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The  complex  ensemble  of competing  chemical  processes  (cyclopropanation,  metathesis,  dimerisation)
involved  in  the  reaction  of  ethyl  diazoacetate  with  styrene  is  examined  in  the  presence  of  a panel  of  ten
ruthenium  complexes.  Our  results,  focusing  on  the  catalysts’  activity  and selectivity,  showcased  the  new
NHC-containing  complex  10 and  the  Fischer  carbene  7  as  leading  to best  chemoselectivities  for  cyclo-
propanation  while  the  bidentate  Schiff-base  complexes  3 and  4 provided  highest  stereoselectivity.  The
eywords:
yclopropanation
-heterocyclic carbenes
chiff bases
uthenium complexes

 C coupling

traditionally  metathesis-active  Grubbs  I catalyst  (5) could  be manipulated,  by  working  under  high  dilu-
tion,  to  display  moderate  activity  in cyclopropanation  whereas  the  Grubbs  II catalyst  (6)  totally  promoted
metathesis.  Data  obtained  with  the  above  set  of Ru  complexes  strongly  support  the  premise  that  ligand
structure  and  configuration  in  the Ru  coordination  sphere  are  essential  factors  in  controlling  the  reaction
pathways.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Many natural or unnatural compounds incorporate cyclo-
ropane as a basic structural motif that often confers them
iological activity, frequently also therapeutic properties [1]. In
ddition, the propensity of cyclopropane to induce conformation
onstraints promotes the use of this highly strained carbocy-
le as a synthetic building block in more complex structures
emanding a particular stereoconfiguration. Starting from these
remises, an enabling construction of the useful cyclopropane

ntity by metal-catalyzed [2] or organocatalyzed [3] intermolec-
lar cyclopropanation has always been an attractive research area
or synthetic organic chemists. To date, a substantial number of

Abbreviations: ATRP, atom transfer radical polymerization; EDA, ethyl
iazoacetate; Grubbs I catalyst, Grubbs first generation catalyst; Grubbs II
atalyst, Grubbs second generation catalyst; NHC, N-heterocyclic carbene;
ybox, pyridinebis(oxazoline); rt, room temperature; Ru, ruthenium; Salen, 2,2’-
thylenebis(nitrilomethylidene)diphenol,N,N’-ethylenebis(salicylimine).
∗ Corresponding author. Tel.: +40 21 3167900; fax: +40 21 3121601.

∗∗ Corresponding authors.
E-mail addresses: francis.verpoort@ugent.be (F. Verpoort),

dragutan@yahoo.com (V. Dragutan), idragutan@yahoo.com (I. Dragutan).

ttp://dx.doi.org/10.1016/j.molcata.2014.02.009
381-1169/© 2014 Elsevier B.V. All rights reserved.
excellent reviews on different aspects of cyclopropanation reac-
tions have been published [4].

Of the plethora of methods published for stereoselective
cyclopropanation starting from alkenes [4b], the transition-metal
mediated transfer of carbene (in situ delivered through decompo-
sition of aliphatic diazo compounds) is the most developed and
used protocol [4e,h]. Several traditional transition metal catalysts
for cyclopropanation are presently enjoying a revived interest,
e.g. those based on copper [5a], gold [5a,b], rhodium [5c,d] pal-
ladium [5e,f], cobalt [5g,h] and ruthenium [2a,b, 4a–d, 6a–h].
Owing to the various oxidation states that ruthenium can assume,
with easy redox transitions between them during catalytic cycles,
as well as to the flexible coordination abilities of ruthenium,
large libraries of mononuclear and dinuclear ruthenium com-
plexes have been created for various applications. In contrast
to rhodium- and copper-based catalysts leading to either cis-  or
trans-substituted cyclopropanes, depending on the structure of
the catalyst employed, ruthenium catalysts provide mostly trans-
cyclopropanated products [4]. Currently cyclopropanation employs

an array of ruthenium catalysts based on arene and/or NHC  [3a–c,
7] or more complicated ligands such as pybox, salen, porphyrin
[4b,c,h,i]. Previous research unequivocally evidenced that some
catalysts with established activity for alkene metathesis could also

dx.doi.org/10.1016/j.molcata.2014.02.009
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molcata.2014.02.009&domain=pdf
mailto:francis.verpoort@ugent.be
mailto:vdragutan@yahoo.com
mailto:idragutan@yahoo.com
dx.doi.org/10.1016/j.molcata.2014.02.009


 Catalysis A: Chemical 386 (2014) 86–94 87

b
t

r
c
p
i
c
b
p
p
p
c
w
l
h
h
p
y

s
m
s
a
t
t
r
s
i
p

2

p
s
z
s
t
a
r
m
s
a
r

F. Ding et al. / Journal of Molecular

e valorized in alkene cyclopropanation [8]. However, rigorous con-
rol of the reaction conditions can favour either reaction pathway.

As part of our ongoing programme to extend the utility of
uthenium catalytic systems [9], we have previously reported on
yclopropanation catalyzed by bidentate N,O-Schiff base ligated
recursors [10]. This class of catalysts also proved good activity

n metathesis, ATRP, enol-ester synthesis, vinylation [11]. In olefin
yclopropanation with diazo compounds, Ru(II)–arene catalysts
earing Schiff base ligands were found to be moderately active
roducing, as expected, higher proportions of cyclopropanated
roducts with activated olefins than with non-activated counter-
arts [10]. On optimizing reaction conditions, cyclopropanation
ould overcome side reactions (dimerisation and metathesis). It
as concluded that the electronic properties of the Schiff base

igand influence the decomposition rate of the diazo compound,
ence generation of the carbene. With more donating Schiff bases
igher yields (max. 76%) and trans/cis ratios (dr: 2.8/1) in cyclo-
ropanated products were recorded. For practical purposes such
ields are, however, not satisfactory.

We were prompted therefore to investigate a whole range of
tructurally diverse Ru precursors and determine their perfor-
ance, for the first time under uniform conditions and in the

ame reaction, of styrene with ethyl diazoacetate (EDA), generally
ccepted as standard. The primary goal of this work is to extend
he scope of several commercial and known or new Ru catalysts
o prevailingly cyclopropanation. A secondary focus has been on
ationalizing the effect that ligands within the Ru coordination
phere play on the selectivity in cyclopropanation, relative to that
n concurrent metathesis or dimerisation. These new findings could
rovide fresh insights into this intricate transformation.

. Results and discussion

Intermolecular transition metal-catalyzed carbenoid cyclo-
ropanation of alkenes with diazo compounds has been extensively
tudied, in particular the reaction between styrene and ethyl dia-
oacetate (EDA) [12]. Ethyl diazoacetate generates in situ a carbene
pecies which undergoes chemoselective insertion yielding cis and
rans cyclopropanes (Scheme 1, Eq. (1)). However, as mentioned
bove, the overall process also commonly involves different side-
eactions resulting in products observed for all types of transition

etal catalysts (Scheme 1): metathesis (Eq. (2)), cross-metathesis

tyrene-diazoester (Eq. (3)), homocoupling (dimerisation) of EDA to
 mixture of diethyl maleate and fumarate, usually strongly favou-
ing the former (Eq. (4)).
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Ph Ph
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Ph[Ru]
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Scheme 1. Concurrent reactions in cyclopropanati
Fig. 1. EDA decomposition induced by Ru catalysts followed by FTIR spectroscopy
in the presence of catalyst 7 (at 40 ◦C).

By modulating the reaction conditions a certain control on unde-
sired reactions can be exerted. To enhance cyclopropanation we
decided to minimize dimerisation by slowly adding a diluted solu-
tion of the diazoacetate to the mixture of styrene and catalyst and
also by using a large excess of styrene. Working under high sub-
strate:catalyst loadings we expected a subdued metathesis, thus
enhancing cyclopropanation.

Progress of the reaction of styrene with EDA as proceeding under
promotion of our Ru catalysts (Scheme 2) was examined using FTIR
and GC methodologies.

Due to release of nitrogen gas, EDA decomposition in the pres-
ence of Ru catalysts is an irreversible process. To determine the
influence of EDA decomposition on the overall catalytic process,
advantage was  taken of the characteristic stretching vibration of the
N N double bond (2110 cm−1) from EDA whose decrease in time
at the reaction temperature was followed by FTIR spectroscopy, in
the presence of each catalyst; a typical example is shown in Fig. 1,
for the catalyst 7 (at 40 ◦C). Since above 80 ◦C a very rapid thermal
decomposition of EDA in toluene could be observed, our catalytic
tests were run at lower temperatures (30–60 ◦C).
In order to evaluate the effect of the ligands in the four- and
five-coordinate complexes we  have synthesized and applied in
cyclopropanation quite structurally different 16- or 18-electron
ruthenium complexes selected so as to bear diverse ligands

COOEt
N2

Ph

COOEt

                          tran s (Eq. 1) 

h
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C2H4

            (Eq. 2) 

COOEt
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COOEt

N2

(Eq. 3) 
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2

      (Eq. 4) 

on of styrene with diazoesters (Eqs. (1)–(4)).
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Scheme 2. Ruthenium catalysts em

ttached to the metal core (Scheme 2) including the, to our knowl-
dge, not yet reported Ru complexes (4, 10),  several known (3,
–9) and some commercial (1, 2, 5, 6) catalysts. Synthesis of the

on-commercial complexes was carried out using established pro-
edures as indicated in Scheme 3 (see also Section 3).

Scheme 3. Syntheses of new and known catalysts used in cyclopropa
d in reaction of styrene with EDA.

Previous investigations in our group have already shown that
catalysts 2 and 3 are adequate promoters for styrene cyclopropa-
nation with ethyl diazoacetate as the carbenoid source [10]. It is

worth mentioning that in the present work catalysts 4, 7, 8 and 10
are being used for the first time in cyclopropanation via the carbene

nation: (a) Ref. [10]; (b) Ref. [2b,c]; (c) This work; (d) Ref. [13].
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Table  1
Product distribution in the reaction of styrene with EDA (in toluene, at 60 ◦C, 4 h).a,b

Reaction selectivity Yieldc in cyclopropa-nated
products (%)

Entry Catalyst Cyclopropanation (%) trans/cis Metathesis (%) Dimerisation (%)

1 1 77 1.81 12 11 87.5
2  2 58 1.49 13 29 66.6
3  3 73 2.3 8 19 79.3
4  4 72 2.7 21 7 91.1
5  5 35 1.02 59 6 85.4
6  6 – – 100d – –
7  7 84 0.98 8 8 91.3
8  8 50 1.38 33 17 74.6
9  9 44 1.21 13 43 50.6

10  10 85 1.47 5 10 89.5

11  5e 82 2.0 9.5 8.5 90.6
12  7e 75 – 5 20 78.9

a Based on ethyl diazoacetate. Determined by GC by comparison with authentic samples (internal standard diethyl adipate). Ratio of the dimerisation products: diethyl-
maleate/diethylfumarate ∼2/1.

b Molar ratios: catalyst/EDA/styrene = 1/125/2500; toluene/styrene = 10.
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c Based on EDA. EDA was  totally consumed.
d Determined by GC by comparison with authentic samples.
e Molar ratios: catalyst/EDA/styrene = 1/400/8000. Reaction temperature: 50 ◦C. R

ransfer approach. Results are compiled in Table 1 and graphically
ighlighted in Fig. 2.

Of the catalysts examined for reactions performed under
igh dilution in toluene, at 60 ◦C and molar ratios cata-

yst/EDA/styrene = 1/125/2500, the best chemoselectivity for asym-
etric intermolecular cyclopropanation yielding 1-carbethoxy-

-phenylcyclopropane has been observed for the IPr-containing
romoter 10 (85%) and the ethoxy Ru-carbene 7 (84%) (Table 1).
esides, cyclopropanation is still the main reaction pathway in the
ase of catalysts 1–4 and 8. Under these conditions the Grubbs

 catalyst (5) displays just a moderate selectivity for cyclopropa-
ation with metathesis prevailing. In contrast to its congener, the
rubbs II catalyst (6) gives neither cyclopropanation nor dimerisa-

ion, while metathesis reaction is entirely favoured. Regarding now
he competing processes, dimerisation and metathesis, results evi-
ence them as balanced in the case of catalysts 1 and 7, whereas
early a twice as much dimerisation is recorded with catalysts 2, 3
nd 10.  An exceptionally sharp increase of dimerisation is found for
atalyst 9 (43%), quite close to the extent to which cyclopropanation
ccurs (44%). Though pretty good promoters for cyclopropanation,

he ethoxy Ru-carbene 8 and our new Schiff-base bidentate-Ru
atalyst 4 favour metathesis over dimerisation. Remarkably, while
est diastereoselectivities in cyclopropanation were attained with

ig. 2. Conversion (%; based on EDA) of styrene into the cyclopropanation product
1-carbethoxy-2-phenyl cyclopropane), in the reaction with EDA (60 ◦C, 4 h). Condi-
ions for experiments with catalysts 5 and 7 (last two columns; in red): molar ratios
atalyst/EDA/styrene = 1/400/8000; 50 ◦C, 4 h. (For interpretation of the references
o  color in this text, the reader is referred to the web version of the article.)
n time: 4 h.

the bidentate Schiff-base Ru complexes 3 and 4 all other catalysts
investigated here directed more towards the trans diastereomer,
with the exception of 7 (Table 1, Entry 7). These data on diastereos-
electivity comply with literature reports on a variety of ruthenium
catalysts that also exert trans control. The same is true for the
trans/cis stereoselectivities of the metathesis products found to be
roughly 2/1. The divergent behaviour of catalysts 1–10 in the reac-
tion of styrene with diazoester is more suggestively illustrated in
Fig. 2.

If we consider just the two  reactions where EDA is consumed
(cyclopropanation and dimerisation) the yields vs. EDA (Table 1,
last column, entries 1–10) are, as should be expected, higher than
the selectivity in the cyclopropane-containing product. These cal-
culated yields are a better indication of the efficiency of the different
catalysts in cyclopropanation since the highest values are attained
for runs where the catalyst is disfavouring dimerisation, even
though the selectivity is not as high as is the case for 1, 4 and 5.

Reactions carried out with the Grubbs I catalyst (5) using
styrene as the solvent (Table 1, entry 11) gave high selectivity in
cyclopropanation (82%), at 50 ◦C and at a lesser catalyst loading
(catalyst/EDA/styrene = 1/400/8000). In further experiments con-
ducted under the latter conditions the influence of temperature on
cyclopropanation and its competing processes was also followed.
Within the temperature range 30–50 ◦C we  found that selectivity
in the desired cyclopropanated product is increasing from 62.5%
to 82.0% with dimerisation and styrene metathesis diminishing
accordingly (Table 2).

As seen below, analysis of data acquired in this research helps
illuminate some of the underpinnings of this complex chemical
transformation and provides fresh understanding of the nature of
the active catalytic species and the mechanistic pathways. Our tests
with a larger array of ruthenium catalysts enable a deeper con-
sideration of the concerted influence of the catalyst and reaction
conditions (molar ratios, concentration, solvent, temperature) on
yields and selectivity in the targeted cyclopropanated product.

A good accord could be established with available liter-
ature information on previously reported cyclopropanation
catalysts (1–3). For example, catalyst 1 employed in cyclo-
propanation of styrene with EDA (1/EDA/styrene = 1/200/5740;

addition of EDA over 4 h) was  reported [14] to give 93% yield
of 1-carbethoxy-2-phenylcyclopropane at 60 ◦C, vs. our result
of 87.5%, as expected slightly lower because of working at
the same temperature but under high dilution in toluene
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Table  2
Influence of temperature on cyclopropanation, dimerisation and metathesis in the reaction of styrene with EDA (in excess styrene).a

Entry Temp. (◦C) Cyclopropanation (%) trans/cis Dimerisation (%) Metathesis (%) Yield (%)

1 30 62.5 2.2 23.5 14.0 72.7
2  35 71.0 1.9 18.0 11.0 79.8
3  40 73.0 1.8 18.0 9.0 80.2
4  45 77.0 1.9 14.5 8.5 84.2
5  50 82.0 2.0 8.5 9.5 90.6
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ated when the olefin is styrene and decelerated in the presence of
cis-stilbene.
a Molar ratios: catalyst/EDA/styrene = 1/400/8000.

catalyst/EDA/styrene = 1/125/2500); toluene/styrene = 10; Table 1,
ntry 1). This comparison is supported by EDA dosage during the
ame time interval (4 h) which is a crucial factor for manipulating
ompetition by dimerisation. It was found, indeed, that the same
atalyst can provide 70% dimerisation, at a similar catalyst loading
1/EDA = 1/100; room temperature, in THF) but by adding together
he catalyst and EDA at the onset of the experiment [15].

It should be mentioned that results from runs with the Ru dimer
 and the Schiff-base Ru arene complex 3, affording only moder-
te yields and selectivities for cyclopropanation (Table 1, entries

 and 3) parallel those earlier communicated by our group [10].
his resemblance suggests a similar catalyst activation pathway

.e. decoordination of the same arene ligand (p-cymene). The bet-
er selectivity for 3 vs. 2 is to be assigned to the stabilizing effect
f the Schiff-base ligand on the Ru active species resulting from
.

The new catalyst 4 bearing an O,N-bidentate Schiff-base and
wo PPh3 ligands (Table 1, entry 4) proved to be a remarkable
yclopropanation promoter (yield 91.1%). Under the applied reac-
ion conditions it disfavoured dimerisation, though an increase in

etathesis could not be prevented in this case (as compared to 1).
his is probably due to a longer life-time of the active species aris-
ng from 4, stabilized by the Schiff-base, relative to that from 1, in
pite that both involve the same phosphine (PPh3) decoordination.

Noteworthy, the Grubbs I and II catalysts (5 and 6) appear
s particular cases in cyclopropanation. Though these metathesis
atalysts have been largely employed in tandem metathe-
is/cyclopropanation [4c,16], it is well-documented that in the
resence of diazoesters catalyst 6 promotes overwhelmingly
etathesis with only trace amounts of cyclopropanation prod-

cts being formed [6b]. On the other hand, the Grubbs catalysts
roved also entirely suitable for homocoupling of diazoesters to
ive maleate and fumarate esters [17a]. Nevertheless, with a1:1
olar ratio EDA/styrene and 0.01% mol  6, especially under more

levated temperature (50 ◦C), styrene metathesis to stilbene par-
ially occurred [17]. In case of catalyst 6 all seem to depend,
owever, on molar ratios and reaction conditions as reported in

 recent investigation where by using 6/EDA/styrene = 1/200/5200
n chlorobenzene (C6H5Cl/styrene = 0.4), at 60 ◦C for 24 h, the
yclopropanated product (1-carbethoxy-2-phenylcyclopropane)
ormed predominantly (80% yield, based on EDA) and just below
% metathesis (calculated vs. styrene) was observed [2c].

It is intriguing that information regarding applications of Ru
omplexes 5 and 6 as promoters of styrene cyclopropanation
ith diazo compounds are quite scarce. Therefore, we undertook

 detailed study of this process under these conditions. Note-
orthy, when the reaction was carried out with the Grubbs I

atalyst (5) using styrene as the solvent (Table 1, entry 11), a
igh selectivity in cyclopropanation (82%) could be achieved, even
t 50 ◦C and at a lesser catalyst loading than in the run at 60 ◦C
Table 1, entry 5). Furthermore, while keeping the same solvent,

oncentration and catalyst loading, the effect of reaction temper-
ture on cyclopropanation in the presence of Grubbs I catalyst is
otally different vs. that on dimerisation and metathesis processes:
ow temperatures restrain cyclopropanation vs. dimerisation and
metathesis, while high temperatures act in the opposite direc-
tion (Table 2). Under the indicated reaction conditions, within the
temperature range 30–50 ◦C, it was found that selectivity in 1-
carbethoxy-2-phenylcyclopropane increases from 62.5% to 82.0%
while dimerisation and metathesis diminish; of the latter two reac-
tions, dimerisation is more sensitive to temperature changes. In
addition, variation of the reaction temperature in this range has no
significant effect on the trans/cis ratio of the cyclopropanated prod-
ucts that oscillates around the value of 2 (Table 2), in agreement
with experiments of Snapper who found that the stereoselectivity
of the cyclopropanation with the Grubbs I catalyst is moderate at
best (E/Z = 1/1–3/1) [6b].

A decrease of cyclopropanation at lower temperatures, associ-
ated with a practically constant stereoselectivity, as found for the
catalyst 5, has also been previously communicated for the catalyst
1 (43% yield at 30 ◦C vs.  93% at 60 ◦C) [14].

Aiming at a better understanding of the role played by EDA  in
the cyclopropanation reaction, we also performed a detailed inves-
tigation on the EDA decomposition induced by the catalysts 5 and
7 (Fig. 3).

Thus, we could easily observe that even in the presence of
the ruthenium catalyst alone, EDA undergoes rapid decomposi-
tion with a rate depending on the catalyst kind. Quite remarkably,
catalyst 7 leads to a higher decomposition rate than 5 (Fig. 3). In
the absence of the olefin, the decomposition outcome is dimeri-
sation to EtOOC-CH CH-COOEt, generally accepted as proceeding
through the intermediacy of the unstable metalcarbene species
[Ru] = CH-COOEt. However, when an olefinic substrate is added,
the decomposition rate follows a different course being acceler-
Fig. 3. Decomposition of EDA vs. time in the presence of catalyst 5 (♦) and 7 (�), in
the absence of an olefin substrate, at 40 ◦C; 5 or 7/EDA = 1/400.
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slower, as compared to the FT-IR kinetic measurements.
When fresh amounts of EDA were added to the sample, both

signals disappeared in time. What is more, when 50 equiv. of EDA
Scheme 4. Carbenoid and coordination mechansi

Data illustrated in Fig. 3 support results recorded with catalysts
 and 7 (Table 1, entries 11 and 12): the more rapid decomposi-
ion of EDA by the latter catalyst explains the larger proportion
f dimerisation, at the detriment of cyclopropanation. Both cat-
lysts lead to a feable metathesis yield, as anticipated lower in
he case of 7 reputed as a quite poor metathesis catalyst. The
DA decomposition in the presence of stilbene, found to be slower
han in the absence of any olefinic substrate, seems to indicate
hat stilbene does not compete with styrene for reacting with the
Ru] = CH-COOEt species. The possible rationalization could be the
nfavourable steric factors, also accounting for the very reduced
ercentage (if any) of the putative product of stilbene cyclopropa-
ation, 1,2-diphenylcyclopropane.

At the same time, it should be outlined that 2,6-
sopropylphenyl-imidazolinylidene arene-Ru catalyst 9 [2b,c],
isplayed, under similar reaction conditions, only a moderate
yclopropanation selectivity while also leading to some metathe-
is and the largest dimerisation production of all catalysts tested in
his research (Table 1, entry 9). This behaviour strongly contrasted
ith chemoselectivity found for the same catalyst but working
nder a larger excess of styrene and EDA, for a longer duration
nd in the presence of a more polar solvent (ClC6H5) [2c] where
yclopropanation prevailed and metathesis was almost completely
uppressed, possibly due to the much higher concentration and to

 solvent effect [15].
To our satisfaction, the new catalyst 10,  prepared from

l2Ru(PPh3)3 and the same N-heterocyclic carbene as for
 (Scheme 2), provided the highest selectivity (85%) in this

yclopropanation reaction, along with a reduced proportion of
imerisation and metathesis products. Accordingly, catalyst 10
alls in the range of promoters which activate through decoordi-
ation of a triphenylphosphine (1, 4, 10),  which are all efficient
r cyclopropanation, dimerisation and metathesis.

in cyclopropanation. By just replacing a phosphine ligand in 1
by an NHC ligand, C C forming through cyclopropanation was
enhanced, at the expense of metathesis pathway.

Further evaluation of our results in cyclopropanation of
EDA/styrene induced by catalysts 1–10 led us to suggest a com-
plex mechanistic scheme that involves separate pathways for the
three competing C C coupling reactions, as generally accepted in
research on alkene cyclopropanation [4a,c,i,6d,7,8,18]. To account
for the particular behaviour we observed for our catalysts, it is rea-
sonable to assume the intervention of distinct Ru active species, of
varying stability, for cyclopropanation, dimerisation and metathe-
sis (Scheme 4).

In support of this point of view we  decided to look at NMR  signals
assignable to carbene species that arise at the onset of EDA  decom-
position in the presence of the catalyst 5 monitoring the evolution
of the 1H NMR  spectrum of a CDCl3 solution containing the catalyst
and one equivalent of EDA. Already at the start, two different
carbene signals could be detected: the usual benzylidene carbene
deriving from the Grubbs I catalyst and a new signal at 17.128 ppm
(Fig. 4). Also, it was observed that the reaction proceeded much
Fig. 4. 1H NMR  of EDA decomposition induced by catalyst 5.
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instead of 1 equiv. as in Fig. 4) were initially introduced no carbene
ignals were noticed, at any time. Possibly, several carbene species
re implied: at low EDA concentration the benzylidene carbene is
radually replaced by a second carbene fragment (ı = 17.128 ppm),
hereas at high EDA concentrations a distinct, very reactive car-

enoid species is formed. Therefore, deviations observed in FTIR
easurements at initial stages of EDA decomposition (Fig. 1) could

e explained by a change in the active species when a large excess
f EDA is applied.

We  assume that the catalytic cycle involves first the decompo-
ition of the diazoester, with extrusion of nitrogen gas, to afford the
eactive [Ru] = CHCOOEt intermediate which is playing a role in the
arious channels for C C coupling (Scheme 4). Though not detected
y NMR  in many investigations on cyclopropanation, intervention
f this ß-carbonyl-carbene entity is widely accepted. This species
s known to be quite unstable, even in solution at low tempera-
ure, and to decompose rapidly as compared with the Ru alkylidene
omplexes of unfunctionalised olefins, yet to be a highly active
etathesis promoter [19].
The selectivity in cyclopropanation products found in this

tudy could be accounted for by two main mechanistic path-
ays [4c,6b]. They imply essentially the carbene transfer from the

Ru] = CHCOOEt carbene to styrene via either a carbenoid pathway
A) or/and a coordination pathway (B) (Scheme 4).

As inferred from previous data [4c], in the carbenoid pathway
ormation of the cyclopropane moiety involves a late, unsymmetri-
al transition state A-I with build-up of a positive charge at the most
istant carbon atom of styrene. Taking into account the 16-electron
onfiguration of our phosphine Ru complexes the carbenoid mech-
nism, triggered immediately after dissociation of one phosphine,
eems to be the favoured pathway. Obviously, for sterical rea-
ons, C C coupling in the transition state A-I occurs predominantly
owards the trans diastereoisomer.

On the other hand, in the coordination mechanism (path B),
oth the olefin and the CHCOOEt carbene coordinate at the metal.
herefore, the catalyst must provide two coordination sites, easily
ccessible through ligand dissociation within our 18- or 16-electron
u complexes which contain either two displaceable phosphines (1,
, 5, 10)  or a p-cymene (2, 3, 9). Thus, highly reactive, coordinatively
nsaturated 14- or 12-electron Ru species may  arise. However,
he steric configuration imposed by the Schiff-base and NHC lig-
nds in our Ru complexes might sometimes impede simultaneous
oordination of both the olefin and the carbene moiety favouring
nstead the alternative carbenoid pathway (A), hence cyclopropa-
ation. As soon as the complex B-I is formed, it rearranges to the
uthenacyclobutane complex B-II which, by reductive elimination
f the Ru fragment provides substituted cyclopropanes (trans- and
is-1-carbethoxy-2-phenylcyclopropane) or, by [2 + 2] cyclorever-
ion gives the metathesis products (trans- and cis-ethylcinnamate).
ecause in our experiments the cis-  and trans-cinnamic esters were
etected by GC only in trace amounts, pathway B-b2 seems dis-
avoured. Indirect support for formation of distinct carbene species
n the routes directing to cyclopropanation (A, B-b1) comes from

 study with the Grubbs I catalyzed tandem enyne metathesis-
yclopropanation where the Ru-complex 5 is modified in situ by
he diazoester to form a cyclopropanation active catalyst that no
onger promotes metathesis [6b]. Competing in the overall mecha-
istic scheme, the carbenoid pathway (C, involving a highly reactive
ransition state C-I and the intermediate complex C-II) and the
oordination pathway (D) can respectively explain the forma-
ion of C C coupling products (maleic and fumaric esters) and

etathesis products (cis- and trans-stilbene). The commonality

n this ensemble is the intermediacy of the ß-carbonyl-carbene
pecies [Ru] = CHCOOEt. Although also our 1H NMR  experiments
Fig. 4) could not detect the real occurrence of the carbene
u = CHCOOEt, the high cyclopropanation yields obtained with
sis A: Chemical 386 (2014) 86–94

the new catalysts, 4 and 10,  suggest generation of this unstable
metalcarbene in both the carbenoid and the coordination mecha-
nisms.

3. Experimental

3.1. Synthesis of catalysts 4 and 10

Catalysts 1, 2, 5, 6 are commercially available and were used
without further purification. The ruthenium complexes 3 [10], 7
[13], 8 [13] and 9 (in situ) [2c] were synthesized according to liter-
ature procedures as shown in Scheme 3.

Synthesis of the new ruthenium promoters 4 and 10 was carried
out in this work. For the synthesis of complex 4 a THF solution of
the thalium salt of the Schiff base ligand [20] was  added the equiv-
alent amount of Cl2Ru(PPh3)3 and the mixture stirred overnight
at room temperature. After work-up [11b,20] the solid residue was
dissolved in a minimal amount of toluene, reprecipitated with pen-
tane, filtered off, briefly washed on the funnel with pentane and
dried in vacuo to afford an orange-brown powder (78% yield) which
was stored under inert atmosphere. 1H NMR  (300 MHz, CDCl3): ı
2.36 [s, 3H, CH3]; 7.10–7.80 [m,  34H, aryl-CH]; 9.95 ppm (s, 1H,
aldimine ligand).

Catalyst 10 was  obtained by adding to1,3-bis(2,6-
diisopropylphenyl)imidazolinylidene (in situ prepared in THF)
[3c] one equivalent of Cl2Ru(PPh3)3. The reaction mixture was
refluxed in THF with stirring for 1 h, then cooled down and the
solid materials filtered off. The filtrate was concentrated in vacuo,
the residue solved in a minimal amount of toluene, reprecipitated
with pentane and then handled as above for complex 4 to give
a dark-brown powder. Isolated yield: 81%. 1H NMR  (300 MHz,
CDCl3): ı 1,25 [d, 24H, CH(CH3)2]; 2,93 [m,  4H, CH(CH3)2], 3.65 ppm
(m,  4H, CH2).

4. FTIR measurements

Kinetic measurements on the decomposition of diazoacetate
in the presence of the Ru catalysts 1–10 were performed using a
Brucker FT-Raman/FT-IR spectrometer with a Nernst glowing ele-
ment as the IR source and a DTGS detector. The flow-through IR-cell
consists of KBr windows with a 2 mm inner separation. The fol-
lowing operations were carried out in a typical FT-IR experiment.
From a preliminary prepared solution, with precise concentration,
of the catalyst in freshly distilled toluene, 3 �mol  of catalyst were
transferred under continuous Ar-flow to an empty 15 ml vessel. The
solvent was evaporated under vacuum giving a small amount of
solid catalyst. Then 12 ml  of extra dry toluene was added to adjust
concentration at a predetermined value. For experiments also using
an olefin substrate, 4 mmol  of olefin were usually added. The ves-
sel was sealed with a septum and stored at −18 ◦C. Just before the
experiment the vessel was introduced into a heating block to reach
the desired temperature and 400 �mol  EDA were added all at once
by a syringe. A needle was  inserted through the septum to prevent
pressure building. The reaction mixture was circulated through the
IR cell in a closed circuit by use of a peristaltic pump. All measure-
ments were performed by following the (N N) stretch vibration
at 2110 cm−1. Each experiment was  repeated at least 5 times. All
spectra were normalized to the solvent, integrated and correlated
to the concentration by means of a calibration curve.

5. GC measurements
To determine the yield and chemoselectivity in cyclopropana-
tion, capillary GC measurements were performed using a Varian
CDS 401 with a Supelco 5DB-24030 capillary column and a FID
detection system.
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In a typical GC experiment the following operations were under-
aken: from a preliminary prepared solution of catalyst in freshly
istilled toluene, with known concentration, 2.5 �mol  of catalyst
ere transferred under Ar-flow to an empty 15 ml  vessel. The sol-

ent was evaporated in vacuo affording a small amount of solid
atalyst. Styrene (10 mmol) was next added. EDA (1 mmol) was dis-
olved in styrene (10 mmol), cooled to 0 ◦C and the solution added
ery slowly, at 0 ◦C (over 4 h, using a peristaltic pump) to the above
eaction mixture. After addition of a few drops of the EDA solution,
he mixture was heated to the reaction temperature and kept at this
emperature overnight. Before GC-analysis, the reaction mixture
as passed through a celite filter in order to remove the catalyst.
elite was washed with 20 ml  toluene/EtOAc (1/1). The composi-
ion of the reaction mixture was determined by GC using authentic
amples and diethyl adipate as internal standard.

. Conclusions

The contrasting outcome observed in intermolecular carbenoid
ransfer to styrene, catalyzed by different Ru complexes, demon-
trated that chemoselectivity in concomitant cyclopropanation,
etathesis and dimerisation depends on the Ru catalyst, the kind

f its ligands and also on the reaction conditions. The new NHC-Ru
omplex 10 and the Fischer carbene 7 were proved as most suitable
or cyclopropanation (84–85% selectivity), under low catalyst load-
ngs and a large excess of substrate. The Schiff-base ligated complex

 gave an excellent yield but unimpressive selectivity for cyclo-
ropanation whereas an equal balance between cyclopropanation
nd dimerisation was found for catalysts 2 and 9. Therefore, in spite
f the competing side-reactions, the right choice of the Ru catalyst
an direct mainly to the desired process.

An unexpected behaviour was evidenced for the Grubbs I
etathesis catalyst manipulated towards prevailingly cyclopropa-

ation (82%) by using still higher substrate ratios, at a lower
emperature. However, for its second generation counterpart (6)
nly metathesis was observed. Data obtained with our Ru promo-
ers could be rationalized assuming a complex mechanistic scheme,
mplying carbenoid and/or coordinative pathways and distinct cat-
lytically active species in the competing C C coupling channels
onsidered.
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