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A new strategy for the synthesis of epoxides is presented. This
process allows the direct synthesis of epoxides from alkenes
and aldehydes through C-H functionalization and C-C/C-O
bond formation.

In the mid-20" century, the chemical industry was transformed by the
development of effective methods of functionalizing alkenes. The
aerobic oxidative coupling of ethylene and water to give acetaldehyde,
as developed by Wacker Chemie in 1959, represented the first of
numerous Pd-catalyzed functionalization reactions.”’ Recently, the
transition metal-catalyzed or metal-free-catalyzed oxidative cross-
coupling of alkenes with simple reagents for the purpose of forming
C-C bonds has received significant attention.” As an example, Li et al.
reported the iron-catalyzed synthesis of B-peroxy ketones from
alkenes.® Lei et al. also reported the catalytic synthesis of o,B-
unsaturated ketones from alkenes and aldehydes over a copper

“! This renewed interest in the functionalization of alkenes

catalyst.
has led to the discovery of new transition-metal-free-catalyzed C-C
bond-forming reactions, many of which show remarkable synthetic
potential.B9

To date, however, there have been only relatively few studies of the
synthesis of many important alkene-derived products, such as
ketones and epoxides, which are widely employed in organic synthesis
as very useful intermediates.” Thus, there remains a requirement to
synthesize these compounds by simple, transition metal-free catalytic
methods, because of their importance in synthetic chemistry and
commercial applications. Herein, we report the transition metal-free,
one-pot synthesis of o,p-epoxy ketones through an unprecedented
intermolecular oxidative coupling reaction between alkenes and

aldehydes over a K,CO, catalyst, as presented in Scheme 1.
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Scheme 1. One-pot synthesis of a,B-epoxy ketones.
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We initially studied the reaction of 4-methylbenzaldehyde with 4-
bromostyrene in the presence of an oxidant and a basic catalyst, with
the results shown in Table 1. In the presence of TBHP and Na,CO,, the
oxidative coupling reaction of 4-bromostyrene and @ 4-
methylbenzaldehyde occurs to give the corresponding product (3-(4-
bromophenyl)oxiran-2-yl)(p-tolyl)methanone with 7% yield. K,CO,
exhibited the best catalytic activity for this oxidative coupling reaction
among all the catalysts tested, generating a 95% yield of the product
(Table 1, entry 7) at 100 °C. The results in Table 1 show that the
optimal reaction temperature is 100 °C and that the most appropriate
solvent is MeCN. It was also found that using H,O, or BQ as oxidants in
combination with the K,CO; catalyst in MeCN produced only a trace
of the desired product, as determined by GC analysis (Table 1, entries
15-16), while a 33% yield was obtained in the absence of TBHP (Table
1, entry 14). These results indicate that the desired ketone product, (3-
(4-bromophenyl)oxiran-2-yl)(p-tolyl)methanone, can be obtained by a
one-pot synthetic procedure over our transition-metal-free catalyst,
K,CO;.

Table 1. Oxidative coupling reaction between 4-methylbenzaldehyde and 4-
bromostyrene.

H 0 Br
O/\ . /@o Cat. (0.1 mmol), TBHP (1 mmo
B ——
Br MeCN (2 mL) o

Entry  Catalyst Solvent Oxidant  Yield (%)
1 Na,CO, MeCN TBHP 7
2 Cs,CO3 MeCN TBHP trace
3 NaOH MeCN TBHP 61
4 KOH MeCN TBHP trace
5 K,CO; MeCN TBHP n.d.@
6 K,CO; MeCN TBHP gltl
7 K,CO; MeCN TBHP 95 (88)
8 K,CO4 PhMe TBHP trace
9 K,CO; PhCI TBHP 10
10 K,CO; 1,4-dioxane TBHP Trace
11 K.CO; DMF TBHP Trace
12 K,CO3 DCE TBHP 36
13 K,CO; DMSO TBHP n.d.
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14 K2C03 MeCN —_— 33
15 K,CO, MeCN H,0, trace
16 K,CO3 MeCN BQ trace

Reaction conditions: 4-methylbenzaldehyde (1 mmol), 4-bromostyrene (0.5
mmol), oxidant (1 mmol), and solvent (2 mL) under air at the temperature of
100 °C for 12 h. TBHP= tert-butyl hydrogen peroxide (70% in water), BQ =
1,4-benzoquinone, DMSO = dimethyl sulfoxides, DCE=1,2-dichloroethane.
GCyield. [a] not detected, reaction temperature of 40 °C; [b] reaction
temperature of 80 °C; [c] isolated yield within parentheses.

The scope of both styrenes and aldehydes was investigated at 100 °C
using K,CO; as the catalyst and TBHP as the oxidant (Tables 2 and 3).
The results in Table 2 show that the oxidative coupling reaction of 4-
methylbenzaldehyde successfully proceeded with either electron-
withdrawing or electron-donating substituents on the styrene ring.
With the exception of certain substituents (Table 2, entry 4), the
addition of an electron-withdrawing group at any position on the
styrene ring allows its coupling reaction with 4-methylbenzaldehyde
to form the desired product in 70-93% yield (Table 2, entries 2—7). The
above results also show that the appropriate product is obtained with
higher yield when an electron-withdrawing substituent was used as
the reactant. It is interesting to note that the use of a substrate having
an electron-donating methyl group located at the para position on the
styrene ring resulted in a moderate yield (43%, Table 2, entry 8),
whereas a substrate with a methyl group at the a—position generates
a relatively high yield (78%, Table 2, entry g). The use of 4-methyl
styrene as the reactant allowed only a 43% yield due to the occurrence
of various side reactions. Finally, none of the desired product could be
obtained when using cyclohexene as the substrate (Table 2, entry 10).

Table 2. Scope of styrene compounds.

9 5 78 21

o () - 0o -

Reaction conditions: 4-methylbenzaldehyde (1 mmol), styrene substrate (0.5
mmol), TBHP (1 mmol), and MeCN (2 mL) under air at 100 °C for 12 h.
Isolated yield. ™ determined by GC-MS of the crude product.

From the results in Table 3, it is evident that benzaldehyde with
various substituents (such as Cl, Br, CH;, OCH,, CH,CH, and CF;) at the
para position can react with styrene to form the desired products in
high yields (64—93%, Table 3, entries 1-6). Using 2- or 3-methoxyl
benzaldehyde as the reactant, the product yields following the
oxidative coupling reaction with styrene were 41% and 61% (Table 3,
entries 8, 9), respectively. Additionally, 3-nitro benzaldehyde was
found to react with styrene to form the oxidative coupling product in
63% yield. Compared with the high reactivities of these aryl aldehydes,
the alkyl aldehyde (caproaldehyde) was less reactive, generating a
product yield of only 23% (Table 3, entry 11). These results
demonstrate that changing the para position substituent of the
aldehyde has no obvious influence on this oxidative coupling reaction,
and that the resulting product yields are similar to that obtained with
benzaldehyde (88% vyield, Table 3, entry 7). This transition-metal-free
synthetic procedure can therefore be successfully extended to a

variety of styrene- and aldehyde-based substrates.

Table 3. Scope of aldehyde compounds.

H [o)
PN /©/£0 K,COj3 (0.1 mmol), TBHP (1 mmol)
R | + —_— R'T
S MeCN (2 mL) Z o
Yield [al
Entry Substrate Product %) dr
F.
S QP
1 /O/\ 72 80:1
r 7
Cl
~ A
2 @A 85 80:1
: 7 O
~ O
3 /@A 88 70:1
Br o O
Br o
4 \©/\ o O 67 92:7
7
Br O o
5 ~ 81 50:1
LY O
1 S
6 ©/\ 83 50:1
e
~ QP!
7 @A 93 40:1
e
~ I
8 /©/\ 43 50:1
7 O
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_RZ
. 0 K2CO3 (0.1 mmol), TBHP (1 mmol) N
T T MecNGmL) )
Entry Substrate Product Yield (%) drt®!
Cl
2 )
1 /ﬂj)L 90 927
o 3
o Br
[o]
2 /@J\H O 88 84:15
Br O o
o] o CHj
3 Q)LH O 93 85:14
HyC O o
o) o OCH,
4 /©)LH ‘ 64 37:1
HaCO' O o
A
5 \/©)L 93 3311
3
Ve
6 /©)L 77 14:1
7
A
7 @ 88 39:1
7
2 L)
8 @\)L 41 93:6
OCH3 O O OCHj
97:2

2
H
9 d O OCHs 61
0

OCHj
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Reaction conditions: Aldehyde substrates (1 mmol), styrene (0.5 mmol),
TBHP (1 mmol), and MeCN (2 mL) under air at 100 °C for 12 h. Isolated
yield. @ determined by GC-MS of the crude product.

In initial attempts to elucidate a possible reaction mechanism, the
radical inhibitor 2,2,6,6-tetramethyl piperidine-N-oxyl (TEMPO) was
added to the reaction mixture. It was found that the reaction was
blocked under these conditions and that the TEMPO derivative 1b
was formed, as shown in Scheme Si. This result provides direct
evidence of the formation of an acyl radical during the reaction,
indicating that this oxidative reaction involves a radical intermediate.
The results in Table Si show that the desired o,B-epoxy ketone
product was only obtained in the presence of K,CO,(Table 4, entries 1
and 2), which is evidence of base catalysis. In the absence of K,CO,
(entry 3), the product 1a cannot be formed.

t-BuOOH ——» t-BuO* + -OH

-OH + t-BuOOH— 9 t-BuOO- + -H

t-BuOH

=0

0
R3JLH
/ 1c
O.

0 t-Bu

OH'T
o' BuUOO

NG
le

t-BuOO-
1g

A A s
1d

Scheme 2. Proposed reaction mechanism for the oxidative coupling reaction.

Previously, Li et al. found that generation of B—ketone 1c was an
important step during the synthesis of a,3-epoxy ketones over an iron

catalyst."*”

With regard to the syntheses of a,-unsaturated ketones,
Lei et al. suggested that 1c might be involved in the reaction but
should not be considered as an intermediate in the main pathway of

the oxidative coupling reaction®.

Interestingly, only 4-(3-(tert-
butylperoxy)-3-phenylpropanoyl)-benzoic acid was obtained in this

study in the absence of the K,CO, catalyst,” and this is obtained from

This journal is © The Royal Society of Chemistry 2012
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the oxidation of 2c by TBHP. On the basis of the above analysis, it is
believed that the reaction proceeds through the oxidative coupling of
an alkene and an aldehyde by the tentative radical reaction
mechanism presented as Scheme 2. Firstly, TBHP is readily spilt into
alkyloxy and hydrogen radicals under the heating condition.
Hydrogen from the aldehyde is abstracted by alkyloxy radicals to yield
aldehydic radical 1c (which could also be occurred for the hydrogen
radicals)®?, then a radical 2d was formed by addition reaction of 1c
with styrene. The compound 1e was proved to be existed since its
oxidation product of 4-(3-(tert-butylperoxy)-3-phenylpropanoyl)-
benzoic acid was obtained in the absence of K2CO3 catalyst. The
compound 1e could be obtained by free-radical addition of 2d with ag.
Considered the high catalytic performance was obtained over the
both K2CO3 and NaOH catalyst, it is believed that the “K” is not the
catalytic active ingredient and the oxidative coupling reaction is

catalyzed by base catalyst.

Conclusions

In summary we have developed a new base-catalyzed, one-pot
synthetic procedure for the oxidative coupling of styrene derivatives
with aldehydes in the absence of transition-metal species. We also
determined that various functional groups could be substituted on
both the aldehyde and styrene. This work demonstrates a facile
method for the synthesis of a,B-epoxy ketones and further
investigation of this reaction is underway in our laboratory.
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