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(ASI) meetings held on metathesis chemistry in Akcay, Turkey (1989, 1995), 
Polanica-Zdroj, Poland (2000), and Antalya, Turkey (2002), the new event on this 
fascinating topic of chemistry (Nobel Prize, 2005), organized again in Antalya 
during 4–16 September 2006, was devoted again to a hot subject in this field, 
“New Frontiers in Metathesis Chemistry: From Nanostructure Design to Sustainable 
Technologies for Synthesis of Advanced Materials”. 

Olefin metathesis, one of the most efficient transition metal-mediated C–C bond-
forming reactions, asserted itself during the last few years as a powerful synthetic 
strategy for obtaining fine chemicals, biologically active compounds, architecturally 
complex assemblies, novel functionalized materials, and polymers tailored for speci-
fic utilizations (e.g. sensors, semiconductors, microelectronic devices), etc. Metathesis 
reactions such as ring-closing metathesis (RCM), enyne metathesis, cross-metathesis 
(CM), acyclic diene metathesis (ADMET), and ring-opening metathesis polymeri-
zation (ROMP) have gone far beyond 20th-century boundaries resulting in broad 
diversification towards sustainable technologies and perspectives for industrial appli-
cations covering a wide range, from production of smart, nanostructured materials to 
the manufacture of new pharmaceuticals. 

As should have been expected for this timely NATO ASI meeting, seminal 
contributions on catalyst-related topics highlighted the newest advances in ruthenium-
based complexes of high activity, selectivity, and robustness, popular for their excellent 
tolerance towards a variety of functional groups. A whole range of alkylidene–Ru 
complexes, both neutral and ionic, recoverable and recyclable, inclusive of prepa-
ration and selected applications, have been extensively illustrated by Pierre Dixneuf 
(University of Rennes, France). Elaborating on the essential role played by  
N-heterocyclic carbene (NHC) ligands in most effective Ru metathesis catalysts, 
Steven P. Nolan (University of Tarragona, Spain) successfully reported on the concept 
of incorporating this valuable moiety into other late transition metal complexes. 

Deeper insights into catalyst design have been provided by Deryn Fogg (University 
of Ottawa, Canada) and Natalya Bespalova (United Research & Development 
Centre, Russia). Fogg clearly demonstrated how Ru catalysts containing electron-
deficient aryloxide (“pseudohalide”) ligands confer high activity at low catalyst 
loadings, while also expanding the structural diversity of the ligand set and the 
capacity for steric and electronic tuning of activity and selectivity. She pointed out 
that by using the matrix-assisted laser desorption ionization mass spectrometry 
(MALDI-MS) analysis technique distinctions in the behaviour of the Grubbs vs. 
pseudohalide catalysts could be revealed providing further insights into the mecha-
nism of RCM reaction. Bespalova dwelt on modification of well-defined Ru–carbene 
catalysts by changing the carbenoid moiety and the imidazole ligand which allows 
variation of catalytic properties; a comparison of the new types of the catalysts with 
ill-defined catalysts based on tungsten in CM was also presented. 
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Further, the concept of NHC utilization in catalysis has been extensively 
developed by Lionel Delaude (University of Liege, Belgium), Karol Grela (Polish 
Academy of Sciences, Poland), Francis Verpoort (University of Ghent, Belgium), 
and Didier Astruc (University of Bordeaux, France). Poster presentations brought 
additional information in support to the role of NHC ligands in Ru-based metathesis 
pre-catalysts or the striking activating role of HCl in Ru complexes with O,N-bidentate 
ligands. The newest trends evolved in the present research on heterogeneous 
catalysis have been critically and selectively discussed by Hyniek Balcar (Czech 
Academy of Sciences). 

An original topic on combining simple arene activation with Ru-catalysed olefin 
metathesis for the assembly and funtionalization of nano-objects has been dealt with 
by Didier Astruc offering convenient access to the synthesis and chemistry of supra-
molecular structures. CM of vinyl-substituted organosilicon derivatives with olefins 
in the presence of Grubbs catalysts presented by Cesar Pietraszuk (University of 
Pozanan, Poland) evidenced how Ru-mediated metathesis can be fruitfully used in 
synthesis of a novel class of silicon-containing advanced materials. New applications 
of Ru-mediated metathesis reactions in tandem metathesis or non-metathesis process-
ses have been further fully documented by Deryn Fogg in an interesting presentation 
on tandem ROMP-hydrogenation catalysis in tissue engineering applications, whereas 
the contribution on the catalytic cycloisomerization of enynes involving various 
activation processes by Christian Bruneau (University of Rennes, France) extended 
the scope of Ru-based metathesis chemistry to a variety of initiating systems of 
fundamental relevance for catalytic processes. 

Beautiful contributions coming from Ken Wagener’s group (University of 
Florida, USA) showed definitely how ADMET induced by Grubbs Ru catalysts can 
rigorously control the polymer microstructure and ultimately the product properties. 
Using efficient Ru-based initiators, new pathways for manufacture of high-molecular 
weight polymers with well-defined architectures and particular properties have been 
revealed. On this line, Eugene Finkelshtein (Russian Academy of Sciences, Russia) 
evidenced the potential of producing specialty polymers by ROMP and other ring-
opening processes. Addition polymerization of selected monomers induced by the 
late transition metal catalysts provided new materials having special properties as it 
was convincingly shown in this section. Furthermore, synthesis and characterization 
of poly(phenylacetylene) with Schiff base end groups, polymers endowed with electri-
cal properties, is dealt with by Christo Jossifov (Bulgarian Academy of Sciences). 

Furthermore, nanostructured materials and how they could be used in nanomachines 
and molecular clockworks and transfer of chirality in organometallic complexes 
have been attractively highlighted by Lajos Bencze (Panonia University of Veszprem, 
Hungary), in two complementary contributions. Going beyond metathesis, but in tight 
correlation with this type of reaction, comprehensive presentations fully illustrated 
the high potential of precisely controlled macromolecular structures obtained by 
atom transfer radical polymerization (ATRP) to be assembled in smart materials, 
sensors, and various molecular devices. Finally, the successful combination of ROMP 
with ATRP to produce new materials with valuable properties has also been discussed. 
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OF METATHESIS CATALYSTS 
PART I. DESIGN OF NEW GENERATIONS 



 

NEW RUTHENIUM CATALYSTS FOR ALKENE 
METATHESIS 

CÉDRIC FISCHMEISTER, PIERRE H. DIXNEUF 

Catalyse et Organométalliques UMR 6226 CNRS-Université de Rennes, Institut 
Sciences Chimiques de Rennes BAT 10C, Campus de Beaulieu 35042 Rennes, 
Cedex, France. E-mail: cedric.fischmeister@univ-rennes1.fr;
pierre.dixneuf @univ-rennes1.fr 

1. Introduction 

Catalytic alkene metathesis is a powerfull synthetic method with useful appli-
cations in organic synthesis and polymer fabrication. The tremendous develop-
ment of olefin metathesis has only been possible thanks to the development 
of well-defined catalysts with enhanced activities and stability. Almost 20 
years after the elucidation of the catalytic mechanism by Y. Chauvin in 1971 
[1], two families of well-defined olefin metathesis catalysts have been deve-
loped. The efficient Schrock type catalyst was described in 1990 based on 
molybdenum alkylidene [2] and on high oxidation state, and the ruthenium 
alkylidene family was developed by Grubbs in 1992 [3]. Due to the relative 
stability of ruthenium complexes and their functional group tolerance the 
latter have been extensively studied by Grubbs and others in the last 10 years 
resulting in the disclosure of a high number of new and efficient ruthenium 
catalysts. Here we will review the main strategies and achievements covering 
the last 4 years in the design of alkene metathesis ruthenium catalysts based 

[6,7,8], and third-generation [9] Grubbs- and Hoveyda-type catalysts will be 

Abstract: The main developments in ruthenium catalyst design for alkene metathesis 
covering the last 4 years is presented. These new catalysts are essentially based on 
modifications brought to Grubbs- or Hoveyda-type catalysts and the generation of 
catalysts by activation of propargyl derivatives leading to ruthenium–allenylidene, –
indenylidene, and alkenylcarbene catalysts. 

Keywords: alkene metathesis, ruthenium catalysts, allenylidene, indenylidene, catalyst 
modification 

that have been developed as early as 1998, mainly by Dixneuf and Fürstner’s 
groups will be then presented. 

on ruthenium–allenylidene [10] and ruthenium–indenylidene [11] complexes 

3
Y. İmamoğlu  and V. Dragutan (eds.), Metathesis Chemistry: From Nanostructure Design to Synthesis  

used as the discussion starting point. The family of catalyst precursors based 

of Advanced Materials, 3-27. 

on the Grubbs and Hoveyda complex architectures. The first [4,5], second 

© 2007 Springer. 



2. Grubbs- and Hoveyda-type catalysts 

In 1992, Grubbs reported the first efficient alkylidene ruthenium catalyst
RuCl2(=CH–CH=CR2)(PCy3)2 revealing the requirement of an alkylidene 

ing and bulky PCy3 ligand [3]. In 1995, the benchmark Grubbs complex 1 of 
similar structure but more readily prepared was reported [4]. This so-called 
Grubbs first-generation catalyst set the bases for the development of new 
complexes of similar architectures. The first important breakthrough was the 
use of N-heterocyclic carbene (NHC) ligands initially introduced in alkene 
metathesis by Hermann in 1998 for the synthesis of RuCl2(=CHPh)(NHC)2 
[12]. This led, in 1999, to the second-generation Grubbs catalysts 2 
discovered by Nolan and Grubbs [6] containing only one unsaturated NHC 
ligand and 3 one saturated NHC ligand [7], which were followed in 2001 by 
the fast, initiating catalyst 4 sometimes refered as a third-generation Grubbs 
catalysts [9]. In the meantime, Hoveyda developed, in 1998, a recyclable 
catalyst with enhanced stability 5 [5]. The originality of this complex is the 
use of a bidentate ligand for which a release and return or boomerang 
mechanism is postulated [13]. The introduction of a NHC ligand led, in 
2000, to complex 6 often called Hoveyda–Grubbs catalyst, which was 

 
Since the discovery of the above-mentioned complexes several improve-

perties of the ligands. We will here present the recent modifications made to 
the Grubbs- and Hoveyda-type complexes. 

3.1 The modified Grubbs-type catalysts 

The first-generation Grubbs complex 1 with two phosphine ligands have 
been very little developed with respect to the NHC-based ligands due to their 
moderate activity and short lifetimes [14]. On the other hand, the second-
generation catalysts displaying higher activity and lifetime suffer from alkene 
isomerization activity. Researchers at Sasol reasoned that first-generation 

C. Fischmeister and P.H. Dixneuf

moiety linked to a neutral 16-electron system containing the electron releas-

reported almost simultaneously by Hoveyda and Blechert [8] (Figure 1). 

3. Recent advances in catalyst design 

ments have been obtained by a fine-tuning of the electronic and steric pro-

3.1.1 Variations at the phosphine ligands 
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Figure 1. Ruthenium-based alkene metathesis catalysts. 

Ru
P Cl

Cl
PCy3

PhRu
Cl

Cl
PCy3

Ph

Cy3P
PCy

91

Scheme 1. (Sasol) Phoban-based catalyst. 
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isomerization. The results show an increased activity of 9 with regard to 1 
with an improved selectivity (less isomerization) (Table 1). 
 

Table 1. Compared catalytic activity and selectivity of 1, 3, and 9 

Substrates Process Cat (%) Conversion Selectivity 
1-decenea Self-

metathesis 
1 (0.01) 8 94 

3 (0.01) 52 63 
 9 (0.01) 77 98 

ethyleneb 
Ethenolysis 14 91 

37 58 
43 98 

 
A key step in the olefin metathesis mechanism using Grubbs-type catalysts is 
the formation of a 14-electron species by decoordination of an L ligand [16] 
(Scheme 2). 

Ru
Cl

Cl

Ph

L

L'
Ru

Cl

Cl

Ph

L-L', k1

+L', k-1

L = PCy3, NHC
L' = PCy3

14 electron

metathesis
alkene

Scheme 2. Dissociative pathway leading to 14-electron catalytic species. 

Several strategies involving phosphine scavenger have been used to favor 
the formation of the catalytically active 14-electron species [17]. Variation 
of the electronic and steric properties of the phosphine ligand has also been 
studied in details [18]. More recently Gladysz et al. reported the synthesis of 
the second-generation Grubbs catalyst 10 bearing a fluorinated phosphine 
[19] (Scheme 3). 
 

C. Fischmeister and P.H. Dixneuf

1 (0.003) 

 
 3 (0.003) 

 

 9 (0.003) 

3 min. The activity of 9 has been evaluated in transformations requiring no 

This complex was found to be thermally and chemically more stable than 1. 
For instance, it is stable for 3 h in acetonitrile, whereas 1 decomposed after 

catalyst with improved activity might be a good compromise between acti-
vity and selectivity. Complex 9 bearing the electron-rich Phoban ligand has 
been prepared and its stability and catalytic activity evaluated (Scheme 1) [15]. 

Methyl oleate,

a60°C, neat 4 h; b60°C, neat 4 h, 10 bar of ethylene. 
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N Ru
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RfnRfn
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10

(CH2)m

(CH2)m(CH2)m

RfnRfn
Rfn4a

 
Scheme 3. Grubbs second-generation catalyst with a fluorinated phosphine ligand. 

 
When operating under organic/fluorous liquid–liquid biphasic conditions the 
initiation rate of this catalyst was increased with respect to CH2Cl2 solvent. 
This is explained by the phase transfer of the fluorinated phosphine into the 
fluorous media hence favoring the coordination of the alkene to the 14-
electron active species rather than phosphine recoordination. 

The second-generation catalysts have been extensively described and 
explored with five-membered heterocycles [20]. In 2004, Grubbs et al. 
reported the synthesis of the second-generation complex 11 bearing a more 
sterically demanding six-membered NHC [21] (Scheme 4). However this 

Ru
Cl

Cl
PCy3

NMesMesN

Ph

NMesMesN

H BF4
-

Ru
Cl

Cl
PCy3

Cy3P

Ph

11

+ 1) KHMDS

2)

Scheme 4. Second-generation Grubbs catalyst with a six-membered NHC. 
 
 
 

 

catalyst was found to operate moderately for classical ring-closing meta- 
thesis (RCM) or ring-opening metathesis polymerization (ROMP) reactions.

New ruthenium catalysts for alkene metathesis 

3.1.2 Variations at the N-heterocyclic ligand 
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Complex 12 was prepared by Fürstner et al. where the hydroxy group served 
to anchor the complex onto a modified commercial silica to favor its 
recovery [22] (Scheme 5). The resulting immobilized complex displayed a 
reasonable activity and more importantly, the metal leaching was very low 
hence allowing the synthesis of products with very low ruthenium contents. 
 

Ru

PCy3

NMesN
HO

Cl

Cl Ph

SiO2 SiO2

Ru

PCy3

NMesN
Cl

Cl Ph

12  
Scheme 5. Silica-supported catalyst. 

 

fluorinated NHC ligand [23]. Indeed, complex 13 (Figure 2) exhibits a 

 

F

F
N

F

F
Ru

N

Cl

Cl

PhPCy3

13   
Figure 2. Fluorine-containing complex with enhanced activity. 

The generation of the catalytically active 14-electron species is an important 

phosphonium–alkylidene complex 14 was obtained by protonation of 
ruthenium carbide intermediates and isolated in 87–95% yield (Scheme 6).  
 

C. Fischmeister and P.H. Dixneuf

Rate acceleration was observed with a ruthenium-based catalyst bearing a 

higher activity than 3 and 6 for classical RCM reactions. This rate enhance- 
ment is believed to be due to a Ru–F interaction, which reduces the acti- 
vation energy of the phosphine dissociation rate limiting step. 

lex with no free L ligand has been reported by Piers et al. [24]. This 
factor for the improvement of catalyst activity. A true 14-electron comp-

3.1.3 Variations at the alkylidene ligand 
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Ru
Cl

ClL

PR3

Ru C
Cl

ClL

PR3

CO2EtEtO2C
Ru

Cl

ClL

PR3 Ph

[H(OEt2)2]+
[BX4

-]
+

[BX4
-]

14

:

 
Scheme 6. Fast-initiating complex 14. 

 
The efficiency of these catalysts has been evaluated at 0°C for the RCM of 
diallyl diethylmalonate (Scheme 7) and compared to that of the second-
generation Grubbs catalyst 3 and the fast-initiating catalyst 4b. The results 
showed that catalyst 14 bearing the ImesH2 ligand (L) featured an activity 
which outperforms the fast-initiating Grubbs catalyst 4b. This catalyst was 
also found to be twice as fast as the Schrock’s molybdenum catalyst for the 
same reaction. 

EtO2C
EtO2C

EtO2C
EtO2C

Ru
Cl

Cl

PCy3

NMesMesN

1 mol%, 0°C., DCM

C = 90%
C< 20% with 3
C~40% with 4b 

+
[BX4

-]

2h

 
Scheme 7. RCM activity of the 14-electron complex 14. 

Until very recently, modifications of Grubbs-type catalysts seeking for 
enhanced activity were uniquely performed on the L ligands (phosphines, 
NHC) and the alkylidene ligand. Due to the known deactivation pathways 

6 5,  

 

involving the chloride anion, Fogg et al. anticipated that halide-free ruthe- 
nium catalysts could be a solution to improve catalyst lifetimes. Attempts to
replace chloride by alkoxide [25] or carboxylate [26] ligands were previously
reported but they yielded complexes with moderate catalytic activity. Upon

the pentacoordinate complex 15Upon treating complex 4a with TlOC F

New ruthenium catalysts for alkene metathesis 

3.1.4 Variations at the anionic chloride ligand 

was obtained in 92% yield (Scheme 8) [27]. 

9



N Ru
Cl

Cl Ph

NMesMesN

N

TlOC6F5 Ru
Ph

NMesMesN

OC6F5
F5C6O

Py

4a
15

 
Scheme 8. Halide-free ruthenium catalyst. 

 
Complex 15 exhibits increased catalytic activity with regard to that of the 

 

EtO2C
EtO2C

EtO2C
EtO2C

Ru
Ph

NMesMesN

OC6F5
F5C6O

Py

CDCl3, reflux

15

0.05 mol%

C> 99%3h  
Scheme 9. Halide-free catalyst 15 for the RCM of diethyldiallylmalonate.  

Complexes with chelate aryloxide have been prepared among which a 

 

N Ru
Cl

Cl Ph

NMesMesN

N

TlOC6X5

Ru
Ph

NMesMesN

X'
X5C6O

Py

4a
16 X=X'=Cl17 X=Cl, X'=Br

 
Scheme 10. Monohalide ruthenium–alkylidene complexes. 

C. Fischmeister and P.H. Dixneuf

alkoxide one. It is noteworthy that this catalyst maintains a very good effi- 
ciency for the RCM of diethyl diallylmalonate even at very low catalyst/
substrate ratio (Scheme 9). 

cathecolate-derivative displayed high metathesis activity [28]. Two mono- 
halide complexes have also been reported (Scheme 10) [29]. These mono-
halide complexes were obtained owing to the increased steric hindrance
of the ArO-ligand. 
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As a result, the pyridine ligand is more labile in complex 16 and 17 than in 
15 resulting in higher metathesis activity. It must be noted that the presence 
of the aryloxide ligands increased the affinity of these complexes for silica 
thus allowing an efficient removal of ruthenium contaminants by a single 
column chromatography purification. 
 
Nonhalide ligands were also used for the synthesis of polymer supported 
(PS–DVB) and nonsupported Grubbs- and Hoveyda-type complexes [30]. 
For instance, catalyst 18 bearing fluorinated carboxylate was prepared and 
exhibited a catalytic activity sometimes higher than that of the chlorinated 3 
(Figure 3). 

 

Ru
PCy3

NMesMesN
F3CCOO

COO PhF
F

18
  

Figure 3. Supported halide-free Grubbs-type complex. 

3.2 The modified Hoveyda-type catalysts 

Two strategies have been developed in order to increase the activity of the 
Hoveyda-type catalysts. Both strategies were aimed at destabilizing the 
ruthenium–oxygen bond of the styrenyl ether ligand. 
 
In 2002, Blechert showed that increasing the steric bulk at the ortho position 
of the isopropoxy group in complex 6 resulted in an increase of the catalytic 
activity [31]. Thus, complex 19 was synthezised and its activity compared to 
that of 3 for a series of RCM test reactions (Scheme 11). 
 
Whereas, at room temperature the RCM reaction was completed in 10 min 
with the catalyst 19, 1 h was necessary under identical conditions to reach a 
similar yield with the Grubbs catalyst 3. It is noteworthy that despite this 
increased activity, complex 19 retained a very good stability in air. 
 

New ruthenium catalysts for alkene metathesis 

3.2.1 Variations at the ortho-alkoxybenzylidene ligand 
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Ru

O
Cl

Cl
NMesMesN

EtO2C
EtO2C

EtO2C
EtO2C

19

1 mol%, r.t., DCM

Y= 99%10 min  
 

Scheme 11. Blechert catalyst. 
 
The second strategy, implemented to increase the efficiency of Hoveyda-
type catalyst, uses electronic effects to weaken the ruthenium–oxygen bond 
in 6. Thus, Grela reported the synthesis of catalyst 20 bearing a nitro group 
in para position to the isopropoxy ligand [32] (Scheme 12). 

 

Ru

NMesMesN

O
Cl

Cl

NO2

Ru

NMesMesN

Cl

Cl

PhPCy3

O NO2

20, 83%3

CuCl, DCM1h, r.t.

 

Scheme 12. Grela catalyst.  

This complex was evaluated in a series of test reactions and compared to 3 
and 6. It showed in most cases a higher activity than the above-mentioned 
complexes with excellent stability. Catalyst 20 was found to be particularly 

C. Fischmeister and P.H. Dixneuf

efficient for cross-metathesis (CM) reactions involving acrylonitrile (Scheme 13).
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EtO2C

EtO2C CN

Ru

NMesMesN

O
Cl

Cl

NO2

EtO2C

EtO2C
CN

+
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5 mol%, r.t., 30 min

87% (E/Z = 1/2)  
Scheme 13. Cross-metathesis activity of 20. 

 
Attempts to combine both the electronic and steric activations resulted in 
active but unstable catalysts [33]. Very recently an ammonium-activated 
Hoveyda-type catalyst was reported by Grela. This complex exhibited a very 
high efficiency associated to a very good affinity for silica, hence making 
catalyst removal very efficient [34]. 

Complex 21 bearing a four-membered N-heterocyclic carbene was reported 
by Grubbs et al. [35] (Scheme 14). However, its catalytic activity was found 
to be quite lower than that of catalysts 3 and 6. 
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ArN

NiPr2

Ru

O
Cl

Cl
PPh3

NAr
P

ArN

NiPr2

H
OTf-

+

KHMDS, toluene60°C

21, 30%  
Scheme 14. Complex with a four-membered N-heterocyclic carbene. 

 

showed a poorer activity. 
 

Recently, complex 22 bearing a fluorinated NHC was prepared [23] (Figure 4). 
Contrary to the related Grubbs-type complex 13 (Figure 2), this catalyst 
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3.2.2 Variations at the N-heterocyclic carbene ligand 
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F

F
N

Ru

N

O
Cl

Cl

F

F Ru
PCy3Cl

Cl
NMesNR

Ph
Ru

Cl

Cl
NMesNR

O

22

R = Me, 23aR = Et, 23b

R = Me, 24aR = Et, 24b  
Figure 4. Catalysts bearing modified NHC ligands. 

Complexes 23 and 24 bearing unsymmetrical NHC ligands have been 
prepared by replacing one of the mesityl substituent by a more electron-
donating alkyl group [36] (Figure 4). The activity of these catalysts has been 
evaluated for the model RCM reaction of N,N-diallyl-p-tosylamide and 
found to be similar to that of 3 and 6. Thus, the increased σ-donation of the 
carbene did not result in markedly enhanced catalytic activity. However, 
greater amounts of (Z) isomers were obtained with 23a in comparison with 3 
for a series of CM reactions. Improved diastereoselectivity was also obtained 
with these catalysts for a representative RCM reaction (Tables 2 and 3). 
 

Table 2. Compared CM selectivity with catalysts 3, 6, 23a, and 24a 

AcO OAc

OAc

+

 
Catalyst  E:Z Conversion % 
3 6:1 79 
6 6:1 72 
23a 3:1 84 
24a 6:1 78 
 

Table 3. Compared diastereoselectivity with catalysts 3, 6, 23a, and 24a 
O
OH O

OH

O
OH+

a b  
Catalyst  a:b Conversion% 
3 1.6:1  95 
6 1.5:1  95 
23a 1.7:1  92 
24a 2.0:1  95 
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3.2.3 Variations at the alkylidene ligand 

A series of ruthenium vinylcarbene catalysts have been prepared by Fürstner 
by insertion of alkynes into the ruthenium–alkylidene bond of various 
complexes [37]. Complexes 25, 26, and 27 were obtained in 72%, 59%, and 
75% yields, respectively (Scheme 15). 
 

Ru
Ph

Cy3P

PCy3
Cl

Cl

Ru

Cy3P

PCy3
Cl

Cl Ph

N Ru
PhCl

Cl
NRRN

N

O

Ru

Cy3P

Cl

Cl

O

Ph

Ru

Cy3P

Cl

Cl

O

Ph

Ru
Cl

Cl

O

PhNRRN

CH2Cl2, AgCl

25

26

27  
Scheme 15. Formation of vinyl carbene complexes by enyne metathesis. 

 
 
Surprisingly, complex 28 was obtained when an internal alkyne bearing a 
silyl ether was used (Scheme 16). Due to the weak coordination of –OSiMe3, 
this complex was found to be more active than complexes 25 and 26. 
However, the catalytic activity of these four new complexes remained fairly 
lower than that of Grubbs or Hoveyda’s catalysts. 
 

O

OSiMe3 Ru
Ph

Cy3P

PCy3
Cl

Cl

Ru

Cy3P

Cl

Cl

O
Me3Si

Ph

O

28  
Scheme 16. Alkoxysilane ligand vs aryloxy ligand. 
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Replacement of one or both chloride ligands in the phosphine-free Hoveyda 
complex by trifluoroacatate and trifluoromethanesulfonate groups provided 
complexes 29, 30, and 31 [38] (Scheme 17). 
 

Ru

O

NMesMesN

Cl

Cl
CF3SO3AgCF3SO3Ag

CF3CO2Ag

Ru

O

NMesMesN

F3CCOO

Cl
Ru

O

NMesMesN

F3CSO3

O3SCF3

Ru

O

NMesMesN

F3CCOO

OOCCF3

2

2

30 31

29  
Scheme 17. Synthesis of catalysts 29, 30, and 31. 

 
These complexes have been evaluated in a series of test reactions showing 
that only catalyst 29 exhibited higher catalytic activity than the parent com-
plexes 3 and 6 (Table 4). 
 

Table 4. Compared RCM activity of catalysts 3, 6, and 29 

Ph
Ph Ph

Pha b

Reaction Catalyst Mol (%) Tons (t) 
A 3 0.08 1000 
a 6 0.05 1700 
a 29 0.05 1800 
b 3 0.1 400 
b 6 0.1 180 
b 29 0.1 750 

2 2

 
Similar to catalyst 18, the carboxylate ligand was used for the hetero-
genization of 29. The resulting polymer supported catalyst was found to be 

C. Fischmeister and P.H. Dixneuf

3.2.4 Variations at the anionic chloride ligand 

Experimental conditions: CH Cl , 2 h, 45°C. 
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significantly less active than its homogeneous analogue but on the other 
hand this supported catalyst was subject to very low ruthenium leaching. 

3.3 Other ruthenium catalysts bearing bidentates ligands 

Although they are not discussed in this review, a series of interesting ruthe-
nium catalysts bearing chelating ancillary ligand have been reported in the 

4. Allenylidene–, indenylidene–, and alkenyl carbene–ruthenium 
catalysts 

4.1 Applications of allenylideneruthenium in synthesis 

As early as 1998 it was revealed that allenylidene–ruthenium complexes 
could behave as alkene metathesis precursors (Scheme 18) [10]. They are 
easy to prepare from simple propargylic alcohols and constitute the first 
well-defined ionic 18-electron catalyst precursors with respect to the neutral 
16-electron Grubbs or Hoveyda catalysts [42]. 

C
Ru

C
C Ph
Ph

Cy3P
Cl

Ru
PCy3

Cl
Cl

HO

Ph

Ph

C
Ru

C
C Ph
Ph

Cy3P
Cl

HO

Ph

Ph

+

X= OTf (7a)X= PF6 (7b)X= BF4 (7c)X= 
BPh4 (7d)

1/2 [RuCl2(p-cymene)]2 + PCy3

NaPF6/MeOH

+

1. AgX/CH2Cl2
2.

7b

PF6
- X-

 
 

Scheme 18. Allenylidene–ruthenium synthesis. 
 

4
– << PF6

–, BPh4
– << OTf–[10c, 10g]. 

last few years by Grubbs, Grela, and Verpoort. They involve various chelat-
ing atoms, C,N [39], C,O [40], or N,O [41] in their ligands.  

They showed activity similar to that of the first-generation Grubbs catalyst for 
the production of macrocycles [10c], cyclic aminoacid derivatives (Scheme 19) 
[10d], and aminophosphonates analogues [10e]. It was shown that the nature
of the counter-anion had a strong influence on the catalyst activity that
 increased with the sequence BF
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N

CO2MeCF2X

PG N PG

CF2X
CO2Me

toluene, 60°C, 5h

7a

90-98 %

PG : Cbz ; X = F : 95 %
                X = Cl  : 91 %  

Scheme 19. Cyclic α-amino acid synthesis. 
 
The allenylidene–ruthenium system also appeared as efficient catalyst 
precursors for enyne metathesis and they were applied to the preparation of 
fluorinated cyclic amino esters with a 1,3-diene structure allowing Diels–
Alder reactions (Scheme 20) [43]. 

N

CF3
CO2Me

SO2Ph
N

SO2Ph

CF3
CO2Me CO2EtEtO2C N

SO2PhCF3
CO2Me

CO2EtEtO2C

7a

1. hν, r.t.2. 80°C, 24h toluene, reflux 18h

77%  
Scheme 20. Amino esters by consecutive enyne metathesis/Diels–Alder reaction. 

4.2 Allenylidene–ruthenium and polymerization 

The allenylidene complex 7a was revealed to be a catalyst initiator for the 
polymerization of norbornene and that of cyclooctene, more resistant to 
ROMP, occurred at 80°C (Scheme 21).  

 
7a, 80°C, 5 min

or hν, r.t., 2h
n

 
 

Scheme 21. ROMP of cyclooctene. 
 
It was revealed that when the precursor 7a was preliminarily heated in PhCl 
at 60°C for 25 min, the resulting system then led to polymerization of cyclo-
octene at room temperature [44]. This experiment suggested that precursor 
7a on thermal or UV activation led to a rearranged species acting as a 
polymerization initiator. The same conclusion on the existence of a catalytic 
species arising from complex 7a was proposed from kinetic studies in RCM 

 
The most surprising result was revealed on protonation of 7a with five equi-
valents of triflic acid at room temperature in PhCl. The resulting catalytic 

C. Fischmeister and P.H. Dixneuf

reaction [45]. 

18



system led to an increase of the cyclooctene polymerization TOF by three 
orders of magnitude. This experiment led to prove the transformation of the 
allenylidene complex into an indenylidene catalyst precursor. 

4.3 Ionic allenylidene–ruthenium in catalysis into unusual media; ionic 
liquids and water 

The well-defined, 18-electron, allenylidene–ruthenium complexes 7a with 
ionic character offered the possibility to perform catalytic alkene metathesis 
in ionic liquids in which they are easily soluble. 
 
Thus, the catalyst 7a, highly soluble in imidazolium salt [bmim][X], 
performed the RCM reaction of N,N-diallyltosylamide at 80°C [46]. The 
same reaction was performed at room temperature for an 18 h period. After 
extraction with toluene of the metathesis product, the catalyst could be reused 
only once due to the slow decomposition of 7a in this medium. 
 
The same principle was applied to the ROMP of norbornene in C1 
methylated imidazolium salt [bdmim][X] to avoid carbene formation and 
protonation of the catalyst [47]. Excellent polymer yield was observed for 
the first four catalyst recycling. This first example of ROMP in ionic liquid 
revealed that initiator 7a appeared largely effective than the first and second-
generation Grubbs catalysts 1 and 3 in such media. 
 
A water-soluble allenylidene–ruthenium complex has been designed by 
Peruzzini’s group [{RuCl(µ-Cl)(=C=C=CPh2)(TPPMS)2]Na4 (TPPMS =Ph2P 
(m-C6H4SO3

-))[48]. This complex promotes the ring-opening CM in water of 
cyclopentene and methylacrylate to give polyunsaturated esters. 

4.4  Indenylidene–ruthenium complexes as catalytic precursors arising 
from allenylidene–ruthenium complexes 

Previous studies on allenylidene–ruthenium complexes as alkene metathesis 
catalysts revealed that on thermal reaction they produced a new active species 
that was also evidenced by kinetic studies and spectroscopic observations [44]. 
This species was identified arising from another observation: the profitable 
influence of strong acid addition [11]. Thus the RCM of N,N-diallyltosylamide 
led to a TOF of 10.5/h with complex 7a (80°C, 3 h, 70 %) and to a TOF of 
53/h (room temperature, 1 h, 75 %) when five equivalent of TfOH or HBF4 
were added to complex 7a. More drammatically, the ROMP of cyclooctene 
with 7a was achieved at room temperature in 15 h (TOF = 63/h), whereas 
only 1 min was necessary when five equivalent of TfOH were added to 7a 

the generation of a new very active species. 
(TOF=57.200/h) (Table 5). It was clear that strong acid addition promoted 
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Scheme 22. Ruthenium–indenylidene formation. 

 
On in situ generation of indenylidene species 33 high TOF for cyclooctene 
polymerization could be reached. 
 

Table 5. Acid promoted cyclooctene polymerization at room temperaturea 

C. Fischmeister and P.H. Dixneuf

NMR of 7a with TfOH showed that at –40°C complex 7a led to the for- 
mation of an alkenylcarbyne complex 32 by protonation of the allenylidene 
β-carbon (Scheme 22). This species was found to be catalytically inactive 
for a test RCM reaction. On rising the temperature to –20°C the species 32 
releases its proton and afforded the indenylidene–ruthenium complex 33 that 
could be further isolated. The complex 33 resulted from an intramolecular 
rearrangement and was revealed as the active species (Scheme 22): the comp-
lex 33 was identified to the species formed from 7a on thermal reaction. 

Entry Cat Ratiob Acidc Time Yield 10–3 
Mn 

PDi % 
cis 

TOF 
(min–1) 

1 7a 1,000 – 15 h  95% 143 1.9 27 1 
2 7a 1,000 HBF4  

(5 eq) 
1 min 92% 224 1.7 40 920 

3 7a 1,000 HOTf  
(5 eq) 

1 min 95% 238 1.6 38 953 

4 7a 10,000 HOTf  
(5 eq) 

5 min 97% 387 1.5 28 1933 

5 7a 100,000 HOTf 
(100 eq) 

5 min 88% 857 1.4 35 18267 

a4.5 × 10–3 mol of cyclooctene in 2.5 mL of PhCl. b[cyclooctene]/[Ru]. cRelated to complex 
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The catalyst 33 was also very efficient for the ROMP of cyclopentene at –
40°C and for RCM of dienes and enyne metathesis (Table 6). 
 

Table 6. RCM and enyne metathesis reactions promoted by 33ª 

Entry Substrate Product Time Yield 

1 TsN

 

TsN
 

1 min 99 

2 TsN

 

TsN
 

30 min 95 

3 TsN

 

TsN

 
16 h 65 

4 
O

 

O

 

90 min 93 

5 
O

 

O

 

24 h 95 

6 
O

 

O

 

24 h 72 

7 O

 
O

 

24 h 96 

8 

O

 

O

 

24 h 78 

 
a2.5 mL of PhCl [monomer]/[Ru] = 50 at room temperature. 
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The transformation 7a → 32→ 33 offered the first direct evidence step by 
step of the rearrangement of an allenylidene into an indenylidene. This 
transformation was suggested by Nolan [49] and Fürstner [50] as on attempts 
to produce ruthenium–allenylidene complexes they obtained the related 
indenylidene system 34, without observation of the allenylidene intermediate 
(Scheme 23). 

RuCl2(PPh3)3
OH

Ph
Ph

Ru
Cl
Cl

PPh3

PPh3
Ph

PCy3 Ru
Cl
Cl

PCy3

PCy3 Ph

34 35  
 

Scheme 23. Fürstner ruthenium–indenylidene. 
 
Fürstner revealed that the PCy3 indenylidene 35, which is a patent-free and 
commercially available catalyst, is very efficient for RCM reactions [51]. 

Nolan prepared a second-generation type ruthenium–indenylidene complex 
bearing NHC ligand displaying an increased activity (Scheme 24) [49]. 

 

Ru
PR3

PR3 Ph
Cl
Cl

NN MesMes

Ru
PR3

Ph
Cl
Cl

N N
Mes Mes

¨

R = Ph, Cy
36  

 
Scheme 24. Nolan ruthenium–indenylidene. 

4.5 Generation of new alkene and enyne metathesis catalyst via a novel 
organometallic process leading to vinylcarbene 

It was observed that the 16-electron complex 37 was actually an initiator to 
perform the enyne metathesis of propargyl allyl ether [52] although it does 
not possess an initiating carbene as in the Grubbs catalyst (Scheme 25). 
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93%

37

Scheme 25. Enyne metathesis initiated by the alkylidene-free complex 37. 
 
It was obvious that 37 and the enyne generated a enyne metathesis catalytic 
species. Stoichiometric reactions in the presence of B(ArF)4

– anion revealed 
by NMR the production of acrolein and the new alkenylcarbene 39, assumed 
to be generated by retroene reaction from the intermediate 38 (Scheme 26). 

PCy3

Ru
Cl

+
B(ArF)4

-

37

O

Cy3P
RuCl

C
C H

O

H

+
B(ArF)4

-

38

Cy3P
RuCl C H

39

B(ArF)4
-

B(ArF)4= B-[3,5-(CF3)C6H3]4

O

Scheme 26. Ruthenium–alkenylcarbene from propargylic enyne. 
 
Analogously complex 37 reacted with propargyl propyl ether to generate 
propanal and triflate containing alkenylcarbene complex 40 that was isolable 
and revealed to be an excellent catalyst for both enyne metathesis and RCM 
of dienes (Table 7) (Scheme 27) [52]. 
 

New ruthenium catalysts for alkene metathesis 23



PCy3

Ru
Cl

O

Cy3P
RuCl H

O

+ +
OTf- OTf-

37 40  
 

Scheme 27. Ruthenium–alkenylcarbene via activation of propyl propargyl ether. 

Table 7. Diene and enyne metathesis at room temperature 

Entry Substrate Product Time Conv 
(%) 

TOF[h–1] 

1 
O

 

O

 

1 h 99 49 

2 TsN

 

TsN
 

95 190 

3 
O

Ph
Ph

 

 
OPh

Ph  
4 h 99 12 

4 EtO2C
EtO2C

 

EtO2C
EtO2C  

2 h 99 25 

5 O

O

O

O

 
O

O

O

O 1 h 99 49 
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15 min  

This new organometallic process should allow the synthesis of other cata- 
lysts via activation of alkyl propargylether by 16-electron metal complexes.
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5. Conclusion 

Over the last few years, several directions have been explored in order to 
improve the reactivity of the reference ruthenium–alkylidene catalysts that 
are the Grubbs and Hoveyda’s catalysts 3 and 6, respectively. Advances 
have been made in particular by Blechert and Grela who improved the 
reactivity of Hoveyda-type catalysts. Progress has also been made in the 
creation of the Piers catalyst and in the domain of nonhalide catalysts 
especially by Fogg, offering in some cases better activity than the reference 
catalysts. The Rennes group revealed several innovative processes and 
catalysts for alkene metathesis: the evidence that allenylidene are catalyst 
precursors, that they need to rearrange into indenylidene complexes to be 
active in catalysis as a carbene initiator, and the alkenylcarbene ruthenium 
systems, via intromolecular hydride transfer. Propargyl derivatives have 
become key molecules for the generation of catalysts: allenylidenes, 
indenylidenes, and alkenyl carbenes. Thanks to these recent developments in 
catalyst design, the chemist can draw from a broad catalyst range to answer a 
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Abstract: The reactions of Cl2–Ru–(3-phenylindenylidene) complexes with excess 
pyridine lead to new ruthenium (Ru)-based bis(pyridine) adducts in good yield. 
These thermally robust catalysts have been tested in ring-closing metathesis (RCM). 
In spite of promising initiation rates, only moderate to good activities have been 
observed in kinetic studies on several substrates. 
 
Keywords: homogenous catalysis, metathesis, ruthenium, NHC, indenylidene 

1. Introduction 

Olefin metathesis is one of the most powerful and widely used reactions for 
forming carbon–carbon double bonds [1]. One of the major advances in this 
field was the discovery of well-defined homogeneous ruthenium (Ru)–
benzylidene species, such as the Grubbs catalyst 1a [2] and analogues con-
taining N-heterocyclic carbenes (NHC) 1b [3] and 1c [4] (Figure 1). These 
complexes are compatible with harsh reaction conditions and extremely tole-
rant towards functional groups. However, lower turnover frequencies compared 
to catalytic systems used in hydrogenation and cross-coupling reactions [5] 

et al. reported the synthesis of substitution labile pyridine-containing comp-
lexes 2a [6] and 2c [7]. According to mechanistic studies on metathesis, the 
initiation step involves formation of the 14-electron intermediate Cl2–Ru–

polymerization (ROMP), however, for both cross-metathesis (CM) and ring-
closing metathesis (RCM) no significant improvement was observed when 
compared to previous catalysts. Activity and stability being intimately 
related, the active species is more easily generated when labile ligands are 
present, which unfortunately also translates into rapid degradation in view of 
slower propagation kinetics. The use of Ru–3-phenylindenylidene complexes 
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ligands. Pre-catalyst 2c showed good activity in ring-opening metathesis 
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(ligand)(alkylidene) [8], which is accelerated by the presence of labile 
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led to the development of novel Ru–benzylidene complexes. In 2002, Grubbs 
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their benzylidene counterparts appeared as an attractive alternative or at least 
worthy of investigation.  
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Figure 1. Well-defined ruthenium catalysts. 
 
Herein, we report the syntheses of new metathesis catalysts: Cl2–Ru–(py)2(3-
phenylindenylidene) 4a–c. Kinetic studies enabling thorough evaluation of 
their stabilities and catalytic activities in RCM are also presented. 
 
Treatment of complex 3a with an excess of pyridine led to a rapid color 
change of the reaction mixture from red to black and subsequent addition of 
hexanes resulted in the formation of a precipitate. Further filtration at –40°C 
produced the bis(pyridine) adduct Cl2–Ru–(PCy3)(py)2(3-phenylindenylidene) 
4a as an air- and moisture-sensitive brownish red solid (Scheme 1). The 
nuclear magnetic resonance (NMR) spectroscopic data as well as a x-ray 
analysis allowed to confirm the structure of the bis(pyridine) adduct 4a [11]. 
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Scheme 1. Synthesis of ruthenium–bis(pyridine) adduct complex 4a. 
 

In order to evaluate the activity of 4a in RCM, several kinetic studies were 
carried out varying the temperature and the catalyst loading. Using diethyl-
diallylmalonate 5 as model substrate, we performed reactions at room temp-

reaction in order to obtain an accurate measurement of conversion (Figure 2). 

reached 29% after 10 min, and the color of the reaction mixture changed 
rapidly from red to orange. As mentioned before, the greater lability of the 
pyridine ligand when compared to phosphine accelerates the formation of the 

such as catalysts 3a and 3b [9,10] showing a higher thermal stability than 
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erature and with low pre-catalyst loading (1 mol %) to slow the RCM 

Under these conditions, pre-catalyst 4a initiates RCM well, NMR conversion 
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active species. However, the reaction rate decreased after 30 min, indicating 
a degradation of the 14-electron intermediate. It is noteworthy that a similar 

complete loss of activity after 15 min [6]. The authors of this study concluded 
that the propagating species are unstable under these reaction conditions. 
The RCM of 5 using complex 4a progressed gradually reaching 44% conver-
sion after 10 h, showing the robustness of the Ru–indenylidene architecture. 
 

from 1 mol % to 5 mol %. This translated into a notable improvement of 
substrate conversion (35% after 10 min and 60% conversion after 10 h); 
nevertheless, it has to be noted that to double the conversion, we had to 
multiply the catalyst loading by a factor of 5. At this point, we believe that 
the increase of catalyst loading is associated with a higher concentration of 
pyridine in the reaction mixture leading to a more rapid decomposition of the 
catalytic species. We also studied the temperature effect and catalyst stability 

action proceeded smoothly for the first 20 min (39% conversion); however, 
no further conversion was reached after 2 h. These results suggest that 
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study carried out with pre-catalyst 2a under the same conditions, showed a 

In order to obtain a total conversion, we then increased the pre-catalyst loading 

by performing the reaction at 40°C with 1 mol % of pre-catalyst 4a. The re-

thermal activation should be avoided when using this pre-catalyst. 

Figure 2. RCM of 5 with pre-catalyst 4a ( , 1 mol %, r.t.), ( , 5 mol %, r.t.) and 



To confirm these initial results, we carried out the same studies with a more 
hindered substrate 7 (Figure 3). Overall, the same trend as with 5 was 
observed. At 40°C, the catalytic activity is completely quenched after only 
20 min (18% conversion), whereas at room temperature, the reaction 
progresses for 10 h (25% with 1 mol % and 29% using 5 mol % of 4a). 
Again, degradation of the catalyst occurs more slowly at room temperature. 
Therefore, we suspect that the remainder of the unactivated initial loading of 

 

4a

CH2Cl2

7 8

EtO2C CO2Et CO2EtEtO2C

 

0

5

10

15

20

25

30

35

40

45

50

0 100 200 300 400 500

Time (min)  

( , 1 mol %, 40°C). 
 

activity associated to a better stability than complexes containing phosphine 
units, allowing performance of many synthetic transformations under harsh 

the presence of the electron-rich and sterically demanding NHC ligands. We 
have therefore synthesized with excellent yields new bis(pyridine) adduct 

ylidene (SIMes), respectively (Scheme 2). 
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2-ylidene (IMes) and 1,3-bis(2,4,6-trimethylphenyl)-4,5-dihydroimidazol-2-

NHC-containing complexes are known to possess an exceptional catalytic 

complexes 4b and 4c containing 1,3-bis(2,4,6-trimethylphenyl)imidazol-

conditions [12]. This improvement of the catalyst activity is mainly due to 
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pre-catalyst acts as a reservoir of the active species. 

Figure 3. RCM of 6 with pre-catalyst 4a ( , 1 mol %, r.t.), ( , 5 mol %, r.t.), and 
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Scheme 2. Synthesis 4b and 4c. 

 
As expected, the RCM of 5 carried out in presence of 1 mol % of 4b and 4c 
reached much higher conversions (respectively 72% and 90%) (Figure 4). A 
significant difference of activity between IMes- and SIMes-containing 
complexes was observed, suggesting that SIMes of 4c allows for easier 
liberation of the active species. Similar conclusions have been reported 
recently by Jensen et al. based on quantitative structure–activity relationship 
model [13]. Good initiation rates were observed, but after 2 h, the reaction 
advancement slowed down and stopped before reaching full conversion, 
indicating the complete degradation of the active species. Its poor stability in 
pyridine-containing media cannot be totally prevented by introduction of 
robust ligands such as NHCs. 
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Figure 4. RCM of 5a with pre-catalysts 4a–c ( , 4a), ( , 4b), and ( , 4c). 



kinetic studies on substrate 7 (Figure 5). NHC-containing complexes per-
formed the RCM more efficiently than their phosphine analogues; nevertheless 
without reaching complete conversion (51% for 4b and 66% for 4c). This 
more hindered substrate highlights the problem of obtaining good activities 
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In conclusion, we have synthesized new bis(pyridine) Ru-based complexes 
4a–c possessing a Ru–indenylidene architecture instead of the widely used 
Ru–benzylidene pattern. Kinetic studies were carried out to evaluate the 

of pyridine in lieu of a better binding ligand seems to have a negative effect 
on the stability of the active species even when versatile NHC ligands were 
used and only moderate to good conversions were obtained. In view of these 
results and how they compare to the activity of other Ru–alkylidene frag-
ment stability, the robustness of the Ru–indenylidene moiety appears 
promising. Further developments aimed at using of the Ru–indenylidene 
architecture are ongoing in our laboratories. 
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To extend the scope of the pre-catalysts 4b and 4c, we then realized the 

with pyridine adducts as pre-catalysts. 

Figure 5. RCM of 7 with pre-catalysts 4a–c ( , 4a), ( , 4b), and ( , 4c). 

activity of these pre-catalysts in RCM. Despite a rapid initiation, the presence 
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2. Experimental 

General procedure for the preparation of Cl2-Ru-(3-phenylindenylidene) 
bis(pyridine) adducts 4a–c: In a glove box, the starting material (500 mg) 
was dissolved in a minimum volume of pyridine (∼1 mL). The mixture was 
stirred for 30 min at room temperature before adding 20 mL of hexanes. The 
mixture was again stirred for 30 min at room temperature before cooling at –
40°C overnight. The resulting precipitate was filtered on a collection frit, 
washed with hexanes (3 × 10 mL), and dried under vacuum to yield the 
product. 
 

2 3 2

solid (310 mg, 73% yield). 1H NMR (C6D6, 500 MHz) δ 9.32 (s, 3H), 8.64 

2.33 (m, 3H), 2.17 (m, 6H), 2.02 (m, 6H), 1.72 (m, 6H), 1.57 (m, 3H), 1.22 
(m, 6H). 13

6 6
(CH), 151.4 (2CH), 145.0 (C), 143.8 (CH), 142.5 (C), 138.4 (C), 136.5 
(CH), 136.4 (CH), 130.8 (CH), 130.6 (CH), 130.1 (2CH), 128.9 (CH), 128.8 
(CH), 128.7 (CH), 128.5 (CH), 126.7 (2CH), 124.0 (2CH), 123.3 (CH), 
118.7 (CH), 37.7 (d, JCP = 17.6 Hz, 3 CH), 30.3 (6CH2), 29.0 (d, JCP = 9.4 
Hz, 6CH2), 27.3 (3CH2). 31P NMR (C6D6, 121.4 MHz) δ 18.4 (s). Anal. 
Calculated for C43H53Cl2N2PRu: C, 64.49; H, 6.67; N, 3.50. Found: C, 64.22; 
H, 6.90; N, 3.80. 
 
Cl2-Ru-(IMes)(py)2(3-phenylindenylidene) 4b: Air-sensitive blackish red 
solid (390 mg, 90% yield). 1H NMR (C6D6, 300 MHz) δ 915 (dd, J = 7.2, 1.2 
Hz, 1H), 8.63 (s, 5H), 8.38 (m, 2H), 7.89 (d, J = 8.2, Hz, 2H), 7.36 (m, 2H), 

(s br, 9H) 1.90 (m, 9H). 13C NMR (C6D6, 75 MHz) δ 301.9 (C=Ru), 180.8 
(C), 152.6 (CH), 150.7 (4C), 145.1 (CH), 142.3 (CH), 140.9 (CH), 139.3 
(CH), 138.4 (CH), 137.0 (CH), 136.4 (CH), 135.6 (2C), 130.1 (CH), 130.0 
(2C), 129.8 (3CH) 129.7 (2C), 129.1 (2CH), 128.5 (2C), 128.1 (2CH), 127.2 
(3CH), 125.3 (C), 123.9 (4CH), 123.5, (CH) 117.4 (CH), 21.6 (9CH3). 
 
Cl2-Ru-(SIMes)(py)2(3-phenylindenylidene) 4c: Air-sensitive blackish red 
solid (400 mg, 89% yield). 1H NMR (C6D6, 300 MHz) δ 9.11 (dd, J = 6.9, 
1.8 Hz, 1H), 8.54 (s, 2H), 8.04 (dd, J = 5.3, 1.8 Hz, 2H), 7.84 (d, J = 7.2, Hz, 
2H), 7.31 (t, J = 7.2, Hz, 1H), 7.24 (s, 1H), 7.09 (m, 6H), 6.96 (s, 2H), 6.65 
(m, 2H), 6.42 (s, 1H), 6.34 (m, 2H), 6.07 (m, 2H), 3.59 (m, 1H), 3.41 (m, 
2H), 3.18 (m, 1H), 3.03 (s, 3H), 2.76 (s, 3H), 2.52 (s, 3H), 2.16 (s, 3H), 2.03 
(s, 3H), 1.74 (s, 3H). 13C NMR (C6D6, 75 MHz) δ 301.3 (C=Ru), 215.8 (C), 

(t, J = 7.3 Hz, 1H), 6.76 (m, 3H), 6.50 (m, 1H), 6.16 (m, 2H), 3.57 (m, 3H), 

(d, J = 7.3 Hz, 1H), 8.58 (s, 2H), 8.04 (d, J = 7.3 Hz, 1H), 7.80 (s, 1H), 7.31 

Cl -Ru-(PCy )(py) (3-phenylindenylidene) 4a: Air-sensitive brownish red 

C NMR (C D , 125 MHz) δ 309.3 (C=Ru), 159.7 (C), 154.5 

7.09 (m, 1H), 6.93 (m, 2H), 6.61 (m, 6H), 6.26 (m, 3H), 6.02 (m, 2H), 2.44 

(t, J = 7.3 Hz, 1H), 7.23 (d, J = 7.3 Hz, 1H), 7.02 (t, J = 7.3 Hz, 2H), 7.00
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152.8 (C), 150.8 (CH), 144.3 (C), 142.1 (CH), 141.6 (CH), 141.2 (CH), 
140.2 (CH), 139.9 (CH), 139.4 (CH), 138.2 (CH), 138.0 (CH), 137.8 (CH), 
137.7 (CH), 137.2 (CH), 136.7 (CH), 135.6 (CH), 130.5 (CH), 130.1 (CH), 
130.0 (2C), 129.8 (2C), 129.4 (CH), 129.2 (CH), 129.1 (CH), 128.9 (CH), 
128.3 (2C), 127.5 (2C), 127.3 (2C), 123.9 (CH), 123.7 (CH), 117.4 (CH), 
52.6 (CH2), 51.0 (CH2), 22.1 (CH3), 21.8 (CH3), 21.6 (CH3), 21.5 (CH3), 
19.4 (CH3), 19.2 (CH3). 
 
General procedure for kinetic studies: In a glove box, a vial was charged 

4a–c (0.01 mmol) was added. Progress of the reaction was monitored by 1H 
NMR by drawing aliquots from the reaction mixture and by integrating the 
characteristic signals for allylic proton resonance. 
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1. General remarks 

Olefin metathesis can be thought of formally as a reaction in which the 
carbon–carbon double bonds in two olefins are broken and rearranged sub-
sequently by interchange of the alkylidene residues (transalkylidenation), the 
process resulting in the formation of two new olefins (Scheme 1). If one of 
the olefin products is volatile and can be easily removed, then the reversible 
metathesis reaction can be driven completely to the right. The reaction needs 
to be catalyzed, routinely by a transition metal complex. 

VALERIAN DRAGUTAN , FRANCIS VERPOORT  

060023 Bucharest, P.O. Box 35-108, Romania 

 

Abstract: A short general introduction combined with some historical milestones in 
the field of olefin metathesis is presented followed by an overview of recent repre-

contributions and overwhelming work invested in intelligent design and innovative 
synthesis in this area. Despites of recent advances there is still a great interest in the 
generation of new, better performing, and more environment friendly metathesis. 
 
Keywords: Olefin metathesis, ruthenium, N-heterocyclic carbene, Schiff-base, 
alkylidene, vinylidene, allenylidene, indenylidene, immobilisation.  
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sentatives of metal carbene initiators. This paper attempts to relief the many superb 
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As it allows replacement of selective atoms in one molecule with atoms from 
another molecule, custom-built new compounds having the desired properties 
can thereby be generated. Many important total syntheses of architecturally 
complex natural products, novel heterocyclic or macrocyclic compounds, phar-
maceuticals etc., in which exquisite control is necessary, can now be achieved 
in less steps than previously required. Specialty polymers, caged compounds, 
capsules, and nanostructured materials have thus been obtained through simp-
ler and more economic metathetic pathways starting from common and 
cheap raw materials. 
 
The metathesis reaction is a versatile tool with a variety of applications in 
both polymer chemistry and organic synthesis. The basic metathesis reactions 
include ring-closing metathesis (RCM), cross-metathesis (CM), ring-opening 
metathesis (ROM), acyclic diene metathesis polymerization (ADMET), and 
ring-opening metathesis polymerization (ROMP) (Scheme 2).  
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-C2H4

-C2H4

RCM

ADMET

ROMP

ROM

+C2H4

R1

R2

R1R2
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Scheme 2 

 
The driving force in RCM and ADMET is the formation of a volatile 
compound and an internal olefin. To favour RCM and eliminate oligomeri-
zation through the competing ADMET process, low concentrations of substrate 
are recommended. Furthermore, the stability of the newly closed ring is of 
paramount importance in the RCM/ADMET competition, RCM being 
promoted in case of formation of more stable cycles. In ROM and ROMP, 

and pharmaceutical processes to be more efficient and environment friendly. 
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Although discovered in the 1950s by researchers from industry, it was only 
over the last decade that olefin metathesis became one of the most prominent 
strategies applied for carbon–carbon bond formation in both organic and poly-
mer synthesis, an achievement mainly due to a spectacular progress in cata-
lyst design.1 Presently olefin metathesis enables a whole range of industrial 
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According to the unanimously accepted metallacarbene–metallacyclobutane 
2

(acting as an initiator) and then goes through a cycle of reversible steps. First, 
the initiating metallacarbene reacts with an olefin in a concerted mechanism 
to form a cyclobutane ring. The cyclobutane ring subsequently flips open 
either into the initiating species or, productively, into a new metal carbene 
fragment. Now a new olefin can react at the carbene centre to ultimately give 
the metathesized product and the carbene initiator, which restarts the cycle 
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Scheme 3 

 
In spite of its versatility, metathesis could not, until lately, be developed to 
its full synthetic potential because the traditional catalysts were ill-suited for 
application being relatively short-lived and susceptible to air, moisture, or 
side reactions. Schrock was the first to develop an entire family of tungsten–
alkylidene and, more importantly, molybdenum–alkylidene complexes with 
very high activity and selectivity in olefin metathesis.3 Further on, Grubbs 
discovered ruthenium (Ru) catalysts which up to now are among the most 
tolerant of functional groups initiators.1a 
 

mulation of results, the reaction is promoted by a metal–carbene complex 
mechanism proposed by Chauvin,  time and again verified by later accu-

(Scheme 3). Finally, this reversible process leads to a thermodynamic equi-
librium of the reaction products. 

41

on the other hand, high ring strain is necessary to overcome the loss in 
entropy during the reaction. CM implies linear transformations and the olefin 
substitution pattern determines the equilibrium between homodimerization 
and heterodimerization. Extension of the metathesis reaction to acetylenes 
and enynes has also been largely developed. 
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carbon. Furthermore, the transient methylene species could be trapped by 
various reagents thus supporting the metallacyclobutane intermediate formed 
in metathesis reactions according to the Chauvin mechanism. 
 

Ti
CH2

Cl
AlMe2 Ti

CD2

Cl
AlMe2

CD2 CH2Tebbe Complex

               1 
Scheme 4 

 
Subsequently, other Ti–cyclobutane species were shown to be the reaction 
products of the Tebbe complex with olefins5; the analogous reaction with 
acetylenes gives metallacyclobutenes.4c Utilization of Ti–metallacycles as 
initiators in metathesis provides the first example of a living metathesis poly-
merization system.6 Clear evidence of the intervention of metallacarbenes and 
metallacyclobutanes in olefin metathesis was later furnished by Kress et al.7 
through minute nuclear magnetic resonance (NMR) studies on norbornene 
polymerization with tungsten alkylidenes. 
 
Tantalum–carbene complexes, originally reported by Schrock,8 opened new 
paths for advancement in metal–carbene chemistry. Serendipitously, a “Ta 
ylide”, (Me3CCH2)3Ta=CHCMe3, 2, was obtained (along with neopentane) 
from Ta(CH2CMe3)3Cl2 upon treatment with LiCH2CMe3 (Scheme 5).8 

Ta(CH2-t-Bu)3Cl2
2 LiCH2CMe3

- 2 LiCl  -CMe4

Ta
H
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t-BuCH2

t-BuCH2
t-BuCH2

 
2 

Scheme 5 
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The first well-defined, fully characterized, complex to be active in degene-
rate metathesis of terminal olefins was reported by Tebbe (DuPont) in 1978 
(the titanium–methylene–aluminium, Cp2Ti(CH2)AlMe2Cl (1), known as Tebbe 
complex); the propagating species in this reaction, a transient methylene 
intermediate, was also identified by Tebbe (Scheme 4).4 Unlike the Fischer 
carbenes, the Cp2Ti(CH2) fragment is polarized δ+ on the metal and δ– on the 
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the productive metathesis of a simple olefin with a well characterized 
catalyst10–12 led to better insights into the metathesis reaction mechanism. 
The high oxidation state is a prerequisite in the generation of this class of 
alkylidene complexes while the presence of alkoxides, vs chlorides, is 
preferable for promoting metathesis.13 

2. Well-defined, high-oxidation state W– and Mo–alkylidene 
complexes 

While attempting to create alkoxide carbenes a new, metathesis active, tung-
sten complex, W(O)(CH-t-Bu)(PMe3)2Cl2 (3), was reported by Schrock 
(Scheme 6); nevertheless, the metathesis activity could be observed only in 
the presence of traces of AlCl3.14,15 

 

W

O
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- Ta(O-t-Bu)4Cl W O

t-BuH

Cl

ClMe3P

PMe3

 
         
 3 

Scheme 6 
 
Unlike 3, tungsten–alkylidyne complexes of the type (OR)3W≡C-t-Bu having 
alkoxide ligands proved to be highly active for alkyne metathesis.16 When 
the electron-withdrawing alkoxides are bulky, the expected intermediate alkyli-
dyne and tungsten–cyclobutadiene species could be evidenced in alkyne 
metathesis.16a This lead to the introduction of the sterically demanding imido 
ligands that mimic the alkoxide ligands. Upon treatment of W(≡C-t-Bu) 
(NHAr)Cl2(dme) with a catalytic amount of Et3N, a quantitative conversion 
to W(=CH-t-Bu)(NAr)Cl2(dme) (4)16a,17 was attained, which subsequently, 
by replacement of the chloride ligands with bulky alkoxide ligands, led to 
W=(CH-t-Bu)(NAr)(OR)2 (5) (Scheme 7). Catalysts of this type showed 
good activity for metathesis of internal olefins, with an optimum recorded 
for R = OCMe(CF3)2. 
 

Observation of tantalum–cyclobutane and –cyclopentane intermediaries in 
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Formation of this new “high oxidation state” metal–carbene complex was 
rationalized by an α-hydrogen abstraction; it was found that the process is 
accelerated with increasing ligand bulkiness. The complex is sensitive to 
oxygen, water, and a variety of functional groups and reacts with carbonyl 
groups in a Wittig-like manner. Later, using more sterically demanding ligands, 
Schrock and co-workers9 synthesized the first isolable methylene complex, 
Cp2Ta(CH2)Me, with δ+ polarization on the metal and δ– on the carbon. 
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In the quest for catalysts that are more tolerant towards functional groups, 
research efforts were then focused on synthesis of molybdenum analogues 
6–8 (R = Me, Ph) (Scheme 8).18,19 
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By reaction of 7 with alkoxides (e.g. LiOR′) a variety of molybdenum–imido 
complexes of the type Mo(CHCMe2R)(NAr)(OR′)2, 8, have been synthesized. 
These molybdenum complexes are stable when the alkoxide ligands are 
quite sterically demanding.16a On varying the imido group and alkoxide 
ligands in these complexes, fine-tuning of the catalytic activity has been 
achieved. This approach gave access to one of the fastest metathesis 
initiating molybdenum catalyst known up to this date (9, Scheme 9). 
 

Mo

N

Ph(CF3)2CH3CO

(CF3)2CH3CO

 
9 

     Scheme 9 

44



Towards new generations of metathesis metal 

Recent developments in the area of the W and Mo catalysts concern the 
incorporation of enantiomerically pure bidentate alkoxide ligands as well as 
of a series of different imido ligands. The resulting complexes have proved 
to be excellent catalysts for enantioselective RCM, ROM, and CM 
reactions.1a,20–36 

3. Well-defined ruthenium–alkylidene complexes 

The first ever reported well-defined Ru–carbene complex that was active in 
olefin metathesis (10a) has been prepared by Grubbs from RuCl2(PPh3)3 and 
3,3-diphenylcyclopropene (Scheme 10).37 
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                                     10 

Scheme 10 
 
Remarkably, in spite of the fact that 10 is stable for days in the presence of 
water, alcohol, acetic acid, or a diethyl ether solution of HCl and does not 
react with ketones or aldehydes (Wittig reaction), this catalyst is active in 
living ROMP of highly strained cyclic olefins (bicyclo[3.2.0]hept-6-ene, 
trans-cyclooctene) yet it is not an efficient catalyst for the ROMP of low-

triphenylphosphine ligands in 10 with better σ-donating ligands like PCy3 or 
P(i-Pr)3 led to new Ru complexes (e.g. 11) showing good functional group 
compatibility and a moderate stability to air. In contrast to 10, 11 can readily 

38  
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Scheme 11 
 

catalyze ROMP of cis-cyclooctene, 1,5-cyclooctadiene, 7-oxanorbornene deri- 

strain cyclic olefins or the metathesis of acyclic olefins. Substitution of the 

vatives, and cyclopentene.
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Although 11 was a good catalyst in applications39,40 such as RCM, ADMET, 
RIM of DCPD, because of its more easily scalable synthesis, the versatile 
series of the Ru–benzylidene complexes has been developed and became 
widely known as the first-generation Grubbs catalysts. The successful large-

2 3 3

(PPh3)2Cl2Ru=CHPh and subsequently, by phosphine exchange with PCy3, 
the complex 12, readily isolable in high purity due to its low solubility in 
acetone.41 
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Scheme 12 

 
The high ki (initiation constant)/kp (propagation constant) ratio (1000) of the 
benzylidene 12 vs the vinyl–carbene complex 11 suppresses chain transfer 
and the termination reaction thus allowing living polymers with narrow 
molecular weight distributions (PDI < 1.1) to be formed.41 Owing to all its 
advantageous properties, complex 12 became a reference metathesis pre-
catalyst and also got to be largely applied in numerous syntheses mainly 
involving RCM and CM steps. Some other synthetic methods for various Ru 
carbenes are also fully documented1a,42 Incorporation of the carbene moiety 
is accomplished through reaction of an Ru source with dichloromethane42a, 
alkynes,42b,d propargyl chlorides,42b,c vinyl chlorides,42c sulphur ylides,42f 
cyclopropenes,37 dichloromethylbenzene,42g and propargyl alcohol.42h–j 

4. NHC ruthenium–alkylidene catalysts 

A spectacular progress in Ru–carbene pre-catalyst design was achieved 
when N-heterocyclic carbenes (NHCs) were advanced as ancillary ligands.43 
The non-labile, sterically demanding NHC ligands stabilize both the pre-
catalysts and the coordinatively unsaturated, catalytically relevant inter-
mediates. Ligands of this type show high propensity for acting as typical 
σ-donors, yet manifest only a slight π-back-bonding tendency, are strong 
Lewis bases and generate rather stable metal–carbon bonds.44 Due to the 

scale synthesis of the Ru complex 12 turned it into a commercially avail-
able catalyst; the synthesis is based on the reaction of RuCl (PPh )  with
diazo compounds, in particular with phenyldiazomethane, yielding first 
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comparatively decreased lability of NHCs, the new generation of Ru 
complexes bearing such ligands show improved thermal and oxidative 
stability, and hence make long-lived and active catalysts. Along these lines, 
imidazol-2-ylidene (IMes) and imidazolin-2-ylidene (SIMes) have been used 
to substitute phosphine in the Grubbs first-generation pre-catalysts leading to 
the advent of the Grubbs second-generation complexes which have superior 
performance in many cases.45 
 
Almost at the same time, Grubbs, Herrmann, and Nolan reported on the 

46–48. 
 
Herrmann et al.46 published an array of NHC–Ru complexes (13–16) 
resulting from the diphosphane Ru–benzylidene complex 12 and IMes 
carbenes, in toluene or tetrahydrofuran, at room temperature. Products with 
one or two SIMes ligands, depending on the molar ratio of the complex 12 
and the SIMes carbene (in practice molar ratios of 1:1.2 or 1:2.2 are used), 
were obtained in high yield (80–90%).  
 

 
13  14        15       16 

 
Scheme 13 

  
A significant result of the NHC introduction, revealed by the single-crystal 
x-ray analysis of the bis(IMes)-p-chlorobenzylidene–Ru complex, indicated 
a lower degree of distortion of the square–pyramidal configuration as com-
pared to the analogous diphosphane complex. In addition, several chiral 
IMes–Ru complexes, such as (R,R)-17 and (R,R)-18 (R = Ph, Cy; Ar = Ph or 
Naph), could be obtained by the above approach, i.e. reaction of the diphos-
phane Ru–benzylidene complex 12 with chiral IMes ligands (Scheme 14).46b 
Chiral compounds 17 and 18 make promising candidates for application as 
precursors in enantioselective metathesis starting from prochiral substrates. 
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design and synthesis of novel Ru alkylidene pre-catalysts containing nucleo- 
philic NHCs as ancillary ligands
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 17     18 
Scheme 14 

 
By using mesityl-substituted NHCs, Grubbs47 and Nolan48 disclosed, 
practically simultaneously, the synthesis of the Ru–alkylidene complexes 19 
(NHC = 1,3-dimesitylimidazol-2-ylidene); soon thereafter, the Grubbs group 

 

19    20    21 
R = Ph, Cy 
 

Scheme 15 

It should be emphasized that the metathesis activity of complexes 19–21 is 
strongly dependent on the nature of the NHC ligand, the solvent, and the 
substrate – with some substrates the saturated complex 20 being more active 
than the unsaturated one 19. Also, it was shown that the initiation rate of 
second-generation catalysts 19 incorporating differently substituted phos-
phines is faster for the more electron-withdrawing phosphines, regardless of 
their steric bulk.49 Replacement of the chloride ligands in 20 by bromide or 
by the even larger iodide increases the propensity for phosphine exchange in 
the catalyst. Surprisingly, olefin metathesis activity of these complexes 
follows the inverse trend leaving the chloride-substituted 20 as the most 
active catalyst.50 
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firther introduced complexes 20 (Cy = cyclohexyl) and 21 (Cp = cyclopentyl)
containing a saturated NHC (1,3-dimesityl-4,5-dihydroimidazol-2-ylidene).
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Detailed studies by Grubbs et al.51 regarding the mechanism of olefin meta-
thesis catalyzed by Ru–alkylidene complexes indicated that the initiation 
constant is independent of the olefin concentration over a wide range, which 
supports a dissociative mechanism. Furthermore, the k–1/k2 ratio for 12 was 
found to be four orders of magnitude higher than that of 20; this was a first 
suggestion to the fact that the enhanced activity of the NHC-coordinating 

1

selectivity of the 14-electron intermediate species for binding π-acidic olefin 
substrates, in the presence of the σ-donating free phosphine (Scheme 16).51 
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Scheme 16 
 
In the quest for better carbene ligands Herrmann et al. explored the potential 
of the acyclic carbene 22, which is a much more donating ligand than SIMes, 
for coordinating to the metal centre in 12.52 However, as in the final reaction 
mixture the presence of Ru–alkylidene could no longer be detected, it was 
concluded that attack of the free carbene 22, in fact, occurred at the alkyli-
dene unit.52 Buchmeiser et al. prepared the six-membered ring analogue of 
SIMes whose donor capacity is comparably high to that of the acyclic carbene 
2253; substitution by 1,3-dimesityl-3,4,5,6-tetrahydropyrimidin-2-ylidene on 
complex 12 was successful, yet no comparison with SIMes on the catalytic 
activity was provided.54 In a similar protocol that employed the closely 
related six-membered carbene 23, Grubbs et al.55 observed the corresponding 
catalyst to be slower than 20 in the polymerization of 1,5-cyclooctadiene; 
this drop in activity was attributed to a sterically unfavourable olefin 
binding.55 A totally different four-membered NHC, 24, was prepared by 

catalyst 20, previously ascribed to its ability to promote phosphine disso- 
ciation (which increases k ), could equally be assigned to an improved 
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Grubbs et al. 56; however, the catalyst obtained with it showed lower activity 
than that with SIMes (20).57 
 
Unsymmetrical NHC ligands (e.g. N,N′-substituted by one mesityl and 
another, different group), allowing to tailor the electronic and steric pro-

tive strategy for designing new Ru catalysts as olefin metathesis initiators.58–60 
To date, there are few publications concerning unsymmetrical NHCs, 
referring, for example, to the large sterically encumbered mixed adamantyl 
and mesityl substituted NHC introduced by Mol,61 and the bidentate asym-
metric ligand developed by Hoveyda.62 
 
Fürstner,58 Blechert,59 and Verpoort60 have in turn reported on the synthesis 
and applications of such complexes. It is worth pointing out that, in the case 
of catalysts substituted with 25-like ligands, Blechert concluded that the 
asymmetry of the NHC (25) is reflected in the very different E/Z ratios 
encountered in CM reactions and an improved selectivity in diastereo-
selective RCM, in comparison to the corresponding Grubbs’ second-generation 
and Hoveyda–Grubbs complexes. Verpoort and co-workers60 showed that 
Ru catalysts bearing unsymmetrical NHC ligands have a modified reactivity 
pattern relative to those with symmetrical NHC. In RCM a significant 
dependence of the reactivity on the bulkiness of the NHC was observed. For 
the Ru–benzylidene catalyst having NHC substituted by alkyl and mesityl 
groups, activity surpassed that of the Grubbs second-generation catalyst 20, 
in the RCM of diethyl diallylmalonate (DEDAM).60 

 

N N
i-Pr

i-Pr

i-Pr

i-Pr N N
MesMes

N
P

N

NiPr2

N N Mes

 
 22              23                         24                    25  

 
Scheme 17 

 
Some unsymmetrically substituted complexes, e.g. 26a (n = 1, 2, 4) possess 
the unique ability to metathesize their own ligands to form chelated NHC–
Ru complexes in which the NHC and the “regular” carbene unit, Ru = CHR, 
are tethered by a variable “cyclic” structure. In one example, heating a solu-
tion of complex 26a (n = 2) in refluxing toluene afforded the “metallacyclic” 
complex 26 in 75% isolated yield (Scheme 16).58 

perties of NHC–Ru alkylidene complexes, have been advanced as an attrac-
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   26a, n = 2           26 
Scheme 18 

 
It was assumed that the catalytic species are able to regenerate themselves 
after the productive metathesis is over and the substrate in solution has been 
quantitatively consumed. 
 
Complex 27 has been prepared from the corresponding diphosphane 
complex 12 and 4,5-dichloroimidazol-2-ylidene, according to the procedure 
described above, displaying good thermal stability and catalytic activity in 
metathesis reactions.58 Additionally, the unsymmetrically substituted NHC 
complexes 28 and 29, containing a silylether derivative or a perfluoroalkyl 
chain, have been conveniently prepared by the same methodology.58 

 
 

 
27         28                              29 

 
Scheme 19 

5. Grubbs–Hoveyda-type catalysts 

An important advancement in the design of Ru–alkylidene pre-catalysts has 
been the incorporation of a bidentate chelating carbene ligand in the Grubbs 
first-generation complex leading to the family commonly known today as the 
Grubbs–Hoveyda catalysts. Hoveyda et al. were the first to disclose the 
preparation of 30 by reaction of (2-isopropoxyphenyl)-diazomethane, PCy3 
and Cl2Ru(PPh)3 (Scheme 20).63 This catalyst showed excellent stability to 
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air and moisture, and could be recycled several times. 
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Scheme 20 
 
Later, both Blechert64 and Hoveyda65 reported on an analogue (31) of the 
second-generation Grubbs catalyst as resulting from reaction of 20 with 2-
isopropoxystyrene, in the presence of CuCl. The enhanced stability of these 
catalysts comes from chelation of the carbene, assisted by the donor oxygen 
atom, during formation of the 16-electron complex. It was postulated that 
with this class of catalysts olefin metathesis proceeds by a “release-return” 
mechanism. In the Grubbs–Hoveyda catalysts the methylidene intermediate 
can be trapped by the isopropoxystyrene fragment (present in the reaction 
medium after initiation) and thereby transformed in a very stable initiating 
species. The same process is responsible for the elimination of a methylidene 
at the end of the reaction and thus for the auto-recycling of the catalyst 
(Scheme 21). 
 
Due to the slow initiation rate of 31, implementing variations on the 
chelating ligand in order to improve the catalyst reactivity was still a challenge. 
Blechert et al.66 obtained spectacular results in catalytic activity in RCM by 
changing the chelating ligands as shown in 32 and 33 (Scheme 22). 
 
Further significant variations were introduced by Grela et al.67 who played 
on the electronic properties of the isopropoxybenzylidene ligand varying 
substitution (nature of substituents and position) in the aromatic ring; thus, 
taking advantage of the electron withdrawing properties of an NO2 substi-
tuent located in position para (with respect to isopropoxy group), and there-
fore a decreased electron density on the oxygen atom of the isopropoxy 
fragment, the complex 34 possessing an augmented catalytic activity could 
be obtained. By contrast, introduction of methoxy groups on the styrene 
fragment showed little rate improvement upon the parent complex 30,67c as 
did placing the nitro group onto different positions.67d 
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A different system for chelating at Ru, i.e. a bidentate carbene–pyridine, was 
devised by Van der Schaaf et al.68, the resulting catalyst being used in 
polymerization of dicyclopentadiene (DCPD); the idea was extended by 
Grubbs et al.69 to yield the second-generation catalyst 35. Fürstner et al.70 
incorporated a coordinating carbonyl ester on the bidentate carbene and 
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Slugovc et al.71 implemented this group on a phenyl carbene obtaining 
catalyst 36 (Scheme 23). 
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Scheme 23 
 
Hoveyda et al.72 also reported on the introduction of the isopropoxystyrene 
fragment in conjunction with chiral ligands to produce the chiral catalysts 
37a,b yielding high chiral resolution, and showing increased activity and 
selectivity (for 37b). These chiral adjustments are important for applications 
of Ru catalyzed metathesis in organic synthesis paralleling results obtained 
with chiral Mo-based catalysts. 

6. Ruthenium–vinylidene and –allenylidene complexes 

While also eliminating one of the most important drawbacks of the conven-
tional synthesis of Ru–carbene complexes that involves hazardous and toxic 
substituted diazomethanes or 3.3-diphenylcyclopropene, Ru–vinylidene and 
–allenylidene complexes, readily obtained from commercially starting mater-
ials, appeared as a promising alternative for enlarging previously existing 
libraries of Ru catalysts. 
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First, a series of neutral 16-electron Ru–vinylidene complexes, 38 (R = Ph or 
Cy), was efficiently prepared by Katayama and Ozawa73 from terminal 
alkynes and the arene Ru dimer, [RuCl2(p-cymene)]2 (Scheme 24). These 
complexes showed only moderate metathesis activity in the RCM of 
unsubstituted dienes and ROMP of highly strained norbornenes.74 
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Scheme 24 
 
Further on, the cationic 18-electron Ru–vinylidene complexes (e.g. 39, 40, 
and 41), introduced by Grubbs and co-workers75 (Scheme 25) were screened 
for their catalytic properties attesting that they performed well only with a 
small range of olefin substrates. More effective in metathesis, several neutral 
and cationic 16- and 18-electron Ru–tridentate complexes, were reported by 
van Koten et al.76 as obtained from reaction of [RuCl2(NN'N)(PPh3)] (where 
NN N is the 2,6-bis[(dimethylamino)methyl]pyridine ligand) with two 
equivalents of Ag[BF4], in the presence of an excess of phenylacetylene 
(isolated yield 95%). 
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Scheme 25 

The new, very large family of Ru–allenylidene metathesis pre-catalysts, 
essentially involving, as in the case of Ru–vinylidenes, both neutral and 
cationic complexes, e.g. 42 and 43 (R = Ph or Cy, X = PF6, BF4, BPh4, OTf ), 
enjoyed considerable application profile as metathesis initiators owing to 
their easy accessibility and good to excellent catalytic properties (Scheme 
26).74c,77 

                

'
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           42    43 

 
   Scheme 26 

 
Three neutral, coordinatively unsaturated 16-electron Ru–allenylidene 
complexes of different types, namely the bisphosphane complex 44,78 the 
imidazolin-2-ylidene complex 45 and the bimetallic complex 46, are 
significant members of this class that have been evaluated for their catalytic 
behaviour showing good results in RCM.78,79 

      

         44     45           46 
 

Scheme 27 

The complex, similar to 44 but having PPh3 instead of PCy3 groups, is rather 
unstable under normal conditions and was proved to rearrange readily to the 
corresponding indenylidene complex.79 More stable but less active, the IMes 
complex 45, which is an allenylidene analogue of the Grubbs second-
generation complex, stems from complex 44 by simple ligand substitution. 

2 4 3
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By contrast, the binuclear allenylidene complex 46, related to the benz- 
ylidene complex [Ru Cl (=CHPh)(p-cymene)(PCy )] , is a highly active
metathesis Ru pre-catalyst. 

allenylidene complexes have been reported ; of these, many act as good

(47–50) contain η -arene, phosphane, and chloride ligands, in conjunction 
with a “non-coordinating” counterion X . 

56

pre-catalysts for RCM  and ROMP.  Main representatives of this group 
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47   48   49  50 

Scheme 28 
 
By varying the substituents at the phosphine (R = Ph, Cy, i-Pr) and 
allenylidene moieties (R′ = Ph, p-chlorophenyl, p-methoxyphenyl, etc), and 
the nature of the counterion X– (X– = PF6, BPh4, BF4, OTf, etc) a further 
array of allenylidene–Ru complexes could be obtained. As they are easily 
accessible, their potential as metathesis pre-catalysts has been extensively 
examined. Some of them allowed metathesis reactions to be performed in 
ionic liquids (e.g. 1-butyl-3-methylimidazolium salts) thus ensuring a high 
solubility of the catalytic species in the reaction medium.84 
 
Capitalizing on the coordination ability of NHC, the family of Ru complexes 
containing NHC ligands has been rapidly expanded to the attractive Ru–
vinylidene85 and –allenylidene complexes86 (e.g. 51–53) as well as to the 
analogous Ru–indenylidene compounds 54 and 55. 
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Scheme 29 

 
It should be outlined that incorporation of IMes as ancillary ligand in the 
cationic arene Ru–allenylidene complexes, e.g. 54, provided very active 
initiators in ROMP of cycloolefins.87 
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R’ = CH2CH2OCH3, CH2Mes 
 
   54     55 

Scheme 30 
 
Moreover, binding through a methylene tether the arene ligand with the 
dihydroimidazolin-2-ylidene unit, in a half-sandwich mode, led to the η1:η6–
arene–carbene Ru–allenylidene complex 55, which was highly active in 
RCM of 1,6-dienes.88 This complex allowed to selectively direct metathesis 
of dienes either towards RCM or cycloisomerization products. 

7. Ruthenium–indenylidene complexes 

The widely employed in catalyst synthesis, 3-phenyl indenylidene complex 
56, has been conveniently obtained from [RuCl2(PPh3)4] and 3,3-
diphenylpropyn-3-ol as a carbene precursor. Further on, utilizing 56 as a 
starting material, the PPh3 ligands could be readily replaced by the better 
donating ligands PCy3, affording the parent indenylidene complex 57, 
currently available commercially (Scheme 31).78,86 
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Scheme 31 

 
This methodology can also use the trisphosphane complex [RuCl2(PPh3)3] as 

complex 58 leads by intramolecular rearrangement to the more stable 
indenylidene complex 56 has been proved unequivocally (Scheme 32).89 
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the Ru source, resulting in the same indenylidene complex 56. The ration- 
alization behind this finding that the initially formed Ru–allenylidene 
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         58   56 
  
Scheme 32 

 
The above indenylidene–Ru complexes showed a higher thermal stability 
than first-generation Grubbs catalysts and performed well in a variety of 
RCM reactions. It is worth mentioning that substitution of phosphane ligands 
in the Ru–3-phenylindenylidene complexes 56 and 57 by IMes ligands 
containing bulky groups in the 1 and 3 positions of the five-membered ring 
allowed synthesis of further 16-electron Ru–indenylidene complexes of even 
improved activity and stability. 

56, R = Ph       59, R = Ph 
57, R = Cy       60, R = Cy 

Scheme 33 
 

Thus, addition of 1,3-dimesitylimidazol-2-ylidene to complexes 56 and 57, 
in toluene at room temperature, leads readily and in high yield to complexes 
59 and 60, respectively90 (Scheme 33). 
 
A similar procedure starting from 1,3-bis(2,6-di-isopropylphenyl)imidazol-
2-ylidene and Ru complexes 56 or 57 yielded the IMes 3-phenylindenylidene–
Ru complexes 61 and 62, respectively (Scheme 34). 
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Thermal stability investigations indicated that compounds 60 and 62 incorpo-
rating a PCy3 ligand are very stable and do not decompose even after heating 
at 80°C for several days. RCM studies, using DEDAM and diallyl tosylamine 
as substrates, showed a good catalytic activity and selectivity for the Ru–
indenylidene complexes of this pre-catalyst family (yield 88% and 94% in 
cyclic products, respectively). 
 
Recently, the pyridine-containing Ru-based complex, Cl2Ru(PCy3)(Py)2 
(3-Ph-indenylidene), 63, has been obtained by the broadly applied procedure 
of phosphine exchange from the bisphosphane analogue 57, in the presence 
of excess pyridine (Scheme 35).91 Most conveniently, complex 63 can be 
prepared in hot hexane affording an easier isolation of the product by simple 
filtration (vs evaporation of the solvent in the previous procedure), followed 
by washing with hexanes and drying. 
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  57     63  

Scheme 35 

This catalyst showed moderate activity in RCM of conventional diene 
substrates. As expected, the greater lability of the pyridine ligand vs 
phosphine enhanced the formation of the active species, but the reaction rate 
decreased after 30 min indicating that a degradation of the 14-electron inter-
mediate is occurring; decomposition of the latter also augmented for higher 
catalyst loadings, hence is associated with a higher concentration of pyridine 
in the reaction mixture. 

8. NHC ruthenium–arene complexes 

It is worth noting that the IMes ligands have also been employed in the 

64–66 (Scheme 36).92 Due to their easy accessibility from the commercially 
available Ru dimer [(p-cymene)RuCl2], the last two complexes are of special 
importance for both radical and metathesis reactions. 
 
 
  

design and synthesis of the interesting class of arene–Ru complexes, e.g. 
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 64             65    66 
 

 
Scheme 36 

 
Variations in the substituents of the imidazole moiety allowed an extensive 
exploration on the fine-tuning of the catalytic activity and selectivity. Valuable 
techniques, such as in situ generation of the carbene species and photo-
induced metathesis processes, were applied successfully. The group of IMes– 

reactions. 

9. Schiff base–Ru complexes 

Incorporation of a bidentate Schiff base ligand into Ru–benzylidene 
complexes has been initially performed by Grubbs et al.93; the resulting 
complexes showed high thermal stability and high tolerance towards polar 
solvents, yet seemed to be poor initiators in metathesis reactions, although 
some activity in metathesis at higher temperatures was observed. 
 

In more extensive studies, Verpoort and co-workers94 conveniently prepared 
the Schiff base –Ru–arene complexes 67a–c (a: R = Me; b: R = t-Bu; c: R = 
2,6-diMe-4-BrC6H2) following a two-step procedure starting from the 
commercially available Ru dimer [(p-cymene)RuCl2]2, which was reacted 
with salts of aliphatic or aromatic salicylaldimines (Scheme 37). 
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arene complexes possess high potential as precursors for further arene
Ru compounds having enhanced catalytic properties for various organic 
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Structures of these complexes have been unambiguously determined by 
means of infrared (IR), Raman, 1H NMR, and 13C NMR spectroscopy, and 
corroborated with data from elemental analyses. An important feature of these 
complexes is that the labile p-cymene group is present along with the better 
ligated bidentate Schiff base ligand. Having optimized the reaction condi-
tions for this procedure, two new arene–Ru complexes, 68 and 69 (R1 = t-Bu, 
R2 = i-Pr), could be prepared in the same way (Scheme 38).95 

Scheme 38 
 
The fluorinated ligand in the complex 69 could be introduced by a Grignard 
reaction on 68 with the appropriate reagent. In this context, the significant 
role of the electronic and steric effects played by both the Schiff base ligand 
and the other, additional ligand has been clearly evidenced in studies on 
ROMP and atom transfer rapid polymerization (ATRP) reactions. 
 
Based on the bisphosphane Ru(II)complex, RuCl2(PCy3)2(CHPh), the above 

95a,96

 

mentioned Ru dimer and different Schiff bases, a wide range of mono- 
metallic and bimetallic Ru–benzylidene complexes, 70a–f and 71a–f, have
also been made available (Scheme 39).
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Scheme 39 
 

This applied protocol took advantage of the facile substitution of the labile 
phosphane ligand from the monometallic complexes to form the bridgehead 
bimetallic complexes 71a–f in a convenient way. 
 

corresponding Ru complexes 70a–f by treatment with one equivalent of 
silver or trimethylsilyl salts (Scheme 40).97 
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Scheme 40 

It is noteworthy that both the counterion and the solvent exert a striking 
effect upon the activity of these catalysts. In addition to their metathesis 
ability, these cationic Ru–benzylidene complexes are the first Ru–alkylidene 
catalysts reported so far to perform the controlled radical suspension 
polymerization of methyl methacrylate, methyl acrylate, and styrene in 
water, leading to high yields of polymer. 
 
The activity of the Schiff base–Ru–benzylidene complexes has been further 
improved by Verpoort and co-workers by synthesis of NHC-containing 
complexes of type 73 (Scheme 41).98,99 Herrmann et al. reported on similar 

Ru–benzylidene complexes 72a–f have been prepared in situ from the 
Of high interest for their particular activity and selectivity, the cationic 
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bidentate pyridinyl–alcoholate ligands included in catalyst 74 that enables 
ROMP of cycloolefins to be performed at elevated temperatures.100 
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10. Further explorations in Ru catalyst design  

Although rather stable and quite compatible with functionalities, the majority 
of the Ru–alkylidenes that constitute the second generation of catalysts display 
only moderate activity in some cases, especially in RCM. A new concept that 
proved successful for advancement in design of Ru catalysts having an even 
better application profile is replacing the ligands trans to phosphine, IMes or 
SIMes, by pyridine or substituted pyridine, e.g. 75–77. In 2001, Grubbs et al. 
reported on the synthesis of a pyridine functionalized second-generation 
catalyst, 76,101 recognized as an excellent initiator102; the same approach was 
also applied on the first-generation Grubbs catalyst to obtain 75. In addition, 
the change to 3-bromo-pyridine, as in catalyst 77, allowed considerably higher 
initiation rates and also lower polydispersity of polymers of norbornene and 
norbornene derivatives to be obtained.102,103 For the pyridine-containing  
Ru–carbenes the term third-generation Grubbs catalysts has been coined. 
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It had been long assumed that in the Ru catalytic systems, like in those of 
Mo or W, deactivation occurs with halide assistance. Evidence in support of 
this assumption came from studies by Fogg et al.104 on dimer catalysts with 
bidentate chloride ligands. Furthermore, Grubbs and co-workers clearly 
evidenced catalyst deactivation for the methylidene analogue of 20,105 the key 
intermediate in metathesis catalyzed by Ru–alkylidenes; its thermal decompo-
sition yielded a dinuclear Ru complex, 78, with a bridging carbide and a 
hydride ligand, and methyltricyclohexylphosphonium chloride (Scheme 43). 
Involvement of dissociated phosphine in the decomposition was proposed. 
The dinuclear complex has catalytic activity for olefin isomerization, which 
could be responsible for the competing isomerization processes observed in 
certain olefin metathesis reactions. 
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Scheme 43 

 
Grubbs et al. reported on the substitution of the chloride ligands with 
alkoxide groups on to complex 12 to form 14-electron four coordinate 
species.105,106 While the O–tBu substituted complex 79 is a very poor catalyst, 
incorporation of more electron withdrawing groups as in 80 and 81 leads to 
an increased activity, however, with some loss in thermal stability.106 Upon 
activation with HCl, 80 becomes more active than 12 which was ascribed to 
protonation of the alkoxy groups and formation of free alcohol (Scheme 44).106 
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Scheme 44 

 
Later on, Fogg et al. reported on the reaction of 76 with two equivalents of 
TlOC6F5 to yield 82; this complex exceeds in activity complexes 79–81 and 
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even outperforms 20 for the RCM of DEDAM with turnovers up to 
40,000.107 Recently, the same group described mixed ligand systems with 
one “phenoxy” and one halide ligand (83) that show catalytic activity 
exceeding that of 20, 33, and 34.108 Substitution of the chloride ligands in 12 
with trifluoroacetic acid or other similar groups had as effect in all cases a 
drop in activity for RCM of DEDAM as compared to the parent 12.109,110 

Continuing along these lines, Buchmeiser et al. found that the Grubbs–
Hoveyda catalyst 84 with trifluoroacetic acid groups gives turnover numbers 
(TONs) in the same range as 12 and 20.111 Moreover, the complex 85, 
endowed with a six-membered NHC, exhibited almost twice as high time-of-
flights (TOFs) than its chloride analogue.54 
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Scheme 45 
 

from substitution of 12 with two equivalents of silver 2-pyridinecarboxylate; 
this catalyst was active for RCM, however, only after HCl activation.112 An 
innovative approach was advanced by Piers et al. leading to the 14-electron 
species 86, up to now the fastest initiating species reported for RCM of 
DEDAM (Scheme 46).113 Therefore, induction of steric bulkiness at the 
carbene site of the four coordinate species 86 has proved to be more 
advantageous than that provided by alkoxy ligands (79–81). 

Ru

N N

Cl

Cl

P

[B(C6F5)4] -

 
 

86 
Scheme 46  

An interesting Ru catalytic system, unravelled by Fröhlich et al. resulted 
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A lasting alternative direction in Ru metathesis catalysts relating to bidentate 
phosphanes complexes has been introduced by Hofmann et al.114 with the 
synthesis of 87 and 88 (Scheme 47)115; while 87 shows modest activity for 
the ROMP of cyclooctene, 88 clearly outperforms 12. 
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Scheme 47 
 
The performance of 87 has been improved by Fogg et al.116 by in situ 
replacing the dtbpm with dcypb, dppb, and 2,2′-bis(diphenylphosphino)-1,1′-
binaphthyl (BINAP) (Scheme 48). Significantly, they found that all these 
ligands outperform the dtbpm from 87 and they even managed to achieve 
low polydispersity polymers. The activity increase follows the order: dcypb 
< dppb < BINAP.116 
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Scheme 48 

Many reliable approaches to access more active Ru catalysts for metathesis 
reactions have been recently developed.109,110,117–120 An appealing alternative 
especially for practical applications in RCM and CM, i.e. immobilization of 
the catalysts onto solid supports is briefly surveyed in the following section. 

11. Immobilized Ru–alkylidene complexes 

Immobilizing homogeneous Ru complexes onto supports offers recognized 
advantages for productive organic synthesis (simpler procedures, ready sepa-
ration of products, recyclability of catalysts, operation in continuous flow, 
manageable polymer properties). Among other ligands, NHC have been 
employed to link metal complexes onto solid supports.121 Blechert122 applied 
this beneficial route to access a permanently immobilized and highly active 
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disclosed water-soluble NHC-Ru catalysts supported by poly(ethylene 
glycol), catalytically active in aqueous media.  

Scheme 49 
 
Immobilization can be achieved not only through the NHC but also through 
other ligands. Thus, Blechert prepared polymer-bound catalysts of the 
Hoveyda–Grubbs-type, for use in either as homogeneous124 or heterogeneous 
catalysis (90).125 In a further variant of the above strategy, Lamaty et al.126 
introduced a polymer-bound NHC–Ru catalyst (91) resulting from exchange 
of the benzylidene unit in the Grubbs second-generation catalyst with a 
polyethylene glycol (PEG)-supported benzylidene ligand (Scheme 50). 
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Scheme 50 
 
A recently developed technique for non-covalent immobilization to soluble 
supports involves room temperature ionic liquids (RTILs). Thus, IL-tagged 

NHC Ru–benzylidene complex 89 (Scheme 49). Quite recently Grubbs123
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recyclability combined with high reactivity and extremely low residual Ru 
levels in the products (Scheme 51). 
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Scheme 51 
 
Also, novel solid-phase bound Hoveyda-type catalysts were successfully 
applied in RCM reactions conducted in scCO2 for which very low level of 
leaching of Ru into the product were observed; performance of the catalysts 
highly depended on the nature of the support.129 Second-generation bis-
silylated Hoveyda–Grubbs-type Ru–alkylidene complexes have also been 
covalently bonded to the silica matrix of MCM-41.130 
 
Further entries into immobilization lead to heterogeneous catalysts via 
anchoring NHC–Ru complexes in the pore channels of mesoporous silica,131a 
or silica gel131b and fluorous silica gel 131c; this kind of immobilization 
resulted in a relatively high catalytic activity in olefin metathesis reactions 
and reusability of five or more times. In this connection, studies were con-
ducted in the Verpoort research group to develop supported Schiff base–Ru 
catalysts for RCM, ROMP, Kharasch addition, ATRP, and vinylation 
reactions. To this purpose, two multifunctional Schiff base–Ru–carbene comp-
lexes were prepared and supported on MCM-41, providing recyclable and 
efficient solid catalysts (94 and 95). The strategy followed was to tether the 
organometallic compounds onto mesoporous silica surfaces by treating the 
inorganic support with the tris(alkoxy)silyl functionalized Ru complex. 
(Scheme 52).132–134 
 
A new heterogeneous Ru catalyst (96) that exhibited excellent stability, 
reusability, and leaching properties has also been prepared via a similar 
approach by the same group (Scheme 53).135–138 
 

been used with good results in metathesis reactions conducted in ILs or 
IL/organic solvent mixtures (biphasic catalysis) showing an appreciable 

counterparts of the Hoveyda–Grubbs catalyst such as 92127 and 93128 have 
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Scheme 52 
 
By reviewing the main representatives of metal carbene catalysts, fruitfully 
applied in metathesis especially during the last few years, this paper has 
attempted to relief the many exquisite contributions and the overwhelming 
work invested in astute design and innovative synthesis in this area. As 

 

of excellence in the creation of new, better performing, and more environment-
reflected by the abundance of references cited, to attain an even greater level

friendly metathesis catalysts is still a matter of great interest. 
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RUTHENIUM–ARYLOXIDE CATALYSTS FOR OLEFIN 
METATHESIS 

 

 
Center for Catalysis Research and Innovation, Department of Chemistry, University 

 
Abstract: Advances in design of ruthenium aryloxide catalysts for olefin metathesis 
are described. The target complexes are accessible on reaction of RuCl2(NHC)(py)2 

offer activity comparable to or greater than that of the parent chloride (Grubbs) 

nature of the Ru–X bond suggest that the metal center is more electropositive in the 
aryloxide complexes than in the Grubbs systems. 
 

1. Introduction 

major advances in both organic synthesis and materials chemistry [1,2]. The 
scope of the reaction has increased dramatically with the advent of robust, 
functional group tolerant catalysts based on ruthenium (Ru), of which the 
Grubbs catalyst 1 and its “second-generation” derivatives containing an N-
heterocyclic carbene (NHC) ligand are most prominent [1]. The commercially 
available complexes 1 and 2b (Figure 1) have helped to transform olefin 
metathesis into a cornerstone methodology in organic synthesis, owing to 
their ease of handling, and – particularly for 2 – their high activity. Following 

than that in the less metathesis-active complex 1 [3], intensive effort focused 
on synthesis of derivatives of 2 containing more labile donor ligands. While 
1 and 2 remain the most widely used metathesis catalysts in organic syn-

2 have been developed, including triphenylphosphine [4] and pyridine [5,6] 

the chelated ether group is destabilized by steric or electronic factors [8,9] 
(e.g. 4, Figure 1). Piers’ remarkable four-coordinate phosphonium alkylidene 
complexes 5 [10] can be regarded as the extreme of this approach. Despite 
the structural distinctions between these pre-catalysts, however, it should 
be recognized that they converge on a single active species, RuCl2(NHC)(CHR) 

oxides, or aryloxides that yield small, rigid chelate rings. The best of these catalysts 

JAY C. CONRAD, NICHOLAS J. BEACH, DERYN E. FOGG 

systems in ring-closing metathesis (RCM). Preliminary studies of the electronic 

SEBASTIEN MONFETTE, JOHANNA M. BLACQUIERE, 

the unexpected finding that the lability of the phosphine ligand in 2 is lower 

(CHPh) (NHC – N-heterocyclic carbene) with electron-deficient, monodentate aryl-

Keywords: Ruthenium, catalysis, aryloxide, pseudohalide, metathesis, activity, 
electronics. 

Catalytic formation of new C=C bonds by olefin metathesis has enabled 
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derivatives, and styrene ether complexes of the “Hoveyda” [7] type in which 
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thesis [2], a number of more labile (and hence more reactive) derivatives of 
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6, identical to that formed from 2 itself. Common decomposition routes and 
selectivity are thus to be anticipated [11]. 

 

1: L = PCy3
2a: L = IMes
2b: L = H2IMes

Ru
Cl PCy3

L

Ph

Cl

4a: R = Ph, R' = H
4b: R = H, R' = NO2

Ru
Cl

ClH2IMes
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5RuCl O
H2IMes Cl

iPr
B(C6F5)4
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R
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3a: R = H
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R

N
R Ru

Cl IMes

Ph

Cl

2

active species. IMes = N,N′-bis(mesityl)imidazol-2-ylidene. 
 
As these precedents illustrate, the role of the neutral donor ligands in Ru-
catalyzed olefin metathesis has received much attention, owing in part to the 
ease of the relevant ligand exchange reactions. The role and optimum pro-
perties of the anionic ligands have been examined in much less detail. While 
computational studies suggest that more electron-donating neutral donors 
accelerate metathesis by decreasing the barrier to formation of the metal-
lacyclobutane intermediate [12], it is unclear whether a similar rationale can 
be applied to the anionic ligands. Indeed, work by the Grubbs group has 
suggested a correlation between increased activity, and greater electron-
withdrawing ability in these ligands [13,14], though a systematic study has 
not yet been undertaken in which steric and electronic effects can be 
deconvoluted. We recently summarized the work in this area, current up to 
2005, and analyzed the design limitations that led to low activity for the 
majority of Ru–pseudohalide complexes studied [11]. These can be summed 
up as: (1) excessive steric crowding, which hinders the approach of sub-
strate; (2) the absence of a labile neutral (L-donor) ligand, which impedes 
substrate binding, or (3) the absence of a sufficiently strong donor (such as 
an alkylphosphine or NHC group) among the ligands present in the active 
catalyst. 
 
It is clear that none of these limitations is inherent, and that highly active 
RuX2LL′(CHR) catalysts may therefore be accessible, if the appropriate 
anionic ligands can be identified. Our interest in Ru metathesis catalysts 
containing anionic donors other than chloride stems from the potential for 
tuning catalyst activity and selectivity, with added impetus coming from 
findings that the chloride ligands mediate catalyst deactivation, via forma-
tion of face-bridged Ru2( -Cl)3 dimers or other decomposition products 
[11,15–17]. We sought pseudohalide ligands that can be readily modified, 
and that confer minimal three-dimensional bulk. Aryloxide ligands derived  
 

80
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from phenols satisfy both criteria. Here we describe our progress in designing 
Ru–pseudohalide metathesis catalysts, with a particular focus on the ring-
closing metathesis (RCM) performance of the catalysts obtained, relative to 
their dichloride analogues. 

2. Discussion 

2.1 Routes to Ru–aryloxide catalysts 

We have described elsewhere the challenges involved in the installation of 
aryloxide ligands within coordinatively unsaturated or labile Ru frameworks 
[11,18]. Despite the strength of the Ru–OAr bond [19], the availability of a 
reservoir of electron density in the aryloxide ring, in conjunction with the 

 iso-
merization, and formation of piano–stool complexes [20]. While aryloxides, 
that form seven-membered chelate rings, likewise undergo isomerization [21], 
we recently found that smaller, more rigid (five- or six-membered) chelate 
rings give access to stable Ru–O bonds. Catechol and o-sulfonato aryloxide 
ligands can be installed by reaction of 3a with the appropriate thallium salts, 
affording complexes 7 [22]. Isomerization of monodentate aryloxides can be 
curbed by reducing the donor ability of the aromatic ring by functionalization 
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Scheme 1. Ru–pseudohalide catalysts containing aryloxide ligands. 
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σ−πaccessibility of three coordination sites on the metal, enables rapid 

with electron-withdrawing groups. Reaction of 3a or related hydride species 
with thallium perfluorophenoxide yields stable, five-coordinate Ru(σ-OC6F5) 
complexes [21,23]. Perchloro- and perbromophenoxide derivatives of type 8 
are likewise accessible from 3a, but a single chloride ligand is replaced, owing 
to the increased bulk of these aryloxide ligands [24]. These two strategies for 
construction of the target Ru–aryloxide metathesis catalysts are summarized in 
Scheme 1. While our initial studies focused on pyridine derivatives, we 
subsequently undertook synthesis of 3-bromopyridine analogues, as the 
greater lability of this substituted pyridine ligand significantly increases 
catalyst activity [25]. As comprehensive screening of the bromopyridine 
complexes is under way, most of our discussion will focus on the pyridine 
catalysts 7 and 8. 
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The structure shown for the perbromoaryloxide catalysts in Scheme 1 (and, 
by extension, the perchloroaryloxide analogues) warrants some comment. 
While the apical site preference of the alkylidene ligand in such square 
pyramidal complexes is well established, and we were able to confirm the cis-

graphy [23], the evidence for the relative positioning of the basal ligands in 
the mono-aryloxide derivatives is more equivocal. We originally proposed a 
cis-anionic structure [24], by analogy to that established for 8a, and on the 
basis of preliminary modelling studies that suggested a push–pull interaction 
between trans-disposed pyridine and aryloxide ligands. A more detailed 

2
version of 8c has confirmed that a five-coordinate structure in which the 
aryloxide and NHC ligands lie mutually cis is lower in energy than one in 
which these ligands are mutually trans [26]. Lower yet in energy, however, 
is a pseudooctahedral structure of type 8c′, in which the anionic ligands are 
trans-disposed, and a dative Br–Ru interaction is present. Precedents exist 

[27–30]. Efforts to crystallize the bromo- or chloroaryloxide complexes have 
not yet been successful, and experimental confirmation of this coordination 
mode is still pending. 

2.2 Catalyst performance 
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disposition of the two perfluoroaryloxide ligands in 8a by X-ray crystallo-

density functional theory (DFT) analysis of a truncated (IMe/Ru=CH ) 

for κ2-coordination of aryloxide ligands bearing ortho-halo functionalities 

Diethyldiallyl malonate (DeDAM) has been widely used as a benchmark 
RCM substrate for assessing the relative activity of metathesis catalysts. 
While its utility declines as metathesis activity increases, it provides a basis 
for comparison of factors such as maximum turnover numbers or solvent 
screening. All of the NHC-containing catalysts described herein effect 
quantitative RCM of DeDAM at a catalyst loading of 0.5 mol % within 15 
min in refluxing CDCl3, with the exception of 7b (95%). At lower catalyst 
loadings, catalyst lifetime becomes increasingly important: on use of 5 × 10–4 
mol % Ru, 8a emerges as the most productive of the systems examined. A 
maximum turnover number (TON) of 40,000 was found (i.e. 20% conversion 
of 200,000 equivalent DeDAM; Table 1), vs TON values of 21,000 for 8c, 
17,000 for 2a, and 5,100 for 3a. In CH2Cl2, in contrast, the dichloride 
catalysts significantly outperform the aryloxide systems. In both solvents, the 
performance of the second-generation catalysts 2a/b is superior to that of the 
more reactive, but less robust, third-generation catalyst 3a. The improved 
performance of the aryloxide catalysts in CDCl3 is in part due to the increase 
in reaction temperature, which offsets the low initiation efficiency of these 
catalysts. 
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Table 1. Performance of Grubbs and Ru–aryloxide catalysts in RCM of DeDAM at 
low catalyst loadingsa 

Catalyst  TON (CDCl3) 
200,000:1 

TON (CH2Cl2) 
5,000:1 

TON 
(CDCl3) 
5,000:1 

Ref. 

2a 17,000  4,450 – [31] 
2b – 4,250b – [32] 
3a 5,100 3,700 – [31] 
3b – 3,800 – [31] 
7a – 950 1,700c [31] 

8a 40,000  900 2,900 [23] 
8c 21,000  1,650 2,300 [31] 
9a – 900 2,350 [31] 
9c – 2,350 1,850 [31] 

aConditions: 100 mM DeDAM, 18 h, refluxing solvent, unless otherwise noted; bSubstrate 
concentration not specified; cMinimum value: reaction carried out at 0.05 mol % Ru ([S]: 
[Ru] = 2,000:1). 
 
The data in Table 1 illustrate the sensitivity of catalyst performance to the 
solvent medium. This sensitivity is explored in more detail in Figure 2, in 
which we retain DeDAM as substrate, in order to facilitate comparison. We 
note, however, that the optimum solvent is also substrate-dependent. Thus, 
for RCM synthesis of a 14-membered macrolactone via 8c, the dependence 
of activity on solvent followed the order: benzene > CH2Cl2 > CHCl3 [24]. 
The relative performance of 3a, 8a, and 8c in a range of different solvents 
(bath temperature 75°C) is shown in Figure 2 for RCM of DeDAM; catalyst 
2a exhibited trends similar to 3a, but generally lower activity, and is there-
fore not included. Most dramatic is the difference in reactivity of 8a in 
CH2Cl2, vs 1,2-dichloroethane or CDCl3. The importance of reaction tempera-
ture was noted above. We expected that the dielectric constant of the medium 
would also be important, but this is not borne out by the relative values for 
these solvents ([ClCH2]2, 10.42; CH2Cl2, 8.93; CHCl3, 4.81 [33]). While 
ligand protonolysis (e.g. abstraction of the pyridine ligand) by trace acid in 
CDCl3 could potentially account for the higher activity of 8a in this solvent, 
relative to CH2Cl2, this would not account for the dramatic increase in 
reactivity in dichloroethane, vs CH2Cl2. Also of interest is the retention of 
activity by both 3a and 8c in coordinating solvents such as tetrahydrofuran 
(THF) and (albeit to a lesser extent) dimethylformamide (DMF), solvents 
rarely used for Ru-catalyzed RCM. This suggests opportunities for RCM of 
polar substrates with limited solubility in the more usual aromatic or 
halocarbon solvents, provided that the substrate has a strong conformational 
driving force for cyclization. The high activity of 3a and 8c in the fluoro-
carbon solvent FC-72 (perfluorohexane) is also of interest for the purposes 
of catalyst separation and recovery [34,35]. 
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Figure 2. RCM of DeDAM at 0.5 mol % Ru (100 mM substrate, bath temp. 75°C, 4 h). 
Conversions by GC; average error ±2%. 
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Apparent from Figure 2 is the superiority of 3a to 8a/c for RCM of DeDAM in 
all solvents examined. For a number of other substrates explored, 8c 
outperforms 3a. Both 8c and 8b enable dramatically shorter reaction times 
than 3a in RCM synthesis of macrocycles under Ziegler conditions, for 
example, with 8c effecting quantitative cyclization of 14- and 16-membered 
macrolactones within 15 min (5 mol % Ru; refluxing CH2Cl2 or C6H6) [24]. 
Use of 3a under otherwise identical conditions resulted in 63% and 30% 
conversion within 15 min. Complete formation of the 16-membered lactone 
required 3 h for 3a (9 h for 2a). We recently described the strong kinetic bias 
of 2a and 3a toward oligomerization of a range of dienes that are characterized 
by low effective molarities. This bias is unaffected by use of high substrate 
dilutions (5 mM) [36]. We delineated the key role of backbiting in liberating 
the RCM products for conformationally flexible rings of seven members and 
higher, including a seven-membered malonate ring, and showed that reaction 
times can be reduced by deliberately maximizing the initial oligomerization, 
then diluting to effect backbiting [36]. The much higher cyclization efficiency 
of the aryloxide catalysts is notable. However, it is not yet clear whether their 
superior performance reflects a lower kinetic bias toward oligomerization, or a 
faster rate of backbiting. 
 



Ruthenium–aryloxide catalysts for olefin metathesis 

 
Table 2. Catalytic activity of Ru–aryloxide catalysts 7–9, vs chloride (Grubbs-class) 
catalysts 2/3a 
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While the importance of concentration-dependent oligomerization–cyclo-
depolymerization equilibria in ring-opening metathesis polymerization 
(ROMP) chemistry has been known for 30 years [37], its relevance to RCM 
has gone largely unrecognized. Even for substrates with a strong conform-
ational bias toward cyclization (e.g. 10, Table 2), the proportion of oligomers 
formed via 2a and 3a (5 mol %) can be significant at high diene 
concentrations. At 100 mM, RCM of 10 via 2a plateaus at 61% 11 after 45 
min, the balance of material being involatile oligomers 12. Reactions at 5 
mM effect quantitative conversion to 11 within 1 h in refluxing CH2Cl2. In 
contrast, bromoaryloxide catalyst 9c and catecholate 7a effect complete 
RCM within 15 min in refluxing CH2Cl2 and CDCl3, respectively, at 5–10 
mM concentrations of diene. 

2b: 70
2a: 76
3a, 8c: 100
8a: 88
8b: 94
7a: 100

O

O
10

O

O

11

+ oligomer 12

  Substrate�                Product            mol % Ru   Solvent   Temp (ºC)  Time�     % RCM�   Ref.

5 CH2Cl2 40 30 min    
45 min    
15 min     
1 h

[36]

30 min

[36]
[31]
[31]
[31]61

15 min

5

0.5      CDCl3OH

13

OH

14

[24,
31]

0.05    CDCl3 [24]
[24]
[24]
[24]
[24]

N

15

Ts
N

16

Ts 0.02    CH2Cl2
0.5�     CDCl3

[32]
[31]
[31]
[31]

S

17

S

18

5         C7D8 
0.5�     CDCl3�
�          CH2Cl2

1 h

18 h�      
15 min

1 h�          
20 min

[38]
[24]
[24]
[24]
[22]

d
d
d

2a: 100
3a: 60
8a: 40
8b: 31
8c, 7a: 100

2a, 3a, 7a,  
8a/c: 100

2a: 24
3a: 29
8a: 100
8b: 17
8c: 34

2b: 54
3a: 100
7a: 100
9c: 100

7a: 100b

Si
Ph Ph

19

Si
Ph Ph

20

5         C7H8   
    �      CDCl3

5 h�          
20 min

[39]
[24]
[24]
[24]
[24]
[31]

e

e
e

15 min

O

O

21

O

O

22

9c: 77
8c: 73
3b: 97
7a: 100

5         CH2Cl2    
    �      CDCl3

1 h [31]
[31]
[31]
[31]0.5

O
Ph

Ph

23

OPh
Ph

24

2a: 85
3a: 100
8a: 15
8c: 100
7a: 90
7b: 13

5         C7H8 
0.5      CDCl3

1 h
15 min

[9]
[31]
[22]
[24]
[22]
[22]

f

aDiene concentration ([S]) = 100 mM; conversions and yields determined by NMR and/or GC 
analysis; b[S] = 5 mM; c[S] = 10 mM;  d<6% increase after 3 h; e100% after 1 h; fisolated yield.

CDCl3

15 min

2a: 100
2a:  61
9c: 100
3b: 100

b

b
c

61

61

40
61

40CH2Cl2

80
61
40

110
61

40
61

CDCl3 61

61
80
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For the remainder of the substrates in Table 2, cyclization yields five-
membered rings, and oligomerization is not observed at a standard diene 
concentration of 100 mM. The performance of the chloride catalyst 3a and 
pseudohalide catalysts 7a and 8c is then generally comparable. Sulfonate 7b, 
in comparison, performs poorly. Fluoroaryloxide catalyst 8a is less active 
than 8b/c, but it is potentially more robust. Illustrative of this behaviour is 
the performance of these catalysts in RCM of linalool 13 (which, despite the 
presence of a trisubstituted olefin and a potentially problematic [40] allylic 
alcohol, is often readily cyclized by Ru catalysts [41]). At low catalyst 
loadings (0.05 mol %), only 8a effects quantitative RCM of 13 within 1 h, a 
reflection of the longer lifetime of the bis(aryloxide) catalyst. This distinc-
tion is lost at higher catalyst loadings (0.5 mol % Ru), at which 7a and 8a–c, 
as well as 2a and 3a, enable quantitative RCM within 15–20 min (refluxing 
CDCl3). RCM of the tosylate-protected diallylamine 15 under these condi-
tions is quantitative for catecholate 7a and 3a within 15–20 min. In this case, 
the performance of 8c in CH2Cl2 is excellent, again leading to complete con-
version within 15 min. At a lower catalyst loading (0.02 mol %), 2b is 
reported to achieve 54% conversion after 18 h in refluxing CH2Cl2 [32]. 
 
Ru metathesis catalysts are widely believed to be more susceptible than the 
Mo catalysts to poisoning by sulphur donors [42,43]. Somewhat surprisingly, 
given these precedents and the evidence for a more electropositive metal 
center in 8c, in particular (see below), 7a and 8c show good tolerance toward 
diallyl sulphide substrate 17, even at catalyst loadings of 0.5 mol %. RCM is 
quantitative within 15–20 min in refluxing CDCl3. Poorer performance is 
found for 3a, suggesting that the Grubbs-class catalysts are more readily 
poisoned. A literature report describes complete conversion to 18 via 2a under 
more forcing conditions (5 mol % 2a, toluene, 80°C; 1 h) [38], though it is 
unclear whether milder conditions would suffice. 
 
Schmidt and co-workers have proposed that RCM of diallylsilane derivative 
19 is challenging because the transition state for cyclization is destabilized 
by the steric bulk of the diphenylsilyl group [39]. For this substrate, best 
performance is found for the bromoaryloxide, the catecholate, and the third-
generation Grubbs catalysts (8c, 7a, and 3a), but a catalyst loading of 5 mol 
% is required. Chloroaryloxide catalyst 8b is slightly less active, followed by 
bis(perfluoroaryloxide) catalyst 8a. The second-generation catalyst 2a is the 
least active of those we studied, although RCM proceeds to completion after 
1 h. A literature report for 2b (5 mol %) describes only 70% formation of 20 
after 5 h in refluxing toluene [39], suggesting much lower activity for the 
H2IMes catalyst, at least in this solvent. 
 
Catalyst 7a exhibits by far the highest activity for RCM of acrylate 21, with 
quantitative formation of 22 within 1 h in refluxing CDCl3 at a catalyst 
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RCM of enyne substrate 23 is effected with greatest efficiency by catalysts 
3a and 8c, with complete conversion to 24 within 15 min (refluxing CDCl3) 

Only slightly lower activity is found for 7a, but 7b is again least active of the 
catalysts examined. 
 
From a mechanistic perspective, RCM studies are of limited utility in 

the combined effect of initiation and propagation. The true activity of a 
specific catalyst can thus be masked by slow initiation. That is, a fast-
initiating catalyst may outperform a more slowly-initiating catalyst of 
inherently higher reactivity toward a substrate of interest. For the aryloxide 
catalysts, ROMP studies suggest that rates of initiation are rather low relative 
to propagation [25], and that the observed activity reflects the operation of a 
low proportion of initiated species.  

expected to be a function of the charge distribution in these complexes. 
Comparison of the nature and extent of the Ru–X bonding interactions is 
thus of keen interest, but direct experimental evaluation of these parameters 

electronic nature of low-lying empty valence levels, and thus an element-
specific experimental probe of covalent bonding [44]. XAS studies of 8c, vs 
1 and 2a, indicated a decrease in the delocalization of the Cl 3p ligand 
orbital onto the empty Ru 4dσ orbital for 8c, and hence a reduced covalency 
within the Ru–Cl bond. The more electropositive nature of the Ru center in 
8c, in conjunction with the nucleophilic character of the pyridine ligand, 
would account for the lower lability of this ligand, and consequently the 
lower initiation efficiency of 8c. Similar behaviour can be anticipated for the 
other haloaryloxide catalysts. The extent to which this applies to the catecho-
late catalyst is of compelling interest, given the high activity of this species. 
It cannot be assayed by the XAS method above, which is limited to ruthenium 
chloride complexes, and we are currently pursuing indirect methods. 
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Activation of the chloride and aryloxide pre-catalysts via ligand loss can be 

2.3 Electronic properties of Ru–aryloxide catalysts 

assessing relative catalyst reactivity, because the observed activity reflects 

at catalyst loadings ten times lower than those reported for 2a at 80°C [9]. 

loading of 0.5 mol %. In comparison, 3b and 8c/9c require a catalyst loading 
tenfold higher, and RCM remains incomplete after 1 h (if nearly complete 

attributed to the higher reaction temperature, but it is noteworthy that RCM 
via 8c/9c plateaus at ∼75% conversion. The difference in electronic 
properties of the catecholate catalyst, vs the bromoaryloxides, almost 
certainly plays a role in the greater reactivity of 7a toward this substrate, 
possibly favouring metathesis over deactivation. 

is non-trivial. X-ray absorption spectroscopy (XAS) offers insight into the 

for 3b). The higher conversions found for 3b, vs. 9c, can be partially 
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3. Conclusions 
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HOMOBIMETALLIC RUTHENIUM–N-HETEROCYCLIC 
CARBENE COMPLEXES FOR OLEFIN METATHESIS 
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Catalysis, Sart-Tilman par B-4000 Liège, Belgium 

Abstract: In this chapter, the synthesis and catalytic activity towards olefin meta-
thesis of homobimetallic ruthenium (Ru)–alkylidene, –cyclodiene or –arene complexes 
bearing phosphine or N-heterocyclic carbene (NHC) ligands are reviewed. Emphasis 
is placed on the last category of bimetallic compounds. Three representatives of this 
new type of molecular scaffold were investigated. Thus, [(p-cymene)Ru(m-Cl)3RuCl 
(h2-C2H4)(L)] complexes with L = PCy3 (15a), IMes (16a), or IMesCl2 (16b) were 
prepared. They served as catalyst precursors for cross-metathesis (CM) of various 
styrene derivatives. These experiments revealed the outstanding aptitude of complex 
16a (and to a lesser extent of 16b) to catalyze olefin metathesis reactions. Contrary 
to monometallic Ru–arene complexes of the [RuCl2(p-cymene)(L)] type, the new 
homobimetallic species did not require the addition of a diazo compound nor visible 
light illumination to initiate the ring-opening metathesis of norbornene or cyclo-
octene. When diethyl 2,2-diallylmalonate and N,N-diallyltosylamide were exposed 

Keywords: alkylidene ligands, arene ligands, cycloisomerization, homogeneous 
catalysis, stilbene formation 

1. Introduction 

Thanks to the development of highly efficient, well-defined catalysts tolerant 
of many functional groups, olefin metathesis has emerged as a powerful tool 
for assembling unsaturated hydrocarbon backbones in organic synthesis and 
in polymer chemistry.1,2 Since Grubbs and coworkers first reported on  
the synthesis and metathetical activity of monometallic ruthenium (Ru)–
alkylidene complexes [RuCl2(=CHR)(PCy3)2], 1a (R = CH=CPh2),3 and 1b 

4
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to 16a,b, a mixture of cycloisomerization and ring-closing metathesis (RCM) pro- 
ducts was obtained in a nonselective way. Addition of phenylacetylene enhanced the 
metathetical activity while completely repressing the cycloisomerization process. 
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(R = Ph)  in the mid-1990s, research groups around the world have engaged 
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robustness and proficiency, in order to reduce catalyst loading and to perform 
metathesis of challenging substrates under mild conditions. 
 
In 1998, Grubbs et al. introduced a new class of well-defined, single compo-
nent bimetallic catalysts, which were in some cases up to 80 times more 
active than their monometallic parents 1a,b in the ring-opening metathesis 
polymerization (ROMP) of 1,5-cyclooctadiene.5 Upon addition of 1 equi-
valent of [RuCl2(p-cymene)]2 dimer (2) to a solution of either 1a or 1b in 
benzene at 45°C or at room temperature, the transformation shown in 
Scheme 1 took place cleanly and quantitatively. The Ru–arene dimer reacted 

piano–stool compound 3, while the remaining fragment chelated the Ru–
alkylidene starting material via two µ-chloro bridges. Heterobimetallic 
osmium–Ru and rhodium–Ru alkylidene complexes were obtained from the 

2 2 2 2 2
along the same lines.5 

Ru
Cl PCy3

Cl

3

Ru Ru
Cl

ClCl

Cl

Ru
H

R

Cy3P

PCy3
Cl

Cl

1a: R = CH=CPh2
1b: R = Ph

+

Ru
H

R

Cl

PCy3
Cl

Cl
4a: R = CH=CPh2 (60% yield)
4b: R = Ph (63% yield)

Ru

Cl

2

+

C6H6

3.5 h, 45 C  (1a)
2 h, r. t. (1b)

Scheme 1. Synthesis of homobimetallic ruthenium–alkylidene complexes bearing 
phosphine ligands. 

 
In 1999, Herrmann and co-workers extended this procedure to the synthesis 
of bimetallic Ru–alkylidene complex 6 bearing a N-heterocyclic carbene 
(NHC) instead of a phosphine ancillary ligand (Scheme 2). Related hetero-
bimetallic Ru–benzylidene complexes bearing the 1,3-dicyclohexylimidazolin-
2-ylidene ligand (ICy) were also prepared using [OsCl2(p-cymene)]2, 
[Cp*RhCl2]2, and [Cp*IrCl2]2

 in conjunction with Ru compound 5.6 Density 
functional theory (DFT) calculations showed that a rhodium–cyclopentadienyl 
fragment attached to a model Ru–methylidene catalyst precursor acted as a 
coordinatively labile ligand and that rupture of an axial µ-chloro bridge was 
more favorable than phosphine dissociation, thereby populating the dissociative 

with one phosphine ligand of complex 1a,b to generate the three-legged 

reaction of 1a,b with [OsCl (p-cymene)]  and [RhCl (t-Bu Cp)] , respectively, 
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6 (86% yield)
Ru
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+

CH2Cl2

2 h, r. t.
N N CyCy

N N CyCy
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Scheme 2. Synthesis of a homobimetallic ruthenium–benzylidene complex bearing a 
NHC ligand. 

 
Kinetic data obtained for the ROMP of 1,5-cyclooctadiene with various Ru 
initiators helped quantify the improvement resulting from the use of 
bimetallic Ru–benzylidene complexes 4b and 6. Thus, significantly higher 
rate constants were recorded with catalyst precursor 6 (krel = 13) and to a 
lesser extent with species 4b (krel = 2.4) compared to the monometallic first-
generation Grubbs catalyst 1b (krel = 1).7 Homo- and heterobimetallic Ru–
alkylidene complexes were also successfully employed to promote the 
ROMP of cyclooctene and norbornene or norbornadiene derivatives,8,9 the 
cross-metathesis (CM) of cis-2-pentene,5 and the ring-closing metathesis 
(RCM) of a,w-dienes.10,11 For this last application, they displayed excellent 
activities in the formation of tri- or even tetra-substituted cycloalkene 
products, a performance that could not be achieved with the monometallic 
complex 1b. 
 
Another interesting variation on homobimetallic Ru–alkylidene complexes 
was first investigated by Hill and Fürstner in 1999. These authors disclosed the 
convenient synthesis of a catalyst active in RCM by treating [RuCl2(PPh3)3] 
with 1,1-diphenylpropargyl alcohol followed by phosphine exchange with 
PCy3. A structure of molecular formula [RuCl2(=C=C=CPh2)(PCy3)2] con-
taining an allenylidene fragment was initially proposed for this new complex. 
The corresponding homobimetallic adduct was obtained by reaction with 
[RuCl2(p-cymene)]2 (2) and assigned the structure [(p-cymene)RuCl(m-Cl)2 

pathway commonly accepted for olefin metathesis in the presence of 
Grubbs-type alkylidene complexes.7 
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RuCl(=C=C=CPh2)(PCy3)].12,13 However, subsequent work from the groups 
of Nolan14 and Fürstner15 showed that the end products formed in these 

monometallic precursor 7 is depicted in Scheme 3. In sharp contrast with the
trends observed previously by Grubbs and Herrmann, bimetallic species 8
was repeatedly found to be a less efficient catalyst than its monometallic 
parent 7 in the RCM of several dienes.13,15,16 

Ru
Cl PCy3

Cl

3

Ru Ru
Cl

ClCl

Cl

Ru

Cy3P

PCy3
Cl

Cl

7

+

Ru

Cl

PCy3
Cl

Cl

8 (73% yield)
Ru

Cl

2

+

CH2Cl2

1 h, 25Ph

Ph

Scheme 3. Synthesis of a homobimetallic ruthenium–indenylidene complex bearing 
a phosphine ligand. 

 
In 2002, Verpoort et al. prepared a series of monometallic Ru–benzylidene 
complexes bearing bidentate Schiff base ligands 9a–f. By varying the nature 
of the R and R′ substituents on the salicylaldimine moiety, they were able to 
modulate the steric and electronic properties of the Schiff bases. The 
corresponding homobimetallic complexes 10a–f were obtained upon opening 
of the Ru dimer 2 m-chloro bridges by the phosphine ligands in 9a–f with 
concomitant formation of Ru–arene complex 3 (Scheme 4).17 The catalytic 
activity of all these species was tested in ROMP and RCM reactions. 
Homobimetallic complex 10e displayed an excellent stability combined with 
a very high activity for both types of olefin metathesis. In ring-closing 
transformations, it could be used already at 55°C, whereas monometallic 
complexes required a temperature of 70°C to afford satisfactory conversions. 
These observations were rationalized by assuming a sequential heterolytic 
cleavage of the (p-cymene)RuCl2 moiety as the key step in the olefin 
metathesis pathway with bimetallic complexes. Hence, the presence of bulky 
substituents on the remaining Schiff base ligand should help protect the 

reactions were actually Ru–indenylidene compounds. Thus, the correct mole- 
cular representation for the synthesis of homobimetallic adduct 8 from 
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Ru
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Ru Ru
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Cl

Ru
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PCy3Cl

+

10a: R = H, R' = Me (63% yield)
10b: R = NO2, R' = Me (67% yield)
10c: R = H, R' = XyBr (61% yield)
10d: R = NO2, R' = XyBr (68% yield)
10e: R = H, R' = Diip (73% yield)
10f:  R = NO2, R' = Diip (68% yield)

XyBr = 2,6-dimethyl-4-bromophenyl
Diip = 2,6-diisopropylphenyl

2

+

PhCH3

4 h, r. t.

9aŠf

R'

O

R

Ru
H

Ph

N

ClCl

R'

O

R

Ru
Cl

 

Scheme 4. Synthesis of homobimetallic ruthenium–benzylidene complexes bearing 
bidentate Schiff base ligands. 

 
In a follow-up work published in 2003, Verpoort and co-workers further 
explored the chemistry of Ru complexes bearing bidentate Schiff base 
ligands by exposing two metal precursors to the action of a salicylaldimine 
thallium salt. Thus, [RuCl2(NBD)]n (11a, NBD = 2,5-norbo-ρ−nadiene) and 
[RuCl2(COD)]n (11b, COD = 1,5-cyclooctadiene) were reacted with thallium(I) 
(E)-2-tert-butyl-6-((2,6-diisopropylphenylimino)methyl)phenolate (12) in di-
chloromethane at room temperature (Scheme 5). Ru–(cyclodiene) dimers 
13a,b bearing the O^N chelating ligand were isolated as oily products and 
characterized by nuclear magnetic resonance (NMR) and infrared (IR) 
spectroscopies. Their activity in the ROMP of norbornene was probed, but 
they turned out to be poorly active catalysts.18 
 
In 2005, Severin and co-workers investigated the reaction of [RuCl2 
(p-cymene)]2 with 1 equivalent of PCy3 under an ethylene atmosphere. 
Under these conditions, the Ru–(p-cymene) dimer 2 afforded a new type of 
molecular scaffold 15a, in which a RuCl(h2-C2H4)(PCy3) fragment was 
connected via three m-chloro bridges to a Ru–arene moiety (Scheme 6).19 
Soon thereafter, the same group also synthesized the related homobimetallic 
complex 15b by varying the nature of the arene ligand.20 Complexes 15a,b 

coordinatively unsaturated active species, while introduction of electron-
withdrawing groups such as the nitro group would destabilize them.17 

displayed outstanding catalytic activities in atom transfer radical reactions. 
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N+

Diip = 2,6-diisopropylphenyl

CH2Cl2

10 h, r. t.D iip

Ru

N
Diip

O

t-Bu

Ru

Cl

Cl

n
t-Bu

OTl

Ru

N
Diip

O

t-Bu

Cl

Cl

11a,b 12

=

=

13a:

13b :

(63% yield)

(63% yield)

Scheme 5. Synthesis of a homobimetallic ruthenium–(cyclodiene) complex bearing 
bidentate Schiff base ligands. 
 
Thus, complex 15a catalyzed the atom transfer radical addition (ATRA) of 
CCl4 and CHCl3 to olefins at 0°C to 40°C with very high turnover numbers 
(TONs) and frequencies.19 Replacement of the p-cymene ligand with 1,3,5-
triisopropylbenzene enhanced the solubility of complex 15b in hydrocarbon 

polymerization (ATRP) of vinyl monomers in toluene.20 

R
Ru Ru

Cl

Cl

R

Cl

C l

+

2:   R = M e, R ' = H
14 : R = H, R ' = i-Pr

R '

R ' R '

R '

PCy3

C2H4, 1 atm

PhCH3, 60 , 9 h (2)
isooctane, 50 , 48 h (14)

R

Ru ClRu
Cl

Cl
C l

PCy3

15a: R = M e, R ' = H (80%  yield)
15b : R = H, R ' = i-Pr (90%  yield)

R ' R '

Scheme 6. Synthesis of homobimetallic ruthenium–arene complexes bearing a 
phosphine ligand. 

Over the last decade, our group has shown in multiple instances that mono-
metallic Ru catalysts active in olefin metathesis could also be turned into 
efficient promoters for atom transfer radical reactions with only minor ligand 
tuning.21–26 Such a dual activity was evidenced, among others, for Grubbs 
catalyst 1b,21,22 Ru–arene complex 3,21,23 Herrmann bis-NHC or mixed-
ligand complexes of type 5,24 and Verpoort–Schiff base complexes 9a or 
9c.27 Therefore, we decided to probe the metathetical activity of homobi-
metallic complex 15a. In view of the enhancements brought by the replacement 

solvents and allowed to use it for promoting atom transfer radical poly-
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of phosphine ligands by NHCs in Ru–arene28 or Ru–alkylidene7,29–32 
metathesis initiators, we also embarked on synthesizing and studying new 
homobimetallic Ru–arene complexes bearing stable carbene ligands.33 In this 
contribution, we summarize the major findings that emerged from these 
investigations. 

2. Results and discussion 

2.1 Synthesis and characterization of homobimetallic Ruthenium–arene 
complexes bearing NHC ligands 

Complexes 16a,b were readily obtained by combining [RuCl2(p-cymene)]2 
(2) with 1 equivalent of 1,3-dimesityimidazolin-2-ylidene (IMes)34,35 or its 
4,5-dichloro derivative (IMesCl2)36 under an ethylene atmosphere (Scheme 7). 
Both products were isolated as microcrystalline orange powders. They were 
stable in air for short periods of time but prolonged exposure to oxygen and 
moisture led to progressive color changes indicative of degradation. Under 
normal atmosphere, complex 16a began to darken after a few hours, while 
complex 16b resisted a few days before showing signs of decomposition. 
Thermogravimetric analyses (TGA) also pointed to an enhanced stability of 
complex 16b compared to 16a, since the decomposition onset occurred at 
214°C for 16b and 120°C for 16a (Figure 1). For comparison’s sake, TGA 
of phosphine-based complex 15a was also carried out. Despite its remark-
able stability in open air at room temperature, this complex sharply began 
loosing weight at 82°C.33 

PhCH3, 70  24 hN

N
Mes

Mes

C2H4, 1 atm
+

RuCl Ru
Cl

Cl
Cl

N
N Mes

Mes

X

X

X

X

16a: X = H (70% yield)
16b: X = Cl (80% yield)

Ru Ru
Cl

ClCl

Cl

2

Scheme 7. Synthesis of homobimetallic ruthenium–arene complexes bearing NHC 
ligands. 
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Figure 1. TGA curves of homobimetallic ruthenium–arene complexes 15a, 16a, and 
16b. 

Complexes 16a and 16b displayed similar 1H NMR features. Integration of 
the various signals confirmed the presence of the NHC, ethylene, and 
p-cymene ligands in 1:1:1 proportions. The h2-C2H4 fragment gave rise to 
two multiplets centred at about 3.3 and 3.7 ppm. Only two aromatic protons 
from the arene ligand were visible. They resonated as two distinct multiplets 
forming an AB system between 5.0 and 5.1 ppm. The two other p-cymene 
ring protons were masked by the more intense absorptions of CH2Cl2 and 
free C2H4 at ca. 5.2 and 5.3 ppm, respectively. Yet, the nonequivalence of 
the four aromatic protons on the arene ligand was confirmed by 13C{1H} 
NMR spectroscopy that showed four distinct lines for the carbon atoms 
bearing these protons. The most striking difference between the NMR 
spectra of complexes 16a and 16b concerned the resonance of the imidazole 
C4 and C5 carbons. The replacement of hydrogen atoms by chloro sub-
stituents on these positions led to a significant decrease of their chemical 
shift (from 125.6 ppm in 16a to 117.9 ppm in 16b). The carbene centre was 
also affected by the modification of electron density on the heterocyclic ring, 
although to a lesser extent (167.8 ppm for C2 in 16a, 172.3 ppm in 16b). 
These variations are in line with NMR data previously reported for 
monometallic Ru–benzylidene species [RuCl2(=CHPh)(PCy3)(NHC)] when 
IMesCl2 was substituted for IMes.37 
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Figure 2. Molecular structure of complex 16a in the crystal. Hydrogen atoms were 

C13 1.980, C1–C2 1.488, Ru2–Cl1 2.416, Ru2–Cl2 2.438, Ru2–Cl3 2.445, C13–
Ru1–Cl1 177.70, C13–Ru1–Cl2 100.15, C13–Ru1–Cl3 98.83, C13–Ru1–Cl4 88.59. 

Crystals of 16a were grown by slowly cooling a saturated toluene solution of 
the complex under an ethylene atmosphere. X-ray diffraction analysis at 120 

16a – one of them being disordered – and one molecule of solvent. Figure 2 
provides a graphic rendition of the molecular structure observed, together 
with selected structural parameters. It should be emphasized, however, that 
these data are subject to caution since it was not possible to come up with a 
R parameter lower than 0.16, even when data sets were collected at low 
temperature on freshly synthesized crystals. 

2.2 Catalytic tests 

2.2.1 Cross-metathesis of styrene derivatives 

To assess the metathetical activity of homobimetallic Ru–arene complexes, 
we first investigated the homocoupling of styrene derivatives bearing various 
electron-withdrawing or -donating substituents on their aromatic rings (Eq. 1). 
Reactions were carried out in toluene at 85°C using 0.2 mol % of catalyst 
and conversions were monitored by gas chromatography (GC) at regular 
time intervals.33 

R
X X

X
RHC CHR+

Ru cat.
2

X = H, Me, OMe, OAc, Cl, CF3        R = H, CH3

(1)
PhCH3, 85

 

Rul–Cl2 2.472, Ru1–Cl3 2.409, Ru1–Cl4 2.383, Ru1–C1 2.327, Ru1–C2 2.188, Ru1–

K showed that each unit cell was made of two nonequivalent molecules of 

omitted for clarity. Selected bond lengths (Å) and angles (°): Ru1–Cl1 2.524,
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Complex 15a was found completely devoid of metathetical activity toward 
styrene. Conversely, complex 16a was highly efficient at producing 
(E)-stilbene and ethylene. A 93% conversion was achieved after 2 h and full 
consumption of the substrate occurred within 5 h at 85°C (Figure 3). Comp-
lex 16b displayed a lesser activity and afforded only a 70% conversion of 
styrene after 2 h. 

Figure 3. Cross-metathesis of styrene derivatives catalyzed by complex 16a at 85°C. 
Experimental conditions: substrate (2 mmol) and catalyst (0.004 mmol) in toluene  
(2 mL) under Ar. Conversions were determined by GC using n-dodecane as internal 
standard. 

Introduction of slightly deactivating acetoxy or chloro substituents on the 
para-position of the aromatic ring speeded up the reaction that became 
complete after 2 h with complex 16a (Figure 3). Conversely, the presence of 
4-methyl or 4-methoxy groups slightly reduced the reaction rate. This effect 
was best evidenced after 1 h and started to level off after 2 h. Eventually, 
almost quantitative yields of (E)-4,4′-dimethylstilbene or (E)-4,4′-dimethoxy-
stilbene were obtained after 5 h. With the strongly deactivated 4-trifluoro-
methylstyrene, the reaction rate further dropped. A decent 70% conversion 
was reached after 2 h but did not significantly increase within the next 3 h 
allowed to the reaction. trans-Anethole (1-methoxy-4-(1-propenyl)benzene) 
reacted at about the same rate as styrene and was therefore more reactive 
than 4-methoxystyrene. It is also an inexpensive natural product, whereas 
4-methoxystyrene is not widely available. Thus, trans-anethole is a prime 
starting material to access the important class of polyhydroxystilbenes via 
olefin metathesis.38–40 
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Attempts to homocouple a-methylstyrene with complex 16a remained 
unsuccessful. This failure might be attributed to the greater steric congestion 
imposed to a metal–alkylidene or a metallacyclobutane intermediate by a 

benzylidene species possessing a chelated methoxy ligand.39-47 

2.2 2 Ring-opening metathesis polymerization of cyclooctene 

To further expand the scope of homobimetallic Ru–arene catalysts in olefin 
metathesis, we have examined the ROMP of two representative cycloalkenes, 
viz. norbornene and cyclooctene, in the presence of complexes 15a, 16a, and 
16b.33 Polymerization of the latter, low-strain cycloolefin was carried out in 
chlorobenzene at 60°C for 2 h using a monomer/catalyst ratio of 250. In 
order to impede gelification and formation of insoluble cross-linked polymers, 
norbornene was reacted in more dilute solutions with 0.1 mol % of catalyst. 
Due to its high strain, ring-opening metathesis of this bicyclic monomer is 
particularly easy and occurs almost under any circumstances, provided that 
enough time is allowed to the reaction.48 It was therefore not surprising to 
observe the full conversion of norbornene into polynorbornene with catalyst 

complex afforded a much broader molecular weight distribution and a lower 
proportion of cis double bonds in the polymer backbone, thereby underlining 
the influence of the ancillary ligand on the polymerization outcome. 

Table 1. ROMP of norbornene catalyzed by complexes 15a, 16a, and 16b at 60°C a 

Catalyst Conversion (%)b Yield (%) mn (kg mol–1)c mw/mn
c Σcis

d 
15a >99  88  115 5.1 0.18 
16a >99  91  480 1.5 0.43 
16b >99  87  150 1.8 0.39 

a Experimental conditions: Ru cat. (0.015 mmol), PhCl (12 mL), norbornene (15 mmol), 2 h at 
60°C; bDetermined by GC using norbornane as internal standard; c Determined by size-
exclusion chromatography in THF with polystyrene calibration; dFraction of cis double bonds 
in the polymer, determined by 13C NMR spectroscopy. 

Compared to norbornene, cyclooctene is significantly more difficult to ring 
open.49 Hence, formation of polyoctenamer occurs only at a reasonable rate 
with highly active catalytic systems. With this monomer, a clear-cut distinc-
tion could be established between complex 15a that did not afford any 
reaction after 2 h at 60°C and the NHC-containing Ru–arene species 16a and 
16b, which led to complete conversions under the same experimental con-
ditions (Table 2). Although the polymerizations were not controlled, almost 

1,1-disubstituted double bond compared to its 1,2-disubstituted isomer or 
a terminal olefin. Another styrene derivative that resisted metathesis under 
our experimental conditions was 2-methoxystyrene. In this case, the lack 
of reactivity was most likely due to the formation of a stabilized Ru–

15a, along with 16a,b (Table 1). Yet, recourse to the phosphine-based 
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quantitative yields of high molecular weight polymers were obtained without 
the need to add a diazo compound, nor to photochemically activate the 
catalyst precursor, as previously required with monometallic Ru–arene 
complexes bearing phosphine50–52 or NHC28,53 ligands. 
Table 2. ROMP of cyclooctene catalyzed by complexes 15a, 16a, and 16b at 60 
controlled Ca 

aExperimental conditions: Ru cat. (0.03 mmol), PhCl (5 mL), cyclooctene (7.5 mmol), 2 h at 
60°C; bDetermined by GC using cyclooctane as internal standard; cDetermined by size-
exclusion chromatography in THF with polystyrene calibration; dFraction of cis double bonds 
in the polymer, determined by 13C NMR spectroscopy. 

2.2.3 Ring-closing metathesis of diethyl diallylmalonate and diallyltosylamide 

In a final series of experiments, we probed the catalytic activity of comp-
lexes 15a, 16a, and 16b in the RCM of two benchmark substrates, viz. 
diethyl 2,2-diallylmalonate (17a) and N,N-diallyltosylamide (17b). Preliminary 
tests were carried out in toluene at 85°C using 2 mol % of Ru catalysts 
(Scheme 8).33 

C2H4    +

Ru cat.

17a: X = C(CO2Et)2
17b: X = NTs

X

X

X
PhCH3

85 , 2 h

18a: X = C(CO2Et)2
18b: X = NTs

19a: X = C(CO2Et)2
19b: X = NTs

 

Scheme 8. Competition between RCM and cycloisomerization in the ruthenium-
catalyzed reaction of diethyl diallylmalonate (17a) and diallyltosylamide (17b). 

 
Under these conditions, no reaction occurred with the phosphine-based 
bimetallic species 15a (Table 3, entries 1 and 2). With the NHC-containing 
catalyst precursor 16a, full consumption of the starting materials took place 

(entries 3 and 4). Thus, Ru complex 16a acted as catalyst precursor for both 
RCM and cycloisomerization of the acyclic a,ω-dienes. A similar twofold 

Catalyst Conversion (%)b Yield (%) mn (kg mol–1)c mw/mn
c Σcis

d 
15a 
16a >99
16b >99

0 0
 93
 95

 –    – –
 250 1.8 0.26 
 230 1.6 0.34 

within 2 h. The expected RCM cycloadducts 18a,b were, however, accom-
panied by rearranged products 19a,b formed in almost equimolar proportion 
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reaction was also observed with complex 16b (entries 5 and 6). Yet, 
conversions were slightly lower and cycloisomerization took precedence 
over RCM, in line with the reduced metathetical activity of 16b compared to 
16a already observed in CM and ROMP experiments. 
Table 3. RCM and cycloisomerization of diethyl diallylmalonate (17a)a and 
diallyltosylamide (17b)b catalyzed by complexes 15a, 16a, and 16b at 85°C 

Entry Substrate Catalyst Conversion (%) 18:19 

1 17a 15a 0 – 

2 17b 15a 0 – 

3 17a 16a 99 53:47 

4 17b 16a 98 49:51 

5 17a 16b 98 40:60 

6 17b 16b 96 41:59 

aExperimental conditions: Ru cat. (0.004 mmol), substrate (2 mL of 0.1 M solution in toluene, 
0.2 mmol), 2 h at 85°C. Conversions and product distributions were determined by GC using 
n-dodecane as internal standard; b Experimental conditions: Ru cat. (0.002 mmol), substrate 
(1 mL of 0.1 M solution in toluene-d8, 0.1 mmol), 2 h at 85°C. Conversions and product 
distributions were determined by 1H NMR spectroscopy.  

Previous reports from the groups of Kurosawa54 and Dixneuf 55,56 dealing 
with monometallic Ru–arene catalytic systems had shown that a,ω-dienes 
could be converted exclusively into metathesis products, while completely 
inhibiting the cycloisomerization process, by adding a small amount of 
terminal alkyne to the reaction media.54–56 We have applied this strategy to 
homobimetallic Ru–arene complexes. Thus, substrates 17a and 17b were 
reacted with catalyst precursors 15a, 16a, and 16b (2 mol %) in the presence 
of phenylacetylene (6 mol %). To our great satisfaction, the alkyne 
cocatalyst was highly effective at suppressing the cycloisomerization process 
altogether. At the same time, it significantly increased the rate of metathesis. 
Hence, with catalyst 16a addition of phenylacetylene allowed to lower the 
reaction temperature from 85°C to 25°C while maintaining a quantitative 
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Figure 4. RCM of diethyl diallylmalonate (17a) and diallyltosylamide (17b) 

conversion within 2 h (Figure 4). Replacement of the IMes ligand with its 
4,5-dichloro derivative in complex 16b once again reduced the catalytic 
efficiency toward metathesis, although more than satisfactory conversions 
were achieved already at 25°C in the presence of the alkyne cocatalyst. 

benefited from the adjuvant and became moderately active at promoting 
RCM. Heating to 85°C was, however, still required to achieve satisfactory 
conversions within 6 h (Figure 4). 

3. Conclusions 

Bimetallic Ru complexes nicely complement the ubiquitous Grubbs alkyli-
dene catalysts and related species used as initiators for olefin metathesis. 
Compared to their monometallic counterparts, they often display a greater 
propensity at releasing coordinatively unsaturated species essential for the 
activation of alkene substrates toward metathesis. In the case of homobi-
metallic Ru–arene complexes, the choice of the ancillary ligand was found 
crucial to achieve high metathetical activities. Thus, complexes 16a and (to a 
lesser extent) 16b bearing NHC ligands were very efficient catalyst precursors 
for various types of olefin metathesis reactions, whereas phosphine-based 

(6 mol %) at 25°C or 85°C. See Table 3 for experimental conditions. 

Complex 2a that was completely inactive on its own (cf. Table 3) also 

catalyzed by complexes 15a, 16a, and 16b in the presence of phenylacetylene
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catalysts 15a,b were more suited for promoting atom transfer radical 
additions and polymerizations. 

species, homobimetallic Ru complexes 16a,b might be activated via an 
alternative pathway involving exchange of the labile ethylene ligand for a 
higher olefin substrate. Formation of a reactive carbene moiety could then 
occur through direct (albeit unfavorable) equilibration, as proposed by 
Bencze57 and Mühlebach,58 although a more complex sequence involving the 
intermediacy of Ru–hydride species cannot be ruled out.59,60 Subsequent 
steps of metallacyclization and cycloreversion follow the mechanism 
commonly accepted for olefin metathesis1,2 and complete the sequence. 
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1. Introduction 

insensitivity to impurities), and its high activity has been called one of the 
“Holy Grails” of catalysis. This is especially visible in the field of olefin meta-
thesis: a fairly old reaction that has long remained as laboratory curiosity 
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Abstract: Hoveyda–Grubbs catalyst has been successfully fine-tuned by us in order 
to increase its activity and applicability by the introduction of electron-withdrawing 
groups (EWGs) to diminish donor properties of the oxygen atom. As a result, the 

number of successful applications in various research and industrial laboratories. 
Some other EWG-activated Hoveyda-type catalysts are commercially available. The 
results described herewith demonstrate that the activity of ruthenium (Ru) metathesis 

stability. Equally noteworthy is the observation that different Ru catalysts turned out 
to be optimal for different applications. This shows that no single catalyst outper-
forms all others in all possible applications. 

catalysts can be enhanced by introduction of EWGs without detriment to catalysts 
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stable and easily accessible nitro-substituted Hoveyda–Grubbs catalyst has found a 
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of interest in the olefin metathesis, as witnessed by a rapidly growing 
number of elegant applications. Using this tool, chemists can now efficiently 

New molybdenum and ruthenium (Ru) catalysts 1–5 (Figure 2), which 
combine high catalytic activity with fairly good stability, however, have 
revolutionized the field.2,3 As a result, recent decades have seen a burgeoning 

111
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Finding of a subtle balance between the stability of a catalyst (and its 

without significance for advanced organic chemistry (Figure 1). 
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Figure 1. Olefin metatesis: RCM = ring-closing metathesis, ROM = ring-opening 
metathesis, ADMET = acyclic diene metathesis polymerization, ROMP = ring-
opening metathesis polymerization, CM = cross-metathesis, HM = homo-metathesis. 

1.1 Nitro-substituted Hoveyda–Grubbs ruthenium carbene: increasing 
the initiation ratio through electronic factors 

112

synthesize an impressive range of molecules that only a decade ago required 
significantly longer and tedious routes. Especially, the development of effi-
cient and selective Ru catalysts 2–4 has been the key to the widespread 
application of olefin metathesis in organic synthesis.2–4 

Although the three generations of Grubbs’ Ru catalyst (2a, 2b, and 4) possess 
in general very good application profile, combining high activity with an 
excellent tolerance to a variety of functional groups, the phosphine-free 
catalyst 3b, introduced independently by Hoveyda and Blechert5 displays even 
higher reactivity levels towards electron-deficient substrates, such as 
acrylonitrile, fluorinated olefins, and others.6 Excellent air stability, ease of 
storage and handling, and possibility of a catalyst reuse and immobilization 
render additional advantages of this system.6 In spite of the promising 
application profile observed in reactions of 3b, this catalyst proved to initialize 
slower than 2b, probably as a result of steric (large isopropoxy group) and 
electronic factors (iPrO→Ru electron donation).6 Blechert and Wakamatsu 
have shown recently that the replacement of the isoprop-oxybenzylidene 
“ligand” in 3b by BINOL- or biphenyl-based benzylidene results in large 
improvement in catalyst activity, as − for example − complex 5 is drastically 
more reactive not only than 3b but also than the “second-generation” Grubbs’ 
catalyst 2b (Figure 2).7 

At that time, we were engaged in preparation of some immobilized analogues 
of 3.8 During these studies, we have observed that the 5-bromo substituted 
Hoveyda catalyst reacts visibly slower then the parent catalysts 3b. Intrigued by 
this result, we decided to test if tuning the electron density in the 2-
isopropoxybenzylidene part of 3b can result in the increase of catalytic activity 
of this complex. We surmized that strong electron-withdrawing groups (EWGs) 
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Figure 2. Modern catalysts for olefin metathesis. iPr = isopropyl; Cy =  cyclohexyl, 
Mes = 2,4,6-trimethylphenyl, R = chiral or achiral substituent [1–3]. 

6

OR

NO2

O O

NO2

O

Ru
Cl
Cl

MesN NMes

NO2

R = H

R = iPr, 86%

Ph3P CH2

iPrI
K2CO3

2b , CuCl

DCMTHF

57%
83%

NO2

OH

NO2

O
Br

NO2

O

1) Br2

2) iPrI
K2CO3

Bu3SnCHCH2
Pd(Ph3P)4,

toluene
7

O

Ru
Cl
Cl

MesN NMes

2b , CuCl

DCM

83%

NO2

55% 83%  
Figure 3. Preparation of nitro-substituted Hoveyda catalysts 6 and 7. 

Phosphine-free EWG-activated ruthenium olefin metathesis catalysts 113

para to the ligating iPrO in 3b would weaken the iPrO→Ru chelation and 
facilitate initiation of the catalytic cycle.9 The above hypothesis found experi-
mental support, as we observed that the 5-nitro substituted catalyst 6 possesses 
a dramatically enhanced reactivity in model ring-closing metathesis (RCM), 
cross-metathesis (CM), and enyne-metathesis (Figure 3).10 Interestingly, also 4-
nitro isomer 7 exhibits high activity in model metathesis reactions.10a These 
complexes can be prepared in a few steps from comercially available reagents 
(Figure 3). It is worth to note that the air and thermodynamic stability of 6 and 
7 is not reduced as compared with parent 3b.9,10 Later, it has been shown that 
the same positive effect on the catalyst activity exert other EWGs para (COR,12 
SO2R,11,12 P(O)R2,12 CnF2n+2,13 C5H5N+,14 and others) or meta (F,15 CF3,15 CN,15 
NHR2

+,16  NR3
+,17 and others) to the chelating OiPr group.18 

1.2 Applications of EWG-substituted ruthenium catalysts in olefin 
cross-metathesis 

Functionalized olefins are important building blocks for organic synthesis. 
Catalytic olefin CM is a convenient route to functionalized and higher olefins 
from simple alkene precursors. One of the most appealing facets of this 
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Vinyl sulfones. Functionalized vinyl sulfones are useful building blocks. 
Substituted α,β-unsaturated sulfones serve efficiently, e.g. as Michael accep-
tors and as 2π partners in cycloaddition reactions. In addition, the stability 
and ease of further transformation of sulfonyl group via elimination or either 
reductive or alkylative desulfonylation renders further advantages to vinyl 

found that the CM reaction between simple terminal alkenes and phenyl 
vinyl sulfone is possible using second-generation Grubbs catalyst. This 
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Figure 4. Application of vinyl sulfone CM in stereoselective synthesis of (–)-
maritolide and (–)-swainsonine (TBDPS = tert-butyldiphenylsilil). 
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transformation is that a carbon–carbon double bond of one of CM partners can 
be substituted by a heteroatom-containing or EWG.19 Therefore, CM comple-
ments other C–C coupling methods, such as Wittig, Horner–Wadsworth–
Emmons, or Heck reactions.19 We attempted to test nitro catalysts 6 and 7 with 
a number of novel CM partners, such as vinyl sulfones, vinyl phosphine 
oxides (including a homo-metathesis – HM – variant), and vinyl azulenes. 
Whereas 6 was found to be catalysts of choice in most of these cases, it 
exhibits lower reactivity toward tetra-substituted double bonds.10a This shows 
that no single catalyst outperforms all others in all possible applications. 

sulfones as synthetic intermediates. Despite some previous reports,20 we have 

However, in the case of CM of more challenging alkenyl substrates, 
especially those bearing less available double bonds, the highest conversions 
and lowest catalyst loadings were achieved with 6 and 7 (Figure 5). 
 

transformation was later successfully applied by Evans in a stereoselective 
synthesis of (–)-maritolide and some other furanone natural products21a and 
by Pyne in a formal synthesis of (–)-swainsonine (Figure 4).21b 
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Figure 5. Comparison of catalyst 2b, 2c, 6, and 7 activity in cross-metathesis of 
phenyl vinyl sulfone. 

The commercially available divinyl sulfone (CH2=CH)2SO2 and its mono 
and di-substituted derivatives are useful starting materials in the preparation 
of thiomorpholine 1,1-dioxides and other synthetically important macro- and 

for a catalytic CM, producing hitherto unreachable unsymmetrically substi-
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Figure 6. Cross-metathesis of divinyl sulfone (TBS = tert-butyldimethylsilil). 
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the nitro-Hoveyda catalyst (6) can be used in this transformation. The latter 
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heterocycles.22 We have shown that divinyl sulfone can be used as a substrate 

tuted products (Figure 6).23 The commercially available Ru complex (2b) and 

 
Vinyl phosphine oxides. Vinyl phosphine oxides have found wide use as 
versatile synthetic intermediates in the preparation of various mono- and 

complex, in some cases revealed slightly better results with this class of 
compounds.23 The presence of two double bonds in the CM products could 
be used for further functionalization. As an example, on Figure 6 is 
presented CM of divinyl sulfone followed by bis-heteronucleophilic Michael 
addition leading to some tiomorpholine 1,1-dioxide derivatives.23 

diphosphine systems.24 The application of 2b and 6 in CM of vinyl 
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inexpensive or easily available, it can be used in excess, allowing the more 
economical utilization of an expensive vinylphosphine oxide partner. Olefinic 
substrates bearing various functionalities, including haloalkenes can be easily 
converted to α,β-unsaturated phosphine oxides in good yields. 

In recent years, chiral, nonracemic vinyl phosphine oxides have served as 
convenient precursors to P-stereogenic ligands as well as chiral reagents for 
effecting P to C chirality transfer in stoichiometric addition, cycloaddition, 
and substitution processes. The possibility of straightforward metathetic 
conversion into functionalized terminally substituted analogues retaining 
both unsaturation and the P-stereogenic center has practical importance. 
Various substituted chiral vinylphosphine oxides can be accessed by CM 
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phosphine oxides has been reported by us (Figure 7).25 When the CM alkene 

reaction of enantiopure phosphine oxides catalyzed by 2a and 6  (Figure 7).25

This reaction proceeds without any racemization of the chiral phosphorus 
center, providing easy access to functionalized enantiopure (E)-alkenyl-
phosphine oxides. 
 
Contrary to facile HM–CM of terminal olefins (Figure 1), the examples of HM 
between two electron-deficient olefins are rare, and good yields have only 
been reported for homodimerization of acrylates and enones.26 We have found 
that homodimerization of some vinyl phosphine oxides proceeds with good 



 
Alkenyl and alkynyl azulenes. Azulenes, aromatic compounds with extended 
π-electron system, are important “organic materials” with special optical and 
electrical properties for the design of molecular devices. We have reported on 
synthesis of alkenyl-substituted azulenes utilizing metathesis reaction as a tool 
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Figure 8. Homo- and cross-metathesis of vinyl phosphine oxides. aNMR yield; bisolated 
yields. 
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for functionalization of azulene core with a variety of substituents, including 
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yields, leading to precursors of valuable bisphosphine ligands (Figure 8).27 
Of the Ru catalysts tested, the nitro-carbene 6 gives the best results in this 
transformation. The reaction proceeds under very mild conditions and chiral 
non-racemic products can be obtained without epimerization on a chiral-
phosphorus center. A CM of vinyl phosphine oxides with other electron-
deficient substrates has been also tested (Figure 8).27  

was the first example of metathesis application in the relatively unstable 
azulene moiety. 

extending π-electron system (Figure 9).28 According to our knowledge, this 

Vinyl chlorides. Functionalized vinyl chlorides are useful substrates in Pd-
catalyzed C–C couplings and other transformations. We have found that CM 
reaction between substituted styrenes and trans or cis-1,2-dichloroethene 

interesting transformation is currently undergoing in our laboratory. 
used as a solvent is possible using 6 (Figure 10).29 Further utilization of this 

Applications in natural product and advanced materials synthesis. The 
easily accessible30 5-nitro substituted catalyst 6 has found a number of 
successful applications in various research and industrial laboratories. For 
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example, a very effective tandem enyne–RCM reaction using only 1 mol % 
of the nitro-catalyst 6 has been applied by Honda (Tokyo, Japan) as a key 
step in a total synthesis of a cytotoxic alkaloid (+)-viroallosecurinine (Figure 
11).31 The same research group has published a synthesis of another member 
of the Securinega family, (–)-securinine, utilizing similar domino reaction 
catalyzed by 6.32 
 
Ostrowski (Siedlce, Poland) applied 6 in preparation of some porphyrin 

photosynthetic model (Figure 12).34 
33building blocks,   including a porphyrin–fullerene dyad, being a new artificial 

An interesting application of the nitro-catalyst 6 has been recently published 
by Boehringer Ingelheim Ltd. in synthesis of BILN 2061 (Ciluprevir), the 
first reported hepatitis C virus (HCV) NS3 protease inhibitor to have shown 
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an antiviral effect in infected humans.35 The HCV infection is a serious 

2061, is the first compound of its class to have reached clinical trials.36 It has 
shown oral bioavailability and antiviral effects in humans infected with 
HCV.36 The key step in the preparation of BILN 2061 is the RCM formation 
of the 15-membered ring.  Several Ru catalysts could be used in this 
reaction,37

choice. Loadings as low as 0.6 mol % of 6 give good results in the 
cyclization of macrocyclic ring of BILN 2061, making this step highly 
effective in large-scale preparations (Figure 14).38  
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Recently, another EWG-activated catalyst obtained in Warsaw (Figure 13) 
have been used in the same transformation, giving similar results.39 

A CM reaction catalyzed by 6 was used by Kalesse (Hannover, Germany) to 
install the conjugated ester functionality for a subsequent intramolecular 
Michael addition en route to antitumor hexacyclinic acid and (–)-FR182877 
(Figure 15).40 
 

cause of chronic liver disease worldwide. The macrocyclic peptide, BILN 

35

Figure 11. Application of  6 as a key step in total synthesis of (+)-viroallosecurinine 

 however, the nitro-substituted 6 was found to be catalyst of 

(Boc = BuOC(O)) 31

Figure 12. Preparation of a porphyrin-fullerene dyad (Ts = toluenesulfonyl) 34
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Figure 14. Preparation of the macrocyclic peptide BILN 2061. Conversion calculated 
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Recently, Barrett (Imperial College, London, UK) applied another challenging 
CM in the synthesis of some antibiotic viridiofungin derivatives (Figure 17).42 
The authors’ statement: “In particular we focused on the use of the Grubbs II 
catalyst (2b), the Hoveyda catalyst (3b), the Blechert catalyst (5) and the Grela 
catalyst (6). In our hands, neither catalyst 2b nor 3b was especially effective 
with slow and incomplete conversions. Both catalysts 5 and 6 were superior 
with the Grela catalyst 6 the most effective. Although conversion by 1H NMR 
was high (>95%), extensive chromatography was required to remove 
ruthenium residues from the polar acid 9, which was isolated in 57% yield” 
can be a good example illustrating the fact that just a good chemical activity is 
not enough and also an efficient Ru removal step is equally important in a total 
synthesis. 
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Another impressive CM application of 6 was published by Koide et al. 
(Pittsburgh, USA) in total synthesis of FR901464, an antitumor agent that regu-
lates the transcription of oncogenes and tumor suppressor genes (Figure 16).41 

antitumor agent via diene–ene CM. The fragile nature of alkene fragment B 
(thermal decomposition at >47°C) precluded more forcing reaction conditions. 
Gratifyingly, despite the absence of any protecting groups,41 application of the 
highly active catalyst 6 at room temperature furnished FR901464 in 40% yield 
(51% based on recovered diene).41 

A potential solution of this problem has been recently developed at Max-
Planck Institut für Kohlenforschung (Mülheim an der Ruhr, Germany) in close 
cooperation with industrial partners.43 Ionic liquids (IL) were used as an 
immobilizing matrix for catalyst 6 and the metathesis reaction was conducted 
in supercritical carbon dioxide. This technology can now be operated under 
continuous-flow conditions and used for the macrocyclization of some 
pharmaceutical precursors.43 

Figure 16. The final steps of FR901464 total synthesis utilizing 6 in catalytic CM. 

Especially challenging was the final connection of two fragments of this 

Yield based on recovered substrates (Ac = COCH ) 41



2. Summary and outlook 

Oxygen ether derivatives 3, pioneered by Hoveyda, exhibit high activity and 
possess excellent functional group tolerance. Catalyst 3b has been success-
fully fine-tuned by us in order to increase its activity and applicability by the 

laboratories. Some other EWG-activated Hoveyda-type catalysts are become 
commercially available. The results described herewith demonstrate that the 
activity of Ru metathesis catalysts can be enhanced by introduction of EWGs 

that different Ru catalysts turned out to be optimal for different applications. 
This shows that no single catalyst outperforms all others in all possible 
applications. 

a number of successful applications in various research and industrial 

without detriment to catalysts stability. Equally noteworthy is the observation 

result, the stable and easily accessible nitro-substituted catalyst 6 has found
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1. Introduction 

High efficiency and commercial availability of well-defined metathesis catalysts 
1–3 has made olefin metathesis reaction practical for large-scale fine chemicals 
production. 
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1.1 Mechanism of olefin metathesis reaction 

The mechanism of olefin metathesis reaction catalyzed by ruthenium (Ru) 
carbenoids was intensively studied over last 8 years both experimentally [1] 

this reaction to proceed with participant of 14-electron–Ru complexes and 
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Scheme 1. A general mechanism for olefin metathesis reaction catalyzed by Grubbs 
catalysts [1]. 
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and theoretically involving calculation method [2]. It has been assumed for 
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1.2 Ligand effect on thermal stability of ruthenium olefin 
metathesis catalysts 

Analysis of literature showed that most of information concerning thermal 
stability, degradation, and deactivation of  Ru–carbene catalysts has been 
obtained for first- and second-generation Grubbs catalysts. There are only 
solitary reports about decomposition of Hoveyda-type catalysts without details. 
 
1.2.1 Phosphine ligand (PR3) 
 
First-generation Grubbs catalyst (1) containing two PCy3 substituents possess 
relatively high thermal stability both in solid state and in solution (half-life 
of (1) in benzene solution at 55°C is about 8 days) [4,5]. The thermal 
decomposition of complex (1) has been studied in details and it has been 
proposed to occur via phosphine dissociation followed by bimolecular coupling 
of two 4-coordinate Ru fragments [1b,4]. This process proceeds with formation 
of free phosphine, product of carbenoid dimerization, and inorganic products 
(Eq. 1). Such pathway for alkylidene decomposition was confirmed by 
analyzing of 31P NMR and 1H NMR spectra of decomposition of propylidene 
(4). 31P NMR spectrum contained predominantly signals of free PCy3 and of 
small amount of unidentifiable phosphine products. The most notable aspect 
of 1H NMR spectrum of the similar reaction mixture was the initial quanti-
tative formation of trans-3-hexene [4]. It has been shown that the complexes 
decomposition has a second-order kinetic and can be inhibited by addition of 
phosphine [9]. 
 

 
 
 

  
   

 (1) 

 
Modification of phosphine in many cases leads to changes in activity of cata-
lyst. It has been found that the initiation step of metathesis reaction and 
stability of catalyst are correlated – complexes with more labile phosphines 
(e.g. PPh3) exhibit high rate of Ru–P bond dissociation together with low 
thermal stability [1c,5,6]. Similar observations were made for second-
generation Grubbs catalyst (2a) and its different phosphine modifications [7]. 
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ruthenocyclobutanes (Scheme 1) [1]. The formation of last species was 
confirmed by 1H NMR recently [3]. 
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1.2.2 L-type ligand 
 
The variation of L-type ligands is limited. It has been shown [8] that ligand 
for metathetically active catalyst must be electron donor and sterically 
blocked. Generally, it was found that the replacement of one phosphine 
fragment by imidazole or dihydroimidazole moiety into first-generation 
Grubbs catalyst (e.g. complexes 1 and 2a, respectively) leads to significant 
increasing of complex stability and, at the same time, about 70-fold decrease 
in the rate of initiation [1b,7,8].The replacement of mesylsubstituent (2,4,6-
trimethylphenyl) with p-tolyl or p-chlorophenyl significantly decrease the 
catalytic activity of complex [8]: 
 

NN NN

NN

i-Pr

i-Pr

i-Pr

i-Pr

NN

i-Pr

i-Pr

i-Pr

i-Pr  
 
1.2.3 Carbene ligand (R1) 
 
It has been shown that Grubbs complexes with benzylidene group (I) are 
more stable in comparison with other carbenes (Table 1) [4]. This moiety is 
gradually consuming during initiation step (Scheme 1). It usually leads, 
especially in case of terminal olefins metathesis or ethenolysis, to the forma-
tion of methylidene carbenes (5) and (6a): 
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5 6a

Ru CH2
Cl

Cl
PCy3

NN

 
 

From this point of view the understanding of methylidene decomposition and 
stability is important for designing a more stable catalytic system. Usually, the 
catalyst destruction was studied based only on kinetic experiments without 
isolation and identification of products of decomposition [8,10,11]. Recently, 
Grubbs and coworkers isolated the major product formed after heating of 
(6a) in benzene solution (Eq. 2) [9]. The structure of (7) was proved by x-ray 
crystallography. Complex (7) was isolated with yield 46%. It has been shown 
that this complex is responsible for the C=C double bond isomerization [9]. 
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Table 1. Thermolytic half-lives of complexes in benzene at 55°C [1b,4,9] 
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Notably the methylidene complexes (5) and (6a) appear to decompose by a 
different pathway than Ru alkylidenes and benzylidenes. The decomposition 
of both of them exhibit first-order kinetics (all other complexes have second-
order kinetic) and is not inhibited by addition of free phosphines [10]. 
Moreover, using deuterium-labeled complexes it has been shown that 
phosphine takes part as a participant in this process in contrast to other 
alkylidenes (Scheme 2) [4]. 
 
On the other hand type of ligand (P- or N- ligand) at Ru–carbene has strong 
effect on the stability of methylene species: half-life time are 0.6 and 5.5 h 
for (5) (P)Ru=CH2 and (6a) (N)Ru=CH2. This fact indicates that ligand L 
determines the stability of the Ru–carbene catalyst. 
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Scheme 2. Proposed pathway for deuterium incorporation on the phosphine [4]. 
 
Degradation of Grubbs catalysts both first and second generations with 
alcohols, water, and oxygen was studied by Mol and coworkers. Recently, 
they have shown that Grubbs catalyst of first generation (1) reacted with 
methanol in toluene at 70°C with formation of a monohydride species (8) 
after 2 days (Eq. 3) [13]. It has been shown that this hydride was responsible 
for the carbon–carbon double-bond isomerization – unwanted process in 
metathesis reaction [11]. 
 
 

(3) 
 

 
 

 
Addition of base as inorganic (sodium methoxide, sodium hydroxide, potass-
ium carbonate) and organic (triethylamine) greatly facilitate the hydride-
forming reaction in terms of both rate of formation and yield. Catalyst (1) 
reacts in the same manner also with ethanol and propanol, but 2-propanol 
remained essentially unreactive for hydride formation even in the presence 
of bases [11]. 
 
The reaction of (1) with benzyl alcohol gave the new complex (9) with Ru–C 
bond instead of (8) (Eq. 4) [11]. It has been shown that this compound was 
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Cl

Cl
PCy3

Ph

PhCH2OH, NEt3, PhCH3, 80 °C
Ru Ph

Cy3P

OC
PCy3

Cl

1 9

formed also in the reaction of (1) with oxygen in solvent and solid state as 
well. Furthermore, it was observed as a product of catalyst decomposition in 
solvent-free metathesis of 1-hexene in the presence of (1). It is necessary to 
note that 1H NMR of decomposed catalyst showed no hydride- or metal-
carbene-containing compounds [11]. 
 
 
 

(4) 
 
 
 
 
Grubbs catalysts of second generation (2a, b) react with primary alcohols, 
benzyl alcohol, and oxygen in similar manner giving hydrides (10a, b) or 
Ru–C species (11a, b) [14,15]. It has been shown that the hydrides (10a, b) 
are also responsible for C=C double-bond isomerization in metathesis reaction 
[12,13]. 
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R2

Ph
Ru R3

OC
PCy3

NN
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Cl

2a  R1 = R2 = Me
2b  R1 = i-Pr; R2 = H

10a  R1 = R2 = Me; R3 = H
10b  R1 = i-Pr; R2 = H; R3 = H
11a  R1 = R2 = Me; R3 = Ph
11b  R1 = i-Pr; R2 = H; R3 = Ph  

 
Poisoning effect of carbon monoxide for (2a) Grubbs catalyst was reported 
by J. Diver (Eq. 5). Reaction takes place at ambient temperature and atmos-
pheric pressure with N-heterocyclic carbene (NHC) aromatic ring opening 
followed with benzylidene insertion [16]: 
 

 
 

  
(5) 

 
 
 
 

C–H bond activation of one ortho methyl of the mesityl group at aerobic 
conditions (Eq. 6) is also responsible for (2a) degradation [17]: 

Mes-N N-Mes

Ru
RCl

Cl

PCy3

N N-Mes

Ru ClOC

CO

PCy3

ClR

CO (1atm)

CH2Cl2, rt

R=Ph, 90%
R=H, 63%
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The influence of substrate. There are just a few reported experimental studies 

double-bond isomerization process which usually was catalyzed by Ru hydride 
species formed in the reaction mixture after metathesis catalyst destruction. 
Recently, the theoretical results about substrate-induced catalyst decomposition 

 
Scheme 3. A proposed metathesis catalyst decomposition route by means of β-hydride 

 

 
 

 (7)  
 

 

2. Results and discussion 

In our investigation we tried to understand the decomposition of second-
generation Hoveyda–Grubbs catalyst under ethylene atmosphere. 

 
(8) 
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This theoretical study was experimentally confirmed. In particular, it has 

transfer [20]. 

which focus on that problem [18]. All of them are concerning of the C=C 

involving β-hydride transfer from ruthenocyclobutane intermediate (Scheme 3) 

40°C led to the formation of mixture of products, where the propylene and 1-

were published [19]. 

butene are major (Eq. 7) [19]. Similar results were obtained in reaction of 

been shown that the reaction of methylidene (5) with ethylene in benzene at 

methylidene (6a) with ethylene in the same conditions [19]. 
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The decomposition of the same methylidene induced by ethylene was studied 
both as experimentally and theoretically and it has been shown that this 

the substrate induced by decomposition of second-generation Hoveyda 
catalyst led to the similar mixture of olefins with preferable formation of 
propylene (Eq. 9, Table 2). According to integration of 1H NMR spectrum 

 
Heating of the reaction mixture at 55°C during 24 h leads to almost full 
consumption of carbenoid complexes (based on analysis of low field nuclear 
magnetic resonance (NMR) region. No Ru hydride species were detected in 
the reaction mixture. In NMR olefinic region new signals were appeared 
which were attributed mainly to propylene as well as small amount of other 
alpha olefins (the major 1-butene) and internal olefins. These by-products 

 
 
 
 
 
 
 

(9) 
 
 
 
 
 
 
 

 
Table 2. Relative peaks area of light products observed from GC analysis after 
reaction of (3) with excess of ethylene in benzene at 55°C after 24 h (ethylene, air, 
and heavy compounds peaks are omitted) 
 

Component Area (%) 
Ethane 6.93 
Propylene 79.25
trans-2-Butene 7.18
1-Butene 1.19 
Isobutylene 0.39 
cis-2-Butene 2.50 
Unidentified C5 olefins 2.56 

Ru
Cl

NN

Cl

O

O O O

OE:Z = 27:1

Ratio of styrene derivatives products by GLC = 80:15:5

+ +ethylene (1.3 bar)
benzene-d6, 55°C

C5-olefins

+ +

+ +

+

(minor)

(major) (major) (major)

(minor) (minor)

Ru
Cl

NN

Cl

O

ethylene (1.3 bar)
benzene-d6, 55°C

+

were confirmed by global land cover (GLC) data (Figure 2). 

the yield of propylene is close to amount of reacted starting complex (Figure 1) 
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1

complex (6) with excess of ethylene in benzene-d6 at 55°C during 24 h. 

Hoveyda catalyst decomposition in benzene-d6 at 55°C. 
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Figure 1. Olefin region of H NMR spectrum of reaction mixture after treatment of 

Figure 2. GLC of the reaction mixture after ethylene-induced second-generation 
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As we discussed before there are possible ways for the methylidene catalyst 
intermediate decomposition (Scheme 4). Pathway (IV) may be omitted as the 
reaction was conducted in the presence of only dry purified ethylene. 
 
Based on the observed experimental data, among all other routes we may 
assume that pathway (III) is preferred. Obviously only this route of catalyst 
decomposition depends and can be accelerated by increasing ethylene pressure. 
 

Ru CH2

Ru CH2
C2H4 + [Ru=Ru] (and other clasters)

Ru

H

H
α

Ru Ru

C2H4

butenes

C2H4

Ru + [Ru]

propylene + [Ru]

MeOH
H[Ru](CO)

Ru=CHC2H5

(I)

(II)

(III)

(IV)  
 
Scheme 4. Possible pathways for the decomposition of methylidene (for scheme 
simplification all ligands on ruthenium are omitted, except carbenoid fragment). 

3. Conclusion 

In this study we focused on the ethylene-promoted Hoveyda–Grubbs catalyst 
decomposition. The formation of large amount of propylene, butenes, and 
ethane was observed as well as different isopropoxystyrene derivatives. 
Future investigations of substrate role in olefin metathesis catalyst decompo-
sition and the mechanism of ethane formation are in progress. 
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RUTHENIUM–VINYLIDENE COMPLEXES: AN EFFICIENT 
CLASS OF HOMOGENEOUS METATHESIS CATALYSTS 
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Abstract: Several routes to access ruthenium (Ru)–vinylidene complexes are described, 
the majority of which employ alkynes and a Ru source as the starting materials. The 

carbocyclic and heterocyclic compounds by ring-closing metathesis (RCM) of α,ω-
dienes, and in the synthesis of polymers by ring-opening metathesis polymerization 
(ROMP) of cyclooctene, norbornene, 5-substituted norbornene, and dicyclopentadiene 
is fully illustrated. Relevant aspects concerning the activity and selectivity of this 
type of Ru complexes in metathesis reactions are highlighted. 
 
Keywords: ruthenium–vinylidene, metathesis, alkynes, α,ω-dienes, cycloolefins,  
N-heterocyclic carbene, Schiff base 

1. Introduction 

Over the past decade, the chemistry of transition metal–vinylidene complexes 
has become a topic of a real challenge in organometallic chemistry.1–6 By co-
ordination to transition metals, vinylidene ligands (:C=CHR), that are actually 
high-energy tautomers of alkynes (HC≡CR) and are very reactive and short-
lived in the free state, can be effectively stabilized and endowed with new 
chemical properties useful for targeted transformations. They behave as electron-
withdrawing groups and are better ligated at electron-rich metal cores. As a 
result of this coordination, the α-vinylidene carbon becomes highly electro-
philic and prone to nucleophilic addition and the β-vinylidene carbon signi-

M=C bond gets a pronounced metal carbene character promoting [2+2] 
cycloadditions to C=C and C≡C bonds with formation of metallacyclobutane 

 
It has been fully documented that transition metal–vinylidene complexes 
play an important role in many catalytic processes.7–9 Some relevant examples 
are alkene and enyne metathesis, alkyne dimerization and metathesis polymeri-

060023 Bucharest, P.O. Box 35-108, Romania. E-mail: idragutan@yahoo.com 

successful application of Ru–vinylidenes as efficient pre-catalysts for the synthesis of 
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and metallacyclobutene intermediates, respectively. 
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ficantly more nucleophilic so as to induce electrophilic additions, while the 
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The coordination and organometallic chemistry of ruthenium (Ru)–vinylidene 
complexes have been authoritatively surveyed in excellent reviews by 
Bruneau and Dixneuf,14,15 by Katayama and Ozawa,16 and other groups17 pro-
viding important information on the preparation, structure, and reactivity of 
this class of transition metal complexes as well as on their wide application 
profile in catalysis and organic synthesis. The present paper will try to sum 
up new experimental data recently acquired on Ru–vinylidene complexes, 
including results of our research team, with emphasis on some aspects related 
to their synthesis and applications in metathesis chemistry. 

2. Synthetic routes to ruthenium–vinylidene complexes 

Several distinct routes have been applied successfully for synthesis of Ru–
vinylidene complexes, the majority using as main starting materials alkynes 
along with a Ru source. It has been pointed out that conversion of alkynes 
into vinylidenes may proceed either by η2-coordination of the triple bond, 
followed by 1,2-hydrogen migration, or by oxidative addition of the alkynes 
to the transition metal yielding an alkynyl metal intermediate which sub-
sequently rearranges via 1,3-hydrogen migration or protonation14 (Scheme 1).  

LnM C C HR

LnM
C

C

R

H

LnM C C
R

H

1,2-H

LnM

H

C C R
1,3-H

LnM C C
R

H

(a)

(b)

 
 

Scheme 1 
 

Direct isomerization η2-alkyne to η1-vinylidene complexes by a bimolecular 
mechanism has also been considered.14 
 
Alternately, vinylidene complexes can be produced either from Ru hydride 
complexes, by insertion of the triple bond to form a vinyl Ru intermediate 
which further undergoes α-hydrogen migration,17 or from a Ru carbene, by a 
metathesis reaction with 1,2-propadiene.18 Internal alkynes having labile 
substituents readily give rise to vinylidene complexes; thus, triallylsilyl, tri-
phenylstannane, alkylthiol, and iodide groups can migrate generating 
vinylidene–metal complexes. 
 

zation, cycloaromatization of conjugated enediynes, and addition of oxygen, 
nitrogen, and carbon nucleophiles to alkynes.10–13 
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The first 18-electron, cationic Cp–Ru–vinylidene complex, [CpRu(=C=CHPh) 
(PPh3)2][PF6] (1), was prepared by Bruce et al.19 by reaction of CpRuCl 
(PPh3)2 with PhC≡CH, in the presence of NH4PF6 (88% yield) (Scheme 2). 

 

Ru

Cp

Ph3P
Ph3P

Cl

PhC CH
NH4PF6

NH4Cl
Ru C

Cp

Ph3P
Ph3P

CHPh
PF6

 
      1 

Scheme 2 
 

Thereafter, coordinatively saturated, cationic Ru–vinylidene complexes have 
been obtained from terminal alkynes and Ru complexes, most of them con-
taining Cp and various ancillary ligands.14,15 Coordinatively unsaturated, 16-
electron Ru–vinylidene complexes, RuX2(=C=CHR)L2 (X = Cl, Br, R = tBu, 
L = PPh3) (2), first reported by Wakatsuki et al.,20 have been prepared from 
RuX2(PPh3)3 and tBuC≡CH (Scheme 3). 

 

Ru
Cl
Cl

PPh3

PPh3

PPh3 Ru C

PPh3
Cl CHtBu

PPh3

Cl

tBuC CH

PPh3

 
 
       2 

 
Scheme 3 

 
Following these results, a variety of Ru–vinylidene complexes have been 
reported as obtained from terminal alkynes and different Ru sources. Thus, 
Werner et al.21–24 synthesized RuCl2(=C=CHPh)(PiPr3)2 (3) from RuH2Cl2 
(PiPr3)2 and PhC≡CH while Caulton et al.25 prepared RuHCl(=C=CHPh) 
(PBu2Me)2 (4) by insertion of PhC≡CH in RuHCl2(H2)(PBu2Me)2 and 
subsequent 1,2-hydrogen migration to an intermediate styryl–Ru complex. 
 
Two other convenient synthetic pathways to Ru–vinylidene complexes have 
been developed by Katayama and Osawa.26,27 The first involves the reaction 
of Ru(methallyl)2(COD) with PiPr3, HCl, and RC≡CH, proceeding through 
the intermediacy of [RuCl2(PiPr3)2]n. The second, a more general and 
efficient approach, consists of heating at 80°C a toluene solution of the Ru 
dimer [RuCl2(p-cymene)]2, a phosphine (PR3), and R′C≡CH; the array of 
neutral 16-electron Ru–vinylidene complexes 5 (R = PiPr3, PCy3, R′ = Ph, tBu, 
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Fc, p-MeOC6H4, p-MeO2CC6H4) resulted in high yield from commercially 
available terminal alkynes and the arene Ru dimer26 (Scheme 4). 

 

Ru C C
H

R'

PR3

PR3

Cl

Cl
Ru

Cl Cl 2
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Scheme 4 
 
In the case of 1,2-disubstituted alkynes such as PhC≡CSiMe3, having a labile 
ligand, a β-silylvinylidene–Ru complex arises from 1,2-silyl migration in the 
coordinated η2-alkyne intermediate. With less bulky phosphines, e.g. PMe2Ph, 
coordinatively saturated tris(phosphane) Ru complexes are formed. Unfortu-
nately, the latter showed only a moderate metathesis activity, e.g. in ring-closing 
metathesis (RCM) of unsubstituted α,ω-dienes and ring-opening metathesis 
polymerization (ROMP) of strained norbornenes. 
 
By the above methodology, new cationic and neutral 18-electron Ru–
vinylidene complexes 6–8 have been prepared by Grubbs and coworkers28. 
These complexes have been screened for metathesis activity, but their 
applicability remained limited to a small range of olefin substrates (Scheme 5). 
 

 

     6            7            8 
 

Scheme 5 

Tridentate ligands of the pincer-type (PNP, PNN, or NNN) have also been 
successfully employed as ancilary groups for synthesizing the Ru–vinylidene 
complexes, e.g. 9–14.29–32 It should be noted that some of these complexes 
showed good activity in ROMP of highly strained cycloolefins29–31 (Scheme 6). 
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Scheme 6 
 

Related tridentate N,N,O heteroscorpionate ligands provided intricate Ru–
vinylidene complexes endowed with a challenging architecture.33 This strategy 
was further extended to bi- and tri-metallic Ru–vinylidene complexes, obtained 
in high yields, but their metathesis activity has not been fully illustrated.34 

 
A substantial improvement on the above-described class of Ru–vinylidene 
complexes has been achieved by Louie and Grubbs35 through synthesis of a 
novel generation of complexes coordinating an N-heterocyclic carbene 
(NHC) ligand (e.g. imidazolylidene). This new set of Ru complexes, e.g. 15 
(IMes = 1,3-(2,4,6-trimethylphenyl)imidazol-2-ylidene, R = Cy, R′ = t-Bu) 
and 16 (iPrIM = 1,3-diisopropyl-4,5-dimethyl-imidazol-2-ylidene, R = Cy, 
R′ = Ph) has been conveniently produced from the bisphosphane–Ru comp-
lex 9 (R = Cy) by reaction with free imidazoline carbene or its precursor 
salts (Scheme 7). 
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3. Metathesis activity of ruthenium–vinylidene complexes 

metathesis activity in the standard RCM of diethyl diallylmalonate leading to 
the corresponding substituted cycloolefin (86% yield), though the reaction 
rate was slower than that with the related imidazolylidene–Ru–benzylidene 
complex (Scheme 8). 
 

EtO2C CO2Et CO2Et

CO2Et

15

Yield 86%  
Scheme 8 

 
Based on detailed mechanistic investigations using this type of Ru complexes, 
the authors concluded that increased ligand dissociation (i.e. of phosphane) 
is necessary to accelerate the initiation and thereby enhance the catalytic 
activity in metathesis. It was suggested that the coordinatively unsaturated 
phosphane-free Ru–vinylidene complex 17 might be directly formed in situ 
when starting from the Ru dimer, NHC (IMes) (as such or as its salts) and a 
terminal alkyne (e.g. tBu–C≡CH) (Scheme 9). It is worth noting that the 
solvent (hexane or tetrahydrofuran) plays an important role during the in situ 
generation of the Ru catalyst. 
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The pathway for the generation of the actual catalytic species 18 from the 
catalyst precursor 17 and the olefin substrate was postulated as depicted in 
Scheme 10. 
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Scheme 10 
 
Examination of the catalytic activity of the vinylidene complex 17 revealed 
this complex to be more active than 15, pointing out to a higher unsaturation 
in the coordination sphere of the metal. This characteristic behaviour of 17 
has been evidenced in RCM of diethyl diallylmalonate, metathesis dimeri-
zation of allyl benzene, and ROMP of 1,5-cyclooctadiene (Scheme 11). 
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A series of Ru–vinylidene complexes, 19a–f, containing Schiff bases as 
chelating ligands, was prepared by Verpoort and coworkers36–38 from the 
corresponding bisphosphane–Ru–vinylidene complexes, RuCl2(PCy3)2 

(=C=CHR′) (R′ = Ph, SiMe3 or tBu), and a variety of aromatic salicyl-
aldimines (R = H or NO2 and R′ = Ph, SiMe3 or tBu) (Scheme 12). 

 

19a. R = H, R′ = Ph 
19b.R = NO2,R′ = Ph 
19c. R = H, R′ = SiMe3 
19d. R = NO2, R′ = SiMe3 
19e. R = H, R′ = tBu 
19f. R = NO2, R′ = tBu 
 

Scheme 12 
 
This easily accessible class of Ru complexes showed very high thermal 
stability, combined with good activity in olefin metathesis. In comparison with 
the parent Ru alkylidene systems, these complexes are extremely resistant to 

in RCM of α,ω-dienes and ROMP of norbornene and 5-substituted norbor-
nene, cyclooctene, and dicyclopentadiene.39,40 This behaviour was assigned 
to the propensity for a “one-arm” N-decoordination of the O,N-bidentate 
Schiff base ligand which creates unsaturation within the metal’s coordination 
sphere. As illustrated in Table 1, RCM of ethyl diallylmalonate, 1,7-octadiene 
or diallyl ether proceeds quantitatively with 19c–f, under specific reaction 
conditions (5 mol% catalyst, 80°C, 24 h reaction time). On using variously 

19 ranges in the following order: 19d > 19c > 19f > 19e > 19b > 19a, 
indicating that the catalyst activity is significantly controlled by the nature of 
the Schiff base and vinylidene fragment substituents. Noteworthy, the most 

2
on the Schiff base and the labile SiMe3 group, on the vinylidene. 
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air, moisture, and heat and have been found to serve as excellent pre-catalysts 

substituted α,ω-dienes as substrates in RCM, the activity of the pre-catalysts 

active pre-catalyst, 19d, contains both the electron-withdrawing NO  group, 
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Table 1. Isolated yields (%) in ring-closing metathesis of α,ω-dienes using Schiff 
a,b 

 
aData from [39] 
bReaction conditions: catalyst loading 5 mol%, temperature 80°C, solvent C6D6 

 

Ru C C H

R'

Cl
Cl

PR3

N N

 
20a. R = Cy, R′ = Ph 
20b. R = Cy, R′ = SiMe3 
20c. R = Cy, R′ = tBu 
 

Scheme 13 
 

For a comparative study of their activity and effectiveness in olefim meta-
thesis, related Ru–vinylidene complexes 20a–c bearing NHC (SIMes = bis 
(2,4,6-trimethylphenyl)-1,3-imidazolin-2-ylidene) as ancillary ligand have 
also been prepared following Ozawa’s procedure from the dimer [RuCl2 

Product

R R

R R

RR

R

R R

R

R R

O

O

O
O

O

OH

O

O

O
O

Time,
h

19a 19b 19c 19d 19e 19fα,ω-Diene
substrate

OH

24 96 98 100 100 100 100

24 36 43 59 69 48 53

24 5 11 23 36 16 26

24 98 99 100 100 100 100

10 97 98 100 100 100 100

24 51 60 72 83 67 80

24 27 54 70 81 68 75
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(p-cymene)]2 and two equivalents of PR3 (R = Cy) which reacted with an 
excess of alkyne and subsequent treatment with SIMes afforded the target 
complex (Scheme 13). 
 
RCM of the α,ω-dienes with complexes 20a–c was carried out at 60°C using 
5 mol% catalyst loading for 2 h reaction time. Results obtained are sum-
marized in Table 2. 
 
As can be observed, the most active catalyst containing SiMe3 at the vinyl-
idene fragment leads to high yields or even quantitative conversions in the 
examined reactions, a significant result taking into account that cyclization 
of diethyl diallylmalonate with the analogous Schiff base free RuCl2(PiPr3)2 

(=C=CHtBu) reached 96% after 24 h at 60°C. 
 

a,b

 aData from [39] 
bReaction conditions: catalyst loading 5 mol%, temperature 60°C, solvent C6D6  

Product Time, h 20a 20b 20cα,ω-Diene
substrate

R

R

R R

O

O

O
O

O

OH OH

O

O

O

O

O

R R

R R

R R

2 90 100 100

60 76 71

10 44 34

92 100 100

96 100 100

71 90 83

69 89 80

2

2

2

2

2

2

R

R

Table 2. Isolated yields (%) in ring-closing metathesis of α,ω-dienes using NHC

146

Ruvinylidene pre-catalysts 20a–c 



An efficient class of homogeneous metathesis catalysts 

Table 3. Isolated yields (%) in ROMP of cyclooctene and dicyclopentadiene using 
a,b 

Substrate Time 
(h) 

19a 19b 19c 19d 19e 19f 

Cyclooctene 15 10 15 93 100 80 88 
Dicyclopentadiene 10 90 96 100 100 95 97 
aData from [39] 
bReaction conditions: monomer:catalyst = 8000, temperature 80°C, solvent toluene 
 
ROMP of cycloolefins, a commonly encountered reaction in metathesis 
chemistry, provides essential mechanistic information and yields products 
unavailable by conventional polymerization processes. On using the 

(e.g. cyclooctene) and highly-strained monomers (e.g. norbornene and its 
derivatives), was characterized by a good to excellent reactivity, leading in 
substantial yields to high-molecular weight polymers (Tables 3 and 4). 
 

order of activity as in RCM of α,ω-dienes could be observed. An interesting 

molecular weight of the polymers are much higher than theoretically 
predicted from the monomer vs catalyst precursor ratios. This result implies 
a low initiation rate, as compared to propagation rate, in agreement with the 
data of Yamaguchi and Ozawa5 who reported very low initiating efficiency 
in ROMP of norbornene with bisphosphane–vinylidene complexes. As a 
consequence, the catalyst can be mostly recovered (>90%), after monomer 
consumption, and resused in a new polymerization cycle showing the same 
level of performance. 
 
The slow initiation step can be rationalized by a mechanism involving [2+2] 

Ozawa41 for ROMP of norbornene with [RuCl2(PPh3)2(=C=CHFc)] (Fc = 
ferrocenyl) and by Kirchner in a stoichiometric reaction using a Tp-coordi-
nated Ru complex (Tp = tris(pyrazolyl)borohydride).42 
 

X

LxRu C C
R

H
LxRu

R

X

LxRu C
R'

H

 
Scheme 14 

polymerization (Scheme 14). This mechanism has been documented by 
with generation of a new Ru carbene species able to propagate faster 
cycloaddition of the olefin at the Ru=C bond of the vinylidene ligand, 
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Schiff base Ru–vinylidene pre-catalysts 19a–f

pre-catalysts 19 and 20, ROMP of a variety of cycloolefins, both low-strained 

Again, the most active pre-catalysts proved to be 19c and d and the same 

feature of cycloolefin polymerization with pre-catalysts 19 and 20 is that the 
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19a and b, and the less reactive monomers were norbornenes bearing phenyl, 
cyclohexyl, and hydroxymethyl substituents (Table 4). 
 

a,b 

5-Substituted 
norbornene (X) 

Time 
(h) 

19a 19b 19c 19d 19e 19f 

X = Hydrogen 0.5 94 98 100 100 100 100 
Ethyl 4 89 100 100 100 100 100 
Butyl 4 100  100 100 100 100 100 
Hexyl 4 82 84 100 100 95 98 
Decyl 4 83 100 100 100 100 100 
Ethylidene 10  100  100 100 100 100 100 
Phenyl 4 74 80 95 98 89 92 
Cyclohexyl 4 73 77 87 97 79 82 
Hydroxymethyl 4 10 16 59 65 34 55 
Chloromethyl 4 78 89 100 100 100 100 
Triethoxysilyl 4 71 79 100 100 91 99 
aData from [39] 
bReaction conditions: monomer:catalyst = 8000, temperature 80°C, solvent toluene 
 
Microstructure determination by 1H NMR spectroscopy indicated predomi-
nantly trans-double bond content (75–90%) in the obtained polycyclooctene 
and polynorbornenes, consistent with results from other Ru-catalyzed ROMP 
reactions. Based on the molecular weight of polynorbornenes produced with 
catalysts 19a–f and the initial monomer to catalyst ratio, a initiator efficiency 
of ∼10% was determined, which is substantially higher than the value of 2%, 
for the case of bisphosphane–vinylidene precursors. In spite of the high 
molecular weight of the polymers, the molecular weight distribution (Mw/Mn) 
remained narrow: 1.54–1.66 for polycyclooctene, and 1.70 for polynorbornene. 
 

they combine the benefit of fine-tuning the catalytic activity, through adjust-
ments in the Schiff base unit, with a pronounced reluctance against bimole-
cular decomposition in solution, even at elevated temperatures; thus, they can 
be kept for at least 1 month in toluene solution without losing their activity. 
Moreover, in solid phase they are stable for over 3 months while maintaining 
their catalytic performance. This behaviour compares well with that of the 
related Ru–vinylidene complexes containing imidazolin-2-ylidene ligands 
displaying good stability for several days at high temperatures. 

Table 4. Isolated yields (%) in ROMP of 5-substituted norbornene using Schiff base 

148

The poorest pre-catalysts in polymerization of 5-substituted norbornene were 

Ru–vinylidene pre-catalysts 19a–f

Another important characteristic, inherent to this type of pre-catalysts, is that 
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4. Conclusions 

convenient alternative to the classical bisphosphane–Ru alkylidenes presently 
widely applied in organic synthesis and polymer chemistry. An important 
advantage offered by Ru–vinylidenes resides in the use of commercially or 
easily available starting materials for their synthesis. The special design of 
this class of coordinatively unsaturated Ru complexes affords valuable 

and robustness enabling their reuse for several reaction cycles without loss 
of the initial activity. Combining vinylidenes with other fine-tunable ligands 
in the coordination sphere of the Ru (e.g. imidazolylidene and Schiff bases) 
opens new ways for efficiently catalyzed metathesis reactions and thereupon 
sustainable technologies. 
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Abstract: Mesoporous molecular sieves represent a new family of inorganic oxides 
with regular nanostructure, large surface areas, large void volumes, and narrow pore 
size distribution of mesopores. These materials offer new possibilities for designing 
highly active and selective catalysts for olefin metathesis and metathesis polymeri-
zation. Siliceous sieves MCM-41, MCM-48, SBA-15, and organized mesoporous 
alumina (OMA) were used as supports for preparation of new molybdenum and 
rhenium oxide catalysts, as well as for heterogenization of well-defined homo-
geneous catalysts. 
 

1. Introduction 

Since their invention in 1992 mesoporous molecular sieves have attracted a 
high attention as new sorption material and new catalyst supports. This new 
kind of inorganic oxides (mainly silica and alumina) possesses unique pro-
perties such as regular structure, large surface area and void volume, and 
narrow pore size distribution in the range of mesopores. Large surface area 
endows this material with high adsorption capacity and the narrow pore size 
distribution represents size limits for the molecules entering and/or leaving 
the pores. Moreover, the sterical confinement and regularity of nanoreactors 
represented by these pores may positively affect the selectivity of chemical 

molecular sieves are expected to have a very high activity and enhanced 
selectivity in comparison with the conventional ones. 
 
Generally, there are two possibilities how to use mesoporous molecular 
sieves as supports for metathesis catalysts. First, to apply them as supports for 
heterogeneous metal oxide-based catalysts instead of classical silica or alumina. 
Second, to use them for preparation of heterogenized versions of originally 
homogeneous metathesis catalysts, especially for anchoring well-defined 
carbene complexes. 

Keywords:   mesoporous molecular sieves, heterogeneous catalysts, olefin matathesis,

Republic, Dolejškova 3, 182 23 Prague 8, Czech Republic. E-mail: balcar@ 

matathesis polymerization.
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reactions proceeded in them. Therefore, the catalysts based on mesoporous 
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2. Mesoporous molecular sieve preparation and characteristics 

Mesoporous molecular sieves represent very interesting group of periodic 
inorganic oxides with different chemical composition exhibiting high surface 
areas (up to 1500 m2/g), large void volumes, and narrow pore size distribution 
in mesoporous range (from 2 to 30 nm). Their successful synthesis [1,2] 
substantially enlarged the possibilities of application of porous materials 
increasing their pore range above those providing by microporous zeolites. 
During recent decade, this research area was rapidly expanding to an 
independent field of material science. 
 
The first materials synthesized by Mobil Oil researchers [1,2] were based on 
silica or aluminosilica materials of so-called M41S family including hexa-
gonally arranged MCM-41, cubic MCM-48, and lamellar MCM-50. The 
synthesis is schematically depicted in Figure 1. In water solution surfactant 
micelles are formed, their size can control in some respect the final dimen-
sions of the forms. Silica precursors surround the surface of the micelles, 
which is followed by condensation of silica building blocks into the more 
compact entities. Removal of surfactants carried out usually at temperatures 
higher than 500°C provides open structure with accessible mesopores. 
 
In this case surfactant micelles or liquid crystal templating were employed, 
which means that large assemblies of organic molecules were directing the 
formation of the final structure instead of individual molecules or cations. 
The initial application of cationic surfactants by Mobil like hexadecyltri-
methylammonium bromide or hydroxide has been extended to neutral or even 
cationic structure-directing agents. Thus, in principle three synthetic proce-
dures exist for preparation of mesoporous molecular sieves: 

1. Cationic approach – surfactants are tetraalkylammonium cations or di-
N-quarternary cations leading to the formation of MCM-41, MCM-48, 
MCM-50, FSM-16, SBA-1 

2. Anionic approach – utilizing long-chain alkyl carboxylic acids for the 
synthesis of organized mesoporous aluminas (OMAs) 

3. Neutral route – various amines, triblock copolymers, and alkyl-ethylene 
oxides are used for preparation of different hexagonal mesoporous sieves, 
SBA-15, SBA-16, or OMAs. 

 
Figure 1. Scheme of the synthesis of mesoporous molecular sieves using surfactant 
micelles as a structure-directing agent [1]. 
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Figure 2. Scanning electron microscope (SEM) images of MCM-41 (left) and 
organized mesoporous alumina (OMA) (right) samples. 

The individual synthetic routes lead usually to nicely ordered silica-based 
mesoporous molecular sieves, while in the case of OMAs worm-like channel 
ordering is achieved. Figure 2 presents scanning electron micrographs of sili-
ceous MCM-41 synthesized with hexadecyltrimethylammonium hydroxide 
and OMA prepared with lauric acid as structure-directing agents. While in 
the case of MCM-41 one can see well-ordered regular hexagonal pattern, 
OMA exhibits worm-like motif, which is typical for this type of mesoporous 
materials [6]. 
 
Pore size is one of the most important parameters of mesoporous molecular 
sieves as it controls the accessibility of pores for bulky molecules, which has 
significant implications for catalysis, adsorption, or controlled desorption. 
Several approaches were used for pore size tuning including different length 
of alkyl chain in alkyltrimethylammonium cations from C8 to C22, use of 
auxiliary expanders by micelle swelling by solubilized organic compounds 
or various thermal or postsynthesis treatments. The largest pore size of about 
30 nm of diameter was reported based on employing of triblock copolymers 
for SBA-15. 
 
For practical applications of mesoporous molecular sieves, very important 
parameter is their thermal stability. In fact, this limits very much testing of 
these materials in the case of mesoporous titania, which can be prepared only 
as thin films. Purely siliceous mesoporous molecular sieves are stable up to 
900–1000°C without a substantial decrease in the surface area or void volume, 
it means this temperature treatment is not accompanied by phase transfor-
mations. Figure 3 presents the nitrogen adsorption isotherms of OMAs 
showing significant changes of surface areas, void volume, and pore sizes. It 
is clearly seen from this picture that with increasing temperature of thermal 
treatment surface area and void volume of OMA are decreasing, while the 
apparent pore size is increasing. Further investigation of mesoporous aluminas 
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calcined in the temperature range between 600 and 1000°C carried out by 
x-ray powder diffraction and transmission electron microscopy evidenced 
the phase transformation from amorphous alumina to crystalline one. 

 

Figure 3. Nitrogen adsorption isotherms at –196°C on OMA samples: (◊) as 
synthetized, (○) calcined at 420°C, (□) at 600°C, (∆) at 800°C, (∇) at 1000°C. The 
solid points denote desorption. 

The critical issue of catalytic applications of mesoporous molecular sieve is 
their chemical composition. Pure siliceous materials do not practically 
exhibit any catalytic activity, thus, proper isomorphous substitution of other 
heteroatoms for silicon or various synthesis or postsynthesis treatments are 
needed to introduce catalytically active sites. Number of excellent papers deal-
ing with modification of mesoporous molecular sieves for catalytic applications 

catalytic applications of these materials. The relevant modifications include 
introduction of single metal cations via synthesis or postsynthesis treatments 
or introduction of transition metal oxides after the synthesis of siliceous and 
alumina supports. Such catalysts are highly active in SO2 to SO3 oxidation 
over Fe2O3/MCM-41 or metathesis of olefins over MoO3/MCM-41 and 
Re2O7/alumina. Probably the most challenging area is the modification of 
mesoporous supports with organometallic complexes via grafting, anchoring, 
or other ways of immobilization. In this case various highly active and 
selective homogeneous catalysts can be heterogenized to nonactive support, 
which results in the formation of so-called hybrid catalysts unifying the 
advantages of both homogeneous and heterogeneous catalysts. 
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Table 1. A survey of catalyst supports 

 
CTMA = cetyltrimetylamonium, SBET = surface area, V = void volume, D = pore diameter 
 
Table 1 gives a survey of mesoporous materials prepared in the J. Heyrovský 
Institute and used as supports for metathesis catalyst. Detailed syntheses and 
texture characteristics are given elsewhere. 
 
3. Mesoporous molecular sieves-supported metal oxide  

as metathesis catalysts 
 
Heterogeneous catalysts consisting of WO3, MoO3, or Re2O7 supported on 
silica, silica-alumina, or γ-alumina have been used for about 3 decades, 
including applications in large-scale industrial processes. 
 
In 1998, Ookoshi and Onaka reported remarkable increase in activity of 
MoO3 when this was supported on hexagonal mesoporous silica instead of 
conventional one. With this catalyst (7 wt % Mo) they achieved high conver-
sion of 1-octene into 7-tetradecene at 50°C. Similarly in 2002, Onaka and 
Oikawa found rhenium oxide dispersed on mesoporous alumina with uniform 
pore size (7 wt % Re) to be more active in 1-octene metathesis than rhenium 
oxide on conventional γ-alumina. Although both works lacked detailed charac-
terization of supports and prepared catalysts, they clearly showed the posi-
tive effect of organized mesoporous support on catalyst activity in alkene 
metathesis. 
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In the J. Heyrovský Institute we performed a detailed study of (a) MoO3 
supported on siliceous mesoporous sieves of several types and (b) rhenium 
(VII) oxide supported on organized mesoporous aluminas in order to  
(i) verify positive effect of these supports on catalyst activity, (ii) to find out 
the most convenient way for catalyst preparation, (iii) to receive detailed 
information about their catalytic activity and selectivity, and (iv) to show the 
applicability of these catalysts in different types of metathesis reaction. 
 

Thermal spreading method was used for metal oxide supporting. Calcined 
supports and MoO3 and NH4ReO4, respectively, were carefully mixed together 
by hand-grinding and then were thermally treated at 500°C for 8 h in a tem-
perature-programmed furnace (ramp 1°C/min). Following advantages of  
this method should be stressed: (i) it is very easy, (ii) it preserves the mesopo-
rous structure of supports, and (iii) it quantitatively transfers Mo and Re, 
respectively, into the support channels and spread them on the support surface. 

3.1 Properties of MoO3 supported on siliceous mesoporous sieves 

Figure 4 shows 1-octene conversion with mesoporous catalysts MoO3/MCM-41 
and MoO3/Al-MCM-41 (Si/Al = 30), and a conventional catalyst MoO3/SiO2 
in liquid phase at 40°C. The selectivities to 7-tetradecene are included. It is 
seen that (i) with MoO3/MCM-41 the reaction proceeds about eight times 
rapidly than with MoO3/SiO2 achieving higher final conversion and high 
selectivity, and (ii) changing MoO3/MCM-41 for MoO3/Al-MCM-41, the 
reaction rate increases even more, but the selectivity falls considerably 
(probably due to the presence of acidic sites causing isomerization of starting 
1-octene followed by cross-metathesis). 
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Figure 4. Conversion of 1-octene (solid symbols) and selectivity to 7-tetradecene 
(open symbols) dependence on time: MoO3 supported on Al-MCM-41 with Si/Al = 
30 (  ○), MCM-41 (  ∆), and SiO2 (  □); metathesis of neat 1-octene at 40°C, 
loading 8 wt % Mo. 
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The activity of mesoporous catalysts depends strongly on the quality of Mo 
species dispersion. Figure 5 shows x-ray diffraction (XRD) patterns in low θ 
(a) and high θ (b) regions for MCM-41 and MoO3/MCM-41 catalysts of 
different loadings. The persistence of signals in the low θ region indicates 
the preservation of organized structure and pore size independently of catalyst 
loading. Very low intensity signals corresponding to MoO3 crystallites appear-
ing in the high θ region for high-loaded samples (from 12 wt % Mo) suggest 
perfect dispersion of Mo species is achieved only for low-loaded samples. 
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Figure 5. X-ray diffraction patterns of (a) MCM-41 (A), 8Mo/MCM-41 (B), and 
16Mo/MCM-41 (C); (b) MoO3/MCM-41: physical mixture (A), 8Mo/MCM-41 
calcined 8 h at 773 K in a stream of air (B), and 16Mo/MCM-41 calcined 8 h at 773 
K in a stream of air (C). 
 
Moreover, Raman spectra of catalysts (Figure 6) showed the presence of at 
least three types of molybdenum species on the surface: (i) isolated molybde-
num oxide species (signal at 981 cm–1), (ii) surface polymolybdate (959 cm–1), 
and bulk MoO3 (995 and 819 cm–1). The population of these individual species 
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Figure 6. Raman spectra of 16Mo/MCM-41 (A) and 8Mo/MCM-41 (B) catalysts. 
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Figure 7. Specific activity (expressed as 
initial TOF) of MoO3/MCM-41 catalysts; 
metathesis of neat 1-octene at 40°C. 
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depends strongly on the catalyst loading and on the support type. As bulk 

3
are supposed to be lower than that of isolated molybdenum oxide species, the 
samples with the highest population of single molybdenum oxide species 
would exhibit the highest catalyst activity. 
 

For MoO3/MCM-41 catalysts, the highest specific activity was found for 
catalyst with 6 wt % Mo (Figure 7). Catalysts prepared by supporting MoO3 
on MCM-48 and SBA-15 exhibited catalytic activity also higher in 
comparison with MoO3/SiO2, but significantly lower in comparison with 
MoO3/MCM-41 (Figure 8). The reason for this decreased activity was found 
in the low population of isolated molybdenum oxide species. The selectivity 
of MoO3/MCM-48 and MoO3/SBA-15, however, was about 90%. Although 
the highest specific activity was found for MoO3/Al-MCM-41, the low 
selectivity to the main metathesis product strongly limits its applications. 

3.2. Properties of rhenium (VII) oxide on organized mesoporous 
aluminas 

In the J. Heyrovsky Institute, OMAs with wormhole-like pore structure and 
narrow pore size distribution OMA3.5, OMA 5, and OMA 6.5 (number in 
the label corresponds with the average pore diameter) were used for support-

were used for comparison: (i) Alcoa – alumina of broad pore size distribution 
and large microporous fraction (SBET = 342 m2/g, V = 0.355 cm3/g) and  
(ii) Condea – alumina with broad pore size distribution in mesoporous region 
(S = 197 m2/g, V = 0.427 cm3/g, average pore diameter D = 7.2 nm). Figure 9 

MoO  is known as catalytically inactive and the activity of polymolybdate 

Figure 8. Specific activity (expressed as  
initial TOF) of MoO -based catalysts; 
metathesis of neat 1-octene at 40°C,
loading 8 wt% Mo. 

Re/OMA3.5. It is seen that (i) OMA-based catalysts exhibited higher activity 

ing rhenium (VII) oxide. Two conventional commercially available γ-aluminas 

9 wt % of Re) in 1-decene metathesis. Catalysts are labeled as Re/support, e.g. 
shows the comparison of corresponding catalyst activity (all catalysts with
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Re (VII) oxide catalysts in alkene metathesis were obtained simultaneously 

 
 
 
 

 
Table 2 gives a survey of applications of Re (VII) oxide-supported catalysts 
in various alkene, alkadiene, and cycloalkene metathesis. In all cases, Re/OMAs 
exhibited higher activity in comparison with Re/Alcoa and Re/Condea. In 
some cases, activity of Re/OMA6.5 was found higher than that of Re/OMA3.5 
(1-decene, 1,7-octadiene, 1,9-decadiene). In the case of 1,9-decadiene, the 
product distribution depended strongly on the catalyst pore size (Figure 11). 
The higher population of acyclic diene metathesis (ADMET) trimers, tetra-
mers, and higher oligomers was obtained using catalyst with higher pores. 
This provides an example of pore size-controlled catalyst selectivity. 
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Figure 10. Activity dependence on 

(1.5 mL), t = 60°C , 50 mg catalyst. 
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with larger pores is more active than that of narrower pores. The selectivity 

by other groups [10, 11].  

showing the superiority of nanostructured mesoporous aluminas supported 

loading. Re/OMA6.5, neat 1-decene 

The optimum catalyst loading found was 9 wt % Re (Figure 10). It is in 

for rhenium (VII) oxide on conventional γ-alumina, [26] where an exponential 
increase of reaction rate was until approximately 14 wt % Re observed. This 
loading value corresponds to the formation of monolayer on the catalyst 
surface (Re atom per 0.35 nm2) [26]. Contrary to the Mo, rhenium does not 
incline to the formation of polyanions and isolated ReO4 species are 
proposed to be on the surface. Also XRD did not observe any presence of 
crystallites even at high loadings [9, 26]. However, for the catalytic activity of 
Re (VII) oxide on alumina the population of individual alumina surface OH 
groups (at least five differing in their acidity) seems to be essential and this 
population may vary with the type of alumina used.  

agreement with ref., [11] but in contradiction with previous results obtained 
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Table 2. A survey of metathesis of unsubstituted substrates with Re (VII) oxide 
catalysts 

  
T = reaction temperature, Y = product yield, S = selectivity, catalyst loading = 9 wt 

 
Re (VII) oxide on alumina is known to catalyze metathesis of oxygen-contain-
ing substrates, however, only in combination with cocatalyst-like Me4Sn. 
The presence of Me4Sn was found to be necessary also for Re/OMA cata-
lysts if used in metathesis of unsaturated esters and ether. Table 3 gives a 
survey of these experiments. 

160

% Re. Data taken from ref. [13] 
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Figure 11. Products of 1,9-decadiene metathesis with Re/OMA3.5 and Re/OMA6.5. 
30 mg catalyst (9 wt % Re), 0.9 mL toluene, substrate/Re = 320, 40°C, reaction 
time = 450 min, Yi, yield of individual product. 
 
 
Table 3. A survey of metathesis of oxygen-containing substrates with Re (VII) oxide 
catalysts 

 
Catalyst loading 9 wt % Re, Me4Sn/Re = 1, toluene, Sub = substrate, Y = yield of 
given product at a given reaction time, S = selectivity to the given product 
 
It is seen that a high selectivity to desired products were achieved with all 
catalysts used. The yields, however, depended on the catalyst used and con-
siderably decreasing in the order Re/OMA5 > Re/Condea > Re/OMA3.5 > 
Re/Alcoa. Generally, the specific activity (turnover number [TON]) is lower 
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in comparison with unsubstituted substrates, suggesting a competition 
between metathesis and catalysts deactivation by polar substrates. 

4. Mesoporous molecular sieves anchored well-defined metathesis 
catalysts 

Immobilization of well-defined metathesis catalysts on suitable supports repre-
sents an important way how to prepare highly active and selective metathesis 
catalysts easily separable from products, reusable, and applicable in flow sys-
tems. Several successful attempts have been made to anchor Schrock- and 
Grubbs-type catalysts on silica support. Very rarely, however, mesoporous 
molecular sieves have been used for this purpose. First-generation Grubbs 
catalyst was anchored on phosphinated MCM-41 and used in ring-opening 
metathesis polymerization (ROMP) of norbornene (NBE) and ring-closing 
metathesis (RCM) of diethyl diallylmalonate. Similarly, Ru–Schiff base 
complexes were anchored on MCM-41 and used in ROMP and RCM after 
activation with trimethylsilyldiazomethane. 
 
We found that molybdenum neophylidene complexes (Schrock-type catalysts) 
can be immobilized on siliceous MCM-41, MCM-48, and SBA-15 via a 
ligand exchange reaction with surface OH groups (Scheme 1). Hybrid 
catalysts thus prepared exhibited high activity and selectivity in metathesis 
of neat 1-heptene (Figure 12). No significant differences were found in 
activity of individual catalysts differing in support used. Selectivity to  
6-dodecene was in all cases higher than 98%. 

Scheme 1 

The activity of hybrid catalysts approached to that of parent homogeneous 
system. Catalyst derived from hexafluoro-t-butoxy complex – MoF/MCM-41 
was significantly more active than that derived from t-butoxy complex – 
MoBu/MCM-41 (Figure 13), in accord with the well-known enhanced 
activity of Schrock catalysts with fluorinated alkoxo ligands. The catalysts 
were proved to be Mo-leaching resistant. However, in reusing experiments 
their activity was reduced due to inherent deactivation processes. 
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Figure 12. Metathesis of neat 1-hept-
ene with MoF/MCM-41, MoF/MCM-
48, and MoF/SBA-15. 1-heptene/Mo 
molar ratio = 1900, room tempera-
ture. 

Figure 13. Metathesis of neat 1-
heptene with MoF/MCM-41 (○) and 
MoBu/MCM-41 (●). 1-heptene/Mo 
molar ratio = 2300, room tempera-
ture. 

Hybrid catalysts prepared were also successfully used in metathesis of 
unsaturated esters. Thus, metathesis of 5-hexenyl acetate proceeded with 
MoF/MCM-41 in benzene at room temperature with 76% conversion and 
100% selectivity. RCM of diethyl diallylmalonate under the same conditions 
gave 60% conversion and 100% selectivity.  

 
MoF/MCM-41 and MoF/SBA-15 were also tested in ROMP of NBE and 
cyclooctene (COE). Corresponding polymers released into the liquid phase 
were isolated by precipitation in methanol and analyzed by size exclusion 
chromatography (SEC) and nuclear magnetic resonance (NMR). The results 
are summarized in Table 4. For molar ratio monomer/Mo = 100 and higher, 
high-molecular weigh polymers of multimodal molecular weight distribution 
were obtained. Especially for NBE, polymers prepared contained an extre-
mely high-molecular weight fraction. High molecular weight of polymer can 
be effectively reduced using 1-heptene as a chain transfer agent (Table 4, 
No. 8). 13C NMR confirmed the polymer structure corresponding to the 
ROMP mechanism and determined cis double bond content – 72% for poly 
(NBE) and 19% for poly (COE). In all cases polymers of very broad 
molecular weight distribution were formed, i.e. the molecular weight control 
(characteristic for homogeneous Schrock catalysts) was lost. The reason for 
it may lie in different positions of individual catalyst sites on the surface 
(e.g. on the external surface, in the mouth of the channels, on the walls deep 
in the channels) and diffusion limitations. The advantages of hybrid catalyst 
lie mainly in easier catalyst separation from polymers. The content of Mo in 
polymers was only about 6 ppm. 
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Table 4. A survey of ROMP experiments with hybrid catalysts 

 
insoluble polymer, **NBE + 1-heptene in mol ratio 20/1, n.d. = not determined 

5. Conclusions 

1. Both silica- and alumina-type mesoporous molecular sieves are 
perspective supports for the preparation of new metathesis catalysts. 
Their mesoporous structure enables relatively bulky substrate 
molecules to penetrate into their channels and to employ the large 
inner surface for performing metathesis reactions. The mesoporous 
structure also enables bulky organometallic complexes to be anchored 
on channel walls forming effective hybrid metathesis catalysts. The 
tunable pore size of prepared catalysts promises the possibility to affect 
the reaction selectivity by choosing the catalyst of suitable pore size. 

Benzene, room temperature, M = monomer, M/Mo = molar ratio monomer/Mo, *methanol-
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2. Molybdenum and rhenium oxide catalysts based on siliceous meso-
porous sieves and OMA, respectively, proved enhanced catalytic acti-
vity in comparison with corresponding catalysts using conventional 
supports. The origin of this enhanced activity is not completely clear 
and is still a subject of discussions and continuous research. The 
better accessibility of catalysts site located in mesopores undoubtedly 
represents the essential contribution to the increased catalytic 
activity. Rhenium (VII) oxide on organized mesoporous alumina pre-
serves known tolerance of Re catalysts to the polar-substituted 
olefins. The presence of cocatalysts like Me4Sn is essential similarly 
as for conventional systems. However, the catalysts with higher pore 
size were found to deliver better results. 

3. Siliceous mesoporous sieves are suitable for anchoring Schrock alkyli-
dene complexes under formation of hybrid metathesis catalysts. 
These hybrid catalysts maintain the high activity and selectivity of 
parent homogeneous systems. They can be used in alkene meta-
thesis, RCM, and ROMP including metathesis of oxygen-containing 
substrates. They are Mo-leaching resistant and can be easily removed 
from the reaction mixture delivering products free of catalyst residue. 
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Abstract: The results described herewith demonstrate that the activity of ruthenium 
(Ru) metathesis catalysts can be enhanced by introduction of electron-withdrawing 
groups (EWGs) without detriment to catalysts stability. This principle can be used 
not only to increase the catalyst activity, but also to alter its physical–chemical 
properties, such as solubility in given medium or affinity to silica gel. An example 
of novel immobilisation strategy, based on this concept is presented. The 

media as well as in ionic liquids (IL). Substitution of a benzylidene fragment can be 
used not only to immobilize the organometallic complex in such media, but also to 
increase its catalytic activity by electronic activation. The high stability and good 
application profiles of such modified catalysts in conjunction with their facile 

applications of olefin metathesis. 
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ammonium-tagged Hoveyda-type catalysts can be successfully applied in aqueous 

emulsions
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removal from organic products can be expected to offer new opportunities in green 
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1. Introduction 

During recent years, olefin metathesis has gained a position of increasing 
significance. The development of modern Ru metathesis catalysts, such as 
Grubbs I–III (1, 2, 5) and Hoveyda–Grubbs carbenes (3, 4, Figure 1) combining 
high activity with an excellent tolerance to a variety of functional groups has 
been the key to widespread applications of olefin metathesis in organic synthe-
sis and polymer chemistry. 

 
Despite general superiority offered by this family of catalysts, they share some 
disadvantages. Since olefin metathesis reactions are expected to be used in 
pharmaceutical processes, the most undesirable feature of these complexes is 
that during the reaction they form Ru byproducts, which are difficult to 
remove from the reaction products. In many cases, Ru levels of >2000 ppm 
remain after chromatography of products prepared by RCM with 5 mol % of 
Grubbs catalysts. The Ru has to be removed prior to further processing. 
Several protocols to solve problems associated with Ru contamination 
arising during pharmaceutical or fine chemical processing, from research 
and development (R&D) scale through to manufacture, have been proposed.3 
Use of biphasic aqueous extraction, various scavengers, such as lead 
tetraacetate, dimethyl sulfoxide (DMSO), triphenylphosphine oxide,7 and 
supported phosphines were reported to reduce the Ru content to between 
200–1200 ppm. Alternatively, two cycles of chromatography, followed by 
12 h incubation with activated charcoal, resulted in 100 ppm. Recently, 
special functional polymers – QuadraPure resins – were intended for heavy 

Mes = 2,4,5-trimethylphenyl). 
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Figure 1. Ruthenium-based catalysts 1-5 for olefin metathesis (Cy = cyclohexyl, 



Concepts of activation, immobilization, and recovery of ruthenium 

metal (including Ru) removal in both batch and continuous processes. Our 
group has recently developed a new efficient strategy for phase separation 

 
From an economic point of view on the whole chemical process the catalyst’s 
cost is another important attribute. In this respect, immobilization of homo-
geneous catalysts offers inherent operational and economic advantages over 
the parent soluble catalysts. Several attempts have been made to immobilize 
Grubbs-type carbenes 1–2 on solid or soluble supports either via ligand L 
(Figure 1) or via the carbene moiety. Hoveyda established catalysts 3–4 as 
remarkably robust complexes promoting olefin metathesis by a release/return 
mechanism. Recently, various Hoveyda–Grubbs carbenes were attached to 
different resins or soluble supports preferentially via the 2-alkoxybenzyli-
dene fragment. Our group has recently presented a Hoveyda–Grubbs complex 
covalently bound to a polystyrene–diethylsilane (PS–DES) resin.17b However, 
for practical reasons noncovalent attachment of catalysts to a solid phase is 
highly desirable. The possibility of reloading the solid phase opens the door 

individual catalytic process without considering their costs as much as would 
be relevant for covalently bound catalysts. Indeed, this concept should be of 
particular relevance in continuous-flow processes using reactors filled with 
heterogeneous or immobilized homogeneous catalysts. The attachment ought 
to be strong enough to suppress leaching of the catalyst. After inactivation of 
the catalyst it is beneficial if it can be removed from the solid phase and the 
reactor can be reactivated with fresh catalyst by simple washing protocols. 
Thus, this concept avoids physical removal of the fixed bed inside the 
reactor which can be costly. 

2. On-demand activation by acids or heat 

In 2002–2004 we introduced the stable 5- and 4-nitro-substituted analogues 
6a, 6b which were shown to exhibit impressive activity in ring-closing 
metathesis (RCM), cross-metathesis (CM), and enyne-metathesis (Figure 1). 
As a result, the more easily available catalyst 6a has found a successful 
application in target oriented syntheses and in the pharmaceutical industry. 
We proposed that the nitro group in the benzylidene fragment of 6a and 6b 
would weaken O→Ru chelation and facilitates faster initiation of the cata-
lytic cycle. In addition, the suppression of oxygen reassociation to the Ru 
center caused by an electron-withdrawing group (EWG) and the increased 
electron deficiency at the initiating carbene species should make these 
complexes more active in olefin metathesis. In accordance with this assump-
tion we observed that the very stable complex 8 (Figure 2), bearing “neutral” 
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-C(OH)Ph2 substituent, in reaction with 10 exhibits similar activity to that of 
parent Hoveyda catalyst 4 (>70% of the conversion after 16 h; Figure 3). 

 
 
We speculated that addition of an equimolar amount of acid can activate this 
complex to a much higher extent via formation (at least in some amount) 
highly active carbocationic species 8+ (Figure 2). To test this possibility, the 
effect of various additives on complex 8 stability and activity was screened. 
Addition of weak acids, such as ZnCl2 × HCl or Ph2SnCl2 exhibit activating 
effect on 8 and, at the same time, do not destroy propagating Ru species 
(Figure 3). The “binary” catalyst formed from 8 and Ph2SnCl2 was found to
be of highest activity, reacting dramatically faster than parent complex 8 
(Figure 3). 

Figure 2. New ruthenium initiators. 
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CH2Cl2, 28°C. 

 

camphor-10-sulfonic acid. Conditions: catalyst (5 mol. %), CH2Cl2, 25°C. 

Figure 3. RCM of 10 using catalysts 8 (2.5 mol %) and 6a (1 mol %). Conditions: 

 
 

 

 
We also observed that the very stable (several months at +4°C in air) 
complex 9 (Figure 2), bearing the electron-donating diethylamino group 
(EDG) shows practically no activity in olefin metathesis with model 
substrate 10 (Figure 4). 
 

Figure 4. RCM of 10 using catalysts 4, 9, and in situ formed salts of 9. CSA = (–)-
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We envisaged that addition of one equivalent of acid can activate 9 via 
protonation of diethylamino group (electron donating to electron with-
drawing activity switch, Figure 2) and accelerate ring-closure of 10. In line 
with this expectation, the in situ formed salts obtained by treatment of 9 with 
organic acids are of high activity (Figure 4), in one case surpassing even the 
parent Hoveyda–Grubbs complex 4 in terms of initiation speed. Interestingly, 
different acids lead to complexes of different activity, and hydrochloric acid 
(used as a 2M solution in ethyl ether) produces catalyst of the lowest activity. 
 
3. A new concept for the noncovalent binding  

of a ruthenium-based olefin metathesis catalyst to polymeric 
phases: preparation of a catalyst on Raschig rings 

 
After reaction with polymer-supported acids, like Dowex resin, the new Ru 
complex 9 can be conveniently immobilized by ion exchange. In this novel 
strategy for the immobilization of Ru-based metathesis catalysts, the amino 
group plays a twofold role, being first an active anchor for immobilization 
(vide supra) and second, after protonation, activating the catalysts (electron 
donating to electron withdrawing activity switch). 
 

polymeric phase; (b) Sulfonated polymer particles inside Raschig rings, as visualized by
Figure 5. (a) A principle of catalyst 9 activation and non-covalent binding of a catalyst to

b) c)

a))

) )
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Concepts of activation, immobilization, and recovery of ruthenium 

Using the above described strategy of noncovalent immobilization we pre-
pared, in a cooperation with Kirschning group, catalyst 9P immobilized on 
glass polymer composite Raschig rings (Figure 5b,c), which can be used for 
combinatorial chemistry and high-throughput screening.45 Recyclability 
studies showed that the same ring containing catalyst 9P can be used for up 
to six cycles of metathesis, however, with gradual loss of activity. Importantly, 
the solid phase can easily be reactivated by a washing protocol (1N HCl, 
H2O, methanol then addition of fresh 9). The contamination level of products 
with Ru was around 100 ppm. This is significantly lower then the Ru conta-
mination reported for Hoveyda’s catalyst on sol–gel pellets (up to 1 wt. %). 
Recently, another interesting report on a disk-shaped monolithic Ru catalyst 
for combinatorial chemistry has been published. In the case of this system 
the reported leaching was >3% while the average contamination of products 
with Ru was around 70 ppm. The catalyst was, however, designed as “one-
way” discs, therefore no recycling or multiple use was attempted.34 
 

Table 1. RCM and CM with catalyst 9P bound to Raschig rings 

 a

bwas used. Two Raschig rings (loading 3 µmol Ru/ring, 10 mol %) were used. 
Conditions: one Raschig ring 9P (loading 3 µmol Ru/ring, 5 mol %) per reaction 

1
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Si
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7 88
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O
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The practicability of Raschig rings loaded with the Ru complex 9 (3 µmol 
Ru/ring) in high-throughput synthesis was demonstrated by the examples 
shown in Table 1. RCM and enyne metathesis of representative substrates 
proceeds cleanly, with typically high conversion, as determined by gas 
chromatography/mass spectroscopy (GC/MS) and 1H NMR analysis, leading 
to various carbo- and heterocycles (entries 1, 2, 5) including the rather labile 
cyclopenta–cyclooctane derivative (entry 5), a potential building block in the 
synthesis of terpenoid natural products.35 We have also demonstrated the 
ability of 9P to perform homo CM of functionalized alkenes (entries 3, 4). 
Interestingly, the “dimerization” of a hexose substrate (entry 4) proceeds 
without double bond isomerization, although complete conversion cannot be 
reached after 24 h of reflux. Surprisingly, the product is formed with 
remarkably high E/Z-selectivity (11:1) compared to the Grubbs catalyst 1 
which commonly yields dimeric spacer-linked hexoses in the E/Z ratio of 3:1 
to 5:1. This excellent selectivity may be ascribed to the “bulkiness” of the 
solid phase. At the end of the reaction the catalyst 9P can be simply removed 
with a pair of tweezers and rinsed with minimal amounts of dichloro-
methane, producing minimal solvent waste.35 Usually, the resulting crude 
products were pure according to GC/MS and 1H NMR analyses and exhibit 
low levels of Ru contamination: 21–102 ppm (ICP–MS analysis of Ru). We 
have also demonstrated for the first time that RCM can be conducted under 
PASSflow continuous flow conditions using a noncovalently immobilized 
Ru catalyst.35 

4. Immobilization of the Grubbs III olefin metathesis catalyst  
with polyvinyl pyridine 

Recently, Grubbs and coworkers showed that 3-bromo pyridine can form  
a 2:1 complex with the Grubbs II catalyst 2 to yield the active olefin 
metathesis catalyst 5. Ru complex 5 is active in many types of metathesis 
reactions including challenging CM with acrylonitrile.39 We found that the 
Grubbs III catalyst 5 can easily be immobilized through ligand exchange 
using polyvinyl pyridine (PVP) (obtained by precipitation polymerization) 
(Figure 6). The immobilization was achieved by employing PVP in tenfold 
excess (with reference to pyridine moieties on the polymer), which resulted 
in complete (96%) immobilization of catalyst 5 as was judged by ICP–MS.4c 
Grubbs III catalyst is the best choice for conducting ligand exchange 
reaction with polymer-bound pyridine. In terms of reusability polymer 12 
behaves similar to most covalently attached examples described in the 
literature4b,14a although in selected cases longer living systems has been 
described.4b After the fifth run, activity is lost which can either be ascribed to 
lack of thermal stability or to the inherent problem of leaching during the 
catalytic cycle. The solid phase bound catalyst shows very good chemical 
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reactivity (Figure 6) and good recyclability and importantly can easily be 
reactivated with fresh catalyst which opens the possibility of using catalysts 
of type 12 under continuous-flow conditions in flow through reactors. 
 

5. Synthesis and application of an olefin metathesis catalyst 
bearing a quaternary ammonium group 

Exploring further, our concept of activating a catalyst via electron donating 
to electron withdrawing activity switch we have obtained complex 13 
bearing a quaternary ammonium group (Figure 7). This catalyst exhibits 
higher activity then parent Hoveyda complex 4 and have, in comparison,  
a high affinity for silica, enabling their efficient removal, in a single 
chromatographic pass. Thus, RCM of various dienes using 13, followed by 
passing the reaction mixture through a short column of silica (20–60 × 
weight of the substrate), affords products in which the residual Ru content is 
typically below 100 ppm. In addition, the high efficiency of quaternary 
catalyst 13 in aqueous media, in conjunction with its facile removal from 
organic products, can be expected to offer new opportunities in green 
applications of olefin metathesis. 
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N Ru
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N Ru
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Figure 6. Preparation and activity of polymer-bound Ru complexes 12. 
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6. Activated pyridinium-tagged ruthenium complexes  
as efficient catalysts for ring-closing metathesis 

Recently, various Hoveyda-type carbenes were attached to different resins or 
insoluble inorganic supports preferentially via the 2-alkoxybenzylidene frag-
ment. An alternative method involves the use of tagged catalysts, which can 
be easily separated from untagged products by a phase-transfer event (precipi-
tation or liquid-liquid partition). One particularly innovative method involves a 
catalyst immobilization in ionic liquids (IL). Because of their interesting 
properties such as ease of reuse, nonvolatility, and good ability to dissolve 
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9
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many kinds of organic and organometallic compounds, IL are promising 
candidates to replace volatile solvents traditionally used in organic chemistry. 
In order to develop a more environment friendly RCM process, Mauduit and 
Yao independently introduced IL-tagged Hoveyda-type catalysts 14a and 14b 
(Figure 8). For example, Mauduit’s catalyts 14a exhibits a high level of 
recyclability (the solution of catalyst in IL can be separated after the reaction 
and used again; this process can be repeated up to eight times) combined with 
a fairly good reactivity when used in a biphasic IL/toluene medium. Moreover 
extremely low residual ruthenium levels (average of 7 ppm) were detected in 
the final products.48a,b 

Capitalizing on our efforts aimed at developing more environment friendly 
olefin metathesis processes, we have describe recently synthesis of new air-
stable pyridinium containing Ru catalysts 15 for which the ionic tag is 
anchored to the styrenyl–ether benzylidene fragment (Figure 8). 

observed in aqueous media (EtOH/water: entry 2 or MeOH/water: entry 5) 
where only 40–50% of substrate reacted. The inductive coupled plasma mass 

Figure 8. Comparative recyclability of ionic-tagged catalysts 14a, 15, and 16 in ionic
media. a 1  bReaction perfor-

°med at 40 C. 

in RCM (Table 2, entries 1, 3, 4, and 9). Nevertheless, lower activity was 
In traditional solvent the ionic activated catalyst 15 showed a high activity 
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spectroscopy (ICP-MS) analysis of several samples showed moderate to low 
levels of Ru-wastes down to 25 ppm (entry 6). 
 
We then attempted to recycle the pyridinium-activated catalyst 15 in ionic 
solvents.46,47 To evaluate the recyclability of the new activated pyridinium 
catalyst 15, we performed the RCM of 2-allyl-2-methallyltosylamine 17 
using 5 mol % of ionic catalyst in two different ionic solvents (BMI.PF6 and 
BMPy.BF4) with toluene as co-organic solvent (Figure 8). The activated 
pyridinium catalyst 15 showed a good activity in the first two cycles (>98%), 
but it decreases rapidly to reach 65% of conversion in the third cycle and no 
activity in the fourth (entry 2). As expected, the decrease of conversions was 
progressively obtained due to the extraction of the 14-electron catalytic 
species (which is unable to re-anchor its pyridinium ligand) to the organic 
phase during the isolation of the RCM product. 
 

and recyclability, we then prepared the complex 16. This pyridinium-containing 
catalyst, equivalent to 14a, possesses the same C3 alkyl linker between the 
ionic tag and the benzenylidene pattern. The direct comparison between the 
imidazolium-tagged catalyst 14a, and its pyridinium-containing equivalent 
16 showed similar conversions and reuses over six cycles (Figure 8, entry 3). 

aConditions: 5 mol % of catalyst, CH2Cl2 or MeOH/H2O v/v 5:2 or EtOH/H2O v/v 5:2; 
c = 0.02 mol/L, 25oC; bConversions were determined by analysis of  1H-NMR or GC/MS 
of crude reaction mixture; cDetermined by ICP-MS spectroscopy analysis and showed 
as parts per million; dWith 2.5 mol % of catalyst. 
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Table 2. Metathesis reactions catalyzed by 15 

To evaluate a real effect of the pyridinium function in terms of activity 
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This result shows clearly that the nature of the cationic tag does not interfere 
in the activity and the recyclability of catalyst. 
  
We then focused on the influence of the counter-anion of the ionic solvent. 
We therefore performed the metathesis reaction in 1-butyl-4-methyl pyri-
dinium tetrafluoroborate (BMPy.BF4) possessing the same cationic fragment 
but a different counter-anion. A slight decrease of activity was observed. 
Higher temperatures (40°C instead of 23°C) are required to obtain good 
results of reusability. This difference of activity could be explained by a 
better solubility of the ionic catalyst at this temperature, probably due to the 
difference of the counter-anion between the catalyst (PF6) and the ionic 
solvent (BF4). 

7. Summary and outlook 

Olefin metathesis is a simple and effective synthetic tool which is used to 
create many compounds which otherwise would require complex multistep 
syntheses. However, there is one disadvantage of metathesis reactions – it is 
not possible to remove toxic Ru-containing by-products from the end 
product. This is a particular problem in the pharmaceutical industry, where  
it is a necessity for compounds to be of high purity and contain no toxic 
impurities. Several attempts have been made to immobilize metathesis 
catalysts on solid or soluble supports. We showed some new concepts for 
Hoveyda-type Ru catalysts separation and reuse, either via immobilization in 
a liquid phase or various phase separation techniques. 
 
The results described herewith demonstrate that the activity of Ru metathesis 
catalysts can be enhanced by introduction of EWGs without detriment to 
catalysts stability. This principle can be used not only to increase the catalyst 
activity, but also to alter its physical–chemical properties, such as solubility 
in given medium or affinity to silica gel. An example of novel immobili-
zation strategy, based on this concept is presented. In fact, the possibility of 
reversibly binding catalysts to a solid phase is of major importance for 
industrial applications, particularly when continuous flow processes with 
immobilised homogeneous catalysts are pursued. 
 
The examples presented herewith show that tagged Hoveyda-type catalysts 
can be successfully applied in aqueous media as well as in IL. Substitution 
of a benzylidene fragment can be used not only to immobilize the organo-
metallic complex in such media, but also to increase its catalytic activity by 
electronic activation. The high stability and good application profiles of such 
modified catalysts in conjunction with their facile removal from organic 
products can be expected to offer new opportunities in green applications of 
olefin metathesis. 
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Studies on the use of quaternary ammonium salt in water emulsions and IL 
are undergoing in our laboratories. We expect exciting results in this field in 
the future. 
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Abstract: A 1,3-bis-(2,6-diisopropylphenyl)-4,5-dihydroimidazol-2-ylidene substituted 
ruthenium (Ru)-based complex (4) has been prepared starting from (PCy3)2(Cl)2Ru=CHPh 
(2). The catalytic performance of catalyst (4) is checked on ring-opening metathesis 
polymerization (ROMP) of the low strain monomer, cycloocta-1,5-diene (COD), and 
also compared with catalyst (2) and (3). 
 

cyclooctadiene 

1. Introduction 

The advent of well-defined catalysts for olefin metathesis has revolutionized 
in organic synthesis and polymer chemistry in the last few years [1]. Many 
catalyst systems are active in olefin metathesis [2], but most of them are ill-
defined, multicomponent mixtures consisting of transition-metal compounds, 
cocatalysts, and promoters [3]. Recently, well-defined single-component 
metal carbene complexes have been utilized as catalyst precursors in olefin 
metathesis. Among these systems, well-characterized tungsten, molybdenum, 
and ruthenium alkylidene complexes have been prepared. Schrock developed 
tungsten- and molybdenum-based catalysts that have proven to be very 
active. The most recognized and most impressive one is the catalyst with 

2
(1) [4]. This catalyst exhibits the higher reactivity of the two toward a broad 
range of substrates with many steric or electronic variations; however, it also 
suffers from extreme sensitivity to air and moisture as well as decomposition 
upon storage. The synthesis of relatively stable ruthenium (Ru)-based alkyli-
dene complexes was introduced by Grubbs and has been improved [5]. The 
Grubbs first generation catalyst (PCy3)2(Cl)2Ru=CHPh (2) shows a good 

 

COORDINATED WITH 1,3-BIS(2,6-DIISOPROPYLPHENYL)-4,5-

reactivity towards olefins in the presence of functional groups but is less active 
than the Schrock catalyst [6]. Recently, a new family of ruthenium-based
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(NHC). These new alkylidenes not only exhibit high reactivity in a variety of 
olefin metathesis reactions but also are highly tolerant of many different 
organic functional groups [7]. Although catalyst (2) and (3) are powerful 
tools in organic synthetic strategies, the relatively high cost of Ru, coupled 
with the relatively high catalyst loading generally employed, render these 
systems disadvantageous for use in large-scale reactions. 
 

Ru

Ph

Cl

PCy3

Cl

Pr-N N-Pr

Ru

Ph

Cl

PCy3

Cl

PCy3

(2)

Pr = C6H3-2,6-CH(CH3)2

Ru

Ph

Cl

PCy3

Cl

Mes-N N-Mes

 Mes = C6H2-2,4,6-(CH3)3

Mo

N

IPrIPr

Me

Me

Ph

(F3C)2MeCO

(F3C)2MeCO

(1) (3) (4)  

 
While these points are especially pertinent for potential industrial applica-
tions for these catalysts, they are also relevant when relatively inexpensive 
substrates are to be reacted. Mol and coworkers reported improved turnovers 
during the cross-metathesis (CM) of terminal olefins with a modified version 
of the imidazolylidene ligand, catalyst (IPrH2)(PCy3)(Cl)2Ru=CHPh (4), first 
synthesized by Fürstner [9,10]. Also, Wagener and coworkers reported the 
activity of catalyst (4) against other catalysts for CM, ADMET, and RCM 
[11–13]. In this study, synthesis and characterization of catalyst (4) is 
reported. The catalytic performance of catalyst (4) is checked on ring-opening 
metathesis polymerization (ROMP) of the less strained 1,5-cyclooctadiene 
(COD). Yet, there is no report on (IPrH2)(PCy3)(Cl)2Ru=CHPh (4) as a cata-
lyst for the ROMP of cycloolefins. 

2. Experimental 

2.1 General remarks 
 
All syntheses were performed under inert atmospheres of argon on a vacuum 
line using standard Schlenk tube techniques. Liquids were transferred by 
syringe and introduced into the Schlenk flasks through rubber septa or through 
a stopcock under positive argon pressure while air- and/or moisture-sensitive 
solids were transferred using a glove bag. Solvents were dried, distilled and 
degassed under argon prior to use. The catalyst (PCy3)2(Cl)2Ru=CHPh (2) 
was prepared according to literature. Potassium tert-butoxide (KOtBu) and 
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Scheme 1 

the substitution of a single PCy3 ligand of (2) with a N-heterocyclic carbene 
olefin metathesis catalysts such as catalyst (3) have been prepared by 
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COD was dried over CaH2, distilled and degassed by three standard freeze-
pump-thaw cycles. NMR spectra were recorded with a Varian Unity-300 spec-
trometer, chemical shifts were recorded in parts per million (δ) and referenced 
to TMS. 
 
2.2 Catalyst preparation 
 
The carbene ligands 1,3-bis-(2,4,6-trimethylphenyl)-4-5-dihydroimidazolium 
chloride (H2IMes), 1,3-bis-(2,6-diisopropylphenyl)-4-5-dihydroimidazolium 
chloride (H2IPr) were prepared according to literature procedure [14]. 

2.2.1 Synthesis of (IMesH2)(PCy3)(Cl)2Ru=CHPh (3) 

A flame-dried Schlenk flask was charged with 1.32 g (1.60 mmol) of (2), 
0.658 g (19.20 mmol) of (H2IMes), and 3.84 mL of a 0.5 M sol. KHMDS in 
toluene. This initially purple, turbid reaction mixture was stirred for 1 h at 
ambient temperature, during which time the solution turned dark red. After 
evaporation of solvent the residue was stirred in methanol and filtered 
resulting in clean pinkish complex (3) in good yield (94%). 

2.2.2 Synthesis of (IPrH2)(PCy3)(Cl)2Ru=CHPh (4) 

A solution of  0.176 g potassium tert-butoxide (KOtBu, 1.57 mmol) in 15 
mL THF was slowly added under Ar atmosphere at room temperature to a 
solution of 0.904 g 1,3-bis-(2,6-diisopropylphenyl)-4-5-dihydroimidazolium 
chloride (H2IPr, 2.12 mmol) in 15 mL THF. The suspension was stirred at 
room temperature for 15 min and added to a solution of 0.5 g compound 
(PCy3)2(Cl)2Ru=CHPh (2) (0.61 mmol) in 30 mL toluene. The mixture was 
stirred for 30 min. at 80°C under Ar atmosphere. The solvent was then 
removed in vacuo, and residue was washed with methanol (2 × 10 mL). The 
brown suspension was filtered and finally dried under Ar to afford a pinkish 
powder in (85%) yield. The solid precipitate was analyzed using 1H and 13C 
NMR. 1H NMR (CDCl3 , 300 MHz): δ = 19.40; 7.94; 7.35-7.05; 7.04; 6.76; 
4.14; 4.07–3.87; 3.54; 2.18–2.00; 1.50–1.37; 1.49; 1.37; 1.35–1.30; 1.21; 
1.11; 0.95. 13C NMR (CDCl3, 300 MHz): δ = 296.63; 222.45; 151.53; 
149.89; 147.35; 138.54; 136.37; 131.90; 130.56; 129.43; 124.87; 124.34; 
55.21; 32.46; 32.34; 29.89; 29.76; 28.45; 28.36; 28.28; 27.86; 27.13; 26.82; 
24.23; 24.14. 
 
2.3 Activity studies 
 
Small oven-dried glass vials with septum were charged with a stir bar and 
the appropriate amounts of catalyst (taken from a CH2Cl2 stock solution). 
The dichloromethane was subsequently evaporated, and the glass vials with 
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potassium hexamethyldisilazide (KHMDS) (Aldrich) were used as received.  
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200 µL of toluene was added in order to dissolve the catalyst. The COD was 
then transferred to the vial containing the catalyst via syringe under vigorous 
stirring at room temperature. After a certain time span, a small quantity of 
the reaction mixture, which had become viscous, was taken out of the vial 
and solved in CDCl3. The yield could then easily be determined by 1H NMR 
spectroscopy. 

3. Results and discussion 

For the synthesis of the catalysts (3) and (4) we first tried to exchange the 
phosphine with the imidazole ligand (H2IMes and H2IPr) from the first-
generation Grubbs’ parent catalyst (2) using the more steric base potassium 
hexamethyldisilazide (KHMDS). Synthesis of (3) could then be achieved 
following the well established in situ generation of the free carbene using 
KOtBu [8]. In addition we found it possible and less time and energy (at 
ambient temperature) consuming to obtain complex (3) in a one-pot synthe-
sis by employing the KHMDS. Surprisingly all of our attempts for synthesis 
of (4) using KHMDS were unsuccessful and the best results were mixtures 
of (2) (25%) and small amounts of (4) (75%) with considerable destruction of 
Ru–carbene during the synthesis. The catalyst (4) has been synthesized and 
characterized by Fürstner and coworkers [9]. But its catalytic activity has not 
been reported in this study because of the fact that this catalyst has had some 
dihydride complex (PCy3)2Ru(H)2(Cl)2 as a by-product. We have successfully 
optimized Fürstner’s procedure and synthesized, isolated this catalyst from 
the crude reaction residue following procedure (Scheme 2). The NMR spectra 
of obtained catalyst (4) in this study is consistent with the literature [9, 10]. 
 

Ru
Ph

Cl

PCy3

Cl

Pr-N N-Pr

Ru
Ph

Cl

PCy3

Cl

PCy3 [H2IPr(H)][Cl]
KOtBu/THF
30 min, 80oC

(2) (4)

 
COD, a typical low-strained olefin, was polymerized at room temperature 
with the catalyst system (4). The polymerization process is illustrated in 
Scheme 3. 
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Scheme 2 

solid catalyst were kept under argon atmosphere. To start the ROMP test, 
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Scheme 3 
 
The polymerization reaction was monitored as a function of time at ambient 
temperature by integrating olefinic 1H signals of the formed polymer and the 
disappearing monomer. As shown in Figure 1, this made it possible to compare 
catalytic activities of the various olefin metathesis initiating systems. The 
well-known Grubbs’ catalysts (2) and (3) show logical ROMP-activities 
(Figure 1). The catalyst (3) is typified by a slower initiation compared to (2) 
but shows a higher overall activity. The catalyst (4) is clearly very active and 
reaches full conversion slowly. At room temperature, catalyst (2) gives a 
maximum yield 61%. The second-generation catalysts, in particular (4), 
performed significantly better. The catalyst (3) gave an optimal yield 94%, 
while the yield achieved with catalyst (4) achieved 100%. The reason for the 
appreciably higher yield of the catalyst (4) relative to (3) is not entirely clear, 
but could conceivably be attributed to a faster initiation rate due to the 
increased steric bulk of the IPrH2 ligand relative to IMesH2. This confirms 
that generally replacement of one of the two phosphine ligands with a more 
electron donating NHC ligand substantially improves metathesis activity. 
Insertion of an NHC-ligand leads to greater electron density at the metal 
centre as a consequence of strong σ-donation coupled with a reduced π-back 
bonding. In addition the significant increase in steric effect of IPrH2 relative 
to IMesH2, together with its superior electron donating properties relative to 
unsaturated analague, IPr [15] might give rise to a highly active metathesis 
initiator [16,17]. This results in a greater preference for olefin binding and 
thereupon higher metathesis activity. 
 
For a quantitative estimation of polymer yield, a series of polymerizations 
were carried out by varying the catalyst/monomer ratio. Under these 
experimental conditions, the polymerization of COD is monitored in Table1. 
At first a set of experiments was performed by varying catalyst/monomer 
ratio 1/300 and 1/30000. 
 
Conversion to polymer was obtained in maximum yield when the catalyst/ 
monomer ratio was 1/300 and 1/3000. The dependence of the catalyst/monomer 
ratio on the polymerization yield was analyzed. The polymerization yield 
increases with catalyst/monomer ratio and the yield after 24 h reaches 90% 
when the catalyst/monomer ratio is 1/300. 
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 Table 1. Ring-opening metathesis polymerization of COD with catalyst (4)  

Entry catalyst/monomer time (s) Yield (%)
1 

 
2 

 
3 

 
 
 

4 
 

1/300 
 

1/3000 
 

1/10 000 
 
 
 

1/30 000 
 

1800 
 
1800 
 
1800 
 
3600 

overnight
3600 

overnight 

100 
 

100 
 

57 
63 
68 

 
42 
49  

General reaction conditions: Ar atmosphere, room temperature, toluene as solvent, yield 
determined by 1H NMR spectroscopy. Catalyst = (4) 
 

 

Figure 1. Ring-opening metathesis polymerization of COD with catalyst (4) (Reaction 
conditions: catalyst/monomer = 1/300, room temperature, toluen).  

4. Conclusion 

We have shown that the 1,3-bis-(2,6-diisopropylphenyl)-4,5-dihydroimidazol-
2-ylidene substituted Ru-based complex (4) are active catalyst precursor in 
the ROMP of COD. This air and water tolerant complex was shown to exhibit 
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higher ROMP activity compared to that of the parent complex (2) and previ-
ously developed complex (3). In the future, we aim to further broaden the 
scope of this catalyst, to prepare a variety of Schiff base-substituted complexes 
of (4). 
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VIA METATHESIS CHEMISTRY 
PART II. INTRICATE ORGANIC SYNTHESIS



RECENT APPLICATIONS OF ALKENE METATHESIS FOR 
FINE CHEMICAL AND SUPRAMOLECULAR SYSTEM 

SYNTHESIS 

FRANC POŽGAN, PIERRE H. DIXNEUF* 
 

 
Abstract: Alkene metathesis has become a synthetic method that has strongly 
modified approaches in the building of complex molecules. The review will 
concentrate on the recent applications of ring-closing metathesis (RCM) and cross-
metathesis (CM) reactions for the design of useful molecules and architectures: new 
functional macrocycles (RCM) and multifunctional linear alkenes (CM), but also 
cyclic ligands, rotaxanes, catenanes, and supramolecular systems. 

Keywords: alkene metathesis, ruthenium catalysts, macrocycles, supramolecular 
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Ac, acetyl; ArF, 3,5-bis(trifluoromethyl)phenyl; Boc, tert-butoxycarbonyl; Bn, benzyl; 
cat, catalyst; t-Bu, tert-butyl; Cbz, benzyloxycarbonyl; Cy, cyclohexyl; Mes, 2,4,6-
trimethylphenyl; Fmoc, 9-fluorenylmethoxycarbonyl; MOM, methoxymethyl; Piv, 
pivaloyl; i-Pr, isopropyl; TBAF, tetrabutylammonium fluoride; TBDPS, tert-
butyldiphenylsilyl; Tf, triflyl; Tfa, trifluoroacetyl; Tos, tosyl 

1. Introduction 

the last 15 years, not only in catalysis and organic synthesis but also in 

mechanism based on metal–carbene by Chauvin [1] and of well-defined, 
efficient catalysts from 1990 based on coordinatively unsaturated alkylidene–
metal complexes mainly derivatives of molybdenum by Schrock [2] and of 
ruthenium (Ru) by Grubbs [3]. The increasing importance of alkene meta-
thesis and its catalysts by the scientific community has led to the award of 
2005 chemistry Nobel Prize to the main pioneers in this field, Chauvin, 
Grubbs, and Schrock [1–3]. 
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Alkene metathesis has become one of the best tools to make carbon–carbon 
bond affording a large variety of functional macrocycles via ring-closing 
metathesis (RCM) [4], but also introducing functional groups in alkenes via 
cross-metathesis (CM) [5]. Such a way to make C–C bonds alkene metathesis 
is often preferred to nucleophilic substitutions, requiring protections and depro-
tections of functional groups, and even to catalytic cross-coupling reactions. In 
material science the control of ring-opening metathesis polymerization 
(ROMP) [6] and acyclic diene metathesis (ADMET) [7] polymerization has 
led to the production of a variety of new functional polymers and of reco-
verable catalysts. 
 
During the last 10 years several reviews have, step by step, shown the 
development of alkene metathesis [4–8]. 
 
The objective of this review is to show some recent examples of alkene 
metathesis, not covered by the above reviews, used for the production of fine 
chemicals, ligands, rotaxanes, catenanes, and supramolecular systems mainly 
via RCM and CM reactions performed with Ru catalysts that tolerate 
functional groups. 
 
The most commonly used Ru catalysts are described in Scheme 1, the 
Grubbs first-generation catalyst 1 [9], the Nolan 2 [10], and Grubbs second-
generation catalyst 3 [11], the Hoveyda catalyst 4 [12], the phosphine-free 
Hoveyda catalyst 5 [13], the allenylidene precursor 6 [14] leading to active 
indenylidene catalyst 7 [15], and the indenylidene complex 8 [16]. 

 
Scheme 1. Ruthenium–alkylidene complexes as catalyst precursors for alkene 
metathesis. 
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The following aspects will be discussed. 

• Synthesis of new macrocycles via RCM reaction 
• RCM in the synthesis of new ligands, rotaxanes, catenanes, and 

supramolecular systems 
• CM in synthesis and supramolecular system formation 

2. Synthesis of new macrocycles via RCM reaction 

2.1 A diversity of examples 

In order to produce functional macrocycles the RCM, using the efficient 
Grubbs catalysts and related catalysts, is a method of choice as these 
catalysts tolerate a large number of functional groups. 

A variety of macrocyclic crown diamides 9 have been produced with the 
first-generation Grubbs catalyst 1 from dienes readily obtained by allylation 
of salicylamides (Scheme 2) [17]. This strategy was also used for the 
synthesis of BINOL derivatives [18]. 
 

Scheme 2. Macrocyclic crown diamides obtained via RCM. 

The RCM reaction is now currently used to improve the synthesis of known 
drugs and create new ones. This is the case of the synthesis of resorcinylic 
macrocycles with lactone or lactam functionality (Scheme 3) [19]. Thus, the 
dienes 10 are transformed with catalyst 1 (CH2Cl2, reflux) into 11 and the 

197



F. Požgan and P.H. Dixneuf 

hydrogenation of the cyclized products (Pd/C) affords quantitatively the 
hydrogenated and deprotected macrocycles 12. 
 

 
Scheme 3. Synthesis of resorcinylic macrocycles. 

Another example is the synthesis of (–)-microcarpalide 15 that was 
generated by RCM reaction of 13 with 1 (CH2Cl2, reflux), followed by 
deprotection of the hydroxy groups with TiCl4 (Scheme 4) [20]. 
 

Scheme 4. Synthesis of (–)-microcarpalide 15 via RCM reaction. 

The tolerance of Grubbs catalyst 1 for carbonates in spite of Ru Lewis 
acidity has been used by Grela to produce macrocyclic carbonates, 
analogous of musks [21]. Thus, the carbonate 16 with terminal olefinic 
branches led with 1 to the macrocyclic carbonate isomers 17 (5:1) in 80% 
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yield (Scheme 5). It is noteworthy that N-heterocyclic carbene (NHC)-
containing catalysts such as 3 and 5 are not so active for carbonate-
containing macrocycle synthesis. 
 

Scheme 5. Formation of cyclic carbonates. 

Medium size macrocycles were made by two successive RCM reactions, 
followed by a ring expansion resulting from an opening of N–N bond. Thus, 
the macrocycle 18 was produced by classical RCM with catalyst 3 and was 
transformed into a second diene 19 according to scheme 6 [22]. A second 
RCM reaction with catalyst 3 followed by opening of N–N bond led to the 
macrocycle 20. 
 

Scheme 6. Medium size macrocycle synthesis via successive RCM reactions. 

The Ru–allenylidene complexes 6 have been revealed as early as 1998 as 
alkene metathesis catalyst precursors [14]. Since then it has been demon-
strated that they become a catalyst by intramolecular rearrangement into an 
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indenylidene–Ru intermediate 7 [15]. Catalyst precursor 6 (X = OTf) has 
been used for a variety of applications [23] and especially for the formation 
of macrocycles (Scheme 7) [24]. 
 

Scheme 7. Macrocycle synthesis with ruthenium–allenylidene 6. 

2.2 Peptide- and carbohydrate-containing macrocycles 

Cyclic amino acid and fluorinated amino acid derivatives and their phos-
phonate analogues have been readily obtained via RCM reaction using 
catalyst 1 [25] and allenylidene 6 [26]. Medium size cyclic amino esters 
have been obtained using catalyst 6 (Scheme 8) [27]. 

Scheme 8. Synthesis of medium size cyclic amino esters with catalyst 6. 

The Ru-catalyzed RCM reaction can be used for the direct access to macro-
cycles containing peptide or carbohydrate. For the synthesis of macrocyclic 
peptidomimetics by RCM, the nature of Ru catalysts is important to obtain an 
E CH=CH bond configuration. The transformation of 21→22 was achieved 
with catalyst 3 and the only E isomer was obtained in 51% yield, whereas 
catalyst 1 led to 69% yield of a isomer mixture E/Z (3/1) (Scheme 9) [28]. 
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Scheme 9. Amino ester-containing macrocycle. 

Carbohydrate-containing macrocycles such as cyclic glycolipides possess a 
variable number of linked carbohydrates tied up with a lipophilic aglycon. 
Several cyclic glycolipides and analogues were first prepared by RCM 
reaction by Fürstner using a first-generation Grubbs catalyst RuCl2(=CH–
CH=CPh2)(PCy3)2 [3b] analogous to catalyst 1, the allenylidene 6 [24], or 
the indenylidene catalyst 8 [4a,29] (Scheme 10). 
 

Scheme 10. Synthesis of carbohydrate-containing macrocycles. 

Recently, this methodology has been used for the preparation of a variety of 
structurally related macrocycles such as spacer-linked aminoglycosides [30] 
or cyclic multivalent scaffolds [31]. For example, it is shown that the 
preorganization by a bis-tertiary amide linkage of a sugar-containing diene is 
essential to achieve the RCM reaction (Scheme 11) [31]. The tertiary bis-
amide 23 with Grubbs catalyst 1 gives the macrocyclic compound in 96% 
yield (E/Z = 3/1) that after deprotection leads to the scaffold 24. 
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Scheme 11. Preorganized intermediate for selective macrocycle synthesis. 

Another type of carbohydrate-containing macrocycles was produced by 
combining click-dimerization and RCM reaction (Scheme 12). The click 
reaction is first achieved on treatment of a carbohydrate azide containing an 
alkene chain (R1) with 1,7-octadiyne in the presence of a copper(II) salt. A 
carbohydrate dimer is first obtained. Thus, starting with the azide 25 the 
click reaction followed by RCM reaction with catalyst 1 affords the macro-
cycle 26 which on hydrogenation (Pd(OH)2/C) leads to 27 (Scheme 12) [32]. 

Scheme 12. Tandem click–RCM reactions. 

2.3 Brief indications of RCM reaction in the synthesis of macrocyclic 
natural products or biologically active compounds 

A tremendous advantage of catalytic alkene metathesis deals with new 
approaches to make carbon–carbon bonds and especially cycles and macro-
cycles with catalysts tolerating functional groups. This is a reason why this 
reaction has brought a revolution in organic synthesis by reducing the number 
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of steps in multiple step synthesis and the protection or deprotection steps. The 
discovery of efficient well-defined catalysts for RCM reaction has very early 
led to new synthesis of natural products or drugs in which alkene metathesis is 
a crucial step. Several reviews have been produced by Fürstner [4], Nicolaou 
[8a], Lebreton [8d], or Prunet [8e]. This aspect involving multistep synthesis 
will not be developed here although recent, important contributions based on 
RCM reactions have been found. A number of examples can be cited among 

phomones B, C, D [39], but also as biologically active or drug intermediates 
such as thrombin inhibitors [40], binding macrocycle inhibitors [41], or 
ansamycin antibiotics [42]. 

3. RCM reaction in the synthesis of new ligands, rotaxanes, 
catenanes, and supramolecular systems 

New developments of the RCM reactions involve easy modification of 
ligands to be used in catalysis, the building of supramolecular systems, host–
guest systems or molecular materials. These examples show that alkene 
metathesis also strongly improves these new fields and allows to create new 
molecular and supramolecular objects. 

3.1 Modification and creation of ligands 

RCM has been used recently for the modification of a well-known and used 
ligand BINOL and its incorporation into a macrocycle that can be used as a 
quite different ligand [18]. 
 
2,2′-Bipyridine is a commonly used ligand to favour electron transfers in metal 
complexes or to significantly modify photochemical properties. It has been 
included into a macrocycle (E/Z = 9/1) that can be hydrogenated and still offer 
the coordination properties of both nitrogen atoms (Scheme 13) [43]. 

Scheme 13. Synthesis of macrocyclic bipyridines. 

bioregulatory properties [37], feigrisolide C [38], and a family of coleo-

natural products: macrosphelides [33], (+)-pinnatoxin A [34], macrolactam 
(–)-isooncinotine [35], (–)-norsecurinine alkaloid [36], (–)-kendomycin with 
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Potential multidentate ligands have also been created by serendipity. Whereas 

cyclotrimerization and the production in 70% of the multifunctional system of 
C3 symmetry 30 (Scheme 14) [44]. 
 

 
Scheme 14. Unexpected synthesis of macrocycle by cyclotrimerization. 

The RCM reaction has been used for the synthesis of macrocyclic molecules 
offering cavity with potential as a host molecule or artificial receptor for ions 
and small molecules. Thus, the multifunctional molecule 31 has been 
designed to produce a polymacrocycle 32. On treatment with Grubbs catalyst 
1 it affords 66% of 32 that was further hydrogenated (Pd/C) to afford the 
corresponding system (86%) with all hydrogenated double bonds. The 
success of this reaction is based on the easiness of RCM reaction between 
the alkene chains of two branches rather than within one branch: the 
formation of 11-membered ring being disfavoured (Scheme 15) [45]. 

 
Scheme 15. Synthesis of a polymacrocycle 32. 

29 its treatment with the Grubbs catalyst 3 has led to its unexpected 
the terpene derivative 28 had been prepared to build the AB rings of taxane

NH NHO OHN HN
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Rotaxanes are mechanically interlocked molecules constituted of a trapped 
macrocycle around a suitable sterically hindered molecule at both ends. 
Thus, the macrocycle 34 can be easily prepared from 33 by RCM, but in the 
presence of ammonium salt 35, the same RCM reaction affords 73% of the 
rotaxane 36 in which the ammonium ion with two bulky end groups is 
trapped into the macrocycle (Scheme 16, left-hand route) [46]. 
 

Scheme 16. Preparation of a rotaxane based on ammonium polyether interaction. 

Because of the reversibility of the RCM process the same type of rotaxane 
can be produced from the macrocycle containing a CH=CH bond that can be 
opened and closed reversibly. The macrocycle 34 with the salt 35 in the 
presence of catalyst 3 affords the catenane 36 in 95% yield, thus offering an 
example of a “magic ring” allowing the introduction of an ionic molecule 35 
that can not mechanically enter the ring (Scheme 16, right-hand route) [47]. 
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Catenanes are molecules constituted of two interlocked rings. Very early the 
RCM reaction was used by Sauvage and Grubbs to produce catenanes using 
the coordination properties of phenanthroline derivatives to assemble together 
the ring A with the opened molecule B with two terminal olefin ends before 
RCM reaction (Scheme 17) [48].  
 

Scheme 17. RCM application to catenane synthesis via phenanthroline–Cu complex. 

New catenanes are now produced by interaction of a macrocycle containing 
an ammonium salt 37 with either the macrocycle precursor 33 or the 
macrocycle 34 in the presence of catalyst 3 (Scheme 18) [47]. Thus, the 
catenane 38 was produced in good yield. In order to avoid the process 
reversibility, the hydrogenation of 38 (PtO2) affords the stable catenane 39. 
The direct transformation of two macrocycles 34 and 37 into the interlocked 
macrocycle molecule 38 illustrates “magic rings” interlocking [47]. 
 
New catenanes containing terpyridine ligands have been produced using 
Ru2+ ion, arising from RuCl2(dmso)4, to assemble in tail-to-tail, orthogonal 
positions, both coordinating terpyridines each of them with two alkene 
branches. Thus, the resulting Ru complex 40 on reaction with catalyst 1 led 
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Scheme 18. RCM application to catenane synthesis with the help of ammonium–
ether interaction. 

to the formation of catenanes that were hydrogenated (Pd/C) to afford the 
catenane 41 and the unexpected non-catenane product 42 in a 1:2 ratio, 
corresponding to the coupling of intramolecular and intermolecular 
branches, respectively (Scheme 19) [49]. Thus, the elimination of the Ru2+ 
cation affords catenane from 41 and very large macrocycle from 42. 
 
RCM has allowed the synthesis of a catenane consisting of a large ring 
threaded through both cyclic units as in a handcuff-like structure. The 
synthesis is based on the model shown in Scheme 20 [50]. 
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Scheme 19. Preparation of catenane and large coordinating macrocyclic complex. 
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Scheme 20. Model for the synthesis of handcuff structure catenanes. 

Scheme 21. Synthesis of handcuff structure catenane. 
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It was achieved by Sauvage et al. [50] starting from the bicyclic molecule 43 
with two phenanthroline moieties each of them associated with the help of a 
Cu(I) salt with the diene 44. RCM with Grubbs catalyst 1 of complex 45 led 
to the catenane 46 that can be hydrogenated (Scheme 21). 

3.2 Cooperation of templates and RCM reactions to selectively build 
large macrocycles 

Calixarenes have been used as templates to favour the suitable arrangement of 
pendant terminal CH=CH2 bonds of another calixarene to selectively produce 
large macrocycles [51]. The calixarene 47 containing four chains, each with 
two pendant alkene branches, in the presence of the simple calixarene 48 gives 
a heterodimer 47–48, 47 being a truncated cone above 48, allowing the slow 
preorganization of the terminal alkene bonds (2 days room temperature) in 
suitable position and vicinity for RCM couplings. Then the treatment of the 
resulting supramolecular system 47–48 with Grubbs catalyst 1 (40%, 2–6 
days) followed by catalytic hydrogenation (PtO2) leads to the cyclized, hydro-
genated heterodimer 48–49 which is separated into components 48 and 49 by 
chromatography. The urea links of the resulting compound 49 can be cleaved 
with acetic acid and the large macrocycle 50 can be obtained (Scheme 22) 
[51a]. Various macrocycles have been made, based on this method. 
 

Scheme 22. Synthesis of huge macrocycles using a calixarene as template. 
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A triplatinum template has been used by the van Koten team to build a large 
macrocycle by mean of RCM reaction [52]. The triplatinum complex 51 has 
persistent relative positions of the three Pt atoms, and each of them can 
coordinate a pyridine by displacement of the chloride. A variety of pyridines 
with long 2,6-dialkene substituents were reacted with 51 and the resulting 
complexes 52 were reacted with the Grubbs catalyst 1, or the Schrock catalyst 
Mo(=CHCMe2Ph)(=N-2,6-(i-Pr)2C6H3)(OCMe(CF3)2)2 [2b] to give the macro-
cyclic triplatinum complex 53. On treatment of 53 with NaCl the macrocycle 
was displaced from the platinum atoms to give back 51 and the large macro-
cycle 54 that was further hydrogenated (Pd/C) to give 55 (Scheme 23) [52a]. 

Scheme 23. Template-directed synthesis of large macrocycles. 

4. Cross-metathesis in synthesis and supramolecular system 
formation 

Alkene CM consists in the synthesis of a difunctional alkene from two 
different functional alkenes with formation of ethylene or simple alkene. It is 
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a bimolecular reaction by comparison with the previous intramolecular RCM 
reaction which involves the formation of a cyclic olefin from two different 
functional olefins contained in the same molecule. 
 

 
 
Thus, CM is often difficult to perform and the suitable catalyst for a given 
reaction has often to be selected from different experiments performed with 
a box of catalysts. 
 
Several reviews have been more dedicated to CM [5]. Here are selected CM 
applications reported within the last 3 years. 
 
Functional electron-withdrawing alkenes have key utilizations for instance in 
Diels–Alder reactions. The unsaturated β-ketonic phosphonates 57 can be 
obtained by CM with ethyl acrylate in the presence of Ru catalyst 3 or 5 
(Scheme 24) [53]. 
 

 
Scheme 24. Cross-coupling reaction of β-ketonic phosphonates. 

This study shows that the Hoveyda phosphine-free catalyst 5 is more 
efficient than the second-generation Grubbs catalyst 3. In addition, the 
microwave irradiation, by offering fast heating and increased pressure, 
allowed catalyst 5 to afford complete conversion and excellent product yield. 
It is noteworthy that the CM of the β-ketoester 58 with 5 (ClCH2CH2Cl, 
reflux only) leads to similar yields (∼60%) as 56, whereas that of 60, with 
only one carbonyl group, affords 61 with 5 at room temperature in 83% 
(Scheme 25) [53]. 
 
It was assumed that the reduced activation of β-dicarbonyl compounds is due 
to the formation of bidendate Ru intermediate (I). Indeed, attempts to dis-
favour coordination of a carbonyl by addition of Ti(i-PrO)4 led to complete 
conversion of both 56 and 58 at room temperature. 
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Scheme 25. Cross-metathesis of unsaturated β-ketoester. 

Non-racemic allylic hydroxy phosphonates are usually produced by enzymatic 
kinetic resolution [54] or enantioselective catalysis [55]. They can be now 
produced by CM of allylic hydroxy phosphonates 62 with Grubbs catalyst 3 
(Scheme 26) [56]. CM compounds 63 are the main products with respect to 
the self-metathesis product 64. 
 

 
Scheme 26. Synthesis of substituted optically active allylic hydroxy phosphonates. 

(S)-Lysine and (S)-arginine homologues were prepared via CM according to 
scheme 27 followed by hydrogenation (Pd/C) [57]. 
 
C-Glycosyl amino acids of type 68, for example, are robust to degradation 
by glycosidases with respect to O-glycosides. They can be obtained directly 
by CM of C-allyl glycosides with unsaturated amino esters [58]. They were 
recently produced by CM of vinylcarbohydrate 65 with the amino ester 66. 
The mercury(II)-mediated cyclization of 67 affords the C-glycosyl amino 
esters 68 (Scheme 28) [59]. 
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Scheme 27. Synthesis of (S)-lysine and (S)-arginine homologues. 
 
 

Scheme 28. C-glycosyl amino ester synthesis. 

CM has also become a key reaction for the development of drugs or the 
improvement of natural products synthesis. 
 
Viridiofungin A 71 is a natural product offering a broad spectrum of anti-
fungal activity. It was produced by CM of 69 and 70 with either Grubbs 3 or 
Hoveyda 5 catalysts (Scheme 29) [60]. 
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Scheme 29. A short synthesis of viridiofungin A. 

(+)-Carpamic acid 74 is a member of natural piperidine alkaloids displaying 
important biological activity [61]. It has all-cis-configuration of its sub-
stituents and was made recently by CM of 72 and 73 with Grubbs catalyst 3 
(Scheme 30) [62]. 
 

Scheme 30. A short synthesis of (+)-carpamic acid. 

The synthesis of γ,δ-unsaturated-β-keto lactones was achieved by tandem 
CM or lactonization reactions [63]. A 16-membered macrolide antibiotic (–)-
A26771B 79 was prepared by such a way (Scheme 31). The key reaction 
step involved the CM of 75 and 76 to give 77 in the presence of Hoveyda 
catalyst 5. The lactonization led to the macrocycle 78 which was trans-
formed into the macrolid 79 [63]. 
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Scheme 31. Key cross-metathesis step in the synthesis of macrolide 79. 

The antitumour activity of tetrahydrofuran (THF) containing acetogenins has 
led to development of new functional THFs and non-adjacently linked bis-
THF derivative synthesis. Bullatanocin 84 is one of the latter and was recently 
prepared by CM [64] (Scheme 32). Treatment of 80 and 81 in the presence of 
Grubbs catalyst 3 led to the bridged derivative 82. Subsequent hydrogenation 
(Pd/C) and Wittig reaction with 83 led to the natural product bullatanocin 84. 
 

Scheme 32. Fast synthesis of bullatanocin. 
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CM also constitutes a useful reaction to attach a suitable functionality to a 
substrate. An example is given for the functionalization of a macrocyclic 
lactam by an amino ester functionality. N-allyl macrocycle was reacted with 
O-allylamino acid derivative in the presence of catalyst 3 and led to the 
macrocycle 85 with amino acid chain in 48% yield (Scheme 33) [65]. 
 

Scheme 33. Synthesis of amino ester-linked macrocycle. 

A template has been used to promote self-metathesis of a macrocycle with 
pendant one or two alkene chains by bringing two C=C double bonds in 
suitable positions. As ammonium salts interact with macrocyclic polyethers, 
the macrocycle 86 with a lateral alkene chain leads, with Grubbs catalyst 3, 
to the homo CM product 88 in 35% yield. The presence of half an equivalent 
of the diammonium ion 87 favours the transformation of 86 and rises the 
yield of 88 formation to 72% under the same conditions (Scheme 34) [66]. 

Scheme 34. Template-promoted cross-metathesis. 

This yield increasing effect can be explained by the threading of the 
diammonium salt 87 into two macrocycles to give the supramolecular 
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system A favouring the CM leading to the supramolecular system B 
(Scheme 35) [66]. 

 

 
Scheme 35. Model for a template-promoted cross-metathesis. 

Several examples illustrate this concept. 

5. Conclusion 

The above recent examples of RCM reactions leading to new macrocycles, 
natural products, and drugs but also to new ligands, rotaxanes, catenanes, 
and supramolecular systems show how alkene metathesis has become 
unavoidable to produce rapidly useful fine chemicals and new molecular and 
supramolecular architectures. The high usefulness of this reaction is con-
firmed by CM allowing the access to highly functionalized monomers and 
molecules that can not be easily reached by classical catalytic transformations 
of olefins: cross-coupling or Heck-type reactions. But alkene metathesis has 
also been shown to bring revolutions in various other fields such as in 
enantioselective catalysis [67], catalysis in ionic liquids [68,69], green 
chemistry, renewable resources [70], and functional dendrimer and polymer 
production [6,71]. 
 
The growing interest and potential of catalytic alkene metathesis calls for 
creativity in the design of more efficient and robust, but also recyclable 
alkene metathesis catalysts. There is still the need to develop organometallic 
processes leading to the creation of novel and active alkene metathesis 
catalysts and innovation in synthesis and new architecture building. 
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Abstract: The subjects treated in the two lectures of the North Atlantic Treaty 
Organization (NATO) summer course are (1) the combination of arene activation and 
perfunctionalization using organo-iron chemistry with olefin metathesis incuding 
metathesis of dendritic polyolefin molecules; (2) the synthesis of metallodendritic 
benzylidene complexes that catalyse ring-opening metathesis polymerization (ROMP) 
under ambient conditions and the formation of dendritic stars; (3) the use of 
stoichiometric and catalytic electron-transfer processes with standard reservoirs of 
electrons (reductants) or electron holes (oxidants) iron complexes to achieve 
noteworthy metathesis reactions or synthesize compounds that are useful in meta-
thesis. Only the two first topics are treated in this chapter, and interested readers can 
find references concerning the third aspect called in the introduction and subsequently 
cited in the reference list. 

Keywords: metathesis, polymerization, dendrimer, arene, iron, olefin 

1. Introduction 

chemistry in the field of olefin and alkyne metathesis1–5 with research results 
obtained in our group in this area.6–15 Emphasis is given to metathesis 

polymers. First, metathesis is carried out with metallocarbenic dendrimers. 
Metallodendritic catalysts combine the advantages of homogeneous and 

molecular level, and yet they can be recovered by precipitation, ultrafiltration, 
or ultracentrifugation (as biomolecules) and recycled several times. We 
describe a ring-opening metathesis polymerization (ROMP) process herewith 
yielding dendritic stars, a research project carried out in our group by Sylvain 
Gatard and Sylvain Nlate8 with the collaboration of Jean-Yves Saillard and 
Samia Kahlal in Rennes for density functional theory (DFT) calculations, Eric 
Cloutet in Bordeaux for polymer studies, and George Bravic in Bordeaux for 
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processes yielding or dealing with nano-sized molecules such dendrimers and 
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heterogeneous catalysts: they are soluble and perfectly well defined on the 
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detailed for dendronic and dendritic substrates. This work was started by the 
PhD thesis of Victor Martinez12,13,15 and was later continued by Denise Méry 
and Catia Ornelas with dendrimers (see the last section).16 Chemio-, regio-, 
and steoselectivity is especially looked for. 
 
Other points have been discussed during our two lectures at this North Atlantic 
Treaty Organization (NATO) summer course but will not be detailed here. 
Interested readers may find the appropriate quoted references below. These 
aspects concentrate on the implications of stoichiometric and catalytic 
electron-transfer processes achieved using electron–reservoir complexes14 in 
metathesis reactions and related problems. The first of these aspects deals with 
the chemical engineering of the electron-transfer-catalyzed ligand substitu-
tions. It can for instance be applied to very cleanly decorate phosphine 
dendrimers with triruthenium carbonyl clusters by catalyzing carbonyl 
substitution with each phosphino group of the dendrimer with FeI, a project 
performed by Ester Alonso.6 It can also be applied to metathetic alkyne poly-
merization. We have indeed shown that combining rational electron-transfer-
catalyzed ligand (alkyne) substitution with metathetic alkyne polymerization 
leads to a considerable acceleration of the reaction (r.t. instead of 100°C). In 
this latter area, the contribution was that of Marie-Hélène Desbois (married 
Delville).17 Interestingly, chemical engineering can also control the way 
terminal alkynes are metathesized. Indeed, whereas the metahesis of terminal 
alkynes is known to provide polymers according to the Chauvin–Katz 
mechanism,18 Mortreux has shown that the metathetic carbyne exchange of 
standard terminal alkynes can also be obtained with high selectivity.19 The 
second aspect involves the synthesis of functional N-heterocyclic carbenes 
(NHC) that can be formed by deprotonation of an imadazolium salt, for 
instance when t-BuOK is not efficient, using air together with a standard 
electron-reservoir FeI complex. This very recent work is that of Denise Méry 
together with Jaime Ruiz Aranzaes.20 

2. Dendritic ruthenium benzylidene catalysts that form 
dendrimer-cored stars with norbornene by ROMP 

A few metal–carbene metallodendritic catalysts with four branches were 
known before our study and metathesis activity had been recorded,2 but good 
recyclability was still a challenge. The difficulty resides in the need to 
sustain both metathesis activity and stability of the metallodendrimer. Thus, 
we selected the ruthenium (Ru) family of catalysts, and designed metal-
lodendrimers containing Ru–benzylidene fragments located at the dendrimer  
 
 
 

crystallographic studies.9 The second aspect concerns the combination of 
arene actition using CpFe+ with olefin metathesis, these reactions being 
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periphery and chelating phosphine ligands on the branch termini. The choice 
of chelating phosphines may seem counterintuitive, because the activity of 
Grubbs’ catalysts involves the decoordination of a phosphine from these 
trans-bis-phosphine complexes.3 Studies by the groups of Hofmann, Fog, 
and Leitner, however, have shown the metathesis activity of cis-bis-
phosphine–Ru–benzylidene catalysts.4 We therefore used Reetz’s bis-
phosphines derived from the commercial polyamine DSM dendrimers.5 
These dendritic bis-phosphines are useful and versatile in metalodendritic 
catalysis and provided the first recyclabable metallodendritic catalysts.5 
They also very cleanly yielded, with two phenyl groups on each phosphorus 
atom, the first dendrimers decorated with clusters at the periphery by an 
efficient electron-transfer-chain reaction with [Ru3(CO)12)] catalyzed by 
[FeICp(η6-C6Me6)], 1, leading to the substitution of a carbonyl by a dendritic 
phosphine on each tether.6 Related dendritic bis-phosphines with two 
cyclohexyl groups on each phosphorus were decorated with Ru–benzylidene 
metathesis using Hoveyda’s Ru–benzylidene metathesis catalyst7 as a 
starting point. These reactions provided the four generations of new, stable 
metallodendrimers containing Ru–benzylidene fragments at the periphery 
(Scheme 1).8 The fourth-generation metallodendrimer containing 32 Ru–
benzylidene fragments, however, was found to have a rather low solubility in 
common organic solvents, unlike the three first-generation complexes that 
respectively contained 4, 8, and 16 Ru–benzylidene moieties. This weak 
solubility of the 32 Ru dendrimer is presumably due to steric congestion at 
its periphery. The x-ray crystal structure of the model mononuclear complex 
in which the dendritic branch was replaced by a benzyl group showed the 
distorted square pyramidal geometry and the classic geometric features of a 
Ru=C double bond (Scheme 2). The oxygen atom of the isopropyl aryl ether 
group is not coordinated unlike in Hoveyda’s complex. The fundamental 
organometallic chemistry of this monomeric model complex was also 
original and was reported elsewhere.9,10 
 
The three first generations of metallodendrimers 2 and the model complex 
were efficient catalysts for the ROMP of norbornene under ambient condi-
tions, giving dendrimer-cored stars (Scheme 2).23 Analysis of the molecular 
weights by size exclusion chromatography (SEC) gave data that were close 
to the theoretical ones, which indicated that all the branches were efficiently 
polymerized (yet, given the PDI that is modest around 2 as usual, polymer 
stars contain large defects on branches). Dendritic-cored stars with an 
average of about 100 norbornene units on each dendritic branch were 
synthesized with the three first generations of Ru–carbene dendrimers 
containing respectively 4, 8, and 16 Ru=C bonds. 
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Scheme 1. Synthesis of various third-generation metallodendrimers from dendritic 
bis-phosphines. 

Scheme 2. Strategy for the ROMP of norbornene by Ru–benzylidene dendrimers to 
form dendrimer-cored stars. 
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Equation 1. Third-generation (16 Ru atoms) ruthenium–benzylidene dendrimer that 
catalyzes the ROMP of norbornene at 25°C to form dendrimer-cored stars. With 100 
norbornene units on each branch, the polymerization is living (i.e. can be continued 
by adding more norbornene) 

Two kinds of dendritic effect were found upon analysis of the kinetic 
data23,24: 

1. The dendrimers were more efficient catalysts than the monomeric 
model complex. This could possibly be due to labilization of metal–
phosphine bonds that is facilitated in dendrimers as compared to the 
monomer for entropic reasons. Indeed, DFT calculation showed that 
the catalytic process must involve decoordination of a phosphorus 
atom, since the interaction of the olefin with the diphosphine 
complex is nonbonding.24 The dendritic Ru–benzylidene dendrimers 
were air-sensitive contrary to the monomer model complex, 
consistent with more rapid dissociation of the alkyl phosphine in the 
dendrimers than in the monomer. 

2. The efficiency of catalysis decreased upon increasing the dendrimer 
generation. This second dendritic effect is thus a negative one, and it 
is probably related to the more difficult access to the metal center 
due to the increasing steric effect at the dendrimer periphery when 
the generation increases. 

 
The analogous Ru–benzylidene dendrimers were very recently synthesized 
with two tertiobutyl groups on each phosphorus and they were slightly more 
reactive ROMP catalysts for the polymerization of norbornene than those 
involving the cyclohexyl substituents.10 These new dendritic ligands proved 
very efficient in palladium catalysis. 
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3. Combining CpFe+-induced arene perfunctionalization  
with olefin metathesis 

The hexahapto complexation of arenes by the cationic group CpFe+ consi-
derably increases the acidity of its benzylic protons (the pKa’s of the arenes 
in DMSO are lowered upon complexation with CpFe+ by approximately 15 
units, for instance from 43 to 28 for C6Me6).11 Therefore, deprotonation of 
the CpFe(arene)+ complexes is feasible under mild conditions with KOH. 
Deprotonated CpFe(arene)+ complexes are good nucleophiles and reaction 
with electrophiles such as the alkylhalides leading to the formation of new 
C–C bonds. Coupling the deprotonation and the nucleophile attack reactions 
in situ in the presence of excess substrates leads to perfunctionalized in 
casacade multistep reactions. When the electrohile is allyl bromide, 
polyolefin compounds are produced, and these compounds are ideal 
substrates for ring-closing metathesis (RCM) and cross-metathesis (CM) as 
exemplified below. 
 
RCM of iron complexes containing two allyl groups per benzylic position. The 
diallyl ethylbenzene complex 4 was obtained from 3 using allyl bromide in 
KOH/DME. Upon metathesis, 4 yields 5 using the catalyst 1 in dichloro-
methane at room temperature. Separation of the catalyst was very easy, 
because of the cationic character of the CpFe(arene)+ complex. 
 
Similarly, perallylation of 6 gave 7 whose metathesis reaction catalyzed by 1 
yielded the dicyclopentenyl complex 8.12 

 

PF6
-PF6

-
PF6

-
Fe+ i) ii)

4

Fe+
Fe+

3 5

PF6
-PF6

- PF6
-

Fe+ i) ii)

7

Fe+
Fe+

6 8
 

Scheme 3. (i) Allyl bromide, KOH, DME; (ii) [Ru(PCy3)2Cl2(=CHPh)], 1, CH2Cl2, r.t. 
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The [CpFe(octaallyldurene)+][PF6
–] 10 complex was obtained in one-pot 

octaallylation using 9, allyl bromide, and KOH in THF instead of DME. The 
allyl groups of 10 were cyclized in dichloromethane giving 11. The iron-free 
organic compound 12 was obtained by photolysis of 10 using visible light in 
the presence of PPh3. The RCM was successfully applied to 12 yielding 13. 
In order to obtain 13, it was more convenient, however, to use the photolysis 
of the cationic iron complex 11, because the metathesis product was easily 
separated from the catalyst 1 at the level of the cationic compound 11. 
 

PF6
-PF6

-
PF6

-
Fe+ i) ii)

hv, PPh3
CH3CN

12

1110

Fe+
Fe+

13

ii)

hv, PPh3
CH3CN

9

 
Scheme 4. (i) Allyl bromide, KOH, DME; (ii) [Ru(PCy3)2Cl2(=CHPh)], 1, CH2Cl2, r.t. 
 
Reactions of metathesis over hexaallyl-p-xylene derivates. The complex 
[CpFe(triallyltoluene)+][PF6–] 15 complex was easily obtained by CpFe+ 
induced perallylation of 14 using KOH and allyl bromide in DME. The 
RCM of the triallylated compound 15 catalyzed by 1 in dichloromethane 
yielded 16 at room temperature. Only by heating at 60°C, 1 could catalyze the 
CM of 16 to form 17. On the other hand, metathesis reaction of the decom-
plexed triallylated compound 18 catalyzed by 1 at room temperature 
produced mixtures of 19 and 20 (corresponding RCM and CM products). In 
order to avoid the formation of the dimeric compound 20 and easily isolate 
19, we decomplexed the organometallic RCM product 16.12 
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Scheme 5. (i) Allyl bromide, KOH, DME; (ii) [Ru(PCy3)2Cl2(=CHPh)], 1, CH2Cl2, 
r.t.; (iii) [Ru(PCy3){C(N(mesityl)CH)2}Cl2(=CHPh)], 2, C2H4Cl2, 60°C. 
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Scheme 6. (i) Allyl bromide, KOH, DME; (ii) [Ru(PCy3)2Cl2(=CHPh)], 1, CH2Cl2, 
r.t.; (iii) [Ru(PCy3){C(N(mesityl)CH)2}Cl2(=CHPh)], 2, C2H4Cl2, 60°C. 
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Reactions of metathesis over hexaallyl-p-xylene derivates. The complex 
[CpFe(hexaallyl-p-xylene)+][PF6

–] 22 was also obtained by perallylation of 
[CpFe(p-xylene)+][PF6

–] 21. Its metathesis reaction catalyzed by 1 at room 
temperature gave the RCM product 23 selectively that keeps two terminal 
olefins in para, too far away to interreact. However, by heating at 60°C and 
using 2 as CM catalyst, these two olefins led to the formation of oligomers. 
Due to the reversibility of the metathesis reaction that works under thermo-
dynamic control, the final products of CM were 24 and 25. Metathesis of 26 
with 1 at room temperature afforded 27 and a mixture of cyclic and linear 
oligommers. In order to obtain 27, an organometallic route was necessary; 
from decomplexation of oligomer-free 23 was obtained pure.13 
 
Metathesis of nonaallylmesitylene derivatives. The activation of mesi-
tylene by the CpFe+ moiety followed by a one-pot perallylation yielded 
[CpFe(nonaallylmesitylene)+][PF6

–], 29. After its triple RCM reaction 
catalyzed by 1, 30 was isolated. Furthermore and interestingly, when the 
metathesis reaction was carried out in refluxing dichloroethylene and upon 
adding catalyst 2, the cage compound 31 was formed. Similarly, the iron-
free nonaallylated compound 32 gave 33 by metathesis and the organic cage 
34. After hydrogenation with H2/Pd/C in CH2Cl2 of this tripled-briged cage, 
the single product 35 is isolated. The 1H NMR signals of the β-hydrogens are 
shifted upfield at 0.64 ppm. 
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-
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-28 29 30
31

i) ii) iii)
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32 34 35
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Scheme 7. (i) Allyl bromide, KOH, DME; (ii) [Ru(PCy3)2Cl2(=CHPh)], 1, CH2Cl2, 
r.t.; (iii) [Ru(PCy3){C(N(mesityl)CH)2}Cl2(=CHPh)], 2, C2H4Cl2, 60°C; (iv) H2 
Pd/C CH2Cl2. 
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Scheme 8. (i) Allyl bromide, KOH, DME; (ii) [Ru(PCy3)2Cl2(=CHPh)], 1, CH2Cl2, 
r.t. 
 
RCM of a dodecaallylated bimetallic complex. 3,3′,5,5′-tetramethylbyphenyl 
was coordinated to two CpFe+ groups by reaction of this arene with ferrocene 
using the standard conditions yielding the bimetallic complex 36. The 
perallylation reaction of 36 gave the dodecaallylated derivate 37. Finally, 
RCM of 37 catalyzed by 1 yielded the tetrapentenyl compound 38. 
 
RCM of a decallylated cobalticinium. Pentamethylcobalticinium 39 was 
perallylated to yield a decaallylated cobalticinium 40, then RCM of the 
organometallic complex proceeded to afford 41 using the catalyst 1.12 

Scheme 9. (i) Allyl bromide, KOH, DME; (ii) [Ru(PCy3)2Cl2(=CHPh)], 1, CH2Cl2, r.t. 
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Scheme 10. (i) Allyl bromide, KOH, DME; (ii) [Ru(PCy3)2Cl2(=CHPh)], 1, CH2Cl2, r.t. 

RCM of an iron complex containing an N heteroatom. The complex 
[CpFe(aniline)+][PF6

–] 42 may be obtained by direct ligand exchange from 
aniline, but the yields is low (10%). An alternative method is the synthesis from 
[CpFe(chlorobenzene)+][PF6

–] by amination with ammonia in dichloromethane, 
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Co+ PF6
-
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39 40 41

i) ii)
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or even better (“greener”), in water at 60°C. The diallylated product 43 was 
obtained by reaction of 42 with allyl bromide and KOH in THF. The metathesis 
with 1 yielded the cyclopenteneaniline iron complex 44. Decomplexation of 
42 or 43 is not possible by photolysis; it is necessary to use an exergonic 
single-electron reduction with one equivalent of the 19-electron complex 
[CpFeI(hexamethylbenzene)].14 Metathesis of the iron-free diallylaniline 45 
yielded the N-phenyl–pyrroline derivate 46 using 1.12 
 
Macrocycles. The complex [CpFe(p-isopropylbenzenze)+][PF6

–] 47 is ideal 
for building a family of p-dialkenylaryl derivatives. In order to obtain 
organometallic [n] paracyclophanes, dialkenylcomplex were synthesized with 
longer chains. Dialkenylation of the p-diisopropylbenzene complex 47 with a 
ω-alkenyl halide allowed the preparation of a large variety of paradisubstituted 
substrates and intramolecular metathesis may led to the desired paracyclo-
phanes. Dialkenylation with 5-bromopentene or 6-bromohexene gave 48 and 
49, respectively. Using 1 as catalyst in chloroform at room temperature, the 
substrate 48 led to a mixture of linear oligomers (2 to 6 units) and mono-, bi-, 
and trimetallic paracyclophanes identified by their molecular peaks in the 
MALDI TOF mass spectrum. On the other hand, 49, containing alkenyl chains 
that are one methylene unit longer than in 48, selectively led to the cyclophane 
product 50. In the 1H NMR spectra of 19, the signals of the β-hydrogens of the 
cyclophanes are shifted at 0.51 ppm because of the aromatic anisotropy.13 
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Scheme 11. (i) [Ru(PCy3)2Cl2(=CHPh)], 1, CH3Cl, r.t. 
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The preparation of the hexabutenyl complex 52 by selective hexaallylation 
of [CpFe(hexamethylbenzenze)+][PF6

–], 51, was easily carried out using 
KOH and allyl bromide in THF. The metathesis of the terminal olefins of 52 
in dichloromethane led to a yellow precipitate that was insoluble in all 
solvents. The MALDI TOF spectra of the soluble intermediates during the 
reaction, shows the formation of 53. Nevertheless, its concentration was low 
and the equilibrium was always displaced towards the irreversible formation 
of insoluble polymeric products. CM of 52, as well as ROMP of 53 may 
indeed form reticulated polymers.15 

Scheme 12. (i) Allyl bromide, KOH, DME; (ii) [Ru(PCy3)2Cl2(=CHPh)], 1, CH2Cl2, r.t. 

4. Chemio-, regio-, and streospecific cross metathesis of terminal 
double bonds of dendritic tethers 

As shown by Bechert’s and Grubbs’ groups,16,17 it is possible to cross meta-
thesize terminal olefins with olefins bearing a strongly electron-withdrawing 
substituent such as CO2H or CO2Me. This selectivity can be usefully applied 
to functionalize polyolefin dendrimers and even solubilize them in water using 
the carboxylate substituent. For this purpose, it is necessary to use the second-
generation ruthenium metathesis catalyst (Scheme 13). 18,19 

 

Scheme 13. Selective cross-metathesis of polyolefin dendrimers using acrylic acid or 
methyl acrylate. 
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OLEFIN METATHESIS WITH RUTHENIUM–ARENE 
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Abstract: In this chapter, we summarize the main results of our investigations on 
the ring-opening metathesis polymerization (ROMP) of cyclooctene catalyzed by 
various ruthenium (Ru)–arene complexes bearing imidazolin-2-ylidene, imida-
zolidin-2-ylidene, or triazolin-5-ylidene ligands. Three major findings emerged from 
this study. First, we underscored the intervention of a photochemical activation step 
due to visible light illumination. Second, we established that the presence of an 
endocyclic double bond in the carbene ligand central heterocycle was not crucial to 
achieve high catalytic efficiencies. Third, we demonstrated that ortho-metallation of 
the N-heterocyclic carbene (NHC) ligand by the Ru center led to inactive catalysts. 

Keywords: cyclooctene, homogeneous catalysis, imidazole, ortho-metallation, ring-
opening metathesis polymerization (ROMP), triazole 

1. Introduction 

Ruthenium (Ru)–arene complexes1–4 are versatile and efficient catalyst precur-
sors for various important organic transformations.5–10 This is due in part to 
the lability of the h6-arene ligand that can be easily removed upon thermal11 
or photochemical12–14

rated species. During the 1990s, we demonstrated that [RuCl2(p-cymene)(PR3)] 

3
ring-opening metathesis polymerization (ROMP) of both strained and low-
strain cycloolefins when activated by a suitable carbene precursor such as 
trimethylsilyldiazomethane (TMSD).15,16 Although we were not able to isolate 
the active species formed upon addition of the cocatalyst and monomer to 
the Ru–arene starting material, 1H NMR and 31P NMR analyses of the reaction 
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media supported the intermediacy of Ru–alkylidene complexes of the Grubbs 
type as actual ROMP initiators (Scheme 1).16 

 

Ru
Cl

PCy3Cl

N2CHSiMe3

PCy3,
Ru CHSiMe3

PCy3

L
Cl
Cl

+ N2 ROMP

L = PCy3 or olefin1  

Scheme 1. Possible mechanism for the formation of metathetically active alkylidene 
species from ruthenium–arene complexes in the presence of TMSD. 
 
The past decade also witnessed the experimental reality of stable nucleo-
philic N-heterocyclic carbenes (NHCs), which were first isolated and char-
acterized by Arduengo and coworkers in 1991.17–20 These divalent carbon 
species are neutral, two-electron ligands with only little π-back-bonding 
tendency.21 They behave as phosphine mimics, yet they are better σ-donors 
and they form stronger bonds to metal centers than most phosphines. Their 
electronic and steric properties are liable to ample modifications simply by 
varying the substituents on the heterocyclic ring. Therefore, NHCs have 
become ubiquitous ligands in organometallic chemistry and catalysis.22–25 
They have also acquired a place on their own as reagents and catalysts in 
organic synthesis, since they behave as powerful nucleophilic agents.26–28 
 
Most NHCs investigated so far derive from imidazole or triazole (Figure 1). 
These five-membered electron-rich heterocycles provide a suitable framework 
that stabilizes the carbene center located between two nitrogen atoms. An 
extensive range of imidazolin-2-ylidene or imidazolidin-2-ylidene derivatives 
has already been prepared by varying the nature of the substituents on the 
heterocyclic ring and/or by adding or removing the C4–C5 endocyclic double 
bond.29 Triazole-based compounds are less common. Only a few representatives 
of this class of stable carbenes have been described so far by Enders and 
coworkers.30,31 Noteworthily, introduction of a chiral R1 group on the 
triazolin-5-ylidene ring system proved a successful strategy to induce 
asymmetry in various organic or organometallic catalytic processes.32 
 

NN

R2 R2

R1R1
NN

R2 R2

R1R1

imidazolin-2-ylidene imidazolidin-2-ylidene

N
NN

R2

R3R1

triazolin-5-ylidene  

Figure 1. Stable N-heterocyclic carbenes derived from imidazole or triazole. 
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To further expand the scope of Ru–arene catalyst precursors in olefin 
metathesis, we have investigated the replacement of phosphine ligands by 
NHC species, either preformed or generated in situ, in monometallic 
dichlororuthenium complexes of the [RuCl2(p-cymene)(L)] type.33 In this 
contribution, we summarize the main results that were obtained with both 
imidazole- or triazole-based ancillary ligands for the ROMP of cyclooctene. 

2. Ruthenium–arene catalysts bearing imidazolin-2-ylidene  
and imidazolidin-2-ylidene ligands 

2.1 Preformed catalysts 
 
Complexes 2–10 bearing a variety of imidazolin-2-ylidene ligands were 
prepared from [RuCl2(p-cymene)]2 and the corresponding unsaturated NHCs 
according to literature procedures (Eq. 1).34,35 The free carbene ligands were 
obtained from the parent imidazole-2(3H)-thiones (in the case of 2, 3, 5, 7)36 
or from imidazolium chlorides (for 4, 6, 8, 10)18,19 by reduction with potassium 
or deprotonation with potassium tert-butoxide or hydride, respectively. The 
dichlorocarbene in 9 was the adduct of 1,3-dimesitylimidazolin-2-ylidene 
and CCl4.37 Complex 11 sporting the saturated imidazolidin-2-ylidene ligand 
commonly referred to as SIMes (or H2IMes)17,19 was obtained in a similar 
way by reacting [RuCl2(p-cymene)]2 with a stoichiometric amount of the free 
carbene ligand (Eq. 2). 

N

N

R2

+0.5 [RuCl2(p-cymene)]2

R1

R1

Ru
Cl

Cl N

NR1

R1

R2

R2

R2
THF

Cy = cyclohexyl   Diip = 2,6-diisopropylphenyl   Mes = 2,4,6-trimethylphenyl

2–10

2   R1 = R2 = Me
3   R1 = i-Pr, R2 = Me
4   R1 = i-Pr, R2 = H

5   R1 = Cy, R2 = Me
6   R1 = Cy, R2 = H
7   R1 = Mes, R2 = Me

8   R1 = Mes, R2 = H
9   R1 = Mes, R2 = Cl
10 R1 = Diip, R2 = H

(1)
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Polymerization of cyclooctene in chlorobenzene for 4 h at 60°C was elected 
as a test reaction for our catalytic screening. These experimental conditions, 
complemented by TMSD initiation, were found optimal in our previous 
studies with the phosphine-based complex 1.15,16 Transposed to the case of 
Ru–NHC catalyst precursors, they led to dichotomous results. Complexes 2–6 
bearing alkyl-substituted imidazolin-2-ylidene ligands were devoid of any 
significant activity for the ROMP of cyclooctene, even in the presence of the 
TMSD carbene precursor. With the 250:1 monomer to Ru ratio adopted for 
our study, conversions stagnated below 16% and no polymer was isolated 
after 4 h at 60°C. Aryl-substituted ligands, on the other hand, afforded poly-
octenamer in moderate to high yields (Table 1). Complexes 7 and 11 were 
only poorly active and led to high-molecular weight polymers that remained 
insoluble in tetrahydrofuran (THF) and could not be subjected to gel 
permeation chromatography (GPC) analysis. With complexes 8–10, gelation 
of the reaction mixtures occurred within a few minutes and a near quanti-
tative yield of polyoctenamer was obtained within 4 h at 60°C. When the reac-
tion temperature was lowered to ∼20°C, this remarkable high activity was 
maintained.38 

Table 1. ROMP of cyclooctene using complexes 7–11 as catalyst precursorsa 

Catalyst 
precursor 

Temperature 
(°C) 

Isolated 
yield (%) 

scis
b 10–3 Mn

c Mw/Mn
c 

7 60 12 0.48 Insoluble polymer 

8 60 85 0.19 429 2.02 

9 60 91 0.22 624 1.29 

10 60 88 0.20 462 1.82 

11 60 62 0.47 Insoluble polymer 

8 20 84 0.27 625 2.00 

10 20 76 0.26 550 2.22 
aExperimental conditions: cyclooctene (7.5 mmol) and a catalyst precursor (0.03 mmol)  
were reacted in PhCl (5 mL) under inert atmosphere for 4 h 
bFraction of cis double bonds within the polyoctenamer, determined by 13C NMR 
cDetermined by GPC in THF vs. monodisperse polystyrene standards 

 
Most interestingly, we found that the polymerization of cyclooctene with 
catalysts 8–10 performed equally well in the absence of TMSD, whereas the 
addition of a diazo compound was a requisite with complex 1.15,16 Conversely, 
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the presence of light played a key role in the nucleophilic carbene-based 
system. Indeed, the intervention of a photochemical activation step was 
evidenced from the results gathered in Table 2. In the darkness, a mere 20% 
yield of polymer was obtained after 2 h at room temperature. Normal 
lighting in the laboratory, a combination of daylight and of fluorescent light, 
was sufficient to raise the conversion to 93% within the same period of time. 
More intense visible light sources brought the reaction to completion while 
ensuring reproducible conditions. Thus, recourse to an ordinary 40 W “cold 
white” fluorescent tube or to a 250 W incandescent light bulb standing 10 
cm away from the standard Pyrex reaction flasks afforded quantitative yields 
of polyoctenamer. The differences in the emission spectra of the two light 
sources did not have any incidence on the polymer microstructure. In both 
cases, the polyoctenamer obtained was mainly trans and had a relatively 
narrow molecular weight distribution.38 
Table 2. Effect of light on the ROMP of cyclooctene at room temperature using 
complex 8 as catalyst precursora 

Lighting 
conditions 

Monomer 
conversionb 

(%) 

Isolated 
yield (%) 

scis
c 10–3 Mn

d Mw/Mn
d 

Darkness 22 20 0.36 21 1.53 

Normal 93 84 0.27 625 2.00 

Neon tube 99 93 0.17 553 1.33 

Light bulb >99 91 0.18 537 1.33 
aExperimental conditions: cyclooctene (7.5 mmol) and complex 8 (0.03 mmol) were 
reacted in PhCl (5 mL) at room temperature for 2 h under inert atmosphere 
bDetermined by GC 
cFraction of cis double bonds within the polyoctenamer, determined by 13C NMR 
dDetermined by GPC in THF vs. monodisperse polystyrene standards 

2.2 Catalysts generated in situ 

We next examined the possibility of generating Ru–arene catalysts bearing 
aryl-substituted NHC ligands in the presence of cycloalkene monomers 
instead of having to synthesize and isolate them prior to ROMP experiments. 
We found that a 1:2:4 molar association of [RuCl2(p-cymene)]2, 1,3-dimesity-
limidazolium chloride, and potassium tert-butoxide was almost as effective 
as the preformed complex 8 in the polymerization of cyclooctene at 60°C. 
Because only stable and readily available commercial reagents were needed 
to release the active catalytic species in situ, such a polymerization procedure 
was very simple and straightforward to implement.38 Recourse to a similar 
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three-component catalytic system to activate the [RuCl2(p-cymene)]2 dimer 
had already been reported by Dixneuf and coworkers for the enyne 
metathesis reaction,39,40 while Nolan et al. have used NHCs produced in situ 
by deprotonation of imidazolium salts to act as ancillary ligands in various 
palladium-catalyzed coupling reactions.41–45 
 
We have taken advantage of the ease of generating Ru–NHC complexes in 
situ to help define structure–activity relationships for imidazolin-2-ylidene 
and imidazolidin-2-ylidene derivatives used as ancillary ligands in metathesis 
catalysts. For this purpose, a wide range of new imidazolium and imidazoli-
nium chlorides bearing aromatic substituents was synthesized. These ionic 
precursors were deprotonated with potassium tert-butoxide or sodium hydride 
and combined with [RuCl2(p-cymene)]2 in chlorobenzene at 60°C. Cyclooctene 
was then added and its polymerization was allowed to proceed for 2 h under 
visible light illumination (Eq. 3).46 

 

PhCl, 2 h, 60 °C
visible light illumination

n
n

[RuCl2(p-cymene)]2 (1 equiv.)
imidazol(in)ium salt (2 equiv.)

KOt-Bu or NaH (4 equiv.)
(3)

 
 
In a first part of our screening, we probed the catalytic activity of imida-
zolium chlorides 12–16 in the presence of potassium tert-butoxide. With the 
4-biphenyl derivative 12, monomer conversion reached 24% but the ring-
opening probably stopped at the oligomerization stage and no polymer was 
isolated. In the presence of the ortho-tolyl-substituted salt 13, no reaction at 
all occurred after 2 h at 60°C. As previously noted, a mixture of 1,3-dimesity-
limidazolium chloride 15, [RuCl2(p-cymene)]2 and KOt-Bu was almost as 
efficient as the preformed complex 8 under the experimental conditions 
adopted. Within the time allowed for the reaction to proceed, monomer 
conversion was essentially quantitative and a high-molecular weight polymer 
containing mostly trans double bonds was formed in almost quantitative 
yield (Table 3). The absence of the para-methyl groups in compound 14 did 
not alter its catalytic activity compared to 15. This result did not come as a 
surprise, since the structural change between the two ligands affects only a 
position remote from the metal center. Switching from methyl to isopropyl 
groups on both ortho positions of the aryl substituents by replacing 14 or 15 
with 16 caused a much more significant change in terms of steric occupancy 
around the Ru atom. A rather high catalytic activity was, however, maintained. 
 
Further insight into the influence of the NHC ligand structure on the polymeri-
zation of cyclooctene came from the study of imidazolinium salts 17–24 in a 
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second series of ROMP experiments. Compounds 17–19 bearing, respectively, 
phenyl, 1-naphthyl, and 3,5-dimethylphenyl units on their nitrogen atoms did 
not afford any polyoctenamer. In all three cases, monomer consumption 
stagnated below 10% after 2 h at 60°C. The N,N′-di(4-biphenyl) derivative 
20 and the N,N′-di(2-tolyl) salt 21 were slightly more active, with 
conversions now in the 20–30% range, but oligomers – and no polymers – still 
accounted for these figures. In sharp contrast with these results, satisfactory 
to quantitative conversions were achieved with imidazolinium chlorides 22–24 
(see Table 3). 

12–16 17–24

H3C

H3C

Ar =

17 18 19

12, 20

CH3

CH3

CH3

CH3

CH3

H3C

13, 21 14, 22 15, 23

CH(CH3)2

CH(CH3)2

16, 24

Ar

Ar

H+ Cl -

Ar

Ar

H+ Cl –

12, 20   Ar = 4-biphenyl
13, 21   Ar = 2-methylphenyl (2-tolyl)
14, 22   Ar = 2,6-dimethylphenyl (xylyl)
15, 23   Ar = 2,4,6-trimethylphenyl (mesityl)
16, 24   Ar = 2,6-diisopropylphenyl (diip)
17   Ar = phenyl
18   Ar = 1-naphthyl
19   Ar = 3,5-dimethylphenyl

 

 

As far as the nature of the aryl substituents is concerned, the same trends 
were therefore observed for both the unsaturated imidazolium salts and their 
saturated imidazolinium analogues. The presence of alkyl groups on both ortho 
positions of the phenyl rings was much more critical to reach high catalytic 
efficiencies. Compounds 12, 17, 18, or 20 bearing phenyl, 1-naphthyl, and 4-
biphenyl groups did not meet this criterion and were devoid of any 
significant catalytic activity. The absence of polymerization with compounds 
13 and 21, which possessed only one methyl group blocking an ortho 
position was even more revealing, as was the test reaction carried out with 
the meta-disubstituted imidazolinium salt 19. 
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Table 3. ROMP of cyclooctene catalyzed by ruthenium–arene complexes generated 
in situ from [RuCl2(p-cymene)]2 and a NHC precursor in the presence of potassium 
tert-butoxidea 

NHC 
precursor 

Monomer 
conversion (%) 

Isolated 
yield (%) 

scis
b 10–3 Mn

c Mw/Mn
c 

14 >99 89 0.19 742 2.08 

15 99 92 0.20 659 2.02 

16 99 60 0.20 398 3.09 

22 99 93 0.19 641 2.40 

23 99 93 0.23 512 2.19 

24 57 44 0.51 838 2.13 

aExperimental conditions: cyclooctene (7.5 mmol), [RuCl2(p-cymene)]2 (0.015 mmol), KOt-
Bu (0.06 mmol), and an imidazol(in)ium salt (0.03 mmol) were reacted in PhCl (5 mL) 
under inert atmosphere for 2 h at 60°C 
bFraction of cis double bonds within the polyoctenamer, determined by 13C NMR 
cDetermined by GPC in THF vs. monodisperse polystyrene standards 

3. Ruthenium–arene catalysts bearing triazolin-5-ylidene ligands 

This section focuses solely on the use of a commercially available triazolin-5-
ylidene carbene, viz. 1,3,4-triphenyl-4,5-dihydro-1H-1,2,4-triazol-5-ylidene.30,31 
When the stoichiometric reaction between this ligand and [RuCl2(p-cymene)]2 
was carried out in THF, a mixture of product and starting dimer was 
obtained. NMR analysis showed that coordination of the incoming carbene 
to the Ru center was accompanied by an ortho-metallation of the phenyl 
substituent in position 1, thereby releasing one equivalent of HCl in solution. 
Addition of a base (EtNi-Pr2 in excess) drove the reaction to completion and 
prevented side reactions between the protic acid and the highly reactive free 
carbene species. Thus, a single adduct could be obtained selectively and 
quantitatively (Eq. 4).47 

N

NN

Ph

Cl N
NNPh

Ru

Ph

EtNi-Pr2, THF
4.5 h, r.t.

+0.5 [RuCl2(p-cymene)]2
- EtNi-Pr2H+Cl–

Ph

Ph

25

79% yield

(4)
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Complex 25 was isolated as a yellow, air- and water-stable crystalline powder 
and subjected to x-ray diffraction analysis (Figure 2). Its structure in the 
solid state closely matched the one reported by Enders and coworkers for a 
related Ru–(p-cymene) complex bearing a chiral triazolin-5-ylidene ligand.48 
The Ru atom lies in a pseudo-tetrahedral environment, and the C(1)–Ru–
C(30) angle formed between the metal and the two carbon atoms from the 
chelating ligand equals 76.11(11)° (see Figure 2 for atom numbering). The 
triazolin-5-ylidene ring is planar and the interatomic distances are in 
agreement with those observed in other Ru–NHC complexes.49,50 Ortho-
metallation takes place with the phenyl ring located at N(3) rather than N(1). 
At 2.071(3) Å the Ru–carbon σ bond to the phenyl ring (Ru–C(30)) is 
comparable to the values obtained for other ortho-metallated N-arylcarbenes.48 
Furthermore, the para-cymene ligand is tilted, the distances Ru–C(3), Ru–C(4), 
and Ru–C(8) [2.267(3)–2.300(3) Å] are longer than the distances Ru–C(5), 
Ru–C(6), and Ru–C(7) [2.185(3)–2.207(3) Å]. This distortion is attributed to 
a relatively important trans effect of the ortho-metallated carbene ligand. 
 

Figure 2. ORTEP drawing of complex 25 in the solid state, thermal ellipsoids set at 
50% probability. 

Cl N
NNPh

Ru
N N

NNPh

Ru

C
Me

Ph 25 Ph 26

AgBF4, MeCN
18 h, r. t.

+

-

- AgCl

BF4

76% yield

(5)
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Addition of 1 equivalent of silver tetrafluoroborate to the neutral complex 25 
led to the corresponding cationic species 26 ligated to an extra molecule of 
acetonitrile solvent (Eq. 5).47 
 
Both complexes 25 and 26 were tested as catalyst precursors in the ROMP of 
cyclooctene, but they did not afford any polymer. After 4 h at 60°C, no 
monomer conversion was detected by GC even when TMSD was added as a 
cocatalyst.51 These negative results clearly demonstrated the adverse effect 
of ortho-metallation on the metathetical activity of Ru–arene complexes 
bearing a triazolin-5-ylidene ligand. Although the in situ procedure that was 
adopted for generating imidazolin-2-ylidene or imidazolidin-2-ylidene 
species precluded the isolation and characterization of chelate complexes, 
we are confident that metallation of a phenyl C–H bond adjacent to the 
imidazole ring is highly probable when these NHCs are exposed to 
[RuCl2(p-cymene)]2. This assumption is further supported by related work 
from the group of Lappert that presented undisputable evidence for the 
spontaneous ortho-metallation of imidazolidin-2-ylidene ligands bearing 
phenyl, para-tolyl, or para-anisyl substituents when the corresponding 
carbene dimers were reacted with [RuCl2(PPh3)3].52,53 

3. Conclusion 

A major advantage of employing transition metal complexes as catalysts is 
the possibility to fine-tune their electronic and steric properties through a 
rational design of their ligands. Our research on the ROMP of cyclooctene 
catalyzed by various Ru–arene complexes bearing imidazolin-2-ylidene, 
imidazolidin-2-ylidene, or triazolin-5-ylidene ligands nicely illustrates this 
concept. Two main structure–activity relationships emerged from this study. 
First, we established that the presence of a C4–C5 double bond in the 
carbene ligand central heterocycle was not crucial to achieve high catalytic 
efficiencies. Second, we underscored the existence of an ortho-effect. 
Blocking all the ortho positions of the NHC phenyl rings with alkyl groups 
was required for obtaining efficient catalysts. These findings pave the  
way for future developments in catalytic engineering with Ru–arene or  
Ru–alkylidene complexes in olefin metathesis and related reactions. 
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Abstract: The classic Grubbs second-generation complex 2 was modified through  

1. The introduction of a bidentate Schiff base ligand 
2. Changes in the amino side groups of the NHC ligand 

catalysts. 

1. Introduction 

Metathesis has evolved during the last decades from black-box polymeri-

chemists. Its main protagonists have recently been rewarded the Nobel 
Prize.1 The revolution in this chemistry was induced by the understanding of 
the catalysts mechanism2 and the development of active tungsten3, moly-
bdenum,4 and ruthenium (Ru)5 complexes. Grubbs et al. presented the first 
well defined Ru–carbene active for metathesis5 in 1992 and soon thereafter 
optimized it to the catalyst now known as Grubbs’ first-generation catalyst 
1.6–8 The introduction of an N-heterocyclic carbene (NHC) to replace a 
phosphine increased its activity9–12 and lead to the development of the 

13 This activity enhancement is caused 
14, a lower barrier for the 

15,16 and the benefits of twofold 
symmetry.17 Optimization of the NHC ligand through variation of the amino 
sidegroups and backbone substituents has been under great investigation but 
improvement on the catalyst activity was found very challenging.18–23 On the 
other hand, enhanced activity and control in asymmetric metathesis has been 
demonstrated by varying one side of the H2 IMES ligand by our group24,  and 
others.25,26 

- SCHIFF BASE Ru-ALKYLIDENES -  

Keywords: Olefin metathesis, ruthenium, asymmetrical N-heterocyclic carbene, 

Ru-ALKYLIDENES BEARING UNSYMMETRICAL  

Schiff-base, alkylidene, DCPD.

Representative olefin metathesis test reactions show the effects induced by the ligand 
modifications and demonstrate some interesting new properties of the described catalysts. 
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zations to well-defined catalysts as versatile tools for organic and polymer 
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by a higher selectivity of the catalyst for olefins
formation of the cyclobutane intermediate
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Grubbs’ second-generation catalyst 2.

© 2007 Springer. 



 

Ru
Cl

Cl
CH

Ph

PCy3

PCy3

1

Ru
Cl

Cl
CH

Ph
PCy3

H2IMES

2
H2IMES = 

N NRu
Cl

CH
Ph

Cl
py

H2IMES

3

py

 
 

Scheme 1. Grubbs catalysts. 
 
The ingenious introduction of a chelating carbene by Hoveyda et al. has 
increased the stability of the Grubbs catalyst, making purification by column 
chromatography, recycling, and stabilization of the methylidene species in 
ring-closing metathesis (RCM) possible.27–29 A great deal of approaches have 
been successfully explored to improve the initiation of this chelating carbene 
fragment.26,30–36 
 
Various other approaches have been applied in changing the Grubbs catalysts, 
such as the introduction of electron-withdrawing phosphines,14 bidentate Schiff 
bases,37,38 piridinyl–alcoholate ligands,39 pyridines40–42 (with formation of bis(py-
ridine) complex 3), pyridinecarboxylate,43 different halides,44 alkoxides,40–45 
phenoxides,46,47 and substituted acetic acid groups.48–51 Indenylidene has been 
successfully introduced as a substitute for benzylidene.52,53 Furthermore, the 
benzylidene has been successfully altered by Piers et al. through introduction 
of a phosphonium salt which created a highly active and stable 14-electron 
initiator.54 
 
In this contribution, we wish to highlight our introduction of bidentate Schiff 
base ligands with formation of 4,38 which is an extremely stable catalyst 
type. We will show that this extreme stability is concomitant with lower 
activity. On the other hand, it will also be demonstrated that bypassing this 
lack of reactivity by simple heating and the introduction of acid additives55,56 
is simple and provides a catalyst system with extra features such as storage 
of the catalyst in the monomer without undesired reaction. 
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Scheme 2. Schiff base catalysts. 
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Furthermore we will describe some subtleties in the modification of the 
NHC unit. We will show how the retaining of one mesityl group is essential 
for catalyst preparation and how changes in the other side chain may lead to 
catalysts with a substantial activity increase.24 

2. Results and discussion 

2.1 Schiff base Ru–alkylidenes 

In 1998, Grubbs et al. published on the introduction of bidentate Schiff base 
ligands for olefin metathesis initiators 5, which showed remarkable stability.37 
Our group was able to extend this stability through the incorporation of 
H2IMES as a substitute for the phosphine.57–59 Recently, we rectified a pre-
vious methodology of reacting the first-generation Schiff base complex 5 
with an in situ generated carbene.38,58 We found that the previously reported 
methodology was ineffective in preparing the new catalyst. However, addi-
tion of a Schiff base thallium salt to the pyridine functionalized second-
generation catalyst led smoothly to 4a–d.38 (Scheme 3) 

Ru
Cl

Cl
py

py

SIMES

Ru
Cl

O
N R2

R1

SIMES

OTl

N

R1

R2

+

a: R1 = H, R2 = 2,4,6-Me-C6H2 
b: R1 = H, R2 = 2,6-i-Pr-C6H3

c: R1 = NO2, R2 = 2,6-i-Pr-C6H3

d: R1 = NO2, R2 = 2,6-Me-4-Br-C6H2

4

 
Scheme 3. Preparation of the second-generation Schiff base catalyst. 

 
In addition we were able to grow a single-crystal which confirmed the structure 
of complex 4c38 (Figure 1). 
 
The Ru–N bond in 4c (2.125 (2) Å) is somewhat longer than in 5c (2.106 (4) 
Å), which was ascribed to the enhanced trans influence of the H2IMES 
ligand. The Ru–C(NN) bond in 4c (2.035 (3) Å) is shorter than in the 
second-generation catalyst 2 (2.085 (2) Å), which can be attributed to the 
decreased trans influence in 4c of the nitrogen. However, other factors could 
also facilitate this. The π–π stacking of both mesityl substituents, one with 
the benzylidene, the other with the phenoxy fragment clearly have an impact 
on the H2IMES geometry. It seems that the Ru–C(H2IMES)-N1 (117.1°) and 
C(H2IMES)-N1-C(Mesityl) (122.4°) angles show low values due to this π–π 
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Figure 1. ORTEP plot of 4c. 
 

stacking, while accordingly a shorter Ru–C(NN) distance might have a similar 
effect. Furthermore the π–π stacking fixes the phenoxy fragment and thereby 
controls the position of the N-donor. This causes a small C(NN)-Ru–N (157.2 
(1)) angle and places the H2IMES ligand less trans to the N atom. Still, this 
effect does not seem to influence the Ru–N distance. 
 
The catalysts 4a–d show no activity at room temperature but are stable for 
months in solution. We tested their activity in the ring-opening metathesis 
polymerization (ROMP) of 1,5-cyclooctadiene (COD) at 90°C in toluene-d8 
(Figure 2). The Schiff base catalysts 4a–d and 5c are clearly less active than  
 

 
Figure 2. ROMP of 1,5-cyclooctadiene in toluene-d8 at 90°C with 4a–d and 5c. 
[Ru]:[COD] = 1:300. 
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their phosphine analogues 1 and 2, which is likely caused by the bidentate 
effect. The H2IMES substituted 4c is only a slightly better initiator than its 
phosphine analogue 5c. 4b–c with i–Pr groups in the ortho position are the 
fastest initiators which can be explained by increased steric hindrance. 
Surprisingly, incorporation of a NO2 group (4c) has no effect on catalyst 
activity in contrast to our expectation of a weakened Ru–N bond. 

 
Additionally, the ROMP of 20,000 equiv of dicyclopentadiene (DCPD) using 
catalysts 4c and 5c was followed while the reaction mixture was heated up to 
150°C (Figure 3). The reaction with 4c shows a sharp exotherm at 130°C 
which is not present in the reaction with its phosphine analogue 5c. With 5c 
only a gelated polymer was obtained. 
 

 
Figure 3. Thermal analysis of the ROMP of dicyclopentadiene with catalysts 4c and 
5c. [Ru]:[DCPD] = 1:20 000. 
 
This truly demonstrates the potential of catalyst 4c. While it is inactive for 
weeks in DCPD at room temperature, it needs 4 h to polymerize 300 equivalent 
of COD at 90°C, and it can easily be activated thermally to convert 20,000 
equivalent of DCPD in less than 3 min. 
 
Acid activation is – next to thermal activation – another well-documented 
activation technique. The scope of a two-component system, where the stable 
catalyst and the catalyst activator can placed in two separate monomer streams, 
prompted us to do research in this direction. First, we investigated the 
potential of this activation strategy for the Schiff base catalysts 4d and 5d in 
the ROMP of COD (Figure 4). 
 
Figure 4 summarizes the catalytic activities of complexes 4d and 5d and 
depicts their activity versus the Grubbs catalysts 1, 2, and 3. Both Schiff 
base catalysts show negligible activity but the addition of hydrochloric acid 
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Figure 4. Monitoring ROMP of COD via 1H NMR spectroscopy, CDCl3, 20°C, 
COD/catalyst = 300, catalyst concentration = 4.52 mM. Acid addition: 0.05 mL of 
1N HCl in ether. 
 
substantially enhanced their activity. Both acid activated catalysts show 
complete conversion within one hour. These observations demonstrate the 
high potential of this acid activation technique and stimulated us to further 
explore the potential of the activated catalyst 4d (Table 1). Some data 
obtained from polymerization reactions using Grubbs catalyst 2 were 
included for comparison. It is noteworthy that HCl did not activate catalyst 
2, but induced catalyst decomposition. 
 
The Schiff base catalyst 4d shows no activity towards 300 equivalent COD, 
while the addition of an excess of HCl allowed for high turnover numbers 
(TONs) within 1 h. TONs up to 90,000 were found within the reach of this 
catalyst system. 
 
Also in the ROMP of DCPD, the HCl activation of catalyst 4d turned out 

merization of different amounts of DCPD and different amounts of HCl. 
High exotherms were recorded, which indicates a high conversion of 
monomer. It is illustrated that TONs up to 30,000 and 40,000 were easily 
achieved. The thermograms show a clear bend between 60°C and 80°C, 
which we ascribe to the catalyst activation kinetics. 
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very interesting. Figures 5, 6 and 7 show the thermograms from the poly-



Table 1. Ring-opening metathesis polymerization of COD 

Entry Catalyst Acid Cat./monomer/acid Time 
(min) 

Conversion 
(%) 

1 
2 
3 
4 
5 

2 
2 
2 
2 
2 

- 
- 
- 

HCla 

HCla 

1/300/0 
1/3,000/0 

1/30,000/0 
1/30,000/10 
1/30,000/70 

30 
30 

overnight 
overnight 
overnight 

100 
100 
24 
0b 

0b 
6 
7 
8 
9 
10 

4d 
4d 
4d 
4d 
4d 

- 
HCla 
HCla 

HCla 

HCla 

1/300/0 
1/30,000/70 
1/90,000/140 
1/120,000/210 
1/150,000/210 

60 
30 
30 
60 

overnight 

0 
100 
100 
81 

0.5b 
General reaction conditions: Ar atmosphere, room temperature, toluene as solvent, conversion 
determined by 1H NMR spectroscopy. aHCl (1N  in Et2O); bdue to decomposition of catalyst. 
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       Entry 1: 4d/HCl = 1/10 
       Entry 2: 4d/HCl = 1/20 
       Entry 3: 4d/HCl = 1/40 

     Entry 4: 4d/DCPD = 1/30,000 
     Entry 5: 4d/DCPD = 1/40,000 
     Entry 6: 4d/DCPD = 1/50,000 
     Entry 7: 4d/DCPD = 1/60,000 

It is common to use Brønsted acids as phosphine scavengers in olefin meta-
thesis phosphine bearing catalysts.60 On the other hand, it is obvious that 
HCl plays a different role in catalyst 4d, since this complex does not carry a 
phosphine ligand. To understand more about the activation mechanism, an 
NMR study was undertaken. 
 
From spectral analysis, we were able to detect protonated (broad signal at δ 
8.72 ppm) and decondensated imine (aldehyde peak at δ 10.01 ppm), as well 
as two new signals in the alkylidene region (δ 16.91 and δ 17.62 ppm). 
Furthermore, we observed the formation of a peak at δ 11.61 ppm (Ar–OH), 
which witnessed the breaking of the Ru–O bond and the presumed formation 
of a new Ru–Cl bond. After 2 h, the addition of an amount of cyclooctene  
 

Figure 6. Conditions: 4d/HCl = 1/30. Figure 5. Conditions: 4d/DCPD =1/30,000. 
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1

benzylidene proton of catalyst 4d is at 18.5 ppm. The propagating species is 
observed as an alkylidene peak at 18.0 ppm. 
 
led to the observation of the propagating species as an alkylidene peak at δ 

 
From these observations, we have a strong tendency to believe that first the 
imine is protonated and hydrolyzed – an event catalyzed by HCl – while in a 
second step the Ru–O bond is protonolyzed, liberating the 14-electron active 
species which is responsible for the metathesis activity. 

2.2 Ru–alkylidenes bearing unsymmetrical NHC ligands 

A second part of the current research carried out by our group involves a 
study on the effect of new NHCs in Grubbs’ second-generation catalysts.24 A 
few reports describing modified dihydro NHC ligands for Grubbs complexes 
have witnessed some interesting new properties.61–65 Hereby inspired, we 
attempted further catalyst tuning through the variation of the NHC’s amino 
side groups. The introduction of aliphatic amino groups was expected to 
induce a substantially altered catalytic behavior of the corresponding Grubbs’ 
second-generation analogues as a consequence of steric and electronic effects. 
 
The symmetrical dihydro NHC ligands shown in Scheme 4 were prepared by 
condensation of glyoxal with the appropiate amines, followed by reduction, 
treatment with HCl, and ring closure with triethyl orthoformate.66 These 
NHC chloride salts were deprotonated with base and reacted with the Grubbs 
catalyst 1, implying that free carbenes were generated during reaction. 
Despite several persistent attempts, we were unable to achieve isolation of 
pure complexes of type 6. Since this is likely due to obstruction caused by 
the aliphatic amino side groups which are steric in three dimensions, we 
anticipated that more success would be accessible through unsymmetrical 
NHCs bearing one planar aromatic amino group. Unsymmetrical chloride 
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Figure 7 . Selected part of the H NMR spectrum after addition of cyclooctene. The 

18.0 ppm (Figure 7). 

258



salts were conveniently synthesized following a synthetic strategy outlined 
by Grubbs et al. (Scheme 4).67 Upon reaction with base and complex 1, 
exchange of a phosphine ligand was acquired under normal reaction 
conditions which allowed for successful isolation and characterization of 
complexes 7a–e. X-ray analysis revealed that the aromatic benzylidene and 
mesidine moieties are roughly coplanar, indicating that π–π interactions 

generation complexes.24,62 The lack of such a stabilizing interaction for 
complexes of type 6, is likely responsible for the difficult coordination of 
NHCs ligands bearing two aliphatic amino side groups. 
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Scheme 4. Synthetic pathway towards complexes 6 and 7. 
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might be of significant importance for the stability of Grubbs second-

Cl

the ROMP of cis,cis-cycloocta-1,5-diene (COD), Figure 8, and the RCM of 
diethyl diallylmalonate Figure 9. Catalyst 7e, bearing the least steric NHC ligand 
was found to outperform the classic Grubbs complex 2. On the other hand, 
catalyst 7b with a bulky tert-butyl group on the NHC ligand, was found to be 
virtually inactive at room temperature. It is therefore obvious that the steric bulk 

To explore the catalytic potential of the new complexes, they were tested for 

of the amino side groups is an important factor determining catalyst activity. 
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Figure 8. Monitoring ROMP of COD via H NMR spectroscopy, 20°C, COD/
catalyst = 300, catalyst conc. = 4.52 mM, solvent = CDCl . 

diethyl diallylmalonate/catalyst = 200, catalyst conc.= 4.52 mM, solvent = CD Cl . 
Figure 9.  Monitoring RCM of diethyl diallylmalonate via H NMR spectroscopy, 20°C, 



In addition, Blechert et al. demonstrated that complex 7e provides signifi-
cantly different E:Z ratios in cross–metathesis (CM) reactions and an impro-
ved selectivity in diastereoselective ring closing metathesis reactions.25 
These observations encourage us to continue our investigation of modified 
NHC ligands, in order to gain a better understanding of the catalytic activity 
determining factors and selectivity effects. Studies aimed at altering the 
steric bulk of the aromatic amino side group are currently ongoing. 

3. Conclusion 

This report demonstrates that ligand modifications in Grubbs complexes 
induce substantial changes in the reactivity patterns of the corresponding 
catalysts. The introduction of a Schiff base was found to generate very stable 
complexes which require thermal or chemical activation in order to obtain 
olefin metathesis activity. At first glance, inactivity at room temperature 
might be interpret as a huge disadvantage but the catalyst activation strategies 
allow for interesting applications such as acid-initiated reaction injection 
molding (RIM). Furthermore, modification of the NHC ligand in Grubbs’ 
second-generation complexes revealed the importance of the steric bulk of 
the amino side groups. Noteworthy is also that the presence of at least one 
aromatic amino side group seems to be necessary to generate a stable 
catalyst. 
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CROSS-METATHESIS OF VINYL-SUBSTITUTED 
ORGANOSILICON DERIVATIVES WITH OLEFINS AND 
DIENES IN THE PRESENCE OF GRUBBS CATALYSTS 
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Abstract: A short overview on the reactivity modes and on efficient synthetic routes 
based on metathesis transformations of vinylsilanes in the presence of Grubbs 
catalysts is presented. Efficient cross-metathesis of various olefins with vinylsilanes, 
carrying a large spectrum of different substituents at silicon, in the presence of the 
first- and second-generation Grubbs catalyst and Hoveyda–Grubbs catalyst is described. 
Moreover, recent results on the reactivity of a variety of (di)vinyl-substituted silanes 
and siloxanes are presented. On the basis of the results of equimolar reactions of 
vinylsilanes and of experiments with deuterium-labelled reagents, a general carbene 
mechanism for the cross-metathesis of trisubstituted vinylsilanes with olefins is 
suggested. The reactions constitute a novel valuable method for the synthesis of 
unsaturated organosilicon derivatives. 

Keywords: cross-metathesis, alkylidene complexes, vinylsilanes, ruthenium, Grubbs 
catalysts 

1. Introduction 

Olefin metathesis has evolved into an important synthetic tool in organic and 
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Figure 1. Grubbs-type ruthenium–alkylidene complexes. 
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and preserving their catalytic properties in the presence of the majority of
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functional groups has allowed a great number of new applications [1]. 
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polymer chemistry. The family of ruthenium (Ru)-based catalysts (e.g. I, II, 
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or III, Figure 1), tolerant of normal organic and polymer-processing conditions
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Metathesis transformations have also found many applications in organo-
silicon chemistry [2]. A number of papers appeared on the metathesis of vinyl-
silanes as they constitute a class of unsaturated organosilicon compounds of 
prospective wide applicability in organic synthesis [3], especially in the fast 
developing palladium-catalysed coupling of vinylsilanes with organic deri-
vatives [4]. Stereoelectronic properties of substituents at silicon in vinylsilanes 
strongly affect the reactivity of C=C double bond, therefore different reacti-
vity modes are observed in their metathesis transformations. 
 
In this contribution, we will overview reactivity modes and efficient synthetic 
routes based on metathesis transformations of vinylsilanes in the presence of 
Grubbs catalysts. The efficient cross-metathesis of vinylsilanes, carrying a 
large spectrum of different substituents at silicon, with various olefins in the 
presence of the first- and second-generation Grubbs catalyst and Hoveyda–
Grubbs catalyst is described (Eq. 1). 

 

 
(1) 

 
The effect of substituents at silicon on the reaction is outlined. We discuss 
advantages and drawbacks of cross-metathesis of vinylsilanes with olefins as 
a general method for the synthesis of vinyl-trisubstituted silanes and finally 
present a general mechanistic scheme that explains the processes taking place 
in the studied systems. Moreover, recent results on the cross-metathesis of a 
variety of (di)vinyl-substituted silanes, disiloxanes, and monovinyl-substituted 
siloxanes with olefins are reported [5]. 

2. Cross-metathesis of vinylsilanes with olefins 

The reactions of trialkoxy- or trisiloxy-substituted vinylsilanes with styrene 
in the presence of Grubbs-type Ru–carbene complex (II) proceed stereoselec-
tively giving trans-β-(silyl)styrenes with high yield (Eq. 2) [6]. 
 

R3Si
Ph+

Ph

R3Si

SiR3 
Si(OMe)3
Si(OEt)3
Si(OSiMe3)3

CH2Cl2, reflux, 3 h

Ru

PCy3

PCy3

Cl

Cl

Ph

yield [%]
95
94
95  

(2) 
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Vinylsilsesquioxanes react similarly with pent-4-en-1-on and 5-brompent-1-
ene in the presence of Schrock catalyst [7]. We found that Grubbs catalyst I 
exhibits high activity in the cross-metathesis of octavinylsilsesquioxanes 

 

 
The process can be extended efficiently to reactions of trialkoxy- and trisiloxy-
substituted vinylsilanes with substituted styrenes, 1-alkenes, and selected allyl 
derivatives (Eq. 4) [9]. 
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Grubbs-type Ru–carbene complexes were found to catalyse the stereoselec-
tive cross-metathesis of trialkoxy- and trisiloxy-substituted vinylsilanes with 

be a model for vinylsiloxanes and for vinyl-functionalized surface modification.

with olefins (Eq. 3) [8]. The reaction offers possibilities for the synthesis of hi-
ghly functionalized silsequioxane and spherosilicate frameworks but it can also



allyl alkyl ethers (Eq. 5) [10] and allyl esters (Eq. 6) [11]. The reaction is 
accompanied by olefin homo-metathesis. 

(6) 

High yields and selectivities were obtained when some other functionalized 
olefins underwent cross-metathesis with vinylsilanes [12,13]. 

The cross-metathesis of 1,9-octadiene with an excess of trialkoxy- and 
trisiloxy-substituted vinylsilanes results in the formation of bis(silyl)dienes 
(Eqs. 7 and 8) [14]. 

(8)
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The efficient and stereoselective cross-metathesis of vinylsilanes carrying 
electron-withdrawing substituents with various olefins has likewise been 
described (Eq. 9) [15]. 

CH2Cl2, reflux 2
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SiCl3
Si(OAc)3
SiCl2Me
SiCl2(OSiMe3)
SiCl2Ph
SiCl3
SiCl3
SiCl3
Si(OAc)3
SiCl2Me
SiCl2(OSiMe3)
SiCl2Ph
SiCl3
SiCl3

R'
Ph
Ph
Ph
Ph
Ph
Ph
C4H9
C4H9

C4H9
C4H9
C4H9

C4H9
CH2SiMe3
CH2OBu

yield of 1 [%]
83
75
78
95
98
85

100
97

100
100
97
95

100
92

yield of 2 [%]
2
5

traces
traces
traces

15
0

traces
0
0

traces
traces

0
8

E/Z 1 
E
E
E
E
E
E

20/1
20/1
20/1
20/1
20/1
25/1
25/1
8/1

R3Si

R´
+

R´

R3Si
+

R`

R`

II or III

1

cat.
II
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II
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(9) 

3. Homo-metathesis of vinylsilanes 

It was found that vinylsilanes containing two chloro-substituents at silicon 
underwent highly stereoselective homo-metathesis in the presence of I or II. 
The reactions allows for the complete conversion of vinylsilanes and led to 
moderate to high yields of E-1,2-bis(silyl)ethenes (Eq. 10) [16]. 
 

Cl2RSi SiCl2R

Cl2RSi

 I or II

CH2Cl2, 40 oC
+

R
Me
OSiMe3
OSiMe3
C6H5
C6H4Me-4

cat.
I
I
II
I
I

yield [%]
95
93
99
80
80  

(10) 
 

Homo-metathesis of dichloro-substituted vinylsilanes occurring in the 
presence of I or II offers an attractive route to E-1,2-bis(silyl)ethenes. These 
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reactions are the first examples of vinylsilane homo-metathesis in the presence 
of the well-defined catalysts. 

4. Cross-metathesis of divinyl-substituted silanes and disiloxanes 
with olefins 

A series of divinylsilanes (Figure 2a) and divinyldisiloxanes (Figure 2b) 
containing electron-withdrawing groups were tested with respect to their 
reactivity in olefin metathesis [5]. 
 

Si

R

R

Si O Si
R

R

R

R

R = Cl, C6F5, C6H4-CF3-4 R = C6H4-CF3-4, OEt

a b

 
Figure 2. Divinyl-substituted silanes and disiloxanes. 

 
Treatment of a mixture of divinylsilane and olefin in the presence of 5–10 
mol % of catalyst I, II, or III in boiling CH2Cl2 gave rise to the stereoselec-
tive formation of monosubstituted and disubstituted vinylsilanes (Eq. 11). 

 
The reactions were accompanied by competitive olefin homo-metathesis. On 
the contrary no divinylsilane homo-metathesis was observed. Selected results 
are summarized in Table 1. 
 
Similarly, the cross-metathesis of divinyl-substituted disiloxanes with olefins 
proceeds in the presence of 5–10 mol % of catalyst I, II, or III in boiling 
CH2Cl2 proceeded stereoselectively producing a mixture of monosubstituted 
and disubstituted vinylsilanes and ethene and a products of competitive 
olefin homo-metathesis (Eq. 12). Under the optimum conditions the products 
were obtained with moderate to high yields. Selected results are summarized 
in Table 2. 
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Si

R

R

R'
Si

R

R

R'+
[Ru] = CHR''

CH2Cl2, reflux

Si

R

R

R'
+

R'
+ R'

R'

R = Cl, C6F5, C6H4CF3-4
R' = C8H17, C6H4Cl-4, C6H4OMe-4

(11) 
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Table 1. Cross-metathesis of divinylsilanes with olefins [5] 

Divinylsilane 
R = 

Olefin 
R′ = 

Catalyst Yield of 1 
(%) 

1 
E/Z 

Yield of 2a 
E,E/E,Z 

Cl C8H17 II 0 E 99 15/1 
 C6H4Cl-4 II 0 E 98 E 
C6H4-CF3-4 C8H17 I 63 25/1 0 E 
 C8H17 II 4 E 96 15/1 
 C6H4Cl-4 III 2 E 96 E 
C6F5 C8H17 I 38 25/1 0 E 
 C8H17 II 2 E 98 15/1 
 C6H4Cl-4 III 1 E 98 E 
Reaction conditions: CH2Cl2, reflux; 5 h, catalyst conc. 5 mol % 
aIsomer Z,Z was not observed 

 
Table 2. Cross-metathesis of divinyldisiloxanes with olefins [5] 

Disiloxane 
R = 

Olefin 
R′ = 

Catalyst Yield of C 
(%) 

C 
E/Z 

D 
E,E/E,Z 

Ph C8H17 II 12 E 0 E 
 C6H4Cl-4 II 4 E 0 15/1 
C6H4-CF3-4 C8H17 II 8 E 92 15/1 
 C6H4Cl-4 III 12 E 87 E 
OEt C8H17 I 54 25/1 5 E 
 C6H4Cl-4 II 2 E 95 E 
Reaction conditions: CH2Cl2, reflux; 5 h, catalyst conc. 5 mol % 
aIsomer Z,Z was not observed 

5. ADMET copolymerization of divinyl-substituted silicon 
compounds with dienes 

The reaction proved to be a valuable method for the synthesis of unsaturated 
organosilicon derivatives and a model for the study of synthesis of oligo and 
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Yield of D 
(%) 

2 (%)

Si O Si
R

R

R

R
R'+

[Ru]=CHR
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Si
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Si
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R

R

R' + +Si
O

Si
R

R

R

R

R'R' R'
R'

R = C6H4CF3-4, OEt

R' = C8H17, C6H4Cl-4, C6H4OMe-4

1 2

(12) 
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polymeric products via acyclic diene metathesis (ADMET) copolymerization 
of divinyl-substituted silanes and disiloxanes with dienes. We previously 
also reported ADMET of H2C=CH–Si(OEt)2OSi(OEt)2CH=CH2 with 1,9-
decadiene (Eq. 13) [17] and 1,4-divinylbenzene (Eq. 14) [18]. 

 

also found to exhibit reactivity in these processes [19]. 
 

Despite the fast development in the metathesis of unsaturated organosilicon 
compound, the area of vinylsiloxanes is relatively unexplored. Effective 

Accordingly, preliminary experiments showed that ADMET (co)polymers 
are formed in the reaction of divinyldichlorosilane with diene (Eq. 15) and 
divinylbenzene (Eq. 16). Some other organosilicon divinyl derivatives were 
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6. Reactivity of vinylsiloxanes: the model study for modification  
and cross-linking of poly(vinyl)siloxans via metathesis 
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+
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O Si

OEt
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n x
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(14) 

Si
Cl
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+
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n x
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Si

Cl

Cl

(15) 

Si

Cl

Cl

Si

Cl

Cl+
[Ru] = CHPh

n
x

n = 0, 1

(16) 
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cross-metathesis was reported for vinyltris(trimethylsiloxy)silane in the pre-
sence of the first- [6] and second-generation [20] Grubbs catalyst and for 
chloro-substituted vinylsiloxysilanes in the presence of the second-gene-
ration [20] Grubbs catalyst. 

Vinylsiloxanes of the type illustrated in Figure 3 are model compound for 
poly(vinyl)siloxanes. Therefore, a series of vinylsiloxanes (Figure 3) was 
synthesized and the reactivity of these compounds in cross-metathesis with 
styrenes and 1-decene was studied [21]. 

Si

OSiMe3

OSiMe3

R

R = Me,  OSiMe3,   Cl,   C6H5, 
       C6H4OMe-4, C6H4Me-4  

 

 
The reaction of vinylsiloxane with olefins in the presence of 5 mol % of 
catalyst I, II, or III in boiling CH2Cl2 produced ethene, substituted vinyl-
siloxane, and products of competitive olefin homo-metathesis (Eq. 17). Under 
optimized conditions the products were formed in moderate to high yields. 
Selected results are summarized in Table 3 [21]. 
 

Si

OSiMe3

OSiMe3

X+
[Ru]=CHR

CH2Cl2, reflux
Si

OSiMe3

OSiMe3

X

X
+R R

X

R = Me,  OSiMe3,  C6H5,  C6H4OMe-4
X = Ph, C8H17  

 
(17) 

 
The reactivity of vinylsiloxanes provided important clues concerning the 
functionalization and cross-linking of poly(vinyl)siloxanes. Preliminary inves-
tigations showed a limited reactivity of poly(vilyl)siloxanes in the function-
alization via cross-metathesis [21]. A pronounced influence of the properties 
of the substituents at silicon on the metathesis of vinylsilanes was observed 
(Eq. 18) [21]. 
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Figure 3. Vinylsiloxanes tested in cross metathesis with olefins.



 

Table 3. Cross-metathesis of divinylsilanes with olefins [21] 

Siloxane 
R = 

Olefin 
X = 

Catalyst Yield of 
vinylsiloxane 

(%) 

E/Z 
 

Me C8H17 II 5 E 
 C6H5 II 5 E 
OSiMe3 C6H5 I 95 E 
 C8H17 II 95 15/1 
 C6H5 II 94 E 
 C6H4OMe-4 II 98 E 
Ph C8H17 II 35 15/1 
 C6H5 II 40 E 
 C6H4OMe-4 II 45 E 
C6H4OMe-4 C8H17 II 60 15/1 
 C6H5 II 75 E 
 C6H5 III 78 E 

Reaction conditions: CH2Cl2, reflux, 5 h, catalyst conc.: 5 mol % 
 
 

SiMe3SiO O

R

SiMe3

n
R =  C6H5,  C6H4Me-4, C6H4OMe-4

Ph+
[Ru]=CHR

CH2Cl2, reflux
SiMe3SiO O

R

SiMe3

n
Ph

R
C6H5
C6H4Me-4
C6H4OMe-4

yield [%]
no reaction
no reaction
32  

(18) 

7. Modes of vinylsilanes metathesis 

On the basis of substantial differences in the reactivity in metathesis, 
vinylsilanes can be divided into four general classes (Scheme 1) [20]. 
 
Class 1 consists of vinylsilanes containing three identical or different 
electron-withdrawing substituents such as Cl, OR, OC(O)R, OSiMe3 C6H4-
(CF3)-4 at silicon. The cross-metathesis of olefin with the aforementioned 
vinylsilanes provides the products with high yields and selectivities. 
Vinylsilanes H2C=CHSi(OAc)3 or H2C=CHSiCl3 undergoes effective cross-
metathesis in the presence of II and III but not I. Those vinylsilanes that 
contain one or two electron-withdrawing groups at silicon and the remaining 
substituent have no electron-donating properties are substantially less active 
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R3Si

R3Si
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SiR3
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R3Si

R1

no metathesis

R1 = alkyl, aryl, CH2SiMe3, CH2OBu
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R4 = alkyl, aryl, OSiMe3, alkoxy
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2
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no conversion SiPh3
H2C=CR5(SiMe3)

1

2

3

4

 
 
Scheme 1. Reactivity of vinylsilanes in the presence of ruthenium–alkylidene 
complexes. 
 
in cross-metathesis with olefins. H2C=CHSiF2Ph in the presence of catalysts 
I, II, or III and H2C=CHSi(OEt)2Ph or H2C=CHSiClPh2 in the presence of 
catalysts II or III effectively react with styrene or 1-hexene, however, require 
extended reaction times. H2C=CHSi(OEt)Ph2 and H2C=CHSiFPh2 undergo 
cross-metathesis with styrene in the presence of II or III, but afford the 
products with lower yields and selectivities. 
 
Class 2 consists of vinylsilanes that exhibit activity both in homo-metathesis 
and cross-metathesis with olefins. Only one “substituent motif ”, that is 
H2C=CHSiCl2R (where R = alkyl, aryl, OSiMe3) was found to be 
characteristic of this class. Cross-metathesis of H2C=CHSiCl2R with olefins 
catalysed by II or III gives cross-metathesis products with high yields and 
selectivities. For these silanes, care must be taken to choose the proper 
reaction conditions as well as the vinylsilane to olefin ratio because cross-
metathesis is accompanied by competitive homo-metathesis of vinylsilane 
and olefin. 
 
Class 3 consists of trimethylvinylsilane, all tested dimethyl-substituted and 
most monosubstituted vinylsilanes. These compounds do not react with olefins 
by cross-metathesis in the presence of I, II, or III but rather by decom-
position [22]. 
 
Class 4, finally, consist of vinylsilanes containing substituents at Cα, e.g. 
H2C=C(SiMe3)2 and H2C=C(Ph)(SiMe3). They do not react with the catalyst. 
Presumably, a ruthenacyclobutane intermediate cannot be formed because of 
the steric properties of these 1,1-disubstituted olefins. Similarly, H2C=CHSiPh3 
does not react the conditions used. 
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Both complexes, I and II, underwent equimolar metathesis with trialkoxy- 
and tris(trimethylsiloxy)vinylsilane. The reactions led to the selective formation 
of a methylidene complex and E-1-phenyl-2-(triethoxysilyl)ethene (Eq. 19) 
[6]. Analogously, the reaction of catalyst III with H2C=CHSi(OEt)3 afforded 
E-1-[(2-isopropoxy)phenyl]-2-(triethoxysilyl)ethene. 
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PCy3
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(19) 
 
The reaction of II with trichlorovinylsilane H2C=CHSiCl3 gave styrene, 
silylstyrene, ethylene, and unidentified Ru complexes (Eq. 20) [20]. 
 

SiCl3
SiCl3

Ph
+ + Ph+ +Ru

Cl

Cl

Ph

NN
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Ru
Cl

Cl

NN

PCy3

C6D6

 
 

(20) 

Chloro-substituted vinylsilanes reacted readily with complex I to form un-
identizfied non-alkylidene complexes [13]. In contrast, catalysts II and III 
were more stable than I towards these reagents. 
 
The equimolar reactions of dichloro-substituted vinylsilanes, H2C=CHSiCl2R 
(where R = Me, OSiMe3, Ph), with II gave styrene, silylstyrene ethylene, 
and methylidene complexes (Eq. 21) [20]. 
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Ph
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(21) 
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8. Stoichiometric reactions of ruthenium complexes with 
vinylsilanes 
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The identification of styrene among the reaction products suggested the 
formation of silylcarbene complex. However, all efforts to detect the silyl-
carbene complex by spectroscopic means or to trap it at low temperature 
have failed. Obviously, such complexes are thermally or, more likely, kine-
tically unstable under the conditions used. 
 
The equimolar reaction of trimethylvinylsilane with Grubbs catalyst I 
undergoes yielded substituted propenes and non-alkylidene Ru complexes 
(Eq. 22). 

Scheme 2. Proposed mechanism for the decomposition of catalyst I in the presence 
of trimethylvinylsilane [22]. 

9. Mechanistic implications 

For the catalytic transformantion of vinylsilanes and olefins into silylolefins 
and ethene two different mechanisms are conceivable namely 
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To accounts for these observations formation of a β-(trimethyylsilyl) ruthena-
cyclobutane intermediate and subsequent β-elimination of the silyl group
was proposed (Scheme 2) [22]. The same process presumably also applies
to the reactions of catalyst II. 
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(a) Silylative coupling, a non-carbene mechanism established for 
[RuHCl(CO)(PPh3)3]- and [RuCl(SiR3)(CO)(PPh3)2]-catalysed reactions 
(Eq. 23) 

(b) Cross-metathesis via metalacarbenes (Eq. 24) [2] 
 
Addition of carbene complexes to mixtures of vinylsilanes and olefins does 
not necessarily mean that their transformations proceed exclusively by the 
carbene mechanism since alkylidene complexes can decompose to form 
catalytically active hydride species [23]. Conversely, alkylidene complexes 
can be formed in the presence of hydride complexes [24]. 

To distinguish between the non-carbene mechanism of silylative coupling 
and the carbene mechanism the reactions of a number of vinylsilanes with 
styrene-d8 in the presence of I, II, or III were investigated. In the case of the 
non-carbene mechanism the formation of silylstyrene-d7 and ethylene-d1 is 
to be expected (Eq. 23). In contrast, the carbene mechanism should afford 
silylstyrene-d6 and ethylene-d2 (Eq. 24). 

 
Analysis of the products formed in the reactions of styrene-d8 with 
H2C=CHSi(OEt)3 in the presence of I [6], H2C=CHSiCl2Me in the presence 
of II, and H2C=CHSiCl3 in the presence of II and III revealed that exclusive 
E-1-phenyl-2-(silyl)ethene-d6, is formed. This observation strongly supports 
the metalacarbene mechanism [6,20]. 
 
Based on the results of all equimolar and catalytic reactions of vinylsilanes 
in the presence of Ru–alkylidene complexes, a general mechanistic scheme 
can be proposed (Scheme 3) [20]. 
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Scheme 3. General scheme of reactivity in the system containing Grubbs catalyst, 
vinylsilane, and metathetically active olefins [20]. 
 
The reaction of vinylsilanes with coordinatively unsaturated benzylidene 
complex A produces methylidene complex B and E-1-phenyl-2-(silyl)ethene 
(path 1). This metathesis exchange proceeds by a formal 2 + 2 cycloaddition 
of the C=C to the Ru=C bond to form the β-(silyl)ruthenacyclobutane inter-
mediate C followed by ring opening and dissociation of E-1-phenyl-2-
(silyl)ethane. When methyl-substituted vinylsilanes are employed, opening 
of the β-(silyl)ruthenacyclobutane ring C and β-silyl elimination in C are 
competing reactions. Silyl elimination is followed by reductive elimination 
(path 2) thus leading to the loss of the alkylidene moiety and to the formation 
of complexes inactive in metathesis [22]. The methylidene complex B reacts 
with olefins to form alkylidene complex D and ethene (path 3). Alternatively, 
reaction of B with vinylsilanes could yield ethene and silylcarbene E (path 7). 
Vinylsilanes and olefins compete for coordination to alkylidene complex D. 
Reaction of D with vinylsilanes affords cross-metathesis products and regene-
rates methylidene complex B (path 4), while reaction with olefins affords 
olefin homo-metathesis products and B (path 5). By using the vinylsilanes in 
excess formation of olefin homo-metathesis products can be avoided in most 
cases. 
 
The putative (silyl)methylidene complex E is formed either by reaction of 
dichloro-substituted vinylsilanes with benzylidene complex A (path 6) or 
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with methylidene complex B (path 7). Subsequent reaction of B with dichloro-
vinylsilane yields the homometathesis product 1,2-bis(silyl)ethene and again 
regenerates methylidene complex B (path 8). 

10. Conclusions 

The investigation of the reactivities of a series of vinylsilanes in the presence 
of equimolar and catalytic amounts of Grubbs catalysts of the first and second 
generation and of the Hoveyda–Grubbs catalysts (second generation) provides 
comprehensive information on the reactivity of a wide range of vinylsilanes. 
The carbene mechanism of the cross-metathesis of vinylsilanes and styrene 
has been established on the basis of experiments with deuterium-labelled 
reagents. The lack of methyl-substituted vinylsilane activity in metathesis 
processes can readily be explained. The dependence of the vinylsilane 
reactivity in metathesis transformations on the nature of the substituents at 
the silicon atom is now understood. A general mechanistic scheme of the 

 The cross-metathesis of a variety of (di)vinyl-substituted silanes, disiloxanes, 
and monovinyl-substituted siloxanes with olefins has proved to be a valuable 
method for the synthesis of unsaturated organosilicon derivatives and a 
model for the study of the synthesis of oligo and polymeric products via 
ADMET copolymerization of divinyl-substituted silanes and disiloxanes 
with dienes. Furthermore, differently substituted vinylsiloxanes are valuable 
model compounds for studying poly(vinyl)siloxanes modification and cross-
linking. 
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PART III. TAILORED POLYMERS BY 
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Abstract: Challenges and advances in the synthesis of ring-opening metathesis 
polymerization (ROMP) polymers bearing biologically relevant functionalities are 

conditions on control over polymer chain lengths and architectures, is discussed. 
Particular attention is given to the level of control currently attainable in Ru-
promoted ROMP of unprotected monomers in aqueous or protic media, vs. ROMP 
of protected monomers in organic solvents. 
 
Keywords: olefin metathesis, polymerization, aqueous, ROMP, biological, drug 

1. Introduction 

Synthetic polymers and polymer composites have long been deployed in 

recently, as “polymer therapeutics” or drug-delivery agents [4]. Success in 
such applications rests on the biocompatibility of the materials, as well as 
their ability to serve the required function. The advent of materials that can 
be designed, rather than modified, for service in biological contexts is 
opening up new possibilities in this area. Of particular interest are living 
polymerization strategies that permit synthesis of well-defined materials, 

functionalities. The target polymer properties may be a function of any or all 
of these parameters, and the capacity to specify and vary structure, and 

techniques, ruthenium (Ru)-catalyzed ring-opening metathesis polymerization 
(ROMP) is attractive for its exceptional versatility and synthetic convenience  
 

SYNTHESIS OF ROMP POLYMERS FOR BIOMEDICAL

of Ottawa, 10 Marie Curie K1N 6N5 Ottawa, ON, Canada 

biomedical applications as prostheses, dental materials, and medical devices 

tions, block architectures, and the composition of pendant and end-group 

[1,2], as supports for the fabrication of engineered tissues [3], and, more 

examined. The impact of various initiators, monomer platforms, and reaction 

with specification of polymer chain lengths, molecular weight distribu-   

[5,6]. Recent advances in catalyst (or “initiator”) design expand opportunities 
further, bringing within reach straightforward methods for the molecular-
level design of macromolecular materials. Such methods are likely to have a 

285
Y. İmamoğlu  and V. Dragutan (eds.), Metathesis Chemistry: From Nanostructure Design to Synthesis  

hence to develop structure–property relationships, is essential in order to 

of Advanced Materials, 285-303.

identify which parameters are important. Of the available living polymerization 

© 2007 Springer. 
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transformative impact on the design of materials for an enormous range of 
applications, among which biological contexts present a particularly stringent 
challenge. In the following review, we highlight advances in the synthesis of 
ROMP polymers for biomedical applications, with a particular focus on the 
accessibility of polymers with precise control over chain lengths, polydis-

by Kiessling’s pioneering studies of the construction and deployment of 

2. Synthesis of ROMP polymers bearing biologically  
relevant groups 

2.1 General considerations 

The majority of “designer” ROMP polymers prepared to date are 5-functionali-
zed polynorbornenes (Eq. 1; A, X = CH2). A key advantage of norbornene 

high reactivity toward ring-opening, and renders the reaction irreversible. 

can be achieved with many norbornene monomers on use of appropriate 
initiators and reaction conditions, enabling precise control over polymer 
chain lengths and block architectures. A further advantage is the very wide 

N
or by modification of norbornenes bearing suitable functionalities, such as 
acid chloride or alcohol groups. Oxanorbornenes (e.g. A, X = O) are also 
readily accessible by Diels–Alder reactions with furan. While retro-Diels–
Alder reactions are a potential drawback [9], these monomers offer added 
opportunities in biological contexts: the furan ring improves water solubility, 
and the structural resemblance to the furanose sugars may improve biocom-
patibility [11]. 

 

2.1.1 Monomer platform 
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range of norbornenes accessible by Diels-Alder [9] or S Ar [10] reactions, 

ROMP neoglycopolymers as probes of receptor interactions and function 

steric impediment to backbiting and interchain metathesis. Living ROMP 

[7, 8]. While the area of application is outside the scope of this review, 

persities (PDIs), and block architectures. Much of this work was influenced 

synthetic issues relevant to the present topic will be discussed. 

The increase in steric bulk relative to, (e.g.) polyoctenes, also constitutes a 

monomers is the ring strain present in the bicyclic structure, which confers 



containing independent pendant groups (B) have been little explored. The 
increased density of functional groups may be valuable in improving 
solubility, in masking the potentially bioincompatible polymer backbone, 
and in providing additional sites for interaction. Given the steric bulk 
associated with many biologically relevant functionalities, however, such 
monomers can impose considerable demand on the reactivity of the ROMP 
initiator. More common are succinimide monomers such as C, readily 
accessible from himic anhydride (2-norbornene-5,6-dicarboxylic anhydride). 
For all of these monomers, endo and exo isomers are possible, of which the 
latter are more reactive. 
 

commonly used to tether pendant functionalities to the norbornene ring [9]. 
In model studies, Weck and coworkers reported hydrolysis of ester, acetal, 
and β-amino ester groups at different pH ranges; saccharide monomers were 
also affected [12]. 

Controlled ROMP of norbornene monomers bearing biologically relevant 
substituents has been achieved using a range of initiators, of which most 

handling, owing to their thermal sensitivity and their susceptibility to 
decomposition by air, water, and protic or oxygen-donor functionalities, 
such as hydroxyl or aldehyde groups. Initiator 1a is most commonly used of 
the Schrock catalysts, as the progressively higher reactivity of 1b and 1c can 
enable backbiting and chain-transfer reactions. While ROMP of monomers 
of Classes A and C, in particular, is typically faster than ring-closing 
metathesis (RCM) reactions, much greater care must be taken to ensure 
pristine conditions when using the Group 6 initiators for ROMP. Side-
reactions such as hydrolysis or oxidation limit catalyst efficiency in any 
metathesis reaction, but are particularly detrimental in ROMP because they 
also compromise control over polymer chain lengths, and thus polymer 
properties. Development of the more robust, easily-handled Ru initiator 2 
was thus a major advance, despite its much lower reactivity relative to 1a. 
The greater functional-group tolerance of the Ru systems, though frequently 
highlighted, tends in practice to be less significant: similar protecting-group 
strategies are generally required for 2 as for 1, as aqueous ROMP is not 
routinely compatible with controlled polymerization for sterically encum-

 

2.1.2 ROMP initiators 
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In comparison to norbornene (or oxanorbornene) monomers bearing bio-
logically relevant substituents at the 5-position, 5,6-disubstituted monomers  

Synthesis of ROMP polymers for biological applications  

A potential challenge in using functionalized polymers in biological environ-

and Grubbs, respectively (Figure 1). The Mo initiators require greater care in 

ments is the hydrolytic sensitivity of the ester or anhydride functionalities 

important are the molybdenum (Mo) and Ru complexes pioneered by Schrock 

bered monomers (see Section 2.2.). 
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Figure 1. Well-defined metathesis catalysts. Initiators capable of controlled ROMP 
are enclosed in boxes. IMes = N,N′-bis(mesityl)imidazol-2-ylidene. 

Much of the work discussed below involves use of the Grubbs catalyst 2. The 
“second-generation” catalysts of type 3 are of limited use in ROMP appli-
cations. While such catalysts have had an enormous impact on organic 
chemistry, in which their amplified reactivity has helped to transform RCM and 
cross-metathesis (CM) into cornerstone synthetic methodologies, their low 
initiation efficiency is a major drawback in ROMP. Because only a small 
proportion of these initiators contributes to polymerization, polydispersities are 
high, and molecular weights are uncontrolled (often double or triple the values 
expected from the reaction stoichiometry). Similar limitations are found for the 
“Hoveyda” catalysts 4: these initiate slowly, owing to the high thermodynamic 
stability of the five-membered chelate ring, but propagate very rapidly 
following removal of the ether donor from the coordination sphere. The 
pyridine complexes 5 and 6 [13], justly regarded as “third-generation” Ru 
initiators, combine high ROMP activity with excellent control over chain 
lengths (including, in some cases, living ROMP [14]). Their higher reactivity, 
however, also translates into a generally higher sensitivity, and these complexes 

Fundamental to many biological applications of ROMP polymers is the 
multivalent effect, a strategy brought to prominence in context of ROMP by 
Kiessling and coworkers [7,8,15]. Presentation of multiple recognition 
elements on a polymer to multiple binding sites on a target can significantly 
increase binding affinities, relative to monovalent species, if the spacing of 
the recognition elements permits multiple docking interactions. Reinforcing 
this “chelate” effect, high local concentrations of recognition elements around a 
target also increase the probability of encounter, and thus replacement of a 
recognition element following a dissociation event. The ease of specifying 
functionality and valency (through functional group density and chain 
length) has been a significant advantage in use of ROMP polymers as probes 
of multivalent effects in biological processes, as well as in the design of 
materials to exploit the phenomenon [7,8]. 

2.1.3 Polymer architecture and topology 

288

are, for example, more susceptible to decomposition in aerobic solutions. 



The most common multivalent ROMP array is a polynorbornene bearing 
multiple pendant functional groups, typically a homopolymer (Figure 2a), 
but sometimes a block copolymer. In aqueous media, amphiphilic block 

the surface (Figure 2b); alternatively, such entities may act as artificial 
liposomes in which the exterior coat confers merely water-solubility, and 
“Trojan horse” strategies enable release of guest compounds held in the 
lipophilic core. End-functionalization strategies can also be useful (Figure 2c), 
either as a means of modifying multivalent polymers, or in their own right. 

functionalized alkylidene group on the initiator, or by post-polymerization 
modification. Other post-polymerization reactions can also be valuable: of 
particular importance is hydrogenation, which eliminates the unsaturation of 
the polymer backbone, and hence cross-linking or other degradation reactions 
that exploit the latent reactivity of the olefinic sites. 

Figure 2. Common architectural motifs in ROMP polymers designed for biological 
applications. 

2.2 Synthetic challenges and approaches 

majority of which bear hydrophilic functionalities. In rare cases, the unpro-

vents. Gibson and coworkers found that norbornenes bearing small amino 
acid groups were sufficiently soluble in tetrahydrofuran (THF) to support 

h, r.t.) afforded polymer in 65–96% yield after workup. No correlation 
between yield and steric bulk was noted. Agreement between calculated and 
experimental (GPC) Mn values ranged from excellent to 50% higher than 
expected. High PDI values (1.3–1.4) may indicate preferential binding  
of THF to the initiating, vs the propagating species. Precipitation of the 

ROMP in this solvent (7, Figure 3) [16]. Reaction with 2 (50–100 equiv 7; 4 

Solubility is a major issue in ROMP of biologically relevant monomers, the 

tected monomers are soluble in relatively polar, non-protic organic sol-

289Synthesis of ROMP polymers for biological applications  

End-groups can be installed during ROMP, by use of an appropriately 

copolymers may form micelles. A multivalent array may be presented on  
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growing polymer chain was not reported, but is a common hazard where 
organic solvents are used for ROMP of monomers bearing polar substituents, 
especially where chain lengths extend beyond the oligomeric. ROMP of 
penicillin-functionalized 8 (10 equiv) in acetone solution was accompanied 
by precipitation within minutes at ambient temperature [17]. Electrospray 
ionization–mass spectroscopy (ESI–MS) analysis indicated the presence of 
oligomers of up to 17 repeat units, but quantitative analysis was precluded 
by their low solubility. 
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Figure 3. Representative unprotected monomers subjected to ROMP in polar 
organic solvents. 

in water. Degassed water is attractive as an inexpensive, nontoxic solvent 
that offers the potential for ROMP of hydrophilic monomers without need 

determined by the kinetics of polymerization vs catalyst decomposition. Best 
results are achieved with highly reactive monomers, in conjunction with 
initiators in which reactivity can be tuned to maximize the kinetic discri-
mination between ROMP and deleterious side-reactions. Stoichiometric 
quantities of HCl have been used to increase the rate of ROMP relative to 
deactivation in polymerization of Class C monomers by water-soluble Grubbs-
class catalysts [18]. A number of these initiators have been reported [5], but 
methodologies for controlled polymerization of demanding substrates have 

have been explored. 
 

More extensive are studies involving reaction of a well-defined Ru catalyst 
(typically 2) with the unprotected monomers in water or methanol. As 2 is 
insoluble in these media, it is usually predissolved in a chlorocarbon solvent. 
For reactions in water, intimate contact between monomer and catalyst is 

agent such as dodecyltrimethylammonium bromide (DTAB). The impact of 
the conditions chosen on polymer chain length and polydispersity is discussed 
below. A note concerning characterization is warranted, however. Analysis 
of the molecular weights of the resulting water-soluble ROMP polymers is 
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for protecting groups. While much less aggressive toward Ru than, e.g., Mo 

The relative robustness of the Ru initiators opens the possibility of metathesis 

catalysts, water is not an innocuous medium for this chemistry and success is 

then promoted by use of methanol as co-solvent, or by use of an emulsifying 

not yet been perfected, and few monomers relevant to the present discussion 



almost invariably carried out by NMR evaluation of the average degree of 
polymerization (DPav), as many of the research groups active in this area 
have limited access to aqueous GPC capabilities. In ROMP via 2–4, 

1

olefin signals enables estimation of the average chain length, but does not 
report on the polymer polydispersity. The accuracy of integration will be 
highest for relatively short chain lengths, and for systems in which chain 
transfer or backbiting reactions are minimal. 

We consider metathesis in the presence of methanol separately, in view of 
work from the Mol group describing decomposition of 2 and 3 by methanol 
at 70°C. Multiple products were obtained, including RuHCl(CO)(L)(PCy3) 
(L = PCy3, NHC) [19,20]. 
 

purification of the monomer by reverse-phase chromatography using  
1% trifluoroacetic acid (TFA) in 1:2 MeCN:H2O [21]. ROMP of 7–10 
equivalents of the monomer was incomplete after 1.5 days at room tem-
perature. Purification as before yielded the polymer in 60% yield. Gel 
electrophoresis showed the presence of four distinct molecular weight 
fractions, ranging from ∼8 to >20 kDa, vs the theoretical value of 10.5 kDa. 

 
Low yields in ROMP of carbohydrate-functionalized monomers in chloro- 
carbon–methanol mixtures were attributed to low solubility, though initiator 
decomposition may also contribute. Thus, Fraser and Grubbs found that ROMP 
of glucose-functionalized 10 (55 equiv; Figure 4) by RuCl2(PCy3)2(=CHCH-
=CPh2) in 2:3 CH2Cl2:MeOH afforded only trace polymer even after 2 days 
at 50°C [22]. Likewise, Kiessling and coworkers reported that ROMP of 15 
equivalents of sulfated galactose monomer 11a via 2 in 1.5:1 CH2Cl2:MeOH 
proceeded to only 25% yield after 2 days at 65°C. Some improvement was 
found where a single sulfate group was present on the monomer (12a), but 
yields were still limited to ∼50% [23]. Addition of water (5:6:1 dichloro-
ethane:MeOH:H2O) enabled near-quantitative ROMP of 7 equivalents of 
mannose-functionalized 9b at room temperature, yielding an oligomer with a 
DPav of 10 [24]. High conversions were retained on use of 50 equivalents of 
9b, but dropped to 50% on use of 100 equivalents: this may reflect a 
decrease in solubility, or termination becoming increasingly competitive  
 

2.2.1 ROMP in the presence of methanol 
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Observation of distinct molecular weight fractions is consistent with the 

In a rare example of ROMP in methanol alone, the sterically demanding 

operation of multiple Ru species of different activity, though the insolubility 

vancomycin monomer 9a (Figure 4) was polymerized via 2, following 

of the initiator in methanol will also increase polydispersity. 

integration of the H NMR signals due to the phenyl end-group against the 
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Figure 4. Summary of unprotected carbohydrate-containing monomers discussed. 

with propagation as the proportion of monomer increases. ROMP of sterically 
encumbered lactose monomer 9c (10 equiv, r.t.) under similar conditions 
gave polymers with a DPav of 20 [25]. 
 
Nguyen and coworkers undertook synthesis of ROMP polymers bearing the 
chemotherapeutic drug doxorubicin in chlorocarbon–methanol mixtures 
[26]. Homopolymers of 16 (Figure 5) proved insoluble in 9:1 CDCl3–
CD3OD, but solubility was improved by copolymerization with hexaethylene 
oxide monomer 17a. Thus, sequential ROMP of 17a and 16 using initiator 2 
(15 equiv of each, 2 h, r.t.) gave a dark red copolymer, isolated in 76% yield. 
Gel permeation chromatography (GPC) analysis in THF indicated an Mn  
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value of 12.5 kDa, vs a theoretical value of 17.8 kDa (PDI 1.3). The 
discrepancy was attributed to the low hydrodynamic radius of the copolymer 
relative to the polystyrene GPC standards. 1H NMR integration values 
suggested incorporation of ∼80% 16 into the copolymer, while ultraviolet–
visible (UV–Vis) absorption studies suggested complete incorporation. 
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Figure 5. Monomers used to prepare a potentially chemotherapeutic polymer via 
ROMP in the presence of methanol. 

Grubbs and coworkers reported that monomers bearing GRGD and SRN 
peptide sequences, of interest for their potential cell adhesion properties, 
exhibit low solubility in organic media, even when protected [27]. Use of 2 
to effect random copolymerization of 18a,b (Figure 6) with ethylene glycol 
monomer 17b (CH2Cl2, r.t.) resulted in low polymer yields (<26%) and 
bimodal molecular weight distributions if more than 10% of either peptide 

groups was sought by using 3 as initiator, in CH2Cl2–MeOH. Copolymers of 
18a and 18b were obtained in only ∼30% yield in 1:1 CH2Cl2–MeOH (55°C, 
2 h; total 20 equiv monomer). Copolymerization with 17b increased yields 
to 74–92%. Homopolymers of 18a or 18b, prepared by reaction of 10 

longer than expected (Mn values measured by aqueous GPC following 
deprotection). Analogous monomers bearing GRGDS, PHSRN, or GRGES 
peptide sequences gave homo- and diblock copolymers in 64–90% yields 
(10 equiv monomer), with similarly high Mn values [28]. While poor control 
over chain lengths is a characteristic feature of 3, reflecting the low initiation 
efficiency noted above, bond scission during deprotection may also be an 
issue. Removal of tert-butyl protecting groups by treatment with HF resulted 
in polymers with considerably higher PDI values than those obtained on 
TFA deprotection of trityl- or Pbf-protected polymers (1.7, vs a range of 
1.13–1.3). 
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equivalents of monomer with 3 or closely related catalysts, were 2–3 times 

monomer was present. Incorporation of a higher proportion of peptide 
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Figure 6. Representative monomers used to prepare polymers bearing peptide 
sequences via ROMP in the presence of methanol. Pbf = 2,2,4,6,7-
pentamethyldihydrobenzofuran-5-sulfonyl. 

A common theme in the examples described above is the limited control 
over polymer chain lengths found for ROMP in the presence of methanol. 
Catalyst decomposition (particularly at elevated temperatures) provides a 
partial explanation. An added complication, for longer polymer chains or 
large monomers, is the insolubility of the growing polymer chains. In some 
cases, addition of water to the reaction mixture resulted in higher yields and 
improved agreement between observed and calculated DPav values. 
 

 
For ROMP in organic–aqueous solvent mixtures, emulsifying agents such as 
DTAB can facilitate interphase exchange of initiator and monomer, 
obviating the need for methanol. This can improve yields, and enable 
preparation of longer polymer chains [31,32]. While ROMP of glucose-
functionalized 10 by 2 in 2:3 CH2Cl2–MeOH afforded only trace polymer, as  
 

2.2.2 ROMP in aqueous emulsion 
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In attempts to synthesize related peptide-functionalized polymers via 2 or 3 
in 3:1 CH2Cl2:MeOH, the Sampson group noted that precipitation limited 
chain lengths to ∼10 repeat units, even on use of 25–50 equivalents of 
monomer [29]. Addition of HCl gave no improvement, but addition of LiCl 
yielded polymers with DPav values in good agreement with theoretical  
ratios, in 64–88% yield. The additive was proposed to inhibit monomer 
aggregation. Use of 6a to effect ROMP of the protected peptide monomers 
was less successful [30]. GPC analysis at successive stages of assembly of a 
triblock copolymer suggested decomposition over the course of reaction. 
The heightened reactivity of the pyridine initiators increases their susceptibi-
lity to decomposition, as noted above. The correlation between high metathesis 
activity and short catalyst lifetime is now well recognized: it is particularly 
problematic in context of ROMP, as it has a direct impact on chain lengths, 
rather than simply affecting catalytic efficiency. 



noted above, reaction under emulsion conditions gave quantitative yields (35 
equiv 10, 3 equiv DTAB, 1:6 CH2Cl2–H2O, 50°C, 1 day) [22]. Control over 
chain lengths is not improved, however: Grubbs and coworkers have 
proposed that this is due to exchange of the chloride ligands on 2 with the 
bromide groups of DTAB [18]. Thus, polymers of mannose monomer 13 
(Figure 4; 10–50 equiv) prepared via 2 were double the expected lengths 
[33], as were those prepared by ROMP of 10–15 equiv of galactose 
monomers 11/12 under similar conditions, but at 40–55°C. Isolated yields 
were lower where two sulfate groups were present on the monomer (32% 
and 65% for 11a and 11b; 74% and 70% for 12a and 12b, respectively). 
However, yields for 11a and 12a were higher than in chlorocarbon–methanol 
[23,34]. Long chains could also be obtained: ROMP of 100 equiv of 
mannose monomer 9b via 2 in 1:2 dichloroethane-H2O (1.6 equiv DTAB, 20 
h, r.t.) proceeded to 98% conversion, affording polymer with a DPav of 143 
[24]. In contrast with the usual observations, ROMP of the hyaluronan 
monomer 15 via 3 (20 equiv 15, 20 equiv DTAB, 1:1.5 dichloroethane–H2O; 
5 h, 60°C) gave a DPav value of ∼15, lower than expected [35]. 
 
Building on the observation that Brønsted acids can improve conversions 
and reduce PDI values for ROMP via 2 in water, Kiessling and co-workers 
carried out emulsion ROMP of trisaccharide monomers at pH 6 (15 equiv 
14a or 14b; 30 equiv DTAB, 1:2 dichloroethane: 2,2-bis(hydroxymethyl)-
2,2′,2″-nitrilotriethanol, 60°C, 14 h) [36]. Isolated yields ranged from 70% to 
84%, with DPav values of 15. ROMP of 15 equivalents of 11b under similar 

mers with a DPav
60–80% isolated yield [37]. 
 
In order to circumvent the limitations associated with ROMP in aqueous or 
protic media, the Kiessling group sought a general synthetic route involving 
post-ROMP modification [33] (Figure 7). Polymerization of succinimide 
monomer 19 via 2 in dichloroethane gave efficient, high-yield access to a 

polymer is shown. Using 10 equivalents of 19, a polymer with a DPav of 18 
was obtained in 71% yield. Efficient access to longer polymer chains is 
possible on ROMP via 6a, though the high reactivity of this initiator requires 
reaction to be carried out at low temperature in order to maintain control 
over chain lengths (100 equiv 19, CH2Cl2, –20°C, 30 min) [38]. Nucleophilic 
exchange afforded the mannose-functionalized polymers in quantitative 
yields; GPC analysis showed good agreement between theoretical and 
experimental Mn values (34.5 and 30.8 kDa, respectively; PDI 1.07). These  

conditions proceeded more rapidly (40°C, 30 min), again affording poly-
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ROMP platform in which the succinimide groups can be subjected to nucleo- 
philic exchange with, for example, primary amines, in DMF or DMSO

 value in excellent agreement with the theoretical value, in 

solvent. Application of this strategy to synthesis of a mannose-functionalized 
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Figure 7. Synthesis of ROMP neoglycopolymers by post-ROMP modification. 

 
strategies may provide more general routes to ROMP polymers bearing 
unprotected biologically active substituents. 

ROMP of monomers bearing biologically relevant, polar functionalities 
often limits control over polymer chain lengths. Use of organic solvents can 
give significantly improved results, where polar functionalities can be masked 
with lipophilic groups. Key issues in choosing a protecting group are the 
impact on the steric demand of the monomer, and the severity of the 
deprotection methods required. Both Schrock and Grubbs-class catalysts have 
been employed with excellent results. While the majority of studies to date 
involve use of the Grubbs catalyst 2, several recent reports describe excellent 
results with the third-generation pyridine or bromopyridine initiators 5 and 6. 
 
Routes to neoglycopolymers have been most extensively examined. Grubbs 
and coworkers investigated the effect of different protecting groups (20a–c, 
Figure 8), using RuCl2(PCy3)2(=CHCH=CPh2) as initiator [22]. ROMP of 40 
equivalents of acetate-protected 20a (50°C, CH2Cl2, 1 h) afforded polymers 
in 71% isolated yield, with Mn values of 13.4 kDa (calculated 19.3 kDa), and 
a PDI of 2.25. Use of higher monomer/initiator ratios resulted in insoluble 
gels. ROMP of 20 equivalents of benzyl-protected 20b (C6H6, 50°C, 10 h) 
was slow, but isolated yields reached 91%, with Mn values of 16.9 kDa 
(calculated 13.5 kDa). Reaction in CH2Cl2 led to lower yields and higher 
PDI values. Low conversions of the sterically encumbered, silyl-protected 
20c over 3 days in CH2Cl2 were attributed to competing decomposition of 
the initiator. ROMP in benzene (35 equiv 20c; 50°C, 2 days) was also slow, 
but the polymers were obtained in nearly 80% isolated yield, with a Mn value 
of 40.1 kDa (calculated 27.0 kDa; PDI 1.10). While this monomer was most 
challenging to polymerize, deprotection by treatment with tetrabutylam-
monium fluoride in THF was straightforward. In comparison, removal of the 
acetate protecting groups using NaOMe in MeOH/THF was inefficient, 

2.2.3 ROMP in organic media 
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As the preceding sections suggest, use of aqueous or protic media to effect 



while attempts at hydrogenolysis of the benzyl ether groups using Pd/C/H2 
were unsuccessful. 

The Schrock group demonstrated the efficacy of Mo initiator 1a for ROMP 
of acetal-protected galactose-, ribose-, or mannofuranose-functionalized mono-

obtained within <1 h at room temperature; for block copolymers, one hour 
per block was generally sufficient. Isolated yields were near-quantitative, 
and Mn values ranged from 1.1 to two times the calculated values (PDI 1.03–
1.25). ROMP of 30 equivalents of the sterically demanding di-galactose 
monomer 22 required 1.5 h, and gave polymers with the largest discrepancy 
between observed and calculated Mn values (∼2.5 times), with a PDI value of 
1.21. TFA deprotection was successful only for the galactose-functionalized 

ROMP of acetyl-protected glucose and maltose-functionalized monomers 
(21d,e) [40,41]. ROMP initiated by 1a in toluene or 2 in CH2Cl2 at ambient 
temperature afforded homopolymers and block copolymers in >90% isolated 
yield, with good agreement between calculated and observed Mn values. 
Living polymerization was demonstrated for both 1a and 2, but 1a enabled 
considerably faster polymerization, with slightly greater control over chain 
lengths. For example, ROMP of 20 equiv 21d via 1a was complete within 15 
min, giving polymer with an Mn value of 9.4 kDa (calculated 9.4 kDa; PDI 
1.17). Use of 2 required 2 h, and afforded polymer with a significantly 
higher Mn value (11.3 kDa; PDI 1.16). ROMP of 21d or 21e by 3 in CH2Cl2 
at ambient temperature afforded polymers in >90% yield within 1 h, but 
chain lengths were double the theoretical values, as typically found for this 
initiator. 
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Figure 8. Protected carbohydrate monomers subjected to ROMP in organic solvents. 

polymers. Nomura and coworkers compared the efficacy of 1a, 2, and 3 in 
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mers in toluene (21a–c, respectively; Figure 8) [39]. Homopolymers were 
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On use of 1a to prepare diblock copolymers from 21a and norbornene in 
toluene (25 equiv each; total 40 min at r.t.), the Nomura group found that Mn 
values measured by GPC were higher than expected (Mn 15.6 kDa, 
calculated 11.9 kDa; PDI ∼1.1), but that values measured by endgroup 
analysis (1H NMR) suggested good agreement [42]. Polymer yields of 94% 
or higher were obtained. By quenching ROMP with a silyl-functionalized 
aldehyde, and hydrolyzing with aqueous HCl, they obtained hydroxy-
terminated polymers, which were treated with a mesylated poly(ethylene 
glycol) to afford amphiphilic copolymers with well-defined block archi-
tectures. In a subsequent elaboration of this approach, the hydroxy-terminated 
copolymers were treated with 5-norbornene-2-carboxylic acid chloride, and 
ROMP of this “macroinitiator” via an analogue of 1c was carried out to 
obtain very regular, highly branched polymers. The corresponding, ribose-
functionalized materials were obtained by use of 21b in place of 21a [43]. 
Most recently, Paton, Nomura, and coworkers prepared xylose-, glucose-, or 
mannose-functionalized norbornenes by 1,3-dipolar cycloaddition of glycosyl 
nitrile oxides and norbornadiene [44]. High yields were obtained in ROMP 
of these monomers via 1a or 2 in toluene or CH2Cl2, respectively, with good 
control over polymer chain lengths (1a: PDI <1.2; 2: PDI 1.1–1.35). In 
striking contrast, ROMP via 3 under identical conditions gave 75% yield of 
very high molecular weight material (Mn 470.5 kDa, calculated 11.8 kDa; 
PDI 1.64). 
 

 

Tethering small drug molecules to polymeric supports offers potential to 
enhance drug potency by increasing water-solubility, improving selectivity 

drug clearance rates [4]. A number of recent studies describing the synthesis 
of ROMP polymers bearing drug molecules (Figure 9) are discussed below. 

and may be critical if multivalent interactions are important. Random, 
amphiphilic ROMP copolymers with antibacterial activity were explored by 

of tBoc-protected monomers 24 in CH2Cl2. Only 6a enabled ROMP at room 
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Mülhaupt, Stelzer and co-workers described synthesis of polyribofuranose 
analogues via ROMP. Polymerization of the unprotected oxanorbornene-5,6-
diol in water via RuCl2(PCy2CH2CH2NMe3Cl)2(=CHPh) failed [11], but 
acetal-protected 23 was polymerized by 2 in THF in 80–90% yield. Mn 
values determined by GPC were higher than calculated by 1.5–2.3 times, 
with control being poorer for the exo monomer. PDI values were also high 
(1.4–1.5). Catalytic dihydroxylation of the olefinic groups in the polymer 

afforded polyhydroxylated polyribofuranose analogues. 
 

(by, e.g., incorporating recognition elements on the support), and reducing 

backbone, followed by TFA deprotection of the carbohydrate groups, 

Coughlin and coworkers [45]. Initiators 1c, 2, 3 and 6a were applied to ROMP 

Control over chain lengths is important in order to ensure a consistent dose, 



temperature, with high yields, low PDI values (1.08–1.20), and good to 
excellent agreement between observed (GPC) and calculated Mn values (e.g. 

n n
calculated 5.9 kDa). TFA deprotection afforded amphiphilic polymers active 
for disruption of phospholipid membranes. Random copolymers with varying 
degrees of hydrophilic and hydrophobic character, prepared similarly, gave 
highly selective, nonhemolytic antibacterial agents [46]. 
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Figure 9. ROMP monomers used for assembly of polymers bearing drug molecules. 

Nguyen and coworkers prepared polymer-bound “drug cocktails” consisting 
of homo-, block and random copolymers bearing chemotherapeutic agents 

regressive activity, and chlorambucil 25b, an alkylating agent used in the 
treatment of chronic lymphatic leukaemia and malignant melanomas, 
including Hodgkin’s disease [47]. ROMP of 40 equivalents of 25a via 2 
(CH2Cl2, r.t.) afforded the homopolymer in 92% yield, with Mn values in 
good agreement with calculated values (Mn 19.4 kDa, calculated 18.1 kDa; 
PDI 1.25). ROMP of 25b (26 equiv) under similar conditions likewise 
proceeded with excellent yields, though chain lengths were ∼1.5 times 
longer than expected (Mn 16.8 kDa, calculated 10.3 kDa; PDI 1.26). Block 
copolymers were also prepared (Mn 27.6 kDa, calculated 21.4 kDa). A 
random copolymer of 25a with ethylene oxide monomer 27a, prepared in the 

length more than double that expected, with a PDI value of greater than 2. 
Better control was attained in copolymerization of the related indomethacin 
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25 equiv 24a: M  8.6 kDa, calculated 8.8 kDa; 17 equiv 24b: M  7 kDa, 

such as indomethacin 25a, a nonsteroidal anti-inflammatory with tumour-

hope of increasing the water-solubility of the material, exhibited a chain 
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monomer 26 with 27b via 2 in CH2Cl2 [48]. PDI values ranged from 1.07 to 
1.34, and chain lengths were in good agreement with theoretical values, 

n
calculated 53 kDa). Aggregation of these amphiphilic polymers in water 

and a drug-laden core. Acid hydrolysis of the amide group by which the drug 
molecule is tethered enabled release of indomethacin on incubation at pH 3 

and 27c (35 equiv 26, 15 equiv 27c) were obtained within 1 h in ROMP  
via 2 in CH2Cl2. Control over chain lengths was excellent (Mn 30 kDa, 
calculated 29 kDa; PDI 1.14). The tosyl groups present on 27c enabled post-
ROMP modification of the polymer to introduce DNA and tumour-targeting 
antibodies associated with a breast cancer cell line. Micelles functionalized 
with fluorescein-labeled DNA and the antibodies were found to diffuse into 
breast cancer cells, whereas polymers without antibodies remained outside 
the cells [49]. 
 

polymers focus on drug design and delivery. An emerging application of 
ROMP materials is tissue engineering. Fogg and coworkers have prepared 

ROMP of acetal-protected galactose monomer 22 in CH2Cl  enabled rapid 

over chain lengths (Mn 33.2 kDa, calculated 33.3 kDa; PDI 1.03). Polymer 
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Figure 10. Saturated neoglycopolymers for tissue engineering, prepared via tandem 
ROMP-hydrogenation. 
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except for a 100-mer, for which the M  value was very low (∼35 kDa,

and 37°C in vitro (∼20% release over 48 h). Finally, block copolymers of 26 

gave micelles or “nanoparticles”, with a hydrophilic ethylene oxide sheath, 

As the foregoing suggests, many recent biomedical applications of ROMP 

saturated ROMP polymers for use as biocompatible collagen cross-linking 

replacement corneas, using new tandem ROMP-hydrogenation methodologies 
[51], which expand on those previously established for 2 [52]. Addition of PCy  
proved valuable in stabilizing the Ru end group on the unsaturated polymer. 

agents relevant to corneal tissue engineering [50,51]. Use of 5b to effect 

Quantitative hydrogenation of 50-mers was achieved within 3 h at 1000 psi H  
°

hydrogenation was undertaken in order to maximize the in vivo stability of the 

and 60  C, without adverse effects on polymer molecular weights or polydis-

reaction (∼3 h, vs 3 days for ROMP via 2; Figure 10) with excellent control 

persity. Subsequent TFA deprotection afforded the water-soluble, saturated 
neoglycopolymers. 

2



3. Conclusions 

ROMP has emerged as a versatile and powerful tool for preparation of com-
plex polymeric materials. A key area of opportunity centers on construction 
of well-defined ROMP polymers bearing functionalities of biological 
relevance. Control over polymer chain lengths is an important aspect of this 
research area, because of the impact on polymer properties, and because high 
reproducibility is essential for quantitative evaluation of structure/property 

of many of the biologically relevant monomers discussed presents a 
challenge for controlled ROMP of the unprotected monomers in aqueous 
media. While materials prepared via emulsion ROMP, or ROMP in the 
presence of methanol, have led to major advances, control over polymer 
chain lengths is often limited, particularly at elevated temperatures. 
Improved precision is attainable by polymerization of protected monomers 
in organic solvents, in which the monomer and initiator are present in a 

this enables living ROMP, and hence high control over polymer chain 

catalysts 2, 5, or 6. The “third-generation” Ru initiators 5 and 6, in 
particular, offer a near-ideal combination of high activity, ease of handling, 
and excellent control. These factors can be expected to significantly expand 
opportunities in the application of ROMP polymers in biomedical 
applications, and to enable further advances in the use of ROMP materials as 
probes of biological processes. 
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PRECISION POLYOLEFIN STRUCTURE: MODELING 
POLYETHYLENE CONTAINING METHYL AND ETHYL 

BRANCHES 

GIOVANNI ROJAS, KENNETH B. WAGENER* 
 

 
Abstract: Sequenced copolymers of ethylene and diverse species have been created 
using acyclic diene metathesis (ADMET) polymerization, a step growth, conden-
sation-type polymerization driven to high conversion by the removal of ethylene. 
ADMET permits control over branch content and branch length, which can be 
predetermined during the monomer synthesis, allowing sequence control in the 
resultant unsaturated polymer. Monomers are symmetrical α,ω-dienes with a pendant 
functionality. Diverse functional groups are compatible with ADMET polymeri-
zation when Schrock’s or first-generation Grubb’s catalysts are used. Saturation 
with hydrogen after ADMET polymerization affords a polyethylene (PE) backbone 
bearing specific functionalities in precise places. Varying both the pendant functional 
group and the spacing between functionalities alters the physical and chemical 
properties of the polymer. Incorporation of alkyl chains into the PE backbone via 
ADMET leads to the study of perfect structures modeling the copolymerization of 
ethylene with α-olefins such as 1-propene, 1-butene, 1-hexene, and 1-octene. 
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1. Introduction 

decade,1,2 and an average annual growth rate of 5.2% in terms of demand-
production during 2000–2010 is expected.3 Its synthesis started in the 1930s 
when Friedrich and Marvel reported the first low-molecular weight polymer 
arising by accident during high-pressure experiments with ethylene; in 1933 
the British chemical company Imperial Chemical Industries (ICI) reported 
the first existence of PE and later in 1937 obtained the patent for its massive  
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Polyethylene (PE) is the largest volume polymer produced in the last 
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production.4 This methodology produces polymer with no control over the 
primary structure via chain propagation chemistry using free-radical initiation, 
which generates PE with a high content of long and short branches.4 
 
A significant contribution to polymer chemistry was made by Karl Ziegler at 
the Max Planck Institute in West Germany at the end of the 1950s with the 
synthesis of high-density polyethylene (HDPE) at low pressure and 
temperature using a heterogeneous titanium catalyst. Inspired by Dr. Ziegler, 
Giulio Natta in 1954 applied this technology to obtain polypropylene. The 
importance of these contributions led to the Nobel Prize in 1963 for both 
Karl Ziegler and Giulio Natta, based on their work in ethylene and propylene 
polymerization and the development of new catalysts, today known as 
Ziegler–Natta catalysts.5,6 Polymerization of ethylene using Ziegler–Natta5–10 
and homogenous metallocene-based catalysts11,12 produces highly crystalline 
materials, 62–80% by density, which can be controlled by the copolymeri-
zation of ethylene with α-olefins, producing linear low-density polyethylene 
(LLDPE). The incorporation of the comonomer, typically 1-propene, 1-
butene, 1-hexane, and 1-octene, produces long-run lengths of unbranched 
linear PE with random branched regions. These branched PEs  have gained 
attention for their enhanced mechanical properties and industrial importance. 
Diverse types of materials can be obtained by controlling the mode of 
polymerization, catalyst nature, pressure, and temperature, all of which have 
studied for the last 60 years.7,10–24 
 
Physical properties of PE obtained via α-olefin copolymerization depend on 
the branch content which is directly related to the amount of comonomer 
incorporated into the PE backbone. More important is the interaction 
between polymer chains.17–19,24–29 Physical properties of LLDPE can vary 
depending on the molecular weight, molecular weight distribution, and 
branch content. Control over its physical properties can be achieved using 
diverse methods based on catalyst, initiator, polymerization type, monomer 
types, temperature, and pressure variations. 
 
Synthesis of commercial LLDPE is usually performed via Ziegler–Natta or 
metallocene chemistry. Ziegler–Natta systems produce heterogeneous primary 
structures with low-molecular weight and high-molecular weight distribution, 
which originates from their multisite initiation on the heterogeneous catalyst. 
However, metallocenes provide LLDPEs with narrower molecular weight 
distributions and higher levels of comonomer incorporation because of the 
single-site initiation on the homogeneous catalyst. Unfortunately, in both 
cases random errors are introduced in the main backbone, causing defects or 
heterogeneity in the primary structure. Experiments have shown that the  
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average defect content in metallocene-based PE is narrower than in Ziegler–
Natta systems. The addition of these defects is widely used to manipulate the 
main backbone, obtaining polymers with desired physical properties. 
However, attempts to produce model structures fail in both Ziegler–Natta 
and metallocene chemistry.19,24,27,30–32 Modeling-branched PE can lead to a 
better understanding of the polymer processing, the overall microstructural 
effect produced by branch perturbations on PE-based materials,16,33,34 but 
inevitable chain transfer and/or chain walking can occur if the model PE is 
made by free-radical, Ziegler–Natta, or metallocene chemistry.16,21,22,35 Most 
of the PE research focuses on the study of short chain branching (SCB) as 
well as short chain branch distribution (SCBD).2,16,18,19,24,27–34,36–39 More 
recently, the use of acyclic diene metathesis (ADMET) chemistry followed 
by exhaustive hydrogenation of its product has offered a new approach in the 
synthesis of PE backbones with no branches,40 or specific branches precisely 
placed on the main backbone.41,42 This chemistry is controlled by the organic 
synthesis, instead of indirect catalyst or comonomer adjustment. Contrary to 
the copolymerization of ethylene with α-olefins, polymerization of one kind 
of symmetric macromonomer produces low-density polyethylene (LDPE) 
with a perfectly known primary structure.40–44 

 

R R n

catalyst
+ n C2H4

1 2 3  

Figure 1. The ADMET reaction. 

ADMET is a step growth polycondensation reaction, with ethylene a usual 
by-product. Elimination of ethylene, the driving force of the reaction, is 

between 25°C and 55°C. Figure 1 shows the formation of an unsaturated 
high-molecular weight polymer with the concomitant releasing of ethylene. 
ADMET has been used to produce functionalized unsaturated polyolefins45 
as well as saturated PE models with perfect primary strutures.41,42,44 The first 
synthetic and thermal studies were developed on methyl and ethyl branches; 
these are models of ethylene/1-propene and ethylene/1-butane random 
copolymers obtained via Zielger–Natta or metallocene chemistry. Herein, we 
review the synthesis and thermal behavior of the family of perfectly 

copolymers. 
sequenced and statistically random ethylene/1-propene and ethylene/1-butane

easily accomplished applying vacuum under normal polymerization conditions 

307



 G. Rojas and K.B. Wagener 

2. Linear ADMET polyethylene 

Synthesis of perfectly linear PE with no branches or undesired defects on the 
main backbone is of considerable interest. More important is the behavior of 
this polymer during crystallization, which is intimately related with thermal 
response of the material during differential scanning calorimetry (DSC) 
studies.19 Polymerization of ethylene using Ziegler–Natta or metallocene 
chemistry does not allow the formation of perfect PE structures. Model 
studies have been conducted on large n-paraffins (monodisperse PE oligomers) 
up to 390 carbons long.36,46 Extrapolation to high-molecular weight PE is 
required in these studies since defect-free high-molecular weight PE is the 
ultimate objetive.1,37,38 Paraffin models allow the study of perfect primary 
structures, but the presence of methyl end groups leads to nonoptimal results 
when morphological behavior of these models are extrapolated to a high-
molecular weight systems. These methyl end groups can be thought as 
defects that at some extent impede crystallization. Comparisons between 
these two systems are useful, mostly from the point of view of the primary 
structure, but ambiguous results can be obtained.1,36–38 
 
Introduction of ADMET polymerization leads to the synthesis of perfect PE 
with absence of undesired SCB and SCBD. The polymer also known as 
ADMET PE is obtained via bulk polymerization of 1,9-decadiene in 
presence of first-generation Grubb’s or Schrock’s catalyst. The resulting 
polyoctenamer is exhaustively hydrogenated producing a completely 
saturated linear PE, as is shown in Figure 2. 

 

n

catalyst

6 6 n8

Exaustive
hydrogenation

Ru
PCy3

PCy3

Cl
ClMo

N
i -Pr

F3C
CF3

CF3
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7 8

 ’

Figure 2. ADMET polymerization of 1,9-decadiene followed by hydrogenation. 

First generation Grubbs’ catalystSchrock s catalyst
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Table 1. Effect of molecular weight on thermal behavior in linear ADMET PE 

Mn Polydispersity index (PDI) Tm (°C) (peak) ∆hm (J/g) 

2400 2.4 130.7 252 

7600 2.4 131.3 213 

11,000 1.9 132.0 221 

15,000 2.6 133.9 204 

 
Regardless of the difference in molecular weight, ADMET PE exhibits 
similar thermal behavior to that of HDPE. However, the molecular weight of 
ADMET PE can be controlled by regulating reaction time, temperature, and 
monomer to catalyst ratio. Table 1 shows the melting temperature (Tm) of 
ADMET PE with different molecular weights from 2000 to 15,000 g/mol. 
Despite the low molecular weight all samples show sharp Tm by DSC above 
130°C. Small increment on the peak melting temperature is observed when 
the molecular weight increases; however, when the number average 
molecular weight becomes 15,000 g/mol the melting transition seems to be 
the same that HDPE. Based on this melting behavior, it is obvious that 
regardless of the low molecular weight ADMET PE is useful for model 
studies.40,47 

3. Precise models of ethylene/α-olefin copolymers 

Polymers obtained by copolymerization of ethylene with α-olefins display 
diverse physical and chemical properties. Applications of these materials are 
directed related with extent of comonomer incorporated into the final 
polymer. More important is their thermal behavior which is dependent of the 
comonomer content and distribution.16,18,19,24,26–34,39 Synthesis of precisely 
placed methyl-branched PE was the first attempt in these modeling 
studies.41,42,44,47,48 Continuation of this research led to the development of 
ethyl-branched PE.41,47 These polymers are ideal models in comparison with 

 
Synthesis of these previous methyl- and ethyl-branched PEs has been success-
ful using different approaches in the preparation of the respective α,ω-diene 
monomers. However, an easy and very productive pathway for these 
monomers is based on the double alkylation of ethyl acetoacetate41,42,44,47,48 
or diethylmalonate.47,49 

1-propylene and ethylene/1-butene, respectively. 
those obtained by Ziegler–Natta or metallocene chemistry using ethylene/
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4. Precise models of ethylene/1-propylene copolymers 

Copolymers of ethylene with propylene (EP) are one of the members in the 
big family of statistically random alpha olefin copolymers.1,28,47 Perfectly 
sequenced EP copolymers can be obtained via ADMET polymerization of a 
symmetrical α,ω-diene monomer bearing a pendant methyl group. The 
indispensable α,ω-diene monomer was first prepared by alkylating ethyl 
acetoacetate42,47; however, a modified synthesis can be applied to the 
preparation of α,ω-diene monomers starting from diethylmalonate.47,49 
Figure 3 shows the synthetic scheme employed for preparation of diverse 
methyl α,ω-diene monomers, first alkylation of ethyl acetoacetate with 
alkenyl bromide produces a β-alkenyl-β-ketoester. The β-ketoester is then 
deacylated via retro-Claisen condensation. The resulting ester is further 
reduced to alcohol. Tosylation of the alcohol followed by displacement by 
hydride produces the required methyl branched diene monomers. 

 

OEt

O O 1)

2) Br
n

t-BuOK COOEtH3COC

n n

NaOEt

n nEtOH

COOEt
LAH

Et2O n n

OH

TsCl, pyr
CHCl3

n n

OTs
LAH

Et2On n

n Compound

3 14a
4 14b
6 14c
8 14d
9 14e

9 10 11

1314a-e

12

 

Figure 3. Synthesis of diverse methyl monomers. 

Polymerization of methyl α,ω-diene monomers 14a–e are carried out with 
first-generation Grubbs’ or Schrock’s catalyst. The produced unsaturated 
ADMET polymer is then exhaustively hydrogenated yielding ADMET PE 
with methyl groups precisely placed along the PE backbone. This strategy 
has been used to synthesize a pool of ADMET PE materials containing 
methyl groups on every 9th, 11th, 15th, 19th, and 21st carbon along the 
polymer backbone (Figure 4).42,47 

 
Thermal analysis of five ADMET polymers EP9–EP21 was performed using 
DSC. Table 2 summarizes the thermal behavior of such polymers. The 
endothermic transitions of each polymer are sharp and defined, as is shown 
in Figure 5,42,47 rather than broad and bimodal transitions usually observed 

28 Peak melting  for EP copolymers obtained via chain polymerization.
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n Compound

3 EP9
4 EP11
6 EP15
8 EP19
9 EP21

n n n n x

catalyst

n H2C=CH2

2n+2 x

Exaustive
hydrogenation

15 16

EP9-EP21, 17a-e  
Figure 4. General synthetic scheme for synthesis of symmetrical methyl-branched 
polyethylene models by ADMET. 

temperature of ADMET EPs increases when the branch content decreases, 
an increment on the melting enthalpies when longer ethylene run lengths are 
present indicates a more crystalline structure.42,47 
 

Table 2. Precise short chain branch distribution and its effect on thermal behavior 

 

EP copolymers obtained via Ziegler–Natta exhibit a broad and indistinct 
melting behavior when the percentage of propylene incorporated in the final 
material exceeds 15%.50,51 While ADMET PE shows very distinct and sharp 
endotherms comparable with PE obtained by commercial routes, Tm of 
134°C with ∆hm of 204 J/g, the precisely placed methyl group on every ninth 
carbon EP9 shows a melting transition at –14°C with a ∆hm of 28 J/g. This 
polymer melts about 150°C lower than linear ADMET PE. Also, melting 
enthalpy has shown a decrement of 176 J/g indicating a highly amorphous 
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Figure 5. DSC profiles for EP9, EP15, and EP21 copolymers. 

behavior. As the methylene spacing increases along the methyl-branched 
ADMET PE series, melting temperatures, and heats of fusion increase up to 
64°C and 103 J/g for EP21, PE containing a methyl group on every 21st 
carbon. All these ADMET PE models exhibited sharp and distinct melting 
behavior product of their semicrystalline behavior.42,47 Given that the series 
of methyl-branched ADMET PE exhibits a highly amorphous content, glass 
transition temperature of these materials becomes easy to measure. Three 

g

p
polymer backbone. 
 
It is evident that a molecular weight dependence of the melting behavior 
exists in polymeric materials.46,52 However, this study demonstrates that 
ADMET polymers posses sufficient high molecular weight capable of 
modeling EP copolymers. Two versions of ADMET EP copolymers were 
prepared containing a methyl branch on every 19th carbon, both possessing 

n

n

 
= 72,000 g/mol.42,47

polymers, which implies that a minimum number average molecular weight 
of approximately 15,000 is sufficient for comparison of this model with 
commercial EP copolymers.40,42,47 

–44°C and ∆C  of 27–29 J/g °C, regardless of the branch frequency along the 
ADMET PE were analyzed, EP9, EP11, and EP21, all displaying a T  of, 

M  A sharp melting endotherm of 57°C is observed for both 
dramatically different number average molecular weight M  = 17,400 and 
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5. Effects of short ethylene run lengths 

Modeling ADMET EP copolymers based on perfectly symmetrical mono-
mers has been the approach for the preparation of EP9 through EP21.42 
Because ring-closing metathesis is observed if the reaction is carried out 
with 1,6-heptadiene-based structures, synthesis of shorter branch run lengths, 
highly branched copolymers, requires polymerization via ADMET of 
“dimers” containing two methyl groups on each monomer unit. Figure 6 
shows the general approach for synthesizing ADMET monomers containing 
two precisely placed methyl groups as part of the monomer unit.53 
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Figure 6. General synthetic scheme for short ethylene run length monomers for 
ADMET. 

Synthesis of monomers 24 and 27 is based on diethyl malonate chemistry. 
Dialkylation of a dibromide with diethyl alkenyl malonate yields a tetraester 
diene. Diacid diene is obtained after saponification and decarboxylation of 
the respective tetraester diene. Reduction to the diol is achieved with lithium 
aluminum hydride. Subsequently, dimesylation of the respective diol foll-
owed by reductive cleavage with hydride yields the desired monomer 24  
and 27.53 
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Figure 7. Synthesis of EP7 copolymer. 

 
Figure 8. DSC profiles of EP5 and EP7. 

Polymerization of monomers 24 and 27 was carried out in the bulk with 
Schrock’s catalyst under high vacuum. High-molecular weight unsaturated 
polymers EP5u Mn = 26,000 g/mol and EP7u Mn = 12,700 g/mol were 
isolated, and exhaustive hydrogenation yielded EP5 and EP7, respectively. 
Figure 7 shows polymerization/hydrogenation of 24 yielding unsaturated 
polymer EP7u and PE bearing methyl groups on every seventh carbon EP7. 

DSC of these ADMET EP copolymers was performed to determine the 
effects of short exact run length on thermal response. As was mentioned 
before, all previously ADMET EP copolymers from EP9 to EP21 exhibit 
semicrystalline behavior. Increment of the peak melting temperature and 
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heat of fusion is observed while decreasing branch content along the PE 
backbone. However, EP5 and EP7 in contrast to polymers with lower branch 
content or higher ethylene run length exhibit fully amorphous behavior. 
While a β glass transition temperature for semicrystalline ADMET EP copoly-
mers has been reported at –43°C from EP9 to EP21 regardless of branch 
content, for EP5 a relaxation at –65°C with a ∆Cp of 0.5 J/g °C has been 
recorded. This relaxation transition assigned as the glass transition tempera-
ture is about 22°C lower than previously reported EP9 throughout EP21. 
Figure 8 shows the DSC profiles of these two fully amorphous sequenced EP 
copolymers EP5 and EP7. The dramatic shift to a lower temperature of the 
observed Tg is attributed to the highly methyl content along the polymer 
chain, which inhibits chain flexibility imparted by the ethylene run length 
along the backbone.20 
 
PE bearing methyl groups on shorter ethylene run length such as EP5 
represents the first example of fully amorphous precisely structured EP 
copolymer. The branch content necessary to avoid crystallization in this type 
of EP copolymers has become known, where the smallest crystallizable 
ethylene run length is six carbons. 

6. Precise models of ethylene/1-butene copolymers 

Copolymers of ethylene with α-olefins also known as LLDPE are an 
important topic due to their enhanced mechanical properties, structural 
simplicity, and industrial importance. Copolymers of ethylene with 1-butene, 
1-hexene, and 1-octene, have been obtained by copolymerization via 
Ziegler–Natta and metallocene chemistry.16,33,34 While many studies deal 
with modification of the catalyst and optimization of the reaction’s 
conditions, thermal behavior of LLDPE is more important for understanding 
the morphology of these materials.19,24,27,29–32,39 Inspired by the success 
obtained modeling EP copolymers via ADMET polymerization, extension of 
this investigation led us to the synthesis of PE with only ethyl branches 
precisely placed along the main backbone, or precisely sequenced 
ethylene/1-butene (EB) copolymers.41,47 In an effort to extend our LLDPE 
library to longer branch identities, a synthetic methodology based on our 
experience with EP copolymers was explored.41 The synthesis of monomers 
needed for modeling EB copolymers was challenging despite the apparent 
structural simplicity. Multiple synthetic procedures were attempted in order 
to obtain perfectly ethyl-branched LLDPE materials, our ultimate goal. The 
first synthetic strategy to produce ethyl-branched α,ω-diene monomers is 
based on alkenylation of ethyl acetoacetate, as is shown in Figure 9; 
however, some problems during reduction of tosylate impede the application 
of this methodology to longer chain length. The preferred synthetic approach 
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for these longer branch spacers is shown in Figure 10, where diethyl malonate is 
alkenylated in presence of base. Saponification of compound 37, decarboxy-
lation, reduction to the respective alcohol, followed by bromination yielded 
bromo alkyl α,ω-diene 40. A single carbon homologation was then performed 
by addition of CO2 to the respective Grignard of 40.41,47 

 

OEt

O O
O O

OEt

3 3 3 3

3 33 33 3

1.)

2.) Br
3

LiCl
DMSO / H2O

∆

LiAlH4 Et2O

TsCl, pyr

CHCl3

1M Li(Et)3BH/THF

THF3 3
+

(Super Hydride)

t-BuO-K+
O

OHOTs

30 31 32

33343536

 
Figure 9. Ethyl-branched monomer synthesis via acetoacetate route. 
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Figure 10. Synthetic pathway to ethyl-branched monomer via malonate modification. 

Similar to the results obtained for EP copolymers, precisely sequenced EB 
copolymers increase the peak melting temperature, enthalpy, and crystallinity 
with increasing run length. Like EP copolymers, SCB influences the melting 
behavior of ADMET EB copolymers; however, the most determinant factor 
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on the final physical properties seems to be the SCB distribution.41 A direct 
comparison between these two classes of copolymers, EP9 and EB9, shows a 
dramatic effect as is shown in Figure 11. PE containing a methyl branch on 

shows only a glass transition temperature of –76°C with no apparent melting 
behavior. 

 
Figure 11. Comparison of EP9 (top) and EB9 (bottom) DSC traces. 

 
The only viable explanation for this thermal behavior difference results from 
the difference in branch content. While crystallization is observed when 
methyl branches are present on every ninth carbon, the analogous polymer 
with ethyl branches only shows amorphous behavior. In the case of EP9, the 
pendant methyl branches are too small for inhibiting crystallization. Although 
it has not proved, it is possible that methyl groups can fit within the crystal 
lattice in small concentration.41,42,44,47 On the other hand, ethyl branches on 
EB9 copolymer are big enough for blocking crystallization. An increment of 
one carbon unit over the branch identity results in such dramatic change in 
the thermal behavior, this phenomenon suggests the inability of ethyl 
branches to reside within the crystalline lattice at such high concentrations 
producing a fully amorphous material. 
 
In a similar manner of EP copolymers, the crystal formation and crystallization 
kinetics of EB copolymers is directly affected when the overall branch 
content is increased. For example, increasing the branch content in EB 
copolymers produces diverse thermal behavior, from fully amorphous EB9 
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Figure 12. DSC profiles of EB9, EB15, and EB21. 

to semicrystalline EB21. Figure 12 shows the DSC profiles of EB9, EB15, 
and EB21. While EB9 showed only a glass transition temperature at –76°C 
with no apparent melting transition, EB21 showed a sharp and defined melting 
transition at 35°C. However, decreasing the run length from 20 to 14 carbons 
produces a bimodal profile with a melting temperature of –33°C and –6°C. 

7. Random models of ethylene/α-olefins copolymers 

7.1 Random methyl branching 

While previous studies containing precisely placed methyl- and ethyl-
branched PE copolymers via ADMET are perfectly sequenced models of EP 
and EB materials, copolymers of ethylene with α-olefins are obtained in a 
statistically random fashion using Ziegler–Natta or metallocene chemistry. 
Although these materials can be obtained totally randomized, imperfections 
over the branch identity are usually incorporated into the PE backbone due 
to the chain nature of this chemistry. Randomly branched copolymers with 
only one kind of branch identity can be created using ADMET, copolymeri-
zation followed by exhaustive hydrogenation of a methyl-branched α,ω-diene 
with an unbranched α,ω-diene yields statistically random EP copolymers.44,47 
Randomness in the final material is assured since copolymerization of both 
diene monomers is carried out, and no electronically or sterically major 
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differences are present promoting transmetathesis of the monomer units. 

 
The melting temperatures for model random EP copolymers follow a similar 
pattern to commercial materials obtained via chain chemistry. As the methyl 
branch content increases, the peak melting temperature, percent crystallinity, 
and heat of fusion decrease.44,47 A decline in the melting temperature when 
methyl branches are incorporated into the PE backbone is observed, starting 
from perfectly linear PE with Tm of 133°C, to PE with 55.6 methyl branches 
per 1000 carbon atoms with Tm of 52°C.44 Table 3 shows the peak melting 
temperature, heat of fusion, and percent crystallinity of all six materials 
obtained via ADMET copolymerization. 
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Figure 13. Synthesis of statistical EP copolymers by varying diene comonomer ratios. 

Polymers with the highest amount of propylene incorporation (43.3 and 55.6 
branches per 100 carbons) show broad and indistinct DSC profiles similar to 
commercial materials; however, lower amount of propylene is reflected as 
sharp and well-defined endotherms similar to those obtained in perfectly 
sequenced EP copolymers. Polymers with perfectly placed methyl branches 
containing 45 methyl branches per 1000 carbons have shown sharp, well-
defined distinct melting temperatures, while randomized analog systems 
have shown broad, ill-defined melting transitions, which is attributed to the 
lower microstructural order due to randomization of the methyl branches 
along the main PE backbone. Figure 14 illustrates the difference in thermal 
behavior when PE containing 45 methyl branches per 1000 carbons are 
placed in a precisely (top) and randomly (bottom) fashion along the 
backbone.44,47 

nomer content, which models their industrial EP copolymers analogs. 
Figure 13 shows six statistical copolymers bearing different methyl como-
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Table 3. The effect of increasing branch content on thermal behavior and crystallinity in 
random EP copolymers 

Polymer Methyl branches 
per 1000 carbon 

atoms 

Tm (°C) 
(peak) 

∆hm (J/g) Crystallinity 
(%) 

Linear ADMET PE 0 133.0 230.0 78.5 

45a  1.5 129.0 207.6 71.3

45b  7.1 123.2 183.4 62.1

45c 13.6 119.0 165.8 56.3

45d 25.0 111.6 137.3 47.6

45e 43.3 80.7 87.0 29.6

45f 55.6 52.1 85.0 29.0

 
 

 
Figure 14. DSC traces of precise methyl (top) and random methyl (bottom) polymers 
having similar branch content. 
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Thermal analyses of EP copolymers have shown interesting thermal behavior 
due to the precise microstructural control, unique lamellar thicknesses are 
observed since control of the methyl branch frequency is imparted along the 
polymer backbone. While precisely branched systems present sharp well-
defined endotherms due to exact run length between branches, random systems 
exhibit broad thermal responses due to variable lamellar thickness imparted 
by the uneven ethylene run length. In contrast to the precisely placed methyl 
branched EP copolymer, the random EP material exhibits a higher peak 
melting temperature and a lower enthalpy of fusion, which is attributed to 
longer ethylene run length and lower crystallinity due to the variable lamellar 
thickness imparted by those sections. These facts illustrate the effect of random 
and uniform SCB on EP copolymers. ADMET is proven to impart control 
over the branch content and more importantly branch identity, allowing for-
mation of model polymers unobserved before in any EP copolymerization 
via conventional chain chemistry.44,47 

8. Conclusions 

ADMET polymerization has been proven useful in modeling precisely 
sequenced and random ethylene/α-olefin copolymers. PE materials produced 
via ADMET polymerization have shown unique properties in terms of their 
thermal response and morphology. In contrast to commercial LLDPE 
obtained by chain-growth polymerization, materials obtained with step-
growth ADMET polymerization show perfectly known primary structures. 
Sequenced ethylene copolymers containing only one kind of branch identity 
along the backbone have shown to produce model materials with precise 
microstructure, useful for a better understanding of commercial PE. 
Sequenced ethylene copolymers produced using ADMET exhibit unique 
properties not seen before using chain-growth chemistry. 
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Abstract: Polyethylene (PE) is a commodity produced on a massive scale and also 
is one of the most studied macromolecules. Crystallinity can be controlled by 
copolymerizing ethylene with α-olefins, producing a wide range of material responses. 

branch content that is directly related to the comonomer incorporation into the PE 
backbone. Materials with unknown primary structures are produced via chain-
growth chemistry, because unwanted side reactions generate defects in the main 
backbone that alter the morphological behavior and thermal response. Acyclic diene 
metathesis (ADMET) polymerization/hydrogenation methodology produce perfect 
sequenced copolymers of ethylene with α-olefins. Synthesis and thermal properties 
of PE with butyl branches precisely placed along the polymer backbone using 
ADMET chemistry is described within. 
 
Keywords: acyclic diene metathesis, ADMET, polymerization, butyl branches 

1. Introduction 

Polyethylene (PE) is the most widely utilized thermoplastic polymer today. 
In the next 5 years its worldwide demand is forecast to grow about 5% 
annually.1 Its synthesis was first reported in the 1930s when Friedrich and 
Marvel reported low molecular weight PE by accident during high-pressure 
experiments with ethylene.2 Later in 1933, the British chemical company 

obtained by free-radical polymerization. The patent for its large-scale pro-
duction was obtained in 1937.3 
 
The free-radical polymerization of ethylene produces low-density PE 
(LDPE). The reaction is carried out by chain propagation radical chemistry 

3

primary polymer structure. While free-radical polymerization of ethylene 
produces highly branched architectures, polymerization of ethylene using 
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Physical properties of PE, obtained via α-olefin copolymerization, depend on the 
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highly crystalline, more linear, materials ranging from 62% to 80% crystalli-
nity by density measurements. A wide range of material responses based on 
their crystallinity can be achieved by copolymerization of ethylene with  
α-olefins. The incorporation of a comonomer, typically 1-propylene, 1-butene, 
1-hexane, or 1-octene, produces long-run lengths of unbranched linear PE 
with random insertion of comonomer yielding pendant alkyl branches. 
Diverse types of materials can be obtained by controlling the mode of 
polymerization, catalyst nature, pressure, and temperature, all of which have 
been studied for the last 60 years.4,7,10–23 Physical properties of PE obtained 
via α-olefin copolymerization depend on the branch content that is directly 
related to the comonomer incorporation into the PE backbone. More 
important is the interaction between polymer chains.16–18,23–28 However, 
synthetic methodologies used in the preparation of branched PE produce 
materials with unknown primary structures, because unwanted side reactions 
produce defects in the main backbone that alter the morphological behavior 
and thermal response. 
 
A different approach of modeling ethylene-based copolymers is presented 
using acyclic diene metathesis (ADMET) polymerization. Monomer synthesis 
dictates final polymer structure due to step-growth chemistry yielding only 
to olefin metathesis. While copolymerization of ethylene with α-olefins pro-
duces random distribution of alkyl branches along the PE backbone, poly-
merization of one kind of symmetric macromonomer produces PE with a 
perfectly known primary structure, as seen in Figure 1. 

 

 

Figure 1. Retrosynthesis of sequenced ethylene-co-1-hexene. 

ADMET is a step-growth condensation polymerization, where ethylene is 
the condensed product. Elimination of ethylene gas is the driving force of the 
reaction, producing an unsaturated high molecular weight polymer in the 
bulk. Figure 1 shows the retrosynthesis of these copolymers, with butyl 
branches precisely placed along the polymer backbone. The first attempt in 
these modeling studies was performed on PE containing methyl branches on 
each and every 9th, 11th, 15th, 19th, and 21st carbon along the backbone,29 
continuation of this research led to the development of ethyl-branched PE, or 
sequenced ethylene-co-1-butene.30 In comparison of PE obtained by Ziegler–
Natta or metallocene chemistry, polymers obtained via ADMET are ideal 
models of PE copolymers of sequenced ethylene/1-propylene and ethylene/ 
1-butene respectively. 

 G. Rojas and K.B. Wagener 
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2. Experimental 

ADMET polymerization was conducted in the bulk on 1.0 g scale. A 
Schlenk flask equipped with a high-vacuum Teflon valve and a magnetic stir 
bar was placed in an argon-filled dry box. The monomer was transferred to 
the polymerization flask and first-generation Grubbs’ catalyst (monomers/[Ru] 
= 250/1) was added. The polymerization was moved out of the box and onto 
a high vacuum line for 3 days. Quenching with ethyl vinyl ether and pre-
cipitation from toluene into methanol yielded a white solid. Hydrogenation 
was performed using a 150 mL Parr high-pressure stainless steel reaction 
vessel equipped with a glass liner and a Teflon stir bar. The unsaturated 
polymer was dissolved into 100 mL of toluene and added a glass liner with 5 
w/w % of RuHCl(CO)(PCy3)2. The glass liner was placed into the vessel, 
and the bomb was sealed. The Parr vessel was purged three times with 150 
psi of hydrogen gas. The bomb was charged to 700 psi and the mixture was 
stirred for 24 h at 50°C followed by 96 h at 80°C (120 h total). The resultant 
polymer was filtered and precipitated into acidic methanol to obtain a 
colorless and viscous oil. 

3. Results and Discussion 

This study reports the synthesis and characterization of butyl-branched PE as 
a model for a sequenced copolymer of ethylene and 1-hexene. The ADMET 
polymerization of the symmetrical butyl-substituted diene monomer, followed 
by exhaustive hydrogenation, yielded a copolymer containing a butyl branch 
on each 15th and 21st carbon. The product polymer obtained by this polymeri-
zation/hydrogenation methodology has linear PE backbone without unwanted 

shown in Figure 2. 

 

Figure 2. Synthesis of α,ω-olefins via dialkylation of hexanenitrile. 

ADMET produces polymers from a metal mediated coupling of two terminal 
olefins driven by the condensation of ethylene, as is shown in Figure 3. The 
controlled polymerization allowed by ADMET produces polymers with 
perfect branch identity and distribution along the polymer backbone. 

 

 
α, ω-diene monomers using commercially available alkenyl bromides, as is 
we describe a new universal synthetic pathway to yield pure alkyl branched 
branch content and homogeneous branch distribution. Within this report, 
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Figure 3. Synthesis of PEH15 and PEH21 via ADMET polymerization and its further 
hydrogenation. 

 
This chemistry yields a linear, unsaturated polymer, which is formed by only 
one type of repeat unit. The polymerization is carried out using Schrock’s or 
first-generation Grubbs’ catalyst,31–36 followed by hydrogenation. The nomen-
clature of our metathesis generated copolymers is based on the parent chain-
addition copolymer. All copolymers begin with the prefix E (PE) followed 
by the comonomer type (H, 1-hexene) and the precise branch frequency 
(21); for example, EH21 is designated as the ethylene/1-hexene copolymer, 
which contains a butyl branch on every 21st carbon. 

 

 
 

Figure 4. 13C NMR of unsaturated and saturated PEH21. 

The primary structure of all polymers has been fully characterized by 1H 
NMR and 13C NMR. Figure 4 shows the 13C NMR spectrum of EH21 before 
and after exhaustive hydrogenation as an indication of complete saturation of 
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the hydrocarbon chain. The olefin region illustrates the conversion of mono-
mer to unsaturated polymer with the disappearance of the terminal olefin signal 
and the subsequent growth of internal olefin. Upon exhaustive hydrogenation, 
these olefin resonances completely disappear showing a simple and clean 
spectrum proper of a saturated PE structure. 

Differential scanning calorimetry (DSC) has been used to examine the morpho-
logy and structure of PE. Numerous investigations are available concerning 
the structure and thermal properties of branched PE, particularly for LDPE 
and HDPE made by chain-addition chemistry.18,23,25–28,37  

 
 

Figure 5. DSC plot of PEH15 and PEH21 obtained by ADMET. 
 
Figure 5 shows the DSC plot obtained by the analysis of EH15 and EH21. 
Endothermic transitions of each polymer are sharp and defined rather than 
broad transitions usually observed for copolymers obtained via chain poly-
merization.27 Peak melting temperature of ADMET EHs increases when the 
branch content decreases, an increment on the melting enthalpies when 
longer ethylene run lengths are present indicates a more crystalline structure. 

4. Conclusions 

A new and universal synthetic methodology in the preparation of alkyl 
branched α,ω-olefins is reported. Dialkylation followed by decyanation 
produces monomers in two steps in quantitative yields, making this route a 
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cost effective and efficient synthesis. Using this new monomer synthesis, the 
production of PE with precisely placed butyl branches was explored via 
ADMET. Sequenced ethylene-co-1-hexene, or precisely butyl-branched PE, 
obtained is interesting in terms of its thermal response and crystallization as 
it sheds light on structure–property relationships are a widely produced 
material. 
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Abstract: Polyethylene (PE) and poly(vinyl chloride) (PVC) are among the most 
important polymers produced in industry, although other halogen-containing deri-
vatives of PE, such as poly(tetrafluorethylene) (PTFE) have also found wides 
pread use. A related class of polymers is the ethylene-co-vinyl-halide family. Such 
copolymers are expected to show distinct properties relative to their better known 
industrial analogues. For example, much interest has focused on ethylene vinyl 
chloride (EVC) polymers based on their potential for improved thermal stability 
relative to PVC. Various techniques have been used to synthesize these ethylene 
vinyl halide (EVH) copolymers and the simplest approach is halogenation of PE, 
which results in an irregular distribution of halogens along the polymer backbone 
and poorly defined materials. Direct copolymerization of ethylene/vinyl-halide 
monomers using free radical techniques results in polymers that contain numerous 
structural defects, and Ziegler–Natta conditions prove difficult for controlling the 
copolymer composition. Conversely, acyclic diene metathesis polymerization 
(ADMET) has been successfully employed for the synthesis of precisely defined 

ADMET, variation in the monomer structure gives rise to a broad range of precisely 
defined polymers, allowing easy correlation of structure–property relationships. 
Here we discuss a family of precision fluorine, chlorine, and bromine containing 
polyolefins synthesized via ADMET. These polymers are analyzed in order to 
establish how the halogen size affects the crystalline structure. The level of 
structural control achieved via ADMET in these halogen-containing polyolefins 

thermal and crystalline analysis reveals a strong effect of the nature of the halogen 
substituent on the polymer properties. 

Keywords: Olefin metathesis, ADMET polymerization, ethylene/vinyl halide, poly-
ethylene 

1. Introduction 

Polyolefins are perhaps the most important large volume polymers produced 
today.1 Modification of the parent structure through halogen incorporation, 

The George and Josephine Butler Polymer Research Laboratory, Center for 
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EVC polymers, with a chlorine atom on each and every 19th carbon (PE19Cl). With 
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surpasses that previously reported in the literature for EVH polymers. Detailed 
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as in the case of poly(vinyl chloride) (PVC) or poly(tetrafluorethylene) 
(PTFE), extends the range of applications as a result of changes in polymer 
structure at all levels.2 The copolymer ethylene vinyl halide (EVH) 
analogues are also of interest as, for example, ethylene vinyl chloride (EVC) 
copolymers offer improved thermal stability relative to PVC.3 Similarly, 
ethylene vinyl fluoride (EVF) polymers, such as poly(vinyl fluoride) (PVF), 
poly(vinylidene fluoride) (PVF2), and poly(ethylene-alt-tetrafluorethylene) 
are of value.4 Comparatively less known are the ethylene vinyl bromide 
copolymers and partially brominated polyethylene (PE).  
 
As is relevant to EVH polymers, it has been known for decades now, that ran-
dom incorporation of relatively small amounts (<10 mol %) of a structural 
irregularity in PE generates copolymers possessing thermal properties that 
adhere to thermodynamic principles of phase transitions in two-component 
systems.7 The large amount of experimental data that exists demonstrates 
that large side groups such as ethyl, propyl, vinyl acetate, and styrene are not 
incorporated into the copolymer crystal lattice.8 Their solid–liquid transition 
follows the basis of Flory’s equilibrium theory derived on the assumption of 
formation of a pure crystalline phase.9 On the other hand, smaller side groups 
such as methyl, chlorine, and oxygen can be partially incorporated into the 
crystalline lattice.7 Differences in partitioning of the side groups has a strong 
impact on the thermodynamic and physical properties of these copolymers. 
Thus, melting temperatures of random copolymers with Cl pendant groups 
and CH3 branches are significantly higher than those of copolymers with 

10

present in the former type. 
 
A more complex problem is the analysis of the thermodynamic behavior of 
random ethylene copolymers with > ~10 mol % branch points in the main 
chain. At these high-branching levels, the melting temperatures and degrees 
of crystallinity usually deviate upward from the linear trends observed at the 
lower branching contents,11,12 and divergences are accentuated for copolymers 
with side groups that can be accommodated in the crystal.13,14 In reference to 
thermodynamic principles, the branching distribution in highly branched 
systems is of concern as it relates to how closely the crystallization behavior 
follows models based on selection of crystallizable sequences. A decreased 
length of continuous methylene sequences might cause a different crystalli-
zation mode,13 consistent with observations of a change in crystallographic 
packing with increasing comonomer content.13,14,15,16 Understanding the 
details of the crystallization behavior for these highly branched systems can 
only be accomplished via model polymers with well-defined microstructures. 

 

ferences reflect the fraction of longer continuous crystallizable sequences 
 The dif-matched compositions of side groups excluded from the crystal.
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Correlating precisely defined primary structure with crystalline properties 

Acyclic diene metathesis polymerization (ADMET)17 polymerization leads 
to polymers with precisely defined microstructures and, hence, to excellent 
models to study the crystallization behavior of highly branched ethylene 
copolymers. With ADMET, variation in the monomer structure gives access 
to a broad range of precisely defined polymers, allowing direct correlation of 
structure-property relationships.18 This “clean polycondensation” chemistry 
is used here to produce a branched architecture characterized by the precise 
branch placement every “n” fixed methylene units according to the following 
structural repeating unit: 
 

   −[(CH2)n−CH]y− 
         ⏐ 

    X 
 

The unique characteristics of these systems permit the study of ideal models 
of functionalized PE with precisely placed substituents in which n and X can 
be varied independently. Here we discuss the crystalline properties of a 
series of precision ADMET PE structures containing fluorine, chlorine, and 
bromine located on each and every 19th carbon (n = 18) along the polymer 
backbone. The effect of the substituent on the crystallographic packing is 
studied using infrared (IR) spectroscopy and wide angle x-ray diffraction 
(WAXD), while the partitioning of the substituent between crystalline and 
noncrystalline regions is inferred from solid-state nuclear magnetic reson-
ance (NMR) spectroscopy and from the polymer’s thermal behavior. The 
systematic increase of van der Waals radius of the substituents in the series 
allows quantitative data of the degree to which the orthorhombic PE lattice 
can tolerate atomic hydrogen substitution. The thermodynamic properties of 
these model systems is directly correlated to substituent radius and bond 
lengths to establish fundamental grounds for strategies to modify structural 
and thermal behavior of PEs. 

2. Results and discussion 

The synthesis of fluorine, chlorine, and bromine substituted EVH polymers 
with a halogen on each and every 19th carbon required the preparation of 
α−ω diene monomers, followed by ADMET polymerization and subsequent 
exhaustive hydrogenation as described previously.19 The primary structure 
for these well-defined halogenated polyolefins was established using a 
combination of 1H NMR, 13C NMR, thermogravimetric analysis (TGA), IR 
spectroscopy, and elemental analysis. The precise structure of the polymers 
is supported by NMR, while TGA results prove the composition of the poly-
mer through the clearly observed thermal decomposition and release of exact 
masses of HX (calculated HF = 7.0% and HBr = 23.5%, found HF = 7.3 %, 
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and HBr = 22.7%), followed by catastrophic decomposition. The mass loss 
in all cases is in accord with the theoretically calculated value. 
 
Figure 1 shows the IR spectra for thin films of the three halogenated poly-
mers, which support the expected primary structure. Here the absence of a 
peak at 967–969 cm–1, corresponding to the out-of-plane C–H wag (γw) of an 
alkene,20 indicates complete hydrogenation of the polymer backbone. Further, 
the IR spectra support the presence of each of the expected halogens on the 
polymer backbone. For PE19F (PE19X indicates a PE backbone with a 
halogen substituent (X) on every 19th carbon), the sharp peak at 1068 cm–1 
protruding from a broader underlying peak is characteristic of the C–F 
stretch.21 The peaks observed at 611, 660, and 802 cm–1 in PE19Cl are 
characteristic of C–Cl stretching vibrations,22 while for PE19Br, the peak at 
612 cm–1 is assigned to the vibrations of the C–Br bond.6 Insight into the 
crystalline structure of these precisely halogenated polymers is also provided 
by this IR data. In this case, the significant peaks are those found at ~720 
and ~1470 cm–1, which correspond to the vibrational modes of the CH2 
sequences in PE analogues.22 For PE19F, the doublets observed at 721–730 
and 1463–1472 cm–1 are the same as observed in crystalline PE. The band at 
~720 cm–1 corresponds to long trans CH2 sequences and the band at 730 cm–1, 
is associated with the rocking vibrations of CH2 sequences of five or more 
carbons.14,23 The IR spectra for PE19Cl and PE19Br are clearly different  
 

 
Figure 1. IR spectra for thin films of PE19F, PE19Cl, and PE19Br cast on KBr disks. 
(Reproduced from [19]. With permission.) 
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from that of the fluorinated analogue PE19F and pure PE, suggesting a 
distinct difference in the crystalline packing of these polymers. The Cl and 
Br polymers show a single peak rather than doublets at ~720 and ~1470 cm–1 
suggesting that these polymers possess similar crystalline features, yet differ 
from PE19F or pure PE. Both WAXD and solid-state 13C NMR studies of 
the crystalline structure, presented in the following sections support these 
results. 
 
X-ray diffractograms of halogen containing ADMET samples cooled from 
the melt at 1°C/min are shown in Figure 2 together with the patterns of 
PE19O (with a C=O group on each and every 19th carbon) and of a linear 
PE narrow fraction in the same molecular weight range. All samples display 
very sharp diffraction peaks, except for the broader pattern of the brominated 
material. In contrast, random ethylene copolymers with the same type of 
branching having similar or lower branching levels are known to show much 
broader WAXD patterns.13,20,24 Therefore, the sharp diffractograms in Figure 
2 suggest a homopolymer rather than copolymer-like crystallization behavior. 
Also, it is evident that while substitution with O or F every 19th carbon does 
not alter the orthorhombic unit cell packing of linear PE, substitution with 
bulkier atoms leads to the formation of a different crystallographic phase. 
 
Diffraction peaks at ~19° and ~22° for the Cl and Br containing samples 
were also found in similar precisely placed methyl-branched polymers and 
indexed as (010) and (100) diffractographic planes of a triclinic cell.25 
Therefore, the diffractograms of PE19Cl and PE19Br are assigned to 
triclinic structures. Compared to the orthorhombic packing displayed by PE 
and polymers with F and O substitutions, the triclinic pattern is a degenera-
tion in the scale of symmetry supporting previous speculation25 that a 
reduced order is needed to facilitate minimum spatial requirements to accom-
modate the bulky Cl, Br, or CH3 groups between adjacent molecules in the 

content of side groups but randomly distributed.13,15,16,20,24 In such systems 
single WAXD peaks were associated with defective orthorhombic or 
pseudohexagonal structures. Therefore, the progression of WAXD patterns in 
Figure 2 is clear evidence that both the type and distribution of the 
substituent has an impact on the chain ordering of branched or substituted 
PEs at the most fundamental level. 
 
The 2θ values of the diffraction peaks, together with other characterization 
data, are summarized in Table 1 for PE and the ADMET precisely sub-
stituted polymers. Also listed are X van der Waals radii and C–X bond 
lengths. Inspection of these data allows evaluation of lattice expansions in 
 

fraction pattern observed for methyl branched PE or for EVCs with the same 
crystal. The triclinic pattern is substantially different from a single dif-
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Figure 2. WAXD diffractograms of linear PE and ADMET precisely substituted 
PEs slowly cooled from the melt at ~1º/min. The pendant group (X = H, O, F, Cl, 
Br) is indicated in each pattern. (Reproduced from [19]. With permission.) 
 
reference to geometric constraints imposed by the solute X in the adjoining 
matrix. Compared to the unsubstituted PE chain, the shift of 2θ (110) and 2θ 
(200) in the PE19F and PE19O patterns to lower angular values indicates 
the expansion of the orthorhombic lattice due to an increase in both van der 
Waals radius and bond length of C–F and C=O respectively. Similarly, the 
increase in the spacing of the triclinic (010) plane from 2θ = 22.47° (3.96 Å) 
for PE19Cl to 2θ = 21.95° (4.05 Å) for PE19Br is also explained by the 
increased radius and bond length of the Br atom. These angular shifts are as 
expected for the significant incorporation of side groups into the crystalline 
structure. Further, the sharp diffraction peaks indicate a strong correlation of 
diffractographic planes and highly organized crystalline structures. 

The diffractograms of Figure 2 also indicate that there is a significant amor-
phous region in these systems that increase with the bulkiness of the sub-
stituent. To estimate the degree of crystallinity from the diffractograms, the 
WAXD patterns obtained at 150°C were scaled and subtracted from the room 
temperature patterns. Crystallinity levels obtained are listed in Table 1 and 
range from 83% for PE to ~ 40% for PE19Br. For comparison, random 
ethylene copolymers with the same level of methyl branching or chlorine 
pendant groups (~5.3 mol %), display much lower levels of crystallinity 
(~25%) with less organization.13,26,27 In the random systems, one can then 
conclude that the initial selection of long methylene sequencesover sequences 
containing for example Cl or Br substituents, imposes additional constraints 
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Table 1. Crystalline data of precision ADMET polyolefins (PE19X) with general 
structure –[(CH2)18-CHX]y–. Melting and crystallization temperatures and heat of 
fusions correspond to samples crystallized and melted at 10°C/min. (Reproduced 
from [19]. With permission.) 

 
 
in the topology of the remaining melt for gathering additional sequences 
with the required length to propagate crystallization. Specifically, the crysta-
llization is primarily driven by the selection of continuous crystallizable sequen-
ces longer than a critical value in the random systems, while shorter sequences 
remain uncrystallized. The lack of branching distribution in ADMET PEs 
with side groups on every 19th carbon, invokes a homopolymer-like crystalli-
zation with a driving force led by the accommodation of the side group in an 
all trans backbone packing conformation. This crystallization mode explains 
the sharp diffractograms. 
 
The fact that precisely substituted ADMET polymers display relatively high 

28 In packing backbone sequences in all trans 
conformation, substitution of a H for O, F, Cl, or Br on each and every 19th 
carbon creates lattice distortions on levels proportional to the solute’s van 
der Waals radius. As seen in Table 1, the orthorhombic lattice is preserved in 
this series up to a radius of ~1.6 Å, while bulkier atoms cause large lattice 
distortions to the point that correlated symmetry between crystallographic 
planes is only found within a different phase with significantly larger 
dimensions.29 Relative to hydrogen, the discontinuity of isomorphic structures 
in this series occurs at a difference in van der Waals radius of ~30%. This is 
larger than the ~15% difference usually cited for the formation of isomor-
phic metallic solid solutions,28 but not unexpected, taking into account the 
chain connectivity of polymer molecules and the weaker covalent bonding. 
 

stitutional solid solutions.
levels of crystallinity suggest a crystalline state built on the basis of sub-
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A further insight into the unique crystallization mode in this family of 
precisely substituted PEs is observed in their crystallization and melting 
behaviors as measured by differential scanning calorimetry (DSC) shown in 
Figure 3. The sharpness of the crystallization and melting traces are typical 
of the behavior of low molecular mass homopolymers, and they contrast 
with the much broader endotherms displayed by random ethylene copoly-
mers of similar branching composition.10,20,26 These thermodynamic features 
also point to a mechanism for ordering the precisely branched ADMET 
polymers that is not based on a partitioning of sequences in the crystalli-
zation process, observed typically in random copolymers.7 In the random 
case, a richer melt in substituents is inevitable due to the chain’s noncry-
stallizable short sequences; this feature leads to an inequality in partitioning 
of the substituent between the crystalline and noncrystalline regions. As a 
consequence, the composition of the melt coexisting with crystallites changes 
continuously during melting, leading to the broad endotherms usually observed 
in the random systems.11,30 

 

 
 
Figure 3. DSC exotherms (a) and endotherms (b) of linear PE and precisely substituted 
polyethylenes cooled from the melt at 10ºC/min and further heated at 10ºC/min. 
(Reproduced from [19]. With permission.) 

 
The peak melting temperatures decrease dramatically and proportionally to 
the van der Waals radius in the series of halogenated polymers, as seen in 
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Figure 4. We observe that for similar van der Waals radii, shorter bond lengths 
increase the melting temperature as illustrated by the ~7° higher melting of 
PE19O compared to PE19F. Similarly, the melting temperature of PE19CH3

27 
is higher than predicted from the van der Waals radii due to a much shorter 
C–C bond length. The high heat of fusion of PE19F (Table 1) is associated 
with a high electronegativity of the F atom and its likelihood of increasing 
intermolecular secondary bonding compared to the other members of the 
series. 
 

 

Figure 4. Peak melting temperatures of precisely substituted polyethylenes (PE19X) 
versus van der Waals radius of substituent (X). The linear regression was applied to 
halogenated samples. (Reproduced from [19]. With permission.) 

 
The distribution of side groups among the different phases of the semicry-
stalline structure was probed by cross-polarized (CP) MAS NMR experiments 
that isolate the spectra of the crystalline regions.31,32 Resonances in the cry-
stalline spectra that are associated with the methine carbon or carbons adjacent 
to the methine group allow direct quantitative data on the content of these 
groups in the crystalline regions and, hence, on the partitioning of the side 
groups. Unfiltered CP MAS spectra, shown in Figure 5a reveals an increase 
of the intensity of the amorphous CH2 resonance (~31 ppm) with the size of 
the substituent, reflecting a decrease of crystallinity from PE19F to PE19Br, 
in agreement with the WAXD data. Also of interest is the chemical shift 
corresponding to crystalline CH2 of PE19F, observed at 33.1 ppm, a value 
that is very close to the all trans orthorhombic linear PE. This similarity in 
chemical shifts confirms that PE19F maintains the orthorhombic packing of 
the PE chain. 
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Resonances of carbons associated with the substituents are still observed in 
the filtered crystal spectra (Figure 5b) even after subtraction of most of the 
amorphous components. These include the methine (CHX ~65 ppm for Cl 
and Br and ~97 ppm for F), the α CH2 (~ 40 ppm) and the β CH2 (observed 
at 28.6 ppm for PE19F, at ~31.0 ppm for PE19Cl and buried within the 
main CH2 resonance in the spectrum of PE19Br). These resonances confirm 
that all the types of halogen side groups are incorporated in the crystalline 
regions of these systems. The resolved character of the relatively sharp α 
CH2 resonances and the resonance associated with the CHX in the crystalline 
spectra allow us to integrate these lines against the integrals of the main 
peaks and, thus, deduce the concentration of F, Cl, and Br groups in the 
crystal. Accounting for the larger experimental error associated with integration 
of broad CHX resonances, the values obtained for the concentration of halo-
gen in the crystal from any of the resonances associated with the side groups 
are very similar to the concentration of halogen in the chain (5.3 mol %). 
Therefore, analyses of CP MAS spectra confirm the uniform distribution of 
the halogen in the semicrystalline structure and thus, the homopolymer 
crystallization behavior of these systems. 

 

 
 
Figure 5. (a) Unfiltered 13C NMR CP MAS spectra; and (b) 1H spin locking filtered 
(crystalline) spectra of precision PE19X (X = F, Cl, Br) polyolefins. (Reproduced 
from [19]. With permission.) 
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3. Conclusions 

The unique crystallization behavior of a series of precisely substituted 
polyolefins, with halogens (F, Cl, Br) on each and every 19th carbon, has 
been described. The very sharp diffraction patterns observed by WAXD and 
the narrow melting and crystallization peaks found by DSC for these 
polymers conform to a homopolymer-like crystallization. These observations 
contrast with much broader diffraction and melting peaks observed in 
ethylene copolymers with matched concentrations of randomly distributed 
side groups. In reference to the random copolymers, precisely substituted 
ADMET polymers display relatively high levels of crystallinity, as measured 
by WAXD, and a crystalline state built on the basis of substitutional solid 
solutions. The accommodation of O, F, Cl, or Br groups in the crystal creates 
lattice distortions on levels proportional to the solute’s van der Waals’ 
radius. The magnitude of the distortions is such that the PE orthorhombic 
lattice is only preserved up to a radius of ~1.6 Å (F, O substituents). Accom-
modation of bulkier substituents (Cl, Br) degenerates the correlated symmetry 
to a triclinic lattice with significantly larger dimensions. Direct solid-state 
13C NMR investigations of the crystalline and noncrystalline regions evidence 
a uniform partitioning of all of these substituents between the different 
phases. While crystallization of the random type is led by the selection of 
long crystallizable sequences, in these precision polyolefins it is governed by 
the accommodation of the side groups into the crystal. As such, both type 
and distribution of the substituent impact the chain ordering of branched and 
substituted PEs at the most fundamental level. 
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Abstract: Poly(propylene oxide-ran-allyl glycidyl ether) (PPO-AGE) copolymers 
have been prepared using as initiating system an alkyl aluminum compound, con-
trolled amounts of water and different organic compounds that act as cocatalysts, 
e.g. ethers, diols, phosphines, salicylic acid derivatives, and organozinc compounds. 
Among the investigated catalysts the most productive systems showed to be the 
ternary systems derived from triisobutylaluminum (TIBA) and water having Zn(acac)2 
as a third component. These copolymers have subsequently been grafted by ring-
opening metathesis polymerization (ROMP) with cyclooctene in the presence of 
Grubbs first-generation ruthenium (Ru) catalyst to produce new comblike copolymers. 

1. Introduction 

Copolymerization is an important process providing access to new materials 
with tuneable physical, mechanical, and chemical properties, through adjust-
ments to the ratio of individual components in the copolymer.1 The established 
strategy to copolymers is a suitable combination of two or more mechanisti-
cally distinct polymerization processes in order to efficiently obtain a 
targeted product having optimized characteristics.2 Polymerization reactions 
mostly applied in copolymer synthesis involve anionic,3 cationic,4 Ziegler–

5 6 7

and radical mechanisms (e.g. NMRP, ATRP).8 These fundamental processes 

When macromonomers arising from hydrophilic monomers are subsequently 
employed in a further polymerization step involving hydrocarbon monomers, 
amphiphilic copolymers are being created; the latter may organize into 
interesting supramolecular assemblies9 and thereby have particular practical 
applications. 
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can be manipulated in precisely controlled ways to give either advanced poly-
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mer materials or well-characterized macromonomers with desired structures. 
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Owing mainly to the spectacular advance in well-defined metathesis-initiating 
systems,10 ROMP has recently opened up enormous possibilities for commo-
dity polymer synthesis. In this case ROMP behaves as a living process 
enabling synthesis of well-defined polymers with controlled molecular weights, 
polydispersities, and functionalities. By applying ROMP in tandem with one 
of the above-specified polymerization techniques, copolymers with special 
architectures and displaying a range of nanoscale morphologies can be 
accessed.11–14 
 
In this paper we describe an efficient synthetic route to high molecular weight 
copolymers using a sequence of anionic ring-opening polymerization (ROP) 
of alkylene oxides and ruthenium (Ru)-catalyzed ring-opening metathesis 
polymerization (ROMP) of cycloolefins. In this protocol random copolymers 
obtained from propylene oxide (PO) and allyl glycidyl ether (AGE) are 
grafted by ROMP of cyclooctene at the pendant allyl units of the polyether 
backbone leading to comblike new copolymers. 
 
Materials based on copolymers of alkylene oxides and modified by ROMP 
of cycloolefins possess valuable properties recommending them for special 
applications in the automotive industry (hoses, fittings, and complex assem-
blies), in the oil industry (drilling and oil processing), machine building, defence, 
aviation, and aeronautics. 

2. Results and discussion 

According to our approach, we conducted in a first reaction step the copoly-
merization of PO with AGE, in the presence of catalytic systems consisting 
of an alkyl aluminum (e.g. triisobutylaluminum [TIBA]), controlled amounts 
of water and different organic compounds that act as cocatalysts, e.g. ethers, 
diols, phosphines, salicylic acid derivatives, and organozinc compounds. 
Copolymers of type 1 having varying numbers of comonomer units in the 
chain have been obtained (Scheme 1). 

CH2 CH

CH3

O CH2 CH O

CH2

O
CH2 CH=CH2

n m

O CH3

O CH2
O

CH2 CH CH2

n

m

TIBA\H2O\Cocat
+

 
Scheme 1 

 

348



Synthesis of new elastomers with controlled structures   

Copolymerizations using an array of catalytic systems were carried out in 
toluene, at a monomer overall concentration of 100 g/800 mL solvent (Table 1). 
Comonomer ratio was PPO/AGE = 90/10 (wt/wt), with 30 mmol TIBA/100 g 
comonomers. Addition order of the catalytic components (TIBA/H2O/Cocat) 
was essential to attain high yield and reproducibility. 
 
Table 1. Catalytic systems (Catalyst 1–9) used in copolymerization reactions of 
propylene oxide with allyl glycidyl ether 

Catalyst Catalyst components Molar ratio 
Cat 1 TIBA:H2O:Et2O 1:0.5:0.25 
Cat 2 TIBA:H2O:MTBE 1:0.5:0.25 
Cat 3 TIBA:H2O:Dioxane 1:0.5:0.25 
Cat 4 TIBA:H2O:THF:1,4-Bu(OH)2 1:0.5:0.2:0.2 
Cat 5 TIBA:H2O:DIPS 1:0.5:0.25 
Cat 6 TIBA:H2O:tri(di-n-butylamino)phosphine 1:0.5:0.25 
Cat 7 TIBA:H2O:trimorpholide of phosphorous acid 1:0.5:0.25 
Cat 8 TIBA:H2O:Zn(acac)2 1:0.5:0.25 
Cat 9 TIBA:H2O:Zn(DIPS)2 1:0.5:0.25 
TIBA = triisobutylaluminum, MTBE = methyl tert-butyl ether, DIPS = diisopropyl 
salicylic acid 
 
Among the investigated catalysts in PO-AGE copolymerization, the most 
productive systems, considering both copolymer yield and molecular mass, 
proved to be the ternary systems deriving from TIBA and water, and having 
as a third component Zn(acac)2 (Cat 8) or Zn(DIPS)2 (Cat 9). For molar 
ratios TIBA:H2O:Zn = 1:0.5:0.25, the isolated yields were 94.5% and 83.7%, 
respectively, after 6 h reaction time (entry 8 and 9, Table 2). 
 
Table 2. Poly(propylene oxide-ran-allyl glycidyl ether) copolymer (PPO-AGE) obtained 
with cat 1–9 

Copolymer Catalyst Inherent visc. (dl/g) Conversion (%) 
PPOAGE 1 Cat 1 0.86 53.0 
PPOAGE 2 Cat 2 0.79 27.2 
PPOAGE 3 Cat 3 – 16.8 
PPOAGE 4 Cat 4 1.09 48.5 
PPOAGE 5 Cat 5 – 11.7 
PPOAGE 6 Cat 6 1.17 62.4 
PPOAGE 7 Cat 7 0.93 37.1 
PPOAGE 8 Cat 8 1.21 94.5 
PPOAGE 9 Cat 9 1.03 83.7 

 
1H NMR spectrum of poly(propylene oxide-ran-allyl glycidyl ether) (PPO-
AGE) copolymer obtained with Cat 8 points out to a random copolymer with 
an AGE content of 10% (Figure 1). 
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Figure 1. 1H NMR spectrum of poly(propylene oxide-ran-allyl glycidyl ether)  
(10 mol % AGE). 
 
Alkylene oxide copolymers of the elastomer type prepared according to our 
methodology exhibit low transition glass temperatures (Tg < –35°C) and 
diminished crystallinity resulting in increased physical–mechanical strength 
and resistance to various chemicals. These characteristic properties enable 
uses for parts of hoses and fittings functioning in agressive media, acids and 
bases, hydrocarbons, ozone, and flame. 
 
In a second reaction step, modification of the pendant allylic groups of the 
PPO-AGE copolymer was achieved by ROMP with cyclooctene leading to 
graft copolymers (Scheme 2). 
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The allyl unit of the PPO-AGE copolymer was used as a chain transfer agent 
in cyclooctene polymerization. The cyclooctene metathesis polymerization  
was carried out in a toluene–tetrahydrofuran (THF) mixture (5:1), using the 
benzylidene-bis(tricyclohexylphosphine)dichlororuthenium(II) catalyst (Grubbs 
I) (3). The following proportions between the reagents have been used: 0.8 g 
copolymer PPO-AGE (10% mol AGE) dissolved in 100 mL toluene and 10 
mL THF, 0.1 g Ru catalyst and 20 mL cyclooctene. First, the Ru catalyst 
was added to the PPO-AGE copolymer solution, under inert atmosphere, and 
after 20 min cyclooctene has been added to start ROMP. Metathesis polymeri-
zation was completed within 22 h at 60°C, then the copolymer was precipitated 
with methanol. The resulted copolymer containing polyoctenamer grafts was 
characterized by 1H NMR and GPC. 1H NMR data evidenced that 40% of 
cyclooctene has been grafted on the binary PPO-AGE copolymer through a 
metathetic pathway while 60% homopolymerized to ungrafted polyoctenamer 
(Figure 2). 

 Figure 2. 1H NMR spectrum of graft copolymer (propylene oxide-ran-allyl glycidyl 
ether)-cyclooctene. 
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Obviously, two distinct initiating and propagating Ru carbene species are 
responsible for the dual pathway by which ROMP of cyclooctene is procee-
ding. While initiation of the concurrently occurring process, cyclooctene 
homopolymerization, is promoted by the Ru–benzylidene 3, grafting (through 
ROMP of cyclooctene) could be initiated by an immobilized Ru carbene 4; 
the latter catalytically active species is generated by cross-metathesis of 3 
with the pendant allyl group of the PPO-AGE 1 (Scheme 3). 
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In addition, the graft copolymer 2 may arise by competitive cross-metathesis 
of the PPO-AGE copolymer with the growing Ru-propagating species of the 
cyclooctene homopolymerization. The ratio between the two grafting processes 
depends essentially on the amount of Ru catalyst employed in this reaction. 
 
Ongoing studies in our group focus on grafting other cycloolefins (norbornene, 
cyclododecene) onto the copolymer PPO-AGE by the ROMP approach. The 
unsaturated grafted block of polyalkenamer can be further hydrogenated 
using p-toluenesulfonylhydrazide as a mild hydrogenation agent to provide 
new products of wide utility. 

3. Conclusions 

In the present study PPO-AGE copolymers have been obtained using as 
initiators TIBA:H2O and various cocatalysts, in a first step, and then grafted 
by ROMP with cyclooctene in the presence of Grubbs first-generation Ru 
catalyst, in a subsequent step. Future experiments will be directed at grafting 
other cycloolefins by ROMP onto PPO-AGE copolymer, and also at extend-
ing the same ROMP modification approach to copolymers prepared from 
epichlorohydrine–AGE and epichlorohydrine–PO–AGE. 
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Abstract: For the first time, cyclopentene (CPE) has been copolymerized with the 

1 13

1. Introduction 

The recent advances in the copolymerization reactions are presented in terms 
of catalyst synthesis, catalytic activity, and polymer characteristics. A large 
variety of copolymers is synthesized by catalysis with organometallic 
complexes [1]. These catalysts have been divided into ill- and well-defined 
categories [2]. The development of new generation highly active and long 
lived metal–alkylidene initiators opens new possibilities in olefin metathesis 
and and its application to polymer synthesis. There are relatively few quan-
titative studies of copolymerization reaction of cyclopentene (CPE) with 
norbornene (NBE) initiated by ill- and well-defined metathesis catalysts [3–6]. 
Recently we reported a number of polymers synthesized using WCl6-e-Al-
CH2Cl2 catalyst system [7–10]. In this paper we describe the synthesis of 
ring-opening metathesis polymerization (ROMP) of CPE with NBE with the 
same catalyst. 

2. Experimental 

6
 

2 4

2 3 

2 2 5

İMAMOĞLU  

Kırıkkale University, Faculty of Science, Department of Chemistry, 71450 

strained cycloolefin norbornene (NBE) using catalytic amounts of the electrochemi-
cally prepared metathesis catalyst. The microstructure of polymers was determined by

ferential scanning calorimetry and gel permeation chromatography (GPC) techniques.
 H NMR and C NMR  spectroscopy.  The polymers were also characterized by  dif-

as received. Dichloromethane (Merck) was washed with concentrated H SO ,
water, an aqueous solution of Na CO

and then distilled over P O  under nitrogen. Tetrahydro- over anhydrous CaCl
furan (THF) and methanol were supplied from Merck and used as received.
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WCl  was purified by sublimation under nitrogen at about 200°C and kept 
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under nitrogen atmosphere. NBE and CPE were supplied from Aldrich and used 
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(5%, wt) and water again. It was dried 
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The catalysts were prepared according to previously described procedures 
[7–10]. Reactions were carried out in a flask equipped with a nitrogen gas 
inlet and a magnetic stirrer. A typical copolymerization reaction as follows: 
in copolymerization reactions, the mixture of equimolar amount of CPE and 
NBE (1.6 mmol) was used as a monomer solution. Then 1 mL of the catalytic 
solution was added to reactor. The mixture was kept at room temperature 
under vigorous stirring. The reaction was quenched by methanol addition 
after 24 h. The polymer was further purified to remove the catalytic residues 
by dissolving it in THF and reprecipitating it with methanol and drying it 
overnight in a vacuum at room temperature. Polymerization yield in per-
centage was calculated as the weight fraction of converted monomer over the 
total monomer. 
 
1H NMR and 13C NMR spectra of the polymers were recorded with a Bruker 
GmbH 400 MHz high-performance digital Fourier transform–nuclear magnetic 
resonance (FT–NMR) spectrometer using CDCl3 as solvent and tetramethy-
lsilane as the reference. Average molecular weight (Mw) was determined by 
gel permeation chromatography (GPC). GPC analyses were performed with 
a Shimadzu LC–10ADVP liquid chromatograph equipped with a Shimadzu 
SPD–10AVP ultraviolet (UV) detector, relative to polystyrene standards. 
Samples were prepared in THF (%1) as eluent and passed through a µ-styragel 
column. A constant flow rate of 1 mL/min was maintained at 25°C. Glass 
transition temperature was measured by Shimadzu DSC-60 (10ºC/min). 

3. Results and discussion 

In this work, copolymerization reaction of CPE with NBE was examined. 
Metathesis reaction of CPE with NBE resulted in the formation of co-CPE-
NBE polymers (Scheme 1). A summary of the polymerization results is shown 
in Table 1. 
 
The result obtained by GPC analysis showed that the molecular weight of 
CPE co-NBE polymer was 23,300. The CPE co-NBE polymer showed only 
one single glass transition at 9.2°C and this value is in between the Tg values 

Scheme 1 
norbornene

+

cyclopentene
x y

poly(NBE-CPE)

of the two monomers [11]. One single Tg confirmed that no phase separated 
blocks of the monomers were built. 
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Table 1. Characterization of copolymer synthesized by electrochemically produced 
W-based catalyst (catalyst/monomerCPE/monomerNBE = 1:40:40) 

Polymer Properties Results 
CPE:NBE 
(1:1) 

σc 
PDI 
Tg(ºC) 
Mw 
Yield (%) 

0.36 (M1M1); 0.55 (M2M2) 
2.1 
9.15 
23300 
74 

 
Figure 1. Olefinic region of the 13C NMR spectrum of CPE co-NBE polymer. 

Figure 2. 13C NMR spectrum of the nonolefinic carbons in CPE co-NBE polymer. 
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The 13C NMR spectrum of polymer was recorded in CDCl3 and assigned by 
comparison with literature data [1]. The 13C NMR spectrum of the polymer 
obtained with electrochemically reduced tungsten-based active species is 
shown in Figures 1 and 2. 
 
In copolymers of CPE (M1) and NBE (M2), the compositional dyads can be 
M1M1, M1M2, M2M1, or M2M2. 

 
In the olefinic region of the copolymer of CPE and NBE, M1M2 and M2M1 

1 1 2 2
resonances in the homodyads, M1M1 and M2M2 are the same as those 
assigned previously in detail for homopolymers [11]. The peak positions and 
assignments for CPE co-NBE polymers are listed in Tables 2 and 3. The cis 
contents of M2M2 and that of M1M1 
respectively. The mole fraction of the 1-pentenylene units in copolymer, F1, 
was calculated from the area of the two upfield groups of peaks divided by 
total area as 0.30. 
 
Table 2. Assignment of C4 and C7 lines in the 13C NMR spectrum of CPE co-NBE 
polymer 

Designation and assignment Peak position (ppm) 
4c/t (M2M1) 135.61 
4c (M2M2) 
4t (M2M2) 

134.22 
133.42 

7c (M1M1) 
7t (M1M1) 

130.20 
130.74 

7c/t (M1M2) 128.60 
 

1

as well as in the olefinic regions. 1H NMR spectrum of CPE co- NBE polymer 
obtained by electrochemically produced catalyst is consistent with the 1H 
NMR spectra of the copolymers in literature [12]. 
 
The Fourier transform infrared (FTIR) spectrum of the copolymer has the 
absorbency peaks corresponding to olefinic and aliphatic C–H vibrations as 
well as peaks for C=C vibrations at 1654 cm–1. Content of the cis and trans 
products in the polymers were also estimated from the intensities of the =CHtrans 
 

CH=CH-CH2-CH2-CH2

M1                                                             M2

7      6      5
CH=CH

4

2

1

3
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heterodyads occured as well as M M  and M M  homodyads. All the 

Figure 3 shows the H NMR spectrum of the obtained CPE co-NBE 

in the copolymer are 55 % and 36 %, 

polymer. For CPE co-NBE polymer, signals were seen in the alkyl region 
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Table 3. Assignment of C1, C2, C3, C5, and C6 lines in the 13C NMR spectrum of 
CPE co-NBE polymer (M may be M1 or M2) 

Designation and assignment Peak position (ppm) 
2tc (M2M2M) 
2tt (M2M2M) 
2cc (M2M2M) 
2ct (M2M2M) 

43.82 
43.53 
39.05 
38.81 

2tt (M1M2M) 
2tc (M1M2M) 
2cc (M1M2M) 
2ct (M1M2M) 

43.67 
44.00 
38.54 
38.41 

3 (M2M2M2) 
3 (M1M2M2),(M2M2M2) or (M1M2M1) 
3 (M1M2M2),(M2M2M2) or (M1M2M1) 

43.14 
42.48 
41.74 

1cc (M2M2) 
1ct (M2M2) 
1cc (M1M2) 
1ct (M1M2) 

33.49 
33.31 
33.27 
33.00 

1tc (M2M2/M1M2) 
1tt (M2M2/M1M2) 

32.75 
32.59 

6tc (MM1M1/ MM1M2) 
6tt (MM1M1/ MM1M2) 

32.46 
32.33 

5cc (M1M1M1) 
5tc (M1M1M2) 
5ct/tc (M2M1M2) 
5ct/tc (M1M1M1) 
5ct (M1M1M2) 
5tt (M1M1M1/M1M1M2/M2M1M2) 

30.10 
 
 
29.90 
 
29.77 

6cc (MM1M2) 28.21 
 
(966 cm–1) and =CHcis (723 cm–1) bands in the FTIR spectra. The relative 
intensities of the =CHtrans at 966 cm–1 and the =CHcis at 723 cm–1 are nearly 
same for co-CPE–NBE polymer. 1H NMR and FTIR analyses indicate that 
the unsaturation in the polymers is retained, which is an indication for the 
ring-opening metathesis mechanism [13]. 

5. Conclusion 

In conclusion we have demonstrated that WCl6-based electrochemically 
reduced catalyst is capable of producing copolymer from CPE with NBE. 
We documented a detailed microstructure analysis of the copolymer obtained 
by this catalyst. 
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1. Introduction 

In the last 20 years metal atom-containing polymers have become important 
classes of polymers [1]. Properties like high thermic stability, electric, and photo 
conductometry make them very interesting for producing films, fibers, and 
coating [2]. Many of these compounds can be synthesized by conventional 
methods [3]. For producing metal-containing polymers anionic, cationic, and 
radicalic polymerizations were used [4–6]. Metal-containing polymers were 
also synthesized via acyclic diene metathesis (ADMET) polymerization that 
is facilitated by Schrock’s molybdenum alkylidene, or Grubbs’ ruthenium 
carbene catalyst [7–9]. In 1979, Gilet and coworkers succeeded in synthe-
sizing metathetically active species from electrochemical reduction of WCl6 
and MoCl5 [10,11]. In the light of these works, we have showed that electro-
chemically generated tungsten-based active species (WCl6-e––Al–CH2Cl2) 
catalyzes various metathesis-related reactions [12–16]. 
 
Indeed, we have recently observed high catalytic performance of WCl6–e––

2 2

influence of reaction conditions on the catalytic performance of electrochemi-
cally generated tungsten-based active species for ADMET polymerization of 
germanium (Ge)- and tin (Sn)-containing monomers. 

M

CH3

n n

M

CH3

n n x

catalyst
+ (x-1) C2H4

M= Ge (1) 

M= Sn (2) n =3 x= 1,2,3,......

CH3CH3

x

Ü
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[17,18]. In continuation of this work, we report in the present study the 
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Al–CH Cl  system in ADMET polymerization of metal-containing dienes 
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2. Results and discussion 

A summary of ADMET polymerization of Ge- and Sn- containing polymer 
(1) and (2) in terms of polymerization conditions, polymer yield, and 
molecular weight is given in Table 1. It shows that the electrochemically 
reduced catalyst is an active system toward ADMET polymerization because 
quantitative yield for polymer (1) and (2) is 68% and 92% depending on the 
monomer to catalyst ratio and reaction time. The slightly higher trans 
polymers were obtained by this catalyst system with high yields in a short 
periods. 
 
Table 1. A comparison of ADMET polymerization of Ge- and Sn-containing mono-
mers by WCl6–e−–Al–CH2Cl2 catalyst systems 

 
aDetermined by gravimetrically 
bDetermined by GPC, relative to polystyrene standard 
cCalculated from 13C NMR spectra 
dDetermined by DSC in N2 atmosphere (heating rate: 10°C/min) 
eDetermined by TGA in Ar atmosphere (10% weight loss temperature) 

 
The activity of a given catalyst system will be determined by both the 
concentration of the active species and the reaction period. For this aim, to 
optimize the reaction conditions, several experiments were performed by 
using different catalyst ratios and reaction time. 
 
2.1 Effect of monomer concentration 
 
In this part of the study, the effect of monomer concentration on the 
ADMET polymerization of Ge- and Sn-containing monomers was deter-
mined using these ranged from 20:1 to 150:1. Different amount of monomer 
was mixed with 2 × 10–2 mmol of catalyst. Polymerization reactions were 
carried out at room temperature under nitrogen atmosphere, for 36–48 h. 
Figure 1 shows the effect of monomer concentration on the yields of 
polymers (1) and (2). 
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Figure 1. The effect of monomer concentration on the yield of the polymers (1) and 
(2) (reaction time: 36–48 h). 

As the monomer to catalyst ratio was increased, yield of the polymer also 
increased reaching to a maximum value which is around 100:1 polymer (1) 
or 90:1 polymer (2), and further increase of the ratio caused a decrease in the 
yield of the polymer. A maximum yield of 68% and 92% for polymer (1) 
and (2) was obtained. At high monomer concentrations deactivation of the 
active catalyst may occur which results in low yield of polymer. 

2.2 Effect of reaction time 

This group of experiments were performed for different reaction times (180–
3200 min). The monomer to catalyst ratio was kept at 100:1 for polymer (1) 
or 90:1 for polymer (2), and the reaction was quenched by the addition of 
methanol after a certain time from the start of reaction. Figure 2 shows the 
influences of different reaction times on the amount of polymers (1) and (2). 
Polymerization yield first increased with time and almost reached a plateau 
value around 36–48 h. 
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Figure 2. The effect of reaction time on the yield of the polymers (1) and (2) 
(monomer to catalyst ratio is 100:1 and 90:1). 

3. Conclusion 

The ADMET polymerization yield of Ge- (1) and Sn (2)-containing poly-
mers reaches a maximum at a total monomer to catalyst ratio of about 100:1 
and 90:1, respectively. Polymerization reaction completed at around 36–48 h. 
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A STUDY ON THE REACTIVITY OF WCl6–e––Al–CH2Cl2 
WITH THE SILICON-CONTAINING DIENES 

SOLMAZ KARABULUT* CEMIL AYDOGDU, BÜLENT D Z, 

Hacettepe University, Faculty of Science, Department of Chemistry, 06800 Beytepe, 
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1. Introduction 

Although until the late 1980s very little information on effective metathesis 
conversion of organosilicon compounds had been reported, the use of molyb-
denum (Schrock) catalyst and ruthenium (Grubbs) carbene complexes as cata-
lysts tolerating functional groups in substrates, have opened new synthetic 
opportunities in organosilicon chemistry. Silicon containing dienes undergo 
two types of metathetical transformation.  

• Intramolecular ring-closing metathesis (RCM) leading to cyclic 
compounds [1,2] 

• Intermolecular acyclic diene metathesis (ADMET) polymerization 
to yield linear polymers [3–6] 

 

Si

R R

Si

R R

n

catalyst
  +  (n-1) C2H4

n

(3) R=CH3 

(4) R=C6H5

(1) R=CH3 

(2) R=C6H5

 
The goal of this study was to examine the effects of varying the pendant 

based active species (WCl6–e––Al–CH2Cl2). 
 
The activity of a particular catalyst system is dependent on a number of 
factors including [7]; 
 

1. The proportions of the components 
2. Pretreatment procedures, especially for catalysts supported on Al2O3 

or SiO2 
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group on a common carbosilane backbone of Si-containing polymers that are 
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obtained by ADMET in the presence of electrochemically reduced tungsten-
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3. The order in which the components are mixed 
4. In the case where the olefin is added last, the period of incubation 

before adding the olefin 

2. Experimental 

WCl6 was purified by sublimation from the more volatile impurities (WO2Cl2 
and WClO4) under nitrogen at about 200°C and kept under nitrogen 
atmosphere. Methylene chloride was washed with concentrated sulfuric acid, 
then with aqueous carbonate solution and water, followed by drying over 
calcium chloride. It was then distilled over P2O5 under nitrogen, kept under 
nitrogen. CHCl3 and MeOH were supplied from Merck and used as received. 
 
The electrochemical instrumentation consisted of an EGG–PAR Model 273 
coupled with a PAR Model Universal Programmer. The measurements were 
carried out under a nitrogen atmosphere in a three-electrode cell having a 
jacket through which water from a constant-temperature bath was circulated. 
Exhaustive controlled potential experiments were carried out in an undivided 
cell with a macro working Pt foil electrode (2.0 cm2) and an Al foil (2.0 cm2) 
counter electrode. The reference electrode consisted of AgCl coated on an 
Ag wire in CH2Cl2/0.1M TBABF4 that was also separated from the electro-
lysis solution by a sintered glass disc. Electrolysis was carried out without 
supporting electrolyte due to its deleterious effect on the catalyst system. 
 
All manipulations involving polymerization reactions were carried out under 
pure and dry nitrogen. WCl6 (0.2 g, 0.50 mmol) was introduced into the 
electrochemical cell containing CH2Cl2 (25 ml) and a red solution was obser-
ved. The electrodes were introduced into the deep red solution. Reductive 
electrolysis was done at +0.9V and electrolysis conducted for 3 h in reduced. 
The color of the solution darkened progressively. Aliquots from this catalytic 
solution were used in polymerization reactions. 
 
All polymerization reactions were initiated in the bulk, at room temperature 
and under nitrogen atmosphere. A typical reaction was as follows: 1 mL of 
catalytic solution was taken with an automatic pipette from the cell and 
added to a certain amount of monomer in a Schlenk tube containing a 
magnetic stir bar. A rapid gelation was observed and stirring was continued 
until prevented by the viscosity increase. The reaction was quenched by 
methanol addition after several times to obtain polymers. The polymers 
formed were washed with methanol, dissolved in CHCl3 and reprecipitated 
with methanol to remove the catalytic residues, dried, and weighed. The 
conversion of the polymerizations was determined gravimetrically. 
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3. Results and discussion 

Polymerization data are summarized in Table 1. These results indicate that 
ADMET polymerization of monomer (1) and (2) using electrochemically 
reduced WCl6-based catalyst proceeded with good selectivity to the silicon 
containing polymer (3) and (4) [8]. The GPC analysis of these polymers 
showed Mn values of 9100 polymer (3) and 4500 polymer (4). The polydis-
persity indexes are 2.28 and 2.05, respectively, which well fit the step-
growth mechanism of the ADMET polymerization. 

Table 1. Comparison of ADMET polymerization of Si-containing monomers by 
WCl6–e−–Al–CH2Cl2 catalyst systems 

 
aDetermined by gravimetrically 
bDetermined by GPC,  relative to polystyrene standard 
cCalculated from 13C NMR spectra 
dDetermined by DSC in N2 atmosphere(heating rate: 10°C/min.) 
eDetermined by TGA in N2 atmosphere (10 % weight loss temperature) 
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Figure 1. The effect of monomer concentration on the yield of the polymer (3) and 
(4) (reaction time: 48 h). 
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3.1 Effect of monomer concentration 

A set of experiments were carried out in order to determine the optimum 
experimental conditions (monomer/catalyst ratio and polymerization time). 
Figure 1 shows the effect of monomer concentration on the yields of silicon 
containing polymers (3) and (4) synthesized by electrochemically produced 
tungsten-based catalyst. As the monomer/catalyst ratio was increased from 
20:1 to 150:1, yield of the polymer also increased and reached a maximum 
yield at a monomer/catalyst ratio of about 120, and then decreases. 

3.2 Effect of reaction time 

Figure 2 displays the influence of reaction time on the polymerization yield 
for ADMET polymerization of monomer (3) and (4). As monomer/catalyst 
ratio was 120:1, reaction was stopped by the addition of methanol after a 
certain time from the start of the reaction. Polymer yield increased with time 
and two distinct periods can be observed in the polymerization process. In 
the first period, a rapid increase with time is observed. In the second period, 
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Figure 2. The effect of reaction time on the yield of the polymer (3) and (4) 
(monomer: catalyst ratio 120:1). 

(at about 48 h reaction time) as a consequence of a significant decrease of
the polymerization rate. 

the polymer yield increased very slightly and tended to a constant value

370



4. Conclusion 

The optimum conditions for ADMET polymerization of silicon contaning 
dienes (3) and (4) are molar ratio of monomer/catalyst: 120:1 and about 48 h 
reaction time. 
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CATALYTIC CYCLOISOMERIZATION OF ENYNES 
INVOLVING VARIOUS ACTIVATION PROCESSES 

CHRISTIAN BRUNEAU 

Cedex, France; E-mail: christian.bruneau@univ-rennes1.fr 

Abstract: The cycloisomerization of enynes can be performed with a variety of 
catalytic systems which operate according to various types of activation process. 
Metal catalysts showing different activation abilities can promote as the first step 
either oxidative coupling, triple bond insertion into metal-hydride bond, allylic acti-
vation, electrophilic activation, metal–vinylidene formation, and [2+2]-cycloaddi-

these processes lead to a variety of cyclic compounds. 

Keywords: enyne, cycloisomerization, metal catalysts 

1. Introduction 

Functionalized cyclic compounds are very important compounds because 
they are often part of the basic skeleton of useful biologically active products. 
Straightforward synthetic methods are therefore of great interest and many 
strategies focusing on efficiency and stereoselectivity have been proposed. 
Metal-catalyzed cycloisomerization represents a very interesting transfor-
mation as it proceeds with atom economy. In this respect, linear enynes, 
which are relatively easy to prepare starting substrates, have led to a variety 
of cyclic compounds with the help of transition metal and main group-metal 

articles have already been devoted to enyne transformations including 
cycloisomerization [1–3]. This paper is a non-exhaustive report on the metal-
catalyzed cyclization of the simplest enynes containing only one triple and 

 

2. Cycloisomerization of enynes: various catalytic processes 

2.1 Cycloisomerization via oxidative coupling 

The coordination of both the triple and double bond of enynes to a metal 
centre is a common process in coordination chemistry (Scheme 1), and 
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tion (metathesis). Depending on the nature of the enyne and the catalytic system, all 
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catalysts able to provide a variety of activation processes. Several review 
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one double bond, with a special focus on enyne metathesis. 
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1
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Scheme 1. Activation of enynes via oxidative coupling to a metal centre. 

 
The formation of dienes of type 4 with β-H-elimination from 2 is favoured 
when there is no allylic substituent bearing hydrogen or subject to allylic 
activation at the external position of the double bond. This is mainly the case 
of enynes featuring a terminal double bond [4] but in some cases, even in the 
presence of an allylic branch, 1,3-dienes 4 are formed as  illustrated by the 
cyclization of  enyne 7 into diene 8 under palladium catalysis (Eq. 1) [5]. 
 

TBDMSO
TBDMSO

Pd(OAc)2(P(o-tolyl)3)2 (5 mol%)

benzene, 80 °C

7 8

R
RR= H, OH

 
(1) 

 
The direct reductive elimination from intermediates 2 leads to the formation 
of products 5 which present a very constrained structure. Usually, a con-
rotatory thermal opening leads to the formation of vinylcycloalkenes 6. Only 
when the electrocyclic opening of the cyclobutene is not favoured, due to 
geometrical, steric or electronic reasons, the cyclobutene derivative can be 

C. Bruneau

isolated. This is the case with a substrate such as 9 which undergoes cyclo-
isomerization via a formal [2+2] cycloaddition to give the polycyclic com-
pound 10 (Eq. 2) [5]. 

reported with various transition metals such as titanium, platinum, nickel,
cobalt, rhodium, and ruthenium (Ru). 

metal-catalyzed transformations based on this activation have already been 
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MeO2C

MeO2C
CO2Me

CO2Me

MeO2C

MeO2C

9 10

Pd catalyst

85%

 
(2) 

 
Most commonly, the cyclobutene opening takes place to form vinylcyclo-
alkenes 6, which present the same structural arrangement as the products 
resulting from enyne metathesis. This type of transformation has been initially 
observed with palladium catalysts [6,7]. When the starting enyne bears an 
allylic hydrogen at the external position of the double bond, the β-H–elimi-
nation of this hydrogen is favoured over the β-H-elimination of the ring jun-
ction hydrogen, and 1,4-dienes 12 are formed (Scheme 2). This is the most 
common cycloisomerization route involving oxidative coupling of both unsatu-
rated bonds, which is proposed for a variety of metal catalysts such as palla-
dium [7], Ru [8], rhodium [9], titanium [10], and cobalt [11]. 

XLnM XLnM XLnM
H X

1' 2' 11
RR

R
H

12R

 
 

Scheme 2. 1,4-Dienes resulting from oxidative coupling to a metal centre. 
 
It is interesting to note that the cycloisomerization leading to compounds of 
type 12 generates chiral molecules featuring one stereogenic centre. More 
information on the design of enantioselective catalytic systems will be given 
in Section 2.2. 

Triple bonds are prone to insert into metal–hydride bonds to give 
metal-alkenyl species 14. As shown in Scheme 3, the double bond can then 
insert into the metal-sp2carbon to form intermediate 15 which liberates 16 
after β-H–elimination. 
 

X
H

LnM
X

H

LnM X
H

MLn

X

LnM H
13 14 15 16  

Scheme 3. 1,3-Dienes resulting from insertion of the triple bond into a metal–
hydride bond. 

into and M–H bond 
2.2 Cycloisomerization via insertion of the triple bond
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This transformation is catalyzed by metal–hydride complexes such as 
RuHCl(CO)(PPh3)3 as shown in the cycloisomerization of 17 into 18 (Eq. 3) 
[12], but can also be promoted by in situ generated metal–hydride species 
resulting from the interaction of non-hydridic complexes with acidic co-
reagent. This is illustrated by the cycloisomerization of allyl propargyl ethers 
19 into dienes 20 in the presence of catalytic amounts of RuCp*Cl(COD) in 
acetic acid (Eq. 4) [13]. 
 

CO2Et

Ar H

Ar

H

CO2R

RuHCl(CO)(PPh3)3 (5 mol%)
toluene, ∆

53-82%

17 18

  (3) 

O

R4

R1

O
H

R1

H

R4

RuCp*Cl(COD) (5 mol%)
AcOH, 65 °C, 3-17 h

58-94%

19 20

R2
R3 R2

R3

 
(4) 

 
It is worth to note that the stereochemistry of compounds 18 and 20 is in 
agreement with the proposed mechanism. Other examples using palladium 
catalysts in acidic medium have also been reported [14]. 
 
In Scheme 4, the fate of the intermediate 15′ strongly depends on the nature 
of the substituents of the double bond. Here again, the presence of a hydrogen 
atom at the external allylic position favours the β-H–elimination from the 
exocyclic position. The resulting 1,4-diene 12 is the same compound as the 
one resulting from oxidative coupling process (Scheme 2). In fact, when 
reactions are carried out in protic solvent, it is sometimes difficult to dis-
tinguish which elemental steps are involved in the catalytic cycle. 

X
H

LnM
X

H

LnM X
H

MLn

X

LnM H
13' 14' 15' 12R R R

R  
Scheme 4. 1,4-Dienes resulting from initial insertion of the triple bond into a metal–
hydride bond. 
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The formation of chiral cyclic 1,4-dienes from cycloisomerization of 1,6-
enynes and 1,7-enynes has triggered the search for enantioselective catalytic 
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systems [15]. The first catalysts were based on palladium containing various 
types of optically pure ligands. Amidodiphosphanes such as 21 [16] and 
bisferrocenyldiphosphanes 22 [17] ligands were found to give satisfactory 
enantiomeric excesses associated with Pd(0) catalyst precursors. 

 

 
The atropisomeric diphosphanes Binap, H8-Binap, Segphos also led to very 
efficient and selective catalysts associated to Pd(O2CCF3)2 [18] or [Pd(MeCN)4] 
[BF4]2/HCO2H [19]. In the presence of rhodium catalysts, depending on the 
nature of the starting enyne, several diphosphanes such as Me-Duphos, 
Binap, Biphemp were efficiently used [20]. 

2.3 Cycloisomerization involving first allylic activation 

MeO2C
R

CpRu+

MeO2C
R

CO2Me
CpRu

RH

CpRu+

H

CO2Me

R
H

24

+

23 25 26CpRu+
 

 
Scheme 5. Allylic C–H bond activation in ruthenium-catalyzed cycloisomerization 
of enynes. 
 
The coordination of the triple and double bond to the Ru precursor 
[RuCp(MeCN)3][PF6] after elimination of acetonitrile ligands promotes the 
formation of the allylic ligand in 24 via C–H bond activation rather than 
oxidative coupling. Further insertion of the triple bond into the Ru-carbon bond 
gives rise to the formation of the seven-membered ring 26 (Scheme 5) [21]. 
 
In the presence of a rhodium catalyst, when the enyne contains an halogen 
atom in allylic position, the allylic activation appears to take place first and 
the triple bond then inserts into the metal-halogen bond to form the cyclic 
diene 31 with halogen migration (Scheme 6) [22]. 
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Figure 1. Chiral ligands for enantioselective cycloisomerization of enynes
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Scheme 6. Allylic C–Cl bond activation in rhodium-catalyzed cycloisomerization of 
enynes. 
 
This transformation occurs only with halides but other leaving groups usually 
active for allylic activation such as carbonate or ester lead to the products 
resulting from oxidative coupling without leaving group migration. 

2.4 Cycloisomerization involving electrophilic activation  

The activation of the triple bond of enynes by an electrophilic and alkyno-
philic metal centre generates highly electrophilic species with cationic char-
acter, and triggers the nucleophilic attack of the double bond to the activated 
triple bond by an exo- or endo-dig cyclization pathway to form the ionic 
species 32 and 33, respectively (Scheme 7) [23-27]. 
 

X

M

X

M

endo-dig pathwayexo-dig pathway

+

_

+

_

X

M

32 33  
 

Scheme 7. General scheme for electrophilic activation of enynes. 
 
2.4.1 Cycloisomerization into vinylcycloalkene derivatives 

The most probable pathway for the formation of vinylcycloalkene derivatives 
involving electrophilic activation is the exo–dig cyclization (Scheme 8). The 
intramolecular rearrangement first leads to an organometallic intermediate 
33 featuring a cyclopropane ligand. Several canonical forms can be envi-
saged and it is worth noting the congruence between the ionic form 33 and 
the carbenoid species 34. From 35 and 36, two different vinylcyclopentene 
isomers differing from the position of their substituents R1 and R2 can be 
formed. Depending on the nature of the starting enyne and the catalytic 
systems, both types of compounds have been isolated. 
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Scheme 8. Formation of vinylcycloalkenes via exo–dig cyclization. 

 
Vinylcyclopentene derivatives of both types (37 and 38) depending on R1, 
R2, and X have been produced from a variety of electrophilic activators 
including transition metal catalysts such as [RuCl2(CO)3]2 [28], platinum 
salts (mainly PtCl2) [29-31], iridium [32], and gold [33], and main group 
salts such as GaCl3 [34] and InCl3 [35], most of them in apolar solvent. 
Stable bicyclic cyclobutene derivatives have been obtained from an 
intermediate of type 36 upon activation with gold catalysts [26], as well as 
PtCl2 under CO [36]. 

2.4.2 Cycloisomerization into cyclopropane derivatives 

When the propargylic position of the enyne bears an hydrogen and a  
bridging heteroatom able to stabilize cationic intermediate species such as 40, 
the endo–dig pathway leads to the formation of cyclopropane derivatives 
(Scheme 9). 
 

X

M

X

M
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+

_
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R2

R1

R2 X
R1

R2

MH

X
R1

R2
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_

+
X

R1

R2

39 40 41

 
Scheme 9. Cycloisomerization into cyclopropane derivatives involving H-migration. 
 
The 1,2-hydrogen migration has been confirmed by deuterium labelling 
experiments. This cycloisomerization was first shown from allyl propargyl 
ethers in the presence of PtCl4 [37], and then from tosyl allyl propargyl 
amines catalyzed by PtCl2 in toluene at 80°C [30,38] (Scheme 10), and 
IrCl(COD)(PPh3)2/AgOTf [39]. 
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R1= Ph, Me, H ; R2= H, CH2TMS 59-78%  

Scheme 10. Examples of cycloisomerization into [4.1.0]-heptene derivatives. 
 
In the absence of any other functionality, this mechanism does not operate 
with platinum catalyst from 1,5-enynes. Recently, it has been shown that 
such 1,5-enynes with no heteroatom in the tether between the triple bond and 
the double bond could be efficiently performed by using a cationic gold 
catalyst to give [3.1.0]-hexene derivatives [40]. It implies cyclopropanation 
with 1,2-H-shift (Eq. 5), or alkyl shift with ring enlargement (Eq. 6). 
 

R

Ph

H

H

Ph

H

OAc

PhCH2

H

H

R

H

H

Au(PPh3)PF6  or Au(PPh3)SbF6 (5 mol%)

CH2Cl2, r.t.

94% 96% 98% dr> 99:1

94-99%

 (5) 
 

Ph

Ph

Au(PPh3)BF4
H

H
Ph

H

H
Ph

72%

66%

Au(PPh3)BF4

 
(6) 

 
Functional 1,5-enynes containing a propargyl alcohol motive in their structure 
can be cycloisomerized in the presence of platinum and gold catalysts 
following the same endo–dig pathway and H-shift, to directly form [3.1.0]-
hexanones (Eq. 7) [41,42]. 
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HO
R1R2

R3

R4

O

Ph

H
H

O

Ph

O

C7H15

O

OTBS

R2

O

R3 R1

R4

PtCl2  (5 mol%), toluene, 80 °C [41, 42]
or 
AuCl(PPh3) (2 mol%), CH2Cl2, 20 °C [41]

96% 66% 81% 94%  
 

(7) 
 
Very recently, a Cu(I)-catalyzed cycloisomerization of tertiary 5-en-1-yn-3-ols 
involving a 1,2-alkyl shift and leading to the stereoselective formation of 
polycyclic ketones was reported (Eq. 8) [43]. 
 

[Cu(MeCN)4][BF4] (1 mol%)

toluene, 70 °C, 4 h

HO O

85%  
(8) 

As reported in Scheme 9, the endo–dig cyclization via electrophilic activation 
leads to a carbenoid intermediate 39 which lead to the formation of cyclo-
propane derivatives when a hydrogen migration can take place. Another 
possibity is the rearrangement of these intermediates into the cationic species 
42, which liberates the alkylidene cycloalkene 43 upon elimination of the 
metal (Scheme 11). 
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Scheme 11. Cycloisomerization of enynes into alkylidenecycloalkene derivatives. 
 

2.4.3 Cycloisomerization into alkylidenecycloalkene derivatives 
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This transformation has been shown from various types of enynes. It is 
worth noting that in most cases it is not selective and cyclopropane or 
vinylcycloalkene compounds resulting from the other mechanisms are often 
detected as accompanying products (Scheme 12) [33]. 
 

MeO2C

MeO2C

TsN

TsN

MeO2C

MeO2C

TsN

TsN

MeO2C

MeO2C

TsN

0 °C, 20 min

77%
+

7:1

23 °C, 15 min

96%

23 °C, 10 min

93%
+

1:2.4

Catalyst : [AuCl(PPh3)]/AgSbF6 in CH2Cl2  
 
Scheme 12. Examples of formation of alkylidenecyclohexene derivatives from 1,6-
enynes. 

2.5 Cycloisomerization involving metal vinylidene intermediates 

The formation of alkylidene cyclohexene derivatives from 1,6-enynes 
bearing a terminal triple bond has been carried out very efficiently with 
rhodium catalysts. Deuterium labelling experiments have shown that a rhodium  

X
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X

D

R
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X
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[M]

X

[M]D

R

X

D [M]

R

H

[M]

47

.
[2+2]-cycloaddition

β-H-elimination
reductive
 elimination

vinylidene
formation 44

45

46  
Scheme 13. Cycloisomerization into alkylidenecycloalkene derivatives via metal–
vinylidene intermediates. 
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hydride or free-radical mechanism was unlikely and that the initial formation 
of a rhodium vinylidene species 44 was the most probable. Further [2+2]-
cycloaddition to give 45, followed by β-H–elimination (46) and reductive 
elimination closes the catalytic cycle and leads to 47 (Scheme 13) [44]. 
 
Thus, the use of [RhCl(COD)]2 in the presence of tris(4-fluorophenyl)phos-
phine at 85°C led to the selective cycloisomerization of 1,6- and 1,7-enynes 
in good yields (Scheme 14) [44]. 
 

TBDPSO

MeO2C

MeO2C

OBn

TBDPSO

OBn

MeO2C

MeO2C

90%

Catalyst : [RhCl(COD)]2 (2.5-20 mol%)/ P(4-FC6H4)3 (0-10%) in DMF, 85 °C, 24 h

83%

80%

 
 
Scheme 14. Examples of formation of methylenecyclohexene derivatives via metal–
vinylidene intermediates. 

2.6 Cycloisomerization involving metathesis 

As for olefin metathesis, enyne metathesis is promoted by metal carbene 
precursors. After the initial work based on group 6 metal derivatives such as 
tungsten [45] or chromium [46], the development of enyne metathesis has 
known a great development with the introduction of the commercially 
available Ru catalysts [47,48]. The general mechanism involves a cascade of 
[2+2]-cycloadditions and retrocycloadditions and leads to conjugated dienes 
with an important skeleton rearrangement with creation of a carbon–carbon 
double bond and migration of the terminal alkene moiety to the terminal 
carbon of the triple bond. Two types of reaction pathways can be envisaged 
depending on the order of interaction of the triple bond or the double bond 
with the carbene complex, namely the Yne-then-ene pathway (Scheme 15) 
and the Ene-then-Yne pathway (Scheme 16). In addition, in both pathways, 
the orientation of the substrate with respect to the metal carbene bond 
provides two types of products (endo and exo modes) [49,50]. 
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Scheme 15. Enyne metathesis: Yne-then-Ene pathways. 
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Scheme 16. Enyne metathesis: Ene-then-Yne pathways. 
 
From the nature of the products which are formed, it is easy to identify 
which mode is involved. Several parameters including the nature of the 
catalyst (Eq. 9) [51,52], and the size of the formed ring (Eq. 10) [53] are 
crucial. On the other hand, it is often difficult to discriminate which type of 
pathway is involved. The Yne-then-Ene pathway has most often been proposed 
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C and H labelling are in favour of the other pathway [54,55]. 
but recent results based on nuclear magnetic resonance (NMR) studies and
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MeO2C

MeO2C

RuCl2(PCy3)(IMes)(=CHPh) MeO2C

MeO2C

MeO2C

MeO2C

exo product (43%)          endo product (42%)

+
toluene, 80 °C

IMes : 1,3-bis(mesityl)imidazolylidene

(9) 

(10) 

3. Cycloisomerization of allyl propargyl ethers 

3.1 Metathesis with well-defined ruthenium–allenylidene catalysts 
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Allyl propargyl ethers are suitable 1,6-enyne substrates to give access to a 
variety of dihydrofuran derivatives upon cycloisomerization via metathesis 
reaction. The cationic [RuCl(PCy3)(p-cymene)(C=C=C=CPh2)][PF6] complex 
(Eq. 11) promotes the transformation of a variety of allyl propargyl ethers at 
80°C in toluene in satisfactory yields [56]. When the starting substrate bears 
an internal triple bond (53) or a highly substituted propargylic position (54), 
the reaction rate is decreased. It is also interesting to note that the dihydrofuran 
55 is formed rather than the cyclopentene derivative resulting from 
cycloisomerization of the triple bond with the other more substituted double 
bond. The activation of the precatalyst by ultraviolet (UV) irradiation 
decreases the initiation period and the complete conversion of the enyne 
leading to compound 50 (isolated in 62% yield) was obtained after 1 h at 
80°C, whereas without initial activation the complete conversion was reached 
after 6.5 h. 
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R3
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Ru C C C
Ph

PhCl

O
R1

R2
R3

+  PF6
-

(2.5 mol%)

toluene
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ii) 80 °C, 1-24 h

O O O

Ph

O

Ph

O

PhPh

O

50  1 h (62%)            51  1 h (63%)            52  4 h (84%)     53  24 h (83%)      54  23 h (67%)      55  1 h (74%)  
 

(11) 

3.2 Cycloisomerization of allyl propargyl ethers with in situ generated 
catalysts 

3.2.1 Experimental results 

The development of N-heterocyclic carbene (NHC) ligands in catalysis asso-
ciated to a variety of metal precursors has provided impetus to create new 

2 3
model. The generation of new catalysts by mixing a Ru precursor, a NHC 
source, and a base to produce a variety of catalytic systems was at the origin 
of our investigations. Thus, a mixture of [RuCl2(p-cymene)]2, bis(mesityl)imida-
zolium chloride, and Cs2CO3 as a base in the ratio 1:2:4 (catalysts A) 
provided an efficient catalytic system for the cycloisomerization of allyl 
propargyl ethers (Eq. 12) [57]. Compounds 56–60 were obtained in good 
yields within reaction times depending on the structure of the starting enyne 
with various substitution patterns. 
 

O

R1
R2

O

R1
R2

toluene, 80 °C
R3

R4 R3

R4

catalyst A :
[RuCl2(p-cymene)]2 (0.5 mol%)

NN

H

+
Cl-

Cs2CO3 (2 mol%)

(1 mol%)

O O

Ph

O

Ph

O

PhPh

O

Ph

56  0.5 h (86%)            57  1.5 h (75%)         58  2 h (61%)          59  15 h (52%)            60  25 h (16%)

(12) 

C. Bruneau388

olefin and enyne metathesis catalysts based on the  RuCl (PCy )(=CHPh) 



Catalytic cycloisomerization of enynes 

The more favourable steric and electronic properties of imidazolidinylidene 
ligands reported for Grubbs type catalysts [58,59] led us to test the activity 
of catalyst B  (Eq. 13) generated from the same Ru source and the same base 
but in the presence of  bis(mesityl)imidazolinium chloride as carbene precursor. 
 

toluene, 80 °C

catalyst B :
[RuCl2(p-cymene)]2 (1 mol%)

NN

H

+
Cl-

(2 mol%)

O O

61 (66%)

Cs2CO3  (4 mol%)

62 (66%)

O
O

O O

63 (54%) 64 (71%) 65 (46%)  
 

(13) 
 
Starting from terpenoid derivatives, featuring a carbonyl group such as (-)-
menthone, (-)-carvone, (+)-pulegone, cis- and trans-citral, and (-)-myrtenal, 
the addition of first lithium acetylide to form a propargylic alcohol, and then 
reaction with allyl bromide after deprotonation with NaH, led to modified 
terpenoid derivatives containing the allyl propargyl ether motive. Their 
treatment with the in situ generated catalyst B led to the formation of the 
spirocyclic compounds 61–63, and the cyclic compounds 64–65 in satis-
factory to good yields (Eq. 13) [60]. When a vinyl group was first added to 
the keto group of (-)-carvone and the corresponding allylic alcohol was 
etherified by a propargyl group, the resulting allyl propargyl ether compound 
was cycloisomerize into product 66 in 61% yield under our typical 
conditions with catalyst B (Eq. 14). In this compound, the added five carbon 
atoms have the isoprenoid arrangement, and 66 is thus a new non-natural 
sesquiterpenoid. 
 
With the objective of increasing the ring size of the cycloisomerized products, 
a silicon atom was introduced in the allylic branch by preparing allylsilyl 
ethers from the same terpenoid substrates. In addition, upon cyclization, this 
type of substrate generate Si-O-containing rings, which are useful intermediates 
for further chemical transformations via selective ring cleavage [61–63].  
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toluene, 80 °C

catalyst B :
[RuCl2(p-cymene)]2 (1 mol%)

NN

H

+
Cl-

(2 mol%)

O Cs2CO3  (4 mol%)

66 (61%)

O

 
(14) 

 
We had already shown that the catalytic system B was able to perform the 
cycloisomerization of simple allyl propargyl ethers [64], and its utilization to 
the terpenoid derivatives was also efficient for the formation of the six-mem-
bered heterocycles 67–70 incorporating a Si-O bond (Eq. 15) [65]. 
 

toluene, 80 °C

catalyst B :
[RuCl2(p-cymene)]2 (1 mol%)

NN

H

+
Cl-

(2 mol%)

67 (76%)

Cs2CO3  (4 mol%)

68 (68%) 69 (62%) 70 (65%)

O Si O Si

O Si
O Si

O
Si

 
 

 

The catalysts precursors A and B contain no Ru carbene at the outset of the 
reaction. Thus, the question arises whether the cycloisomerization of the 
allyl propargyl ethers reported above proceeds via a metathesis pathway or 
another type of mechanism (see Section 2). To try to answer this question, a 
catalytic transformation of dienes was attempted with the catalytic system B. 
A complete conversion of the starting dienes into the cycloisomerization 
methylenecycloalkane derivatives 71–74, isolated in 64–88%, was observed 
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3.2.2 Mechanistic investigation 

(15) 
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(Eq. 16) [66,67]. The cyclopentene derivatives resulting from RCM were not 
detected and compounds 71–74 probably resulted from initial oxidative coup-
ling process (Section 2.1). 
 

X

NN

H

Cl-

TsN
Ph

OEt OEt

Bu

X
toluene, 80 °C

catalyst B :
[RuCl2(p-cymene)]2 (2.5 mol%)

+
(5 mol%)

Cs2CO3  (10 mol%)

71 1 h (88%) 72 8 h (64%) 73 8 h (85%) 74 5.5 h (78%)

O

O

 
(16) 

 
The addition of a terminal alkyne to a Ru precursor with the objective of 
creating a metathesis catalyst is a known strategy. It has already been used 
by Grubbs to generate an efficient metathesis catalyst from [RuCl2(p-cymene)]2, 
a NHC and tert-butylacetylene [68]. Indeed, when the reaction was per-
formed with the catalytic system B, under the same conditions but with an 
acetylene atmosphere instead of an inert gas atmosphere, an active alkene 
metathesis catalyst was generated, and no cycloisomerization was observed. 
The metathesis products 75–78 were thus formed in 68–82% yield (Eq. 17) 
[66,67]. To understand this change of catalytic activity, the fast formation of 
a Ru vinylidene, precursor of Ru carbene species, is proposed [69]. 
 

X

NN

H

Cl-

TsN
Ph

OEt OEt

Bu

X
toluene, 80 °C,  Acetylene atmosphere

catalyst B :
[RuCl2(p-cymene)]2 (2.5 mol%)

+
(5 mol%)

Cs2CO3  (10 mol%)

75 2.5 h (76%) 76 8 h (72%) 77 16 h (68%) 78 16 h (82%)

O

O

+ H2C CH2

 
 

(17) 
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4. Conclusion 

The preparation of catalytic systems from [RuCl2(p-cymene)]2, a NHC 
source and a base, represents a very simple and practical method as it avoids 
the synthesis of well-defined Ru complexes which sometimes require strict 
experimental conditions. A large number of catalytic systems can be 
produced by mixing various Ru sources and carbene precursors. We have 
shown that the activity of the resulting catalysts can be tuned by a slight 
modification of the experimental conditions. Thus, it is easy to transform an 
enyne cycloisomerization catalyst into a metathesis catalyst by addition of a 
catalytic amount of terminal alkyne. 
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ROMP, ROP, AND ADDITION POLYMERIZATION OF 
SILICON-CONTAINING CYCLIC MONOMERS AS A WAY 

TO NEW MEMBRANE MATERIALS 
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FINKELSHTEIN 
A.V. Topchiev Institute of Petrochemical Synthesis, Russian Academy of Sciences, 
29, Leninskii prospect, 119991 Moscow, Russia. E-mail: fin@ips.ac.ru 

Abstract: The presented paper is a summary of our results on synthesis and poly-
merization of silyl-containing norbornenes and norbornadienes via ring-opening 
metathesis polymerization (ROMP) and addition processes as well as ring-opening 

atom and various number and location Si(CH3)3-substituents has been realized. 
Systematic study of gas transport parameters of polycarbosilanes series of different 

structure and its gas separation characteristics. 

1. Introduction 

The possibility of gas transport through nonporous polymeric membranes is 
one of the basic phenomena of polymer materials [1]. It is based on “solution–
diffusion” concept. It means that the presence of microscopic open pores or 
capillaries is not necessary for mass transfer through polymeric films. On the 
other hand, closed porosity or the presence of free-volume elements within a 
polymer matrix is required for gas permeation in the polymers considered for 

The permeation process includes three stages: (1) sorption of gas by polymer 

desorption at the other side of the membrane as permeated gas. 
 

The following equation holds for the flux J of an individual gas through 
the film:  

J = P(∆p/l) 

where ∆p is the pressure difference across the membrane; l is the film 
thickness. 

polymerization (ROP) of silacyclobutanes and disilacyclobutanes. The synthesis of 

Keywords: ROMP, addition polymerization, silicon containing norbornenes, 

heterochain and carbochain polymer families with regularly varied substituents at Si 
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classes allowed us to find out real correlations between features of chemical polymer 

silacyclobutanes, disilacyclobutanes.  
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film; (2) diffusion of the sorbed gas molecules; and (3) their subsequent 
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use as materials for gas separation membranes. 
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The coefficient of proportionality or permeability coefficient P can be presented 
as follows: 

P = DS 
where D is the diffusion coefficient and S is the solubility coefficient. 
According to these equations it is clear that P depends upon two factors: 

1. A thermodynamic term, S, that determines the number of gas 
molecules sorbed into the polymer (the driving force of the mass 
transfer) 

2. A kinetic or mobility term, D, that characterizes the mobility of gas 
molecules as they diffuse through the polymer 

A widely used and accepted unit for P is: 1 Barrer = 10–10 cm3 (STP) 
cm/(cm2·s·cm Hg). 

Another key parameter of membranes is selectivity in gas separation defined 
as follows: 

A
AB

B

P
P

α =  

where PA and PB are the permeability coefficients of gases A and B (if more 
permeable gas is taken as A, αAB
 
The selectivity can be expressed as follows: 

D SA A
AB AB AB

B B

D S
D S

α α α
⎛ ⎞⎛ ⎞

= = ⋅⎜ ⎟⎜ ⎟
⎝ ⎠⎝ ⎠

 

There is a trade-off existing between permeability and selectivity: for the 
majority of polymers higher permeability corresponds to lower permselecti-
vity and vice versa. 
 
As a rule, glassy polymers are suitable for separation of light gases such as 
He, H2, O2, N2, and CO2. In this case permeation rate is defined by the size 
of gas molecule: in the diffusivity controlled process smaller molecules 
permeate faster through polymeric film. 
 
Rubbery polymers provide solubility-controlled permeation. In this case, e.g. 
hydrocarbon gases can be separated according to their molecular mass and 
solubility in membrane film: heavier gases have a better solubility, so they 
permeate faster under the action of larger driving force. 
 
There are, however, some exceptions, when glassy polymers demonstrate 
membrane properties more characteristic for rubbery ones, i.e. the permeation 
is defined by solubility of permeating gases. 
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 > figure1). 



As a typical representative of the first type of behavior one can mention 
glassy poly(vinyltrimethyl silane), of the second one it is rubbery poly(di-
methylsiloxane), and, of the third one is poly(trimethylsilyl propyne) [2]: 

x

Me

C=Cm

Me

Me
Si-O

n
SiMe3

SiMe3

CH2-CH2

  
It is clear that peculiarities of polymer structure such as rigidity of the main 
chain and the presence and size of side groups play important roles. Some 
glassy polymers having bulky organosilicon side groups, such as in poly(vinyl-
trimethyl silane) and poly(trimethylsilyl propyne) reveal high permeability, 
sometimes even higher than that in rubbers [2]. 
 
This work is devoted to systematic study of gas transport parameters of 
polycarbosilanes obtained from silicon-containing cyclic monomers. This 
approach allowed us to synthesize carbochain and heterochain polymer 
families with regularly varied substituents at Si atom. On the other hand, such 
research on polymer series of different classes leads to basic correlations and 
helps one to understand relationships between features of polymer chemical 
structure and its gas separation characteristics. 

2. Synthesis of monomers 

Four types of organosilicon cyclic compounds were used as monomers for 
preparation of polycarbosilanes having different main chains: 
 

Me
Si Me2Me2 SiSi

R3
R2R1

  
 

 
R1 and R2: Si-containing substituents 
R3: Alk-, Ar-, or Si-containing groups 
 
Norbornenes and norbornadienes derivatives were synthesized by Diels–
Alder condensation of cyclopentadiene and corresponding dienophile as a 
key reaction [3–6]: 

Romp, rop, and addition polymerization of cyclic monomers 397
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Four-membered silacyclobutanes and disilacyclobutanes were prepared from 
accessible organosilicon raw materials according to well-studied reliable 
techniques [7–13]. 
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Ring-opening metathesis polymerization (ROMP) of silicon-containing norbor-
nenes and norbornadienes (Scheme 3 and Table 1) proceeded much more 
slowly than in the case of unsubstituted norbornene. Nevertheless, even 
classical poor characterized Ru or W catalyst systems proved to be active in 
these reactions. We used various catalysts to obtain polymers with different 
content of cis- and trans-double bonds. 
 

.Me3Si SiMe3

n

Cat

SiMe3

SiMe3

n
.

 
 
 
 
 
 

 
 

Scheme 3 
 

Table 1. ROMP of silicon-containing norbornenes and norbornadienes 

 * TMDSB: 1,1,3,3-tetramethyldisilacyclobutane 
** [η], dL/g, toluene, 30°С 

= -SiMe3, -SiMe2(CH2)3SiMe3, -SiClR

Catn R

R

n

Romp, rop, and addition polymerization of cyclic monomers 

Monomer

[14,15]

[16]

[14]

[16]

[16]

RuCl3.3H2O
C2H5OH,

PhCl
PhCl
PhCl

PhCH3

C2H5OH,
PhCl
PhCl

PhCH3

PhCH3

PhCH3

160 60

60
25
20

75

20 3 81 (2,0)**

75
20

12

26
2

73

83
93

1,7

2,0
3,1

5

- -

20 10 70 539000 3,1 -

PhCH3 20 48 50 318700 4,0 43

9
54

-

-
2,4
-

-

-
-

15

15
21
2

84

63
98
99

(2,4)**

(1,5)**
356000
(4,0)**

180
720
1000

80

750

250

92

80
50

RuCl3

RuCl2(PPh3)3
Cl2Ru(=CHPh)(PCy3)2

WCl6/TMDSB*

RuCl2(PPh3)3
WCl6/ TMDSB

6

WCl6/TMDSB

WC16/TMDSB
2 2 3 3

2 1
Mc

Mc

SiMe
3

SiMe
3

SiMe
3

SiMe
3

Catalyst Solvent
T
8C

Yield,
%

Mw
Mw/
Mn

Cis,
%

t,
h

[M]/[cat]
m/m

633000

452500
291400
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The investigation of gas permeability of the obtained polymers gave an 
opportunity to find out some correlations between polymer structure and its 
properties (Table 2). Introduction of SiMe3 pendant groups in ROMP 
polynorbornenes substantially increases permeability coefficients for light 
gases. At the same time the permselectivity for some gas pairs also increases, 
while in the majority of cases an increase in permeability is accompanied by 
reduced permselectivity and vice versa. It should be noted that cis or trans 
content in the obtained polycyclopentylenevinylenes did not exert some influ-
ence on the gas transport parameters [17]. 
 
The double bond in five-membered ring of the main chain does not cause 
noticeable changes in gas permeability. An interesting negative effect was 
observed for polynorbornene containing two silicon atoms in the same side 
group (Si(CH3)2CH2Si(CH3)3). It is likely related with self-plasticization caused 
by long pendant group: Tg of this polymer decreased down to 24°C, whereas 

Table 2. Gas transport parameters of glassy polycarbosilanes 

400

 

Р, Barrer α=Pi/Pj 

 Tg 
(oC) H2 O2 N2 СO2 СH4 C2H6 

H2/ 
N2 

H2/ 
CH4 

O2/ 
N2 

CO2/ 
CH4 

CH4/ 
C2H6

1 31 21 2,8 1,5 15,4 2,5 1,4 14,4 8,6 1,9 6,3 1,8 

2 113 140 30 7,2 89 17 7 19,4 8,2 4,2 5,2 2,4 

3 108 81 20 4,9 64 8,5 4,5 16,5 9,5 4,1 7,5 1,9 

4 24 73 16 3,7 67 8,5 10 19,7 8,6 4,3 7,9 

5 5   R U B B E R Y 

6 167 375 95 25 445 45 30 15 8,3 3,8 9,9 1,5 

7 150 - 44 11 - - - - - - 4 - 

5 

n

SiMe3

n

SiMe3Me3Si

n

SiMe3

n

n

Me3Si(CH2)3SiMe2

n

Me3SiCH2SiMe2

SiMe3

n

1 2 3 4 

6 7

0,85



Entirely different result was observed for the polymer containing two adjacent 
Si(CH3)3 groups, attached to different sites within repeat unit. Introduction of 
the second Si(CH3)3 group in the polynorbornene main chain is accompanied 
by approximately the same increase in permeability as for the first Si(CH3)3 
group. It is rather uncommon case when a significant increase in permeability 
with no reduction of permselectivity is observed. The highest Tg of this 
polymer indicates more rigidity of its structure. Probably the increased perme-
ability means that more rigid chains of this polymer cannot be packed effi-
ciently and larger free volume is responsible for high permeability. So, we 
can use the polymers with rigid chains as another way of constructing high 
permeable materials. The search for rigid structure polymers prompted us to 
study addition polymerization of silyl-containing norbornenes (see Section 4). 

4. Rubbery ROP polysilalkylenes for separation of hydrocarbons 

The separation of hydrocarbon mixtures C1–C4 can be realized with 
polymeric films in which gas transport is mainly determined by thermodyna-
mic factors, i.e. solubility coefficients. Membranes based on elastomers, for 
example, weakly cross-linked polydimethylsiloxane with the highest perme-
ability coefficients [18] among rubbers, are used presently for this purpose. 
At the same time, Si–O bonds are known to possess a noticeable chemical 
activity [19], which can limit the sphere of practical use of polysiloxane-
based membrane materials. 
 
For the separation of natural and casing-head gases, it seemed of interest to 
study heterochain polycarbosilanes viz., polysilmethylenes and polysiltrime-
thylenes containing Si–C bonds in the main chain 
 
 
 
 
It is known that these substances are chemostable and thermostable elastomers 
with low glass transition temperatures [12]. Since low gas transition temp-
eratures cause, as a rule, higher permeability coefficients, the rubbery [20,21] 
polysilmethylenes and polysiltrimethylenes seem to be potential membrane 
materials for separation of gaseous hydrocarbons according to molecular masses. 
 
The purpose of this part of the work is to obtain new polycarbosilane polymers 
and systematically study their gas separation properties. 

n=1,3x
R2

R1

Si(CH2)n
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the glass transition temperature of poly(trimethylsilylnorbornene) is in the 
range of 101–113°C. Polynorbornadiene with a long substituent shows even 
lower glass transition temperature 5°С, which is typical for rubbers. 
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Silacyclobutane monomers with various substituents at the Si atom are much 
more accessible than Si-substituted disilacyclobutanes. Correspondingly, the 
related siltrimethylene polymers are also more accessible. 

Scheme 4 
 

Therefore, series of polysiltrimethylenes were studied for ascertainment of 
correlation between polymer membrane properties and their structure. 
According to the Scheme 4 ring-opening polymerization (ROP) performed 
both by thermal and catalytic initiation [22–24]. As a result families of 
polysiltrimethylenes bearing different groups at Si atom (P2–P7) as well as 
the polysilmethylene (P1) were prepared. 
 
The permeability for hydrocarbon gases was studied on the synthesized 
polysilalkylenes supported by polysulfone and polyamide porous hollow 
fibers (Table 3). 

M e2Si SiM e2 SiCH 2SiCH 2

M e M e

M eM e

x

or [Pt]

Si
R1

R2

[Pt]or , or AlkLi
Si

R1

R2 x

M 1

M 2-M 7

P1

P2-P7

∆

∆ 
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Polysilmethylenes (P1) and a series of polysiltrimethylenes (P2–P7) with 
different substituents at the silicon atom were synthesized by thermal and 
catalytic polymerization of monomers M1–M7 (Scheme 4). 

 

 

 

 

 

 

 

 

Compound R1 R2 

M2, P2 Me Me 

M3, P3 CH2SiMe2Ph CH2SiMe2Ph 

M4, P4 Me CH2SiMe3 

M5, P5 Me (CH2)3SiMe3 

M6, P6 Me m-Tolyl 

M7, P7 α-Naphthyl Cyclohexyl 



Table 3. Permeability of polymers and ideal separation factors for composite hollow 
fiber membranes (20°C) 

PSF – membrane supported by polysulfone hollow fibers; PA – membrane supported by 
polyamide hollow fibers 

However, it turned out to be that even a high-molecular weight sample of P1 
(Mw up to 1 × 106) forms no free-standing films. The selectivity of polydi-
methylsiltrimethylene P2 (β ∼27) is somewhat lower. At the same time, this 
crystalline polymer exhibited well film-forming properties. Due to the 
“magic” trimethylsilyl groups located at some distances from the Si atom of 
the main chain in polymers P4 and P5, these polysiltrimethylenes retain high 
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P/l(l/m2 h atm) P/l(l/m2 h atm) 
 Mol.W. 

(Mw/Mn) 
Tg, 
oC 

Hollow 
Fiber O2 N2 C4H10 CH4 

α 
C4H10/ 
CH4 

P1 357000 
(3.43) -92 PSF 79.6 39.8 3650 94.0 38.8 

P1 1600000 
(1.13) -92 PA 55.1 20.5 2219 61.4 36.1 

P2 1400000 
(1.16) -75 PA 14.1 5.79 457 16.8 27.2 

P3 1200000 
(2.4) -36 PA 71.9 29.9 1294 85.1 15.2 

P4 1650000 
(1.14) -51 PA 5.04 2.0 194 6.91 28.1 

P5 1420000 
(1.2) -46 PA 8.26 3.56 118 4.5 26.2 

P6 760000 
(1.44) -25 PA 4.15 1.85 76.4 4.36 17.5 

P7 
 

270000 
(2.53) 47.5 РА 4.37 1.38 7.4 6.1 1.2 

 
The permeability of the membranes, Q = P/l (P is the permeability 
coefficient and l is the efficient thickness of the selective layer) depends on 
the thickness of the selective layer, pore size in the polymer support, degree 
of penetration of the membrane material into pores, and resistance in the 
porous sublayer. In the first approximation, for the series of membranes of 
the same type, the permeability can characterize, more or less correctly the 
transport properties of a polymer in the selective layer. 
 
We found that polydimethylsilmethylene (P1) possesses high gas permeability 
combined with high selectivity for the butane–methane pair (α ∼40). The 
physicochemical properties of polysiltrimethylenes and polydimethylsilme-
thylene and their gas-separation characteristics with respect to methane and 
butane are presented in Table 3. 
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selectivities for the butane–methane pair (α 28.1 and 26.2), respectively and 
remain elastomers with glass transition temperatures of –51°C and –46°C, 
respectively. However, the permeability with respect to butane for the best of 
these polymers (P4) was almost 20-fold lower than that for P1. The 
selectivity with respect to hydrocarbons was more than twofold smaller for 
polysiltrimethylene with two bulky substituents (P3) (Tg = –36°C) and (P6) 

g

g +47.5°C). 
 

Table 4. Permeability coefficients of polysilalkylenes at 25°C: homopolymeres and 
statistical copolymers 

 
So, membrane parameters to hydrocarbon gases became worse when elastomers 
acquired thermoplastic properties. At the same time, the selectivity with 
respect to oxygen and nitrogen of glassy polysiltrimethylene P7 is somewhat 
higher. Polydimethylsilmethylene (P1) is the most promising polymer for 
use as a material separating hydrocarbon gases (Table 4). 
 

hollow-fiber membranes requires small amounts of a supported polymeric 
material, which holds promise for the practical use of comparatively expensive 
polysilmethylenes and polysiltrimethylenes. 
 
The further studies of polydimethylsilmethylene (P1) were aimed at eliminating 
its main disadvantage: poor mechanical characteristics which prevent the 
formation of stable films. A solution of this problem has been achieved by 
copolymerization of dimethylsilacyclobutane and tetramethyldisilacyclobutane 
in the presence of Pt catalyst [13] (Scheme 5). 
 

for the glassy polymer with bulky cyclohexyl and α-naphthyl groups (P7) 
(T  = 

(T  = –25°C). Finally, the selectivity and permeability decrease sharply

404

It should be mentioned that the modern technology of gas separation on porous 

P/Barrer*Polymer
O2 N2 CH4

p 0 ∆p 0 0.4∆p ∆p 0.40∆p0p ∆p 0.40∆p0p

C2H6 C3H8 n-C4H10

P1a

P2b

CP3
(50/50)a

CP3
(75/25)b

P123

99     40   130       -        345         364          -         434        837            -         1361     2807

9.5    3.0   8.4      10.6      -             26         13.5       -            37           14.3         -         240    

69     27    90         -       239         265           -        295        636            -          753      1748 

104    39   113      310      -            335         449        -          547          1163        -        2340

100    45   130         -      390            -              -       850          -               -            -           - 
*1 Barrer = 10-11cm3(n.c.)cm-2s-1Torr-1.
aVoumetric measurements at a pressure behind the membrane of 1 atm.
bMass spectrometric measurements at a pressure behind the membrane of 10-3 Torr.

**

**- [34]



Both homopolymers (P1) and (P2) had high permeability and selectivity 
with respect to hydrocarbon gases. On the other hand the homopolymer (P2) 
possesses a high degree of crystallinity; therefore, one can expect a decrease 
in the fluidity of the copolymer with statistical distribution of units P1 and 
P2. It seemed promising to combine the valuable properties of P1, first of all, 
high selectivity to hydrocarbon gases, with the film-forming ability of P2. 
 
We synthesized for the first time the corresponding copolymers by 
copolymerization of methyl derivatives of monosilacyclobutane and 
disilacyclobutane (M2 and M1) (Scheme 5). The process can be thermally or 
catalytically initiated. 
 

M2M1

SiMe2 + SiMe2Me2Si
[Pt]or

x

Me Me

MeMe
SiCH2SiCH2

R2

R1

Si(CH2)3
y

CP3  
 
 

Scheme 5 
 
The copolymerization of M1 and M2 occurs successfully at 7–15°C at a 
monomer to catalyst ratio of 104:1. We confirmed that the copolymerization 
produces real copolymers (CP3) with statistical unit distribution. This unambi-
guously followed from the presence of only one glass transition point in the 
differential scanning calorimetry (DSC) curves for each copolymer (no 
melting peaks), while the specially prepared mixtures of P1 and P2 with the 
same compositions show two glass transition points of both homopolymers. 
The compositions of copolymers CP3 were determined by 1H NMR spectro-
scopy from the ratio of integral intensities of signals for the protons of the 
“integral” methylene groups of the siltrimethylene units (δ ∼1.33 in CDCl3) 
and signals for the protons of the methyl groups at the silicon atom (δ –
0.28÷0.06). Some properties of the prepared copolymers CP3 of different 
compositions are presented in Table 5. 
 

Table 5. Properties of copolymers M1 with M2 

Copolymer x/y Mw Mw/Mn Tg (°C) 
 80/20 740,000 1.43 –83 
CP3 75/25 210,000 1.87 –79.5 

 50/50 88,500 2.1 –76.5 
 
The copolymers had good film-forming properties and high gas transport 
parameters. This especially concerns to the 1:1 copolymer. In this case, the 
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selectivity (α) with respect to the butane–methane pair is ∼20 combined with 
high permeability. It is most likely that such a happy situation where the 
copolymer acquires valuable properties of both homopolymers is explained 
by the fact that the homopolymers have similar chemical nature. 
Statistical copolymers CP3 obtained at the relatively high content of P1 units 
have an amorphous structure and rather low Tg. In this case, the permeability 
coefficients differ slightly from the coefficients for P1 and, finally, 
demonstrate perfect film-forming properties. The permeability coefficients P 
for n-alkanes C1–C4 and air components are presented in Table 4. 

4. Glassy addition Si-containing polynorbornenes for separation 
of hydrocarbons 

Addition polymerization of norbornene and its derivatives proceeds with 
opening the double bond. It leads to completely saturated polymers with 
bicyclic repeat units (Scheme 6). Addition polynorbornene possessing rigid 
structure is characterized with glass transition temperature higher than its 
destruction temperature, which is 350°C. 

We studied a behavior of 5-trimethylsilyl-2-norbornene under the conditions 
of addition polymerization initiated by some Ni- and Pd-containing catalytic 
systems. The catalysts of this type have already demonstrated high activity 
in addition polymerization of norbornene and its alkyl derivatives [25,26]. 
The known Pd-containing catalytic systems: {(η3-allyl)Pd(SbF6)} [27] and 
σ,π-bicyclic complex [NB(OMe)PdCl]2 [28] turned out to be practically 
inactive in polymerization of 5-trimethylsilyl-2-norbornene. On the contrary, 
Ni-based complexes displayed a real activity in respect to this monomer. As 
a result saturated cyclolinear polymers were formed according to Scheme 6 
of addition polymerization. The absence of any unsaturation in these 
polymers was confirmed by both infrared (IR) (no bands in 1620–1680 cm–1 
region) and 1H NMR spectroscopy (no signals at 5–6 ppm). 

 

 
 
 
 

Scheme 6 
 
Some details of polymerization process are represented in Table 6. Addition 
poly(5-trimethylsilyl-2-norbornenes) were obtained with the yields up to 
80%. All of them were completely soluble in aromatic solvents. Among the 
Ni-based catalytic systems presented in Table 6. 

n
Ni

SiMe3

SiMe3

addition type

406



Table 6. Addition polymerization of 5-trimethylsilylnorbornene 

 
aDetermined by GLC of final reaction mixture 
bDetermined by GPC relative to polystyrene standards, T = 20°C 

 
Table 6, Ni(II)naphtenate–methylaluminoxane (MAO) and (π-С5Н9NiCl)2–
МАО were more active. Polymers prepared in the presence of Ni(II)naphtenate–
MAO catalyst had the highest molecular weights and demonstrated better 
film-forming properties. They did not show any glass transition up to 340°C 
(DSC). Gas–liquid chromatography (GLC) analysis of the final polymerization 
mixtures indicated that in the course of the reaction exo-conformer was 
consumed much faster than endo-form independently of the type of catalytic 
system employed. It should be noted that polymerization of 5-trimethylsilyl-
2-norbornene proceeded substantially slower than that of unsubstituted 
norbornene. 
 
Copolymerization of 5-trimethylsilyl-2-norbornene with 5-n-hexyl-2-norbornene 
(HexNB)was another way which was used for improving film-forming pro-
perties (Scheme 7). It is known that incorporation of long-pendant substituent 
should plasticize the polymer. Addition copolymer of 5-trimethylsilyl-2-
norbornene (SiMe3NB) with HexNB synthesized in the presence of 

formation of copolymers by demonstrating unimodal and rather narrow 
molecular mass distribution for all the polymers obtained in this study. So, 
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the units with n-hexyl substituent [29,30]. GPC analysis confirmed the 
Ni(II)naphtenate–MAO with yields 60–70% contained about 40–50% of
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the copolymer with higher molecular weight (Mw = 440,000) and better film-
forming properties was obtained. 

 
[Ni]SiMe3

m
SiMe3

n
C6H13

C6H13

 
 

Scheme 7 
 
Table 7 presents permeability coefficients of addition polynorbornenes with 
different side groups including SiMe3 substituent synthesized in this work 
and those described earlier. It is seen that poly(5-trimethylsilyl-2-norbornene) is 
characterized by much higher gas permeability coefficients than other poly-
norbornenes. So, an increase in the P values due to replacement of CH3 by  
 

Table 7. Gas-transport parameters of addition polynorbornenes 
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P, Barrer ά=Pi/Pj 

Polymer Tg 
oC O2 N2 CO2 CH4 C4H10 

O2/
N2 

CO2/
CH4 

H2/ 
CH4 

C4H10/
CH4 

8 >350 6,9 1,5 33,6 2,6 - 4,6 12,9 16 - 

9*) >380 502 89,2 396 30,3 - 3,7 13,1 16,6 - 

10 >340 780 297 4350 790 21846 2,6 5,5 2,1 22 

11 >340 60 19 330 48 - 3,2 6,9 3,4 - 

12*) 280 20 6,9 84 18,7 - 2,9 4,5 3,0 - 

13 >260 9000 6600 27000 15500 80050 1,4 1,7 1,0 5,2 

 

C6H13

n n

SiMe3

Me

n

9 10 8 

n

CH3

n

SiMe3

n

SiMe3 C6H13

m

11 

12 13 

**[32] 



Si(CH3)3 substituent can be as large as two orders. The copolymer of 
SiMe3NB and HexNB characterized by lower gas permeability coefficients 
than homopolymer of SiMe3NB, but higher, than homopolymer of HexNB. 
Permselectivity or separation factors α(М1/М2) = P(M1)/P(M2) are compared 
in Table 7 for addition poly(5-trimethylsilylnorbornene) and some other 
polymers. It is seen that in the most cases addition poly(5-trimethylsilyl-2-
norbornene) is more permselective than high permeability polymer 
polytrimethylsilylpropyne (PTMSP). 
 
An interesting peculiarity that can be potentially important from the practical 
viewpoint is solubility-controlled selectivity of some high permeability, high 
free-volume polymers revealed in separation of hydrocarbons according 
their molecular mass. As permeability coefficients can be presented as the 
product P = DS, the variations of the P values for the series of penetrants can 
be ascribed to corresponding trends of the D and S values [31]. 
 
In conventional glassy polymers, size sieving or mobility selectivity, which 
is determined by the variations of the diffusion coefficients, prevails, so the 
separation factors, reveal higher permeation rates of lighter components, e.g. 
α(C4H10/CH4), <1. On the other hand, in rubbers the diffusion coefficients 
only weakly depend on the penetrant size, so the opposite inequality 
α(C4H10/CH4) >1 is valid, because the solubility coefficient become a 
parameter more sensitive to penetrant size and properties. It is important that 
in some high free-volume glassy polymers (first and foremost, PTMSP) also 
solubility-controlled permeation behavior is observed [33]. 
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carbonyl group and olefin double bond, which has a formal similarity with the olefin 
metathesis – one carbon atom in the latter is replaced with an oxygen atom. Till now 
the new reaction is performed successfully only when the two functional groups 
(carbonyl group and olefin double bond) are in one molecule and are conjugated. 
The α,β-unsaturated carbonyl compounds (substituted propenones) are the compounds 
with such a structure. They polymerize giving substituted polyacetylenes. The chain 
propagation step of this polymerization is in fact the carbonyl–olefin exchange 
reaction.1
take place when the two functional groups are not in one molecule and are not 
conjugated, and could this reaction become an alternative of the existing carbonyl 
olefination reactions? 

1. Introduction 

Rigid polymers with conjugated main chain (polyacetylenes, polyphenylenes, 
polyphenylene vinylenes, polypyrrole, polythiophene, polyaniline) are a 

1

idealized concept, but it turned out that only short segments with effective 
conjugation length exists even in very long, fully conjugated chains without 
any structural deficiencies. Thus optical, electrical, and optoelectrical properties 
of high molecular weight polymers are nearly the same as the properties of 

bulk material properties is low to negligible in the case of high molecular 
weight polymers. However, this effect can be fairly pronounced in short-
chain polymers. It is clear that the mechanical and thermal stability of the 

into a polymeric chain in order to create polymers with isolated electroactive 
and photoactive moieties, i.e. to synthesize rod-coil or segmented conjugated 
polymers.2 These materials combine the good mechanical properties and pro-
cessability of high molecular weight polymers with the interesting and tunable 
electrical, electrochemical, and optoelectrical properties of the conjugated 
polymers.3 

 The question arises: is it possible the carbonyl–olefin exchange reaction to 

Abstract : The carbonyl–olefin exchange reaction is a new reaction between 
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The polymeric Schiff bases are interesting group of conjugated polymers 
having carbon–nitrogen double bonded units in the main chain, capable of 
protonation and complexation. They have been studied intensively owing to 
their properties: good thermal stability, mechanical strength, nonlinear optical 
properties, ability to form metal chelates, semiconducting properties, environ-
mental stability, and fiber-forming properties, which are associated mainly 
with their conjugated backbone and the presence of imine sites.4 These poly-
mers could become new materials suitable for use in polymer electronics, 
especially in view of a recent discovery that the photoluminescence of con-
jugated polymers containing basic sites in the main chain can be strongly 
modified by protonic (acid–base) doping. 5  

The polymeric Schiff bases are synthesized mainly by a polycondensation 
reaction between a diamine or hydrazine and a dialdehyde or diketone, and 
have the general structure (Scheme 1): 

 

 

 

 

 

Here R1, R2 can be aryl or alkyl, R3 can be aryl, alkyl or H 

Scheme 1 

These polymers are also named polyazomethines or polyazines when dia-
mines and hydrazine, respectively, are used in a reaction between dialdehyde 
compounds and polyketamines or polyketazines when diketones are used as 
dicarbonyl compounds in reaction with diamine or hydrazine. The interest in 
this class of polymers has been renewed in the last few years because 
aromatic polyazomethines and poly( p-phenylenevinylene), the first electro-
luminescent polymer, are isoelectronic as well as the polyazin, synthesized 
from glioxal and hydrazine, is a nitrogen containing analogue of polyacetylene. 

When R1 and R2 in Scheme 1 are aryls, then fully conjugated polymers are 
obtained. A major drawback of such polymers is their limited solubility in 
most organic solvents. High molecular weight polymers cannot be obtained 
because the growing macromolecular chain comes out of solution during the 
polycondensation at low polymerization degree. There are some general 
methods used to improve the solubility of the polymeric Schiff bases, such 
as: Insertion of flexible spacer between main chain aromatic rings (the result 
is segmented poly(Schiff bases)); introduction of pendant groups, i.e. aromatic 
or alkyl substituents, onto the polymer chain; introduction of structural irregu-
larities as kinks, bents, crankshaft-shaped units, etc. 

1 2

414



Polydiphenylacetylene with schiff base end groups  

 

All that said above evokes the following idea: if 2 in Scheme 1 is any con-
jugated oligomer possessing carbonyl end groups, and 1 is any aliphatic 
diamine, the result would be a segmented conjugated polymer possessing 
carbon–nitrogen double bonded units in the main chain. Such a product 
would combine the properties of both the conjugated polymer and the soft 
segment with the properties of the Schiff bases. 
 
The present paper reports the results of our first attempts in realization of 
this idea. 

2. Result and discussion 

In the last decade a new synthetic route to oligomeric polydiphenylacetylene 
has been developed on the bases of carbonyl–olefin exchange reaction and 
reductive coupling of conjugated dicarbonyl compounds.5 The oligomers thus 
prepared are well soluble, stable in air, and they still possess the physical 
properties of the conjugated polymers. This approach provides the possibility 
to synthesize polydiphenylacetylenes with different end groups6,7 (Scheme 2). 
Their photoluminescent and photoelectrical properties have been investigated.8 
 
 
 
 
 
  

 

The oligomeric polydiphenylacetylene possessing carbonyl end groups (P1) 
was obtained via polymerization of benzil under the influence of the Friedel–
Crafts olefin metathesis catalytic system WCl6 + AlCl3 (Scheme 3). 

 

 

 

 

The monomer and the oligomer are very convenient for the realization of  
our idea. 

 

C CX

Ph nPh

X is O ; C
Ph

Ph
;

n = 7-9

X

C C

PhPh

OO C C

PhPh

OO

n

(P1)WCl6+AlCl3

Scheme 2 

Scheme 3 
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Generally the polycondensation reactions of diamines with dicarbonyl com-
pounds have some disadvantages, among them the requirement of meeting 
specific reaction conditions. That is why we have tried to copolymerize 
some diamines (1,4-diaminobutane, 1,6-diaminohexane, and poly(propylene 
glycol)bis(2-aminopropylether)) with molecular weight 2000) with benzil 
(Chart 1) and with polydiphenylacetylene with carbonyl end groups (Chart 
2) varying the solvent (ethanol, tetrahydrofuran, N,N-dimethylformamide, 
cyclohexanol, or in bulk), the temperature (80–160°C), time (1–48 h) and the 
catalyst (p-toluenesulphonic acid, tin chloride, or without catalyst). 

Chart 1. Synthesis of poly(Schiff base) from benzil. 

 
 

 

Experimental conditions: t = 80°C, τ = 4 h, t =100°C, τ = 21 h, t =120°C,  
τ = 24 h, solvent: chlorobenzene, catalyst: ZnCl2, yield: 62%, Mw = 1295 
 

Chart 2. Synthesis of polydiphenylacetylene with Schiff base end groups. 

 

 

 

 

 

 

Experimental conditions: P3 and P4: t =100°C, τ = 24h, Mw(P4)= 2513, P5: 
t = 100°C, τ = 24 h, t = 160°C, τ = 24 h, no solvent, Mw = 6899. 
 
The optimal reaction conditions are given in the charts. The best solvent for 
polycondensation of benzil with diamines is chlorobenzene. Surprisingly the 
presence of acid catalysts does not improve substantially the yield of the 
products. According to the gel permeation chromatography (GPC), infrared 
(IR), and 1H nuclear magnetic resonance (NMR) analyses the products thus 

Unlike benzil polydiphenylacetylene does not react with the diamines in any 
of the above mentioned solvents. We have succeeded in performing this 
reaction in bulk at higher temperatures. 

 

(CH2)H2N+ C C

PhPh

NO

n

(CH2)C C

PhPh

OO NH26
NH26 (P2)

R NH2H2N+ C C

PhPh

NN

n

R RH2N NH2

R

C C

PhPh

OO

n

= CH2CH2CH2CH2

R = CH2CH2CH2CH2CH2CH2

R = CHCH2(OCH2CH)n

CH3 CH3

Mn=2000(P3)

(P4)

(P5)

obtained are oligomers, containing carbonyl, amine end C=N groups, (Figure 1). 
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Figure1. IR and 1H NMR spectra of P2 and P4. 

The difference between the reactivity of the carbonyl groups of benzil and 
oligomeric polydiphenylacetylene is understandable. As a general rule the 
reactivity of bis-carbonyl compounds decreases in the order: 

dialdehyde >diketone > quinone. 

Because of the conjugation with the polyacetylene main chain the reactivity 
of the carbonyl end groups should be closer to those of the quinones. 

When P1 was condensed with diamines the molecular weight of the products, 
measured by GPC Waters 244 apparatus with refractometer and ultraviolet–
visible (UV–Vis) detectors and ultrastiragel columns, is almost equal to the 
sum of the conjugated oligomer and two amine molecules. In addition there 
are no carbonyl absorbances in IR spectra of the products (Figure 1). On the 
grounds of these facts we consider that polydiphenylacetylenes possessing 
Schiff base end groups are obtained. 

The reaction products are isolated following the next procedure:  

The reaction mixture was cooled down, dissolved in chloroform and precipi-
tated in methanol. The powder was redissolved in chloroform, reprecipitated 
in methanol and dried under vacuum for 8 h. The yields were reasonable 
>50%. The structure of the reaction products was proved by IR and 1H NMR 
analysis. During the reaction the intensities of the peaks for –CO and –NH2 
groups in IR spectra (1672 cm–1 and 3334 cm–1, respectively) diminish and 
those for C=N (1624 cm–1
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) group increase (Figure 2). 
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Figure 2. IR spectra taken at different stages of progress of the reaction between 
benzyl and 1,6-diaminohexane. 

The products of the polycondensation of benzil with diamines have negligible 
photoluminescent properties even in solution, while the polydiphenylacetyl-
enes with Schiff end groups exhibit photoluminescence comparable or higher 
than that of the starting polydiphenylacetylene (Figure 3). 

 

 

 

 

 

 

 

 

 

       

      

One of the latter newly synthesized products (P5) is photoluminescent not 
only in solution but in film as well (Figure 4). It is stable and amorphous up to 
300°C, as the differential scanning calorimetry (DSC) analyses show (Figure 5). 

Therefore it meets some of the basic requirements for electroluminescent 
polymers. 
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Figure 3. PL spectra of polydiphenylacetelene 
containing different Schiff base end groups in 
chloroform (concentration 0.02 g/L). 

Figure 4. PL spectra of P5 
sample in chloroform (concen-
tration 0.02 g/L) and in film. 
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3. Conclusion 

We have succeeded in synthesizing polydiphenylacetylene with Schiff base 
end groups with different length and structure. Their photoluminescent 
properties have been investigated. It is clear that better experimental 
conditions (proper solvent or solvent mixture, proper catalyst, etc.) are 
necessary for the preparation of poly(Schiff bases) with a similar structure. 
This is the aim of our future investigations. 
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Abstract: R1OC(O)CH2Co(CO)3PR2

3 complexes (R1 = S-EtOC(O)CH(CH3), R2 = 
Ph a; R1 = (1S,2R,5S)-2-isopropyl-5-methylcyclohexyl, R2 = Ph, b; R1 = (1R,2S,5R)-2-
isopropyl-5-methylcyclohexyl, R2 = Ph, c; R1 = isopropyl, R2

3 = Ph2{(1S,2S,5R)-2-
isopropyl-5-methylcyclohexyl}, d) were prepared and characterised by analyses inclu-
ding IR, 1H NMR, 13C{1H} NMR spectra, as well as by x-ray diffraction structure 
determination. Principles of self-organisation of chiral conformations were deduced 
from the structural data. 
 
Keywords: alkylcobalt carbonyls, cooperative phenomena, intramolecular, chirality, 
conformations 

1. Introduction 

of the central issues of present day organic chemistry. This goal has not only 
practical implications in pharmaceutical, fragrance/odour, or materials chem-

physical organic chemistry. 
 
Transfer of the chiral information from one reactant or group to the product 
often proceeds through chiral (intermediary) conformers. In spite of the great 
importance of the aspects listed above, systematic efforts at the exploration 
of the mechanisms leading to such chiral conformations have dealt mostly 
with problems of bidentate ligands, while for the more “elementary” case of 
monodentate ligands, much less observations have been reported. 

183, I-41100 Modena, Italy 
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Our groups are exploring these mechanisms using mononuclear and dinuclear 
organocobalt complexes. 
 
In the mononuclear series, complexes of the ROC(O)CH2Co(CO)3PPh3 type, 
with R = achiral alkyl,9f,h,i (racemic) sec-butyl9e and glucosil groups9g were 
studied. The particular self-organisation of these complexes is due to the 
concerted rotation of more groups around some single bonds, which opens 
relatively low activation energy paths 9i which are asymmetric in the two 
possible directions. As a consequence of this situation transmission of chiral 
information though the achiral fragments of these molecules was observed. 
These (thermal) processes are reversible and free of errors, yielding, therefore, 
always racemates. Experience with the (R, S) s-Bu9e and glucosyl9g deri-
vatives indicated that the study of complexes with centres of chirality in the 
ester group or in the phosphine ligand may lead to interesting new effects 
governing the self-organisation processes which are acting in the intramole-
cular transmission of the chiral information. 
 
We present here preparative and structural studies on alkylcobalt carbonyl 
phosphine complexes with centres of configurational chirality in the alkyl- 
or in the phosphine ligand. 

2. Experimental 

All operations were performed according to the standard Schlenk techniques. 
Starting materials were of commercial origin, with the exception of S-2-
bromoacetoxypropionic acid ethyl ester, the bromoacetate of D-menthol [(1S, 
2R, 5S)-2-isopropyl-5-methylcyclohexanol] and L-menthol [(1R, 2S, 5R)-2-
isopropyl-5-methylcyclo-hexanol] as well as of dicobalt octacarbonyl, which 
were prepared according to published procedures. 
 
Infrared (IR) spectra were recorded with a Bruker IFS 113V Fourier Transform 
Infrared (FT-IR) spectrometer. 1H NMR, and 13C{1H} NMR, and 31P{1H} 
NMR spectra were obtained with a Bruker DPX-200 and an AMX-400 
instrument. 
 
The x-ray diffraction experiments were performed using a Siemens P4 x-ray 
four-circle diffractometer with Mo–Kα radiation at room temperature (r.t.). 
SHELXTL-Plus programs and an SGI IRIS Indigo computer were used for 
calculations. Atomic scattering factors were taken from SHELXTL and the 
literature as well as the correction for anomalous dispersion. 
 
The alkylcobalt tricarbonyl tert–phosphine complexes 3a–d were prepared 
according to variants of the procedures described in a published method. 
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Na[Co(CO)4] + R1OC(O)CH2Br
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Two-way intramolecular transfer of chirality in organocobalt complexes 

(Scheme 1), using ion metathesis (1), ligand-promoted carbonylation (2), 
and thermal decarbonylation (3) steps in a one-pot mode. 
 

2.1 Preparation of (S)-EtOC(O)C(H)(CH3)OC(O)CH2Co(CO)3PPh3 (3a) 

A solution of Na[Co(CO)4] (2 mmol, prepared by Na/Hg reduction of 
Co2(CO)8, 342 mg, 1.0 mmol) in 30 mL of dry Et2O was filtered into a 100 
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mL Schlenk vessel under an Ar atmosphere. This solution was cooled to –30°C, 
and then, while stirred, S-2-bromoacetoxypropionic acid ethyl ester (478 mg, 
2 mmol) was added at once. Immediately after this, the formation of a white 
precipitate (NaBr) started and the (originally colourless) solution turned 
gradually yellow then brown. The stirring was continued for 2 h at –30°C and 
then the reaction mixture was left to warm to r.t. The stirring was continued 
for an additional 1 h at r. t. After this period a liquid sample was taken for 
spectroscopic analysis. The IR ν (C–O) spectrum showed the complete dis-
appearance of the strong, broad band of [Co(CO)4]- at ∼1900 cm–1 and the 
emergence of a new band system compatible with an XCo(CO)4-type 
complex.17a, This complex was characterised as R1OC(O)CH2Co(CO)4 [R1 
= EOC(O)CH(CH3)–] (1a) on the basis of its IR and NMR spectra (Table 1). 
Complex 1 was not isolated. 
 
Table 1. IR ν (C–O) data in n-hexane (cm–1), 1H NMR and 13C{1H} NMR spectra in 
CDCl3 (δ, (ppm), J (Hz)) of complexes 1 

The reaction mixture was then filtered and to the filtrate, while stirred at r.t. 
under an Ar atmosphere, P(C6H5)3 (514 mg, 2 mmol) was added in one 
portion. The stirring was then continued for additional 8 h. After 2 h the 
colour of the brown solution turned gradually light yellow and gas evolution 
(CO) was observed. After this period, a sample was taken, which was 
analysed by IR spectroscopy in the C–O stretching range (2200–1600 cm–1). 
The only detectable metal carbonyl species showed a ν (C–O) band system 
characteristic for an XCo(CO)3L-type complex18–20, and it was attributed to 
R1OC(O)CH2Co(CO)3PPh3 3a. Then the reaction mixture was filtered and 
the solvent was evaporated at r.t. and reduced pressure. The crude product 
(673 mg, 60.9%) was then recrystallised from diethyl ether/n-hexane (liquid 
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diffusion) providing light yellow crystals (473 mg, 42.8%). Complexes 3b–d 
were prepared similarly. The products 3 were characterised by elemental 
analyses (Table 2), IR, 1H NMR, 13C{1H} NMR , and 31P{1H} NMR (Table 
3), and x-ray diffraction (Tables 4 and 5). 
 

Table 2. Elemental analyses of complexes 3 

   Composition (%) 
Compd. Formula Mol. weight Found Calculated 
3a C28H26O7CoP 564.32 C 59.7; H 4.7 C 59.59; H 4.64 
3b C33H36O5CoP 602.52 

Co 10.0; P 5.1 Co 9.78; P 5.14 
3c C33H36O5CoP 602.52 C 66.1; H 6.2 C 65.78; H 6.02 
3d C30H38O5CoP 559.43 C 63.4; H 6.9 C 63.38; H 6.74 
 
Table 3. IR ν (C–O) spectra in n-hexane (cm–1), 1H NMR, 13C{1H} NMR, and 
31P{1H} NMR in CDCl3 (δ in ppm, J in Hz) of complexes 3 
 IR 1H NMR 13C{1H} NMR (JC–P) 31P{1H} 

NMR 
3a 2052 vw, 

1982 s, 1971 
s, 1754 w, 
1705 w 

7.58–7.55 (m, CH arom.);
4.93 (q, 1H, J = 7.12, 
C(6)H); 
4.17 (q, 2H, J = 7.12, 
C(10)H2); 
2.234 (3JHP = 3.34)
1.42 (d, 3H, J = 7.12, 
C(7)H); 
1.26 (t, 3H, J = 7.12, 
C(11)H) 

198.4 (d, 22.25) CO coord.; 
180.1, C(5)O, 171.4 C(8)O; 
133.0 (d, 47.87), 132.9 (d, 10.91), 130.9 
(d, 2.36), 128.7 (d, 10.55), C6H5 in PPh3; 
68.1 C(6)H;  
60.7 C(10)H2;  
16.8 C(11)H3;  
14.0 C(7)H3;  
4.1 (d, 16.06) C(4)H2 

57.63 

3b 2050 vw, 
1984 s, 1975 
s, 1702 w 

 198.7 (d, 21.54) CO coord.; 
180.4 C(5)O; 
133.2 (d, 46.281), 132.9 (d, 11.067), 
130.8 (d, 2.012), 128.6 (d, 11.07), C6H5 in 
PPh3;  
68.1 OCH; 72.73 OCH2;  
47.1, 40.5, 34.3, 31.2, 25.9, 23.3, 22.1, 
20.8, 16.2 CH, CH2, CH3; 
5.620 (d, 17.054) CH2–Co 

 

3c 2050 vw, 
1985 s, 1975 
s, 1701 w 

 198.7 (d, 21.54) CO coord.; 
180.4 C(5)O; 
133.2 (d, 46.281), 132.9 (d, 11.067), 
130.8 (d, 2.012), 128.6 (d, 11.07), C6H5 in 
PPh3;  
68.1 OCH; 72.73 OCH2;  
47.1, 40.5, 34.3, 31.2, 25.9, 23.3, 22.1, 
20.8, 16.2 CH, CH2, CH3; 
5.620 (d, 17.054) CH2–Co 

 

 
 

 

C 65.8; H 6.1;      C 65.78; H 6.02 ; 

3d 2046 vw,   
1981 s,
1966 s,
1706 w 
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 3a 3b 3c 3d 
Co–P 2.207(1) 2.213(3) 2.215(1) 2.239(1) 
Co–C(1) 1.782(4) 1.776(10) 1.791(5) 1.778(5) 
Co–C(2) 1.792(4) 1.789(9) 1.779(4) 1.786(5) 
Co–C(3) 1.773(4) 1.802(10) 1.827(3) 1.779(5) 
Co–C(4) 2.078(3) 2.088(10) 2.077(5) 2.078(4) 
C(1)–O(1) 1.137(5) 1.149(12) 1.146(6) 1.138(6) 
C(2)–O(2) 1.123(5) 1.144(11) 1.148(5) 1.132(7) 
C(3)–O(3) 1.132(5) 1.126(12) 1.132(6) 1.141(6) 
C(4)–C(5) 1.467(4) 1.496(14) 1.495(7) 1.472(8) 
C(5)–O(5) 1.207(5) 1.175(12) 1.198(6) 1.218(7) 
C(5)-O(6) 1.353(5) 1.379(10) 1.368(5) 1.333(7) 
O(6)–C(6) 1.433(5) 1.453(11) 1.449(5)  
P–C(16) 1.828(3) 1.826(6) 1.827(3) 1.859(4) 
P–C(22) 1.831(3) 1.822(5) 1.816(3) 1.834(3) 
P–C(28) 1.823(3) 1.819(6) 1.827(3) 1.834(3) 
Co′–P′  2.209(3) 2.208(2)  
Co′–C(1)  1.799(10) 1.803(5)  
Co′–C(2′)  1.792(8) 1.795(4)  
Co′–C(3′)  1.783(10) 1.790(5)  
Co′–C(4′)  2.065(11) 2.080(5)  

Bond angles (°) 

P–Co–C(1) 93.7(1) 92.8(4) 92.7(2) 92.0(2) 
P–Co–C(2) 90.1(1) 90.1(4) 90.4(2) 95.5(2) 
P–Co–C(3) 93.5(1) 93.4(3) 93.6(2) 91.0(1) 
C(1)–Co–C(2) 118.4(2) 119.6(5) 120.7(2) 116.5(2) 
C(1)–Co–C(3) 116.6(2) 114.2(4) 113.8(2) 120.5(3) 
C(2)–Co–C(3) 124.5(2) 125.8(4) 125.1(2) 122.4(3) 
P–Co–C(4) 179.1(1) 176.8(2) 177.0(1) 175.4(2) 
C(1)–Co–C(4) 87.0(1) 87.8(4) 87.2(2) 85.0(2) 
C(2)–Co–C(4) 89.0(2) 87.0(4) 87.0(2) 89.0(2) 
C(3)–Co–C(4) 86.8(2) 89.2(4) 89.2(2) 87.6(2) 
Co–P–C(16) 115.7(1) 114.9(2) 115.0(1) 112.8(1) 
Co–P–C(22) 114.8(1) 113.6(2) 114.1(1) 109.9(1) 
Co–P–C(28) 114.2(1) 113.7(2) 113.7(1) 116.0(1) 

3. Results and discussion 

In the course of previous studies with alkylcobalt carbonyl tert-phosphine 
complexes, similar to type 3, we discovered:  

 3a 3b 3c 3d 

Table 5. Selected bond length (Å) and bond angle (°) values of compounds 3 Bond 
lengths (Å) 
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(b) These conformations are generated in a concerted manner, 
radically reducing (with achiral groups in the ester to 50%) the 
number of “statistically possible” conformations.9f 

(c) This selection rule emerges as a consequence of asymmetry in 
the rotational barriers of the ester group,9i leading to “molecular 
clockwork” arrays. 

(d) The “selection” (orientation) of the ester position is transmitted 
by a clockwork-like mechanism to the rest of the molecule, leading 
to concertedness between the (chiral) conformations of the phos-
phine and those of the alkyl ester ligand.9f,i 

(e) Introduction of one centre of chirality into the ester-alkyl group, 
in the form of a flexible, apolar, non-bulky group (s-Bu) results 
in an even more radical reduction of the (statistically possible) 
conformers (by 75%).9e 

(f) Introduction of a bulky, polar group into the ester fragment 
(diacetone-D-glucofuranosyl rest) causes, the formation of only 
one chiral conformer; however, due to the bulkiness, this form is 
much less ordered than the former complexes.9g 

(g) Effects (d) and (e) are strengthened by a C–H…O hydrogen 
bridge interaction in the ester group between the α-CHn group 
and the ester carbonyl–O.9f,g 

The essential effects leading to these results are summarised in Scheme 2. 
 
The basis of the selection of the structure of the compounds studied in this 
paper was to find out, how these principles work using compounds with (i) a 
flexible ester “alkyl” group with polar fragments and one centre of chirality 
(3a); (ii) flexible apolar (not too bulky) alkyl groups with more (3) stereo-
genic units (3b,c); and (iii) (configurationally) chiral group in the phosphine 
ligand (3d). 
 
The preparative access to these molecules was developed on the basis of 
earlier experience with similar compounds,9,17 using a one-pot variant, without 
isolation or detailed characterisation of intermediates 1 and 2. High yields of 
complexes 3 were obtained without attempt at optimisation of the yield. No 
cobalt carbonyl species other than complex 3 were detected after reactions 
(1)–(3) were completed (Scheme 1). Spectroscopic analysis of the reaction 
mixture during the reaction and immediately after did not reveal isomers 
(equatorial) other than characterised in the end products 3a–d (c.f. [18]).  
X-ray crystal and molecular structure determination was performed with 
complexes 3a, b, c, and d.  
 

C. Zucchi et al. 

(a) The alkyl (ester) and phosphine ligands develop chiral confor-
mations even with achiral groups.9b–d 
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Two-way intramolecular transfer of chirality in organocobalt complexes 

 
Scheme 2 

 
 
The overall molecular structure of complex 3 shows a trigonal bipyramidal 
(TBP) array with the non-carbonyl ligands in axial (trans) positions and the 
carbonyls in a slightly bent equatorial plane, turning its concave face towards 
the alkyl ligand. This picture is similar to the geometry of several other 
XCo(CO)3L type complexes.9,17,18,19b,20,22 The preferential development of the 
trans-(bis-axial) TBP geometry in complex 3 is a fortunate circumstance for 
the analysis of the mechanisms of the interaction of the conformations of 
ligands in the two opposite positions on the metal. 
 
The crystal lattice of complexes 3a and d contains only one conformer of 
each of these complexes (both are P212121 phases), while 3b and c both form 
P21 phases, with two independent molecules (each) in these lattices. All 
complexes contain four molecules in the elementary cell. 
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A comparison of the behaviour of complexes 3a and d with that of the 3, R = 
achiral alkyl,9h (R, S)s-Bu9e and glucosyl9g derivatives, gives a strong indication 
for the supposition that the “racemates” of the conformational isomers of the 
ester and phosphine groups are “resolved” by the introduction of permanent 
centres of chirality into the ligands. This, however, does not lead necessarily 
to the formation of only one isomer (conformer). If the steric conditions 
permit, additional (diastereomeric) forms develop, as in the case of the two 
menthylester derivatives 3b and c. The loss of helicity in the phosphine 
ligand at the glucosyl derivative9g as well as the development of the two 
diastereomers (each) in the menthylester complexes 3b and c indicates that 
the presence of more centres of configurational chirality does not necessarily 
promote the formation of a “more chiral” product. This is a problem that one 
encounters in preparative (empirical) attempts in terms of observing more or 
less “efficiency” of additives used for the induction of chirality. 
 
The individual features of the structural details of complexes 3a, b, c, and d 
require some comments. 
 
The structure of complex 3a (Figure 1) is primarily characterised by the 
remarkable non-equivalence of the (ligand) carbonyl angles OC–Co–CO: 
125.8°, 118.0°, and 115.5°. The broadest of these angles is certainly due to 
the bulkiness of the organic ligand, which is organised in a very particular 
manner. First of all, it is to be noted that in this long, flexible organic ligand, 
with six6 σ-bonds that could generate new conformers, only one conformer 
develops in the P212121 phase. This conformer is characterised by a very 
symmetric orientation with respect to the rest of the molecule, as it can be 
seen through the dihedral angle between the main axis of the “lactic acid” 
fragment and the anti-CO ligand: –178.3° (almost a straight line). Other interes-
ting features are the short (ester) carbonyl-O vs. α- (alkyl) C distances (C10–
O8, 269.4 pm) indicative of the formation of C (sp3) H vs. >C=O hydrogen 
bonds, similarly as has been found with other three derivatives with (ester)–
α–CH groups.9e,g,h The H-bridging generates a new centre of chirality on 
C10 (Figure 1). It is a highly interesting feature of this structure that this new 
centre of chirality on C10 is generated only in one enantiomeric form (“R”). 
The phosphine ligand in complex 3a shows only one helical conformation 
(M), where the phenyl ring orientations are somewhat different from those 
observed at the achiral, alkyl9h, and s-Bu9e derivatives. The difference is 
mostly in the orientation of the C16–C21 ring, which is more “steep” than 
usual. This can be caused by an additional H-bridge interaction between the 
C17 and O8 atoms (C17–O8 distance 269 pm, C17–H17–O8 angle 152.2°), 
which may be one of the factors contributing to the stabilisation of the asto-
nishingly selective organisation of the conformation in the ester fragment of 
complex 3a. An additional “through-space” intramolecular interaction can be 

C. Zucchi et al. 430



Two-way intramolecular transfer of chirality in organocobalt complexes 

identified between the C5 and the Co atoms. This “enforced” interaction 
(distance 293.9 pm) renders the C5 atom tetracoordinated, with four 
different substituents (Co, O5, O6, C4) and, therefore, generates a new 
centre of chirality on this atom. Since in the P212121 phase, the C5, O5, O6 
carboxyl group turns only its si-face towards the Co atom, the new centre of 
chirality will be (with quantitative enantioselectivity) of S configuration. 
This kind of intramolecular interaction a was detected by x-ray structural 
studies in some analogous molecules9,17a as well as analysed by MO calcu-
lations23c,d that showed that a considerable electron density transfer occurs 
between the C5, O5, O6, and the Co atoms. These particular interactions lead 
to a dramatic diminution of the number of “statistically” possible conformers. 
Regarding only P and M for the PPh3 ligand, si or re (towards Co) for the 
C5-centred ester group, as well as “R” or “S” for the C10 atom, this gives 
eight combinations and only one (12.5%), in 100% enantiomeric yield, gets 
realised under the influence of the permanent S configuration on C6 with the 
aid of the supramolecular forces. 

 
Figure 1. ORTEP drawing of the x-ray crystal structure of complex 3a. 

The considerations described earlier in this paper on the structure of complex 
3a are reflecting the situation in the condensed P212121 phase. Since most of 
the reactions where alkylcobalt carbonyls are important intermediates are 

431



displayed in solution or vapour phase18, we made an attempt at exploring 
whether the highly interesting structural features observed in the crystalline 
phase are to be taken into account in the solution and/or gas phase. The 
results are as follows: 

(a) `The IR ν (C–O) frequencies of both “organic” carbonyl groups 
observed in apolar solvents (Table 3) are compatible with C–H…O 
and =O…C interactions. 

(b) The ABX-type signal observed for the CH2 group directly linked to 
the Co atom in the 1H NMR spectrum represents an additional proof 
for the “survival” of the chiral conformation detected in the crystalline 
phase. The fact that this ABX-type splitting can be observed also in 
apolar solvent (Table 1, benzene-d6) gives, according to our experience 
9e an additional indication that the chiral conformation in complex 3 
is particularly stable. 

(c) The solution CD spectrum of complex 3a shows bands at λ = … nm. 
These are absent in the CD spectrum of the S-2-bromoacetoxypro-
pionic acid ethyl ester precursor. These bands can be assigned to 
transitions involving Co d-orbitals,9a,10 giving thus a support for the 
chiral perturbation of the Co atom9a,23 as deduced from the crystal 
phase data. 

(d) Energy decomposition analyses of the ligand bonding energies per-
formed in the means of Ziegler’s extended transition state method 

using the Amsterdam density functional (ADF) program attribute 
substantial (8–10 kcal/mol) bond energy for the Co–C5 (O5, O6) 
coordination.23d The model structures with distorted Co–C4–C5–O6 
dihedral angels rapidly re-establish their natural angle (±90) when 
optimised by QM semi-empirical PM3(tm) parameter set of 
SPARTAN 5.1 or molecular mechanical calculations. The substantial 
driving force observed in this isolated monomolecular event rules out 
the assumption attributing this highly selective self organisation to 
solid phase intermolecular forces. 

 
The x-ray structure of the menthylester complexes 3b and c provided an 
entirely new and highly interesting picture. This is characterised by the fact 
that both compounds (in P21 phases) appear as pairs of diastereomers each of 
which are characterised by the different orientations of the 5-methyl group 
((farther from ↑ or closer to ↓ the Co atom) or (↓,↑: the 5-Me group of the 
menthyl fragment lies in or farther away from the equatorial plane) as well 
as by enantiomeric configurations developing in the rest of the molecules 
(Figure 2). The combinations found experimentally in the crystalline phase 
are L↑reP, L↓siM, and D↓reP, D↑siM, while the 12 combinations are 
completely lacking. This is the first instance when diastereomer pairs are 
found to form the unit cells of compounds 3. 
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One of the most interesting feature of these structures is the fact, that each of 
the enantiomers appear separately in different crystals: the chiral L↑reP 
molecule is in the elementary cell of 3b, while its enantiomer D↑siM is in 
the lattice of complex 3c. 
 
Both complexes 3b and 3c develop H bonding between the alkyl-α-H atom 
and the sp2 O atom of the carboxyl group. The 5-membered, H-bonded, non-
planar rings thus formed show enantiomeric configurations characterised by 
exactly the same bond lengths, bond angles and equal dihedral angles (with 
opposite signs) as shown in Figure 3 and Table 6. Since the C6 atom in the 
menthyl group is already chiral, the H-bonding does not generate a new 
centre of chirality as it was observed at the “outer” ester group of complex 

9h,i

different crystals (Table 6). 
 
Table 6. Selected geometric data of menthyloxycarbonylmethyl–cobalt–tricarbonyl–
triphenylphosphine complexes (3b, c) (From x-ray files TIYXAA (L-menthyl-); 
TIYWUT (D-mentil-) (L: 1R, 2S, 5R; D: 1S, 2R, 5S) 
 

 L↑re(R)P L↓si(S)M D↓re(R)P D↑si(S)M 
3b     
Co–C–C=O, deg –94 89.3 –89.9 93.3 
Ester ring     
αH–O=, pm 230.6 239.4 239.8 229.1 
αC–O=, pm 273.0 269.2 269.6 272.7 
H–O=C, deg 82.4 80.9 80 82.5 
C–H–O=, deg 105.9 97.4 97.5 106,7 
3c     
O=C–O–C, deg –3.1 –13.9 15.3 4.9 
C–O–C–H, deg –5 40.9 –41.5 4,1 
O–C–H–O=, deg 6.5 –32 33.6 –6.5 
H–O=C–O, deg 4.7 –3.0 1.9 –5.9 
O=C–C–H, deg –7.4 26.7 –26.4 8.1 
C–H–O=C , deg –8.1 27.2 –26.7 8.9 
Co–C .....C5–CMe deg 127 9 –9.3 –127.9 

L↑reP; L↓siM; (↓,↑: the 5-Me group of the menthyl fragment lies in or 
farther away from the equatorial plane) 

The “enforced” vicinity of the carboxylic C5 and the Co, i.e. the Co—C5(O5, 
O6) coordination reproduces the C5–Co distances rather efficiently (3b 
296.2 pm; 3c 296.9 pm.). This effect generates new centres of chirality on 
C5 (si→S and re→R) and on the Co atom. The chiral perturbation of the metal 
 

lier studies .   It is worth to note that the distances and angles around the 
3a (this work) as well as at the ethyl and n-propylester derivatives in ear-

C–H…O bridge show an excellent agreement between the enantiomers in 
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Figure 2. Thermal ellipsoids are shown at the 90% probability level for the 
diastereomers of complex 3c. 

 
Figure 3. Enantiomeric conformations in different crystals. Comparison of the 
conformations of the H-bonded rings in complexes 3b and c. 
 
atom is reflected also in the low-energy CD bands of complexes 3c and d.9a 
The CD activity as well as the ABX-type signal of the α-CH2 groups in the 
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1H NMR spectra of these complexes provide important hints at the “survival” 
of the supramolecular effects also in the solution phase. 
 
Compound 3d was synthesised to test the effect of a chiral organic rest in the 
phosphine ligand. The x-ray structure of complex 3d shows a bis-axial TBP 
overall geometry which is similar to the previous complexes 3a, b, and c 

1 1 1

 
(a) The autosolvation-type interaction between the carboxyl-C sp2 atom 

and the Co seems to be justified again by the relatively short C5–Co 
distance (295.1 pm). The carboxyl group is turned with its reside 
towards the Co atom, and acquires R configuration by its interaction 
with the metal. 

(b) The bulky neo-menthyl group has heavily distorted the structure of 
the phosphine ligand especially the arrangement of the two phenyl 
blades with their corresponding torsion angles of –72.5 and –12.6°. 
The helicity is nearly collapsed but it is still possible to assign the P 
configuration and the average of the corresponding dihedral angles is 
about the ideal value, –46.5°. This reP configuration is the “dia-
stereomer” of the triphenyl phosphine analogue9c (siP, reM, Figure 4). 

(c) One of the (O)C–Co–C(O) angles opens up to 123.6° to accommo-
date a bulky menthyl group and capitalising on the occasion the ester 
group organises itself also into this segment eclipsing with the 
menthyl group. The two isopropyl groups are found in surprisingly 
close vicinity to each other. 

(d) Nevertheless, this closely packed molecular structure is energetically 
(by about 2 kcal/mol) more favourable than the possible three (reM, 
siP, and siM) others.27 The chiral alkyl (neo-menthyl) group intro-
duced into the phosphine ligand is inducing the inversion of the 
coordinated ester fragment from si to re and achieving a 100% 
enantioselection with respect to the possible stereoisomers. 

(e) Similarly to other esters containing α-CH units (3b, c, refs. [9e–I]) 
H-bonding between the C7 and O5 atoms can be identified. 

(f) The existence of the chiral conformer (found in the P212121 phase) 
also in solution phase gains support from the low-energy CD bands9a 

1
2

conformations of complexes 3b and c vs. complex 3d is rooted in the 
difference between the rotational freedoms of the (otherwise very 
similar) organic groups bearing central chirality, in 3b and c with 
respect to d. 

and from the well-resolved ABX-type H NMR band of the (Co)–CH
group of complex 3d. The fundamental difference between the 

(see also refs. [9,17a,20]). In the chiral P2 2 2  phase the elementary cells 
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contain four identical chiral molecules. These are characterised by the
following structural features:  



4. Conclusions 

Most of our earlier studies on the mechanism of the intramolecular transfer 
of chiral information concerned the recognition and self-organisation of 
conformationally invertable stereogenic units. The origin, and the major driving 
force of these phenomena are the new coordination type of the prochiral ester 
group of the compounds 3 that may be influenced significantly by the struc-
ture of corresponding alkoxide group. The stereoselectivity of the self-organi-
sation of these compounds may be fundamentally enhanced by the introduction 
of a permanent configurational chirality in the alkoxide group. The behaviour 
of compound 3a, as well as of (R, S) s-BuOC(O)CH2Co(CO)3PPh3,9e shows 
clearly that only one centre of configurational chirality is sufficient to 
generate the lowest possible number (one) of chiral conformations. Some 
sort of the combined effect of the various structural characteristics is 
transferred from the ester group to the trans axial ligand determining its 
energetically most favourable helical configuration. Due to this combined 
steric effect more centres of chirality, as in the case of compounds 3b and c 
do not necessarily lead to the development of “more chiral” conformations. 
Even more, under certain conditions (e.g. steric repulsion) may produce “less 
chiral” states, as was recently observed with the glucose-ester-derived analogue 
of complex 3.9g Now, this time we demonstrate that introducing a chiral 
hydrocarbon group into the distant trans axial position, the chiral induction 
is efficiently channelled in the molecule the other way around, as well. 
 

        

Figure 4. Comparison of the structures of complex 3d and iPrOC(O)CH
2
Co(CO)

3
PPh

3
. 
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The result is convincing: the intramolecular transmission of the chiral infor-
mation is a two-way process and providing an easily accessible model of the 
transition state and for the mechanism of chiral phosphine induced metal 
catalysed asymmetric syntheses. 
 
The results described in this paper and in some previous reports9,10 seem to 
support our initial hopes that a systematic study of the development of chiral 
conformations in transition metal complexes might produce some useful 
principles for the “engineering” of sufficient systems for enantioselective cata-
lysis. We believe, in this respect, it is not enough to develop chiral ligands, 
but it is also necessary to study the active complex(es) of the catalytic cycle. 
Our groups are working on the analysis of additional suitable models in this 
respect. 
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Abstract: Crystalline phases of the flexible complexes ROC(O)CH2Co(CO)3PPh3 
contain enantiomeric pairs of chiral conformers characterized by two forms of the 
PPh3 ligand of opposed helical chirality, each of which is accompanied by only one 
conformation of the ester fragment. While the interconversion amongst enantiomers 
is very fast its stereoselectivity is very high as well: no diastereomers have been 
detected so far. 
 
A member of this family, [(etoxycarbonyl)methyl]cobalt tricarbonyl triphenyl-
phosphine (I) was chosen as a model to study the mechanism of the highly specific 
selection of the si,M and re,P enantiomers found in the crystalline phase. 
 
The results of semi-empirical calculations, molecular graphical studies, molecular 
mechanical (MM) conformation analyses on the Et ester derivative I, show that corre-
lated motions of coaxial rotors, coupled bevel gear-like rotors with different periodi-
city and the first example of a coupled conrotation identified in a molecular system 
provide the mechanism of the inversion. These dynamic gearing, originating mainly 
in non-bonded interactions, govern the preferred spatial disposition and carry far-

rotation of the ester group and its impact on the coupled structural elements are 

anchor, its two carbonyl ligands form a OC–Co–CO fork which functions as pellet. 
The role of the third coordinated carbonyl of this “molecular anchor”, also assisted 
by the other two, is to convey the impulse to the phenyl rings, thus acting as a balance-

and (here) molecular scale escapements transform into their phase isomeric (mirror 
image) configuration when their action is completed. 
 
According to our knowledge, the present system represents the most complete 
molecular level analogue of a mechanical clockwork. 
 
Extensive preparative and theoretical studies on the [(alkoxycarbonyl)methyl]cobalt 
tricarbonyl triphenyl–phosphine type molecules are aimed at providing new mole-
cular building blocks for design and synthesis of nanoscale components for 
nanomechanical structures. 

BY CLOCKWORK MECHANISM 
NANOMOLECULAR SWITCHES OPERATED 
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reaching conformational information through the molecular system. The partial 
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identical to those of the escapement wheel in a clock. The Co(CO)3 rotor acts as an 

of Advanced Materials, 441-452.

wheel flipping over to their phase enantiomeric configuration. Both the macroscale 
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Keywords: concerted rotations, clockwork, conformation analysis, organocobalt 
complex, force field, stereo inversion. 

1. Introduction 

Cogwheels, ratchets, brakes, switches, even propellers, and their various gear-
like cogging combinations have been applied in the development of the 
earliest appliances, such as: watermills, windmills, and mechanical clocks. Ana-
logies are also numerous at the molecular level where motion is the norm, 
and spontaneous free rotation around single bonds thus a rule, not an excep-
tion. Several examples have become known in the last 3 decades of crowded 
molecular systems, where correlated rotation of two or more groups became 
energetically more feasible than the independent rotation around a single 
bond [1]. While the phenomenon of the concerted torsion may be interpreted 
as resulting from orbital symmetry control [2], the coupled disrotation of 
chemical rotors awakes a strong image of mashed cogwheels in motion [3]. 
The coupling mechanisms are conceived in order for these dynamic gearing 
to create principally non-bonded interactions between tightly intermeshed 
groups, as might be expected for sterically crowded molecules. It is here that 
the analogy between chemical and mechanical gears is most aptly applied. 
These effects govern preferred spatial disposition of the bulky groups in a 
molecule, which could carry far-reaching conformational information through 
the molecular system and may be responsible for many important stereo-
chemical consequences. This paper presents quantum mechanical (QM) semi-
empirical and MM conformational studies on correlated structure changes of 
an [(alkoxycarbonyl)methyl]cobalt tricarbonyl triphenylphosphine compound 
[4,5], whose highly selective enantiomeric rearrangements seem to be closely 
related to the actions of some man-made mechanical devices. Members of 
the set of the aforementioned compounds have been synthesized for entirely 
different purposes [6]. In course of the investigation of the structure of 
EtOC(O)CH2Co(CO)3(PPh3) (I) a coupled conrotation in a molecular system 
was recognized. The presence of a branched skeleton, series of flexible bonds, 
coaxial rotors, and coupled rotors with different periodicity are elements of this 
previously unobserved molecular motion. 
 
The identification of the elementary steps of these molecular events may be 
generalized and might help elucidate the basis for correlated internal rotations 
in other molecules of stereochemical interest, particularly in intermediates 
and transition states of enantioselective catalysis. In addition, the phenome-
non discussed here could provide new ideas for the design of sophisticated 
nanotechnological devices. 
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2. Experimental 

The flexible ROC(O)CH2Co(CO)3PR′3 complexes develop a quite peculiar 
architecture exhibited clearly in the crystalline phase and also in solution [7]. 
In the absence of (configurational) centres of chirality, the unit cell (Z = 2 or 
4) contains always one (or occasionally two) pair(s) of chiral enantiomeric 
molecules, related by a centre of symmetry. If stereogenic centre(s) is (are) 
present either in the (ester) alkyl moiety or in the phosphine ligand, indi-
vidual (non-centrosymmetric) molecules with chiral conformations are formed. 
A survey of the published alkyl- and acyl-cobalt carbonyl structures [8] 
showed that this behaviour is quite general in the self-organization of these 
(and actually also other) transition metal complexes in the crystalline phase. 
 
This kind of behaviour is well demonstrated by the crystal structure of the 
complex I (Figure 1), which was chosen for more detailed analysis. 

 
Figure 1. The unit cell of crystal structure of molecule I (monoclinic; space group = 

  
 
The unit cell of complex I contains two pairs of enantiomeric molecules. The 
asymmetric unit of the crystal contains one molecule, while the other three 
molecules are defined by the P21/n space group. The ester fragment is 
always quasi-parallel oriented to the approximate plane of the Co(CO)3 
group (defined by the three carbonyl carbon atoms). The plane to plane angle 
is less than 25°. Other possible conformations of this group allowed by the 

siM 

siM 

2.1 Structural features of [(alkoxycarbonyl)methyl]cobalt tricarbonyl 
triphenylphosphine complexes 

P21/n; a = 9.435Å; b = 18.105Å; c = 14.373Å; α= 90.00°; β= 103.62°; γ= 90.00°). 
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rotation around the Csp2–Csp3 bond are not populated. The enantiomeric 
conformers, P and M (Scheme 1), of the PPh3 ligand are accompanied by 
only one conformer of the EtOC(O)(CH2...Co) group (re and si, resp., 
avoiding statistically equivalent and sterically possible combinations such as, 
e.g. (P)–PR3/(si)–COOR, and (M)–PR3/(re)–COOR. These forms were not 
detected yet, not even in solution. The coordination of the enantiotopic faces 
of the carboxylic group to the Co atom [9] gives rise to R (from re) and S 
(from si) asymmetric centres located on the carboxylic carbon. 
 

Scheme 1. The stereogenic units in ROC(O)CH2Co(CO)3PR′3 complexes. 
 
2.2 Modelling studies 
 
PM3 [10] parameter set gives quite reasonable equilibrium geometries for 
cobalt containing complexes as it is incorporated in the programme Spartan 
[11]. We scanned the PES for possible stereoisomers by one- and two-
dimensional, rigid conformational analyses as it is provided by the programme 
Spartan. Starting from the solid state equilibrium structure, continuous 
rotations were carried out in both positive and negative directions using the 
step size 5° until the first maximum was reached. The energy of each step 
was calculated without relaxation of the internal coordinates. 
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The conformational drivers defined within complex I are summarized in 
Scheme 2 for the si,M isomer. The torsion ω1 describes the motion of the ester 
group relative to the equatorial plane of the complex (i.e. a plane defined by 
the three carbon atoms of the terminal CO ligands). If ω1 = 0 deg., the plane 
of the ester group and the equatorial plane are perpendicular and if ω1 = 90°., 
they are parallel to each other. The torsions ω2 and ω3 are coaxial drivers and 
determine the location of the ester group and triphenylphosphine ligand, 
respectively, relative to the equatorial carbonyl groups. The torsions ω4 
define the relative position of the phenyl rings to the equatorial plane. If they 
are zero, the rings are perpendicular to the equatorial plane. The equilibrium 
geometry of the isomer si,M can be exactly described in terms of ω1/ω4 
dihedral angles as +75°/–45° and the re,P isomer as –75°/+45°. 
 

Φ  

ω1 

ω4

 
 

Scheme 2. Confromation drivers ω1, ω4. 
 
The complex EtOC(O)CH2Co(CO)3PPh3 (I) is composed of three major 
moieties, the acetic acid derived ester fragment, the central Co(CO)3 group 
and the triphenylphosphine ligand. These moieties are linked together via 
two twistable single bonds, Co–C(H2) and P–Co. The C(H2)–C(O) and the 
P–Car bonds, whose rotations are directly involved in the chiral inversions, 
are far  from each other with the cobalt atom in between. 
 
If no “supramolecular” effects are involved, the information from one stereo-
genic region to the next should be transferred through these bonds. In order 
to describe the complete mechanism of the molecular synchronous inversion 
accurately, the simultaneous rotation of eight flexible bonds should be 
followed in which more than 80 significant torsion interactions are involved. 
 
Our efforts failed to find the transition state and the saddle region of the 
intramolecular inversion in modelling the inversion of complex I. Contrary 
to the preparative chemical observations, diastereomerization was favoured 
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over inversion and no stability differences were observed for diastereomers. 
Uncertainties of calculation culminated in the vicinity of the transition region. 
 
Nevertheless, the main features of the correlated torsional changes were 
exhibited all over the intramolecular motions and the complex system strongly 
resembled a mechanical clockwork. 
 
An empirical molecular mechanical force field was created and used (within 
the Cerius2 Open Force Field) in the next stage often studies. X-ray structural 
data of 25 [(alkoxycarbonyl)methyl]cobalt tricarbonyl triphenylphosphine 
complexes were used for parameterization of the force field. Conformational 
grid method with full relaxation was used starting from the solid state equili-
brium structure. Two dihedral angles (ω1 and ω4) were resorted to incremen-
tal group driving calculation. Continuous rotations were carried out using the 
step size 1°. Steric energy surfice is shown in Figure 2. 

 
Figure 2. Conformational study, steric energy surfices. 

 
3. Results and discussion 

3.1 The mechanism of the molecular inversion 
 
The results of the MM conformational analysis have verified the earlier 
assumptions. The tendency of the correlated σ-bond rotations are so strong 
that driven rotation of only two distant σ-bonds provided the necessary 
driving force to flip the si,M structure to its re,P enantiomer and vice verse 
in a clockwork manner through well-demonstrated trjectorias. 
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The mechanism of molecular inversion of the si,M isomer in terms of intra-
molecular movements and interactions within complex I can be described as 
follows: the inversion starts as the Csp2 atom of the ester group (a pseudo 
symmetry centre) gets inverted by flipping in a semicircle over the equatorial 
plane. For the anticlockwise rotation of the ester group around the Csp3–
Csp2 axis (ω1), the repulsion energy between the ester carbonyl oxygen and 
the nearest carbonyl ligand sharply increases, starting from the energy 
minimum (Figure 2). The carbonyl oxygen of the ester group penetrates into 
the plane of the corresponding OC–Co–CO angle pushing the closest 
carbonyl ligand and the rest of the Co(CO)3 rotor with it to a anticlockwise 
rotation. The transition state region is reached at about ±43°. Beyond the 
transition state the ester group rotates freely to occupy its phase enantiomeric 
position (i.e. the reconfiguration), close to the next carbonyl ligand of the 
same OC–Co–CO fork. The movement is terminated there. 
 
Due to the repulsive forces between the two rotors (ester group and equatorial 
carbonyl ligands) both are rotating anticlockwise. The correlated geometric 
change by partial rotation around single bonds (occasionally denoted as gear 
effect) involves coupled rotation of groups in vicinal positions. These 
adjacent groups behave like interlocking rotors in a synchronous rotation 
[12]. This motion is analogous to those of the rotors in “internal gears” of 
wheels with teeth cut on the outside, moving in the internal hollow of a 
cylinder with teeth cut in to its inner surface, where the motion is 
conrotatory. This is in sharp contrast to the gear-meshing effects within other 
highly crowded systems. 
 
The chore of the equatorial carbonyls is forced to twist into the direction that 
opens the way for the rotation of the aromatic rings through an edge-wise 
engagement. The synchronous and correlated twist of the single bonds involved 
in this process, significantly diminishes the overall barrier. 
 
During the inversion, the shaft of the EtOC(O)CH2- rotor (ω2) is simply rock-
ing by ±16° about the centre of the potential energy well from one staggered 
position (equilibrium) to the next, i.e. the C(O)OR group never leaves the 
staggered region, marked by two carbonyl ligands, in which the inversion 
has commenced [13]. 
 
The inversion of the triphenylphosphine ligand is effected through the twist 
of the P–Car axes (ω4) by ±90°. In our model the ortho-H atoms of the phos-
phine ligand and the terminal carbonyl ligands are in a complex bevel gear 
engagement in which a three-toothed wheel, the Co(CO)3 rotor is dragging 
three, two-toothed wheels (the phenyl rotors), or vice versa in a correlated  
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disrotatory motion. A schematic model of intramolecular motions in the 

 

 
 
Figure 3. Schematic models of intramolecular motions and molecular escapment 
mechanism. 
 
3.2 Macromechanical analogy 

The creation and control of movement are fundamental aspects of machineries 
at both macroscopic and microscopic levels as stimulated also by imaginative 
ideas of Feynman over 40 years ago [14]. Much of the current interest in this 
field is focused on searching or constructing molecular scale analogues of 
macroscopic devices, in part because of the intellectual challenge, and also 
due to their potential applications in nanotechnology [15]. 
 
Several examples that may be considered mechanical molecular devices have 
been reported including the rotaxane based molecular shuttle [16], the chir-
optical molecular switch [17], light-activated bianthrone molecules [18], mole-
cular brakes [19], molecular ratchets [20], molecular propellers [21], and 
conformationally invertable columnar mesophases [22]. 
 
Complex I shows much more than a coupled rotation: here a long train of 
interlocking rotors is involved in a correlated motion as it was demonstrated 
above. In a normal gear engagement, the intermeshing tooth wheels rotate in 
opposite directions all over the train of wheels transferring the potential 
and/or kinetic energy from one end to the other. Concerning the relative motio-
nal direction of some interlocking rotor pairs, complex I can be related rather 
to a mechanical clockwork, than to a gear-type system, however. As in a 
molecular scale replica of the traditional clockwork mechanism, the motion 

molecular escapement mechanism with parallel Csp3–Csp2, Co–P, and Car–P
arbours is shown in Figure 3. 
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of the central dihedral angles (rotors) is limited to a pendulum like partial 
rotation. 
 
A usual train of timekeeping clock consists of five interlocking wheels and 
pinions [23] (see Scheme S2 for a graphical illustration). The main spring 
driving directly the great wheel provides power transmitted through the 
center pinion for the rest of the going train, ending by the escape wheel. The 
latter one is the first component of the escapement, the mechanism which 
releases the strain stored in the main spring or driving weight of the clock at 
regular intervals of time, maintaining a balance (or pendulum) in oscillation. 
The term escapement is emphasizing the unique features of this mechanistic 
unit compared to the normal gear tooth wheel engagement of the train of 
wheels, characterized by phase dependent alternating con- or disrotating 
(anchor and anchor-wheel) and a disrotating (anchor and balance) arbour 
pair combination. The escape wheel in its clockwise rotation is lifting the 
pellet of the anchor and pushing the latter into a partial clockwise rotation. 
The impulse is transferred by the anchor to the balance wheel swinging it to 
an opposite direction against the (hair) spring. Partial rotations of the anchor 
and the balance result in phase isomer states: in the extreme positions of the 
anchor and the balance both are in phase enantiomeric position just like their 
combinations. Formation of diastereomeric combinations would be malfun-
ction; result of gear slippage that is to be avoided with several installed 
technical means (e.g. barriers). 
 
Inversion of the si,M enantiomer of complex I displays close analogy to one 
period of the anchor escapement motions. The partial rotation of the ester 
group and its impact on the coupled elements are identical to those of the 
escapement wheel in a clock. The Co(CO)3 rotor acts as an anchor and the 
two carbonyl ligands of the OC–Co–CO fork function as pellets [24]. 
 
The role of the third terminal carbonyl of this “molecular anchor” is to convey 
the impulse to the phenyl rings acting as balance wheels flipping over to 
their phase enantiomeric configuration. (The application of such triple balance 
is unknown in macromechanical devices, so far). While both of the macroscale 
and molecular scale escapement transform into their phase isomeric confi-
guration when their action is completed, the escapement-wheel is inverted 
only in the latter one to its phase enantiomer providing complete mirror image 
repetition of the former cycle. 

4. Conclusion 

The intramolecular transfer of chiral information in [(alkoxycarbonyl)methyl]-
cobalt tricarbonyl triphenylphosphine complexes was investigated by semi-
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empirical quantum chemical and MM calculations. The phenomenon was 
interpreted in terms of interactions between the (prochiral) carboxyl group 
and the cobalt tricarbonyl moiety transmitting the dissymmetric induction to 
the chiral enantiomeric conformers of the PPh3 group through synchronous, 
correlated rotations of a series of σ-bonds. 
 
Results of molecular graphical studies, stability calculations, rigid and relaxed 
conformation analyses have allowed, for the first time, the recognition of 
correlated motions of coaxial rotors, coupled bevel gear-like rotors with 
different periodicity, and a coupled conrotation within a molecular system. 
Our modelling studies revealed that the highly stereoselective interconver-
sion of si,M and re,P enantiomeric forms of the [(etoxycarbonyl)methyl]cobalt 
tricarbonyl triphenylphosphine complex represents a strong analogy to macro-
mechanical devices. 
 
According to our knowledge the present system represents the most complete 
molecular analogue of a mechanical clockwork. 
 
Extensive preparative and theoretical studies on the [(alkoxycarbonyl)methyl]-
cobalt tricarbonyl triphenyl-phosphine type molecules are aimed at providing 
new molecular building blocks for design and synthesis of nanoscale com-
ponents for nanomechanical structures. 
 
Our studies in this area have also resulted in the first indication of a permanent 
one way rotation in a molecular system [25]. 

References 

[1]  
Acc. Chem. Res. 1988, 21:175 and references therein. 

[2]  (a) Hoffmann, R.J., J. Am. Chem. Soc. 1978, 100:6274 and ibid. 1979, 
101:3456; (b) Edidin, R.T., Northon, J.R., Mislow, K., Organometallics 1982, 
1:3456. 

[3]  (a) Cozzi, F., Guenzi, A., Johnson, C.A., Mislow, K., Hounshell, W.D., 
Blount, J.F., J. Am. Chem. Soc. 1981, 103:957; (b) Johnson, C.A., Guenzi, A., 

[4]  Galamb, V., Pályi, G., Kajtár, M., Inorg. Chim. Acta 1981, 55, L113. 
[5]  (a) Pályi, G., Zucchi, C., Bartik, T., Herbrich, T., Kriebel, C., Boese, R., 

Sorkau, A., Fráter, G., AttiAccad. Sci. Ist. Bologna, Cl: Sci., Fis., Mem. 
1992/93, 281(14,10):159; (b) Pályi, G., Alberts, K., Bartik, T., Boese, R., 
Fráter, G., Herbrich, T., Herfurth, A., Kriebel, C., Sorkau, A., Tschoerner, 
C.M., Zucchi, C., Organometallics 1996, 15:3253; (c) Galamb, V., Palyi, G., 
Cser, F., Furmanova, M.G., Struchkov, Yu.T., J. Organomet. Chem. 1981, 
209:183; (d) Bartik, T., Krummling, T., Happ, B., Sieker, A., Marko, L., 
Boese, R., Ugo, R., Zucchi, C., Palyi, G., Catal. Lett. 1993, 19:383. 

(a) Mislow, K., Acc. Chem. Res. 1976, 9:26; (b) Iwamura, H., Mislow, K., 

Mislow, K., J. Am. Chem. Soc. 1981, 103:6240. 

L. Bencze and R. Kurdi 450



Nanomolecular switches operated by clockwork mechanism 

[6]  (a) Galamb, V., Pályi, G., Coord. Chem. Rev. 1984, 59:203; (b) Kovács, I., 
Ungváry, F., ibid, 1997, 161:1. 

[7]  Zucchi, C., et al., submitted for publication, 2000. 
[8]  (a) Tasi, M., Pályi, G., Organometallics 1982, 4:1523; (b) Pályi, G., Zucchi, 

C., unpublished data, 1998; (c) Milstein, D., Huckaby, J.L., J. Am. Chem. Soc. 
1982, 104:615; (d) Galamb, V., Pályi, G., Ungváry, F., Markó, L., Boese, R., 
Schmid, G., J. Am. Chem. Soc. 1986, 108:3344; (e) Galamb, V., Pályi, G., 
Boese, R., Schmid, G., Organometallics 1987, 6:861; (f) Wilford, F.B., 
Powell, H.M., J. Chem. Soc. A 1967, 2092; (g) Leigh, J.S., Whitmire, K.H., 
Acta Crys. C (Cr.Str.Commm.) 1989, 45:210; (h) Bartik, T., Krummling, T., 
Kruger, C., Markó, L., Boese, R., Schmid, G., Vivarelli, P., Pályi, G., J. 
Organometal. Chem. 1991, 421:323; (i) MacMeil, J.H., Chiverton, A.C., 
Fortrier, S., Baird, M.C., Hynes, R.C., Williams, A.J., Preston, K.F., Ziegler, 
T., J. Am. Chem. Soc. 1991, 113:9834; (j) Ungváry, F., Kovács, I., 
Hammerschmitt, B., Cordier, G., Organometallics 1993, 113:2849. 

[9]  The existence of a coordinative interaction between the Co atom and the 
carbonyl group of the ester moiety is supported by quantum chemical 
calculations: (a) Bencze, L., Szabó, M.J., Szilágyi, R.K., Pályi, G., NATO 
ASI: Metal-Ligand Interactions in Chemistry, Physics and Biology, Cetraro, 
Calabria, Italy, 1–12 September 1998, Abstract No. 28., p. 33.; (b) Szabo, 
M.J., Szilagyi, R.K., Zucchi, C., Bencze, L., submitted for publication, 2000. 

[10]  (a) Stewart, J.J.P., J. Comput. Chem. 1989, 10:209; (b) Stewart, J.J.P., J. 
Comput. Chem. 1989, 10:221. 

[11]  SPARTAN 4.0, Wavefunction, Inc., 18401 Von Karman, Suite 370, Irvine, 
California 92715. 

[12]  (a) Lindén, A., Roussel, C., Liljefors, T., Chanon, M., Carter, E.R., Mezger, 
J., Sandström, J., J. Am. Chem. Soc. 1976, 98:253; (b) Iroff, L.D., J. Comput. 
Chem. 1980, 1:76. 

[13]  The actual range of the motion is somewhat broader (~45–60°) in the vicinity 
of the transition state of ω1, but the Co(CO)3 rotor recoils as the carbonyl 
oxygen of the –COOEt rotor has emerged over its plane at the end of the 
inversion. This sort of recoiling phenomenon is well known in horology, as 
well. Recoil escapement most commonly found in pendulum clocks, first used 
in the last quarter of the 17th century, but it is just almost the same in anchor 
(e.g. Brockot escapement) clocks: each tooth of the escape wheel, after it 
comes to rest is pressed backward by the pellets 33c. 

[14]  Feynman, R.P., in: Miniaturization Gilbert H.D. (ed.) Reinhold, New York, 
1961, p. 282. 

[15]  (a) Rebek, J., Jr., Acc. Chem. Res. 1984, 17:258; (b) Mislow, K., Chemtracts 
Org. Chem. 1989, 2:151; (c) Evans, D.H., Fitch, A., J. Am. Chem. Soc. 1984, 
106:3039; (d) Kilvay, K.V., Siegel, J.S., J. Am. Chem. Soc. 1991, 113:2332; 
(e) Lehn, J.-M., Supramolecular Chemistry VCH, Weinheim, 1995; (f) Ball, 
P.G., Garvin, L., Nature 1992, 355:761; (g) Feringa, B.L., Jager, W.F., de 
Lange, B., Tetrahedron 1993, 49:8267; (h) Willner, I., Willner, B., Adv. 
Mater. 1995, 17:587; (i) Kawai, S.H., Gilat, S.L., Lehn, J.-M., J. Chem. Soc. 
Chem. Commun. 1994, 8:1011. 

[16]  (a) Anelli, P.L., Shton, P.R., Ballardini, R., Balzani, V., Delgado, M., 
Gandolfi, M.T., Goodnov, T.T., Kaifer, A.E., Philp, D., Pietraszkiewicz, M., 

451



Prodi, L., Reddington, M.V., Slawin, A.M.Z., Spencer, N., Stoddart, J.F., 
Vincent, C., Williams, J.D., J. Am. Chem. Soc. 1994, 114:193; (b) Bradley, 
D., Science 1993, 259:890. 

[17]  Feringa, B.L., Jager, W.F., de Lange, B., Meijer, E.W., J. Am. Chem. Soc. 
1991, 113:5468. 

[18]  Jorgenson, M., Lerstrup, K., Fredeiksen, P., Bjornholm, T., Sommer-Larsen, 
P., Schaumburg, K., Brunfeldt, K., Bechgaard, K., J. Org. Chem. 1993, 
58:2785. 

[20]  Kelly, T.R., Tellitu, I., Sestelo, J.P., Angew. Chem. Int. Edit. 1997, 36:1866. 
[21]  Finocchiaro, P., Gust, D., Mislow, K., J. Am. Chem. Soc. 1974, 96:3198. 
[22]  (a) Malthete, J., Collet, A., Nouv. J. Chim. 1895, 9:151; (b) Malthete, J., 

Collet, A., J. Am. Chem. Soc. 1987, 19:7544; (c) Spielberg, N., Sakar, M., 
Luz, Z., Poupko, R., Billard, J., Zimmerman, H., Liq. Cryst. 1993, 15:311; (d) 
Cometti, G., Dalcanale, E., DuVosel, A., Levelut, A.-M., J. Chem. Soc. Chem. 
Commun. 1990, 163; (e) Zheng, H., Carroll, P., Swager, T.M., Liq. Cryst. 

1993, 3:1209; (g) Giroud-Godquim, A., Maitlis, P.M., Angew. Chem. Int. 
Edit. 1991, 30:375; (h) Chandrasekhar, S., Liquid Crystals, Cambridge 
University Press, New York, 1992; (i) Chandrasekhar, S., Liq. Cryst. 1993, 
14:3; (j) Hudson, S.A., Maitlis, P.M., Chem. Rev. 1993, 93:861. 

[23]  (a) Britten, F.J., The Watch and Clock Maker’s Handbook, Dictionary and 
Guide, 11th edn., Antique Collectors’ Club Ltd., Woodbridge, Suffolk, 1976; 
(b) Britten, F.W., Horological Hints and Helps, 4th edn., Antique Collectors’ 
Club Ltd., Woodbridge, Suffolk, 1996; (c) The Country Life International 
Dictionary of Clocks, Consultant Smith A. (ed.), Country Life Books, The 
Hamilton Publishing Group, London, 1979. 

[24]  The most accurate analogue of this escapement action is the Brocot-
escapement seen frequently in the front of the dial of 19th century French–
American clocks. In the Brocot-escapement, the pellets are made from 
cylindrical pins and the impulse is given on the quarter circular face from the 
highest point of the lower lip of the pellet. 

[25]  Manuscript in preparation. 
 

 
 
 
 
 
 
 

[19]  Kelly, T.R., Bowyer, M.C., Bhaskar, K.V., Bebbington, D., Garcia, A., Lang, F., 

1993, 14:1421; (f) Tantravong, S., Styring, P., Goodby, J.W., J. Mater. Chem. 

Kim, M.H., Jette, M.P., J. Am. Chem. Soc. 1994, 116:3657. 

L. Bencze and R. Kurdi 452



COPOLYMERIZATION OF ETHYLENE WITH 
NORBORNENE AND ITS FUNCTIONAL DERIVATIVES 

CATALYZED BY NICKEL COMPLEXES WITH 
PHOSPHORYLIDE LIGANDS 

 

 
Topchiev Institute of Petrochemical Synthesis, Russian Academy of Sciences, 
Leninsky prospect 29, Moscow 119991, Russia 

 
Abstract: The addition polymerization of norbornene and its derivatives has been 
carried out in the presence of a nickel complex or carboxylate and an electron 
acceptor to obtain amorphous polymers with bicyclic units. Norbornene copolymers 
with conjugated dienes or ethylene cannot be obtained with these catalysts because 
of rapid chain transfer reactions. Norbornene can be copolymerized with ethylene 
under mild conditions in the presence of nickel phosphorylide chelates without using 

alternating comonomer units. The new catalysts allow ethylene to be copolymerized 
with norbornene derivatives containing ester substituents. 
 

1. Introduction 

High-molecular weight addition polymers of monocyclic olefins (cyclobutene 
and cyclopentene) and norbornene derivatives, whose backbone contains of 

agues [1] in the late 1980s. Polymerization was carried out in the presence of 
catalysts consisting of an ansa-zirconocene and methylalumoxane. Later, palla-
dium [2] and nickel [3] complexes were applied to the addition polymeri-

metals (Ni, Pd, Co, Cr, Zr, and Ti) have been developed for this process. 

interesting because they combine remarkable properties: chemical and 
thermal stability, high transparence, low hygroscopicity, and good mecha-
nical and dielectric characteristics [4]. However, the addition polymers of 
norbornene have a high glass transition temperature (Tg) close to their 
decomposition temperature (∼400°C). Therefore, they cannot be processed 
by conventional methods. Therefore, it is necessary to introduce flexible 
units into the very rigid polynorbornene chain and thereby to reduce Tg. The 
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EUGENE SH. FINKELSHTEIN, KIRYL L. MAKOVETSKII 

Keywords: addition copolymerisation, ethylene, norbornene, functional derivatives of  

any cocatalyst. In most cases, the backbone of the resulting copolymer consists of 

norbornene, nickel phosphorylide catalysts.
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zation of norbornene. Since then, a variety of catalysts based on transition 
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Amorphous saturated norbornene polymers containing bicyclic units are 
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amorphous materials with relatively high glass transition temperatures, exhi-
biting numerous useful physical properties, such as high optical transparency, 
low birefringence, and low moisture absorption. These properties are very 
interesting for application in optics, especially for laser optical devices like 
CDs, DVDs, and optical lenses. Their high thermal stability (e.g. compared 
with polycarbonate) combined with low dissipating and dielectric loss factors 
makes copolymers suitable also for microelectronic applications. The proper-
ties of the copolymers depend strongly on the comonomer combination and 
comonomer contents. 
 
The first success in this approach was norbornene–ethylene copolymerization  
in the presence of zirconocene catalysts [5]. Later, this method was refined 
and commercialized by researchers of Hoechst AG [6]. At present, norbornene–
ethylene copolymers are manufactured by Ticona GmbH. (trademark Topas) 
[7]. 

Here, we report norbornene–ethylene copolymerization in the presence of 
specific nickel catalysts. Furthermore, we present some unpublished results 
concerning norbornene homopolymerization. 

2. Experimental 

Norbornene (Aldrich) was distilled in flowing argon. Norbornene solutions 
were stored in an argon atmosphere over sodium wire in Schlenk flasks.  
5-Hexylnorbornene (BF Goodrich) was distilled in vacuo. Ethylaluminum 
sesquichloride, bis(cyclooctadiene) nickel, methyldiphenylphosphine, 
dimethylphenylphosphine (all from Aldrich), triphenylphosphine (Fluka), 
and acetylmethylenetriphenylphosphorane (Fluka) were used as received. 
Bis(π-pentenylnickel chloride) was obtained from pentenyl chloride and 
Ni(CO)4 by the Fischer method [8]. Benzoylmethylenetriphenylphosphorane, 
PPh3 = CHC(O)Ph, was synthesized from PPh3 and phenacyl bromide by a 
procedure described in [9]. 
 
The solvents were purified by standard methods used in organometallic chem-
istry. All manipulations involved in the preparation of norbornene solutions 
and catalysts and in the charging of components into the reactor were made 
in an oxygen- and water-free argon atmosphere. Copolymerization was carried 
out in a 80 mL stainless steel reactor fitted with a magnetic stirrer. 
 
The composition of resulting copolymers was determined by 1H NMR spectro-
scopy in CDCl3. NMR spectra were recorded on a Bruker Model MSL-300 
spectrometer. Infrared (IR) spectra of the ylides and copolymers synthesized 
were recorded on a Specord M-82 spectrophotometer. Differential scanning 

copolymerization of ethylene with norbornene leads to predominantly 
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rate, 20 K/min). The molecular weight distribution of copolymers was 
determined by gel permeation chromatography on a Waters chromatograph. 

3. Results and discussion 

Initially, we tested in norbornene polymerization nickel π-allyl complexes, 
which are known to be effective in the stereospecific polymerization of dienes. 
π-Pentenylnickel chloride appeared to be almost ineffective: only small amounts 
of liquid norbornene oligomers were detected. However, complexes obtained 
by reacting π-pentenylnickel chloride with various electron acceptors, such as 
nickel trichloroacetate, ether–BF3 complex, and particularly alkylaluminum 
chlorides, effectively catalyzed the addition polymerization of norbornene. 
Later, it was found that the nickel π-allyl complex can be replaced with a 
nickel carboxylate or a nickel bis chelate. In all cases, we prepared saturated 
amorphous polymers with a relatively high molecular weight and a high Tg 
value. These polymers are well soluble in chlorinated arenes (chlorobenzene 
and dichlorobenzene) and cyclohexane and are insoluble in toluene and chloro-
form. Furthermore, we synthesized addition polymers of some norbornene 
derivatives (endo-dicyclopentadiene, exo-dicyclopentadiene, endo,exo-tetra-
cyclododecene, and 5-substituted alkylnorbornenes). The activity of these 
monomers depends strongly on their conformation: the exo conformers 
polymerize much more rapidly than the endo conformers, particularly in the 
case of dicyclopentadiene. In 72 h dicyclopentadiene containing ∼97% endo 
conformer is polymerized into a low-molecular weight polymer with Mw = 
2800 in 55% yield. By contrast, specially synthesized exo-dicyclopentadiene 
polymerizes nearly as rapidly as norbornene. In this case, the yield of 
amorphous polymer is 75% in 1.5 h. This polymer has Mw =130,000 and is 
readily soluble in toluene and chloroform. Like polynorbornene, it does not 
vitrify up to decomposition temperature (∼400°C). 
 
Our attempts to copolymerize norbornene with conjugated dienes (butadiene 
and isoprene) or ethylene have been unsuccessful. With dienes, we obtained 
semiliquid polymers with Mw = 4000–6000 and Mn =1800–2500 that 
consisted mainly of norbornene units and contained only one or two diene 
units. Copolymerization with ethylene resulted in only low-molecular weight 
polynorbornene with terminal vinyl groups because of chain transfer 
occurring at a high rate. 
 
In searching for norbornene–ethylene copolymerization catalysts, we looked 
at nickel phosphorylide complexes. Keim et al. [10] reported the ylide 
complex I as an effective catalyst for ethylene oligomerization. 

calorimetry (DSC) studies were carried out using a Mettler calorimeter (heating 
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The phosphine ligand ensures chain transfer and the formation of C8–C30 
ethylene oligomers. Later, it was found that replacing PPh3 in I for a weakly 
bonded ligand, such as pyridine, results in high-molecular weight polyethy-
lene rather than oligomers [11]. 
 
We assumed that such complexes can initiate norbornene–ethylene copoly-
merization as well. The pyridine-containing complex II 
 

Py
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Ni
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P

O

HC

PhC

Ph Ph

 
 
was synthesized by reacting equimolar amounts of benzoylmethylenetriphos-
phorane and (π-C8H12)2Ni(0) in the presence of pyridine. At room temperature, 
this complex was almost inactive in norbornene homopolymerization. In 
contrast, norbornene–ethylene copolymerization in toluene in the presence of 
II occurred even at low temperatures (Table 1) and did not require any 
cocatalyst. The use of nickel phosphorylide complexes in norbornene–
ethylene copolymerization was patented by us together with BF Goodrich 
people [12]. 
 
Unlike polynorbornene, the copolymers obtained with complex II are readily 
soluble in ordinary organic solvents. According to DSC data, the copolymers 
are amorphous and show only one phase transition, specifically, a glass 
transition at 125–150°C. They have a comparatively low molecular weight 
(usually Mw ≤ 2 × 104) and a unimodal molecular weight distribution. 
Equimolar amounts of (π-C8H12)2Ni(0) added to the catalyst allow the mole-
cular weight to be somewhat increased. The composition of the copolymers 
was derived from 1H NMR data, making use of the fact that the signals between 
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Table 1. Copolymerization of norbornene (NB) and ethylene in the presence of 
complex II 

*Copolymerization in norbornene melt 
**With addition of the equimolar amount of (C8H12)2Ni(0) to complex II 

 
1.7 and 2.4 ppm are from two types of protons in the norbornene unit. As a 
rule, these copolymers contained 40–50 mol % of norbornene units. Raising 
the polymerization temperature to 50–70°C reduces both activity of the 
catalyst and molecular weight of the copolymer. 
 
In some experiments, the catalyst was prepared in situ by charging the 
reactor with solutions of the ylide and (π-C8H12)2Ni(0) in the presence of 
norbornene. In this case, norbornene served as a weakly bonded ligand. In 
order to study effect of a structure of the complex on catalytic activity and 
on properties of the copolymer, we synthesized a series of ylides with 
substituents in different positions in the ylide structure. A series of nickel 
complexes with general formula III was obtained in situ from these ylides, 
and these complexes were tested in norbornene–ethylene copolymerization. 
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The nickelylide complexes show different activities. High yields of copoly-
mers with moderate molecular weights can be obtained with a complex 
prepared from benzoylmethyltriphenylphosphorane or acetylmethyltriphenyl-
phosphorane. 
 
It should be noted that the successive replacement of phenyl groups at the 
phosphorus atom by methyl groups causes a considerable decrease in 
catalytic activity and, at the same time, increases the proportion of 
norbornene units in the resulting copolymers from 40–58 to 60–70 mol %. 
This is accompanied by an increase in Tg. Spectroscopic data indicate the 
presence of norbornene–norbornene dyads in these copolymers. 

 
In order to increase the molecular weight of the copolymers, we carried out 
norbornene–ethylene copolymerization at lower catalyst concentrations 
(Table 2). Although copolymerization in this case is much slower at room 
temperature, it affords large amounts of copolymers with molecular weights 
up to 105. 
 
Table 2. Copolymerization of norbornene (NB) and ethylene at 20°C in toluene with 
catalyst III (R1 = R2 = R4 = Ph, and R3 = H) obtained in situ 

No. Ethylene 
pressure 

(atm) 

NB:Ni 
(mol/mol) 

Time 
(h) 

Copolymer 
yield based 
on NB (%) 

Tg 
(°C) 

NB 
content in 
copolymer 
(mol %) 

Mw × 
103 

Mw
/M

n 

1 20 300:1 20 36 146 58 27.6 1.7 

2 5 800:1 20 24 143 57 89.3 1.6 

3 1 2000:1 70 50 138 55 99.4 2.2 

4 5 3000:1 20 54 132 53 95.5 3.2 

5 5 6000:1 40 46 125 51 93.0 2.9 

 
The ylide catalysts III were also used in the synthesis of ethylene–hexylnor-
bornene copolymers and ternary copolymers of ethylene, norbornene, and 
substituted norbornenes containing hexyl or trimethylsilyl groups (Table 3). 

The nickel phosphorylide complexes allow ethylene to be copolymerized 
with functionalized norbornenes. We synthesized copolymers of ethylene 
and norbornene with ester substituents, namely, 5-methylcarboxy and 5-tert-
butylcarboxy groups. The copolymer yields 40–60% were achieved in 5–6 
days. The copolymers have molecular weight of Mw = 17,100–20,000 and 
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Table 3. Binary and ternary copolymers of ethylene, norbornene, and 5-hexylnor-

 Ethylene pressure 14 atm 

4, 5-trimethylsilylnorbornene was used 

 
polydispersity index (PDI) = 1.7–2.0. The composition of the ethylene–
carboxynorbornene copolymers were determined by 1H NMR and 13C NMR 
spectroscopy. The polymers were found to contain 30–46 mol % bicyclic 
units, and their Tg were 51–117°C. The copolymers of ethylene with fun-
ctionalized norbornenes cannot be obtained with zirconocene catalysts. 

 
It was noted that norbornene–ethylene copolymers, obtained in the presence 
of the nickel ylide catalysts, can contain comonomer units in nearly 
equimolar proportions. The mechanism of the formation of these copolymers 
can be viewed as follows. The norbornene molecule coordinated with the Ni 
atom cannot insert itself into the Ni–phenyl or Ni–norbornyl bond for steric 
reasons, while the insertion of ethylene into these bonds takes place readily. 
This leads to  copolymers in which comonomer units alternate with a high 
degree of regularity. 
 
Thus, we demonstrate that norbornene–ethylene copolymers can be synthe-
sized using comparatively simple nickel phosphorylide complexes. Although 
these copolymerization catalysts are less active than the systems based on 
zirconocene and methylalumoxane, they do not require any cocatalyst (e.g. 
alumoxane, which is an expensive chemical). Moreover, the lower oxophility 
of nickel in the ylide catalysts allows ethylene to be copolymerized with 
functionalized norbornenes. 

(R1, R2, R4 = Ph; R3 = H) at 20°C (toluene is used as a solvent) 
bornene or 5-trimethylsilylnorbornene prepared in the presence of catalyst III 

*In experiments 1–3, 5-hexylnorbornene was used as a norbornene derivative; in experiment 
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STATE AND OUTLOOK 
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Abstract: The carbonyl–olefin exchange reaction (COER) is a new reaction between 
carbonyl group and olefin double bond, which has a formal similarity with the olefin 
metathesis (OM) – one carbon atom in the latter is replaced with an oxygen atom. 
Till now the new reaction is performed successfully only when the two functional 
groups (carbonyl group and olefin double bond) are in one molecule and are 
conjugated. The α,β-unsaturated carbonyl compounds (substituted propenones) are 
the compounds with such a structure. They polymerize giving substituted poly-
acetylenes. The chain propagation step of this polymerization is in fact the COER. 
The question arises: is it possible the COER to take place when the two functional 
groups are not in one molecule and are not conjugated, and could this reaction 
became an alternative of the existing carbonyl olefination reactions? 
 
Keywords: carbon–carbon bond formation reactions, carbonyl–olefin exchange 
reaction, olefin metathesis, reductive coupling of carbonyl compounds, carbonyl 
olefination, conjugated polymers 

1. Introduction 

In studying the evolution of organic chemistry and grasping its essence, one 
comes quickly to the conclusion that no other type of reaction has a role in 
shaping this domain of science more important than that of carbon–carbon 
bonds forming reactions. The Grignard, Diels–Alder, and Wittig reactions 
are but three prominent examples of such processes. 
 

based on transition metal catalysts evolved as powerful tools in synthesis. 
Palladium-catalyzed cross-coupling reactions (Heck, Stile, Suzuki)1 and 
metathesis of olefins, enynes, and alkynes2 have had a profound impact on 
the art of total synthesis.  
 

reaction, discovered at the Institute of Polymers, Bulgarian Academy of 
Sciences. 
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In the last quarter of the 20th century a new family of C–C forming reactions 
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The present paper deals with a new carbon–carbon double bond formation 
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2. Carbonyl–olefin exchange reaction: present state 

In 1983 was published the first paper of the series “Carbonyl-olefin exchange 
reaction (COER). A new route to conjugated polymers”.3 We have shown in 
this paper that treatment of an α,β-unsaturated carbonyl compound 1,3-diphenyl-
prop-2-en-one (chalkone) with WCl6 results in the formation of polyphenyl-
acetylene and benzaldehyde (Eq. 1). 
 

C C
Ph

C O
Ph

WCl6 C C
Ph nH H

H

C O

H

Ph

-

 
Using the same procedure several differently substituted α,β-unsaturated car-
bonyl compounds were polymerized thus obtaining substituted polyacetylenes 
(polyphenylacetylene, polydiphenylacetylene, polymethylacetylene, poly-
camphor etc.).4,5 The general scheme of these transformations can be repre-
sented as follow (Eq. 2). 
 

C C C O
WCl6 C C

nC O-
 

 
The single C–C bond can be a part of a cycle as well. 
 
The chain propagation step of this polymerization process can be described 
as a cleavage of the double bonds and generation of new ones. The final result 
is a redistribution of atoms (C and O) connected with double bonds (Eq. 3). 
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This is a new reaction. We named it COER. There is a formal similarity 
between the schemes of the olefin metathesis (OM) and COER. One carbon 
atom in the scheme of OM is replaced with oxygen atom (Eq. 4) 
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The dimer obtained via COER (Eq. 3) (the first step in Eq. 2) possesses a 
carbonyl and olefin end groups and is able to undergo further similar trans-
formations resulting into chain propagation. Every step is accompanied by 
the evolution of a low molecular weight product. The dimer formation was 
proved by comparing the gel permeation (GP) chromatogram of the reaction 
mixture to that of an authentic sample prepared separately.6,7 The dimer 
polymerizes under the influence of WCl6 giving again substituted polyacetylene 
and carbonyl compound. All these facts show that the polymerization of α,β-
unsaturated carbonyl compounds is a step process and a true polyconden-
sation reaction. 
 
The results of the investigations on the α,β-unsaturated carbonyl compounds 
polymerization can be described shortly as follow: 

1. The reaction can be carried out either without solvents or in aromatic 
solvents. Better results are obtained in chlorobenzene.8 

2. The yield and molecular weight rise with the quantity of WCl6 (up to 
ratio monomer : WCl6 = 1:1), with the temperature (up to 120°C) and 
with the time. It should be mentioned that with an equimolar amount 
of WCl6 the reaction takes place even at ambient temperature. 

3. During the reaction the transition metal changes its degree of 
oxidation.9 

4. The more substituted the propenone is, the higher is the yield of the 
polymer.4 

5. The polyacetylenes are obtained as  complexes containing up to 40 
mol % WCl6, which is in accordance with the fact that several con-
jugated polymers can be partially oxidized (“doped”) with WCl6.10 In 
order to obtain pure polymer it is necessary to treat the stable complex 
with concentrated sodium hydroxide. 

6. Some of the low molecular weight carbonyl compounds (benzaldehyde, 
acetophenone), formed in the main reactions, interact with WCl6 
evolving HCl. Others (benzophenone) do not react with WCl6. In the 
latter cases higher yields of polymers (up to 100%) can be achieved 
using lower amounts of WCl6 (WCl6: monomer < 1:1). 

 
The polymerization of α,β-unsaturated carbonyl compounds is very similar 
to the Friedel–Crafts synthesis of aromatic ketones, where the catalyst forms 
a complex with the reaction products and therefore is necessarily to be used 
in equimolecular amount. In order to avoid the WCl6 consumption via doping 
of polyacetylenes we tried to perform COER with highly substituted olefins 
(tetraphenylethylene, stylbene, 1,1-diphenylethylene) and simple carbonyl 
compounds (benzophenone, terephthalaldehyde) using WCl6 as catalyst. In 
these cases the two functional groups are in different molecules and the 
results should be new olefins and new carbonyl compounds, not a conjugated 
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polymer. The gas chromatography (GC) analyses show that the desired products 
appear in the reaction mixture but in very low quantities.11 Most probably 
WCl6 is not a good catalyst for COER in general. It is active only when the 
two functional groups are in one molecule and are conjugated. 
 
WCl6 is a representative of the classical catalytic systems for OM.12 Because 
of this and because of the formal similarity between COER and OM we 
looked among the above mentioned systems for a more effective catalyst for 
COER. We were not able to promote COER when the two functional groups 
are not conjugated, but we have found that some of them are active in the 
polymerization of α,β-unsaturated carbonyl compounds.13 The best results 
are obtained when so called Friedel–Crafts metathesis catalytic systems 
(transition metal halides or oxohalides + Lewis acids) are used. Performing 
these investigations we ran into very striking unexpected results: Using 
WOCl4 (alone or in combination with AlCl3 as cocatalyst) as a catalyst for 
polymerization of 1,2,3,3-tetraphenylprop-2-en-1-one, the yield of polydi-
phenylacetylene was higher than the expected one with regard to the stoi-
chiometry presented in Eq. 3 (Table 1).13 
 
Table 1. Experimental results from the polymerization of 1,2,3,3-tetraphenylprop- 
2-en-1-one mediated by WOCl4 + AlCl3 

Experimentsa 1 2 3 
WOCl4 in g 0.66 0.60 0.016 
AlCl3 in g – 0.28 0.10 
Polymer yield in g 0.94 0.86 0.95 

a

zene; time: 8 h; temperature: 90°C; theoretical yield of oligomeric and polymeric products 
according to Scheme 3 – 0.49 g. 
 
When AlCl3 is used as cocatalyst, the polymer has more pronounced carbonyl 
infrared (IR) absorption than that of the polymer obtained with WOCl4 alone, 
both polymers having almost the same molecular weight. This phenomenon 
could be explained assuming that the polymer molecules possess different end 
groups. Traces of molecular oxygen, benzophenone, tetraphenylethylene, and 
benzyl were identified among the reaction products.14 Quantitative transfor-
mation of the monomer can be achieved even with catalytic amounts of 

4 
15 

C C
Ph

C O
Ph

WOCl4+AlCl3 C C CC
k

Ph

Ph

Ph

Ph

Ph

Ph

Ph Ph
C C CO

l

Ph

Ph

Ph Ph
C C OO

m

Ph Ph
+ +

k,l,m=0,1,2...

A(k=0) - tetraphenylethylene
A(l=0) - benzophenone
A(m=1) - benzil
A(m=0) - molecular oxygen

A B C

WOCl (Table 1, Exp. 3). All these results can be described with Eq. 5.

Reaction conditions: monomer 1,2,3,3-tetraphenylprop-2-en-1-one (1g); solvent: chloroben-

(5)
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Obviously several double bond formation reactions have taken place simul-
taneously and these reactions should be catalytic ones. We presume these 
are: COER (Eq. 6), OM (Eq. 7), and reductive coupling (RC) of carbonyl 
compounds, accompanied with molecular oxygen evolution (Eq. 8). 
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+
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C
C
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O C C
C

O C C C
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+
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C C C
C

C C C O
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+
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In the case of 1,2,3,3-tetraphenylprop-2-en-1-one polymerization the new 
double bonds are always the same (polydiphenylacetylene repeating unit) 
regardless of the type of the reaction. The low molecular weight products, 
however, are different – carbonyl compound, olefin and molecular oxygen, 
respectively. The only polymer formation reaction is the COER (the dimer 
and the oligomer products possess carbonyl and olefin end groups). The 
other two reactions give dimers or double the molecular weights of the 
oligomers obtained via COER. The higher yield than stoichiometry of COER 
allows, could be explained by the participation of all double bonds (not only 
the end-ones) and the low molecular weight products in the reactions under 
discussion, i. e. by accepting these reactions are reversible. One example 
explaining the benzil formation is given in Eq. 9 

 

C C

OCCC

C
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C C C O
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+
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O
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Ph Ph Ph

Ph Ph Ph
Ph

Ph

PhPhPh

Ph Ph
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If this explanation is correct one can suggest that the above mentioned reactions 
could run separately. In proving this assumption we have succeeded unpre-
cedentedly to carry out reductive coupling polymerization of the conjugated 
dicarbonyl compound benzil under the influence of the Friedel–Crafts 
metathesis catalytic system WCl6 + AlCl3.16 In this case the quantity of the 
transition metal compound is less than the quantity of the Ti reagent used for 

(8)

(7)

(6)

(9)
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McMury reaction. The very new moment here is the absence of reducing 
agent. The result is polydiphenylacetylene with carbonyl end groups. If this 
reaction proceeds in the presence of tetraphenylethylene the polymer 
obtained has olefin end groups, which is a result of COER between the 
carbonyl end groups and the olefin tetraphenylethylene (Eq. 10). 
 

CCCO+C C
Ph

Ph Ph

Ph Ph Ph Ph
... C C

Ph

Ph
C

Ph Ph
C ... C O

Ph

Ph
+

 
Thus we succeeded for the first time to perform COER when the two fun-
ctional groups (olefin and carbonyl) are not in the same molecule.16,17 The 
carbonyl group in this case however is again conjugated. If the double bond 
of the olefin is included into a cycle the cycloolefins could copolymerize with 
conjugated dicarbonyl compounds. We succeed indeed for the first time in 
copolymerizing benzyl, terephthalaldehyde, and benzoquinon with cycloolefins 
(cyclopentene, cyclooctene, norbornene).18,19,20 The result of this copolymeri-
zations are oligomer products possessing conjugated blocks, originating from 
the dicarbonyl compounds, connected with soft segments, originating from 
the cycloolefins. The latter, however, do not contain unconjugated olefin double 
bonds. These facts show that the situation is more complicated than we have 
expected. 
 
In summary we explained our unexpected experimental results accepting that 
the three double bond formation reactions (COER, OM an RC) can take 
place simultaneously. This could be possible if some kind of relationship 
between these reactions exists. What could be the relation? To answer the 
question we should discuss each of the reactions separately. 
 
The reductive coupling of carbonyl compounds (Eq. 11) by transition metal 
complexes is an important method for carbonyl olefination.21 
 

C O

C O

+
C
C

RC  
 
The reaction running under the influence of reduced Ti reagents is known as 
McMurry reaction. The driving force of this reaction is the formation of the 
Ti=O bonds. The species containing such bonds are no more active. That is 
why the quantity of the reagent is high – usually 2 mol for 1 mol carbonyl 
compound. The mechanism of this reaction is too obscure. However there is 

(10)

(11)
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a strong supports that it follows a carbene mechanism22 when the system 
WCl6 + LiAlH4 (a representative of the classical catalytic systems for OM) is 
used. 
 
The carbene mechanism of the OM in all its variants (ROM, ROMP, RCM, 
ADMET) is well documented. Numerous heterogeneous and homogeneous 
catalytic systems are known to initiate this reaction. The classical systems 
consist of compound of transition metal (especially from groups VI or VII of 
the periodic system, W, Mo and Re being the most active) alone or in com-
bination with organometal compounds (Ziegler–Natta type) or with Lewis 
acids (Friedel–Crafts type). These systems have a lot of drawbacks: side 
reactions (alkylation, isomerization, cyclization, addition across the double 
bond) can occur during OM; they suffer from a limited substrate scope – 
they are not tolerant toward some functional groups; it is difficult to describe 
the generation and the structure of the active carbene complexes; the proper 
degree of oxidation of the transition metal atom is still under discussion.23 
 
All these drawbacks are overcome by synthesizing well defined carbene 
complexes (Fisher, Osborn, Grubbs, Schrock, Hoveida, etc.). This has led to 
a much better understanding of the mechanism, to preparation of a new 
family of block copolymers through the use of “living” systems and to an 
explosion of applications in the synthesis of biologically active compounds. 
In 2005 the OM turned to be a Nobel Prize winning topic in Chemistry. 
 
Having in mind the carbene mechanism of the OM and the existence of 
strong supports for carbene mechanism of the RC of the carbonyl compounds 
we launched the hypothesis about the carbene mechanism of the COER thus 
underlying the relation between these three reactions. The hypothesis is 
based on the existence of common catalytic systems and on the fact that the 
transition metal carbene complexes can take part in many [2 + 2] metathesis 
reactions between multiply bonded compounds.24 These reactions may be 
represented in shorthand form by the Eq. 12. 
 

Mt X

Z Y

Mt
Z

X
Y

+ Mt Y
Z Y

+
 

 
Mt is a transition metal. 
 
Many reactions can be envisaged using this scheme. For some of them (OM 
(X = Y = Z = C) and carbonyl olefination via Wittig-like reaction of the 
transition metal carbene complexes25 (Z = O, X = Y = C)) the validity of  
Eq. 12 is well documented. For others (X = O, Y = Z = C) it is only 
suggested.26,27 The other combinations are still unknown reactions. 

(12)
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The carbene mechanism of COER according to our hypothesis consists of 
forward (Z = O, X = Y = C) and backward (X = O, Y = Z = O) Wittig-like 
reactions.28 A transition metal–carbene complex reacts with a carbonyl 
compound generating an olefin and transition metal oxo-complex. Then the 
oxo-complex reacts with another olefin generating a new carbonyl compound 
and regenerating the transition metal–carbene complex. It is known that oxo-
alkylidene complexes can be generated via oxidative addition reaction between 
some tungsten complexes with carbonyl compounds.29 
 
There are, however, a few papers describing OM catalyzed by nontransition 
elements,30 platinum- and acid-catalyzed enyne metathesis,31 and acid catalyzed 
olefination of benzaldehyde with an olefin.32 The reported mechanisms of 
these transformations do not include participation of carbene species. Because 
WCl6 is a Lewis acid itself a noncarbene mechanism of COER cannot be 
ruled out. 

3. Conclusion 

It is well known that the transition metal compounds are able to promote 
many reactions and that it is difficult to make one of them to prevail over the 
others. It is even more difficult to elucidate the mechanism of a new reaction 
mediated by these compounds. The use of well defined transition metal 
complexes is a well established way to overcome these difficulties. There are 
numberless ligands that facilitate tuning the reactivity of a given metal. 
Almost all the reactions discovered during the last quarter of the 20th 
century are illustrations of this strategy. In addition some of the well defined 
transition metal complexes are able to mediate different reactions. For 
example, the carbene complexes accelerate the Kharash reaction and atom 
transfer radical polymerization33 and the Mn and Cr salen complexes 
accelerate the cyclopropanation and epoxidation of olefins.34 We believe that 
it would be possible to synthesize transition metal complexes able to 
catalyze the COER when the two functional groups are not in one molecule 
and are not conjugated. It is worth working in this direction. If such 
complexes will be synthesized, then the COER will be an alternative to some 
of the existing carbon–carbon bond formation reactions, especially to the 
carbonyl olefination reactions (Wittig, Peterson, Julia, etc. reactions). 
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silicon hydride groups grafted to the mesoporous MCM-41 silica surface. Nickel-, 
cobalt-, and iron-containing silicas were synthesized by chemisorption of appropriate 
metal acetylacetonates with following reduction in the acetylene atmosphere. Such 
metal-containing MCM-41 matrices have been applied for preparation of carbon 
nanostructures at pyrolytic decomposition of acetylene. From transmission electron 
microscopy (TEM) data a lot of carbon nanotubes were formed, namely tubes with 
external diameter of 10-35 nm for Ni-, 42–84 nm for Co-, and 14–24 nm for Fe-
containing silicas. In the metal absence on the silica surface low yield of nanotubes 
(up to 2%) was detected. 
 
Keywords: MCM-41 silica, surface silicon hydride groups, gold and silver in situ 
reduction, nickel, cobalt, and iron acetylacetonates, acetylene pyrolysis, carbon 
nanotubes 

1. Introduction 

Manufacturing composites that contain monodispersed nanodimensional clus-
ters of metals would have potential use in heterogeneous catalysis,1 surface-
enhanced Raman scattering,2 and other fields, where surface properties of 
materials and interfacial phenomena are important. 
 
One of possible approaches to such a controlled synthesis is use of porous 
matrices that confine growth of nanoparticles. But particle size depends also 

and stabilization of the formed nanoparticles in order to prevent their 

 

ordered mesoporous silica of MCM-41 type was applied in this work. The 
surface of such matrix contained chemically bound groups possessing 
reducing properties towards metals which are allocated after hydrogen in the 
electromotive series. For this purpose we have also used the volatile metal-
containing compounds (acetylacetonates of iron-, nickel-, and cobalt), which 

Abstract: Gold and silver nanoparticles were obtained by in situ reduction with 
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surface. Both these approaches can allow to obtain metal nanoparticles in the 
close vicinity to the appropriate surface compounds and, thus, to fulfill definite 
anchorage (immobilization) of the formed nanoclusters. It is expedient to use 
obtained iron-, nickel-, and cobalt-containing mesoporous silicas as catalysts 
in pyrolytic synthesis of carbon nanostructures. As known, interest to carbon 
nanotubes is caused by potential opportunities of their use as scanning probes3 
and sensors,4 as active elements of field emitters,5 as matrice templates for 
preparation of nanocomposites.6 

2. Experimental 

Synthesis of ordered mesoporous silica, such as MCM-41, was carried out 
according to recommendations7 in a reaction mixture with a molar ratio of 
reagents 1.0ТЕОS:0.52CTMABr:16NH3:39H2O in the following way. Cetyl-
trimethylammonium bromide (8.3 g) (CTMABr, Aldrich) was introduced 
into aqueous ammonia (25 wt%, 126 mL), then tetraethoxysilane (9 g) (TEOS) 
was added and the mixture was heated at 70°С under stirring before formation 
of the gel structure. The sample obtained was calcined at 540 С for 6 h in air. 
Structural characteristics of silica were studied by nitrogen ad(de)sorption 
measurements at 77 K (Micromeritics ASAP-2000 system). 

2.1 Preparation of gold- and silver-containing silica matrices 

Reducing reagents immobilized on the external surface of ordered meso-
porous silicas were used for in situ reduction of nanoparticles of gold or 
silver at the interaction with corresponding salt solutions in the mild 
conditions. For this, silica matrix was modified with triethoxysilane in the 
presence of acetic acid with the object of producing grafted silicon hydride 
groups (≡SiH) on the silica surface. Then modified silica was impregnated 
with chloroauric acid or silver nitrate solutions at room temperature and was 
dried for 24 h in an oven at 150°C. 
 

(DRON-4-07, CuKα-radiation). Ultraviolet–visible (UV–Vis) spectra of metal-
containing composites were recorded on Carl Zeiss Jena spectrophotometer. 

silica matrices for synthesis of carbon nanotubes 

Other efficient methods for producing catalysts that can be used to synthe-
size carbon nanostructures have been developed. The syntheses of carbon 

can react with silanol groups with following chemisorption on the silica 

Nanoparticles of metals were recorded using x-ray powder diffraction 

nanotubes were carried out by two routes: (a) chemisorption of volatile 

K. Katok et al. 

Presence of silicon hydride groups grafted to the silica surface was con- 

2.2 Preparation of nickel-, cobalt-, and iron-containing mesoporous 

firmed by Fourier transform infrared (FTIR) spectra data (NEXUS FT-IR)
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acetylacetonates of nickel, cobalt on ordered mesoporous silicas at 150°C, 
reduction nanoparticles of appropriate metals with H2 at 450°С, and 
pyrolysis of acetylene at 700°C; (b) МСМ-41 modification with Ni(acac)2 
Co(acac)2, or Fe(acac)2, reduction of chemisorbed metal complexes with 
C2H2, and pyrolysis at 700°С (in situ reduction). During pyrolysis of 
acetylene a deposition of decomposition products of black color on silica 
matrices is observed. The synthesized composite was treated with solution of 
hydrofluoric acid at the ambient temperature for removal silica phases. In the 
result insoluble carbon fraction was obtained for application in the following 
study. Carbon nanotubes were identified using transmission electron 
microscope (JEM-1OOCXII, Japan). 

3. Results and discussion 

The sorption isotherms of nitrogen on synthesized silica recorded at 77 K 

 
Figure 1. Ad(de)sorption isotherm of nitrogen at 77 K (a) and pore size distribution 
(b) for the synthesized МСМ-41 silica. 

provide information about the mesostructure of the material (Figure 1a).  
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Specific surface area of the sample determined from the linear part of the 
BET equation8 (at P/Ps = 0.03−0.20) is 905 m2/g. The specific volume of 
pores calculated from the BET equation (desorption branch of the isotherm 
of nitrogen) reaches a value of 0.87 cm3/g (at P/Ps = 0.98); average diameter 
of pores determined by the Barret−Joyner−Halenda method9 is about 39 Å. 

3.1 Nanoparticles of gold and silver formed by in situ reduction 

Ordered mesoporous silica MCM-41 with silicon hydride groups in the 
grafted modifying layer were used for synthesis of noble metal nano-
particles. In the IR spectrum of the silica (Figure 2, curve 1), a sharp band is 
observed in the region of O–H vibration at 3750 cm–1, which originates from 
isolated OH groups of the silica surface. In the spectrum of the silicon 
hydride-containing silicas (Figure 2, curve 2) this band is absent and, a broad 
band is seen at 2240 cm–1 indicating evidence for the fact that attachment of 
≡SiH groups occurred. Also strong narrow adsorption bands at 1390 and 
2976 cm–1 relating to deformation vibrations of the C–H bonds in CH2 group 
are observed. Decrease of intensity of adsorption band 2240 cm–1 relating to 
≡SiH groups and appearance of adsorption band of silanol groups 3750 cm–1 
as a result of reduction noble nanoparticles in surface layer of silica matrices 
is observed. 

 

Figure 2. FTIR spectra: 1 – initial MCM-41 silica, 2 – MCM-41 with grafted ≡SiH 
groups, 3 – MCM-41 with reduced nanoparticles of silver (left) and gold (right). 
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Fig. 3 shows the low-angle X-ray diffraction patterns of the calcined porous 
host silica MCM-41 curve 1, after modification with triethoxysilane – 
sample MCM-H curve 2 and the calcined sample MCM-41–Ag contained 
2.0 wt% Ag curve 3. The x-ray powder diffractogram of the initial MCM-41 
silica sample exhibits (100), (110), and (200) reflections in a low angle range 
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In the high-angle region at 2θ = 30–90°, typical peaks of face-centered cubic 
structure of metallic gold are observed, which are ascribed to (111), (200), 
and (220) diffractions. The crystallite sizes of nanoparticles were determined 
by Scherrer equation11:  

θβ
λ

=
cos

9.0D , 

where λ is the x-ray wavelength in nm, β is the intrinsic peak width in 
radians (2θ), θ is Bragg angle, and 0.9 is the Scherrer constant. Average 
diameters of formed nanoparticles accordingly to this equation fall within 
the range of 20-30 nm for gold and 25−28 nm for silver. 

panied by the changes in the color of samples, registered in UV–Vis spectra. 
 
After treatment of the MCM–H materials with HAuCl4 solution for 24 h, it 
was observed that all materials had attained a deep pink color, evidently due 
to the presence of Au nanoparticles in the cavities of the silica matrix. Au 
nanoparticles, due to their surface plasmon vibrations, have a characteristic 
absorption band in the visible region of the electromagnetic spectrum at 
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of 2θ=2−8°, which is characteristic of the hexagonal ordered structure. The 
peak appearing at low angle (2θ = 2.6°) corresponds to (100) plane of MCM-
41 indicating ordered pore structure of MCM-41, which suggests that the 
hexagonal pore structure of MCM-41 should be retained after being 
incorporated with Au (Ag). However, the fact that peak intensity for the low-
angle reflections decreases in Ag/MCM-41 sample shows that the formation 
of Ag clusters inside the channels leads to the loss of ordered structure, 
which is consistent with the observations in literature.10 

concentration of metal-containing compounds in solution that is accom-

Figure 3. XRD patterns of: 1 – initial MCM-41 silica, 2 – modified with 
triethoxysilane MCM-H, 3 – MCM-41 with incorporated nanoparticles of silver. 

Dimensions of formed nanoparticles is succeeded to control depending on 



Figure 4. UV–Vis spectra recorded on (A) Au-colloid (a), MCM–Au (b), MCM–H 
(c); (B) Ag-colloid (a), MCM–Ag (b), MCM–H (c). 

about 520–550 nm, which is responsible for the striking violet to pink range 
of colors of the nanoparticles depending upon the particle size.12,13 
 
Figure 4 shows the UV–Vis spectra recorded on the (a) colloid gold, (b) 
MCM–Au materials, and (c) modified silica MCM–H. 30 mg of metal-
containing composites were dissolved in 5 mL solution of 5 M sodium 
hydroxide for measuring of UV–Vis spectra of colloid gold. A strong 
absorption at approxmately 540 nm is observed for colloid gold and gold-
containing silica. It demonstrated that the AuCl4

− ions have been totally 
reduced into gold clusters. 
 
The absorption band at about 540 nm was due to the surface plasmon 
resonance of the Au nanoparticles. The appearance of the plasmon band 
indicates that the colloidal Au particles have reduced in the silica matrices 
by grafted silicon hydride groups.14 It was found that the surface plasmon 
band increased in intensity with growth of particle sizes. In general, the 
intensity enhancement of absorption band results from increase of metal 
particles size, combining with band shift.15 

 
The absorption peaks at about 400 nm due to the surface plasmon resonance 
effect could be seen to be blue-shifted with the decrease in size of silver 
nanoparticles (inset of Figure 4). The blue-shift is attributed to contraction of 
the lattice induced by surface stress,16 effect of surface potential,17 changes 
of optical interband transitions between the discrete energy levels, changes 
of electron band structure etc. Besides the above effects, deviation from 
perfect spherical shape, and irregular size distribution would profoundly 
effect the large inhomogeneous broadening.18 This resonance is absent in 
modified silica MCM–H (Fig. 4A, curve c) sample as expected. Its UV–Vis 
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spectrum did not show any absorbance in this visible region. At the decre-
asing dimension of metal nanoparticles changes in the samples color were 
observed.  
 
Thus a number of metallized composites, which contain highly dispersed 
metals namely gold and silver on their surface by reduction of corresponding 
ions of metal from its solutions over silica matrices were obtained. 

3.2 Nanoparticles of nickel, cobalt, and iron embedded in mesoporous 
silica matrices in synthesis of carbon nanotubes 

In order to provide the homogeneous catalyst deposition, silicas were treated 
with volatile cobalt(II), nickel(II), and iron(II) acetylacetonates at the moderate 
temperatures. At these conditions acetylacetonates of metals are chemisorbed 
on the silica surface due to reaction with surface silanol groups with elimi-
nating one of ligands. 

 
After chemisorption of acetylacetonates of the iron-subgroup metals on the 
mesoporous support, IR spectra of the appropriate surface compounds were 
recorded. The IR spectra of the Co(acac)2, MCM-41, and corresponding 

5. According to the papers by Nakamoto et al.19 and Dismukes et al.20 
asymmetric and symmetric stretching vibrations of the chelate group (C=C) 
and (C=O + CH) in Co(acac)2 appear at 1570−1575 and 1460−1513 cm−1, 
respectively. In our case in the spectrum of silica after treatment with Co(acac)2 
these absorption bands are observed at 1546 and 1481 cm−1 (Figure 2). 
Absorption bands at 1562 and 1430 cm−1 in the spectrum of the modified 
silica could provide evidence for the fact that the chelate ring structure of the 
bound ligands is retained. According to Mazurenko et al.,21 the ring-opening 
reaction for pure Cr(acac)3 occurs at 280°C and is accompanied by an increase 
in the intensity of the absorption bands at 1780 and 1800 cm−1. Since the 
above-mentioned absorption bands for the supported cobalt-containing complex 
in this frequency range were not observed, it is possible to assume that the 
ring-opening reaction does not proceed under the experiment conditions. These 
observations are in agreement with the data published by Kenvin et al.22 that  
made a conclusion that no ring-opening process occurred for Fe(acac)3 and 
Mn(acac)3 after removal of one or two of acetylacetonate ligands as a result 
of reaction with silanol groups of the silica surface. 

The removal of the ligands from metal complexes supported on silica was 
studying in air by thermogravimetric technique. The destruction of the 
residual ligands of acetylacetonates (after interaction with silanol groups) 
occurred at about 445°C (Figure 6). As a result, formation of complex oxides 

 

cobaltous complexes anchored on the MCM-41 surface are shown in Figure 

of the corresponding metals (cobalt and iron) had occurred on the silica surface. 
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2 2

 

Figure 6. TG curves of Ni(acac)2 (1), Co(acac)2 (2), and Fe(acac)2 (3) complexes 
supported on the МСМ-41 surface. 

 
Application of matrices with the supported metals as catalysts enabled us to 
attain rather high content of carbon nanostructures (20−30% of the process 
product). Content of nanotubes in pyrolytic deposition was determined by 
subtraction of the mass of amorphous carbon from the mass of resulting pro-
duct (amorphous carbon plus nanotubes). According to electron microscopic 
data, in the methods of obtaining of carbon nanostructures with reduction 
nanoparticles of metals in atmosphere of hydrogen a lot of nanotubes were 
formed with external diameters in the range 35–52 nm for the cobalt catalyst 

3 – МСМ-41. 
Figure 5. FTIR spectra: 1 – Co(acac) ; 2 – МСМ-41 modified with Co(acac) ; 
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(Figure 7a) and, 10–35 nm for the nickel catalyst (Figure 7b). Formation of 
small quantities of carbon fibres of diameter of 50–70 nm was also observed. 
 
In the use of acetylene as a source of carbon and as a reducer of metals in the 
second case, electron microscopy data provided evidence for formation of 
nanotubes with an external diameter of 42−84 nm in the case of the cobalt 

 

 

Figure 7. TEM micrographs of carbon nanotubes obtained on МСМ-41 matrices 
with (a) cobalt and (b) nickel catalysts prepared by reduction in hydrogen. 

Figure 8. TEM micrographs of carbon nanotubes obtained on МСМ-41 matrices 
with cobalt (a), iron (b), catalysts and carbon nanofibers obtained with nickel (c,d) 
catalyst, prepared by reduction in acetylene. 
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catalyst (Figure 8a) and 14−200 nm in the case of the iron catalyst (Figure 8b). 
Formation of carbon fibres, with diameters in the range 80−110 nm, for the 
nickel catalyst (Figure 8c,d) were also observed. Observation of presence of 
nanofibers with large diameter for the nickel catalyst (Figure 8d) is depended 
with enhanced dimensions of reduced nanoparticles of metal. Comparison of  
nanotubes growth using the cobalt catalysts by two methods show that nano-
tubes in Figure 7a are more curved. Catalysts that were prepared in an atmos-
phere of acetylene (without reduction with hydrogen) (Figure 8a) promote 
formation of more aligned nanotubes. Here it is noted that in the absence of a 

obtained.23 

4. Summary 

Thus, a number of metallized composites, which contain highly dispersed 
metals, namely gold and silver, on their surface by reduction of corres-
ponding ions of metal from its solutions over chemically modified silica 
matrices were obtained. Such an approach allow us to regulate size of the 
immobilized nanoclusters by varying in the concentration of corresponding 
metal in contrast to common reduction in the hydrogen atmosphere. 
 
Pyrolysis of acetylene on the surface of МСМ-41 silicas containing metallic 
catalysts has been studied. Application of matrices with the supported metals 
as catalysts enabled us to attain rather high yields of carbon nanostructures 
(20−30% of the process product). The electron microscopy data provided evi-
dence for formation of nanotubes with an external diameter of 42−84 nm in 
the case of the cobalt catalyst and 14−200 nm in the case of the iron catalyst. 
Formation of carbon fibers with diameters in the interval 80−110 nm for the 
nickel catalyst was also observed. In the absence of a catalyst on such 
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CATALYTIC ALKENE METATHESIS IN IONIC LIQUIDS 
 

CEDRIC FISCHMEISTER 
 
Catalyse et Organométalliques UMR 6226:CNRS-Université de Rennes1, Institut 
Sciences Chimiques de Rennes. Campus de Beaulieu 35042 Rennes, France. E-mail: 
cedric.fischmeister@univ-rennes1.fr  
Phone: + 33 2 23 23 59 98. Fax: + 33 2 23 23 69 39 
 
Abstract: Olefin metathesis has found a tremendous number of application in the past 
25 years. Immobilisation of olefin metathesis (pre)catalysts in room temperature ionic 
liquids (RTILs) offers the opportunity to recover and reuse the catalyst and also to 
reduce the level of ruthenium (Ru) contaminants in the products.  
 
Keywords: olefin metathesis, ruthenium catalysts, ionic liquids, catalyst recycling. 

1. Introduction 

Although alkene metathesis is a catalytic reaction discovered about 50 years 
ago [1], it has found only during the last 15 years a leading role in synthetic 
methodology due to its power to break and make carbon–carbon double 
bonds according to the general equation : 

R1HC CHR2R1HC R2HC CHR2+ 2CHR1
 

The tremendous impact of olefin metathesis on synthetic chemistry has only 
been possible with the elaboration of well-defined organometallic complexes 
in particular the very active molybdenum complexes prepared by the 

Chauvin was a determining step for the development of these catalysts [4]. 
Alkene metathesis has acquired a key role in the formation of functional 
cyclic and macrocyclic molecules via ring-closing metathesis (RCM), cross-

have also been found in material science via the ring-opening metathesis 
polymerisation (ROMP) of cyclic olefins, or acyclic dienes metathesis 
(ADMET) reactions [7]. More recently asymmetric ring-closing metathesis 

complexes synthesised [8]. Ru complexes, in particular those of the second 
generation (Figure 1), combine high activity and stability towards functional 
groups and can be manipulated without specific precautions. 

(ARCM) and related transformations have been developed and several chiral 
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metathesis (CM), or enyne metathesis reactions [5, 6]. Useful applications 

Y. İmamoğlu  and V. Dragutan (eds.), Metathesis Chemistry: From Nanostructure Design to Synthesis  

Schrock group [2] and the robust ruthenium (Ru) complexes elaborated by 

of Advanced Materials, 483-501.

the Grubbs group [3]. The early proposal of the olefin mechanism by 
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Figure 1. Catalyst precursors. 
 

However, for most applications catalysts loading higher than 1 mol% are 
required raising two problems which are the cost of the targeted trans-
formations and contamination of the products in particular when olefin 
metathesis is employed for the synthesis of biologically active molecule. 
Classical purification by column chromatography is the most used method to 
remove Ru residues but it requires large amounts of solvents and does not 
allow recycling of the catalyst. Hoveyda type catalysts 3 and 4 are described 
as very robust complexes that can be purified by column chromatography. 
Recently, Grela has used this property and prepared a Ru catalyst that can be 
separated and recovered by column chromatography [15]. Several alternative 
methods have been developed to decrease as much as possible the level of Ru 
contaminants. Grela [16] and Fogg [17] have prepared complexes with high 
affinity for silica. Chemical treatment [18], sequential treatment by activated 
carbon and chromatography [19], and Ru scavengers have also been used [20]. 
Catalysts immobilisation combine the possibility to both recycle the catalysts 
and decrease the amount of organometallic residues in the products. 
Immobilisation on a support [21] or in non-conventional solvents [22] such as 
water [23], super critical CO2 [24], and perfluoroalkanes [25] have been 
described. Among these solvents, ionic liquids (ILs) are probably those that 
have attracted much attention in recent years. Alkene metathesis in RTILs 
appeared recently in 1995 and was quickly developed during the last 10 years. 
The goal of this review is to present the main achievements of olefin 
metathesis in RTILs.  
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2. Olefin metathesis in ionic liquids 

2.1 What are Ionic liquids ? 

Room temperature ionic liquids (RTILs) are salts with low melting points 
(<100°C) [26]. They are sometimes considered as green solvents since they are 
non-volatile, non-flammable [27], have a high thermal stability, and are so far 
considered as non-toxic although very little is known about their toxicity [28]. 

imidazolium. The latter is the most employed (Figure 2) and a variety of anions 
can be used (PF6

–, BF4
–, NTf2

–, OTf–, etc.). Thus, a judicious combination of 

 

N NR1 R3

R2

N N

H

+

X-

X= PF6, BF4, NTf2, OTf, SbF6

R1= Alkyl, R3=Alkyl, R2= H, Alkyl The prototype imidazolium cation
N-butyl-N-methyl imidazolium [bmim]

+

Figure 2. Imidazolium cations. 
 
Furthermore, RTILs are able to dissolve organic, organometallics, and 
inorganic compounds, and they are immiscible with most of the organic 

course catalyst recovery. To the best of our knowledge only a few industrial 

catalysed dimerisation of butene (Difasol process, IFP) or the BASF “Basil” 

in RTILs [29]. We will emphasize here on the achievements of olefin 
metathesis in RTILs in several research groups including ours. 

2.2 Neutral pre-catalysts 

Most of the research performed on olefin metathesis in ILs has been done 
with Ru-based catalysts although the very first olefin metathesis in ILs was  
reported in 1995 with a tungsten catalyst [30]. In 2000, Bayer AG patented 
the use of Ru and molybdenum catalysts for olefin metathesis in ILs [31]. 
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the cation/anion pair will confer specific properties to the IL in terms of polarity, 

catalysts allowing a facile separation of the catalyst and the products and of 
candidates as reaction media for the immobilisation of organometallic 

hydrophilicity, or lipophilicity. Having in mind the influence of solvents on

process involving RTILs are currently operating among which is the nickel 

solvents depending on the nature of the cation/anion pair. They are thus 

the course of a chemical reaction in particular in terms of efficiency and 

The cations are essentially nitrogen based, i.e. ammonium, pyridinium, and 

selectivity, it is not surprising that RTILs have known impressive develop-

acid scavenging process. Several reviews have covered the area of catalysis 

ments as solvents for chemical synthesis in the past few years.  



Shortly after Buijsman et al. [32] reported the use of Grubbs catalysts 1 and 
2 in [bmim][X] and mixtures of RTILs for the RCM of various substrates 
(Scheme 1). This study aimed at using the IL in order to decrease the amount 
of Ru residue in the product. 
 

N
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O

O

Ph N
N

O

O

Ph

Ru
PCy3

PCy3
Cl
Cl

Ph

[bmim][PF6]

1

 
Scheme 1. RCM in [bmim][PF6] with Grubbs catalyst 1. 

 
A reference reaction was performed with 5 mol% of catalyst at 50°C in 
dichloromethane giving a quantitative conversion after 1 h and the Ru-
contaminant was found to be 1.7 µg/mg (1700 ppm) after purification by 
column chromatography on silica gel. When this reaction was performed in 
[bmim][PF6] under the same experimental conditions, the conversion was 
almost quantitative (98%) after 24 h. The reaction product was easily extracted 
with diethyl ether and the Ru contaminant was found to be 3.2 µg/mg (3200 
ppm). The reuse of the IL containing the catalyst was attempted but after 20 h 
and the conversion reached only 15%. Due to the very low level of Ru in the 
product, the authors concluded on catalyst decomposition to explain this poor 
recycling. Better results were obtained by using the Grubbs second-generation 
catalyst 2 under similar conditions, the Ru contaminant level being as low as 
1.6 µg/mg (1600 ppm) which is comparable to the level obtained after 
purification by column chromatography. Attempts to recycle catalysts 1 and 2 
in the IL showed a loss of activity with the number of cycle (74% conversion 
for the third run with catalyst 2).  
 
In 2002, Kiddle et al. showed that Ru catalysed olefin metathesis in 
[bmim][BF4] or dichloromethane could be accelerated upon microwave 
heating [33]. For instance, the RCM of diethyl diallylmalonate under 
microwave was complete in 15 s in [bmim][BF4] when using the Grubbs 
second-generation catalyst 2 (Scheme 2). 
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Scheme 2. RCM in [bmim][BF4] under microwave with Grubbs II catalyst 2. 

 
More recently, in 2006, the beneficial use of RTILs in olefin metathesis was 
reported by two groups. Tang et al. showed that the second-generation 
Grubbs catalyst 2 was able to perform olefin CM in [bmim][PF6] and 
[bmim][BF4] [34]. Stilbene was prepared from styrene in yields comparable 
to those obtained in dichloromethane (Scheme 3). 
 

Ru
PCy3

Cl
Cl

Ph

NN MesMes

[bmim][BF4]
or
[bmim][PF6]

2.5 mol%

(E)

2

45°C, 3h  
Scheme 3. Styrene self-metathesis in RTILs. 

 
After extraction of the organic products with diethyl ether the IL containing 
the catalyst could be reused several times with, however, a little drop in the 
isolated yields (Table 1). 
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Table 1. Stilbene synthesis. Recycling of catalyst 2 

Solvent Cycle Yield (%) 
DCM 1 81 

[bmim][BF4] 1 74 
[bmim][BF4] 2 61 
[bmim][BF4] 3 54 
[bmim][BF4] 4 48 
[bmim][PF6] 1 85 
[bmim][PF6] 2 82 
[bmim][PF6] 3 79 
[bmim][PF6] 4 75 

Reactions performed with 2.5 mol% of catalyst at 45°C for 3 h. 
 
It was clearly demonstrated that the catalyst was partially extracted by 
diethyl ether (not quantified) and the results were slightly improved by using 
petroleum ether. The same year (2006) the use of Ru catalysts for the self-
metathesis of 1-octene in RTILs was reported by a researcher from the 
University of Johannesburg and Sasol Technology Ltd. (Scheme 4) [35]. 
 

Cata lyst

1-octene 7-tetradecene

 
The first-generation Grubbs catalyst 1 and the Sasol PhobCat catalyst 
[Cl2(Phoban-Cy)2Ru=CHPh] were not very active for the above-mentioned 
reaction and were subject to significant catalyst leaching (up to 72%). The 
second-generation Grubbs catalyst 2 showed a better selectivity in ILs than 
in a solventless reaction (Table 2). 
 

Table 2. Compared selectivity for 1-octene self-metathesis 

Solvent Conversion of 1-octene Selectivity toward 7-tetradecene 
Solventless 99 70 
[bmim][PF6] 99 95 

Grubbs catalyst 2 (0.01 mol%), 60°C, 5 h. 
 
The second-generation Hoveyda catalyst 4 showed good solubility in RTILs 
with concomitant lower leaching. It was used to test the influence of the 
[bmim] counteranion and the alkyl group on the imidazolium cation. Contrary 
to the results reported by Tang on stilbene synthesis, the BF4

– anion provided 
here the best result in terms of activity, 92% conversion vs 80% for PF6

–, and 
47% for NTf2

–. In all three cases the selectivity toward 7-tetradecene was 
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almost identical (95–98%) and higher than that obtained in solventless 
conditions (91%). The influence of the alkyl chain length of the imidazolium 
cation is also very pronounced and shorter chains provided the best 
conversions (Table 3). 
 

Solvent Conversion of 1-octene Selectivity towards 7-
tetradecene 

Solventless 93 91 
[emim][NTf2]a 90 98 
[bmim][NTf2]a 47 98 
[hmim][NTf2]a 13 99 

Hoveyda catalyst 4 (0.02 mol%), 40°C. 
ae = ethyl, b = butyl, h = hexyl. 
 
It is noteworthy that IL media provide much better selectivity than solventless 
reaction. This better selectivity observed in RTILs “is believed to be due to a 
lack of solubility of the metathesis product in the polar ionic medium, which 
would limit contact of that compound with the catalyst” hence avoiding 
isomerisation reactions.  Finally catalyst 4 was found to be moderately 
recyclable with 79% conversion for the first run and 69% conversion for the 
second run. 

2.3 Ionic precatalysts : the allenylidene ruthenium pre-catalyst 

Cationic Ru–allenylidene complexes (Scheme 5) have been discovered in 
1998 in the Dixneuf’s group [13]. They exhibit a reactivity which is 
comparable with that of the Grubbs first-generation catalyst 1. Their ionic 
character prompted us to investigate their use in RTILs since good solubility 
and compatibility could be foreseen in such media. Our two first articles 
appeared in that field in 2002. 
  

C
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C Ph
Ph
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ClRu

PCy3
Cl

Cl

OH

Ph

Ph

+
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NaPF6 /MeOH
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AgX/CH2 Cl2

Scheme 5. Cationic Ru–allenylidene complexes [Ru+][X–]. 
 

As expected, the complexes displayed a very good solubility and affinity for  
RTILs as shown in Figure 3. 
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Table 3. Influence of the alkyl chain length 



 
 
 
 

Figure 3. Solubility of 5 in [bmim][PF6]. 
 
a: [bmim][PF6]; b: 5 in [bmim][PF6]; c: b + toluene after 10 min stirring. 
In toluene the activity and selectivity of these Ru–allenylidene catalysts is 
dependant on the nature of the anion (Scheme 6). The triflate anion provides 
the best activity and selectivity for the RCM product a, whereas the 
tetrafluoroborate complex is less active and gives a mixture of the three 
products a, b, and c. 
 

N N N NTs Ts Ts Ts+ +
[Ru]+X-

a b c

Scheme 6. Selectivity of Ru–allenylidene catalysts. 
 

This transformation was investigated in various RTILs with pre-catalyst 5, 
the organic product being extracted with toluene at the end of the reaction 
(Table 4) [36]. 
 
Table 4. Influence of the IL anion on activity and selectivity 

Entry Solvent Time  Conv. (%) a (%) B (%) c (%) 
1 Toluene 20 min 100 100   
2 [bmim][OTf] 2 h 30 min 100 97 3  
3 [bmim][OTf] 18 ha 100 100   
4 [bmim][BF4] 5 h 60 23 31 6 
5 [bmim][NTf2] 5 h 53 31 18 4 
6 [bmim][PF6] 5 h 85 83 2  

Pre-catalyst 5 (2.5 mol%), 80°C.  
aRoom temperature. 
 
As shown by these results the reaction rate is slowed and the nature of the IL 
anion influences the selectivity. This is explained by anion exchange 
between the catalyst and the IL. As a consequence when using the more 
active catalyst (OTf anion) it is necessary to operate in [bmim][OTf] or 
[bmim][PF6] to ensure high activity and selectivity. When operating at 80°C 
the catalyst recycling was not possible due to complete decomposition of the 
catalyst. Thus lower temperature (room temperature) and longer reaction 
time (18 h) have been used. Under these conditions two consecutive cycles 
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provided good to reasonable conversions (100% and 86%), but a drop in 
activity was observed for the third run (33%). It is likely that the reaction 
time required at room temperature was too long and that catalyst had 
decomposed after the two first cycles (36 h reaction time). In addition, it was 
found later that toluene was not the best solvent for extracting the organic 
product since it also extracted some complex (not quantified). This first 
study showed the possibility to use the ionic Ru-allenylidene complex in 
RTILs. However, for a more efficient catalyst recycling shorter reaction time 
are required. With the same catalyst 5 it has been possible to prepare 
polymers in RTILs [37]. Norbornene was thus polymerised in a biphasic 
mixture of [bdmim][PF6] and toluene (Scheme 7). 
 

C
Ru

C
C Ph

Ph

Cy3P
Cl

n
 

N
+

NnBu
PF6-

+
OTf-

[bdmim][PF6]/toluene

[bdmim][PF6]=

5

 
Scheme 7. ROMP of norbornene with pre-catalyst 5. 

 
The [bdmim] anion was used to prevent carbene formation at the C2 carbon 
atom and the biphasic system was necessary to solubilise the polymer 
formed during the reaction. Indeed, polymerisation in pure [bdmim][PF6] 
was possible but exceedingly long time was necessary to extract the polymer 
from the IL which was detrimental to the catalyst lifetime. Thus, under the 
biphasic conditions, four cycles were possible with good polymer yields. 
The increase in the average molecular weights with cycles may be explained 
by a diminution of the catalytic active sites (Table 5). 
 

Table 5. ROMP of norbornene: catalyst recycling 

Cycle Time (h) Polymer yield (%) Mn (g mol–1)a PDi 
1 0.5 96 113,800 1.9 
2 0.5 99 168,100 1.9 
3 0.5 98 206,700 1.8 
4 0.5 97 – – 
5 0.5 64 – – 
6 0.5 27 303,000 1.5 

aMeasured by GPC calibrated with polystyrene standards and polymer dissolved in THF. 
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After the sixth cycle, the IL was directly reloaded with fresh catalyst and a 
new recycling sequence started. Again the first five cycles provided very 
good polymer yields. The neutral Grubbs first and second-generation 
catalyst 1 and 2 have been evaluated for the polymerisation of norbornene in 
[bdmim][PF6] under the same conditions. None of the two provided results 
was as good as with the ionic allenylidene showing the advantage of using 
an ionic catalyst for such an application. Indeed, the Grubbs catalysts were 
not very soluble in the media and very likely quickly extracted. In addition, 
it has been shown by others [32, 35] that the first-generation Grubbs catalyst 
exhibits a modest stability in IL media. 

2.4 Immobilised pre-catalysts 

Following the results with neutral and ionic precatalysts, it became obvious 
that immobilisation of neutral catalysts was the solution for an efficient 
catalyst recycling. Several groups have worked in this direction by 
modifying the stable and recyclable Hoveyda catalysts 3 and 4. In 2003, 
Mauduit and Guillemin reported the synthesis of an IL supported Hoveyda 
type catalyst 7 [38]. The synthesis was performed in nine steps starting from 
the commercially available methyl-3(4-hydrophenyl)propionate. Complex 7 
was obtained in 32% overall yield (Scheme 8). 
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r.t., 3h

Scheme 8. Ionic liquid tagged Hoveyda catalyst. 
 
With this complex 7 it was possible to run efficiently ten consecutives RCM 
of N,N-diallyltosylamide by extracting the product with toluene at the end of 
each cycle. The excellent catalyst stability in this media was demonstrated 
since the ninth run was performed following a “3-month aging” of the 
catalyst. The neutral catalyst 3 was not recyclable under the same conditions 
since the conversion dropped to 29% from the third run due to catalyst 
extraction (Table 6). 
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Table 6. Catalyst recycling with catalyst 7 

TsN TsN
7 (2.5 mol%)

[bmim][PF6]
60°C, 45 min.

 
 

Cycle (% conv.) 
Catalyst 1 2 3 4 5 6 7 8 9 10 
7 >98 >98 >98 >98 >98 96 92 92 92 95 
3 >98 40 29        

 
The ionic catalyst in [bmim][PF6] was found to be efficient for the RCM of 
various substrates with good recyclability except for sterically demanding 
olefins (Scheme 9).  
 

TsN TsN
7 (5 mol%)

[bmim][PF6]
60°C, 4 h. run 1 : 92%

run 2  : 92%
run 3 : 73%  

Scheme 9. RCM in [bmim][PF6]. Sterically demanding substrate. 
 
In this case, higher catalyst loading (5 mol%) and longer reaction time (4 h) 
were necessary to ensure 92% conversion. The same conversion was obtained 
on the second cycle but because of this, more drastic conditions, the 
conversion dropped to 73% on the third run due to catalyst decomposition. For 
these reasons a second-generation Hoveyda catalyst 8 was prepared by 
replacing the phosphine ligand by N-Heterocyclic carbene (Scheme 10) [39]. 
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Scheme 10. Ionic liquid tagged Hoveyda catalyst. 
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With this catalyst the RCM of the sterically demanding substrate (see 
Scheme 9) was attempted. The recycling results were slightly improved with 
a conversion of 68% obtained on the fourth cycle but milder conditions were 
undoubtedly necessary to ensure a better recycling. Optimised conditions 
were found by using a biphasic media [bmim][PF6]/toluene (25:75) at room 
temperature for 3 h. Under these conditions up to eight runs were performed 
with conversions better than 95%. Furthermore the Ru content of the product 
was measured for each cycle and found to be between 2.3 and 16.9 ppm, 
which is among the lowest values obtained after an olefin metathesis 
reaction. 
 
The Yao group reported very similar Hoveyda-type ionically tagged 
complexes, a first-generation 9 in 2003 [40] and a second-generation 10 in 
2005 [41]. The main difference with the Mauduit and Guillemin complexes 
7 [38] and 8 [39] concerns the anchorage of the ionic arm which is 
performed via an alkoxy instead of an alkyl linkage. The first-generation 
catalyst 9 was synthesised in nine steps from 2,5-dihydroxybenzaldehyde 
and obtained in 30% overall yield (Scheme 11). 
 

Ru
PCy3

O

Cl
Cl

O

N

N
+H

PF6-

O

O

N

N
+

H

-PF6

Ru
PCy3

Cl
Cl

PCy3
PhOH

OH

O 8 steps

9, 79%

1
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Scheme 11. Ionic liquid tagged Hoveyda catalyst. 
 
This catalyst was used in a mixture of [bmim][PF6] and dichloromethane 
(1:9; v/v). It showed much better recycling capabilities than the neutral 
version of the first-generation Grubbs and Hoveyda catalyst (Table 7). After 
each run, dichloromethane was evaporated and the organic product extracted 
with diethyl ether. 
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Table 7. Catalyst 9 activity and recycling 

TsN TsN
9 5 mol%

[bmim][PF6]/CH2Cl2
50°C, 3h

 
Cycle (% conv.) 

Catalyst 1 2 3 4 5 6 7 8 9 10
1 >98 54 41a        
3 >98 75 37a        
9 >98 >98 97 96 95 94 92 92 91 90
All reactions were performed at 50°C for 3 h 
a 6 h. 
 

The stability of the catalyst was demonstrated by consecutively running the 
RCM of various substrates with good conversion with the same catalyst. A 
second-generation-type catalyst 10 was elaborated by ligand exchange with 
2 (Scheme 12). 
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Scheme 12. Ionic liquid tagged Hoveyda catalyst. 
 
With this new catalyst it has been possible to run 17 cycles of N,N-
diallyltosylamide RCM with a conversion of 90% for the 17th run. A more 
sterically demanding substrate bearing a disubstituted olefin was also 
efficiently transformed with this catalyst and six cycles performed with very 
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good conversions (Table 8). 



Table 8. Catalyst 10 activity and recycling  

TsN TsN
10, 2 mol%

[bmim][PF6]/DCM
45°C, 2h

 
Cycle 1 2 3 4 5 6 
Conv. % 96 96 95 93 91 90 
 

A substrate with two disubstituted olefins was also efficiently ring closed 
and the catalyst reused for two additional runs with identical activity 
(Scheme 13). 

TsN TsN
10, 4 mol%

[bmim][PF6]/DCM
45°C, 16h

 
Scheme 13. RCM of sterically hindered diene with catalyst 10. 

 
For this transformation, more drastic conditions were necessary (4 mol% of 
catalyst, 16 h at 45°C). However, even after 32 h of operation at 45°C the 
catalyst remained active for further RCM transformations. 
 
In our group two types of ionic catalysts have been developed [42]. Initially 
complex 11 synthesis requiring only five steps was considered in order to 
link the ionic chain to the ortho oxygen of the benzylidene ligand. The 
desired complex 11 was then obtained in 50% overall yield (Scheme 14). 
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Scheme 14. Ionic liquid tagged Hoveyda type catalyst 11. 
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This catalyst was evaluated for the RCM of N,N-diallyltosylamide in 
[bmim][NTf2] and [bmim][PF6]. In both cases, good conversions were 
obtained on the first cycle but the activity dropped during the forthcoming 
cycles (Table 9). 
 
Table 9. Influence of the IL anion on the activity and recycling of 11 

Cycle (% conv.) [bmim][X] 
X = 1 2 3 
NTf2 90 89 75 
PF6 90 85 60 

Hoveyda-type catalyst 11, 2.5 mol% catalyst, 45 min, 60°C 
 
These results showed the dramatic influence of the steric hindrance on the 
alkoxy substituent. This influence was observed in the original work by 
Hoveyda [11]. Since the isopropoxy coordinating group seemed to be 
necessary, we considered the synthesis of a “sterically activated” catalyst by 
introducing the ionic tag at the ortho-position of the isopropoxy substituent. 
Indeed, Blechert showed that the introduction of a substituent at the ortho-
position of the isopropoxy substituent dramatically increased the catalyst 
activity [43]. Thus, catalyst 12 was prepared in six steps from the 
commercially available 2,3-dihydroxybenzaldehyde (Scheme 15). 
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Scheme 15. Ionic liquid tagged Blechert catalyst 12. 
 
As expected this catalyst was found to be more active than 11 allowing the 
RCM of N,N-diallyltosylamide in [bdmim][PF6] at room temperature. 
However, this catalyst was found to be difficult to recycle since the 
conversion dropped after the first cycle (Table 8). This poor recycling can be 
explained by the steric hindrance of the ligand that disfavours its re-
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coordination (“release and return” or “boomerang” mechanism) [11]. This is 
corroborated by the low yield (58%) obtained for the complex synthesis 
whereas it is 91% for the non-congested complex 11. The repeatability of the 
experiment was checked and found to be very good (Table 10).  
 

Table 10. Reproducibility of RCM reaction in RTILs 

 Cycle (conv. %) 
 1 2 3 
First sequence 89 77 46 
Second sequencea 85 79 42 

aNew batches of RTIL and catalyst 
 
Finally the activity and recycling of catalysts 11 and 12 have been compared 
to catalysts 1, 2, and 3 for the RCM of diallyl diethylmalonate under mild 
conditions (Table 11). 
 

Table 11. Comparison of catalyst activity and recycling 

EtO2C

EtO2C

EtO2C

EtO2C

cat, 5 mol%

[bmim][NTf2]
r.t., 1h  
Cycle (conv. %) Catalyst 

1 2 3 4 5 6 
1 4 0     
2 35 10     
3 31 11 5    
11 24 22 22 16 14 9 
12 53 39 23 8   

 
Under these conditions the catalyst 12 was still the more active on its first 
use but its activity decreased more rapidly than the less reactive catalyst 11. 
However, the benefit of immobilising the catalysts was again proved since 
the neutral catalysts 1, 2 and 3 were almost not recyclable (Table 9). 

3. Conclusions 

ILs have attracted much attention in the recent years as alternative media for 
organic and catalytic reactions. They can improve the activity or selectivity 
of certain reactions with regards to conventional organic solvents. When 
used as solvents for olefin metathesis reactions these improvements are 
sometimes observed but the most important feature is the facility for 
separating the reaction product and the catalyst especially with ionic 

498 C. Fischmeister 



Catalytic alkene metathesis in ionic liquids 

catalysts when they have been suitably designed and modified to be 
efficiently immobilised in these media. As a result the metal content in the 
extracted product is usually extremely low without classical column 
chromatography purification and without employing any sophisticated 
techniques or reagents. Finally, when the catalyst is stable enough it can be 
reused several times (up to 17 times) thus decreasing the cost of the targeted 
reactions.  
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