbene, usually a poor substrate with our catalysts
(less than 5% ee was observed under our original aqueous
conditions using the same catalyst and oxone), afforded
the (+)-(R,R) enantiomer of trans-stilbene oxide in 67% ee
when the reaction was carried out in chloroform solution,
but the (�)-(S,S) isomer, in 30% ee, when performed in
acetonitrile. With the exception of a-methylstilbene, it is
clear from Table 3 that chloroform is the solvent of choice
for catalyst 6 and the enantiomeric excesses are far better
Table 3. Catalytic asymmetric epoxidation of various alkenes using TPPP and catalyst 6a

Solvent Oxone/CH3CN/H2O CH3CN CHCl3

Alkene Yield (%)b ee (%)c Configurationd Yield (%)b ee (%)c Configurationd Yield (%)b ee (%)c Configurationd

Ph

100e 39 (�)-(1S,2S) 73 45 (�)-(1S,2S) 77 48 (+)-(1R,2R)

Ph

Ph

100e <5 (�)-(S,S) 13e 30 (�)-(S,S) 31 67 (+)-(R,R)

Ph

Ph

CH3
100e 32 (�)-(1S,2R) 42 48 (�)-(1S,2R) 35 2 (+)-(1R,2S)

Ph

Ph

Ph 100e 50 (+)-(S) 25 27 (+)-(S) 11e 63 (�)-(R)

Ph

100e 47 (�)-(1S,2R) 56 38 (�)-(1S,2R) 98 59 (+)-(1R,2S)

— — — 71 53 (+)-(1S,2R) 85 70 (+)-(1S,2R)

— — — — — — 83 61 (+)-(1S,2R)

61 45 (�)-(1S,2R) 80 56 (�)-(1S,2R) 89 82 (�)-(1S,2R)

O

O2N

— — — — — — 52 88 (�)-(1S,2S)

O

Cl

— — — — — — 76 93 (�)-(1S,2S)

O

NC
— — — 63 80 (�)-(1S,2S) 59 97 (�)-(1S,2S)

a Epoxidation conditions: iminium salt 6 (10 mol %), TPPP (2 equiv), �40 �C, 24 h.
b Isolated yields unless otherwise stated.
c Enantiomeric excesses were determined by 1H NMR spectroscopy in the presence of (+)-Eu(hfc)3 (0.1 mol equiv) or by chiral HPLC using a Chiracel OD

column.
d The absolute configurations of the major enantiomers were determined by comparison of optical rotation with literature values.
e Conversions, evaluated from the 1H NMR spectra by integration of alkene and epoxide signals.
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than those observed when employing TPPP in acetonitrile as
well as in the original aqueous conditions using oxone.

Good enantiomeric excesses were also observed for cis-a-
methyl styrene (70% ee) and dihydronaphthalene (82%
ee). The level of enantioselectivity observed here is remark-
able given that the corresponding reaction carried out under
our standard aqueous conditions with oxone afforded di-
hydronaphthalene oxide in only 45% ee. The enantiomeric
excess for the epoxidation of indene is somewhat lower
(61% ee), but is still much higher than other reported ees
for this epoxidation when mediated by oxaziridinium salts.4

Epoxidation of the non-aryl cis-hept-2-ene produced epox-
ide with quantitative conversion but with low ee. Electron-
deficient alkenes are also poor substrates.

Finally, we turned our attention to the epoxidation of benzo-
pyran substrates. We were delighted to observe excellent
enantioselectivities in the epoxidations of 6-nitro-, 6-chloro-
and 6-cyano-2,2-dimethylbenzopyrans, with ees up to an
unprecedented 97%.5 It is interesting to note here that,
in these cases, whichever solvent was employed, the same
enantiomer of epoxide was observed.

2. Conclusions

A range of iminium salt asymmetric epoxidation catalysts
has been tested under non-aqueous conditions at various
temperatures in a number of solvents; from these we have
identified catalyst 6 as one of the most enantioselective.
The reaction solvent has a profound effect on the epoxida-
tion of trans- and tri-substituted alkenes and in many cases
we are able to produce either enantiomer as the major prod-
uct by choice of acetonitrile or chloroform as solvent. In
terms of enantiomeric excesses, the optimum reaction tem-
perature appears to be �40 �C and chloroform the solvent
of choice. These conditions have provided enantiomeric
excesses of up to 97%, in the epoxidation of 6-cyano-2,2-
dimethylbenzopyran.

3. Experimental

3.1. General

All infrared spectra were obtained using a Perkin–Elmer
Paragon 1000 FTIR spectrophotometer; thin film spectra
were acquired using sodium chloride plates. All 1H and
13C NMR spectra were measured at 250.13 and
62.86 MHz with a Bruker AC 250 MHz spectrometer or at
400.13 and 100.62 MHz with a Bruker DPX 400 MHz spec-
trometer, in deuteriochloroform solution unless otherwise
stated, using TMS (tetramethylsilane) as the internal refer-
ence. Mass spectra were recorded using a Jeol-SX102 instru-
ment utilising electron-impact (EI), fast atom bombardment
(FAB) and by the EPSRC national mass spectrometry ser-
vice at the University of Wales, Swansea, utilising electro-
spray (ES). Analysis by GC–MS utilised a Fisons GC
8000 series (AS 800), using a 15 m�0.25 mm DB-5 column
and an electron-impact low resolution mass spectrometer.
Melting points were recorded using an Electrothermal-IA
9100 melting point instrument and are uncorrected.
Optical rotation values were measured with an Optical
Activity-polAAar 2001 instrument, operating at l¼
589 nm, corresponding to the sodium D line, at the tem-
peratures indicated. Microanalyses were performed on
a Perkin–Elmer Elemental Analyser 2400 CHN. All chro-
matographic manipulations used silica gel as the adsorbent.
Reactions were monitored using thin layer chromatography
(TLC) on aluminium-backed plates coated with Merck
Kieselgel 60 F254 silica gel. TLC plates were visualised by
UV radiation at a wavelength of 254 nm, or stained by expo-
sure to an ethanolic solution of phosphomolybdic acid (acid-
ified with concentrated sulfuric acid), followed by charring
where appropriate. Reactions requiring anhydrous condi-
tions were carried out using glassware dried overnight at
150 �C, under a nitrogen atmosphere unless otherwise
stated. Reaction solvents were used as obtained commer-
cially unless otherwise stated. Light petroleum (bp 40–
60 �C) was distilled from calcium chloride prior to use.
Ethyl acetate was distilled over calcium sulfate or chloride.
Dichloromethane was distilled over calcium hydride.
Tetrahydrofuran was distilled under a nitrogen atmosphere
from the sodium/benzophenone ketyl radical or from lithium
aluminium hydride. Enantiomeric excesses were determined
either by proton nuclear magnetic resonance spectroscopy in
the presence of europium (III) tris[3-(hepta-fluoropropyl-
hydroxymethylene)-(+)-camphorate] as the chiral shift
reagent, or by chiral HPLC using a Chiracel OD column
on a TSP Thermo-Separating-Products Spectra Series P200
instrument, with a TSP Spectra Series UV100 ultraviolet ab-
sorption detector set at 254 nm and a Chromojet integrator.

3.2. General procedure for the preparation of di-
hydroisoquinolinium salts from 2-(2-bromoethyl)-
benzaldehyde and primary amines

2-(2-Bromoethyl)benzaldehyde (1.60 equiv, 1.10 if freshly
distilled) was cooled using an ice bath and a solution of
the amine in ethanol (10 ml per g of amine) was added drop-
wise. After the addition was complete, the ice bath was re-
moved and the reaction mixture was stoppered to retain
HBr and stirred overnight. A solution of sodium tetraphenyl-
borate or other anion-exchanging salt (1.10 equiv) in the
minimum amount of acetonitrile was added in one portion
to the reaction mixture. After stirring for 5 min, the organic
solvents were removed under reduced pressure. Ethanol was
added to the residue, followed by water. The resulting pre-
cipitate was collected by filtration and washed with addi-
tional ethanol followed by diethyl ether. If no solid was
materialised after the addition of the water, the mixture
was allowed to settle and the ethanol/water phase was dec-
anted. The gummy residue was triturated in hot ethanol or
methanol, inducing precipitation of the organic salt immedi-
ately or upon slow cooling of the hot alcoholic solution.
Small quantities of acetonitrile may be added during this
process to aid solubility.

3.2.1. (+)-N-((4S,5S)-2,2-Dimethyl-4-phenyl-1,3-dioxan-
5-yl)-3,4-dihydroisoquinolinium tetraphenylborate (1).4

Prepared according to the general procedure from (4S,5S)-5-
amino-2,2-dimethyl-4-phenyl-1,3-dioxane (3.00 g, 14.4
mmol) and purified by recrystallisation from acetone/diethyl
ether to give 1 as a yellow solid (6.93 g, 75%), mp 169–
170 �C; [a]D

20 +38.6 (c 2.70, CH3CN); nmax(Nujol)/cm�1

1637, 1603, 1571, 1480, 1266, 1202, 1166, 1108, 1073; dH
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(250 MHz, CD3CN), 1.65 (3H, s), 1.94 (3H, s), 2.39–2.48
(1H, m), 2.70–2.82 (1H, m), 3.25–3.40 (1H, m), 3.81–3.97
(1H, m), 4.00–4.10 (1H, m), 4.30 (1H, d, J 13.7 Hz), 4.58
(1H, dd, J 13.7, 3.1 Hz), 5.70 (1H, d, J 2.8 Hz), 6.81 (4H,
t, J 7.2 Hz), 7.35–7.40 (6H, m), 7.46 (1H, t, J 7.3 Hz),
7.65–7.74 (2H, m), 8.92 (1H, s); dC (62.50 MHz, CD3CN)
17.9, 24.1, 28.7, 51.6, 61.4, 65.5, 70.7, 104.9, 121.9,
124.3, 125.4, 125.7, 128.1, 128.5, 128.6, 128.0, 134.4,
135.8, 137.0, 137.7, 138.7, 163.5, 167.5; m/z 322.1809;
C21H24NO2 (cation) requires 322.1807.

3.2.2. (+)-N-((4S,5S)-2,2-Dimethyl-4-(4-nitrophenyl)-
1,3-dioxan-5-yl)-3,4-dihydroisoquinolinium tetraphenyl-
borate (2).4 Prepared according to the general procedure
from (+)-(4S,5S)-5-amino-2,2-dimethyl-4-(4-nitrophenyl)-
1,3-dioxane (0.19 g, 0.8 mmol) and purified by recrystallisa-
tion from CH2Cl2/hexane to give 2 as yellow plates (0.36 g,
74%); mp 176–178 �C (dec); [a]D

20 +107.7 (c 1.30, acetone).
Found C, 77.73; H, 6.23; N, 4.00. C45H43BN2O4$0.5H2O re-
quires C, 77.66; H, 6.38; N, 4.03; nmax(film)/cm�1 1635,
1604, 1571, 1524, 1478, 1384, 1202, 1163, 1107, 1032; dH

(400 MHz, acetone-d6), 1.72 (3H, s, CH3), 1.76 (3H, s),
2.70–2.80 (1H, m), 2.88–2.96 (1H, m), 3.65–3.74 (1H, m),
4.19–4.23 (1H, m), 4.54 (1H, d, J 13.6 Hz), 4.61–4.70 (1H,
m), 4.82 (1H, dd, J 13.6, 2.8 Hz), 6.11 (1H, d, J 2.4 Hz),
6.80 (4H, t, J 6.8 Hz), 6.94 (8H, t, J 7.2 Hz), 7.36 (8 H, m),
7.51 (1H, t, J 7.6 Hz), 7.59–7.88 (3H, m), 7.85 (2H, d,
J 8.4 Hz), 7.95 (2H, d, J 8.8 Hz), 9.28 (1H, s); dC (100 MHz,
acetone-d6), 19.2, 25.9, 30.0, 52.8, 63.4, 66.4, 71.9, 102.2,
122.7, 125.3, 125.8, 126.4, 128.3, 129.7, 129.8, 135.9,
137.4, 138.4, 140.1, 145.0, 149.0, 165.0, 169.5; m/z
367.1658; C21H23N2O4 (cation) requires 367.1658.

3.2.3. (+)-N-((4S,5S)-2,2-Dimethyl-4-(4-(methylthio)-
phenyl)-1,3-dioxan-5-yl)-3,4-dihydroisoquinolinium tetra-
phenylborate (3).4 Prepared according to the general
procedure from (4S,5S)-5-amino-2,2-dimethyl-4-(4-(methyl-
thio)phenyl)-1,3-dioxane (0.50 g, 2.0 mmol) and purified by
recrystallisation from CH2Cl2/hexane to give 3 as yellow
plates (1.00 g, 73%); mp 146–148 �C (dec); [a]D

20 +115.9
(c 1.41, acetone). Found C, 79.05; H, 6.59; N, 1.93.
C46H46BNO2S$0.5H2O requires C, 79.27; H, 6.66; N, 2.01;
nmax(film)/cm�1 3053, 2996, 2360, 2341, 1634, 1603, 1571,
1478, 1265, 1201, 1162, 1108, 1075; dH (250 MHz, ace-
tone-d6) 1.66 (3H, s), 1.72 (3H, s), 2.42 (3H, s), 2.66–2.84
(1H, m), 2.90–3.03 (1H, m), 3.62–3.74 (1H, m), 4.13–4.26
(1H, m), 4.50–4.55 (2H, m), 4.78 (1H, dd, J 13.8, 3.1 Hz),
5.91 (1H, d, J 2.6 Hz), 6.78 (4H, t, J 7.2 Hz), 6.92 (8H, t,
J 7.40 Hz), 7.34 (8H, m), 7.40–7.56 (6H, m), 7.76–7.87
(2H, m), 9.30 (1H, s); dC (100 MHz, acetone-d6) 15.4,
18.8, 25.4, 30.0, 52.3, 62.7, 66.5, 71.5, 101.4, 122.3,
125.3, 126.1, 126.9, 127.4, 129.2, 129.3, 133.9, 135.2,
137.0, 137.8, 139.5, 140.5, 165.0, 168.5; m/z 368.1682;
C22H26NO2S (cation) requires 368.1684.

3.2.4. (L)-N-((4R,5R)-2,2-Dimethyl-4-(4-methoxy-
phenyl)-1,3-dioxan-5-yl)-3,4-dihydroisoquinolinium
tetraphenylborate (4).4 Prepared according to the general
procedure from (�)-(4R,5R)-5-amino-2,2-dimethyl-4-(4-
methoxyphenyl)-1,3-dioxane (0.40 g, 1.7 mmol) and puri-
fied by recrystallisation from CH2Cl2/hexane to give 4 as
yellow plates (0.83 g, 74%); mp 171–173 �C (dec); [a]D

20

�108.6 (c 1.40, acetone). Found C, 77.70; H, 6.50; N,
1.88. C46H46BNO3$0.5Et2O requires C, 77.92; H, 6.54; N,
1.98; nmax(film)/cm�1 1639, 1604, 1573, 1514, 1382,
1254, 1202, 1107, 1031; dH (400 MHz, CDCl3) 1.51 (3H,
s), 1.52 (3H, s), 2.20–2.25 (1H, m), 2.31–2.35 (1H, m),
2.85–2.90 (1H, m), 3.00–3.10 (1H, m), 2.96–3.07 (1H, m),
3.56 (1H, d, J 14.4 Hz), 3.72 (3H, s), 3.90 (1H, dd, J 14.0,
2.8 Hz), 5.11 (1H, d, J 2.4 Hz), 6.79 (2H, d, J 2.0 Hz),
6.87 (4H, t, J 7.2 Hz), 7.02 (8H, t, J 7.6 Hz), 7.23–7.24
(2H, m) 7.24–7.31 (1H, m), 7.41–7.57 (8H, m), 7.60–7.69
(1H, m), 8.25 (1H, s); dC (100 MHz, CDCl3) 18.4, 24.6,
29.4, 50.5, 55.4, 61.9, 64.9, 70.5, 100.4, 114.4, 122.2,
123.7, 125.9, 127.3, 127.9, 128.7, 129.5, 134.0, 134.7,
136.2, 138.8, 159.8, 163.8, 169.5; m/z 352.1915;
C22H26NO3 (cation) requires 352.1913.

3.2.5. (+)-N-((4S,5S)-2,2-Dimethyl-4-(4-(methylsulfonyl)-
phenyl)-1,3-dioxan-5-yl)-3,4-dihydroisoquinolinium
tetraphenylborate (6).5 Prepared according to the general
procedure from (4S,5S)-5-amino-2,2-dimethyl-4-(4-(methyl-
sulfonyl)phenyl)-1,3-dioxane (0.75 g, 2.96 mmol) and pu-
rified by recrystallisation from CH2Cl2/hexane to give 6 as
yellow plates (1.55 g, 73%); mp 199–201 �C (dec); [a]D

20

+126.7 (c 1.20, acetone). Found C, 75.62; H, 6.32; N, 1.84.
C46H46BNO4S$0.5H2O requires C, 75.79; H, 6.50; N, 1.92;
nmax(film)/cm�1 1636, 1603, 1572, 1478, 1383, 1314,
1266, 1202, 1150, 1076, 1032, 956; dH (400 MHz, acetone-
d6), 1.69 (3H, s), 1.72 (3H, s), 2.60–2.69 (1H, m), 2.85–2.96
(1H, m), 3.00 (3H, s), 3.65–3.72 (1H, m), 4.12–4.20
(1H, m), 4.49 (1H, d, J 13.6 Hz), 4.50–4.64 (1H, m), 4.77
(1H, dd, J 13.6, 2.8 Hz), 6.05 (1H, d, J 2.8 Hz), 6.80 (4H, t,
J 7.2 Hz), 6.92 (8H, t, J 7.2 Hz), 7.31–7.44 (8H, m), 7.49
(1H, t, J 7.6 Hz), 7.73–7.83 (3H, m), 7.82 (2H, d, J 8.2 Hz),
7.95 (2, d, J 8.2 Hz), 9.28 (1H, s); dC (100 MHz, acetone-
d6), 18.8, 25.4, 29.5, 44.3, 52.3, 62.9, 66.1, 71.5, 101.7,
122.3, 125.3, 126.1, 127.6, 128.8, 129.3, 129.4, 135.4,
137.0, 137.0, 137.9, 142.4, 143.2, 165.0, 168.9; m/z
400.1586; C22H26NO4S (cation) requires 400.1583.

3.2.6. Tetraphenylphosphonium monoperoxysulfate.
Oxone� triple salt (2KHSO5:KHSO4:K2SO4) (15.0 g,
48.8 mmol with respect to KHSO5) was dissolved in deion-
ised water (300 ml) and the solution was stirred at 10–15 �C
(water bath). A solution of tetraphenylphosphonium chlo-
ride (15.0 g, 40.0 mmol) in distilled dichloromethane
(300 ml) was added over 5 min and the mixture stirred for
an additional 30 min. The organic layer was separated and
the solvent was removed under reduced pressure at room
temperature. The colourless residue, the crude salt, was
transferred to a fritted glass funnel and washed with distilled
water (2�75 ml). The solid was dissolved in dichloro-
methane (180 ml) and the solution was dried (MgSO4).
Hexane was added until cloudiness developed and the flask
was placed in the freezer (�20 �C) overnight, producing a
colourless precipitate of the salt about 85% pure in peroxide
(15.4 g, 70%). dH (250 MHz, CDCl3) 7.62–7.65 (8H, m),
7.76–7.81 (8H, m), 7.88–7.92 (4H, m), 8.92 (1H, s).

3.3. General procedure for catalytic asymmetric epoxi-
dation of simple alkenes mediated by iminium salts
using tetraphenylphosphonium monoperoxysulfate

Tetraphenylphosphonium monoperoxysulfate (2 equiv with
respect to the alkene) was dissolved in the desired solvent
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(2 ml per 0.1 g oxidant) and the solution cooled to the re-
quired temperature. To this was added the iminium salt as
a solution in the solvent (0.5 ml per 0.1 g oxidant). This imi-
nium salt solution was cooled to the same temperature as the
solution containing the oxidant and added dropwise to it over
15–20 min; the temperature of the reaction vessel was moni-
tored to minimise increase in temperature during the addition.
A solution of the alkene in the reaction solvent (0.5 ml per
0.1 g oxidant) was added dropwise. The mixture was stirred
at the reaction temperature until the alkene was completely
consumed according to TLC. Diethyl ether (pre-cooled to
the reaction temperature) (20 ml per 0.1 g oxidant) was added
to induce precipitation of the remaining oxidant and the
mixture filtered through Celite. The solvents were removed,
diethyl ether (40 ml) was added to the residue and the
solution was passed through a short pad of silica gel to re-
move catalyst residues. The solvents were removed to give
the epoxide. If the reaction does not reach completion then
the epoxide can be separated from the alkene by column chro-
matography, eluting with ethyl acetate/light petroleum 1:99.

3.4. General procedure for the catalytic asymmetric
epoxidation of alkenes mediated by iminium salts using
oxone

Oxone (2 equiv with respect to alkene) was added with stir-
ring to an ice-cooled solution of sodium carbonate (4 equiv)
in water (12 ml per 1.50 g of sodium carbonate) and the
resulting foaming solution was stirred for 5–10 min, until
most of the initial effervescence subsided. A solution of the
iminium salt (10 mol % with respect to alkene) in acetonitrile
(6 ml per 1.50 g of sodium carbonate used) was added, fol-
lowed by a solution of the alkene in acetonitrile (6 ml per
1.50 g of sodium carbonate used). The suspension was stirred
with ice bath cooling until the substrate was completely con-
sumed according to TLC. The reaction mixture was diluted
with ice-cooled diethyl ether (20 ml per 100 mg substrate)
and the same volume of water was added immediately. The
aqueous phase was washed four times with diethyl ether
and the combined organic solutions washed with brine and
dried (MgSO4). Filtration and removal of the solvents gave
a yellow or light brown residue, which was purified by
column chromatography, typically using ethyl acetate/light
petroleum (1:99), to provide the pure epoxide.

3.5. General procedure for the formation of racemic
epoxides

The alkene was dissolved in CH2Cl2 (10 ml/g) and the solu-
tion cooled using an ice bath. A solution of m-CPBA
(2 equiv) in CH2Cl2 (10 ml/g, pre-dried over MgSO4) was
added. The reaction was allowed to reach ambient tem-
perature and stirred until complete consumption of the sub-
strate was observed by TLC. Saturated aqueous NaHCO3

(10 ml/g) was added and the layers were separated. The
organic layer was washed with saturated aqueous NaOH
(1.0 M, 10 ml/g) and dried (MgSO4). The solvents were
removed under reduced pressure and the residue purified
by column chromatography, typically eluting with ethyl
acetate/light petroleum (1:99), to give the pure epoxide.

3.5.1. trans-a-Methylstilbene oxide.9 Colourless oil;
nmax(neat)/cm�1 3061, 1602, 1495, 1449, 1381, 1279, 1157,
1118, 1065, 1027, 980; dH (400 MHz, CDCl3) 1.46 (3H, s),
3.96 (1H, s), 7.30–7.46 (10H, m); dC (100 MHz, CDCl3)
17.1, 63.5, 67.5, 125.6, 126.9, 127.7, 127.9, 128.6, 129.2,
136.4, 142.8.

3.5.2. Triphenylethylene oxide.10 Colourless oil, which
slowly solidified; mp 66–67 �C, (lit. mp 75 �C); nmax(neat)/
cm�1 3062, 3030, 2957, 2925, 2856, 1605, 1596, 1499,
1471, 1448, 1262, 1221, 741, 698, 621; dH (250 MHz,
CDCl3) 4.39–4.41 (1H, m), 7.10–7.47 (15H, m); dC

(62.5 MHz, CDCl3) 68.0, 68.3, 126.3, 126.8, 127.5, 127.6,
127.7, 127.8, 128.0, 128.2, 128.6, 135.4, 135.9, 141.1.

3.5.3. 1-Phenylcyclohexene oxide.11 Colourless oil;
nmax(neat)/cm�1 3084, 1602, 1495, 1446, 1359, 1249,
1173, 1132, 1079, 1030, 993, 974; dH (250 MHz, CDCl3)
1.22–1.35 (1H, m), 1.53–1.64 (3H m), 1.99–2.06 (2H, m)
2.16–2.18 (1H, m), 2.26–2.32 (1H, m), 3.10 (1H, t,
J 2.0 Hz), 7.28–7.44 (5 H, m); dC (62.5 MHz, CDCl3)
19.8, 20.1, 24.7, 28.2, 60.1, 61.8, 125.3, 127.1, 128.2, 142.8.

3.5.4. 1-Phenyl-3,4-dihydronaphthalene oxide.11 Pale
yellow solid; mp 104–106 �C, (lit.12 mp 94–97 �C);
nmax(Nujol)/cm�1 1602, 1486, 1307, 1155, 1074, 1042,
953; dH (250 MHz, CDCl3) 2.10 (1H, td, J 5.8, 13.7 Hz),
2.49–2.60 (1H, m), 2.77 (1H, dd, J 5.6, 15.5 Hz), 2.98–
3.06 (1H, m), 3.71 (1H, d, J 3.1 Hz), 7.11–7.31 (4H, m),
7.45–7.61 (5H, m); dC (62.5 MHz, CDCl3) 22.1, 25.4,
60.9, 63.0, 126.0, 127.7, 127.9, 128.1, 128.2, 128.6, 129.8,
135.0, 137.5, 138.8.

3.5.5. trans-Stilbene oxide.13 Colourless solid; mp 66–
67 �C, (lit.14 mp 61–63 �C); nmax(Nujol)/cm�1 1601, 1492,
1284, 1176, 1157, 1094, 1072, 1025; dH (400 MHz,
CDCl3) 3.84 (2H, s), 7.28—7.37 (10H m); dC (100 MHz,
CDCl3) 63.3, 126.0, 128.6, 129.3, 137.6.

3.5.6. Indene oxide.9 Colourless oil; nmax(neat)/cm�1 3027,
2917, 1482, 1464, 1390, 1372, 1232, 1183, 1142, 829, 758,
745, 723; dH (250 MHz, CDCl3) 2.97 (1H, dd, J 2.7,
18.1 Hz), 3.21 (1H, d, J 17.6 Hz), 4.13 (1H, t, J 3.0 Hz),
4.26 (1H, dd, J 1.1, 2.8 Hz), 7.14–7.29 (3H, m), 7.49 (1H,
dd, J 1.7, 6.6 Hz); dC (100 MHz, CDCl3) 34.6, 57.6, 59.1,
125.2, 126.1, 126.3, 128.6, 141.0, 143.6.

3.5.7. 1,2-Dihydronaphthylene oxide.13 Colourless oil;
nmax(neat)/cm�1 3059, 3028, 2930, 2850, 1602, 1493,
1316, 1129, 1088, 1030, 964; dH (400 MHz, CDCl3) 1.60–
1.70 (1H, m), 2.31–2.39 (1H, m), 2.45 (1H, dd, J 15.6
5.6 Hz), 2.65–2.70 (1H, m), 3.65 (1H, t, J 4.0 Hz), 3.78
(1H, d, J 4.4 Hz), 7.01 (1H, d, J 7.2 Hz), 7.14–7.23 (2H,
m), 7.33 (1H, d, J 7.2 Hz); dC (100 MHz, CDCl3) 22.2,
24.8, 55.2, 55.5, 126.5, 128.8, 128.8, 129.9, 132.9, 137.1.

3.5.8. cis-b-Methylstyrene oxide.13 Colourless oil;
nmax(neat)/cm�1 3061, 2994, 1604, 1496, 1450, 1258,
1149, 953, 853, 742, 700, 619; dH (250 MHz, CDCl3)
1.12, (3H, d, J 5.4 Hz), 3.32–3.40 (1H, m), 4.08 (1H, d,
J 4.3 Hz), 7.24–7.39 (5H, m); dC (62.5 MHz, CDCl3) 12.8,
55.4, 57.8, 126.9, 127.7, 128.3, 135.8.

3.5.9. cis-2,3-Epoxyheptene.15 Colourless oil, 68% yield;
nmax(neat)/cm�1 2959, 2930, 2874, 1390, 1259, 1218,
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1151, 1114, 1032, 752; dH (400 MHz, CDCl3) 0.93 (3H, t,
J 8.0 Hz), 1.20 (3H, d, J 4.0 Hz), 1.32–1.50 (6H, m), 2.86–
2.91 (1H, m), 2.99–3.06 (1H, m); dC (100 MHz, CDCl3)
12.2, 13.0, 21.6, 26.2, 27.6, 51.6, 56.1.

3.5.10. 6-Cyanobenzopyran oxide.16 Colourless oil, which
solidified; nmax(film)/cm�1 3089, 3038, 2979, 2934, 2226,
1615, 1579, 1490, 1346, 1279, 1157, 1107, 1046, 955; dH

(400 MHz, CDCl3) 1.22 (3H, s), 1.52 (3H, s), 3.47 (1H, d,
J 4.4 Hz), 3.86 (1H, d, J 4.4 Hz), 6.79 (1H, d, J 8.4 Hz),
7.45 (1H, dd, J 2.0, 8.4 Hz), 7.58 (1H, d, J 2.4 Hz); dC

(100 MHz, CDCl3) 23.4, 25.9, 50.3, 62.7, 75.1, 104.7,
119.0, 119.2, 121.5, 134.2, 134.8, 156.87.

3.5.11. 6-Nitrobenzopyran oxide.16 Colourless oil, which
solidified; nmax(film)/cm�13075, 2926, 2850, 1621, 1590,
1518, 1344, 1281, 1209, 1160, 1088, 955; dH (400 MHz,
CDCl3) 1.33 (3H, s), 1.63 (3H, s), 3.57 (1H, dd, J 4.4 Hz),
4.00 (1H, d, J 4.4 Hz), 6.89 (1H, d, J 9.0 Hz), 8.15 (1H,
dd, J 2.8, 9.0 Hz), 8.30 (1H, d, J 2.8 Hz); dC (100 MHz,
CDCl3) 23.1, 25.5, 50.0, 62.1, 75.2, 118.5, 120.3, 125.8,
126.3, 141.5, 158.3.

3.5.12. 6-Chlorobenzopyran oxide.16 Colourless oil:
nmax(film)/cm�13080, 2985, 2933, 1611, 1579, 1478, 1366,
1339, 1268, 1237, 1202, 1168, 1103, 1087, 1036, 954;
dH (400 MHz, CDCl3) 1.17 (3H, s), 1.50 (3H, s), 3.41
(1H, dd, J 4.4 Hz), 3.77 (1H, d, J 4.4 Hz), 6.67 (1H, d,
J 8.6 Hz), 7.11 (1H, dd, J 2.6, 8.6 Hz), 7.24 (1H, d,
J 2.6 Hz); dC (100 MHz, CDCl3) 22.5, 25.6, 50.4, 62.6,
73.4, 119.4, 121.6, 125.7, 129.2, 130.2, 151.2.
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Abstract—A series of 2-fluoro-8-oxabicyclo[3.2.1]octan-3-ones are prepared and tested as catalysts for alkene epoxidation with Oxone�.
These catalysts provide trans-stilbene oxide with up to 83% ee, but the highest ee value is obtained with the monofluorinated ketone
2: both 2,2- and 2,4-disubstituted catalysts afford epoxide of lower ee.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Catalytic asymmetric epoxidation of alkenes is an excep-
tionally valuable synthetic transformation.1 The develop-
ment of efficient methods for asymmetric epoxidation of
simple, ‘unfunctionalised’ alkenes is a particular challenge,
and some of the most spectacular progress in recent years
has come from the use of small organic molecules to pro-
mote oxygen transfer by Oxone�.2 While iminium salts
are starting to provide promising levels of enantioselectiv-
ity,3 chiral dioxiranes derived from chiral ketones have
already given excellent results for trans- and trisubstituted
alkenes.4–7 An especially noteworthy feature of these di-
oxirane systems is that they have allowed greatly improved
understanding of the mechanisms of asymmetric induction
through synthetic and computational studies.8 A further
understanding of dioxirane–substrate interactions is espe-
cially important for further progress with the challenging
terminal alkene class: despite highly encouraging results
with styrenes,9 these substrates generally still do not reach
practical levels of enantioselectivity. In our own contribu-
tions to the chiral dioxirane area, we have reported that the
bicyclo[3.2.1]octanone system provides a conformationally
well-defined framework, which is relatively resistant to
Baeyer–Villiger decomposition. The prototype fluoroketone
1 afforded E-stilbene oxide with 76% ee at 10 mol % catalyst
loading, and, due to its stability, could be recycled.10,11 This
feature allowed preparation of a silica-supported variant.12

In exploring the effects of structural modifications, we dis-
covered the more enantioselective oxabicyclic ester 3.13,14

For both catalysts, the major observed enantiomer in the
epoxidation of E-alkenes fits a spiro-TS (cf. Fig. 1) in which

Keywords: Epoxidation; Asymmetric; Ketone; Dioxirane.
* Corresponding author. Tel.: +44 20 75945876; fax: +44 20 75945804;

e-mail: a.armstrong@imperial.ac.uk
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.12.073
an olefinic hydrogen substituent sits in the catalyst region
occupied by the axial a-substituent. Computational studies15

on fluorinated cyclohexanone dioxiranes suggest that the
axial a heteroatom in catalysts such as 1–3 serve to make
the equatorial dioxirane oxygen more reactive than the axial
one; in line with this idea, we recently reported16 that mono-
cyclic ketones 4, lacking the steric effect of the two-carbon
bridge in the bicyclic systems, afford only slightly lowered
enantioselectivities.

All of the catalysts we have reported to date have a single
substituent a to the ketone carbonyl group. In this paper,
we report the first studies of the effect of two electronegative
substituents, with the successful synthesis and testing of
catalysts of general structure 5 and 6.17

2. Results and discussion

2.1. Ketone synthesis

Our first synthetic targets were ketones of type 5 with an
equatorial a0-substituent in addition to the usual axial
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a-group. We reasoned that the ‘pseudo-C2-symmetry’ of this
catalyst class would mean that any approach of the alkene to
the endo-oxygen of the dioxirane intermediate, would be
expected on simple steric expectations to lead to formation
of the same product enantiomer as attack on the exo-oxygen.
Since reaction of enolate derivatives of these bicyclic ketones
with electrophiles generally proceeds on the exo-face, we
introduced the required endo-substituent by starting our syn-
thesis with the diastereoselective furan [4+3]-cycloaddition
process of Hoffmann,18 which provides separable diastereo-
mers 7 and 8 (Scheme 1). The major isomer 7 was converted
to the corresponding triethylsilyl enol ether, electrophilic
fluorination of which with Selectfluor� (1-chloro-
methyl-4-fluoro-1,4-diazoniabicyclo[2.2.2]octane bis-(tet-
rafluoroborate)) provided 9. Simultaneous removal of the
a-methylbenzyl auxiliary and acetylation, followed by
hydrogenation of the alkene, afforded the desired a,a0-di-
substituted catalyst 11 (Scheme 1). The axial orientation of
the fluorine substituent, expected based on the strong prece-
dent for electrophilic attack on the less hindered, exo-face of
the intermediate silyl enol ether, was confirmed by the
analysis of 1H NMR coupling constants. In particular,
the hydrogen a to fluorine displayed a 2.1 Hz coupling to
the bridgehead proton. Additionally the proton a to the
acetoxy group exhibited a 5.5 Hz coupling to the fluorine,
consistent with the expected 1,3-diaxial relationship be-
tween these two atoms.
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Scheme 1. Reagents and conditions: (a) LDA, Et3SiCl, THF,�78 �C (96%);
(b) 1-chloromethyl-4-fluoro-1,4-diazoniabicyclo[2.2.2]octane bis-(tetra-
fluoroborate) (Selectfluor�), CH3CN, rt (45%); (c) CH3COCl (3 equiv),
FeCl3 (3 equiv), rt, 15 s (72%); (d) H2, Pd/C, EtOH (100%).

We next targeted the 2,2-disubstituted catalyst series 6.
Initial attempts to prepare catalysts of this type by further
functionalisation of 7 were thwarted by difficulties in effect-
ing enolisation on the side of the ketone bearing the oxygen
substituent. We therefore reverted to our earlier strategy in
which desymmetrisation of the parent ketone 12 with chiral
base 1319 was followed by reaction with Mander’s reagent to
afford the b-ketoester 14 in 76% yield as a mixture of dia-
stereomers and keto-enol tautomers, which underwent
electrophilic fluorination with Selecfluor� in the absence
of added base, leading to 15 (Scheme 2). Chiral GC analysis
indicated 98.5% de and 80% ee for 15.
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Scheme 2. Reagents and conditions: (a) 13, THF, �78 �C, DMPU then
NCCO2Et (76%); (b) 1-chloromethyl-4-fluoro-1,4-diazoniabicyclo[2.2.2]-
octane bis-(tetrafluoroborate) (Selectfluor�), CH3CN, rt (54%).
The synthesis of further interesting 2,2-disubstituted deriva-
tives was planned by conversion of the ester group present
in compound 15 to the alcohol oxidation level, which would
allow preparation of a wide range of diverse ester deriva-
tives. Thus, a straightforward sequence (Scheme 3) of
LiAlH4 reduction, selective esterification of the primary
alcohol and TPAP oxidation20 allowed access to acetate
17a and benzoate 17b, the latter being prepared in order to
probe for aromatic–aromatic interactions between catalyst
and substrate. The ee of these two ketones was determined
by chiral GC and was found to be 80%.

O

O

F
O

O

R

17a R=CH3
17b R=Ph

(a)
15

O F
OH

OH
16

(b), (c)

Scheme 3. Reagents and conditions: (a) LiAlH4, THF (70%); (b) Ac2O,
pyridine (51%) or PhCOCl, Et3N, CH2Cl2 (60%); (c) TPAP, NMO,
CH2Cl2 (87% for 17a, 100% for 17b).

2.2. Epoxidation results

The results using ketones 2, 11, 15, 17a and 17b as catalysts
for alkene epoxidation with Oxone� are shown in Table 1.
Where the catalysts were not enantiomerically pure, the
observed epoxide enantiomeric excess has been converted
to eemax, the ee expected assuming a linear relationship

Table 1. Ketone-catalysed Oxone� epoxidation of alkenesa

O

O

OAc

F
O

O

CO2Et

F O

O

F
O

O

R

O

O

2 17a R=CH3
17b R=Ph

11 15

F

Entry Ketone Alkene Conversionb (%) ee (%)c

1d 2 E-Stilbene 100 83 (R,R)
2e 11 — 100 64 (S,S)
3 15 — 92 77 (R,R)
4 17a — 84 68 (R,R)
5 17b — 80 63 (R,R)
6e 11 Styrene 100 2 (S)
7f 15 — 100 14 (R)
8 17a — 100 29 (R)
9 17b — 79 25 (R)
10e 11 a-Methylstyrene 100 8 (S)
11f 15 — 100 8 (S)
12 17a — 61 2 (S)
13 17b — 100 3 (S)

a Reaction conditions: alkene (1 equiv), ketone (20 mol %), Oxone�

(10 equiv of KHSO5), NaHCO3 (15.5 equiv), CH3CN/aq Na2EDTA
(0.4 mmol/dm3 solution) (3:2, 25 mL/mmol), 24 h, rt.

b Estimated by integration of the 1H NMR spectrum of the crude reaction
mixture.

c Measured by chiral HPLC or GC (see Section 4). Catalyst 2 was of 76%
ee; catalysts 15, 17a and 17b were of 80% ee. For these catalysts, the
quoted ee is eemax¼100�epoxide ee/ketone ee.

d Taken from Ref. 13.
e 10 mol % ketone employed.
f 100 mol % ketone employed.
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between catalyst ee and product ee, which we have shown to
be the case for 1 and 3.14,21 Since we have found in the past
that performance in the epoxidation of E-stilbene is a good
general indicator of catalyst selectivity with trans-
alkenes,10 we selected this as our test substrate for this olefin
class (entries 1–5). All catalysts proved to be reasonably
efficient, but the 2,2-disubstituted ketones 17 were less reac-
tive than the other catalysts. In all the cases for E-stilbene
epoxidation, the major product enantiomer is consistent
with predominant reaction via spiro-approach on the exo-
dioxirane oxygen with the olefinic hydrogen occupying
the catalyst quadrant containing the axial fluorine atom (as
in Fig. 1). Interestingly, all of the disubstituted catalysts
afforded lower epoxide ee than did 2. Ketone 11 gave the
opposite epoxide enantiomer, as expected, but the markedly
lower level of selectivity was surprising given the ‘pseudo-
C2 symmetry’ of this system mentioned earlier, and given
that in the established spiro-TS-model, only an olefinic
hydrogen occupies the quadrant of the catalyst occupied
by the acetoxy group. One possible explanation for the low
selectivity with 11 comes from our earlier computational
studies,15 which indicated that the TS for epoxidation of eth-
ene with equatorial-fluoro-cyclohexanedioxirane is highly
asynchronous, with the developing C–O bond to the end of
the olefin closest to the equatorial fluorine being markedly
shorter than the other. If this phenomenon was also produced
by the equatorial acetoxy group in 11, it would have the
effect of moving the other end of the olefin away from the
stereocontrolling axial fluorine substituent, thus lowering
epoxidation enantioselectivity. While this explanation is
speculative, it is noteworthy that Singleton has recently
demonstrated by measuring kinetic isotope effects as well
as B3LYP studies that TS-asynchronicity is indeed an
important consideration in determining levels of stereocon-
trol,8 suggesting that further mechanistic studies on 11
would be informative. In practical terms, however, the 2,2-
disubstituted catalysts 15 and 17 were also less enantioselec-
tive than 2. For the highly challenging terminal alkenes,
styrene and a-methylstyrene, again all of the disubstituted
catalysts gave disappointing results (entries 6–13). While
we did not test catalyst 2 with these substrates, the previ-
ously reported results10 using similar catalyst 1 are 29% ee
(R) for styrene, and 22% ee (S) for a-methylstyrene. Thus
for styrene epoxidation, 2,4-disubstitution as in catalyst
11 appears to lower enantioselectivity markedly (entry 6),
while the incorporation of the ester unit on the same carbon
as the fluorine (catalyst 15, entry 7) is also deleterious.
However, both catalysts 17 appear to give very similar re-
sults to the monosubstituted systems (entries 8 and 9). All
of the disubstituted catalysts gave very poor results with
the challenging 1,1-disubstituted alkene, a-methylstyrene
(entries 10–13).

These results suggest that these particular disubstitution
motifs are not productive designs for enantioselective ketone
catalysts. It is interesting to compare these results, however,
with the successful ketone catalysts developed by Shi and co-
workers.5 Their polysubstituted ketone catalysts generally
contain a spirocentre a to the ketone (either as an acetonide
or as an oxazolidinone), suggesting that polysubstitution in
itself is not disadvantageous and that incorporation of spiro-
centres adjacent to the ketone in our own catalysts is well
worth investigating.
3. Conclusions

In conclusion, we have successfully devised synthetic routes
to novel bicyclo[3.2.1]octanones bearing two electron-with-
drawing substituents a to the ketone. These are effective cat-
alysts for alkene epoxidation using Oxone�, but afford lower
enantioselectivities than their monosubstituted counterparts.
These observations are interesting when compared to the
success of polysubstituted ketones containing a spirocentre
adjacent to the ketone, developed by Shi and co-workers.5

Future studies will therefore examine the effect of incorpo-
ration of spirocyclic substitution a to the ketone in our
oxabicyclo[3.2.1]octanone framework.

4. Experimental

General experimental details have been described previ-
ously.16

4.1. Ketone synthesis

4.1.1. (1S,2S,4S,5R)-2-Fluoro-4-((S)-1-phenylethoxy)-8-
oxabicyclo[3.2.1]oct-6-en-3-one 9. To a solution of diiso-
propylamine (0.36 mL, 2.59 mmol) in THF (4.4 mL) was
added 2.5 M nBuLi (1.03 mL, 2.59 mmol) dropwise at
�78 �C. After 5 min, the reaction was allowed to warm to
room temperature and then cooled to �78 �C. Triethylsilyl
chloride (0.50 mL, 2.98 mmol), a solution of oxabicyclic ke-
tone (�)-718 (0.486 g, 1.99 mmol) in THF and triethylamine
(1.25 mL, 8.95 mmol) were then added. After 24 h, the reac-
tion mixture was quenched by the addition of saturated
sodium bicarbonate solution (20 mL) at room temperature
and the aqueous layer was extracted with diethyl ether
(3�100 mL). The combined organic extracts were dried
over Na2SO4, filtered and concentrated under reduced pres-
sure. The crude product was purified by flash column chro-
matography (100% petroleum ether) to yield the silyl enol
ether (685 mg, 96%) as a colourless oil; [a]D

22 �181.2 (c
1.06, CHCl3); nmax/cm�1 3026, 2957, 2876, 1637, 1384,
1211, 1093; dH (250 MHz, CDCl3) 7.40–7.25 (5H, m, Ph),
6.66 (1H, dd, J 6.1, 1.8 Hz, H6), 6.06 (1H, dd, J 6.1,
1.8 Hz, H7), 5.31 (1H, d, J 4.9 Hz, H4), 4.75 (1H, q,
J 6.4 Hz, OCHPh), 4.64 (1H, dd, J 4.6, 1.8 Hz, H5), 4.58
(1H, dd, J 6.1, 1.8 Hz, H1), 3.99 (1H, d, J 6.1 Hz, H2),
1.43 (3H, d, J 6.4 Hz, CHCH3), 1.02 (9H, t, J 8.0 Hz,
CH2CH3), 0.74 (6H, q, J 8.0 Hz, CH2CH3); dC (62.5 MHz,
CDCl3) 149.5, 144.4, 141.0, 128.5, 127.8, 127.5, 126.5,
108.4, 79.9, 76.5, 73.4, 24.1, 6.7, 5.1. These spectroscopic
data agreed with the literature values.18

To a stirred solution of the silyl enol ether (179 mg,
0.502 mmol) in acetonitrile (5 mL) at room temperature
under a nitrogen atmosphere, Selectfluor� (178 mg,
0.502 mmol) was added and the mixture stirred for 24 h
at room temperature. Tetra-n-butylammonium fluoride
(0.5 mL, 1 M in THF, 0.50 mmol) was then added to the re-
action mixture. After stirring for 0.5 h at room temperature,
water (20 mL) and diethyl ether (20 mL) were added to the
reaction mixture and the organic layer was separated. The
aqueous layer was extracted with diethyl ether (3�25 mL)
and the combined organic extracts were dried over Na2SO4.
After filtration, the filtrate was concentrated under reduced
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pressure and purified by flash column chromatography (9:1
petroleum ether/diethyl ether) to afford 9 (59.0 mg, 45%)
as a white solid; mp 123–124 �C; [a]D

22 �140.0 (c 1.10,
CHCl3); Rf 0.34 (9:1 petroleum ether/diethyl ether); nmax/
cm�1 3057, 2986, 1739, 1603, 1266, 1114; dH (400 MHz,
CDCl3) 7.40–7.29 (5H, m, Ph), 6.60–6.53 (1H, m, H6),
6.16 (1H, dd, J 6.0, 1.5 Hz, H7), 5.01 (1H, d, J 9.2 Hz, H1),
4.80 (1H, q, J 6.4 Hz, OCHPh), 4.70 (1H, dd, J 5.0, 1.6 Hz,
H5), 4.40 (1H, dd, J 49.1, 1.4 Hz, H2), 4.26 (1H, dd, J 5.1,
1.6 Hz, H4), 1.50 (3H, d, J 6.4 Hz, CHCH3); dC (100 MHz,
CDCl3, DEPT, hmqc) 200.9 (C, 2JC–F 18.4 Hz, C3), 142.8
(C, Ar-C), 137.1 (CH, 4JC–F 2.8 Hz, C6), 128.7 (CH, Ar-H),
128.7 (CH, C7), 128.1 (CH, Ar-H), 126.4 (CH, Ar-H), 90.5
(CH, 1JC–F 192.2 Hz, C2), 81.6 (CH, C4), 80.9 (CH, 2JC–F

20.5 Hz, C1), 80.4 (CH, C5), 79.4 (CH, OCHPh), 24.0
(CH3, CH3); MS (CI–NH3): m/z (%) 280 (100, M+NH4

+);
Found: M+NH4

+, 280.1350. C15H19NO3F requires 280.1349.

4.1.2. (1S,2S,4S,5R)-2-Fluoro-4-acetoxy-8-oxabicy-
clo[3.2.1]oct-6-en-3-one 10. To a solution of oxabicyclic
ketone 9 (59 mg, 0.225 mmol) in dry CH2Cl2 (10 mL) at
room temperature under a nitrogen atmosphere, anhydrous
FeCl3 (100 mg, 0.617 mmol) and acetyl chloride (48.0 mL,
0.675 mmol) were added and the reaction mixture was stirred
for 15 s at room temperature under nitrogen. Water (20 mL)
and diethyl ether (20 mL) were added to the reaction mixture
and the organic layer was separated. The aqueous layer was
extracted with diethyl ether (3�25 mL) and the combined
organic extracts were dried over Na2SO4. After filtration,
the filtrate was concentrated under reduced pressure and puri-
fied by flash column chromatography (8:2 petroleum ether/
ethyl acetate) to afford 10 (32.6 mg, 72%) as a pale yellow oil;
[a]D

22 +24.5 (c 1.31, CHCl3); Rf 0.20 (8:2 petroleum ether/
ethyl acetate); nmax/cm�1 3100, 2977, 2941, 1759, 1745,
1228, 1079; dH (250 MHz, CDCl3) 6.55–6.49 (1H, m, H6),
6.25 (1H, dd, J 6.1, 1.8 Hz, H7), 5.74 (1H, dd, J 5.1, 1.2 Hz,
H4), 5.15 (1H, d, J 9.1 Hz, H1), 5.02 (1H, dd, J 5.1, 1.5 Hz,
H5), 4.50 (1H, dd, J 48.8, 1.5 Hz, H2), 2.16 (3H, s, CH3); dC

(100 MHz, CDCl3, hmqc) 195.0 (2JC–F 18.9 Hz, C3), 169.1
(C]OCH3), 136.0 (C6), 129.7 (C7), 90.1 (1JC–F 193.4 Hz,
C2), 81.2 (2JC–F 20.5 Hz, C1), 79.0 (C5), 76.4 (C4), 20.4
(C]OCH3); MS (CI–NH3): m/z (%) 218 (100, M+NH4

+);
Found: M+H+, 201.0564. C9H10FO4 requires 201.0563.

4.1.3. (1S,2S,4S,5R)-2-Fluoro-4-acetoxy-8-oxabicy-
clo[3.2.1]oct-3-one 11. To a stirred solution of oxabicyclic
ketone 9 (19.7 mg, 0.0984 mmol) in dry ethanol (4 mL),
Pd/C (20 mg, 10% Pd on C) was added. The reaction vessel
was then flushed with hydrogen gas and the reaction mixture
was stirred for 24 h at room temperature under a positive hy-
drogen pressure. The reaction mixture was filtered through
Celite, with diethyl ether as an eluent, and the filtrate was
concentrated under reduced pressure and purified by flash
column chromatography (1:9 petroleum ether/ether) to ob-
tain the title compound (20.8 mg, 100%) as a colourless
oil; [a]D

22 �30.2 (c 1.13, CHCl3); Rf 0.83 (diethyl ether);
nmax/cm�1 2962, 2929, 2863, 1757, 1743, 1468, 1376,
1230, 1082; dH (250 MHz, CDCl3) 5.62 (1H, ddd, J 5.5,
3.7, 0.9 Hz, H5), 4.78 (1H, m, H1), 4.69 (1H, apparent t,
J 5.5 Hz, H4), 4.52 (1H, dd, J 49.1, 2.1 Hz, H2), 2.18
(3H, s, CH3), 2.14 (1H, m, H7), 2.02–1.90 (1H, m, H6),
1.90–1.80 (1H, m, H6), 1.60–1.46 (1H, m, H7); dC

(100 MHz, CDCl3, DEPT, hmqc) 196.5 (C, 2JC–F 20.5 Hz,
C3), 169.0 (C, C]OCH3), 93.7 (CH, 1JC–F 187.0 Hz, C2),
78.2 (CH, 2JC–F 19.0 Hz, C1), 77.5 (CH, C4), 76.1 (CH,
C5), 23.8 (CH2, C6), 23.1 (CH2, 3JC–F 4.6 Hz, C7), 20.5
(CH3, C]OCH3); MS (CI–NH3): m/z (%) 220 (100,
M+NH4

+); Found: M+NH4
+, 220.0990. C9H15NFO4 requires

220.0985.

4.1.4. (1R,2R,5S)-2-Fluoro-3-oxo-8-oxabicyclo[3.2.1]oct-
2-carboxylic acid ethyl ester 15. To a solution of the chiral
base 13 (4.44 g, 17.00 mmol) in THF (68 mL) at �78 �C
was slowly added 2.70 M nBuLi (12.7 mL, 34.44 mmol).
After 15 min, the solution was allowed to warm to �10 �C
and then cooled again to �78 �C. The starting ketone 12
(2 g, 15.87 mmol) dissolved in THF (16 mL) was slowly
added and the mixture was stirred at this temperature for
30 min followed by slow addition of DMPU (1.9 mL,
15.87 mmol) and ethylcyanoformate (2 mL, 19.04 mmol).
Formation of a precipitate was observed before the complete
addition of the acylating agent, which dissolves allowing the
solution to warm to �45 �C once all the NCCO2Et has been
added. The mixture was further stirred at this temperature
for 30 min and then allowed to warm up to 0 �C. After 3 h
of reaction, the solution was poured into cold water
(100 mL). The expected product was extracted into Et2O
(3�150 mL), and some products were extracted into
EtOAc (3�120 mL). The combined organic extracts were
dried, filtered and the volatiles evaporated under reduced
pressure to give a crude oil. Purification by flash chromato-
graphy on silica gel (CH2Cl2) afforded the ketoester 14
(2.4 g, 76%) as a colourless oil, as a mixture of diastereo-
mers and tautomers by 1H NMR analysis; nmax/cm�1 3500,
2978, 1737, 1720, 1657, 1383, 1299, 1200, 1060, 825; m/z
(CI) MH+ 199; Found: MH+, 199.0969. C10H15O4 requires
199.0970.

To a solution of non-racemic 14 (1.50 g, 7.57 mmol)
in CH3CN (90 mL) was added Selectfluor� (2.67 g,
7.57 mmol). The mixture was stirred for 18 h, concentrated
to half volume and the residue partitioned between H2O and
CH2Cl2 1:2 (95 mL). The organic extracts were washed
with water (20 mL) and the organic layer was dried
(MgSO4), filtered and the volatiles evaporated under reduced
pressure to give a crude product, which was purified by flash
chromatography on silica gel (CH2Cl2) to give the fluori-
nated ketone 15 (1.40 g, 54%) as a colourless oil together
with unreacted starting material 14 (608 mg, 41%).

Data for 15: [a]D
22 �6.5 (c 0.15, CH2Cl2) at 80% ee; nmax/

cm�1 2964, 2929, 1752, 1729, 1470, 1370, 1290, 1260,
1091, 1061, 1030; dH (300 MHz, CDCl3) 4.80 (1H, t,
J 5.5 Hz, H-5), 4.73 (1H, t, J 8.3 Hz, H-1), 4.38–4.31 (2H,
m, OCH2CH3), 3.15 (1H, dt, J 15.0, 4.0 Hz, H-4ax), 2.41
(1H, d, J 15.0 Hz, H-4eq), 2.20–2.05 (3H, m, 2 H-7&H-6),
1.80–1.72 (1H, m, H-6), 1.35 (3H, t, J 7.0 Hz, CH3); dC

(75.6 MHz, CDCl3) 197.7 (C]O ketone, d, JC–F 22.5 Hz),
165.3 (C]O ester, d, JC–F 23.7 Hz), 95.0 (CF, d, JC–F

197.5 Hz), 79.1 (CH, d, JC–F 19.0 Hz), 75.85 (CH), 62.4
(CH2), 47.3 (CH2), 28.2 (CH2), 24.3 (CH2), 14.0 (CH3);
m/z (GC–MS) (CI); Found: (M+NH4)+, 234.1141.
C10H17NO4F requires 234.1142. lmax 234.8 nm.

GC conditions: G-TA column (g-cyclodextrin, trifluoro-
acetyl), 20 m�0.25 mm; carrier gas: helium; thermalchiral
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method: ee 80%, de 98.5%, major diastereoisomer: tR 15.9
and 16.7, minor diastereoisomer: tR 16.2 and 16.4.

Diol 16: To a solution of 15 (3.0 g, 13.8 mmol) in THF
(130 mL) at 0 �C was slowly added LiAlH4 (1 g,
26.3 mmol) and the mixture was allowed to warm to room
temperature. After 2 h, Na2SO4$10H2O was slowly added
at 0 �C and further stirred at room temperature for 1 h.
The mixture was filtered over MgSO4 and further washed
with EtOAc (300 mL). Evaporation of the volatiles gave
a crude oil, which was purified by flash chromatography
on silica gel (Et2O to EtOAc) to give 16 (1.70 g, 70%) as
1.7:1 mixture of two diastereoisomers, nmax/cm�1 3392,
2957, 1459, 1260, 1075, 1027, 862; m/z (CI); Found:
(M+NH4)+, 194.1189. C8H17NO3F requires 194.1192. The
two isomers could be separated for analytical purposes:
less polar isomer, mp 72–73 �C; dH (250 MHz, CDCl3)
4.44 (1H, br t), 4.22 (1H, br t), 4.13–4.04 (1H, m, H-1),
3.91–3.73 (2H, m, H-3,5), 2.37–2.25 (1H, m, H-4), 2.23–
2.11 (3H, m, 2OH, H-4), 2.01–1.90 (3H, m, 7, H6), 1.64
(1H, d, J 15.0 Hz, H-6); dC (75.5 MHz, CDCl3) (less polar)
95.4 (C, JC–F 172.6 Hz), 75.9 (CH, JC–F 18.1 Hz), 73.4 (CH),
66.0 (CH, JC–F 35.0 Hz), 63.9 (CH2, JC–F 21.3 Hz), 35.5
(CH2), 27.7 (CH2), 24.9 (CH2, JC–F 6.0 Hz).

More polar isomer, mp 102–103 �C; dH (250 MHz, CDCl3)
4.54–4.48 (2H, m, CH2–OH), 4.08 (1H, dd, J 17.0,
12.8 Hz), 3.80–3.65 (2H, m, H-3,5), 2.35–2.29 (2H, br s,
2OH), 2.04–1.96 (2H, m, 2H-4), 1.91–1.66 (4H, m, 2H-6,
2H-7); dC (75.6 MHz, CDCl3) 95.9 (C, JC–F 180.7 Hz),
76.3 (CH, JC–F 18.3 Hz), 73.9 (CH), 64.9 (CH, JC–F

20.5 Hz), 63.9 (CH2, JC–F 24.4 Hz), 37.9 (CH2), 27.3
(CH2), 25.3 (CH2, JC–F 5.0 Hz).

4.1.5. (1R,2R,5S)-2-Fluoro-2-methyleneacetoxy-8-oxabi-
cyclo[3.2.1]octan-3-one 17a. A mixture of diastereoisomers
16 (885 mg, 5.2 mmol) was dissolved in pyridine (5 mL) and
treated with Ac2O (0.65 mL, 5.7 mmol) at �10 �C. After
2 h, the solution was quenched by the addition of H2O
(11 mL) and extracted into EtOAc (35�3 mL). The com-
bined organic layers were dried, filtered and the volatiles
evaporated under reduced pressure to give a crude product,
which was purified by flash chromatography (4:1 CH2Cl2/
Et2O) to give a mixture of diastereoisomers (565 mg,
51%), nmax/cm�1 3454, 2959, 1746, 1374, 1239, 1065,
1033, 969; m/z (CI); Found: (M+NH4)+, 236.1299.
C10H19NO4F requires 236.1298. The diastereomers could
be separated for analytical purposes; less polar isomer, white
solid, mp 82–83 �C; dH (300 MHz, CDCl3) 4.64–4.46 (3H,
m, CHHOAc, H-1,3), 4.23 (1H, dd, J 13.0, 28.8 Hz,
CHHOAc), 3.77–3.65 (1H, m, H-5), 2.13 (3H, s, CH3),
2.07–1.77 (5H, m, OH, 2H-4, 2H-7), 1.71–1.67 (2H, m,
2H-6); dC (75.5 MHz, CDCl3) 170.0 (C]O), 92.8 (C, JC–F

180.0 Hz), 76.1 (CH, JC–F 18.4 Hz), 73.9 (CH, JC–F

12.1 Hz), 65.8 (CH), 63.6 (CH2, JC–F 24.7 Hz), 38.1
(CH2), 27.2 (CH2), 25.2 (CH2, J 5.4), 20.7 (CH3).

More polar isomer, colourless oil, dH (300 MHz, CDCl3)
4.56 (1H, dd, J 27.6, 12.6 Hz, CHHOAc), 4.49–4.39 (1H,
m, H-1), 4.26–4.14 (2H, m, H-3, CHHOAc), 3.98–3.83
(1H, m, H-5), 2.57 (1H, br s, OH), 2.33–2.18 (1H, m,
H-4), 2.16–2.04 (2H, m, H-4, H-7), 2.15 (3H, s, CH3),
1.98–1.80 (2H, m, H-7, H-6), 1.63 (1H, d, J 14.5 Hz, H-6);
dC (75.5 MHz, CDCl3) 171.6 (C]O), 92.8 (C, JC–F

180.0 Hz), 76.1 (CH, JC–F 17.7 Hz), 73.4 (CH), 66.0 (CH,
JC–F 34.5 Hz), 64.5 (CH2, JC–F 18.9 Hz), 35.5 (CH2), 27.7
(CH2), 24.8 (CH2, JC–F 5.3 Hz), 20.8 (CH3).

To a solution of the mixture of diastereoisomeric acetates
(430 mg, 1.97 mmol) in CH2Cl2 (50 mL) was added mole-
cular sieves 4 Å (1.15 g), 4-NMO (406 mg, 3.5 mmol) fol-
lowed by a catalytic amount of TPAP. The mixture was
stirred at room temperature and after 45 min filtered through
a silica path and rinsed with EtOAc (75 mL). The volatiles
were evaporated under reduced pressure and the crude prod-
uct was purified by flash chromatography (petroleum ether/
Et2O 3:2) to give 17a (370 mg, 87%) as a white solid, mp
58–59 �C; [a]D

20 +20.6 (c 0.34, CH2Cl2) at 80% ee; nmax/
cm�1 2986, 2969, 1747, 1729, 1233, 1053, 1055; dH

(250 MHz, CDCl3) 4.80–4.69 (2H, m, H-1,5), 4.53 (1H,
dd, J 15.0, 13.7 Hz, CHHOAc), 4.37 (1H, dd, J 31.8,
13.7 Hz, CHHOAc), 3.15 (1H, dt, J 14.6, 4.3 Hz, H-4ax),
2.33 (1H, d, J 14.6 Hz, H-4eq), 2.13 (3H, s, CH3),
2.09–2.03 (2H, m, H-6,7), 1.86–1.59 (2H, m, H-6,7); dC

(75.5 MHz, CDCl3) 201.1 (C]O, J 24.1 Hz), 170.3
(C]O), 94.4 (C, J 187.4 Hz), 78.0 (CH, J 20.1 Hz),
77.2 (CH), 61.3 (CH2, J 21.4 Hz), 47.6 (CH2, J 1.3 Hz),
28.0 (CH2), 23.7 (CH2, J 4.0 Hz), 20.7 (CH3); m/z (CI);
Found: (M+NH4)+, 234.1137. C10H17NO4F requires
234.1142.

GC conditions: G-TA column (g-cyclodextrin, trifluoro-
acetyl), 20 m�0.25 mm; carrier gas: helium; Isotherm3
method 130 �C (40 min); ee 80%, de 98.5%, major dia-
stereoisomer: tR 19.5 and 21.2, minor diastereoisomer: tR
23.0 and 24.0.

4.1.6. (1R,2R,5S)-2-Fluoro-2-methylenebenzoate-8-oxa-
bicyclo[3.2.1]octan-3-one 17b. To a solution of 16 (major
diastereomer) (50 mg, 0.28 mmol) in CH2Cl2 (1 mL) was
added Et3N (43 mL, 0.28 mmol). The mixture was cooled
to �40 �C and benzoyl chloride (36 mL, 0.31 mmol) was
added slowly. After 2 h, the mixture was allowed to warm
to room temperature and quenched by the addition of a satu-
rated solution of NaHCO3 (aq) and extracted into Et2O
(5�3 mL). The combined organic extracts were dried
(MgSO4), filtered and the volatiles evaporated to give a crude
residue purified by flash chromatography on silica gel (1:1
CH2Cl2/Et2O) to give the benzoate (47 mg, 60%) as a white
solid, mp 110–111 �C; nmax/cm�1 3410, 2960, 2928, 1722,
1250, 1050; dH (300 MHz, CDCl3) 8.10–8.07 (2H, m,
2Har), 7.64–7.57 (1H, m, 1Har), 7.51–7.44 (2H, m, 2Har),
4.85–4.75 (1H, m), 4.63–4.57 (1H, m), 4.53–4.49 (2H, m),
3.91–3.69 (1H, m, H-5), 2.11–1.88 (6H, m), 1.84–1.70
(2H, m); dC (75.6 MHz, CDCl3) 166.15 (C]O), 133.5
(CH, JC–F 21.9 Hz), 130.0 (CH, JC–F 31.9 Hz), 129.5 (C),
128.6 (CH, JC–F 4.3 Hz), 93.2 (C, JC–F 181.0 Hz), 76.3
(CH, JC–F 18.7 Hz), 74.0 (CH), 64.5 (CH, J 20.4 Hz), 64.1
(CH2, JC–F 25.1 Hz), 38.2 (CH2), 27.2 (CH2), 25.2 (CH2,
JC–F 5.0 Hz); m/z (CI); Found: (M+NH4)+, 298.1453.
C15H21NO4F requires 298.1455.

To a solution of the benzoate (45 mg, 0.16 mmol) in CH2Cl2
(6 mL) was added activated MS 4 Å (120 mg), followed by
4-NMO (41 mg, 0.35 mmol) and tetra-n-propylammonium
perruthenate (TPAP) (3 mg, 5 mol %). After 1 h, the solution
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was filtered through a silica gel path and rinsed with Et2O
(25 mL). The volatiles were evaporated under reduced pres-
sure to give 17b (44 mg, 100%) as a white solid, mp 84–
85 �C; [a]D

24 +12.8 (c 0.39, Et2O); nmax/cm�1 2985, 1729,
1286, 1074, 1002; dH (300 MHz, CDCl3) 8.08 (2H, dd,
J 8.2, 1.3 Hz, 2Har), 7.62 (1H, dd, J 7.9, 1.1 Hz, 1Har),
7.47 (2H, dd, J 7.7, 0.8 Hz, 2Har), 4.88–4.81 (2H, m,
HHC–CF, H-1), 4.77 (1H, s, H-5), 4.69 (1H, dd, J 21.7,
13.7 Hz, HHC–CF), 3.21 (1H, dt, J 14.7, 4.4 Hz, H-4ax),
2.38 (1H, d, J 14.7 Hz, H-4eq), 2.19–2.04 (2H, m,
H-6,7endo), 1.74 (2H, d, J 8.5 Hz, H-6,7exo); dC (75.6 MHz,
CDCl3) 201.1 (C]O, JC–F 22 Hz), 165.9 (C]O), 133.4
(CH), 129.8 (CH), 129.4 (C), 128.5 (CH), 94.7 (C, JC–F

186.4 Hz), 78.0 (CH, JC–F 19.6 Hz), 75.7 (CH), 61.9 (CH2,
JC–F 21.6 Hz), 47.6 (CH2, JC–F 2.0 Hz), 28.1 (CH2), 23.8
(CH2, JC–F 4.0 Hz); m/z (CI); Found: (M+NH4)+,
296.1290. C15H19NO4F requires (M+NH4)+ 296.1298.

GC conditions: G-TA column (g-cyclodextrin, trifluoro-
acetyl), 20 m�0.25 mm; carrier gas: helium; thermalchiral
method: Tinit.: 50 �C (3 min), 10 �C/min to Tfinal: 180 �C
(15 min); 80% ee; Rt 25.5 (minor) and 26.7 (major).

4.2. Epoxidation procedure

To a solution of ketone and alkene (0.1 mmol) in acetonitrile
(1.5 mL) was added aqueous Na2EDTA solution (1.0 mL of
a 0.4 mM aqueous solution). Oxone� (307 mg, 1.0 mmol
KHSO5) and NaHCO3 (130 mg, 1.55 mmol) were added in
portions simultaneously over 60 min. The reaction mixture
was stirred vigorously at room temperature until completion
(monitored by TLC) and for 24 h, and then diluted with
water (10 mL) and the reaction mixture extracted into petrol
ether or diethyl ether as appropriate (3�25 mL). The com-
bined organic extracts were dried over Na2SO4, filtered
and evaporated to dryness under reduced pressure. Flash
column chromatography on silica, previously washed with
2% Et3N in petroleum ether, eluting with appropriate
proportion of petroleum ether and diethyl ether afforded
the relevant epoxide.

4.3. Determination of epoxide enantiomeric purity in
Table 1

E-Stilbene oxide: chiral HPLC on Chiracel OD (Diacel
Chemical Industries Ltd., Catalogue Number: 14025), 20%
i-PrOH/hexane, 1.0 mL/min at 30 �C in oven detecting at
254 nm, as detailed by Shi.22 Absolute configuration deter-
mined by comparison to Shi’s results.

Styrene oxide: chiral GC on Chiraldex G-TA (Advanced
Separation Technologies Ltd., Catalogue Number: 71020),
helium head pressure 13 psi at 75 �C in oven, injection tem-
perature 200 �C, detection by FID at 250 �C, as detailed by
Shi.22 Absolute configuration was determined by compari-
son to Shi’s results.

a-Methylstyrene oxide: chiral HPLC on Chiracel OD (Diacel
Chemical Industries Ltd., Catalogue Number: 14025), 5%
i-PrOH/hexane, 0.8 mL/min at 30 �C in oven detecting at
254 nm, as detailed by Shi.22 Absolute configuration deter-
mined by comparison to Shi’s results.
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Abstract—The ee values of asymmetric epoxidation of cis-ethyl cinnamate 15 with arabinose-derived ketones as catalyst and Oxone� as the
terminal oxidant were found to increase inversely with the size of the catalyst acetal blocking group. Ketone catalyst 2, with the least bulky
methoxy acetal group, displayed the best enantioselectivity and afforded ethyl (2R,3R)-3-phenylglycidate 16 in 68% ee. Epoxide 16 was read-
ily converted into a protected side chain of Taxol� in five steps with an overall yield of 89%. The enantioselectivity of the epoxidation of other
cis-alkenes was moderate to poor.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Catalytic asymmetric epoxidation of alkenes is a versatile
synthetic method used to induce chirality into organic mole-
cules and the resultant epoxide moiety can be transformed
into a variety of target molecules.1 Great success has been
achieved in the epoxidation of allylic alcohols,2 trans- and
trisubstituted alkenes.3–11 For asymmetric epoxidation of
unfunctionalized cis-alkenes, Mn-salen catalyst is very
effective and practical.12 In recent years, chiral ketones13

and iminium salts,14 also have become promising reagents
for asymmetric epoxidation of unfunctionalized cis-alkenes.

Our long-term interest in the application of carbohydrates in
asymmetric synthesis has employed arabinose-derived alco-
hols as chiral auxiliaries in asymmetric Diels–Alder15 and
Hosomi–Sakurai reactions.16 Our efforts towards enantio-
selective epoxidation of alkenes have furnished chiral
ketone catalysts derived from D-glucose17 as well as 2-uloses
and 3-uloses derived from L-arabinose.18 We then have con-
centrated our research on arabinose because it is commer-
cially available in large quantities for both enantiomers.
Recently, we reported a series of arabinose-derived 4-ulo-
ses,19 containing a tunable steric blocker, which displayed
increasing enantioselectivity with the size of the acetal
alkoxy group in catalytic asymmetric epoxidation of trans-
disubstituted and trisubstituted alkenes. However, most
organocatalytic epoxidization of cis-alkenes proceeded with
moderate enantioselectivity.13,14 In this paper, we report
our study of the asymmetric epoxidation of cis-alkenes
with arabinose-derived ketones, using Oxone� as an oxidant

Keywords: Asymmetric synthesis; Dioxirane; Epoxidation.
* Corresponding author. Tel.: +852 2609 6344; fax: +852 2603 5057;

e-mail: tonyshing@cuhk.edu.hk
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.01.116
and the conversion of ethyl (2R,3R)-3-phenylglycidate into
a protected side chain of Taxol�.

2. Results and discussion

Dimethyl acetal 119,20 was readily accessible from L-arabi-
nose in two steps involving Fischer glycosidation21 and
trans-diol protection22 with 2,2,3,3-tetramethoxybutane in
76% overall yield. Oxidation of the free alcohol in 1 with
pyridinium dichromate (PDC) gave ketone 2 in 90% yield.
Ketones 8–12 were readily accessible from dimethyl acetal
1 via transacetalization23 and oxidation in good overall
yields (Scheme 1).19

We also prepared a ketone catalyst 14, which had a dioxane
in place of the diacetal unit. Reduction of acetal 1 using
Et3SiH and BF3$Et2O24 in acetonitrile gave 1,4-dioxane 13
in 88% yield. Oxidation of the free alcohol in 13 with
PDC afforded ketone 14 in 92% yield (Scheme 2). In the
1H NMR spectrum, the coupling constant between the two
new protons in ketone 14 was 9.0 Hz, which showed that
they were diaxially disposed.

On the basis of our previous studies,17–19 the enantioselec-
tivity towards trans-disubstituted and trisubstituted alkenes
is sensitive to the size of the acetal steric blocker. For exam-
ple, ketone 10 with a more bulky neopentyl acetal group dis-
played better chiral induction than ketone 2, as the ee of
epoxidation of trans-stilbene was improved from 42% to
83%.19a Encouraged by these results, we went on to investi-
gate the chiral induction capabilities of these ketones in the
asymmetric epoxidation of cis-ethyl cinnamate, a starting
material for the synthesis of Taxol� side chain.25

mailto:tonyshing@cuhk.edu.hk
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Scheme 1. Preparation of chiral ketone catalysts.
Chemical synthesis of Taxol� side chain has drawn much at-
tention during the past decade.26–28 Asymmetric epoxidation
catalyzed by the readily available and low costing (salen)-
Mn(III) complex on cis-ethyl cinnamate 15 was reported
by Jacobsen.12d Since only trans-ethyl cinnamate is com-
mercially available, the desired cis-ethyl cinnamate 15 was
synthesized (Scheme 3).12d Partial reduction of ethyl phenyl
propiolate with Lindlar catalyst under H2 gave the desired
cis-ethyl cinnamate 15 in high yield (Scheme 3).29

CO2EtPh Ph CO2Et
Ethyl phenyl
propiolate

15

Scheme 3. H2, Lindlar catalyst, n-hexane, 96%.

The epoxidation reactions were carried out at 0 �C with
0.1 mmol of alkene and 10 mol % of catalyst in different sol-
vents at almost neutral conditions (pH 7–7.5). Table 1 shows
that acetonitrile (entry 1) was more suitable than tert-butanol
and 1,4-dioxane as a solvent (entries 2 and 3). In all cases,
the epoxides were isolated in high chemical yields (79–
95% yield), indicating that all the ketones are efficient cata-
lysts in terms of turnover. Ketones 2 and 14, with the least
bulky blocking groups, displayed the best chiral induction
(67–68% ee) (entries 1 and 9). Ketones with bulkier acetal
groups did not display better chiral induction with cis-alkene
15 as the ee decreased from 68% to 63% in the best case
(entries 1 and 7). When the R group changes to the very
bulky isopentoxy and neopentoxy groups (entries 5 and 6),
the ee drops to 44% and 36%, respectively. It is noteworthy
that ketone 10, with the most bulky neopentoxy group, gave
the poorest results (36% ee) whereas this ketone afforded the
best enantioselectivities with trans-disubstituted and trisub-
stituted alkenes.19a Anyway, ethyl (2R,3R)-3-phenylglycidate
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Scheme 2. Reagents and conditions: (a) BF3$Et2O (3 equiv), Et3SiH
(6 equiv), CH3CN, �20 �C/0 �C, 8 h, 88%; (b) PDC (1.5 equiv), 4 Å
MS, CH2Cl2, rt, 12 h, 92%.
16 was obtained in 68% ee using ketone 2 as the catalyst,
which is better than existing chiral ketone catalysts (Shi’s
44% ee13d and Seki’s 26% ee30). The Jacobson (salen)-
Mn(III) catalyst (95–97% ee) is still the best choice for this
epoxidation.12d

In our previous studies, we have presented a facile and
stereocontrolled synthetic avenue for the construction of the
functionalized CD ring of Taxol�.31 With ethyl (2R,3R)-
3-phenylglycidate 16 readily accessible, we now describe
a synthesis of a protected form of N-benzoyl-(2R,3S)-
phenylisoserine 17 (Fig. 1), Taxol� side chain.

Table 1. Asymmetric epoxidation of cis-ethyl cinnamate using ketones
2, 8–12 and 14 as catalysts at 0 �C

CO2EtPh Ph CO2Et

O
10 mol% catalyst

Oxone

pH 7-7.50 °C,

15 16

O OBn

O
O

R

R

O

Catalysts:

               
R = neopentoxy
R = benzyloxy
R = cyclohexylmethoxy

8

9

10

11

R = methoxy2

R = hydrogen
12

R = isobutoxy

14

R = isopentoxy

Entrya Catalysts Solvent Yield (%)b ee (%)c Config.d

1 2 CH3CN 93 68 (+)-(2R,3R)25

2 2 tBuOH 85 37 (+)-(2R,3R)25

3 2 1,4-dioxane 95 61 (+)-(2R,3R)25

4 8 CH3CN 83 56 (+)-(2R,3R)25

5 9 CH3CN 79 44 (+)-(2R,3R)25

6 10 CH3CN 84 36 (+)-(2R,3R)25

7 11 CH3CN 93 63 (+)-(2R,3R)25

8 12 CH3CN 87 49 (+)-(2R,3R)25

9 14 CH3CN 93 67 (+)-(2R,3R)25

a All epoxidations were carried out with substrate (0.1 mmol), ketone
(0.01 mmol), Oxone� (1 mmol) and NaHCO3 (3.1 mmol) in CH3CN/
4�10-4 M aqueous EDTA (5:1, v/v) for 24 h.

b Isolated yield.
c Enantioselectivity was determined by 1H NMR analysis of the epoxide

products directly with shift reagent Eu(hfc)3.
d The absolute configuration of the enantiomer in excess was determined by

comparing the sign of the optical rotation with the reported one.



6623T. K. M. Shing et al. / Tetrahedron 62 (2006) 6621–6629
Asymmetric epoxidation catalyzed by catalyst 2 gave
epoxide 16 in 93% yield with 68% ee (Scheme 4). The op-
tical rotation of epoxide 16 was positive in sign, which is in
agreement with the literature data of the enantiomerically
enriched product.25 Mild acid catalyzed epoxide opening
at the benzylic position with NaN3 and NH4Cl gave azide
18, which was then benzoylated under standard conditions
to give benzoate 19 in 94% yield. The azide was readily re-
duced under hydrogenolysis conditions to give an amine.
Owing to the stability of an amide being greater than
that of an ester, the benzoyl group migrated to the amine
group in the presence of p-TsOH27b to give benzamide
20 in very good yield. To prevent the epimerization of
the hydroxyl group during further manipulation, protection
became necessary, which was accomplished by acetaliza-
tion using 2-methoxypropene in PPTS to give acetal 21
in 98% yield. The ee of 21 was determined to be 68%
using 1H NMR spectral analysis with chiral shift reagent,
Eu(hfc)3. Under basic conditions (LiOH, MeOH, H2O),
the ester 21 was saponified to give acid 22 in 93% yield
as a crystalline solid.

At this point, the ee of acid 22 was at best 68%. Huge efforts
to increase the ee of 22 were made using recrystallization,
the excess amount of the desired (2R,3S)-enantiomer still
remained in the mother liquor. An X-ray crystallographic
analysis of a crystal confirmed the structure of acid 22
(Fig. 2).

The specific rotations of the crystals and the concentrated
mother liquor were measured. As shown in Scheme 5, the
crystals gave almost no specific rotation, which hinted at a
racemic mixture. On the other hand, the specific rotation
of the mother liquor was +70 and the literature value27a for
the enantiomerically enriched acid was +99.1. Enantiomeric
excess measurement using chiral shift reagent was per-
formed to determine the relative amount of the enantiomers
in the mixture. The results showed that the ee of the mother

Ph NH

O

Ph OH

O

OH

3S
172R

Figure 1. N-benzoyl-(2R,3S)-phenylisoserine.
liquor was 82% while that of the crystal counterpart was
only 5%.32

BzN O

Ph CO2H

22

[α]Crystals 20
D +1.1(c 1.0, MeOH)

[α]20
D +70 (c 1.0, MeOH)Mother liquor

5% ee

82% ee

recrystallization

Scheme 5. Specific rotations of solid 22 and liquid 22.

The asymmetric epoxidation of other cis-alkenes was stud-
ied using ketones 2, 10, 11 and 14 as catalysts and the results
are shown in Table 2. In all cases, the epoxides were isolated
in high chemical yields (80–96% yield), indicating that all
the ketones are conversion-efficient. Ketones 14 and 2,
with the least bulky group, again consistently displayed
the best chiral induction (12–33% ee) (entries 1, 2, 5, 6, 9,
10, 13 and 14) among the ketones except for entry 9. Ketones
10 and 11 with the more bulky acetal group consistently
displayed poor results.

On the basis of the established spirol transition states6i,10h for
chiral dioxirane epoxidation and of our previous studies on
trans- disubstituted and trisubstituted alkenes,18,19 we found

Figure 2. X-ray structure of acid 22 (ORTEP view) (CCDC no. 185892).
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Scheme 4. Reagents and conditions: (a) catalyst 2 (0.1 equiv), Oxone� (9 equiv), NaHCO3 (29 equiv), CH3CN–EDTA (1:1, v/v), 93%; (b) NaN3 (2 equiv),
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toluene, reflux, 98%; (f) LiOH (2 equiv), MeOH, H2O, 93%.
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Table 2. Asymmetric epoxidation of cis-alkenes using ketones 2, 10, 11 and 14 as catalysts at 0 �C

CH3CN / H2OR2R1 R1 R2

O
10 mol% catalyst

Oxone

pH 7-7.50 °C

O OBn

O
O

H

H

O

O OBn

O
O

O

O

O

O OBn

O
O

OMe

MeO

O

O OBn

O
O

OBn

BnO

O

Catalysts:

14 102 11

OTr
TBSO OTr Ph OTr

Substrates:

a b c d

Entrya Catalysts Substrates Yield (%)b ee (%)c Config.d

1 14 a 93 33 (�)-(1S,2R)33

2 2 a 93 32 (�)-(1S,2R)33

3 10 a 81 11 (�)-(1S,2R)33

4 11 a 85 11 (�)-(1S,2R)33

5 14 b 84 17 (+)e

6 2 b 88 14 (+)e

7 10 b 80 9 (+)e

8 11 b 86 3 (+)e

9 14 c 92 12 (+)e

10 2 c 92 21 (+)e

11 10 c 83 5 (+)e

12 11 c 81 6 (+)e

13 14 d 96 24 (+)e

14 2 d 93 18 (+)e

15 10 d 80 8 (+)e

16 11 d 88 8 (+)e

a All epoxidations were carried out with substrate (0.1 mmol), ketone (0.01 mmol), Oxone� (1 mmol) and NaHCO3 (3.1 mmol) in CH3CN/4�10�4 M aqueous
EDTA (5:1, v/v) for 24 h.

b Isolated yield.
c Enantioselectivity was determined by 1H NMR analysis of the epoxide products directly with shift reagent Eu(hfc)3.
d The absolute configuration of the enantiomer in excess was determined by comparing the sign of the optical rotation with the reported one.
e The major absolute configurations were not determined.
that the enantioselectivity was sensitive and increased with
the size of the acetal steric blocker.19 However, in the present
case with cis-alkenes, the ee increases inversely with the size
of the blocking groups. These evidences showed that the
transition state for epoxide formation of cis-alkenes may
be different with that of trans-alkenes. In order to rationalize
all the possible transition states and the corresponding
stereochemistry of the epoxides, more cis-alkene substrates
need to be investigated. This research is underway.

In conclusion, the ee of the asymmetric epoxidation of cis-
alkenes decreased with the size of the acetal blocking groups
using arabinose-derived ketones. Ketone catalyst 2 with
the least bulky acetal group displayed the best enantioselec-
tivity and afforded ethyl (2R,3R)-3-phenylglycidate 16 in
69% ee. Epoxide 16 was converted into acid 22, the pro-
tected side chain of Taxol�, in five steps with an overall yield
of 89%.
3. Experimental

3.1. General

For general experimental section and procedure for ee deter-
mination, see Ref. 15a.

3.1.1. General epoxidation procedure at 0 �C. To a stirred
solution of 1,2-dihydronaphthalene (0.1 mmol), ketone
(10 mol %) and n-Bu4NHSO4 (0.5 mg) in CH3CN (10 mL)
was added an aqueous buffer (5 mL, 4�10�4 M aqueous
EDTA). The resulting solution was cooled to 0 �C (bath
temperature). A solution of Oxone� (307 mg, 0.5 mmol)
in aqueous EDTA (5 mL, 4�10�4 M) and a solution of
NaHCO3 (252 mg, 3.0 mmol) in H2O (5 mL) were added
dropwise concomitantly via two dropping funnels. The pH
of the mixture was maintained at about 7–7.5 over a period
of 24 h. The reaction mixture was then poured into water
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(10 mL), extracted with Et2O (3�), dried with anhydrous
magnesium sulfate, and filtered. The filtrate was concen-
trated under reduced pressure to give a residue that was
purified by flash column chromatography to give the epoxide.

3.1.2. Alcohol 13. To a solution of dimethyl acetal 1
(160 mg, 0.45 mmol) in dry CH3CN (8 mL) at �20 �C
was added slowly BF3$Et2O (0.17 mL, 1.35 mmol). The
mixture was stirred for 1 h and Et3SiH (0.43 mL,
2.71 mmol) was added at �20 �C. The temperature of the
resulting mixture was raised to 0 �C and stirred for another
8 h. The cooled reaction mixture was then treated with satu-
rated aqueous NaHCO3 and extracted with EtOAc
(3�20 mL). The combined organic extracts were dried
over anhydrous MgSO4 and filtered. The filtrate was concen-
trated under reduced pressure. The crude residue was puri-
fied by flash column chromatography to give alcohol 13 as
a pale yellow syrup (117 mg, 88%): Rf 0.30 (hexane–EtOAc,
1:1); [a]D

20 +140.03 (c 1.64, CHCl3); IR (thin film) 3473
(OH) cm�1; 1H NMR (CDCl3) d 7.31–7.17 (5H, m), 4.91
(1H, d, J¼1.8 Hz), 4.70 (1H, d, J¼12.6 Hz), 4.56 (1H, d,
J¼12.3 Hz), 3.89 (1H, d, J¼1.5 Hz), 3.80 (2H, m), 3.75
(1H, d, J¼1.5 Hz), 3.66 (1H, dd, J¼12.6, 1.8 Hz), 3.48
(1H, dq, J¼8.7, 6.2 Hz), 3.32 (1H, dq, J¼9.0, 6.3 Hz),
2.08 (1H, br s), 1.09 (3H, d, J¼6.3 Hz), 1.06 (3H, d,
J¼6.0 Hz); 13C NMR (acetone) d 139.5, 129.3, 128.7,
128.5, 98.4, 78.4, 78.3, 74.4, 74.0, 69.9, 68.9, 64.8, 18.0,
17.9; MS (EI) m/z (relative intensity) 294 ([M]+, 100), 295
(15); HRMS (EI) calcd for C16H22O5 [M]+ 294.1462, found
294.1461; Anal. Calcd for C16H22O5: C, 65.29; H, 7.53.
Found: C, 64.94; H, 7.69.

3.1.3. Ketone 14. To a solution of alcohol 13 (170 mg,
0.57 mmol) in dry CH2Cl2 (10 mL) were added slowly
PDC (261 mg, 0.69 mmol) and powdered 4 Å molecular
sieves (260 mg). The mixture was stirred at room temperature
for 12 h. The mixture was suction filtered through a pad of
silica gel and the filtrate was concentrated under reduced
pressure. The crude residue was purified by flash column
chromatography to afford ketone 14 as a colourless syrup
(154 mg, 92%): Rf 0.22 (hexane–EtOAc, 1:1); [a]D

20

+136.43 (c 5.98, CHCl3); IR (thin film) 1742 (C]O) cm�1;
1H NMR (CDCl3) d 7.37–7.26 (5H, m), 5.08 (1H, d, J¼
3.3 Hz), 4.79 (1H, d, J¼12.3 Hz), 4.70 (1H, d, J¼12.3 Hz),
4.59 (1H, d, J¼10.2 Hz), 4.15 (1H, d, J¼14.7 Hz), 3.86
(1H, d, J¼14.7 Hz), 3.74 (1H, dd, J¼10.4, 3.3 Hz), 3.45
(1H, dq, J¼9.0, 6.3 Hz), 3.34 (1H, dq, J¼8.7, 6.3 Hz), 1.17
(3H, d, J¼6.3 Hz), 1.14 (3H, d, J¼6.0 Hz); 13C NMR
(CDCl3) d 199.3, 136.5, 128.1, 127.6, 127.3, 96.0, 77.3,
77.2, 76.9, 76.4, 69.7, 66.3, 16.7, 16.4; MS (EI) m/z (relative
intensity) 292 ([M]+, 100), 290 (35); HRMS (EI) calcd for
C16H20O5 [M]+ 292.1305, found 292.1303.

3.1.4. Epoxide 16. To a stirred solution of cis-ethyl cinna-
mate (32 mg, 0.18 mmol), ketone 2 (7 mg, 10 mol %) and
n-Bu4NHSO4 (0.5 mg) in CH3CN (10 mL) was added an
aqueous buffer (5 mL, 4�10�4 M aqueous EDTA). The
resulting solution was cooled to 0 �C (bath temperature).
A solution of Oxone� (550 mg, 0.9 mmol) in aqueous EDTA
(5 mL, 4�10�4 M) and a solution of NaHCO3 (453 mg,
5.2 mmol) in H2O (5 mL) were added dropwise concomi-
tantly via two dropping funnels. The pH of the mixture
was maintained at about 7–7.5 over a period of 24 h. The
reaction mixture was then poured into water (10 mL), ex-
tracted with Et2O (3�), dried with anhydrous magnesium
sulfate and filtered. The filtrate was concentrated under
reduced pressure to give a residue that was purified by flash
column chromatography to give the epoxide 16 as a colour-
less syrup (32 mg, 93%): Rf 0.40 (hexane–Et2O, 5:1); The ee
of the epoxide was determined to be 68% by 1H NMR
analysis with chiral shift reagent, Eu(hfc)3. Data for epoxide
16: [a]D

20 +33.9 (c 0.32, CHCl3); IR (thin film) 1740, 1697,
1649, 1542 cm�1; 1H NMR (CDCl3) d 7.42 (2H, m), 7.33
(3H, m), 4.27 (1H, d, J¼4.5 Hz), 3.99 (2H, m), 3.82 (1H,
d, J¼4.5 Hz), 1.01 (3H, t, J¼7.2 Hz); 13C NMR (CDCl3)
d 166.6, 132.8, 128.4, 127.9, 126.6, 61.2, 57.4, 55.7, 13.8;
MS (CI) m/z (relative intensity) 193 ([M+H]+, 100), 165
(20), 119 (40), 91 (42); HRMS (CI) calcd for C11H13O3

[M+H]+ 193.0895, found 193.0861.

3.1.5. Azide 18. Sodium azide (14 mg, 0.208 mmol) and
NH4Cl (2.5 mg, 14 mmol) were added to a stirred solution
of epoxide 16 (20 mg, 0.104 mmol) in 80% aqueous EtOH
(3 mL) at room temperature. The reaction mixture was
refluxed for 24 h and quenched with saturated NaHCO3.
The aqueous phase was extracted with Et2O (3�) and the
combined organic layers were dried over anhydrous MgSO4

and filtered. The filtrate was concentrated under reduced
pressure. The crude residue was purified by flash column
chromatography to afford azide 18 as a colourless oil
(22 mg, 92%): Rf 0.25 (hexane–Et2O, 2:1); IR (thin film)
3462, 2359, 2107, 1736, 1266, 1112 cm�1; 1H NMR
(CDCl3) d 7.42 (5H, m), 4.85 (1H, d, J¼3.0 Hz), 4.37 (1H,
dd, J¼6.9, 3.0 Hz), 4.29 (2H, q, J¼7.2 Hz), 3.13 (1H, d,
J¼6.6 Hz), 1.30 (3H, t, J¼7.2 Hz); 13C NMR (CDCl3)
d 171.9, 128.8, 128.7, 128.6, 127.8, 73.9, 67.1, 62.4, 14.1;
MS (CI) m/z (relative intensity) 236 ([M+H]+, 5), 208
(100), 193 ([M�N3]+, 76); HRMS (CI) calcd for
C11H14N3O3 [M+H]+ 236.1030, found 236.1031.

3.1.6. Benzoate 19. Et3N (1.7 mL, 11.9 mmol) and benzoyl
chloride (0.56 mL, 4.8 mmol) were added to a stirring solu-
tion of azide 18 (700 mg, 2.98 mmol) and DMAP (5 mg) in
dry CH2Cl2 (20 mL) under N2. The reaction mixture was
stirred for 30 min and quenched with saturated NH4Cl.
The mixture was extracted with Et2O (3�) and the combined
organic layers were dried over anhydrous MgSO4 and fil-
tered. The filtrate was concentrated under reduced pressure.
The crude residue was purified by flash column chromato-
graphy to give benzoate 19 as a colourless oil (950 mg,
94%): Rf 0.58 (hexane–Et2O, 2:1); IR (thin film) 3328,
2106, 2107, 1729, 1250, 1110, 1020, 707 cm�1; 1H NMR
(CDCl3) d 8.13 (2H, m), 7.38 (8H, m), 5.45 (1H, d,
J¼5.1 Hz), 5.15 (1H, d, J¼5.1 Hz), 4.15 (2H, dq, J¼7.2,
0.9 Hz), 1.14 (3H, t, J¼7.2 Hz); 13C NMR (CDCl3)
d 167.2, 165.5, 134.5, 133.6, 130.5, 129.9, 129.0, 128.7,
128.5, 127.8, 127.5, 126.4, 75.5, 65.5, 61.9, 13.8; MS (CI)
m/z (relative intensity) 340 ([M+H]+, 22), 298 ([M�N3]+,
100), 266 (100); HRMS (CI) calcd for C18H18N3O4

[M+H]+ 340.1292, found 340.1294.

3.1.7. Benzamide 20. A suspension of 10% palladium on
charcoal (100 mg, excess) in EtOAc (10 mL) was degassed
and refilled with hydrogen gas three times and then stirred
for 10 min. A solution of benzoate 19 (960 mg, 2.83 mmol)
and p-TsOH (10 mg) in EtOAc (10 mL) was added. The
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reaction mixture was stirred for 24 h under H2, quenched
with Et3N, and filtered with filter paper. The solvents of the
filtrate were removed under reduced pressure and the residue
was purified by flash chromatography to afford benzamide 20
as a white solid (868 mg, 98%): mp 143–144 �C; Rf 0.38
(hexane–EtOAc, 2:1); IR (thin film) 3431, 3349, 1718,
1637, 1535, 1095 cm�1; 1H NMR (CDCl3) d 7.76 (2H, d,
J¼6.9 Hz), 7.45 (8H, m), 6.99 (1H, d, J¼9.0 Hz), 5.76 (1H,
dd, J¼9.3, 2.1 Hz), 4.63 (1H, d, J¼2.1 Hz), 4.28 (2H, m),
3.31 (1H, br s), 1.31 (3H, t, J¼7.2 Hz); 13C NMR (CDCl3)
d 172.9, 166.8, 138.7, 134.1, 131.7, 128.6, 128.5, 127.8,
127.6, 127.0, 126.9, 73.3, 62.6, 54.8, 14.1; MS (CI) m/z (rela-
tive intensity) 314 ([M+H]+, 45), 297 ([M�OH]+, 17), 208
(84), 193 (100); HRMS (CI) calcd for C18H20NO4 [M+H]+

314.1387, found 314.1383.

3.1.8. Acetal 21. 2-Methoxypropene (0.31 mL, 3.19 mmol)
was added to a stirred solution of benzamide 20 (100 mg,
0.319 mmol) in dry toluene (7 mL) under N2. Pyridinium
p-toluenesulfonate (PPTS) (3 mg) was added to the mixture,
which was refluxed for 20 h under N2. The reaction mixture
was quenched with aqueous NaHCO3 and the aqueous phase
was extracted with Et2O (3�). The combined organic layers
were dried over anhydrous MgSO4 and filtered. The filtrate
was concentrated under reduced pressure. The crude residue
was purified by flash column chromatography to give acetal
21 as a colourless oil (110 mg, 98%): Rf 0.38 (hexane–
EtOAc, 1:1); IR (thin film) 3368, 1736, 1645, 1528, 1275,
1112, 704 cm�1; 1H NMR (CDCl3) d 7.14 (9H, m), 6.93
(1H, br s), 5.24 (1H, d, J¼5.7 Hz), 4.55 (1H, d, J¼6.0 Hz),
4.25 (2H, m), 1.96 (3H, s), 1.87 (3H, s), 1.27 (3H, t,
J¼7.2 Hz); 13C NMR (CDCl3) d 169.4, 169.1, 138.9,
137.6, 129.3, 128.4, 128.0, 127.7, 126.8, 126.1, 97.8, 81.2,
65.4, 61.9, 26.0, 25.6, 14.1; MS (EI) m/z (relative intensity)
353 ([M]+, 17), 338 ([M�CH3]+, 99), 295 (100); HRMS (EI)
calcd for C21H23NO4 [M]+ 353.1622, found 353.1632. The
ee was determined to be 68% by 1H NMR spectral analysis
upon chiral shift reagent addition.

3.1.9. Acid 22. Lithium hydroxide (120 mL, 3.96 mmol)
was added to a stirred solution of ester 21 (700 mg,
1.98 mmol) in 70% aqueous MeOH (9 mL) at room tempera-
ture. The reaction mixture was stirred for 24 h at room tem-
perature. The solvent was removed in vacuo and H2O
(3 mL) was added to the residue. Saturated NH4Cl (3 mL)
was added to the mixture until the pH reached 4. The aqueous
phase was extracted with CH2Cl2 (3�). The combined
organic layers were dried over anhydrous MgSO4 and fil-
tered. The filtrate was concentrated under reduced pressure.
The crude residue was purified by flash column chromato-
graphy to afford acid 22 as a white solid (600 mg, 93%). A
single crystal suitable for X-ray crystallographic analysis
was obtained in MeOH. The optical rotations of the crystals
and the mother liquor obtained from recrystallization were
different as indicated below.

Data for crystals: mp 175–176 �C (lit.27a for enantiomeri-
cally enriched acid, mp 213 �C); [a]D

20 +1.1 (c 0.7,
MeOH); Rf 0.32 (CHCl3–MeOH, 4:1); IR (thin film) 3449,
2933, 1740, 1639, 1390, 1250, 1209 cm�1; 1H NMR
(CD3OD) d 7.18 (8H, m), 6.95 (2H, br s), 5.26 (1H, d,
J¼5.7 Hz), 4.57 (1H, d, J¼5.7 Hz), 1.92 (3H, s), 1.84 (3H,
s); 13C NMR (CDCl3) d 172.8, 169.5, 138.8, 137.2, 129.5,
128.5, 128.0, 127.7, 126.8, 126.1, 97.9, 81.1, 65.4, 26.1,
25.4; MS (EI) m/z (relative intensity) 325 ([M]+, 15), 310
([M�CH3]+, 87), 105 (100); HRMS (EI) calcd for
C19H19NO4 [M]+ 325.1309, found 325.1304.

Data for the mother liquor: [a]D
20 +70.3 (c 0.6, MeOH) (lit.27a

for enantiomerically enriched acid, [a]D
20 +99.1 (c 0.36,

EtOH)). The acid 22 is not sensitive to chiral shift reagent
Eu(hfc)3 under various solvents and concentrations. To over-
come this, the mother liquor from recrystallization was
esterified to convert 22 back to ester 21, which displayed
better resolution of the separated signals in the 1H NMR spec-
trum upon Eu(hfc)3 addition. DBU (13 mL, 0.09 mmol) and
ethyl bromide (7 mL, 0.09 mmol) were added to a stirred
solution of the liquid acid 22 (15 mg, 0.046 mmol) in dry
benzene (2 mL). The reaction mixture was stirred at reflux
for 1 h and quenched with saturated NH4Cl. The aqueous
phase was extracted with Et2O (3�). The combined organic
layers were dried over anhydrous MgSO4 and filtered. The
filtrate was concentrated under reduced pressure. The crude
residue was purified by flash column chromatography to
afford ester 21 as a colourless oil (15 mg, 92%). The ee of
ester 21 was measured to be 82% by the same method
described above.

In the same manner, the ee of the ester prepared from crys-
talline acid 22 was determined to be 5%.

3.2. Preparation of alkene substrates

3.2.1. CO2EtPh cis-Ethyl cinnamate.29 To a stirred mix-
ture of ethyl phenyl propiolate (1 g, 5.74 mmol), n-hexane
(25 mL) and 1-octene (6 mL) was added quinoline (1.03 g,
8 mmol). Palladium on calcium carbonate (Lindlar catalyst
290 mg, 1.7 mmol) was added and the resulting reaction
mixture was stirred under H2 with a hydrogen balloon at
room temperature for 20 h. The resulting mixture was fil-
tered through filter paper. The filtrate was concentrated un-
der reduced pressure. The crude residue was purified by
flash column chromatography to afford cis-ethyl cinnamate
as a colourless oil (960 mg, 96%): Rf 0.78 (hexane–Et2O,
5:1); 1H NMR (CDCl3) d 7.58 (2H, m), 7.35 (3H, m), 6.95
(1H, d, J¼12.6 Hz), 5.95 (1H, d, J¼12.6 Hz), 4.18 (2H, q,
J¼7.2 Hz), 1.25 (3H, t, J¼7.2 Hz); 13C NMR (CDCl3)
d 142.9, 129.6, 128.9, 127.9, 119.9, 60.3, 14.1.

3.2.2.
OTr

cis-1-Trityloxy-3-hexene. Trityl chlo-
ride (2.46 g, 8.86 mmol) and DMAP (7 mg) were added to
a stirring mixture of cis-3-hexen-1-ol (807 mg, 8.05 mmol)
and pyridine (0.98 mL, 12.1 mmol) in dry CH2Cl2 (20 mL).
The reaction mixture was stirred for 24 h. The reaction was
with saturated aqueous NH4Cl and extracted with Et2O
(3�30 mL). The combined organic extracts were dried over
anhydrous MgSO4 and filtered. The filtrate was concentrated
under reduced pressure. The crude residue was purified by
flash column chromatography to afford cis-1-trityloxy-3-
hexene as a colourless oil (2.79 g, 92%): Rf 0.33 (hexane–
Et2O, 30:1); 1H NMR (CDCl3) d 7.48–7.23 (15H, m), 5.48
(1H, m), 5.39 (1H, m), 3.11 (2H, t, J¼6.9 Hz), 2.41 (1H, d, J¼
6.9 Hz), 2.34 (1H, d, J¼6.9 Hz), 2.12 (1H, dq, J¼7.5, 7.2 Hz),
0.99 (3H, t, J¼7.5 Hz); 13C NMR (CDCl3) d 144.7, 133.8,
129.0, 128.0, 127.2, 125.7, 86.8, 63.9, 28.5, 21.0, 14.7.
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3.2.3. Ph OTr 1-Trityloxy-4-phenyl-2-butyne. nBuLi
(1.6 M, 12.5 mL, 19.0 mmol) was added to a solution of
the 1-trityloxy-2-propyne34 (2.97 g, 9.96 mmol) in dry
THF at 0 �C. The mixture was stirred at room temperature.
After 1 h, BnBr was added to the reaction mixture. BnBr
(2.37 mL, 19.0 mmol) was added to the mixture and the re-
sulting solution was stirred for 24 h. The reaction was
with saturated aqueous NH4Cl and extracted with Et2O
(3�30 mL). The combined organic extracts were dried over
anhydrous MgSO4 and filtered. The filtrate was concentrated
under reduced pressure. The crude residue was purified by
flash column chromatography to afford 1-trityloxy-4-phenyl-
2-butyne as a yellow oil (3.21 g, 79%): Rf 0.44 (hexane–
Et2O, 10:1); 1H NMR (CDCl3) d 7.59–7.29 (20H, m), 3.91
(2H, t, J¼2.1 Hz), 3.71 (2H, s); 13C NMR (CDCl3)
d 143.9, 136.9, 128.9, 128.8, 128.2, 128.1, 127.7, 127.4,
126.9, 87.7, 83.7, 79.2, 53.9, 25.6; MS (EI) m/z (relative
intensity) 388 ([M]+, 100), 243 (98), 211 (100); HRMS
(EI) calcd for C29H24O1 [M]+ 388.1822, found 388.1816.

3.2.4. Ph OTr cis-1-Trityloxy-4-phenyl-2-butene.
To a stirred mixture of 1-trityloxy-4-phenyl-2-butyne
(200 mg, 0.49 mmol), n-hexane (12 mL) and 1-octene
(3 mL) was added quinoline (98 mg, 0.76 mmol). Palladium
on calcium carbonate (Lindlar catalyst 30 mg, 0.25 mmol)
was added and the resulting reaction mixture was stirred
under H2 with a hydrogen balloon at room temperature for
20 h. The resulting mixture was filtered through filter paper.
The filtrate was concentrated under reduced pressure. The
crude residue was purified by flash column chromatography
to afford cis-1-trityloxy-4-phenyl-2-butene as a pale yellow
oil (181 mg, 90%): Rf 0.50 (hexane–Et2O, 10:1); 1H NMR
(CDCl3) d 7.53–7.26 (20H, m), 5.86 (1H, m), 5.82 (1H,
m), 3.80 (2H, d, J¼6.3 Hz), 3.27 (2H, d, J¼7.2 Hz); 13C
NMR (CDCl3) d 144.5, 131.1, 129.0, 128.8, 128.7, 128.2,
127.9, 127.7, 127.3, 126.3, 87.2, 60.6, 34.3; MS (ESI) m/z
(relative intensity) 413 ([M+Na]+, 100), 414 (30); HRMS
(ESI) calcd for C29H26O1 [M+Na]+ 413.1876, found
413.1882.

3.2.5. Ph OTr

O

1-Trityloxy-4-phenyl-2,3-epoxy-
butane. Colourless oil: Rf 0.25 (hexane–Et2O, 10:1); 1H
NMR (CDCl3) d 7.53–7.26 (20H, m), 3.55 (1H, dd,
J¼10.2, 5.4 Hz), 3.33 (1H, dd, J¼5.4, 4.2 Hz), 3.24 (2H,
m), 2.78 (1H, dd, J¼15.0, 6.0 Hz), 2.66 (1H, dd, J¼15.0,
6.3 Hz); 13C NMR (CDCl3) d 144.1, 137.8, 129.2, 129.0,
128.9, 128.2, 127.5, 126.9, 87.3, 62.4, 57.1, 55.7, 34.6;
MS (CI) m/z (relative intensity) 389 (100), 390 (30), 407
([MH]+, 10); HRMS (CI) calcd for C29H26O2 [MH]+

407.2006, found 407.1995.

3.2.6.
OTr

O

1-Trityloxy-3,4-epoxyhexane. Col-
ourless oil: Rf 0.23 (hexane–Et2O, 10:1); 1H NMR
(CDCl3) d 7.47–7.21 (15H, m), 3.28 (1H, t, J¼6.3 Hz),
3.15 (1H, q, J¼5.1 Hz), 2.93 (1H, q, J¼5.1 Hz), 1.85 (2H,
m), 1.54 (2H, dt, J¼14.1, 6.9 Hz), 1.04 (3H, t, J¼7.5 Hz);
13C NMR (CDCl3) d 144.5, 129.0, 128.1, 127.3, 87.0,
61.5, 58.6, 55.4, 29.0, 21.5, 11.0; MS (CI) m/z (relative
intensity) 358 ([M]+, 30), 341 (100); HRMS (CI) calcd for
C25H26O2 [M]+ 358.1927, found 358.1918.
3.2.7. TBSO OTr (Z)-1-Trityloxy-4-tert-butyldi-
methylsilyloxy-2-butene. Trityl chloride (3.44 g, 15.7 mmol)
and DMAP (8 mg) were added to a stirring mixture of
(Z)-1-tert-butyldimethylsilyloxy-2-buten-4-ol35 (2.50 mg,
12.3 mmol) and pyridine (1.0 mL, 15.7 mmol) in dry CH2Cl2
(40 mL). The reaction mixturewas stirred for 24 h. The reaction
was with saturated aqueous NH4Cl and extracted with Et2O
(3�40 mL). The combined organic extracts were dried over
anhydrous MgSO4 and filtered. The filtrate was concentrated
under reduced pressure. The crude residue was purified by flash
column chromatography to afford (Z)-1-trityloxy-4-tert-butyl-
dimethylsilyloxy-2-butene as a colourless oil (5.10 g, 93%):
Rf 0.33 (hexane–Et2O, 20:1); 1H NMR (CDCl3) d 7.51–7.26
(15H, m), 5.75–5.65 (2H, m), 4.12 (2H, d, J¼5.7 Hz), 3.71
(2H, d, J¼5.4 Hz), 0.90 (9H, s), 0.04 (6H, s); 13C NMR
(CDCl3) d 144.4, 132.1, 129.0, 128.2, 127.5, 127.3, 87.2,
60.7, 60.1, 26.3, 18.6,�4.82.

3.2.8. TBSO OTr

O

1-Trityloxy-4-tert-butyldi-
methylsilyloxy-2,3-epoxybutane. Colourless oil: Rf 0.34
(hexane–Et2O, 10:1); 1H NMR (CDCl3) d 7.53–7.26 (15H,
m), 3.72 (1H, dd, J¼12.0, 6.0 Hz), 3.55 (1H, dd, J¼12.0,
4.2 Hz), 3.37–3.29 (2H, m), 3.21–3.16 (2H, m), 0.91 (9H,
s), 0.04 (3H, s), 0.03 (3H, s); 13C NMR (CDCl3) d 144.1,
128.9, 128.2, 127.4, 87.2, 62.7, 62.1, 56.8, 55.4, 26.2,
18.6, �4.88, �5.05; MS (CI) m/z (relative intensity) 461
([MH]+, 10), 444 (45), 443 (100); HRMS (CI) calcd for
C29H36O3Si1 [MH]+ 461.2508, found 461.2503.
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A.; Bouérat, L. Org. Lett. 2000, 2, 3531.

12. (a) Mukaiyama, T. Aldrichimica Acta 1996, 29, 59; (b) Palucki,
M.; McCormick, G. J.; Jacobsen, E. N. Tetrahedron Lett. 1995,
36, 5457; (c) Katsuki, T. Coord. Chem. Rev. 1995, 140, 189; (d)
Deng, L.; Jacobsen, E. N. J. Org. Chem. 1992, 57, 4320; (e)
Jacobsen, E. N.; Zhang, W.; Muci, A. R.; Ecker, J. R.; Deng,
L. J. Am. Chem. Soc. 1991, 113, 7063; (f) Lee, N. H.; Muci,
A. R.; Jacobsen, E. N. Tetrahedron Lett. 1991, 32, 5055.

13. (a) Shu, L.; Shi, Y. Tetrahedron Lett. 2004, 45, 8115; (b) Shu,
L.; Wang, P.; Gan, Y.; Shi, Y. Org. Lett. 2003, 5, 293; (c) Tian,
H.; She, X.; Yu, H.; Shu, L.; Shi, Y. J. Org. Chem. 2002, 67,
2435; (d) Tian, H.; She, X.; Shu, L.; Yu, H.; Shi, Y. J. Am.
Chem. Soc. 2000, 122, 11551.

14. (a) Page, P. C. B.; Buckley, B. R.; Heaney, H.; Blacker, A. J.
Org. Lett. 2005, 7, 375; (b) Page, P. C. B.; Buckley, B. R.;
Blacker, A. J. Org. Lett. 2004, 6, 1543.

15. (a) Shing, T. K. M.; Chow, H.-F.; Chung, I. H. F. Tetrahedron
Lett. 1996, 37, 3713; (b) Shing, T. K. M.; Lloyd-Williams, P.
J. Chem. Soc., Chem. Commun. 1987, 423.

16. Shing, T. K. M.; Li, L.-H. J. Org. Chem. 1997, 62, 1230.
17. Shing, T. K. M.; Leung, G. Y. C. Tetrahedron 2002, 58,

7545.
18. Shing, T. K. M.; Leung, Y. C.; Yeung, K. W. Tetrahedron 2003,

59, 2159.
19. (a) Shing, T. K. M.; Leung, Y. C.; Luk, T. J. Org. Chem. 2005,

70, 7279; (b) Shing, T. K. M.; Leung, Y. C.; Yeung, K. W.
Tetrahedron Lett. 2003, 44, 9225.

20. For a review on 1,2-diacetals, see: Ley, S. V.; Baeschlin, D. K.;
Dixon, D. J.; Foster, A. C.; Ince, S. J.; Priepke, W. M. H.;
Reynolds, D. J. Chem. Rev. 2001, 101, 53.

21. Bennett, M.; Gill, G. B.; Pattenden, G.; Shuker, A. J.;
Stapleton, A. J. Chem. Soc., Perkin Trans. 1 1991, 929.

22. Montchamp, J. L.; Tian, F.; Hart, M. E.; Frost, J. W. J. Org.
Chem. 1996, 61, 3897.

23. Isidor, J. L.; Carlson, R. M. J. Org. Chem. 1973, 38, 554.
24. Lewis, M. D.; Cha, J. K.; Kishi, Y. J. Am. Chem. Soc. 1982, 104,

9806.
25. Jacobsen, E. N.; Deng, L.; Furukawa, Y.; Martinez, L. E.

Tetrahedron 1994, 50, 4323.
26. (a) Song, C. E.; Oh, C. M.; Roh, E. J.; Lee, S. G.; Choi, J. H.

Tetrahedron: Asymmetry 1999, 10, 671; (b) Kobayashi, S.;
Ishitani, H.; Ueno, M. J. Am. Chem. Soc. 1998, 120, 431; (c)
Mukaiyama, T.; Shiina, I.; Uchiro, H.; Kobayashi, S. Bull.
Chem. Soc. Jpn. 1994, 67, 1708; (d) Sharpless, K. B.;
Amberg, W.; Bennani, Y. L.; Crispino, G. A.; Hartung, J.;
Jeong, K.-S.; Kwong, H.-L.; Morikawa, K.; Wang, Z.-M.;
Xu, D.; Zhang, X.-L. J. Org. Chem. 1992, 57, 2768.

27. (a) Mukaiyama, T.; Shiina, I.; Iwadare, H.; Saitoh, M.;
Nishimura, T.; Ohkawa, N.; Sakoh, H.; Nishimura, K.; Tani,
Y.; Hasegawa, M.; Yamada, K.; Saitoh, K. Chem.—Eur. J.
1999, 5, 121; (b) Kang, S. H.; Kim, C. M.; Youn, J.-H.
Tetrahedron Lett. 1999, 40, 3581; (c) Lee, K.-Y.; Kim, Y.-H.;
Park, M.-S.; Ham, W.-H. Tetrahedron Lett. 1998, 39, 8129;
(d) Bunnage, M. E.; Davies, S. G.; Goodwin, C. J. J. Chem.
Soc., Perkin Trans. 1 1994, 2385; (e) Commercon, A.;
Bezard, D.; Bernard, F.; Bourzat, J. D. Tetrahedron Lett.
1992, 33, 5185.

28. (a) Song, C. E.; Lee, S. W.; Roh, E. J.; Lee, S.-G.; Lee, W.-K.
Tetrahedron: Asymmetry 1998, 9, 983; (b) Farina, V.; Hauck,
S. I.; Walker, D. G. Synlett 1992, 761; (c) Ojima, I.; Habus,
I.; Zhao, M.; Zucco, M.; Park, Y. H.; Sun, C. M.; Brigaud, T.
Tetrahedron 1992, 48, 4323.

29. Akbulut, N.; Hartsough, D.; Kim, J.-I.; Schuster, G. B. J. Org.
Chem. 1989, 54, 2549.

30. Imashiro, R.; Seki, M. J. Org. Chem. 2004, 69, 4216.
31. (a) Shing, T. K. M.; Lee, C. M.; Lo, H. Y. Tetrahedron 2004, 60,

9179; (b) Shing, T. K. M.; Lee, C. M.; Lo, H. Y. Tetrahedron
Lett. 2001, 42, 8361; (c) Shing, T. K. M.; Lo, H. Y.; Mak,
T. C. W. Tetrahedron 1999, 55, 4643.



6629T. K. M. Shing et al. / Tetrahedron 62 (2006) 6621–6629
32. Acid 22 was not sensitive to the chiral shift reagent under
various solvents and concentrations. To overcome this prob-
lem, acid 22 was esterified by EtBr and DBU back to acetal
21, which gave better resolution of the separated peaks in the
1H NMR spectrum upon shift reagent addition.
33. Zhang, W.; Loebach, J. L.; Wilson, S. R.; Jacobsen, E. N. J. Am.
Chem. Soc. 1990, 112, 2801.

34. Yasukouchi, T.; Kanematsu, K. Tetrahedron Lett. 1989, 30, 6559.
35. Sodeoka, M.; Yamada, H.; Shabasaki, M. J. Am. Chem. Soc.

1990, 112, 4906.



Tetrahedron 62 (2006) 6630–6639
Catalytic asymmetric epoxidation of a,b-unsaturated
N-acylpyrroles as monodentate and activated ester

equivalent acceptors

Shigeki Matsunaga,* Hongbo Qin, Mari Sugita, Shigemitsu Okada, Tomofumi Kinoshita,
Noriyuki Yamagiwa and Masakatsu Shibasaki*

Graduate School of Pharmaceutical Sciences, The University of Tokyo, Hongo 7-3-1, Bunkyo-ku, Tokyo 113-0033, Japan

Received 28 October 2005; revised 5 December 2005; accepted 7 December 2005

Available online 30 May 2006

Abstract—Catalytic asymmetric epoxidation of a,b-unsaturated N-acylpyrroles as monodentate and activated ester equivalent acceptors is
described. A Sm(O-i-Pr)3/(R)-H8-BINOL complex promoted the epoxidation reaction to afford products in high yield (up to quant) and high
enantiomeric excess (up to>99.5% ee). Reaction proceeded smoothly using cumene hydroperoxide (CMHP) with low explosive hazard, and
completed within 0.2–0.5 h with 5 mol % catalyst. Catalyst loading was successfully reduced to as little as 0.02 mol %. The N-acylpyrrole
properties as well as efficient synthesis of a,b-unsaturated N-acylpyrroles are also described.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Catalytic asymmetric epoxidation of a,b-unsaturated car-
bonyl compounds is one of the most important transforma-
tions in organic synthesis.1 Although we and others have
achieved efficient catalytic asymmetric epoxidation of
enones,1,2 there are few examples of a,b-unsaturated esters
as substrates using a salen/Mn complex3 or chiral ketones4

as the catalysts. We also recently reported a yttrium/biphe-
nyldiol catalyst for the epoxidation of a,b-unsaturated
esters.5,6 Although excellent enantiomeric excess and yield
were achieved with various a,b-unsaturated esters (up to
97% yield, up to 99% ee), there are some practical problems:
(a) catalyst loading and reaction rate: 2–10 mol % catalyst
loading was essential for good conversion; in many cases
it was difficult to complete the conversion with less than
1 mol % catalyst; (b) turnover frequency (TOF) of the cata-
lyst was, in most cases, approximately 1–3 h�1; a higher
TOF is desirable. (c) Oxidant: tert-butyl hydroperoxide
(TBHP) with explosive hazard was essential for good reac-
tivity. From a practical viewpoint, it is desirable to use less
explosive (less reactive) cumene hydroperoxide (CMHP).
In this manuscript, we report the use of a,b-unsaturated
N-acylpyrrole (Fig. 1, 1) as a monodentate and activated
a,b-unsaturated ester surrogate to overcome the above-
mentioned problems. A Sm(O-i-Pr)3/(R)-H8-BINOL (Fig. 1)

* Corresponding authors. Tel.: +81 3 5841 4830; fax: +81 3 5684 5206;
e-mail addresses: smatsuna@mol.f.u-tokyo.ac.jp; mshibasa@mol.f.
u-tokyo.ac.jp
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.12.074
complex promoted the epoxidation reaction to afford prod-
ucts in high yield (up to quant) and high enantiomeric excess
(up to >99.5% ee). Catalyst loading was also successfully
reduced to as little as 0.02 mol % and a high TOF
(>3000 h�1) was realized.7

2. Design and synthesis of a,b-unsaturated
N-acylpyrroles

The postulated catalytic cycle of the asymmetric epoxida-
tion reaction is shown in Figure 2. A rare earth metal alkox-
ide moiety changes to a rare earth metal-peroxide through
proton exchange (I). The rare earth metal/BINOL complex
also functions as a Lewis acid to activate electron deficient
olefins through monodentate coordination (II). Enantio-
selective 1,4-addition of rare earth metal-peroxide gives
intermediate enolate (III), followed by epoxide formation
to regenerate the catalyst (IV). In the transition state for
the 1,4-addition step, the rare earth metal/BINOL complex,

O

NR
OH
OH

N-acylpyrrole 1 (R)-H8-BINOL

Figure 1. Structures of a,b-unsaturated N-acylpyrrole 1 and (R)-H8-
BINOL.

mailto:mshibasa@mol.f.u-tokyo.ac.jp
mailto:mshibasa@mol.f.u-tokyo.ac.jp
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originally optimized for enones,2 is postulated to favor the
monodentate coordination mode for high enantioselectivity.
When a bidentate a,b-unsaturated oxazolidinone amide is
used as an activated carboxylic acid derivative, epoxide is
obtained in only 73% yield and 87% ee after 24 h, using
as much as 20 mol % catalyst loading, probably due to a
coordination mode mismatch.6

The ideal substrates for epoxidation with rare earth metal/
BINOL complexes should (i) favor a monodentate coordina-
tion mode similar to enones, (ii) have the same oxidation
state as carboxylic acids, and (iii) be activated as an electro-
phile. To meet these criteria, an a,b-unsaturated N-acylpyr-
role 1 (Fig. 1) was selected as a template for investigation of
the following reasons. The unique properties and reactivity
of N-acylpyrroles were reported by Evans and co-workers.8

Because the lone electron pair of the nitrogen in the pyrrole
ring is delocalized in an aromatic system, the properties of
the carbonyl group are similar to those of a phenyl ketone
rather than an amide or an ester. The reactivity of a,b-unsat-
urated N-acylpyrrole is thus much higher than that of simple
amide and ester. In contrast to the bidentate a,b-unsaturated
oxazolidinone amide, N-acylpyrrole is supposed to favor
monodentate coordination. Furthermore, the N-acylpyrrole
moiety is relatively stable compared with the N-acylimida-
zole moiety, as predicted from the difference in the pKa
values of pyrrole (23.0 in DMSO) and imidazole (18.6 in
DMSO). Thus, the N-acylpyrrole moiety would be compat-
ible with various catalytic asymmetric reaction conditions.
We recently demonstrated the utility of N-acylpyrroles as
activated monodentate ester equivalents in various other
catalytic asymmetric reactions.9,10 The N-acylpyrrole
moiety can be transformed to various functional groups.8,9,10

In the literature, the most efficient synthesis of a,b-unsatu-
rated N-acylpyrrole was the condensation of cinnamamide
and 2,5-dimethoxytetrahydrofuran in acetic acid or with
SOCl2 at high temperature,8a,11 affording 1a in 60–68%
yield. For the synthesis of a,b-unsaturated N-acylpyrroles
with various functional groups, however, a milder method
is necessary. One reason for not using a,b-unsaturated N-
acylpyrrole widely as an acceptor for 1,4-addition reactions
might be the lack of efficient preparation methods under
mild conditions. Our synthetic procedure for a,b-unsatu-
rated N-acylpyrroles using Wittig reagent 4 and HWE
reagent 6 are summarized in Scheme 1, and in Tables 1

Figure 2. Postulated catalytic cycle of asymmetric epoxidation promoted
by rare earth metal alkoxide/BINOL complex.
and 2. The reaction of carbonyldipyrrole 212 with ylide 3
afforded 4 in 98% yield when 3 equiv of 3 was used
(Scheme 1).13 The HWE reagent 6 was also synthesized
by the reaction of 2 with 1.1 equiv of lithiated 5 in 94% yield.
The Wittig reaction to afford a,b-unsaturated N-acylpyrroles
is summarized in Table 1. With aromatic (entries 1–9) and
heteroaromatic (entries 10–12) aldehydes, both the chemical
yield and E/Z ratio were good using Wittig reagent 4. Both
the electron donating (entries 3 and 4) and withdrawing (en-
tries 5 and 6) substituents at the para-position gave products
in high yield and E/Z ratio (>20/1). With ortho-substituents,
the E/Z ratio decreased to 7/1 (entry 8) and 10/1 (entry 9).
For enolizable aliphatic aldehydes, HWE reactions with 6
under Masamune–Roush conditions14 were appropriate
(Table 2), and afforded various b-alkyl substituted

Table 2. Synthesis of a,b-unsaturated N-acylpyrrole 1 using HWE reagent 6

RCHO
O

N
P
O

EtO
EtO

O

NR+
CH3CN, rt

6

i-Pr2NEt, LiCl

7 1

Entry Aldehyde R Product Time (h) Yield (%) E/Z

1 (CH3)2CHCH2–, 7o 1o 13 96 >20/1
2 n-Pr, 7p 1p 12 90 >20/1
3 PhCH2CH2–, 7q 1q 22 89 >20/1
4 CH2]CH(CH2)8–, 7r 1r 15 94 >20/1
5 i-Pr, 7s 1s 10 90 >20/1
6 cyclo-Hex, 7t 1t 24 98 >20/1

O O

NN

CH3P+Ph3Br–

PPh3H2C

O

NN H3C
P

O

OEt
OEt BuLi

N
PPh3

O

N
P
O

EtO
EtO

2 3 (3 equiv) 

+

+ PhLi

2 5 (1.1 equiv) 6

+

94%

THF/Et2O
–78 °C to rt

THF
–78 °C to rt

98%

4

Scheme 1. Synthesis of Wittig reagent 4 and HWE reagent 6.

Table 1. Synthesis of a,b-unsaturated N-acylpyrrole 1 using Wittig reagent 4

O

HR PPh3

O

N

O

NR+

1

toluene
time, temp

7 4

Entry Aldehyde R Product Temp
(�C)

Time
(h)

Yield
(%)

E/Z

1 Ph–, 7a 1a 100 48 97 >20/1
2 2-naphthyl, 7b 1b 100 48 Quant >20/1
3 4-Me–C6H4–, 7c 1c 100 48 98 >20/1
4 4-MeO–C6H4–, 7d 1d 110 84 97 >20/1
5 4-Br–C6H4–, 7e 1e 100 36 98 >20/1
6 4-Cl–C6H4–, 7f 1f 100 24 Quant >20/1
7 3-Cl–C6H4–, 7g 1g 100 24 98 >15/1
8 2-Cl–C6H4–, 7h 1h 100 24 95 7/1
9 1-naphthyl, 7i 1i 100 48 Quant 10/1
10 2-furyl, 7j 1j 100 48 91 >15/1
11 2-thienyl, 7k 1k 100 36 Quant >20/1
12 4-pyridyl, 7l 1l 100 48 Quant >20/1
13 PhCH2C(CH3)2–, 7m 1m 110 84 63 >20/1
14 BnOCH2C(CH3)2–, 7n 1n 110 84 63 >20/1
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a,b-unsaturated N-acylpyrroles in good yield and with high
E-selectivity.

3. Catalytic asymmetric epoxidation of a,b-unsaturated
N-acylpyrroles

The catalytic asymmetric epoxidation of 1a proceeded
smoothly, as summarized in Table 3. With 10 mol % of the
Sm(O-i-Pr)3/(R)-BINOL complex,15 10 mol % of Ph3As(O),
and 1.5 equiv of TBHP, the reaction was completed within
0.5 h and afforded 8a in 93% yield and 94% ee (entry 1).
The reaction rate was much faster than when using other car-
boxylic acid derivatives5,6 and as fast as that using enones.1,16

The reaction also proceeded smoothly with 5 mol % catalyst
(entry 2: 85% yield, 96% ee). To improve the enantioselectiv-
ity, various BINOL derivatives were screened to determine
that H8-BINOL functioned best. The H8-BINOL complex
gave better results than the BINOL complex, probably due
to the large bite angle.17 With a Sm(O-i-Pr)3/(R)-H8-BINOL
complex, 8a was obtained in 99% ee (entry 3). Ph3P(O) was
also effective for N-acylpyrrole 1a (entries 4–6). THF/toluene
mixed solvent produced better results than THF alone, and 8a
was obtained in 96–99% ee, depending on the amount of
Ph3P(O) (entries 7–9). Both the reaction rate and selectivity
were highest with 100 mol % of Ph3P(O) (entry 9). Under
the best conditions (THF/toluene, Ph3P(O): 100 mol %),
less explosive and less reactive CMHP was also applicable
and the reaction reached completion within 0.2 h with
5 mol % catalyst (entry 10, 98% yield,>99.5% ee). The result
in entry 10 gave additional practical benefits to the present
system compared with our previous reports.5,6 The substrate
scopes for the epoxidation reactions are summarized in
entries 10–17.18 In all the substrates, commercially available
CMHP (tech. 80% grade) was used without purification.
Various b-aryl substituted a,b-unsaturated N-acylpyrroles
had high reactivity regardless of the substituents on the aro-
matic rings, providing epoxides in 91–98% yield and in 99
to>99.5% ee after 0.2 h (entries 10–14). b-Alkyl substituted
a,b-unsaturated N-acylpyrroles had slightly lower reactivity.
The reaction completed within 0.2–0.5 h, giving epoxides in
90–95% yield and 99–>99.5% ee (entries 15–17). Because
the reaction proceeded via 1,4-addition of samarium perox-
ide, chemoselective epoxidation of electron deficient car-
bon–carbon double bond was realized with a,b-unsaturated
N-acylpyrrole 1r.

We then tried to reduce the catalyst loading. As expected
from the high reaction rate with 5 mol % catalyst loading
(Table 3), catalyst loading was easily reduced. TBHP was
utilized instead of CMHP to reduce the catalyst loading
and to achieve a higher reaction rate. As summarized in
Table 4, the epoxidation reaction of 1a completed using as
little as 1, 0.5, or 0.2 mol % of Sm(O-i-Pr)3/H8-BINOL com-
plex with 100 mol % of Ph3P(O), giving product 8a in high
yield (94% quant) and high ee (96–99% ee) after 0.3–1 h
(entries 2–4). The reaction proceeded well with as little as
0.1 mol % catalyst loading (substrate/catalyst¼1000), af-
fording product in 90.4% yield (turnover number [TON]¼
904) and 96% ee (entry 5). With the Sm(O-i-Pr)3/H8-
BINOL/Ph3As(O)¼1/1/1 complex, catalyst loading was
further reduced to 0.1, 0.05, and 0.02 mol % (substrate/
catalyst¼up to 5000) as summarized in entries 6–8. The
high catalyst TON (TON¼4710) and high TOF (up to
>3000 h�1) in entry 8 was far better compared with previous
reports from our group.5,6 Because the commercially avail-
able TBHP solution in decane (5–6 M) contains up to 4%
water, use of the wet TBHP solution in decane was not
suitable for reduced catalyst loading (entries 3–8). Thus,
TBHP in toluene (ca. 4.5 M) dried with 4 Å MS (water con-
tent �0.4%) was alternatively used to avoid decomposition
of the Sm(O-i-Pr)3/H8-BINOL catalyst by excess H2O.
Table 3. Catalytic asymmetric epoxidation reaction of a,b-unsaturated N-acylpyrrole

N

O

R N

O

R
O

81

MS 4Å,b rt

Sm(O-i-Pr)3 (xmol%)
(R)-ligand (x mol %)
additive (y mol %)

oxidant (1.5 equiv)a

solvent

Entry N-Acylpyrrole R Sm(O-i-Pr)3 (x mol %) Ligand (x mol %) Additive (y mol %) Solvent Oxidant Time (h) Yield (%) ee (%)

1 Ph, 1a 10 BINOL (10) Ph3As(O) (10) THF TBHP 0.5 93 94
2 Ph, 1a 5 BINOL (5) Ph3As(O) (5) THF TBHP 0.5 85 96
3 Ph, 1a 5 H8-BINOL (5) Ph3As(O) (5) THF TBHP 0.5 94 99
4 Ph, 1a 5 H8-BINOL (5) Ph3P(O) (15) THF TBHP 0.5 84 94
5 Ph, 1a 5 H8-BINOL (5) Ph3P(O) (50) THF TBHP 0.5 88 98
6 Ph, 1a 5 H8-BINOL (5) Ph3P(O) (100) THF TBHP 0.5 85 97
7 Ph, 1a 5 H8-BINOL (5) Ph3P(O) (15) THF/toluene TBHP 0.4 85 96
8 Ph, 1a 5 H8-BINOL (5) Ph3P(O) (50) THF/toluene TBHP 0.5 92 99
9 Ph, 1a 5 H8-BINOL (5) Ph3P(O) (100) THF/toluene TBHP 0.2 97 99
10 Ph, 1a 5 H8-BINOL (5) Ph3P(O) (100) THF/toluene CMHP 0.2 98 >99.5
11 2-naphthy1, 1b 5 H8-BINOL (5) Ph3P(O) (100) THF/toluene CMHP 0.2 93 >99.5
12 4-Me–C6H4–, 1c 5 H8-BINOL (5) Ph3P(O) (100) THF/toluene CMHP 0.2 98 >99.5
13 4-MeO–C6H4–, 1d 5 H8-BINOL (5) Ph3P(O) (100) THF/toluene CMHP 0.2 91 99
14 4-Cl–C6H4–, 1f 5 H8-BINOL (5) Ph3P(O) (100) THF/toluene CMHP 0.2 97 >99.5
15c PhCH2CH2–, 1q 5 H8-BINOL (5) Ph3P(O) (100) THF/toluene CMHP 0.5 91 99
16 H2C¼CH(CH2)8–, 1r 5 H8-BINOL (5) Ph3P(O) (100) THF/toluene CMHP 0.3 95 99
17 Cyclohex, 1t 5 H8-BINOL (5) Ph3P(O) (100) THF/toluene CMHP 0.2 90 >99.5

a TBHP in decane (5–6 M) and CMHP (80% tech. grade) purchased from Aldrich were used as received.
b 1000 mg of 4 Å MS mmol�1 of compound 1 was used.
c CMHP (2.5 equiv) was used.
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Table 4. Catalytic asymmetric epoxidation reaction of a,b-unsaturated N-acylpyrrole with reduced catalyst loading

N

O

Ph N

O

Ph
O

8a1a

MS 4Å, RT
THF/toluene

Sm(O-i-Pr)3 (xmol%)
(R)-H8-BINOL (x mol %)

additive (y mol %)
TBHP (1.5 equiv)

Entry Sm(O-i-Pr)3

(x mol %)
H8-BINOL
(x mol %)

Additive
(y mol %)

MS 4 Å
(mg mmol�1 of 1a)

Concd Of [1a]
(M)

Time
(h)

Yield
(%)

ee
(%)

1a 5 5 Ph3P(O) (100) 1000 0.1 0.2 97 99
2a 1 1 Ph3P(O) (100) 500 1 0.3 94 99
3b 0.5 0.5 Ph3P(O) (100) 250 1 0.6 Quant 97
4b 0.2 0.2 Ph3P(O) (100) 100 2 1 99 97
5b 0.1 0.1 Ph3P(O) (100) 100 2 2 90 96
6b 0.1 0.1 Ph3As(O) (0.1) 100 3 0.6 Quant 99
7b 0.05 0.05 Ph3As(O) (0.05) 100 3 1 Quant 98
8b 0.02 0.02 Ph3As(O) (0.02) 100 3 1.5 94 99

a Commercially available TBHP solution in decane (5–6 M) was used.
b Dried TBHP solution in toluene was used.
To reduce the catalyst loading, it was important to keep the
concentration of the catalyst within 1–5 mM, which was
similar to the best conditions with 5 mol % catalyst loading
([Sm(O-i-Pr)3/H8-BINOL]¼5 mM). Thus, the concentration
of substrate 1a increased accordingly when the reaction
shown in Table 4 was performed. For example, [1a] was
2 M in entry 5 and 3 M in entries 6–8. High volumetric pro-
ductivity of the present system together with reduced catalyst
loading is noteworthy for large scale synthesis. Further
experiments to reduce catalyst loading were unsuccessful be-
cause it was difficult to maintain the appropriate concentra-
tion of Sm catalyst due to solubility problems of product 8a.

4. Transformation of N-acylpyrrole unit

To demonstrate the synthetic utility of the N-acylpyrrole unit,
several transformations were performed (Scheme 2).19
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O
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Scheme 2. Transformations of N-acylpyrrole units: reagents and conditions:
(a) t-butyl acetate, BuLi, THF, �78 �C, 10 min; then DBU, CH2Cl2, 25 �C,
20 min, 74% yield (two steps); (b) PhLi, THF, �78 �C, 10 min; then DBU,
CH2Cl2, 25 �C, 20 min, 88% yield (two steps); (c) BuLi, 1-pentyne, THF,
�78 �C, 10 min; then DBU, CH2Cl2, 0 �C, 10 min, 84% yield (two steps);
(d) LiBH4, THF, 0–25 �C, 1 h; then NaBH4, 25 �C, 4 h, 72% yield (two steps).
Reactions with carbon nucleophiles were examined using
the procedure reported by Evans and co-workers.8a The addi-
tion of various nucleophiles afforded relatively stable pyrrole
carbinol intermediate (A) in Scheme 2. Treatment of the pyr-
role carbinol with DBU promoted the elimination of pyrrole
to afford the corresponding product (B). Pyrrolyl epoxide 8a
was converted to b-ketoester 9 in 74% yield by the addition of
lithium enolate prepared from t-butyl acetate, followed by
treatment with DBU. a,b-Epoxy ketone 10 was obtained in
88% yield using PhLi and DBU. The addition of lithiated
alkyne gave 11 in 84% yield after treatment with DBU. In
two steps, 8q was reduced to epoxyalcohol 12; successive
treatment with LiBH4 and NaBH4 gave 12 in 72% yield.

5. Conclusion

In summary, the utility of a,b-unsaturated N-acylpyrroles as
monodentate and activated ester equivalent acceptors was
demonstrated in catalytic asymmetric epoxidation reactions.
Various a,b-unsaturated N-acylpyrroles were synthesized
using either Wittig reagent 4 or HWE reagent 6. A Sm(O-
i-Pr)3/(S)-H8-BINOL complex promoted the epoxidation
reaction to afford products in high yield (up to quant) and
high enantiomeric excess (up to >99.5% ee). The reaction
proceeded smoothly using the less explosive CMHP, and
completed within 0.2–0.5 h. Catalyst loading was also suc-
cessfully reduced to as little as 0.02 mol % with TBHP as
an oxidant, realizing high TON (up to 4710) and TOF (up
to >3000 h�1) of the catalyst.

6. Experimental

6.1. General

Infrared (IR) spectra were recorded on a JASCO FTIR 410
Fourier transform infrared spectrophotometer. NMR spectra
were recorded on a JEOL JNM-LA500 spectrometer, operat-
ing at 500 MHz for 1H NMR and 125.65 MHz for 13C NMR.
Chemical shifts in CDCl3 were reported downfield from
TMS (¼0) or in the scale relative to CHCl3 (7.24 ppm) for
1H NMR. For 13C NMR, chemical shifts were reported in
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the scale relative to CHCl3 (77.0 ppm) as an internal refer-
ence. Optical rotations were measured on a JASCO P-1010
polarimeter. ESI mass spectra were measured on Waters-
ZQ4000. FAB mass spectra were measured on JMS-MS
700V. Column chromatography was performed with silica
gel Merck 60 (230–400 mesh ASTM). The enantiomeric
excess (ee) was determined by HPLC analysis. HPLC was
performed on JASCO HPLC systems consisting of the fol-
lowing: pump, PU-2080; detector, UV-2075, measured at
254 nm; column, DAICEL CHIRALCEL OJ, CHIRALPAK
AD, AS, AD-H; mobile phase, hexane/2-propanol; flow rate,
1.0 mL min�1. Reactions were carried out in dry solvent un-
der argon atmosphere, unless otherwise stated. Tetrahydro-
furan (THF) was distilled from sodium benzophenone
ketyl. Sm(O-i-Pr)3 was purchased from Kojundo Chemical
Laboratory Co., Ltd (fax: +81 492 84 1351; e-mail: sales@
kojundo.co.jp). Cumene hydroperoxide (CMHP: 80% tech.
grade) and tert-butyl hydroperoxide (TBHP: 5–6 M in dec-
ane) were purchased from Aldrich and used as received.
Other reagents were purified by the usual methods.

6.2. Synthesis of pyrrolylmethylenetriphenylphos-
phorane (ylide: 4)

To a suspension of methyltriphenylphosphonium bromide
(12.9 g, 36 mmol) in THF (14 mL) at 0 �C was added PhLi
(Et2O solution, 28.1 mL, 36 mmol). The mixture was stirred
at 25 �C for 60 min to afford methylenetriphenylphosphor-
ane 3. Then, the mixture was cooled down to �78 �C, and
then the solution of 1,10-carbonyldipyrrole 2 (1.92 g,
12 mmol) in THF (18 mL) was added. The cooling bath
was removed and the reaction mixture was stirred overnight
at room temperature. H2O was added and the mixture was
extracted with ethyl acetate/CH2Cl2¼5/1 (�3). The organic
layers were washed with brine and dried over MgSO4. After
evaporation, the residue was purified by silica gel flash col-
umn chromatography to afford ylide 4 (4.33 g, 11.7 mmol,
98% yield); IR (KBr) n 3434, 3048, 1601, 1438 cm�1; 1H
NMR (CDCl3) d 7.68 (m, 6H), 7.56 (m, 3H), 7.47 (m, 6H),
7.33–7.35 (m, 2H), 6.15–6.18 (m, 2H), 3.71 (d, J¼9.3 Hz,
1H); 13C NMR (CDCl3) d 38.0 (d, J(C–P)¼125 Hz), 109.3,
118.3, 126.4 (d, J(C–P)¼91.5 Hz), 128.8 (d, J(C–P)¼
12.4 Hz), 132.1 (d, J(C–P)¼2.1 Hz), 132.9 (d, J(C–P)¼
10.3 Hz); ESIMS m/z 370 [M+H]+; HRMS (FAB) m/z calcd
for C24H21ONP [M+H]+: 370.1361; found: 370.1369.

6.3. General procedure of Wittig reaction for the
synthesis of a,b-unsaturated N-acylpyrroles 1

To the suspension of ylide 4 (240 mg, 0.65 mmol) in toluene
(1.25 mL) was added benzaldehyde 7a (50.8 mL, 0.5 mmol).
The suspension was stirred for 48 h at 100 �C, and cooled
down to room temperature. The reaction mixture was evap-
orated under reduced pressure, and the residue was purified
by silica gel flash column chromatography (hexane/ethyl
acetate¼20/1) to give 1a in 97% yield.

6.4. Preparation of HWE reagent 6

To a stirred solution of diethyl methylphosphonate (5,
12.4 mL, 84.9 mmol) in THF (300 mL) at �78 �C was
added BuLi (85.2 mmol, 53.9 mL, 1.58 M in hexane) slowly
over 30 min. The mixture was stirred at �65 �C for 90 min,
and then carbonyldipyrrole (2, 12.5 g, 77.6 mmol) in THF
(35 mL) was added slowly over 20 min. The mixture was
stirred at the same temperature for 1 h, and then the mixture
was gradually warmed to room temperature over 2 h. The re-
action mixture was quenched with satd aq NH4Cl and the
mixture was vigorously stirred for 2 h at room temperature.
The mixture was extracted with ethyl acetate. The organic
layer was washed with brine, and dried over Na2SO4.
After removing the solvent, the residue was purified by silica
gel flash column chromatography (hexane/ethyl acetate¼2/1
to 0/1) to give 6 (18.0 g, 94% yield); IR (neat) n 587, 746,
922, 973, 1025, 1164, 1255, 1336, 1472, 1713, 2985,
3288 cm�1; 1H NMR (CDCl3) d 1.26–1.29 (m, 6H), 3.43
(d, J¼22.5 Hz, 2H), 4.11–4.16 (m, 4H), 6.27–6.28 (m,
2H), 7.30 (br s, 2H); 13C NMR (CDCl3) d 162.6, 119.6,
113.5, 62.8, 34.9 (d, J(C–P)¼133 Hz), 16.0; ESIMS m/z 268
[M+Na]+; HRMS (FAB) m/z calcd for C10H16O4NCsP
[M+Cs]+: 377.9871; found: 377.9868.

6.5. Representative HWE procedure for the synthesis
of a,b-unsaturated N-acylpyrrole 1

LiCl (2.54 g, 60 mmol) in a 500 mL flask was flame dried
prior to use. Then, CH3CN (200 mL) was added, and the
mixture was cooled at 0 �C. To the mixture were added phos-
phonate 6 (8.06 g, 33 mmol) and Hünig’s base (10.2 mL,
60 mmol). The mixture was stirred at 0 �C for 20 min, and
then was added aldehyde 7o (3.22 mL, 30 mmol). The mix-
ture was stirred at room temperature for 13 h, and H2O was
added. The mixture was extracted with ethyl acetate. The
organic layer was washed with brine, and was dried over
Na2SO4. After removing the solvent, the residue was puri-
fied by silica gel flash column chromatography (hexane/
ethyl acetate¼30/1) to give 1o (5.16 g, 96% yield).

6.5.1. (2E)-3-Phenyl-1-pyrrol-1-yl-2-propen-1-one (1a).
Colorless solid; IR (KBr) n 1688, 1624, 1467, 1351 cm�1;
1H NMR (CDCl3) d 7.98 (d, J¼15.6 Hz, 1H), 7.61 (dd,
J¼3.7, 3.4 Hz, 2H), 7.40–7.49 (m, 4H), 7.13 (d, J¼
15.6 Hz, 1H); 13C NMR (CDCl3) d 162.9, 147.5, 134.2,
130.9, 129.0, 128.4, 119.2, 115.7, 113.3; ESIMS: m/z 220
[M+Na]+; HRMS (FAB) m/z calcd for C13H12ON [M+H]+:
198.0920; found: 198.0919.

6.5.2. (2E)-3-(2-Naphthyl)-1-pyrrol-1-yl-2-propen-1-one
(1b). Colorless solid; IR (KBr) n 1680, 1617, 1466,
1300 cm�1; 1H NMR (CDCl3) d 8.15 (d, J¼15.3 Hz, 1H),
8.03 (s, 1H), 7.84–7.91 (m, 3H), 7.75 (m, 1H), 7.51–7.57
(m, 4H), 7.26 (d, J¼15.3 Hz, 1H), 6.30–6.35 (m, 2H); 13C
NMR (CDCl3) d 163.0, 147.6, 134.5, 133.3, 131.7, 130.8,
128.8, 128.7, 127.6, 126.9, 123.4, 119.3, 115.8, 113.3;
ESIMS: m/z 270 [M+Na]+; HRMS (FAB) m/z calcd for
C17H14ON [M+H]+: 248.1075; found: 248.1075.

6.5.3. (2E)-3-(4-Methylphenyl)-1-pyrrol-1-yl-2-propen-
1-one (1c). Colorless solid; IR (KBr) n 1686, 1621, 1467,
1352 cm�1; 1H NMR (CDCl3) d 7.96 (d, J¼15.6 Hz, 1H),
7.51 (d, J¼8.0 Hz, 2H), 7.45 (br s, 2H), 7.22 (d, J¼8.0 Hz,
2H), 7.09 (d, J¼15.6 Hz, 1H), 2.39 (s, 3H); 13C NMR
(CDCl3) d 163.1, 147.6, 141.6, 131.5, 129.7, 128.5, 119.2,
114.5, 113.2, 21.5; ESIMS: m/z 234 [M+Na]+; HRMS
(FAB) m/z calcd for C14H14NO [M+H]+: 212.1075; found:
212.1076.

mailto:sales@kojundo.co.jp
mailto:sales@kojundo.co.jp
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6.5.4. (2E)-3-(4-Methoxyphenyl)-1-pyrrol-1-yl-2-
propen-1-one (1d). Colorless solid; IR (KBr) n 1687,
1625, 1603, 1512, 1466, 1248 cm�1; 1H NMR (CDCl3)
d 7.94 (d, J¼15.3 Hz, 1H), 7.57 (d, J¼8.5 Hz, 2H), 7.45
(br s, 2H), 6.99 (d, J¼15.3 Hz, 1H), 6.93 (d, J¼8.5 Hz,
2H), 6.33 (br s, 2H), 3.85 (s, 3H); 13C NMR (CDCl3)
d 163.2, 161.9, 147.3, 130.2, 127.0, 119.2, 114.4, 113.0,
55.4; ESIMS: m/z 250 [M+Na]+; HRMS (FAB) m/z calcd
for C14H14O2N [M+H]+: 228.1024; found: 228.1020.

6.5.5. (2E)-3-(4-Bromophenyl)-1-pyrrol-1-yl-2-propen-
1-one (1e). Colorless solid; IR (KBr) n 2922, 1685, 1622,
1471 cm�1; 1H NMR (CDCl3) d 7.92 (d, J¼15.6 Hz, 1H),
7.45–7.59 (m, 6H), 7.13 (d, J¼15.6 Hz, 1H), 6.36–6.38
(m, 2H); 13C NMR (CDCl3) d 162.7, 146.1, 133.1, 132.3,
129.8, 125.3, 119.2, 116.3, 113.5; ESIMS: m/z 298, 300
[M+Na]+; HRMS (FAB) m/z calcd for C13H11ONBr
[M+H]+: 276.0014; found: 276.0019.

6.5.6. (2E)-3-(4-Chlorophenyl)-1-pyrrol-1-yl-2-propen-
1-one (1f). Colorless solid; IR (KBr) n 1674, 1620, 1469,
1352, 1255 cm�1; 1H NMR (CDCl3) d 7.87 (d, J¼15.6 Hz,
1H), 7.49 (d, J¼8.6 Hz, 2H), 7.39 (dd, J¼2.5, 2.2 Hz, 2H),
7.34 (d, J¼8.6 Hz, 2H), 7.04 (d, J¼15.6 Hz, 1H), 6.30 (dd,
J¼2.5, 2.2 Hz, 2H); 13C NMR (CDCl3) d 162.6, 146.0,
136.9, 132.7, 129.6, 129.3, 119.2, 116.2, 113.5; ESIMS:
m/z 254 [M+Na]+; HRMS (FAB) m/z calcd for
C13H11ONCl [M+H]+: 232.0529; found: 232.0529.

6.5.7. (2E)-3-(3-Chlorophenyl)-1-pyrrol-1-yl-2-propen-
1-one (1g). Colorless solid; IR (KBr) n 1685, 1623,
1466 cm�1; 1H NMR (CDCl3) d 7.90 (d, J¼15.6 Hz, 1H),
7.60 (s, 1H), 7.35–7.49 (m, 5H), 7.14 (d, J¼15.6 Hz, 1H),
6.36–6.39 (m, 2H); 13C NMR (CDCl3) d 162.5, 145.8,
136.0, 135.0, 130.7, 130.3, 127.9, 126.8, 119.2, 117.1,
113.6; ESIMS: m/z 254, 256 [M+Na]+; HRMS (FAB) m/z
calcd for C13H11ONCl [M+H]+: 232.0529; found: 232.0534.

6.5.8. (2E)-3-(2-Chlorophenyl)-1-pyrrol-1-yl-2-propen-
1-one (1h). Colorless solid; IR (KBr) n 1685, 1621, 1469,
1349, 1285 cm�1; 1H NMR (CDCl3) d 8.30 (d, J¼15.6 Hz,
1H), 7.64 (d, J¼5.8 Hz, 1H), 7.39 (br s, 3H), 7.28 (m, 2H),
7.09 (d, J¼15.6 Hz, 1H), 6.30 (br s, 2H); 13C NMR
(CDCl3) d 162.5, 143.3, 135.4, 132.6, 131.5, 130.4, 127.9,
127.1, 119.3, 118.6, 113.5; ESIMS: m/z 254 [M+Na]+;
HRMS (FAB) m/z calcd for C13H11ONCl [M+H]+:
232.0529; found: 232.0526.

6.5.9. (2E)-3-(1-Naphthyl)-1-pyrrol-1-yl-2-propen-1-one
(1i). Colorless solid; IR (KBr) n 1682, 1616, 1471,
1357 cm�1; 1H NMR (CDCl3) d 8.76 (d, J¼15.0 Hz, 1H),
8.18 (d, J¼8.3 Hz, 1H), 7.88 (d, J¼8.3 Hz, 1H), 7.79 (d,
J¼7.0 Hz, 1H), 7.42–7.57 (m, 5H), 6.31 (br s, 2H); 13C
NMR (CDCl3) d 162.8, 144.6, 133.7, 131.7, 131.5, 131.2,
128.8, 127.1, 126.4, 125.4, 125.2, 123.3, 119.3, 118.4,
113.4, 113.2; ESIMS: m/z 270 [M+Na]+; HRMS (FAB) m/z
calcd for C17H14ON [M+H]+: 248.1075; found: 248.1077.

6.5.10. (2E)-3-(2-Furyl)-1-pyrrol-1-yl-2-propen-1-one
(1j). Colorless solid; IR (KBr) n 1688, 1618, 1468 cm�1;
1H NMR (CDCl3) d 7.73 (d, J¼15.3 Hz, 1H), 7.55 (br s,
1H), 7.45–7.48 (m, 2H), 7.04 (d, J¼15.3 Hz, 1H), 6.74 (d,
J¼3.1 Hz, 1H), 6.53 (dd, J¼1.9, 3.1 Hz, 1H), 6.34–6.37
(m, 2H); 13C NMR (CDCl3) d 162.8, 150.9, 145.2, 133.1,
119.1, 116.6, 113.2, 113.0, 112.7; ESIMS: m/z 210
[M+Na]+; HRMS (FAB) m/z calcd for C11H10O2N
[M+H]+: 188.0711; found: 188.0716.

6.5.11. (2E)-1-Pyrrol-1-yl-3-(2-thienyl)-2-propen-1-one
(1k). Colorless solid; IR (KBr) n 1686, 1609, 1466 cm�1;
1H NMR (CDCl3) d 8.10 (d, J¼15.0 Hz, 1H), 7.43–7.47
(m, 3H), 7.37 (d, J¼3.4 Hz, 1H), 7.10 (dd, J¼3.4, 4.5 Hz,
1H), 6.92 (d, J¼15.0 Hz, 1H), 6.34–6.38 (m, 2H); 13C
NMR (CDCl3) d 162.7, 139.8, 139.5, 132.4, 129.3, 128.4,
119.1, 114.2, 113.3; ESIMS: m/z 226 [M+Na]+; HRMS
(FAB) m/z calcd for C11H10ONS [M+H]+: 204.0483; found:
204.0489.

6.5.12. (2E)-3-(4-Pyridyl)-1-pyrrol-1-yl-2-propen-1-one
(1l). Colorless solid; IR (KBr) n 1687, 1466 cm�1; 1H
NMR (CDCl3) d 8.70 (d, J¼4.9 Hz, 1H), 7.87 (d, J¼
15.5 Hz, 1H), 7.43–7.46 (m, 4H), 7.29 (d, J¼15.5 Hz, 1H),
6.36–6.38 (m, 2H); 13C NMR (CDCl3) d 162.0, 150.7,
144.4, 141.2, 121.9, 120.3, 119.2, 113.9; ESIMS: m/z 199
[M+H]+; HRMS (FAB) m/z calcd for C12H11ON2 [M+H]+:
199.0871; found: 199.0871.

6.5.13. (2E)-4,4-Dimethyl-5-phenyl-1-pyrrol-1-yl-2-
penten-1-one (1m). IR (KBr) n 2956, 1682, 1629, 1469,
1349, 1297 cm�1; 1H NMR (CDCl3) d 7.05–7.38 (m, 8H),
6.25–6.29 (m, 3H), 2.71 (s, 2H), 1.12 (s, 6H); 13C NMR
(CDCl3) d 163.0, 160.7, 137.4, 130.4, 130.2, 128.1, 127.9,
126.4, 119.2, 116.3, 113.1, 48.5, 38.5, 26.1; ESIMS: m/z
276 [M+Na]+; HRMS (FAB) m/z calcd for C17H20ON
[M+H]+: 254.1545; found: 254.1542.

6.5.14. (2E)-5-Benzyloxy-4,4-dimethyl-1-pyrrol-1-yl-2-
penten-1-one (1n). Pale yellow oil; IR (neat) n 2963,
2868, 1697, 1637, 1467, 1344, 1305, 1267 cm�1; 1H NMR
(CDCl3) d 7.22–7.36 (m, 8H), 6.50 (d, J¼15.6 Hz, 1H),
6.29 (dd, J¼2.5, 2.2 Hz, 2H), 4.51 (s, 2H), 3.31 (s, 2H),
1.15 (s, 6H); 13C NMR (CDCl3) d 163.1, 158.8, 138.2,
128.3, 127.5, 127.4, 119.2, 117.0, 113.0, 77.9, 73.3, 38.8,
23.9; ESIMS: m/z 306 [M+Na]+; HRMS m/z calcd for
C18H21O2N [M+H]+: 284.1650; found: 284.1647.

6.5.15. (2E)-5-Methyl-1-pyrrol-1-yl-2-hexen-1-one (1o).
Colorless liquid; IR (neat) 3150, 2958, 1697, 1641,1468,
1408, 1356, 1281, 1122, 742 cm�1; 1H NMR (CDCl3)
d 7.41 (t, J¼2.1 Hz, 2H), 7.29 (dt, J¼7.6, 15.3 Hz, 1H),
6.58 (d, J¼15.3 Hz, 1H), 6.35 (t, J¼2.1 Hz, 2H), 2.29–
2.22 (m, 2H), 1.87 (sept, J¼6.7 Hz, 1H), 1.00 (d, J¼
6.7 Hz, 6H); 13C NMR (CDCl3) d 162.7, 151.8, 120.4,
119.2, 113.1, 42.0, 27.9, 22.4; EIMS: m/z 177 [M+];
HRMS (EI) m/z calcd for C11H15NO [M+]: 177.1154; found:
177.1163.

6.5.16. (2E)-1-Pyrrol-1-yl-2-hexen-1-one (1p). Light yel-
low liquid; IR (neat) 3149, 2961, 1698, 1641, 1468, 1355,
1277, 1121, 1072, 940 cm�1; 1H NMR (CDCl3) d 7.38 (t,
J¼2.3 Hz, 2H), 7.27 (dt, J¼7.2, 15.2 Hz, 1H), 6.56 (d,
J¼15.2 Hz, 1H), 6.32 (t, J¼2.3 Hz, 2H), 2.34–2.29 (m,
2H), 1.62–1.51 (m, 2H), 0.98 (t, J¼7.5 Hz, 3H); 13C NMR
(CDCl3) d 162.8, 152.7, 119.5, 119.2, 113.1, 34.8, 21.3,
13.7; MS: m/z 163 [M+]; HRMS (EI) m/z calcd for
C10H13NO [M+]: 163.0997; found: 163.0997.
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6.5.17. (2E)-5-Phenyl-1-pyrrol-1-yl-2-penten-1-one (1q).
Colorless oil; IR (neat) n 1694, 1643, 1467, 1363,
1280 cm�1; 1H NMR (CDCl3) d 7.38–7.16 (m, 8H), 6.53
(d, J¼15.0 Hz, 1H), 6.31 (dd, J¼2.5, 2.2 Hz, 2H), 2.85
(t, J¼7.6 Hz, 2H), 2.71–2.62 (m, 2H); 13C NMR (CDCl3)
d 162.6, 151.2, 140.4, 128.5, 128.3, 126.2, 120.1, 119.1,
113.1, 34.3, 34.2; ESIMS: m/z 308 [M+Na]+; HRMS
(FAB) m/z calcd for C15H16ON [M+H]+: 226.1232; found:
226.1234.

6.5.18. (2E)-1-Pyrrol-1-yl-tridec-2,12-dien-1-one (1r).
Colorless oil; IR (neat) n 2926, 2854, 1702, 1642, 1467,
1351, 1291 cm�1; 1H NMR (CDCl3) d 7.38 (t, J¼2.4 Hz,
2H), 7.27 (m, 1H), 6.55 (d, J¼15.0 Hz, 1H), 6.32 (dd,
J¼2.5, 2.2 Hz, 2H), 5.81 (m, 1H), 4.99 (d, J¼16.9 Hz, 1H),
4.93 (d, J¼10.1 Hz, 1H), 2.33 (m, 2H), 2.03 (m, 2H), 1.25–
1.59 (m, 12H); 13C NMR (CDCl3) d 167.8, 152.9, 139.1,
119.3, 119.2, 114.1, 113.1, 33.7, 32.8, 29.3, 29.3, 29.1,
29.0, 28.8, 28.0; ESIMS: m/z 282 [M+Na]+; HRMS (FAB)
m/z calcd for C17H26ON [M+H]+: 260.2014; found:
260.2014.

6.5.19. (2E)-3-Cyclohexyl-1-pyrrol-1-yl-2-propen-1-one
(1t). Colorless oil; IR (neat) n 2926, 2852, 1696, 1634,
1468, 1346, 1286 cm�1; 1H NMR (CDCl3) d 7.38 (dd,
J¼2.5, 2.2 Hz, 2H), 7.22 (dd, J¼15.3, 7.1 Hz, 1H), 6.50
(dd, J¼15.3, 1.3 Hz, 1H), 6.32 (dd, J¼2.5, 2.2 Hz, 2H),
2.26 (m, 1H), 1.65–1.90 (m, 5H), 1.15–1.40 (m, 5H);
13C NMR (CDCl3) d 163.1, 157.6, 119.1, 116.9, 113.0,
41.0, 31.6, 25.8, 25.6; ESIMS: m/z 226 [M+Na]+; HRMS
(FAB) m/z calcd for C15H23O4 [M+H]+: 204.1388; found:
204.1382.

6.6. General procedure for catalytic asymmetric epoxi-
dation reaction with 5 mol % catalyst loading

MS (4 Å, 500 mg, powdered) in a flask was dried prior to use
at 160 �C under vacuum (0.7 KPa) for 3 h. To a stirred sus-
pension of Ph3P(O) (139 mg, 0.5 mmol), (R)-H8-BINOL
(7.36 mg, 0.025 mmol), and 4 Å MS in THF (1.0 mL)
and toluene (1.2 mL) at 25 �C was added Sm(O-i-Pr)3

(0.125 mL, 0.025 mmol, 0.2 M in THF). The mixture was
stirred for 10 min at 25 �C and cumene hydroperoxide
(CMHP) (0.14 mL, 0.75 mmol, 80% tech. grade) was added.
After 5 min, the color of the mixture became pale orange,
and then 1a (98.6 mg, 0.5 mmol) was added. The reaction
was quenched with 2.5% aq citric acid. The mixture was
extracted with ethyl acetate (�3). Then combined organic
layers were washed successively with satd aq NaHCO3

and brine, and then dried over MgSO4. The solvent was
evaporated and the resulting crude residue was purified by
flash silica gel column chromatography (ethyl acetate/
hexane¼1/20) to afford 8a (98% yield, >99.5% ee).

6.7. Procedure for catalytic asymmetric epoxidation
reaction with reduced catalyst loading (0.02 mol %)

MS (4 Å, 1000 mg, powdered) in a flask was dried prior to
use at 160 �C under vacuum (0.7 KPa) for 3 h. To a stirred
suspension of 1a (1.97 g, 10 mmol), Ph3As(O) (0.644 mg,
0.002 mmol), and (R)-H8-BINOL (0.589 mg, 0.002 mmol)
in THF (2.0 mL) at 25 �C was added Sm(O-i-Pr)3 (10 mL,
0.002 mmol, 0.2 M in THF). The mixture was stirred for
15 min at 25 �C and then the mixture was cooled to 0 �C.
tert-Butyl hydroperoxide (TBHP) (15 mmol, 4.5 M in tolu-
ene, dried with 4 Å MS) was added slowly over 60 min
(45 min at 0 �C, then 15 min at 25 �C). The stirring was con-
tinued for additional 30 min at 25 �C and quenched with
2.5% aq citric acid. The mixture was filtered through
Celite and the filtrate was extracted with ethyl acetate.
Then combined organic layers were washed successively
with satd aq NaHCO3 and brine, and then dried over
MgSO4. The solvent was evaporated and the resulting crude
residue was purified by flash silica gel column chromato-
graphy (ethyl acetate/hexane¼1/15) to afford 8a (2.01 g,
94.2% yield, 99% ee).

6.7.1. (2S,3R)-trans-2,3-Epoxy-3-phenyl-1-pyrrol-1-yl-
propan-1-one (8a). IR (KBr) n 3149, 1714, 1287,
904 cm�1; 1H NMR (CDCl3) d 7.32–7.42 (m, 7H), 6.33–
6.36 (m, 2H), 4.20 (d, J¼1.9 Hz, 1H), 4.01 (d, J¼1.9 Hz,
1H); 13C NMR (CDCl3) d 57.3, 58.8, 114.1, 119.0, 125.7,
128.8, 129.2, 134.4, 164.3; ESIMS m/z 236 [M+Na]+;
[a]D

24 +150 (c 1.07, CHCl3) (>99.5% ee); HRMS calcd for
C13H12NO2 [M+H]+: 214.0868; found: 214.0870; HPLC
(DAICEL CHIRALPAK AD, 2-propanol/hexane¼2/98,
flow 1.0 mL min�1, detection at 254 nm) tR 28.0 min
(minor) and 36.0 min (major).

6.7.2. (2S,3R)-trans-2,3-Epoxy-3-(2-naphthyl)-1-pyrrol-
1-yl-propan-1-one (8b). IR (KBr) n 1716, 1288, 910,
818 cm�1; 1H NMR (CDCl3) d 7.82–7.89 (m, 4H), 7.50–
7.53 (m, 2H), 7.41 (br, 1H), 7.37 (dd, J¼8.3, 1.2 Hz, 1H),
6.33–6.36 (m, 2H), 4.37 (br, 1H), 4.11 (d, J¼1.8 Hz, 1H);
13C NMR (CDCl3) d 57.5, 59.1, 114.2, 119.1, 122.2, 125.9,
126.8, 126.8, 127.9, 127.9, 128.9, 131.8, 133.0, 133.7,
164.3; ESIMS m/z 286 [M+Na]+; [a]D

24 +169 (c 1.01,
CHCl3); HRMS calcd for C17H14NO2 [M+H]+: 264.1024;
found: 264.1023; HPLC (DAICEL CHIRALPAK AD,
2-propanol/hexane¼2/98, flow 1.0 mL min�1, detection at
254 nm) tR 31.4 min (minor) and 40.0 min (major).

6.7.3. (2S,3R)-trans-2,3-Epoxy-3-(4-methylphenyl)-1-
pyrrol-1-yl-propan-1-one (8c). IR (KBr) n 3152, 1713,
1284, 800 cm�1; 1H NMR (CDCl3) d 7.20–7.26 (m, 2H),
6.35–6.37 (m, 2H), 4.18 (d, J¼1.7 Hz, 1H), 4.02 (d,
J¼1.7 Hz, 1H), 2.38 (s, 3H); 13C NMR (CDCl3) d 21.2,
57.3, 58.9, 114.1, 119.0, 125.7, 129.5, 131.4, 139.3, 164.5;
ESIMS m/z 250 [M+Na]+; [a]D

25 +153 (c 1.22, CHCl3);
HRMS calcd for C14H14NO2 [M+H]+: 228.1024; found:
228.1026; HPLC (DAICEL CHIRALCEL OJ, 2-propanol/
hexane¼2/98, flow 1.0 mL min�1, detection at 254 nm) tR
33.1 min (major) and 50.2 min (minor).

6.7.4. (2S,3R)-trans-2,3-Epoxy-3-(4-methoxyphenyl)-1-
pyrrol-1-yl-propan-1-one (8d). IR (KBr) n 1715, 1288,
910, 818 cm�1; 1H NMR (CDCl3) d 7.39 (br, 2H), 7.26 (d,
J¼8.7 Hz, 2H), 6.91 (d, J¼8.7 Hz, 2H), 6.33–6.35 (m,
2H), 4.14 (d, J¼1.9 Hz, 1H), 4.00 (d, J¼1.9 Hz, 1H), 3.81
(s, 3H); 13C NMR (CDCl3) d 55.4, 57.3, 58.8, 114.1,
114.3, 119.0, 126.3, 127.2, 160.5, 164.5; ESIMS m/z 266
[M+Na]+; [a]D

25 +163 (c 0.93, CHCl3); HRMS calcd for
C14H14NO3 [M+H]+: 244.0973; found: 244.0968; HPLC
(DAICEL CHIRALPAK AS-H, 2-propanol/hexane¼20/80,
flow 1.0 mL min�1, detection at 254 nm) tR 20.2 min
(minor) and 37.1 min (major).
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6.7.5. (2S,3R)-3-(4-Chlorophenyl)-trans-2,3-epoxy-1-pyr-
rol-1-yl-propan-1-one (8f). IR (KBr) n 1740, 1288,
798 cm�1; 1H NMR (CDCl3) d 7.35–7.39 (m, 4H), 7.26–
7.28 (m, 2H), 6.34–6.36 (m, 2H), 4.18 (d, J¼1.7 Hz, 1H),
3.96 (d, J¼1.7 Hz, 1H); 13C NMR (CDCl3) d 56.5, 57.4,
113.5, 118.2, 126.3, 128.3, 132.2, 134.5, 163.2; ESIMS m/z
270 (for 35Cl), 272 (for 37Cl) [M+Na]+; [a]D

25 +153 (c 1.11,
CHCl3); HRMS calcd for C13H11ClNO2 [M+H]+:
248.0478; found: 248.0474; HPLC (DAICEL CHIRALPAK
AD-H, 2-propanol/hexane¼5/95, flow 1.0 mL min�1, detec-
tion at 254 nm) tR 15.9 min (major) and 18.3 min (minor).

6.7.6. (2S,3R)-trans-2,3-Epoxy-5-phenyl-1-pyrrol-1-yl-
pentan-1-one (8q). IR (neat) n 1723, 1288 cm�1; 1H NMR
(CDCl3) d 7.25–7.30 (m, 2H), 7.16–7.23 (m, 5H), 6.28–
6.31 (m, 2H), 3.69 (d, J¼1.9 Hz, 1H), 3.30 (dt, J¼5.8,
1.9 Hz, 1H), 2.85–2.91 (m, 1H), 2.75–2.82 (m, 1H), 2.00–
2.11 (m, 2H); 13C NMR (CDCl3) d 31.7, 33.0, 53.7, 58.8,
113.9, 118.9, 126.4, 128.3, 128.7, 140.2, 165.4; ESIMS m/z
264 [M+Na]+; [a]D

24 +3.74 (c 0.98, CHCl3); HRMS calcd for
C15H16NO2 [M+H]+: 242.1181; found: 242.1178; HPLC
(DAICEL CHIRALPAK AD, 2-propanol/hexane¼
2/98, flow 1.0 mL min�1, detection at 254 nm) tR 22.3 min
(minor) and 29.6 min (major).

6.7.7. (2S,3R)-trans-2,3-Epoxy-1-pyrrol-1-yl-tridec-12-
en-1-one (8r). IR (KBr) n 2918, 1719, 1296, 922 cm�1; 1H
NMR (CDCl3) d 7.39–7.41 (m, 2H), 6.33–6.35 (m, 2H),
5.74–5.83 (m, 1H), 4.94–5.00 (m, 1H), 4.89–4.93 (m, 1H),
3.75 (d, J¼1.8 Hz, 1H), 3.25 (ddd, J¼4.9, 3.1, 1.8 Hz, 1H),
1.99–2.04 (m, 2H), 1.63–1.78 (m, 2H), 1.42–1.53 (m, 2H),
1.22–1.39 (m, 10H); 13C NMR (CDCl3) d 25.7, 28.9, 29.0,
29.2, 29.3, 29.3, 31.6, 33.8, 53.8, 59.5, 113.9, 114.2, 119.0,
139.1, 165.7; ESIMS m/z 298 [M+Na]+; [a]D

25 +0.87
(c 1.05, CHCl3); HRMS calcd for C17H26NO2 [M+H]+:
276.1963; found: 276.1960; HPLC (DAICEL CHIRALPAK
AD, 2-propanol/hexane¼2/98, flow 1.0 mL min�1, detection
at 254 nm) tR 15.8 min (minor) and 18.6 min (major).

6.7.8. (2S,3R)-3-Cyclohexyl-trans-2,3-epoxy-1-pyrrol-1-
yl-propan-1-one (8t). IR (KBr) n 3147, 2926, 1718, 1290,
901 cm�1; 1H NMR (CDCl3) d 7.38–7.41 (m, 2H), 6.32–
6.35 (m, 2H), 3.82 (d, J¼2.2 Hz, 1H), 3.07 (dd, J¼2.2,
6.7 Hz, 1H), 1.86–1.91 (m, 1H), 1.73–1.80 (m, 3H), 1.65–
1.70 (m, 1H), 1.38–1.47 (m, 1H), 1.11–1.31 (m, 5H); 13C
NMR (CDCl3) d 25.3, 25.4, 25.9, 28.7, 29.3, 39.6, 52.7,
63.5, 113.8, 118.9, 165.8; ESIMS m/z 242 [M+Na]+; [a]D

24

�26.1 (c 1.02, CHCl3); HRMS calcd for C13H18NO2

[M+H]+: 220.1337; found: 220.1336; HPLC (DAICEL
CHIRALPAK AD, 2-propanol/hexane¼2/98, flow 1.0 mL
min�1, detection at 254 nm) tR 11.9 min (minor) and
15.9 min (major).

6.8. Transformation of N-acylpyrrole unit (Scheme 2)

6.8.1. tert-Butyl (4R,5S)-trans-4,5-epoxy-3-oxo-5-phenyl-
pentanoate (9). To a solution of 0.75 M LDA in THF/
hexane (1.0 mL, 0.75 mmol) at �78 �C was added t-butyl
acetate (0.10 mL, 0.742 mmol) slowly over 4 min. The mix-
ture was stirred for 20 min at�78 �C. To this mixture a solu-
tion of 8a (56 mg, 0.262 mmol) in THF (0.8 mL) was added
at �78 �C. After stirring for 10 min at �78 �C, satd aq
NH4Cl (1 mL) was added. The mixture was extracted with
ethyl acetate. Organic layer was washed with 1 M HCl, pH
7 phosphate buffer, brine, and then dried over Na2SO4.
After evaporation, the residual oil was dissolved in CH2Cl2
(5 mL), DBU (90 mg, in 1 mL CH2Cl2) was then added and
stirred for 20 min at 25 �C. To the reaction mixture was
added CHCl3, and then 1 M HCl was added. The organic
layer was washed with pH 7 phosphate buffer, brine, and
then dried over Na2SO4, filtered, and concentrated. After
evaporation, the residue was purified by silica gel column
chromatography (hexane/diethyl ether¼15/1 to 10/1) to
give 9 (51.5 mg, 0.196 mmol, 74% yield) as pale yellow
oil: IR (neat) 3437, 2979, 2932, 1733, 1713, 1652, 1457,
1369, 1325, 1253, 1154 cm�1; 1H NMR (CDCl3) d 7.24–
7.43 (m, 5H), 4.06 (d, J¼1.7 Hz, 1H), 3.60 (d, J¼1.7 Hz,
1H), 3.43 (d, J¼3.1 Hz, 2H), 1.47 (s, 9H); 13C NMR
(CDCl3) major peaks d 198.8, 165.6, 134.7, 129.1, 128.7,
128.6, 125.6, 91.7, 82.5, 63.0, 58.0, 45.3, 28.2, 28.1, 27.9;
minor peaks d 172.0, 170.2, 135.7, 81.6, 59.3, 59.1, 31.1;
ESIMS m/z 285 [M+Na]+; [a]D

24 +40.5 (c 0.7, CHCl3);
HRMS (FAB) m/z calcd for C15H19O4 [M+H]+: 263.1283;
found: 263.1283.

6.8.2. (2S,3R)-trans-2,3-Epoxy-1,3-diphenylpentan-1-one
(10). To a solution of bromobenzene (116 mg, 0.738 mmol)
in THF (1.2 mL) at�78 �C was added BuLi (1.58 M in hex-
ane, 0.47 mL, 0.695 mmol). The mixture was stirred for
10 min at the same temperature. A solution of 8a (96 mg,
0.45 mmol) in THF (1.2 mL) was added at �78 �C. After
stirring for 10 min at �78 �C, satd aq NH4Cl (1.5 mL) was
added. The mixture was extracted with ethyl acetate. The or-
ganic layer was washed with aq NaH2PO4, satd aq NaHCO3,
brine, and then dried over Na2SO4. After evaporation, the
residue was dissolved in CH2Cl2, DBU (50 mL) was then
added, and the mixture was stirred for 20 min at 25 �C.
The mixture was diluted with CHCl3, washed with 1 M
HCl, satd aq NaHCO3, brine, and then dried over Na2SO4.
After evaporation, the residue was purified by silica gel col-
umn chromatography (hexane/diethyl ether¼10/1) to give
10 (89 mg, 0.3968 mmol, 88% yield) as colorless oil.
Analytical data were identical to the reported data.

6.8.3. (1S,2R)-trans-1,2-Epoxy-3-oxo-1-phenyl-4-octyne
(11). To a solution of 1-pentyne (0.167 mL, 1.7 mmol) in
THF (1.4 mL) at �78 �C was added BuLi (1.56 M in
hexane, 0.96 mL, 1.5 mmol). The mixture was stirred for
30 min at the same temperature. To this mixture a solution
of 8a (105 mg, 0.492 mmol) in THF (1.4 mL) was added
at �78 �C. After stirring for 10 min at �78 �C, satd aq
NH4Cl (2 mL) was added. The mixture was extracted with
ethyl acetate. The organic layer was washed with 1 M
HCl, satd aq NaHCO3, brine, and then dried over Na2SO4.
After evaporation, the obtained residue was dissolved in
CH2Cl2 (15 mL), DBU (0.184 M in CH2Cl2, 0.1 mL,
0.0184 mmol) was then added, and stirred for 10 min at
0 �C. The mixture was diluted with CHCl3, washed with
1 M HCl, satd aq NaHCO3, brine, and then dried over
Na2SO4. After evaporation, the residue was purified by silica
gel column chromatography (hexane/diethyl ether¼15/1 to
10/1) to give 11 (88.7 mg, 0.414 mmol, 84% yield) as yellow
oil: IR (neat) 2965, 2935, 2875, 2210, 1667, 1457, 1405,
1257, 1179 cm�1; 1H NMR (CDCl3) d 7.27–7.50 (m, 5H),
4.17 (d, J¼1.5 Hz, 1H), 3.61 (d, J¼1.8 Hz, 1H), 2.41
(t, J¼7.3 Hz, 2H), 1.65 (dq, J¼7.3, 7.3 Hz, 2H), 1.04
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(t, J¼7.3 Hz, 3H); 13C NMR (CDCl3) d 182.6, 134.8, 129.0,
128.7, 125.7, 98.8, 78.3, 63.6, 58.6, 21.1, 13.4; ESIMS m/z
237 [M+Na]+; [a]D

24 +166 (c 0.95, CHCl3); HRMS (FAB)
m/z calcd for C14H15O2 [M+H]+: 215.1072; found:
215.1074.

6.8.4. (2R,3R)-trans-2,3-Epoxy-5-phenyl-1-pentanol (12).
To a suspension of LiBH4 (15.6 mg, 0.72 mmol) in THF
(0.8 mL) at 0 �C, was added a solution of 8q (50.5 mg,
0.209 mmol) in THF (0.8 mL). The mixture was stirred for
20 min at 0 �C, and then at 25 �C for 40 min. The reaction
mixture was poured to ethyl acetate/satd aq NH4Cl mixture
at 0 �C. The organic layer was separated, washed with pH 7
phosphate buffer, brine, and then dried over Na2SO4. After
evaporation, the residual oil was dissolved in THF (1 mL),
and the solution was added to the suspension of NaBH4

(27 mg, 0.71 mmol) in THF (1.5 mL) at 25 �C. After stirring
for 4 h, the reaction mixture was poured to ethyl acetate/satd
aq NH4Cl mixture at 0 �C. Organic layer was separated,
washed with pH 7 phosphate buffer, brine, and then dried
over Na2SO4. After evaporation, the residue was purified
by silica gel column chromatography (hexane/ethyl
acetate¼3/1) to give 12 (0.151 mmol, 72% yield) as color-
less oil: IR (neat) 3409, 2926, 1603, 1496, 1454, 1231,
1087, 878 cm�1; 1H NMR (CDCl3) d 7.18–7.32(m, 5H),
3.81–3.88 (m, 1H), 3.54–3.60 (m, 1H), 2.98–3.02 (m, 1H),
2.80–2.88 (m, 2H), 2.70–2.78 (m, 1H), 1.84–1.97 (m, 2H);
13C NMR (CDCl3) d 141.0, 128.4, 128.3, 126.0, 61.6,
58.7, 55.3, 33.2, 32.1; ESIMS m/z 201 [M+Na]+; [a]D

25

+42.6 (c 2.41, CHCl3); HRMS (FAB) m/z calcd for
C11H15O2 [M+H]+: 179.1072; found: 179.1073.
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Abstract—This article reports our recent work on the heterogeneous asymmetric epoxidation catalyzed by chiral Mn(salen) catalyst axially
immobilized via phenoxyl groups and organic sulfonic groups. The asymmetric epoxidation of 6-cyano-2,2-dimethylchromene was especially
presented in detail. The factors that affected the asymmetric induction, such as the nanopores and the external surface, the linkage length, and
the modification of nanopores with methyl groups were discussed. It was found that the enantioselectivities increased with decreasing the nano-
pore sizes or increasing the linkage length in nanopore, and the Mn(salen) catalyst immobilized into nanopores generally gave higher ee values
than those on the external surface. The heterogeneous Mn(salen) catalysts with modified nanopores gave a TOF of 14.8 h�1 and an ee value of
90.6% for the asymmetric epoxidation of 6-cyano-2,2-dimethylchromene, which were higher than the results (TOF 10.8 h�1, ee 80.1%)
obtained for the homogeneous catalyst.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Chiral building blocks are widely used in the synthesis of fine
chemicals, pharmaceuticals, vitamins, agrochemicals, fla-
vors, fragrances, and functional materials.1 How to prepare
the chiral compounds via asymmetric catalysis has received
great attention. Catalytic enantioselective epoxidation is one
of the most important processes for the synthesis of chiral
epoxides, which can be further converted into many impor-
tant chiral building blocks via stereoselective ring-opening
or functional group transformations. Chiral Mn(salen) com-
plexes are excellent catalysts for the asymmetric epoxidation
of unfunctionalized conjugated cis-olefins.2 However, the
homogeneous asymmetric epoxidation always suffers some
difficulties in practical applications, such as the separation
of catalysts and purification of products. The heterogeneous
Mn(salen) catalysts have received much attention in recent
years due to their potential advantages of easy separation,
recycling catalysts, purification of products, and better
handling properties.3

In the last two decades, many kinds of mesoporous materials
with new structures and well-ordered pore arrays have been
synthesized, which offer large surface area, uniform pore
size distribution, and tunable pore diameters.4 Among the
mesoporous materials, MCM-41 and SBA-15 are the most
promising supports for the immobilization of homogeneous

Keywords: Heterogeneous chiral catalysis; Asymmetric epoxidation;
Mn(salen); Confinement effect; Nanopore; Enantioselective.
* Corresponding author. Tel.: +86 411 84379070; fax: +86 411 84694447;

e-mail: canli@dicp.ac.cn
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.01.117
catalysts for chiral synthesis. First, MCM-41 and SBA-15
have narrow and tunable nanopore size distributions in the
range 2–20 nm, which is suitable for the synthesis of fine
chemicals and pharmaceuticals. Second, the hydrothermal
stability of the materials is good enough for the chiral synthe-
sis under mild reaction conditions. Finally, their nanopores
can be chemically modified. Therefore, the nanopores of
the mesoporous materials could be employed as ideal nano-
reactors for the chiral synthesis.3e

The earlier examples of the heterogeneous chiral Mn(salen)
catalysts were the chiral Mn(salen) embedded into meso-
porous silicates5 or encapsulated within the cages of zeolite
Y (a microporous material).6 Chiral Mn(salen) catalyst
attached with soluble or insoluble polymers for the hetero-
geneous asymmetric epoxidation was also reported.7 In
the last several years, various strategies have been reported
to immobilize Mn(salen) complexes, including covalent
grafting of Mn(salen) on mesoporous materials8 or carbon
materials,9 ion-exchange of Mn(salen) into clay materials10

or Al–MCM-41,11 encapsulation of Mn(salen) in zeolites,12

and co-condensation of VO(salen) into periodic mesoporous
materials.13 It was reported that the Mn(salen)Cl complexes
were prone to form the inactive dimers in homogeneous cat-
alytic systems.14 The immobilization of Mn(salen) catalysts
onto the supports could isolate the active sites of Mn(salen),
which might greatly reduce the formation of the dimers and
increase the catalytic stability.

It is generally believed that tuning the steric and electronic
properties of chiral ligands can alter the enantioselectivity
for the asymmetric catalysis. Notably, the nanopores of

mailto:canli@dicp.ac.cn
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mesoporous supports might influence the chiral induction for
the asymmetric epoxidation when the chiral Mn(salen)
catalysts immobilize into the nanopores of mesoporous
supports.3d,e A few heterogeneous Mn(salen) catalysts have
been reported to give higher ee values than those of the homo-
geneous ones for the asymmetric epoxidation and this was
attributed to the confinement effect of supports.8a–d,f–h,10b

It was proposed by Thomas et al. that the confinement
effect originating from the nanopores enhances the chiral
induction for the heterogeneous asymmetric hydrogena-
tion.15 Hutchings et al. also proposed that confinement
effect of the supports improves the enantioselectivities for
the heterogeneous asymmetric aziridination of styrene and
hydrogenation of carbonyl- and imino-ene.16 Herein, the fac-
tors that could affect the chiral induction in a confined envi-
ronment for the asymmetric epoxidation of unfunctionalized
olefins were studied to understand the nature of the confine-
ment effect. Accordingly, the effects of the different grafting
modes, the linkage length, the types of supports, the nano-
pores or the external surface of supports, and the modification
of the nanopore surface on the heterogeneous asymmetric
epoxidation have been systematically investigated.

2. Background of the research

2.1. Immobilization via phenoxyl groups

Mn(salen) catalysts were grafted onto mesoporous materials
generally via the salen ligands. However, the axial immobi-
lization of Mn(salen) catalysts from Mn atom has seldom
been reported.3 Our group has shown the first example of
the chiral Mn(salen) complex axially immobilized into the
nanopores of MCM-41 via the phenoxyl groups.8d The het-
erogeneous Mn(salen) catalyst (1, Scheme 1) showed an ee
value of 72% for the asymmetric epoxidation of a-methyl-
styrene, higher than 56% ee obtained for the homogeneous
catalyst. And the immobilized catalysts were quite stable
and could be recycled several times with constant ee values
for the asymmetric epoxidation.

Si OEt

But

N N

R R

Mn

tBu

O O

But

tBuO

1:  (S,S), R-R = -(CH2)2-, MCM-41
2:  (S,S), R = Ph, activated silica

+
NaClO

O

NaCl
+

Scheme 1. The chiral Mn(salen) complex immobilized into the nanopores of
mesoporous materials via phenoxyl groups.8d,g

Then we tried to find out the reasons for the increase in the
enantioselectivities for the heterogeneous asymmetric epox-
idation in the nanopores. Firstly, the preparation of the het-
erogeneous Mn(salen) catalyst was improved by the direct
oxidation of the phenyl groups on supports to phenoxyl
groups.8g And the heterogeneous Mn(salen) catalyst grafted
via the phenoxyl group (2, Scheme 1) gave 79.9% ee for the
asymmetric epoxidation of a-methylstyrene, much higher
than 26.4% ee for the homogeneous catalyst. The cis/trans
ratio of epoxides was also increased from 0.46 for homoge-
neous catalyst to 21 for the catalyst 2 for the asymmetric
epoxidation of cis-b-methylstyrene. The supports used in this
work included MCM-41 (nanopore sizes 1.6 and 2.7 nm),
SBA-15 (nanopore sizes 6.2 and 7.6 nm), and activated silica
(nanopore size 9.7 nm), which are, respectively, marked as
1.6MCM, 2.7MCM, 6.2SBA, 7.6SBA, and 9.7AS. Supports
with different nanopore sizes obviously affected the enantio-
selectivity for the heterogeneous asymmetric epoxidation.
The free Mn(salen)OPh catalyst gave similar reaction results
to those of the Mn(salen)Cl catalyst under the same condi-
tions.8g Therefore, the increase in ee values and change in
cis/trans ratio are mainly attributed to the axial grafting
mode and the support effect of the heterogeneous catalysts.

2.2. Immobilization via organic sulfonic groups

We have axially immobilized the chiral Mn(salen) com-
plexes onto inorganic mesoporous materials via phenyl
sulfonic groups (Scheme 2, X¼Ph).8f The recyclable hetero-
geneous catalyst 7.6SBA–PhSO3Mn(salen) offered 92.6%
ee (cis-epoxide) for the asymmetric epoxidation of cis-b-
methylstyrene, higher than 25.3% ee obtained for the homo-
geneous catalyst (entries 1 and 2, Table 1). The ratio of
cis/trans of epoxides was also increased from 0.46 for the
homogeneous Mn(salen)Cl to 7.71 for the heterogeneous
Mn(salen) catalyst under the same conditions.

Si OEt

But

N N

Ph Ph

Mn

tBu

O O

But

tBuO

X

S OO

X: Ph, CH2CH2CH2 (Pr)
Support: 7.6SBA, 1.6MCM

7.6SBA-PhSO3Mn(salen)
7.6SBA-PrSO3Mn(salen)
1.6MCM-PrSO3Mn(salen)

Scheme 2. The chiral Mn(salen) catalyst axially immobilized via organic
sulfonic groups.8f,17

In order to study the effect of the grafting modes on the
catalytic reaction, the chiral Mn(salen) was immobilized
into the nanopores or onto external surface of supports via
rigid phenyl sulfonic groups or flexible propyl sulfonic
groups (Scheme 2, X¼Ph or Pr).17 Table 1 shows that the
Mn(salen) catalyst immobilized via phenyl sulfonic groups
gave higher ee value (for cis-epoxide) and cis/trans ratio
than those of the catalyst grafted via propyl sulfonic groups
for the asymmetric epoxidation of cis-b-methylstyrene (en-
tries 2 and 3). The molecular sizes of Mn(salen) complex
was larger than that of the nanopores of 1.6MCM, and the
results of N2 adsorption also proved that the Mn(salen)
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Table 1. Asymmetric epoxidation of cis-b-methylstyrene8f,17,19

Ph Ph

O

Ph

O

cis trans
NaClO+ +Catalyst

Entry Catalyst cis trans cis/trans ratio

Yield (%) ee (%)a Yield (%) ee (%)b

1 Mn(salen)Cl 25.3 25.3 55.0 93.3 0.46
2 7.6SBA–PhSO3Mn(salen) 34.7 92.6 4.5 81.4 7.71
3 7.6SBA–PrSO3Mn(salen) 21.0 71.7 24.3 87.0 0.87
4 PS–PhSO3Mn(salen) 43.3 68.8 42.5 89.2 1.02

a (S,R)-Configuration.
b (S,S)-Configuration.
complex was anchored on the external surface of 1.6MCM
and in the nanopores of 7.6SBA. Table 2 shows that
Mn(salen) catalyst immobilized into the nanopores via pro-
pyl sulfonic groups presented higher chemical selectivity
and ee value than those of the same catalyst anchored onto
the external surface via phenyl sulfonic groups for the asym-
metric epoxidation of styrene. Therefore, the axially rigid
and flexible grafting modes and the nanopores or external
surface of supports significantly affected the heterogeneous
asymmetric epoxidation.

2.3. Polymers as supports

Besides the grafting modes, the types of supports might also
affect the heterogeneous asymmetric epoxidation. Polymers
have been used as supports to immobilize chiral Mn(salen)
catalysts,3b,18 which generally gave comparable or lower ee
values than the homogeneous counterparts for the asymmet-
ric epoxidation due to the less effective steric restriction in
the polymer microenvironment.14b The chiral Mn(salen)
complexes were grafted onto insoluble polystyrene resins
(PS) via phenoxy groups or phenyl sulfonic groups through
axial coordination (Scheme 3).19 These heterogeneous
Mn(salen) catalysts showed comparable or even higher enan-
tioselectivities than those of the homogeneous catalysts
for the asymmetric epoxidation of unfunctionalized olefins.
For example, PS–PhSO3Mn(salen) (3, Scheme 3) gave
higher ee value than that of the homogeneous catalyst
(68.8% vs 25.3% for cis-epoxide) for the asymmetric epoxi-
dation of cis-b-methylstyrene (entries 1 and 4, Table 1).
Notably, the catalyst 3 presented lower ee values (for cis-ep-
oxide) and cis/trans ratio than those of the same Mn(salen)
catalyst immobilized on inorganic material 7.6SBA (entries
2 and 4, Table 1). Therefore, the different types of supports
obviously affected the reaction performance for the heter-
ogeneous asymmetric epoxidation.

Table 2. Asymmetric epoxidation of styrene17

Ph Ph

O

NaClO+ Catalyst

Entry Catalyst T (h) Conv. (%) Sel. (%)a ee (%)b

1 Mn(salen)Cl 6 100 100 58.0
2 7.6SBA–PhSO3Mn(salen) 24 44.5 78.4 50.6
3 7.6SBA–PrSO3Mn(salen) 24 75.5 94.5 60.0
4 1.6MCM–PrSO3Mn(salen) 24 91.5 87.6 52.5

a Benzaldehyde and acetophenone as by-products.
b (S)-Configuration.
SO3

N N

O O

tBu But

tBuBut

PhPh

Mn

3

PS-PhSO3Mn(salen)

Polystyrene

Scheme 3. The chiral Mn(salen) catalyst axially immobilized onto the insol-
uble polystyrene resins via phenyl sulfonic groups.19

2.4. Grafting using different linkage lengths

The effect of the axial linkage length between the Mn(salen)
catalysts and the surface of supports on the heterogeneous
asymmetric epoxidation has seldom been investigated.3d,e

We have immobilized the chiral Mn(salen) into nanopores
of 9.7AS and onto the external surface of 1.6MCM via phenyl
sulfonic groups with different linkage lengths (Scheme 4).20

One of the representative examples was the heterogeneous
asymmetric epoxidation of 1-phenylcyclohexene (see the
results shown in Fig. 1). The ee values obtained for the reac-
tions catalyzed by 4 increased from 14% to 65% when the
number of the space atoms increased from 0 to 4. In contrast,
the ee values obtained for the reactions catalyzed by 5 were
nearly unaffected by the linkage lengths and remained almost
constant at about 45%.

Si OMe
R
Ph

Si OMe

R

Ph

MCM-41 (1.6 nm)Activated silica (9.7 nm)

Space atom number (R): 0    1           2               4
-, -CH2-, -(CH2)2-, -(CH2)3NH-

4

5

SO3

N N

O O

tBu But

tBuBut
Mn

SO3

N N

O O

tBu But

tBuBut
Mn

Scheme 4. The Mn(salen) catalyst immobilized into the nanopores of 9.7AS
(4) and on the external surface of 1.6MCM (5).20
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The effect of PPNO on the heterogeneous asymmetric epox-
idation of 1-phenylcyclohexene was also studied. The use of
catalyst 5 (R¼0, Scheme 4) improved the ee values from
13% to 47% after the addition of PPNO (4-phenylpyridine
N-oxide), whereas the catalyst 4 (R¼0) gave almost un-
changed ee values (14% vs 14%) with or without the axial
additive PPNO. This implied that the Mn(salen) catalyst
axially immobilized on the open surface of 1.6MCM (5)
had the interaction with PPNO, but the same catalyst on
the concave surface of nanopores of 9.7AS (4) had no such
interaction. The catalysts 4 and 5 (R¼1) gave similar ee
values due to the enhanced interaction between Mn(salen)
and PPNO with increasing linkage length. When the number
of the space atoms became 2 or 4 (Fig. 1), the catalyst 4 gave
higher ee values than those of the catalyst 5, which could be
due to the fact that the confinement effect originating from
the nanopores enhanced the asymmetric induction for the
asymmetric epoxidation.

3. Results and discussion

Based on our recent work,8f,g,17,20 we conclude that the con-
finement effect not only alters the cis/trans ratios of epoxides,
but also improves the chemical selectivities and enantio-
selectivities for the asymmetric epoxidation using the cata-
lysts immobilized in mesoporous materials. Among all the
factors that contributed to the confinement effect, the nano-
pores and linkage lengths were found to be the most signifi-
cant ones for the heterogeneous asymmetric epoxidation. In
this work, the chiral Mn(salen) was immobilized on supports
with different nanopore sizes via phenoxyl groups or phenyl
sulfonic groups with different linkage lengths. To test the
catalytic performance of these heterogeneous Mn(salen)
catalysts, 6-cyano-2,2-dimethylchromene21 was selected as
a representative substrate because its corresponding epoxide
was an important, biologically active compound.22 Scheme 5
shows a variety of compounds that can be produced from the
epoxidation of 6-cyano-2,2-dimethylchromene and these
compounds generally exhibit potential antihypertensive
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Figure 1. The ee values obtained for the heterogeneous asymmetric epoxi-
dation of 1-phenylcyclohexene catalyzed by catalysts 4 and 5.20
activity by controlling the ATP-sensitive K+ channels in the
cell membrane.23 In this work, we demonstrated that the
optimized heterogeneous Mn(salen) catalysts could give
even higher TOF and ee values than their homogeneous
counterparts for the asymmetric epoxidation of 6-cyano-
2,2-dimethylchromene under the same conditions.
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3.1. Synthesis and characterization of Mn(salen)
catalysts

(R,R)-Mn(salen)Cl (6) was synthesized and characterized
according to the literature.24 Mn(salen)OPh catalyst (8)
was prepared by ion-exchange of Mn(salen)Cl with PhONa
in refluxing ethanol (Scheme 6).8g,19 The BET measurement
of activated silica showed that the activated silica used in this
work has a nanopore size of 9.7 nm with a narrow pore distri-
bution (Fig. 2). The phenyl groups anchored on supports were
oxidized to phenoxyl groups with H2O2 in the presence of
FeCl3 and H2SO4, and then the phenoxyl groups were trans-
formed into their sodium salts (Scheme 7).8g,19 The supports
modified with sulfonic groups were prepared by a sulfonation
of substituted phenyl groups with fuming sulfuric acid and
subsequent conversion into their sodium salts (Scheme
7).8f,20 Then the chiral Mn(salen) complex was immobilized
onto supports according to the methods reported previously
(Scheme 8).8f,g

These heterogeneous Mn(salen) catalysts were characterized
by FTIR, UV–vis, TEM, and XRD.8g,20 The FTIR spectra of
the heterogeneous Mn(salen) catalysts confirmed the pres-
ence of the phenyl groups (1490 cm�1), alkyl linkage groups
(1431 and 1454 cm�1), methyl groups (2979, 2952, and
2850 cm�1), and the Mn(salen) complex (characteristic
band at 1535 cm�1) on the supports. Mn(salen)Cl and
Mn(salen)OPh complexes gave similar peaks at 331 and
446 nm in their UV–vis spectra. After grafting Mn(salen)
complex onto the modified supports, the characteristic bands
of Mn(salen) complex appeared again in their spectra, but the
bands shifted from 331 and 446 nm, respectively, to 430 and
327 nm for 7.6SBA–PhOMn(salen)8g and to 432 and 329 nm
for 9.7AS–2-PhSO3Mn(salen),20 indicating the presence of
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Scheme 6. Preparation of homogeneous Mn(salen)OPh catalyst (8).
interaction between the immobilized Mn(salen) and the
supports. The TEM images and the XRD patterns of the het-
erogeneous Mn(salen) catalysts showed that the mesoporous
supports in the heterogeneous Mn(salen) catalysts still
kept good periodic structure after the immobilization of
Mn(salen) catalyst onto supports. The amount of Mn(salen)
complex immobilized in the heterogeneous catalysts was in
the range of 0.01–0.055 mmol/g based on the Mn element
analyzed by ICP–AES.
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NaOH, rt, 3 h; (iii) 10% fuming sulfuric acid, 40 �C, 2 h; (iv) NaHCO3,
rt, 3 h; (v) MeSi(OMe)3, toluene, reflux.
The size of solvated Mn(salen)Cl complex was estimated
to be 2.05 nm�1.61 nm by MM2 based on the minimized
energy.8g,17,20 The results of nitrogen sorption of the hetero-
geneous catalysts showed that when the Mn(salen) complex
was immobilized on the supports of 2.7MCM, 6.2SBA,
7.6SBA, and 9.7AS, the nanopore sizes, surface areas, and
pore volumes all decreased compared to those of the supports
before the immobilization.17,20 For example, the nanopore
size decreased from 7.0 to 6.7 nm, the surface area decreased
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Scheme 8. The grafting of Mn(salen) catalyst onto various modified sup-
ports. Mesoporous supports: 9.7AS, 7.6SBA, 6.2SBA, 2.7MCM, and
1.6MCM.
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from 455 to 331 m2/g, and the pore volume decreased from
0.52 to 0.37 cm3/g after the immobilization of Mn(salen)
on 7.6SBA–PhSO3Na. These results clearly suggested that
Mn(salen) complex immobilized mainly into the nanopores
of supports.8h However, the solvated Mn(salen)Cl complex
is too big to be accommodated into the nanopores of
1.6MCM. The results of nitrogen sorption showed that the
nanopore sizes (from 1.4 to 1.4 nm), surface areas (from 431
to 403 m2/g), and pore volumes (from 0.26 to 0.27 cm3/g)
were almost unchanged after the immobilization of Mn(salen)
onto 1.6MCM–PhSO3Na.17,20 Thus Mn(salen) complex was
mainly immobilized onto the external surface of 1.6MCM.

3.2. The Mn(salen) catalyst immobilized on mesoporous
materials

The results of the asymmetric epoxidation of 6-cyano-2,2-
dimethylchromene are compared in Table 3. Homogeneous
Mn(salen)Cl catalyst showed almost stoichiometric conver-
sion and 80.1% ee value (entry 1). When the chlorine ion
was displayed by phenoxyl group, the Mn(salen)OPh cata-
lyst also showed the similar results, indicating that the elec-
tronic effect originating from the phenoxyl groups did not
obviously affect the reaction performance (entry 2). The
Mn(salen) catalyst grafted onto the external surface of
1.6MCM gave 49.0% ee for the asymmetric epoxidation of
6-cyano-2,2-dimethylchromene (entry 3). The differences in
the catalytic performance between 1.6MCM–PhOMn(salen)
and Mn(salen)OPh could be attributed to the axial grafting
mode and the influence of support surface, which resulted
in the decreased enantioselectivity.

The chiral Mn(salen) catalyst was then immobilized into the
nanopores of supports with different nanopore sizes (from
2.7 nm for 2.7MCM to 9.7 nm for 9.7AS). These hetero-
geneous catalysts had the effect of the axial grafting mode,
the effect of support surface, and the confinement effect
originating from the nanopores. The reaction results in
Table 3 show that the ee values increased from 26.4%
for 2.7MCM–PhOMn(salen) to 84.9% for 6.2SBA–
PhOMn(salen) under the same reaction conditions (entries
4 and 5). Considering the sizes of Mn(salen), substrate,

Table 3. Asymmetric epoxidation catalyzed by homogeneous Mn(salen)
catalyst and Mn(salen) catalyst immobilized via phenoxyl groupsa

O

NC

O

NC O
NaOCl

Catalyst

Entry Catalyst Pore size
(nm)

Time
(h)

Conv.
(%)

ee (%)b

1 Mn(salen)Cl — 6 97.0 80.1
2 Mn(salen)OPh — 6 100 84.6
3 1.6MCM–PhOMn(salen) 1.6 24 76.9 49.0
4 2.7MCM–PhOMn(salen) 2.7 24 31.9 26.4
5 6.2SBA–PhOMn(salen) 6.2 24 100 84.9
6 7.6SBA–PhOMn(salen) 7.6 24 72.6 76.9
7 9.7AS–PhOMn(salen) 9.7 24 84.1 68.8

a Reactions were performed in CH2Cl2 (3 ml) with olefin (1.0 mmol),
n-nonane (1.0 mmol), homogeneous or heterogeneous Mn(salen) catalyst
(0.015 mmol, 1.5 mol %), PPNO (0.38 mmol), and NaClO aqueous
solution (pH¼11.5, 0.55 M, 3.64 ml) at 20 �C.

b (R,R)-Configuration.
and the nanopore of 2.7MCM, the poor activity and enantio-
selectivity for 2.7MCM–PhOMn(salen) should be mainly
attributed to the spatially overcrowded catalytic microenvi-
ronment in the nanopores of 2.7MCM. When the nanopore
sizes were increased, the configuration of Mn(salen) in nano-
pore became free and optimal to adapt the reaction. The ee
value of 84.9% obtained for 6.2SBA–PhOMn(salen) was
higher than 49.0% for 1.6MCM–PhOMn(salen), which
might be mainly due to the confinement effect of the nano-
pores of 6.2SBA. Although the axial grafting mode and
the surface influence decreased the ee values for the asym-
metric epoxidation of 6-cyano-2,2-dimethylchromene, the
catalyst 6.2SBA–PhOMn(salen) gave 84.9% ee, comparable
to the 80.1% ee for the homogeneous catalyst, as a result of
the positive confinement effect.

The further increase in nanopore sizes from 6.2 to 7.6 and
9.7 nm resulted in the ee values to decrease slightly from
84.9% to 76.9% and 68.8% (entries 4–7), which were still
higher than that for 1.6MCM–PhOMn(salen). It was re-
ported that the chiral restriction did indeed boost the ee
values for the asymmetric hydrogenation on the heteroge-
neous Rh(COD)DED catalyst, in which the influence of spa-
tial constraint was declined in proceeding from the 3.8 nm to
the 6.0 nm and then to the 25 nm pore diameter silica.15c For
our study on the asymmetric epoxidation of 6-cyano-2,2-
dimethylchromene, the confinement effect15a originating
from the nanopores improved the asymmetric induction for
the heterogeneous asymmetric epoxidation and resulted in
higher ee values for the epoxide in nanopores than that on
the external surface. And when the nanopore sizes were
increased further above 7.6 nm, the confinement effect was
weakened, leading to the decrease in ee values.

3.3. The Mn(salen) catalyst immobilized via various
linkage lengths

The asymmetric epoxidation of 6-cyano-2,2-dimethylchro-
mene was investigated for the Mn(salen) catalysts immobi-
lized into the nanopores of 9.7AS via phenyl sulfonic
groups with different linkage lengths. The linkage lengths
between the surface and the phenyl group varied from a
single-bond long to five-bonds long (R¼0, 1, 2, and 4,
Scheme 7). The results of the asymmetric epoxidation are
summarized in Table 4. Mn(salen) catalyst immobilized
into the nanopores of 9.7AS directly via phenyl sulfonic
groups gave a relatively low enantioselectivity, 44.9% ee
(entry 2). The enantioselectivities increased with increasing
the linkage length between the Mn(salen) catalyst and the
pore wall (entries 3–5). The highest ee value of 82.6%
could be obtained for the heterogeneous catalyst 9.7AS–
4-PhSO3Mn(salen) with the linkage of five-bonds long (R1¼
4, Scheme 7), which was comparable to that of the homo-
geneous catalyst under the same reaction conditions (entries
1 and 5). The tendency was similar to that of the hetero-
geneous asymmetric epoxidation of 1-phenylcyclohexene
catalyzed by Mn(salen) immobilized into the nanopores of
9.7AS with different linkage lengths (Scheme 4, Fig. 1).
When the chiral Mn(salen) catalyst was immobilized into
the nanopores of 7.6SBA, the heterogeneous catalysts
also showed that the ee values increased with increasing the
linkage length for the asymmetric epoxidation of 6-cyano-
2,2-dimethylchromene (entries 6 and 7, Table 4). The TOF
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of these heterogeneous catalysts also improved with increas-
ing the linkage length. These results obviously suggested
that the longer linkage length could improve the catalytic
performance for the epoxidation of 6-cyano-2,2-dimethyl-
chromene.

Mn(salen) catalyst immobilized into the nanopores of
7.6SBA gave higher ee values than that of the same catalyst
immobilized into the nanopores of 9.7AS (entries 6 and 7,
Table 4). For example, 7.6SBA–4-PhSO3Mn(salen) gave
89.4% ee, higher than 82.6% ee obtained for 9.7AS–4-
PhSO3Mn(salen) (entries 5 and 7). But 1.6MCM–4-
PhSO3Mn(salen) gave 71.1% ee (entry 8, Table 4), lower
than that obtained for the catalysts in the nanopores of
7.6SBA and 9.7AS (entries 7 and 5). This further proved
that the confinement effect originating from the nanopores
improved the asymmetric induction for the epoxidation.20

3.4. Mn(salen) catalyst immobilized into the nanopores
modified with methyl groups

In order to increase the reaction efficiency, particularly the
diffusion of reactants and products in the nanopores, the
nanopore of the heterogeneous Mn(salen) catalysts was
modified with methyl groups. The results of the asymmetric
epoxidation on the methyl-modified catalysts are listed in
Table 4 (entries 9 and 10). Similarly, the ee values increased
from 86.5% to 90.6% when the linkage lengths were in-
creased from three-bonds long to five-bonds long. And the
modified catalysts showed higher ee values than those of
the same catalysts without modification (entries 9, 10 and
4, 5).17 For example, the ee values increased from 82.6%
to 90.6% for the catalyst 9.7AS–4-PhSO3Mn(salen) after
the modification of its nanopores with methyl groups (entries
5 and 10), which was also higher than the ee value of 80.1%
for the corresponding homogeneous catalyst.

The modification of the nanopores of 9.7AS with methyl
groups not only increased the ee values but also greatly

Table 4. Asymmetric epoxidation catalyzed by homogeneous Mn(salen)
catalyst and Mn(salen) catalyst immobilized via substituted phenyl sulfonic
groupsa

O

NC

O

NC O
NaOCl

Catalyst

Entry Catalyst Time
(h)

Conv.
(%)

ee
(%)b

TOF
(h�1)

1 Mn(salen)Cl 6 97.0 80.1 10.8
2 9.7AS–PhSO3Mn(salen) 24 26.3 44.9 0.73
3 9.7AS–1-PhSO3Mn(salen) 24 54.0 60.4 1.5
4 9.7AS–2-PhSO3Mn(salen) 24 88.8 78.7 2.47
5 9.7AS–4-PhSO3Mn(salen) 24 87.3 82.6 2.43
6 7.6SBA–2-PhSO3Mn(salen) 24 88.5 84.6 2.46
7 7.6SBA–4-PhSO3Mn(salen) 24 91.0 89.4 2.53
8 1.6MCM–4-PhSO3Mn(salen) 24 76.8 71.1 2.14
9 9.7AS(Me)–2-PhSO3Mn(salen) 6 98.3 86.5 10.9
10 9.7AS(Me)–4-PhSO3Mn(salen) 4.5 100 90.6 14.8

a Reactions were performed in CH2Cl2 (3 ml) with olefin (1.0 mmol),
n-nonane (1.0 mmol), homogeneous or heterogeneous Mn(salen) catalyst
(0.015 mmol, 1.5 mol %), PPNO (0.38 mmol), and NaClO aqueous
solution (pH¼11.5, 0.55 M, 3.64 ml) at 20 �C.

b (R,R)-Epoxide.
improved the reaction conversion. The catalyst
9.7AS(Me)–2-PhSO3Mn(salen) could completely convert
the substrate into its epoxide within 6 h, with a TOF of
10.9 h�1. The catalyst 9.7AS(Me)–4-PhSO3Mn(salen) with
longer linkage length could completely epoxidize the olefin
within 4.5 h with a TOF of 14.8 h�1 (entries 9 and 10), which
was higher than the TOF of 10.8 h�1 (entries 1 and 10) ob-
tained for the homogeneous catalyst, as a result of the modi-
fied catalytic microenvironment in the nanopore reactors.
However, the heterogeneous Mn(salen) catalysts generally
gave a lower conversion (or TOF) than that for the homoge-
neous one due to the lower activity of the immobilized cat-
alysts and/or the difficulty in the diffusion of reactants and
products in nanopores.3,8f,g,17,20

The asymmetric epoxidation of 6-cyano-2,2-dimethylchro-
mene was actually performed in the space between the salen
plane and the upper wall of nanopores (Scheme 9). When the
chiral Mn(salen) catalyst was immobilized in various nano-
pores of mesoporous materials via phenoxyl groups or
sulfonic groups, ee values increased with decreasing the
nanopore sizes of supports for the heterogeneous asymmet-
ric epoxidation (except for 2.7MCM). When the Mn(salen)
catalyst was immobilized into the nanopores of 9.7AS or
7.6SBA via substituted phenyl sulfonic groups, the asym-
metric induction enhanced with increasing the linkage
length. Both modes led to the same result that the reaction
space in nanopores between the salen plan and the upper
pore wall was gradually optimized, and accordingly the
confinement effect improved the enantioselectivities for
the asymmetric epoxidation in the nanopores. Mn(salen)
catalysts immobilized into the nanopores of mesoporous
supports always gave higher ee values than those obtained
on the external surface of 1.6MCM. These results confirmed
that the confinement effect originating from nanopores
enhanced the asymmetric induction for the heterogeneous
asymmetric epoxidation of 6-cyano-2,2-dimethylchromene.

Si OEt

Li
nk

ag
e

Decrease
Pore Size

Increase
Linkage

O

NC

O

NC
O

O
NC

Reaction
space

Scheme 9. A schematic description of the heterogeneous asymmetric epoxi-
dation in nanopores of mesoporous supports with decrease in pore sizes and
increase in linkage lengths.

Table 5 shows the results of the recycling heterogeneous
Mn(salen) catalysts for the asymmetric epoxidation of 6-
cyano-2,2-dimethylchromene. The heterogeneous catalysts
could be recycled at least three times for the asymmetric
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epoxidation of 6-cyano-2,2-dimethylchromene without
showing dramatic deterioration of the performance.

4. Conclusion

This paper summarized the asymmetric epoxidation of
unfunctionalized olefins on Mn(salen) catalysts axially im-
mobilized on inorganic supports or polymers via phenoxyl
groups and substituted phenyl sulfonic groups. These hetero-
geneous catalysts usually gave higher ee values and cis/trans
ratios than those of the homogeneous ones for the asymmet-
ric epoxidation of cis-b-methylstyrene. Mn(salen) catalysts
immobilized into the nanopores via flexible propyl sulfonic
groups generally presented higher ee values and chemical
selectivities than those obtained for the catalysts anchored
on the external surface via rigid phenyl sulfonic groups for
the asymmetric epoxidation of styrene and 1,2-dihydronaph-
thalene. It was also observed that the ee values increased
with increasing the linkage length of Mn(salen) catalysts im-
mobilized into the nanopores for the asymmetric epoxida-
tion. The nanopores and the linkage length were found to
be the two most significant factors that influenced the enan-
tioselectivity for the heterogeneous asymmetric epoxidation.

The asymmetric epoxidation of 6-cyano-2,2-dimethylchro-
mene on the Mn(salen) catalysts immobilized into the vari-
ous nanopores via different linkage lengths was reported
for the first time. The Mn(salen) catalyst grafted via phenoxyl
groups gave the highest ee value of 84.9% when the nanopore
sizes of supports were tuned to 6.2 nm, which was also higher
than 49.0% ee obtained for the catalyst anchored on the exter-
nal surface. When the linkage lengths were increased from
one single-bond long to five-bonds long, the ee values in-
creased from 44.9% to 82.6% for the Mn(salen) catalyst
grafted into the nanopores of 9.7AS via substituted phenyl
sulfonic groups. The decrease in nanopores or increase in
linkage length strengthened the confinement effect and sub-
sequently enhanced the enantioselectivities for the heteroge-
neous asymmetric epoxidation. It was also observed that the
Mn(salen) catalyst immobilized into the nanopores modified
with methyl groups gave higher ee value (90.6% vs 80.1%)
and TOF (14.8 h�1 vs 10.8 h�1) than those of the homoge-
neous catalyst.

Table 5. The recycles of the heterogeneous Mn(salen) catalysts for the
asymmetric epoxidationa

O

NC

O

NC O
NaOCl

Catalyst

Catalyst Run Time (h) Conv. (%) ee (%)b

9.7AS–PhOMn(salen) 1st 24 84.1 68.8
2nd 24 80.1 67.2
3rd 24 71.3 65.7

9.7AS(Me)–4-PhSO3Mn(salen) 1st 4.5 100 90.6
2nd 4.5 95.0 87.3
3rd 6 77.3 83.2

a Reactions were performed in CH2Cl2 (6 ml) with olefin (2.0 mmol),
n-nonane (2.0 mmol), heterogeneous Mn(salen) catalyst (0.030 mmol,
1.5 mol %), PPNO (0.72 mmol), and NaClO aqueous solution (pH¼
11.5, 0.55 M, 7.3 ml) at 20 �C.

b (R,R)-Configuration.
5. Experimental

5.1. General

Activated silica (pore size of 9.7 nm with sharp pore distribu-
tion, Fig. 2), SBA-15 (pore sizes of 7.6 and 6.2 nm), and
MCM-41 (pore sizes 2.7 and 1.6 nm) were used as supports
and marked as 9.7AS, 7.6SBA, 6.2SBA, 2.7MCM, and
1.6MCM, respectively. The racemic epoxides were prepared
by epoxidation of the olefin with m-CPBA in CHCl3 at 0 �C8g

and confirmed by GC–MS (GC6890–MS5973N). Epoxide
was analyzed by GC–MS, and the conversions (with n-non-
ane as internal standard) and the ee values were determined
by gas chromatography (6890N, Agilent Co.) using a chiral
column (HP19091G-B213, Agilent Co.). All FTIR spectra
were collected on a Fourier transform infrared spectrometer
(Nicolet Nexus 470) with a resolution of 4 cm�1 and 64
scans. IR spectra of the free complexes and the supported
complexes were recorded, respectively, by making samples
into KBr pellets and self-supporting wafers. NMR spectra
were accumulated on a Bruker DRX-400 spectrometer. The
UV–vis spectra were recorded on a JASCO V-550 spectro-
meter. The free Mn(salen) complexes were dissolved in
CH2Cl2 for UV–vis adsorption with CH2Cl2 as reference.
Diffuse reflectance UV–vis spectra of the solid samples
were recorded in the spectrophotometer with an integrating
sphere using BaSO4 as reference. XRD patterns were re-
corded on a Rigaku D/Max 3400 powder diffraction system
using Cu Ka radiation over the range 0.5�2q<10�. The
nitrogen sorption experiments were performed at 77 K on
ASAP 2000 system in static measurement mode. The sam-
ples were degassed at 100 �C for 5 h before the measurement.
The pore size distribution curve was obtained from desorp-
tion isotherm with BJH method.

5.2. Synthesis of homogeneous Mn(salen)OPh catalysts
(8)

Homogeneous Mn(salen)Cl (6) was synthesized according to
literature24 and their structures were well confirmed by 13C
NMR, 1H NMR, FTIR, rotational analysis, and element anal-
ysis. Salen: 13C NMR (CDCl3, 400 MHz): d(ppm)¼165.9,
158.1, 139.9, 136.4, 126.7, 126.0, 118.0, 72.4, 35.0, 34.0,
33.2, 31.4, 29.5, 24.3; IR (KBr, cm�1): n¼2952, 1629,
1468, 1434, 1360, 830; [a]D

20 +300 (c 0.1, CH2Cl2); elemental
analysis calcd (%) for C36H54N2O2: C 79.12, H 9.89, N 5.13;
found: C 78.85, H 9.90, N 5.23. Mn(salen)Cl (6): IR (KBr,
cm�1): n¼2952, 2864, 1609, 1535, 1253, 837; elemental
analysis calcd (%) for C36H52ClMnN2O2: C 68.13, H 8.20,
N 4.41; found: C 70.13, H 8.70, N 4.27.

Phenol (25 g, 0.265 mol) was dissolved in a solution of
NaOH (9.54 g, 0.238 mol) in distilled water (10 ml). After
stirring for 30 min at room temperature (rt), the mixture
was filtrated and washed thoroughly with toluene until no re-
sidual phenol could be detected by FeCl3, then was washed
with 3�30 ml of ethanol. The white power PhONa (7) was
obtained after being dried for 8 h at 80 �C under high
vacuum (20.71 g, 75%) and was stored under argon.

Mn(salen)Cl complex (6, 0.256 mmol) and PhONa (7,
35.9 mg, 0.309 mmol, 1.2 equiv) were added to ethanol
(60 ml), and the mixture was refluxed for 3 h at 80 �C
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(Scheme 6).8g,19 Then ethanol was removed after the mixture
was cooled to rt. To this dark solid was added 30 ml of
CH2Cl2, and the organic phase was washed with 15 ml of dis-
tilled water. Samples of the aqueous layer were checked by
the HNO3–AgNO3 solution until no characteristic white
floc was observed (needed about three times). Then the
CH2Cl2 solution was washed with 10 ml of saturated NaCl
solution, dried over anhydrous Na2SO4, and concentrated
to give the brown-dark solid Mn(salen)OPh (8). IR (KBr,
cm�1): n¼2955, 1612, 1535, 1477, 1312, 1253, 1175, 837;
elemental analysis calcd (%) for C42H57MnN2O3: C 73.26,
H 8.28, N 1.16; found: C 74.09, H 8.37, N 1.04.

5.3. Synthesis of modified supports 11, 13, and 148f,g,20

Pure siliceous support (activated silica, SBA-15 or MCM-41,
9 g) was dehydrated at 125 �C under 0.01 torr for 4 h before
the addition of the fresh PhSi(OEt)3, PhCH2Si(OEt)3,
PhCH2CH2Si(OMe)3 or PhNHCH2CH2CH2Si(OMe)3 (21 ml)
and dry toluene (450 ml). The resulting mixture was stirred
for 1 h at rt, and then refluxed for 18 h at 120 �C under Ar,
in which the phenyl groups were grafted on the supports.25

After being cooled, filtrated, and washed with toluene, the
solid was dried at 60 �C under reduced pressure overnight
to obtain support-R1-Ph (9) as a white powder (Scheme 7).

The supports modified with phenoxyl sodium (11) were
prepared as follows. Support-Ph (5 g) was added to distilled
water (90 ml) containing concentrated sulfuric acid (1.3 g)
and catalyst FeCl3$6H2O (50 mg), and this suspension
was stirred at 50 �C for 30 min (Scheme 7).26 Then H2O2

(4 ml) was added and the mixture was stirred for an addi-
tional 5 h. The solid was filtrated and washed by distilled
water till the pH equaled 7 to give support-PhOH (10) as
a white solid. A solution of NaOH (160 mg, 4 mmol) in dis-
tilled water (200 ml) was added to support-PhOH (4 g) and
this mixture was stirred for 3 h at rt. The solid was filtrated
and washed with distilled water till pH equaled 7 to produce
11 as a white powder (Scheme 7).

The supports modified with sulfonic groups (13) were pre-
pared as follows. The support-R1-Ph (9, 3 g) was dehydrated
at 125 �C under 0.01 torr for 4 h, then was cooled to 40 �C
under Ar atmosphere. Fuming sulfuric acid (10%, 10 ml)
was added to the solid and the resulting mixture was stirred
for 2 h at 40 �C, in which the phenyl groups were sulfonated
to phenyl sulfonic groups (Scheme 7).27 The solid was fil-
trated under reduced pressure, washed with distilled water
till pH near 7, and then washed with 1,4-dioxane for three
times, ethanol for three times, and distilled water to obtain
support-R1-PhSO3H (12). To this wet solid 12, a solution
of NaHCO3 (0.33 g, 3.9 mmol) in distilled water (20 ml)
was added to neutralize the PhSO3H groups and this mixture
was stirred for 3 h at rt. The solid was filtrated and washed
to neutrality to produce support-R1-PhSO3Na as a white
powder (13).

The 9.7AS–R1-PhSO3Na (13, 3 g) were dehydrated at
125 �C under 0.01 torr for 4 h and then combined with fresh
MeSi(OMe)3 (3 ml) in dry toluene (50 ml) (Scheme 7). The
resulting mixture was stirred for 1 h at rt, and then refluxed
for 18 h at 120 �C under Ar, in which the methyl groups
were grafted onto the supports. After being cooled, filtrated,
and washed thoroughly with toluene, the solid was dried
at 60 �C under reduced pressure overnight to obtain
9.7AS(Me)–R1-PhSO3Na (14) as a white powder.

5.4. Synthesis of heterogeneous Mn(salen) catalysts

The grafting of Mn(salen) complexes on the supports was
performed by refluxing the mixture of Mn(salen)Cl (6,
1.0 mmol) and 11, 13 or 14 (1.0 g) in ethanol (60 ml) for
5 h (Scheme 8).8d,g Then the solid was filtrated and washed
thoroughly with ethanol, and then with CH2Cl2 in order to
eliminate all the Mn(salen) complexes adsorbed on the sup-
ports. The CH2Cl2 filtrates were detected by UV–vis spectra
until no characteristic peaks of Mn(salen) could be detected
(CH2Cl2 as reference). After being dried, the three kinds of
heterogeneous Mn(salen) catalysts were obtained as brown
powder: support-PhOMn(salen), support-R1-PhSO3Mn(salen),
and 9.7AS(Me)–R1-PhSO3Mn(salen) (Scheme 8).

5.5. Asymmetric epoxidation of 6-cyano-2,2-dimethyl-
chromene8d,g

In order to quantitatively compare the catalytic performance,
the amount of heterogeneous catalysts was normalized based
on the same amount of Mn(salen) active center. Dichloro-
methane was used as the optimal solvent. n-Nonane was
used as internal standard due to its stability, inertia, and easy
handling (bp 151 �C). A typical epoxidation8g was processed
in a stirred solution of olefin (1 mmol) in CH2Cl2 (3 ml)
containing n-nonane (1.0 mmol), PPNO as axial additive
(0.38 mmol), homogeneous or heterogeneous Mn(salen)
catalyst (0.015 mmol, 1.5 mol%, based on Mn element),
and NaClO aqueous solution (pH¼11.5, 0.55 M, 3.64 ml,
2 equiv) at 20 �C. After the reaction, the organic layer was
concentrated and purified by flash chromatography for the
homogeneous systems or filtered to remove catalysts for the
heterogeneous systems. The recycling experiments were
carried out following the same procedure but the amounts of
all the components were doubled. After a reaction, the solid
catalysts were filtrated and washed thoroughly with distilled
water, ethanol, and dichloromethane for the next cycle.
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Abstract—Hydrogen peroxide was generated in room temperature ionic liquids by electrolysis, which was then used for the epoxidation of
lipophilic alkenes under a carbon dioxide-saturated environment and in the presence of catalytic amount of manganese salt. 13C NMR showed
that the active peroxymonocarbonate (HCO4

�) was generated from the mixture of H2O2, CO2, and water in the ionic liquids. Most lipophilic
alkenes were selectively epoxidized within 4–5 h. The ionic liquids can be recovered and reused without any deterioration in the performance.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Epoxides are useful chemicals in the manufacture of a range
of important commercial products.1 They can easily be
modified to other functionalized compounds or conjugated
to other building blocks. For many years, epoxides are pro-
duced from alkenes and chlorine treated with alkali via chlo-
rohydrins.2 This process has a high efficiency, but consumes
chlorine and caustic, and produces NaCl as the by-product.2

With the development of new industrial applications using
epoxides as intermediates, the demand for epoxides has
been increasing. There is therefore a pressing need to
develop ‘greener’ routes for epoxide production, especially
epoxidation.

Hydrogen peroxide (H2O2) is considered as an environmen-
tally benign oxidant for epoxidation because only water is
produced as the by-product. Many metal-based catalytic sys-
tems including tungsten,3–5 titanium,6–8 manganese,9–11 rhe-
nium,12–14 and iron15–17 have been reported using H2O2 as
the terminal oxidant. H2O2 is produced by the anthraquinone
process (AQ process) in industry. This process requires the
use of toxic organic solvents (e.g., trimethylbenzene) for cat-
alyst recycle and is thus not totally green.18 Moreover, the
hazards associated with the storage and transportation of
concentrated H2O2 contribute significantly to its cost.19

Thus it is desirable to have an alternative yet environmentally

Keywords: Hydrogen peroxide; Oxygen reduction; Electrogeneration;
Manganese/bicarbonate-catalyzed epoxidation; Ionic liquids.
* Corresponding authors. Tel.: +86 852 2766 5644; fax: +86 852 2364 9932;

e-mail addresses: bckywong@polyu.edu.hk; bcchanth@polyu.edu.hk
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.12.075
benign way for on-site generation of hydrogen peroxide in
the chemical plant. In industry, an alternative way to produce
low strength H2O2 is by electrochemical reduction of O2.20

This simple and waste-free route uses air or oxygen gas as
feedstock and electrons as the reducing agent.

Solvents are the most ubiquitous class of chemicals used as
reaction media and in the separation and extraction of prod-
ucts from reaction mixtures. Many of them are volatile
organic compounds (VOCs) and they are often used in
large-scale in industrial plants. These volatile organic sol-
vents are harmful to human health and cause environmental
problems.21 Room temperature ionic liquids (ILs) are con-
sidered as ‘green’ alternatives to replace volatile organic sol-
vents because of their low vapor pressures, high thermal
stabilities, and good solubility for a broad spectrum of
chemicals.22 Reports on their use as solvents in extrac-
tion,23,24 as electrolytes in solar cells,25,26 as reaction media
for various catalytic processes,27,28 and as solvents/electro-
lytes in electrosyntheses29–31 are now available in literature.

Electrogeneration of H2O2 in aqueous32–35 and biphasic
systems36,37 has been extensively reported. Recently, we
have reported the electrogeneration of H2O2 in the ionic
liquid 3-butyl-1-methylimidazolium tetrafluoroborate
([bmim][BF4]) and demonstrated that the H2O2 could be
used in situ for the epoxidation of electrophilic alkenes in
alkaline medium.38 As this system is only applicable to the
epoxidation of electrophilic alkenes such as a,b-unsaturated
ketones, it would be of interest if we can widen the scope and
extend its application to other classes of alkenes. We have
therefore investigated the coupling of the electrogeneration

mailto:bcchanth@polyu.edu.hk
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of H2O2 in ionic liquid (IL) with the environmentally benign
manganese/bicarbonate-activated epoxidation system39

(Scheme 1). Carbon dioxide gas (CO2) was used to generate
the bicarbonate (HCO3

�) and the active peroxymonocar-
bonate species (HCO4

�) in situ in the H2O2/ionic liquid/
NaOH(aq) mixture because it is relatively inexpensive, and
provides a convenient means to neutralize the NaOH in the
ionic liquid electrolyte, that is, required for the electrogener-
ation of H2O2, and brings down the pH to the optimal range
for epoxidaion.
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Scheme 1. Electrogeneration of H2O2 for the epoxidation of lipophilic
alkenes with active species generated in situ in [bdmim][BF4]/NaOH(aq)

mixture.

2. Results and discussion

2.1. Electrogeneration of hydrogen peroxide in
[bdmim][BF4]

O2þ e�#O�2
� ð1Þ

O�2
� þH2Oþ e�/HO�2 þOH� ð2Þ

We carried out the electrogeneration of H2O2 using an elec-
trochemical cell with reticulated vitreous carbon (RVC) as
the cathode and a platinum-coated titanium plate as the
anode. The cyclic voltammograms of O2 reduction in the
ionic liquid 1-butyl-2,3-dimethylimidazolium tetrafluoro-
borate ([bdmim][BF4]) are shown in Figure 1. In the absence
of water, a reversible couple at�0.75 V versus SCE was ob-
served, which can be assigned to the reduction of O2 to O2

��

as previously reported by AlNashef and co-workers
(Eq. 1).40,41 The addition of water to the ionic liquid leads
to an enhancement of the reduction, which is accompanied
by an anodic shift of the reduction peak potential (Fig. 1).
This can be attributed to the activation of O2

�� by water lead-
ing to the further reduction to H2O2 or HO2

� (Eq. 2).42

When a constant current was applied to the electrochemical
cell, H2O2 was electrogenerated at a steady rate and its con-
centration in the electrolyte increased with time. The current
efficiency, however, shows a clear correlation with the water
content in the ionic liquid (Fig. 2). When the water concen-
tration is less than 20% (v/v), H2O2 production is relatively
slow and a higher cell potential is required to drive the reac-
tion at fixed current density (Table 1). When the water con-
tent is increased to 20% (v/v) or above, the production of
H2O2 occurs at a relatively fast rate. However, too high a
water content will lead to a drop in the current efficiently
of H2O2 production due to the lower solubility of O2 as well
as side reactions such as the electrolysis of water. As a result,
20% (v/v) of water was selected as the optimal water content
to drive the production of H2O2 effectively in the [bdmim]-
[BF4]/NaOH(aq) mixture in subsequent experiments.

In the H2O2 electrogeneration, O2 is electrochemically re-
duced to H2O2 in the form of HO2

� with OH� produced con-
currently (Eq. 2) in the [bdmim][BF4]/NaOH(aq) (4:1 v/v)
mixture (catholyte). When the same electrolyte was used
as the anolyte, precipitates (NaOH) appeared in the catholyte
upon continuous electrolysis and the cell potential increased
with the charge consumption (Table 2). Experimentally, the
maximum concentration of NaOH in [bdmim][BF4]/water
(4:1 v/v) mixture was found to bew0.044 M. When the con-
centration exceeds this value, it precipitates out quickly.

In the electrochemical cell, the cation-selective nafion mem-
brane allows cations to move between the anode and cathode
compartments. The permeation selectivity depends on the
size (H+<Na+<bdmim ion) and concentration of cations.

-1200 -1000 -800 -600 -400 -200 0
-50

-40

-30

-20

-10

0

10

(c)
(d)

(b)

(a)

C
ur

re
nt

, µ
A

Potential, mV (vs. SCE)

Figure 1. Cyclic voltammograms of oxygen reduction in [bdmim][BF4].
(a) [bdmim][BF4] only, (b) [bdmim][BF4]/water (9:1 v/v) mixture, (c)
[bdmim][BF4]/water (4:1 v/v) mixture, and (d) ([bdmim][BF4]/water
(4:1))/0.006 M NaOH mixture. All are saturated with O2. Working elec-
trode: 0.196 cm2. Scan rate: 100 mV s�1.
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Figure 2. The effect of water content on the current efficiency of H2O2

electrogeneration in [bdmim][BF4]/NaOH(aq) mixture. Current density:
0.38 mA cm�2. Catholyte: [bdmim][BF4]/0.006 M NaOH(aq) mixture.
Anolyte: [bdmim][BF4]/4 M H2SO4(aq) mixture.
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When an acidic mixture ([bdmim][BF4]/H2SO4(aq) (4:1 v/v))
was used as the anolyte, H+ diffused to the cathodic side
through the nafion during electrolysis to balance the charge
consumption. Those OH� generated at the cathode were sim-
ply neutralized, and the alkalinity was maintained (Table 2).

The favorable current density range for H2O2 production lies
from 0.27 to 0.38 mA cm�2 (Fig. 3). There is only a small
change in cell potential at this current density range. At a cur-
rent density of 0.38 mA cm�2, the current efficiency reaches
83%. The current efficiency drops at current density higher
than 0.45 mA cm�2. Side reaction such as the reduction of
O2 to H2O or the formation of H2 may occur at such high
current densities.43

Table 2. Effect of anolyte composition on the current efficiency of H2O2

electrogeneration

Anolyte Cell
potential, V

Concentration
of H2O2, mM

Current
efficiency, %

[bdmim][BF4]/4 M
H2SO4(aq) (4:1 v/v)

2.94 37 83

[bdmim][BF4]/0.006 M
NaOH(aq) (4:1 v/v)

3.12–3.57 32 71

Catholyte: [bdmim][BF4]/0.006 M NaOH(aq) mixture. Cathode: 60 ppi
RVC. Cathode surface area: 156 cm2. Volumes of catholyte and anolyte:
25 ml. Current density: 0.38 mA cm�2. Electrolysis time: 1 h.
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Figure 3. The effect of current density on the current efficiency of H2O2

electrogeneration in [bdmim][BF4]/NaOH(aq) mixture. Catholyte:
[bdmim][BF4]/0.006 M NaOH(aq) mixture. Anolyte: [bdmim][BF4]/4 M
H2SO4(aq) mixture. Cathode: 60 ppi RVC. Cathode surface area: 156 cm2.
Current density: 0.38 mA cm�2. Electrolysis time: 1 h.

Table 1. Electrogeneration of H2O2 in [bdmim][BF4]/NaOH(aq) mixture
with different water contents

Water content, vol %
in [bdmim][BF4]

Cell
potential, V

Concentration
of H2O2, mM

Current
efficiency, %

10 3.53 21 47
15 3.37 23 59
20 2.94 37 83
25 3.02 33 76
30 3.17 31 72

Current density: 0.38 mA cm�2. Catholyte: [bdmim][BF4]/0.006 M
NaOH(aq) mixture. Cathode: 60 ppi RVC. Cathode surface area: 156 cm2.
Anolyte: [bdmim][BF4]/4 M H2SO4(aq) mixture. Volumes of catholyte and
anolyte: 25 ml. Electrolysis time: 1 h.
2.2. In situ generation of peroxymonocarbonate by
purging CO2 gas into the [bdmim][BF4]/NaOH(aq)/HO2

L

mixture

After HO2
� has been generated by electrolysis, we purged the

[bdmim][BF4]/NaOH(aq)/HO2
� mixture with CO2(g). In the

epoxidation of alkenes with the H2O2/HCO3
�/Mn2+ system,

the active species corresponding to the epoxidation is be-
lieved to be a peroxymonocarbonate anion, HCO4

�, which
is generated in situ by the reaction of HO2

� with CO2(g)

(Eq. 3).39 In our study, we were able to demonstrate that
HCO4

� existed in equilibrium with HCO3
� by 13C NMR at

the reaction mixture (Fig. 4). In the absence of CO2(g), no
13C NMR signal was observed in the range from 150 to
170 ppm. When CO2(g) was continuously purged into the
mixture for 5 min, two 13C NMR signals were observed at
158.3 and 160.3 ppm, which correspond to HCO4

� and
HCO3

�, respectively.39,44

CO2 þHO�2 #HCO�4 ð3Þ

2.3. The effect of catalyst loading on the efficiency
of alkene epoxidation

O

+ H2O2
MnSO4/HCO3

- ð4Þ

In this study, the H2O2 electrogeneration in an
[bdmim][BF4]/NaOH(aq) mixture is in the form of HO2

�.
Epoxidation was carried out in a separate step by transferring
the [bdmim][BF4]/NaOH(aq)/HO2

� mixture into a reaction
vessel and then purged with CO2 gas to generate the reactive
HCO4

� species (Fig. 5). 1,2-Dihydronaphthalene was used as

(c)

(b)

(a)

HCO3
-

HCO3
-

HCO4
-

Figure 4. 13C NMR spectra. (a) [bdmim][BF4]/NaOH(aq)/CO2(g) mixture,
(b) [bdmim][BF4]/NaOH(aq)/0.1 M HO2

�/CO2(g) mixture, and (c)
[bdmim][BF4]/NaOH(aq)/0.1 M HO2

� mixture.
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the standard substrate for optimizing the reaction conditions
because of its high solubility and reactivity in the IL/H2O2/
Mn2+/HCO3

� system (Eq. 4).44

MnSO4 is the catalyst for the epoxidation of alkenes with
H2O2 in the presence of bicarbonate ion. A set of experiments
was carried out to test for the optimal loading of Mn2+ in the
IL system. Figure 6 indicates that the extent of conversion
of the alkene to epoxide was comparable when 0.41–
0.74 mol % of MnSO4 (relative to that of the alkene sub-
strate) was used. When the amount of MnSO4 was less than
0.08 mol %, the conversion efficiency dropped significantly.

A comparison of conversion efficiency using different CO2

sources is shown in Table 3. When the reaction temperature
was maintained at 5 �C, there was no significant difference
on the product yield whether dry ice (solid CO2) (entry 4)
or CO2 gas (entry 2) was used to generate HCO3

� and
HCO4

�, and good yields of epoxide (>80%) were obtained.45

By comparison, when the temperature was controlled at
22 �C, only moderate yields were obtained in both cases
(entries 1 and 3). The use of air (0.04% CO2) as control
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Figure 6. The effect of MnSO4 concentration on the efficiency of epoxide
formation. Substrate: 1,2-dihydronaphthalene (0.13 mmol). [H2O2]:
0.08 M (electrogenerated in 25 ml [bdmim][BF4]/NaOH(aq) mixture).
indicates that no epoxide product could be obtained (entries
5 and 6).

2.4. Catalytic epoxidation of alkenes

The alkene was mixed with a solution of MnSO4 in the reac-
tion flask prior to charge with CO2(g). When 0.08 M
H2O2(15 equiv) in [bdmim][BF4]/NaOH(aq) mixture was
added all at once, gas bubble was observed and only moder-
ate yield of the epoxide (36%) was obtained. This showed
that H2O2 decomposition had occurred in the presence of
Mn2+.46,47 On the other hand, when the H2O2 was added
slowly to the alkene substrate solution over a period of
1 h at 5 �C, decomposition of H2O2 was minimized. The
epoxidation reaction then proceeded smoothly to give the
epoxides in good yield.

The optimal amount of electrogenerated H2O2 in the
[bdmim][BF4]/NaOH(aq) mixture was tested. Figure 7 indi-
cates that the epoxide yield was the highest when 15–
16 equiv of H2O2 were used. This value is comparable to
our previous report using 10 equiv of H2O2 for epoxidation
with the HCO3

�/Mn2+/[bmim][BF4] system.44 It should be
noted that the concentration of H2O2 (w0.08 M) prepared
by electrogeneration in this study is much lower than the
35 wt % H2O2 (w11.7 M) used in our previous study.44

Thus the hazards associated with the handling of concen-
trated H2O2 are greatly reduced.

After optimizing the catalytic process, a number of lipo-
philic alkenes were epoxidized under similar conditions
(Table 4). In general, good to excellent yields of the epoxides

Table 3. The effect of CO2 source and temperature on the epoxide yield

Entry CO2 source Reaction temperature, �C Epoxide yield, %

1 CO2(g) 22 61
2 CO2(g) 5 80
3 CO2(s) (dry ice) 22 70
4 CO2(s) (dry ice) 5 83
5 CO2(g) (air) 22 0
6 CO2(g) (air) 5 0

Substrate: 1,2-dihydronaphthalene (0.13 mmol). [H2O2]: 0.08 M (electro-
generated in 25 ml [bdmim][BF4]/NaOH(aq) mixture).
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Figure 7. Optimization of alkene/H2O2 stoichiometry. Substrate: 1,2-di-
hydronaphthalene (0.13 mmol). MnSO4: 0.41 mol %.
could be obtained. The styryl and cyclic alkenes (entries 1–
8) were easily oxidized to give epoxides in good yields. For
trans-stilbene (entry 9), 3-octyl-1,2-dimethylimidazolium
tetrafluoroborate ([odmim][BF4]) was used to enhance its
solubility of trans-stilbene in the IL mixture and moderate
yield was obtained. 1-Octene (entry 10) was not epoxidized,
which is in agreement with the fact that the Mn2+/HCO3

�/
H2O2 system is not effective in the epoxidation of aliphatic
terminal alkenes.48

2.5. Recycling of the ionic liquid

Because the IL ([bdmim][BF4]) is likely to be the most ex-
pensive component of the reaction system, it is important
to demonstrate that the IL can be recovered and reused.
After product extraction, water, MnSO4, and NaHCO3 were
retained in the yellowish IL mixture. Attempts to use the
crude IL mixture for H2O2 electrogeneration indicated that
Table 4. Epoxidation of various lipophilic alkenes

Entry Substrate Reaction time, h Conversion, % Yield, %

1

1,2-dihydronaphthalene 

4 >99 83

2

Styrene
4 >99 84

3

Cyclooctene 

4 >99 80

4

1-phenyl-1-cyclohexene  
5 >99 90

5

α-methyl styrene
5 95 83

6

cis-β-methyl styrene

5 87 76a

7

trans-β-methyl styrene
5 81 71b

8

α-pinene

5 75 62

9

trans-stilbenec

5 44 42

10
1-octene 

5 0 0

Substrate: 0.13 mmol. MnSO4: 0.41 mol %. [H2O2]: 0.08 M (electrogenerated in 25 ml [bdmim][BF4]/NaOH(aq) mixture). Yields were calculated on the basis of
converted alkenes and determined by GC–MS versus an internal standard.
a Only cis-epoxide was produced.
b Only trans-epoxide was produced.
c [odmim][BF4] was used in place of [bdmim][BF4].
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the current efficiency dropped to 62% (Fig. 8). Presumably,
the Mn2+ salt interfered with the H2O2 production through
catalytic decomposition. Attempts were therefore made to
remove the Mn2+ before the IL mixture was reused for
H2O2 electrogeneration.

Literature report indicates that ILs can be purified through
extraction and separation into different phases.49 In this
study, 1 M Na2CO3(aq) was used for extraction and purifica-
tion of the IL mixture (Fig.9). It was found that two immis-
cible phases were formed without the assistance of any
pressurized equipment. One liquid phase was rich in IL
and water, while the other was mainly water, Na2CO3, and
Mn2+. This interesting biphasic behavior allows us to
separate most MnSO4 from the IL mixture in a convenient
manner.

Attempts to use 1 M or saturated NaOH(aq) for extraction of
MnSO4 from the IL mixture indicated that it is impossible
to form two clear separate phases in the extraction. This
is probably because of the higher solubility of NaOH than
Na2CO3 in the IL/water (4:1 v/v) mixture (the solubility of
Na2CO3 and NaOH are 0.016 M and 0.044 M, respectively).

The IL mixture was thus extracted with 1 M Na2CO3(aq)

solution (2�15 ml). After each extraction, 85–90% of the
[bdmim][BF4] was recovered and the aqueous phases were
combined for further recycling. In the IL phase, the water
content was always less than 20% by volume. After purifica-
tion, an appropriate amount of [bdmim][BF4] or water
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Figure 8. Effect of ionic liquid purity on H2O2 electrogeneration.
was added to the mixture to adjust to the optimal IL/water
8:2 v/v ratio for H2O2 electrogeneration. The amount of
water in the IL mixture was measured according to the
density method as previously reported.38 As noted above,
10–15% of IL was retained in the aqueous phase. Further
recovery of IL could be achieved by removing the water
under vacuum and further extraction with dichloromethane.

Prior to H2O2 electrogeneration, the alkalinity of the recov-
ered IL/water mixture was adjusted to an optimal apparent
pH value (wpH 9.4) by adding NaOH. The step is important
because it provides a sufficiently alkaline media for effective
H2O2 electrogeneration.

The results of epoxidation with the recovered IL/H2O2 mix-
ture are summarized in Table 5. It can be seen that the IL
mixture can be recycled for a number of times without any
diminution in the epoxide yield.

3. Conclusions

The electrogeneration of H2O2 in ionic liquid ([bdmim][BF4])
for epoxidation has been demonstrated. By purging CO2 gas
into the H2O2/[bdmim][BF4]/NaOH(aq) mixture, the active
peroxymonocarbonate (HCO4

�) can be generated in situ,
and a wide range of alkenes can be epoxidized with a simple
Mn2+ catalyst. The ionic liquid can be recovered and reused
without significant diminution in the current efficiency of
H2O2 generation and epoxide yield.

4. Experimental

4.1. Synthesis

All chemicals and solvents used were of analytical reagent
(A.R.) grade. Alkenes and epoxides were obtained from

Table 5. Recovery and reuse of [bdmim][BF4] for 1,2-dihydronaphthalene
epoxidation

Cycle 1 2 3 4 5

Epoxide yield, % 83 86 87 84 85

Substrate: 0.13 mmol. MnSO4: 0.41 mol %. [H2O2]: 0.08 M electrogener-
ated in 25 ml [bdmim][BF4]/NaOH(aq) mixture. Yields were calculated on
the basis of converted alkenes and determined by GC–MS versus an internal
standard.
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commercial sources (Aldrich Co. or Acros Organic), and
were used as received unless otherwise noted. Manganese(II)
sulfate monohydrate (>99%), sodium hydroxide (98%), and
H2O2 (35 wt % solution in water) were purchased from
Aldrich Co. Oxygen (>99.7%) and argon (>99.995%)
were obtained from Hong Kong Oxygen Co. Double deion-
ized water was purified by passing through an ion-exchange
resin purification train (Millipore).

4.1.1. 1-Butyl-2,3-dimethylimidazolium tetrafluoro-
borate ([bdmim][BF4]).50 A solution of 1-bromobutane
(119 ml, 1.1 equiv) was added slowly and cautiously to
1,2-dimethylimidazole (96.1 g, 1 mol) in 500 ml acetone.
The mixture was gently heated at reflux under argon for
24 h. After cooling to room temperature, a white solid pre-
cipitated out and the yellowish solvent was decanted. The
white solid (1-butyl-2,3-dimethylimidazolium bromide,
[bdmim]Br) was washed thoroughly with acetone (2�
300 ml) and ether (2�300 ml). A 2 l round bottle flask
was then charged with 1.5 l acetonitrile, [bdmim]Br, and so-
dium tetrafluoroborate (120 g, 1.1 equiv). The mixture was
allowed to stand at room temperature for three days with
stirring. The precipitate (NaBr) that appeared was filtered
off and the filtrate was concentrated under vacuum to give a
colorless liquid. Further precipitation of NaBr was achieved
upon the addition of dichloromethane (1 l). The crude IL
was purified on a silica column using dichloromethane as
eluent to give a colorless liquid. Yield: 201.6 g (84%). 1H
NMR (CDCl3, d ppm): 7.32 (dd, 2H), 4.07 (t, 2H), 3.80
(s, 3H), 2.61 (s, 3H), 1.76 (m, 2H), 1.37 (m, 2H), 0.93
(t, 3H).

4.1.2. 3-Octyl-1,2-dimethylimidazolium tetrafluoro-
borate ([odmim][BF4]). The preparation was similar to
that of [bdmim][BF4] except that 1-bromooctane (190 ml,
1.1 equiv) was used. Yield: 228.0 g (77%). 1H NMR
(CDCl3, d ppm): 7.33 (dd, 2H), 4.07 (t, 2H), 3.80 (s, 3H),
2.61 (s, 3H), 1.76 (m, 2H), 1.77 (m, 10H), 0.86 (t, 3H).
4.2. Instrumentation

The electrochemical cell was purchased from ElectroCell
AB, Sweden. A 33 mm�27 mm�5 mm reticulated vitreous
carbon (60 pores per inch (ppi)) was used as the cathode.
The anode was a platinum-coated titanium plate. A Nafion
424 cation permeable membrane was used to separate the
cathode and anode compartments. It was connected to the
peristaltic pumps and Teflon tubings (Fig. 10). The gas and
electrolyte flow rates were monitored by flowmeters
purchased from Gilmont Instruments. The electrolysis was
carried out at controlled current mode using an EG&G
Princeton Applied Research Potential/Galvanostat (Model
273A).

For voltammetric measurements, glassy carbon and plati-
num electrodes were polished with 0.05 mm a-alumina
(Buehler) on a microcloth, rinsed with double deionized
water, and then sonicated for 5 min in water before used.
Cyclic voltammetry (CV) was measured by a Bioanalytical
Systems (BAS) model 100 W electrochemical analyzer and
carried out in a conventional two-compartment cell with
a sintered glass separated the two compartments. A platinum
wire was used as the counter electrode, whereas the refer-
ence electrode was a saturated calomel electrode (SCE).

1H and 13C NMR spectra were recorded on a Bruker DPX-
400 MHz NMR spectrometer. A Hewlett-Packard 8900
GC–MS equipped with EC�-1 or EC�-WAX columns
(Alltech Associate, Inc.) was used for analyzing volatile
chemicals. DMSO and tetradecane were used as internal
standards for 1H NMR and GC–MS quantitative measure-
ments, respectively.

4.3. Electrogeneration and determination of H2O2 in
reaction mixture

The apparatus for the electrogeneration of H2O2 is shown in
Figure 10. The two reservoirs were charged with 25 ml
Peristaltic
pump

Anolyte 
reservoir 

Electrolysis
cell

Catholyte 
reservoir 

Figure 10. Apparatus for the electrogeneration of hydrogen peroxide.
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solutions of anolyte (IL/H2SO4(aq)) and catholyte (IL/
NaOH(aq)), respectively. Electrolysis was carried out under
circulation mode at a flow rate of 135 ml min�1. O2 was con-
tinuously purged into the catholyte throughout the process at
45 ml min�1 for the electrogeneration of H2O2.

The H2O2 concentration was determined using permanga-
nate titration. At regular time intervals during electrolysis,
0.1 ml catholyte was withdrawn and diluted with 0.5 M
H2SO4(aq) (5 ml) for the titration.

4.4. Epoxidation of lipophilic alkenes with H2O2

Epoxidation of alkenes was achieved by using the H2O2

electrogenerated in IL/NaOH(aq) mixture (Fig. 5). This mix-
ture was added dropwisely into a flask pre-charged with
alkene substrate and MnSO4 at 2 ml min�1. Meanwhile,
CO2(g) was continuously purging at 10 ml min�1. Alterna-
tively, dry ice (solid CO2) was added in small portions.
Throughout the mixing process, the flask was kept at 5 �C
to reduce the loss of volatile alkene. It was sealed afterwards
and allowed to stand at room temperature for another 3–5 h.
The product was then extracted by pentane (3�20 ml), and
the organic layer was washed with brine (2�10 ml) and dried
over sodium sulfate. A portion of the mixture (10 ml) was
mixed with the internal standard tetradecane (100 ml of a
0.156 M solution) and analyzed by GC–MS. The other
portion was analyzed by 1H NMR after the solvent had
been removed under reduced pressure.

4.5. Recovery and reuse of ionic liquids

Prior to the reuse of ILs for the next H2O2 electrogeneration/
catalytic epoxidation cycle, removal of Mn2+ is necessary to
avoid any adverse effects on the electrogeneration of H2O2.
Na2CO3(aq) (1 M) (2�15 ml) was used to extract the manga-
nese salt for the electrolyte. After extraction, the mixture was
separated into two phases. The IL phase was a mixture of IL/
H2O/NaOH/Na2CO3 in which the water content and appar-
ent pH were measured and adjusted before reused for
H2O2 electrogeneration. Around 10–15% of ILs remained
in the aqueous phase, which was recovered by evaporating
the water and then extracting with dichloromethane.
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Abstract—A series of TEMPO (2,20,6,60-tetramethylpiperidinyl-1-oxy) derivatives were studied as mediators of laccase (from Trametes
versicolor) in the oxidation of benzyl alcohol and 1-phenylethyl alcohol. TEMPO (1), 4-hydroxy-TEMPO (2) and 4-acetylamino-TEMPO
(4) turned out to be the most active mediators for laccase. In addition, 4-acetylamino-TEMPO and 4-hydroxy-TEMPO were more active
in the oxidation of 1-phenylethanol compared to TEMPO. For these mediators kinetic isotope effects in the range of 2.1–3.2 were observed
for a-monodeutero-p-methylbenzyl alcohol oxidation. These values are consistent with a mechanism involving oxoammonium intermediacy.
Competition experiments between benzyl alcohol and 1-phenylethanol showed that TEMPO and its derivatives react faster with primary
alcohols than with secondary alcohols, also in line with the proposed mechanism.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

The selective oxidation of alcohols is a pivotal reaction in
organic synthesis. Recently, much attention has been focused
on the development of green, catalytic methods employing
dioxygen or hydrogen peroxide as the stoichiometric oxi-
dant.1 Many examples of aerobic oxidation of alcohols cata-
lysed by transition metals—notably palladium,2 platinum3

and ruthenium4—have been described in the last few years.
Copper compounds are also known to catalyse the aerobic
oxidation of alcohols, both in vitro5,6 and in vivo.7 A well-
known example of the latter is provided by galactose oxidase
(EC 1.1.3.9).8 Another group of copper-dependant oxidases
that has attracted much attention recently comprises the lac-
cases (EC 1.10.3.2).9 These enzymes contain four copper
centres per protein molecule and catalyse the oxidation of
electron rich aromatic substrates, usually phenols or aromatic
amines, via four single electron oxidation steps concomitant
with the four electron reduction of O2 to H2O.10–12 Recently
few laccases were crystallised and their three-dimensional
crystal structures are now available.13–16 Its good thermal
stability coupled with its lack of substrate inhibition and
high rates of oxidation (10–100 fold higher than those of
lignin peroxidase or manganese peroxidase) make laccase
an ideal candidate for the development of enzymatic oxida-
tion processes.9 Envisaged applications17 are in biobleach-
ing of pulp as a replacement for chlorine, removal of

Keywords: Laccase; TEMPO; Alcohol oxidation; Nitroxyl radical.
* Corresponding author. Tel.: +31 15 2782683; fax: +31 2781415; e-mail:

r.a.sheldon@tudelft.nl
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.12.076
(poly)phenolic compounds and decolourisation of dyes in
wastewater, amperometric biosensors for phenol detection,
and many uses in the processing of foods and beverages.

An important role for laccases lies in the delignification of
lignocellulose, the major constituent of wood.18 To that pur-
pose they are secreted by white rot fungi as extracellular gly-
cosylated enzymes. In lignin degradation as well as in most
applications, laccase alone, however, is ineffective, since it is
too large for a molecule to penetrate the cell walls of wood
and react with the lignin. Consequently, so-called mediators,
low molecular weight electron transfer agents, are employed
to shuttle electrons from the lignin to the enzyme. For exam-
ple, 3-hydroxy anthranilic acid is produced by the white
rot fungus Pycnoporus cinnabarinus and is believed to play
the role of an electron mediator.19 2,20-Azinobis-(3-ethyl-
benzothiazoline-6-sulfonic acid) ABTS was the first com-
pound found to be capable of mediating the laccase
catalysed oxidation of nonphenolic model compounds, such
as the oxidation of veratryl alcohol to the corresponding
aldehyde.18 Subsequently, 1-hydroxybenzotriazole20 and
other N-hydroxy compounds such as N-hydroxyacetanilide,
violuric acid and N-hydroxyphthalimide were shown to act
as mediators.21 A common feature of these mediators
appears to be the propensity to form N-oxy(nitroxyl) radicals
(see Fig. 1).

In 1996 it was shown that by using ABTS as a mediator,
laccase from Trametes versicolor was able to catalyse the
aerobic oxidation of a series of benzylic alcohols to their
corresponding benzaldehydes.22 Subsequently, Galli and

mailto:r.a.sheldon@tudelft.nl
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co-workers found that the stable N-oxy radical, 2,20,6,60-
tetramethylpiperidinyl-1-oxy (TEMPO, 1, Fig. 1) in combi-
nation with laccase from Trametes villosa, catalyses the
aerobic oxidation of primary benzylic alcohols.23 The selec-
tive oxidation of the primary alcohol moiety in carbo-
hydrates has been previously reported in two patents.24 In
a recent publication laccase from Trametes pubescens was
used to oxidize a water-soluble cellulose sample.25 In a sub-
sequent comparison of various mediators, in the laccase
catalysed aerobic oxidation of benzylic alcohols, TEMPO
proved to be the most effective.26

The mechanistic details of these laccase/mediator catalysed
aerobic oxidations are still a matter of conjecture.27–29 How-
ever, they are generally believed to involve one electron
oxidation of the mediator by the oxidised (cupric) form of
the laccase followed by the reaction of oxidised mediator
with the substrate, either via electron transfer (ET), e.g., with
ABTS, or via hydrogen atom transfer (HAT), e.g., with
N-hydroxy compounds, which forms N-oxy radicals.30

TEMPO and its derivatives form a unique case: one electron
oxidation of TEMPO affords the oxoammonium cation (1a),
which oxidises the alcohol via a heterolytic pathway, giving
the carbonyl product and the hydroxylamine 1b (Fig. 2). The
T1 copper centre in fungal laccases has a redox potential
of ca. 0.8 V versus NHE (in contrast plant laccases exhibit
redox potentials between 0.3 and 0.5 V). Consequently, fun-
gal laccases are able to oxidise TEMPO to the corresponding
oxoammonium cation (oxidation of 1a to 1b) since the oxi-
dation potential of the latter, which was first measured by
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Figure 1. Laccase mediators.
Golubev and co-workers, is 0.75 V.31 This value was con-
firmed recently.32

There are various alternatives for reoxidising the hydroxyl-
amine (1b) back to TEMPO (1) to complete the catalytic
cycle. It can be oxidised by O2, O2/laccase or the oxoammo-
nium cation (1a). Since it is known that (uncatalysed) reoxi-
dation of 1b is slow under acidic conditions,33 we suppose
that regeneration of 1 takes place via the laccase/O2 route.

The active oxidant (1a) is the same as that in the TEMPO
catalysed oxidation of alcohols with hypochlorite (or other
single oxygen donors), a method that is widely used in the
oxidation of a broad range of alcohols using low catalyst load-
ings (1 mol % or less).34 In contrast, the laccase/TEMPO
catalysed aerobic oxidations of alcohols require high load-
ings of TEMPO (typically 30 mol % on substrate), which
militates against commercial viability.23 The aim of this
study was to obtain mechanistic information regarding the
laccase/TEMPO catalysed aerobic oxidations of alcohols, by
studying the isotope effect in water as well as in biphasic
mixtures. Furthermore, we wanted to investigate whether
the use of other, including more water-soluble, TEMPO-
derivatives could increase the performance of the catalyst.
Previously, hydroxy-TEMPO and acetylamino-TEMPO
were also shown to be active in the laccase/TEMPO catalysed
oxidation of benzylic alcohol. However, in this case the reac-
tion was pursued up to 100% conversion in all cases, so that
no differences in reactivity could be observed.26

2. Results and discussion

For the sake of convenience, TEMPO-like nitroxyl radicals
are referred to as mediators (Med) and alcohols as substrates
(Sub), although strictly speaking the nitroxyl is the substrate
of the laccase according to the proposed mechanism (Fig. 2).
The stable nitroxyl radicals shown in Figure 3 were tested as
mediators. They are easily synthesised and/or commercially
available.35,36

First the performance of these TEMPO-derivatives was
tested under typical reaction conditions. These conditions
were largely similar to those previously used,23 except for
the amount of TEMPO, which was only 10 mol % relative
to substrate in the present case. In all experiments 0.1 M
acetate buffer (AB) at pH 4.5 was used and the reactions
were carried out at room temperature under an oxygen atmo-
sphere. The conversion of benzyl alcohol in the presence of
laccase and various mediators obtained after 24 h is given in
Table 1. In all cases, selectivity to the aldehyde is >95%.
T1-CuX2 T1-CuX

N
O RCH2OH RCHO

N
O

N
OH
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T1-Cu/O2 ?
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Figure 2. Pathway of laccase/TEMPO catalysed oxidation. T1 refers to Type I copper site.
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Among the nitroxyl radicals tested, oxo-TEMPO (6), amino-
TEMPO (3), 4-hydroxy-TEMPO benzoate (8) and 2,2,5,5-
tetramethyl-3-imidazoline-1-oxy-carboxylic acid sodium salt
(9) showed very low activity. Methoxy-TEMPO (5) and 4-
amino-4-carboxy-TEMPO (7) were moderately active. The
conversion of benzyl alcohol was complete after 24 h in the
systems mediated by TEMPO (1), hydroxy-TEMPO (2)
and acetylamino-TEMPO (4). It was surprising that 8 showed
no activity. This could be due to a high Km of this mediator
with the laccase.

The differences observed in Table 1 cannot be explained
simply on the basis of redox potential (E0). In Table 2
some published values of E0 of TEMPO-derivatives are
given.31,37–39 The data in Table 2 were taken from different
sources, and obtained under different conditions. Therefore,
these values cannot be compared directly. We believe that
the E0 of TEMPO-derivatives generally lies around 0.75 V,
which was the value obtained by Golubev and co-workers
(see above) and thus all the E0 values of the nitroxyl radicals
(Table 2) are comparable to the E0 of TvL. Only amino-
TEMPO (3) exhibits a value, which is somewhat higher
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Figure 3. TEMPO and its derivatives used in this study.

Table 1. Aerobic oxidation of benzyl alcohol catalysed by laccase and
nitroxyl radicals

Nitroxyl radical Conv (%)

1 100
2 100
4 95.7
5 26
7 20.4
3 6.5
6 2.7
8 <1
9 <1

Conditions: [Sub]0: 140 mM, Lac: 3.5 U/ml, [Med]: 14 mM, 24 h, rt, 1 atm O2.

Table 2. Redox potential of some nitroxyl radicals and laccase

Nitroxyl radical E0 (V) versus NHE Ref.a

1 0.75, 0.74 31,37
2 0.80 37
3 0.89 37
6 0.78 38
TvL 0.78 11,39

a Values in Ref. 37 measured by CV at pH 5 in citrate buffer. Values at pH
7.4 for 1, 2 and 3, amount to 0.74, 0.80 and 0.82, respectively.
(0.89 V), but strongly pH-dependent.37 We can state, how-
ever, that TvL has sufficient oxidation potential to oxidise
the nitroxyl radicals and forms the corresponding oxoammo-
nium ions as proposed in Figure 2.

The oxoammonium salt of 6 was previously shown to
be unstable in weakly acidic and basic medium.40 Cyclic
voltammetry revealed that it decomposed irreversibly into
nonradical species at pH above 3.5. The low stability of 6,
in the presence of acids such as trichloroacetic acid, was
also observed by Abakunov and Tikhonov.41 A mixture of
the corresponding hydroxylamine and a ring-opened nitroso
compound was formed (Fig. 4). Presumably this involves
initial disproportionation of the nitroxyl radical to the
hydroxylamine and oxoammonium cation. The latter then
undergoes ring opening to form the nitroso compound.

In our system, 6 is presumably oxidised by laccase to form
its oxoammonium ion, and the latter undergoes ring cleavage
to form a –N]O compound (Fig. 5), thus losing its oxidising
ability. In acetate buffer, the oxoammonium cation can be
coupled with the acetate anion leading to decomposition
via the mechanism shown in Figure 5. Decomposition of
1a under basic aqueous conditions was previously described
by Golubev and co-workers31 leading to similar nitroso com-
pounds. In the end as a result of intra- and intermolecular
processes, about 2/3 of the cation 1a was reduced under
basic conditions to the radical and the rest was transformed
into a mixture of nitrones and their condensation products.

In this context, the higher reactivity of 1 and 2 is probably
a result of the higher stability of their oxoammonium ions.
In the case of 3, the situation is more complicated. Under
acidic conditions, first 3 will be converted into the corre-
sponding oxoammonium cation either by disproportionation
(compare Fig. 4) or by laccase oxidation. The amino group,
either in the nitroxyl radical structure or in the oxoammo-
nium cation, can then be oxidised by the oxoammonium cat-
ion. In addition, it is reported that amines can react easily
with nitroxyl radicals in an acid medium.42,43 This is con-
firmed by the results of Nakatsuji co-workers,44 who re-
ported that 3 is more readily oxidised than 1 and 2. They
found by cyclic voltammetry that 1 and 2 showed only one
oxidation potential corresponding to nitroxyl radical, while
3 showed two oxidation potentials related to the oxidation
of the amino group and the nitroxyl radical, respectively.

We studied the stability of 3 spectrometrically in acidic
medium. When 3 was incubated in acetate buffer at pH 4.5,
the absorbance maximum at 430 nm increased (Fig. 6a).
This could be due to the formation of the –N]O group
(unfortunately we could not isolate the product). On the
other hand, there was no absorbance change observed for 1
under the same conditions (Fig. 6b). Another possibility is
oxidation of the amine to the imine. In this case, a similar
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Figure 4. Interaction of 6 with acid.
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Figure 5. Postulated route for decomposition of 6 in acidic medium.
instability as observed for oxo-TEMPO (see above) can be
anticipated.

When the amino group in 3 is protected with an acetyl group,
the resulting amide moiety is stable towards oxidation.
Hence, 4 was an efficient mediator. It is not clear why 5
and 7 display intermediate activities. Especially the cation
of 5 is known to be a good oxidant.45,46 We suggest that
decomposition of the cation of 5, is probably faster than that
of 1a, leading to lower activities.

For a better comparison of mediators 1, 2 and 4, the reaction
was followed in time. Figure 7 shows that 2 and 4 display
similar activity in the oxidation of benzyl alcohol, whereas
1 is more active. In case of 1, already 87% conversion was
observed after 7 h, while for 2 and 4, the conversion only
amounted to 56 and 44% at this point. In all cases the reac-
tion was completed after 24 h.
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Figure 7. Comparison of nitroxyl radicals in the laccase catalysed aerobic
oxidation of benzyl alcohol. [Sub]0: 125 mM, Lac/Sub: 5.9 U/ml,
[Med] 19 mM, rt, 1 atm O2.
In Table 3, an overview of the reactivities of various
TEMPO-derivatives with the secondary alcohol 1-phenyl-
ethanol is given. Surprisingly, in this case 2 and 4 displayed
higher activity than 1. The difference was more pronounced
in water (pH 4.5)/toluene (W/T¼1/1) mixtures than in aque-
ous buffer. Again, no activity was observed for 3. It was
expected that by adding more organic solvent to the system
(the alcohols themselves already form a separate phase) the
whole oxoammonium reaction could be moved from the
aqueous layer to the organic layer and the reaction rate could
be improved. However, it transpired that by adding toluene
to the system, the reaction rate is retarded considerably.
This could be due to a lower activity of the enzyme at the
interphase layer.

To confirm the difference in overall reactivities between 1, 2
and 4 for benzyl alcohol and 1-phenylethanol, respectively,
competition experiments were performed in which both sub-
strates were present. In Table 4, the conversions of benzylic
alcohol and 1-phenylethanol as well as the ratio of the over-
all rate constants are denoted. The overall rates were denoted
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Table 3. Conversion of 1-phenylethanol by laccase-nitroxyl radicals cata-
lysed aerobic oxidation

Mediator Acetate buffera W/T (1/1)b,c

1 66.8 27.6 (44.0)
2 76.8 60.7 (80.8)
4 78.5 81.7
5 2.4 —
3 2.4 —
9 — 3.9 (4.2)

Conditions: [Sub]0: 125 mM, Lac: 5.9 U/ml, [Med]: 19 mM, rt, 1 atm O2.
a Reaction time: 5.5 h.
b Reaction time: 24 h.
c Data in parentheses were obtained after 48 h.
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as k1 and k2 for benzylic alcohol and 1-phenylethanol, re-
spectively.

The observations made in separate experiments were con-
firmed. In all cases benzyl alcohol was converted 1–3 times
faster than 1-phenylethanol. When toluene was added to the
medium, this difference was even larger.

2.1. Kinetic isotope effects

Further evidence for the alcohol oxidation mechanism was
sought in kinetic isotope effects. Therefore, the primary
kinetic isotope effects (kH/kD) were measured in the laccase-
nitroxyl radical catalysed oxidation of a-monodeutero-p-
methylbenzyl alcohol. We used this technique previously to
unravel the mechanism of Ru/TEMPO47 and Cu/TEMPO48

catalysed oxidation of alcohols. A kH/kD value for the room
temperature oxidation of a-monodeutero-p-methylbenzyl
alcohol is 2.05, which was measured in acetate buffer at pH
4.5 (Table 5). Under biphasic conditions, using a mixture
of toluene and water as solvent the kH/kD value was slightly
higher and amounted to 2.32. These values are much lower
than those obtained for laccase/violuric acid, laccase/
1-hydroxybenzotriazole and laccase/N-hydroxyphathali-
mide reactions. In these cases kH/kD values of 6.2–6.4 were
observed, which is in line with a radical hydrogen atom trans-
fer route of oxidation.49

We thus observed that the kH/kD ratio of benzylic alcohol
oxidation by TEMPO and laccase is in the range expected
for oxoammonium ions. Usually these values lie between
1.7 and 2.350 under basic conditions, and 3.151 under acidic
conditions. This low kinetic isotope effect is in accordance
with a transition state of the process in which first

Table 4. Competition reaction of benzyl alcohol and 1-phenylethanol

Mediator AB (5 h) W/T (1/1) (23 h)

Conv1/Conv2 k1/k2 Conv1/Conv2 k1/k2

1 76.8/35.2 3.4 96.5/21.9 13.6
2 40.6/32.1 1.3 98.9/68.9 3.9
4 51.6/31.8 1.9 97.4/50.5 5.2

Conditions: equimolar amounts of benzyl alcohol and 1-phenylethanol were
applied, [Sub]0 62.5 mM, Lac: 2.9 U/ml, [Med]: 9.3 mM. The ratio k1/k2

was calculated according to k1/k2¼ln(1�Conv1)/ln(1�Conv2).

Table 5. Kinetic isotope effect (kH/kD) in the laccase/TEMPO/O2 catalysed
oxidation of a-monodeutero-p-methylbenzyl alcohol

Entry Catalyst AB (pH 4.5) W/T (1/1)

1 Laccase/TEMPO 2.05 2.32
2 TEMPO+–ClO4

� 3.58 2.97
3 Laccase/4-hydroxy-TEMPO 2.54 2.61
4 Laccase/4-acetylamino-TEMPO 2.51 3.19

Substrate: 125 mM, [Med]: 18.8 mM, Lac: 5.9 U/ml, TEMPO+–ClO4
�:

1 equiv, 24 h; AB: acetate buffer pH 4.5; W/T: water/toluene (1/1).
oxoammonium forms a complex with the alcohol, after
which intramolecular transfer of hydrogen takes place, as
illustrated in Figure 8.34 The exact value for kH/kD is depen-
dent on solvent, pH and the counterion. For that reason we
also measured the kH/kD value for a-monodeutero-p-methyl-
benzyl alcohol, using separately prepared TEMPO+–ClO4

�

under identical conditions (see entry 2, Table 5). In acetic
buffer, as well as under biphasic conditions using a mixture of
toluene and water, slightly higher values were obtained using
TEMPO+–ClO4

� (3.6 and 3.0, respectively). We think that the
nature of the counterion is essential in determining the kH/kD

value. The counterion in the case of our laccase/TEMPO sys-
tem has not been established, but it seems most likely that
acetate ions function as counterion. For the sake of com-
pleteness, data using other TEMPO-derivatives were also
measured. The use of 4-hydroxy-TEMPO and 4-acylamino-
TEMPO leads to kinetic isotope effects, which are identical
in acetate buffer (2.54 and 2.51, respectively) and even higher
under biphasic conditions, 2.61 and 3.19, respectively.

3. Conclusions

A number of stable TEMPO-like nitroxyl radicals were
tested as mediators in the laccase catalysed aerobic oxidation
of alcohols. Among them TEMPO (1) itself, as well as its
hydroxy (2) and acetylamino (4) derivative are the most
effective mediators, both in pH 4.5 buffered media as well
as in buffer/toluene mixtures. The stability of the N-oxy rad-
ical and/or its resulting oxoammonium ions at pH 4.5 is lim-
ited for derivatives such as oxo-TEMPO and amino-TEMPO,
resulting in very low conversion of alcohols. Kinetic isotope
effect studies for 1, 2 and 4 were performed for a primary
benzylic alcohol, and values range from 2.1–3.2 in various
media. These kH/kD values are characteristic of the ionic
mechanism known in literature for alcohol oxidations with
oxoammonium ions, and were verified in separate experi-
ments under the current reaction conditions.

Competition studies indicate that, for all mediators, the pri-
mary alcohol reacts faster than the secondary alcohol. Also
this observation is in line with literature data.34 The overall
reaction kinetics cannot be fully understood at this point
because the concentration of the oxoammonium ions will
depend on both the interaction with laccase as well as on
its rate of regeneration by laccase (or otherwise). Future
studies will be directed towards determining the rate con-
stants of the individual steps.

4. Experimental

4.1. Enzymes and chemicals

Laccase from T. versicolor (TvL) was purchased from
Juelich Fine Chemicals as a lyophilised powder. The content
N
O

+  RCH2OH N
HO O

H R
H B

N
OH

+  RCHO

Figure 8. Mechanism for oxoammonium catalysed oxidation of alcohols under acidic conditions.
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of the protein is 8.8 mg/g solid (data from the enzyme sup-
plier). TEMPO was obtained from BASF, Germany. The
other nitroxyl radicals were purchased from Acros. 2,20-
Azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS)
was purchased from Fluka. 1-Phenylethanol and benzyl
alcohol were distilled before use. Other chemicals were pur-
chased from Aldrich or Acros and used as received. Acetate
buffer (0.1 M) at pH 4.5 was used for preparing solutions for
the activity assay and as oxidation reaction medium unless
otherwise specified.

4.2. Preparation of TEMPOD–ClO4
L52

To a suspension of TEMPO (3.95 g, 25.3 mmol) in water
(20 ml) was added dropwise a solution of 70% HClO4

(3.66 g, 25.6 mmol) in water (5 ml) under ice-cooled condi-
tions in 15 min, followed by addition of 15% NaOCl solu-
tion (6.4 g, 12.8 mmol) with ice-cooling in 10 min. The
slurry of the reaction mixture was stirred for further 1 h at
below 4 �C, and then the yellow precipitate was filtered
and washed with 5% NaHCO3 solution, ice-water and ether.
The solid was dried under vacuum overnight to give the
product TEMPO+–ClO4

� 3.0 g (yield 46.4%). Mp 148–
149 �C.

4.3. Laccase activity assay

The laccase activity was determined spectroscopically at
25 �C using ABTS as substrate. To an UV cuvette, a certain
amount of ABTS (4.3–9.6 mg) was added to 2.0 ml of 0.1 M
acetate buffer (pH 4.5) containing 2.0–7.0 mg of laccase. The
absorbance change at 420 nm was recorded for 5 min
(3420¼36,000 M�1 cm�1).53 One unit (U) of the enzyme
was defined as 1 mmol ABTS oxidised per minute under
the stated assay conditions.

4.4. Typical procedure for alcohol oxidation by laccase-
nitroxyl radical

A mixture of benzyl alcohol (54 mg, 0.5 mmol), dodecane
(34 mg, internal standard), laccase (24.5 mg, 47 U) and
TEMPO (11.7 mg, 0.075 mmol) in acetate buffer (pH 4.5,
4 ml) was placed in a 10 ml glass vial. The vial was con-
nected with an oxygen source to keep the system under
atmospheric pressure of oxygen. The mixture was stirred
at room temperature for a certain time. After reaction, the
mixture was washed with diethyl ether (2�4 ml). The
organic solution was dried with anhydrous sodium sulfate,
centrifuged and analysed with GC.

4.5. Kinetic isotope effect studies

Intramolecular kinetic isotope effect (kH/kD): a-monodeu-
tero-p-methylbenzyl alcohol (125 mM) was used as the sub-
strate in the above procedure. TEMPO 18.8 mM; laccase
47 U/mmol. After complete conversion of alcohol to alde-
hyde (monitored with TLC after 24 h), the reaction mixture
was quenched with MTBE and dried over Na2SO4. Removal
of the solvent under vacuum gave a mixture of TEMPO and
p-methylbenzaldehyde. Both labelled and unlabelled alde-
hydes were isolated and purified by column chromatography
using petroleum/CH2Cl2 (5/5). The kH/kD was determined by
1H NMR by measuring the intensity of the a-proton.
4.6. Analysis methods

Alcohol conversion was analysed by GC with column WAX
52 CB (on Varian 3400 CX) or Sil 5 CB (on Varian STAR
3400). FID detector and temperature program (70 �C for
9 min, then increased at a rate of 10 �C/min to 250 �C for
6 min) were used on either column. Dodecane or hexadecane
was used as an internal standard. The products were charac-
terised by GCMS.

References and notes

1. Sheldon, R. A.; Arends, I. W. C. E.; Dijksman, A. Catal. Today
2000, 57, 157–166; Sheldon, R. A.; van Bekkum, H. Fine
Chemicals Through Heterogeneous Catalysis; Wiley-VCH:
Weinheim, 2001; Sheldon, R. A.; Arends, I. W. C. E.; ten
Brink, G. J.; Dijksman, A. Acc. Chem. Res. 2002, 35, 774–781.

2. For recent reviews see: Muzart, J. Tetrahedron 2003, 59, 5789–
5816; Stahl, S. S. Angew. Chem., Int. Ed. 2004, 43, 3400–3420.

3. Anderson, R.; Griffin, K.; Johnston, P.; Alsters, P. L. Adv. Synth.
Catal. 2003, 345, 517–523 and references cited therein;
Besson, M.; Gallezot, P. Catal. Today 2000, 57, 127–141.

4. For leading references see: Yamaguchi, K.; Mizuno, N.
Chem.—Eur. J. 2003, 9, 4353–4361 and references cited
therein.
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Abstract—Gold nanoparticles supported on nanocrystalline ceria (Au/CeO2) is a general, air- and moisture-stable, commercial catalyst for
the atmospheric pressure, solventless oxidation of aromatic, primary and secondary alcohols to the corresponding benzaldehyde or ketone
compound. Aliphatic primary alcohols are oxidized to the corresponding alkyl ester and aliphatic secondary alcohols are oxidized to ketones.
Conversions and product yields are in most of the cases excellent. The oxidizing reagent and the experimental conditions are almost ideal from
the environmental point of view. Comparison with analogous ceria supported and hydroxyapatite-supported palladium catalysts, Au/CeO2

clearly shows the superior performance of Au/CeO2 in terms of higher chemoselectivity. In contrast to palladium catalysts that promote
C]C double isomerization, Au/CeO2 oxidizes selectively allylic alcohols to conjugated ketones.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Oxidation of alcohols to carbonyl compounds is one of
the simplest and most useful transformations in Organic
Chemistry that is at the core of many synthetic routes.
This essential reaction has attracted the attention of consid-
erable fundamental and applied research since the beginning
of Organic Chemistry as a Science. However, in spite of this
intensive research effort, alcohol oxidation processes are
still far from being ideal from the environmental point of
view and requires much improvement. The use of conven-
tional transition metal or halogen oxo, salts such as perman-
ganate, chromate, bromate or other stoichiometric oxidants
generates an intolerably high amount of (toxic) wastes and
violates at least three of the Green Chemistry principles.1

Other alternative processes, like the Swern or Meerwein–
Verley–Pondorf oxidations, also use noxious reagents,
Lewis acid catalysts and organic solvents, producing a large
amount of waste.2,3 As a summary of the present status, it
can be said that most of the currently used alcohol oxidation
processes are not sustainable and suitable green alternatives
need to be developed. The processes to be developed have
to be general in scope for aliphatic primary and secondary
alcohols, selective towards the corresponding carbonylic
compound and compatible with the presence of other
functional groups in the molecule, particularly allylic
C]C double bonds.

* Corresponding authors. Tel.: þ34 96 387 7800; fax: þ34 96 387 7809;
e-mail: acorma@itq.upv.es
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.01.118
There is no doubt that from the green point of view molecu-
lar dioxygen is the ideal oxidizing reagent, water being the
only by-product of the process (Eq. 1). The use of oxygen
as oxidant is very challenging from the catalytic point of
view, since the general problem of thermal or photochemical
oxygen oxidations is their lack of selectivity with the forma-
tion of complex reaction mixtures. Also, explosion hazard
has to be taken into account when alcohols in organic sol-
vents are mixed with oxygen under high pressure. For safety
and experimental reasons, it would be convenient to use
oxygen at atmospheric pressure when performing alcohol
oxidations.

HHO

R R' R R'

O
+  O2 +  H2O

supported catalyst

Aerobic oxidation of alcohols

ð1Þ

The problem of atmospheric pressure, oxygen oxidations
was that until a few years ago, no active and general catalysts
were known. This situation is about to change drastically,
since recently highly active metallic catalysts have been
reported to produce the aerobic, atmospheric-pressure oxi-
dation of alcohols with high-turnover numbers, selectivity,
and reusability. Currently there is a concurrence between ru-
thenium, platinum, palladium, and gold catalysts to become
the most active and general catalyst for the aerobic oxidation
of alcohols.4–7

As a continuation of our on-going work in the finding of
oxygen-based oxidation catalysts,8,9 we report here that

mailto:acorma@itq.upv.es
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ceria-supported gold catalyst exhibits a superior perfor-
mance than analogous palladium catalysts for this process,
approaching almost the status of being the perfect catalyst
for aerobic alcohol oxidation. We will show that the
supported gold catalyst is quite general for aliphatic and
aryl alcohols and the process is chemoselective for allylic
hydroxyl groups.

2. Results and discussion

2.1. Catalysts

The activity of a series of three supported palladium and
gold catalysts for the oxidation of alcohols has been com-
pared in the present work. Two of them used ceria nano-
particles as support. Ceria nanoparticles were obtained
following a reported procedure consisting in the controlled
aging in acid aqueous media of Ce(NO3)3. It is known that
particle size reduced down to 3–8 nm makes considerable
defects on ceria. These defects consist in the presence of lat-
tice oxygen defective sites and in the presence of a consider-
able population of Ce(III) sites in addition to the normal
Ce(IV) sites. These special defective properties are only
encountered when sufficiently small particles are obtained
and arise from the high external versus total atomic ratio
characteristic of nanoparticles.

These ceria nanoparticles were prepared and used as support
to deposit palladium and gold nanoparticles.10 Gold sup-
ported on ceria (Au/CeO2) was obtained by stirring a colloi-
dal suspension of ceria nanoparticles in water containing
a soluble gold(III) salt and adjusting the pH to 10. Under
these basic conditions, gold hydroxides precipitate over
the ceria. The preparation of palladium supported on ceria
(Pd/CeO2) follows an analogous procedure to that reported
by Kaneda and co-workers for hydroxyapatite-supported
palladium (Pd/apatite). Basically the procedure consists of
dissolving in an organic solvent a soluble palladium com-
plex and adsorbing it on the inorganic support by stirring
the suspension. From these solids, the active form of these
catalysts was obtained by reducing them to form noble metal
particles. In contrast to the rest of noble metals such as
platinum, palladium, etc., gold was considered until recently
as not exhibiting interesting catalytic properties. However,
Haruta reported that when the particle size is sufficiently
small in the nanometer scale, gold can exhibit exceedingly
good catalytic properties for the aerobic oxidation of
CO.11 Then gold on supported catalyst has shown to be
active for different oxidation, reduction, and C–C forming
bond reactions.12–17

The particle size distribution, the noble metal and ceria
domains, and the particle morphology can be observed by
transmission electron microscopy. Figures 1–4 show
selected images and particle size distribution for the sup-
ported catalysts used in this work. As it can be seen there,
the particle size of the noble metal is about 1–10 nm and
the colloidal ceria particles have similar dimensions, being
both spheroidal particles in shape.

The catalyst series was completed with a third catalyst con-
sisting of palladium nanoparticles supported on hydroxy-
apatite (Pd/apatite). This catalyst has been recently reported
by Kaneda and co-workers18 as one of the most active for the
aerobic oxidation of alcohols exhibiting turnover numbers of
250,000. This means that on average a palladium atom is
able to form 250,000 molecules of ketone, or that Pd/
apatite is active at molar ratios below 0.0004 mol %. Pd/
apatite is analogous to Pd/CeO2 except that the support has
a composition of CaHPO4 and is obtained synthetically by
precipitating phosphate with calcium under controlled pH
conditions.

2.2. Catalytic activity

It has been reported that Pd/apatite is an extremely active
heterogeneous catalyst for the oxidation of 1-phenylethanol.
In the first stage of our work we have performed preliminary
studies in the solventless aerobic oxidation of this alcohol,
being able to reproduce the activity reported by Kaneda et al.

Aerobic oxidation of 1-phenylethanol was performed at at-
mospheric pressure by bubbling oxygen through 1-phenyl-
ethanol in the absence of solvent using a Dean–Stark
apparatus to remove the water formed in the process.
Figure 1. Left: High resolution TEM of the Au3CeO2 sample, the white lines correspond to the (202) (3.3 Å) Ce6O11 and the (200) CeO2 (2.7 Å) lattice
spacing. Right: A hexagonal faceted (111) Au crystal is circled.
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According to Eq. 1, as the oxidation progresses significant
volumes of water are formed and they were separated from
the reaction mixture with the Dean–Stark apparatus. This
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Figure 2. Au particle size distribution determined by statistical analysis of
Au3CeO2.
experimental procedure has the additional advantage of
avoiding the use of any solvent, thus conforming the eighth
principle of Green Chemistry. Two reaction temperatures
(over the 100 �C necessary for the operation of the Dean–
Stark apparatus) were studied. Complete conversions with
high selectivity towards acetophenone were obtained when
the reaction was conducted at 160 �C for Pd catalysts (see
Table 1). For catalysts that exhibit almost quantitative con-
version and selectivity, a way to rank their activity is to con-
sider the turnover frequency (TOF) that is calculated by
dividing the initial reaction rate to the number of catalytic
sites. Initial reaction rates can be obtained from the slope
of the time-conversion plot at zero time. Figure 5 shows
the aerobic oxidation of 1-phenylethanol and 3-octanol as
a function of time in the presence of the series of catalysts
used. The estimated TOF values are also given in Table 1.

It can be seen in Figure 5 and Table 1 that both supported
palladium catalysts are more active than Au/CeO2 when
the reaction is carried out at 160 �C. However, the reverse
behavior is observed at 120 �C where Au/CeO2 becomes
the most active catalyst and the activity of palladium
catalysts was significantly lower.
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Figure 3. Left: High resolution TEM image of the Pd/CeO2 catalyst. Darker spots correspond to palladium nanoparticles. Right: Pd particle size distribution
determined by statistical analysis of the left image.
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Figure 4. Left: High resolution TEM image of the Pd/apatite catalyst. Right: Pd particle size distribution determined by statistical analysis of Pd/apatite.
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Moreover, aliphatic secondary alcohols, such as 3-octanol,
can also be equally well oxidized at 120 �C in almost quan-
titative yield by oxygen at atmospheric pressure in the
absence of solvent using supported gold as heterogeneous
catalyst. Working at temperatures of 120 �C or below, the
activity of Au/CeO2 was higher than that of analogous sup-
ported palladium catalysts, for which the yield of ketone for
palladium catalysts was unsatisfactory under the substrate
to catalyst ratio and conditions studied. The TOF values of
Au/CeO2 were correspondingly considerably much higher
than those of the supported palladium catalysts.

In order to demonstrate the generality of ceria-supported
gold as catalyst for the aerobic oxidation of alcohols and
its higher performance compared to analogous palladium

Table 1. Results of the solventless, atmospheric-pressure aerobic oxidation
of two secondary alcohols using a Dean–Stark apparatus in the presence of
heterogeneous gold or palladium catalyst

Substrate T
(�C)

Catalyst Ketone yield
(%)

TOF
(h�1)

1-Phenylethanol 160 Au/CeO2
a 33 12,480

Pd/CeO2
a >95 32,558

Pd/apatitea >95 33,223
120 Au/CeO2 >95 1511

Pd/CeO2 91 645
Pd/apatite 90 1127

3-Octanol 120 Au/CeO2 >95 2337
Pd/CeO2 3 63
Pd/apatite 45 379

Reaction conditions: 12.5 mmol of alcohol, 0.154 mol % (substrate to cata-
lyst ratio), and PO2 1 atm (35 mL min�1 flow).
a Substrate to catalyst ratio is 0.0004%.
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Figure 5. Comparison of the catalytic activity of Pd/CeO2 :, Au/CeO2 -,
and Pd/apatite A for the aerobic alcohol oxidation at 120 �C (substrate to
catalyst ratio 0.154 mol %). Top: 1-phenylethanol. Bottom: 3-octanol.
catalyst, we studied under the same experimental conditions,
the oxidations of three other substrates, namely, a primary
benzylic alcohol, a primary aliphatic alcohol, and an allylic
alcohol. In all the cases the reaction product was the
corresponding aldehyde or ketone, except in the case of
3-phenyl-1-propanol that gives the ester 3-phenylpropyl
3-phenyl-1-propanoate as the reaction product. The results
of conversion, selectivity, and TOF values are tabulated in
Table 2.

As it can be seen in Table 2, Au/CeO2 exhibits high activity
and selectivity for the alcohols studied, being considerably
more active than the analogous supported palladium cata-
lysts. There are also some distinctive features that deserve
some comments. Thus, the presence of reduction products
(see footnotes a and b in Table 2) was observed in minor
quantities using supported palladium catalysts, but were
absent using Au/CeO2. Also allylic alcohol 1-octen-3-ol
undergoes a chemoselective oxidation in the presence of
Au/CeO2 to the corresponding ketone without oxidizing or
isomerizing the C]C double bond. In contrast to this, palla-
dium catalysts promote a considerable degree of C]C dou-
ble bond isomerization with the formation of 3-octanone as
the final product.

Also benzylic alcohols can be oxidized selectively by oxy-
gen to the corresponding benzaldehydes in the presence of
Au/CeO2 as catalyst. Again, the activity of Pd/CeO2 was
significantly lower and, moreover, exhibited less selectivity
towards the corresponding benzaldehyde.

Aliphatic primary alcohols can also be oxidized by oxygen
using Au/CeO2 as catalyst. In this case, however, the product
was the corresponding esters rather than aldehydes. The
presence of minor quantities of the corresponding carboxylic
acid was also observed. This indicates that under the experi-
mental conditions used, the carboxylic acid must be the pre-
dominant oxidation product and as the reaction progresses it

Table 2. Results of the solventless, atmospheric-pressure aerobic oxidation
of alcohols at 120 �C using a Dean–Stark apparatus in the presence of
heterogeneous gold or palladium catalyst

Substrate Time
(h)

Catalyst Conversion
(%)

Selectivity
(%)

1-Phenylethanol 2 Au/CeO2 >99 >99
Pd/CeO2 91a >99
Pd/apatite 91a 93

3-Octanol 4.5 Au/CeO2 99 >99
Pd/CeO2 3 >99
Pd/apatite 45 >99

1-Octen-3-ol 3 Au/CeO2 >99 93
Pd/CeO2 >99 58
Pd/apatite >99 23

3,4-Dimethoxybenzyl
alcohol

5 Au/CeO2 >99 83
Pd/CeO2 >99 47b

3-Phenyl-1-propanolc,d 7 Au/CeO2 >99 88
Pd/CeO2 79 69

Reaction conditions: 12.5 mmol of alcohol, 0.154 mol % (substrate to cata-
lyst ratio), PO2 1 atm (35 mL min�1 flow), and T at 120 �C.
a Ethylbenzene was also formed as product.
b 3,4-Dimethoxytoluene was also formed as product.
c The reaction temperature was 160 �C.
d The reaction product was 3-phenylpropyl 3-phenyl-1-propanoate.
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undergoes esterification with the alcohol to give the ester. As
in the previous cases, also for primary aliphatic alcohols the
activity of the palladium catalysts was considerably lower
than that of gold.

The above reactions were carried out under solventless
conditions. It is evident that this procedure is greener and
convenient for the oxidation of alcohols in large volumes.
However, it is obvious that this cannot be applied for the
oxidation of high melting point, solid alcohols. Also, this
procedure may be less suitable for the oxidation of small
amounts of alcohol. It is frequent situation in Organic syn-
thesis that the amount of alcohol available as intermediate
in a synthetic route is not large enough to allow solventless
processes.

For this reason, we have also tested the activity of the ceria-
supported catalyst in other solvents. There is an increasing
interest in developing organic reactions in water, that is con-
sidered the greenest solvent. Water in the presence of base at
reflux temperature is also a suitable reaction medium to
perform aerobic oxidation catalyzed by supported gold.
The main peculiarity of water as solvent is, however, that
primary alcohol such as 1-hexanol undergoes oxidation to
the corresponding carboxylic acid (>95% yield) rather
than to aldehyde, although the selectivity to carboxylic
acid can also be very high. We notice that as it has been
indicated in the footnotes of Table 2, also in solventless
conditions 3-phenyl-1-propanol undergoes oxidation to ester
rather than to aldehyde.

Water, even at high reaction temperatures, has the limitation
of its low solubility for most alcohols. For this reason, we are
currently studying aerobic alcohol oxidation in other sol-
vents that while still being environmentally benign can be
of more general use in Organic Chemistry. In this context
we have performed some preliminary tests using imidazo-
lium ionic liquid as medium. Although aerobic oxidation
of alcohols can also be performed in 1-butyl-3-methylimida-
zolium hexafluorophosphate, the catalyst becomes strongly
deactivated over the course of the reaction and the conver-
sion suddenly stops before complete disappearance of the
alcohols. For this reason, 3,4-dimethoxybenzyl alcohol gives
only 45% of the corresponding benzaldehyde when the reac-
tion is carried out in imidazolium ionic liquid.

One important issue when testing a heterogeneous catalyst
is to determine its reusability. We have found that for the
solventless alcohol oxidation, once the reaction has finished
and the solid recovered, it can be reused by washing it
with copious basic water (pH 10), drying in an oven for
2 h with only a marginal decrease in its catalytic activity.
We have determined that carboxylic acids act as poisons of
Au/CeO2. Most probably they strongly coordinate to posi-
tive gold species reducing their ability to bind with alcohols
forming the gold-alcoholate intermediate. Poisoning by
carboxylic acid is the most probable cause of the catalyst
deactivation under our solvent-less conditions.

Concerning the reaction mechanism of the aerobic oxida-
tion, Figure 6 shows the most reasonable mechanism that
accounts for the known facts. The process will start with
oxygen physisorption at the oxygen defective sites on the
ceria surface that initiates oxygen activation. Upon physi-
sorption, the interaction between defective cerium(III) and
oxygen can be understood as forming a metal peroxyl radical
such as Ceiv–O–O�. On the other hand the presence of posi-
tive gold atoms at the interface between gold and ceria has
been demonstrated and will be ready to form a gold-alcohol-
ate species. The combination of surface bound peroxyl rad-
icals and metal alcoholate will end-up in the ketone and
metal hydroperoxide. This cerium peroxide will decompose
by the action of gold. Although it is clear that many details of
the mechanism are still to be unveiled, the key point con-
cerning the excellent activity of the Au/CeO2 solid for the
aerobic oxidation is the presence of surface oxygen vacants,
a structural feature that arises from the nanometric size of
ceria, and the presence of positive gold species in a cluster
that contains many gold(0) atoms. The presence of positive
gold species also arises from the high interfacial contact
O
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Figure 6. Reasonable mechanism for aerobic alcohol oxidation on Au3CeO2 catalyst.
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between gold and ceria that at the end is also the result of
the nanometric size of the particles.

3. Conclusions

Contrary to the general belief in Organic synthesis, homoge-
neous and heterogeneous catalysis have been developing
excellent systems to effect the aerobic oxidation of alcohols
using molecular oxygen as oxidant. This process has been
regarded by Organic chemists as being limited and specific
for large-scale industrial oxidation processes. But, currently
there are several noble metal catalysts that exhibit a general
activity to oxidize any hydroxyl group to the corresponding
carbonyl compound. Among this extremely active catalysts,
we have shown in the present work that commercially avail-
able, air- and moisture-stable Au/CeO2 shows a wide gener-
ality for the oxidation of primary and secondary, aliphatic
and benzylic hydroxy groups, thus, making aerobic oxida-
tion amenable to general Organic Chemistry. The current
work in this area is focused in further expanding the solvents
that can be used, determining compatibility with substrate
functional groups and the reusability of the gold catalyst.

4. Experimental

4.1. General

HAuCl4, (NH4)2HPO4, Mg(CH3COO)2$4H2O, NH3 (25%),
Ca(NO3)2$4H2O, and Ce(NO3)4 were purchased from
Sigma–Aldrich Chemical Co. PdCl2(PhCN)2 was purchased
from ABCR GmbH Co. All reagents were used without fur-
ther purification. All solvents and acids used were reagent
grade, purchased from Sigma–Aldrich Chemical Co., and
used as received. All the experiments were performed using
mQ water.

4.2. Catalysts

4.2.1. Synthesis of nanoparticulated ceria. A colloidal dis-
persion of CeO2 nanoparticles was prepared by thermolysis
of an acidified Ce(NO3)4 solution followed by re-dispersion.
The dispersion was purified and concentrated using an ultra-
filtration cell equipped with a 3KD membrane. The purifica-
tion was monitored by the residual acidity of the dispersion,
determined by an acid titration of the supernatant after ultra-
centrifugation at 50,000 rpm for 6 h. The resulting cerium
oxide has, owing to the small size of the nanoparticles,
a very high surface area (180 m2 g�1) as determined by
isothermal nitrogen adsorption.

4.2.2. Synthesis of hydroxyapatite. Hydroxyapatite was
prepared using a method as described in the literature. A
solution of (NH4)2HPO4 (40.0 mmol) in deionized water
(150 mL) was set at pH 11 with aqueous NH3 solution. This
solution was added dropwise over 30 min to a solution of
Ca(NO3)$4H2O (66.7 mmol) in deionized water (120 mL)
adjusted to pH 11 with aqueous NH3 solution. Vigorous stir-
ring at room temperature was maintained during the addition
process. The resulting milky solution was heated at 90 �C for
10 min. The precipitate was filtered, washed with deionized
water, and dried at 110 �C giving a solid with the stoichio-
metry of Ca10(PO4)6(OH)2 corresponding to hydroxyapatite.

4.2.3. Preparation of Au/CeO2 catalyst. Au was deposited
on the nanoparticulated ceria by the following procedure:
a solution of HAuCl4$3H2O (296 mg) in 60 mL of deionized
water was brought to pH 10 by addition of a solution of
NaOH 0.2 M. Once the pH value was stable the solution
was added to a gel containing of colloidal CeO2 (4.01 g) in
H2O (50 mL). After adjusting the pH of the slurry to a value
of 10 by addition of a solution of NaOH 0.2 M, the slurry
was left under vigorous stirring for 18 h at room tempera-
ture. The Au/CeO2 solid was then filtrated and exhaustively
washed with distilled water until no traces of chlorides were
detected by the AgNO3 test. The catalyst was dried at
vacuum at room temperature for 1 h. Then 3.5 g of the sup-
ported catalyst was added over 30 g of 1-phenylethanol at
160 �C and the mixture was allowed for reduction during
20 min. The catalyst was filtered, washed, with acetone
and water, and dried under vacuum at room temperature.
The total Au content of the final catalyst Au/CeO2 was
1.54 wt % as determined by chemical analysis. This catalyst
Au/CeO2 is commercially available at www.upv.es/itq.

4.2.4. Preparation of Pd supported catalysts. Colloidal
ceria or hydroxyapatite (4 g) was stirred at room temperature
for 3 h in 400 mL of acetone solution of PdCl2(PhCN)2

(1.5�10�3 M). The obtained mixture was filtered, washed
with acetone, and dried under vacuum at room temperature.
Then 3.5 g of the supported catalyst was added over 30 g of
1-phenylethanol at 160 �C and the mixture was allowed for
reduction during 20 min. The catalysts were filtered,
washed, with acetone and water, and dried under vacuum
at room temperature. The total Pd content of the final cata-
lyst as determined by chemical analysis was 1.57 and
1.44% for Pd/CeO2 and Pd/apatite, respectively.

4.2.5. Catalyst characterization. For crystal analysis and
indexation, the samples were examined by bright- and
dark-field electron microscopy in a Jeol 2200 HRTEM oper-
ated at an accelerating voltage of 200 kV. Dark field consists
on observing the image produced by diffracted electrons
corresponding to a determined lattice spacing leaving the
rest dark.

Chemical analyses of gold and palladium metals in the cat-
alysts were carried out after dissolving the solids by attack
with a 2:1 mixture of HNO3/HF on a Varian-10 Plus
Atomic Absorption Spectrometer or directly of the solids
using on a Philips MiniPal 25 fm Analytic X-ray apparatus
and a calibration plot. Analysis of reaction products was
carried out by GC on an HP�Agilent 5973 with a 6980N
mass selective detector.

4.3. Typical procedure for the aerobic solventless
oxidation of alcohols

All alcohols provided by Aldrich were used without further
purification. The corresponding alcohol (12.5 mmol) was
added over Au/CeO2 catalyst (0.252 g), molecular oxygen
was bubbled continuously through the suspension
(35 mL m�1). The resulting mixture was then heated at
120 �C. After the reaction, acetone was added and the

http://www.upv.es/itq
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catalyst was separated by centrifugation. The products in the
solution were analyzed by GC–MS and conversion and se-
lectivity were determined by GC using undecane as external
standard. Supported catalyst was washed with 1 M aqueous
solution of NaOH, and dried in vacuum before reuse.
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Abstract—Approaches to the preparation of C1-homologated dibromoalkenes and terminal alkynes from activated alcohols using one-pot
tandem oxidation processes (TOPs) with manganese dioxide are outlined. The conversion of alcohols into dibromoalkenes is described using
dibromomethyltriphenylphosphonium bromide and the formation of terminal alkynes was achieved via a sequential one-pot, two-step process
utilising the Bestmann–Ohira reagent.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Terminal alkynes are of great industrial and academic im-
portance, both as versatile synthetic building blocks and
as commercial products. Some time ago, Corey and Fuchs
demonstrated that terminal alkynes can be prepared from
the corresponding dibromoalkenes through treatment with
n-butyllithium.1 The dibromoalkenes can themselves be ob-
tained by a C1-homologation reaction of aldehydes (via the
Ramirez procedure2 using dibromomethylenephosphorane 1),
thus offering a convenient and simple route to the homolo-
gated terminal alkyne products from aldehydes (Scheme 1).
However, the need for strong bases to dehydrohalogenate
the intermediate 1,1-dibromoalkenes can limit the generality
of the Corey–Fuchs procedure.

R O R

Ph3P=CBr2
1

R
Br

Br

BuLi

Scheme 1.

More recently, diazoalkyl phosphonate reagents have been
introduced for the conversion of aldehydes into terminal
alkynes.3–9 These reagents have gained rapid acceptance9

due to their accessibility, the one-step nature of the transfor-
mation and the mild nature of the reaction conditions.
Seyferth and Gilbert3 and Colvin4 first showed that aldehydes

Keywords: Oxidation; One-pot transformations; Tandem reactions;
Alkynes; Bestmann–Ohira; TOPs; Dibromoalkenes.
* Corresponding author. Tel.: +44(0) 1904 432606; fax: +44(0) 1904

434523; e-mail: rjkt1@york.ac.uk
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.12.077
could be converted into terminal alkynes using dialkyl
diazomethylphosphonates (e.g., 2, Scheme 2a). After depro-
tonation, a Horner–Wadsworth–Emmons-type olefination
generates an unstable diazoalkene, which after thermal loss of
nitrogen gives an alkylidene carbene, which then undergoes
1,2-rearrangement to provide the product alkyne.5

2

Ar O Ar

(EtO)2P(O)CHN2

3

R O R
K2CO3, MeOH

(a)

(b)

(MeO)2P(O)C(COCH3)N2

Base

Scheme 2.

More recently, the groups of Ohira6 and Bestmann7 reported
a valuable modification to the original Seyferth–Gilbert pro-
cedure, utilising dimethyl 1-diazo-2-oxopropylphosphonate
3 (Bestmann–Ohira reagent, Scheme 2b), a stable reagent
readily prepared from commercially available precursors.8

This method represents a significant improvement as alkynes
can be directly synthesised at rt from the Bestmann–Ohira
reagent in MeOH/K2CO3 via the in situ generation of 2. It
is noteworthy that, while previously only aromatic alde-
hydes could be used as substrates in this reaction, the
development of 3 allowed the extension of the methodology
to a range of alkyl aldehydes.

We recently initiated a programme to develop novel one-pot
manganese dioxide-mediated tandem oxidation processes
(TOPs), leading directly from primary alcohols to a range

mailto:rjkt1@york.ac.uk
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of synthetically useful functionalities (alkenes, imines, etc.)
via in situ trapping of the intermediate aldehydes.10 One-pot
reaction sequences are of great importance to organic chem-
istry and offer many practical advantages over conventional
stepwise transformations. These one-pot tandem reactions
have significant cost/time benefits (reducing solvent waste,
etc.). In addition, one-pot methodologies can also be used to
access volatile, toxic or unstable intermediates, which can be
elaborated in situ, thus avoiding problematic isolations.
Furthermore, given the fact that there are many more com-
mercially available alcohols than aldehydes,11 TOPs are
becoming an increasingly important tool for the synthetic
organic chemist.10

2. Results and discussion

With the above factors in mind, we embarked on an investi-
gation to develop TOPs which provide the C1-homologation
of alcohols to give the corresponding dibromoalkenes and
alkynes (Scheme 3).

R OH R O

R

R
Br

Br

Scheme 3.

We commenced this investigation by studying the direct
conversion of alcohols into dibromoalkenes.12 Dibromo-
alkenes are usually prepared by treating aldehydes with
phosphorane 1, generated from the reaction of triphenyl-
phosphine and carbon tetrabromide2 or, as in the method de-
veloped by Dolhem et al.,13a using phosphonium salt 4 and
a base.13 As we have previously developed TOPs utilising
phosphonium salts with added bases,14 and as phosphonium
salt 4 can be stored on the bench for several months without
decomposition, its use was investigated first (Scheme 4,
Table 1). We chose to initially investigate the homologation
of the electron-deficient aromatic alcohol, p-nitrobenzyl
alcohol, and chose 1-methyl-1,5,7-triazabicyclo[4.4.0]dec-
5-ene (MTBD, 5)15 as the in situ base as we had previously
shown its efficiency in manganese dioxide TOP–Wittig reac-
tions.14 Thus, stirring p-nitrobenzyl alcohol (1 equiv), active
MnO2 (10 equiv), phosphonium salt 4 (3.0 equiv), MTBD 5
(2.3 equiv) and 4 Å mol sieves in THF at reflux for 15 h,
afforded the desired dibromoalkene 7, but in a disappointing
24% yield (Table 1, entry i). Interestingly, however, bromo-
alkyne 8 was also isolated in 10% yield indicating that
MTBD may be basic enough to also carry out the elimination

64

CHO

O2NO2N

MnO2, MTBD (5)
solvent, sieves

8

O2N

O2N

Br
OH

Br

Br
7

Ph3PCHBr2 Br
+

+
N
Me

N

N
5

Scheme 4.
of HBr and thus form bromoalkynes in a one-pot, 3-step
sequence from activated alcohols (see later discussion).

In an attempt to optimise the yield of dibromoalkene 7, the
reaction was then repeated by reducing the amounts of
MTBD 5 and Wittig salt 4 to 1.5 and 2.2 equiv, respectively
(entry ii). Dichloromethane was then found to be the solvent
of choice to circumvent solubility issues and increase ease of
work-up. Gratifyingly, this resulted in an improved yield of
30% of dibromoalkene 7 with no bromoalkyne 8 detected.
However, p-nitrobenzaldehyde 6 was also recovered and
therefore further optimisation of the stoichiometries was in-
vestigated. Increasing the amounts of Wittig salt 4 used to
3.0 equiv resulted in a marked increase in the yield of di-
bromoalkene 7 (80%) with only a trace of aldehyde 6 re-
maining (entry iii). Finally, increasing the amounts of Wittig
salt further to 3.5 equiv resulted in complete consumption
of intermediate p-nitrobenzaldehyde and an isolated yield of
86% of the desired dibromoalkene 7 (entry iv). In an attempt
to reduce the reaction time, the use of chloroform as a reaction
solvent was also investigated; dibromoalkene 7 was isolated
in a respectable yield but the dichloromethane procedure
was preferred for p-nitrobenzyl alcohol (entry v). However,
in most other examples, chloroform was the preferred solvent.

The scope and limitations of this procedure leading to
dibromoalkenes was next investigated using a range of alco-
hols (Table 2).

Table 2 shows that moderate to excellent yields of the
dibromoalkenes were obtained directly from a range of acti-
vated alcohols including electron-neutral, electron-deficient
and electron-rich aromatic examples (entries i–iii). Aromatic
diols have proved to be versatile substrates as two directional
building blocks and 4-hydroxymethylbenzyl alcohol gave an
excellent 86% yield over the four-step, one-pot process
(entry iv).16 Heterocyclic (entries v and vi) and allylic and
propargylic examples (entries vii and viii) have also been car-
ried out in good to excellent yield, further demonstrating the
scope of the procedure. An aliphatic example was also stud-
ied but the reaction was slow and low yielding, indicating
a limitation to this methodology (entry ix). However, the syn-
thetic utility of this one-pot method is emphasised by the fact
that comparable, or indeed better (entries iv17 and vi18),
yields can be obtained directly from the substrate alcohol
when compared to those previously reported in the literature
for the conversion from the aldehyde. The low yield obtained
from p-methoxybenzyl alcohol (entry iii) deserves com-
ment, however. This is presumably due to the reduced

Table 1. Optimisation of the conversion of p-nitrobenzyl alcohol into di-
bromoalkene 7

Entry Conditions 6 (%) 7 (%) 8 (%)

i THF, 2.3 equiv MTBD, 3.0 equiv 4,
reflux, 15 h

0 24 10

ii CH2Cl2, 1.5 equiv MTBD, 2.2 equiv 4,
reflux, 14 h

ca. 50 30 0

iii CH2Cl2, 1.5 equiv MTBD, 3.0 equiv 4,
reflux, 14.5 h

Trace 80 0

iv CH2Cl2, 1.5 equiv MTBD, 3.5 equiv 4,
reflux, 16 h

0 86 0

v CHCl3, 1.5 equiv MTBD, 3.5 equiv 4,
reflux, 15 h

0 56 0



6675E. Quesada et al. / Tetrahedron 62 (2006) 6673–6680
electrophilicity of the intermediate p-methoxybenzaldehyde.
Also, it should be pointed out that with the electron-deficient
example (entry ii), much higher yields were achieved by car-
rying out the reaction in refluxing dichloromethane rather
than chloroform; the lower temperature presumably mini-
mises side-reactions of the reactive electron-deficient dibro-
moalkene product. It should be noted that dibromoalkenes
are of increasing importance19 being readily converted
into Z-bromoalkenes,20 E-bromoalkenes,21 trisubstituted
alkenes,22 bromoalkynes,23 disubstitutedalkynes,22 amidines
and carboxylic acid derivatives:24 we feel that this TOP
sequence should provide a useful new procedure for obtain-
ing these valuable synthetic intermediates.

Table 2. Investigation of the scope and limitations of the oxidation-dibro-
moalkene synthesisa

Entry Alcohol Product Reaction
time (h)

Isolated
yield (%)a

i OH Br

Br
18 73

ii
OH

O2N O2N

Br

Br 17 86b

iii
OH

MeO MeO

Br

Br 18 46 (64)c

iv OH
HO

Br

Br
Br

Br
20 86

v
OH

S

Br

Br
S

18 60

vi
N

OH

N

Br

Br 17 84d

vii
OH

Br

Br
17 84

viii

OH

Br

Br

3.5 65e

ix
OH

Br

Br
36 14

a Reaction carried out in refluxing chloroform unless otherwise stated.
b In CH2Cl2 (56% in CHCl3).
c Yield calculated with respect to recovered p-methoxybenzaldehyde.
d In CH2Cl2 (28% in CHCl3).
e 1-Bromo-3-phenylprop-1-yne also formed (5%).
With a successful protocol for the preparation of a range of
C1-homologated dibromoalkenes from activated alcohols in
hand, we moved on to investigate modifications to the proce-
dure, which would give access to bromoalkynes (and possi-
bly alkynes, as in the Corey–Fuchs procedure). Initially, we
concentrated on the reaction of p-nitrobenzyl alcohol de-
scribed earlier (Scheme 4), which produced 1-bromoalkyne
8 in 10% yield (Table 1, entry i). However, despite investi-
gating a range of conditions, attempts to increase the yield
of bromoalkyne 8 to an acceptable level, via a one-pot
procedure, proved disappointing (maximum yield, 35%).
Nevertheless, a two-step process was developed in which
dibromoalkene 7 was first isolated and purified after the
TOP sequence and then treated with MTBD (1.5 equiv at
rt) to furnish the desired bromoalkyne 8 in 85% yield,
73% overall from p-nitrobenzyl alcohol (Scheme 5).

This inability to develop a one-pot procedure to C1-homolo-
gated terminal alkynes from alcohols via a modified Corey–
Fuchs approach encouraged us to investigate the in situ use
of diazophosphonate reagents.25 Initial studies using the
Seyferth–Gilbert dialkyl diazomethylphosphonate reagent
2 in a TOP sequence were unsuccessful. We therefore moved
on to study the use of the Bestmann–Ohira reagent 3 in TOP
sequences. We first developed an improved procedure for
preparing the Bestmann–Ohira reagent 3, which utilised
commercially available dimethyl (2-oxopropyl)phosphonate
and proceeded under mild conditions in high yield (97% on
a 5–10 g scale) using Koskinen’s diazo-transfer procedure.26

We initially explored the TOP sequence illustrated in Scheme
6, in which the alcohol, MnO2 and the Bestmann–Ohira re-
agent 3 were mixed together so that the intermediate alde-
hyde would be trapped as soon as it was generated. Using
p-nitrobenzyl alcohol (1 equiv), MnO2 (5 equiv), Bestmann–
Ohira reagent 3 (1.2 equiv) and K2CO3 (2 equiv) in a mixture
of THF/MeOH (1:1) at rt for 18 h we were delighted to
find that the desired terminal alkyne 9 was obtained in 89%
isolated yield (Scheme 6a). Remarkably, this transforma-
tion proceeds smoothly without rigorously anhydrous sol-
vents, although an inert atmosphere is used to prevent
terminal alkyne dimerisation. We also established that the
presence of an excess of methanol, which deacetylates the

9, 89%

OH

O2NO2N

MnO2, K2CO3
THF-MeOH (1:1)
18 h,  r.t. 

MnO2, K2CO3
THF-MeOH (1:1)
18 h,  r.t. 

10, 78%

OH

MeO2CMeO2C

3

(MeO)2P(O)C(COCH3)N2

(MeO)2P(O)C(COCH3)N2

3

(a)

(b)

Scheme 6.
4

O2N

MnO2, MTBD (5)
CH2Cl2, sieves,
∆, 17 h, 86%

8

O2N O2N

BrOH
Br

Br

7

Ph3PCHBr2 Br

MTBD (5),
CH2Cl2, r.t., 
10 min, 85%

Scheme 5.
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Bestmann–Ohira reagent, is crucial for success — reactions
in THF alone failed to generate any alkyne. In addition,
attempts to replace MeOH by other alcohols failed; when
iso-propanol was employed as co-solvent the p-nitrobenzyl
alcohol was acetylated by the Bestmann–Ohira reagent.

We therefore moved on to investigate the scope of this pro-
cedure, and first studied other benzylic alcohols. Unfortu-
nately, the presence of methanol reduces the activity of the
manganese dioxide and we quickly demonstrated that this
precludes the efficient oxidation of many alcohols to the
intermediate aldehydes. For this reason, the only other satis-
factory substrate for this TOP sequence was found to be
4-carbomethoxybenzyl alcohol, which gave alkyne 10 in
78% yield (Scheme 6b). Other benzyl alcohol derivatives
with electron-withdrawing substituents such as p-bromo-
benzyl alcohol reacted only partially, while benzyl alcohol
itself, and derivatives containing electron-donating substitu-
ents, did not give any observable alkyne product. Attempts to
modify the reaction conditions proved fruitless. Interest-
ingly, when forcing conditions were employed (large excess
of MnO2 in refluxing solvent), methyl esters were isolated as
the main reaction products in moderate yields (e.g., methyl
p-bromobenzoate from p-bromobenzyl alcohol in 35%
yield); however, we have previously described a TOP proce-
dure using MnO2/NaCN/MeOH, which can be employed to
convert benzyl alcohols directly in the corresponding methyl
esters rather more efficiently.27

Given the above observations, we decided to investigate a
sequential one-pot procedure in which the oxidation was car-
ried out using MnO2/THF prior to addition of the Bestmann–
Ohira reagent in methanol. This modification produced
a procedure that was more generally applicable (Table 3).
Thus, the oxidations were accomplished using 5 equiv of
MnO2 in THF at rt and once all of the alcohol had been
converted into the intermediate aldehyde (TLC monitoring,
3–24 h), methanol was added followed by K2CO3 (2 equiv)
and the Bestmann–Ohira reagent (1.2 equiv). After stirring
for a further 12–17 h, the terminal alkynes were obtained in
good to excellent yield. It must be noted that the Bestmann–
Ohira alkynylation proceeds smoothly in the presence of the
unreacted MnO2.

The results in Table 3 clearly show that the one-pot, two-step
sequence proceeds efficiently (56–99% isolated yields) and
that it is a widely applicable general procedure with acti-
vated alcohols. Electron-withdrawing functional groups in-
crease activity towards oxidation of the benzylic alcohols,
leading to the highest yields of alkyne (entries i–iv). Good
to excellent yields were also obtained using benzylic alcohols
bearing electron-donating groups (entries vi and vii), and
benzyl alcohol itself (entry v). Success was also achieved
using naphthalene-1-methanol (entry viii), 4-phenylbenzyl
alcohol (entry ix) and a heteroaromatic example, pyridine
3-methanol (entry x). Entries i and ii were noteworthy cases
as the reactions were so efficient that products were isolated
analytically pure (by NMR spectroscopy) in high yield after
a simple extractive work-up and further chromatographic
purification was not required. Purification by chromato-
graphy was difficult when the terminal alkyne products were
volatile, particularly when benzyl alcohol was employed
(entry v); in this case phenylacetylene was isolated in 87%
Table 3. Sequential one-pot MnO2 oxidation/Bestmann–Ohira alkynylation
procedurea

Ar OH Ar
i. MnO2, THF, 4-24 h, rt
ii. (MeO)2P(O)C(COCH3)N2 3
   MeOH, K2CO3, 12 h,  rt

Entry Alcohol Product Isolated yield
(%)a

i
OH

O2N O2N
99b

ii
OH

MeO2C MeO2C
97b

iii
OH

Br
Br

85

iv OH

Br Br

94

v OH 87c

vi
OH

MeO
MeO

56

vii OH

OMe

MeO

OMe

MeO

59d

viii OH 89

ix
OH

Ph Ph

92

x
N

OH

N

68d

xi
OH

59d

a Carried out on a 0.15–0.50 mmol scale, unless stated otherwise. The
oxidation was left for 4 h (unless stated otherwise), the alkynylation
overnight (12–17 h). Yields refer to isolated products. Spectroscopic/
analytical data of alkynes are in agreement with those reported.

b Chromatographic purification not required; product essentially pure after
extractive work-up.

c Carried out in a 10 mmol scale and the alkyne purified by distillation.
d Longer oxidation times required; 8 h for entry vii, 10 h for entry x and

24 h for entry xi.
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yield by direct distillation from the crude mixture, although
this procedure needed to be carried out on a 10 mmol scale.
Reaction times for the oxidation step with aromatic substrates
varied from 3 to 10 h, with 2,4-dimethoxybenzyl alcohol and
pyridine 2-methanol taking the longest (8 and 10 h, respec-
tively). On the other hand, this transformation does not appear
to be over-sensitive to steric factors as hindered ortho-sub-
stituted alcohols underwent oxidation–alkynylation in good
to excellent yields (entries iv, vii and viii). The efficient prep-
aration of 4-bromo- and 2-bromo-phenylacetylene (entries iii
and iv) are noteworthy. These and related compounds
are commonly prepared through transition metal-mediated
cross-coupling transformations (i.e., Sonogashira–Hagihara,
Negishi, alkynyl Grignard, etc.)28 with the requirement for an-
hydrous solvents and inert atmospheres, expensive catalysts,
and the need for alkyne protection to prevent homocoupling.

Finally, it should be noted that, according to the literature,7

allylic alcohols cannot be employed in this methodology
because methanol adds to the intermediate a,b-unsaturated
aldehydes. Unactivated alcohols are also unreactive under
these conditions, but 3-phenylpropargyl alcohol was suc-
cessfully converted into 1-phenyldiyne in 59% yield, al-
though a long oxidation time (24 h) was required (entry xi).

In conclusion, we have developed simple and practical TOP
sequences for the one-pot preparation of synthetically im-
portant 1,1-dibromoalkenes from activated alcohols, MnO2,
phosphonium salt 4 and MTBD 5. Furthermore, we have de-
veloped a very mild and straightforward sequential one-pot
method for the conversion of a variety of benzylic, hetero-
cyclic and propargylic alcohols into their corresponding
homologated terminal alkynes in good to excellent yield
using MnO2 and the Bestmann–Ohira reagent 3. In addition,
a TOP has been developed for the conversion of benzyl alco-
hols substituted by highly electron-withdrawing groups
(nitro, ester) on the aromatic ring into the corresponding ter-
minal alkynes. We are currently applying these procedures
in target molecule synthesis.

3. Experimental

3.1. General

NMR spectra were recorded on JEOL EX-270 or EX-400
spectrometers using CDCl3 as solvent unless otherwise
stated. Tetramethylsilane or residual CHCl3 were used as
the internal standard. IR spectra were recorded on an ATI
Mattson Genesis FTIR or ThermoNicolet IR 100 spectro-
meter. Low-resolution electron impact (EI) spectra were
obtained on a Kratos MS 25 spectrometer. Chemical ionisa-
tion (CI) and high-resolution mass spectra were recorded on
a Micromass Autospec spectrometer. Melting points were
determined on a GallenKamp melting point apparatus and
are uncorrected. Flash column chromatography was carried
out using silica gel 35–70 mesh, which was purchased from
Fluka. All reagents were purchased from commercial sour-
ces and were used without further purification unless stated
in the text. Activated manganese dioxide was obtained from
Aldrich, catalogue number 21,764-6. PE is petroleum ether
(bp 40–60 �C). Dibromomethyltriphenylphosphonium bro-
mide 4 was prepared using the published13a procedure.
3.2. General procedure for synthesis of dibromoalkenes
from alcohols

To a suspension of activated manganese dioxide (867 mg,
9.97 mmol), phosphonium salt 4 (1.805 g, 3.50 mmol) and
ground 4 Å molecular sieves (100 mg) in solvent (CH2Cl2
or chloroform) (10 mL) was added MTBD 5 (0.22 mL,
1.50 mmol). The reaction mixture was heated at reflux for
30 min, cooled to rt, then a solution of alcohol (1 mmol) in
solvent (5 mL) added. The reaction mixture was then heated
at reflux for the time specified, cooled to rt and filtered
through Celite�. The resulting filtrate was then pre-loaded
on to silica and the dibromoalkenes were purified by silica
chromatography, eluting with EtOAc/PE.

3.2.1. 1,1-Dibromostyrene (Table 2, entry i). Reaction
time of 18 h in CHCl3; chromatography (10% EtOAc/PE)
afforded the title compound (191 mg, 73%) as a pale yellow
oil; Rf 0.61 (20% EtOAc/PE); 1H NMR data consistent with
those published.24

3.2.2. 1,1-Dibromo-2-(4-nitrophenyl)ethene 7 (Table 2,
entry ii). Reaction time of 17 h in CH2Cl2; chromatography
(10% EtOAc/PE) afforded the title compound 7 (264 mg,
86%) as a pale yellow solid; mp 103–104 �C (lit.24 104–
105 �C); Rf 0.58 (10% EtOAc/PE); 1H NMR data consistent
with those published.24

3.2.3. 1-(2,2-Dibromo-vinyl)-4-methoxy-benzene (Table
2, entry iii). Reaction time of 18 h in CHCl3; chromato-
graphy (10% EtOAc/PE) afforded the title compound
(187 mg, 46%, 64% based on recovered p-methoxybenz-
aldehyde) as a pale yellow solid; mp 39–40 �C (lit.24 39–
40 �C); Rf 0.56 (20% EtOAc/PE); 1H NMR data consistent
with those reported in the literature.24

3.2.4. 1,4-Bis-(2,2-dibromovinyl)benzene (Table 2, entry
iv). Reaction time of 20 h in CHCl3; chromatography
(10% EtOAc/PE) afforded the title compound (383 mg,
86%) as a pale yellow solid; mp 97 �C (lit.29 98–99 �C); Rf

0.67 (20% EtOAc/PE); 1H NMR data consistent with those
reported in the literature.29

3.2.5. 3-(2,2-Dibromoethenyl)thiophene (Table 2, entry
v). Reaction time of 18 h in CHCl3; chromatography (10%
EtOAc/PE) afforded the title compound (161 mg, 60%) as
a pale yellow oil; Rf 0.58 (20% EtOAc/PE); 1H NMR data
consistent with those reported in the literature.30

3.2.6. 3-(2,2-Dibromoethenyl)pyridine (Table 2, entry vi).
Reaction time of 17 h in CHCl3; chromatography (40%
EtOAc/PE) afforded the title compound (221 mg, 84%) as
a pale yellow solid; mp 55–57 �C (lit.18 57–59 �C); Rf 0.23
(40% EtOAc/PE); 1H NMR data was consistent with those
reported in the literature.18

3.2.7. (4,4-Dibromo-buta-1,3-dienyl)benzene (Table 2,
entry vii). Reaction time of 17 h in CH2Cl2; chromato-
graphy (10% EtOAc/PE) afforded the title compound
(242 mg, 84%) as a pale yellow solid; mp 45 �C (lit.31 55–
56 �C); Rf 0.63 (20% EtOAc/PE); 1H NMR data consistent
with those reported in the literature.31
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3.2.8. (4,4-Dibromo-but-3-en-1-yl)benzene (Table 2,
entry viii). Reaction time of 3.5 h in CHCl3; chromato-
graphy (eluting with 10% EtOAc/PE) afforded the title com-
pound (186 mg, 65%) as a pale yellow oil; Rf 0.62 (20%
EtOAc/PE); 1H NMR data consistent with those reported
in the literature.32

3.2.9. (3,3-Dibromoprop-2-enyl)benzene (Table 2, entry
ix). Reaction time of 36 h in CHCl3; chromatography (10%
EtOAc/PE) afforded the title compound (39 mg, 14%) as
a pale yellow oil; Rf 0.56 (20% EtOAc/PE); 1H NMR data
consistent with those reported in the literature.33

3.2.10. 1-Bromo-2-(4-nitrophenyl)ethyne 8. To a solution of
1,1-dibromo-2-(4-nitrophenyl)ethene 7 (40 mg, 0.13 mmol)
in dichloromethane (2 mL), MTBD 5 (28 mL, 0.20 mmol)
was added dropwise. The reaction was stirred for 10 min
and then diluted with saturated aq NH4Cl (5 mL). The
resulting mixture was extracted with dichloromethane
(3�10 mL) and the combined organic extracts were dried
over Na2SO4 and concentrated in vacuo to give a crude orange
solid that was purified by silica chromatography (eluting
with 5% EtOAc/PE) to afford the title compound (25 mg,
85%) as a white solid; mp 168–169 �C (lit.34 172 �C);
Rf 0.28 (5% EtOAc/PE); 1H NMR data consistent with those
reported in the literature.24

3.2.11. Bestmann–Ohira reagent 3. Dimethyl (2-oxopro-
pyl)phosphonate (Lancaster, 97%, 5 g, 30 mmol) was
dissolved in dry CH3CN (50 mL) and cooled to 0 �C (ice-
bath) under argon. K2CO3 (4.58 g, 33 mmol) and then tosyl
azide (6.53 g, 33 mmol) [Caution: highly toxic and explo-
sive; handle in a well ventilated fume cupboard wearing pro-
tective gloves] were added sequentially in single portions
and the resulting mixture was stirred at rt for 3 h. The solvent
was eliminated in vacuo and the crude redissolved in di-
chloromethane (50 mL) and washed with water (50 mL).
The organic layer was washed additionally with brine
(50 mL), dried over MgSO4, filtered and the solvent
removed in vacuo. After purification by chromatography
on silica gel (EtOAc/PE, 7:3), the Bestmann–Ohira reagent
3 was isolated as a yellow oil (5.58 g, 29 mmol, 97%); Rf

0.28 (EtOAc). Spectroscopic and analytical data were con-
sistent with those reported.8

3.2.12. 1-Ethynyl-4-nitrobenzene 9 by tandem proce-
dure. p-Nitrobenzyl alcohol (50 mg, 0.33 mmol) was dis-
solved in dry THF (3 mL). Anhydrous MeOH (3 mL) was
added followed by activated MnO2 (142 mg, 1.6 mmol),
dry K2CO3 (90 mg, 0.66 mmol) and Bestmann–Ohira
reagent 3 (75 mg, 0.4 mmol). The heterogeneous mixture
was stirred at rt for 18 h under argon. The crude mixture was
filtered through a short Celite� pad (dichloromethane
eluent). The volatiles were removed in vacuo, the residue
redissolved in dichloromethane (10 mL) and then washed
with 5% aq NaHCO3 solution (10 mL) and brine. The
organic layer was dried over anhydrous MgSO4, filtered
and the solvent removed under reduced pressure. The resi-
due was purified by chromatography on silica gel (EtOAc/
PE, 1:9) giving title compound as a white solid (43 mg,
89%); mp 150–151 �C (lit.35 150–150.5 �C); Rf 0.7 (50%
EtOAc/PE); spectroscopic data consistent with those
reported in the literature.35
3.2.13. 1-Ethynyl-4-carbomethoxybenzene 10 by tandem
procedure. p-Carboxymethoxy benzyl alcohol (77 mg,
0.46 mmol) was dissolved in dry THF (5 mL). Anhydrous
MeOH (2 mL) was added to the homogeneous solution, fol-
lowed by activated MnO2 (201 mg, 2.3 mmol), dry K2CO3

(128 mg, 0.9 mmol) and finally Bestmann–Ohira reagent 3
(125 mg, 0.65 mmol). The mixture was efficiently stirred
at rt for 18 h under argon. MnO2 was removed by filtration
through a short Celite� pad (dichloromethane eluent). The
volatiles were removed under reduced pressure, the residue
redissolved in dichloromethane (10 mL) and washed with
5% aq NaHCO3 solution (20 mL) and brine. The organic
layer was dried over anhydrous MgSO4, filtered and the
solvent was eliminated in vacuo. The residue was purified
by chromatography on silica gel (EtOAc/PE, 1:9). The title
compound was obtained as a white solid (57 mg, 78%);
mp 94 �C; lit.36 93–95 �C); Rf 0.68 (50% EtOAc/PE);
spectroscopic data consistent with those reported in the
literature.37

3.3. General procedure for the synthesis of terminal
alkynes from activated alcohols by sequential,
one-pot method

Activated alcohol (0.15–0.50 mmol) was dissolved in dry
THF (6 mL) and activated MnO2 (142 mg, 1.6 mmol,
5 equiv) was added. The heterogeneous mixture was effi-
ciently stirred at rt for the time specified (4–24 h). Anhy-
drous MeOH (6 mL) was added, followed by dry K2CO3

(84 mg, 0.6 mmol) and Bestmann–Ohira reagent 3 (70 mg,
0.36 mmol). The reaction was stirred overnight (12–17 h)
at rt under argon and the crude mixture filtered through a
short Celite� pad using dichloromethane eluent. The organic
solvent was removed in vacuo, the residue redissolved in
dichloromethane (10 mL) and then washed with 5% aq
NaHCO3 (10 mL) and then brine. The organic layer was
dried over anhydrous MgSO4, filtered and the solvent was
removed under reduced pressure to give the product alkyne.
If necessary, the alkyne could be purified further by silica
chromatography, eluting with EtOAc/PE. In the case of
phenylacetylene, the reaction was carried out on a 10 mmol
scale and purification was carried by direct distillation of
the crude reaction mixture (see later).

3.3.1. 1-Ethynyl-4-nitrobenzene (Table 3, entry i).
0.15 mmol scale, oxidation time of 4 h; chromatography
was not required; title compound obtained as a white solid
(22 mg, 99%); mp 150–151 �C (lit.35 150–150.5 �C); Rf

0.7 (50% EtOAc/PE); spectroscopic data consistent with
those reported in the literature.35

3.3.2. 1-Ethynyl-4-carbomethoxybenzene (Table 3, entry
ii). 0.15 mmol scale, oxidation time of 4 h; chromatography
was not required; title compound obtained as a white solid
(23 mg, 97%); mp 94 �C (lit.36 93–95 �C); Rf 0.68 (50%
EtOAc/PE); spectroscopic data consistent with those
reported in the literature.37

3.3.3. 1-Ethynyl-4-bromobenzene (Table 3, entry iii).
0.30 mmol scale, oxidation time of 4 h; chromatography
(10% EtOAc/PE) afforded the title compound (46 mg,
85%) as a white wax; Rf 0.73 (50% EtOAc/PE); spectro-
scopic data consistent with those reported in the literature.28
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3.3.4. 1-Ethynyl-2-bromobenzene (Table 3, entry iv).
0.30 mmol scale, oxidation time of 4 h; chromatography
(10% EtOAc/PE) afforded the title compound (51 mg,
94%) as a colourless oil; Rf 0.72 (50% EtOAc/PE); spectro-
scopic data consistent with those reported in the literature.38

3.3.5. Phenylacetylene (Table 3, entry v). 10 mmol scale,
oxidation time of 4 h; distillation from the crude reaction
mixture gave the title compound (890 mg, 87%) as a colour-
less oil; spectroscopic data consistent with those reported in
the literature.39

3.3.6. 1-Ethynyl-4-methoxybenzene (Table 3, entry vi).
0.36 mmol scale, oxidation time of 4 h; chromatography
(10% EtOAc/PE) gave the title compound (27 mg, 56%)
as a white waxy solid; Rf 0.76 (50% EtOAc/PE); spectro-
scopic data consistent with those reported in the literature.40

3.3.7. 1-Ethynyl-2,4-dimethoxybenzene (Table 3, entry
vii). 0.33 mmol scale, oxidation time of 8 h; chromato-
graphy (10% EtOAc/PE) gave the title compound (31 mg,
59%) as a colourless oil; Rf 0.6 (50% EtOAc/PE); spectro-
scopic data consistent with those reported in the literature.41

3.3.8. 1-Naphthylacetylene (Table 3, entry viii). 0.23 mmol
scale, oxidation time of 4 h; chromatography (10% EtOAc/
PE) gave the title compound (31 mg, 89%) as a colourless
oil; Rf 0.65 (50% EtOAc/PE); spectroscopic data consistent
with those reported in the literature.42

3.3.9. 1-Ethynyl-4-phenylbenzene (Table 3, entry ix).
0.20 mmol scale, oxidation time of 4 h; chromatography
(10% EtOAc/PE) gave the title compound (33 mg, 92%)
as a colourless oil; Rf 0.6 (50% EtOAc/PE); spectroscopic
data consistent with those reported in the literature.43

3.3.10. 3-Ethynyl pyridine (Table 3, entry x). 0.50 mmol
scale, oxidation time of 10 h; chromatography (10%
EtOAc/PE) gave the title compound (35 mg, 68%) as a white
waxy solid; Rf 0.5 (EtOAc); spectroscopic data consistent
with those reported in the literature.44

3.3.11. Buta-1,3-diynyl-benzene (Table 3, entry xi).
0.50 mmol scale, oxidation time of 24 h; chromatography
(10% EtOAc/PE) gave the title compound (37 mg, 59%)
as a colourless liquid; Rf 0.75 (EtOAc); spectroscopic data
consistent with those reported in the literature.45
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Abstract—New manganese dioxide-mediated tandem oxidation processes (TOPs) have been developed, which facilitate the direct conver-
sion of allylic alcohols and a-hydroxyketones into polysubstituted functionalised cyclopropanes. In the simplest version, the oxidation of an
allylic alcohol is carried out in the presence of a stabilised sulfurane, and the intermediate a,b-unsaturated carbonyl compound undergoes in
situ cyclopropanation. By using a combination of stabilised phosphorane and sulfurane, the direct conversion of allylic alcohols or a-hydroxy-
ketones into functionalised cyclopropanes is achieved, with in situ cyclopropanation being followed by Wittig olefination, or vice versa. The
application of these methods to a formal synthesis of the lignan (�)-picropodophyllone, and to novel analogues of the insecticide allethrin II,
is described.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

We have recently developed a range of manganese dioxide-
mediated tandem oxidation processes (TOPs) in which pri-
mary alcohols are oxidised and the intermediate aldehydes
are trapped in situ to give alkenes, imines, oximes, amines,
nitriles, esters, amides and heterocyclic systems via one-
pot procedures.1 These TOP sequences offer a number of
advantages to the organic chemist: they are operationally
straightforward, the MnO2 and its by-products being re-
moved by a simple filtration; they result in a reduced number
of operations, giving significant time–cost benefits; and they
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.12.078
allow the use of ‘difficult’ carbonyl intermediates (i.e., those
that are volatile, toxic or noxious) as they are prepared and
elaborated in situ. The initial studies referred to above con-
centrated on 1,2-additions to the intermediate carbonyl com-
pounds, as illustrated in Scheme 1 for the oxidation–Wittig
reaction of allylic alcohols 1 in which the intermediate con-
jugated aldehydes 2 are trapped by a stabilised phosphorane 3
giving the product dienes 4. However, since the seminal re-
search of Corey and Chaykovsky and others,2 it is well known
that sulfuranes undergo 1,4-addition to a,b-unsaturated car-
bonyl compounds to produce the corresponding cyclopro-
panes. Cyclopropanes are widespread in natural products
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and biologically active analogues, and are valuable synthetic
intermediates.3 We therefore decided to investigate whether
a manganese dioxide-mediated TOP sequence could be car-
ried out using stabilised sulfuranes 5 to produce a one-pot
procedure for converting allylic alcohols into polysubstituted
cyclopropanes 6 (Scheme 1). Herein, we describe detailed
results concerning TOP sequences involving oxidation–
cyclopropanation and their applications in target molecule
synthesis.4

2. Tandem oxidation–cyclopropanation reactions

In order to determine the viability of an oxidation–cyclo-
propanation sequence, we first examined the reaction of
2-methyl-2-propen-1-ol 1a with activated MnO2 in the
presence of (carbethoxymethylene)dimethylsulfurane 5a,
prepared from the commercially available sulfonium salt,2d

and powdered 4 Å molecular sieves in benzene at reflux
(Scheme 2). We were delighted to observe the formation
of the desired cyclopropanecarboxaldehyde 6a in 37% yield,
indicating that sulfurane 5a is compatible with manganese
dioxide. We quickly established that the use of dichloro-
methane as solvent gave the optimum yield of 6a, 78% as
a mixture of trans/cis-isomers (w2:1).

With this result in hand, we then moved on to establish the
scope of the TOP–cyclopropanation methodology, with re-
spect to the alcohol and sulfurane; the results are shown in
Table 1. With 2-methyl-2-propen-1-ol 1a, we first estab-
lished that (benzoylmethylene)dimethylsulfurane 5b, again
prepared from the commercially available sulfonium salt,2e

was also successful, producing cyclopropane 6b in 53%
yield (entry ii). Allyl alcohol 1b also gave the desired cyclo-
propane 6c on treatment with MnO2 and sulfurane 5a (entry
iii), although the yield was low (36%), presumably due to the
volatility of the product (bp 97 �C).3q By changing to sulfu-
rane 5b, however, adduct 6d was obtained in an improved
yield of 77% (entry iv).

Next we explored the use of the functionalised allylic alcohol
1c (entries v and vi). This proved to be a viable substrate with
both sulfuranes 5a and 5b, giving the expected cyclopro-
panes 6e and 6f, respectively. Cyclopropane 6e (entry v) is
a particularly interesting example as it is trisubstituted,
with each substituent being in a different oxidation state
(i.e., alkoxy, aldehyde and carboxylate), offering the possi-
bility of further functionalisation in a selective manner.
Cyclopropane 6f (entry iv) has similar potential (i.e., alkoxy,
aldehyde and ketone substituents).

We then proceeded to investigate the use of secondary
alcohols with a range of 1-substituted propen-1-ols (entries
vii–xi); these also gave good yields and complete trans-
selectivity about the cyclopropane.

Divinylmethanol 1f was studied next and, with both sulfu-
ranes 5a and 5b, oxidation and double-cyclopropanation oc-
curred, giving 6j and 6k in 60% and 69% yield, respectively;
each product was obtained as a mixture of isomers (w1:1 as
determined by 1H NMR spectroscopy), but again with trans-
orientation about the cyclopropanes (entries x and xi).

The trends in stereochemistry seen with 1- and 2-substituted
propen-1-ols are consistent with the reaction mechanism
proposed by Curley and DeLuca involving equilibration of
initial adducts.5 With 1-substituted propen-1-ols (entries
vii–xi), the increased size of the substituent in the intermedi-
ate (ketone vs aldehyde) results in an equilibrium giving
solely the trans-cyclopropane products. Thus (Fig. 1), the
OH CHO
Me2S CO2Et

MnO2,
4Å  mol. sieves

reflux

CHOEtO2C Benzene, , 45 min, 37%
CH2Cl2, , 3 h, 78%

5a

1a
6a

Scheme 2.
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Table 1. MnO2-mediated TOP methodology for the preparation of cyclopropanes

Entry Alcohol Sulfurane Product Ratio (trans/cis) Isolated yield
(reaction time)

i OH
1a

Me2S CO2Et 5a CHOEtO2C 6a
w2:1 78% (3 h)

ii OH
1a

Me2S COPh 5b CHOPhOC 6b

w4.2:1 53% (2 h)

iii OH
1b

Me2S CO2Et 5a

6c

CHOEtO2C w3:1 36%a (6 h)

iv
OH

1b

Me2S COPh 5b CHOPhOC 6d
w3:1 77% (3 h)

v
OH

TBSO

1c
Me2S CO2Et 5a

CHOEtO2C

TBSO

6e
w3.6:1 74% (14 h)

vi
OH

TBSO

1c
Me2S COPh 5b

CHOPhOC

TBSO

6f
w2:1 73% (4.5 h)

vii
OH 1d

Me2S CO2Et 5a

EtO2C

O
6g

All trans 67% (18 h)

viii
Ph

OH 1e
Me2S CO2Et 5a

EtO2C

O

Ph

6h

All trans 100% (17 h)

ix
Ph

OH 1e
Me2S COPh 5b

PhOC

O

Ph

6i

All trans 78% (2 h)

x
OH 1f

Me2S CO2Et 5a

O

EtO2C CO2Et

6j

All trans 60% (4 h)

xi
OH 1f

Me2S COPh 5b

O

PhOC COPh

6k

All trans 69% (2 h)

xii
OH

CH2

1g
Me2S COPh 5b

O

H COPh

O

COPh

6l 

5:1b 76% (16 h)

xiii
OHPh

1h

Me2S CO2Et 5a
OPh — (quant.)c

xiv OHPr 1i Me2S CO2Et 5a OPr — (quant.)c

a It is probable that the low yield for this example is due in part to the volatility of 6c (bp 97 �C).3q

b Of a possible four isomers, a mixture of just two (ca. 5:1) was isolated: the stereochemistry of these diastereoisomers has not been allocated with certainty.
c Based on 1H NMR analysis of the unpurified reaction mixture, which showed only the aldehyde and sulfurane 5a.
first ‘kinetic’ intermediates A/B (stabilised by electrostatic
interactions) collapse to the cyclopropanes via the anti-con-
formers C/D. A solvent of low dielectric constant, such as
CH2Cl2, retards this rotation and collapse due to the higher
energy of the charge-separated intermediates. This allows
greater equilibration of A and B and, hence, C and D, pre-
sumably driven by steric demands in the intermediates. In
2-substituted propen-1-ols, there is a balance between the
aldehyde (R0¼H) and R00 interacting with COY, resulting in
isomeric mixtures. In 1-substituted propen-1-ols (R00¼H),
this is now a balance between a proton and a ketone
(R0¼alkyl, etc.) interacting with COY, making A and C
highly favoured and resulting solely in trans-cyclopropane.

The more complex (�)-trans-pinocarveol 1g also worked
well in this methodology, giving the spirocyclopropane 6l
in 76% yield (entry xii). This product was isolated as a mix-
ture of just two of the four possible isomers (w5:1). We also
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investigated the use of 3-substituted 2-propen-1-ols (entries
xiii–xiv) but unfortunately no cyclopropanation was ob-
served with 1h and 1i, despite complete oxidation occurring.
The low reactivity of terminally substituted conjugated car-
bonyl compounds to stabilised sulfuranes has been well
documented.2

Next, we went on to explore the use of disubstituted 2-
propen-1-ols 1j–m which, on oxidation, give chalcones
which are known6 to be good substrates for cyclopropana-
tion with stabilised sulfuranes (Scheme 3). The results are
summarised in Table 2 (no all-cis isomers were observed).
For these alcohols, the choice of solvent was crucial, with
each example being carried out in CH2Cl2, THF and 1,2-di-
chloroethane (DCE). The optimum solvent for each reaction
is indicated in Table 2.

With sulfurane 5a and electron-rich, electron-deficient, and
‘electron-neutral’ alcohols, the yields are good to excellent
(entries i and iii–v, 51–90%). Sulfurane 5b was also uti-
lised in a reaction with alcohol 1j, again in excellent yield
(entry ii). The observed erosion of the original trans-
double bond stereochemistry can be understood by the
equilibration of reaction intermediates, as discussed earlier
(Fig. 1).

3. Tandem oxidation–cyclopropanation–Wittig reactions

We were intrigued by the possibility that the cyclopropane-
carboxaldehyde products 6 could be exploited in further in
situ transformations. We decided to first examine the tandem
oxidation–cyclopropanation–Wittig sequence, as we have
already established the compatibility of phosphoranes with
MnO2.1 We hoped to tune the reaction conditions so that
both sulfuranes and phosphoranes could be used in situ,
in the presence of MnO2, to allow first oxidation, followed
by sulfurane-mediated cyclopropanation, and finally phos-
phorane-induced olefination.

We first examined the reaction of 2-methylprop-2-en-1-ol 1a
with sulfurane 5a, phosphorane 3a and activated MnO2. We
were delighted to observe, in the first attempt, the formation
of the desired cyclopropane 10a as aw1.4:1 mixture of cis/
trans-isomers (about the cyclopropane) in a yield of 62%
(Scheme 4). Cyclopropane 10a was accompanied by a small
amount (8%) of dienoate 11. A brief optimisation study was
then carried out, varying temperature and equivalents of
ylides 3a and 5a. It was quickly established that use of
a two-fold excess of sulfurane 5a and carrying out the
reaction at reflux gave the best yield of 10a, 81%, with no
dienoate 5a being observed.

The optimum reaction stoichiometry indicates that the major
reaction sequence involves oxidation, then cyclopropanation
and then olefination. This is supported by the following ob-
servations: (i) TLC analysis indicates significant oxidation–
cyclopropanation, giving cyclopropyl aldehyde 6a, before
major amounts of adduct 10a are observed; (ii) when iso-
lated dienoate 11 was exposed to sulfurane 5a under similar
conditions, onlyw50% conversion to 10a was observed after
16 h.
OH

Ar2Ar1

Me2S COR

MnO2, 4Å mol. sieves,
solvent, reflux

5

1j-m 7

Ar1

O

Ar2

RCO

Ar1

O

Ar2

RCO
+ +

Ar1

RCO

Ar2

8 9
O

Scheme 3.

Table 2. Disubstituted 2-propen-1-ols in MnO2-mediated TOP–cyclopropanation

Entry Alcohol Ylide/solvent Product Ratio (7:8:9) Yield (reaction time)

i
OH

PhPh
1j

5a THF
Ph

O

Ph

EtO2C
7a:8a:9a¼5.0:1.0:3.0 70% (10 h)

ii
OH

PhPh
1j

5b THF
Ph

O

Ph

PhOC
(7b+9b):8b¼2.6:1a 75% (17 h)

iii

OH

Ph

Cl

1k

5a CH2Cl2

O

Ph

EtO2C

Cl

7c:8c:9c¼3.9:1.0:2.8 80% (19 h)

iv

1l
OH

Ph

MeO

5a CH2Cl2

O

Ph

EtO2C

MeO

7d:8d:9d¼4.5:1.0:2.8 51% (17 h)

v

OH

Ph

O2N

1m

5a CH2Cl2

O

Ph

EtO2C

O2N

7e:8e:9e¼4.0:1.0:1.6 90% (14 h)

a Compounds 7b and 9b are enantiomers.
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OH EtO2C
MnO2, 4Å  mol. sieves
CH2Cl2

10a

CO2Me

Me2S CO2Et

Ph3P CO2Me

1a 11

CO2Me+

5a

3a

1.2 equiv. 5a, 1.2 equiv. 3b, RT, 18 h 62% 8%

2.0 equiv. 5a, 2.0 equiv. 3b, , 18 h 81% 0%

Scheme 4.

Table 3. TOP–cyclopropanation–olefination methodology

Entry Alcohol Sulfurane/phosphoranea Product 2,3-trans/cisb Yield (reaction time)

i OH
1a

5a, 3a EtO2C
CO2Me

10a w3.5:1 81%c (18 h)

ii OH
1a

5b, 3a PhOC
CO2Me 10b w3.0:1 66% (14 h)

iii OH
1a

5a, 3b EtO2C
CN 10c —d 88% (23 h)

iv
OH

1b

5a, 3a EtO2C
CO2Me 10d w6.5:1 61% (5 h)

v
OH

1b

5b, 3a PhOC
CO2Me 10e

w3.5:1 74% (14 h)

vi OH
1b

5a, 3c EtO2C
CO2Me 10f w7.0:1 56%e (18 h)

vii
OH

TBSO

1c
5a, 3a EtO2C

CO2Me

TBSO

10g w1.8:1 64% (18 h)

a 3a¼ Ph3P]CHCO2Me; 3b¼Ph3P]CHCN; 3c¼Ph3P]C(Me)CO2Me.
b Ratio determined by integration of 1H NMR spectra.
c With Ph3P]CHCO2But the corresponding tert-butyl ester was obtained in 56% yield (trans/cis¼ 1.8:1).
d Alkene also showed E- and Z-isomers. trans/E:cis/E:trans/Z:cis/Zw8.5:4.4:3.6:1.0.
e The use of microwave irradiation reduced the reaction time to 1 h but the yield was reduced (45%); in both cases only the E-product was observed.
The optimum conditions illustrated in Scheme 4 were then
applied to a range of alcohols 1, sulfuranes 5 and phosphor-
anes 3. The results are summarised in Table 3. As can be
seen, good to excellent (56–88%) yields were obtained
with the three allylic alcohols 1a–c undergoing oxidation–
elaboration with combinations of the sulfuranes 5a,b and
the phosphoranes 3a–c, although the degree of stereocontrol
in relation to the cis/trans-ratio of the 2,3-cyclopropane sub-
stituents was variable.

4. Tandem oxidation–Wittig–cyclopropanation reactions

We have previously described the manganese dioxide tan-
dem oxidation–olefination of a-hydroxyketones 12 leading,
by way of intermediate a-keto aldehydes 13, to g-ketocrot-
onates 14 in synthetically useful yields (Scheme 5).7

R

O
OH

MnO2, CH2Cl2,
4Å mol. sieves,

Ph3P CO2R1

12

R

O
O

R

O

CO2R1

13 14

Scheme 5.
In the current study, we envisaged a complementary oxida-
tion–olefination–cyclopropanation sequence, in which the
alcohol is treated with MnO2, phosphorane and sulfurane
but, of course, in this case, olefination has to occur first,
followed by in situ cyclopropanation of the intermediate
g-ketocrotonate (Scheme 6). As shown, this idea was tested
out using hydroxyacetophenone 12a and we were delighted
to obtain an excellent 83% yield of the 1,2,3-trisubstituted
cyclopropane 15a from this one-pot, three-step tandem
sequence.

These conditions were then applied to a variety of a-
hydroxyketones 12, phosphoranes 3 and sulfuranes 5 to
give substituted cyclopropanes 15b–h in good to excellent
(50–81%) yields (Table 4).

To demonstrate the applicability of this technology to com-
plex, multifunctional substrates, hydrocortisone 12f was
employed as the a-hydroxyketone, giving the desired cyclo-
propane 15i in 78% yield (Scheme 7). Moreover, NMR spec-
troscopy indicates that just one diastereoisomer (yet to be
determined) of the product 15i greatly predominates,
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Me2S CO2Et

Ph

O
OH

Ph3P CO2Me
12a

Ph

O
O Ph

O

CO2Me

13a 14a

Ph

O

CO2Me

15a

CO2Et
83%

MnO2, CH2Cl2,
4Å mol. sieves
∆, 4 h

3a

5a

Scheme 6.

Table 4. TOP–olefination–cyclopropanation methodologya

Entry Alcohol Phosphorane/sulfuraneb Productc Yield (diastereoisomer ratio)

i Ph

O
OH

12a 

3a, 5a Ph

O

CO2Me

CO2Et

15a 
83% (3.2:1)

ii Ph

O
OH

12a 

3b, 5a Ph

O

CN

CO2Et

15b 
80% (3.8:1)

iii Ph

O
OH

12a 

3d, 5a

15c 

Ph

O

CON(Me)OMe

CO2Et

50% (2.2:1)

iv Ph

O
OH

12a 

3e, 5b
15d 

Ph

O

CO2Et

COPh

81% (1.2:1)

v

O
OH

O

12b 3a, 5b

O

CO2Me

COPhO
15e

70%d

vi

O
OH

12c

3e, 5b

O

CO2Et

COPh

15f 60%e (2.7:1)

vii

O
OH

12d 
3a, 5a

O

CO2Me

CO2Et
15g 

78%f

viii

O
OH

Ph

12e

3a, 5a

O

CO2Me

CO2Et

Ph
15h 

51%g

a Reaction times 1.5–15 h (see Section 6 for exact time); traces of a third diastereoisomer were observed (NMR) in entries i–iii.
b 3a ¼ Ph3P]CHCO2Me; 3b ¼ Ph3P]CHCN; 3d ¼ Ph3P]CHCON(Me)OMe; 3e ¼ Ph3P]CHCO2Et.
c Isolated as a mixture of isomers about the cyclopropane.
d The structures of individual diastereoisomers were not assigned.
e When sulfurane 5a was used, the corresponding cyclopropane was isolated in 54% yield.
f When sulfurane 5a was used, the corresponding cyclopropane was isolated in 55% yield.
g One major diastereoisomer with only traces of minor isomers.

Me2S CO2Et

MnO2, CH2Cl2,
4Å mol. sieves, ∆, 2.5h
Ph3P CO2Et

O

HO
HO

OH
O

O

HO
HO O

CO2Et

CO2Et

15i, 78%12f

3e

5a

Scheme 7.
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implying substrate-induced regio- and stereoselectivity in the
in situ cyclopropanation step.

5. Applications in target molecule synthesis

In order to validate the TOP–cyclopropanation methodology,
we decided to examine applications in target molecule syn-
thesis. In the first example (Scheme 8), we prepared cyclo-
propane 17, which was utilised by Murphy and Wattanasin
as a late-stage intermediate in their synthesis of (�)-picropo-
dophyllone8 which, along with related lignan lactones, is of
interest as a cancer chemotherapeutic agent. Allylic alcohol
16 was treated with MnO2 and sulfurane 5a in DCE at reflux.
We were delighted to find that this procedure produced cyclo-
propane 17 as a mixture of three diastereoisomers (ca.
3.6:2.9:1.0) in 80% combined yield. This result is noteworthy
as allylic alcohol 16 is particularly electron-rich, and in our
experience, this slows oxidation by MnO2. Cyclopropane
17, also as a mixture of diastereoisomers,8 has been con-
verted into (�)-picropodophyllone in four steps;8 the se-
quence shown in Scheme 8 therefore represents a formal
synthesis of this simple natural product.

Pyrethroids have proved extremely valuable as naturally
occurring, non-toxic and biodegradable insecticides and
insect repellants.9 Allethrin 18 and allethrin II 19 are typical
synthetic pyrethroids, and 18 is widely used against house-
flies and mosquitoes.3e,10 In order to showcase the TOP–
cyclopropanation methodology, we prepared novel allethrin
analogues as shown in Scheme 9. Cyclopentenone 20 is
commercially available (Salor) and readily prepared.11

Conversion into the ester 21, salt 22 and then to sulfurane
22 was straightforward (although attempts to go directly
from the bromide corresponding to 21 to a sulfonium salt
such as 22 by treatment with dimethyl sulfide were unsuc-
cessful). Then, treatment of allyl alcohol 1b, sulfurane 22
and phosphorane 3c with MnO2 gave allethrin II analogue
24 in 57% yield via the one-pot TOP sequence illustrated
in Scheme 9. Examination of the 1H and 13C NMR spectra
of 24 indicated that only two diastereoisomers were present
(ca. 3:1 as an inseparable mixture). Extensive NOE studies
indicated that both diastereoisomers possessed E-configured
trisubstituted alkenes. Coupling constant analysis showed
that both major and minor components are trans-
cyclopropane isomers, with no cis-isomers observed. Thus,
coupling constants across the cyclopropane ring (J 8.5 Hz
in both diastereomers) are in accordance with literature
values.13 Also, in the 13C NMR spectrum, the chemical shifts
of the ring carbons [dC 16.7 (CH2), 22.3 (CH) and 22.4 (CH)
ppm] are consistent with those of closely related trans-disub-
stituted cyclopropanes.14 Other allethrin analogues should be
readily available by similar processes.

MeO2C

Allethrin II 19

O

O

O

Allethrin 18

O

O

O

In summary, a number of different one-pot MnO2-mediated
TOP methodologies have been developed, which allow
straightforward access to a range of functionalised cyclopro-
panes. Applications of the methodology in target molecule
synthesis have been described, and further examples are
currently under investigation.

6. Experimental

6.1. General details

NMR spectra were recorded on Jeol EX-270 and ECX-400
spectrometers. Diastereomer ratios were obtained by 1H
NMR integration. Chemical shifts (d) are given in parts
per million (ppm), using the residual solvent as reference
(CDCl3 unless otherwise stated), and coupling constants
are given in Hertz (Hz). IR spectra were recorded on
ThermoNicolet IR100 or ATI Mattson Genesis FTIR spec-
trometers, as thin films between NaCl plates. Mass spectra
were recorded on a Fisons analytical autospec instrument
in either chemical ionisation (CI), electron ionisation (EI),
or fast atom bombardment (FAB) modes. Melting points
were measured on a Gallenkamp instrument in open capillary
tubes, and are uncorrected. Flash chromatography was
performed on Fluorochem silica gel (35–70 mm) using the
eluent specified. Thin layer chromatography (TLC) was
OH

O

OMeO

MeO
OMe

O

O

Ar

O

O

O

Me2S CO2Et

MnO2, DCE, 4Å  mol. sieves
∆, 3 days
80% 
(mixture of 3 diastereoisomers)

4 steps8

(+/-)- Picropodophyllone

16

5a

O

O

OMeO

MeO
OMe 17

EtO2C

Scheme 8.
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O

O
Me2S

O

O

HO

O

O
X

O

20

21, X = SMe
23

MnO2, CH2Cl2
sieves, ∆, 3 h
57%

O

O
Me2S

O

MeO2CHO
24 

PPh3MeO2C
O

O

O

22, X = SMe2 BF4

23

MeI
AgBF4
90%

MeSCH2CO2H

DCC, DMAP
THF
79%

NaOH
K2CO3

Aq. CHCl3
99%

3c

1b
(2 diastereoisomers
only)

Scheme 9.
carried out using Merck silica gel 60F254 pre-coated alumin-
ium foil plates with a thickness of 250 mm, and visualised
with UV light (254 nm), and KMnO4/vanillin solutions. All
reagents were purchased from commercial sources, and used
without further purification, unless specified. Activated
manganese(IV) dioxide was purchased from Aldrich (cat.
no. 21,764; <5 mm, activated, 85%). Tetrahydrofuran,
diethyl ether and dichloromethane were either dried using
standard distillation procedures, or with an MBraun Solvent
Purification System (SPS), immediately prior to use. Petrol is
the fraction with boiling range 40–60 �C. Alcohol 16 was
obtained from the corresponding ketone12 by standard reduc-
tion with NaBH4/CsBr. Sulfuranes 5a and 5b were prepared
from the commercially available (Aldrich) sulfonium salts
using published procedures.2d,e

Compounds 6a,3n,q 6c,3m 6d,3i 6g,3r 6h,3p 6i,3o 7a,2g 7b,3h

7d3k and 178 are known compounds and the data correspond
with those reported in the literature.

6.2. Tandem oxidation–cyclopropanation reactions

6.2.1. 2-Benzoyl-1-methylcyclopropanecarboxaldehyde
6b: representative procedure. To a solution of 2-methyl-
2-propen-1-ol 1a (36 mg, 0.50 mmol) in dichloromethane
(5 mL) was added powdered 4 Å molecular sieves
(0.50 g), (benzoylmethylene)dimethylsulfurane 5b (108 mg,
0.60 mmol) and manganese dioxide (435 mg, 5.0 mmol).
The mixture was heated at reflux for 2 h, and then cooled to
rt. The crude mixture was then filtered through Celite� and
the residue washed with dichloromethane (50 mL) giving
a pale yellow solution. After removal of the solvent in vacuo,
the residue was purified by flash column chromatography
(petrol–EtOAc, 19:1 to 4:1) to give the title compound 6b
(50 mg, 53%) as an inseparable mixture (w4.2:1 trans/cis)
as a colourless oil, Rf 0.31 (petrol–EtOAc, 4:1); nmax (film)
2935, 1712, 1665, 1596, 1449, 1379, 1305, 1225 cm�1; dH

(400 MHz, CDCl3) trans: 1.26 (3H, s), 1.59 (1H, dd, J 4.9
and 8.2 Hz), 1.91 (1H, dd, J 4.9 and 7.0 Hz), 3.20 (1H, dd,
J 8.2 and 7.0 Hz), 7.47 (2H, dd (app t), J 7.6 Hz), 7.58 (1H,
dd (app t), J 7.6 Hz), 7.90 (2H, d, J 7.6 Hz), 9.09 (1H, s);
cis: dH 1.44 (3H, s), 1.54 (1H, dd, J 4.9 and 7.6 Hz), 2.39
(1H, dd, J 4.9 and 7.0 Hz), 3.01 (1H, dd, J 7.6 and 7.0 Hz),
7.47 (2H, dd (app t), J 7.6 Hz), 7.58 (1H, dd (app t),
J 7.6 Hz), 7.93 (2H, d, J 7.6 Hz), 9.11 (1H, s); dC

(100 MHz, CDCl3) trans: 10.3 (CH3), 18.6 (CH2), 29.9
(CH), 37.4 (C), 128.3 (CH), 128.9 (CH), 133.6 (CH), 137.8
(C), 194.9 (C), 200.0 (C); cis: 17.5 (CH3), 21.2 (CH2), 35.0
(CH), 37.8 (C), 128.4 (CH), 128.9 (CH), 133.7 (CH), 137.2
(C), 195.6 (C), 200.4 (C); m/z (CI) 189 (MH+); HRMS (CI)
[MH+], found 189.0912. C12H13O2 requires 189.0916
(2.1 ppm error).

6.2.2. Ethyl 2-(tert-butyldimethylsilanyloxymethyl)-2-
formyl-cyclopropanecarboxylate 6e. Using the above pro-
cedure for 6b (but with sulfurane 5a and for 14 h), the title
compound 6e was prepared in 74% yield as an inseparable
mixture (trans/cis w3.6:1) as a colourless oil, Rf 0.33 (pet-
rol–EtOAc, 12:1); nmax (film) 2953, 2931, 2856, 1732,
1704, 1257, 1176, 1097, 839, 779 cm�1; dH (270 MHz,
CDCl3) trans: dH 0.02 (3H, s), 0.05 (3H, s); 0.84 (9H, s),
1.23–1.28 (3H, m), 1.45 (1H, dd, J 4.5 and 8.5 Hz), 1.53
(1H, dd, J 4.5 and 6.7 Hz), 2.31 (1H, dd, J 8.5 and
6.7 Hz), 3.86 (1H, d, J 11.1 Hz), 4.03–4.20 (2H, m), 4.32
(1H, d, J 11.1 Hz), 9.52 (1H, s); cis: dH 0.02 (3H, s), 0.05
(3H, s); 0.84 (9H, s), 1.23–1.28 (3H, m), 1.63 (1H, dd,
J 4.8 and 8.2 Hz), 1.91 (1H, dd, J 4.8 and 6.7 Hz), 2.33
(1H, dd, J 8.2 and 6.7 Hz), 3.93 (2H, s), 4.03–4.20 (2H,
m), 9.38 (1H, s); dC (67.5 MHz, CDCl3) trans: �5.5
(CH3), �5.4 (CH3), 14.3 (CH3), 18.3 (C), 18.9 (CH), 25.8
(CH3), 26.4 (CH), 40.6 (C), 59.4 (CH2), 61.3 (CH2), 170.1
(C), 200.2 (C); cis: dC �5.5 (CH3), �5.4 (CH3), 14.3
(CH3), 16.1 (CH2), 18.3 (C), 25.2 (CH), 25.8 (CH3), 40.3
(C), 59.1 (CH2), 61.5 (CH2), 171.0 (C), 200.4 (C); m/z
(CI) 287 (MH+); HRMS (CI) [MH+], found: 287.1681.
C14H27O4Si requires 287.1679 (0.2 ppm error).

6.2.3. 2-Benzoyl-1-(tert-butyldimethylsilanyloxymethyl)-
cyclopropanecarboxaldehyde 6f. Using the above proce-
dure for 6b (for 14 h), the title compound 6f was prepared
in 73% yield as an inseparable mixture (trans/cis w2:1) as
a colourless oil, Rf 0.51 (petrol–EtOAc, 4:1); nmax (film)
2954, 2929, 2857, 1716, 1675, 1451, 1255, 1223,
1090 cm�1; dH (400 MHz, CDCl3) trans: �0.29 (3H, s),
�0.09 (3H, s), 0.62 (9H, s), 1.49 (1H, dd, J 4.1 and
7.9 Hz), 1.91 (1H, dd, J 4.1 and 6.7 Hz), 3.35 (1H, dd, J 7.9
and 6.7 Hz), 3.58 (1H, d, J 11.3 Hz), 4.35 (1H, d, J
11.3 Hz), 7.39–7.49 (2H, m), 7.50–7.62 (2H, m), 7.94 (1H,
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d, J 7.3 Hz), 9.76 (1H, s); cis: 0.11 (3H, s), 0.12 (3H, s), 0.92
(9H, s), 1.68 (1H, dd, J 4.6 and 7.6 Hz), 2.27 (1H, dd, J 4.6
and 6.7 Hz), 3.35 (1H, dd, J 7.6 and 6.7 Hz), 3.79 (1H, d, J
10.8 Hz), 4.30 (1H, d, J 10.8 Hz), 7.39–7.49 (2H, m), 7.50–
7.62 (2H, m), 8.03 (1H, d, J 7.6 Hz), 9.12 (1H, s); dC

(100 MHz, CDCl3) trans: �6.0 (CH3), �5.8 (CH3), 18.1
(C), 18.6 (CH2), 25.6 (CH3), 30.2 (CH), 43.7 (C), 59.2
(CH2), 128.5 (CH), 128.6 (CH), 133.2 (CH), 137.7 (C),
194.9 (C), 200.7 (C); cis: �5.4 (CH3), �5.3 (CH3), 16.6
(CH2), 18.4 (C), 25.9 (CH3), 30.1 (CH), 42.8 (C), 60.3
(CH2), 128.6 (CH), 128.8 (CH), 133.6 (CH), 137.3 (C),
195.9 (C), 199.4 (C); m/z (CI) 319 (MH+); HRMS (CI)
[MH+], found: 319.1730. C18H27O3Si requires 319.1729
(0.1 ppm error).

6.2.4. Diethyl 2,20-carbonyldicyclopropanecarboxylate
6j. Using the above procedure for 6b (but with sulfurane
5a and for 4 h), the title compound 6j was prepared in
60% yield as a wax: Rf 0.32 (petrol–EtOAc, 4:1); nmax

(film) 2983, 1731, 1692, 1369, 1334, 1186 cm�1; dH

(270 MHz, CDCl3) 1.26 (6H, t, J 7.0 Hz), 1.40–1.46 (4H,
m), 2.16–2.23 (2H, m), 2.58–2.65 (2H, m), 4.14 (4H, q,
J 7.0 Hz); dC (67.5 MHz, CDCl3) 14.3 (CH3), 17.8 (CH),
24.9 (CH), 29.9 (CH2), 61.3 (CH2), 171.9 (C), 204.7 (C);
m/z (CI) 255 (MH+) 272 (MNH4

+); HRMS (CI) [MNH4
+],

found: 272.1500. C13H22NO5 requires 272.1498 (0.7 ppm
error).

6.2.5. {2-[(2-Benzoylcyclopropyl)carbonyl]cyclopro-
pyl}(phenyl)methan-one 6k. Using the above procedure
for 6b (also for 2 h), the title compound 6k was prepared
in 69% yield as a white solid, mp 148–150 �C; Rf 0.35
(petrol–EtOAc, 4:1); nmax (film) 1660, 1349, 1225 cm�1;
dH (400 MHz, CDCl3) 1.58–1.78 (4H, m), 2.84–2.97 (2H,
m), 3.23–3.38 (2H, m), 7.38–7.51 (4H, m), 7.52–7.64 (2H,
m), 7.91–8.06 (4H, m); dC (100 MHz, CDCl3) 20.2/20.3
(CH2), 28.4/28.5 (CH), 32.3/32.4 (CH), 128.3/128.4 (CH),
128.7/128.8 (CH), 133.4/133.5 (CH), 136.9 (C), 196.9 (C),
205.8 (C); m/z (CI) 319 (MH+) 336 (MNH4

+); HRMS (CI)
[MH+], found: 319.1330. C21H19O3 requires 319.1334
(1.3 ppm error).

6.2.6. (1R,3R,6S,8S)-1-Benzoyl-7,7-dimethyl-6,8-methyl-
ene-spiro[2.5]octan-4-one and (1S,3S,6S,8S)-isomer 6l.
Using the above procedure for 6b (but for 16 h), the title com-
pound 6l was prepared in 76% yield as an inseparable mixture
(trans/cis w5:1) as a colourless oil, Rf 0.54 (petrol–EtOAc,
4:1); nmax (film) 2924, 1703, 1664, 1597, 1449, 1385, 1326,
1289, 1220, 1033 cm�1; dC (400 MHz, CDCl3) major: 0.94
(3H, s), 1.01 (1H, d, J 10.7 Hz), 1.28 (3H, s), 1.65 (1H, dd,
J 6.4 and 3.4 Hz), 1.72 (1H, dd, J 7.9 and 3.4 Hz), 1.93
(1H, t, J 6.7 Hz), 2.10–2.19 (1H, m), 2.30–2.39 (1H, m),
2.56 (1H, dd, J 19.2 and 2.5 Hz), 2.71 (1H, dt, J 19.2 and
2.5 Hz), 3.27 (1H, t, J 7.3 Hz), 7.39–7.45 (2H, m), 7.49–
7.55 (2H, m), 7.91 (1H, d, J 7.6 Hz); minor: dH 0.56 (3H,
s), 1.13 (3H, s), 1.37 (1H, d, J 10.5 Hz), 1.52–1.59 (2H, m),
1.93 (1H, obscured), 2.10–2.19 (2H, m), 2.54 (1H, dd,
J 19.3 and 2.8 Hz), 2.65 (1H, dt, J 19.3 and 2.8 Hz), 3.56
(1H, t, J 7.3 Hz), 7.39–7.45 (2H, m), 7.49–7.55 (2H, m),
7.93 (1H, d, J 7.3 Hz); dC (100 MHz, CDCl3) major: 21.1
(CH3), 22.5 (CH2), 26.2 (CH3), 32.2 (CH), 32.6 (CH2),
38.6 (CH), 40.3 (CH), 40.4 (C), 43.5 (CH2), 45.3 (CH),
128.2 (CH), 128.6 (CH), 133.2 (CH), 137.9 (C), 195.8 (C),
210.5 (C); minor: 21.4 (CH3), 22.1 (CH2), 25.9 (CH3), 32.6
(CH2), 33.4 (CH), 38.7 (CH), 39.5 (C), 40.0 (CH), 43.4
(CH2), 45.6 (C), 128.4 (CH), 128.6 (CH), 133.1 (CH),
137.8 (C), 195.8 (C), 210.4 (C); m/z (CI) 269 (MH+);
HRMS (CI) [MH+], found: 269.1537. C18H21O2 requires
269.1542 (1.7 ppm error).

6.2.7. Ethyl 2-benzoyl-3-(4-chlorophenyl)cyclopropane-
carboxylate 7c. Using the above procedure for 6b (but
with sulfurane 5a and for 10 h), the title compound 7c was
prepared in 80% yield as a mixture of isomers, partially
separable by chromatography (petrol–EtOAc, 10:1). The first
eluting and major product 7c was obtained as a colourless
oil, Rf 0.52 (petrol–EtOAc, 10:1); nmax (film) 2980, 1730,
1680, 1494, 1450, 1372, 1191, 1014 cm�1; dH (270 MHz,
CDCl3) 1.11 (3H, t, J 7.2 Hz), 2.82 (1H, dd, J 4.8 and
10.0 Hz), 3.21 (1H, dd, J 6.3 and 10.0 Hz), 3.80 (1H, dd,
J 4.8 and 6.3 Hz), 4.01 (2H, q, J 7.2 Hz), 7.27 (4H, br s),
7.48–7.56 (2H, m), 7.61–7.67 (1H, m), 8.10 (2H, d,
J 7.2 Hz); dC (67.5 MHz, CDCl3) 14.3 (CH3), 29.8 (CH),
32.3 (CH), 34.3 (CH), 61.3 (CH2), 128.6 (CH), 128.7
(CH), 130.4 (CH), 132.2 (CH), 133.3 (CH), 133.4 (C),
133.8 (C), 137.0 (C), 168.8 (C), 196.5 (C); m/z (CI) 328
(MH+); HRMS (CI) [MH+], found 329.0947. C19H18O3

35Cl
requires 329.0944 (0.8 ppm error).

6.2.8. Ethyl 2-benzoyl-3-(4-nitrophenyl)cyclopropane-
carboxylate 7e. Using the above procedure for 6b (but for
17 h), the title compound 7e was prepared in 90% yield as
a mixture of isomers, partially separable by chromatography
(petrol–EtOAc, 5:1). The first eluting and major product 7e
was obtained as a pale yellow oil, Rf 0.54 (petrol–EtOAc,
5:1); nmax (film) 3390, 2923, 2852, 1597, 1515, 1344,
1010 cm�1; dH (270 MHz, CDCl3) 1.12 (3H, t, J 7.1 Hz),
2.88 (1H, dd, J 4.8 and 10.0 Hz), 3.32 (1H, dd, J 6.3 and
9.7 Hz), 3.88 (1H, dd, J 4.8 and 6.3 Hz), 4.02 (2H, q, J
7.1 Hz), 7.45–7.58 (4H, m), 7.60–7.69 (1H, m), 8.07–8.12
(2H, m), 8.13–8.20 (2H, m); dC (67.5 MHz, CDCl3) 14.2
(CH3), 29.9 (CH), 32.4 (CH), 33.9 (CH), 61.5 (CH2), 123.5
(CH), 128.5 (CH), 129.0 (CH), 130.0 (CH), 134.0 (CH),
136.7 (C), 142.5 (C), 147.3 (C), 168.5 (C), 195.9 (C); m/z
(CI) 240 (MH+) 257 (MNH4

+); HRMS (CI) [MNH4
+], found:

357.1448. C19H21N2O5 requires 357.1450 (0.2 ppm error).

6.3. Tandem oxidation–cyclopropanation–Wittig
reactions

6.3.1. Ethyl 2-(2-cyanoethenyl)-2-methyl-cyclopropane-
carboxylate 10c: representative procedure. To a solution
of 2-methyl-2-propen-1-ol 1a (36 mL, 0.50 mmol) in
CH2Cl2 (5.0 mL) was added powdered 4 Å molecular
sieves (0.50 g), (carbethoxymethylene)dimethylsulfurane
5a (0.148 g, 1.00 mmol), (cyanomethylene)triphenylphos-
phorane 3b (0.181 g, 0.60 mmol) and manganese dioxide
(0.435 g, 5.0 mmol). The mixture was heated at reflux for
23 h, and then cooled to rt. The crude mixture was filtered
through Celite� and the residue washed with CH2Cl2. After
removal of the solvent, the resulting yellow oil was purified
by flash column chromatography (petrol–EtOAc, 19:1 to 4:1)
to give the title compound 10c (0.079 g, 88%) as an insepara-
ble mixture of cis/trans cyclopropane isomers and E/Z alkene
isomers (trans/E:cis/E:trans/Z:cis/Zw8.5:4.4:3.6:1) as a col-
ourless oil, Rf 0.35 (petrol–EtOAc, 4:1); nmax (film) 2983,
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2222, 1726, 1626, 1448, 1406, 1383, 1223, 1184, 1097, 1073,
1024, 980 cm�1; dH (400 MHz, CDCl3) 1.20–1.28 (m,
CO2CH2CH3, all isomers), 1.30 (s, Me, trans-cyclopro-
panes), 1.33–1.39 (m), 1.42–1.50 (m), 1.51 (s, Me, cis-cyclo-
propanes), 1.56 (dd (app t), J 5.5 Hz, trans/E), 1.66–1.76 (m),
1.86–1.98 (m), 4.04–4.22 (m, CO2CH2CH3, all isomers),
5.27 (d, J 11.9 Hz, trans/Z), 5.31 (d, J 16.2 Hz, trans/E),
5.33 (d, J 16.5 Hz, cis/E), 5.35 (d, J 11.6 Hz, cis/Z), 5.98
(d, J 11.9 Hz, trans/Z), 6.14 (d, J 16.2 Hz, trans/E) 6.44 (d,
J 11.6 Hz, cis/Z), 6.85 (d, J 16.5 Hz, cis/E); dC (100 MHz,
CDCl3) [though it was not possible to assign signals to a given
isomer, all are cited] 13.3 (CH3), 14.1 (CH3), 14.2 (CH3),
14.2 (CH3), 14.3 (CH3), 14.3 (CH3), 14.3 (CH3), 15.4
(CH3), 21.6 (CH2), 21.9 (CH2), 23.6 (CH2), 23.8 (CH2),
27.8 (C), 27.9 (C), 28.1 (CH), 28.4 (CH), 28.6 (CH), 30.0
(C), 30.5 (CH), 31.7 (C), 61.0 (CH2), 61.1 (CH2), 61.4
(CH2), 61.5 (CH2), 97.3 (CH), 97.4 (CH), 98.1 (CH), 99.2
(CH), 116.1 (C), 117.5 (C), 117.5 (C), 117.8 (C), 153.9
(CH), 156.3 (CH), 157.3 (CH), 160.4 (CH), 170.1 (C),
170.4 (C), 170.7 (C), 170.8 (C); m/z (CI) 197 (MNH4

+);
HRMS (CI) [MNH4

+], found: 197.1291. C10H17N2O2 re-
quires 197.1290 (0.6 ppm error).

6.3.2. 2-((E)-2-Methoxycarbonyl-vinyl)-2-methyl-cyclo-
propanecarboxylic acid ethyl ester 10a. Using the above
procedure for 10c (but with phosphorane 3a for 18 h), the title
compound 10a was prepared in 81% yield as a colourless oil
as a mixture (trans/cis w3.5:1), which was separated by
column chromatography (petrol–EtOAc, 19:1 to 4:1): major
isomer: Rf 0.41 (petrol–EtOAc, 4:1); nmax (film) 2934, 1723,
1646, 1437, 1405, 1384, 1317, 1272, 1228, 1172, 1019 cm�1;
dH (400 MHz, CDCl3) 1.22–1.26 (4H, m), 1.33 (3H, s), 1.46
(1H, dd, J 5.2 and 6.4 Hz), 1.90 (1H, dd, J 6.4 and 8.5 Hz),
3.70 (3H, s), 4.12 (2H, q, J 7.0 Hz), 5.83 (1H, d, J
15.6 Hz), 6.43 (1H, d, J 15.6 Hz); dC (100 MHz, CDCl3)
14.1 (CH3), 14.4 (CH3), 21.8 (CH2), 27.2 (C), 28.7 (CH),
51.6 (CH3), 60.9 (CH2), 118.4 (CH), 154.7 (CH), 167.1
(C), 170.7 (C); m/z (CI) 213 (MH+) 230 (MNH4

+); HRMS
(CI) [MH+], found: 213.1125. C11H17O4 requires 213.1127
(0.9 ppm error). Minor isomer: Rf 0.35 (petrol–EtOAc,
3:1); nmax (film) 2951, 1727, 1644, 1437, 1407, 1382, 1304,
1273, 1228, 1170, 1019 cm�1; dH (400 MHz, CDCl3) 1.23–
1.26 (4H, m), 1.30 (3H, s), 1.60 (1H, dd, J 4.9 and
76.59 Hz), 1.92 (1H, dd, J 6.5 and 7.9 Hz), 3.71 (3H, s),
4.12 (2H, m), 5.88 (1H, d, J 15.9 Hz), 7.08 (1H, d,
J 15.9 Hz); dC (100 MHz, CDCl3) 14.3 (CH3), 21.8 (CH3),
23.5 (CH2), 27.6 (C), 30.5 (CH), 51.6 (CH3), 61.0 (CH2),
120.0 (CH), 150.3 (CH), 167.0 (C), 171.0 (C); m/z (CI) 213
(MH+) 230 (MNH4

+); HRMS (CI) [MH+], found: 213.1125.
C11H17O4 requires 213.1127 (0.9 ppm error).

6.3.3. (E)-3-(2-Benzoyl-1-methyl-cyclopropyl)-acrylic
acid methyl ester 10b. Using the above procedure for 10c
(but with sulfurane 5b and phosphorane 3a for 14 h), the title
compound 10b was prepared in 66% yield as a pale yellow oil
as a mixture (trans/cisw3:1), which was separated by column
chromatography (petrol–EtOAc, 19:1 to 9:1): major isomer:
Rf 0.34 (petrol–EtOAc, 9:1); nmax (film) 2950, 1721, 1673,
1643, 1450, 1386, 1317, 1273, 1225, 1173, 987 cm�1; dH

(400 MHz, CDCl3) 1.18 (3H, s), 1.33 (1H, dd, J 4.8 and
8.0 Hz), 1.87 (1H, dd, J 4.8 and 6.5 Hz), 2.85 (1H, dd, J 6.5
and 8.0 Hz), 3.75 (3H, s), 5.92 (1H, d, J 15.6 Hz), 6.68
(1H, d, J 15.6 Hz), 7.41–7.57 (3H, m), 7.85–7.88 (2H, m);
dC (100 MHz, CDCl3) 13.6 (CH3), 21.3 (CH2), 30.1 (CH),
33.5 (CH), 51.6 (CH3), 118.6 (CH), 128.0 (CH), 128.6
(CH), 133.0 (CH), 138.1 (C), 154.6 (CH), 167.0 (C), 195.9
(C); m/z (CI) 245 (MH+) 262 (MNH4

+); HRMS (CI) [MH+],
found: 245.1178. C15H17O3 requires 245.1174 (1.4 ppm er-
ror). Minor isomer: Rf 0.22 (petrol–EtOAc, 9:1); nmax (film)
2950, 1721, 1669, 1643, 1449, 1395, 1326, 1273, 1222,
1172, 992 cm�1; dH (400 MHz, CDCl3) 1.25 (3H, s), 1.38
(1H, dd, J 4.5 and 7.4 Hz), 2.02 (1H, dd, J 4.5 and 6.3 Hz),
2.92 (1H, dd, J 6.3 and 7.4 Hz), 3.66 (3H, s), 5.86 (1H, d,
J 15.6 Hz), 6.85 (1H, d, J 15.6 Hz), 7.92–8.12 (3H, m),
8.13–8.15 (2H, m); dC (125 MHz, CDCl3) 21.9 (CH3), 23.3
(CH2), 30.7 (C), 35.4 (CH), 51.4 (CH3), 120.0 (CH), 128.1
(CH), 128.5 (CH), 132.9 (CH), 138.0 (C), 149.1 (CH),
166.6 (C), 196.0 (C); m/z (CI) 245 (MH+), 262 (MNH4

+);
HRMS (CI) [MH+], found: 245.1178. C15H17O3 requires
245.1174 (1.4 ppm error).

6.3.4. 2-((E)-2-Methoxycarbonyl-vinyl)-cyclopropane-
carboxylic acid ethyl ester 10d. Using the above procedure
for 10c (but with phosphorane 3a for 5 h), the title compound
10d was prepared in 61% yield as a colourless oil as a mixture
(trans/cisw6.5:1), which was not separated: nmax (film) 2978,
2950, 1721, 1655, 1438, 1410, 1261, 1197, 1180, 1148,
1032 cm�1; major isomer: Rf 0.36 (petrol–EtOAc, 3:1); dH

(400 MHz, CDCl3) 1.11 (1H, ddd, J 4.3, 5.8 and 10.4 Hz),
1.24 (3H, t, J 7.0 Hz), 1.51 (1H, app td, J 5.5 and 10.4 Hz),
1.82 (1H, ddd, J 4.3, 5.5 and 8.9 Hz), 2.12 (1 H, m), 3.69
(3 H, s), 4.12 (2 H, q, J 7.0 Hz), 5.94 (1H, d, J 15.6 Hz),
6.39 (1H, dd, J 10.1 and 15.6 Hz); dC (100 MHz, CDCl3)
14.3 (CH3), 16.5 (CH2), 23.0 (CH), 24.4 (CH), 51.6 (CH3),
61.0 (CH2), 120.7 (CH), 149.0 (CH), 166.7 (C), 172.5 (C).
Minor isomer: Rf 0.33 (petrol–EtOAc, 3:1); dH (400 MHz,
CDCl3) 1.31–1.44 (1H, m), 1.95–2.06 (1H, m), 3.68 (3H,
s), 5.98 (1H, d, J 15.0 Hz), 6.91 (1H, dd, J 9.8 and 15.0 Hz)
(the remaining signals were obscured by the major isomer);
dC (100 MHz, CDCl3) 14.3 (CH3), 15.4 (CH2), 22.3 (CH),
23.4 (CH), 51.5 (CH3), 61.0 (CH2), 120.0 (CH), 146.6
(CH), 166.5 (C), 171.2 (C); m/z (CI) 199 (MH+), 216
(MNH4

+); HRMS (CI) [MNH4
+], found: 216.1236.

C10H18NO4 requires 216.1235 (0.2 ppm error).

6.3.5. (E)-3-(2-Benzoyl-cyclopropyl)-acrylic acid methyl
ester 10e. Using the above procedure for 10c (but with sulfu-
rane 5a and phosphorane 3a for 14 h), the title compound 10e
was prepared in 74% yield as an off-white solid as a mixture
(trans/cisw3.5:1), which was separated by column chromato-
graphy (petrol–EtOAc, 19:1 to 9:1): major isomer: mp 85–
87 �C; Rf 0.15 (petrol–EtOAc, 9:1); nmax (film) 2960, 1710,
1661, 1580, 1450, 1434, 1399, 1261, 1211, 1152, 1023,
919 cm�1; dH (400 MHz, CDCl3) 1.31 (1H, ddd, J 4.3, 5.8
and 10.0 Hz), 1.82 (1H, ddd, J 4.3, 6.0 and 9.0 Hz), 2.30
(1H, ddd, J 3.7, 6.0 and 10.0 Hz), 2.88 (1H, ddd, J 3.7, 5.8
and 9.0 Hz), 3.71 (3H, s), 5.98 (1H, d, J 15.6 Hz), 6.56
(1H, dd, J 10.0 and 15.6 Hz), 7.43–7.59 (3H, m), 7.95–7.97
(2H, m); dC (100 MHz, CDCl3) 18.7 (CH2), 26.9 (CH),
27.6 (CH), 51.5 (CH3), 120.5 (CH), 128.0 (CH), 128.6
(CH), 133.1 (CH), 137.2 (CH), 149.2 (CH), 166.6 (C),
197.4 (C); m/z (CI) 231 (MH+) 248 (MNH4

+); HRMS (CI)
[MH+], found: 231.1018. C14H15O3 requires 231.1021
(1.2 ppm error). Minor isomer: mp 86–87 �C; Rf 0.10 (pet-
rol–EtOAc, 9:1); nmax (film) 2955, 1708, 1661, 1646, 1450,
1432, 1258, 1195, 1150, 1016, 985 cm�1; dH (400 MHz,
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CDCl3) 1.49 (1H, app dt, J 4.5 and 8.2 Hz), 1.83 (1H, app dt, J
4.5 and 7.0 Hz), 2.30 (1H, dddd, J 7.0, 8.2, 10.4 and 11.0 Hz),
3.13 (1H, ddd, J 4.5, 7.0 and 11.0 Hz), 3.66 (3H, s), 5.98 (1H,
d, J 15.6 Hz), 6.79 (1H, dd, J 10.4 and 15.6 Hz), 7.42–7.59
(3H, m), 7.95–7.99 (2H, m); dC (100 MHz, CDCl3) 15.6
(CH2), 26.5 (CH), 26.6 (CH), 51.4 (CH3), 121.9 (CH),
128.1 (CH), 128.6 (CH), 133.0 (CH), 138.0 (CH), 146.0
(CH), 166.1 (C), 196.0 (C); m/z (CI) 231 (MH+) 248
(MNH4

+); HRMS (CI) [MH+], found: 231.1016. C14H15O3 re-
quires 231.1021 (1.6 ppm error).

6.3.6. 2-((E)-2-Methoxycarbonyl-propenyl)-cyclopropane-
carboxylic acid ethyl 10f. Using the above procedure
for 10c (but with phosphorane 3c for 18 h), the title com-
pound 10f was prepared in 56% yield as a colourless oil as
an inseparable mixture (trans/cis w7:1), Rf 0.34 (petrol–
Et2O, 3:1); nmax (film) 2950, 1719, 1710, 1648, 1437, 1412,
1349, 1311, 1263, 1252, 1200, 1180, 1104, 1037 cm�1; dH

(400 MHz, CDCl3) 1.05 (1H, ddd, J 4.3, 5.8 and 9.0 Hz),
1.22 (3H, d, J 7.0 Hz), 1.49 (1H, ddd, J 4.3, 5.5 and
9.4 Hz), 1.77 (1H, ddd, J 3.7, 5.5 and 9.0 Hz), 1.90 (3H, d,
J 1.5 Hz), 2.15 (1H, dddd, J 3.7, 5.8, 9.4 and 11.0 Hz), 3.67
(3H, s), 4.10 (2H, J 7.0 Hz), 6.06 (1H, dd, J 1.5 and
11.0 Hz); dC (100 MHz, CDCl3) 12.6 (CH3), 14.1 (CH3),
16.3 (CH2), 21.9 (CH), 22.6 (CH), 51.6 (CH3), 60.8 (CH2),
127.8 (C), 142.0 (CH), 168.0 (C), 172.7 (C); m/z (CI) 213
(MH+) 230 (MNH4

+); HRMS (CI) [MH+], found: 230.1392.
C11H20NO4 requires 230.1391 (0.2 ppm error).

6.3.7. Ethyl 2-(tert-butyldimethylsilanyloxymethyl)-2-(2-
methoxycarbonylethenyl)-cyclopropanecarboxylate
10g. Using the above procedure for 10c (but with phosphor-
ane 3a for 18 h), the title compound 10g was prepared in
64% yield as a colourless oil as an inseparable mixture of
cis/trans cyclopropane isomers (trans/E:cis/E w1.8:1), Rf

0.40 (petrol–EtOAc, 4:1); nmax (film) 2954, 2931, 2858,
1727, 1650, 1259, 1213, 1178, 1094, 838, 778 cm�1; dH

(400 MHz, CDCl3) trans: 0.00 (3H, s, SiMe), 0.04 (3H, s,
SiMe), 0.83 (9H, s, SiCMe3), 1.21–1.26 (3H, m,
CO2CH2CH3), 1.26–1.30 (1H, m), 1.48–1.53 (1H, m), 1.94
(1H, dd, J 8.0 and 6.4 Hz), 3.71 (3H, s, OMe), 3.75 (1H, d,
J 11.0 Hz), 4.02 (1H, d, J 11.0 Hz), 4.04–4.20 (2H, m,
CO2CH2CH3), 5.97 (1H, d, J 15.6 Hz), 6.63 (1H, d,
J 15.6 Hz); cis: 0.04 (3H, s, SiMe), 0.05 (3H, s, SiMe),
0.85 (9H, s, SiCMe3), 1.26–1.30 (3H, m, CO2CH2CH3),
1.42 (1H, dd, J 4.0 and 8.2 Hz), 1.41–1.50 (1 H, m), 2.14
(1 H, dd, J 8.2 and 5.2 Hz), 3.70 (3H, s, OMe), 3.72 (1H,
d, J 10.4 Hz), 3.82 (1H, d, J 10.4 Hz), 4.04–4.20 (2H, m,
CO2CH2CH3), 5.89 (1H, d, J 16.5 Hz), 6.63 (1 H, d,
J 16.5 Hz); dC (100 MHz, CDCl3) trans: �5.4 (CH3), 14.3
(CH3), 18.2 (C), 18.3 (CH), 25.9 (CH3), 26.0 (CH), 33.6
(C), 51.6 (CH3), 61.0 (CH2), 61.6 (CH2), 119.3 (CH),
151.2 (CH), 167.2 (C), 170.6 (C); cis: �5.4 (CH3), �5.3
(CH3), 14.3 (CH3), 18.3 (C), 19.9 (CH2), 25.8 (CH), 25.9
(CH3), 32.3 (C), 51.6 (CH3), 61.0 (CH2), 63.4 (CH2),
120.5 (CH), 147.2 (CH), 166.9 (C), 171.2 (C); m/z (CI)
343 (MH+); HRMS (CI) [MH+], found: 343.1940.
C17H31O5Si requires 343.1941 (0.1 ppm error).

6.3.8. 3-Benzoyl-cyclopropane-1,2-dicarboxylic acid 1-
ethyl ester 2-methyl ester 15a. Using the above procedure
for 10c (but with phosphorane 3a for 4 h), the title compound
15a was prepared in 83% yield as a colourless oil as an
inseparable mixture of cyclopropane isomers (3.2:1), Rf

0.21 (petrol–EtOAc, 6:1); nmax (film) 2980, 2954, 1735,
1679, 1597, 1449, 1372, 1353, 1302, 1211, 1175, 1059,
1020 cm�1; major isomer: dH (400 MHz, CDCl3) 1.28 (3H,
t, J 7.3 Hz), 1.30–1.32 (1H, m), 2.72 (1H, d, J 5.8 Hz), 3.75
(3H, s), 3.77–3.78 (1H, m), 4.19–4.24 (2H, m), 7.48–7.53
(3H, m), 8.09–8.12 (2H, m); minor isomer: dH (400 MHz,
CDCl3) 2.78 (1H, dd, J 5.2 and 9.8 Hz), 3.00 (1H, app t, J
5.5 Hz), 3.28 (1H, dd, J 5.5 and 9.8 Hz), 3.58 (3H, s),
7.51–7.60 (3H, m), 7.92–7.97 (2H, m) (the remaining signals
were obscured by the major isomer); dC (100 MHz, CDCl3)
14.1 (CH3), 29.1 (CH), 29.9 (CH), 30.0 (CH), 52.5 (CH3),
61.6 (CH2), 128.4 (CH), 128.7 (CH), 133.8 (CH), 136.3
(C), 168.0 (C), 168.4 (C), 194.9 (C); m/z (CI) 277 (MH+);
HRMS (CI) [MH+], found: 277.1077. C15H17O5 requires
277.1076 (�0.5 ppm error).

6.3.9. 2-Benzoyl-3-cyano-cyclopropanecarboxylic acid
ethyl ester 15b. Using the above procedure for 10c (but
for 3 h), the title compound 15b was prepared in 80% yield
as a yellow oil as a mixture of cyclopropane isomers (3.8:1),
m/z (CI) 261 (MNH4

+); HRMS (CI) [MH+], found: 261.1240.
C14H17N2O3 requires 261.1239 (�0.1 ppm error). These
isomers could be partially separated by chromatography
(petrol–EtOAc, 4:1) giving major isomer: Rf 0.21 (petrol–
EtOAc, 4:1); nmax (film) 3062, 2984, 2247, 1734, 1678,
1597, 1450, 1372, 1346, 1295, 1201, 1186, 1014 cm�1; dH

(400 MHz, CDCl3) 1.33 (3H, t, J 7.0 Hz), 2.56 (1H, dd, J
5.5 and 8.9 Hz), 2.66 (1H, dd, J 5.5 and 8.9 Hz), 3.74 (1H,
app t, J 5.5 Hz), 4.30 (2H, q, J 7.0 Hz), 7.51–7.55 (2H, m),
7.65–7.68 (1H, m), 8.01–8.03 (2H, m); dC (100 MHz,
CDCl3) 14.1 (CH3), 28.4 (CH), 28.5 (CH), 29.3 (CH), 62.4
(CH2), 115.8 (C), 128.6 (CH), 129.0 (CH), 134.5 (CH),
135.5 (C), 167.0 (C), 192.6 (C); minor isomer: Rf 0.18
(petrol–EtOAc, 4:1); nmax (film) 3050, 2983, 2246, 1729,
1672, 1596, 1449, 1368, 1350, 1296, 1199, 1180,
1011 cm�1; dH (400 MHz, CDCl3) 1.32 (3H, t, J 7.3 Hz),
2.55 (1H, dd, J 5.5 and 8.8 Hz), 3.03 (1H, app t, J 5.5 Hz),
3.52 (1H, dd, J 5.5 and 8.8 Hz), 4.22–4.29 (2H, m), 7.52–
7.66 (3H, m), 8.04–8.05 (2H, m); dC (100 MHz, CDCl3)
14.0 (CH3), 27.4 (CH), 29.2 (CH), 29.3 (CH), 62.4 (CH2),
115.3 (C), 128.6 (CH), 129.1 (CH), 134.3 (CH), 135.9 (C),
168.7 (C), 190.9 (C).

6.3.10. 2-Benzoyl-3-(methoxy-methyl-carbamoyl)-cyclo-
propanecarboxylic acid ethyl ester 15c. Using the above
procedure for 10c (but with phosphorane 3d for 4 h), the title
compound 15c was prepared in 50% yield as a yellow oil as
an inseparable mixture of cyclopropane isomers (2.2:1), Rf

0.26 (petrol–EtOAc, 3:2); nmax (film) 2980, 2940, 1732,
1686, 1655, 1597, 1449, 1411, 1381, 1335, 1277, 1220,
1183, 1010 cm�1; dH (400 MHz, CDCl3) major isomer:
1.07 (3H, t, J 7.0 Hz), 2.79 (1H, dd, J 5.5 and 10.0 Hz),
3.03 (1H, app t, J 5.5 Hz), 3.25 (3H, s), 3.29 (1H, dd, J 5.5
and 10.0 Hz), 3.83 (3H, s), 4.02 (2H, q, J 7.0 Hz), 7.45–
7.50 (3H, m), 7.95–8.00 (2H, m); minor isomer: 1.30 (3H,
t, J 7.0 Hz), 3.21 (3H, s), 3.71 (3H, s), 4.22 (2H, q, J
7.0 Hz), 7.56–7.58 (3H, m), 8.06–8.11 (2H, m) (the remain-
ing signals were obscured by the major isomer); dC

(100 MHz, CDCl3) major isomer 13.9 (CH3), 23.2 (CH),
29.9 (CH), 32.6 (CH), 32.7 (CH3), 61.2 (CH2), 62.1 (CH3),
128.4 (CH), 128.7 (CH), 133.5 (CH), 136.4 (C), 168.2 (C),
169.7 (C), 192.8 (C); minor isomer 14.1 (CH3), 25.4 (CH),
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30.3 (CH), 30.4 (CH), 32.6 (CH3), 61.5 (CH2), 62.1 (CH3),
128.4 (CH), 128.7 (CH), 133.3 (CH), 136.6 (C), 170.4 (C),
171.4 (C), 192.6 (C); m/z (CI) 306 (MH+); HRMS (CI)
[MH+], found: 306.1342. C16H20NO5 requires 306.1341
(�0.1 ppm error).

6.3.11. Ethyl 2,3-dibenzoylcyclopropanecarboxylate 15d.
Using the above procedure for 10c (but with sulfurane 5b
and phosphorane 3e for 1.5 h), the title compound 15d was
prepared in 81% yield as a colourless oil as a mixture of
cyclopropane isomers (1.2:1), which were not separated,
Rf 0.30/0.25 (petrol–EtOAc, 4:1); nmax (film) 3062, 2984,
1731, 1673, 1449, 1326, 1216, 1020, 738 cm�1; dH major
(2,3-trans): 1.07 (3H, t, J 7.3 Hz), 2.98 (1H, dd, J 9.8 and
5.2 Hz), 3.43 (1 H, dd, J 9.8 and 5.8 Hz), 3.98–4.15 (3H,
m), 7.35–7.60 (6H, m), 8.04 (2H, d, J 7.3 Hz), 8.12 (2H, d,
J 7.3 Hz); minor (2,3-cis): 1.30 (3H, t, J 7.0 Hz), 3.22 (1H,
t, J 5.5 Hz), 3.56 (1H, d, J 5.5 Hz), 4.23 (2H, q, J 7.0 Hz),
7.35–7.60 (6H, m), 8.04 (4H, d, J 7.3 Hz); dC (100 MHz,
CDCl3) major (2,3-trans): 13.9 (CH3), 29.1 (CH), 31.6
(CH), 34.8 (CH), 61.4 (CH2), 128.5 (CH), 128.6 (CH),
128.7 (CH), 128.8 (CH), 133.7 (CH), 133.8 (CH), 136.3
(C), 136.5 (C), 168.0 (C), 192.5 (C), 195.4 (C); minor
(2,3-cis): 14.2 (CH3), 26.6 (CH), 34.6 (CH), 61.7 (CH2),
128.4 (CH), 128.6 (CH), 133.5 (CH), 136.5 (C), 171.1 (C),
192.4 (C); (no all-syn-isomer was detected); m/z (CI) 323
(MH+); HRMS (CI) [MH+], found: 323.1280. C20H19O4

requires 323.1283 (1.2 ppm error).

6.3.12. 2-Benzoyl-3-(furan-2-carbonyl)-cyclopropane-
carboxylic acid ethyl ester 15e. Using the above procedure
for 10c (but with sulfurane 5b and phosphorane 3a for 15 h),
the title compound 15e was prepared in 70% yield as an
orange oil as an inseparable mixture of cyclopropane isomers
(1.2:1), Rf 0.14 (petrol–EtOAc, 3:1); nmax (film) 2950, 1735,
1667, 1468, 1323, 1207, 1015, 731 cm�1; major isomer: dH

(400 MHz, CDCl3) 2.92 (1H, dd, J 5.5 and 9.5 Hz), 3.44
(1H, dd, J 5.8 and 9.5 Hz), 3.69 (3H, s), 3.98 (1H, dd,
J 5.5 and 5.8 Hz), 6.56–6.57 (1H, m), 7.30 (1H, d, J 3.6 Hz),
7.45–7.52 (3H, m), 7.63 (1H, br s), 8.10 (2H, d, J 8.0 Hz);
minor isomer: dH (400 MHz, CDCl3) 2.96 (1H, dd, J 5.5
and 9.5 Hz), 3.46 (1H, dd, J 5.5 and 9.5 Hz), 3.61 (3H, s),
3.86 (1H, t, J 5.5 Hz), 6.60–6.61 (1H, m), 7.43 (1H, d,
J 3.4 Hz), 7.57–7.61 (3H, m), 7.69 (1H, br s), 8.02 (2H, d,
J 7.9 Hz); dC (100 MHz, CDCl3) (there was difficulty in
assigning signals to a given isomer, but the following were
observed) 28.5 (CH), 28.7 (CH), 30.6 (CH), 31.1 (CH),
32.8 (CH), 33.5 (CH), 51.9 (CH3), 52.0 (CH3), 112.3
(CH), 112.5 (CH), 128.3 (CH), 128.5 (CH), 128.6 (CH),
128.7 (CH), 133.6 (CH), 133.8 (CH), 136.1 (C), 136.2 (C),
147.2 (CH), 147.2 (CH), 147.7 (CH), 147.7 (CH), 152.1
(C), 152.3 (C), 168.2 (C), 168.4 (C), 181.6 (C), 183.7 (C),
192.6 (C), 195.5 (C); m/z (CI) 299 (MH+); HRMS (CI)
[MH+], found: 299.0917. C17H15O5 requires 299.0919
(0.7 ppm error).

6.3.13. 2-Acetyl-3-benzoyl-cyclopropanecarboxylic acid
ethyl ester 15f. Using the above procedure for 10c (but
with sulfurane 5b and phosphorane 3e for 2.5 h), the title
compound 15f was prepared in 60% yield as an orange oil
as a mixture of cyclopropane isomers (2.7:1), nmax (film)
2955, 1735, 1709, 1685, 1597, 1450, 1372, 1359, 1301,
1191, 1003 cm�1; m/z (CI) 261 (MH+); HRMS (CI)
[MH+], found: 261.1127. C15H17O4 requires 261.1125
(0.7 ppm error). This mixture could be partially separated
by chromatography (petrol–EtOAc, 4:1) giving major iso-
mer: Rf 0.16 (petrol–EtOAc, 4:1); dH (400 MHz, CDCl3)
1.03 (3H, t, J 7.0 Hz), 1.22–1.29 (1H, m), 2.40 (3H, s),
2.72–2.76 (1H, m), 3.21–3.28 (1H, m), 3.97 (2H, q,
J 7.0 Hz), 7.39–7.55 (3H, m), 7.89–7.96 (2H, m); dC

(100 MHz, CDCl3) 13.8 (CH3), 31.2 (CH3), 31.6 (CH),
31.9 (CH), 34.5 (CH), 61.2 (CH2), 128.3 (CH), 128.6
(CH), 133.5 (CH), 136.0 (C), 167.7 (C), 192.0 (C), 204.1
(C); minor isomer: Rf 0.11 (petrol–EtOAc, 4:1); dH

(400 MHz, CDCl3) 2.31 (3H, s), 2.93–2.98 (1H, m), 3.33
(1H, d, J 5.5 and 10.0 Hz), 3.78 (1H, dd, J 4.3 and 5.5 Hz),
4.13–4.21 (2H, m), 7.97–8.03 (2H, m) (the remaining sig-
nals were obscured by the major isomer); dC (100 MHz,
CDCl3) 14.1 (CH3), 29.3 (CH3), 30.6 (CH), 34.2 (CH),
36.9 (CH), 61.5 (CH2), 128.6 (CH), 128.7 (CH), 136.2
(CH), 136.3 (C), 1707.7 (C), 195.1 (C), 201.2 (C).

6.3.14. Cyclopropane-3-(cyclohexanecarbonyl)-1,2-di-
carboxylic acid 1-ethyl ester 2-methyl ester 15g. Using
the above procedure for 10c (but with phosphorane 3a for
15 h), the title compound 15g was prepared in 78% yield
as essentially a single diastereomer as a clear oil; Rf 0.28
(petrol–EtOAc, 3:1); nmax (film) 2934, 2854, 1735, 1703,
1450, 1373, 1294, 1174 cm�1; dH (400 MHz, CDCl3) 1.24
(3H, t, J 7.0 Hz), 1.28–1.34 (4H, m), 1.63–1.78 (4H, m),
1.93–1.95 (2H, m), 2.46 (2H, d, J 5.5 Hz), 2.52–2.58 (1H,
m), 3.07 (1H, t, J 5.5 Hz), 3.70 (3H, s), 4.15 (2H, q,
J 7.0 Hz); dC (100 MHz, CDCl3) 13.7 (CH3), 25.2 (CH2),
25.5 (CH2), 27.5 (CH2), 29.2 (CH), 29.4 (CH), 30.2 (CH),
51.5 (CH), 52.3 (CH3), 61.4 (CH2), 168.5 (C), 168.9 (C),
209.0 (C); m/z (CI) 283 (MH+); HRMS (CI) [MH+], found:
283.1546. C15H23O5 requires 283.1545 (�0.4 ppm error).

6.3.15. 2-Benzoyl-3-(3-phenyl-propionyl)-cyclopropane-
carboxylic acid ethyl ester 15h. Using the above procedure
for 10c (but with phosphorane 3a for 15 h), the title com-
pound 15h was prepared as essentially a single diastereomer
in 51% yield as a colourless oil; Rf 0.24 (petrol–EtOAc, 3:1);
nmax (film) 2909, 1735, 1710, 1454, 1373, 1304, 1197, 912,
732 cm�1; dH (400 MHz, CDCl3) 1.24 (3 H, t, J 7.0 Hz),
2.49 (2H, d, J 5.5 Hz), 2.92–2.94 (3H, m), 3.00 (2H, d, J
5.5 Hz), 3.69 (3H, s), 4.14 (2H, q, J 7.0 Hz), 7.16–7.17
(1H, m), 7.19–7.20 (2H, m), 7.26–7.27 (1H, m), 7.28–7.29
(1H, m); dC (100 MHz, CDCl3) 13.4 (CH3), 28.9 (CH2),
29.1 (CH), 29.3 (CH), 31.1 (CH), 45.2 (CH2), 52.0 (CH3),
61.1 (CH2), 126.2 (CH), 128.2 (CH), 128.5 (CH), 140.3
(C), 167.9 (C), 168.4 (C), 205.1 (C); m/z (CI) 305 (MH+);
HRMS (CI) [MH+], found: 305.1386. C17H21O5 requires
305.1389 (1.0 ppm error).

6.3.16. Diethyl 3-(11,17-dihydroxy-10,13-dimethyl-3-
oxo-2,3,6,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-
1H-cyclopenta[a]phenanthrene-17-carbonyl)-cyclopro-
pane-1,2-dicarboxylate 15i. Using the above procedure for
10c (but with phosphorane 3e for 2.5 h), the title compound
15i was prepared in 78% yield as a colourless oil as an insep-
arable mixture (5:1) of cyclopropane isomers with one
major, Rf 0.34 (petrol–EtOAc, 4:1); nmax (film) cm�1; dH

(400 MHz, CDCl3) 0.91 (3H, s), 0.95–1.02 (1H, m), 1.17–
1.31 (7H, m), 1.32–1.55 (5H, m), 1.66–1.88 (4H, m),
1.92–2.37 (4H, m), 1.98 (3H, s), 2.37–2.51 (3H, m),
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2.68–2.84 (2H, m), 3.43 (1H, dd (app t), J 5.5 Hz), 4.03–4.15
(5H, m), 4.41 (1H, br s), 5.62 (1H, s); dC (100 MHz, CDCl3)
14.1 (CH3), 14.2 (CH3), 18.0 (CH3), 21.0 (CH3), 23.9 (CH2),
29.2 (CH), 30.0 (CH), 31.4 (CH), 31.7 (CH), 32.1 (CH2),
32.8 (CH2), 33.1 (CH2), 33.8 (CH2), 34.9 (CH2), 39.3 (C),
40.0 (CH2), 47.6 (C), 51.8 (CH), 56.0 (CH), 61.6 (CH2),
61.7 (CH2), 68.3 (CH), 90.0 (C), 122.3 (CH), 167.8 (C),
168.3 (C), 172.7 (C), 199.9 (C), 207.4; m/z (CI) 517
(MH+); HRMS (CI) [MH+], found: 517.2794. C29H41O8

requires 517.2801 (1.5 ppm error).

6.3.17. Methylsulfanyl-acetic acid 3-allyl-2-methyl-4-
oxo-cyclopent-2-enyl ester 21. Dicyclohexylcarbodiimide
(3.31 g, 16.0 mmol) in THF (20 mL) was added to a solution
of alcohol 2011 (2.03 g, 13.4 mmol), (methylthio)acetic acid
(1.28 mL, 14.7 mmol), and DMAP (163 mg, 1.3 mmol) in
THF (90 mL) at rt under a nitrogen atmosphere. Precipitation
of DCU was observed after a few minutes. After 2 h, the
reaction was filtered through Celite� washing with EtOAc,
and then the filtrate concentrated in vacuo. Purification by
flash column chromatography (petrol–EtOAc, 4:1) gave the
title compound 21 (2.52 g, 79%) as a yellow oil; Rf 0.48
(petrol–EtOAc, 3:1); nmax (film) 2953, 1734, 1710, 1655,
1638, 1385, 1268, 1130, 1001 cm�1; dH (400 MHz, C6D6)
1.57 (3H, s), 1.81 (3H, s), 2.07 (1H, dd, J 1.9 and 18.5 Hz),
2.49 (1H, dd, J 6.0 and 18.5 Hz), 2.66 (2H, s), 2.80 (2H, t,
J 5.6 Hz), 4.88–4.97 (2H, m), 5.34 (1H, br d, J 6.0 Hz),
5.70 (1H, ddt, J 6.3, 10.0 and 16.7 Hz); dC (100 MHz,
C6D6) 12.8 (CH3), 15.4 (CH3), 30.3 (CH2), 34.6 (CH2),
40.7 (CH2), 73.0 (CH), 115.2 (CH2), 127.6 (C), 133.4
(CH), 141.1 (C), 163.2 (C), 169.0 (C); m/z (CI) 241 (MH+),
258 (MNH4

+); HRMS (CI) [MNH4
+], found: 241.0894.

C12H17O3S requires 241.0898 (2.0 ppm error).

6.3.18. (3-Allyl-2-methyl-4-oxo-cyclopent-2-enyloxycar-
bonylmethyl)-dimethylsulfonium tetrafluoroborate 22.
Ester 21 (661 mg, 2.75 mmol) was dissolved in iodomethane
(15 mL). Silver tetrafluoroborate (574 mg, 2.95 mmol) was
added in one portion and the reaction stirred in the dark
for 3 h at rt, after which time stirring was stopped and the
precipitate allowed to settle. The supernatant was decanted
carefully and the residue dried in vacuo before being ex-
tracted with MeOH (three times). Filtration and removal of
the MeOH in vacuo (water bath <35 �C) gave the title com-
pound 22 (848 mg, 90%) as a yellow oil; nmax (film) 3033,
2944, 1736, 1709, 1655, 1638, 1432, 1388, 1312, 1194,
1064, 922 cm�1; dH (400 MHz, CD3OD) 2.10 (3H, s), 2.44
(1H, dd, J 1.6 and 18.6 Hz), 2.91 (1H, dd, J 6.1 and
18.6 Hz), 2.99–3.02 (8H, m), 4.50 and 4.57 (2H, AB q,
J 16.5 Hz), 4.98–5.04 (2H, m), 5.77 (1H, ddt, J 6.3, 10.0
and 16.7 Hz), 5.86 (1H, d, J 6.1 Hz); dC (100 MHz,
CD3OD) 14.0 (CH3), 25.7 (CH3), 27.8 (CH2), 41.9 (CH2),
46.4 (CH2), 77.6 (CH), 116.4 (CH2), 134.7 (CH), 143.2
(C), 166.0 (C), 166.7 (C), 205.3 (C); m/z (FAB) 255 (M+),
597 (2 M++BF4

�); HRMS (FAB) [M+], found: 255.1062.
C13H19O3S requires 255.1055 (�3.0 ppm error).

6.3.19. (Dimethyl-l4-sulfanylidene)-acetic acid 3-allyl-2-
methyl-4-oxo-cyclopent-2-enyl ester 23. Salt 22 (836 mg,
2.44 mmol) was suspended in CHCl3 (4 mL), and to this
was added a suspension of powdered NaOH (98 mg,
2.44 mmol) in satd aq K2CO3 (2 mL). The biphasic solution
was stirred at rt for 20 min before being filtered through
Celite�, and washed with CH2Cl2. The filtrate was dried
(MgSO4) and concentrated in vacuo to give the title com-
pound 23 (617 mg, 99%) as a pale yellow oil, which was
used immediately; nmax (film) 2981, 2923, 1703, 1647,
1636, 1616, 1431, 1383, 1366, 1317, 1190, 1129, 1055,
1031, 996, 916 cm�1; dH (400 MHz, CDCl3) 1.99 (3H, s),
2.26 (1H, dd, J 1.8 and 18.6 Hz), 2.73 (6H, s), 2.76 (1H,
dd, J 6.1 and 18.6 Hz), 2.92 (2H, d, J 6.4 Hz), 2.95 (1H,
br s), 4.93–4.99 (2H, m), 5.66–5.78 (2H, m); dC (100 MHz,
CDCl3) 14.0 (CH3), 27.0 (CH2), 30.5 (CH3), 30.6 (CH3),
32.8 (CH), 42.3 (CH2), 70.2 (CH), 115.5 (CH2), 133.9
(CH), 140.0 (C), 168.5 (C), 169.3 (C), 205.1 (C).

6.3.20. 2-((E)-2-Methoxycarbonyl-propenyl)-cyclopro-
panecarboxylic acid 3-allyl-2-methyl-4-oxo-cyclopent-2-
enyl ester 24. To a solution of allyl alcohol 1b (77 mL,
1.13 mmol) in CH2Cl2 (7 mL) was added powdered 4 Å
molecular sieves (1.13 g), dimethylsulfurane 23 (573 mg,
2.26 mmol) in CH2Cl2 (3 mL), (carbomethoxyethylene)tri-
phenylphosphorane 3c (471 mg, 1.35 mmol) and manganese
dioxide (981 mg, 11.3 mmol). The mixture was heated at re-
flux for 3 h, and then cooled to rt. The crude mixture was fil-
tered through Celite� and the residue washed with CH2Cl2.
After removal of the solvent, the resulting yellow oil was pu-
rified by flash column chromatography (petrol–Et2O, 2:1) to
give the title compound 24 (206 mg, 57%) as a mixture of
cyclopropane isomers (w3.1:1) as a colourless oil, Rf 0.21
(petrol–Et2O, 2:1); nmax (film) 2922, 1716, 1655, 1437,
1409, 1386, 1255, 1173, 916, 734 cm�1; m/z (CI) 319
(MH+), 336 (MNH4

+); HRMS (CI) [MH+], found 319.1545.
C18H23O5 requires 319.1546 (0.2 ppm error). NMR data
for major isomer only: dH (500 MHz, CDCl3) 1.12–1.15
(1H, m), 1.57 (1H, ddd, J 5.1, 10.1, 14.5 Hz), 1.83 (1H,
dd, J 5.1, 8.5 Hz), 1.94 (3H, d, J 5.0Hz), 2.01 (3H, s),
2.19–2.29 (2H, m), 2.85 (1H, dd, J 6.3, 18.6 Hz), 2.97
(2H, d, J 6.3 Hz), 3.70 (3H, s), 4.98–5.01 (2H, m), 5.70–
5.73 (1H, m), 5.76 (1H, tdd, J 6.3, 9.5, 13.0 Hz), 6.09 (1H,
app t, J 9.0 Hz); dC (125 MHz, CDCl3) 12.7 (CH3), 13.8
(CH3), 16.7 (CH2), 22.3 (CH), 22.4 (CH), 27.1 (CH2), 41.5
(CH2), 51.8 (CH3), 73.4 (CH), 116.0 (CH2), 128.4 (C),
133.4 (CH), 141.3 (CH), 141.7 (C), 165.2 (C), 168.0 (C),
172.6 (C), 203.3 (C).
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Abstract—The oxidation of trimethylbenzenes was examined with air or O2 using N,N0,N00-trihydroxyisocyanuric acid (THICA) as a key
catalyst. Thus, 1,2,3-, 1,2,4-, and 1,3,5-trimethylbenzenes under air (20 atm) in the presence of THICA (5 mol %), Co(OAc)2 (0.5 mol %),
Mn(OAc)2, and ZrO(OAc)2 at 150 �C were oxidized to the corresponding benzenetricarboxylic acids in good yields (81–97%). In the aerobic
oxidation of 1,2,4-trimethylbenzene by the THICA/Co(II)/Mn(II) system, remarkable acceleration was observed by adding a very small
amount of ZrO(OAc)2 to the reaction system to form 1,2,4-benzenetricarboxylic acid in excellent yield (97%). In contrast, no considerable
addition effect was observed in the oxidation of 1,3,5-trimethylbenzene. This aerobic oxidation by the present catalytic system provides an
economical and environmentally benign direct method to benzenetricarboxylic acids, which are very important polymer materials.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Aromatic tricarboxylic acids like 1,2,3-benzenetricarboxylic
acid (hemimellitic acid), 1,2,4-benzenetricarboxylic acid
(trimellitic acid), and 1,3,5-benzenetricarboxylic acid (tri-
mesic acid), which are converted into their anhydrides are
of industrial importance. These anhydrides are used to
make plasticizers for polyvinyl chloride and are also used
as monomer materials for polyester and polyimide resins
having high thermal resistance. These polycarboxylic acids
are produced in large scale by aerobic oxidation of the corre-
sponding trimethylbenzenes or by oxidation with dilute
nitric acid (ca. 7%), which is known as the Amoco method1

or the Bergwerksverband method,2 respectively. An alterna-
tive process for trimellitic acid involves carboxylation of
m-xylene followed by aerobic oxidation in the presence of
MnBr2/HBr.1e,3 The aerobic oxidation is usually carried
out under the influence of a small amount of cobalt and man-
ganese salts in the presence of bromine.1,4 However, the
autoxidation of polymethylbenzenes must be carried out
under harsh conditions (higher pressure and temperature).
In addition, the need of the corrosive bromide ion as a pro-
moter calls for the use of reactors made of titanium alloy.
Fortunately, we have recently developed an innovative halo-
gen-free catalytic method for aerobic oxidation of alkanes
using N-hydroxyphthalimide (NHPI), which serves as a

* Corresponding author. Tel.: +81 6 6368 0793; fax: +81 6 6339 4026;
e-mail: ishii@ipcku.kansai-u.ac.jp
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.12.079
carbon radical producing catalyst (CRPC) from alkanes.5

Thus, alkanes like ethane, isobutene, cyclohexane, and alkyl-
benzenes can be efficiently oxidized with dioxygen to
oxygen-containing compounds like alcohols, ketones, and
carboxylic acids under mild conditions. In the aerobic oxida-
tion of alkenes by NHPI combined with Co(II), the key step
in sequential reactions is the generation of a phthalimide-N-
oxyl (PINO) radical by the hydrogen abstraction from the
NHPI by oxygen or a cobalt(III)-oxygen complex generated
in situ from Co(II) and molecular oxygen. The resulting
PINO abstracts the hydrogen atom from the C–H bond of
alkanes to lead to alkyl radicals that are readily trapped by
O2 to give eventually oxygen-containing products through
the redox decomposition of alkylhydroperoxides by metal
ions. The catalysis of NHPI as the CRPC is very unique
and deserves attention as a new catalyst for generation of car-
bon radicals by hydrogen abstraction from various C–H
bonds like alkanes, alkenes, alkynes, alcohols, and ethers,
etc. In the oxidation of alkylbenzenes like p-xylene, which
are susceptible to autoxidation, however, the NHPI was
found to be converted into an inactive species like phthali-
mide in the course of the oxidation owing to a violent chain
reaction. Hence, the oxidation must be carried out in the pres-
ence of a large amount of NHPI (20 mol %) to obtain tereph-
thalic acid in higher yield. In the course of our study to
develop an NHPI analogue, which can be stable at higher
temperature, we have found N,N0,N00-trihydroxyisocyanuric
acid (THICA), which serves as a good CRPC from alkyl-
benzenes.6 In this paper, we wish to report the aerobic
oxidation of trimethylbenzenes by THICA as a key catalyst.

mailto:ishii@ipcku.kansai-u.ac.jp
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2. Results and discussion

The aerobic oxidation of 1,2,4-trimethylbenzene (pseudocu-
mene) (1) by THICA in acetic acid under several reaction
conditions was first examined (Table 1).

The oxidation of 1 under air (20 atm) in the presence of
THICA (5 mol %), Co(OAc)2 (0.5 mol %), and Mn(OAc)2

(0.5 mol %) at 120 �C for 6 h afforded a mixture of mono, di,
and tricarboxylic acids, 2, 3, and 4, in 10%, 66%, and 7%
yields, respectively (entry 1). Although the reaction time
was prolonged to 14 h, the yield of desired 1,2,4-benzenetri-
carboxylic acid (trimellitic acid) 4 was slightly increased
(24%) (entry 2). When the amount of Co(OAc)2 and
Mn(OAc)2 was increased to 2 mol % under these conditions,
it was found that the oxidation was considerably accelerated
by these metal ions and the main product in the oxidation
became trimellitic acid 4 (54%) rather than 3 (31%) (entry
3). The oxidation at higher temperature (150 �C) afforded 4
in high yield (70%) along with 3 (19%) (entry 4), although
the oxidation using NHPI is difficult to carry out at 150 �C
because of decomposition under such circumstances. It is
interesting to note that a small amount of ZrO(OAc)2

(0.5 mol %) was added to the catalytic system to lead to 4
in an almost quantitative yield (97%) (entry 5). The acceler-
ation effect of the Zr additive on the Co-catalyzed autoxida-
tion has appeared in a patent by Ichikawa.4a Subsequently,
the effect of a Zr species on the Co/Mn/Br system was studied
in detail by Partenheimer4b who pointed out the importance
of Lewis acidity of the Zr species in the oxidation of p-xylene.
There is no systematic study on the aerobic oxidation of 1 in
the literature except for several patent works. In these patents,
the aerobic oxidations of 1 by the Co/Mn/Br/Zr system was
carried out under 10–27 atm of air at 160–210 �C to lead
to trimellitic acid 4 in about 90% yield.4c Therefore, it is

Table 1. Aerobic oxidation of 1,2,4-trimethylbenzene (1) by THICA under
selected conditionsa

+

2 3 4

1

+ +

COOH

(CH3)2 (COOH)2

COOH
COOH

COOH

air
(20 atm)

THICA (5 mol%)

AcOH

Co(OAc)2

Mn(OAc)2

Entry Co(II)/Mn(II)
(mol %)

Temp (�C) Time (h) Yield (%)b

2 3 4

1 0.5/0.5 120 6 10 66 7
2 0.5/0.5 120 14 Trace 68 24
3 2/2 120 6 n.d. 31 54
4 2/2 150 6 n.d. 19 70
5c 0.5/0.5 150 6 n.d. n.d. 97

a Compound 1 (1 mmol) was oxidized under air (20 atm) in the presence of
THICA (5 mol %), Co(OAc)2$4H2O, and Mn(OAc)2$4H2O in AcOH
(2.5 mL).

b Conversion of 1 was over 99% in each run.
c ZrO(OAc)2 (0.5 mol %) was added.
important to note that the oxidation of 1, which has been dif-
ficult to carry out up to now, in the absence of bromine, can be
first performed by a bromine-free condition to lead to 4 in the
highest yield. Our oxidation provides the best result of tri-
mellitic acid 4 from 1 by a bromine-free catalytic system.

Since it is possible to form three positional isomers of mono
and dicarboxylic acids, 2 and 3, in the oxidation of 1, it is in-
teresting to clarify which methyl group in 1 is preferentially
oxidized.

Thus, we examined the oxidation of 1 under mild conditions
at 100 �C for 1 h under atmospheric dioxygen and obtained
2,4-dimethylbenzoic acid (2a) (27%), 2,5-dimethylbenzoic
acid (2b) (11%), and 3,4-dimethylbenzoic acid (2c) (26%)
as well as dicarboxylic acids consisting of 3a (2%), 3b
(5%), and 3c (5%) (Eq. 1). The amounts of these mono
and dicarboxylic acids were confirmed as their methyl esters
by esterification of the resulting carboxylic acids with diazo-
methane. From consideration of the electron-donating effect
of the methyl groups and their steric effect, it is reasonable
that 2a and 2c are preferentially formed rather than 2b. On
the other hand, in the oxidation of a 1:1:1 mixture of 2a,
2b, and 2c under the same conditions as Eq. 1, the conver-
sion of 2a, 2b, and 2c was 17%, 32%, and 24%, respectively.
These results indicate that 2b is the most subject to autoxi-
dation among dimethylbenzoic acids.

+
2a (27%) 2b (11%) 2c (26%)

1

+ +

COOH

COOH

(1 atm)

THICA (3 mol%)
Co(OAc)2 (0.5 mol%)
Mn(OAc)2 (0.8 mol%)

AcOH (5 mL)
100°C, 1 h

O2

COOH

3a (2%) 3b (5%) 3c (5%)

+ +

COOH COOH

COOH

COOH COOH

COOH

+

ð1Þ

It is interesting to compare the catalytic performance of
THICA with that of NHPI for the oxidation of 1. Thus, the
oxidation of 1 with O2 (1 atm) by THICA (10 mol %) in
the presence of Co(OAc)2 (2 mol %) and Mn(OAc)2

(0.5 mol %) at 100 �C was compared with that by NHPI
(20 mol %) under these conditions. The time-dependence
curves of products, 2, 3, and 4 for the oxidation of 1 by
NHPI and THICA are shown in Figure 1a and b, respectively.

By the NHPI catalyst, 1 was found to be rapidly oxidized to
monocarboxylic acid 2 in over 90% yield within 2 h.
However, dicarboxylic acid 3 was rarely formed at the stage
of 2 h and then gradually increased up to 35%, while no tri-
mellitic acid 4 was observed throughout the reaction. That
there was no oxidation of 3 to 4 is believed to be due to
the deactivation by the decomposition of NHPI and/or the
adduct formation of the resulting radical species with the
phthalimide-N-oxyl (PINO) radical because of the slow dif-
fusion of oxygen into the liquid phase from the gaseous
phase at the early stage of the reaction.7 On the other
hand, oxidation of 1 to 2 by THICA proceeded more slowly
than that by NHPI, since THICA is less active but more
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stable than NHPI. As a result, THICA is not decomposed
during the reaction and can oxidize 1 to 4. These results in-
dicate that THICA served as a more efficient catalyst than
NHPI for the oxidation of reactive trimethylbenzenes to
benzenetricarboxylic acids.

We next tried the aerobic oxidation of 1,3,5-trimethyl-
benzene (mesitylene) (5) under air (20 atm) by THICA in
the presence of Co(OAc)2 and Mn(OAc)2 (Table 2). To
our knowledge, there has been no study on the aerobic
oxidation of 5 except for several patent works.8 1,3,5-
Benzenetricarboxylic acid (trimesic acid) (8) is known to
be used as a cross-linking agent for polymers, plasticizers
etc.9

The oxidation of 5 by THICA (5 mol %) in the presence of
Co(OAc)2 (0.5 mol %) and Mn(OAc)2 (0.5 mol %) at
120 �C for 6 h afforded dicarboxylic acid (7) (41%) and tri-
mesic acid 8 (48%), but 3,5-dimethylbenzoic acid (6) was not
detected (entry 1). The reaction was carried out at 150 �C

100

80

60

40

20

0

Yield
(%)

0 5 10 15

4

3

2

100

80

60

40

20

Yield
(%)

0
0

5 10 15
Time (h)

4

3

2

Time (h)
(a) NHPI (20 mol%) (b) THICA (10 mol%)

Figure 1. Time-dependence curves for the oxidation of 1 by THICA or
NHPI; reaction conditions: 1 (1 mmol), THICA (10 mol %) or NHPI
(20 mol %), Co(OAc)2 (2 mol %), Mn(OAc)2 (0.5 mol %), AcOH
(2.5 mL), O2 (1 atm), and 100 �C.

Table 2. Aerobic oxidation of 1,3,5-trimethylbenzene (5) by THICA under
selected conditionsa

+

5

(20 atm)

THICA (5 mol%)

air

6 7 8

+ +

COOH COOH COOH

COOH HOOC COOH

AcOH

Co(OAc)2

Mn(OAc)2

Entry Co(II)/Mn(II)
(mol %)

Temp (�C) Time (h) Yield (%)b

6 7 8

1 0.5/0.5 120 6 n.d. 41 48
2 0.5/0.5 150 6 n.d. 9 82
3 2/0.5 120 6 n.d. 6 85
4c 0.5/0.5 120 6 n.d. 25 65

a Compound 5 (1 mmol) was oxidized under air (20 atm) in the presence of
THICA (5 mol %), Co(OAc)2$4H2O, and Mn(OAc)2$4H2O in AcOH
(2.5 mL) at 120 or 150 �C for 6 h.

b Conversion was over 99% in each run.
c ZrO(OAc)2 (0.5 mol %) was added.
under these conditions giving 8 in 82% yield (entry 2).
When the amount of Co(OAc)2 was increased to 2 mol %, tri-
mesic acid 8 was obtained in high yield (85%) even at 120 �C
(entry 3). It was found that a moderate effect of ZrO(OAc)2

was observed in the oxidation of 5 different from that of 1 (en-
try 4). In patent works on the oxidation of 5, the best result of
8 is 88% yield when 5 was oxidized by a Co/Mn/Br system
under 20 atm of air at 220 �C.4d It is important to note that
the present oxidation by THICA can be carried out even at
120 �C to give 8 in comparable yield with that by the Co/
Mn/Br system, while the oxidation by the Co/Mn/Br system
is carried out at higher temperature (220 �C).

The oxidation of 1,2,3-trimethylbenzene (hemimellitene)
(9) was examined under the same conditions as in Table 2
(Table 3).

The oxidation of 9 was difficult to carry out selectively at
120 �C different from that of 1 or 5, and about a 1:1:1 mixture
of mono, di, and tricarboxylic acids, 10, 11, and 12, was ob-
tained in low yields (entry 1). When the amount of Co(OAc)2

and Mn(OAc)2 was increased to 2 mol %, hemimellitic acid
12 was obtained in 40% yield. By adding ZrO(OAc)2

(0.5 mol %) to the THICA/Co(OAc)2/Mn(OAc)2 system,
the oxidation of 9 at 120 �C for 6 h led to 10 (5%), 11
(29%), and 12 (41%) (entry 3). A similar tendency was ob-
served in the oxidation at 150 �C. When 9 was oxidized at
150 �C, 10, 11, and 12 were obtained in 5, 21, and 29% yields,
respectively (entry 4). However, in the presence of
ZrO(OAc)2 (0.5 mol %) under these conditions, the oxida-
tion resulted in 12 in high yield (81%) (entry 5). In the oxida-
tion of 9, a remarkable addition effect of ZrO(OAc)2 was
observed. In order to obtain information on the formation
of mono and dicarboxylic acids, 9 was oxidized at low
temperature (100 �C).

The oxidation of 9 by THICA/Co(OAc)2/Mn(OAc)2 at
100 �C for 1 h afforded 2,3-dimethylbenzoic acid (10a)

Table 3. Aerobic oxidation of 1,2,3-trimethylbenzene (9) by THICA under
selected conditionsa

+

9

(20 atm)

THICA (5 mol%)

air

10 11 12

+ +

COOH COOH COOH

COOH
(COOH)2

COOH
(CH3)2

AcOH

Co(OAc)2
Mn(OAc)2

Entry Co(II)/Mn(II)
(mol %)

Temp (�C) Conv.(%) Yield (%)b

10 11 12

1 0.5/0.5 120 6 14 16 14
2 2/2 120 6 2 11 40
3c 0.5/0.5 120 6 5 29 41
4 0.5/0.5 150 6 5 21 29
5c 0.5/0.5 150 6 n.d. 5 81

a Compound 9 (1 mmol) was oxidized under air (20 atm) in the presence of
THICA (5 mol %), Co(OAc)2$4H2O, and Mn(OAc)2$4H2O in AcOH
(2.5 mL) at 120 or 150 �C for 6 h.

b Conversion was over 99% in each run.
c ZrO(OAc)2 (0.5 mol %) was added.
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(37%) in preference to 2,6-dimethylbenzoic acid (10b)
(13%) (Eq. 2).

9

+

10a 10b (13%)

+

COOH

(1 atm)

THICA (1 mol%)
Co(OAc)2 (0.5 mol%)
Mn(OAc)2 (0.5 mol%)

AcOH, 100 °C, 1 h
O2

COOH

(37%)

ð2Þ

In the oxidation of 9 at 100 �C, no di and tricarboxylic acids
were formed. The preferential formation of 10a over 10b
indicates that the steric effect of the methyl group is a more
important factor than the electron-donating effect.

In conclusion, we have carried out the first systematic study
on the aerobic oxidation of trimethylbenzenes and devel-
oped an efficient halogen-free route to 1,2,4-benzenetricar-
boxylic acid 4, which is an important polymer material,
using THICA as a key catalyst.

3. Experimental

3.1. General procedure

Starting materials and catalysts were purchased from com-
mercial sources and used without further treatment. Yields
were estimated from the peak areas based on the internal
standard technique by using GC. GC analysis was performed
with a flame ionization detector using a 0.2 mm�30 m
capillary column (OV-17). 1H and 13C NMR spectra were
measured at 270 and 400 MHz, respectively, in chloro-
form-d with Me4Si as the internal standard. Infrared (IR)
spectra were measured using NaCl or KBr pellets. GC–MS
were obtained at ionization energy of 70 eV. All products
were identified by comparison of the isolated products with
authentic samples.

3.2. Preparation of N,N0,N00-trihydroxyisocyanuric acid
(THICA)

THICA was prepared by a modified literature procedure.10

1,10-Carbonyldiimidazole (165 mmol) was added to a
pyridine (250 mL) solution of O-benzylhydroxylamine
(150 mmol) under Ar. The mixture was stirred for 1 h at
room temperature, and the temperature was raised to 60 �C
for 6 h, and 90 �C for 5 h. After the reaction, the solvent
was removed under reduced pressure until the mixture was
100 g. Water (500 mL) was added slowly to the mixture to
give a white precipitate. The precipitate was filtered and
washed with water (50 mL), AcOH (40 mL), and n-hexane
(40 mL). The solid was recrystallized from AcOH (80 mL)
and AcOEt (70 mL) and dried under vacuum to give
tribenzyloxy-1,3,5-triaine-2,4,6(1H,3H,5H)-trione (TBTA)
(5.1 g) in 23% yield.

TBTA (5 mmol) in 100 mL of dioxane was hydrogenated on
10 wt % Pd/C (0.5 g) under normal pressure of hydrogen at
room temperature overnight. After removal of the catalyst by
filtration, the filtrate was evaporated under reduced pressure
to afford THICA, which was recrystallized from acetone,
in 90% yield. The X-ray analysis of THICA indicates that
three OH groups are situated at the same plane.

TBTA: 1H NMR d 7.52 (m, 2H), 7.42 (m, 3H), 5.1 (s, 2H);
13C NMR d 144.83, 133.47, 129.52, 129.04, 128.35,
78.482; IR (KBr) 1740s, 1401s, 1197m, 1001s, 750s,
696s cm�1.

THICA: 1H NMR d 11.03 (s, 3H); 13C NMR d 146.65; IR
(KBr) 3539s, 3166s, 2827s, 1720s, 1433s, 1211m, 1010s,
701s cm�1.

3.3. Procedure for oxidation of substituted toluenes
under dioxygen atmosphere

An acetic acid solution (5 mL) of substrate (3 mmol),
THICA, Co(OAc)2 (0.5 mol %) was placed in a 50-mL
pear-shaped flask with a balloon filled with O2. The mixture
was stirred at 100 �C for 6 h. After the reaction, the solvent
was removed under reduced pressure, and the products
were purified by column chromatography on silica gel to
give the corresponding oxygenated products. The products
were identified through comparison of the isolated products
with authentic samples.
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Abstract—Asymmetric Baeyer–Villiger oxidations of racemic and prochiral cyclobutanones can be performed with chiral aluminium-based
Lewis acids resulting in products with good enantioselectivities in high yields. By employing substituted BINOL derivatives as ligands, re-
markable catalyst efficiencies have been achieved and g-butyrolactones with up to 84% ee were obtained. The relation between the electronic
properties of the ligand and the enantioselectivity of the reaction has been investigated, leading to a better understanding of the requirements
for achieving a good enantioselectivity in this aluminium-catalyzed oxidative transformation.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

The Baeyer–Villiger reaction is a highly useful oxidative
transformation in synthetic organic chemistry, which allows
the conversion of ketones into esters and lactones.1 The latter
represents core structures of a number of biologically active
compounds and, in particular, g-butyrolactones have proven
to be useful intermediates for the synthesis of complex target
molecules. Since the first reports on metal-catalyzed asym-
metric Baeyer–Villiger reactions in 1994,2 numerous chiral
catalysts have been developed for this transformation.3 To
date, however, only very few of them allow the conversion
of simple substrates such as 1-phenylcyclobutanone (1a)
into the corresponding g-butyrolactone 2a with more than
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NN

O O
Ph Ph

M

Catalyzed asymmetric
Baeyer-Villiger reaction

Ph
Ph

OH
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OH
OH
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Br

    (1)

3 (with M = Zr or Hf) 4 5
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80% ee (Eq. 1). For example, Katsuki utilizes chiral salen
metal complexes 3 (with M¼Zr or Hf) as catalysts for asym-
metric transformations of 1a (eemax¼87%).4 Another system
stems from our group and is based on chiral BINOL-type
ligands in combination with aluminium reagents. For exam-
ple, we found that VANOL (4)5 or 6,60-dibromo-BINOL (5)6

when treated with equimolar amounts of Me2AlCl promoted
the Baeyer–Villiger oxidation of cyclobutanone 1a to give
lactone 2a with good enantioselectivity (83 and 77% ee,
respectively) in excellent yield.

Several optimization studies have already been conducted and
the appropriate choice of reagents and reaction parameters
such as the solvent, the oxidant, the aluminium source and
the temperature proved to be essential for achieving an effi-
cient catalysis.6 In order to further improve the promising re-
sult obtained with simple BINOL derivative 5, we decided to
determine the influence of the ligand structure on the catalyst
activity and the enantioselectivity in more detail. The results
of this study are presented here. Unless noted otherwise, all
enantioselectivities and yields mentioned in this article refer
to the Baeyer–Villiger reaction of 3-phenylcyclobutanone
(1a) to give g-butyrolactone 2a (Eq. 1), which we used as stan-
dard test. In cases, where incomplete reactions are reported,
prolongations of the reaction time did not lead to higher
conversions. Thus, the indicated reaction time corresponds
to the point at which maximum conversion was reached.

2. Results and discussion

2.1. Effects of substituted ligands

Our previous studies had shown that axially chiral BINOL-
type ligands gave high enantioselectivities. However, in the

mailto:carsten.bolm@oc.rwth-aachen.de
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light of the successful applications of other chelating mole-
cules in metal-catalyzed oxidations, the current optimization
study was started by investigating the effect of Schiff-bases
6,7 78 and 89 on the transformation shown in Eq. 1. Whereas
the former two compounds are axially chiral as 5, the latter
has only a stereogenic centre. Unfortunately, however, the
presence of none of these compounds (in combination
with Me2AlCl) allowed the oxidations of 1a with cumene
hydroperoxide (CHP) as oxidant under standard reaction
conditions. Since additives such as amines or phosphine ox-
ides can inhibit the oxidation, we hypothesized that the pres-
ence of multiple coordination sites in 6–8 was responsible
for this low catalyst activity. Consequently, the use of axially
chiral N,N- and N,O-chelates 910 and 1011 was attempted.
Those compounds resemble BINOLs, but distinguish them-
selves by the presence of one or two triflated amino groups.
Also the presence of these compounds had a detrimental
effect on the catalyst activity, which was now attributed to
the electronic properties of the ligand.

Based on these observations we decided to focus our atten-
tion on the use of substituted BINOLs.12 Previous studies
had revealed that BINOLs 11 with substituents at the 3-
and 30-positions were less efficient compared to their 6,60-di-
substituted counterparts (such as 5) giving lactones with
very low enantioselectivity.6 To our surprise it was now
found that 4,40,6,60-tetrabromo-BINOL 1213 gave racemic
2a. BINOL 13 having bromo substituents at the 7,70-posi-
tions14 afforded 2 in good ee of 64%.

Steroidal BINOLs 1415 have previously been applied in
various enantioselective metal-catalyzed reactions including
the asymmetric oxidation of sulfides.15b There, use of such
BINOL derivatives resulted in higher enantioselectivities
than with BINOL. In contrast, no major improvement in ee
was found, when steroidal BINOLs 14 were applied in the
Baeyer–Villiger reaction of 1a, and out of a range of deriva-
tives only a single compound (14f) performed better than
BINOL leading to 2a with 73% ee (Table 1). As revealed
by the similar ee-values of products obtained in reactions

N N

OH HO

OHN

HO

I I

6 7

OH
OH

OH
OH

Br

Br
Br

Br

11 12

R

R

with diastereomeric ligands, the additional stereogenic cen-
tres in the ligand backbone had only a minor influence on
the enantioselectivity of the oxygen insertion. Only with
the two diastereomeric ligands of 14d a difference of 8%
ee (60 vs 68% ee; entries 6 and 7, respectively) in the forma-
tion of product 2a was detected. In all cases the absolute con-
figuration of lactone 2a was determined by the chiral axis.
Again, the presence of an additional coordinating group
(such as the hydrazone moiety in 14b; Table 1, entries 3

and 4) was detrimental to both catalytic activity and enantio-
selectivity.

Since at this stage BINOL derivative 5 with two bromo
substituents at the 6,60-positions had led to the best enantio-
selectivity, this type of substitution pattern was investigated
in more detail. Assuming that the bromo substituents
exhibited an electronic effect on the ligand, the application
of other BINOLs with electronically modified arenes
was studied. A particular emphasis was put on BINOLs

OH N

HO

I

NHTf
NHTf

OH
NHTf

8 9 10

OH
OHr

r

13

OH
OH

14

Me

Me

H

H

R'
R

RR'

Table 1. Application of steroidal BINOLs in Baeyer–Villiger oxidations of
1aa

Entry Ligandb R R0 Conv.
(%) of 1a

Abs config.
of 2a

ee (%)
of 2ac

1 (Sa)-14a H H 100 (+) 67
2 (Ra)-14a H H 100 (�) 68
3 (Sa)-14b N–NH2 60 (+) 8
4 (Ra)-14b N–NH2 40 rac
5 (Ra)-14c N–NHTos 100 (�) 67
6 (Sa)-14d SCH2CH2S 100 (+) 60
7 (Ra)-14d SCH2CH2S 100 (�) 68
8 (Sa)-14e OH H 100 (+) 69
9 (Ra)-14e OH H 100 (�) 69
10 (Ra)-14f O 100 (�) 73

a Reaction conditions: 1a (0.5 mmol), 14 (50 mol %), Me2AlCl (50 mol %),
CHP (1.5 equiv), toluene, �25 �C to rt.

b Only the axial chirality is indicated. The stereogenic centres relate to the
natural steroid skeleton.

c Determined by GC using a chiral column: Lipodex B (25�0.25 mm),
60 kPa N2, at 140 �C; 140 �C, 15 min, 2 �C/min, 160 �C, 50 min;
tR¼65.0 min (S), 66.6 min (R).
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with electron-withdrawing substituents, since those were ex-
pected to positively affect the catalytically active metal cen-
tre by increasing its Lewis acidity. Starting point was the
synthesis and use of 15, 1616 and 1717 with iodo, trifluoro-
methyl and nitrilo substituents, respectively, in the 6- and
60-positions of the BINOL skeleton. Furthermore, octafluoro
derivative 1818 was tested.
substituents at the 6,60-positions and the sp3 hybridized car-
bons in the ligand framework, respectively. Presumably, due
to these steric effects in combination with the lack of activat-
ing substituents the catalysts bearing 19 and 20 showed only
a moderate efficiency (with full conversions of 1a after 24
and 16 h, respectively) affording lactone 2a with 76 and
73% ee, respectively.
OH

OH
F
F

OH

I

I

OH
OH

F3C

F3C

OH
OH

NC

NC

OH

15 16 17 18

OH
OH

19

OH
OH

20

F
F

F

F

F
F

To our delight we found that Baeyer–Villiger oxidation of 1a
with 10 mol % of a catalyst derived from diiodo BINOL 15
(and equimolar amounts of Me2AlCl in combination with
CHP as oxidant) showed improved properties compared to
Since Shibasaki had demonstrated that BINOLs with acetyl-
enic substituents in the 6,60-positions were excellent ligands
for Lewis acid catalyzed processes,21 we decided to extend
our studies on the use of BINOL derivatives 21–25.
OH
OH

21

Me3Si

Me3Si

OH
OH

22

H

H

OH
OH

Ar

Ar

23 Ar = p-MeO-Ph
24 Ar = Ph
25 Ar = 3,5-(CF3)2Ph
the previous systems affording 2a with 82% ee (at
�30 �C). In an attempt to further improve the stereoselectiv-
ity, the reaction was conducted at lower temperatures, but
unfortunately, only a decrease in activity and enantioselec-
tivity was observed (59% ee at �50 �C and only 54% con-
version after 48 h). In contrast to our expectations,
however, use of 16, 17 and 18 led to catalysts with very
low activity, and lactone 2a was formed either as a racemate
(as with a catalyst derived from 16) or with low ee in only
small quantities (best result with 10 mol % of the catalyst
obtained from 17: 45% conversion of 1a, formation of 2a
with 34% ee after 48 h in toluene at �30 �C).

In order to further investigate the impact of the ligand struc-
ture on the performance of the catalyst, 6,60-diphenyl-
BINOL 1919 and octahydro-BINOL 2020 were applied in
the Baeyer–Villiger reaction of 1 next. Compared to unsub-
stituted BINOL, 19 and 20 possess a larger torsion angle
between the naphthyl moieties induced by the two phenyl
Gratifyingly, BINOL 21 bearing two trimethylsilylalkynyl
groups at positions 6 and 60 was also highly efficient in the
Baeyer–Villiger reaction, and conversion of 1a afforded 2a
with 84% ee. Both the catalyst loading (25 mol %) and the
temperature (�30 �C) were critical for achieving this enan-
tioselectivity at a reasonable reaction rate. Conducting the
reaction with only 5 mol % of the catalyst furnished the lac-
tone with a slightly reduced ee (83%), and the reaction did
not go to completion even after 7 days. As with 15, the enan-
tioselectivity dropped when the catalysis was performed at
another temperature (81 and 57% ee at�20 and�50 �C, re-
spectively; in the latter case <10% conversion). Removal of
the trimethylsilyl group of 21 to give BINOL 2217 proceeded
smoothly (K2CO3 in MeOH, 98% yield), but unfortunately,
use of the resulting catalyst (prepared from BINOL 22 and
Me2AlCl) did not lead to any improvement of the enantio-
selectivity in the formation of 2a (82% ee). We therefore
concluded that the alkynyl moiety itself and not its terminal
substituent were of importance for the catalyst performance
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in the Baeyer–Villiger reaction. In order to confirm this
hypothesis, BINOLs 23–25 with aryl-substituted alkynyl
groups were prepared and applied in the catalysis. Using
22 as starting material all three BINOLs could be obtained
by Sonogashira coupling with the corresponding aryl bro-
mides. By selecting the appropriate aryl moiety the elec-
tronic properties of the alkynyl group (as well as the entire
BINOL) could be varied. Due to the remote position of the
electronic modification we did not expect a major impact
by the inherent steric alternation. Application of BINOLs
23–25 in the Baeyer–Villiger oxidation of 1a revealed that
the best result was obtained with p-methoxy-substituted li-
gand 23. In this case, a full conversion of 1a was observed
after 18 h (at �30 �C in toluene with 20 mol % of 23, an
equimolar amount of Me2AlCl and CHP as oxidant) leading
to lactone 2a with 82% ee. Bis(trifluoromethyl)-substituted
BINOL 25 gave the worst result in this series. Even after
48 h only 54% of ketone 1a was converted and the resulting
product had only 45% ee. After the same period of reaction
time the catalysis with phenyl-substituted 24 led to full con-
version of 1a yielding lactone 2a with 76% ee. These results
are remarkable since they indicate that catalysts prepared
with these types of BINOLs require electron-rich ligands,
which appear to contradict the first assumption that elec-
tron-poor BINOLs might be more efficient due to the result-
ing increased Lewis acidity at the metal centre. Apparently,
a well-balanced electronic tuning of the ligand is essential
for the success of the reaction, and the background of this
key issue will be discussed below taking mechanistic aspects
into consideration.

2.2. Substrate scope

Using the catalyst derived from BINOL derivative 21 (in
conjunction with 1 equiv of Me2AlCl), the substrate scope
of the asymmetric Baeyer–Villiger oxidation was investi-
gated. Cyclobutanones 1a–e served as test substrates. The
results are summarized in Table 2.

Compared to the (so far best) catalyst derived from VANOL
(4), the system with 21 as ligand proved about equal or
less enantioselective for aryl and alkyl substituted cyclo-
butanones (Table 2, entries 1–3 vs catalyses with 20 mol %
of VANOL, which gave 2a, 2b and 2c with 83, 84 and
69% ee, respectively).5 However, the conversion of benzyl-

Table 2. Substrate scope of the asymmetric Baeyer–Villiger reaction (in
analogy to Eq. 1)a

O

R

a: R = Ph
b: R = p-ClPh
c: R = n-oct
d: R = Bn

e: R = O

O

Entry Substrate mol % of 21 ee (%) of 2b

1 1a 25 84
2 1b 10 72
3 1c 10 70
4 1d 10 65
5 1e 10 56

a Reaction conditions: 1 (0.5 mmol), ratio of 21 and Me2AlCl¼1:1,
CHP (1.25 equiv), toluene, �30 �C; in all cases the conversion of 1 was
complete.

b Determined by GC using chiral columns.
substituted substrates occurred in a more enantioselective
manner (Table 2, entries 4 and 5 vs catalyses with
20 mol % of VANOL, which gave 2d and 2e with 41 and
37% ee, respectively).5

Finally, the oxidation of racemic ketone 26 was investigated.
As in previous studies,3 this cyclobutanone gave two regio-
isomeric lactones 27 and 28 upon Baeyer–Villiger reaction
(83% conversion of 26). Again, the enantioselectivities
(34% ee for 27 and 99% ee for 28) were better than those ob-
tained before with analogous systems (e.g., BINOL-based
ones6), albeit the ratio between the two products was similar
(27:28¼6.7:1).

2726

O O
O O

O

+

28

CHP, toluene, –30 °C

BINOL 21 (10 mol %),
Me2AlCl (10 Mol %)

Cycloalkanones with larger ring sizes could not be converted
with the BINOL 21/Me2AlCl catalyst system.

2.3. Mechanistic considerations

For a rational design and targeted search of new ligands it
was considered desirable to get insight into the mechanistic
scenario and to identify relevant intermediates. As a first
step, we probed the existence of nonlinear effects
(NLEs),22 and determined the relationship between the ee
of the ligand and the ee of product 2. At the outset of this
investigation, the following observations were made. Upon
addition of Me2AlCl to a solution of BINOL in toluene,
the mixture turned into a milky suspension with a white pre-
cipitate. This mixture became clearer after the addition of
the ketone, which we interpreted as indication for a modifica-
tion of the catalyst structure. The NLE studies were then
done with BINOL derivative 21. The positive deviation
from linearity [(+)-NLE] revealed the presence of nonmono-
meric species and their relevance in the stereochemistry-
determining step.

Since throughout the catalysis the composition of the reac-
tion media changes with time, we had to ensure that the
(enantiomerically enriched) product (here 2a) as well as
the (achiral) ketone (here 1a) did not affect the ongoing
reaction. Therefore a control experiment was performed,
which unequivocally showed that the product was formed
with the same level of enantioselectivity throughout the
entire process. Phenomena such as autocatalysis, auto-
amplification or product inhibition/poisoning were thereby
excluded.

Next, NMR studies were undertaken. A very complex 1H
NMR spectrum was obtained from a 1:1 mixture of BINOL
21 and Me2AlCl in toluene-d8.23 Upon addition of 5 equiv
of 3-phenylcyclobutanone (1a) two singlets appeared at
0.24 and 0.33 ppm, replacing the broad coalescent signal cor-
responding to the TMS groups. Furthermore, clear peaks
resulted in the aromatic region. Although a detailed interpre-
tation of (the spectra and) this behaviour is impossible at the
present stage, it is hypothesized that the sharpening of the
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signals indicates a change from oligomeric to more low-
molecular associates upon addition of the substrate. Treat-
ment of this mixture with CHP at �30 �C gave lactone 2a
with 80% ee, which is close to the 84% ee obtained under
more diluted conditions.

As demonstrated in other aluminium-catalyzed processes,24

an ageing of the reaction mixture can be crucial for achiev-
ing high enantioselectivities, and presumably, this process
involves the conversion of multiple (mostly unselective)
catalysts into species presenting high enantioselectivities.
In the attempt to make use of this effect, a 1:1 mixture
of BINOL (11 with R¼H) and (i-Bu)2AlCl was stirred at
room temperature for 30 min prior to the addition of the
ketone. Unfortunately, however, under those conditions
both conversion (80%) and enantioselectivity (68% ee)
were low. Apparently, the ageing of the catalyst mixture
had a negative effect in this case and presumably more
oligomeric species were formed, which were neither active
nor enantioselective. As a consequence, the conversion of
the substrate was slowed down rendering the overall catal-
ysis inefficient.

With the goal to achieve a break-up of the oligomers and
to utilize this deoligomerization in the formation of more
active low-molecular species, we decided to submit the
initial reagent mixture to higher temperatures and, further-
more, to use the Lewis-basic substrate (ketone 1a) to sup-
port this cleavage process. Thus, after BINOL (11 with
R¼H) was treated with the aluminium reagent (20 mol %
each), the ketone was added, and the resulting mixture
was heated at 70 �C for a period of 30 min. After cooling
to �30 �C and addition of the oxidant, the reaction pro-
ceeded smoothly to full conversion of 1a (after 24 h),
and lactone 2a was obtained with remarkable 75% ee. A
comparable experiment without this pretreatment at elevated
temperature led to product 2a with only 68% ee. A higher
temperature (90 �C) or prolonged heating times (2–16 h) re-
sulted in a lower catalyst activity. The same procedure was
applied in a catalysis with 19 as ligand, and also in this
case, product 2a was formed with an improved enantioselec-
tivity (80% ee). Catalysts prepared from VANOL (4) and
BINOL derivative 21 behaved differently, and no increase
in ee was found.

The formation of aggregates might also explain the required
electronic fine-tuning of the ligand, which is a key for
achieving high activity and enantioselectivity. On one
hand, a certain level of Lewis acidity is essential for the con-
formational fixation and activation of the substrate. Thus, we
assume that the ketone is coordinated to the metal site of an
intermediately formed chiral aluminium reagent, and upon
oxygen transfer and stereoselective rearrangement the ob-
served Baeyer–Villiger product is formed. Such process
could proceed via the intermediacy of a pentacoordinated
aluminium complex A, which would show structural analo-
gies to other known organoaluminium reagents. If, on the
other hand, the Lewis acidity is (too) high, two other points
become relevant. First, the (spectroscopically observed)
aggregates of the chiral aluminium reagent are difficult to
break, which slows down the catalysis, and second, the
Criegee adduct formed during the reaction might act as
bidentate ligand and thereby block turnover of the catalyst
by chelation. Arrangement B would then be a critical inter-
mediate, from which the product needs to be liberated for
further catalysis. The more Lewis acidic the metal is, the
more difficult this step will be, and even a lack of turnover
(as observed with catalysts derived from 16 and 18) can
result.
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3. Conclusion

In conclusion, we described ligand effects in the aluminium-
catalyzed asymmetric Baeyer–Villiger reaction of cyclo-
butanones. The careful choice of the ligand in combination
with appropriate reaction conditions allows the preparation
of lactones in excellent yields with enantioselectivities that
are among the highest ever obtained in this reaction.

4. Experimental

4.1. General

Details of the asymmetric Baeyer–Villiger reaction protocol
as well as the analytical data (including ee determinations)
have been reported previously.5,6

4.1.1. (R)-6,60-Bis-(4-methoxyphenylethynyl)-[1,10]bi-
naphthalenyl-2,20-diol (23). In a Schlenk tube filled with ar-
gon were successively added PdCl2 (9 mg, 0.05 mmol), PPh3

(55 mg, 0.2 mmol), CuI (11 mg, 0.06 mmol), 22 (334 mg,
1 mmol) and NEt3 (10 mL). 4-Bromoanisole (470 mg,
2.5 mmol) was then added, and the mixture was heated at
70 �C for 8 h. When the reaction was complete (controlled
by TLC), the solution was diluted with ethyl acetate and fil-
tered through Celite. The volatiles were removed and the
crude mixture redissolved in ethyl acetate, washed with
1 M HCl, brine and dried (MgSO4). Column chromatography
(silica gel; acetone/pentane 1:4) furnished 498 mg of a
yellow solid (91% yield); mp¼147–149 �C; 1H NMR
(400 MHz) d 7.99 (s, 2H), 7.86 (d, J¼8.8 Hz, 2H), 7.35–
7.25 (m, 8H), 6.98 (d, J¼8.7 Hz, 2H), 6.80 (d, J¼8.8 Hz,
2H), 5.06 (br s, 2H), 3.74 (s, 6H); 13C NMR (100 MHz)
d 159.6, 153.3, 133.1, 132.7, 131.6, 131.4, 130.2, 129.2,
124.3, 119.3, 118.5, 115.4, 114.1, 110.9, 89.8, 88.2, 55.4;
IR (KBr): n¼3000 cm�1; MS (EI, 70 eV): m/z 546 (100),
273 (50); Anal. Calcd for C38H26O4: C, 83.50; H, 5.21.
Found: C, 83.01; H, 5.14.

4.1.2. (R)-6,60-Bis-(phenylethynyl)-[1,10]binaphthalenyl-
2,20-diol (24).21 In analogy to the synthesis of 23 but with
bromobenzene (425 mg, 2.5 mmol) instead of 4-bromoani-
sole. Column chromatography (silica gel; acetone/pentane
1:4) furnished 498 mg of a white solid (91% yield). 1H
NMR (400 MHz) d 8.04 (d, J¼1.4 Hz, 2H), 7.88 (d,
J¼9.0 Hz, 2H), 7.51–7.46 (m, 4H), 7.37 (m, 10H), 7.04 (d,
J¼8.5 Hz, 2H), 5.06 (br s, 2H); 13C NMR (100 MHz)
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d 153.4, 132.9, 131.9, 131.6, 131.5, 130.2, 129.1, 128.4,
128.3, 124.3, 123.3, 119.0, 118.6, 110.8, 89.8, 89.3.

4.1.3. (R)-6,6 0-Bis-(3,5-bis-trifluoromethylphenyl-
ethynyl)-[1,10]binaphthalenyl-2,20-diol (25). In analogy
to the synthesis of 23 but with 3,5-bis(trifluoromethyl)-
bromobenzene (732 mg, 2.5 mmol) instead of 4-bromoani-
sole. Column chromatography (silica gel; acetone/pentane
1:4) furnished 728 mg of a yellow solid (96% yield);
mp¼117–119 �C; 1H NMR (400 MHz) d 8.18 (d,
J¼1.6 Hz, 2H), 8.00 (s, 6H), 7.86 (s, 2H), 7.59–7.42 (m,
4H), 7.16 (d, J¼8.6 Hz, 2H), 4.94 (br s, 2H); 13C NMR
(100 MHz) d 154.0, 133.9, 133.4, 131.8, 131.4, 130.3,
129.0, 127.0, 124.5, 121.5, 119.0, 117.5, 110.9, 93.0, 86.7;
IR (KBr): n¼3188 cm�1; MS (EI, 70 eV): m/z 758.2 (100),
379.2 (22), 351.1 (18); Anal. Calcd for C40H20F12O2: C,
63.34; H, 2.69. Found: C, 63.21; H, 3.01.

4.1.4. (R)-2,20-Dihydroxy-[1,10]binaphthalenyl-6,60-di-
carbonitrile (17).21 Step 1 (synthesis of (R)-2,20-bis-
methoxymethoxy-[1,10]binaphthalenyl-6,60-dicarbonitrile):
In a Schlenk tube filled with argon were successfully added
Pd(dba)2 (23 mg, 0.04 mmol), DPPF (44 mg, 0.08 mmol),
(R)-2,20-bis-methoxymethoxy-[1,10]binaphthalenyl-6,60-di-
bromide (532 mg, 1 mmol), CuCN (540 mg, 5 mmol),
n-Bu4I (369 mg, 1 mmol) and dioxane (2 mL). The solution
was heated at 100 �C for 3 h, then cooled to rt, diluted with
ethyl acetate and filtered through Celite. The organic layer
was successively washed with 1 M NaOH, saturated
NaHCO3, brine and dried (Na2SO4). The solvents were re-
moved, and the crude product was flash chromatographed
with pentane/diethyl ether 1:1 to afford 348 mg of a white
solid (82% yield). 1H NMR (300 MHz) d 8.20 (d,
J¼1.5 Hz, 2H), 7.95 (d, J¼9.2 Hz, 2H), 7.64 (d, J¼
9.2 Hz, 2H), 7.28 (dd, J¼1.5, 8.9 Hz, 2H), 7.07 (d, J¼
8.9 Hz, 2H), 5.06 (d, J¼6.9 Hz, 2H), 4.97 (d, J¼6.9 Hz,
2H), 3.11 (s, 6H); 13C NMR (75 MHz) d 155.2, 135.4,
134.4, 130.6, 128.5, 127.1, 126.2, 119.8, 119.4, 118.0,
107.6, 94.6, 56.1. This product was utilized in the sub-
sequent step without further analysis.

Step 2 (synthesis of (R)-2,20-dihydroxy-[1,10]binaphthal-
enyl-6,60-dicarbonitrile (17)):21 To 2,20-bis-methoxy-
methoxy-[1,10]binaphthalenyl-6,60-dicarbonitrile (212 mg,
0.5 mmol) in CH2Cl2 (1 mL) was added at 0 �C a saturated
methanolic HCl solution (2 mL). The mixture was stirred
for 2 h at rt, and then treated with saturated NaHCO3.
Subsequently, the solution was diluted with CH2Cl2, ex-
tracted with brine and the organic layer dried (Na2SO4).
After removal of the solvents, the crude product was recrys-
tallized from CH2Cl2/pentane to afford 320 mg of 17 as
a white solid (95% yield). 1H NMR (300 MHz) d 8.15 (s,
2H), 7.94 (d, J¼8.9 Hz, 2H), 7.42 (d, J¼8.9 Hz, 2H), 7.31
(d, J¼8.7 Hz, 2H), 7.05 (d, J¼8.7 Hz, 2H), 5.93 (br s,
2H); 13C NMR (75 MHz) d 154.5, 134.4, 133.4, 131.0,
127.2, 127.0, 124.3, 119.0, 118.0, 110.4, 106.1.
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Abstract—On photooxygenation (methylene blue as sensitizer) of E/Z enecarbamates, equipped with the oxazolidinone chiral auxiliary,
the oxidative cleavage of the alkenyl functionality releases the enantiomerically enriched methyldesoxybenzoin (MDB) product. The extent
(% ee) as well as the sense (R vs S) of the stereoselectivity in the MDB formation depends on the choice of the alkene configuration; the
efficacy of stereocontrol may be tuned by appropriate solvent and temperature conditions. Highlighted is the finding that the formation
of the preferred MDB enantiomer (R or S) depends for the E isomer on the chosen solvent and temperature, but not for the corresponding
Z isomer. The activation parameters for the various solvents disclose that differential entropy effects (DDSz) dominate the conformationally
more flexible E diastereomers. As mechanistic rationale for this unprecedented conformationally imposed stereochemical behavior, we pro-
pose the competitive action of stereoselective vibrational quenching of the attacking singlet oxygen by the enecarbamate versus sterically
controlled stereoselective oxidative cleavage of its double bond.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

The success in achieving a high enantioselectivity in photo-
chemical reactions1–3 depends on how effectively the spatial
requirements of the process are manipulated within the short
lifetimes of the excited states.4 To imprint stereocontrol
in the photoproduct, organized assemblies5–10 have been
employed with varying degrees of success; however, obtain-
ing a high enantioselectivity in solution still constitutes a

Keywords: Chiral auxiliary; Conformational effects; E/Z isomers; Mecha-
nism; Photooxygenation; Substituent effects; Stereoselectivity; Vibrational
quenching.
* Corresponding author. Tel.: +1 212 854 2175; fax: +1 212 932 1289;

e-mail: njt3@columbia.edu
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.01.119
formidable challenge.1–3 In this regard, a novel concept,
which we have explored in the stereoselective photooxidative
cleavage of chiral enecarbamates, involves selective deacti-
vation (quenching) of one of the diastereomers in a pair of
chiral excited states.11,12 Indeed, a high degree of stereocon-
trol may be imprinted in the photoproduct, but depending on
the oxidant and the reaction conditions, the sense of the
stereoselectivity may be reversed (Scheme 1).11–13

Previously we have shown14–16 that such a photooxidative
cleavage of enecarbamates actually entails a photooxygena-
tion reaction,17–20 in which the diastereomerically pure
[10S,20S] dioxetane intervenes, as exemplified for the chiral
Z-configured enecarbamates in Figure 1. The salient reactiv-
ity feature in the exposed snapshot is the preferential

mailto:njt3@columbia.edu
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Scheme 1. Stereoselective photooxidative cleavage of oxazolidinone-functionalized E-enecarbamates.
quenching of the electronically excited 1O2 as it attacks from
below, such that in addition to the steric preference for the
approach of 1O2 from above, the synergistic interplay of
quenching and steric hindrance dictates the observed
high diastereoselectivity. Moreover, the stereoselection in
the dioxetane formation is independent of the configuration
at the C-30 position of the alkyl side chain and the size of the
alkyl substituent at the C-4 position of the oxazolidinone
chiral auxiliary. Both, the methyl as well as the isopropyl
derivatives 10Z,4R(Me),30S-2b and 10Z,4R(iPr),30R-2c afford
the corresponding [10S,20S] dioxetanes in diastereomeric
ratios (dr) of about 95:5. For comparison, the enecarbamate
Z-2a without a substituent at the C-4 position of the oxazo-
lidinone, i.e., the parent ring, displays no diastereoselectivity
whatsoever in the dioxetane formation of the [2+2] cyclo-
addition with 1O2.14–16

In the present work, for comparison with the Z diastereomer,
we have explored the photooxidative cleavage of the E-2
enecarbamates (see the structure matrix of Chart 1). These are
equipped with the oxazolidinone chiral auxiliary for asym-
metric induction, to yield MDB and 3 as photoproducts
(Scheme 2).11,12 Analogous to the previously studied Z
isomer,14–16,21 ca. 50:50 diastereomeric mixtures of the R/S
isomers at the C-30 position in the alkene side chain were
used, to assess how effective the stereocontrol would be in
the kinetic resolution. These derivatives constitute versatile
and informative substrates for the study of conformational,
electronic, stereoelectronic, and steric effects on the stereo-
selectivity in the photooxidation of the alkene functional-
ity.11,12,14–16,21 Methylene blue was used to generate the
singlet oxygen for the photooxidative cleavage of the alkenyl
functionality in these chiral enecarbamates to produce the
optically active MDB product.

The extent of and the sense in the enantioselectivity were as-
sessed for the E geometry of the alkene as function of (a) the
alkyl substituent at the C-4 position of the oxazolidinone
chiral auxiliary (see Chart 1), (b) the configuration of the
alkyl substituent at the C-4 position of the oxazolidinone
chiral auxiliary, (c) the solvent, and (e) the reaction temper-
ature. Herewith we report the results of this extensive inves-
tigation, which evidently show that the difference in the
spatial arrangement offered by the E versus Z diastereomers
of the enecarbamates is crucial. Furthermore, for achieving
the observed high stereoselectivity in the formation of
the MDB product during the photooxygenation of the E
enecarbamates, we conjecture that the singlet oxygen is pref-
erentially deactivated (quenched) in one of the epimeric
transition structures for the E-enecarbamate/1O2 encounter
complexes. Such selective quenching of diastereomeric
excited states constitutes a promising stereochemical tool
O
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Chart 1. Structure matrix.
to effect the enantioselective photooxidative cleavage of
chiral alkenes.

2. Experimental

2.1. Materials

All regular solvents were purchased from Aldrich and the deu-
terated solvents from Cambridge Isotope Labs and used as
received. CDCl3 was stored over sodium bicarbonate prior to
use. Flash chromatography was carried out on silica gel, while
2-mm thick silica gel plates (EMD 60F) were employed for pre-
parative TLC. Commercially available compounds were puri-
fied by standard procedures. The Z-2 enecarbamates were
synthesized by a previously published procedure.11,12,14–16
2.2. Methods

2.2.1. General procedure for the synthesis of the E ene-
carbamates E-2. A sample of 0.150 mmol of Z-2 (see
Chart 1, Scheme 2) was dissolved in 20 mL of CH2Cl2 and
placed into a quartz test tube, fitted with a rubber septum, gas
delivery needle, and vent needle. The solution was purged for
20 min with dry N2 gas and then irradiated at 254 nm in
a Rayonet photochemical reactor for 20–30 min under a pos-
itive N2 pressure. GC analysis of the photolysate showed that
the photostationary state (Z/E¼52:48) was reached after
20 min. The solvent was removed at ca. 25 �C and 15 Torr
on a rotatory evaporator. The residue was loaded onto a pre-
parative TLC plate and eluted with a 2:1 mixture of hexane
and methyl tert-butyl ether (MTBE). The faster running frac-
tion was extracted with a 1:1 mixture of CH2Cl2 and EtOAc
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Scheme 2. Synthesis and photooxygenation of 4-oxazolidinone-functionalized Z and E enecarbamates.
to recover the starting material (Z-2). The slower running
fraction was extracted with a 1:1 mixture of CH2Cl2 and
EtOAc, to give 0.07 mmol of the corresponding E-2.

2.2.1.1. E(R)-2b. E(R)-2b was obtained in 95% yield
according to the above general procedure. The two dia-
stereomers 10E,4R(Me),30R-2b and 10E,4R(Me),30S-2b
were separated on a preparative TLC plate by eluting with
2:1 hexane/methyl-tert-butyl ether mixture.

2.2.1.2. 10E,4R(Me),30R-2b. 1H NMR (300 MHz,
CDCl3) dppm¼1.45 (d, J¼6.10, 3H), 1.55 (d, J¼7.14, 3H),
4.00 (m, 1H), 4.11 (m, 1H), 4.49 (m, 2H), 5.90 (s, 1H),
7.06 (m, 2H), 7.32 (m, 8H); 13C NMR (75 MHz, CDCl3)
dppm¼16.9, 18.0, 39.4, 54.4, 120.7, 126.7, 127.4, 127.9,
128.3, 128.6, 129.4, 138.8, 143.6, 148.6, 157.1, 158.9; MS
(FAB): M+H+ Calcd 308.1572, Exptl 308.1644.

2.2.1.3. 10E,4R(Me),30S-2b. 1H NMR (300 MHz, CDCl3)
dppm¼1.42 (d, J¼5.93, 3H), 1.51 (d, J¼7.23, 3H), 3.89 (m,
1H), 4.01 (m, 1H), 4.49 (m, 2H), 5.93 (s, 1H), 7.08 (m,
2H), 7.28 (m, 8H); 13C NMR (75 MHz, CDCl3) dppm¼17.4,
18.3, 54.6, 69.6, 121.2, 126.7, 127.5, 127.9, 128.2, 128.7,
129.5, 139.0, 143.6, 148.6, 159.0, 162.7; MS (FAB):
M+H+ Calcd 308.1572, Exptl 308.1656.

2.2.1.4. E(R)-2c. E(R)-2c was obtained in 95% yield
according to the above general procedure. The two dia-
stereomers 10E,4R(iPr),30R-2c and 10E,4R(iPr),30S-2c were
separated on preparative TLC plate by eluting with 2:1
hexane/methyl-tert-butyl ether mixture.

2.2.1.5. 10E,4R(iPr),30R-2c. 1H NMR (300 MHz, CDCl3)
dppm¼0.76 (d, J¼7.03, 3H), 0.86 (d, J¼6.85, 3H), 1.33 (d,
J¼7.20, 3H), 2.00–2.12 (m, 1H), 3.65 (ddd, J¼8.10, 4.23,
3.66, 1H), 4.04 (dd, J¼8.95, 4.33, 1H), 4.10 (t, J¼8.68,
1H), 4.32 (q, J¼7.20, 1H), 5.89 (s, 1H), 6.96–7.01 (m,
2H), 7.10–7.22 (m, 8H); 13C NMR (75 MHz, CDCl3)
dppm¼14.6, 17.8, 18.4, 28.2, 39.2, 62.7, 63.1, 121.0, 126.3,
127.5, 127.6 (2C), 127.7 (2C), 128.2 (2C), 129.0 (2C),
138.9, 143.1, 146.1, 157.1; MS (FAB): M+H+ Calcd
336.1958, Exptl 336.1972.

2.2.1.6. 10E,4R(iPr),30S-2c. 1H NMR (300 MHz,
CDCl3) dppm¼0.87 (d, J¼6.92, 6H), 1.39 (d, J¼7.20,
3H), 2.01–2.15 (m, 1H), 3.75 (ddd, J¼8.70, 4.78, 3.92,
1H), 4.08 (dd, J¼8.95, 4.88, 1H), 4.19 (t, J¼8.80, 1H),
4.28 (q, J¼7.20, 1H), 5.88 (s, 1H), 6.84–6.87 (m,
2H), 7.07–7.27 (m, 8H); 13C NMR (75 MHz, CDCl3)
dppm¼15.6, 17.3, 18.6, 29.5, 39.5, 63.2, 63.9, 121.9,
126.7, 127.9, 128.0 (4C), 128.7 (2C), 129.4 (2C), 138.4,
142.2, 144.9, 157.1; MS (FAB): M+H+ Calcd 336.1958,
Exptl 336.1961.

2.2.1.7. E(S)-2c. E(S)-2c was obtained in 95% yield
according to the above general procedure. The two dia-
stereomers 10E,4S(iPr),30R-2c and 10E,4S(iPr),30S-2c were
on preparative TLC plate by eluting with 2:1 hexane/
methyl-tert-butyl ether mixture.

2.2.1.8. 10E,4S(iPr),30S-2c. 1H NMR (300 MHz, CDCl3)
dppm¼0.85 (d, 3H), 0.92 (d, 3H), 1.42 (d, 3H), 2.11–2.18 (m,
1H), 3.71–3.76 (ddd, 1H), 4.12 (dd, 1H), 4.19 (t, 1H), 4.41
(q, 1H), 5.97 (s, 1H), 7.06–7.11 (m, 2H), 7.20–7.34 (m,
8H); 13C NMR (75 MHz, CDCl3) dppm¼15.1, 18.5, 19.0,
28.2, 39.9, 62.9, 63.2, 121.4, 126.7, 127.9, 128.1 (4C),
128.7 (2C), 129.5 (2C), 138.9, 143.3, 146.6, 157.1; MS
(FAB): M+H+ Calcd 336.1958, Exptl 336.1952.
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2.2.1.9. 10E,4S(iPr),30R-2c. 1H NMR (300 MHz, CDCl3)
dppm¼0.96 (d, 6H), 1.42 (d, 3H), 2.12–2.22 (m, 1H), 3.81–
3.87 (ddd, 1H), 4.16 (dd, 1H), 4.28 (t, 1H), 4.37 (q, 1H),
5.96 (s, 1H), 6.93–6.97 (m, 2H), 7.16–7.35 (m, 8H); 13C
NMR (75 MHz, CDCl3) dppm¼15.6, 17.3, 18.6, 29.5, 39.5,
63.2, 63.9, 121.9, 126.7, 127.9, 128.0 (4C), 128.7 (2C),
129.4 (2C), 138.4, 142.2, 144.9, 157.1; MS (FAB): M+H+

Calcd 336.1958, Exptl 336.1950.

2.3. Instrumentation

GC analyses were carried out on a Varian 3900 gas chromato-
graph, equipped with an auto-sampler. A Varian Factor-4
VG-1ms column (l¼25 m, id¼0.25 mm, and df¼0.25 mm)
was employed for the separation on the achiral stationary
phase, with a program of 50 �C for 4 min, raised to 225 �C
at 10 �C min�1, and kept at 225 �C for 10 min. A Varian
CP-Chirasil-DEX CB column (l¼25 m, id¼0.25 mm, and
df¼0.25 mm) was used for the separation on the chiral
stationary phase, with a program of 135 �C for 70 min, raised
to 200 �C at 15 �C min�1, and kept at 200 �C for 30 min. The
1H NMR and 13C NMR spectra were recorded on BRUKER
spectrometers (Model DPX300 or DRX300).

2.3.1. Photooxygenation of Z and E enecarbamates (see
Chart 1). The appropriate Z or E enecarbamate 2 (see
Scheme 2) and methylene blue sensitizer in 0.7 mL of the
desired deuterated solvent (the enecarbamate concentration
was 3.0�10�3 M and that of methylene blue was 3.7�
10�4 M) were placed into the NMR tube, sealed with a
rubber septum, and fitted with a gas delivery needle and
a vent needle. Dry O2 gas was purged through the sample
for 20 min, while irradiating with a 500-W halogen lamp,
equipped with a cutoff filter (<500 nm). After irradiation,
the samples were submitted to 1H NMR spectroscopy to
determine the conversion (kept below 50%). The mass bal-
ance (based on unreacted enecarbamate and formed MDB
product) and the conversion (based on unreacted enecarba-
mate) were determined by GC analysis on an achiral station-
ary phase, with 4,40-di-tert-butylbiphenyl as calibration
standard. The enantioselectivity (% ee) of the MDB product
was determined by GC analysis on a chiral stationary phase.

3. Results

To assess the diastereoselectivity in the oxidative cleavage of
the chiral enecarbamate substrate E-2 as a function of tem-
perature and solvent, the photooxygenation under a variety
of conditions was examined. Evans’ chiral auxiliary22,23

was chosen as the essential stereochemically directing entity
and was introduced into the enecarbamate substrate Z-2 by
condensing the 4-alkyl-substituted oxazolidinones with the
2,3-diphenyl-1-butanal (see Scheme 2). The 1-phenylethyl
substituent at the C-30 position of the double bond was
selected to minimize the ene reaction;11,12,14–16 the required
coplanar alignment of the only allylic hydrogen atom is
encumbered. The E-2 diastereomer was prepared by direct
or sensitized photochemical isomerization of Z-2, followed
by chromatographic separation (Scheme 2).24 Analogous
to the previously studied Z diastereomer,13–15 the photo-
oxygenation of the E-2 enecarbamate gave the expected
chiral methyldesoxybenzoin (MDB) and the oxazolidinone
aldehyde 3 (see Scheme 2) quantitatively on complete
conversion of the substrate. To recall, the thermally labile
dioxetane intermediate was previously detected at �35 �C
and was shown to decompose readily at room temperature
(ca. 20 �C) into MDB and aldehyde 3.13–15

To assess the diastereoselectivity in the oxidative cleavage of
the chiral enecarbamate substrate E-2 as a function of tem-
perature and solvent, the photooxygenation under a variety
of conditions was examined. The new results for the E-2
diastereomers are collected in Table 1, together (for compar-
ison purposes) with the relevant data of the already published
Z-2 diastereomers.13–15 As for the previously studied Z-2
diastereomers,13–15 we employed a ca. 50:50 diastereomeric
mixture of the R and S isomers at the C-30 position also in
the photooxygenations of the E-2 enecarbamates. The con-
version was kept below 50% to avoid overoxidation, which
would therewith distort the ee values.

The negligible effect of the alkyl substituent at the oxazoli-
dinone C-4 position in the photooxidative cleavage of the
chiral enecarbamates 2 is exemplified for the E diastereomer
with the methyl [E(R)-2b] and the isopropyl [E(R)-2c]
groups (Table 1). In CDCl3 at 18 �C the E(R)-2b (entry 2)
gave the R-MDB enantiomer with an ee value of 67% at
19% conversion (s¼5.9) and the E(R)-2c (entry 2) an ee
value of 63% at 17% conversion (s¼5.0). The respective s
factors (see Eq. 1) convincingly express the relatively low
response to the steric factors of the oxazolidinone chiral
auxiliary. For this reason, hereafter we shall concentrate
on the isopropyl derivative E-2c.

As already demonstrated previously for the Z series of dia-
stereomers,13–15 the sense of the enantioselectivity in the
MDB product is opposite, while the extent of diastereomeric
control in the photooxidative cleavage of the E enecarba-
mates is the same (within the experimental error) for the
R and S antipodes at the C-4 position (Table 1). This is
clearly evident in the % ee data for the E(R)-2c and E(S)-
2c isomers, as exemplified by their photooxygenation in
CD2Cl2 at 20 �C. As expected, the reversal in the enantio-
selectivity sense was also seen for E(R)-2c (entries 5–7)
and affords the S-MDB (34% ee at 25% convn), whereas
E(S)-2c (entries 17–19) leads to the R-MDB (28% ee at
29% convn) enantiomer as final oxidation products.

The effect of the solvent type and polarity was examined by
comparing the polar aprotic solvent CD3CN, the polar protic
solvent CD3OD, and the halogenated solvents CD2Cl2 and
CDCl3, which are of relatively low polarity. For the photo-
oxidative cleavage of the E-2c substrate, the solvent depen-
dence of the diastereoselectivity follows the order CD3CN
(30%)wCD2Cl2 (34%)<CDCl3 (63%)<CD3OD (85%) at
the common temperature of about 18–20 �C (Table 1, entries
9, 5, 2 and 13, respectively); the ee values are given in paren-
theses. Evidently, the best diastereoselectivity is obtained for
the hydrogen-bonding solvent methanol (entry 13), whereas
the lowest control is displayed by the aprotic acetonitrile
(entry 9) at the same temperature. The relatively high ee
value in chloroform-d (entries 1–4) is quite striking. Mech-
anistically most revealing is the finding that the R-MDB
enantiomer is the favored product in CDCl3 and CD3OD
(entries 2 and 13, respectively), but the S-MDB isomer
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Table 1. Determination of the stereoselectivity factor (s) for the formation of (R/S)-MDB product in the photooxygenationa of E(R)-2b, E(R)-2c, and E(S)-2c as
a function of solvent and temperature

Entry Temp (�C) Solvent MDBb (% ee) Convnc (%) sd MDBb (% ee) Convnc (%) sd

E(R)-2b E(R)-2c

1. 50 CDCl3 — — — 8 (S) 5 1.2
2. 18 67 (R) 19 5.9 63 (R) 17 5.0
3. �15 85 (R) 14 14.0 78 (R) 37 13.0
4. �40 86 (R) 52 45.0 88 (R) 43 31.0

5. 20 CD2Cl2 7 (S) 10 0.9 34 (S) 25 2.3
6. �20 62 (R) 23 5.1 27 (R) 65 2.7
7. �60 95 (R) 31 59.0 82 (R) 54 40.0

8. 50 CD3CN — — — 64 (S) 23 5.5
9. 18 28 (S) 18 0.5 30 (S) 34 2.1
10. �15 0 55 1.0 0 28 1.0
11. �40 45 (R) 33 3.3 58 (R) 37 5.2

12. 50 CD3OD — — — 70 (R) 30 7.6
13. 18 75 (R) 17 8.1 85 (R) 34 19.0
14. �15 80 (R) 13 10.0 90 (R) 17 23.0
15. �40 86 (R) 13 15.0 94 (R) 12 37.0
16. �70 97 (R) 8 72.0

E(S)-2c

17. 20 CD2Cl2 28 (R) 29 2.0
18. �20 36 (S) 59 3.4
19. �60 88 (S) 56 45.0

a The E enecarbamate concentration is 3.0�10�3 M and 3.7�10�4 M for the methylene blue sensitizer.
b The enantiomeric excess (% ee) of the MDB product, determined by GC analysis on a chiral stationary phase.
c Conversion (convn) of enecarbamates determined by GC analysis on an achiral stationary phase with 4,40-di-tert-butylbiphenyl as calibration standard, and by

1H NMR spectroscopy; averages of three runs, within 5% error of the stated values.
d Calculated from Eq. 1.
dominates in CD2Cl2 and CD3CN (entries 5 and 9, respec-
tively). Thus, the selectivity cannot be attributed to the
solvent polarity alone in the photooxidative cleavage of
the E-2 enecarbamates.

Still more intriguing for mechanistic considerations is the
temperature dependence of the ee values for the E-2c sub-
strate (Table 1). Only in methanol the extent of the diastereo-
selectivity is relatively constant (note the high ee value of
97% at �70 �C, i.e., nearly perfect stereocontrol!) and the
same enantiomer, namely R-MDB, is formed over the entire
temperature range from �70 to +50 �C (entries 12–16). In
the other solvents, depending on the temperature, a change
in the sense from the usual R-MDB to the S-MDB isomer
is observed. For example, very good stereocontrol (ee value
of 88%) in favor of R-MDB is found in chloroform-
d at �40 �C (entry 4), but the S-MDB isomer is preferred
with very poor diastereoselectivity (ee value of only 8%)
at +50 �C (entry 1). This inflection in the enantioselectivity
sense (R to S isomer) occurs in CDCl3 above +18 �C (entries
Figure 2. X-ray crystal structure (Ref. 25) of 10E,4S(Me),30R-2b and 10E,4S(Me),30S-2b.
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1 and 2), while in CD2Cl2 it takes place between +20 �C and
�20 �C (entries 5 and 6). In the case of CD3CN, the temper-
ature at which the change of sense takes place is �15 �C
(entry 10), as indicated by the 0% ee value in the MDB prod-
uct (see Table 1). These profound selectivity trends require
careful mechanistic scrutiny, to understand the details of
the photocleavage pathway.

To enable a detailed mechanistic rationalization of the
favored attack by 1O2 on the double bond of the enecarba-
mate, the structural details of the chiral enecarbamate must
be known reliably. Fortunately, we succeeded in crystalliz-
ing the methyl derivative E(S)-2b from ether/hexane and ob-
tained its solid-state structure by X-ray crystallography
(Fig. 2).25

As displayed in Figure 2, both diastereomers 10E,4S(Me),30R-
2b and 10E,4S(Me),30S-2b are contained in the same unit cell.
Inspection of the crystal structure reveals that the oxazolidi-
none carbonyl is almost perpendicular to the plane of the
double bond, such that the nitrogen lone pair is contained
within that plane for conjugation with the carbonyl group.
The phenyl substituent on the double bond is also twisted
out of conjugation, to minimize the steric interactions with
the phenethyl side chain. Presumably, polarity factors of the
oxazolidinone functionality and steric interactions with the
alkyl side chain are minimized in the observed conformation.

4. Discussion

The salient features of photooxygenation of the E-2 and the
Z-2 diastereomers of the enecarbamates are three-fold:

(i) While the photooxidative cleavage of the E-2 isomer
affords the MDB product in high (up to 97%) enantio-
selectivity (Table 1), the ee value for the Z-2 isomer is
quite low (only 30% at best) under comparable reaction
conditions;11,12,14–16

(ii) The enantiomeric excess in the MDB product depends
substantially on the solvent and the temperature of the
photooxygenation for the E-2 isomer (Table 1), but that
is not the case for the corresponding Z-2 enecarba-
mate;11,12,14–16

(iii) Not only does the extent of stereoselection (% ee value)
of the E-2 diastereomer vary extensively as a function
of solvent and temperature (Table 1), but also the
favored configuration (R vs S enantiomers of MDB)
changes, i.e., there is an inversion point in the sense
of the stereoselectivity.

This divergent behavior in the stereocontrol displayed by the
two geometrical isomers E and Z needs to be mechanistically
rationalized in terms of the trajectory of the 1O2 attack onto
the double bond during the photooxidative cleavage of the
enecarbamate substrate. Since we have employed for the
photooxygenation a ca. 50:50 diastereomeric mixture of
enecarbamates E-2 (R/S epimers at the C-30 stereogenic
site of the alkyl side chain), the stereoselection in the present
study entails a case of kinetic resolution. Thus, the enantio-
meric excess in the MDB product, which is formed in the
double-bond cleavage, reflects the differentiation in the reac-
tion rates of the enecarbamate photooxidation. For such
kinetic resolution, the so-called stereoselectivity factor (s)
applies (Eq. 1),26–29 which is a quantitative measure (cor-
rected for the extent of conversion) of the relative reaction
rates for the two stereoisomers in question. In the present
photooxygenation of the enecarbamates 2, the s factor for
the two epimers from the substrate conversion and the
MDB enantiomeric excess. A large value will translate
into high enantiomeric excess in the MDB product even at
50% conversion (see Fig. 3). This is the case, for example,
in the photooxidation of the E(R)-2c substrate in CD3OD
at �70 �C with the s factor of 72 (see Table 1, entry 16).

s¼ kR

kS

¼ ln½1�Cð1 + eeMDBÞ�
ln½1�Cð1� eeMDBÞ�

ð1Þ

where C is the conversion and eeMDB is the ee value of the
MDB product.

As a practical utilization of such a high s factor for the
kinetic resolution with 1O2, the photooxygenation of E(R)-
2c was run in CD3OD at �70 �C up to nearly 50% conver-
sion. The R-MDB product was separated from the reaction
mixture by chromatography and an ee value of 97% was ob-
tained. The unreacted 10E,4R(iPr),30S-2c enecarbamate was
then quantitatively photooxidized at room temperature to
afford the S-MDB product with an ee value of 97%. This re-
markable case of 1O2 stereoselection was previously coined
as photochemical Pasteur-type kinetic resolution.11,13,26–29

To understand the temperature dependence of the enantio-
meric excess in the MDB product for the photooxygenation
of E(R)-2c in the various solvents, the differential activation
parameters (DDSz and DDHz) were computed with the help
of Eyring relation (Eq. 2):2,30,31

lnðkR=kSÞ ¼ DDSzR�S=R�DDHzR�S=RT ð2Þ

The DDSz and DDHz data for the E(R)-2b and E(R)-2c dia-
stereomers are collected in Table 2, together with the previ-
ously investigated Z(R)-2c in CD2Cl2 for comparison.10
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The data for the E-2 isomer in the aprotic solvents CDCl3,
CD2Cl2, and CD3CN display (Table 2, entries 1–3) a pro-
nounced temperature dependence of the MDB enantiomeric
excess, namely, a relatively high contribution by the differen-
tial activation entropy term (jDDSzj�14 cal mol�1 mol�1), as
well as an appreciable contribution by the differential
activation enthalpy term (jDDHzjw4 kcal mol�1). As may
be seen from the differential Eyring relation (Eq. 2), the
change in the % ee values (or DDGz) depends both on the
entropic and enthalpic terms. Since the DDHzR�S/RT term
is proportional to the reciprocal temperature (Eq. 2), the
ln(kR/kS) value is determined mostly by the enthalpic contri-
bution at low temperatures; however, as the temperature in-
creases, the relative contribution from the DDSzR�S/R term
increases and begins to override the DDHzR�S/RT term at
some temperature. Eventually, the sign of the ln(kR/kS) value
inverts and the enantioselectivity sense switches, provided
that the DDHzR�S and DDSzR�S terms possess the same
sign, as is the case here for the photooxygenation of the
E-2 isomer (Table 2, entries 1–3). Such entropy effects are
indicative of conformational factors,2,30,31 which in the
present case are dictated, presumably, by the stereogenic
center at the C-30 position of the phenethyl side chain.

In contrast, the corresponding Z-2c isomer is insensitive
to temperature, as convincingly exposed by the near-zero
DDSz and DDHz terms in CD2Cl2 with opposite sign
(Table 2, entry 6);2,30,31 consequently, irrespective of what
temperature is chosen, the R-enantiomeric MDB product is
enhanced (as DDSz and DDHz compensate each other upon
temperature variations due to the opposite sign), but in mod-
est preference. Similarly, in the protic CD3OD solvent, also
for the E-2 isomer a small temperature dependence is ob-
served (Table 1, entries 12–16), again corroborated by the
small DDSz and DDHz values (Table 2, entry 4). As a conse-
quence of the low entropy and enthalpy contributions, in the
protic methanol (notice the same sign for DDSz and DDHz;
upon decreasing the temperature the contribution from
DDHz will increase slightly), the response of the E-2 isomer
to temperature is nominal; certainly the sense of the enantio-
selectivity is not changed.

An effective visual display of these experimental trends in
the temperature dependence of kR/kS as a function of the sol-
vent nature is given in Eyring plots for E-2c (Fig. 4). The

Table 2. Solvent dependence of the differential activation parametersa for
the photooxygenation of E(R)-2b, E(R)-2c, E(S)-2c, and Z(R)-2c in different
solvents

Entry Solvent DDHz

(kcal mol�1)
DDSz

(cal mol�1 K�1)
DDHz

(kcal mol�1)
DDSz (cal
mol�1 K�1)

E(R)-2b E(R)-2c

1 CDCl3 �4.9 �14 �4.5 �14
2 CD2Cl2 �6.6 �23 �4.0 �15
3 CD3CN �4.4 �17 �4.5 �17
4 CD3OD �1.5 �1.0 �2.5 �4.9

E(S)-2c

5 CD2Cl2 5.3 19.0

Z(R)-2c

6 CD2Cl2 �0.2 0.4

a DDHz and DDSz were computed from Eq. 2.
nearly parallel lines (similar slopes) bring out the fact that
the extent of enthalpic contribution (DDHz) is about the
same as that in the diverse solvents, but the crossing of the
0% ee line reflects the change in the sense of specification
of the favored configuration for the MDB enantiomer.
Another point that is focused well in Figure 4, is the mirror
imaging of the two lines for the E(R)-2c [ ] and E(S)-2c
[ ] diastereomers upon photooxygenation in CD2Cl2,
which conveys the stereocontrol by the stereogenic center
at the C-4 position of the oxazolidinone chiral auxiliary.
The similar magnitudes but opposite signs of the DDSz and
DDHz terms for the oppositely configured E(R)-2c and
E(S)-2c diastereomers in CH2Cl2 (Table 2; entries 2 and 5,
respectively) are dictated by mirroring of the two lines
in Figure 4. The intersection of the two lines signifies the
temperature (inversion temperature, �3 �C for CD2Cl2) at
which the entropic contribution equals the enthalpic contri-
bution, which will be reflected in the 0% ee value in the
MDB product.

These conspicuously complex temperature and solvent
effects on the stereoselectivity of the E and Z enecarbamate
photooxygenation shall now be mechanistically scrutinized.
As already anticipated, conformational factors may be
responsible for the difference in the sensitivity response be-
tween the E and Z oxazolidinone-functionalized enecarba-
mates toward solvent and temperature variations. To assess
such conformational factors, detailed X-ray crystal struc-
tures of the E and Z diastereomers should be helpful; how-
ever, such structures are not necessarily definitive, since
our photooxygenations are conducted in the solution phase
and not in the solid state, for which the actual conformations
may differ appreciably. The pertinent crystal structures are
given in Figure 5, which disclose some significant conforma-
tional differences.

Figure 4. Eyring plots for the stereoselective photooxygenation of E(R)-2c
and E(S)-2c enecarbamates in various solvents.
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Figure 5. Comparison of the favored conformers for the E-4S(Me),30S-2b (A) and Z-4S(iPr),30S-2c (B) enecarbamates, as revealed by the corresponding solid-
state structures, of the E-4S(Me),30S-2b (A) and Z-4S(iPr),30S-2c (B) enecarbamates (for clarity, only the 4R,30S epimers are shown), which disclose some
pertinent conformational differences. It should, however, be emphasized that in (A) we are using the methyl derivative, whereas in (B) the isopropyl one;
unfortunately, the crystal structures are not available for the same alkyl group at the C-4 position of the oxazolidinone chiral auxiliary; nevertheless, for the
present discussion it is not the substituent in the oxazolidinone chiral auxiliary that counts, but the E and Z geometries of the double bond.
As illustrated in Figure 5, the oxazolidinone carbonyl of the
E isomer (C-30S epimer) is oriented above the plane of the
double bond (for the other C-30R epimer, the oxazolidinone
carbonyl is oriented below),25 compared to the coplanar
alignment of the Z isomer (see Fig. 5).13–15 Moreover,
molecular models and quantum-chemical computations sug-
gest that the Z diastereomer13–15 is conformationally more
rigid than the E one. The greater flexibility of the E con-
former appears to be due to less steric encumbrance between
the imposing phenyl and oxazolidinone groups. Therefore,
we speculate that the more mobile E conformer is more sus-
ceptible to solvent and temperature variations, as confirmed
by the larger DDSz contribution (Table 2). Correspondingly,
the greater rigidity of the Z conformer makes it less sensitive
to solvent and temperature variations, as reflected by the
lower DDSz values (Table 2). Further work would be re-
quired, to confirm the higher flexibility of the E conformer,
e.g., NOESY and NOE NMR spectroscopy as well as theo-
retical studies would be helpful.

The enthalpy–entropy plot for both the E and Z enecarba-
mates is shown in Figure 6. The differential activation
parameters fall on a single straight line passing through the
origin, which indicates that the same diastereo-differentiat-
ing mechanism operates, irrespective of (a) the configuration
of the double bond [E or Z], (b) the alkyl substituent at the
C-4 position [Me or iPr], (c) the configuration of the C-4 sub-
stituent [R or S isomer], and (d) the solvent that is employed.

A pertinent aspect to be rationalized is the higher stereo-
selectivity of the E compared to the Z enecarbamate. It is
truly remarkable that the smallest possible oxidant, namely
singlet oxygen, is subject to such high stereocontrol. To un-
derstand the higher stereocontrol for the E isomer, we shall
explore now the details of the trajectory for the incoming 1O2
onto the double bond of the chiral enecarbamate, to reveal
the critical oxidant/substrate interactions in the attack. As
exemplified in Figure 2, the configuration at the C-30 posi-
tion, i.e., 30R versus 30S, plays an important role in aligning
the oxazolidinone carbonyl with respect to the face of
the double bond. In 10E,4S(Me),30R-2b, the oxazolidinone
carbonyl is oriented toward the top face of the double
bond, whereas in the 10E,4S(Me),30S-2b epimer it is steered
toward the bottom face. Although it is well known that polar
groups may facilitate the facial selectivity of singlet oxy-
gen,32 in the present case, this alone does not explain the
high selectivity for the E isomer. The reason is that the rela-
tive spatial arrangement of the carbonyl and the phenethyl
groups is the same in both the structures and, thus, equal
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Figure 6. Plot of DDSz versus DDHz for the photooxygenation of E(R)-2b,
E(R)-2c, E(S)-2c, and Z(R)-2b.
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amounts of the R- and S-MDB enantiomers would be ex-
pected. Evidently, besides conformational and steric factors,
additional interactions must be involved.

We propose that the high stereocontrol in the R-MDB versus
S-MDB formation for the photooxidative cleavage of the
E isomer is the consequence of selective p-facial quenching
of the electronically excited singlet oxygen by the enecarba-
mate substrate. In this context, it is well known that the life-
time of singlet oxygen in deuterated solvents is much higher
than non-deuterated ones,17–20 since C–H bond vibrations
deactivate 1O2 to its triplet ground state.33 In view of the
higher flexibility of E enecarbamates, conformations may
be populated, in which one p face of the double bond ex-
poses a larger number of C–H bonds for selective quench-
ing33 of the incoming excited 1O2. In the present case of
kinetic resolution, to generate selectively the R-MDB enan-
tiomer in excess from the 30R/30S diastereomeric pair, the 30S
epimer must be preferentially quenched and thereby accu-
mulates. We have previously shown low selectivity in the
MDB product for photooxidation of both E and Z enecarba-
mates with ozone—a reactive ground state species.34 A more
careful inspection of the solid-state structures for the 30R/30S
diastereomeric pair in Figure 2 reveals that in the 30R epimer,
the methyl groups of the oxazolidinone ring and the phen-
ethyl side chain are located on opposite p faces of the double
bond, whereas in the 30S epimer these methyl groups are on
the same side (in the shown structure, above the plane of the
double bond). If such conformationally imposed structural
differences apply also in the solution phase, the attacking
1O2 is more efficiently deactivated by the 30S epimer and
the R-MDB enantiomer is favored, as observed in aprotic
solvents at subambient temperature (Table 1). The more
efficient stereocontrol (higher % ee values in favor of the
R-MDB enantiomer) as the temperature is decreased
(Table 1), may arise from populating in solution, the favored
conformations of the 30R/30S diastereomeric pair. Conse-
quently, at the lower temperature limit, the R-MDB enantio-
mer is favored due to more effective 1O2 quenching, whereas
at the higher temperature limit the proportion of S-MDB
product increases because the mechanism of selective
p-facial quenching is depreciated as a result of efficient
conformational equilibration. In the latter situation, presum-
ably steric effects override physical deactivation of the
electronically excited 1O2. Evidently, the complex stereo-
selectivity behavior presently observed in the photooxi-
dative cleavage of the chiral enecarbamates 2 (Table 1,
Fig. 4) is a delicate balance between the steric interactions
and quenching in the 1O2/substrate encounter, imposed by
temperature-dependent and solvent-dependent conforma-
tional preferences.

5. Conclusion

It should be evident that the extensive stereochemical prop-
erties embodied in the chiral oxazolidinone-substituted ene-
carbamates (i.e., the chirality center at the C-4 position of the
oxazolidinone ring, the chirality center at the C-30 position
of the phenethyl side chain, and the E/Z configurations of
the alkene functionality) make these substrates informative
molecular probes to explore the mechanistic intricacies of
kinetic resolution in the photooxidative cleavage of the al-
kenyl double bond to the enantiomerically enriched MDB.
The stereoselection of the kinetically preferred MDB enan-
tiomer depends not only on the alkene geometry (Z/E), the
size of the C-4 alkyl substituent (H, Me, iPr) in the oxazo-
lidinone ring, and the configuration (R/S) at the C-30 stereo-
genic center of the phenethyl side chain, but also on the
nature of the solvent and the reaction temperature. The con-
formationally more flexible E diastereomer responds sensi-
tively to such reaction conditions (ee values of up to 97%),
whereas the conformationally more rigid Z diastereomer
behaves impervious to such manipulation (ee values of up
to 30%). We argue that the stereochemical consequences
of such conformational effects (entropy control) are stereo-
selective quenching of 1O2 by vibrational deactivation (a
novel concept), in competition with stereoselective oxidative
double-bond cleavage subject to steric interactions on the
attacking 1O2.
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