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Abstract

From solution calorimetric measurements involving binding of nucleophilic carbenes to a ruthenium centered organometallic
system, steric and electronic properties of the carbenes were assessed. An understanding of these fundamental properties led to the
development of novel olefin metathesis catalysts bearing these nucleophilic carbenes as ancillary ligands. The discovery and
development of olefin metathesis active ruthenium catalysts bearing a nucleophilic carbene ancillary ligand are described. © 2001
Elsevier Science B.V. All rights reserved.
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1. Introduction

The last decade has witnessed the growing use of
olefin metathesis in organic synthesis [1]. Ring closing
metathesis (RCM, Eq. (1)) and ring opening metathesis
(ROM, Eq. (2)) as well as combinations of these trans-
formations have resulted in providing opportunities to
build molecules of interest and importance.

(1)

(2)

Two single-component, well-defined, metal-alkyli-
dene compounds, the ruthenium alkylidene 1 developed
by Grubbs [2] and the molybdenum alkylidene 2 devel-
oped in the Schrock laboratories [3] are the most widely
used olefin metathesis initiators. Catalysts of the
Grubbs type 1 (benzylidene and vinylalkylidene) are of
special interest, since they are only moderately sensitive

to air and moisture and show significant tolerance of
functional groups [2] (Fig. 1).

The ruthenium carbene complex, RuCl,(�C-
(H)Ph)(PCy3)2 (3), developed by Grubbs et al. is a
highly efficient catalyst precursor and its use is wide-
spread in organic and polymer chemistry [2,4]. This
ruthenium complexes has a distorted square-pyramidal
structure with two trans chloride ligands and two trans
phosphine ligands at the base of the pyramid with the
carbene moiety at the apex. The catalytic activity of the

Fig. 1. Olefin metathesis catalysts.

Fig. 2. Nucleophilic carbene.
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Table 1
Enthalpies of ligand substitution, relative reaction enthalpy (kcal mol−1) and NMR data for the reaction:[Cp�RuCl]41

+4L �
THF

30°C
4Cp�Ru(L)Cl

−DHrxn (kcal mol−1) a Relative BDE (kcal mol−1)Complex d1H (Cp�) (400 MHz, 25°C, d8-THF)L

4 IMes 62.6(0.2) 15.6 1.07
85.0(0.2) 21.2ICy 1.675

ITol6 75.3(0.4) 18.8 0.99
7 74.3(0.3)IPCl 18.6 1.03

27.4(0.4) 6.8IAd 1.498
48.5(0.4) 12.19 1.06IMesCl
44.5(0.4) 11.1IPr 1.20 b10

11 PCy3 41.9(0.2) 10.5 1.48 b

37.4(0.3) 9.4PiPr3 1.43 b12

a Enthalpy values are reported with 95% confidence limits
b In C6D6.

complex originates from the liberation of one phosphine
followed by coordination of the olefin substrate [2c]. The
nature of the carbene moiety has been shown to influence
not only the initiation but also the propagation of the
catalytic reaction [2b]. Sterically demanding and highly
donating phosphine ligands (PCy3) stabilize the interme-
diate catalytic species. Despite its versatility, this catalyst
displays a low thermal stability as a result of easily
accessible bimolecular decomposition pathways [5].

Nucleophilic carbene ligands imidazol-2-ylidenes are
neutral, two-electron donor ligands with negligible p-
back-bonding tendency. As such they can be viewed as
alternatives to or mimics of phosphine ligands [6] (Fig.
2).

In view of this similarity and our longstanding interest
in metal–phosphine thermochemistry, we conducted
thermochemical and structural studies to determine the
binding strength and the bulkiness of these carbenes [7].
Tilley and co-workers have reported the isolation of
coordinatively unsaturated complexes Cp�Ru(L)Cl (L=
PCy3 and PiPr3) by a simple reaction with the tetrameric
species [Cp�RuCl]4 [Cp�=h5-C5Me5] [8]. This versatile
starting material reacts rapidly with sterically demanding
phosphines (PCy3 and PiPr3) as well as with the nucleo-
philic carbene ligands (L) to give deep blue, coordina-
tively unsaturated Cp�Ru(L)Cl complexes 4–10 (L=
1,3-bis(2,4,6-trimethylphenyl) (IMes, 4); 1,3-R2-imida-
zol-2-ylidene (R=cyclohexyl (ICy, 5); 4-methylphenyl
(ITol, 6); 4-chlorophenyl (IPCl, 7); adamantyl (IAd, 8);
4,5-dichloro-1,3-bis(2,4,6-trimethylphenyl) (IMesCl, 9)
and 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene
(IPr, 10) in high yields according to Eq. (3).

(3)

2. Calorimetric studies

The reactions depicted in Eq. (3) are suitable for
calorimetric investigations since they proceed rapidly and
quantitatively as monitored by NMR spectroscopy. The
solution calorimetric protocol has been described else-
where [9]. The enthalpy values were determined by
anaerobic solution calorimetry in THF at 30°C by
reacting four equivalents of each carbene with one
equivalent of [Cp�RuCl]4. The results of this study are
presented in Table 1.

The enthalpies of reaction can be converted into
relative enthalpies of reaction on a mole of product basis
by dividing the enthalpies by four (which represents the
number of bonds made in the course of reaction). The
difference between two relative enthalpy values in Table
1 represents the enthalpic driving force for a substitution
between any two ligands listed. With the exception of
IAd (8), all reactions involving carbene ligands show
more exothermic reaction enthalpy values than PCy3 and
PiPr3. From the relative enthalpy data, it is apparent that
Cp�Ru(PCy3)Cl should undergo a substitution of the
phosphine ligand by a nucleophilic carbene.

3. Structural studies

The magnitude of the reaction enthalpies measured
involving nucleophilic carbenes are influenced by the
stereoelectronic properties of the ligands [6d]. An exam-
ple of electronic influence is the 3.5 kcal mol−1 enthalpy
difference between the isosteric IMes and IMesCl ligands
that shows the electron-withdrawing nature of Cl com-
pared to H. This trend is in line with electron donor/with-
drawing ability of arene substituents. The effect in this
last case is a long-range electronic influence and is
relatively small this presumably due to the distance
separating the aryl and the carbene lone pair. Substitut-
ing an alkyl for an aryl group increases the donor ability
of the carbene ligand. The case in point is the ICy that
is some 5.6 kcal mol−1 more exothermic than IMes. The
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other alkyl-substituted carbene investigated is the
adamantyl derivative IAd that is the least exothermic
ligand examined. Steric effects are at the origin of this
small enthalpy of ligand substitution involving IAd.
Increase in steric congestion around the carbene carbon
atom hinders a closer approach of the ligand, therefore
affording smaller metal-carbene lone pair overlap. The
calorimetric results offer a clear picture of the electronic

Fig. 7. Molecular structure of Cp�Ru(IMesCl)Cl (9). Hydrogen
atoms are omitted for clarity.

Fig. 3. Molecular structure of Cp�Ru(IMes)Cl (4). Hydrogen atoms
are omitted for clarity.

Fig. 8. Molecular structure of Cp�Ru(IPr)Cl (10). Hydrogen atoms
are omitted for clarity.

Fig. 4. Molecular structure of Cp�Ru(ICy)Cl (5). Hydrogen atoms
are omitted for clarity.

Fig. 9. Molecular structure of Cp�Ru(PCy3)Cl (11). Hydrogen atoms
are omitted for clarity.

Fig. 5. Molecular structure of Cp�Ru(ITol)Cl (6). Hydrogen atoms
are omitted for clarity.

Fig. 6. Molecular structure of Cp�Ru(IAd)Cl (8). Hydrogen atoms
are omitted for clarity.

properties of the nucleophilic carbenes. To gauge the
steric factors at play in the Cp�Ru(L)Cl system, struc-
tural studies were carried out on complexes 4 [10], 5 [7],
6 [7], 8 [7], 9 [10], 10 [11] and 11 [10] and were
compared with structural data already available for
Cp�Ru(PiPr3)Cl [8]. The structural models for com-
plexes 4–6 and 8–11 are shown in Figs. 3–9 and a
selection of bond angles and bond lengths is presented
in Table 2.
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Table 2
Carbene steric parameters (°) and selected bond lengths (A, ) and angles (°) for complexes 4–6 and 8–12

Ru�C Ru�Cl Ru�Cp� C�Ru�Cl C�Ru�Cp� Cp��Ru�ClComplex Carbene sterics (AL and AH)

2.105 2.376 1.7664 90.6150.7, 70.4 140.7 128.6
5 126.7, 31.8 2.070 2.524 1.658 93.7 129.3 15.5
6 2.068155.2, 30.8 2.340 1.755 96.0 130.8 132.8

2.153 2.438 1.778149.0, 41.4 87.98 138.7 130.4
152.0, 69.99 2.074 2.375 1.765 90.0 142.0 128.0
134.0, 137.610 2.086 2.371 1.754 89.32 141.5 129.2

2.383 a 2.378 1.771115.8 91.2 a11 138.9 a 129.9
2.395 a 2.365 1.81012 91.4 a100.8 139.2 a 129.3

a Replace C with P.

The variation of Ru�C(carbene) bond distances
among ruthenium carbene complexes illustrates that
nucleophilic carbene ligands are better donors when
alkyl, versus aryl, groups are present. The exception, 8,
can be understood on the basis of large steric demands
of the adamantyl groups on the imidazole framework
which hinder the carbene lone pair availability. Com-
parison of the Ru�C(carbene) bond distances among
the aryl substituted carbenes show that the least steri-
cally encumbered carbene, ITol, has the shortest bond
length. The difference in the aforementioned bond
length between IMes and IMesCl results from the elec-
tronic effect of Cl imidazol-2-ylidene substituents. It
should be noted that the enthalpy of reaction cannot be
directly converted into an absolute bond disruption
energy for the Ru�carbene in view of the existence of
significant reorganization energies as depicted by varia-
tion in the Ru�Cp� and Ru�Cl bond distances. A very
clear example of the presence of this reorganization
energy is evident when comparing the ICy and the ITol
containing complexes 5 and 6. Here, complex 5 is more
stable than 6 by some 10 kcal mol−1, yet the Ru�C
(carbene) distances are statistically identical. The largest
difference between the two complexes resides in the
differences in Ru�Cp� centroid bond distance (a differ-
ences of 0. 1 A, with 6 being longer than 5) and the
Ru�Cl bond distance (a difference of 0. 18 A, with 5
being longer than 6). When the aryl substituted carbene
ruthenium complexes are examined, the Ru�C (car-
bene) versus enthalpy trend is evident and makes sense
in terms of the electronic explanations discussed above.
Here, there appears to be a small variation in the
Ru�Cl and Ru�Cp� bond distances from one complex
to the other. Aryl- and alkyl-substituted carbenes be-
have differently. We propose that this difference in
bonding behavior can be attributed to the presence of a
p system in the aryl case which localizes (or contributes
as an acceptor) the effect on the carbene ligand. This in
turn diminishes the large reorganization effects present
in the alkyl cases where a p system on the carbene
substituent is absent. Additionally, the position of the
Cp� proton in the 1H-NMR spectra of these complexes,

reported in Table 1, also supports this hypothesis. The
aryl-substituted carbene complexes center around 1
ppm while the alkyl derivatives (including phosphines
which are known as good donor ligands) are at ca.
1.5–1.7 ppm. The increased electron density on the Cp�
ring leading to greater shielding, affords shifts of the
Cp� resonance of higher frequency [12]. No straightfor-
ward bond strength/length correlation can be made in
this system in view of the presence of the reorganization
energy. It would be of use to quantify the steric factors
characterizing this class of ligands. They cannot be
viewed in the same light as phosphine ligands since a
cone angle (as defined by Tolman [13]) cannot be
defined in the present system. In terms of steric argu-
ment, the nucleophilic carbenes can be considered as
‘fences’, with ‘length’ and ‘height’. As a first model to
describe these steric parameters, we propose two
parameters that can be used to quantify the steric effect
in this ligand class. These two quantities can be taken
directly from the crystallographic data. The two views
presented in Fig. 10 depict the method used to extract
the two parameters.

Numerical values defining length and height of the
carbene ‘fences’ are listed in Table 2. Not surprisingly,
all aryl-substituted carbenes possess nearly the same
large AL value since the ‘length’ of the ligand is mea-
sured using the aryl para methyl group. The magnitude
of the ‘height’ parameter (AH) depends on the presence
or absence of ortho substituents. The most demanding
aryl-substituted carbene ligand is the IMes ligand with
150.7 (AL) and 70.4° (AH) as steric parameters. The
alkyl substituted carbene ICy is the least sterically

Fig. 10. Determination of two steric parameters (AL and AH) associ-
ated with carbene ligands in CP�Ru(L)Cl complexes.
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investigated. In complex 5, the AL angle is 126.3°. In
the phosphine complexes 11 and 12 these angles were
measured as 115.8 [8] and 100.8° [9]. The ICy is steri-
cally more closely related to these two phosphine
complexes.

4. Ruthenium olefin metathesis-active complexes
bearing a nucleophilic carbene ligand

We have shown that most of the substituted imida-
zol-2-ylidene studied form stronger covalent bonds to
the ruthenium center than PCy3 (vide supra). Therefore,
it might prove possible to replace one or both of the
phosphine ligands in 3 with nucleophilic carbene lig-
ands [14]. It has been noted that an increase in the
ancillary phosphine electron donor ability leads to in-
creased catalytic activity [15]. Since we have determined
that the imidazol-2-ylidene carbenes such as IMes and
IPr are better donors than PCy3, the catalytic behavior
should reflect this increased electron donor ability [10].
When both phosphines were replaced in 2 by imidazol-
2-ylidene ligands they showed only little if any improve-
ments in applications to ROMP and RCM [14a]. Upon
using sufficiently bulky aryl imidazol-2-ylidene carbenes
only one PCy3 is replaced (see Eq. (4)) [10,11,14c].

(4)

The structure of 13 and 14 were confirmed by single
crystal X-ray diffraction study (see Figs. 11 and 12).
The Ru�C (carbene) bond distances (1.841(11) and
1.817 A, for 13 and 14, respectively) are the same as in
RuCl2(�CH-p-C6H4Cl)(PCy3), (1.838(3) A, ) [2b] and
shorter than in RuCl2(�CHCH�CPh2)(PCy3)2

(1.851(21) A, ) [4a]. While two (formally) carbene frag-
ments are present in 13 and 14, they display different
Ru�C distances (e.g. in 13 Ru�C(carbene), 1.841(11)
and Ru�C(L), 2.069(11) A, ). These important metrical
parameters clearly distinguish two metal–carbene inter-
actions: a covalently bound benzylidene and a datively
bound imidazol-2-ylidene-carbene, the latter acting as a
simple two-electron donor. From Figs. 11 and 12, it is
also clear that the IMes and IPr ligands are sterically
more demanding than PCy3.

The exchange reaction of one phosphine ligand
(PCyp3, Cyp=cyclopentyl) in (PCyp3)2RuCl2(�CHCH�
CMe2) with IMes results in the formation of
PCyp3Ru(IMes)Cl2(�CHCH�CMe2) (15) [16]. A struc-
ture of 15 is presented in Fig. 13.

The metrical data for compounds 13 and 15 show
similar bond distances and angles. The coordination

Fig. 11. Molecular structure of (PCy3)RuCl2(�C(H)Ph)(IMes) (13).
Hydrogen atoms are omitted for clarity.

Fig. 12. Molecular structure of (PCy3)RuCl2(�C(H)Ph)(IPr) (14).
Hydrogen atoms are omitted for clarity.

Fig. 13. Molecular structure of (PCyp3)RuCl2(�CHCH�CMe2)(IMes)
(15). Hydrogen atoms are omitted for clarity.

demanding ligand investigated in the present series. The
IAd ligand, although bearing sterically demanding
adamantyl groups has an AL parameter comparable to
the aryl ligands examined and a smaller AH parameter.
The ICy ligand appears to be unique in the series
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Table 3
Selected bond lengths (A, ) and angles (°) for (PCy3)RuCl2(�C(H)Ph)(IMes) (13), (PCy3)RuCl2(�C(H)Ph)(IPr) (14), and
(PCyp3)RuCl2(�CHCH�CMe2)(IMes) (15)

Ru�C(L) Ru�Cl(1, 2) Ru�C Ru�P C(carbene)� C(L)�Ru�C(carbene)� P�Ru�Cl(1, 2)C(carbene)�
Ru�P Ru�Cl(1, 2) Cl(1, 2)(carbene) Ru�C(L)

2.393(3), 90.4(3), 86.9(3)1.841(11) 2.419(3) 99.2(5) 97.1(4)2.069(11) 104.3(5),13 89.51(10),
2.383(3) 89.86(9)87.1(5)

2.088(2)14 2.38.22(7), 1.817(3) 2.4454(7) 97.56(10) 96.64(8) 99.49(9), 90.46(6),93.06(2),
83.77(6)90.59(2)88.87(9)2.4008(7)

2.4012(10), 89.98(7),1.764(4) 2.4487(10) 102.46(15) 95.55(13) 91.16(17),2.081(3)15 93.33(4),
86.75(7)2.3950(8) 87.28(4)97.37(17)

sphere around the metal center forms a distorted square
pyramid with the benzylidene and vinylmethylene moi-
ety at the apex. However, the distance of the apical
carbene carbon to the metal center in 15 is shorter than
that in 13. Therefore, it can be inferred that the vinyl-
methylene moiety is more strongly bonded to ruthe-
nium than the benzylidene. All other bond distances
around the metal center are slightly longer in complex
15 than in complex 13. The bulk of the fence created by
the IMes ligand sterically interferes with the carbene
moiety and causes the bond angles to undergo large
deviations. Selected bond distances and bond angles are
presented in Table 3.

The catalytic activity of these new complexes (13 and
14 and 15) was tested by using the standard ring closing
metathesis (RCM) substrate, diethyldiallylmalonate
(Scheme 4 reaction 1). Results are shown in Table 4
[10,11].

Moreover, the thermal stability of the imidazol-2-yli-
dene bearing complexes 13 and 14 and 15 were com-
pared to those of 3 and (PCyp3)2RuCl2-
(�CHCH�CMe2). Results of these studies show that
where the original phosphine bearing catalyst precur-
sors 2 and (PCyp3)2RuCl2(�CHCH�CMe2) decompose
within 1 and 2 h, respectively, at 60°C, 13, 14 and 15
are more robust. In fact their decomposition starts after
2 weeks when heated at 60°C [10,11,16]. This early
study showed that the imidazol-2-ylidene analogs of
Grubbs systems could act as olefin metathesis catalyst
precursors, displaying significant activity and improved
thermal stability. An improved synthesis making use of
a one-pot approach has recently appeared [17].

Grubbs et al. have prepared the saturated version of
imidazol-2-ylidenes, 4,5dihydroimiazol-2-ylidenes (Fig.
14) [18]. They proposed the higher basicity of the
saturated imidazole ligand compared to its unsaturated
analogues would translate into an increased reactivity
of the desired catalysts. The ruthenium complexes
formed (RuCl2(�C(H)Ph)(PCy3)(1,3-R2-4,5-dihydroimi-
dazol-2-ylidene)) showed increased ring-closing
metathesis activity compared to their phosphine ana-
logues. Recent work indicates these nucleophilic car-

bene substituted ruthenium complexes are very active in
cross metathesis of olefins [19].

5. (p-Cymene)RuLCl2 (L=IMes and IPr) and related
complexes as RCM catalysts

Recently, the possibility that complexes of unsatu-
rated ‘Ca’ ligands other than alkylidenes might also
serve as catalyst precursors in olefin metathesis has
received more attention [20]. For example, it has been
shown that (p-cymene)RuCl2(PCy3) (16), and its
cationic, 18-electron allenylidene derivative, [(p-
cymene)RuC2(PCy3)(�C�C�CPh,)]PF6 (17), are active
catalyst precursors for various ring closing metathesis
(RCM) reactions [21]. In every example mentioned
above the use of sterically demanding and electron
donating phosphines is required to stabilize reactive
intermediates. Hence, it was of interest to synthesize the
imidazol-2-ylidene analogues of these complexes and
test their catalytic activity in olefin metathesis. Reaction
of commercially available [(p-cymene)RuCl2]2 (18) with
IMes or IPr in THF at room temperature results in the

Table 4
Ring closing metathesis of dially1malonate using catalyst precursors
3, 13, 14, and 15

Temperature Yield (%) bTime (min)Catalyst
(°C)precursor a

RT 153 85
RT13 15 92

15RT 10014
101515 RT

a Catalyst precursor loading=5 mol%.
b Calculated from 1H-NMR spectra.

Fig. 14. 1,3-R2-4,5-dihydroimidazol-2-ylidene.
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Scheme 1.

formation of (p-cymene)RuCl2(IMes) (19) and (p-
cymene)RuCl2(IPr) (20) in good yields. Treating 19
with 1,1-diphenylprop-2-ynyl alcohol in the presence of
NaPF6 results in the formation of [(p-cymene)RuCl-
(IMes)(�C�C�CPh)]PF6 (21) (Scheme 1) [20e].

A structural model of 21 is shown in Fig. 15. The
coordination geometry around the Ru center can be
considered as a three-legged piano stool. p-Cymene is
bound to ruthenium in a h6 fashion, the isopropyl
groups on the arene are distorted away from the metal
center presumably due to unfavorable steric factors.
The two mesityl groups on the IMes ligand are bent
towards the ruthenium center with the dihedral angles
of 78.2(2) and 89.9(2)° providing steric crowding which
appears beneficial in RCM reactions. The allenylidene
group is not linear but rather bent at the middle carbon
(C22�C23�C24=171.8°). The Ru�C22 (1.890(4) A, )
bond distance is considerably shorter than the
Ru�C(10) single bond (2.077(4) A, ).

The catalytic activities of 19, 20 and 21 have been
tested by using the standard ring closing metathesis
(RCM) substrate, diethyldiallylmalonate (Scheme 4, re-
action 1) and compared to those of (p-cymene)-
RuCl2(PR3) (R=Cy (22) and iPr (23)). When the reac-
tions were carried out in CD2Cl2 and heated to 40°C,
21 catalyzed reaction 1 with a conversion of 85%
whereas 19 showed a conversion of 78%. The use of 22
and 23 as catalyst precursors led to the yields of 48 and
47%, respectively, after 27 h (Table 5 entries 1, 2, 5 and
6).

The catalytic activity of 20 at this temperature (40%
yield, Table 5 entry 3) was in the range of those of the
phosphine containing complexes 22 and 23. To investi-
gate the role of solvent, temperature and light, RCM
was performed with 19 and 20 as the catalyst precursors
and d8-toluene as the solvent. Upon heating the reac-
tion mixtures to 80°C, a 100% conversion to product
was observed after only 2 h in both cases (Table 5
entries 7 and 9). Performing the reactions in the dark

Fig. 15. Molecular structure of [(p-cymene)RuCl(IMes)-
(�C�C�CPh2)]PF6 (21). Hydrogen atoms and PF6 anion have been
omitted for clarity.

Table 5
Ring closing metathesis of diallylmalonate using catalyst precursors 19, 20, 21, 22, and 23

Catalyst precursor Solvent Temperature (°C) Time (h) Conversion (%) bEntry

21 CD2Cl21 40 27 85
19 CD2Cl2 40 272 78

403 CD2Cl220 40 27
404 CD2Cl220 a 40 27
4727405 CD2Cl222

23 CD2Cl2 40 276 48
19 d8-toluene7 80 2 100

d8-toluene8 10028019 a

9 d8-toluene20 80 2 100

a The experiment was performed in absence of light.
b Calculated from NMR spectra.
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Scheme 2.

have been reported to become active ROMP catalysts
only when activated by UV irradiation [22]. It has
also been reported that RCM in the presence
of [(p-cymene)(PCy3)ClRu�C�C�CPh2]PF6 and Ru(p-
cymene)Cl2(PCy3) is accelerated by exposure to UV or
neon light. [20d,21] No such effect is observed for our
system. Complexes 19 and 21 are the best catalyst
precursors found in this specific study whereas the
ruthenium complex incorporating the IPr ligand, 20,
showed similar reactivity as that displayed by 22 and
23. From solution calorimetric data, the IMes ligand
proved to be a stronger binder than IPr ligand whose
relative enthalpy is comparable to that of PCy3 ligand
[10]. The initial step in the ring closing metathesis
mechanism using the (p-cymene)RuLCl2 complexes
must involve the formation of a ruthenium–carbene
complex [2a,c] and in the case of ruthenium–arene
complexes the carbene moiety can presumably be
formed by the change in the hapticity of the arene ring,
leading to vacant sites on Ru. The more electron donat-
ing ligand (IMes) can facilitate this process more easily
than either IPr or the phosphines, and this is proposed
as the origin of the higher catalytic activity of 19
compared to those of 20, 22, and 23 at 40°C. When the
temperature is raised to 80°C both 19 and 20 exhibit
the same activity. It could be argued that at higher
temperatures the activation barrier for the change in
arene hapticity has already been overcome and under
these conditions the electronic differences between the
ligands are not very important.

6. Indenylidene–imidazolylidene ruthenium complexes
as RCM catalysts

We were also interested in developing the synthesis
of imidazol-2-ylidene analogues of the previously syn-
thesized neutral Ru-allenylidene complexes,
RuCl2(�C�C�CPh2)(PR3)2 R=Ph, Cy [20c] via substi-
tution reactions and in comparing their RCM activity
to those of the cationic 18-electron ruthenium allenyli-
dene complexes. Analysis of the product of simple
substitution reactions showed that the ‘Ca’ unsaturated
moiety in this complex is not an allenylidene but rather
a cyclized vinyl carbene ‘an indenylidene’ (Scheme 2)
[23]. An account of the development of this chemistry
will be reported in a separate contribution [24].

7. 16-Electron ruthenium allenylidene complexes

To develop a method for the synthesis of true neutral
ruthenium aflenylidene complexes, (PPh3)4RuCl2 (30)
was allowed to react with 3,3-diphenylpropyn-3-ol in
presence of a better donating ligand such as PCy3 [25]
reaction led exclusively to the formation of

Scheme 3.

Scheme 4.

did not change the outcome and yields of the reactions
(Table 5 entries 4 and 8) which would indicate that
the catalytic reactions are not photo-induced. This is
in contrast with the complexes of the type M-
(p-cymene)Cl2(PR3) (M=Ru, Os; R=Cy, iPr) which
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(PCy3),Ru(�C�C�CPh2)Cl2 (31) (see Scheme 3). It is
interesting to note that in the absence of PCy3, the sole
product is the indenylidene complex 24 which under-
goes substitution with PCy3, to yield 25. Complex 31 is
also accessible from the reaction of [(p-cymene)RuCl2]2
18 with 3,3-diphenylpropyn-3-ol and two equivalents of
PCy3, via loss of p-cymene. However, the product (85%
31 based on 31P-NMR data) contains two side prod-
ucts, one identified as the 3-phenyl-L-indenylidene com-
plex 25 (8% by NMR data) and one unknown (7% by
NMR data). When two equivalents of PPh3 instead of
PCy3 were used no carbene moiety was formed. All
attempts to convert the allenylidene into the indenyli-
dene by addition of protic acids or by subjecting the
allenylidene to elevated temperatures were unsuccessful.
The exchange of one PCy3 ligand for IMes affords the
allenylidene complex 32 in high yields. These reactions
are summarized in Scheme 3. Structural models of 31
and 32 are shown in Figs. 16 and 17, respectively. In
both structures the five-coordinated ruthenium center is
located at the bottom of a square pyramid. The al-
lenylidene moiety is located at the apex, the trans

chlorides and PCy3 ligands (31), PCy3 and IMes ligands
(32), form the base. In both complexes the Ru�Ca bond
distances are nearly identical (1.794(11) A, ). This is in
the usual range (1.761.84 A, ) for carbene moieties in
these kind of 16-electron ruthenium complexes [10,11].
However, these bond distances are much shorter than
the bond lengths determined for cationic 18-electron
ruthenium allenylidene complexes (1.871.92 A, ) [26].
This indicates a better overlap and a significantly higher
bond strength of the carbene moiety to the metal center
in complexes 31 and 32. The comparable metal�ligand
bond distances at the base also give very similar values
indicating no significant change for the electronic envi-
ronment of the metal center and these structural fea-
tures may explain the similar catalytic properties of
complexes 31 and 32 (vide infra). The bond angles in
both complexes at the base do not deviate more than 4°
from ideal 90°. However, steric interference with the
allenylidene moiety causes widening of one of each
Ca�Ru�Cl angles (96.2 (5)° (31), 95.89(4)° (32), one
Ca�Ru�P angle (101.4(5)°) in complex 31 and the
Ca�Ru�C(IMes) angle (98.89(5)°) in complex 32. The
allenylidene chain is only slightly bent in complex 31
(Ru�Ca�Cb=175.36(11)°, Ca�Cb�Cg=175.29(13)°).
This indicates a strong conjugation along the spine
excluding C�H p-interaction to neighboring hydrogen
atoms as observed in other complexes. Complex 31,
however, shows significantly stronger bending along
the spine (Ru�Ca�Cb=169.20(11)°, Ca�Cb�Cg=
167.20(18)°). C�H p-interaction to hydrogen atoms of
the PCy3 ligands may be present. This interaction might
also have a weak influence on the bond distances along
the spine causing a slight extension [Cua�Cb=1.27 A,
(31), 1.26 A, (31) and Cb�Cg=1.35 A, (32), 1.34 A, (32)],
but these values are in the usual range for ruthenium
allenylidene complexes [24].

Solutions containing compounds 31 and 32 were
subjected to elevated temperatures. Both compounds
were relatively robust at 80°C [23]. Even after 32 h of
constant heating no signs of decomposition products
were found. Initial signs of decomposition were noticed
for complex 31 after 64 h and for complex 32 after 128
h. This goes along with the observed stability trend for
the Cl2(PCy3)(IMes)Ru(�C(H))Ph and Cl2(PCy3)Ru-
(�C(H))Ph complexes [10,11].

The role of complexes 31 and 32 as catalyst precur-
sors in the ring closing metathesis (RCM) reactions was
investigated with three different diene substrates diethyl
diallylmalonate (33), diallyltosylamine (34) and diethyl
di(2-methylallyl)malonate (35) [22]. The observed cata-
lytic reactions are depicted in Scheme 4. Both com-
plexes perform very poorly in these reactions compared
to the cationic 18-electron arene–ruthenium allenyli-
dene complexes. The significantly higher bond energy
of the allenylidene moiety at the metal center as in-
ferred from the single crystal X-ray data may be at the
origin of the lower catalytic activity displayed by 31

Fig. 16. Molecular structure of (PCy3)2Ru(�C�C�CPh2)Cl2 (31). Hy-
drogen atoms have been omitted for clarity.

Fig. 17. Molecular structure of (PCy3)Ru(IMes)(�C�C�CPh2)Cl2 (32).
Hydrogen atoms have been omitted for clarity.
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and 32. The sterically hindered substrate diethyl di(2-
methylallyl)malonate shows no sign of ring closing
using either complexes even after 2 h at 80°C. In order
to get detectable conversion of the other substrates,
reaction mixtures were heated to 40°C in CD2Cl2. The
turnover rates after 25 min indicated slightly lower
catalytic activity for the IMes substituted complex 32
(diethyl diallylmalonate 8%, diallyltosylamine 0%) com-
pared to complex 31 (diethyl diallylmalonate 12%, dial-
lyltosylamine 4%). The disappointingly low catalytic
activities for ring closing metathesis reactions obtained
for 31 and 32 could be attributed to the very similar
metal�carbene bond distances in the solid state indicat-
ing a similar electronic environment at the metal center
for both complexes.

8. Conclusion

The nucleophilic carbenes are ‘phosphine-mimics’
and yet they are much more. They reside at the upper
end of the Tolman electronic and steric parameter
scales. From solution calorimetric studies, it became
clear that nucleophilic carbenes (most of them) are
better donors than the best donor phosphines. This
stability scale provided by the calorimetry allowed us to
propose thermodynamically ‘feasible’ reactions. Devel-
opments emerging from our laboratories in this area
can be attributed to our initial thermochemistry. Olefin
metathesis benefits from the steric protection provided
by the nucleophilic carbene fences as well as their
electron donating properties.
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