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PREFACE

Following the fruitful tradition of the previous NATO Advanced Study Institute
(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 HCI 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.



Preface X1

In addition to the scientific sessions, the social programme was organized in a
friendly and warm style in order to facilitate more informal scientific discussions
between lecturers and young researchers, and to strengthen contacts and exchange of
ideas and information between research groups of different nationalities. Overall,
this outstanding international event organized under the generous sponsorship of the
NATO Public Diplomacy Division successfully surveyed the latest achievements in
this fascinating area of synthetic chemistry and uncovered new ways of developments
for industrial-scale applications.

Yavuz Imamoglu Valerian Dragutan

January 2007
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PART I. DESIGN OF NEW GENERATIONS
OF METATHESIS CATALYSTS
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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

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
on the Grubbs and Hoveyda complex architectures. The first [4,5], second
[6,7,8], and third-generation [9] Grubbs- and Hoveyda-type catalysts will be
used as the discussion starting point. The family of catalyst precursors based
on ruthenium—allenylidene [10] and ruthenium—indenylidene [11] complexes
that have been developed as early as 1998, mainly by Dixneuf and Fiirstner’s
groups will be then presented.

3
Y. Imamoglu and V. Dragutan (eds.), Metathesis Chemistry: From Nanostructure Design to Synthesis
of Advanced Materials, 3-27.
© 2007 Springer.
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2. Grubbs- and Hoveyda-type catalysts

In 1992, Grubbs reported the first efficient alkylidene ruthenium catalyst
RuCl,(=CH-CH=CR;)(PCys3), revealing the requirement of an alkylidene
moiety linked to a neutral 16-electron system containing the electron releas-
ing and bulky PCy; 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 RuCl,(=CHPh)(NHC),
[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
reported almost simultaneously by Hoveyda and Blechert [8] (Figure 1).

Since the discovery of the above-mentioned complexes several improve-
ments have been obtained by a fine-tuning of the electronic and steric pro-
perties of the ligands. We will here present the recent modifications made to
the Grubbs- and Hoveyda-type complexes.

3. Recent advances in catalyst design

3.1 The modified Grubbs-type catalysts

3.1.1 Variations at the phosphine ligands

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
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MesN NMes MesN NMes MesN NMes
CyP Y o \(Cl Yo
CI,I'?UT\ of Ru—\ Ru= N—-—Ru-\
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Figure 1. Ruthenium-based alkene metathesis catalysts.

Cy3P P ¢l
I .-‘CI Cy-P R.l.JT\
CI/FfUT\Ph crl., P
PCy3 Pcy3
1 9

Scheme 1. (Sasol) Phoban-based catalyst.
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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].

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
3 min. The activity of 9 has been evaluated in transformations requiring no
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-decene® Self- 1(0.01) 8 94
metathesis

3(0.01) 52 63

9 (0.01) 77 98
Methyl oleate, Ethenolysis 1 (0.003) 14 91
ethylene” 3 (0.003) 37 58

9 (0.003) 43 98

%60°C, neat 4 h; ®%60°C, neat 4 h, 10 bar of ethylene.

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).

bCl L', ky L ci alkene .
Cl{+ Pn +L, k4 Cl  Ph
L = PCy,, NHC 14 electron
L'=PCy;

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).
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MesN NMes MesN NMes
/R Yl CF3CeHs Yo
N—__Ru_\ > /Ru—\
AR
Cln Ph P c’l ph
| - l\c P
_ (CHa)m | (CHaw  (CHam | “(CHy),
(C|Hz)m | (C|HZ)m |
4a Rin Re R R¢n Re R
10

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 CH,Cl, 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.

3.1.2 Variations at the N-heterocyclic ligand

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

Hﬁ + 1) KHMDS MesN NMes

MesN . NMes \(CI
Y BF, 2) CysP ,Ru—
H | Cl ci l Ph
Ru=\ PCy;
cf Fl’c Ph
Y3 1

Scheme 4. Second-generation Grubbs catalyst with a six-membered NHC.
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Complex 12 was prepared by Fiirstner 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.
M NMes
r o

NMes

ol ph T cl

cf \ Ph
PCy3

HO

12
Scheme 5. Silica-supported catalyst.

Rate acceleration was observed with a ruthenium-based catalyst bearing a
fluorinated NHC ligand [23]. Indeed, complex 13 (Figure 2) exhibits 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.

F N\ F
N NS
F ICl F
JRu=
cl |:'>C;;Ph
13

Figure 2. Fluorine-containing complex with enhanced activity.

3.1.3 Variations at the alkylidene ligand

The generation of the catalytically active 14-electron species is an important
factor for the improvement of catalyst activity. A true 14-electron comp-
lex with no free L ligand has been reported by Piers et al. [24]. This
phosphonium—alkylidene complex 14 was obtained by protonation of
ruthenium carbide intermediates and isolated in 87-95% yield (Scheme 6).
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& Lo  HOEGLI

Cl EtO,C CO,Et 1 C BX Cl -
,l:?UT\ 2 2 ’Fl.zu:C: % ,é.UT\_'_ [BX4 ]
Cl pR, Ph ClpR, ¢l PR,

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 ImesH, 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.

MesN_ NMes
F:( S Bx,]
/ cr u_\FJ’rC
EtO,C., s Etozc@\
EtO,C 1 mol%, 0°C., DCM EtO,C
2h C =90%

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

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

3.1.4 Variations at the anionic chloride ligand

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
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
Upon treating complex 4a with TIOCF;, the pentacoordinate complex 15
was obtained in 92% yield (Scheme 8) [27].
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MesN '\CIIIIVIeS MesN_ NMes
78 Y TIOCgF5 T Py
NRuA L —— o
—'ci_N_ Ph F5CGO ,
| ~ OCsF5
=
15
4a

Scheme 8. Halide-free ruthenium catalyst.

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

MesN NMes

I\\Py

U=

FsCO” | Ph
CeFs

15 EtOZC@
0.05 mol% EtO2C
CDCl3, reflux
3 C> 99%

Scheme 9. Halide-free catalyst 15 for the RCM of diethyldiallylmalonate.

Complexes with chelate aryloxide have been prepared among which a
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.

MesN NMes ro
MesN_ NMes
C Y cl TIOCeXs es Yr
ciN XsCs0” | Ph
® x
=
16 X=X'=C17 X=Cl, X'=Br
4a

Scheme 10. Monohalide ruthenium—alkylidene complexes.
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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).

MesN NMes
Fg,CCOO,,\R(u
E COO" 1\

F PCyh
O 18

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

3.2 The modified Hoveyda-type catalysts

3.2.1 Variations at the ortho-alkoxybenzylidene ligand

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.
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MesN NMes

Yo
/R‘U.
Cl
o)
It

19
Etozc@\
1 mol%, r.t., DCM EtO,C
10 min Y= 99%

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).

MesN/_\NMes ° NO. MesN/_\NMes
Y.Cl 4< Yo
/RUT\ ,RU -
Cl gy Ph CuCl, DCM1h, r.t. Cl !
’ \<o NO,
3 20, 83%

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

Yo
(RU )

EtO,C 20 EtO,C

+ =\
EtO,C CN  5mol%, r.t., 30 min EtO,C —

CN

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].

3.2.2 Variations at the N-heterocyclic carbene ligand

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.

NiPr;
P+ NiPr;
ArN_, NAr N
PPh, Y oTf ArN_ NAr

| .Cl H Yl

\ RU ’ (RU .
cl KHMDS, toluene60°C ~ Cl !
\(0 \(o

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

Recently, complex 22 bearing a fluorinated NHC was prepared [23] (Figure 4).
Contrary to the related Grubbs-type complex 13 (Figure 2), this catalyst
showed a poorer activity.
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N__N—&5> [\
W{Q E YglMeS \]/CI es
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IS B &
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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 o-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

= OAc
©/\/ . ACO_/_\_OAC ©/‘v1//\/

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
NN
oH”

//,/'

", @] o, (0]
e U )
HO\‘ / \\\\\\ /
a b
Catalyst ab 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 Fiirstner
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).

CyaP Ph
CysP | Cl/—
[ ..Cl Ru
Ru—= cl
7 \ |
S 0
PCy; \<

Cy;P
Y3l xCI Ph | Ol /—
/Tu i )\ AR Ph

Ci ci
PC -
¥s O CH,Cl,, AgCl 0 Q

[

RN_ NR \
— Y .c RN__NR Ph
<\ /N---;F‘{UT\ \|<C|
Cl N Ph Ru
A Cl !
| o

= \<
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 —OSiMe;,
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.

CyaP o
|~
// OSiMe; CI,FIQLIT\ CysP
o
(@] Cl —
PN o) Ph

MesSi”
28

Scheme 16. Alkoxysilane ligand vs aryloxy ligand.
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3.2.4 Variations at the anionic chloride ligand

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).

MesN_ _NMes MesN NMes MesN_ _NMes
Y \0sSCFs \\C' Y\\CI
Ru-= CF3SO3Ag V 2 CF3SO3Ag
Ficsoy | Fsccoo'
30 31
2 CF4CO,Ag
MesN_ _NMes
Y LOOCCF,
RO~
Facco0” |
\(O
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

e e I-Tag -t

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

Experimental conditions: CH,Cl,, 2 h, 45°C.

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

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

4.1 Applications of allenylideneruthenium in synthesis

As carly 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].

< > o

1/2 [RuCly(p-cymene)], + PCy; ~—— >

Ru
cl—
/ “PCy,
Ph Cl
:—/( 1. AgX/CH,Cl,
HO Ph
2. Ph
NaPFg/MeOH =

HOQO Ph

\_l +PF ] —I +x
6 _@\ X= OTf (7a)X= PFg (7b)X= BF, (7¢)X=
T BPh, (7d)

N CI//RU\\C
SCy SCs
CysP Sc-ph CysP C\C‘_Ph
b Ph Ph

Scheme 18. Allenylidene—ruthenium synthesis.

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; << PF4, BPh, << OTf[10c, 10g].
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CF.X CFyX
2 COzMe COzMe
toluene, 60°C, 5h
= N-PG | N-PG
4/_/ 7a
— 90-98 %
PG:Cbz; X=F:95%
X=Cl :91%

Scheme 19. Cyclic a-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].

CO,Me

\ =\ cF, CFa/ "“50,Ph
CF3 7a Vi CO,Me EtO,C—=—=—CO,Et N
_— S
|

NN COMe 4 hv, r.t.2. 80 toluene, reflux 18h
\s0,Ph SO,Ph

EtO,C  CO.Et

7%
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 = =
n
or hy, r.t., 2h

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
reaction [45].

The most surprising result was revealed on protonation of 7a with five equi-
valents of triflic acid at room temperature in PhCI. The resulting catalytic
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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 Cl
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(u-Cl)(=C=C=CPh,)(TPPMS),|Na, (TPPMS=Ph,P
(m-C¢HsS0O5))[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 HBF,
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
(TOF=57.200/h) (Table 5). It was clear that strong acid addition promoted
the generation of a new very active species.
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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
B-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.

- OTf 1 (OTf), 0Tt
= TfOH R - TfOH Ru O
woRu —— LRy Ph —————
CI"Y/ SCxg -q00c O SO c200c g Q
CysP Xc—Ph CysP O Y3
\
Ph Ph

S

Ts—NU

Ts—N

/_//X\\
N

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 temperature®

Entry Cat Ratio® Acid" Time Yield 10-3 PDi % TOF

Mn cis (min)
1 7a 1,000 - I5h 95% 143 19 27 1
7a 1,000 HBF, Imin  92% 224 1.7 40 920
(Seq)
3 7a 1,000 HOTf Imin 95% 238 1.6 38 953
(5 eq)
4 7a 10,000 HOTf Smin 97% 387 1.5 28 1933
(Seq)
5 7a 100,000 HOTf Smin 88% 857 1.4 35 18267
(100 eq)

4.5 % 107 mol of cyclooctene in 2.5 mL of PhCl. b[cyclooctene]/ [Ru]. “Related 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 33*

Entry Substrate Product Time Yield

L

1 TsN TSNQ 1 min 99

19

2 TsN 30 min 95
N\
7
3 TsN ; TsNiJ\ 16 h 65
OV\ 0 .
4 o p 90 min 93
N\ -
5 24h 95
6 24h 72
7 24h 96
8 24h 78

2.5 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 Fiirstner [50] as on attempts
to produce ruthenium-allenylidene complexes they obtained the related
indenylidene system 34, without observation of the allenylidene intermediate
(Scheme 23).

3
I PCy3
RuCl,(PPhg)y ——— > g: \ c;| Ru

PPh, PCys
34 35

Scheme 23. Fiirstner ruthenium—indenylidene.

Fiirstner revealed that the PCy; 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].

N_ N«
PR, Mes Y Mes o PR
Clill?u - ‘Ru
Cl | CI)\
PR3 Ph Mes~ ~Mes Ph
N° N
R=Ph,C
y 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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+

~r{ o

|
R»] R2 Ru 37 R2

>§ Cl/ ‘PCy3 R1 BN
o] o |

CH2C|2, r.t., 1h
A\
93%

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(Ar), 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).

+ +
@%_l B(AF), ZLO @%_' B(AF)
F|{u /_/ Cl//LlT_FC\\

/
o “PCys

37 //\ @/)O

B(A)s= B-[35-(CF3)CeHals  CI=RU(-H
C

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].
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_Q_<_| -E)Tf' /_/ ) 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_l]
(%)
O\/\ (0]
1 / 1h 99 49
A

IR

2 ToN TN ] ISmin 95 190

w

3
e
7 </
o7
S

NS

h 4h 99 12
/
EtO,C Et0,C
4 fo o) 2h 99 25
A
(o] 0 X
X

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
specific problem in terms of activity, selectivity, or functional group tole-
rance. This is of particular importance due to the emergence of asymmetric
versions of olefin metathesis for which substrate dependent transformations
will require a specific catalyst.
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Abstract: The reactions of Cl,~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]
led to the development of novel Ru-benzylidene complexes. In 2002, Grubbs
et al. reported the synthesis of substitution labile pyridine-containing comp-
lexes 2a [6] and 2¢ [7]. According to mechanistic studies on metathesis, the
initiation step involves formation of the 14-electron intermediate Cl,-Ru—
(ligand)(alkylidene) [8], which is accelerated by the presence of labile
ligands. Pre-catalyst 2¢ showed good activity in ring-opening metathesis
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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such as catalysts 3a and 3b [9,10] showing a higher thermal stability than
their benzylidene counterparts appeared as an attractive alternative or at least
worthy of investigation.

L L
Clu, R] N\ R|9\\CI a, L= PCy,
= —Ri—=
o Ny =’ en b, L= _
PC N ’ Mes—N<_N~Mes
y3 2 | oo
NS c L= Mes’N\/N*Mes
1a-c 2a, 2¢ 3a-b

Figure 1. Well-defined ruthenium catalysts.

Herein, we report the syntheses of new metathesis catalysts: Cl,—Ru—(py),(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 Cl,—Ru—(PCy;)(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].

PCy3

pyridine
- PCy3

3a
4a, 73%

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-
erature and with low pre-catalyst loading (1 mol %) to slow the RCM
reaction in order to obtain an accurate measurement of conversion (Figure 2).
Under these conditions, pre-catalyst 4a initiates RCM well, NMR conversion
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
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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
study carried out with pre-catalyst 2a under the same conditions, showed a
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.

In order to obtain a total conversion, we then increased the pre-catalyst loading
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
by performing the reaction at 40°C with 1 mol % of pre-catalyst 4a. The re-
action proceeded smoothly for the first 20 min (39% conversion); however,
no further conversion was reached after 2 h. These results suggest that
thermal activation should be avoided when using this pre-catalyst.

EtO,C._ _CO,Et 4a EtO,C. _CO,Et

CH.Cl, é
_ X 2vi2

5 6
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50 //"

40 1 e *

30 4
20
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0 T T T T
0 100 200 300 400 500
Time (min)
Figure 2. RCM of 5 with pre-catalyst 4a (A, 1 mol %, r.t.), (®, 5 mol %, r.t.) and
(M, 1 mol %, 40°C).
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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
pre-catalyst acts as a reservoir of the active species.

EtO,C _CO,Et 4a Et0,C. _CO,Et
P CH,Cl,
7 8

50
45
40
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25 0
20 4/ " _— 7
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o
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ol , , , ,

0 100 200 300 400 500

Time (min)

Figure 3. RCM of 6 with pre-catalyst 4a (A, 1 mol %, r.t.), (®, 5 mol %, r.t.), and
(|, 1 mol %, 40°C).

NHC-containing complexes are known to possess an exceptional catalytic
activity associated to a better stability than complexes containing phosphine
units, allowing performance of many synthetic transformations under harsh
conditions [12]. This improvement of the catalyst activity is mainly due to
the presence of the electron-rich and sterically demanding NHC ligands. We
have therefore synthesized with excellent yields new bis(pyridine) adduct
complexes 4b and 4c¢ containing 1,3-bis(2,4,6-trimethylphenyl)imidazol-
2-ylidene (IMes) and 1,3-bis(2,4,6-trimethylphenyl)-4,5-dihydroimidazol-2-
ylidene (SIMes), respectively (Scheme 2).
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pyridine
- PCy3

3b-c
4b, 90%
4c, 89%

Scheme 2. Synthesis 4b and 4c.
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As expected, the RCM of 5 carried out in presence of 1 mol % of 4b and 4¢
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 (A, 4a), (®, 4b), and (M, 4c).
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To extend the scope of the pre-catalysts 4b and 4c¢, we then realized the
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
with pyridine adducts as pre-catalysts.

EtO,C CO,Et
2 2 4 (1 mol %) EtO,C CO,Et
CH,Cly, rt
_ 2Llp
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Figure 5. RCM of 7 with pre-catalysts 4a—c (A, 4a), (®, 4b), and (M, 4c).

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

General procedure for the preparation of Cl,-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 x 10 mL), and dried under vacuum to yield the
product.

Cl-Ru-(PCy;3)(py),(3-phenylindenylidene) 4a: Air-sensitive brownish red
solid (310 mg, 73% yield). '"H NMR (C4¢Ds, 500 MHz) & 9.32 (s, 3H), 8.64
(d, J=17.3 Hz, 1H), 8.58 (s, 2H), 8.04 (d, J= 7.3 Hz, 1H), 7.80 (s, 1H), 7.31
(t, J=7.3 Hz, 1H), 7.23 (d, J = 7.3 Hz, 1H), 7.02 (t, J = 7.3 Hz, 2H), 7.00
(t, J=7.3 Hz, 1H), 6.76 (m, 3H), 6.50 (m, 1H), 6.16 (m, 2H), 3.57 (m, 3H),
2.33 (m, 3H), 2.17 (m, 6H), 2.02 (m, 6H), 1.72 (m, 6H), 1.57 (m, 3H), 1.22
(m, 6H). "C NMR (C¢Ds, 125 MHz) & 309.3 (C=Ru), 159.7 (C), 154.5
(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, Jep = 17.6 Hz, 3 CH), 30.3 (6CH,), 29.0 (d, Jop = 9.4
Hz, 6CH,), 27.3 (3CH,). *'P NMR (C¢Ds, 121.4 MHz) & 18.4 (s). Anal.
Calculated for C43Hs3C1LN,PRu: C, 64.49; H, 6.67; N, 3.50. Found: C, 64.22;
H, 6.90; N, 3.80.

Cly-Ru-(IMes)(py),(3-phenylindenylidene) 4b: Air-sensitive blackish red
solid (390 mg, 90% yield). '"H NMR (C¢Ds, 300 MHz) § 915 (dd, J=17.2, 1.2
Hz, 1H), 8.63 (s, 5H), 8.38 (m, 2H), 7.89 (d, J = 8.2, Hz, 2H), 7.36 (m, 2H),
7.09 (m, 1H), 6.93 (m, 2H), 6.61 (m, 6H), 6.26 (m, 3H), 6.02 (m, 2H), 2.44
(s br, 9H) 1.90 (m, 9H). *C NMR (C¢Ds, 75 MHz) & 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 (20), 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 (9CHs3).

Cl-Ru-(SIMes)(py),(3-phenylindenylidene) 4c: Air-sensitive blackish red
solid (400 mg, 89% yield). "H NMR (C¢Ds, 300 MHz) & 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). C NMR (C¢Ds, 75 MHz) & 301.3 (C=Ru), 215.8 (C),
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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 (20), 127.5 (2C), 127.3 (2C), 123.9 (CH), 123.7 (CH), 117.4 (CH),
52.6 (CHy), 51.0 (CH,), 22.1 (CHs), 21.8 (CHs), 21.6 (CH;), 21.5 (CHs),
19.4 (CH;), 19.2 (CH3).

General procedure for kinetic studies: In a glove box, a vial was charged
with the diene (1 mmol) and dichloromethane (10 mL), and then pre-catalyst
4a—c (0.01 mmol) was added. Progress of the reaction was monitored by 'H
NMR by drawing aliquots from the reaction mixture and by integrating the
characteristic signals for allylic proton resonance.
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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-
sentatives of metal carbene initiators. This paper attempts to relief the many superb
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.
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alkylidene, vinylidene, allenylidene, indenylidene, immobilisation.

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.

R, R,
1{1 R] R1 Rl Cat R] Rl
—> +
+ <—
R R,
Ry "R, Ry Ry N
R2 R2
Scheme 1
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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.' Presently olefin metathesis enables a whole range of industrial
and pharmaceutical processes to be more efficient and environment friendly.
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).

Y

X ADMET X
-CoHy n
ROM

+CoH
RCM 2 ROMP

-CoHg

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,
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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.

According to the unanimously accepted metallacarbene—metallacyclobutane
mechanism proposed by Chauvin,” time and again verified by later accu-
mulation of results, the reaction is promoted by a metal-carbene complex
(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
(Scheme 3). Finally, this reversible process leads to a thermodynamic equi-
librium of the reaction products.

M= M M
—— =
Rl/_ R, Ry
( I
R;
R, o
f 3
N M= M M
Ry /:\ )l - I H\
Ry Ry R; R; Rl/ R,

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.’ Further on, Grubbs
discovered ruthenium (Ru) catalysts which up to now are among the most
tolerant of functional groups initiators."
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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, Cp,Ti(CH,)AIMe,Cl (1), known as Tebbe
complex); the propagating species in this reaction, a transient methylene
intermediate, was also identified by Tebbe (Scheme 4).* Unlike the Fischer
carbenes, the Cp,Ti(CH,) fragment is polarized 5" on the metal and 5 on the
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.
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Subsequently, other Ti—cyclobutane species were shown to be the reaction
products of the Tebbe complex with olefins’; the analogous reaction with
acetylenes gives metallacyclobutenes.® Utilization of Ti—metallacycles as
initiators in metathesis provides the first example of a living metathesis poly-
merization system.’ Clear evidence of the intervention of metallacarbenes and
metallacyclobutanes in olefin metathesis was later furnished by Kress et al.’
through minute nuclear magnetic resonance (NMR) studies on norbornene
polymerization with tungsten alkylidenes.

Tantalum—carbene complexes, originally reported by Schrock,® opened new
paths for advancement in metal-carbene chemistry. Serendipitously, a “Ta
ylide”, (Me;CCH,);Ta=CHCMe;, 2, was obtained (along with neopentane)
from Ta(CH,CMe;);Cl, upon treatment with LiCH,CMes (Scheme 5).°

2 LiCH,CMe; BuCHa H
Ta(CH,-£-Bu);Cl, > BuCH,"" Ta—
-2 LiCl -CMe “Putth M
N I-BUCHz/ CMe;

Scheme 5
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Formation of this new “high oxidation state” metal-carbene complex was
rationalized by an a-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-workers’ synthesized the first isolable methylene complex,
Cp,Ta(CH,)Me, with & polarization on the metal and & on the carbon.
Observation of tantalum—cyclobutane and —cyclopentane intermediaries in
the productive metathesis of a simple olefin with a well characterized
catalyst'®'* 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."

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-z-Bu)(PMe;),Cl, (3), was reported by Schrock
(Scheme 6); nevertheless, the metathesis activity could be observed only in
the presence of traces of AICI;. 1

H t-Bu
0 | \/
BuOn | Oy THCH-LBOPMeCl P
+Bu-0”  NO-t-Bu - Ta(O-t-Bu),Cl C—W=0
MesP (1
3

Scheme 6

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

NAr + 3 TfOH \ o _ NAr
RMe,CCHp, + dme | / + 2 LiOR' I
Q —_— —— R0
\ . AN
RMe:CCHZ NNar - aArH,OTf (I)T\ HCMe,R —§L|0Tf rd CHCMeR
- RMe,CCHj Me -dme
6 7 8
Scheme 8

By reaction of 7 with alkoxides (e.g. LIOR") a variety of molybdenum—imido
complexes of the type Mo(CHCMe,R)(NAr)(OR'),, 8, have been synthesized.
These molybdenum complexes are stable when the alkoxide ligands are
quite sterically demanding.'® 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).

(CF3)2CH3CO---)M0§
(CF3),CH;CO Ph
9
Scheme 9
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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. '

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 RuCl,(PPh;); and
3,3-diphenylcyclopropene (Scheme 10).*’

PPh; Ph
PPhs Ph  Ph a, ‘ o
Cl'--. ‘ .-" CHQClz/C6H6 _ R -
Ru—PPh3 + 53°, 11h Cl/ ‘U— + PPh3
ClI
PPhs PPh;
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 HCI 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-
strain cyclic olefins or the metathesis of acyclic olefins. Substitution of the
triphenylphosphine ligands in 10 with better o-donating ligands like PCy; or
P(i-Pr); 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
catalyze ROMP of cis-cyclooctene, 1,5-cyclooctadiene, 7-oxanorbornene deri-
vatives, and cyclopentene. *®

PPh; Ph PCys Ph
Cl, — Cl, —
\/_< CH,Cly, 1t
Ru— Ph +2PCy; I Ru— Ph
7 o |
CI
PPh; PCy;
10 11

Scheme 11
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Although 11 was a good catalyst in applications’*’ 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-
scale synthesis of the Ru complex 12 turned it into a commercially avail-
able catalyst; the synthesis is based on the reaction of RuCly(PPh;); with
diazo compounds, in particular with phenyldiazomethane, yielding first
(PPh3),CI,Ru=CHPh and subsequently, by phosphine exchange with PCys,
the complex 12, readily isolable in high purity due to its low solubility in
acetone.”!

PPh; PCy;
Cl., 1.PhCHN,  Cl, ‘
"Ru—PPh; 2.PCy; Ru=—
CI Cl/‘
PPh; PCys
12
Scheme 12

The high £; (initiation constant)/k, (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.* 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 documented'*** Incorporation of the carbene moiety
is accomplished through reaction of an Ru source with dichloromethane®*,
alkynes,"”™ propargyl chlorides,”™ vinyl chlorides,*” sulphur ylides,*"
cyclopropenes,’” dichloromethylbenzene, ¢ and propargyl alcohol.*™

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.*
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
o-donors, yet manifest only a slight n-back-bonding tendency, are strong
Lewis bases and generate rather stable metal—carbon bonds.* Due to the
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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.*’

Almost at the same time, Grubbs, Herrmann, and Nolan reported on the
design and synthesis of novel Ru alkylidene pre-catalysts containing nucleo-
philic NHCs as ancillary ligands. ****

Herrmann et al.*® 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%).

~N N ~N N<

R R R Y R a II>Ph3 a Pl’Cys

Cl., Bru, Ph Ph Ph

“Ru=" Ph “Ru=" Ru _Ru—="
L L - §
R _ R _R
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a:R=Cy, i-Pr a:R=Cy
b: R =CH(Me)Ph b:R=CH(Me)Ph
c:R = CH(Me)Naph R=i-Pr R=1¢Bu c:R=CH(Me)Naph
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).*"
Chiral compounds 17 and 18 make promising candidates for application as
precursors in enantioselective metathesis starting from prochiral substrates.
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By using mesityl-substituted NHCs, Grubbs'’ and Nolan® disclosed,
practically simultaneously, the synthesis of the Ru—alkylidene complexes 19
(NHC = 1,3-dimesitylimidazol-2-ylidene); soon thereafter, the Grubbs group
firther introduced complexes 20 (Cy = cyclohexyl) and 21 (Cp = cyclopentyl)
containing a saturated NHC (1,3-dimesityl-4,5-dihydroimidazol-2-ylidene).

_
Mes— N Ney N_ N_ N_ No
\((.:1 es Mes™ \(Cl Mes Mes”™ YC] Mes
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CI | Ph Cr | AN o cr | u=L<
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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.*” 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.”
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Detailed studies by Grubbs et al.”' 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 ,/k; 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
catalyst 20, previously ascribed to its ability to promote phosphine disso-
ciation (which increases k;), could equally be assigned to an improved
selectivity of the 14-electron intermediate species for binding m-acidic olefin
substrates, in the presence of the o-donating free phosphine (Scheme 16).”!
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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.°> 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.”® Buchmeiser et al. prepared the six-membered ring analogue of
SIMes whose donor capacity is comparably high to that of the acyclic carbene
22%; 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.” In a similar protocol that employed the closely
related six-membered carbene 23, Grubbs et al.> 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.” A totally different four-membered NHC, 24, was prepared by
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Grubbs et al. °°; however, the catalyst obtained with it showed lower activity
than that with SIMes (20).”’

Unsymmetrical NHC ligands (e.g. N,N’'-substituted by one mesityl and
another, different group), allowing to tailor the electronic and steric pro-
perties of NHC—Ru alkylidene complexes, have been advanced as an attrac-
tive strategy for designing new Ru catalysts as olefin metathesis initiators.”®
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,"" and the bidentate asym-
metric ligand developed by Hoveyda.®*

Fiirstner,”® Blechert,” and Verpoort® 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-workers® 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).%
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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).”®
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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.”® 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.”®
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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, PCy;
and CLRu(PPh); (Scheme 20).° This catalyst showed excellent stability to
air and moisture, and could be recycled several times.
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Scheme 20

Later, both Blechert* and Hoveyda® 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.®® 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.”” 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 NO, 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,%7° as
did placing the nitro group onto different positions.*™
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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.”®) the resulting catalyst being used in
polymerization of dicyclopentadiene (DCPD); the idea was extended by
Grubbs et al.” to yield the second-generation catalyst 35. Fiirstner et al.”
incorporated a coordinating carbonyl ester on the bidentate carbene and
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Slugove et al.”' implemented this group on a phenyl carbene obtaining
catalyst 36 (Scheme 23).
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Hoveyda et al.”” 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 Ozawa’® from terminal
alkynes and the arene Ru dimer, [RuCl,(p-cymene)], (Scheme 24). These
complexes showed only moderate metathesis activity in the RCM of
unsubstituted dienes and ROMP of highly strained norbornenes.”*
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Further on, the cationic 18-electron Ru—vinylidene complexes (e.g. 39, 40,
and 41), introduced by Grubbs and co-workers” (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.”® as obtained from reaction of [RuClL,(NN'N)(PPh;)] (where
NN'N is the 2,6-bis[(dimethylamino)methyl]pyridine ligand) with two
equivalents of Ag[BF,], 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 = PF¢, BF4, BPhy, OTY),
enjoyed considerable application profile as metathesis initiators owing to
their74e$17sy accessibility and good to excellent catalytic properties (Scheme
26)."



56 B. Allaert et al.

__W®
C{ PR, Ph L/_\|-/ < o

/R_u=C=C=C\ Cl"""Rg\ X
N\
\(lj—Ph
Ph
42 43
Scheme 26

Three neutral, coordinatively unsaturated 16-electron Ru-allenylidene
complexes of different types, namely the bisphosphane complex 44,” 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.”*"
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The complex, similar to 44 but having PPh; instead of PCy; groups, is rather
unstable under normal conditions and was proved to rearrange readily to the
corresponding indenylidene complex.” 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.
By contrast, the binuclear allenylidene complex 46, related to the benz-
ylidene complex [Ru,Cly(=CHPh)(p-cymene)(PCy;)]™’, is a highly active
metathesis Ru pre-catalyst.

Large numbers of cationic, coordinatively saturated 18-electron Ru—
allenylidene complexes have been reported®'; of these, many act as good
pre-catalysts for RCM” and ROMP® Main representatives of this group
(47-50) contain n°-arene, phosphane, and chloride ligands, in conjunction
with a “non-coordinating” counterion X"
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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 = PF¢, BPh,, BF,, 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.*

Capitalizing on the coordination ability of NHC, the family of Ru complexes
containing NHC ligands has been rapidly expanded to the attractive Ru—
vinylidene® and —allenylidene complexes®® (e.g. 51-53) as well as to the
analogous Ru—indenylidene compounds 54 and 55.
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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.*’
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Moreover, binding through a methylene tether the arene ligand with the
dihydroimidazolin-2-ylidene unit, in a half-sandwich mode, led to the n':n°-
arene—carbene Ru-allenylidene complex 55, which was highly active in
RCM of 1,6-dienes.”® 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 [RuCl,(PPh;),] and 3,3-
diphenylpropyn-3-ol as a carbene precursor. Further on, utilizing 56 as a
starting material, the PPh; ligands could be readily replaced by the better
donating ligands PCy;, affording the parent indenylidene complex 57,
currently available commercially (Scheme 31).”%*

56 57
Cl PPh Cl PCys
HC=CCPh,0H \ s A_Ph 2pcy, \ Ph
[RuCh(PPhy),] — 2" e Ko
- H,0 Ph P/ ke 2PPhy P/ -___Cl
-2 PPh, 3 O Vs
Scheme 31

This methodology can also use the trisphosphane complex [RuCl,(PPhs);] as
the Ru source, resulting in the same indenylidene complex 56. The ration-
alization behind this finding that the initially formed Ru-allenylidene
complex 58 leads by intramolecular rearrangement to the more stable
indenylidene complex 56 has been proved unequivocally (Scheme 32).%



Towards new generations of metathesis metal 59

CL PPh
HC=CCPh,OH Cy FPhs Ph \ 7 B__Ph
[RuCL(PPhy);] — 2~ RoeC—C—C~ . Ru C
THF, Reflux VAN \ VRS
PhiP Tl Ph Ph,P’ T O
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.

PR Ph N N
Cl | ’ MeS/NYN\Mes Mes/Cl “Mes Ph
Cr | > " Ru=
e
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, respectively” (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).

PR, Ph N N iPr, P NN
Cl C PPl Y, NiProPh e Y PRy
Cr | > c1/I,{u C

PR; PR, ‘

56, R = Ph 61, R =Ph
57,R=Cy 62,R=Cy

Scheme 34
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Thermal stability investigations indicated that compounds 60 and 62 incorpo-
rating a PCyjs 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, CLRu(PCy;)(Py),
(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).”' 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.

PCy; - PCy;
| ,-Cl + Py (excess) - | ,.-Cl Ph
y Ru=— s \ /N— Ru=—
CI [l>c - PCy; 'y
Z

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
design and synthesis of the interesting class of arene—Ru complexes, e.g.
64-66 (Scheme 36).”” Due to their easy accessibility from the commercially
available Ru dimer [(p-cymene)RuCl,], the last two complexes are of special
importance for both radical and metathesis reactions.
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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—
arene complexes possess high potential as precursors for further arene
Ru compounds having enhanced catalytic properties for various organic
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.”; 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-workers’ conveniently prepared
the Schiff base —Ru—arene complexes 67a—c¢ (a: R = Me; b: R =¢-Bu; c: R =
2,6-diMe-4-BrC¢H,) following a two-step procedure starting from the
commercially available Ru dimer [(p-cymene)RuCl,],, which was reacted
with salts of aliphatic or aromatic salicylaldimines (Scheme 37).

x~ _R
©f\ N 1. TIOEt, THF, RT
_—
OH 2. [RuCl,(p-cymene)],

THF, RT

Scheme 37
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Structures of these complexes have been unambiguously determined by
means of infrared (IR), Raman, '"H NMR, and "*C 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 (R, = #-Bu,
R, = i-Pr), could be prepared in the same way (Scheme 38).”

THF, RT

R1 R2 Ru—
N o cl
7 1. TIOEt, THF, RT R1 l R2
- TRy m— / ©

RU\CI 1.+ BngC(‘F5 - Ru\C F

o
R1 ’! R2 Ether, Reflux R1 ! R2
R2 R2

69

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, RuCl,(PCy;),(CHPh), the above
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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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.

Of high interest for their particular activity and selectivity, the cationic
Ru-benzylidene complexes 72a—f have been prepared in situ from the
corresponding Ru complexes 70a—f by treatment with one equivalent of
silver or trimethylsilyl salts (Scheme 40).”
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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).°** Herrmann et al. reported on similar
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bidentate pyridinyl-alcoholate ligands included in catalyst 74 that enables
ROMP of cycloolefins to be performed at elevated temperatures.'”

Mes— NN~ Mes Mes/ll\l II\I\Mes
CL Cl__\(
Ru—\ Ru:\
o ?
) e

R1

73 74
Scheme 41

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,'""" recognized as an excellent initiator'’*; 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.'””'” For the pyridine-containing
Ru—carbenes the term third-generation Grubbs catalysts has been coined.

Mes— N N- Mes Mes— N N~ Mes
_ Cl Cl _ Cl
N-—>Ru=— N—>Ru=— N»Ru—
@ N\ C R \ \
of ,ﬁ Ph of T Ph 4 T Ph
g g g

Br
75 76 77

Scheme 42
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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.'™* on dimer catalysts with
bidentate chloride ligands. Furthermore, Grubbs and co-workers clearly
evidenced catalyst deactivation for the methylidene analogue of 20,'” 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.

o N N ‘L
'Y'es @z T g
R oomm + CHyPCys*Cr
u—_

Ru\% Ru

T CHe QY H cl
o 55°C

PCy3

20a 78
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.'™'® While the O—Bu 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.'®® Upon
activation with HCI, 80 becomes more active than 12 which was ascribed to
protonation of the alkoxy groups and formation of free alcohol (Scheme 44).'%
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0. | 0. | o} |
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F3C ﬁ*

79 80 81
Scheme 44

Later on, Fogg et al. reported on the reaction of 76 with two equivalents of
TIOCFs 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."" 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.'” 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.'%'"°

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.""' Moreover, the complex 85,
endowed with a six-membered NHC, exhibited almost twice as high time-of-
flights (TOFs) than its chloride analogue.™

MesN NMes
Ph Ph HZIMES \r
mes. [ oce H/ FaCCo0. Feceoo.
i OLeFs  IMES,, .Cl
Ru "Ru’ F3CCOO/ F3ccoo/

v TOCeF \
P 6Fs py’ YOCeBrs

82 83 84 85

Scheme 45

An interesting Ru catalytic system, unravelled by Frohlich et al. resulted
from substitution of 12 with two equivalents of silver 2-pyridinecarboxylate;
this catalyst was active for RCM, however, only after HCI activation.''> 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).'"” 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).
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Scheme 46
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A lasting alternative direction in Ru metathesis catalysts relating to bidentate
phosphanes complexes has been introduced by Hofmann et al.'** with the
synthesis of 87 and 88 (Scheme 47)'"*; while 87 shows modest activity for
the ROMP of cyclooctene, 88 clearly outperforms 12.

R R o
| 3 B :
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cr \P/ ping ‘ -P- .
tBU2 L
R
87 88
Scheme 47

The performance of 87 has been improved by Fogg et al.''® 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.''®
! ! PPh,
PCy, PPh,

PCy, PPh, OO PPhj

dcypb dppb BINAP

Scheme 48

Many reliable approaches to access more active Ru catalysts for metathesis
reactions have been recently developed.'”"'!'"7"* 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.'*' Blechert'** applied
this beneficial route to access a permanently immobilized and highly active
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NHC Ru-benzylidene complex 89 (Scheme 49). Quite recently Grubbs!??
disclosed water-soluble NHC-Ru catalysts supported by poly(ethylene
glycol), catalytically active in aqueous media.

e Ch-
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= PEGA resin
89 90
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 homogeneous'** or heterogeneous
catalysis (90).'” In a further variant of the above strategy, Lamaty et al.'*
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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A recently developed technique for non-covalent immobilization to soluble
supports involves room temperature ionic liquids (RTILs). Thus, IL-tagged
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counterparts of the Hoveyda—Grubbs catalyst such as 92'*7 and 93'* have
been used with good results in metathesis reactions conducted in ILs or
IL/organic solvent mixtures (biphasic catalysis) showing an appreciable
recyclability combined with high reactivity and extremely low residual Ru
levels in the products (Scheme 51).

Mes” N N\Mes ) N_ N
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[BMI][PF¢]/toluene (1:3 v/v) [Bmim][PF¢]/CH,CI, (1:9 v/v)

Scheme 51

Also, novel solid-phase bound Hoveyda-type catalysts were successfully
applied in RCM reactions conducted in scCO, 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.'” Second-generation bis-
silylated Hoveyda—Grubbs-type Ru—alkylidene complexes have also been
covalently bonded to the silica matrix of MCM-41."°

Further entries into immobilization lead to heterogeneous catalysts via
anchoring NHC—Ru complexes in the pore channels of mesoporous silica,""
or silica gel” and fluorous silica gel "'%; 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)."3% 13

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)."%°'%*
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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
reflected by the abundance of references cited, to attain an even greater level
of excellence in the creation of new, better performing, and more environment-
friendly metathesis catalysts is still a matter of great interest.
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RUTHENIUM-ARYLOXIDE CATALYSTS FOR OLEFIN
METATHESIS
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JAY C. CONRAD, NICHOLAS J. BEACH, DERYN E. FOGG

Center for Catalysis Research and Innovation, Department of Chemistry, University
of Ottawa, 10 Marie Curie KIN 6N5 Ottawa, ON, Canada

Abstract: Advances in design of ruthenium aryloxide catalysts for olefin metathesis
are described. The target complexes are accessible on reaction of RuClL(NHC)(py),
(CHPh) (NHC — N-heterocyclic carbene) with electron-deficient, monodentate aryl-
oxides, or aryloxides that yield small, rigid chelate rings. The best of these catalysts
offer activity comparable to or greater than that of the parent chloride (Grubbs)
systems in ring-closing metathesis (RCM). Preliminary studies of the electronic
nature of the Ru—X bond suggest that the metal center is more electropositive in the
aryloxide complexes than in the Grubbs systems.

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

1. Introduction

Catalytic formation of new C=C bonds by olefin metathesis has enabled
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
the unexpected finding that the lability of the phosphine ligand in 2 is lower
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-
thesis [2], a number of more labile (and hence more reactive) derivatives of
2 have been developed, including triphenylphosphine [4] and pyridine [5,6]
derivatives, and styrene ether complexes of the “Hoveyda” [7] type in which
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, RuCl,(NHC)(CHR)
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6, identical to that formed from 2 itself. Common decomposition routes and
selectivity are thus to be anticipated [11].
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2a: L = IMes R . .
2b: L = H,IMes 3a:R=H 4a:R=Ph, R =H

3b: R=Br 4b: R=H, R'=NO,

Figure 1. Key Ru metathesis catalysts converging on RuCL(L)(CHR) 6 as the
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
RuX,LL'(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 Ru,(u-Cl); 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
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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
accessibility of three coordination sites on the metal, enables rapid 6—m 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
with electron-withdrawing groups. Reaction of 3a or related hydride species
with thallium perfluorophenoxide yields stable, five-coordinate Ru(c-OCgFs)
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.

wes, || 0 IMes. ”/ C' Mes., | .0CXs IMes... H/ Cl

Ru
\N/RU‘X o — / | ‘ . | \N/ \X O/ \
| P ) 89
. \\

R 8R=H; 9 R=Br

R 7.R=H 3 a: X = OCgFs, X' =F
aX=0,X=H a:R=H b:X=X=Cl
b: X = SOg, X' = Cl L bR=Br ¢:X=Cl, X =Br

Scheme 1. Ru—pseudohalide catalysts containing aryloxide ligands.
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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-
disposition of the two perfluoroaryloxide ligands in 8a by X-ray crystallo-
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
density functional theory (DFT) analysis of a truncated (IMe/Ru=CH,)
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 frans [26]. Lower yet in energy, however,
is a pseudooctahedral structure of type 8¢', in which the anionic ligands are
trans-disposed, and a dative Br—Ru interaction is present. Precedents exist
for x’-coordination of aryloxide ligands bearing ortho-halo functionalities
[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

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 CDCI;, with the exception of 7b (95%). At lower catalyst
loadings, catalyst lifetime becomes increasingly important: on use of 5 x 10
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 CH,Cl,, 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 CDCl; 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 loadings®

Catalyst TON (CDCl;) TON (CH,Cl,) TON Ref.
200,000:1 5,000:1 (CDCLy)
5,000:1
2a 17,000 4,450 - [31]
2b - 4,250° - [32]
3a 5,100 3,700 - [31]
3b - 3,800 - [31]
7a - 950 1,700° [31]
8a 40,000 900 2,900 [23]
8c 21,000 1,650 2,300 [31]
9a - 900 2,350 [31]
9¢ - 2,350 1,850 [31]

*Conditions: 100 mM DeDAM, 18 h, refluxing solvent, unless otherwise noted, °Substrate
concentration not specified; “Minimum 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 8¢, the dependence
of activity on solvent followed the order: benzene > CH,Cl, > CHCI; [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
CH,Cl,, vs 1,2-dichloroethane or CDCI;. 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 ([CICH,],, 10.42; CH,Cl,, 8.93; CHCI;, 4.81 [33]). While
ligand protonolysis (e.g. abstraction of the pyridine ligand) by trace acid in
CDCI; could potentially account for the higher activity of 8a in this solvent,
relative to CH,Cl,, this would not account for the dramatic increase in
reactivity in dichloroethane, vs CH,Cl,. 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 8¢ 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%.

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 8¢ effecting quantitative cyclization of 14- and 16-membered
macrolactones within 15 min (5 mol % Ru; refluxing CH,Cl, or C4Hy) [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.
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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 CH,Cl,. In
contrast, bromoaryloxide catalyst 9¢ and catecholate 7a effect complete
RCM within 15 min in refluxing CH,Cl, and CDCls, respectively, at 5-10
mM concentrations of diene.

Table 2. Catalytic activity of Ru—aryloxide catalysts 7-9, vs chloride (Grubbs-class)
catalysts 2/3*

Substrate[] Product mol % Ru Solvent Temp (°C) Timel! % RCML] Ref.
o o] 5 CH,ClL, 40 30min  2a: 100°  [36]
X ‘ 45min  2a: 61 [36]
P ISmin  9e:100° o
o~ T o 1h 3b: 100 {3&
10

+ oligomer 12 5 CcDCly 61 30min  7a:100°  [31]

0.5 CDCl; 61 15min  2a,3a, 7a, [24,

OH 8a/c: 100 31]

OH

= x 0.05 CDCl; 61 1h 2a: 24 24
3a: 29 24

13 14 8a: 100 24

8b: 17 24

8c: 34 24

Ts Ts 002 CH,Cl, 40 18hl)  2b:54 32

N N 050 CDCl; 61 I5min  3a:100 [31

j z <:7 7a: 100 31

% 15 \} 16 CH,Cl, 40 15min  2¢ 100 31
s 5 CiDg 80 1 hol 22:100  [38

S 0.5 CDCl0 61 20 min  3a: 609 24

0 CH,Cl, 40 8a:40d 24

/5 z\ o e 8b:3la  [24
17 18 8¢, 7a: 100 [22
Ph. __Ph 5 CqHg 110 5ho 2b: 70 39
Si Ph g PN 0 CDClL ¢ 20min  2a:76°  [24

5 l 3a, 8c: 100 [24
— 8a:88c  [24

7N 8b: 94c  [24
19 20 ) 7a:100  [31

15 min

o 0 5 CHCl, 40 1h 9:77  [31

0 cDcly 61 8¢: 73 31

%O/\/ q 9 ’ 3:97 (31
¥ 22 05 CDCl, 61 7a: 100 [31

Ph Ph o 5 CyHg 80 1h 2a:850  [9]

o 0.5 CDCL 61 15min  3a:100  [31

Ph \K Ph—( 3 8a-15  [22
8c: 100 [24

‘ ‘ N - 7a: 90 22

23 24 7b: 13 22

#Diene concentration ([S]) = 100 mM; conversions and yields determined by NMR and/or GC
analysis; °[S] =5 mM; °[S] = 10 mM; 9<6% increase after 3 h; €100% after 1 h; fisolated yield.
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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 8¢ 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 8¢ in CH,Cl, 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 CH,Cl, [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 8¢ 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 CDCl;. 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 (8¢, 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
H,IMes 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 CDCl; at a catalyst
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loading of 0.5 mol %. In comparison, 3b and 8¢c/9¢ require a catalyst loading
tenfold higher, and RCM remains incomplete after 1 h (if nearly complete
for 3b). The higher conversions found for 3b, vs. 9¢, can be partially
attributed to the higher reaction temperature, but it is noteworthy that RCM
via 8¢/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.

RCM of enyne substrate 23 is effected with greatest efficiency by catalysts
3a and 8¢, with complete conversion to 24 within 15 min (refluxing CDCls)
at catalyst loadings ten times lower than those reported for 2a at 80°C [9].
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
assessing relative catalyst reactivity, because the observed activity reflects
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.

2.3 Electronic properties of Ru—aryloxide catalysts

Activation of the chloride and aryloxide pre-catalysts via ligand loss can be
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
is non-trivial. X-ray absorption spectroscopy (XAS) offers insight into the
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 4d, orbital for 8¢, and hence a reduced covalency
within the Ru—Cl bond. The more electropositive nature of the Ru center in
8¢, 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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3. Conclusions

The foregoing describes a new class of Ru complexes containing mono- or
bidentate aryloxides as pseudohalide ligands. Monodentate aryloxides can
prove excellent ligands, where the coordinating ability of the aromatic ring is
attenuated by electron-withdrawing substituents. Alternatively, the Ru—OAr
bond can be stabilized by incorporation into a small, rigid chelate ring. While
their performance in RCM is frequently excellent, with the exception of the o-
sulfonatoaryloxide derivative, the Ru-aryloxide catalysts suffer from low
initiation efficiency relative to the first- or third-generation Grubbs catalysts.
This may reflect a high positive charge on the metal center, which disfavours
initiation. The high performance of these catalysts (in a number of cases,
superior to that of the important Grubbs systems), despite their low initiation
efficiency, suggests that the reactivity of the active species may be much
higher than that of the chloride analogue 6. Current work targets modification
of the aryloxide ligands in order to improve initiation efficiency. Parallel
studies exploit the catecholate ligand as a versatile platform for modulating
electronic effects without perturbing steric parameters. Studies of the initiation
efficiency and catalytic activity of a family of functionalized catecholate com-
plexes are presently under way, and are expected to shed light on the optimum
electronic properties of the anionic ligands in Ru metathesis catalysts.
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HOMOBIMETALLIC RUTHENIUM-N-HETEROCYCLIC
CARBENE COMPLEXES FOR OLEFIN METATHESIS
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Center for Education and Research on Macromolecules, Institut de Chimie (B6a),
University of Liége, Laboratory of Macromolecular Chemistry and Organic
Catalysis, Sart-Tilman par B-4000 Liége, 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);RuCl
(h*-C,H,)(L)] complexes with L = PCy; (15a), IMes (16a), or IMesCl, (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 [RuCly(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
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.

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.” Since Grubbs and coworkers first reported on
the synthesis and metathetical activity of monometallic ruthenium (Ru)-
alkylidene complexes [RuCl,(=CHR)(PCys),], 1a (R = CH=CPh,),’ and 1b
(R = Ph)* in the mid-1990s, research groups around the world have engaged
in designing further late transition—metal-based catalysts with increased
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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.” Upon addition of 1 equi-
valent of [RuCly(p-cymene)], 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
with one phosphine ligand of complex 1a,b to generate the three-legged
piano—stool compound 3, while the remaining fragment chelated the Ru—
alkylidene starting material via two p-chloro bridges. Heterobimetallic
osmium—Ru and rhodium—Ru alkylidene complexes were obtained from the
reaction of 1a,b with [OsCly(p-cymene)], and [RhCL(-Bu,Cp)],, respectively,
along the same lines.’

CysP cl
Y3| .»“\Cl‘\‘H CI/,(,‘ [ _ CeHe
RUq + Ru [
o be. R NG 3.5h,45°C (1a)
PCYs c \ 2h, 1.t (1b)
1a: R = CH=CPh, 2
1b:R = Ph
/ \
> N Ol
Ru . = /Ru Rlu‘“\ oM 4a: R = CH=CPh, (60% yield)
a — . = 0, .
or { “poy, o c|;|/ ' 4b: R = Ph (63% yield)

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 [OsCly(p-cymene)]s,
[Cp*RhCl,],, and [Cp*IrCl,], in conjunction with Ru compound 5.° Density
functional theory (DFT) calculations showed that a thodium—cyclopentadienyl
fragment attached to a model Ru—methylidene catalyst precursor acted as a
coordinatively labile ligand and that rupture of an axial p-chloro bridge was
more favorable than phosphine dissociation, thereby populating the dissociative
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CH,Cl,
+ Ru—
C(J\ Ph 2h,r.t.
Cy—N" N—Cy
2 5
/ \
Ru + = /R” RiI— 6 (86% yield)
=\ o yie
ci” 1 “Pey, cl él/ Ph
|
Cy—N N—Cy
3 \—/

Scheme 2. Synthesis of a homobimetallic ruthenium—benzylidene complex bearing a
NHC ligand.

pathway commonly accepted for olefin metathesis in the presence of
Grubbs-type alkylidene complexes.’

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 (k. = 13) and to a
lesser extent with species 4b (k. = 2.4) compared to the monometallic first-
generation Grubbs catalyst 1b (k. = 1).” Homo- and heterobimetallic Ru—
alkylidene complexes were also successfully employed to promote the
ROMP of cyclooctene and norbornene or norbornadiene derivatives,*’ the
cross-metathesis (CM) of cis-2-pentene,” and the ring-closing metathesis
(RCM) of a,w-dienes.'™"" 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 Fiirstner in 1999. These authors disclosed the
convenient synthesis of a catalyst active in RCM by treating [RuCl,(PPh;);]
with 1,1-diphenylpropargyl alcohol followed by phosphine exchange with
PCy;. A structure of molecular formula [RuCly(=C=C=CPh,)(PCy;),] con-
taining an allenylidene fragment was initially proposed for this new complex.
The corresponding homobimetallic adduct was obtained by reaction with
[RuCly(p-cymene)], (2) and assigned the structure [(p-cymene)RuCl(m-Cl),
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RuCl(=C=C=CPh,)(PCy;)].'">"> However, subsequent work from the groups
of Nolan' and Fiirstner' showed that the end products formed in these
reactions were actually Ru—indenylidene compounds. Thus, the correct mole-
cular representation for the synthesis of homobimetallic adduct 8 from
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.'>'>'°

CH,Cl,

1h, 25°C

8 (73% yield)

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)."” 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)RuCl, 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
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PCy3
o ~Ph PhCH,
+ O‘RU:& B —
/(L,L H 4hrt
R ~R'
2 9aSf

10a: R = H, R' = Me (63% yield)
10b: R = NO,, R’ = Me (67% yield)

\
> 7 __»‘C' 10c: R = H, R' = XyBr (61% yield)
—

| Rlu\ 10d: R = NO,, R' = XyBr (68% yield)
u + ¢ el 10e: R = H, R' = Diip (73% yield)
K Ph 10f: R=NO,, R’ = Diip (68% yield)

O*tRu_ﬂ
/@/,L H XyBr = 2,6-dimethyl-4-bromophenyl
3 R = ~gr

Diip = 2,6-diisopropylphenyl

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

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

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, [RuCl,(NBD)], (11a, NBD = 2,5-norbo-p—nadiene) and
[RuCl,(COD)], (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.'®

In 2005, Severin and co-workers investigated the reaction of [RuCl,
(p-cymene)], with 1 equivalent of PCy; 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(h*-C,H,)(PCy;) fragment was
connected via three m-chloro bridges to a Ru—arene moiety (Scheme 6)."
Soon thereafter, the same group also synthesized the related homobimetallic
complex 15b by varying the nature of the arene ligand.** Complexes 15a,b
displayed outstanding catalytic activities in atom transfer radical reactions.
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oTI
; /@/ CH,Cl,
AN 4 } ¥ tBu =N~piip
n

10 h,r. t.

o)
)

11a,b 12
N 13a: ”;—_Q] = Z@ (63% yield)
Diip t-Bu
\@’ SNF
o “. | WCl,, |
~Ru-, "Ru‘o
/@/& e ’ \ 13b: | l @ (63% yield)
P .
o oo )

Diip = 2,6-diisopropylphenyl

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
CCly and CHCIj; to olefins at 0°C to 40°C with very high turnover numbers
(TONSs) and frequencies."” Replacement of the p-cymene ligand with 1,3,5-
triisopropylbenzene enhanced the solubility of complex 15b in hydrocarbon
solvents and allowed to use it for promoting atom transfer radical poly-
polymerization (ATRP) of vinyl monomers in toluene.*

CyHy, 1 atm

.
PCys PhCHs, 60 °C, 9 h (2)

isooctane, 50 °C, 48 h (14)

N\ cl N
A rie /\ 15a: R = Me, R' = H (80% yield)
Ru=CI=Ru".,,,
y ~ 'Cl 15b: R = H, R' = j-Pr (90% yield)
R’ R C
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.”’26 Such a dual activity was evidenced, among others, for Grubbs
catalyst 1b,*"** Ru-arene complex 3, Herrmann bis-NHC or mixed-
ligand complexes of type 5,* and Verpoort—Schiff base complexes 9a or
9¢.”” Therefore, we decided to probe the metathetical activity of homobi-
metallic complex 15a. In view of the enhancements brought by the replacement
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of phosphine ligands by NHCs in Ru-arene® or Ru-alkylidene*>*

metathesis initiators, we also embarked on synthesizing and studying new
homobimetallic Ru—arene complexes bearing stable carbene ligands.” 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 [RuCly(p-cymene)],
(2) with 1 equivalent of 1,3-dimesityimidazolin-2-ylidene (IMes)*** or its
4,5-dichloro derivative (IMesCl,)*® 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.*

Mes
/
XN CoHy, 1 atm
+ I >
X N\ PhCHg3, 70°C 24 h
Mes

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

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 '"H NMR features. Integration of
the various signals confirmed the presence of the NHC, ethylene, and
p-cymene ligands in 1:1:1 proportions. The h*-C,H, 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 CH,Cl, and
free C,H4 at ca. 5.2 and 5.3 ppm, respectively. Yet, the nonequivalence of
the four aromatic protons on the arene ligand was confirmed by “C{'H}
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 CS5 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 [RuCl,(=CHPh)(PCy;)(NHC)] when
IMesCl, was substituted for IMes.*’
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e O e

Rui CI3 /Ruz \
/_‘

/ ¢

Figure 2. Molecular structure of complex 16a in the crystal. Hydrogen atoms were
omitted for clarity. Selected bond lengths (A) and angles (°): Rul-Cll1 2.524,
Rul-CI2 2.472, Rul-CI3 2.409, Rul—Cl4 2.383, Rul-C1 2.327, Rul-C2 2.188, Rul-
C13 1.980, C1-C2 1.488, Ru2—ClI1 2.416, Ru2—CI2 2.438, Ru2—CI3 2.445, C13-
Rul-Cl1 177.70, C13—-Ru1-CI2 100.15, C13—Ru1-CI3 98.83, C13—-Rul-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
K showed that each unit cell was made of two nonequivalent molecules of
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.”

R Ru cat. X
2 x Y XW +rHC=CHR (1)
PhCHsa, 85 °C

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

100 _ //——Jﬂ

80

60

Conversion (%)

Styrene

4-Methoxystyrene

40-

-
—o— 4-Acetoxystyrene Trans-anethole

toe o

—&— 4-Chlorostyrene 4-Trifluoromethylstyrene

20|

—e— 4-Methylstyrene —&— 2-Methoxystyrene

Time (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 (£)-4,4'-dimethylstilbene or (£)-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. frans-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.”® *
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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
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—
benzylidene species possessing a chelated methoxy ligand.”*’

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.** 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.” It was therefore not surprising to
observe the full conversion of norbornene into polynorbornene with catalyst
15a, along with 16a,b (Table 1). Yet, recourse to the phosphine-based
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 *
Catalyst Conversion (%)° Yield (%) m, (kg mol")° my/m," %.°

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

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

Compared to norbornene, cyclooctene is significantly more difficult to ring
open.” 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
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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 phosphine™ > or NHC*** ligands.

Table 2. ROMP of cyclooctene catalyzed by complexes 15a, 16a, and 16b at 60
controlled C*

Catalyst Conversion (%)° Yield (%) m, (kg mol™)° my/m," ¥,°
15a 0 0 - - -
16a >99 93 250 1.8 026
16b >99 95 230 1.6 034

Experimental conditions: Ru cat. (0.03 mmol), PhCl (5 mL), cyclooctene (7.5 mmol), 2 h at
60°C; "Determined by GC using cyclooctane as internal standard; “Determined by size-
exclusion chromatography in THF with polystyrene calibration; *Fraction of cis double bonds
in the polymer, determined by C 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).%

X 18a: X = C(CO,Et),
CoHa + \_/ 18b: X = NTs

S

19a: X = C(CO,Et),
17a: X = C(CO,Et), ;—{ 19b: X = NTs

17b: 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
within 2 h. The expected RCM cycloadducts 18a,b were, however, accom-
panied by rearranged products 19a,b formed in almost equimolar proportion
(entries 3 and 4). Thus, Ru complex 16a acted as catalyst precursor for both
RCM and cycloisomerization of the acyclic a,-dienes. A similar twofold
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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)® and
diallyltosylamide (17b)" 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

*Experimental 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; ° Experimental conditions: Ru cat. (0.002 mmol), substrate
(1 mL of 0.1 M solution in toluene-dg, 0.1 mmol), 2 h at 85°C. Conversions and product
distributions were determined by "H NMR spectroscopy.

Previous reports from the groups of Kurosawa™ and Dixneuf>® dealing
with monometallic Ru—arene catalytic systems had shown that a,m-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.’*>® 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)
catalyzed by complexes 15a, 16a, and 16b in the presence of phenylacetylene
(6 mol %) at 25°C or 85°C. See Table 3 for experimental conditions.

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.
Complex 2a that was completely inactive on its own (cf. Table 3) also
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
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catalysts 15a,b were more suited for promoting atom transfer radical
additions and polymerizations.

At this stage, comprehension of the reaction mechanism is still hindered
by the elusive nature of the active species generated in situ from the bulk
of catalyst precursors. While thermal or photochemical arene decoordi-
nation was postulated to be the first step with monometallic Ru—(p-cymene)
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
Bencze’’ and Miihlebach,® although a more complex sequence involving the
intermediacy of Ru-hydride species cannot be ruled out.””* Subsequent
steps of metallacyclization and cycloreversion follow the mechanism
commonly accepted for olefin metathesis'* and complete the sequence.
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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
stable and easily accessible nitro-substituted Hoveyda—Grubbs catalyst has found a
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
catalysts can be enhanced by introduction of EWGs without detriment to catalysts
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.
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1. Introduction

Finding of a subtle balance between the stability of a catalyst (and its
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
without significance for advanced organic chemistry (Figure 1).'

New molybdenum and ruthenium (Ru) catalysts 1-5 (Figure 2), which
combine high catalytic activity with fairly good stability, however, have
revolutionized the field.>® As a result, recent decades have seen a burgeoning
of interest in the olefin metathesis, as witnessed by a rapidly growing
number of elegant applications. Using this tool, chemists can now efficiently
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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.

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.” *

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

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 Blechert’ displays even
higher reactivity levels towards -electron-deficient substrates, such as
acrylonitrile, fluorinated olefins, and others.® Excellent air stability, ease of
storage and handling, and possibility of a catalyst reuse and immobilization
render additional advantages of this system.’ 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).® 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).”

At that time, we were engaged in preparation of some immobilized analogues
of 3.° 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].

para to the ligating iPrO in 3b would weaken the iPrO—Ru chelation and
facilitate initiation of the catalytic cycle.” 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).'” Interestingly, also 4-
nitro isomer 7 exhibits high activity in model metathesis reactions.'™ 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.>'" Later, it has been shown that
the same positive effect on the catalyst activity exert other EWGs para (COR,"
SO,R,"""? P(O)R,,"? CoFonin,” CsHsN',' and others) or meta (F," CF3," CN,"
NHR,",'® NR;","” and others) to the chelating OiPr group.'®

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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Figure 3. Preparation of nitro-substituted Hoveyda catalysts 6 and 7.
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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.'” Therefore, CM comple-
ments other C—C coupling methods, such as Wittig, Horner—Wadsworth—
Emmons, or Heck reactions."” 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.'™ This shows
that no single catalyst outperforms all others in all possible applications.

Vinyl sulfones. Functionalized vinyl sulfones are useful building blocks.
Substituted o,-unsaturated sulfones serve efficiently, e.g. as Michael accep-
tors and as 2w 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
sulfones as synthetic intermediates. Despite some previous reports,” we have
found that the CM reaction between simple terminal alkenes and phenyl
vinyl sulfone is possible using second-generation Grubbs catalyst. This
transformation was later successfully applied by Evans in a stereoselective
synthesis of (—)-maritolide and some other furanone natural products** and
by Pyne in a formal synthesis of (-)-swainsonine (Figure 4).*'°

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).

Z>80,Ph
o 2b (5 %mol) 0 ADmix 0 OH
o k@/\/\ B EtOWSOZPh _nomxp EtOWO
s CH,Cl, 5 5
40°C, 20 h
89% of yield
F3;CH,CO CO,M
o 30y 4\3:/ LMe
o F3CH,CO-F,
0
Et0” %%
NaH, THF
(-)-maritolide
Z80,Ph
2b (5 %mol) ADmix B A/cyi
_ so,ph T F o
TBDPSO™ " CH,Cl, TBDPSO™ " NX""2 TBDPSO Z
40°C, 18h

91% of yield

HO H OH
2 steps
"OH
N
(-)-swainsonine

Figure 4. Application of vinyl sulfone CM in stereoselective synthesis of (—)-
maritolide and (—)-swainsonine (TBDPS = fert-butyldiphenylsilil).
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PhO,S :
‘ ‘ cat. (mol %) yield
o\\S cat. O\\S 2b (10 mol %) 33%
H-CO Ne] H.CO Ne) 2c (5 mol %) 44%
* \ Z>50,Ph s N\ 6 (5 mol %) 539
N N 7 (5 mol %) 549,
\“ocH, \“ocH,

Figure 5. Comparison of catalyst 2b, 2¢, 6, and 7 activity in cross-metathesis of
phenyl vinyl sulfone.

The commercially available divinyl sulfone (CH,=CH),SO, 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
heterocycles.”> We have shown that divinyl sulfone can be used as a substrate
for a catalytic CM, producing hitherto unreachable unsymmetrically substi-
tuted products (Figure 6).” The commercially available Ru complex (2b) and
the nitro-Hoveyda catalyst (6) can be used in this transformation. The latter
complex, in some cases revealed slightly better results with this class of
compounds.” 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.”

Vinyl phosphine oxides. Vinyl phosphine oxides have found wide use as
versatile synthetic intermediates in the preparation of various mono- and
diphosphine systems.”* The application of 2b and 6 in CM of vinyl

cat

2
(5 mol%) J NH,NH §
A e 22
e 8 = ]\W
O, N 16

A 66%
02 NH,
cat yield (%)
2b 59
6 70
® 2I°|°/) PTES o s 1% orBs
mo mo
TBSOW\ ° /\SM )a ( 0 4(L)\/ASA\/U )a
78 o REA S,
2
69% J PhCH,NH, 85% ‘ PhCH,NH;
83% 71%

O, Oy
[s S
OTBS j\MOTBs
Jlj\m %ﬁEN 2
Ph Ph

Figure 6. Cross-metathesis of divinyl sulfone (TBS = tert-butyldimethylsilil).
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phosphine oxides has been reported by us (Figure 7).> When the CM alkene
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 o,p-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
reaction of enantiopure phosphine oxides catalyzed by 2a and 6 (Figure 7).”

This reaction proceeds without any racemization of the chiral phosphorus
center, providing easy access to functionalized enantiopure (£)-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.** We have found
that homodimerization of some vinyl phosphine oxides proceeds with good

J y PPh,
. 0 6, 5 mol %
N\ SoPPh T oom {
O2N N 2.0 equiv 40°C. 16 h 0N N
yield 76%

0 (\L 6,5 mol % 0
X PPh2 " AcO T Dpom | ACO_~PPh;

COAC 45ec 16 h
2.5 equiv yield 52%
6, 5 mol % o
i \Ph ’ i1 \Ph
SR IYTEES oo T B~ P
: 40°C, 16 h
ce 98% 2.5 equiv ee 98%

yield 85%
Figure 7. Cross-metathesis of vinyl phosphine oxides (Ac = COCH;).
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yields, leading to precursors of valuable bisphosphine ligands (Figure 8).”
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).”’

Alkenyl and alkynyl azulenes. Azulenes, aromatic compounds with extended
n-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
for functionalization of azulene core with a variety of substituents, including
extending m-electron system (Figure 9).”® According to our knowledge, this
was the first example of metathesis application in the relatively unstable
azulene moiety.

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 trams or cis-1,2-dichloroethene
used as a solvent is possible using 6 (Figure 10).*’ Further utilization of this
interesting transformation is currently undergoing in our laboratory.

Applications in natural product and advanced materials synthesis. The
easily accessible’ 5-nitro substituted catalyst 6 has found a number of
successful applications in various research and industrial laboratories. For

0 ot voa

0 I \Ph cat yield

' Phcat(5mol %) pp,, |5

o |5; ',P/\/ “Me 1o 18%

Me DCM Me” Il 3b  42%

40°C, 16 h o 4 10%
ee 98% ee 98% 5 67%®
6 80%7°

(IB 0
6 (5 mol %) .

~0 A
DCM PN

40°C. 16 h o
yield 62%
0P cone BGMA%)_ Ph, A COMe
\ N _6(5mol %) ,
xPie X C0Me DCM Me” 1
40°C, 16 h o
yield 62%

Figure 8. Homo- and cross-metathesis of vinyl phosphine oxides. "NMR yield; "isolated
yields.
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OAc
“/ T\/\ 6 (5 mol %) O’
CH20|2
2 equiv. 45°C, 3 h
yield 58%
Br
. cat (15 mol%) cat yield
C = Gy —— . C b 26%
CH,Cl,, 25 °C 46°/°
0
Br 44 h D 70N
Br Br.
0,
CT Y= o e S
. CH20|2
10 equiv. °
B 25°C, 1h By
E:Z=1.1:1.0
yield 58%

Figure 9. Preparation of substituted azulenes by cross-metathesis (TMS = Me;Si).

cat yield @

cat (5 mol %) Cl 1b  33%
N g N b 48%
48°C, 16 h 6 81%
MeO MeO -

neat
AN ol cat (5 mol %) A cl
/©/\ * O T8°C 16n
OHC OHC
neat 62% @

Figure 10. Preparation of substituted vinyl chlorides by cross-metathesis. *GC yield.

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).*' The same research group has published a synthesis of another member
of the Securinega family, (-)-securinine, utilizing similar domino reaction
catalyzed by 6.*

Ostrowski (Siedlce, Poland) applied 6 in preparation of some porphyrin
building blocks,** including a porphyrin—fullerene dyad, being a new artificial
photosynthetic model (Figure 12).**

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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) (o}
6 (1 mol%) HO steps e )
DCM
28°C NBoc N
80% of yield (+)-viroallosecurinine

Figure 11. Application of 6 as a key step in total synthesis of (+)-viroallosecurinine
(Boc = 'BuOC(0))*!

O NGO, c;H2—<;H2
in a sealed tube
50 h

Figure 12. Preparation of a porphyrin-fullerene dyad (Ts = toluenesulfonyl)*

an antiviral effect in infected humans.” The HCV infection is a serious
cause of chronic liver disease worldwide. The macrocyclic peptide, BILN
2061, is the first compound of its class to have reached clinical trials.*® It has
shown oral bioavailability and antiviral effects in humans infected with
HCV.* 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,”’ however, the nitro-substituted 6 was found to be catalyst of
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).*®

Recently, another EWG-activated catalyst obtained in Warsaw (Figure 13)
have been used in the same transformation, giving similar results.*

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).%
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MesN NMes MesN NMes MesN NMes
\(\m Cl \( \(\m
Ru = — Ru Ru= —
I 0 A I 0
1 1
0 S o) o s o
8a 8b

Br Br
0 S‘\o o’s\\o
cat
N N COzMe —_—
toluene
80°C,2h

Cat (% mol)  Conversion (%)®

8a (0.3) 99
8b (0.4)° 69
8b (0.6) 89
6 (0.4)° 77
6 (0.6) 96

BILN 2061

Figure 14. Preparation of the macrocyclic peptide BILN 2061. *Conversion calculated
by HPLC; "conversion after 1 h.

% JOH 3
H 6 (5 mol %)
TBSO;%A\ + S\ CO,CH; —— » TBSO ~wCO2CH3
, DCM, reflux .
g 2 equiv. 18 h 1/\(é)/TBS
OTBS

80% of yield
ElZ = 83:16

Figure 15. Preparation of an intermediate en route to hexacyclinic acid and
(—)-FR182877 (TBS = fert-butyldimethylsilil).



Phosphine-free EWG-activated ruthenium olefin metathesis catalysts 121

CHO

AcO ° % \/\)\ -
\i)?\ m/ 20 equiv. AcO \/O HO [Ph3PCH 4] Br
—_—
XN TeGmol%) (5 mol %) C/U\ BuoK
H DCM, 23 °C THF, 0 °C
57% (67%)°
/\/0\/

“OH
Ho\\“g) L
A0S~ o \/OV\)\/ — ACO\Q?\ - i O\{OH
A —_— B
Q/U\NJVK 6 (10 mol %) x N«Jvk HOw'))
CICH,CH,CI A /%

23°C,10 h FR901464

86%
° 40% (51%)°

Figure 16. The final steps of FR901464 total synthesis utilizing 6 in catalytic CM.
*Yield based on recovered substrates (Ac = COCH3) !

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)."

Especially challenging was the final connection of two fragments of this
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,* application of the
highly active catalyst 6 at room temperature furnished FR901464 in 40% yield
(51% based on recovered diene)."’

Recently, Barrett (Imperial College, London, UK) applied another challenging
CM in the synthesis of some antibiotic viridiofungin derivatives (Figure 17).*
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 '"H 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.

A potential solution of this problem has been recently developed at Max-
Planck Institut fiir Kohlenforschung (Miilheim an der Ruhr, Germany) in close
cooperation with industrial partners.”” 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.*
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O% CrHisn 0 1>/\
= 5 6(20mol%)  CrHisi O O

O—r + 6(
_ ) o=, ,0
= COt-Bu DCM, 50 °C oY~ &__CO,t-Bu
C-H O microwaves
CO,H 7H15 . COM

57% (>95%)

Viridiofungin derivative

tBuO,C

Figure 17. Preparation of viridiofungin devartivities 42

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
introduction of EWGs to diminish donor properties of the oxygen atom. As a
result, the stable and easily accessible nitro-substituted catalyst 6 has found
a number of successful applications in various research and industrial
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
without detriment to catalysts stability. Equally noteworthy is the observation
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.
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contribution to this work and to all coworkers, whose names appear in the
references, for their enthusiastic collaboration. Financial supports from the
Alexander von Humboldt Foundation, the State Committee of Scientific
Research, and the Polish Academy of Sciences are gratefully acknowledged.

References

[1] Astruc, D., New, J., Chem. 2005, 29:42.

[2] Grubbs,R.H. (ed.), Handbook of Metathesis, Vols. 1-3 Wiley-VCH, Weinheim, 2003.

[3] General reviews, see [1-2] and: (a) Grubbs, R.H., Chang, S., Tetrahedron 1998,
54;4413; (b) Schrock, R.R., Top. Organomet. Chem. 1998, 1:31; (c) Fiirstner, A.,
Angew. Chem. Int. Edit. 2000, 39:3012; (d) Trnka, T.M., Grubbs, R.H., Acc.
Chem. Res. 2001, 34:18; (e) For selected key papers on achiral and chiral



Phosphine-free EWG-activated ruthenium olefin metathesis catalysts 123

(4]

(3]

(8]
(9]

[10]

molybdenum catalysts, see: Hoveyda, A.H., Schrock, R.R., Chem. Eur. J. 2001,
7:945; (f) Schrock, R.R., Hoveyda, A.H., Angew. Chem. Int. Edit. 2003,
38:4555; (g) Schrock, R.R., Pure Appl. Chem. 1994, 66:1447; (h) Murdzek, J.S.,
Schrock, R.R., Organometallics 1987, 6:1373.

The importance of “the development of the metathesis method in organic synthesis’
has been recently recognized by awarding the Nobel Prize in Chemistry for 2005
jointly to Yves Chauvin, Robert H. Grubbs and Richard R. Schrock, see: http://
http://nobelprize.org/chemistry/laureates/2005/chemadv05.pdf for more details.
(a) Kingsbury, J.S., Harrity, J.P.A., Bonitatebus, P.J., Hoveyda, A.H.J., Am.
Chem. Soc. 1999, 121:791; (b) Garber, S.B., Kingsbury, J.S., Gray, B.L.,
Hoveyda, A.H.J., Am. Chem. Soc. 2000, 122:8168; (c) Gessler, S., Randl, S.,
Blechert, S., Tetrahedron Lett. 2000, 41:9973.

(a) For a short review, see: Hoveyda, A.H., Gillingham, D.G., Van
Veldhuizen, J. J., Kataoka, O., Garber, S.B., Kingsbury, J.S., Harrity, J.P.A.,
Org. Biomol. Chem. 2004, 2:1.

(a) Wakamatsu, H., Blechert, S., Angew. Chem. Int. Edit. 2002, 41:794;
(b) Wakamatsu, H., Blechert, S., Angew. Chem. Int. Edit. 2002, 41:2403;
(c) For an improved synthesis of 5 and reactivity studies, see: Dunne, A.M.,
Mix, S., Blechert, S., Tetrahedron. Lett. 2003, 44:2733.

Grela, K., Tryznowski, M., Bieniek, M., Tetrahedron Lett. 2002, 43:9055.
Grela, K., Harutyunyan, S., Michrowska, A., Angew. Chem. Int. Edit., 2002,
41:4038.

(a) Michrowska, A., Bujok, R., Harutyunyan, S., Sashuk, V., Dolgonos, G.,
Grela, K.J., Am. Chem. Soc. 2004, 126:9318; (b) Harutyunyan, S.,
Michrowska, A., Grela, K., in: Roberts, S. (ed.), Catalysts for Fine Chemical
Synthesis, Vol. 3, Wiley Interscience, Hoboken, NJ, 2004, Chap. 9.1, pp. 169;
(c) Grela, K., US Patent 6,867,303.

Bieniek, M., Bujok, R., Stgpowska, H., Jacobi, A., Hagenkétter, R., Arlt, D.,
Jarzembska, K., Wozniak, K., Grela, K., J. Organomet. Chem. (in press).
Boehringer Ingelheim International GmbH, EP 03 027828.7, 2003.

Bujok, R., Grela, K., unpublished data.

Rix, D., Clavier, H., Gulajski, L., Grela, K., Mauduit, M., J. Organomet.
Chem. 2006 (in press).

Dunne, A.M., Mix, S., Blechert, S., Tetrahedron Lett. 2003, 44:2733.

(a) Gutajski, L., Michrowska, A., Bujok, R., Grela, K., J. Mol. Catal. A:
Chem. 2005, 254:118; (b) Michrowska, A., Mennecke, K., Kunz, U.,
Kirschning, A., Grela, K., J. Am. Chem. Soc. 2006 (in press).

Michrowska, A., Gulajski, L., Kaczmarska, Z., Mennecke, K., Kirschning, A.,
Grela, K., Green Chem. 2006, 8:685.

EWG-activated Hoveyda-type catalyst is available commercially from Strem
Chemicals, Inc. and from Zannan Pharma.

For reviews on catalytic cross-metathesis, see: (a) Blechert, S., Connon, S.J.,
Angew. Chem. Int. Edit. 2003, 42:1900; (b) Vernall, A.J., Abell, A.D.,
Aldrichimica Acta 2003, 36:93; (c) Blackwell, H.E., O’Leary, D.J., Chatterjee,
A K., Washenfelder, R.A., Bussmann, D.A., Grubbs, R.H., J. Am. Chem. Soc.
2000, 122:58; (d) For a short review on applications to commercial products,
see: Pederson, R.L., Fellows, .M., Ung, T.A., Ishihara, H., Hajela, S.P., Adv.
Synth. Catal. 2002, 344:728; (e) For a general model for selectivity in olefin
CM, see Chatterjee, A.K., Choi, T.-L., Sanders, D.P., Grubbs, R.H., J. Am.
Chem. Soc. 2003, 125:11360.

1)



[36]

[37]
[38]

[39]
[40]

[41]

[42]

K. Grela et al.

Previously, a failure in the CM reaction of vinyl sulfones was reported, see: (a)
Chatterjee, A.K., Morgan, J.P., Scholl, M., Grubbs, R.H., J. Am. Chem. Soc.
2000, 122:3783; (b) Randl, S., Blechert, S., unpublished data; see Ref. 47.

(a) Evans, P., Leffray, M., Tetrahedron 2003, 59:7973; (b) Au, C.W.G., Pyne
S.G., J. Org. Chem. 2006, 71:7097.

Teyssot, M.-L., Fayolle, M., Philouze, C., Dupuy, C., Eur. J. Org. Chem.
2003, 54, and references cited therein.

Bieniek, M., Kotoda, D., Grela, K., Org. Lett. (in press).

Pietrusiewicz, K.M., Zablocka, M., Chem. Rev. 1994, 94:1375.

Demchuk, O.M., Pietrusiewicz, K.M., Michrowska, A., Grela, K., Org. Lett.
2003, 5:3217.

(a) Choi, T.L., Lee, C.W., Chatterjee, A.K., Grubbs, R.H., J. Am. Chem. Soc.
2001, 123:10417; (b) Yao, Q., Motta, A.R., Tetrahedron Lett. 2004, 45:2447.
Vinokurov, N., Michrowska, A., Szmigielska, A., Drzazga, Z., Wojciuk, G.,
Demchuk, O.M., Grela, K., Pietrusiewicz, K.M., Butenschon, H. Adv. Synth.
Catal. 2006, 348:931.

Mikus, A., Sashuk, V., Kedziorek, M., Samojtowicz, C., Ostrowski, S., Grela,
K., Synlett 2005, 1142.

Szadkowska, A., Grela, K., unpublished data.

(a) Bujok, R., Bieniek, M., Masnyk, M., Michrowska, A., Sarosiek, A.,
Stepowska, H., Arlt, D., Grela, K., J. Org. Chem. 2004, 69:6894; (b) Bieniek,
M., Michrowska, A., Gulajski, L., Grela, K., Organometallics 2006 (accepted).
Honda, T., Namiki, H., Watanabe, M., Mizutani, H., Tetrahedron Lett. 2004,
45:5211.

Honda, T., Namiki, H., Kaneda, K., Mizutani, H., Org. Lett. 2004, 6:87.

(a) Ostrowski, S., Mikus, A., Heterocycles 2005, 65:2339; (b) Ostrowski, S.,
Mikus, A., Mol. Diversity 2003, 6:315.

PTC Patent Application WO 2004/089974 Al, Boehringer Ingelheim
International, 2004.

Lamarre, D., Anderson, P.C., Bailey, M.D., Beaulieu, P., Bolger, G., Bonneau,
P., Bos, M., Cameron, D.R., Cartier, M., Cordingley, M.G., Faucher, A.M.,
Goudreau, N., Kawai, S.H., Kukolj, G., Lagace, L., LaPlante, S.R., Narjes, H.,
Poupart, M.A., Rancourt, J., Sentjens, R.E., St George, R., Simoneau, B.,
Steinmann, G., Thibeault, D., Tsantrizos, Y.S., Weldon, S.M, Yong C.L.,
Llinas-Brunet, M., Nature 2003, 426:186.

Faucher, A.M., Bailey, M.D., Beaulieu, P.L., Brochu, C., Duceppe, J.S.,
Ferland, J.M., Ghiro, E., Gorys, V., Halmos, T., Kawai, S.H., Poirier, M.,
Simoneau, B., Tsantrizos, Y.S., Llinas-Brunet, M., Org. Lett. 2004, 6:2901.
Nicola, T., Brenner, M., Donsbach, K., Kreye, P., Org. Proc. Res. Devel. 2005,
9:513.

Bieniek, M., Bujok, R., Stgpowska, H., Jacobi, A., Hagenkétter, R., Arlt, D.,
Jarzembska, K., Wozniak, K., Grela, K., J. Organomet. Chem. 2006 (in press).
Stellfeld, T., Bhatt, U., Kalesse, M., Org. Lett. 2004, 6:3889.

Albert, B.J., Sivaramakrishnan, A., Naka, T., Koide, K., J. Am. Chem. Soc.
2006, 128:2792.

Goldup, S.M., Pilkington, C.J., White, A.J.P., Burton, A., Barrett, A.G.M.,
J. Org. Chem. 2006, 71:6185.

Leitner, W. in Forschungsbericht 2002-2004, Max-Planck-Institut fiir
Kohlenforschung, Miilheim an der Ruhr, 2005, p. 60; http://www.mpi-
muelheim.mpg.de/kofo/bericht2005/bereiche/alles.pdf



METATHESIS CATALYSTS STABILITY
AND DECOMPOSITION PATHWAY

ALEXEY V. NIZOVTSEV'!, VLADIMIR V. AFANASIEV',
EGOR V. SHUTKO', NATALIA B. BESPALOVA'?

YWnited Research & Development center, 55/1, b.2, Leninsky pr., Moscow, 119333,
Russia

*A.V. Topchiev Institute of Petrochemical Synthesis Russian Academy of Sciences,
29, Leninsky pr., Moscow, 119991, Russia

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.

c?f? Q i cl Y j

“‘\ Ruf

F’Cy3 Ph Ruf
Ph
1 PCy3 2 \r

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]
and theoretically involving calculation method [2]. It has been assumed for
this reaction to proceed with participant of 14-electron—Ru complexes and

L R ky ky L R
cl \ILU _/ -PCy 5 Cl~_ | , + olefin Cl >|Lu o ) 4
a| +PCy 5 cl R ~ olefin cl |_
PCy 3 k. k /_—
R
/‘3‘ k3
L
F'ij
a”
R

Scheme 1. A general mechanism for olefin metathesis reaction catalyzed by Grubbs
catalysts [1].
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ruthenocyclobutanes (Scheme 1) [1]. The formation of last species was
confirmed by 'H NMR recently [3].

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 PCy; 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 *'P NMR and 'H NMR spectra of decomposition of propylidene
(4). *'P NMR spectrum contained predominantly signals of free PCy; and of
small amount of unidentifiable phosphine products. The most notable aspect
of 'TH 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].

ol & k &

Ru= Ru= +  PCys
c” | _\_ o’ \

PCys; PCy3

(4)
o . (1)
2 Ru= _ N v ic product
CI( rL o \ inorganic products
3

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. PPh;3) 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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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]:

B e
S <

1.2.3 Carbene ligand (R))

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):

6a

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].



128 Nizovtsev et al.

Table 1. Thermolytic half-lives of complexes in benzene at 55°C [1b,4,9]
Carbenoid Half-life (h)

Ru=CH, 0.6

Ru=
o]\ 190

Ru=CH, 5.6

(e {%? méf%.
Y Mes + CH;3PCy;"CI

C(H( Ru
_Ru=CH, 5509C \c/\

¢ \(
PCy; 6a

@
6a ThaeT AN T e N )\
CgDg, 40 °C

(major) (major) (minor) (minor)

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=CH, and (6a) (N)Ru=CH,. This fact indicates that ligand L
determines the stability of the Ru—carbene catalyst.
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U=CD, Ru\—CDzH
Ru=CD, H H

A = v = ot
-

e
I
¢ Y

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].

C'\FL MeOH, PhCHj, 70 °C B &l 4
=N Ru—H
o Ph e
PCy3 PCy3
1 8

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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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 'H NMR of decomposed catalyst showed no hydride- or metal-
carbene-containing compounds [11].

Ny PhCH,OH, NEt5, PhCH, 80 °C y3 \ \\@CI s
/Ff”— Ru—Ph @
cl Ph oc” |
PCY3 PCy3
1 9

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].

R! R! R R!
S / \ % 2 2 ~ & 2
RZQN N@—R R QN N R
R CIJ: R! 1 r cl, R
U— v
™ oc” |
PCys; PCy;
2a R'=R?>=Me 10a R'=R?>=Me;R*=H
2b R'=iPr;R?=H 10b R'=i-Pr; R2=H;R*=H

11a R'=R?>=Me; R>=Ph
11b R!=i-Pr; R?=H; R*=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]:

Mes-Nx—N-Mes N/ N\ M
Y. CO (1atm) ¥ res
RIS o o Clwp~
7 H,Cl, rt SRU— 5
C PCy3 R C 2C2, OC |U CI ()
PCys
R=Ph, 90%
R=H, 63%

C-H bond activation of one ortho methyl of the mesityl group at aerobic
conditions (Eq. 6) is also responsible for (2a) degradation [17]:
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L .Cl L=H,IMes N\YN p
Rl:l’—‘\ > ~Cl (6)
cl7 R ~Ru
PCys ocC” |
PCy3

The influence of substrate. There are just a few reported experimental studies
which focus on that problem [18]. All of them are concerning of the C=C
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
involving B-hydride transfer from ruthenocyclobutane intermediate (Scheme 3)
were published [19].

CyaF\’ Cl CysP ¢l CysP ¢ CysP ¢
RU=CH, Ru ’ )

e’ cv Q
o 5 :\

Scheme 3. A proposed metathesis catalyst decomposition route by means of -hydride
transfer [20].

This theoretical study was experimentally confirmed. In particular, it has
been shown that the reaction of methylidene (5) with ethylene in benzene at
40°C led to the formation of mixture of products, where the propylene and 1-
butene are major (Eq. 7) [19]. Similar results were obtained in reaction of
methylidene (6a) with ethylene in the same conditions [19].

PCy3
ci| —
C|>Ru:CH2 T e N N N A - )’\ (7)

C¢Dg, 40 °C
PCY3

5 (major) (major) (minor) (minor) (minor)

2. Results and discussion

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

i
CI'RU_ _tethylene CI
- ethylene

Cl~

30
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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
reaction led to the formation of higher olefins (Eq. 8). [19]. We found that
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 '"H NMR spectrum
the yield of propylene is close to amount of reacted starting complex (Figure 1)

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

Y‘ ethylene (1.3 bar)
CI/l benzene-d(, 55°C
Y Ez=271

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

®

{% Y\f%

cthylcnc (1.3 bar)
/Ru,
[e\f} benzene-dg, 55°C

YO (major) (major) (major)
+ ANt )\ +  CS-olefins

(minor) (minor) (minor)

P AN e N

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
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Figure 1. Olefin region of "H NMR spectrum of reaction mixture after treatment of
complex (6) with excess of ethylene in benzene-dg at 55°C during 24 h.
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Figure 2. GLC of the reaction mixture after ethylene-induced second-generation
Hoveyda catalyst decomposition in benzene-ds at 55°C.
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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 (II) is preferred. Obviously only this route of catalyst
decomposition depends and can be accelerated by increasing ethylene pressure.

Ru=CH2

C,Hy + [Ru=Ru] (and other clasters)

" l Ru=—Ru
I‘?u: H
CH
H —i

RU=CH, Ru=CHC,H; ———=  butenes

il /Nt
\

propylene + [Ru]

pre H[Ru](CO)

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
successful application of Ru—vinylidenes as efficient pre-catalysts for the synthesis of
carbocyclic and heterocyclic compounds by ring-closing metathesis (RCM) of a,®-
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, o,o-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.'® 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 a-vinylidene carbon becomes highly electro-
philic and prone to nucleophilic addition and the B-vinylidene carbon signi-
ficantly more nucleophilic so as to induce electrophilic additions, while the
M=C bond gets a pronounced metal carbene character promoting [2+2]
cycloadditions to C=C and C=C bonds with formation of metallacyclobutane
and metallacyclobutene intermediates, respectively.

It has been fully documented that transition metal-vinylidene complexes
play an important role in many catalytic processes.”° Some relevant examples
are alkene and enyne metathesis, alkyne dimerization and metathesis polymeri-
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zation, cycloaromatization of conjugated enediynes, and addition of oxygen,
nitrogen, and carbon nucleophiles to alkynes.'®"

The coordination and organometallic chemistry of ruthenium (Ru)—vinylidene
complexes have been authoritatively surveyed in excellent reviews by
Bruneau and Dixneuf,'*"” by Katayama and Ozawa,'® and other groups'’ 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 n>-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 protonation'* (Scheme 1).

R
C _ R
LM—] 124 LaM=C=C_
H
|
(a) L
LM + R—C=C—H
(b) H
\ 1,3-H R
LlM—C=C—R ——> L,M=C=C_
H

Scheme 1

Direct isomerization n’-alkyne to n'-vinylidene complexes by a bimolecular
mechanism has also been considered."*

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 a-hydrogen migration,'” or from a Ru carbene, by a
metathesis reaction with 1,2-propadiene.'® 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.
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The first 18-electron, cationic Cp—Ru—vinylidene complex, [CpRu(=C=CHPh)
(PPh;),][PFe] (1), was prepared by Bruce et al."” by reaction of CpRuCl
(PPh3), with PhC=CH, in the presence of NH4PF; (88% yield) (Scheme 2).

I‘? NAaPFs I’? c CHFﬂ e
- RU B — o RU—L—
Phgp/ \Cl - NH4CI PhsP /
PhsP PhsP
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.'*'"> Coordinatively unsaturated, 16-
electron Ru—vinylidene complexes, RuX,(=C=CHR)L, (X = Cl, Br, R = Bu,
L = PPhs) (2), first reported by Wakatsuki et al.,* have been prepared from
RuX,(PPh;); and tBuC=CH (Scheme 3).

PPh PPh3
oL tBuC=CH ch. |
'Ru—PPhs Ru=C=CHtBu
cr | - PPh; cr |
PPh; PPh;
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.' >* synthesized RuCl,(=C=CHPh)(PiPr3), (3) from RuH,Cl,
(PiPrs), and PhC=CH while Caulton et al.”> prepared RuHCI(=C=CHPh)
(PBu,Me), (4) by insertion of PhC=CH in RuHCl,(H,)(PBu,Me), 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.’®*” The first involves the reaction
of Ru(methallyl),(COD) with PiPr;, HCl, and RC=CH, proceeding through
the intermediacy of [RuCly(PiPr3),],. The second, a more general and
efficient approach, consists of heating at 80°C a toluene solution of the Ru
dimer [RuCly(p-cymene)],, a phosphine (PR;), and R'C=CH; the array of
neutral 16-electron Ru—vinylidene complexes 5 (R = PiPr3;, PCys, R = Ph, 1Bu,
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Fc, p-MeOCgH,4, p-MeO,CCeH,) resulted in high yield from commercially
available terminal alkynes and the arene Ru dimer®® (Scheme 4).

2eq PR PR,
% >—< H——R' Cl | H
12 { Ru } > ;Ru=C=C<
- - p-Ccymene '
¥ Tl 5 pcy Cl I|)R3 R
5
Scheme 4

In the case of 1,2-disubstituted alkynes such as PhC=CSiMes, having a labile
ligand, a B-silylvinylidene—Ru complex arises from 1,2-silyl migration in the
coordinated n’-alkyne intermediate. With less bulky phosphines, e.g. PMe,Ph,
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 o,w-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 coworkers™.
These complexes have been screened for metathesis activity, but their
applicability remained limited to a small range of olefin substrates (Scheme 5).

oV a 'Twiﬂ@

o Ph
Ru=C=C PFg Ru-C—C/ PF(,@ Ru—C—C/ PFse
CI' PCys cr PCy3 cr \PCY3
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. 9-14.27? It should be noted that some of these complexes

showed good activity in ROMP of highly strained cycloolefins™ ' (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.”® 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.”*

A substantial improvement on the above-described class of Ru—vinylidene
complexes has been achieved by Louie and Grubbs® 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

The Ru pre-catalyst 15, with a mixed ligand system, displayed substantial
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).

EtO,C
2 CO,Et 15 CO,Et
74 AN E——
Yield 86% COzEt
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. Bu—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.

IMes IMes
Cl H H H H
"Ru=C=C" + H2C=C< —> Cl""Ru:CHz + >C=C=C<
crr Bu R cr tBu
17 18
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).

7 N - @<
CO,Ft

Yield 95-96%

: —
Yield 93%

n/2 O 7 > M

Yield 95%

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 coworkers’®>* from the
corresponding  bisphosphane—Ru—vinylidene complexes, RuCl,(PCyj3),
(=C=CHR') (R" = Ph, SiMe; or Bu), and a variety of aromatic salicyl-
aldimines (R = H or NO, and R’ = Ph, SiMe; or /Bu) (Scheme 12).

M Br
D/ 1. TIOEt, THF, RT '\O\/\ND/
- Me

I\C(\ 2.Cl, PCY3 H ().---~l:{u=C=C<'lI;

cr 1|{u = C\R' C]/PCy3

PCy3

19a. R=H,R’'=Ph
19b.R = NO,,R’ = Ph
19¢. R=H, R’ = SiMe;
19d. R = NO,, R’ = SiMe;
19¢. R=H,R'=1Bu
19f. R = NO,, R"=rBu

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
air, moisture, and heat and have been found to serve as excellent pre-catalysts
in RCM of a,m-dienes and ROMP of norbornene and 5-substituted norbor-
nene, cyclooctene, and dicyclopentadiene.*’ 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 19¢—f, under specific reaction
conditions (5 mol% catalyst, 80°C, 24 h reaction time). On using variously
substituted a,m-dienes as substrates in RCM, the activity of the pre-catalysts
19 ranges in the following order: 19d > 19¢ > 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
active pre-catalyst, 19d, contains both the electron-withdrawing NO, group,
on the Schiff base and the labile SiMe; group, on the vinylidene.
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Table 1. Isolated yields (%) in ring-closing metathesis of a,w-dienes using Schiff
base Ru—vinylidene pre-catalysts 19a—f *°

a,0-Diene Product Time, | 19a | 19b  19¢ | 19d | 19¢  19f
substrate h

24 96 98 100 | 100 | 100 100

R R

)
o)

X

us)

us)
s3]
us)

24 36 43 59 69 48 53

:
I

24 5 11 23 36 16 26

us)
)
)

>
:
R,000

24 98 99 100 | 100 | 100 100

10 97 98 100 | 100 | 100 100

24 51 60 72 83 67 80

OH 24 27 54 70 81 68 75

uny

X,

Data from [39]
PReaction conditions: catalyst loading 5 mol%, temperature 80°C, solvent C4D¢

[\

N N
Cl.. H
Ru=C=C
cr | e
PR3

20a.R =Cy, R’ = Ph
20b. R = Cy, R’ = SiMe;
20c. R=Cy,R'=7Bu

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 [RuCl,
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(p-cymene)], 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 a,w-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 SiMe; 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 RuCl,(PiPr3),
(=C=CH1Bu) reached 96% after 24 h at 60°C.

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

Ruvinylidene pre-catalysts 20a—c*®

I. Dragutan et al.

o,m-Diene Product Time, h 20a 20b 20c¢
substrate
R R
R_R 2 90 100 100
AN
R R
R. R 2 60 76 71
/\)Q\
R R
R R 2 10 44 34
M
@ 2 92 100 100
NN\
(0]
2 96 100 100
AN g_;
o (@]
I PN o | 2 71 90 83
o (0]
C :l\( AN
o) (0]
OH OH 2 69 89 80
| o
I

“Data from [39]

PReaction conditions: catalyst loading 5 mol%, temperature 60°C, solvent C4Ds
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Table 3. Isolated yields (%) in ROMP of cyclooctene and dicyclopentadiene using
Schiff base Ru—vinylidene pre-catalysts 19a—f *°

Substrate Time 19a 19b 19¢ 19d 19¢ 19f
(h)

Cyclooctene 15 10 15 93 100 80 88

Dicyclopentadiene 10 90 96 100 100 95 97

“Data from [39]
PReaction 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
pre-catalysts 19 and 20, ROMP of a variety of cycloolefins, both low-strained
(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).

Again, the most active pre-catalysts proved to be 19¢ and d and the same
order of activity as in RCM of a,w-dienes could be observed. An interesting
feature of cycloolefin polymerization with pre-catalysts 19 and 20 is that the
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 Ozawa’ 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]
cycloaddition of the olefin at the Ru=C bond of the vinylidene ligand,
with generation of a new Ru carbene species able to propagate faster
polymerization (Scheme 14). This mechanism has been documented by
Ozawa'' for ROMP of norbornene with [RuCly(PPh;),(=C=CHFc)] (Fc =
ferrocenyl) and by Kirchner in a stoichiometric reaction using a Tp-coordi-
nated Ru complex (Tp = tris(pyrazolyl)borohydride).*

R &Lx | R R

/
LRu=C=C_ B—— LRy — [LXRuC\ }
H

Scheme 14
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The poorest pre-catalysts in polymerization of 5-substituted norbornene were
19a and b, and the less reactive monomers were norbornenes bearing phenyl,
cyclohexyl, and hydroxymethyl substituents (Table 4).

Table 4. Isolated yields (%) in ROMP of 5-substituted norbornene using Schiff base
Ru-vinylidene pre-catalysts 19a—f *°

5-Substituted Time 19a 19b 19¢ 19d 19e 19f
norbornene (X) (h)

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

"Data from [39]
YReaction conditions: monomer:catalyst = 8000, temperature 80°C, solvent toluene

Microstructure determination by "H 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 (M,,/M,,)
remained narrow: 1.54—1.66 for polycyclooctene, and 1.70 for polynorbornene.

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

As olefin metathesis pre-catalysts, Ru—vinylidene complexes provide a
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
metathesis activity. Furthermore, these pre-catalysts exhibit good stability
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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MESOPOROUS MOLECULAR SIEVES AS SUPPORTS
FOR METATHESIS CATALYSTS
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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.

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

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
reactions proceeded in them. Therefore, the catalysts based on mesoporous
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.
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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 m?/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 areca 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.

Hexagonal
Array

Silicate Calcination
e

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 (leff) 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 Cg to Cy, 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.

alcm’ g'1 S.T.P.

0,0 0,2 0,4 0,6 0,8 1,0
pip,

Figure 3. Nitrogen adsorption isotherms at —196°C on OMA samples: (¢) as
synthetized, (o) calcined at 420°C, (o) at 600°C, (A) at 800°C, (V) 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
was published, e.g. refs. [19,20]. They clearly showed the broad field of possible
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 SO, to SO oxidation
over Fe, O3/ MCM-41 or metathesis of olefins over MoO;/MCM-41 and
Re,O7/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

Material label | Source of S1, Al template SpeT Vv D
resp. imm’g in em¥g in nm

MCMA41  [NayS10, CTMABr 1070 0.841 i1

MCNE4S  |Na, 810, + 810, CTMAC] 1334 0917 28

SBA-15 (EtO)S1 Pluronic 123 777 1.258 6.1

ALI-MCM-41 [SyAl=30 CTMAB: 605 0.390 26

Na, 510, +0Pr0);Al
OMA3S (sec. BuO);Al lauric acid 400 0632 35
OMAS (sec. BuO);Al Pluronic 267 0.519 50
PE 6800

OMAG6.5 (sec BuO),Al Pluronic 314 0.745 6.5

PE 10400

CTMA = cetyltrimetylamonium, Sggr = surface area, V' = void volume, D = pore diameter

Table 1 gives a survey of mesoporous materials prepared in the J. Heyrovsky
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 WO;, MoOs, or Re,O; supported on
silica, silica-alumina, or y-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
MoO; 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 y-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. Heyrovsky Institute we performed a detailed study of (a) MoOs
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 MoO; and NH4ReO,, 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 MoQO; supported on siliceous mesoporous sieves

Figure 4 shows 1-octene conversion with mesoporous catalysts MoO;/MCM-41
and MoO;/Al-MCM-41 (Si/Al = 30), and a conventional catalyst MoO3/Si0,
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/SiO, achieving higher final conversion and high
selectivity, and (ii) changing MoO;/MCM-41 for MoO;/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: MoOs supported on AI-MCM-41 with Si/Al =
30 (® o), MCM-41 (A A), and SiO, (B 0); metathesis of neat 1-octene at 40°C,
loading 8 wt % Mo.



Mesoporous molecular sieves as supports for metathesis catalysts 157

The activity of mesoporous catalysts depends strongly on the quality of Mo
species dispersion. Figure 5 shows x-ray diffraction (XRD) patterns in low 0
(a) and high 6 (b) regions for MCM-41 and MoO;/MCM-41 catalysts of
different loadings. The persistence of signals in the low 0 region indicates
the preservation of organized structure and pore size independently of catalyst
loading. Very low intensity signals corresponding to MoOj crystallites appear-
ing in the high 0 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) MoO,/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™), (ii) surface polymolybdate (959 cm™),
and bulk MoOj; (995 and 819 cm ). The population of these individual species
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[
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1000 900 800 700
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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  Figure 8. Specific activity (expressed as

initial TOF) of MoO;/MCM-41 catalysts;  initial TOF) of MoOs-based catalysts;

metathesis of neat 1-octene at 40°C. metathesis of neat 1-octene at 40°C,
loading 8 wt% Mo.

depends strongly on the catalyst loading and on the support type. As bulk
MoQj; is known as catalytically inactive and the activity of polymolybdate
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 MoOs
on MCM-48 and SBA-15 exhibited catalytic activity also higher in
comparison with MoO;/Si0,, but significantly lower in comparison with
MoO;/MCM-41 (Figure 8). The reason for this decreased activity was found
in the low population of isolated molybdenum oxide species. The selectivity
of MoO;/MCM-48 and MoO;/SBA-15, however, was about 90%. Although
the highest specific activity was found for MoOs;/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-
ing rhenium (VII) oxide. Two conventional commercially available y-aluminas
were used for comparison: (i) Alcoa — alumina of broad pore size distribution
and large microporous fraction (Sger = 342 m*/g, ¥ = 0.355 cm’/g) and
(i1) Condea — alumina with broad pore size distribution in mesoporous region
(S=197 m%g, V=0.427 cm’/g, average pore diameter D = 7.2 nm). Figure 9
shows the comparison of corresponding catalyst activity (all catalysts with
9 wt % of Re) in 1-decene metathesis. Catalysts are labeled as Re/support, e.g.
Re/OMA3.5. It is seen that (i) OMA-based catalysts exhibited higher activity
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than both catalysts used conventional supports, and (ii)) OMA-based catalyst
with larger pores is more active than that of narrower pores. The selectivity
to 9-octadecene is very high in all cases (about 95%). Similar results
showing the superiority of nanostructured mesoporous aluminas supported
Re (VII) oxide catalysts in alkene metathesis were obtained simultaneously

by other groups [10, 11].
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Figure 9. Activity dependence on sup- ~ Figure 10. Activity dependence on
port. Neat 1-decene, ¢ = 60°C, 1-decene/ loading. Re/OMAG6.5, neat 1-decene
Re molar. (1.5 mL), = 60°C , 50 mg catalyst.

The optimum catalyst loading found was 9 wt % Re (Figure 10). It is in
agreement with ref., [11] but in contradiction with previous results obtained
for rhenium (VII) oxide on conventional y-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 nm?®) [26]. Contrary to the Mo, rhenium does not
incline to the formation of polyanions and isolated ReO, 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.

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/OMAG6.5 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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Table 2. A survey of metathesis of unsubstituted substrates with Re (VII) oxide

catalysts
Sub strate T Catalyst Product ¥ | reaction
solvent time L s
1-Decene &00C Re/OMA35S | 9-Octadecene 80 %/ 250 mimn  96-98 %
neat Re/ONAG.S 88 %250 mmm 97 %
Re/Condea 44 %%/ 250 jam = 93 %
Re/Alcoa 25%/250min - 97 %
1-Octene 6ooC Re/ONA6.5 | 7-Tetradecene 96 /300 mm 97-98 %
neat Re/Alcoa 6. 3 %300
min
1-Octadecene 60oC Re/OMAG.S | 17-Tefratriacontene 80 %/300 min =~ 97-98 %
neat
2-Pentene 250C Re/OMNAG.5 | 3-Hexene 69 %/200 min 95 %
neat
1.5 Hexadiene  25°C Re/OMA3S | ADMET ohigomers 96 %%/390 min
m n=2..8
toluene
Re'OMA6.5 | ADMET oligomers 95 /300 mm
n=2..8
Re/Alcoa ADMET oligomers 4.2/300 min
1,7-Octadiene  40°C Re/OMA3 S | cyclohexene 834 98 %
m %6/250min
tolunene | Re/ONAG6.S | cyclohexene 100 %%
974
Re'Alcoa cyclohexene %/250min -
3.6 %%/250 min
19-Decadiene  40°C Re/OMA3S | ADMET ohgomers 65 % /450 mm 95 %
m n=2134
toluene
ADMET oligomers
Re/OMAG6S |n=134 85 % 350 min 89%
Re/Alcoa ADMET
Dimer sttrumers 2.6 “/450
cyclooctene 4o00C Re/ONAGS | polvoctenamer 75 ©%/30 min -
m
toluene

T = reaction temperature, ¥ = product yield, S = selectivity, catalyst loading = 9 wt
% Re. Data taken from ref. [13]

Re (VII) oxide on alumina is known to catalyze metathesis of oxygen-contain-
ing substrates, however, only in combination with cocatalyst-like Me,Sn.
The presence of Me,Sn 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.
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Figure 11. Products of 1,9-decadiene metathesis with Re/OMA3.5 and Re/OMAG6.5.
30 mg catalyst (9 wt % Re), 0.9 mL toluene, substrate/Re = 320, 40°C, reaction
time = 450 min, Y;, yield of individual product.

Table 3. A survey of metathesis of oxygen-containing substrates with Re (VII) oxide
catalysts

Substrate Conditions Catalyst Product Y(%)/ S TON
Reaction
time (min)
0 25°C Re/OMA3.5 [~ 59.7/300 | 98.5 23.8
\©\/\ Sub/Re=40 Re/OMAS Q 91.2/300 99.3 36.5
N Re/Condea 80.3/300 |99.7 32.1
Re/Alcoa 1.5/300 0.6
25°C Re/OMA3.5 Q 38.8/300 | 982 38.8
Sub/Re=100 Re/OMAS 78.5/300 99.8 78.5
o—
>/\><COOEt 25°C Re/OMA3.5 D<COOEY 52.3/150 100 20.9
= COOEt Sub/Re=40 Re/OMAS COOEt 74.5/150 100 29.8
Re/Condea 71.5/150 100 28.6
Re/Alcoa 1.18/150 100 0.5
Methyl- 40°C Re/OMAS5 CH-(CH,);COOCH; | 40.2/30 100 16.1
undecenoate Sub/Re=40 ?

CH-(CH,);COOH,

6-hexenyl-acetate | 40°C Re/OMAS CH-(CH,),00CCHj; | 43.0/30 100 10.8
?

Sub/Re=25 )
CH-(CH,),00CCH,

Catalyst loading 9 wt % Re, MesSn/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/OMAS > 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%.

|
/ N
I Yy
| g—Mo=CH i )
! — !

‘7 OH T ?{‘\%
Il X OR Me

‘—ml ; ku—";’i" :('le’l\/) B — —OH Me . ROH
C4Hg. room temp.

‘—()II OR Me ME o —oOH

MCM-41 R = CMe(CF3)s, CMes Mop/MCM=41, Mog,/MCM-41

MCM-48 Mop/MCM-48

SBA-15 Mog/SBA-15
Scheme 1

The activity of hybrid catalysts approached to that of parent homogeneous
system. Catalyst derived from hexafluoro-#-butoxy complex — Mop/MCM-41
was significantly more active than that derived from #-butoxy complex —
Mog,/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 13. Metathesis of neat 1-
heptene with Mop/MCM-41 (o) and

Figure 12. Metathesis of neat 1-hept-
ene with Mog/MCM-41, Mog/MCM-
48, and Mog/SBA-15. 1-heptene/Mo Mog/MCM-41 (e). 1-heptene/Mo
molar ratio = 1900, room tempera- molar ratio = 2300, room tempera-
ture. ture.

Hybrid catalysts prepared were also successfully used in metathesis of
unsaturated esters. Thus, metathesis of 5-hexenyl acetate proceeded with
Mor/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.

Mo/ MCM-41 and Mor/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). ®C 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

catalyst M [V, Time | M molecular weghts “1000
L woll |111 M| conv. | 5 poo
. Y, o, |2 Foby
M mer
o
vidd *
1 | Mog/MCM-41 0023 10 6 98 nd.
La MW=11
21. C
0
E

[

Mog/MCM41 | COE |0.077 35 6 98 nd. M M) = L7(13)

3 | Mog/MCM41 | COE 0220 [ 100 3 929 nd. A-My (M) = 24(17.6)
B-M, (M) =13 (0.7)
AB=1

3 | MopySBA-IS | COE |0230| 100 3 | 95 nd. |A-M, (M) =30(16)
B- M, (M,)=3.2(26)
AB=03

h

Mop/'SBA-15 | COE [0490 | 400

[

100 | 87% |A- DM, (M) 210 (110)
B- M, (M) =14 (9)
C-M, (M)=13(0.7)
ABC =121

6 | Mop/MCM-41 | NBE | 0200 | 100 2 75 43% [A- DM, (ML) = 1100 (630)
B-M, (M= 41(2.3)
AB=1

7 | Mog/MCM-41 | NBE |0.130 [ 100

[

n.d 40%  [A-DM, (M) = 2000 (1300)
B- M, (M) = 190 (110)
C-M, (Mg = 222.0)

ABC =512/4
8 |MopMCM4l [NBE |0130| 100 2 63 55% |A- DM, OV =110 (28)
"4 B-M, (M) = 2.5(2.1)
AB=7

Benzene, room temperature, M = monomer, M/Mo = molar ratio monomer/Mo, *methanol-
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.
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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 Me,Sn is essential similarly
as for conventional systems. However, the catalysts with higher pore
size were found to deliver better results.

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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“GREENER SHADE OF RUTHENIUM”: NEW CONCEPTS
OF ACTIVATION, IMMOBILIZATION, AND RECOVERY
OF RUTHENIUM CATALYSTS FOR GREEN OLEFIN
METATHESIS

ANNA MICHROWSKA, LUKASZ GULAJSKI, KAROL GRELA

Institute of Organic Chemistry, Polish Academy of Sciences, Kasprzaka 44/52,
01-224, Warsaw, Poland

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
ammonium-tagged Hoveyda-type catalysts can be successfully applied in aqueous
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
removal from organic products can be expected to offer new opportunities in green
applications of olefin metathesis.
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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 [-I1I (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.

Br. L
Cl D «Cl
L RLll— 7\ Ru=
O o’ | NP
CIB T=\Ph —<O g |
PCys Ny
1,2 3,4 5
kCl Ll Lol
Ru— Ru— Ru=—
7! 7! [
cl’ c’ a’
O NO, o o) OCH,
— — HoC
NO, OCH,
6a 6b 7

1,3:L=:PCy3 2,4,5,6a,6b,7:L=MesN__ NMes
Figure 1. Ruthenium-based catalysts 1-5 for olefin metathesis (Cy = cyclohexyl,
Mes = 2,4,5-trimethylphenyl).

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.’
Use of biphasic aqueous extraction, various scavengers, such as lead
tetraacetate, dimethyl sulfoxide (DMSO), triphenylphosphine oxide,” 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
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metal (including Ru) removal in both batch and continuous processes. Our
group has recently developed a new efficient strategy for phase separation
and recovery of complex 7 (Figure 1), which provides crude products con-
taining up to 400 ppm of Ru.

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.'”” 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
for utilizing solid supports, which have been specially designed for the
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)Ph, substituent, in reaction with 10 exhibits similar activity to that of
parent Hoveyda catalyst 4 (>70% of the conversion after 16 h; Figure 3).
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Figure 2. New ruthenium initiators.

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 ZnCl, x HCI or Ph,SnCl, 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 Ph,SnCl, was found to
be of highest activity, reacting dramatically faster than parent complex 8
(Figure 3).
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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).
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Figure 3. RCM of 10 using catalysts 8 (2.5 mol %) and 6a (1 mol %). Conditions:
CH,Cl,, 28°C.
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Figure 4. RCM of 10 using catalysts 4, 9, and in situ formed salts of 9. CSA = (—)-
camphor-10-sulfonic acid. Conditions: catalyst (5 mol. %), CH,Cl,, 25°C.
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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).

I\ I\ { \
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N Hx Y R\EC'

= U= =
c _— cP: 0—8059 o
\ NEt, ‘ @NHE, X© " @ NHEt,
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(b) wia

Figure 5. (a) A principle of catalyst 9 activation and non-covalent binding of a catalyst to
polymeric phase; (b) Sulfonated polymer particles inside Raschig rings, as visualized by
SEM; (c) Megaporous glass Raschig rings used for immobilization of 9.
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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.”” 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 (1IN HCI,
H,0, 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.*

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

Entry Substrate Product Temp. °C, Conversion (%)* Ru (ppm)
(time [h])
1 VE'/Ph EjsVPh
[ 45 (1 102
S, “ph 5 (18) 99 0
\ N
2 \\\&Ph ZN\Ph 45 (4) 99
o Ph o Ph
CO,Me
3 S MeO,C NS /\MBCOZMe 22 (18) 95 21
E:Z=1.21
o o
b
4 p0=7707 rc0 50 15 68 77
TfaHN TfaHN 2 EZ=11:1
* o)
L 8
5 \= RN
< 45 (16) 99 30
HS / Hs
MeO,C MeO,C

*Conditions: one Raschig ring 9P (loading 3 pmol Ru/ring, 5 mol %) per reaction
was used. "Two Raschig rings (loading 3 umol Ru/ring, 10 mol %) were used.



174 A. Michrowska et al.

The practicability of Raschig rings loaded with the Ru complex 9 (3 pumol
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 'H 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.”> 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.” Usually, the resulting crude
products were pure according to GC/MS and !H 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.”

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.”” 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.*
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
literature™'* although in selected cases longer living systems has been
described.”® 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.

gr MesN__NMes 7\ MesN.__ NMes
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|
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100 °C, 4h CO,Me
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Figure 6. Preparation and activity of polymer-bound Ru complexes 12.

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 (2060 X
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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Figure 7. Applications of 13 in selected RCM reactions.

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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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.****
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Figure 8. Comparative recyclability of ionic-tagged catalysts 14a, 15, and 16 in ionic
media. * Determined by "H-NMR spectroscopic analysis at 400 MHz. °Reaction perfor-
med at 40°C.

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).

In traditional solvent the ionic activated catalyst 15 showed a high activity
in RCM (Table 2, entries 1, 3, 4, and 9). Nevertheless, lower activity was
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
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Table 2. Metathesis reactions catalyzed by 15

Entry  Substrate Product Solvent Time (h)  Conversion(%)®? Ru (ppm)°©
NG CH,Cl, 0.5 99 138
2 _ N |_NTs EtOH/H,0 24 50
= Et
3 :><C°2E‘ [><CO2 CH,Cl, 2 78 113
—=~/"CO,Et CO,Et
N\ CH,CI 17
NTs | NTs 22 05 9 3
N MeOH/H,0 24 40
6 \ N\ CH,Cl, 0.5 99 25
\\*o EE =\ MeOH/H,0 05 99 28
O Ph EOHH,0 05 99
N
o __ NooPn [ncopn CH,Cl, 0.59 99

*Conditions: 5 mol % of catalyst, CH,Cl, or MeOH/H,O v/v 5:2 or EtOH/H,0 v/v 5:2;
¢ = 0.02 mol/L, 25°C; *Conversions were determined by analysis of "H-NMR or GC/MS
of crude reaction mixture; ‘Determined by ICP-MS spectroscopy analysis and showed
as parts per million; ‘With 2.5 mol % of catalyst.

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.*™*” 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.PF; and
BMPy.BF,) 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.

To evaluate a real effect of the pyridinium function in terms of activity
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).
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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.BF,) 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 (PFs) and the ionic
solvent (BF,).

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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RING-OPENING METATHESIS ACTIVITY
OF RUTHENIUM-BASED OLEFIN METATHESIS CATALYST
COORDINATED WITH 1,3-BIS(2,6-DIISOPROPYLPHENYL)-4,5-
DIHYDROIMIDAZOLINE
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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),(Cl),Ru=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).

Keywords: ruthenium; N-heterocyclic carbene (NHC) ligands, ring opening metathesis,
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
general formula Mo(CHR)(NAr)(OR),, also known as the Schrock catalyst
(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 (PCys),(Cl);Ru=CHPh (2) shows a good
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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olefin metathesis catalysts such as catalyst (3) have been prepared by
the substitution of a single PCy; ligand of (2) with a N-heterocyclic carbene
(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.
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Scheme 1

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 (IPrH,)(PCy;)(Cl),Ru=CHPh (4), first
synthesized by Fiirstner [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 (IPrH,)(PCy3)(Cl),Ru=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 (PCy;),(Cl),Ru=CHPh (2)
was prepared according to literature. Potassium tert-butoxide (KOtBu) and
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potassium hexamethyldisilazide (KHMDS) (Aldrich) were used as received.
COD was dried over CaH,, 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 (3) and referenced
to TMS.

2.2 Catalyst preparation

The carbene ligands 1,3-bis-(2,4,6-trimethylphenyl)-4-5-dihydroimidazolium
chloride (HyIMes), 1,3-bis-(2,6-diisopropylphenyl)-4-5-dihydroimidazolium
chloride (H,IPr) were prepared according to literature procedure [14].

2.2.1 Synthesis of (IMesH>)(PCy;)(Cl),Ru=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 (H,IMes), 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 (IPrH,)(PCy;)(Cl),Ru=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 (H,IPr, 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),Ru=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 x 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 'H and "°C
NMR. '"H NMR (CDCl;, 300 MHz): & = 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. °C NMR (CDCl;, 300 MHz): § = 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 CH,Cl, stock solution).
The dichloromethane was subsequently evaporated, and the glass vials with
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solid catalyst were kept under argon atmosphere. To start the ROMP test,
200 uL 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 CDCl;. The yield could then easily be determined by 'H 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 (H,IMes and H,IPr) 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 Fiirstner 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 (PCys),Ru(H),(Cl); as a by-product. We have successfully
optimized Firstner’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].

Pr-N N-Pr
PC
yél [H,IPr(H)][Cl] <l
& KO'Bw/THF S
B — o = R
C(T by 30min 80°C o | i
PCy; PCys
(3] )
Scheme 2

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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The polymerization reaction was monitored as a function of time at ambient
temperature by integrating olefinic 'H 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 Yyield 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 IPrH, ligand relative to IMesH,. 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 c-donation coupled with a reduced m-back
bonding. In addition the significant increase in steric effect of IPrH, relative
to IMesH,, 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 Tablel.
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 1/300 1800 100
2 1/3000 1800 100
3 1/10 000 1800 57
63
3600 68

overnight
4 1/30 000 3600 42
overnight 49

General reaction conditions: Ar atmosphere, room temperature, toluene as solvent, yield
determined by 'H NMR spectroscopy. Catalyst = (4)
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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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PART II. INTRICATE ORGANIC SYNTHESIS
VIA METATHESIS CHEMISTRY



RECENT APPLICATIONS OF ALKENE METATHESIS FOR
FINE CHEMICAL AND SUPRAMOLECULAR SYSTEM
SYNTHESIS
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Rennes, UMR 6226: CNRS-University of Rennes, Campus de Beaulieu, Av. Général
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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
systems, cross-metathesis

Ac, acetyl; Ar', 3,5-bis(trifluoromethyl)phenyl; Boc, tert-butoxycarbonyl; Bn, benzyl;
cat, catalyst; #-Bu, fert-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

Alkene metathesis is a catalytic reaction that has brought revolutions during
the last 15 years, not only in catalysis and organic synthesis but also in
polymer and material science. This is due to the discovery of the catalytic
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].

e 19 MesN. NMes MesN. M S MesN__NM
i, es es es es oy es es
.,Ru; ’RU—
o e, Ph CI,.\Rr cnl/ cl oul/u
Ys c-fu=\  g-Ru=, i-Pro cr-Ru=
1 PCy, Ph PCy, PN \
2 3 4 i-PrO
5
- - Ph
f'm x @"‘;l X cl. FCYs
‘ |~ Ru a

: Ph \ Ph cr=h
c:l“‘ﬁ“:':';/ph o Ru e PCys O
PCy; CysP D
6 ; 8

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

e Synthesis of new macrocycles via RCM reaction

e RCM in the synthesis of new ligands, rotaxanes, catenanes, and
supramolecular systems

e (M 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].

7 o, b '

/_x Y CI"RU_\ /X Y,

( PCy Ph ( J
~ X Y= _1 . \‘.3\( Y—r
N N
X=0,Y =CONH 40-100%

X =CONH or NHCO, Y =0

«”ﬁw @; JO O, O
oy ”“@Qfﬁ@

e (!

9a 9c

4

Y = O; CHy; (CHa)a: (CH,0CH,)

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 (CH,Cl,, reflux) into 11 and the
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hydrogenation of the cyclized products (Pd/C) affords quantitatively the
hydrogenated and deprotected macrocycles 12.

=

OBn 10b R Me

cat1
: 12a.b : Bn 11a,b

Scheme 3. Synthesis of resorcinylic macrocycles.

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

OCH,Ph I OCH,Ph
=S SN OCH,Ph o Xy~ .OCH.Ph
+ —
PN “OH HO:C 66% . 0
0
OCH,Ph OCH:Ph 43
cat1|81%
v
OCH,Ph
OH A JOCH,Ph
N OH 1y, J
o OCH.Ph 44
OH 15

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.

O_/= cat1 Of
o=( o=(
O—(-\ng o

16 17

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.

VA
MesN_ NMes

N
20 H

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].

il X
i Ph
Ru=e=e=<
A Ph
PCy3
= 6 (5 mol%) y
P 90%

Cl

O

o
= cat 6 (5 mol%)
\\\/\_/\/NFmoc 0 A NFmoc

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].

_®_A T TfO
XF,C ir] XF,C

CO,Me

; Ph
ﬁ Cl\.-R‘uzo_—.=< COQME
= - Ph _
J—/N PG PCy, 6 \ N-PG

PG:Cbz: X=F — 95%
X=Cl— 91%

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 £/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 Flirstner using a first-generation Grubbs catalyst RuCl,(=CH-
CH=CPh,)(PCy;), [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 (R") with 1,7-octadiyne in the presence of a copper(Il) 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),/C) leads to 27 (Scheme 12) [32].

--N3 { \ \A
A &Y |
\ R = | RS
R ey Cu(OAc), \Ree L’WR‘ /
R? \ R3R2 /
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N=N -_/“
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N3 AcOY, \/ AcO e N
AcO = \/\ 2)cal1 R ? N
'70 OAc
o R \x 5
‘R = NH \
4 ﬁ\f OAc o” V¥ oac
R
26a:R= OAc 27a: R = OH
26b° R = NHTfa 27b: R = NH;

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 Fiirstner [4], Nicolaou
[8a], Lebreton [8d], or Prunet [8¢]. 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
natural products: macrosphelides [33], (+)-pinnatoxin A [34], macrolactam
(-)-isooncinotine [35], (—)-norsecurinine alkaloid [36], (—)-kendomycin with
bioregulatory properties [37], feigrisolide C [38], and a family of coleo-
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].

) 1) Br” "CO,Et g
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Scheme 13. Synthesis of macrocyclic bipyridines.
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Potential multidentate ligands have also been created by serendipity. Whereas
the terpene derivative 28 had been prepared to build the AB rings of taxane
29 its treatment with the Grubbs catalyst 3 has led to its unexpected
cyclotrimerization and the production in 70% of the multifunctional system of
C; symmetry 30 (Scheme 14) [44].

HO L\

OH S

29 28

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].

-
Ph-Si-Ph h=gi=Ph
o] O

NH NH NH
O= 0=/ o
| ‘ ~0 H
- ” ° NH| 1 - 7 \ P/:L
=,
e [Ji o A ZT N ]
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S~ MDY P O~ Of\a‘z/\o' /“‘nz/\/o/

Scheme 15. Synthesis of a polymacrocycle 32.
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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].

W" ’g (o

cat 1/CHCl, [O Oj
reﬂux
% H B
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34
N
MeQ H OMe
PCys 2 I\
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PCYB 35 C|-rRUﬂ
1 pCy, P
CH,Cl, 3
reflux (\O O/B PF. CH,Cl,
(73%) 6 reflux
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MeO
a1 )‘@L
OMe K/\_f\)
36

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].

7N
) N

\ /
N/ Cu(MeCN)4PFg” /\m
M
(//\ out = (@ U

_/

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 (PtO,) 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
Ru** ion, arising from RuCl,(dmso)s4, 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 Ru**
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.



Recent applications of alkene metathesis for fine chemical 209

X =CH=CH,, Y = CH=CH

Scheme 20. Model for the synthesis of handcuff structure catenanes.

44

S S

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(l) 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=CH, 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 4748, 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 (PtO,) 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.

Pl Y
/ o \ "—O/ ‘“-n\
. 1.)cat1 cyclised, hydrogenated
—— | heterodimer 4-2.) h/Pto, heterodimer
N 4 4748 48-49
0#’_ O:< ]
NH NH /

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(=CHCMe,Ph)(=N-2,6-(i-Pr),CsH3)(OCMe(CF5),), [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].
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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



212 F. Pozgan and P.H. Dixneuf

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.

A/_ + B/_ —_— A/\/B + —

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 B-ketonic phosphonates 57 can be
obtained by CM with ethyl acrylate in the presence of Ru catalyst 3 or 5
(Scheme 24) [53].

O O (o] o]
I QOEt 1l
= cat 3or5
EtO o EtO
56 57 o

Scheme 24. Cross-coupling reaction of B-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 B-ketoester 58 with 5 (CICH,CH,Cl,
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 B-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), led to complete
conversion of both 56 and 58 at room temperature.
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Scheme 25. Cross-metathesis of unsaturated -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.

8 ow wod 3
MeO- Z "R e0~ R MeO~ f OM
~ RN P e
MeQ \_/\. cat 3 MeO T o > MeO WW:OME
OH OH 0]
62 63 64

R = Ph, 1,3-dioxolane-2-yl

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(Il)-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.
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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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71
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].

MesSiO o
X .
I\ MesSION SN chy),c0,Me
NHCbz cat 3

72 = NHCbz
+
0 1.) TBAF
\)J\ 2.) Hy, Pd/C
(CHQ);!COQMB 3) KOH
73
L

H (CH,);CO,H
74

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

The synthesis of y,0-unsaturated-p-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.

CH3(CHy)g ) | ) w
z (0) (e

MOMO i
g0 OH OAc g, (CH,);OPiv

l cat 3
CH3(CH3)e
: O‘ (CH2)3CH2P+Ph3I-
MOMO  mMoMO g2 OMOM

l H,, Pd/C

TBDPSO
OHC(CHz)z)vQ
CH3(CHo)g _
Yo
HO OH  OH (CHZ)

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].

o)
MesN NMes
C|, o o
cr—Ru=\ K’TN
PCy3 Ph
o o)
. \ 3 0©0 #
o) 48%
P o)
o F NHBoc
NHBoc 85

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].
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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].
U @
B

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

cat 3

A

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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THE OLEFIN METATHESIS REACTIONS COMBINED WITH
ORGANO-IRON ARENE ACTIVATION TOWARDS
DENDRIMERS AND POLYMERS
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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

Here we combine, for the summer school, basic principles of organometallic
chemistry in the field of olefin and alkyne metathesis'~ with research results
obtained in our group in this area.”"” Emphasis is given to metathesis
processes yielding or dealing with nano-sized molecules such dendrimers and
polymers. First, metathesis is carried out with metallocarbenic dendrimers.
Metallodendritic catalysts combine the advantages of homogeneous and
heterogeneous catalysts: they are soluble and perfectly well defined on the
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 Nlate® 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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crystallographic studies.” The second aspect concerns the combination of
arene actition using CpFe™ with olefin metathesis, these reactions being
detailed for dendronic and dendritic substrates. This work was started by the
PhD thesis of Victor Martinez'>'*"> and was later continued by Denise Méry
and Catia Ornelas with dendrimers (see the last section).'® 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 complexes' 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 Fe', a project
performed by Ester Alonso.’ 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-Héléne Desbois (married
Delville)."” 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,'® Mortreux has shown that the metathetic carbyne exchange of
standard terminal alkynes can also be obtained with high selectivity." 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 #-BuOK is not efficient, using air together with a standard
electron-reservoir Fe' complex. This very recent work is that of Denise Méry
together with Jaime Ruiz Aranzaes.*

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,’ 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
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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.’ Studies by the groups of Hofmann, Fog,
and Leitner, however, have shown the metathesis activity of cis-bis-
phosphine-Ru—benzylidene catalysts. We therefore used Reetz’s bis-
phosphines derived from the commercial polyamine DSM dendrimers.’
These dendritic bis-phosphines are useful and versatile in metalodendritic
catalysis and provided the first recyclabable metallodendritic catalysts.’
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),,)] catalyzed by
[Fe'Cp(n°®-CeMeg)], 1, leading to the substitution of a carbonyl by a dendritic
phosphine on each tether.® Related dendritic bis-phosphines with two
cyclohexyl groups on each phosphorus were decorated with Ru—benzylidene
metathesis using Hoveyda’s Ru-benzylidene metathesis catalyst’ as a
starting point. These reactions provided the four generations of new, stable
metallodendrimers containing Ru-benzylidene fragments at the periphery
(Scheme 1).* 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.”'’

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). 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.
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Scheme 2. Strategy for the ROMP of norbornene by Ru—benzylidene dendrimers to
form dendrimer-cored stars.
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1600 equiv.

A

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
data™?*:

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.** 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.'” 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).ll 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.

S S S,

Fe" I) FeJr ") Fe'
S s T

3 4 \ 5
S Sy S

i) Fe"

Scheme 3. (1) Allyl bromide, KOH, DME; (ii) [Ru(PCy;),CL(=CHPh)], 1, CH,Cl,, r.t.
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The [CpFe(octaallyldurene) J[PFs] 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 PPh;. 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.

i)

Scheme 4. (1) Allyl bromide, KOH, DME; (ii) [Ru(PCy;),CL(=CHPh)], 1, CH,Cl,, 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."
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Scheme 5. (i) Allyl bromide, KOH, DME; (ii) [Ru(PCy3),ClL(=CHPh)], 1, CH,Cl,,
r.t.; (iii) [Ru(PCys3) {C(N(mesityl)CH),} CL(=CHPh)], 2, C,H,Cl,, 60°C.
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Scheme 6. (1) Allyl bromide, KOH, DME; (ii) [Ru(PCy;),Cly(=CHPh)], 1, CH,Cl,,
r.t.; (iii) [Ru(PCy;){C(N(mesityl)CH),} Cl,(=CHPh)], 2, C,H,Cl,, 60°C.
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Reactions of metathesis over hexaallyl-p-xylene derivates. The complex
[CpFe(hexaallyl-p-xylene) ][PFs ] 22 was also obtained by perallylation of
[CpFe(p-xylene) ][PFs ] 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."?

Metathesis of nonaallylmesitylene derivatives. The activation of mesi-
tylene by the CpFe’ moiety followed by a one-pot perallylation yielded
[CpFe(nonaallylmesitylene) ][PFs ], 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 H,/Pd/C in CH,Cl, of this tripled-briged cage,
the single product 35 is isolated. The 'H NMR signals of the B-hydrogens are
shifted upfield at 0.64 ppm.

35

Scheme 7. (i) Allyl bromide, KOH, DME; (ii) [Ru(PCy3),Cl(=CHPh)], 1, CH,Cl,,
rt; (i) [Ru(PCys){C(N(mesityl)CH),}CL(=CHPh)], 2, C,H,Cl, 60°C; (iv) H,
Pd/C CH,CL.
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Scheme 8. (i) Allyl bromide, KOH, DME; (ii) [Ru(PCy;),Cl,(=CHPh)], 1, CH,Cl,,
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."

< ey

Cot L i) O Co’ B
Do _ R
T
39 41

:+ PFg . :+ PFg — PFy
Fe i) Fe ii) Fe
NH, N N\= N
42 43 44
5 P
1
hv, PPh3 hv, PPhg
CH3CN CH3CN

45 NN\= N
5 > 46 Q
Scheme 10. (i) Allyl bromide, KOH, DME; (ii) [Ru(PCyj3),ClL,(=CHPh)], 1, CH,Cl,, r.t.

RCM of an iron complex containing an N heteroatom. The complex
[CpFe(aniline) J[PFs ] 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) ][PF, ] by amination with ammonia in dichloromethane,
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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
[CpFe'(hexamethylbenzene)].'* Metathesis of the iron-free diallylaniline 45
yielded the N-phenyl-pyrroline derivate 46 using 1."

Macrocycles. The complex [CpFe(p-isopropylbenzenze) ][PFs ] 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
w-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 'H NMR spectra of 19, the signals of the B-hydrogens of the
cyclophanes are shifted at 0.51 ppm because of the aromatic anisotropy."

N
@ ) Fo PF¢
Fe'PFe |~ i)
KOH DME —
47 \ /
49
e O PF [n
| Fe Fo PFs
KOH DME +
§
FPFg )

Scheme 11. (i) [Ru(PCy;),Cl,(=CHPh)], 1, CH3Cl, r.t.
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The preparation of the hexabutenyl complex 52 by selective hexaallylation
of [CpFe(hexamethylbenzenze) |[PFs ], 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."

J{E>)N c
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Scheme 12. (i) Allyl bromide, KOH, DME; (ii) [Ru(PCy3),Cly(=CHPh)], 1, CH,Cl,, r.t.

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

As shown by Bechert’s and Grubbs’ groups,'®'” it is possible to cross meta-
thesize terminal olefins with olefins bearing a strongly electron-withdrawing
substituent such as CO,H or CO,Me. 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). '*"
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Scheme 13. Selective cross-metathesis of polyolefin dendrimers using acrylic acid or
methyl acrylate.
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OLEFIN METATHESIS WITH RUTHENIUM-ARENE
CATALYSTS BEARING N-HETEROCYCLIC CARBENE
LIGANDS

LIONEL DELAUDE,* ALBERT DEMONCEAU

Center for Education and Research on Macromolecules, Institut de Chimie (B6a),
Institute of Chemistry, University of Liege, Sart-Tilman par B-4000 Liege, Belgium

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 complexes' are versatile and efficient catalyst precur-
sors for various important organic transformations.”'* This is due in part to
the lability of the h®-arene ligand that can be easily removed upon thermal''
or photochemical'>'* activation to release highly active, coordinatively unsatu-
rated species. During the 1990s, we demonstrated that [RuCl,(p-cymene)(PR3)]
complexes bearing basic and bulky phosphine ligands, such as tricyclohexyl-
phosphine (PCys, see structure 1), were highly effective pre-catalysts for the
ring-opening metathesis polymerization (ROMP) of both strained and low-
strain cycloolefins when activated by a suitable carbene precursor such as
trimethylsilyldiazomethane (TMSD).">'® Although we were not able to isolate
the active species formed upon addition of the cocatalyst and monomer to
the Ru—arene starting material, 'H NMR and *'P NMR analyses of the reaction
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on Macromolecules (CERM), Institut de Chimie (B6a), University of Liége, Sart-Tilman par B-4000
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media supported the intermediacy of Ru—alkylidene complexes of the Grubbs
type as actual ROMP initiators (Scheme 1).'°

P N,CHSiMe;, PCys Q

! Cln. | " —
CI\\.TU\PC EEE— CI'R|U_CHSIMe3 +N, —— ROMP
cf PO poy, (1) L
1 L = PCy; or olefin

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."%° These divalent carbon
species are neutral, two-electron ligands with only little n-back-bonding
tendency.”’ They behave as phosphine mimics, yet they are better o-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.”* >
They have also acquired a place on their own as reagents and catalysts in
organic synthesis, since they behave as powerful nucleophilic agents.”***

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.” 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.”””' Noteworthily, introduction of a chiral R' group on the
triazolin-5-ylidene ring system proved a successful strategy to induce
asymmetry in various organic or organometallic catalytic processes.’”

R ] R ; R s
R‘N/\N’R R‘N/\N’R R‘N/\N’R
>_< ) ( N=

R? R?2 R? R2 %RZ
imidazolin-2-ylidene imidazolidin-2-ylidene 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 [RuCl(p-cymene)(L)] type.”” 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 [RuCl,(p-cymene)], and the corresponding unsaturated NHCs
according to literature procedures (Eq. 1).***° The free carbene ligands were
obtained from the parent imidazole-2(3H)-thiones (in the case of 2, 3, 5, 7)*°
or from imidazolium chlorides (for 4, 6, 8, 10)'*" by reduction with potassium
or deprotonation with potassium ferz-butoxide or hydride, respectively. The
dichlorocarbene in 9 was the adduct of 1,3-dimesitylimidazolin-2-ylidene
and CCl,.*” Complex 11 sporting the saturated imidazolidin-2-ylidene ligand
commonly referred to as SIMes (or HyIMes)'"'"* was obtained in a similar
way by reacting [RuCL(p-cymene)], with a stoichiometric amount of the free

carbene ligand (Eq. 2).
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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.'>'® 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.*®

Table 1. ROMP of cyclooctene using complexes 7-11 as catalyst precursors®

Catalyst Temperature  Isolated Seis 10° M, MM

precursor (°C) yield (%)
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 0.26 550 222

“Experimental conditions: cyclooctene (7.5 mmol) and a catalyst precursor (0.03 mmol)
were reacted in PhCl (5 mL) under inert atmosphere for 4 h

®Fraction of cis double bonds within the polyoctenamer, determined by *C NMR
‘Determined 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."'® 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 frans and had a relatively
narrow molecular weight distribution.*®

Table 2. Effect of light on the ROMP of cyclooctene at room temperature using
complex 8 as catalyst precursor’

Lighting Monomer Isolated Scis. 107 M,° M,/M,°
conditions conversion® yield (%)
(%)
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

*Experimental 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

®Determined by GC

“Fraction of cis double bonds within the polyoctenamer, determi