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Urea derivatives are highly active catalysts for the base-mediated generation
of terminal epoxides from aldehydes and trimethylsulfonium iodide†
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N,N ′-Diarylureas have been shown to efficiently catalyse
sulfonium ylide-mediated aldehyde epoxidation reactions for
the first time. These processes are of broad scope and can
be coupled with a subsequent Cu(II) ion-catalysed Meinwald
rearrangement to give an efficient and convenient protocol for
aldehyde homologation without intermediate purification.

Epoxides are among the most versatile and useful synthetic
building blocks available to the organic chemist. One of the most
straightforward non-oxidative methods for the synthesis of these
compounds is the Corey–Chaykovsky (CC) reaction involving
the base-mediated addition of sulf(ox)onium ylides to aldehydes.1

The mechanism of this reaction involves the addition of the
ylide 1 (formed from the deprotonation of the corresponding
sulfonium salt by the dimsyl ion1b,d or the reaction of a sulfide
with a Simmons–Smith reagent2) to the carbonyl electrophile
2 to form the zwitterionic intermediate 3, which undergoes
ring closure to afford the oxirane product 4 (Scheme 1). This
reaction has received considerable attention and significant
progress towards the development of general asymmetric variants
of the process using chiral (often in situ formed) sulfonium
ylides has been made.3 While smooth, enantioselective alkylidene
transfer from ylides to aldehydes has been demonstrated,4 the
corresponding methylene transfer to form terminal epoxides
is characterised by (super)stoichiometric sulfide loadings and
moderate yields/enantioselectivity;5 with the most successful
protocols involving a metal-mediated Simmons–Smith type
carbenoid transfer.5e,f

Scheme 1 Mechanism of CC reaction.

Since it seems clear that the hitherto most common strategy
involving the use of chiral sulfonium ions is unlikely to lead to
highly enantioselective methylene transfer protocols, we became
interested in developing an organocatalytic strategy based on the
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use of hydrogen bonding6 to activate the aldehyde towards nucle-
ophilic attack by the ylide, the idea being that if a catalyst capable
of aldehyde activation under simple CC reaction conditions could
be identified, it could be later modified to do the same in a face
selective manner. In addition, such a strategy would not require
the tedious multistep synthesis of enantiopure sulfide catalysts.

We were also intrigued by the lack of activity of the readily avail-
able and inexpensive7 trimethylsulfonium iodide in CC reactions—
for example this salt has been shown to be unreactive under
convenient biphasic conditions (aq. NaOH–CH2Cl2, rt) and has
been reported to give appreciable product yields only on heating
in the presence of a phase transfer catalyst5b–d,8—conditions
not conducive to either hydrogen-bond mediated catalysis or
arguably hydrogen-bond directed asymmetric induction either.
Likewise, solid–liquid two-phase systems have been developed
(NaOH or KOH(s)/MeCN),9–13 however heating is involved and
the formation of cinnamonitrile can also be problematic.14,15 We
therefore considered the ability to promote efficient CC reactions
between trimethylsulfonium iodide and benzaldehyde at room
temperature under convenient phase transfer conditions to be the
benchmark against which catalyst efficacy could be judged. Herein
we report our preliminary results on the development of such an
active catalyst system.

For the past four years our group has been interested in
the design and exploitation of (thio)urea derivatives as robust
and active hydrogen-bond donating catalysts for a variety of
addition reactions characterised by an increase in basicity at
a heteroatom in the reaction transition state.6b,16 Curran17a,b

and Schreiner17d,e were the first to recognise the potential of
readily prepared, tunable and relatively rigid N,N ′-diarylureas
and -thioureas which possess two syn-periplanar N–H bonds
available for hydrogen bond donation as catalysts for Claisen
rearrangements and Diels–Alder reactions respectively. Since,
these materials have been shown to serve as active and versatile
promoters of the addition of cyanide and silyl ketene acetals to
nitrones,18a the Baylis–Hillman reaction,18b Friedel–Crafts type
reactions,18c acetalisations,18d Claisen rearrangements,18b,e ring-
opening reactions of oxiranes,18f ,g acyl Strecker reactions,18h

tetrahydropyranylations18i and imine reductions.18j,19

One issue which we speculated may have been responsible for the
dearth of studies on the use of hydrogen-bond donating catalysts
in the CC reaction is the reasonably basic conditions required to
form the ylide nucleophile, which precludes the use of catalysts
of strong–medium acidity. We were therefore pleased to find that
the pKa (DMSO) of diarylurea 5, its thiourea analogue 6 and
trimethylsulfonium iodide 7 (Fig. 1) are 19.55, 13.4 and 18.2
respectively.20 Thus at a minimum we expected urea derivatives
to be compatible with the deprotonated sulfonium methylide.

This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 1339–1343 | 1339

D
ow

nl
oa

de
d 

by
 F

O
R

D
H

A
M

 U
N

IV
E

R
SI

T
Y

 o
n 

18
 F

eb
ru

ar
y 

20
13

Pu
bl

is
he

d 
on

 0
5 

M
ar

ch
 2

00
8 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
71

97
67

E
View Article Online / Journal Homepage / Table of Contents for this issue

http://dx.doi.org/10.1039/b719767e
http://pubs.rsc.org/en/journals/journal/OB
http://pubs.rsc.org/en/journals/journal/OB?issueid=OB006008


Fig. 1 Catalyst activity: rationale.

In addition, we have recently demonstrated that precatalysts
8a,b could promote the reduction of diketones in the presence
of aqueous base in a biphasic system without decomposition.21

We therefore posited that (thio)urea derivatives could accelerate
CC reactions under these conditions through the stabilisation of
developing negative charge on the oxygen heteroatom in the rate-
determining addition step22 transition state (9, Fig. 1).

To test this hypothesis, a range of urea and thiourea derivatives
5–6 and 13–21 were prepared and evaluated as promoters of the
CC reaction between benzaldehyde (10) and 7 in the presence
of NaOH base under biphasic conditions at room temperature
(Table 1). In the absence of catalyst no styrene oxide (12) was
formed (entry 1), however we were surprised to detect trace
amounts of an unidentified intermediate (the 1H NMR spectrum

of which indicates that it is not a b-hydroxysulfonium ion derived
from attack of 7 on 10) which was converted to 12 after extended
reaction times. At low catalyst loadings of 5 mol%, urea (13),
thiourea (14) and N-alkyl urea derivatives 15–16 failed to promote
the formation of 12 effectively, although significant levels of the
intermediate were observed using N,N ′-dimethylurea 15. Use of
the more acidic N-phenylurea and thioureas (5 and 6 respectively)
resulted in substantial improvements in both rate and efficiency—
allowing the formation of 12 in moderate yield (entries 6–7).

An electron-rich analogue of urea 5 (i.e. 17, entry 8) proved
inferior to more acidic analogues incorporating electron deficient
aromatic substituents (even the insoluble 18, entries 9–11). Grati-
fyingly, bis-fluoro- and bis-trifluromethylphenyl substituted ureas
19 and 20 proved to be highly active: both furnished excellent
yields of 12 after 24 h at 5 mol% loading (entries 10 and 11). It is
of interest that, as expected (vide supra), urea 20 is a more active
catalyst than the more acidic thiourea 21 (entry 12), just as 5 is a
better catalyst in this reaction than 6. This superiority of urea over
thiourea derivatives is unusual23—in this case we would propose
that it is related to the high acidity of the thiourea derivatives
relative to the sulfonium ion.

Reduction of the levels of base led to lower conversions
(entries 13 and 14), while increased catalyst loadings of 10 mol%
resulted in faster reactions and quantitative yields (entry 15).
In addition, efficient catalysis was observed with loadings as

Table 1 (Thio)urea catalysis of the CC reaction: initial studies

Entry Cat. Loading (mol%) CH2Cl2 : NaOH (v/v)a Conversion (%)bc Yield (%)d

1 None 5 1.23 : 1 1.5 0
2 13 5 1.23 : 1 3 0
3 14 5 1.23 : 1 1 0
4 15 5 1.23 : 1 7 0
5 16 5 1.23 : 1 2 0
6 5 5 1.23 : 1 50 39
7 6 5 1.23 : 1 35 22
8 17 5 1.23 : 1 14 0
9 18e 5 1.23 : 1 22 11

10 19 5 1.23 : 1 99 99
11 20 5 1.23 : 1 97 97
12 21 5 1.23 : 1 67 50
13 20 5 7.37 : 1 42 29
14 20 5 14.7 : 1 15 0
15f 20 10 1.23 : 1 100 100
16 20 2 1.23 : 1 85 85
17 NBCCg 5 1.23 : 1 69 60
18h NBCCg 5 1.23 : 1 95 83

a 2.18 cm3 of CH2Cl2 used in all cases. b Determined by 1H NMR spectroscopy. c In addition to the starting material, the only species detected by 1H NMR
spectroscopy were 12 and the intermediate. Integration of the resonances associated with the intermediate supports the assumption that its presence is
responsible for the discrepancy between the conversion and yield in reactions involving inefficient catalysts. d Determined by 1H NMR spectroscopy using
(E)-stilbene as an internal standard. e 18 was only partially soluble in the reaction medium. f 21 h reaction time. g NBCC = N-benzylcinchonidinium
chloride. h NBCC and 20 (both at 5 mol% level) used together.
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Table 2 Evaluation of the substrate scope

Entry Substrate Time/h Product Yield (%)a

1 20 93

2 16 93

3 15 91

4 85 96

5 40 57 (95)b

6 92 75 (98)b

7 38 91

8 133c 90

9 40d 0

a Isolated yield. b Crude epoxide decomposes during either Kugelrohr distillation or chromatography, the figure in parentheses represents the crude yield
of spectroscopically pure product—see ref. 24 and the ESI. c 98% of 28 had been consumed after 69 h. d Time taken for complete consumption of 29.

low as 2 mol% after 24 h (entry 16). We also found that 20 is
superior to the cinchona alkaloid-derived phase transfer catalyst
N-benzylcinchonidinium chloride (NBCC), however little synergy
was observed when both catalysts were employed together (entries
11, 17 and 18).

With an active catalyst in hand, attention now turned to the
question of substrate scope. Gratifyingly, the catalytic method-
ology proved robust—we found that catalyst 2024 promoted the
smooth transformation of a range of aldehydes 10 and 22–28 into
epoxides 12 and 30–36 at 5 mol% levels (Table 2). In addition
to styrene oxide 12 (entry 1), epoxides derived from activated
(entries 2 and 3), hindered (entry 4) and electron-rich (entries
5 and 6) aromatic aldehydes could be prepared in excellent

yields.25 a,b-Unsaturated and a-substituted aliphatic aldehydes
(but not unbranched analogues which underwent competitive
aldol reactions) were also amenable to epoxidation under these
conditions (entries 7–9).

The clean catalysis observed in these reactions prompted us to
exploit the electrophilicity of the oxirane products through the
development of a tandem organocatalytic epoxidation–transition
metal catalysed ring opening process (Scheme 2). The epoxida-
tion could be combined with a Cu(II) ion-catalysed Meinwald
rearrangement26,27 to give a convenient and potentially useful
protocol for the homologation of aldehydes. Organocatalysed
epoxidation of 24 followed by separation of the phases and
addition of Cu(BF4)2 (25 mol%, hydrate) to the organic portion

This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 1339–1343 | 1341
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Scheme 2 Tandem epoxidation-ring opening reactions.

resulted in the isolation of the chain-extended phenyl acetaldehyde
derivative 38 in good overall yield.

In summary we have shown for the first time that appropriately
substituted N,N ′-diarylureas and thioureas are capable of the
efficient catalysis of the Corey–Chaykovsky reaction involving the
inexpensive trimethylsulfonium iodide at ambient temperature.
Rather unusually, urea derivatives are clearly superior catalysts
to their thiourea analogues in these processes. These catalysed
reactions are of wide scope with respect to the aldehyde component
and clean formation of the epoxide is observed under optimal
conditions—a property which was exploited in the development
of an epoxidation–Meinwald rearrangement process which allows
convenient aromatic aldehyde homologation without requiring
intermediate purification steps. The efficient catalysis observed
in this study (5 mol% catalyst loading is generally sufficient) offers
the possibility of developing an enantioselective variant of the
reaction using chiral urea derivatives. Investigations along these
lines are under way.

Financial support from Science Foundation Ireland (SFI)
and the Irish Research Council for Science Engineering and
Technology (IRCSET) is gratefully acknowledged.
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