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ABSTRACT

A new triple tandem process has been discovered in which simple acyclic substrates can be transformed into bicyclic compounds via RCM −
double bond isomerization −cyclopropanation. This process is catalyzed by second generation Grubb’s catalyst without the requirement of
other reactives or additives. In addition, a one-pot RCM−isomerization reaction followed by cyclopropanation with CHCl 3/NaOH allows the
synthesis of products related to iNOS (nitric oxide synthase) inhibitors, which are currently under clinical evaluation.

Ruthenium alkylidene catalysts have triggered the utility of
metathesis reactions in synthesis.1 Many groups have ob-
served non-methatetic transformations as side reactions
during their studies using these complexes.2 If these alterna-
tive reactions are combined with metathesis, the synthetic
potential of ruthenium catalysts is enhanced. The ability of
one species to mediate or catalyze sequentially several
transformations adopts several names although the term
concurrent tandem transformation expresses conveniently this
concept.3

Recently, Snapper’s group has made interesting contribu-
tions in tandem transformations involving ruthenium alkyl-
idene compounds. In particular, they have described an enyne
metathesis-cyclopropanation sequence leading to alkenyl

cyclopropanes using first generation Grubbs’ catalysts [Ru]-
I.4 This group and others have accounted for the ability of
second generation complex [Ru]-II to isomerize emerging
with double bonds after a RCM. Heteroatoms which are
suitably located within the substrate facilitate the isomer-
ization process. Thus, Fustero has described the synthesis
of unsaturated lactams via RCM-double bond shift, a
process in which the presence of fluoro atoms improves the
results of the isomerization step.5

Synthesis of highly functionalized cyclopropanes is a
challenge as there are many biologically active compounds
containing this motif.6 In addition, many cyclopropane-
containing non-natural products have been prepared to study
enzyme mechanism or inhibition.7 Transition metal-catalyzed
decomposition of diazocompounds is a convenient procedure
to synthesize cyclopropanes. The use of ruthenium carbenes
to catalyze cyclopropanations via decomposition of diazo-
compounds would increase their use, particularly if the
reaction is combined with a metathesis. In particular, a new
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one-step entry to [n.1.0] systems can be envisioned. We
discuss herein a new approach to the formation of bicyclic
compounds using a novel RCM-isomerization-cyclopro-
panation reaction catalyzed by [Ru]-II.

Our initial aim was the synthesis of compound4 via RCM
and subsequent double bond isomerization (Scheme 1). This

strategy is advisable as a simple RCM reaction on enamides
would imply their synthesis, which is not trivial, and the
possibility that non-metathetic competitive reactions would
take place as described previously.2 Thus, substrate1 was
reacted with ruthenium complexes [Ru]-I or [Ru]-II under
different conditions summarized in Table 1. After completion

of the RCM reaction, the mixture was heated to favor the
double bond shift. [Ru]-I was unable to isomerize the double
bond (entry 1). With [Ru]-II, no isomerization was observed
in chloroform (entry 2), whereas in refluxing toluene the
reaction reached acceptable results, yielding4 as the major
product (entry 4). However, at rt or 70°C this solvent only
produced2, and no double bond shift products such as3 or
4 were observed (entry 3). This observation prompted us to
carry out the reaction inp-cymene (entry 5) and in sealed
tubes (entries 6 and 7). These conditions allowed the
formation of 4 in chloroform but with low yields. Finally
the best results were achieved by performing the reaction in
refluxing toluene for the RCM and the isomerization steps
(entry 8), which gave a 64% yield of the desired compound,
4.

Next, we combined this tandem process with a cyclopro-
panation reaction with dichlorocarbene. This reaction was
achieved by adding a 50% solution of NaOH in water,
CHCl3, and Aliquat 336 to the reaction mixture once the
RCM-isomerization reaction had been completed. The
overall yield of compound5 was 21% from1. This result
was improved by applying sonication to the cyclopropanation
step, reaching a yield of 55% (Scheme 2). A different attempt

involved using catalysts [Ru]-I for the RCM reaction and
adding NaH to perform the isomerization following Schmidt’s
conditions.8 The cyclopropanation was effected by subse-
quent addition of CHCl3 and gave5 with a yield of only
11%. Compound5 is structurally related to a recently
disclosed selective inhibitor of the human inducible isoform
of nitric oxide synthase(iNOS).9

To tune up a triple tandem process involving a cyclopro-
panation step with a diazocompound, we first checked the
ability of catalyst [Ru]-II to cyclopropanate with ethyl
diazoacetate (EDA). Thus, addition of EDA to compound4
afforded bicyclic compounds6 (mixture of cis:trans isomers)
along with insertion product7 (Scheme 3). As indicated in

Table 2 the results are similar in terms of yields as for
classical cyclopropanation methods (with rhodium acetate,
entry 3). The reaction in chloroform or at room temperature
did not take place. Results are similar at 70°C (entry 2) and
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Scheme 1. RCM-Isomerization of Compound1

Table 1.

yield

entry
catalyst

(5 mol %) solvent
temp
(°C)

time
(h) 2a 3a 4a

1 [Ru]-I toluene rt/∆ 3-22 80 n.d. n.d.
2 [Ru]-II CHCl3 rt/∆ 3-12 95 n.d. n.d.
3 [Ru]-II toluene rt/70 3-12 90 n.d n.d.
4 [Ru]-II toluene rt/∆ 3-12 11 21 57
5 [Ru]-II p-cymene rt/∆ 3-12 16 27 50
6 [Ru]-II toluene rt/200b 3-12 15 22 48
7 [Ru]-II CHCl3 rt/140b 3-12 17 36 13
8 [Ru]-II toluene ∆ 12 10 17 64

a Percent of pure product.b In a sealed tube.

Scheme 2. RCM-Isomerization-Cyclopropanation of1 with
Dichlorocarbene

Scheme 3. RCM-Isomerization-Cyclopropanation of1
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in refluxing toluene (entry 1), although the first reaction
needed a supplementary time for completion. Next, we
performed the three reactions from1 in a one-potfashion.
Thus, after verifying the completion of the RCM-isomer-

ization (12 h), EDA was slowly added over 8 h to thereaction
mixture and yielded 40% of the two isomeric cyclopropanes
6 (entry 4). A 52% yield of both cyclopropanes was obtained
from the initial ethyl diazoacetate (EDA) addition over 8 h
(entry 5).

From the results shown in Table 1, a thermal modification
of the ruthenium complex seems to be essential for the
isomerization process.10 Fustero has explained the mechanism
of the double bond shift by the formation of a ruthenium
hydride from catalyst [Ru]-II, without the aid of any reactive.
This hydride would add to the double bond and then
eliminate to form the isomeric unsaturated lactam. The
regioselectivity of the process would be due to stabilization
of a positive charge by the electron lone pair of the nitrogen
in its contiguous position. If the ruthenium complex is
transformed into a hydride the question would be the identity
of the catalyst in the cyclopropanation step. We have shown
that Grubbs’ catalyst [Ru]-II is able to cyclopropanate
substrate4 at temperatures where isomerization does not take
place, i.e., Ru-H species are not formed (entry 2, Table 2).11

The methodology was extended to other starting materials,
precursors of cycles of 5 and 7 members. Thus, diene8 was
reacted with EDA in refluxing toluene in the presence of
[Ru]-II , giving 10as a mixture of isomers in 58% combined
yield (Scheme 4). The RCM alone gave conjugated enone9
(95%), which did not isomerized in any of the previously
used conditions.

When applied to substrate11, the RCM-isomerization
phase gave a mixture of all the possible regioisomers of the
seven-membered lactam although the desired compound12
was isolated in 62% yield (Scheme 5). The other three
isomers,13-15, could be characterized. This result was

Table 2.

yield

entry
starting
compd (mol %) cat.

temp
(°C)

time
(h) trans-6a cis-6a 7a

1 4 (10) [Ru]-II ∆ 8b 36 25 17
2 4 (10) [Ru]-II 70 8b + 48 40 21 10
3 4 (5) Rh(OAc)2 rt 8b 40 10 5
4 1 (15) [Ru]-II ∆ 12 + 8b 25 15 <5
5 1 (15) [Ru]-II ∆ 8b 34 18 <5
6 4 (10) [Ru]-IIc 70 8b 19 10 <5

a Percent of pure product.b EDA was added over 8 h with a pump
syringe.c Thermally modified prior to reaction.

Scheme 4. RCM-Cyclopropanation of10

Scheme 5. RCM, Isomerization, Cyclopropanation, and Tandem Reactions from11

a Obtained as a mixture of isomers. A small amount of major compoundstrans-16,trans-18,andtrans-19was isolated for characterization.
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achieved by performing the RCM at rt and heating to reflux
temperature after completion. The reaction in a sealed tube
gave better selectivity for compound12 but overall yield
was lower (58%). Compound12 was cyclopropanated at 70
°C, giving products16 (60%) as a 4:1 mixture of diastereo-
isomers. The major isomer (trans-16) was separated and
characterized whereas we were unable to obtain the minor
isomer pure. Insertion product17 was detected in the crude
mixture. Interestingly, when performing the tandem process,
starting from 11 (conditions from Table 2, entry 5), we
obtained a mixture of cyclopropanes18 and19 with good
global yield. In each mixture, the diastereomers could not
be separated by MPLC. Major compoundstrans-18 and
trans-19were characterized. This latter result shows that after
the isomerization step there is equilibrium between the
isomers12-15 and the composition of the mixture may
change with subtle variation of the conditions. For an

unknown reason, compounds13 and15 react better than12
under these conditions. This result shows that [Ru]-II is able
to catalyze the cyclopropanation of non-activated olefins like
13 or 15. The identity of cyclopropanes18 and 19 was
checked by performing two independent cyclopropanation
reactions from13 and 15 using catalyst [Ru]-IIat 70 °C.

In conclusion, we have described a new concurrent tandem
catalyzed triple process including RCM-isomerization and
cyclopropanation. The second generation Grubb’s catalyst
was able to catalyze the three processes without requiring
other reactives. The identity of the catalytic species and the
mechanism of this transformation needs further study, but
we presume that the complex mediating in the isomerization
step is a ruthenium hydride formed by thermal modification
of the initial carbene. RCM-isomerizations can be combined
with classical cyclopropanations with dichlorocarbenes giving
products related to bioactive compounds.
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