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bstract

A detailed overview on the synthesis of four-, five- and six-membered, saturated and unsaturated N-heterocyclic carbenes used in the preparation
f their corresponding ruthenium complexes (Grubbs’ second-generation, Fischer-type, Hoveyda–Grubbs, homo and hetero-bimetallic) is presented
oth in solution and on solid support. The catalytic activity of the different complexes in ruthenium-catalyzed metathesis reaction is compared and
xplained by their structural features.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Olefin metathesis has proven to be a powerful technique
or the formation of C–C bonds in both polymer and small
olecule synthesis [1–3]. The development of the ruthenium

omplexes bearing sterically demanding phosphines such as
he well-defined and highly efficient metathesis precatalyst
uCl2( C(H)Ph)(PCy3)2 (1) (Fig. 1) (Grubbs’ first-generation
atalyst) [4], tolerating an array of functional groups has trig-
ered an avalanche of interest in this transformation, allowing
ignificant progress in the field of olefin metathesis [5–18].

Since at elevated temperature phosphines suffer from signif-
cant P–C bond degradation [19–23] the development of steri-

ally demanding ligands that can mimic the phosphine behavior
nd at the same time show stability at higher temperatures would
rove useful [24]. N-Heterocyclic carbene (NHC) ligands of the

Fig. 1. Ruthenium catalysts

c
N
d

uthenium catalysts; RCM mechanism

ype imidazol-2-ylidene, symmetrically or unsymmetrically sub-
tituted, are phosphine mimics [20,21,25] with a particularly
trong �-donor but poor �-acceptor character. They show lit-
le tendency to dissociate from the metal center [26,27]. Since
hey can be easily endowed with sterically hindered substituents
n their N-atoms, they are able to stabilize the catalytically rele-
ant intermediates by electronic and steric means against uni- as
ell as bimolecular decomposition pathways. These properties

ranslate into catalysts of greatly improved reactivity as well as
igher stability, which outperform the parent-complex 1 (Fig. 1)
n many cases.

In this context, by replacing one or both of the PCy3 lig-
for olefin metathesis.

atalyst), complexes such as 2 [28], the closely related mixed
HC/phosphane ruthenium–alkylidene complex (3) [23,29],
ihydroimidazole carbene ruthenium complex (4) [30,31], and
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omobimetallic ruthenium complex (5) [30,32], may allow a
ne tuning of the reactivity pattern by systematic variations of

he R groups (Fig. 1).
Another significant advance in this area is the discovery by

oveyda and co-workers of the Ru catalysts 6 [33], 7 [34] that
ear an isopropoxy ether ligand tethered to the benzylidene
roup. The unique bidentate nature of this ligand provides cata-
ysts 6 and 7 with a number of interesting and useful properties
35].

The aim of this review is to discuss the preparation, structure
nd reactivity of metathesis catalysts, including complexes on
olid supports and to present the mechanistic aspects behind the
lefin metathesis.

. Mechanism of ruthenium olefin metathesis

.1. Mechanism of Grubbs’ second-generation catalysts

The mechanistic studies [23,36,37] and the theoretical inves-
igation [38] on model systems, indicate that olefin metathesis
eactions proceed in a dissociative fashion according to the
echanism outlined in Scheme 1.
The first step of the reaction involves dissociation of bound

Cy3 to form a 14-electron intermediate of the general form
(Cl)2Ru CHPh (B). This intermediate can be trapped by free
Cy3 to regenerate the starting alkylidene, or bind the sub-
trate [(C), with trans olefin coordination to L] [38]. Rearrange-
ent of the resulting � complex to give the ruthenacycle (E)

y migratory insertion undergoes metathesis. The 14-electron
uthenacyclobutane (E) is an observable intermediate [39] in
HC-stabilized Grubbs catalysts, in which the strongly � donat-

ng carbene ligand is able to stabilize this Ru(IV) species which
as a symmetrical C2v structure [39].
The activity of catalyst is not only related to the phosphine
issociation rate k1 but also to the ratio k−1 to k2 which deter-
ines whether the catalyst binds the olefin or returns to its

esting state. While NHC complexes do not efficiently loose

m
o
u
m

Scheme 1
stry Reviews 251 (2007) 726–764

phosphine (initation, k1 small), a small amount of initiated 14-
lectron species is capable of cycling through multiple olefin
etathesis reactions before it is deactivated by the rebinding

f PCy3. However, once the phosphine comes off, coordination
f olefin is facile compared to re-binding of PCy3 (k−1/k2 ∼ 1
nd [olefin] is high). For a given phosphane PR3, an increasing
-donor ability of L facilitates the initial dissociation of PR3
nd destabilizes the intermediate � complex. This makes the
nsertion more favorable. Electronically, the most efficient cat-
lysts are expected to contain one weak and one strong �-donor
ncillary ligand to promote, respectively, dissociation and inser-
ion. For this reason, the role of NHC is two-fold: (i) being

better donor than PCy3, as expected from simple electronic
rguments, catalyst performance is enhanced and (ii) steric hin-
rance helps to prevent (or slow down) bimolecular carbene
ecomposition [23]. The catalytic activity depends on the donor
roperties of aryl substituted NHC, the lone pair donation from
he carbene carbon and the transfer of electron density of the
romatic �-face of the NHC aryl groups towards the metal [40].
t is also worth noting that the para-substituents to the nitro-
en atom also have an effect on the stability of the respective
uthenium complexes. The more electron donating substituents,
specially OR, lead to a significant destabilization of the respec-
ive Grubbs II and Grubbs–Hoveyda complexes, as evidenced
y some decomposition during chromatographic purification
40].

The thermal decomposition of catalysts has been proposed to
ccur via phosphine dissociation followed by bimolecular cou-
ling of two ruthenium fragments [37,41,42] suggesting that
atalyst initiation and decomposition proceed through the com-
on intermediate (B) (Scheme 2).
According to the mechanism proposed by Grubbs and

o-workers [42], the decomposition of the catalyst occurs

ainly by attack of the dissociated tricyclohexylphosphine D

n the methylidene of B. The 12 electron species F formed
pon elimination of phosphine ylide would bind one of the
esityl rings of B. Through two chloride bridges between

.
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wo ruthenium centers and HCl abstraction by the phosphine
lide D, the terminal alkylidyne complex H could be obtained.
ormation of I can be explained by oxidative addition of the

erminal alkylidyne in H with migration of two chlorides.
owever, the authors report that none of these intermediates
ave been observed by NMR spectroscopy [42].

.2. Mechanism of Hoveyda–Grubbs’ catalysts

In contrast to Grubbs’ second-generation precatalysts, which
re likely activated by the loss of PCy3, bidentate carbenes
uch as 6 or 7 (Fig. 1) are converted to the catalytically active

4-electron Ru complex through the dissociation of the Ru–O
helation. This is followed by olefin metathesis involving a sub-
trate molecule leading to the formation of isopropoxystyrene
or a related derivative) (Scheme 3) [33,34,43].

m
h
[

Scheme 3
.

The absence of released phosphine, which can intercept and
eactivate certain Ru carbene (such as the active complex)
44,45] is one of the key reason for the unique reactivity profiles
bserved for complex 6 or 7. Ruthenium complexes such as 6 or
operate by a release/return mechanism (Scheme 3) [33,34]. It

s possible that the initial Ru complex can exist in equilibrium
ith the active complex (release).
After initiating several catalytic olefin metathesis cycles

propagation), and upon complete consumption of the olefin,
he methylidene active complex encounters the initially released
sopropoxystyrene to regenerate the starting catalysts 6 or 7 (ter-
ination of the catalytic cycle) (Scheme 3) [33].

Intermolecular as well as intramolecular mechanism of enyne

etathesis, catalyzed by Grubbs ruthenium carbene complexes
as been modeled in a DFT study by Lippstreu and Straub
46].

.
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. Ruthenium carbene complexes bearing two
nsaturated imidazolin-2-ylidene ligands (type 2)

The first examples of ruthenium-based complexes in which
oth phosphines are replaced by more Lewis basic imidazolin-2-
lidene groups were reported by Hermann and co-workers [28].
he phosphane complex [RuCl2(PR3)2( CHPh)] [47] reacts
ith the appropriate imidazolin-2-ylidene to yield compounds
5–18 (Cy = cyclohexyl, Naph = 1-naphthyl) as air-stable solids
48] (Scheme 4).

A pathway to 19 [49] and 20 [49] is via com-
lex (IMes)(Cl)2(C5H5N)2Ru CHPh [50] (13) [49] and
IMes)(Cl)2(C5H5N)2Ru CHCHC(Me)2 [50] (14) respectively
IMes = l,3-bis(2,4,6-mesityl-imidazol-2-ylidene], in which the
Mes ligand is preinstalled and which contains labile pyridine
nd chloride ligands (Scheme 4).

Compounds 17 and 18 catalyze the conversion of N,N-diallyl-
-tosylamide 21 into the corresponding dihydropyrrole 27 in

uantitative yield; a lower activity has been reported for com-
ounds (R,R)-15 and (R,R)-16, which exhibit chiral imidazolin-
-ylidene ligands (Scheme 5).

Scheme 5.

t
t
(
s
c

4
c

e
(

l

.

Compounds 15–18 show high tolerance towards functional
roups and they are remarkably active catalyst in ring-opening
etathesis polymerization (ROMP) and for any kind of ring-

losing metathesis (RCM) [28,32,51]. Even though their activity
s lower compared to the bisphosphine complex 1 [28,31] proba-
ly because the catalytically active 14e− species is formed more
lowly, they show excellent performance in the formation of tri-
nd even of tetra-substituted cycloalkene products [51] due to
he stronger carbene metal bond [23,30].

Marshall et al. [52] have recently prepared the first chiral
ine-membered NHC complex of ruthenium 37 for potential
tereodifferentiating alkene metathesis reactions (Scheme 6).

The new chiral ligands (1S,2S)- and (1R,2R)-l,2-bis-(l-
lkylimidazol-2-yliden-3-methyl)cyclopentane (36) were pre-
ared in situ: this was achieved by transformation of a chiral
yclopentane dibromide backbone 33 to the bisimidazolium
alt 34. Conversion of the salt to the crystalline bis(imidazol-
-thione) revealed existence of two forms of the molecule in
he asymmetric unit with the same chirality. Reduction of the
hione functionality gave access to the bis(imidazol-2-ylidene)
36), which reacted with Grubbs catalyst 1 to afford the air-
table chiral chelating bidentate NHC ruthenium benzylidene
omplexes 37 (Scheme 6).

. Homo- and heterobimetallic ruthenium alkylidene
omplexes (type 5)

Herrmann and co-workers [30,32] synthesized the first

xample of bimetallic ruthenium NHC complexes 5, 38–40
Scheme 7).

Differences in reactivity of the chloro-bridged organometal-
ic precursors give an interesting insight into the affinity of
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Scheme 6. Synthesis of dicarbene ruthenium complexes 37.
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Scheme 7. Homo- (5) and heterobime

ifferent metal fragments to NHCs. For example, compound 5
an only be obtained from 3 and [(p-cymene)RuCl2]2, which
electively substitutes the phosphane ligand of 3, leaving
HC unchanged. Starting from 18 reveals no conversion.

n contrast, 38–40 have to be synthesized from 18; starting
rom 3 leads to a mixture of heterobimetallic phosphane and
HC complexes. The decisive criterion for the reactivity is the
ifferent affinity of the NHC to the chloro-bridged compounds:
h(III) > Ir(III) > Os(II) > Ru(II) (no reaction).

Complexes 5, 38–40 (Scheme 7), show a very high catalytic
ctivity in ROMP of 1,5-cyclooctadiene and RCM of tetra-
ubstituted cycloalkenes [51], not accessible by using complex
. The chloride bridged cymene and cyclopentadienyle ruthe-
ium templates are prone to decoordination and thereby open
he required vacant site on the active species in solution.

. Ruthenium carbene complexes bearing one
nsaturated nucleophilic imidazolin-2-ylidene ligand
type 3)

Independent and almost simultaneous publications on
second-generation’ metathesis catalysts, report complexes in
hich one of the PCy3 groups of 1 is replaced by an NHC

22,23,29–31,51,53].
Metal carbenes are generally classified as being nucleophilic

electron-rich) or electrophilic (electron-poor) in character of the
arbene carbon atom, but an effective olefin-metathesis catalyst
xhibits behavior between these two extremes. The Grubbs-
atalyst portfolio [9] consists of a variety of ruthenium-based
ystems of general formula [Cl2(L)(L′)Ru C(H)R] (Fig. 1).

uccessful improvements to the ‘Grubbs first-generation cat-
lyst’ [Cl2(PCy3)2Ru C(H)R] (1) are modifications that either
ncourage loss of L′ [45] (initiation of catalytic reaction) or
educe the tendency of [Cl2(L)Ru C(H)R] to re-capture the lib-

C
l
1
(

(38–40) ruthenium NHC complexes.

rated L′ [37] (propagation), which competes with the olefin
ubstrate for the unsaturated metal center in [Cl2(L)Ru C(H)R].

Nucleophilic heterocyclic carbene ligands of the imidazol-
-ylidene-type have proven to be phosphine mimics [21] more
articularly those sterically hindered developed by Arduengo
t al., which bear aryl group on the nitrogen positions
nd prevent (or slow down) bimolecular carbene degradation
24].

.1. Symmetrically substituted NHC entities (R = R′)

The first NHC/phosphane complexes 3, 41–42 were reported
y Herrmann and co-workers [30], by reacting the appropriate
HC (1.2 equiv.) with 1 in THF (Scheme 8). Low temperature

s crucial for the selectivity of the phosphane/NHC substitution
eaction. At room temperature the selectivity is lowered and
ixtures with a significant amount of the corresponding type 2

Fig. 1) dicarbene complexes were generated [30]. The catalytic
ctivity for all types of RCM reactions is very high but still lower
ith respect to the parent compound 1 [51].
In the same year, parallel studies by Grubbs and co-

orkers [29] and Nolan and co-workers [23,54] described
he exchange reaction of one phosphine ligand of com-
ound 1 with the sterically demanding carbene ligand
,3-bis(2,4,6-mesityl)imidazol-2-ylidene (IMes) leading to the
solation of the new complex (PCy3)(IMes)Cl2Ru C(H)Ph
43) [55] (Scheme 8). According to the same reaction
cheme, the new complexes (PCy3)(ITol)Cl2Ru C(H)Ph
45) [54] (PCy3)(IpCl)Cl2Ru C(H)Ph (46) [54] (PCy3)-
IPr)Cl2Ru C(H)Ph (47) [56] and (PCy3)(Ph3Tri)-

l2Ru C(H)Ph (48) [57] of the sterically hindered carbene

igands l,3-bis(4-methylphenyl)imidazol-2-ylidene (ITol),
,3-bis(4-chlorophenyl)imidazolyd-2-ylidene (IpCl), l,3-bis-
2,3-diisopropyl)imidazol-2-ylidene (IPr) and 1,3,4-triphenyl-
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,5-dihydro-lH-l,2,4-triazol-5-ylidene [58] (Ph3Tri) were
ynthesized (Scheme 8).

Grubbs and co-workers [59] reported an alternative route to
8, 49 and 53 that employs NCH-alcohol as protected form
f the NHC ligand, easier to handle compared to their free
arbene counterparts (Scheme 8). When compounds 48 and
3 were unstable in solution due to the Ph3Tri ligand disso-
iation from the metal center and the phosphine reassociation
o yield the more stable (PCy3)2(Cl2)Ru CH–CH C(CH3)3,

omplex 49, generated in situ from (Ph3Tri)(H)(OMe) and
PPh3)2(Cl)2Ru CHPh 1′, catalyses the ROMP reactions of
OD and bulk dicyclopentadiene at a fast rate [59]. The decom-
osition pathway of 48 and 53 is both accelerated at elevated

c
t
t
[

Scheme 9
.

emperature and under catalytic turnover conditions, making
hem poor olefin metathesis catalysts [59].

As it was the case for 43, one IMes can be substi-
uted by one PCyp3 in (PCyp3)2(Cl2)Ru CH–CH C(CH3)3
50; Cyp = cyclopentyl, C5H9) [28] to produce (PCyp3)-
IMes)Cl2Ru CH–CH C(CH3)3 52 [54] (Scheme 8).

Complex 3 promotes a better ROMP of 1,5-cyclooctadiene
30], with respect to the parent compound 1, and presents
n excellent activity for the synthesis of tetra-substituted

ycloalkenes by RCM [29,51]. The IMes-containing deriva-
ives 43 and 52 are efficient as catalysts for the polymeriza-
ion of cyclic olefins contained in cyclostomes (COE) [54]
Scheme 9(a)]. They show enhanced polymerization propaga-

.
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ion compared to their precursors 1 and 50. The improved
lectron donor properties of the IMes ligand lead to a better
tabilization of the reactive site, which is formed by phos-
hine abstraction from the metal center. Moreover, the PCy3-
enzylidene complex 1 and 43 display a significantly more rapid
olymerization behavior than the PCyp3-vinylmethylene com-
lexes 50 and 52, which is obviously the result of the benzylidene
eplacement by the vinylmethylene moiety at the metal center.

For the RCM of diethyl diallylmalonate [23,54] (25,
cheme 5), the ITol (45) and IpCl (46) ligands lead to sig-
ificantly slower reactions, because of poor electron-donating
igand ability to the ruthenium center and lower steric protection
ecause of the lack of substitutions at the aryl ortho positions.
Cyp3-vinylmethylene complexes 50 and especially 52 are less
fficient under these conditions. Complex 43 exhibits high RCM
f macrocyclic ethers, comparable to that of complex 1 [29,57].

In the cross-metathesis (CM) of cis-2-pentene [Scheme 9(b)]
omplex 43 is twice more efficient as catalyst 1; the vinylmethy-
ene complex 52 is slower than 43, but still better than 53, which
hows a very low activity [54].

Complexes 43 and its chloro-substituted analogue 44 are
lmost indistinguishable in their reactivity toward enyne 54
Scheme 10(a)]; terminal as well as internal alkynes can be used;
arious substitution of the alkene entities are tolerated and even
ri-substituted olefins are found to undergo efficient cycloiso-
erization in the presence of complex 43, thereby transferring
dimethylmethylidene unit [Scheme 10(b) and (c)]. Catalyst

3 also allows formation of six-membered rings and even the
even-membered heterocycle 63 is obtained in excellent yields

R
c
p

0.

57] [Scheme 10(d)]. Formation of product 65 [Scheme 10(e)], in
ower yield, is particularly noteworthy as the required substrate
4 is an electron-deficient and highly conjugated alkyne deriva-
ive. Another stringent test is the formation of the 14-membered
ing lactone 68 [Scheme 10(f)] containing a tri-substituted dou-
le bond, formed in good yield in the presence of 43 and 44; all
ttempts to run the same transformation using catalyst 1 afford
nly homo-dimerization at the least substituted site with the for-
ation of the acyclic dimer 66 [57].
When catalyst 47 was tested by using diethyl diallylmalonate

5 or its substituted analogues 23, 24 and 26 (Scheme 5), RCM
eaction was complete after 15 min at room temperature [56];
nder identical conditions complex 1 showed 85% conversion
23,29,51]. The catalyst 48 affords a 85% conversion of diethyl
iallylmalonate 25 and diallyltosylamide 21 in RCM reactions,
ithin 2 h. However, a prolonged stirring did not lead to fur-

her conversion, most likely because of the limited lifetime of
omplex 48 in solution [57].

A number of recent reports have indicated that
Ru] C(H)OR-type complexes may be active olefin metathesis
atalysts [60–62]. A series of well-defined carbenes complexes
PCy3)(IMes)(Cl)2Ru C(H)ER (69–72) bearing electron-rich
ER) olefins have been prepared by Louie and Grubbs [63]
Scheme 11). Complex 72 in solution was shown to behave in
quilibrium with its chelate form 73.
All Ru Fischer-type carbene complexes initiated the
OMP of strained cyclic olefins (e.g. norbornene and 1,5-
yclooctadiene) affording quantitative yield of polymer, com-
lex 71 being the one with the highest catalytic activity. In
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Scheme 11. Synthesis of Ru

he presence of diethyl diallylmalonate 25, 69–72 afforded the
yclized product 31 (Scheme 5). The activity of Ru Fischer-
ype carbene complex heavily depends on the �-heteroatom of
he carbene moiety. The rates of ROMP and RCM suggest that
elative activities of (PCy3)(IMes)(Cl)2Ru C(H)ER complexes
ollow the general trend E = C > N > S > O.

To study the effect of replacing a phosphine donor with the
Mes or IPr ligand in RCM reactions, Nolan and co-workers [64]
repared (p-cymene)RuCl2(IMes) (75) (p-cymene)RuCl2(IPr)
76) and [(p-cymene)RuCl(IMes)( C C CPh2)]+PF6

− (77),
table at elevated temperature (Scheme 12).

The catalytic activities of 75–77 in ring-closing metathesis
RCM) of diethyl diallylmalonate 25 showed that the IMes-
ontaining complexes 75 and 77 are the best catalyst pre-
ursors compared to the phosphine-containing complexes (p-
ymene)RuCl2(PCy3) and (p-cymene)RuCl2(Pi-Pr3), whereas
he ruthenium complex incorporating the IPr ligand 76, showed
imilar reactivity.

The first coordinative unsaturated 16-electron ruthenium
llenylidene complex 79 is easily prepared by one-pot reac-
ion of (PPh3)4RuCl2 (78) or [(p-cymene)RuCl2] (74) with

equivalents of PCy3 and 3,3-diphenylpropyn-1-ol [65]. The
xchange of one PCy3 ligand for IMes afforded 80 in high yields
Scheme 12). When (PPh3)4RuCl2 (78) reacts in the sole pres-
nce of 3,3-diphenylpropyn-1-ol, the 3-phenyl-1-indenylidene
omplex 81 (indenylidene) is formed by intramolecular rear-
angement. The PPh3 ligands can be substituted by the better
lectron-donating ligand such as PCy3 to afford 82. In the case of
omplex (PCy3)2RuCl2( C C CPh2) (79), the higher electron
ensity at the metal center provided by the PCy3 ligand inhibits
he rearrangement of the allenylidene backbone to afford 81.

Unfortunately, both complexes 79 and 80 are not very effi-
ient in RCM of diethyl diallylmalonate 25 and diallyltosy-

amide 21 compared to cationic 18-electron arene-ruthenium
llenylidene complexes [66]. The significantly higher bonding
nergy of allenylidene moiety of the metal center might be at
he origin of the lower catalytic activity [65].

8
d

m

her-type complexes 69–72.

The imidazolynilidene analogues of the previously described
u–allenylidene complexes RuCl2( C C CPh2)(PR3) [81,
= Ph; 82, R = Cy] [65] can be prepared via substitution reac-

ions with IMes or IPr ligands, to afford complexes 86 and 88
R = Ph) or 85 and 87 (R = Cy), respectively [67]. The com-
ounds containing PPh3 were less stable and decomposed on
eating, while those incorporating PCy3 were robust at ele-
ated temperature even after 10 days. This result is surprising
ecause if the decomposition pathway involves dissociation of
hosphines (other ligands are less likely to dissociate), the less
lectron-releasing and hence the less tightly bound PPh3 ligand
hould undergo dissociation faster than the more tightly bound
Cy3 moiety.

The complexes 81, 82, 85–88 were tested in the RCM reac-
ion of diethyl diallylmalonate 25 and diallyltosylamide 21: 81
howed no activity, while its derivatives 86 and 88 were effi-
ient in this transformation, at 40 ◦C and room temperature,
espectively. With more hindered substrates such as diethyl(2-
ethylallyl)malonate (23, Scheme 5) the yield of the reaction
as poor, even at 80 ◦C, because the catalyst was disabled after
certain period of time at higher temperature [67]. Complexes
2, 85 and 87 catalyzed the RCM reaction of diethyl diallyl-
alonate 25 with comparable yields (75–88%) [67] at room

emperature. When the substrate was diallyltosylamide 21, a
ommon trend of reactivity was displayed by complexes 82 and
7 (yields 89–96%) [67] at room temperature. Only 30% yield
as obtained with complex 85 [67]. The indenylidene complexes
2 and 85–88 are good catalyst precursors in RCM of sterically
nhindered substrates, comparable to types 1 and 50 alkylidene
omplexes (Scheme 8) developed by Grubbs and co-workers
4,47,68] and Herrmann and co-workers [28], respectively. They
how much higher activity compared to their allenylidene ana-
ogues 79 [65] and 80 (Scheme 12). In summary, complexes

5–88 are active catalyst precursors in the RCM reactions of
ienes.

The reaction of carbenes 1,3-diisopropyl-4,5-dimethyli-
idazol-2-ylideme (iPrim) [69] and IMes with (PCy3)2Cl2Ru
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CHPh (89) [70,71] respectively afforded (iPrIm)2Cl2Ru
CHPh (91) [72] and (PCy3)(IMes)Cl2Ru C CHPh (90)

Scheme 12).
The RCM of diethyl diallylmalonate using 91 was not

bserved, even under harsh conditions. This is somewhat sur-
rising since the analogous bisimidazolyl benzylidene complex
9 (Scheme 4) is a known RCM catalyst [30,51]. The same
eaction, in the presence of 90 as catalyst afforded high yield,
lthough the reaction rate was much slower than with the ruthe-
ium carbene complexes 1 (Fig. 1) and 43 (Scheme 8). The
low rate of the reaction may result from a slow initiation since
he propagating species, presumably methylidene, should be
he same as that produced by carbene 43. Noteworthy is that
eplacement of a phosphane with an imidazolylidene in neutral
llenylidene complexes (e.g. 80, Scheme 12) does not provide
metathesis active catalyst [65]. These results indicate that

ncreased ligand dissociation (i.e. of phosphane) was necessary
o accelerate initiation and thereby enhance the catalytic activ-
ty. The alternative approach involves the direct generation of
he phosphane-free active species in situ [72], avoiding the use

f phosphane scavengers such as copper salts or acids. Ruthe-
ium vinylidene complexes can be conveniently prepared by
dding to the dimer [(p-cymene)RuCl2]2 (74, Scheme 12), the
igand IMes and t-butylacetylene, to afford a phosphane-free

m
t
c
c

2.

omplex 83 (Scheme 12) as a catalyst precursor which cataly-
es the RCM of diethyl diallylmalonate 25 with 95% yield. The
omplex formed in situ displayed higher catalytic activity than
he vinylidene complex 90 [72] (Scheme 12).

.2. Unsymmetrically substituted NHC entities (R �= R′)

The unsymmetrically substituted NHC’s metathesis catalysts
3–104 of ‘second generation’ are prepared in situ in presence of
-BuOK [57,73,74] after quaternization of N-mesitylimidazole
2 [75]. This approach is particularly justified especially for
he preparation of complexes 93–95, to minimize possible side
eactions between the carbene center and the alkene groups
n the lateral chains of the corresponding NHC derivatives
Scheme 13).

Their unique ability to metathesize their own ligands allows
he preparation of compounds 104 and 105 from 93 and 94 [57]
espectively, in which the NHC and the ‘regular’ carbene unit
u CHR are tethered to a metallacycle [73] (Scheme 13).

The design of these species is based on the idea that they

ight be able to regenerate themselves after the metathesis reac-

ion is over and the substrate in solution has been quantitatively
onsumed. Desilylation of 97–100 afforded ruthenium–NHC
omplexes 106–109 [74] bearing unprotected hydroxyl groups
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n their side chains, which might allow their immobilization on
arious supports.

All complexes 93–96 and 101 are able to promote cycliza-
ion of 22 to 28 (Scheme 5), although the catalytic activity of
he homologous series 93–95 shows a significant dependence of
eactivity related to the tether length between the alkene entity
nd the metal core. This effect is likely associated to their differ-
nt ability to form in situ chelate complexes such as 104 and 105.
he analogous malonate derivative 23 is more reluctant toward
yclization catalyzed by 93–96 and 101 [57], while complex
02 is efficient with 24 (Scheme 5) and 110 in the RCM reac-
ion (Scheme 14) [73].

Fogg and co-workers [76] prepared the first halide-free
uthenium catalyst for olefin metathesis, by reacting com-
lex (py)2(IMes)(Cl)2Ru C(H)Ph 13 [49] (Scheme 4) with
lOC6X5 (X = F, Cl, Br) in a selective trans-metallation reac-

ion, to afford complexes bis(perfluorophenoxide) 112, and
ono(aryloxides) 113 (X = Cl) and 114 (X = Br) because of the

igand bulk (Scheme 15) [77].
Catalysts 112–114 show high activity at low catalyst loading

or ring-closing of diethyl diallylmalonate 25 (Scheme 5) and

7 (Scheme 10) with a 100% yield in only 15 min [77]. RCM
f ene-yne 54 (Scheme 10) is facile, even at catalyst loadings
n order of magnitude lower than those reported for 43 or 44.
he aryloxide catalysts have high affinity for silica, enabling

Scheme 15.

o
t
n

m
a
l
m
e
m
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r

3.

heir efficient removal in a simple column filtration, without any
ncubation with charcoal, lead or phosphine [77].

. Ruthenium carbene complexes bearing one saturated
ucleophilic imidazolin-2-ylidene ligand (type 4)

.1. Symmetrically substituted NHC entities (R = R′)

To increase the utility of the ruthenium family of com-
lexes by increasing their catalytic activity, Grubbs and co-
orkers [31,59,78–80] prepared ruthenium-based complexes

oordinated with 1,3-dimesityl-4,5-dihydroimidazol-2-ylidene
H2IMes). Due to the lack of carbene stabilization, resulting
rom the absence of �-interactions, these saturated imidazole
igands are more basic than their unsaturated analogues. The
tronger basicity of these ligands should in turn translate into an
ncreased catalytic activity [68].

The ethane-1,2-diamines 115 [81] (R′ = H), and 1,2-
isubstituted ethane-1,2-diamines 116 [82] (R′ = Ph) and 117
82] (R′ = alkyl) were converted into the corresponding imida-
olium salts 118–120 by treatment with triethylorthoformate in
he presence of ammonium tetrafluoroborate. All attempts to
eprotonate 118–120 by a metal hydride to generate the free
arbene to be coupled with the benzylidene ruthenium complex
failed. The alternative approach consisted in the protection of

arbene as 2-alkoxy-4,5-dihydroimidazoles 127–128; the free
arbene, extremely air and moisture sensitive, can be generated
n situ in the presence of potassium tert-butoxide [80] (t-BuOK)
r potassium tert-amylate [55] [CH3(CH2)3COK] and directly
rapped by complex 1, by heating to 60–80 ◦C, to afford ruthe-
ium complexes 129–141 (Scheme 16).

When replaced by mono-o-substituted aryl groups, the
esityl substituents of 132 and 137, afford complexes 134, 135

nd 139, 140 respectively. The desymmetrization of the H2IMes
igand was performed in the development of chiral ruthenium

etathesis catalysts [79]. A steric effect was expected to more

ffectively transfer the stereochemistry of the ligand close to the
etal center by placing the o-substitutents of the aryl group

n an anti arrangement to the substitutents on the imidazole
ing.
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The RCM reaction of complexes 129 and 137 produces a
uantitative yield for the cyclization of diethyl diallylmalonate
5, comparable to 1. In the case of 2-substituted �,�-dienes, the
ncreased ring-closing metathesis activity is evident: compound
4 (Scheme 5) is converted in a quantitative within minutes into
he corresponding tri-substituted cycloolefin 30 using complexes
29 and 137, with a quantitative yield. Complex 1 in the same
eaction conditions afforded only a 20% conversion [31]. A more
ramatic illustration of the RCM activity of complexes 129 and
37 is the quantitative conversion of compounds 23 and 26 into
he corresponding tetra- and tri-substituted cyclolefins 29 and 32

Scheme 15), while complex 1 completely failed to promote the
yclization [31]. The 2,6-di-isopropylphenyl-substituted com-
lex 130 diplays considerably superior activity than 129 for the
etathesis of terminal olefins [83].

o
w

t

6.

Complex 129 was used also as initiator for the
olymerization of (±)-exo,endo-bis{5-[(4′-cyanobiphenyl-4-
l)oxy]pentyl}bicyclo[2.2.1]hept-5-ene-2,3-dicarboxylate 148
84] in the presence of additives such as pyridine or acetoni-
rile (Scheme 17).

Complex 129 was also used in the high-yielding synthe-
is of A,B-alternating copolymers by ring-opening-insertion-
etathesis polymerization [85] (ROIMP), where the ROMP of

he cycloalkene initially produces an unsaturated polymer scaf-
old to which subsequent insertion of the diacrylate produces
he final A,B-alternating structure (Scheme 18). A 1:1 mixture

f 1,4-butanediol diacrylate and cyclooctene gave a copolymer
ith up to 99% A,B-alternation.
Catalysts 132, 134, 135, 137, 139 and 140 were used for enan-

ioselective desymmetrization of triene 149 to dihydrofurans
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50 [79], with higher enantioselectivity for those prepared from
1R,2R)-diphenylethylenediamine (132, 134–135, up to 23%
e) than those prepared from (1R,2R)-1,2-diaminocyclohexane
137, 139–140, less than 9% ee), more particularly when the
esityl groups (132, 15% ee) were replaced by o-methyl- (134,

3% ee) or o-isopropylaryl groups (135, 23% ee) (Scheme 19).
The 4,5-dihydroimidazol-2-ylidene-substituted ruthenium-

ased complexes extend the potential of the ruthenium family
omplexes. Di-, tri- and tetra-substituted cycloolefins can be
repared in moderate to excellent yields. Moreover, the catalyst
oading is two orders of magnitude lower than that for parent
omplex 1 (approximately 0.05 mol%) and tolerates functional
roups such as nitriles or amines, known to poison complex 1
n ROMP reactions [84].

.2. Unsymmetrically substituted NHC entities (R �= R′)

Replacement of the currently ubiquitous mesityl-substi-
uted NHC ligand with a 1-adamantyl-substituted one affor-

ed complex 142 (Scheme 16) [78]. The mixed mesityl/
-adamantyl NHC ligand 1-(1-adamantyl)-3-mesityl-4,5-
ihydroimidazol-2-ylidene (H2IAdMes) (rapidly generated
n situ from 121 and potassium tert-pentoxide) was added

Scheme 19. Enantioselective desymmetrization of triene 149.
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nism for ROIMP [85].

o a solution of 1 (Scheme 16) to afford complex (PCy3)-
H2IAdMes)(Cl2)Ru CHPh 142 [78].

The metathesis activity is very limited, considerably lower
han the parent complex 1. Indeed, 142 was unable to initiate the

etathesis of 1-octene in the absence of the phosphine scavenger
CuCl), and even in the presence of CuCl, very low turnover
umbers could be obtained.

The mesityl group, being flat, is bulky in only two dimen-
ions; the adamantyl is bulky in three dimensions. The extra
ulkiness might induce more rapid dissociation of the phosphine
igand, an essential step for the initiation of the ‘precatalyst’ to
he four coordinate 14-electron metathesis active species [37],
nd might also provide greater shielding of the metal center.
he aliphatic adamantyl group is more electron-donating than

he aromatic mesityl, which should make adamantyl-substituted
HC’s better �-donors than the mesityl analogues [78]. It seems

hat the steric hindrance of the trans position to the benzylidene
roup provided by the adamantyl substituents is the most
onvincing explanation for the observed decrease in metathesis
ctivity of 142, compared to closely related catalysts [78].
ingle crystal X-ray analysis of complex 145 [86] (Scheme 16)
hows intramolecular �–� stacking between the benzylidene
arbene unit and the N-mesityl substituent on the NHC residue.
he same structural element has been observed for complexes
43–144, and 146–147 [86], originated respectively from
22–123, and 125–126 in the presence of catalyst 1. With the
xception of catalyst 144, catalysts 143, and 145–147 were
ound to be superior to the parent complex 1 for the ROMP of

ycloocta-l,5-diene, furthermore, the less hindered complex 147
s the most active in this family for RCM of diethylallylmalonate
5. This fact clearly demonstrates that modification of the NHC
igand can induce substantial changes in the reactivity pattern
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f the corresponding catalyst and that systematic variation of
he N-substituents may eventually allow fine-tuning.

.3. Ruthenium Fisher-type complex (PCy3)(H2IMes)(Cl2)-
u C(H)ER

A series of well-defined carbene complexes (PCy3)-
H2IMes)(Cl)2Ru C(H)ER (151, 152) bearing electron-rich
ER) olefins have been prepared from 129, by Ozawa and co-
orkers [62] (151, ER SePh), and Louie and Grubbs [63] (152,
R OEt) by addition of vinyl phenyl selenide and vinyl ethyl
ther, respectively (Scheme 20).

The successful metathesis of 1,1-difluoroethylene with
uthenium catalyst 129 affords the corresponding methyli-
ene [(H2IMes)(PCy3)(Cl2)Ru CH2] [37] 153 and difluoro-
arbene [(H2IMes)(PCy3)(Cl2)Ru CF2] [87] 154 complexes
Scheme 20).

Catalyst 151 promotes ring-opening/cross-metathesis [62]
ROCM) reactions of endo-5,6-disubstituted norbornenes, with
igh yields (Scheme 20). Complex 152 initiates: (i) the ROMP
f norbornene and norbornene derivatives at room temperature,
ffording quantitative yield of polymers; (ii) ROMP reaction of
,5-cyclooctadiene within only 2 h at 60 ◦C, with almost quan-
itative yield; (iii) the RCM reaction of diethyl diallylmalonate
5 within 4 h at 60 ◦C, with quantitative yield. As expected,
omplex 152, containing an imidazolylidene ligand was more
ctive than its unsaturated analogue 69 (Scheme 11). The activ-
ty of 154 in ROMP reaction of 1,5-cyclooctadiene is low (yield:
% at room temperature) with respect to catalyst 129 yield:
00% at room temperature). Higher temperatures and additives
o promote phosphane dissociation improve the activity of 154
o afford 72% yield [87].

.4. Ruthenium complex type [(p-cymene)(H2IMes)-
u(Cl2)] 155 [88,89]
A three-component combination of the ruthenium(II) source
(p-cymene)RuCl2]2, l,3-bis(mesityl)-4,5-dihydroimidazolium
hloride (H2IMes) and Cs2CO3 as a base produces in situ a

s
1
a

0.

atalytic system 155 for the intramolecular metathesis of O–Si
ontaining enynes under mild conditions [89].

The transformation was extended to other silylated enynes
ontaining a terminal triple bond and various alkyl and aryl
ubstitutents, with a complete transformation of substrates into
,3-diene six-membered siloxanes. This catalytic system is also
fficient for disubstituted C–C triple bonds containing enynes
Scheme 21(a) and (b)].

The behavior of catalytic system 155 is dichotomous: in the
resence of a diene D, it spontaneously promotes cycloisomer-
zation to methylene five-membered cyclic ylidenes Y, whereas,
n the presence of acetylene the activity of catalyst 155 is ori-
nted toward the exclusive formation of the RCM metathesis
roduct (MP), with loss of ethylene. Thus, acetylene can tune
he activity of catalytic system 155 and modify its standard cat-
lytic role [88] [Scheme 21(c)].

.5. η6-Mesityl,η1-imidazolinylidene–carbene–
uthenium(II) complexes [90]

Reaction of electron-rich carbene-precursor olefins contain-
ng at least one 2,4,6-trimethylbenzyl group (R = CH2Mes)
inked to a nitrogen atom, with [RuCl2(arene)]2 (arene = p-
ymene, hexamethylbenzene) selectively leads to two types of
omplexes. The cleavage of the chloride bridges occurs first to
ield the expected (carbene)(arene)ruthenium(II) complex 158.
hen, a further arene displacement reaction takes place to yield

he chelated �6-arene,�1-carbene–rutheniun(II) complexes 159
nd 160. An analogous �6-arene,�1-carbene complex with a
enzimidazole frame 162 was isolated from an in situ reaction
etween [(p-cymene)RuCl2]2 74, the corresponding benzim-
dazolium salt 161 and cesium carbonate. By reaction with
gOTf and propargylic alcohol, compounds 159, 160 and 162
ere transformed into the corresponding ruthenium allenylidene

ntermediates 163–165 [90] (Scheme 22).

In situ generated intermediates 163–165 were found to be

elective catalysts for RCM or cycloisomerization reaction of
,6-dienes. Catalytic reactions proceed with good efficiency
nd selectivity under relatively mild conditions. However, the
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hemoselectivity of the reaction dramatically depends on both
iene and solvent nature.

Like 80 (Scheme 12), other ruthenium vinylidene complexes
an be prepared from commercially available terminal alkynes
nd ruthenium sources such as the dimer [RuCl2(p-cymene)]2
4, in presence of PCy3 [71]. Reaction of these vinylidene
omplexes with the carbene ligand H2IMes produces a clean
ono-substitution for complexes 166–168 [91] (Fig. 2). Low-

trained and high-strained cyclic monomers were converted in
xcellent yields using the three complexes although significant
ifferences in their behavior were observed. Catayst 167 is the
ost active system toward ROMP because quantitative conver-

ions are reached from cyclooctene. Conversions for 166 and
68 are, respectively 54% and 90%. Quantitative conversions
ith catalyst 167 are also obtained from norbornene, ethyl-
butyl-, hexyl-, decyl-, ethylidene-, triethoxysilyl-norbornene.
he RCM of diethyl diallylmalonate, 1,7-octadiene and dial-

ylether yields quantitatively the cyclic product using catalysts
67 and 168, with a good activity on tri- and tetra-substituted
ouble bonds.

.6. Linear alkylcarbene complexes [92]
Alkyl carbene second-generation ruthenium olefin metathe-
is catalysts are synthesized by reaction of (PCy3)(H2Mes)-
Cl2)Ru C(H)Ph (129) with 2-butene gas and trans-2-hexene
o afford (PCy3)(H2Mes)(Cl2)Ru C(H)Me [92] (169) and

Fig. 2. Vinylidene and linear alkyl carbene complexes.

6
n

p
i
X
[
X
[
(
r
1
t
p

1.

PCy3)(H2Mes)(Cl2)Ru C(H)Et [92] (170) (Fig. 2). These
omplexes were found to active for ROMP of cyclooctene and
or acyclic diene metathesis (ADMET) polymerization of 1,9-
ecadiene, resulting in polymers with well-defined vinyl end
roups [1].

.7. Ruthenium indenylidene complex bearing a bidentate
chiff-base [93]

The mixed-ligand ruthenium-(3-phenyl-1-indenylidene)
chiff base complex 171 was synthesized in two steps: the
ddition of the parent Schiff base 172 [94] to 82 [65] afforded
73 [94]. The reaction of 173 with H2Mes ligand [95] according
o well-established procedures [67] afforded complex 171 [93]
Scheme 23).

Both complexes 173 and 171 exhibit catalytic activity for
he ROMP of cyclopentene and cyclooctene, with a quantita-
ive conversion of cyclooctane in few minutes at room tem-
erature, 171 having more pronounced effect. Moreover, in
ontrast to the second-generation Grubbs-type catalysts, 171
ive access to well-controlled high-molecular weight polymers
93].

.8. (H2IMes)(Cl2)(XC5H4N)2Ru C(H)R: a precursor for
ew ruthenium catalysts

An effort to modify the ligand environment of 129 or 174 to
roduce new metathesis catalysts with improved stability, activ-
ty, selectivity and functional group tolerance (H2IMes)(Cl2)(3-
C5H4N)2Ru C(H)Ph [(175) [37,45,50,96,97] X = H; (176)

44,92] X = 3-Br; (177) [44] X = 4-Ph] (H2IMes)(Cl2)(3-
C5H4N)2Ru C(H)C(H) C(CH3)2 [(178) [98] X = H; (179)

98] X = 3-Br] and (H2IMes)(Cl2)(3-BrC5H4N)2Ru C(H)CH3
180) [92] were synthesized. They are versatile starting mate-

ials, containing labile pyridine and chloride ligands. Catalysts
74, 181–187 [45,50] and 188 [98] are synthesized by adding
he appropriate phosphine to the solution of bis(pyridine) com-
lexes (Scheme 24).
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Reaction of 176 with cis-butene affords ethylidene 180 [99]
he propylidene and butylidene complexes 189 and 190 being

repared in a similar fashion by using respectively trans-3-
exene and trans-4-octene [99]. These complexes are not very
table in solution, but when treated with PCy3, they rapidly
eact to afford the corresponding complexes [99] 169, 193 and

F
P

C

Scheme 2
2.

94 (Scheme 24). In the presence of vinyl ethyl ether, complex
76 affords 191 [99] precursor for the synthesis of ruthenium

ischer-type complex 152 (Scheme 20) obtained by adding
Cy3.

Complex 175 was found to efficiently catalyze the selective
M of 1-hexene and acrylonitrile. High yields were obtained

3.
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nly with high loading of catalyst (10 mol%). Reactions between
crylonitrile with various functionalized olefins, such as allyl
lcohols, acrolein, and acrylic acid and ester, were performed
n good yields (55–77%), the Z-isomer predominating in the

ixture of products [96]. In order to prevent the coordination of
he cyano group towards the ruthenium carbene intermediates,
ome Lewis acids as co-catalyst were introduced: Ti(O-i-Pr)4
as the best promoter for CM of acrylonitrile, the product was
btained in 60% yield [97].

Complexes 175–177 were compared for their ability to
ediate CM between acrylonitrile and allylbenzene. 175 and

77 provided only modest yield of cross-product (26% and
9%, respectively), while the 3-bromopyridine derivative 176
rovided a yield of 67%, presumably because dissociation of
he electron-deficient 3-bromo-pyridine ligand was extremely
apid and/or because rebinding was slow, both of them

ontributing to favor turnover conditions [44]. (±)-Exo,endo-
is{5-[(4′-cyanobiphenyl-4 - yl)oxy]pentyl}bicyclo[2.2.1]hept-
-ene-2,3-dicarboxylate (148) was polymerized with initiator
75 [84] which also promoted the controlled living polymer-

d

m
p

4.

zation for norbornene and 7-oxonorbornene derivatives, not
chievable with other catalysts, and producing AB-diblock
nd ABC-triblock copolymers from sequential addition of
onomers [100].
The linear alkyl carbene complexes (H2IMes)(3-BrC5H4N)2-

Cl2)Ru C(H)Me (180) and (H2IMes)(3-BrC5H4N)2(Cl2)Ru
(H)Et (189) catalyzes the ROMP of cyclooctene, with a higher
atalytic activity 189 compared to that of (H2IMes)(PCy3)(Cl2)
u C(H)Me (169) [92].

Catalyst (H2IMes)(PCy3)(Cl2)Ru C(H)Et (193) more effi-
ient than (H2IMes)(PCy3)(Cl2)Ru C(H)Ph (129) in the ROMP
f dicyclopentadiene [99,101] but is not active in the RCM of
iethyl diallylmalonate, compared to 129 which promoted com-
lete conversion. A possible explanation for the lack of catalytic
ctivity is that the faster PCy3 of 193 leads to a higher PCy3
oncentration and faster deactivation of the propagating methyli-

ene catalyst (H2IMes)(Cl2)Ru( CH2) [99].

(H2IMes)(PCy3)(Cl2)Ru C(H)Et (193) was used to poly-
erize 1,9-decadiene at 70 ◦C under vacuum (ADMET) and the

roperties of this polyoctenamer were quite similar to those of
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Fig. 3. Diene for RCM.

he one produced with (H2IMes)(PCy3)(Cl2)Ru C(H)Ph (129),
ut a lower molecular weight was obtained [92]. All the aryl
hosphines containing ruthenium complexes 174, 183–187 are
ore active than 129 in the ROMP of cyclooctadiene. They

ompletely initiate during the course of polymerization (i.e.
omplete conversion of the starting benzylidene into a new
lkylidene), suggesting that loading of aryl-phosphine-based
atalyst can be lower with respect to 129 [45]. The rate difference
or the RCM of diene 195 (Fig. 3) using 174, 183–187 compared
ith 129 is not so dramatic as they are for ROMP suggesting

hat the ROMP kinetics are primarily affected by phosphine
issociation, whereas the RCM kinetics are also affected by
ifferences in phosphine rebinding. Complexes 174, 183–187
roved to be more active than 129 for the RCM of diene 195
45].

In contrast to the bis-phosphine ruthenium dimethylvinyl
arbene complexes, the mixed ligand complex (H2IMes)-
PPh3)(Cl2)Ru C(H) C(H)C(CH3)2 (196) is a useful cata-
yst for ADMET of terminal dienes and ROMP of low-strain
yclic monomers as demonstrated by the polymerization of 1,9-
ecadiene, 1,5-hexadiene, cyclooctene and 1,5-cyclooctadiene.
t produces polymers with high trans-olefin contents (94%),
hereas the PCy3 complex produces ADMET polymers with

ower trans content (80%). 196 is also useful for ROMP

f low-strain olefins and produces high molecular weight
olyoctenamer. Bis-pyridine, phosphine-free (H2IMes)(3-
rC5H4N)2(Cl2)Ru C(H) C(H)C(CH3)2 (179) was shown to

eact rapidly and completely with ethyl vinyl ether, indicating

p
1
R
t

Scheme 2
stry Reviews 251 (2007) 726–764 743

hat the poor initiation characteristics of these dimethylvinyl car-
ene complexes are overcome with pyridine ligation; however,
olymerization of 1,5-cyclooctadiene shows that the activity
f (H2IMes)(3-BrC5H4N)2(Cl2)Ru C(H) C(H)C(CH3)2 (179)
s inferior to that of (H2IMes)(3-BrC5H4N)2(Cl2)Ru C(H)Ph
176). Despite the incomplete initiation and relatively slow poly-
erization rate (H2IMes)(PCp3)(Cl2)Ru C(H) C(H)C(CH3)2

192) polymerizes cyclooctene in bulk monomer to form a poly-
er with higher melting point and crystallinity. In this respect

92 is better [98].

.9. (H2IMes)(Cl2)(L)2Ru C(H)Ph (L = H2IMes or IMes)
59]

In the synthesis of catalyst 129, the monosubstituted
NHC)(PCy3)(Cl2)Ru C(H)R is exclusively observed, even
hen a large NHC excess of is present. The bis-substituted
roduct (NHC)2(Cl2)Ru C(H)R can also form as observed
hen NHC is 1,3-dicyclohexyl-imidazoline-2-ylidene [28].
he phosphine exchange rate decreases dramatically when
ne of the PCy3 ligands in (PCy3)2(Cl2)Ru C(H)Ph (1) is
eplaced by an H2IMes [37]. This slow phosphine exchange
ate in 129 may effectively prevent further PCy3 substitu-
ion by the accepted dissociative ligand substitution path-
ay. Nevertheless, bis-substitution can be achieved by using

H2IMes)(C5H5N)2(Cl2)Ru C(H)Ph (175) [50] with more
abile ligands replacing the tricyclohexylphosphine. Addition of
he free IMes carbene to (H2IMes)(C5H5N)2(Cl2)Ru C(H)Ph
175) cleanly provides the mixed H2IMes–IMes complex
H2IMes)(IMes)(Cl2)Ru C(H)Ph (198) [59]. Similarly, the
eaction of 175 with the chloroform adduct H2IMes(H)(CCl3)

rovides the bis(H2IMes) complex (H2IMes)2(Cl2)Ru C(H)Ph
97() [59] (Scheme 25). Complex 192 showed slight activity for
CM of 4,4-dicarboethoxy-2-methyl-1,6-heptadiene at 40 ◦C

o the corresponding 4,4-dicarboethoxy-1-methyl-cyclopentene

5.
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product, and no activity in the ROMP of cyclooctadiene was
observed [59].

6.10. Ruthenium catalysts with unsymmetrical
N-heterocyclic carbene ligands

The replacement of one mesityl ring with a more elec-
tron donating alkyl group led to enhanced �-donor properties.
Increased �-donation has was suggested to explain the higher
activity of second-generation complexes compared to the first-
generation [1].

The synthesis of unsymmetrical NHC ligands was easily
accomplished through Buchwald–Hartwig coupling of com-
mercially available monosubstituted diamines 199, 200 and
2-bromomesitylene [102] followed by cyclization, affording in
high yields 203, 204 as tetrafluoroborate salts.

Complexes 205, 206 were formed by reaction of (PCy3)2-
(Cl2)Ru C(H)Ph (1) with the free carbene generated in situ from
203, 204 [103] (Scheme 26).

The catalytic activity of 205 in RCM reactions was tested
using diallyltosylamide, with a 56% conversion, compared to
50% conversion with 129. 205 gave significantly different E:Z

ratio in CM reactions and improved selectivity in diasteroselec-
tive RCM reactions, since unsymmetrical ligands alter the steric
environment of key metathesis intermediates. Some examples
are reported in Scheme 27.

a
w
5
e

Scheme 2
6.

. Ruthenium complexes with a bidentate carbene
oiety: Hoveyda–Grubbs’ catalysts (type 7)

.1. Hoveyda–Grubbs catalysts: (H2IMes)(Cl2)-
u CH(o-iPrOC6H4) 7 and tetramer 208

Hoveyda and co-workers have developed catalysts (PCy3)2-
Cl2)Ru CH(o-iPrOC6H4) (6) and (H2IMes)(Cl2)Ru CH(o-
PrOC6H4) (7) (Fig. 1), bearing O-chelating benzylidene
oieties and exhibiting extraordinary stability against water

nd oxygen. They promote olefin metathesis by a unique
release-return’ (boomerang) mechanism, allowing efficient
etal recovery without significant loss of activity [33,104,105].
Two different synthetic strategies were used for the synthe-

is of the styrenyl complex (H2IMes)(Cl2)Ru CH(o-iPrOC6H4)
7): depending on the substrate used either (H2IMes)-
PCy3)(Cl2)Ru C(H)Ph [34] (129) or (PCy3)2(Cl2)Ru CH(o-
PrOC6H4) [48] (6) (Scheme 28).

Formation of the intermediate (H2IMes)(PCy3)(Cl2)-
u CH(o-iPrOC6H4) (207) from 6 suggests that the H2IMes

igand replaces the isopropoxygroup which in turn replaces the
hophine by prolonged stirring at room temperature, to afford 7.
is an effective catalyst for the RCM of dienes, hetero- (allylic
lcohols and acetates) and carbocycles. Tri-substituted alkenes
ere obtained from the corresponding dienes in the presence of
mol% catalyst at room temperature; the catalyst was recov-
red after simple silica gel column chromatography, and used

7.
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n subsequent metathesis reactions with equal efficiency. All
he reactions proceeded with a conversion up to 98% and total
ecovery of the catalyst (Scheme 29) [34].

Catalyst 7 is an efficient catalyst in ROM/RCM [34] and
OM/CM [34] processes but separation of the desired products

rom the recovered catalyst was unsuccessful [Scheme 29(c)
nd (d)].

To separate the catalyst from the reaction products, macro-
olecular ruthenium tetramers were designed. The active
u–carbene leaves the ligation site and returns to the macro-
olecule more efficiently because the terminal sites within a

oluble structure are more exposed and accessible [34].
The key feature for the synthesis of 208 (Scheme 30) includes

he attachment of the vinyl group through a Pd-catalyzed Stille
oupling (211) [106] and preparation of the tetramer back-
one by Pt-catalyzed hydrosilylation/alkylation/hydroboration
equence (212–213–214). Coupling of 214 with 211, followed

y incorporation of the ruthenium center through treatment with
29, affords the tetramer 208 [34] (Scheme 30).

Unlike 6, but similarly to 7, tetrameric 208 efficiently
romoted the formation of tri-substituted allylic alcohol

l
c
w
1

Scheme 2
8.

Scheme 29(b)]; in addition to the desired product (78%),
he tetramer was recovered in 90% yield after silica gel
olumn chromatography, with only 8% loss in Ru loading.
oreover, like 7, tetramer 208 effectively catalyzed tandem

OM/RCM of cyclobutene derivatives [Scheme 29(d)] with
4% yield and ROM/CM reactions of bicycloheptene deriva-
ives [Scheme 29(e)] with 98% yield. In each case, owing to its
igh polarity, isolation of tetramer was a straightforward opera-
ion, retaining the high catalytic activity of monomeric 129.

.2. BINOL- and biphenyl-based ruthenium alkylidene
atalyst

The difference in reactivity associated with the use of
atalysts 6 and 7 can be explained with a stabilizing inter-
ction between the isopropoxy group and the metal center
uring metathesis. The replacement of the isopropoxystyrene

igand in 7 by BINOL-based styrene 217 results in a chiral
helating isopropoxystyrene complex (218) [107]. Ligand 217
as prepared from commercially available 2,2′-dihydroxy-
,1′-binaphthyl (BINOL) 215 by treatment with iPrBr

9.
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ollowed by monoformylation and Wittig olefination. Com-
lex 218 [107] was then obtained by reaction of 217 with
H2IMes)(PCy3)(Cl2)Ru C(H)Ph (129) (Scheme 31).

According to the same sequence of reactions described for the
ynthesis of catalyst 218, a biphenyl-based complex 222 [108]
as synthesized from 2-hydroxyphenyl-3-carbaldehyde (220)

Scheme 31).
Data for RCM reaction of diallyltosylamide 21 showed that

atalyst 218 exhibits a drastically higher activity than 129 or
, and excellent stability to air. The superiority of complex 218
ompared to complex 129 in term of turnover frequencies is evi-
ent in seven- or eight-membered ring formation [Scheme 32(a)
nd (b)] [107], known to be difficult, and in CM reaction, even
ith electron-deficient olefins [Scheme 32(c) and (d)] [107].

he increase in steric bulk improves the leaving group ability of

he ligand, thus facilitating formation of the catalytically active
4-electron species, and suppressing reassociation to the metal
enter, which deactivates the catalyst.

c
n
s
i

Scheme 3
0.

Catalyst 222 exhibits higher activity than 129 in RCM, CM
nd ROMP reactions, under identical conditions [108]. Oxanor-
ornene derivatives, in the presence of allyltrimethylsilane and
nly 0.005 mol% of catalyst 222 afford high yields of the ring-
pened product (Scheme 33).

.3. Nitro-substituted Hoveyda–Grubbs catalysts

Catalysts related to 7 can be significantly improved by chang-
ng not only the steric but also the electronic character of the
u-chelating isopropoxy fragment. Introduction of a strong
lectron-withdrawing group at the 2-isopropoxy styrene ring
f (H2IMes)(Cl2)Ru CH(o-iPrOC6H4) (7), leads to complexes
29, 230 and 234 [109,110], prepared like 218 and 222 from

ommercially available 223, 224 and 231, respectively. An alter-
ative route to 229 involves the treatment of 83, generated in
itu, with styrene derivative 167a (Scheme 30). Complex 165a
s equally stable but dramatically more reactive than the parent

1.
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atalyst 7. The enhancement of reactivity is somewhat lower
han that observed for sterically activated 222.

Decrease in the electron density at the oxygen atom of the
sopropoxy fragment reduces its chelating ability, thus facilitat-
ng formation of the catalytically active 14-electron Ru–carbene
pecies, and suppressing reassociation to the metal center. This
ode of catalyst activation is, in fact, similar to that of 218 and

22, in which the increase in bulkiness improves the leaving-
roup ability of the styrene ‘ligand’ (Scheme 34).

The RCM and enyne variant of the metathesis reaction
ould be performed efficiently at 0 ◦C [Scheme 35(a)]; vari-
us degrees of substitution of the double bond are tolerated, and
ven tri-substituted olefins can be synthesized in good yields at
oom temperature [Scheme 35(b)]; the CM reaction of terminal
lkenes with internal olefins and �,�-unsaturated compounds
an also be performed at room temperature [Scheme 35(c)]; the
M reaction of phenyl vinyl sulfone [Scheme 35(d)] and acry-

onitrile [Scheme 35(e)], showed that complex 229 was superior
o 129 and 7: higher conversions of the substrates were realized
t lower temperature and with lower loading of catalyst [110].

.4. Other electron-withdrawing and electron-donating

ubstituents on Hoveyda–Grubbs catalysts

The high catalytic activity of complex 222, which contain
n ortho-substituent to the isopropoxy group, opened the way to

t
d

h

Scheme 3
2.

he conception and synthesis of new catalysts 236–245 [111,112]
nd 245 [113] (Scheme 36).

The order of catalytic activity in the RCM reaction
f diallyltosylamide 21 was found to be 222 > 242 > 243,
29, 238 > 239, 241 > 7 > 236 � 237 � 240. Catalysts bearing
lectron-withdrawing groups led to faster reaction rates than
he reference catalyst 7 and analogues substituted with elec-
ron donating groups. The rate of catalysis is largely but not
ntirely governed by electron density at the benzylidene moiety.
n the case of catalyst 236, the non-chelating isopropoxy group
ould be expected to have a strong electron donating effect
n its chelated counterpart while having little or no influence
n benzylidene electrophilicity. Conversely, the regioisomeric
40 possesses a relatively electron-rich Ru C bond while the
u–O bond should have similar electronic characteristics than

he corresponding moiety of 7. Therefore, the observation that
40 leads to slower reaction times compared to 236 strongly
ndicates that benzylidene electrophilicity is the dominant fac-
or. It is also interesting that 236 has a lower initial activity than
; thus, tighter Ru–O bonding due to an increased electron den-
ity at the chelating isopropoxy group also influences activity,
lbeit to a lesser extent. The fastest non-hindered variants of 7 are

hose which bear substituents capable of reducing the electron
ensity at both meta and para positions.

Nitrile-substituted 242 is even more efficient than the
indered catalyst 243 in the initiation speed, while also

3.
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onverting the substrate to a greater extent. ROM-CM of the
xo-oxanorbornene derivative (Scheme 33), in the presence of
llyltrimethylsilane and catalyst 243 (0.05 mol%) shows nearly
uantitative conversion within a few minutes [111]. Catalyst
38 is also highly active, while 239 and 241, which bear fluorine
toms in positions allowing electron withdrawal from either

he benzylidene or the isopropoxy moiety (but not both) are
ess effective, although both are predictably faster than 7. RCM
eaction of (b) [Scheme 32] to form the eight-membered ring
roduct under identical conditions is faster than the RCM of

t
[
1

Scheme 3
4.

iallyltosylamide when isopropoxybenzylidene-based catalysts
re employed. Blechert and co-workers [112] explains this
bservation on the premise that N-allylic moiety in diallylto-
ylamide is less reactive towards metathesis catalysts due to
lectronic or chelating effects that might sequester the catalyst
n an unproductive form (Fig. 4).
Replacement of 2-isopropoxybenzylidene by 2,4,5-
rimethoxybenzylidene leads to a recyclable catalyst 245
113], which is not only very stable. It is more reactive than
29 for the formation of carbo- and heterocycles bearing a

5.
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Fig. 4. Electronic and chelat

i- or tri-substituted double bonds, and for challenging CM
eactions.

The assumption that formation of stable chelate complexes
ttenuates the reactivity of the metathesis catalysts is further
upported by Fürstner et al. [114] They showed in a set of rep-
esentative RCM reactions (e.g. cyclization of diallyl dimethyl
alonate) the lower catalytic activity of complex 246 compared

o the parent compound 3 (Scheme 37).
The carbene exchange reaction of (H2Mes)(Py2)(Cl2)-

u C(H)Ph (182) and chelating ligands derived from 2-

inylbenzaldeyde 247 or 2-vinylbenzoic acid ester 248–250,
ffords complexes 251–254 [115] (Scheme 37). The peculiar-
ty of these complexes lays on the cis-dichloro arrangement
nd a chelating carbene ligand oriented parallel to the mesityl

r
w
c
G

Scheme 3
fect on Ruthenium catalyst.

oiety of the H2IMes coligand. The application of the com-
lexes as initiators for ROMP of norbornene derivatives revealed
hat elevated temperature were necessary to provide a rea-
onable initiation. The advantage of these kind of complexes,
hermally switchable, is that monomers and initiator(s) can be

ixed and stored without concomitant polymerization events
115].

Grela and co-workers [116] developed an efficient and
eneral synthetic route, based on a solvent-free Claisen rear-
angement and catalytic isomerization by means of rhodium or

uthenium trichloride, with high trans selectivity. This protocol
as used to prepare the highly active ortho- and para-substituted

atalysts 7b, 255, 222, 229, 245 as well as parent Hoveyda–
rubbs carbene 7 in multigrams quantities (Scheme 38).

7.
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.5. Switchable catalysts

When the oxygen donor is exchanged for a nitrogen donor
n the chelating carbene ligand, more inert initiators 256–258
117] and 259–260 [118] are accessible (Scheme 39): they ini-
iate slowly while maintaining the high activity associated with
HC-based catalysts. When heated in dichloromethane, 256,

n which NHC and pyridine ligands are trans, is slowly con-
erted into its cis isomer 261 [117] which is more reactive than
56. The 261 is less reactive than 129 in RCM of diethyl dially-
alonate 25 and ROMP of dicyclopentadiene. Substitution on

he pyridine ring has a much less dramatic effect on catalytic

ctivity, since 256 and 257 show similar reactivity in RCM, but
58 proves to initiate faster than 256 and 257. In the ROMP, the
hree complexes 256–258 were found to have similar catalytic
roperties [117].

a
T
i
s

Scheme 3
8.

The two ruthenium-based metathesis initiators bearing
helating carbene ligands with imine functionalities [119]
nd NHC ligands 259 and 260 [118] were prepared by a car-
ene exchange reaction of phenyl(2-vinylbenzylidene)amine
262) and benzylidene(2-vinylphenyl)amine (263) with
H2IMes)(py2)(Cl2)Ru C(H)Ph (182), forming respectively

six- and a five-membered chelating carbene (Scheme 39).
he two initiators exhibit different rates of polymerization

n the ROMP of (±)-exo,endo-bicyclo[2.2.1]hept-5-ene-2,3-
icarboxilic acid diethyl ester (148) (R = Et, Scheme 17), but in
ll cases the polymerization was complete within 5 min. Both
ompounds revealed pronounced latency at room temperature

nd very fast polymerization rates at temperature around 110 ◦C.
he latency for the six-membered chelating ring system in 259

s more pronounced than the latency of the five-membered-ring
ystem 260. This explains a higher “switching temperature”

9.
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nd a lower polymerization rate for 259 compared to 260
118].

Precatalyst 264 [120] was obtained by heating a stoichiomet-

ic mixture of 129 and silver 2-pyridine-carboxylate in THF:
oth the phosphine ligand and the two halide ligands of 129
re substituted by two 2-pyridinecarboxylate ligands which are

H
l
a

Scheme 4
stry Reviews 251 (2007) 726–764 751

oordinated in a cis fashion (Scheme 39). Complex 264 does
ot promote the RCM reaction of diethyl diallylmalonate 25,
ut the reaction is initiated upon addition of two equivalents of

Cl, which protonate at least one of the pyridine-2-carboxylate

igands. However, 264 remains less active than 129 which cat-
lyzes the RCM in shorter time and lower loading of catalyst.

0.
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.6. Unsymmetrical NHC ligands: chiral ruthenium-based
atalysts

Hoveyda and co-workers [121–124] developed chiral
u-based catalysts 275–282 [Scheme 40(a)] and 288–289

Scheme 40(b)], bearing a bidentate chiral imidazolinylidene,
or enantioselective olefin metathesis (Scheme 41). The pivotal
tep in the synthesis scheme proved to be the conversion of
73 and 274 to optically and diasteromerically pure 275–281
121,122,124] and 288 [123] catalysts. The corresponding chi-
al Ru–iodide complexes 282 and 289 are obtained by treatment
ith NaI.
Ruthenium complex 277 promotes the RCM of diene and

nyne substrates (>98% conversion), but is less reactive than
he achiral parent 7. Longer reaction time and elevated tempera-
ures are required for complete conversion. The replacement of
chlorine with the less electronegative phenoxyde of the chi-

al ligand and the increased steric bulk of the binaphthyl are
esponsible for the diminished activity. However, 277 can be
ecovered in high yield and reused without significant loss of
ctivity or enantioselectivity. Catalyst 277 promotes asymmetric
ing-opening/cross-metathesis (AROM/CM) in air, with undis-
illed solvents of 7-oxonorbornenes in 96% ee, 66% yield and
6% recovered catalyst (>98% trans) [121] [Scheme 41(a)]. The
ROM/CM reaction of tricyclic norbornene [Scheme 41 (b)] in
resence of catalysts 278–281, 275, 276, 282 shows that com-
lex 278 (because of the presence of NO2 group), is three times
ore active than 277, but less powerful than 229 (Scheme 34).
urthermore, the presence of electron-donating OMe group in
79 results in a catalyst that is still twice as active as its par-
nt complex, but the catalytic activity of isomeric 280 is not
ffected by the presence of the OMe group. The steric alter-
tion that results in the highly active achiral catalyst 222 [108]

Scheme 34) also seems to enhance significantly the efficiency
f chiral complex 281, while the electronic factors influences the
eactivity of catalyst 275. Both promote the AROM/CM more
han 100 and three times faster than 277, respectively.

g
m
w
p

Scheme 4
1.

Electronic and steric effects result to be additive, since the
oubly modified complex 276 exhibits the highest level of
otency among those studied. If the reaction is promoted by
omplex 288, prepared and used in situ [123] higher enantiose-
ectivity and shorter period of time are exhibited, compared to
81, while the biphenyl-based ruthenium complex 289 shows
igher levels of reactivity versus the corresponding binaphtyl
omplex 282.

.7. NHC ligand with annelated cyclohexene moiety

The functionalization of the NHC at the C-4 and C-5
osition is interesting, since the substitution will be quite
emote from the catalytically active metal site. Any poten-
ially disturbing effect from those substituent groups on
he catalytic reaction is therefore minimized. The reac-
ion of (4R,5S)-4,5-diallyl-1,3-bis(2,4,6-trimethylphenyl)-4,5-
ihydro-3H-imidazol-l-ium-tetrafluoroborate (290) with the
rst-generation Grubbs catalyst 1 leads to RCM of the two allylic
roups to afford 291 [125]. Subsequent reaction of this new imi-
azolium salt with a base, followed by phosphine substitution
eaction with 6, forms 293 [125] (Scheme 42).

The intriguing feature is the presence of an inert C C bond,
ven at elevated temperature, that is part of a highly active olefin
etathesis catalyst. The RCM of diallyl tosylamide 21 is only

lightly lower than the parent compound 7.

.8. Bidentate ruthenium vinylcarbene complex

Exposure of terminal alkynes to a suitable metal carbene com-
lex results in the insertion of the alkyne into the M C bond of
he metal alkylidene via a possible elementary step of “enyne

etathesis”. The phenylacetylene, bearing the ortho isopropoxy

roup, terminates the grooving polymer chain by chelation to the
etal center. Treatment of the bis-pyridine adduct 174 [44,50]
ith phenylacetylene, affords the bidentate vinylcarbene com-
lex 294 [126] stable in the solid state for extended period of

2.
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Scheme 43.

ime (Scheme 43). The RCM of diethyl diallylmalonate 25 is
omplete within 5 min, with 95% yield.

.9. Fluorinated ligands for second-generation
rubbs–Hoveyda (f-GH) ruthenium carbene complexes

The replacement of one or both chlorines in the Grubbs
econd-generation catalyst 129 and Hoveyda–Grubbs 7 by tri-
uoroacetates, trifluoromethansulfonates, fluoroalkylcarboxy-

ates, perfluorated phenoxyde, results in catalysts 295 [127] and
96–302 [127,128] respectively (Scheme 44).

Catalysts 297 and 298 display lower activities than the
arent compound in the RCM of diethyl diallylmalonate
5, 1,7-octadiene, diallyldiphenylsilane, trans-3-methyl-
entanoate, N,N-diallyltrifluoroacetamide, and N,N-diallyl-tert-
utylcarbamide. However, in various RCM, enyne metathesis
nd ROM/CM experiments, catalyst 296 revealed the highest
ctivity ever reported both at room and elevated temperature,
ith high turnover numbers (TONs), sometimes exceeding

hose obtained with 129 or 7 [128]. In general, the reactiv-
ty of NHC-based catalysts bearing electron-withdrawing
igands 295, 299–302 [127] is generally equal or lower

han that of the parent chlorine-containing systems. With
atalysts 295–302 electron-poor double bonds give lower
ONs, whereas electron-rich double bonds tend to give higher
ONs.

b

(
a

Scheme 4
stry Reviews 251 (2007) 726–764 753

. Ruthenium complexes bearing six-membered NHC
arbene ligands (types 8 and 9)

Introduction of bulky 5,5′-dimethyl-1,3-dimesityl-1,4,5,6-
etrahydropyrimidin-2-ylidene as six-membered NHC ligand
129] gives access to a new class of ruthenium carbene
atalysts (Mes2-THP)(PCy3)(Cl2)Ru C(H)Ph (8) [129]
Mes2-THP)(Cl2)Ru CH(o-iPrO-5-NO2-C6H3) (9) [130]
Mes2-THP)(CF3CO2)2Ru CH(o-iPrO-5-NO2-C6H3) (306)
130] and (Mes2-THP)(C5H5N)(Cl2)Ru C(H)Ph (307) [131]
Scheme 45).

The tetrahydropyrimidinium salt 305 is prepared by react-
ng dimethylmalonyl chloride with mesitylamine to give the
is(amide) 303, followed by reduction to 304 and cyclization
o 305. Carbene is generated by KHMDS which is reacted
n situ with (PCy3)2(Cl2)Ru C(H)Ph (1) to produce 8. The
etrahydropyrimidinyl NHC 8 adopts a half-chair conforma-
ion. The synthesis of (Mes2-THP)(Cl2)Ru CH(o-iPrO-5-NO2-

6H3) (9) [130] is achieved by introduction of the ligand
sopropoxystyrene. Its bis(trifluoroacetate) analogue (Mes2-
HP)(CF3CO2)2Ru CH(o-iPrO-5-NO2-C6H3) (306) [130] is
btained by substitution of both chloro ligands in the presence of
ilver salt (Scheme 45). In the reaction of 8 with an excess of pyri-
ine, only one pyridine ligand coordinates the ruthenium center,
n contrast to (H2IMes)(Cl2)(3-Br-C5H4N)2Ru C(H)Ph (177)
Scheme 24) which requires two molecules of 2-bromopyridine
o be stable. This maybe due to the increased donor ability of
yridine compared to 2-Br-pyridine, the increased donor abil-
ty of the tetrahydropyrimidin-2-ylidene ligand and its increased
teric factor.

(Mes2-THP)(PCy3)(Cl2)Ru C(H)Ph (8) demonstrates mod-
rate reactivity for both RCM and ROMP in comparison with
H2IMes)(PCy3)(Cl2)Ru C(H)Ph (129), due to a larger steric
nvironment around the metal atom, which may disfavor olefin
inding or metallacyclobutane formation.
(Mes2-THP)(Cl2)Ru CH(o-iPrO-5-NO2-C6H3) (9) and
Mes2-THP)(CF3CO2)2Ru CH(o-iPrO-5-NO2-C6H3) (306)
re the most reactive catalysts for the RCM of diethyl

4.
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iallylmalonate 25. However, the reactivity for diethyl bis(2-
ethylallylmalonate) 23 was poor. Their high reactivity in
etathesis reactions involving electron-rich alkenes and their

ow reactivity for disubstituted and electron-poor alkenes
ffers in principle access to selective metathesis reactions with
olecules containing both types of alkenes. ROM/CM reaction
ith 7-oxanorborn-5-ene are quantitative at room temperature
ith 2 mol% catalyst, and in most cases exceeds those reported

n the literature [130].
Polymerization of enantiomerically pure monomers exo-

-(norborn-2-ene-carboxyl)-l-phenylalanine ethyl ester medi-
ted by (Mes2-THP)(Cl2)Ru CH(o-iPrO-5-NO2-C6H3) (9) and
Mes2-THP)(C5H5N)(Cl2)Ru C(H)Ph (307) proceeds in a

iving manner with good control over molecular weight; poly-

erization of endo,endo-N,N-(norbom-5-ene-2,3-dicarbimido)-
-valine ethyl ester yields a polymer with an exclusive all-trans
tructure [131].

2
c
s

Scheme 4
5.

. Ruthenium complexes bearing four-membered NHC
arbene ligand (type 10)

The diaminocarbene family was extended to a more strained
ystem, by introducing a four-membered NHC. The iminium
alt 308 [132] was prepared in 66% yield from the sily-
amidine by addition of (diethylamino)-dichlorophosphine and
rimethylsilyl-trifluoromethanesulfonate at room temperature.
eprotonation of 308 with potassium hexamethyldisilazide at

oom temperature generates the carbene in situ, which reacts in
he presence of (PPh3)2(Cl2)Ru CH(o-iPrOC6H4) to afford the
rst ruthenium complex bearing a four-membered NHC ligand
133] (Scheme 46).
In the CM reaction of allylbenzene with cis-l,4-diacetoxy-
-butene, the conversion is comparable to that obtained with
omplexes 129 and 7, and longer reaction times are required. A
imilar trend is observed in the RCM of diethyl diallylmalonate;

6.
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igh temperatures are required to promote the ROMP of cis,cis-
ycloocta-1,5-diene.

0. Supported metathesis catalysts

Recent interest in the development of environmentally benign
ynthesis has evoked a renewed interest in developing polymer
ound or supported metal catalysts that maintain high activity
nd selectivity. In an ideal case, the supported complexes can be
ecovered from reaction mixtures by simple filtration, they do
ot contaminate the reaction solution, they can be recycled, and
hey can increase selectivity. As transition-metal complexes are
ften expensive to prepare or purchase, the immobilization on
support, thereby enabling simple extraction and recyclability,
akes a commercial advantage as well as an easy manipulation.
reviously, a review on the synthesis of supported metathesis
atalyst has been published [134]. Herein the state of art and the
ecent developments in the synthesis of supported metathesis
atalysts are reviewed.

0.1. Redox-switchable ferrocenyl-tagged
econd-generation Grubbs carbene complex

A strategy for the separation of homogeneous catalysts from
he reaction products, is based on redox-switchable phase tags,
hich mutate from neutral (lipophilic) into charged (lipopho-
ic) tags and vice versa. The synthesis of ferrocenyl-tagged
lefin-metathesis catalyst is shown in Scheme 47. The redox
ag is constituted by a monoalkylated ferrocene [40]. The imida-
olinium salt 309 undergoes Sonogashira coupling to ferroceny-
acetylene 310, the acetylene linker is reduced to 195, followed
y deprotonation with KOtBu and treatment with 1, to afford
12. The remaining PCy3 ligand and the benzylidene are substi-

uted with 2-isopropoxystyrene to yield the desired redox-tagged
rubbs–Hoveyda-type catalyst 313.
The RCM reaction of N-tosyldiallyl amide 21 proceeds to

ompletion as expected for such catalyst; by adding the oxida-

f
a
i
A

7.

ion reagent [FeCOCH3]/[CF3SO3] the two ferrocenyl tags were
xidized and the resulting dication 3132+ precipitates from the
olution within a few seconds. The product of the catalytic reac-
ion can be separated by filtration and the catalyst reactivated
y addition of a reducing agent [1,1′,2,2′,3,3′,4,4′-octamethyl-
errocene (FcMe8)]. The catalyst can be switched off and on
everal times after completion of the RCM reaction, thus allow-
ng multiple recycling of the catalyst [40].

0.2. Ionic liquid-tagged second-generation
oveyda–Grubbs ruthenium carbene complexes

The use of homogeneous catalysts is associated with two
isadvantages: poor recyclability and difficulty to remove the
uthenium waste from the final products. To solve this problems
uthenium catalysts have been immobilized in the 1-butyl-3-
ethylimidazolium hexafluorophosphate (BMI·PF6).
The synthetic route to the imidazolinium-bound ligand

18 [135,136] starts from esterification of the commercially
vailable methyl-3-(4-hydroxyphenyl)propionate, to afford 314.
elective ortho-bromination of the aromatic ring, reduction of

he ester group with LiAlH4 followed by Pd-catalyzed Stille
oupling to introduce the vinyl group, affords the styrenyl ether
15. The alcohol function is then converted into the corre-
ponding bromide 316, via a standard nucleophilic substitution
erformed by treatment of LiBr on the mesitylate interme-
iate. The imidazolium tag 317 is obtained by alkylation of
-methylimidazole by 316 followed by the ion exchange with
n aqueous HPF6 solution. The imidazolium-tagged ruthenium
atalyst 318 is synthesized from the second-generation Grubbs
atalyst 129 by a simple exchange of the styrenyl group [33,34]
Scheme 48).

Preparation of 321 [137] started from the hydroxyl-

unctionalized isopropoxystyrene 319 [138], followed by
lkylation with 1-chloro-4-iodobutane to 320. Reaction with
midazole, methylation and anion exchange of iodide with
gPF6 yields the imidazolium hexafluorophosphate 321.
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reatment with first-generation Grubbs catalyst 1 affords
atalyst 322 [139].

The second-generation of NHC ruthenium complex 318
ppears to be more suitable to perform RCM reactions of less
eactive substrates in harsher conditions, under biphasic condi-
ions (BMI·PF6/Toluene 25/75): excellent conversions at room
emperature (>95%) are obtained for diethyl diallylmalonate 25
nd diallyltosylamide 21 for up to six cycles, but a poor reac-

ivity is exhibited against highly hindered substrates such as
CH2 CH(CH3)CH2]2C(CO2Et)2 (23) and [CH2 CH(CH3)]2
Ts (22) (Scheme 5). The CM reactions of methylacrylate 324
ith olefin 325 in the biphasic system BMI·PF6/Toluene (20/80),

l
e
r

Scheme 4
8.

nd of methyl vinyl ketone 326 and chiral homoallylamine 327
t room temperature are achieved with 80% yield. However,
he conversion decreased rapidly after the third and the second
un respectively, without any possibility to recycle the catalysts
Scheme 49(a)]. A better yield (94%) for CM of 326/327 is
btained in the biphasic system BMI·PF6/CH2Cl2 developed
or 323 [137] but no improvement in the recycling was observed
or this system.
Ruthenium-tagged complex 322 is a highly efficient cata-
yst for the RCM of di-, tri- and tetra-substituted diene and
nyne substrates in minimal ionic solvent systems, with high
eactivity and high level of recyclability, up to ten runs [139]

9.
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Fig. 5. Immobilized rut

Scheme 49(b)]. Diethyl diallylmalonate 25 undergoes RCM
uantitatively after 1 h in an homogeneous mixture of biphasic
ystem BMI·PF6/CH2Cl2 (10/90), at 45 ◦C with l mol% of 322.

0.3. Immobilization of ruthenium carbene complex
IMes)(PCy3)(Cl2)Ru C(R′) (type 3)

Barrett and co-workers [140] have prepared a polymer sup-
orted version by shaking 3 (Scheme 8) with vinylpolystyrene
eading to the formation of 328 [Fig. 5(a)], with complete incor-
oration of the metal. 328 exhibits increased metathesis activity
nd more stability air and moisture over their phosphine ana-
ogues. Complex 328 is termed “boomerang” catalyst since the
ctive alkylidene is released from the support into solution dur-
ng the course of the reaction and then recaptured on completion.

Nolan and co-workers [141,142] have also reported the prepa-
ation of boomerang-type supported catalyst by the immobiliza-
ion of the metal complex on a macroporous polymer rather than
ross-linked supports such as those derived from Merrifield’s
esin. The advantage of such immobilization is that swelling is
ot necessary to ensure accessibility of pore sites. The resin used
as prepared from divinylbenzene using toluene as a porogen,

he bulk polymer having a high degree of cross-linking (55%)
Fig. 5(b)].

Metal complexes 3 (Scheme 8) and 85 (Scheme 12) were
mmobilized on the support using a simple impregnation pro-
ocol involving heating the metal complex with the support in
oluene for 1 h followed by filtration. In RCM reactions the sup-
orted complex containing 3 shows a similar activity to that of
ts homogeneous analogue. In the case of 85 the activity of the
etal complex is often increased by immobilization, although a
ignificant loss of activity after its initial use is displayed. The
upported complexes however poorly perform with substrates
uch as oxygen-containing dienes, in which a stable oxygen-

a
s
u
h

m carbene complexes.

igated ruthenium carbene complex can be formed. This complex
s more stable and less reactive than the supported ruthenium
arbene complex. As a result, the metal stays in solution rather
han remaining attached back onto the polymer support. Con-
equently, the active sites on the polymer support are depleted,
eading to a loss of activity in subsequent cycles.

Fürstner and co-workers [74] reported also silica-immobi-
ized versions of 108 (Scheme 13), which offer considerable
dvantages over other support materials due to low cost, ther-
al stability, broad solvent compatibility, minimal swelling and

ase of handling. Although longer reaction times are necessary
o reach complete conversion in RCM, the yields are compara-
le to those obtained with catalysts 106 and 108 (Scheme 13),
hich constitute the homogeneous analogues of 329 and 330

Fig. 5(c)]. This system was reported to be reusable up to three
imes with TONs in the range of 15–20.

Grubbs and co-workers [143] reported a water soluble
uthenium-based olefin metathesis catalyst 331 supported by a
oly(ethylene glycol) conjugated NHC ligand [Fig. 5(d)]. The
atalyst initiates the ring-opening metathesis polymerization of
trained cyclic olefins in both water and methanol, as well as the
olymerization of hindered monomers in water.

0.4. Immobilization of ruthenium carbene complex
H2lMes)(PCy3)(Cl2)Ru C(R′) (type 4)

The first ruthenium-based metathesis catalyst immobilized
ia the NHC was reported by Blechert and co-workers [144] by
onstructing the NHC ligand on the support and then appending
he metal. Loadings of metal complexes of 0.14–0.40 mmol/g

re reported. This supported version [Fig. 6(a); 332] of Grubbs’
econd-generation catalyst 129 (Scheme 16) was successfully
sed in RCM and enyne metathesis reactions and was easy to
andle. The Merrifield polystyrene support (1% divinylbenzene-
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Fig. 6. Immobilized ruthenium car

VB) represents a swollen, low cross-linked network. Conse-
uently, reactions are diffusion controlled and increased reaction
imes are required.

To overcome this problem, second-generation Grubbs cata-
yst was immobilized on both non-porous (monolithic supports)
nd porous silica, designed in such a way that only interpar-
icle porosity was generated, whereas the structure forming

icroglobules were virtually non-porous [145,146] [Fig. 6(b)
nd (c)]. The silica-based systems can be used in slurry reactions
nd for making cartridge systems for RCM. Both systems turned
ut to be stable, allowing high TON’s in RCM for a large number
f compounds. Ruthenium leaching being low, the stability and
he activity make them attractive for both combinatorial chem-
stry and large-scale industrial applications.

The technique of microencapsulation has been used to
nvelop catalyst 129 in a polymer film (polystyrene) [147]. The
esulting material is catalytically active and may be easily used
nd recycled over four cycles. Like catalysts 3 and 85, complex
29 (Scheme 16) has been grafted onto poly-DVB [141,142]
nd found to be effective heterogeneous catalyst for RCM. In
ome cases, the complex can be recycled, showing comparable
eactivity to its homogeneous counterpart. It tolerates functional
roups and performs very well with diene but is less efficient

ith highly hindered substrates.
The perfluoroglutaric acid-derivatized poly(styrene-co-

ivinylbenzene) (PS-DVB) support (silver form) has been used
or the synthesis of complex 335 [127] [Fig. 6(d)]. The catalyst

h
c

a

complexes on monolithic support.

hows higher activity in RCM compared to its homogeneous
nalogue, with a TON up to 4200. Leaching of ruthenium into
he reaction mixture was low, resulting in ruthenium content
85 ng g−1 in the final RCM-derived final products.

0.5. Immobilization of ruthenium carbene complex
H2IMes)(Cl2)Ru CH(o-iPrOC6H4) (type 7)

The methodology used for the immobilization of 332
as also used for the preparation of the supported analogue
f (H2IMes)(Cl2)Ru CH(o-iPrOC6H4) (7), with the support
rafted either to the NHC (336) [148] or to the styrene ligand
337) [148] [Fig. 7(a)].

Hoveyda-type catalyst 7 has been immobilized also on
utyldiethylsilyl polystyrene (PS-DES) [Fig. 7(b); 338] [149].
t is stable and could be recycled 5–6 times, resulting in TONs
f up to 110 in the synthesis of cyclic structures based on tri-
ubstituted double bonds. No activity was observed in the RCM
f dienes with two non-terminal alkene groups.

Monolayer-protected gold cluster (Au-MPC)-bound-
u–carbene complex [150] has been synthesized. The complex

howed high reactivity and high levels of reusability in RCM
uggesting that the monolayer-protected nanoparticles could

ave a high potential as support-materials for recyclable
atalysts.

Connon and Blechert [151] bound the catalyst to
highly hydrophilic, commercially available �-amino-
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Fig. 7. Immobilized ruthenium carbene complexes on cross-linked polymers.
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Fig. 8. Immobilized ruthenium carbene complexes

oly(ethyleneglycol)amide (PEGA-NH2) support [Fig. 8(a)].
he heterogeneous catalyst 339 promotes relatively efficient
CM and CM reactions in both methanol and water, with only
mol% of catalyst.

A ‘self-supported’ version of Hoveyda catalyst has been
btained by reaction of 7-oxanorborn-2-ene-substituted Hov-
yda catalyst. It undergoes spontaneous polymerization to form
polar matrix of poly(7-oxanorbornene) bearing the catalyst

152] [Fig. 8(b)]. In the RCM of diallyltosylamine 25, this sys-
em could be recycled 7 times with a total TON of 760.

Inorganic sol–gels were used for immobilization of the cat-
lyst [153]. These porous glasses retain a rigid and exposed
urface area, whereas conventional polymer beads typically
well and shrink variably in different media, often resulting
n unpredictable effects on catalyst activity. Moreover, surface
unctionalization of a monolithic gel results in a bulk catalyst

ample; obviating the filtration step [Fig. 9; 341]. For the for-
ation of tri-substituted olefins, the catalyst retained its activity

fter up to 15 cycles affording product that often are of high
urity.

Fig. 9. Immobilized ruthenium carbene complexes on monolithic gel.
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) PEGA-NH2 support; (b) poly(7-oxanorbornene).

A supported version of catalyst 296 (Scheme 44) bound
o hydroxymethyl-polystyrene (PS-DVB-CH2OH) has been
escribed [127,128] [Fig. 10(a); 342]. Excellent activity in RCM
as observed. TONs up to 1100 were achieved in stirred batch
CM experiments. Leaching of ruthenium into the reaction mix-

ure was low, resulting in a ruthenium content <70 ng g−1 in the
nal RCM-derived products.

Perfluoroalkyl polymer bearing a bidentate isopropoxys-
yrene ligand has been used as support for catalyst 343 [154]
Fig. 10(b)]. The poly(fluoroalkyl acrylate) support was
ynthesized from commercially available fluoroacrylate and
cryloyl chloride. Complex 343 proved to be reactive toward
he RCM of tetra-substituted dienes, albeit higher loading and
onger reaction times were required to reach high conversion.
he recovered catalyst remains highly active, confirming its
tability and recyclability.

Trans-metathesis of commercially available 344 with stan-
ard Grubbs second-generation catalyst 129, gives light-
uorous tagged second-generation Hoveyda–Grubbs (f-GH)
atalyst 345 [155] thermally stable, insoluble in fluorous
olvents, and easily dissolved in common organic solvents
Fig. 10(c)]. The light-fluorous version of second-generation
rubbs–Hoveyda metathesis catalyst 345 reacts under similar

onditions and shows similar reactivity profiles to the nonflu-
rous analogue for RCM and CM. They are readily separated
nd recovered from reaction mixtures by fluorous solid phase

xtraction (fspe), and can be routinely reused five or more times
155].

A supported version of catalyst 296 (Scheme 44), was pre-
ared by attaching it to a poly(2-oxazoline) derived block
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Fig. 10. Immobilized ruthenium carbene complexes on poly(fluoroalkyl acrylate) support.

Fig. 11. Immobilized ruthenium carbene complexes on poly(ethylene glycol) support.
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Fig. 12. Immobilized ruthenium carbene complexes on tetraethylene glycol and poly(vinylpyridine).
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Fig. 13. Poly(fluoroalkyl acrylate) ruthenium ca

opolymer [Fig. 10(d); 273]. This supported catalyst allowed the
rst ever reported Ru-catalyzed cyclopolymerization of diethyl
ipropargylmalonate (DEDPM), in water under micellar condi-
ions, allowing class VI living polymerization [156].

Immobilization of second-generation Hoveyda–Grubbs com-
lex on poly(ethylene glycol) (PEG) affords complexes 347
157], 349 [158], 350 [159] (Fig. 11). It constitutes an alterna-
ive to insoluble supports. To evaluate the effect of the support
n 347, structurally similar catalyst 348, in which the polymer
as replaced by the shorter PEG methoxydiethylene glycol

MDEG) (Fig. 11), was also prepared [157]. Soluble poly-
er like PEG facilitates the accessibility to reactive sites and

educes diffusion rate problems within the polymer as well as
rovides access to structural information using classical solu-
ion spectroscopic methods (NMR [160] or mass spectrometry
161–165]).

In the case of PEG-supported RCM catalyst 347 [157] it is
ossible to characterize a supported precatalyst, to monitor the
dvancement of a reaction, and finally to evaluate the ccatalyst
ecovering ability at the end of a reaction. Boomerang catalysts
47–348 and 350 proved to be highly reactive and recyclable
espectively in RCM of a wide variety of diene substrates, yield-
ng di-, tri- and tetra-substituted carbocyclic and heterocyclic
lefins [159] including cyclization of electron-deficient olefins
o cyclic amino esters [157]. They are also very efficient in
M and ROM/CM [159]. Appending PEG on the backbone
f NHC ligand renders catalyst 349 [158] soluble in organic

olvents and water, while maintaining stability and activity of
he well-known H2IMes-based ruthenium metathesis catalysts.
he catalyst shows unprecedented activity in ROMP, RCM with
ater-soluble �,�-dienes yielding the corresponding five- and

1
a
w
(

complexes immobilized on monolithic support.

ix-membered rings in good to excellent yields and CM in aque-
us media.

0.6. Immobilization of ruthenium carbene complex
H2IMes)(Cl2)(XC5H4N)2Ru C(H)Ph

The amphiphilic version 351 [166] of the ruthenium ben-
ylidene catalyst 175 (Scheme 24), containing para-substituted
etraethyneglycol pyridine ligands [Fig. 12(a)] shows efficiency
n ROMP of cyclic olefins in both dichloromethane and water.

The supported version of catalyst 176 (Scheme 24) is
btained by direct coordination of ruthenium to polyvinyl pyri-
ine (PVP) as a part of a monolithic highly porous polymer/glass
omposite material which was obtained by precipitation poly-
erization of vinyl pyridine and divinylbenzene as a cross-

inker, to afford complex 352 [167] [Fig. 12(b)]. The solid-phase
ound catalyst shows very good chemical reactivity in RCM,
nyne and CM reactions, good recyclability and can easily be
eactivated with fresh catalyst.

0.7. Immobilization of ruthenium carbene complex
Mes2-THP)(CF3CO2)2Ru CH(o-iPrO-5-NO2-C6H3)
306)

(Mes2-THP)(CF3CO2)2Ru CH(o-iPrO-5-NO2-C6H3)
306) [130] was immobilized on hydroxymethyl-Merrifield
esin through a perfluoroglutaric anhydride linker (loading

0 mg g−1) to afford catalyst 280 [130] (Fig. 13). As an
lternative to the Merrifield support, a monolithic support
as synthesized by ROMP of norborn-2-ene (NBE) and

NBE-CH2O)3SiCH3 in a suitable mixture of porogens with
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he first-generation Grubbs catalyst 1 [130]. Catalyst 354 [130]
s grafted on the monolithic support to the perfluoroalkyl chain,
s for 353 (Fig. 13).

Excellent reactivity for RCM was observed for the Merrifield
upported catalyst 353 with TONs in the range of 80–3200.
he monolithic disk immobilized catalyst 354 showed some-
hat reduced TONs in the range of 80–960. This clearly stems

rom the fact that reactions within these disks were not stirred
nd therefore depended on diffusion of the substrates to the cat-
lytic site.

1. Conclusion

The difference in reactivity of the presented catalysts, clearly
nderlines that no catalyst is equally good one for every sub-
trate. Reactivity in RCM (and other metathesis-based reactions)
epends on distinct catalyst–substrate issues [168]. Moreover,
he structural diversity of ruthenium metathesis catalysts can be
xpanded with no influence of the catalyst performance.

There is now ample evidence that in the new generation
f organometallic catalysts the established ligand class of
rganophosphanes will be supplemented and, partly replaced by
HCs, which have become universal ligands in organometallic

nd inorganic coordination chemistry. Because of their specific
oordination chemistry, NHCs both stabilize and activate metal
enters in olefin metathesis, giving higher catalytic performance
han organophosphane ligand congeners. Their structural diver-
ity can be obtained easily since the synthesized stable transition
etal complexes are tolerant to different functional groups and
orking at room temperature. However, modification of the
HC ligand can induce substantial changes in the reactivity pat-

ern of the corresponding catalysts and the systematic variation
f N-substituents may allow fine-tuning of the catalytic activity.
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P.H. Dixneuf, Chem. Eur. J. 9 (2003) 2323.
[91] T. Opstal, F. Verpoort, J. Mol. Catal. A: Chem. 200 (2003) 49.
[92] J.S.E. Lehman, K.B. Wagener, Organometallics 24 (2005) 1477.
[93] T. Opstal, F. Verpoort, Angew. Chem. Int. Ed. Engl. 42 (2003) 2876.
[94] B. De Clercq, F. Verpoort, Adv. Synth. Catal. 344 (2002) 639.
[95] B. De Clercq, F. Verpoort, J. Organomet. Chem. 672 (2003) 11.
[96] C.-X. Bai, W.-Z. Zhang, R. He, X.-B. Lu, Z.-Q. Zhang, Tetrahedron Lett.

46 (2005) 7225.
[97] C.-X. Bai, X.-B. Lu, R. He, W.-Z. Zhang, X.-J. Feng, Org. Biomol. Chem.

3 (2005) 4139.
[98] S.E. Lehman, K.B. Wagener, S. Akvan, J. Polym. Sci.: Part A: Polym.

Chem. 43 (2005) 6134.
[99] J.E. Williams, M.J. Harner, M.B. Sponsler, Organometallics 24 (2005)

2013.
[100] T.-L. Choi, R.H. Grubbs, Angew. Chem. Int. Ed. Engl. 42 (2003) 1743.
[101] C.S. Woodson, R.H. Grubbs, US Patent 5,939,504 (2000).
[102] L.-C. Liang, R.R. Schrock, W.M. Davis, D.H. McConville, J. Am. Chem.

Soc. 121 (1999) 5797.
[103] K. Velhlow, S. Maechling, S. Blechert, Organometallics 25 (2006) 25.
[104] J.P.A. Harrity, D.S. La, D.R. Cefalo, M.S. Visser, A.H. Hoveyda, J. Am.

Chem. Soc. 120 (1998) 2343.

[105] J.P.A. Harrity, M.S. Visser, J.D. Gleason, A.H. Hoveyda, J. Am. Chem.

Soc. 119 (1997) 1488.
[106] D.R. McKean, G. Parrinello, A.F. Renaldo, J.K. Stille, J. Org. Chem. 52

(1987) 422.
[107] H. Wakamatsu, S. Blechert, Angew. Chem. Int. Ed. Engl. 41 (2002) 794.
stry Reviews 251 (2007) 726–764 763

[108] H. Wakamatsu, S. Blechert, Angew. Chem. Int. Ed. Engl. 41 (2002) 2403.
[109] K. Grela, S. Harutyunyan, A. Michrowska, Angew. Chem. Int. Ed. Engl.

41 (2002) 4038.
[110] A. Michrowska, R. Bujok, S. Harutyunyan, V. Sashuk, G. Dolgonos, K.

Grela, J. Am. Chem. Soc. 126 (2004) 9318.
[111] N. Buschmann, H. Wakamatsu, S. Blechert, Synlett 4 (2004) 667.
[112] M. Zaja, S.J. Connon, A.M. Dunne, M. Rivard, N. Buschmann, J. Jiricek,

S. Blechert, Tetrahedron 59 (2003) 6545.
[113] K. Grela, M. Kim, Eur. J. Org. Chem. (2003) 963.
[114] A. Fürstner, O.R. Thiel, C.W. Lehmann, Organometallics 27 (2002) 331.
[115] C. Slogovc, B. Perner, F. Stelzer, K. Mereiter, Organometallics 23 (2004)

3622.
[116] R. Bujok, M. Bieniek, M. Masnyk, A. Michrowska, A. Sarosiek, H.

Stepowska, D. Arlt, K. Grela, J. Org. Chem. 69 (2004) 6894.
[117] T. Ung, A. Hejl, R.H. Grubbs, Y. Schrodi, Organometallics 23 (2004)

5399.
[118] C. Slogovc, D. Burtscher, F. Stelzer, K. Mereiter, Organometallics 24

(2005) 2255.
[119] A.R. Katrizky, S.N. Denisenko, J. Heterocycl. Chem. 37 (2000) 1309.
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