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b-adrenergic blockers via
enantioselective organocatalysed epoxidation of
terminal alkenes as a key step†

Felix E. Held, Shengwei Wei, Kathrin Eder and Svetlana B. Tsogoeva*

A convenient and environmentally attractive one-pot two-step process for the synthesis of b-adrenergic

blockers via Shi's organocatalytic epoxidation of terminal alkenes and subsequent aminolysis reaction of

epoxides with isopropylamine under mild reaction conditions has been developed.
Introduction

The synthesis of enantiomerically pure chiral drugs and
bioactive compounds still remains a challenging task for
organic chemists.

Asymmetric syntheses employing chiral catalysts is among
the most common routes to optically pure compounds. In
particular, organocatalysis, which constitutes a complimentary
extension to transition metal or enzymatic catalysis, has
attracted much attention in recent years as a powerful, and
environmentally friendly methodology.1

Most of the known organocatalytic synthesis are carried out
through the accustomed classical stop-and-go approach, where
intermediate isolation and purication steps are involved. In
general, isolation and purication processes of intermediates
are the most time- and cost-demanding and waste-producing
manual operations in the traditional stop-and-go synthetic
approach.2

In contrast to this approach stands the one-pot strategy, in
which chemical transformations are performed without inter-
mediary purication steps. One-pot reactions are therefore
among the economically most attractive and sustainable
methods in modern synthetic chemistry.2–5

Chiral 1,2-amino alcohols are versatile building blocks in the
synthesis of biologically active target compounds and are
subunits in many natural products and therapeutic agents,
such as bronchodilators, neurotransmitters, sympathomimetic
agents, and many others.6 1,2-Amino alcohols represent,
therefore, attractive synthetic targets.

An example of two-step epoxide synthesis employing oxa-
thiane as a chiral reagent and application of the isolated
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1

epoxides to preparation of bioactive 1,2-amino alcohols via
aminolysis reaction with LiAl(NHR)4/NH2R was reported in
1995.7

In 2011, we introduced a one-pot multi-step synthetic
approach towards 1,2-amino alcohols employing oxazabor-
olidine organocatalysts, prepared in situ from a-amino acids.8

This new strategy we applied for the highly enantioselective
synthesis of selected b-adrenergic blockers 1–3 (Fig. 1) via one-
pot sequential transformations: reduction of a-halo ketones/
epoxide formation/aminolysis reaction.8 Pharmaceuticals pro-
nethalol (1),9 nifenalol (2)10 and dichloroisoproterenol (3)11 are
of great importance in the therapy of asthma, bronchitis and
congestive heart failure.12

Very recently, a new method for the preparation of (R)-pro-
nethalol (1) and (R)-dichloroisoproterenol (3) in moderate yields
and high enantioselectivities (41%, 96% ee and 60%, 98.6% ee,
respectively) was developed, which involves acetylcyanation of
prochiral aldehydes catalysed by a combination Ti-based Lewis
acid catalyst and a biocatalyst employing a minor enantiomer
recycling procedure, followed by a subsequent LAH or BH3

reduction, respectively, and reductive amination using NaBH4/
acetone.13

Some practical shortcomings of the previously reported
synthetic methodologies towards selected pharmaceuticals
includes the involvement of multiple reaction steps,7,8,13 the
requirement of isolation and purication of product interme-
diates7,13 and the use of a relatively complex catalytic system (a
combination of metal catalyst and biocatalyst)13 and Li-based
reagents (LiAl(NHR)4, LAH).7,13 To match the basic needs of
Fig. 1 Selected b-adrenergic blockers.

This journal is © The Royal Society of Chemistry 2014
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the pharmaceutical chemistry, the synthetic methods towards
chiral drugs must be simple, straightforward and environ-
mentally friendly. Thus, nding a shorter, facile and metal-free
strategy providing a more convenient direct access to these
chiral b-adrenergic antagonists under mild reaction conditions
and without intermediary workup and purication steps,
further reducing costs and waste, is very welcome.

Here we report a signicant progress towards this goal with
the development of a simple and practical organocatalytic
epoxidation/aminolysis sequential one-pot route to the
synthesis of b-adrenergic blockers (Fig. 2).
Fig. 2 Depiction of the designed short enantioselective synthesis of
chiral 1,2-amino alcohols.

Fig. 3 Shi catalyst applied for epoxidation step.

Table 1 Optimisation of epoxidation reaction conditions

Entrya Product Oxone®f (equiv.)

1 4.0
2 4.0
3 4.0
4 2.6
5e 2.6
6 2.6
7 2.6

8 2.6

9 2.6

a All reactions were carried out with Shi cat. 4 (0.15 equiv.), Oxone® (2.6–
Bu4NHSO4 (0.09 equiv.) in different solvents and buffer (0.1 M K2CO3–
b Determined by 1H-NMR. c Determined by chiral phase HPLC anal
congurations were assigned by comparing HPLC elution order with kno
r.t. f Oxone®: (2KHSO5$KHSO4$K2SO4).

This journal is © The Royal Society of Chemistry 2014
Results and discussion

From a synthetic perspective, epoxides are particularly attractive
and versatile starting compounds in organic synthesis and in
the pharmaceutical industry.14,15

For realisation of the proposed synthetic route (Fig. 2),
asymmetric epoxidation utilising organocatalysts has attracted
our attention. Epoxidation of styrenes (selected here as a key
reaction step) is still a challenging subject in the eld of
oxidation chemistry. An attractive metal-free method described
for the epoxidation of terminal alkenes is the Shi epoxida-
tion.16,17 However, as far as we are aware, this method has never
been applied to the synthesis of b-adrenergic blockers. We
envisaged that employing versatile Shi epoxidation reaction as a
key step to build up selected b-adrenergic blockers 1–3 in a one-
pot process would be of synthetic value.

The Shi's N-substituted oxazolidinone ketone 4 (Fig. 3) has
proven to be one of the most active types of fructose-derived
asymmetric organocatalysts for epoxidation of unfunctiona-
lised terminal alkenes.

Initially, we examined the epoxidation of 2-vinylnaphthalene
in the presence commercially available N-substituted oxazoli-
dinone ketone 4 using three conventional solvents (n-hexane,
CH3CN and THF) different from DME (dimethoxyethane) orig-
inally reported for Shi epoxidation reaction.17

The laboratory work with toxic DME is known to imply
several risks, for instance it may impair fertility and further-
more cause fetal harm.18 Since the b-blockers 1–3 are adminis-
tered as drugs it would be very desirable to nd a comparable
Solvent t (h) conv.b (%) eec (%)

n-hexane 8 Traces n.d.d

CH3CN 8 25 79
THF 6 94 82
THF 6 >99 83
THF 6 82 65
THF 8 >99 82
THF 4 90 87

THF 6 >99 81

THF 6 >95 84

4.0 equiv.), and K2CO3 (4 equiv., 0.84 M in 4 � 10�4 M aq. EDTA) and
AcOH in 4 � 10�4 M aq. EDTA, pH ¼ 9.3) unless otherwise stated.
ysis and compared with authentic racemic material. The absolute
wn literature data. d Not determined. e The reaction was carried out at

RSC Adv., 2014, 4, 32796–32801 | 32797
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Table 2 One-pot two-step sequential synthesis of b-blockers 1–3

Entrya Products Yieldb (%) over two steps eec (%)

1 n.d 89 (99)d

2 55 81
3 n.d.f 90 (99)d,e

4 n.d.f 84
5 n.d.f 87
6g 44 84 (99)d

7g,h 59 87
8 n.d.f 84
9 n.d.f 82
10 60 85 (93)d

11 n.d.f >99d

12 78 83 (99)d

a All reactions were carried out with Shi cat. 4 (0.15 equiv.), Oxone® (4.0
equiv.), and K2CO3 (4 equiv., 0.84 M in 4 � 10�4 M aq. EDTA) and
Bu4NHSO4 (0.09 equiv.) in THF and buffer (0.1 M K2CO3–AcOH in 4 �
10�4 M aq. EDTA, pH ¼ 9.3) unless otherwise stated. b Obtained via
recrystallization. c Determined by chiral phase HPLC analysis and
compared with authentic racemic material aer isolation via
preparative TLC. The absolute conguration was established by
comparing HPLC elution order with known literature data.8 d ee-value
aer a single recrystallization. e Single crystal for the X-ray diffraction
analysis of the (R)-pronethalol (1) was obtained and the structure was
unambiguously determined by X-ray crystallography (see the ESI†).20
f Not determined. g DME was used as solvent. h Carried out at �10 �C.
i Oxone®: (2KHSO5$KHSO4$K2SO4).
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solvent without any loss of conversion and enantiomeric excess
but at the same time with a less harmful effect.

Hence, it was our motivation rst to carry out preliminary
solvent screening in the epoxidation reaction step (Table 1). The
epoxidation of 2-vinylnaphthalene to epoxide 5 was performed
at 0 �C, beginning with 4.0 equiv. of Oxone® as an oxidizing
agent. Both, the catalytic efficiency and asymmetric induction
are strongly dependent on the solvents used. In n-hexane and
acetonitrile, for instance, the reaction didn't work at all or only
with a low conversion, respectively (entries 1 and 2). To our
delight, changing the reaction medium to THF, we observed a
high conversion of 94% with an enantiomeric excess of 82%
aer only 6 hours of reaction time (entry 3). Furthermore, THF
offers another big advantage for the whole reaction system,
since previously, our group identied this solvent as the most
suitable for the following aminolysis reaction step.8

For further reaction optimization, the amounts of the
oxidizing agent was reduced to 2.6 equiv. Carrying out the
reaction for 6 h in THF at 0 �C the product was generated with
>99% conversion and 83% ee (entry 4, Table 1). To investigate
the inuence of the temperature on the reaction outcome, we
carried out the epoxidation also at room temperature. This
experiment gave evidence that an elevated temperature affected
the conversion and enantioselectivity in a negative way (entry 5),
possibly caused by a decomposition of the used catalyst during
the reaction course.19 Among the different reaction times that
were applied for the epoxidation, an extended reaction period
(8 h, entry 6) didn't have any signicant effect on the reaction
outcome, while a shortened period (4 h, entry 7) reduced the
conversion to 90%. Thus, 6 h reaction time proved to be the
most optimal for the epoxidation step.

Thus, improved conditions to those previously reported17 for
the Shi epoxidation of terminal alkenes, suitable for designed
one-pot transformation (Fig. 1), were found. We have next
applied this optimized method for the synthesis of epoxides 6
and 7, which are ideal precursors for (R)-nifenalol (2) and (R)-
dichloroisoproterenol (3) synthesis, respectively. Aer 6 h
reaction time both epoxides were obtained with excellent to full
conversion and enantiomeric ratios of 81 and 84%, respectively
(entries 8 and 9).

The next aim was to combine this epoxidation reaction
(without work up of the terminal epoxide) with the second
aminolysis reaction step in a one-pot process (Table 2).

We started with the development of the one-pot process for
(R)-pronethalol (1) synthesis. For the epoxidation reaction,
Oxone® and K2CO3 were added in a buffer solution dropwise
simultaneously via two syringe pumps in order to ensure an
ideal performance of the Shi catalyst 4 with a constant pH value
during the epoxidation. Aer 6 h reaction time in THF we added
18 equiv. of isopropylamine to the reaction mixture and stirred
further at 50 �C for 18 h. We used 18 equiv. of isopropylamine,
since our previous studies8 demonstrated that an excess of
isopropylamine is crucial for the aminolysis step for a complete
consumption of epoxide.

(R)-pronethalol (1) was isolated in 55% yield aer two
sequential steps (entry 2). Enantiomeric ratios were reprodu-
cibly high (up to 90%, entries 1–5). By recrystallization, we
32798 | RSC Adv., 2014, 4, 32796–32801
further improved the ee-value of the product with respect to the
value determined directly from the crude reaction mixture.
Crystals were obtained in an almost enantiopure quality (up to
99% ee, entries 1 and 3) aer single recrystallization.

In addition, we carried out the rst step of the one-pot
reaction under original conditions, applied by Shi et al. for
the epoxidation reaction in DME at �10 �C,17 and were
delighted to nd that the catalyst 4 performed even better in
THF at 0 �C than in DME at 0 �C or �10 �C (entries 1–5 vs.
entries 6 and 7). Thus, within our current research, we found
that THF was a more suitable solvent than DME for the one-pot
reaction system with respect to both the yield and the enan-
tiomeric ratio.

Subsequently, we also applied the developed one-pot reac-
tion route to the synthesis of two additional target compounds
(R)-nifenalol (2) and (R)-dichloroisoproterenol (3). The corres-
ponding products 2 and 3 were obtained with 60% and 78%
yields aer two sequential steps, respectively (entries 10
and 12). Regarding the enantiocontrol of these reactions, we
gained similar good results as compared to the (R)-pronethalol
synthesis (entries 8–12 versus entries 1–5).

It is indicated, that the prepared b-blockers crystallize as
conglomerates, since on recrystallization of 2 and 3, we again
observed an enantioenrichment in the products as the obtained
This journal is © The Royal Society of Chemistry 2014
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crystals had a signicantly higher ee-value (93% and 99%,
respectively) as compared to the dissolved products in the crude
reactionmixture (85% and 83%, entries 10 and 12, respectively).
Conclusion

In summary, a new one-pot process providing a convenient two-
step route for the formation of b-blockers: (R)-pronethalol (1),
(R)-nifenalol (2) and (R)-dichloroisoproterenol (3), from corres-
ponding terminal alkenes was developed.

While the individual reactions selected for realisation of the
one-pot synthesis (Shi-epoxidation and aminolysis reaction) are
already known, the combination of these transformations in a
one-pot two-step process leading to chiral drugs is
unprecedented.

The use of commercially available Shi's N-substituted oxa-
zolidinone ketone 4 as an organocatalyst for the epoxidation of
terminal alkenes, followed by the aminolysis reaction with
isopropylamine, and the mild reaction conditions used for both
transformations, make this one-pot two-step process – up to the
present – the most simple, shortest and environmentally
friendly approach to obtain b-blockers.
Experimental
General information

All reagents purchased from Sigma-Aldrich Co. or Acros
Organics were used without further purication. n-Hexane,
CH3CN, THF (HPLC grade) and DME was obtained from Fisher
Scientic and used as received. Column chromatography was
performed on Acros silica gel 60 Å and TLC on Macherey-Nagel
ALUGram® SIL G/UV254 plates. 1H NMR and 13C NMR spectra
were recorded on Bruker Avance 400 or Bruker Avance 300 NMR
spectrometers using the solvent as internal standard. The
enantiomeric excess of products was determined by chiral
HPLC analysis in comparison with authentic racemic material.
HPLC measurements were performed using Agilent Technolo-
gies 1200 Series equipment.
General procedure for the asymmetric epoxidation

To a solution of the corresponding alkene (0.20 mmol, 1 equiv.)
and Shi catalyst 4 (0.010 g, 0.030 mmol, 0.15 equiv.) in THF (3.0
mL) were added buffer (0.1 M K2CO3–AcOH in 4 � 10�4 M aq.
EDTA, pH ¼ 9.3, 2.0 mL) and Bu4NHSO4 (0.0060 g, 0.018 mmol,
0.09 equiv.) with stirring. Aer the mixture was cooled to 0 �C
(bath temperature) via an ice bath, a solution of Oxone® (0.33 g,
0.53 mmol, 2.6 equiv.) in 4 � 10�4 M aq. EDTA (2.5 mL) and a
solution of K2CO3 (0.84 M in 4� 10�4 M aq. EDTA, 2.5 mL) were
added dropwise simultaneously within 6 h via syringe pumps.
The reaction was quenched by dilution with DCM and extracted
with DCM. The combined organic layers were dried over
Na2SO4, concentrated, and puried by ash chromatography
(SiO2, petroleum ether–ethyl acetate) to give the corresponding
epoxides as a colorless solid.
This journal is © The Royal Society of Chemistry 2014
2-(Naphthalen-2-yl)oxirane (5)21

1H NMR (300 MHz, CDCl3): d¼ 7.82–7.89 (m, 4H), 7.49–7.45 (m,
2H), 7.31 (dd, 1H, J ¼ 1.6 Hz, and 8.4 Hz), 4.02 (dd, 1H, J ¼ 2.8
Hz, and 4.0 Hz), 3.21 (dd, 1H, J ¼ 4.0 Hz, and 5.2 Hz), 2.90 (dd,
1H, J ¼ 2.4 Hz, and 5.6 Hz). Chiral HPLC (Chiralpak IC, n-
hexane–2-PrOH 99 : 1, ow rate 0.5 mL min�1, l ¼ 254 nm): tR
18.2 min (R), 21.5 min (S).
2-(4-Nitrophenyl)oxirane (6)8,22

1H NMR (300 MHz, CDCl3): d ¼ 8.19 (d, 2H, J ¼ 8.8 Hz), 7.43 (d,
2H, J ¼ 8.7 Hz), 3.94 (dd, 1H, J ¼ 2.4 Hz, and 4.0 Hz), 3.21 (dd,
1H, J¼ 4.2 Hz, and 5.5 Hz), 2.76 (dd, 1H, J¼ 2.4 Hz, and 5.5 Hz).
Chiral HPLC (Chiralpak IC, n-hexane–2-PrOH 95 : 5, ow rate 1
mL min�1, l ¼ 254 nm): tR 13.9 min (R), 14.8 min (S).
(3,4-Dichlorophenyl)oxirane (7)23

1H NMR (300 MHz, CDCl3): d ¼ 7.39 (d, 2H, J ¼ 8.2 Hz), 7.33 (d,
1H, J ¼ 2.0 Hz), 7.09 (dd, 1H, J ¼ 2.0 Hz, and 8.3 Hz), 3.79 (dd,
1H, J¼ 2.6 Hz, and 3.9 Hz), 3.12 (dd, 1H, J¼ 4.1 Hz, and 5.4 Hz),
2.71 (dd, 1H, J¼ 2.5 Hz, and 5.6 Hz). Chiral HPLC (Chiralpak IC,
n-hexane–2-PrOH 98 : 2, ow rate 1 mL min�1, l ¼ 280 nm): tR
6.1 min (R), 7.2 min (S).
General procedure for the one-pot two-step synthesis of b-
blockers

To a solution of the corresponding alkene (0.20 mmol, 1 equiv.)
and Shi catalyst 4 (0.010 g, 0.030 mmol, 0.15 equiv.) in THF (3.0
mL) were added buffer (0.1 M K2CO3–AcOH in 4 � 10�4 M aq.
EDTA, pH ¼ 9.3, 2.0 mL) and Bu4NHSO4 (0.0060 g, 0.018 mmol,
0.09 equiv.) with stirring. Aer the mixture was cooled to 0 �C
(bath temperature) via an ice bath, a solution of Oxone® (0.33 g,
0.53 mmol, 2.6 equiv.) in 4 � 10�4 M aq. EDTA (2.5 mL) and a
solution of K2CO3 (0.84 M in 4� 10�4 M aq. EDTA, 2.5 mL) were
added dropwise simultaneously within 6 h via syringe pumps.
To this mixture isopropylamine (0.30 mL, 3.5 mmol, 18 equiv.)
was added and the stirring was continued at 50 �C for 18 hours.
The organic solvent was evaporated and the remaining aqueous
layer was extracted with ethyl acetate (2 � 15 mL). The
combined organic layers were dried over Na2SO4. The solvent
was removed under reduced pressure and the residue was
recrystallized from ethyl acetate–n-hexane to give the corre-
sponding b-blockers as colorless crystals.
(R)-Pronethalol (1)8,24

White solid. 1H NMR (300 MHz, CDCl3): d ¼ 7.80–7.83 (m, 4H),
7.43–7.47 (m, 3H), 4.81 (dd, 1H, J ¼ 3.68, and 8.60 Hz), 3.01 (dd,
1H, J ¼ 3.75 Hz, and 12.07 Hz), 2.83 (sept, 1H, J ¼ 6.26 Hz), 2.72
(dd, 1H, J ¼ 8.68 Hz, and 12.07 Hz), 1.07 (dd, 6H, J ¼ 1.85 Hz,
and 6.24 Hz). 13C-NMR (300 MHz, CDCl3): d ¼ 139.9, 132.8,
132.5, 127.7, 127.5, 127.2, 126.6, 125.3, 124.1, 123.6, 71.6, 54.1,
48.3, 22.7, 22.5. Chiral HPLC (Chiralpak IC, n-hexane–2-PrOH–

ethanolamine 94.9 : 5 : 0.1, ow rate 1 mL min�1, l ¼ 280 nm):
tR 8.3 min (R), 10.4 min (S).
RSC Adv., 2014, 4, 32796–32801 | 32799
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(R)-Nifenalol (2)8,24

White solid. 1H NMR (300 MHz, CDCl3): d ¼ 8.16 (d, 2H, J ¼ 8.4
Hz), 7.51 (d, 2H, J ¼ 8.5 Hz), 4.82 (dd, 1H, J ¼ 3.2, and 9.2 Hz),
2.96 (dd, 1H, J ¼ 3.4, and 12.2 Hz), 2.40–2.64 (m, 1H), 2.60 (dd,
1H, J¼ 9.3, and 12.2 Hz), 1.11 (d, 3H, J¼ 6.7 Hz), 1.10 (d, 3H, J¼
6.7 Hz). 13C-NMR (300 MHz, CDCl3): d ¼ 149.9, 146.8, 126.0,
123.2, 70.4, 53.7, 48.4, 22.7, 22.4. MS (EI) m/z (%): 151 (5), 72
(100). Chiral HPLC (Chiralpak IC, n-hexane–2-PrOH–triethyl-
amine 94.9 : 5 : 0.1, ow rate 0.5 mLmin�1, l¼ 280 nm): tR 25.1
min (R), 26.5 min (S).

(R)-Dichloroisoproterenol (3)8,24

White solid. 1H NMR (300 MHz, CDCl3): d¼ 7.44 (d, 1H, J¼ 1.88
Hz), 7.37 (d, 1H, J¼ 8.26 Hz), 7.15 (dd, 1H, J¼ 1.62 Hz, and 8.28
Hz), 4.57 (dd, 1H, J ¼ 3.61 Hz, and 9.01 Hz), 2.86 (dd, 1H, J ¼
3.64 Hz, and 12.12 Hz), 2.77 (sept, 1H, J¼ 6.29 Hz), 2.54 (dd, 1H,
J ¼ 9.03, and 12.13 Hz), 1.04 (d, 6H, J ¼ 6.28 Hz). 13C-NMR (300
MHz, CDCl3): d ¼ 143.2, 132.4, 131.1, 130.2, 127.7, 125.1, 70.7,
54.3, 48.7, 23.1, 22.9. MS (EI) m/z: 230 (M–OH, 13%), 214 (M–Cl,
100). Chiral HPLC (Chiralpak IC, n-hexane–2-PrOH–ethanol-
amine 94.9 : 5 : 0.1, ow rate 0.5 mLmin�1, l¼ 280 nm): tR 10.3
min (R), 11.1 min (S).
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7 A. Solladié-Cavallo and A. Diep-Vohuule, J. Org. Chem., 1995,
60, 3494.

8 S.-W. Wei, R. Messerer and S. B. Tsogoeva, Chem.–Eur. J.,
2011, 17, 14380.

9 M. Dukes and L. H. Smith, J. Med. Chem., 1971, 14, 326 and
references therein.

10 L. Almirante and W. Murmann, J. Med. Chem., 1966, 9, 650.
11 W. E. Glover, A. D. M. Greeneld and R. G. Shanks, Br. J.

Pharmacol. Chemother., 1962, 19, 235.
12 A. Klleman, J. Engel, B. Kutscher and D. Reichert,

Pharmaceutical Substances: Syntheses, Patents, Applications,
New York, 3rd edn, 1999.

13 Y.-Q. Wen, R. Hertzberg, I. Gonzalez and C. Moberg, Chem.–
Eur. J., 2014, 20, 3806.
This journal is © The Royal Society of Chemistry 2014

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c4ra04011b


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Ju

ly
 2

01
4.

 D
ow

nl
oa

de
d 

on
 4

/2
/2

02
6 

2:
55

:1
6 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
14 (a) Catalytic Asymmetric Synthesis, ed. I. Ojima, Wiley, New
York, 2nd edn, 2000; (b) J. Marco-Contelles, M. T. Molina
and S. Anjum, Chem. Rev., 2004, 104, 2857; (c) Modern
Oxidation Methods, ed. J. E. Bäckvall, Wiley-VCH,
Weinheim, 2004; (d) Q.-H. Xia, H.-Q. Ge, C.-P. Ye, Z.-M. Liu
and K.-X. Su, Chem. Rev., 2005, 105, 1603; (e) For a review
on organocatalytic epoxidations, see: K. Weiß and
S. B. Tsogoeva, Chem. Rec., 2011, 11, 18.

15 (a) S. T. Oyama, Mechanisms in Homogeneous and
Heterogeneous Epoxidation Catalysts, Elsevier, Amsterdam,
2008; (b) B. Marsh and D. R. Carbery, Annu. Rep. Prog.
Chem., Sect. B: Org. Chem., 2008, 104, 35; (c) D. D́ıez,
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