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Concave 1,10-phenanthrolines 1la—c¢ have been used as li-
gands in the copper(l)-catalyzed cyclopropanation of alkenes
2 with ethyl diazoacetate. The complexes proved to be effi-
cient cyclopropanation catalysts and exhibited an enhanced

diastereoselectivity, particularly in the reactions of cyclic al-
kenes 2b—d. The preferred formation of exo-cyclopropanes
3b—d can be explained by the concave shape of these cata-
lysts.

Stereoselective synthesis of cyclopropanes is an impor-
tant goal in organic chemistry. Often cyclopropanes are
synthesized by the metal-catalyzed reaction of alkenes with
diazo compounds!'l. The reaction between styrene and ethyl
diazoacetate has been particularly well-studied. Various li-
gands have been used in this metal ion catalysis to influence
the enantio- and diastereoselectivity of the reaction. The
most successful enantioselective catalysts developed to date
are Cy,-symmetrical chiral metal complexes. Bidentate nitro-
gen ligands with copper(l) triflate as catalysts show high
enantioselectivity but only moderate diastereoselectivity!?!,

Diastereoselective cyclopropanation of styrene has been
achieved by using bulky diazo compounds such as rerz-butyl
diazoacetate and 2,6-di-tert-butyl-4-methylphenyl diazo-
acetatel® the latter giving a trans/cis ratio of 94:6. However,
when cycloalkenes were used as substrates, CH insertion
was the predominant reaction. Diastereoselective cyclopro-
panation of styrene has also been achieved using porphyrin
complexes as catalysts. A sterically hindered rhodium por-
phyrin complex gave preferentially the cis isomer!®, Other
metal porphyrin complexes were zrans-selective in the reac-
tion of styrene with ethyl diazoacetate (up to 93:7)1%. How-
ever, these catalysts also gave poor yields in the cyclopro-
panation of cyclic alkenes, e.g. of cyclohexene and indene.
In these instances, the ethyl diazoacetate was largely con-
verted into diethyl fumarate and diethyl maleate®. In the
cyclopropanation of styrene, excellent results in both en-
antioselectivity and diastereoselectivity have been obtained
with 2,6-bis(4-isopropyloxazolinyl)pyridine as a ligand for
ruthenium®,

I} Part 21: W, Schyja, S. Petersen, U. Lilning, Liebigs Ann. 1996,
in press.
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Despite the progress in enantioselective and diastereose-
lective cyclopropanation of the model system styrene, ef-
ficient diastereoselective catalysts for the cyclopropanation
of cyclic alkenes have still 1o be developed. All successful
cyclopropanations of cycloalkenes have given only poor di-
astereomeric excesses(’l. In this paper we present a suitable
catalyst for the diastereoselective cyclopropanation of cy-
clic alkenes.

1a: X = - (CH,CH,0),CH, H,C(OCH,CH,), -
1b: X = - CHy,(CH,OCH,),CH, -
Ie: X = - CHy(CH,0CH,);CH, -

Concave 1,10-phenanthrolines!® 1 have been employed as
ligands in the copper-catalyzed cyclopropanation of the al-
kenes 2 with ethyl diazoacetate. The ligands 1a—c¢ were syn-
thesized as described previously®], The catalysts were pre-
pared in situ by mixing copper(l) triflate with a slight excess
of the corresponding bimacrocycles 1b or 1¢ or ligand 1a.
1a can be regarded as bimacrocycle 1b whose side chains X
are cut in the middle. Copper(I) was chosen as the metal
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catalyst because of its well-known capability to catalyze the
cyclopropanation of alkenes. The association constants of
the concave 1,10-phenanthrolines 1 and copper(I) have been
reported earlier!®d],

Copper(I) catalyzes the evolution of N, from ethyl diazo-
acetate and forms a copper carbenoid!®. This electrophilic
species then reacts with an alkene 2 to form the correspond-
ing cyclopropane 3. A competing reaction is the dimeri-
zation of the diazo compound to give diethyl fumarate and
diethyl maleate. This reaction can be suppressed by keeping
the concentration of ethyl diazoacetate low. A slow and
continuous addition of the diazo compound by a syringe
pump may avoid the side reaction!??l, In this work however,
all cyclopropanations were carried out as batch reactions so
that the yields and diastereoselectivities could be compared
for different ligands. Therefore, no special measures were
taken to minimise the side reaction; in other words, a larger
degree of dimerization was consciously allowed.

R?
R? .
R
l + N,CHCOOEt
R
2 2 mol-% CuOTE -1 o COOH
20 °C, CICH,CH,CI
a: styrene R2
b: cyclohexene R! COOEt
¢: cyclopentene
d: indene endo-3

Alkenes 2 were used in an 8-fold excess with respect to
ethyl diazoacetate. 1—2 mol % of catalyst 1 - CuOTf gave
yields of cyclopropanes 3 of up to 83% (see Table 1). Opti-
mization should be possible by using the syringe-pump
technique. The reactions were also carried out in the ab-
sence of ligand to get some appraisal of the influence of the
ligands on the reaction. The exo- and endo-cyclopropane
products 3 were identified and characterized by 'H-NMR
spectroscopy and their ratio was determined by gas chrom-
atography. In the '"H-NMR spectra, the hydrogen atoms of
the cyclopropane ring possess different coupling constants
in the two possible diastereomers; trans-coupling gives
small J values of 2.5—7.6 Hz while cis-coupling leads to
larger values of 7.9—9.1 Hz.

Complexation with the ligands 1a—c did not reduce the
catalytic activity of the copper(I) catalyst in the cyclopro-
panations of the alkenes 2 in Table 1. First the cyclopropan-
ation of styrene (2a) was studied. In the absence of a ligand,
70% conversion to cyclopropanes 3a was obtained, with a
slight excess of rrans-3a. Reactions using ligands 1a—c gave
similar yields but larger trans/ecis ratios. In the cyclopropan-
ations of the cyclic alkenes cyclohexene (2b), cyclopentene
(2¢) and indene (2d), the diastereoselectivity was exception-
ally increased when the ligands la—c were used. Diastere-
omer ratios between 94:6 and 99:1 were obtained. The use
of these ligands did not decrease the yields of cyclopro-
panes 3b—d.
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Table 1. Diastereoselective cyclopropanation of various alkenes 2
with ethy] diazoacetate, catalyzed by CuOTf - 1

cyclopropanes 3 dimerization products
alkene 2 ligand1 yield/% exo:endo™ yield/%  E:Z0
styrene (2a) - 70 59 : 41 19 57:43
styrene (2a) la 66 82:18 19 93:7
styrene (2a) 1b 83 86:14 10 80:20
styrene (2a) 1c 70 85:15 26 96:4
cyclohexene (2b) - 37 84:16 20 50:50
cyclohexene (2b) 1a 31 99:1 21 95:5
cyclohexene (2b) ib 61 97:3 12 82:18
cyclohexene (2b) 1c 49 98:2 25 >95:5
cyclopentene (2¢) - 61 77:23 20 43:57
cyclopentene (Zc) 1a 51 98:2 31 96:4
cyclopentene (2¢) ib 64 94:6 17 76 :24
cyclopentene (2c) 1c 66 97:3 22 >95:5
indene (2d) - 53 68 :32 18 56:44
indene (2d) 1a 61 99:1 19 94:6
indene (2d) 1b 72 97:3 10 78:22
indene (2d) 1c 61 98:2 18 >95:5

2] trans:cis for styrene. — ™ exofendo and E/Z ratios were determi-
ned by GC.

With bulkier alkenes such as norbornene, an increased
diastereoselectivity was also found, but the yields of the de-
sired cyclopropanes were low and formation of diethyl fum-
arate and diethyl maleate predominated. The cavity of the
ligands 1 is probably too small for norbornene.

Reactions with less nucleophilic substrates such as cis-
stilbene also gave fumarate and maleate as the major prod-
ucts. Here the formation of cyclopropanes was retarded by
electronic rather than steric effects, because even in the ab-
sence of ligands only dimerization was observed.

The cyclopropanation of styrene (2a) with ethyl diazo-
acetate was also carried out in the presence of copper(l)
triflate at 0°C, giving the same results as at 20°C. The com-
plex of copper(I) with 1a gave the same yield but a slightly
larger transfcis ratio of 88:12, as compared to 82:18 at
20°C. Similar results were expected for the copper(I) com-
plexes of 1b and 1c, but the decrease in temperature gave
lower yields of both the cyclopropanes 3 and the dimeri-
zation products, while the diastereoselectivities were essen-
tially unaffected.

The enhanced diastereoselectivities listed in Table 1 can
be explained by the influence of the concave ligands 1 on
the transition states leading to the two diastereomers (see
Figure 1). Without concave ligands 1, the alkene 2 can
reach the copper(l) carbenoid unhindered. However, in the
presence of a 1,10-phenanthroline ligand, copper is strongly
bound by the nitrogen atoms®l. Therefore the reaction of
ethyl diazoacetate with the copper ion will form a carbenoid
which is bound to the concave ligand. The concave shield-
ing in these complexes restricts the number of possible ar-
rangements of the catalyst and the cycloalkene 2. An attack
from the opposite side of the ligand seems to be favorable.
This approach, shown in diagram A of Figure 1, minimizes
the steric interactions between the cycloalkene 2 and the
concave ligand 1. However, this arrangement is unproduc-
tive since the double bonds of alkene 2 and copper(I) car-
benoid are perpendicular to one another. Formation of a
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Figure 1. Newman projection of the approach of an alkene 2 to a
copper(l) carbene formed by reaction of ethy! diazoacetate with a
complex of Cu™ with a concave 1,10-phenanthroline ligand 1: the
ligand 1 shielding the copper(I) carbene is shown as a half bowl

A

Cu

Eom

| |

endo-3 exo-3

cyclopropane 3 can only occur if the cyclic alkene 2 rotates
with respect to the carbenoid. A counterclockwise turn,
shown in diagram B of Figure 1, will lead to the endo-prod-
uct. Such a turn will however increase the steric interactions
between cycloalkene 2 and the ester group. The clockwise
turn in diagram C of Figure 1 avoids these interactions and
accounts for the preferred formation of the exo-products
(see Table 1).

Changes of the E/Z ratios in the competing dimerization
reactions of ethyl diazoacetate support this explanation.
Equal amounts of diethyl fumarate and diethyl maleate
were formed in the reaction without a ligand. A copper(I)
complex with ligand 1b gave E/Z ratios of 80:20, and an
even higher ratio, greater than 95:5, was seen with le¢ as
the ligand.

This work was supported by Deutsche Forschungsgemeinschaft
(Lu 378/8-1) and the Fonds der Chemischen Industrie. M. H. is
grateful for a Graduiertenstipendium des Landes Schleswig-Holstein.

Experimental Section

Equipment: '"H-NMR spectroscopy: Bruker AM 300, 300 MHz,
CDC(l;, 8 in ppm vs. TMS. — GC: HRGC 5300 Mega Series MFC
500, Carlo Erba Instruments. SE 30/25 m column, 0.32 mm ID;
0.25 ym DF, Macherey-Nagel. — MS: Finnigan MAT 8200.

General Procedure for Cyclopropanations: All reactions were car-
ried out under nitrogen. 8.75 mmol of the alkene 2 and a solution
of 24 umol of the ligand 1 in 1.0 mi of 1,2-dichloroethane were
added to 5.0 mg (20 umol) of CuOTf * (C4Hg)ys. The solid was
dissolved with the aid of ultrasound and 1.00 mmol of ethyl diazo-
acetate dissolved in dichloromethane!'” and 1.0 ml of 1,2-dichloro-
ethane were added to the solution at 20°C. After stirring for 24 h,
the mixture was filtered through silica gel (5 cm X 3 cm) with 150
ml of diethyl ether and the solution was concentrated in vacuo.
After addition of 50.0 mg (0.221 mmol) of n-hexadecane as internal
standard, the reaction mixture was diluted to 12.5 ml with 1,2-
dichloroethane and analyzed by GC. The results are listed in
Table 1.

Ethyl trans-2-Phenylcyclopropanecarboxylate (trans-3a)22l: For
characterization, trans-3a was isolated by chromatography (silica
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gel, n-pentane/diethyl ether, 10:1). — 'H NMR (CDCly): § = 1.28
(t,J=7.1Hz, 3H,CH,), 1.31(ddd, J=4.5Hz, J=6.5Hz, J =84
Hz, 1H, trans-3-H), 1.60 (ddd, J =4.5 Hz, J=5.3 Hz, J=9.1 Hz,
1H, cis-3-H), 1.90 (ddd, J = 42 Hz, J=5.3 Hz, J = 8.4 Hz, 1H,
1-H), 2.51 (ddd, J = 4.1 Hz, J = 6.5 Hz, J = 9.1 Hz, 1H, 2-H), 4.17
(q, J=7.1 Hz, 2H, CH,), 7.0-7.3 (m, 5H, Ph).

Ethyl cis-2-Phenylcyclopropanecarboxylate (cis-3a) ( Mixture with
Diethyl Fumarate)?"; Chromatography (silica gel, #-pentane/di-
ethyl ether, 10:1) gave a mixture of cis-3a and diethyl fumarate. —
H NMR (CDCl,): § =097 (t, J= 7.1 Hz, 3H, CH,), 1.31, 1.32
(t, J = 7.1 Hz, fumarate CH,, ddd, /= 5.1 Hz, J = 79 Hz, J = 8.8
Hz, trans-3-H, 3.5H), 1.71 (ddd, J=5.1 Hz, J=5.6 Hz, J=17.6
Hz, 1H, cis-3-H), 2.07 (ddd, J = 5.6 Hz, J = 7.8 Hz, J=9.2 Hz,
1H, 1-H), 2.58 (dt, J3= 7.6 Hz, J,=9.0 Hz, 1H, 2-H), 3.87 (q,
J=7.1 Hz, 2H, CH,), 4.26 (q, J = 7.1 Hz, 1.4H, fumarate CH,),
6.85 (s, >0.5H, fumarate CH), 7.1-7.3 (m, ca. 5H, aromatic H).

Identification of Cyclopropanes 3b—d: The products of the reac-
tion of the alkenes 2b—d with ethyl diazoacetate were analyzed by
GC-MS. The exo-cyclopropanes exo-3 were isolated by preparative
HPLC (Si-60, n-hexane) and were identified by 'H NMR. The
endo-products showed identical GC-MS decomposition patterns
and were not isolated.

Ethyl exo-7-Bicyclof4.1.0 Jheptanecarboxylate (exo-3b)['1): GC-
MS (EI, 70 eV); m/z (%): 168 (40) [M™], 140 (60) M* — C,H,],
139 (40) [M* — C,H;], 123 (100) [M* — OC,H;], 95 (80) [M™* —
COOC,Hjs], 81 (60) [C4Hy], 80 (95) [CsHi ], 79 (80) [CsHF ] — 'H
NMR (CDCl3): 8 =1.1-13 (m, 4H, CH,CH,CH,), 1.23 (t,
J =173 Hz, 3H, CH;), 1.35 (t, J= 4.3 Hz, 1H, CHCOOE?), 1.58
(m,, 2H, (CH),CHCH,;), 1.60—1.75 (m, 2H, CH,CH,CH),
1.80—1.95 (m, 2H, CH,CH,CH), 4.08 (q, J = 7.3 Hz, 2H, OCH>).

Ethyl  endo-7-Bicyclo[4.1.0 Jheptanecarboxylate  (endo-3b)I11:
GC-MS (EI, 70 eV); m/z (%): 168 (80) [M*], 140 (65) [M* — C,H,],
139 (30) [M* — C,Hs], 123 (85) [M™ — OC,Hs], 95 (75) [M™* —
COOC,H3], 81 (55) [CeHg1, 80 (100) [CsHg], 79 (70) [CcHA .

Ethyl exo-6-Bicyclof3.1.0 Jhexanecarboxylate (exo-3¢)13: GC-
MS (EIL 70 eV); m/z (%): 154 (25) [M*], 126 (45) M+ — C,H,]
125 (20) [M* — C,Hs], 109 (65) [M* — OC,Hs], 81 (100) [M* —
COOC,H4], 67 (40) [M* — CH,COOC,H;]. — 'H NMR (CDCl,):
5=0.85-1.15 (m, 1H), 1.25 (t, J=7.1 Hz, 3H, CHy), 1.39 (t,
J =27 Hz, 1H, CHCOOEt), 1.55—1.90 (m, 7H), 4.10 (q, J="7.1
Hz, 2H, OCH,).

Ethyl endo-6-Bicyclo[3.1.0 Jhexanecarboxylate (endo-3¢)!'3: GC-
MS (EL 70 eV); m/z (%): 154 (10) [M*], 126 (20) [M* — C,H,]
125 (20) M+ — C,Hq), 109 (50) [M* — OC,Hs), 81 (100) [M* —
COOC,Hj], 67 (30) [M* — CH,COOC,Hs].

Ethyl  exo-3-Tricyclo[4.4.0.0°4 Jdeca-1(6),7,9-trienecarboxylate
(ex0-3d)13: GC-MS (EI, 70 eV); m/z (%): 202 (20) [M*], 173 (20)
[M* — C,Hs), 157 (15) [M* — OC,Hj], 129 (100) [M* — COO-
C.H;], 116 (5) [M* — CHCOOC;H;, indenet]. — GC-MS (CI-
1sobutane); m/z (%): 203 (100) [M* + H], 157 (15) [M* — OC,Hs],
129 (35) M+ — COOC,Hs]. — 'H NMR (CDCl,): & = 1.24 (dd,
J=3.3Hz, J=2.5 Hz, 1H, CHCOOEL), 1.30 (t, J = 7.3 Hz, 3H,
CH,), 244 (ddt, J,=6.5 Hz, J3=3.3 Hz, J;=09 Hz, IH,
(CH),CHCH,), 2.95 (ddd, J = 6.5 Hz, J=2.5Hz, J = 1.4 Hz, |H,
CCH(CH),), 3.04 (ddd, J=17.5Hz, J= 1.4 Hz, J= 0.9 Hz, 1H,
endo-CH,), 3.28 (ddd, J=17.5 Hz, J=6.5 Hz, J=1.0 Hz, 1H,
ex0-CH;), 4.15 (q, J = 7.3 Hz, 2H, OCH,), 7.1-7.2 (m, 3H, aro-
matic H), 7.3—7.4 (m, 1H, aromatic H).

Ethyl endo-3-Tricyclo[4.4.0.0°% Jdeca-1(6),7.9-trienecarboxylate
(endo-3d)'%): GC-MS (EL, 70 eV); miz (%): 202 (15) [M*], 173 (15)
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[M* — CHa}, 157 (15) [M* — OC,Hs], 129 (100) [M* — COO-
C,Hy), 116 (5) [M* — CHCOOC,H;, indene*]. — GC-MS (CI-
isobutane); miz (%): 203 (100) [M* + H], 157 (10) [M* — OC,Hj),
129 (25) [M* — COOC,H].
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