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Catalyzed by Lewis acids, donor–acceptor cyclopropane 1,1-diesters reacted with enol silyl ethers to
afford 1,6-dicarbonyl compounds in moderate to excellent yields. This supplied a mild carbon–carbon
bond-forming method from the ring opening of cyclopropanes. A smooth tandem [3+2] cycloaddition/
ring opening process has been clearly proved by an independent experiment.

� 2008 Elsevier Ltd. All rights reserved.
Carbon–carbon bond formation and cleavage processes are very
important in organic synthesis. Combination of carbon–carbon
bond formation and cleavage in one reaction would supply syn-
thetic methodologies for efficient construction of complex carbon
skeletons.1 Because of the high efficiency in construction of com-
plex molecular framework, tandem reactions have attracted partic-
ular attention over the past few decades.2

Functionalized cyclopropanes have found broad applications in
modern organic synthesis owing to the unique reactivity of the
cyclopropane moiety.3 Cycloadditions of cyclopropanes are impor-
tant in this area. Most of the researches have been focused on the
[3+2] cycloadditions of electro-withdrawing group (EWG)-acti-
vated cyclopropanes, especially the donor–acceptor cyclopropanes
(D/A CPs, Scheme 1: A, B and C) with various dienophiles.3c,d,4

Among these examples, the donor–acceptor cyclopropane 1,1-
diesters (D/A CP diesters, Scheme 1: B), in which the donors were
aryls (at C2-position of cyclopropane moiety), have attracted more
attention in recent years, because they were easily available and
reactive to a large range of 1, n-dipoles including the aforemen-
tioned [3+2] cycloadditions, [3+3] cycloadditions with nitrones5

and azomethine imines,6 and [4+3] cycloadditions with iso-
benzofuran7 to efficiently construct 5 to 7-membered carbocycles
or heterocycles. During our study on tandem and cycloaddition
reactions of D/A CP 1,1-diesters (Scheme 1: B), we found a new
tandem [3+2] cycloaddition/ring opening reaction. Catalyzed by
ll rights reserved.
Lewis acids, such D/A CP 1,1-diesters reacted with enol silyl ethers
to afford 1,6-dicarbonyl compounds under mild conditions in mod-
erate to excellent yields. Mechanism study clearly demonstrated a
smooth tandem process. To the best of our knowledge, this is the
first [3+2] cycloaddition examples of 1,1-di-EWG-activated cyclo-
propanes with enol silyl ethers, and the first tandem [3+2] cycload-
dition/ring opening process of EWG-activated cyclopropanes with
a clear tandem sequence. This reaction can also be thought as a for-
mal homologous Mukaiyama Michael addition. Comparing to the
reported nucleophilic ring opening of EWG-activated cyclopro-
panes,3,8 this supplied a mild and efficient carbon–carbon bond-
forming method with enol silyl ethers as the nucleophiles and
Sc(OTf)3 as a Lewis acid. We report herein our recent results.

Several groups have reported the reactions of D/A CP (alkoxyl or
siloxyl as the donor) and enol silyl ethers catalyzed by strong Lewis
acids or Bronsted acids.3c,d Two types of products were obtained in
these reactions: the ring ones (5-carbon ring skeleton) by the [3+2]
cycloadditions and/or the chain ones. An accepted tandem cyclo-
propane polarization/intermolecular Mukaiyama Aldol/intramo-
lecular Aldol mechanism was proposed (Scheme 1): under the
catalysis of Lewis acids, a separated 1,3-dipole was generated from
the polarization of cyclopropane ring and the carbocation could be
stabilized by the adjacent oxygen atom to form the oxonium. After
the nucleophilic addition of enol silyl ether to the oxonium (a
homo Mukaiyama Aldol), the chain product was produced and
the ring product was constructed by the subsequent intramole-
cular Aldol. We noticed that in the aforementioned D/A CP, there
was only one EWG as the acceptor and the donor(s) was (were)
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Scheme 1. Some typical examples of D/A CP and the proposed mechanism for [3+2] cycloaddition of D/A CP (A) in references.
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one or two alkoxyl (siloxyl) group(s) (Scheme 1: A and C). There
was no distinct evidence for the conversion of ring products to
chain products through ring opening process.

We selected the reaction of D/A CP 1,1-diester 1 (1.0 equiv) and
enol silyl ether 2a (1.5 equiv) in our initial investigation (Scheme
2). Sc(OTf)3 (20 mol %) was selected as the Lewis acid and the reac-
tion was run in dichloromethane (DCM). As expected from the
aforementioned mechanism, both of the ring product (3a) (by a
[3+2] cycloaddition) and the chain product 4a9 were observed.
However, it was noticed that when the reaction time was pro-
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Scheme 3. Proposed mechanism for the smo
longed, the amount of 3a was gradually decreased and the amount
of 4a was gradually increased. At the end of the reaction, 4a was
obtained as almost the exclusive product. This phenomenon
strongly supported a smooth tandem [3+2] cycloaddition/ring
opening process (Scheme 3), which was quite different from the re-
ported one (Scheme 1). In order to confirm this, an independent
experiment was carried out and it was found that under the same
condition 3a could be smoothly transformed into 4a in a yield of
85%.

Several other Lewis acids (e.g., Yb(OTf)3, Cu(OTf)2, Zn(OTf)2,
Sn(OTf)2 and SnCl4) in different solvents (e.g., 1,2-dichloroethane,
DMF, toluene, THF and acetonitrile) have been screened (see Sup-
plementary data), and Sc(OTf)3 (20 mol %) in DCM was chosen as
the optimized conditon10 for further investigation.

Scope of the substrates was studied next. Reactions of cyclopro-
pane 1 (1.0 equiv) and various enol silyl ethers 2 (1.5 equiv)11 were
carried out, and the results are summarized in Table 1. It was found
that except the ketene acetal 2e, most of the products were formed
in moderate to excellent yields. The result of 2j was complex. In or-
der to determine the stereochemistries of the [3+2] cycloaddition
products, reaction of 1 and 2a was stopped midway and 3a was
separated. NOESY experiment confirmed 3a as a sole cis-isomer
(Fig. 1). Compounds 4b, 4g, 4h, and 3i were mixtures of two stere-
omers which were unable to be separated.

It was worth to note that reaction of 2i (R1 = H) and 1 afforded
the product 3i that was supposed to be obtained by the hydrolysis
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Table 1
Sc(OTf)3-catalyzed tandem [3+2]/ring opening reactions of 1 and various enol silyl ethers 2

BnO OBn

OO

Ar
R1

OTMS
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OTMSAr
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BnO2C Ar O
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work-up 3i

+

R1 H

R1 H

(Ar = p-OMeC6H4)

CH2Cl2
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Entry Substrate R1 R2 R3 Product Yielda (%)

1 2a C6H5 H H 4a 94
2 2b C6H5 CH3 H 4b 99b

3 2c CH3 H H 4c 92
4 2d i-butyl H H 4d 90
5 2e OEt H H 4e 22
6 2f styryl H H 4f 87
7 2g R1R3 C4H8 H 4g 60b

8 2h R1R3 C3H6 H 4h 95b

9 2i H CH3 CH3 3i 78
10 2j CH3 CO2Et H 4j Complex

a Yields of the isolated products.
b A mixture of two stereomers.
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Figure 1. 2DNOESY correlation for compound 3a.
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of the [3+2] cycloaddition product in the work-up process. This is
the only example of cyclopropane 1,1-diester 1 and enol silyl
ethers, in which the reaction stopped in the [3+2] stage.
Table 2
Sc(OTf)3-catalyzed ring opening reactions of 2a and substituted cyclopropanes 5

R2R1

R3 Ph

OTMS

R35 2a

+ 20mol%

CH2Cl2

Sc(OTf)3

Entry Substrate R1 R2

1 1 CO2Bn CO2Bn
2 5b CO2Bn CO2Bn
3 5c CO2Bn CO2Bn
4c 5d CO2Bn CO2Bn
5 5e CO2Bn CO2Bn
6 5f CO2Bn CO2Bn
7 5g CO2Me CO2Me
8 5h CO2Et CO2Et
9 5i CO2Et CO2Et

10 5j CO2Bn CO2Bn
11 5k CO2Bn CO2Bn
12 5l CO2Et COCH3

13 5m CO2Et COC6H5

14c 5n H COC6H5

a Yields of the isolated products.
b Isolated yield based on the conversion of 5d.
c 40 mol % of Sc(OTf)3, 1,2-dichloroethane, 2.0 equiv of 2: 0 �C for 10 min, 40–45 �C fo
Further investigations were expanded for reactions of substrate
2a and various EWG-activated cyclopropanes 512 (Table 2). When
the donors were substituted phenyl groups, reactions of the cyclo-
propane 1,1-diesters (1 and 5b–h) gave moderate to excellent
yields. In these examples, electron-donating-group-substituted
phenyls gave relatively higher yields, and electron-withdrawing-
group-substituted phenyls gave relatively lower yields. In case of
strong electron-withdrawing group (nitro group), 40 mol % of
Sc(OTf)3 and higher reaction temperature were needed to promote
the reaction. Reaction between 2a and vinyl cyclopropane diester
(5i) gave complex result and only 29% of the product was obtained.
When the donor was isopropyl or hydrogen, the desired products
were not observed. Different from the case of the D/A CP 1,1-dies-
ters, cyclopropane b-keto esters (5l and 5m) afforded only [3+2]
cycloaddition products in lower yields. It should also be noted that
the reaction of mono-EWG-activated D/A CP ketone (5n) with 2a
still proceeded successfully to afford the chain product (61%).
R1

R2

Ph
OTMS

R2 Ph

R1 R3 O

7 8

R3 Product Yielda (%)

4-MeOC6H4 4a 94
4-MeC6H4 8b 92
C6H5 8c 87
4-NO2C6H4 8d 73 (95)b

3-MeOC6H4 8e 87
2-ClC6H4 8f 64
4-MeOC6H4 8g 85
4-MeOC6H4 8h 78
Vinyl 8i 29
i-Propyl NR 0
H NR 0
C6H5 7l 19
C6H5 7m 24
4-MeOC6H4 8n 61

r 4 h, room temperature overnight.
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In order to identify the structure of the final chain products,
compound 8o was prepared by the reaction of 5o and diene 2f.
The structure of 8o was confirmed by single-crystal X-ray diffrac-
tion analysis13 (Scheme 4).

In conclusion, we have developed a smooth tandem [3+2]/ring
opening reaction between D/A CP 1,1-diesters and enol silyl ethers
to afford 1,6-dicarbonyl compounds under the catalysis of Sc(OTf)3.
This is the first [3+2] cycloaddition reaction of cyclopropane 1,1-
diesters with enol silyl ethers and supplied a mild carbon–carbon
bond-forming method by a formal homologous Mukaiyama Mi-
chael addition. Mechanism study has proved for the first time a
tandem cycloaddition sequence of EWG-activated cyclopropane.
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