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Abstract: A chiral rhodium catalyst, Rh2[4S-(4’)-
FBNAZ]4, was synthesized and was shown to cata-
lyze the intramolecular cyclopropanation of substi-
tuted allylic cyanodiazoacetates. Alkenes bearing
an electron-deficient substituent including carbonyl
and halogens are converted into the corresponding
cyclopropanes in high yields with both chiral and
achiral rhodium catalysts. The cyclopropane deriva-
tives were generated with an enantioselectivity of
up to 91% ee. For the asymmetric intramolecular cy-
clopropanation, cis-halogen-substituted substrates
afforded cyclopropanes with higher enantioselectivi-
ties than the corresponding trans diastereomers.
However, only moderate enantioselectivities were
observed with alkenes bearing electron-donating
groups such as alkyls. The cyclopropanation of 3-sub-
stituted 2-propenyl cyanodiazoacetates was strongly
influenced by steric and electronic factors arising
from substituents on the alkenes. For the first time,
we demonstrated that the intramolecular reaction
of gem-dihaloallylic cyanodiazoacetate afforded
highly functionalized gem-dihalocyclopropanes.
This reaction is an appealing alternative to the addi-
tion of dihalocarbenes to alkenes for the formation
of gem-dihalocyclopropanes.
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The intramolecular cyclopropanation of alkenes via the
transition metal-catalyzed decomposition of diazo
derivatives is a simple and convenient method to gener-
ate synthetically versatile [n.1.0]bicycloalkanes.[1] The
enantioselective intramolecular cyclopropanation of
diazo compounds bearing one electron-withdrawing
group (EWG) (Scheme 1, X¼C, O or NMe, R4¼H) is
highly efficient both in terms of yields and enantioselec-

tivities.[2] However, the efficient inter- or intramolecular
enantioselective [2þ1] cycloaddition of diazo deriva-
tives bearing two EWGs (Scheme 1, X¼C, O or N,
R4¼COOR, COR, NO2, CN, SO2R or CONRR’) is still
an unsolved and quite challenging problem in synthesis.
To our knowledge, the only report of such an enantiose-
lective cycloaddition (98% ee) is a Cu(I)-catalyzed in-
tramolecular cyclopropanation of a-diazo-b-keto sul-
fones (Scheme 1).[3] MIller has also reported an enan-
tioselective intramolecular cyclopropanation of a
malonate derivative, however, the optimized conditions
led to a product having 83% ee in only 24% yield
(Scheme 1).[4] The Rh(II)-catalyzed intramolecular cy-
clopropanation ofa-nitro-a-diazo carbonyls as an effec-
tive entry into functionalized macrocyclic-fused cyclo-
propane a-amino acids has been reported by our group,
however, the highest enantioselectivity was 61% ee
(Scheme 2).[5] Since the cyclopropanation of diazo pre-
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cursors with two electron-withdrawing groups (R4¼
EWG) affords generally modest enantioselectivities,
we were curious to examine the same reaction in which
R4 is a cyano substituent. The cyano group is not only
much smaller than a mesityl sulfone, a tert-butyl ester
or a nitro group but also stereoelectronically quite dif-
ferent.
In this communication, we report that the enantiose-

lective intramolecular cyclopropanation of a new class
of cyanodiazoacetate is catalyzed by a chiral rhodium
catalyst, Rh2[4S-(4’)-FBNAZ]4 that provides oxabicy-
clo[3.1.0]hexan-2-one-1-carbonitrile derivatives in up
to 91% ee. These cyanocyclopropanes are precursors
of cyclopropanea- and b-amino acids that are potential-
ly valuable constituents in novel peptides.[6]

Synthesis of racemic 6-substituted-2-oxo-3-oxabicy-
clo[3.1.0]hexane-1-carbonitrile derivatives:The cyclo-
propanation reaction involving the transitionmetal-cat-
alyzed decomposition of diazo ester derivatives is usual-
ly most successful with electron-rich alkenes. Therefore,
the preparation of allylic a-cyano-a-diazoacetates that
were substituted with alkyl or aryl groups at the 3-posi-
tion was needed for our first attempts. The a-cyano es-
ters 1a–14a were synthesized by the condensation of
the substituted allylic alcohols with cyanoacetic acid in
60–96%yields using standard procedures (Scheme 3).[7]

The conversion to their corresponding a-diazo deriv-
atives 1b–14b was smoothly accomplished in excellent
yields using a procedure developed by our group that in-
volves treatment of the startingmaterials with a solution
of 1.5 equivs. of triflyl azide and 2 equivs. of pyridine in
acetonitrile/hexanes. Good to excellent yields of the di-
azo compounds were obtained regardless of the sub-
stituents on the alkenes (Table 1).[8]

The intramolecular cyclopropanation leading to race-
mic oxabicyclo[3.1.0] derivatives 1c–14c was typically
carried out by slowly adding a solution of the starting di-
azo species 1b–14b to a rhodium(II) octanoate dimer
solution in dichloromethane (Table 2). The alkyl-substi-
tuted allylic esters 2b and 3b led to the cyclopropane in
53%and 50%yield, respectively (entries 2 and 3), which
is lower than the yield observed for the cyclopropana-
tion of the unsubstituted allylic ester 1b (entry 1).
Furthermore, the ester-substituted allylic ester 5b (en-

try 5) provided the corresponding cyclopropane 5c in
90% yield and after just 2.5 h! Although halocyclopro-
panes are very useful synthons in organic synthesis,[9]

there are only few reports of intramolecular cyclopropa-
nation of allylic diazoacetates bearing halogens.[10]

Therefore, a series of 3-halo-substituted allylic cyano-

diazoacetateswas synthesized and tested in the intramo-
lecular cyclopropanation reaction. Rhodium octanoate
dimer efficiently catalyzed the intramolecular cyclopro-
panation reaction of substrates 6b–14b, albeit in varia-
ble yields. As expected, a single diastereomer was

Scheme 3.

Table 1. Triflyl azide-mediated diazo transfer to allyl a-cya-
noacetates.

[a] Isolated yields after chromatography on silica gel.
[b] See ref.[8]
[c] Ratio (cis : trans)¼1.3 : 1.

Table 2. Intramolecular cyclopropanation of allyl a-cyano-a-
diazoacetate catalyzed by rhodium octanoate dimer.

[a] Isolated yields after chromatography on silica gel.
[b] Ratio (cis:trans)¼1.3 : 1.
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formed in all the cases. The efficiency of the intramolec-
ular cyclopropanation for the E-haloallylic esters fol-
lows the order: Cl>Br> I (entries 6–8) whereas the
same reactions run on the Z-isomers were generally
more efficient regardless of the halide (entries 9–11).
Interestingly, the 3,3-dihaloallylic esters underwent
smooth cyclopropanation to generate the bicyclic sys-
tem (entries 12–14). It is clear from the data that the
rhodium-catalyzed cyclopropanation of gem-dihaloal-
lylic cyanodiazoacetates to form functionalized gem-di-
halocyclopropanes is a competitive alternative to the
only reported synthetic route involving the addition of
dihalocarbenes to alkenes in the presence of phase
transfer catalysts.

Enantioselective synthesis of 6-substituted 2-oxo-3-
oxabicyclo[3.1.0]hexane-1-carbonitriles: Having de-

veloped an efficient route to racemic oxabicyclic[3.1.0]
systems, we then turned our attention to the elaboration
of an enantioselective version of the reaction. We
screened five chiral ruthenium and rhodium catalysts
that have a proven record in intramolecular cyclopropa-
nation reactions. Unfortunately, NishiyamaQs catalyst
15[11] did not lead to any cyclopropanation (Table 3, en-
try 1). Since the rhodium carboxylate dimers 16[12] and
17[13] led to some desired products but with low enantio-
selectivities (entries 2 and 3), we turned our attention to-
wards testing the rhodium(II) carboxamide dimers.
Even thoughRh2(5S-MEPY)4 (18) is knownnot to be ef-
ficient for the cyclopropanation of a-diazomalonate de-
rivatives, the azetidine analogue 19 proved to be more
efficient.[14]

Scheme 4.

Scheme 5.
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Dirhodium(II) tetrakis[methyl-2-oxaazetidine-4(S)-
carboxylate], Rh2(4S-MEAZ)4 (19) led to the desired
cyclopropane in 44% yield and 79% ee (Table 3, entry
4). The benzyl ester analogue 20[15] led to a slight im-

provement in the yield (70%) without any decrease in
ee (entry 5). After substantial efforts, we found that
the introduction of a 4-fluoro substituent on the benzyl
group of the catalyst led to a significant improvement
in both the yield and the ee (Table 3, entries 6 and 10).
The synthesis of catalyst 21 started from aspartic acid
that was converted into the bis(p-fluorobenzyl) diester
22. A subsequent lactamization and conversion to the
rhodium(II) carboxamidate was accomplished accord-
ing to the literature procedure for the preparation of
the analogous benzyl ester.
This catalyst was then tested in the intramolecular cy-

clopropanation of a wide range of 6-substituted allylic
ester derivatives (1b–13b) and the results are illustrated
in Table 4. The optimal protocol for this reaction calls
for using 0.5 mol % of Rh2[4S-(4’)-FBNAZ]4 in toluene
and carrying out the reaction at temperatures ranging
from �40 to 50 8C. In all the cases tested, the yields
were usually modest to excellent. It appears that the rel-
ative activity of the Rh2[4S-(4’)-FBNAZ]4 catalyst was
lower than that of rhodium(II) octanoate dimer.
Although the cyclopropanation of halogen- or car-

bonyl-substituted alkenes proceeded in modest yields,
the enantiomeric excesses of the products were above
75% in many instances. However, in the cases of 2b, 4b
and 13b, only moderate ees were observed (56% and
29%ee, respectively). It is clear from the data presented
inTable 4 that the best substrates for the reaction are the
Z-haloallylic acetates derivatives that not only pro-
duced the highest ees but also the best conversions.
For example, 6-bromo-3-oxabicyclo[3.1.0]heptan-2-
one-1-carbonitrile (Table 4, 10c) was obtained in up to
91% ee by the cyclopropanation of Z-bromo-substitut-

Table 4. Catalytic asymmetric intramolecular cyclopropana-
tion of a-cyano-a-diazo ester derivatives.

[a] Isolated yield after chromatography on silica gel.
[b] Determined by GC or SFC (see Supporting Information).
[c] Reaction run in dichloromethane.
[d] Conversion calculated from the 1H NMR analysis of crude

product.

Table 3. Chiral catalyst screening for the cyclopropanation of a-cyano-a-diazoacetates.

[a] Isolated yield.
[b] n.r.: no reaction.
[c] Enantiomeric excess determined by GC.
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ed cyanodiazoacetate, whereas the enantiocontrol for
the same reaction done on the E-isomer was not as
high (87% ee) (Table 4, 7b). In this process, we found
that the enantioselectivity was significantly improved
when we decreased the reaction temperature. For in-
stance, in the case of 5b, the enantioselectivity increased
from 67% to 80% ee by lowering the reaction tempera-
ture from 50 8C to room temperature. In the case of 10b,
the selectivity was improved up to 91% ee when the re-
actionwas run at �20 8C.With two halogen substituents
on the alkenes, the enantioselectivity dropped following
the order Br> I (Table 4, 12b vs. 13b). The absolute con-
figurations of 1c, 10c and 11c were established by single
crystal X-ray analysis. The absolute configurations of
the other bicyclo adducts were then assumed to be the
same.
In summary, we have demonstrated that the rhodium-

catalyzed intramolecular cyclopropanation of 3-substi-
tuted-2-propenyl cyanodiazoacetates occurred cleanly
to form the corresponding cyclopropane derivatives in
high yields. In the enantioselective version of this trans-
formation, we found that a chiral rhodium catalyst,
Rh2[4S-(4’)-FBNAZ]4, led to the desired cyclopropane
in up to 91% ee. However, the level of enantioselection
was greatly dependent upon the substitution of the al-
kene. We have also demonstrated that the cyclopropa-
nation of gem-dihaloallylic cyanodiazoacetates pro-
duced the gem-dihalocyclopropanes very efficiently.
We are currently exploring the scope of the rhodium-
catalyzed intramolecular cyclopropanation of diazo
compounds with alkenes that bear two electron-with-
drawing groups and the results will be reported in due
course.

Experimental Section

Synthesis of Dirhodium(II) Tetrakis-
[4’-fluorobenzyl 2-Oxaazetidine-4(S)-carboxylate],
Rh2[4S-(4’)-FBNAZ]4
Treatment of dirhodium (II) acetate (0.068 g, 0.15 mmol) with
4’-fluorobenzyl (S)-(�)-2-oxaazetidine-4-carboxylate (0.34 g,
1.5 mmol) in chlorobenzene (30 mL) as described in the litera-
ture[14d] and subsequent purification by chromatography on
silica gel (20%–100% ethyl acetate in hexane) afforded
Rh2[4S-(4’)-FBNAZ]4 as a blue solid; yield: 126 mg
(0.12 mmol, 75%); [a]20D : �1428 (c 0.108, CHCl3);

1H NMR
(CDCl3, 400 MHz): d¼7.30–7.39 (m, 8H, ArH), 7.00–7.05
(m, 8H,ArH), 5.11–5.17 (m, 8H, 4�CH2Ar), 3.98–4.11 (br, 4H,
4�CH), 3.16–3.37 (m, 8H, 4�CH2COO); 19F NMR (CDCl3,
400 MHz): d¼115.9 (d, J¼162.8 Hz); 13C NMR (CDCl3,
100 MHz): d¼188.6 (CO), 173.3 (CO), 164.1 (d, J¼7.1 Hz,
CO), 161.6 (d, J¼6.6 Hz, CO), 131.4 (d, J¼17.4 Hz, Ar),
130.5 (d, J¼7.4 Hz, Ar), 115.8 (d, J¼11.3 Hz, Ar), 115.6 (d,
J¼11.3 Hz, Ar), 66.4 (s, CH2Ar), 52.3 (d, J¼19.8 Hz,
CHCOO), 43.3 (d, J¼114.3 Hz, CH2COO); IR (film): n¼
2170, 1738 (C¼O), 1660 (C¼O), 1512, 1225, 1156, 827 cm�1;

MS (APCIþ ): m/z¼1095; calcd. for C44H36F4N4O12Rh2 [Mþ
1]þ : 1095; anal. calcd. for C44H36F4N4O12Rh2: C 48.28, H 3.32,
N 5.12; found: C 48.15, H 3.17, N 5.08.

Typical Procedure for the Intramolecular
Cyclopropanation (Table 2)

(1R,5S)-3-Oxabicyclo[3.1.0]hexan-2-one-1-carbonitrile
(1c): A solution of allyl a-cyano-a-diazoacetate (77 mg,
0.3 mmol) in dichloromethane (2.5 mL) was added via
a syringe pump (1.0 mL/h) over 2.5 h to a solution of
Rh2(C7H15COO)4 (1.2 mg, 0.5 mol %) in 1.5 mL of dichloro-
methane at reflux.After the completion of the addition, the re-
action mixture was stirred at reflux to ensure complete reac-
tion. The mixture was then cooled to room temperature and
concentrated under reduced pressure (rotary evaporator). Pu-
rification of the crude residue by flash chromatography on sili-
ca gel (30%–45% ethyl acetate/hexane) afforded (1R,5S)-3-
oxabicyclo[3.1.0]hexan-2-one-1-carbonitrile (1c) as a white
solid; yield: 56 mg (76%).

Crystallographic data (excluding structure factors) for the
structure(s) reported in this paper have been deposited with
the Cambridge Crystallographic Data Centre as supplementa-
ry publication no. CCDC-269733 (1c), CCDC-269732 (10c)
and CCDC-269734 (11c). Copies of the data can be obtained
free of charge on application to CCDC, 12 Union Road, Cam-
bridge CB2 1EZ, UK [Fax: int. codeþ44(1223)336–033;
E-mail: deposit@ccdc.cam.ac.uk].
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