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Desymmetrisation of Cyclopentadienylsilane by Asymmetric Cyclopropanation
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Desymmetrisation of silylcyclopenta-2,4-diene was carried
out by an asymmetric copper(I)-mediated cyclopropanation.
An in-depth investigation with various ligands led to the dis-
covery that the PyBox ligands 10a−c were the most efficient
ligands for this transformation and led to the cyclopropane 7a

Introduction

We recently reported that desymmetrisation of silylcy-
clohexa-2,5-dienes of type 1a (n � 1, Scheme 1) through
Sharpless dihydroxylation gave access to diols 2a (n � 1) in
high yield, with complete diastereocontrol and reasonable
enantiocontrol.[1] Cyclopropanation of the remaining
double bond was then shown to provide stereoselectively
the corresponding cyclopropylmethylsilanes 3, which
could be opened, with concomitant desilylation, under elec-
trophilic[2a] (R� � H) or nucleophilic[2b] (R� � CO2Et) con-
ditions, leading to trisubstituted cyclohexenes which were
converted later into a range of sugar mimics (Scheme 1).
When trying to extend this strategy to the silylcyclopenta-
2,4-diene analogues 1b (n � 0), decomposition of the start-
ing material occurred during dihydroxylation and no trace
of the desired diol 2b could be isolated.[2a] At the time, this
plagued our efforts to access homologous cyclopentitols
and carbo-furanose, thus limiting the scope of our meth-
odology. The preparation of enantiopure carba-C-furanos-
ides was, however, carried out using the reverse strategy in-
stead, i.e. cyclopropanation of silylcyclopenta-2,4-diene 1b
then dihydroxylation of the remaining allylsilane moiety to
give the fully functionalised cyclopentane 3b.[2] This ap-
proach eventually led to the synthesis of optically pure
carba-C-furanoside 4 in good overall yield, following the
coupling of the carba-furanose moiety with a lithio-glycos-
ide.
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with an ee of up to 72%. Further studies aimed at providing
insights into the origin of this enantiocontrol are also pro-
vided.
( Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2003)

Scheme 1

Results and Discussion

The limited scope of the strategy above and the known
utility of cyclopropylmethylsilanes[2a] as synthons for or-
ganic synthesis prompted us to start an investigation on the
desymmetrisation of silylcyclopenta-2,4-diene 6 through
copper-catalysed cyclopropanation (Scheme 2, Table 1).
Based on earlier observations that Schiff bases catalysed
cyclopropanation reactions efficiently,[3] our preliminary
studies were carried out with the simple C2-symmetric
Schiff bases 8a�b (Scheme 3). As shown in Table 1
(Scheme 2), these led to the expected mono-cyclopropan-
ated product 7a along with a minor isomer 7b (not shown)
but with no enantioselectivity (entries 1�2, Table 1). Sim-
ilar results were observed with bis-oxazolines 9a�b,[4]

which are known to be highly efficient ligands for cyclopro-
panations (entries 3�4). Finally, we were pleased to find
that Nishiyama’s PyBox 10a[5] provided the desired cyclo-
propanes 7a�b with good diastereocontrol in reasonable
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yield[6] (over two steps) with 68% enantiomeric excess for
both the major and the minor isomers (entry 5). Cyclopro-
panation using other PyBox-type ligands (10b�c) also led
to the same behaviour, although with a lower enantioselec-
tivity (entries 6�7, Table 1).[7] It is noteworthy that no trace
of bis-cyclopropanation product could be detected during
these processes. The involvement of a kinetic amplification
which would raise the level of enantioselectivity by con-
sumption of the minor enantiomer may thus be ruled out.[8]

To the best of our knowledge, this is the first example of a
desymmetrisation using an asymmetric cyclopropanation.[9]

Both diastereomers were readily separated by chromato-
graphy and, after extensive 1H and 13C NMR experiments
(DEPT, COSY, HMQC, NOESY and HMBC), their rela-
tive configurations were determined unambiguously. As ob-
served in the racemic series,[2a] the major isomer 7a was
shown to possess the C4�C5-trans configuration, demon-
strating that the carbenoid species approaches anti relative
to the silicon group. More surprisingly, NOE experiments
indicated that the minor isomer 7b had the C4-C5-cis ste-
reochemistry (Figure 1) showing that, to a certain extent,
the electrophilic carbenoid reagent (vide infra) can also ap-
proach syn relative to the bulky silicon group. This result is
particularly surprising considering the wealth of data
indicating anti stereospecificity for electrophilic processes
occurring with chiral allylsilanes.[10]

Scheme 2

Table 1. Asymmetric cyclopropanation of 6 (Scheme 2); study on
the nature of the ligand L*

L* dr[a] eemaj.
[b] eemin.

[b] Yield (%)[c]Entry

1 8a 95:5 2 � 20
2 8b 95:5 2 � 26
3 9a 94:6 4 � 28
4 9b 95:5 0 � 47
5 10a 82:18 68 68 48
6 10b 98:2 6 10 45
7 10c 96:4 48 36 41

[a] Estimated from the 1H NMR spectrum of the crude mixture. [b]

Measured by HPLC (hexane/iPrOH, 95:5), Chiralcel OD-H. [c]

Overall yield starting from 5 (two steps) after purification by chro-
matography.

With these results in hand we then investigated the mech-
anism of the reaction and the origin of the enantioselectiv-
ity in more detail. We first varied the CuI/10a ratio and
found that when PyBox 10a was slightly in excess or in an
equimolar amount with the copper() salt, not only was
cyclopropanation not observed but ethyl diazoacetate was
not even decomposed.[11] This may indicate that the triden-
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Scheme 3

Figure 1. NOE effects in 7b (minor)

tate ligand sequesters the metal to form a stable copper
complex in solution. Tridentate ligands such as pyridine-
bis-benzimidazoles and PyBox are known to form stable
helicate complexes with copper and silver in solution.[12]

The structure of these complexes has also been determined
by X-ray crystallography.[12b] Unfortunately, we were unable
to crystallise a 1:1 CuI:10a complex. However, we found
that adding a slight excess of CuIOTf to the 1:1 CuI:10a
mixture restored the catalytic activity of the system. As CuI-
PyBox:10a ratio as low as 1:0.2 could be used without any
noticeable decrease in yield or enantioselectivity (entries
1�3, Table 2), suggesting that copper aggregates are in-
volved in the process. These aggregates then dissociate when
CuI is in excess, providing the catalytically active species
(probably monomeric) involved in the stereochemistry-de-
termining step. In order to get further insights on the nature
and relative stability of the copper complexes involved in
our cyclopropanation, we examined the possible occurrence
of a nonlinear effect.[13] As depicted in Figure 2 (entries
6�9, Table 2), we observed a linear relationship between
the ee of the product and the ee of 10a (Figure 2). It is
noteworthy that the diastereocontrol remained the same
when varying the ee of the ligand. We also changed the
metal involved in the reaction and performed the same ex-
periments with RhCl3.[5c] Surprisingly, the reaction did not
afford the desired cyclopropane. Finally, negligible temper-
ature effects were observed on the enantioselectivity (72%
vs. 68%) and yield of the process (entries 3�5, Table 2).

We also varied the number of chelating groups (N) on
the ligands in order to obtain additional information about
the implication of the different chelating sites of PyBox.[14]
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Table 2. Asymmetric cyclopropanation of 6 (Scheme 2)

Entry Ligand[a] T (°C) dr[b] eemaj.
[c] eemin.

[c] Yield (%)[d]

1 (S)-10a[e] 20 84:16 68 77 48
2 (S)-10a[f] 20 83:17 66 74 48
3 (S)-10a 20 82:18 68 68 48
4 (S)-10a 26 83:17 68 84 48
5 (S)-10a 11 85:15 72 82 50
6 (S)-10a 20 84:16 72 72 47
7 (S)-(70%) 20 84:16 52 52 42
8 (S)-(50%) 20 85:15 32 32 43
9 (S)-(30%) 20 85:15 20 22 45

10 11a 20 91:9 6 4 23
11 11b 20 89:11 16 2 46

[a] Unless indicated otherwise the CuI:ligand ratio is 1:0.5. [b] Estim-
ated from the 1H NMR spectrum of the crude mixture. [c] Measured
by HPLC (Hexane/iPrOH, 95:5), Chiralcel OD-H. [d] Overall yield
over two steps after purification by chromatography.[e] CuI:ligand
ratio of 1:0.8. [f] CuI:ligand ratio of 1:0.2.

Figure 2. Variation of the ee of 7a as a function of the ee of li-
gand 10a

Ligands 11a and 11b were thus designed as bidentate ana-
logues (Scheme 4). In the former, the trinuclear skeleton
was maintained with a nonchelating phenyl replacing pyrid-
ine and in the latter, one oxazoline was removed. As
summarised in Table 2 (entries 10�11), PheBox (11a) led to
low enantioselectivity but also to a poorer conversion than
10a. PyOx (11b) led to cyclopropanes 7a�b with yield and
diastereoselectivity similar to those obtained with 10a but
again with poor enantiocontrol. This demonstrates that the
three chelating sites of PyBox are required to obtain high
levels of enantioselectivity. These observations and the ab-
sence of a nonlinear effect suggest that the catalytically act-
ive species in the stereochemistry-determining step may in-
volve only one chiral ligand (vide infra). If copper aggreg-
ates are present in solution, they probably dissociate with
low energy of activation.[13]

The absolute configuration of 7a was determined using
the sequence summarised in Scheme 5. Epoxidation of the
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Scheme 4

allylsilane 7a produced the desired epoxide, which was not
isolated but transformed directly into the alcohol 12[15]

through an acid-catalysed Peterson reaction. Swern oxida-
tion of the alcohol finally furnished the known cyclopro-
pane 13[16] with a specific rotation of �135° (ref.[16] �255°),
indicating that 7a has the absolute configuration
(1R,4S,5R,6R) shown below.

Scheme 5

With the absolute configuration of 7a in hand and con-
sidering the information collected previously, we next at-
tempted to explain the origin of the enantioselectivity. Re-
cent calculations by Noorby et al.[17] have shown that the
stereochemistry-determining step of copper-catalysed cyclo-
propanation proceeds through a concerted but asynchron-
ous addition of an electrophilic copper-carbenoid species[18]

onto the alkene. An open transition state was thus proposed
for the cyclopropanation of styrene, where bonding between
the less-substituted end of the olefin and the carbenoid
centre occurred very early on, leaving a partial positive
charge at the benzylic position. The cyclopropane was then
formed upon ring closure at a later stage, although still in
a concerted manner. In our case, such a scenario could also
operate with the development of a partial positive charge
β to the silicon group, stabilised through hyperconjugation
(silicon β-effect).[19] The diene would thus approach the li-
gand-copper-carbenoid complex as shown in Figure 3. The
enantioselectivity of the process is thought to be governed
by steric interactions developing between substituents on
the carbene (carboxylate) and those on the chiral ligand
(iPr groups), during carbenoid pyramidalisation, as pro-
posed earlier by Pfaltz[4a] and confirmed by Noorby’s calcu-
lations.[17] The preferential attack of the carbenoid species
at the pro-(S) double bond (anti relative to the SiR3 group,
Figure 3) would thus prevent steric interactions developing
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between the iPr group at C-1 and the carboxylate. Calcula-
tions also suggested that bonding between Cu and the car-
benoid centre was best represented as Cu�C�, correspond-
ing to the lone pair of a singlet carbene coordinated to a
CuI cation.[17] As already mentioned, CuI cations are effi-
ciently coordinated by tridentate ligands. The three nitro-
gens present in PyBox (10a) would thus be required to
stabilise the monomeric carbenoid species through coor-
dination to CuI. Finally, the formation of the minor isomer
7b, with relatively high enantioselectivities (Table 1�2), may
be rationalised using a similar transition state model. This
would result from an approach of the carbenoid species, syn
relative to the silicon group. Such an approach would not
suffer from too much steric crowding because the bonding
between the carbenoid centre and the allylsilane is thought
to occur first at the γ-position relative to the silicon bond
(vide supra). Although this has not been firmly established,
using this model the pro-(R) enantiotopic double bond of
6 would thus be cyclopropanated to form 7b (Figure 1).

Figure 3. Transition state model for the asymmetric cyclopropan-
ation of 6

Conclusion

In conclusion, we have developed an enantioselective ap-
proach towards cyclopropanes (i.e. 7), having a useful allyl-
silane moiety, which are valuable intermediates for organic
synthesis. As shown in earlier reports, synthons such as 7
can be elaborated further to cyclopentitols[2a] and carba-C-
disaccharides.[2b] Our approach also provides a more
straightforward access to recently discovered excitatory
amino acids.[16] Moreover, some mechanistic insights have
been obtained which might be useful for the design of more
efficient ligands for the cyclopropanation of cyclic as well
as acyclic (Z)-olefins.

Experimental Section

General Remarks: NMR spectra were performed in CDCl3 solu-
tions with chloroform as internal reference (1H: δ � 7.26; 13C: δ �

77.0 ppm). Structural assignments were based on DEPT, COSY,
HMQC, HMBC and NOESY experiments. 1D 1H and 13C NMR
spectra were recorded on a Bruker AC 200 spectrometer at 200 and
50.3 MHz respectively. 2D NMR experiments were recorded on a
Bruker ARX 400 spectrometer (400 MHz). HPLC were performed
on a Waters 600 equipped with a 996 photodiode array detector
and a Chiralcel OD column. IR spectra of thin layers of samples
between KBr plates were obtained on a Bruker instrument. LRMS
data were recorded on a HP mass spectrometer. HRMS data were
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determined at the Centre Régional de Mesures Physiques de l’Ouest
(Rennes). Optical rotations were measured on a Perkin�Elmer po-
larimeter using a 10 cm cell. CH2Cl2, Et3N were distilled from
CaH2. THF was distilled from over sodium/benzophenone. Li-
gands 10a�c were purchased from Aldrich (99%) and used in with-
out further purification.

(Cyclopenta-2,4-dien-1-yl)dimethylphenylsilane (6):[2a] A 2.5  solu-
tion of nBuLi in hexanes (14.4 mL, 36 mmol) was added, at �78
°C, to a solution of freshly distilled cyclopentadiene (2 g, 30 mmol)
in anhydrous THF (90 mL). The solution was stirred at �78 °C for
45 minutes, then a solution of PhMe2SiCl (5 mL, 30 mmol) in THF
(10 mL) was added. The reaction mixture was stirred at �78 °C
for 1.5 h, then quenched with a saturated solution of NH4Cl and
allowed to warm to room temperature. The organic layer was de-
canted and the aqueous layer extracted with diethyl ether. The com-
bined extracts were washed with brine, dried over MgSO4 and con-
centrated in vacuo to give 6 as a yellow oil (5.4 g, 92%). The crude
product was used in the next step without further purification.

Ethyl 4-(Dimethylphenylsilyl)bicyclo[3.1.0]hex-2-ene-6-carboxylate
(7a and 7b): Two drops of ethyl diazoacetate were added to a dark
red solution of copper() trifluoromethanesulfonate-benzene com-
plex (28 mg, 0.1 mmol) and PyBox (10a; 15 mg, 0.05 mmol) in dry
CH2Cl2 (3 mL) to initiate the reaction. Then, a solution of 6
(200 mg, 1 mmol) and ethyl diazoacetate (140 µL, 1.3 mmol) in
CH2Cl2 (10 mL) was added over a period of 3.5 h and the dark red
mixture turned successively orange and then brown. At the end of
the addition, the solvent was removed under reduced pressure and
the remaining brown oil was purified by chromatography through
silica gel (petroleum ether/CH2Cl2, 60:40) affording 7a�b as a col-
ourless oil (138 mg, 48%). The two diastereomers were then separ-
ated by chromatography over silica gel (2% ethyl acetate/petro-
leum ether).
Major Diastereomer (7a): ee 68%. (Rf � 0.45; EtOAc/petroleum
ether, 95:5). IR (KBr): ν̃max � 3069 cm�1, 3050, 2979, 2957, 2903,
2871, 1732, 1722, 1717 (C�O), 1428, 1398, 1380, 1283, 1263, 1250,
1161, 1115, 1047, 943. 1H NMR (CDCl3): δ � 7.51�7.57 (m, 2
H, Harom), 7.34�7.41 (m, 3 H, Harom), 5.83�5.89 (m, 1 H, 2-H),
5.46�5.51 (m, 1 H, 3-H), 4.10 (q, J � 7.2 Hz, 2 H, CH2),
2.40�2.47 (m, 1 H, 1-H), 2.33�2.37 (m, 1 H, 4-H), 2.07�2.12 (m,
1 H, 5-H), 1.24 (t, J � 7.2 Hz, 3 H, CH3), 0.88�0.91 (m, 1 H, 6-
H), 0.31 (s, 3 H, SiCH3), 0.29 (s, 3 H, SiCH3) ppm. 13C NMR
(CDCl3): δ � 174.4 (C�O), 137.1 (Carom), 133.9 (2 � CHarom),
131.6 (C-3), 129.6 (C-2), 129.2 (CHarom), 127.8 (2 � CHarom), 60.3
(CH2), 39.7 (C-4), 35.1 (C-1), 29.1 (C-6), 27.5 (C-5), 14.3 (CH3),
�5.2 (SiCH3), �5.5 (SiCH3) ppm. MS (CI�, NH3): m/z � 304 [M
� NH4]�, 287 [M � 1]�, 209, 152 [M � 1�PhMe2Si]�. MS (EI):
m/z � 135 (100) [PhMe2Si]�. HRMS (EI) C17H22O2Si: calcd.
286.13891; found: 286.13800. [α]20

D � �147 (c � 0.27, MeOH).
Minor Diastereomer (7b): ee 68%. (Rf � 0.40; EtOAc/petroleum
ether, 95:5). IR (KBr): ν̃max � 3068 cm�1, 3050, 2979, 2956, 2901,
2871, 1738�1733 (C�O), 1427, 1404, 1382, 1248, 1186, 1140, 1115,
1029, 951. 1H NMR (CDCl3): δ � 7.52�7.57 (m, 2 H, Harom),
7.33�7.39 (m, 3 H, Harom), 5.63�5.69 (m, 1 H, 3-H), 5.54�5.60
(m, 1 H, 2-H), 4.03 (q, J � 7.2 Hz, 2 H, CH2), 2.68�2.71 (m, 1 H,
4-H), 2.37�2.47 (m, 1 H, 6-H), 1.84�1.91 (m, 1 H, 5-H),
1.61�1.69 (m, 1 H, 1-H), 1.20 (t, J � 7.2 Hz, 3 H, CH3), 0.30 (s,
3 H, SiCH3), 0.29 (s, 3 H, SiCH3) ppm. 13C NMR (CDCl3): δ �

169.5 (C�O), 137.3 (Carom), 133.9 (2 � CHarom), 133.7 (C-3), 129.1
(CHarom), 127.7 (2 � CHarom), 124.2 (C-2), 59.7 (CH2), 35.1 (C-4),
32.0 (C-6), 23.3 (C-5), 20.7 (C-1), 14.3 (CH3), �4.9 (SiCH3), �5.6
(SiCH3) ppm. MS (CI�, NH3): m/z � 304 [M � NH4]�, 287 [M
� 1]�, 209, 152 [M � 1�PhMe2Si]�. MS (EI): m/z � 135
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([PhMe2Si]�, 100). HRMS (EI) C17H22O2Si: calcd. 286.13891;
found: 286.13800.

Ethyl 4-Hydroxybicyclo[3.1.0]hex-2-ene-6-carboxylate (12): A 70%
suspension of mCPBA (300 mg, 1.2 mmol) was added, at 0 °C, to a
suspension of silane 7a (290 mg, 1.0 mmol) and NaHCO3 (100 mg,
1.2 mmol) in CH2Cl2 (10 mL). The reaction was stirred at 0 °C for
1 h then allowed to warm to room temperature. After 6 h at room
temperature, the mixture was diluted with diethyl ether, washed
with a 20% solution of NaOH, dried over MgSO4 and concentrated
in vacuo. The resulting crude mixture was then diluted with CH2Cl2
and amberlite IR-120 (200 mg) was added to the solution. After
12 h at room temperature the mixture was filtered, concentrated
in vacuo and the resulting white solid was purified by silica gel
chromatography (petroleum ether/EtOAc, 90:10 � 80:20) to give
12 as a colourless oil (70 mg, 41%). 1H NMR (CDCl3): δ �

6.20�6.18 (m, 1 H, �CH), 5.70�5.67 (m, 1 H, �CH), 4.60�4.50
(m, 1 H, CHOH), 4.12 (q, J � 7 Hz, 2 H, OCH2CH3), 2.53�2.33
(m, 3 H), 1.39�1.13 (m, 3 H) ppm. Other spectroscopic data were
in good agreement with those reported in the literature.[16]

Ethyl 4-Oxobicyclo[3.1.0]hex-2-ene-6-carboxylate (13): A solution
of DMSO (65 µL, 0.92 mmol) in CH2Cl2 (1 mL) was added, at
�60 °C, to a solution of oxalyl chloride (39 µL, 0.46 mmol) in
anhydrous CH2Cl2 (1 mL). After 10 minutes, a solution of the alco-
hol 12 (70 mg, 0.41 mmol) in dry CH2Cl2 (0.5 mL) was added drop-
wise at �60 °C and the mixture was stirred for 15 minutes. NEt3

(0.3 mL, 2.1 mmol) was then added to the solution. The reaction
mixture was stirred for 5 minutes at �60 °C, then allowed to warm
to room temperature and water (2 mL) was added. After 10 mi-
nutes, the organic layer was decanted then washed successively with
water, a 1% solution of HCl, a 5% solution of Na2CO3, water, dried
over MgSO4 and the solvents were concentrated in vacuo. The res-
idue was purified by gel chromatography (petroleum ether/EtOAc,
95:5) to give 13 as a white solid (62 mg, 90%). M.p. 97�99 °C. IR
(KBr): ν̃max � 3070 cm�1, 2950, 1715, 1695, 1469, 1265, 1177, 876,
854, 818. 1H NMR (CDCl3): δ � 7.61 [dd, J � 5.7 Hz, 2.6 Hz, 1
H, C(O)CH�CH], 5.74 [d, J � 5.7 Hz, 1 H, C(O)CH�], 4.15 (q,
J � 7 Hz, 2 H, OCH2CH3), 2.96 (dt, J � 4.8 Hz, 2.6 Hz, 1 H),
2.65�2.59 (m, 1 H), 2.27 (t, J � 2.6 Hz, 1 H), 1.26 (t, J � 7 Hz, 3
H, OCH2CH3) ppm. 13C NMR (CDCl3): δ � 203.4 (C�O), 168.0
(COOCH2CH3), 159.7 [C(O)CH�CH), 129.7 [C(O)CH�), 61.4
(OCH2CH3), 45.9, 30.1, 29.0, 14.2 ppm. [α]20

D � � 135 (c � 1,
MeOH) [ref.[16]: [α]20

D � � 255 (c � 1, MeOH)]. Other spectroscopic
data were in good agreement with those reported in the literat-
ure.[16]
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