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Indenylidene-Ruthenium Complexes Bearing Saturated N-Heterocyclic
Carbenes: Synthesis and Catalytic Investigation in Olefin Metathesis Reactions
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The synthesis of complexes of the general formula Cl,Ru-
(SIMes)(L)(3-phenylinden-1-ylidene) (5, L = PCygz; 6, L = py;
and 7, L = PPhy) from CL,Ru(PR;),(3-phenylinden-1-ylidene)
(2a, R = Ph; 2b, R = Cy) is reported. This family of olefin
metathesis catalysts was fully characterized (‘*H, *C and 3'P
NMR spectroscopy and elemental analysis) and provided ex-
cellent activity in the ring-opening metathesis polymeriza-
tion of 1,5-cyclooctadiene and the ring-closing metathesis of

diethyl diallylmalonate. Comparison with the corresponding
benzylidene-containing catalysts, 1a,c and 8b, established
the decisive role of the carbene ligand on the procedure of
the reaction and led to the observation of an unusual catalytic
phenomenon, here called “self-inhibition".

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

In recent years olefin metathesis, as a powerful, atom-
efficient, synthetic strategy for C—C-bond forming, has met
with great success, mainly because of outstanding advances
in catalyst performance.l! In the quest for better catalysts,
the class of Ru-indenylidene!® complexes with different an-
cillary ligands was also investigated, and compared to the
Ru-benzylidene Grubbs’ catalysts (1a—¢, Scheme 1).13! It was
evidenced that all indenylidene ruthenium catalysts display
higher thermal stability than their benzylidene counter-
parts, which obviously translates into longer lifetimes. In
addition, good catalytic activities in RCMP>21 and
ROMPP&20 have been reported. Among olefin metathesis
catalysts, the combined high catalyst stability and activity
is a unique beneficial feature of indenylidenes.

Introduction of the sterically demanding NHC ligands
into Ru complexes was an important milestone on the me-
tathesis road of success.?>3¢3&4 The logical approach to
further advancement in the indenylidene series along these
lines, that is, ligand exchange in 2 with an unsaturated NHC
moiety (IMes and IPr), was first achieved by Nolan!?®!
through synthesis of complexes 3a-d. In view of the im-
proved performance of SIMes- versus IMes-Ru-benzylidene
catalysts, it is surprising that to date no reports have been
published on the parent complexes bearing saturated NHC
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Scheme 1. First- and second-generation Ru-benzylidene (1) and
-indenylidene (2, 3) precatalysts.
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ligands (5) and this appealing alternative attracted our at-
tention.?P As part of our ongoing research on indenylidene
Ru complexes, we here report on the synthesis of five-coor-
dinate ruthenium indenylidene complexes (5, 6 and 7) bear-
ing a saturated N-heterocyclic carbene ligand as viable pre-
catalysts, performing efficiently in the RCM of a,m-dienes
and the ROMP of cycloolefins. To determine the activity of
this class of indenylidene catalysts relative to the analogous
Grubbs’ catalysts in classic olefin metathesis reactions, the
benzylidene family was used as a benchmark and activities
were compared mutually and reciprocally. We believe that
such examination is relevant for the understanding of the
importance of the carbene unit and the synergetic effect of
ancillary ligands around the Ru centre.

Results and Discussion

While 3¢ is readily obtained from 2b and the free IMes
carbene in hot hexane,”® an analogous approach is to be
avoided in the case of 5. Because of the comparatively
higher air and moisture sensitivity of the unbound satu-
rated carbene, SIMes, an in situ generation protocol is to be
used instead. Several known methodologies affording free
carbenes?P3¢324 Jed to poor yields in isolated complex 5.
The most suitable method for converting 2b into its second-
generation analogues appeared to be the “one-pot” thermal
decomposition of specific adducts®! such as the chloroform
adduct 4 (Scheme 2).
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Progress of the reaction was monitored by *!P NMR fol-
lowing the increase of a new, upfield peak at 6 = 27.0 ppm,
versus 0 = 33.5 ppm for the starting complex 2b. Complete
reaction was observed within 1.5 h and the complex was
isolated in excellent yield (82%). In agreement with the pro-
posed structure, NMR spectra showed peaks characteristic
for the indenylidene unit ['H NMR: doublet for H® at § =
9.13 ppm (5), vs. 5 = 9.08 ppm in 3¢,?®! and singlet for H?
at 6 = 7.81 ppm (5), vs. = 7.80 ppm in 3¢/*"!] and the imid-
azolin-2-ylidene ligand ("H NMR: complex multiplet at & =
3.41-3.12 ppm and '*C NMR: doublet at § = 216.34 ppm
for the carbene-C).

Synthesis of 7 proceeded easily by treatment of 5 with an
excess of pyridine. However, while for the synthesis of
Grubbs’ third-generation catalyst 8 the phosphane ligand
in 1c was readily displaced by pyridine (by an associative
mechanism!®¥), ligand substitution in the SIMes-indenylid-
ene series proved to be significantly slower, presumably be-
cause of: (i) the bulkier indenylidene entity resulting in en-
hanced steric hindrance around the metal centre and (ii) its
stronger electron-donating ability and thus trans influ-
ence,[l as compared to the benzylidene ligand, both factors
hindering the coordination of pyridine trans to the inden-
ylidene moiety. As a consequence, a strongly diminished
rate of pyridine complex formation is observed, which is
consistent with the low rate of PCy; ligand dissociation.
The indenylidene complex 7 was isolated in good yield
(70%) as an orange-brown powder. In contrast to the

&

Scheme 2. Synthetic pathways to second- (5, 6) and third-generation indenylidene-Ru (7) metathesis catalysts.
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Grubbs’ (8a, 9)° and Nolan (10) complexes, which incor-
porate two pyridine ligands (Scheme 3), the 'H and '3C
NMR spectra indicated coordination of only one pyridine.
Elemental analysis confirmed this statement indisputably.
Unlike 8a.,b, complex 7 is stable in dichloromethane (clear
red solutions) for several days, at room temperature.
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Scheme 3. Pyridine-containing Ru precatalysts.

This enhanced thermal stability is likely a result of the
steric and electronic robustness of the indenylidene ligand,
which prevents dimerization, the initial step towards cata-
lyst decomposition.®! This robustness is a unique feature
for a third-generation catalyst, while the labile pyridine li-
gand is an asset for fast initiation in ROM polymeriza-
tions.[3431l

Structure Validation

In order to characterize the compound and to validate
the structure of compound 7, a series of 2D NMR tech-
niques including homonuclear COSY spectroscopy and het-
eronuclear HSQC and HMBC spectroscopy were used.

The initial analysis of the 'H NMR spectra reveals the
resonance of H® at § = 9.10 ppm in the indenylidene moiety
that is generally well recognizable as it gives rise to the only
doublet, as well as six singlets (1.70-2.90 ppm) due to six
methyl groups from the SIMes ligand. Low-field quaternary
resonances associated with the carbene atoms of the inden-
ylidene (Ru=CR) and NHC moieties, as well as signals of
the pyridine ligand, are visible in 3C NMR spectroscopy.
The protons that are directly attached to the carbons of the
imidazolidene ring can be deduced from the HSQC spec-
trum [3.17-3.56 ppm ('H); ca. 50.6, ca. 52.1 ppm (3C)].
Correlations can be found between these protons and the
carbon atom with high chemical shifts (6 = 215 ppm,
434
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HMBC). The aromatic protons of the SIMes ligand (6.77,
6.60 ppm) could be assigned on the basis of an HMBC cor-
relation with the methyl carbon signals and their mutual
correlation by 'H-'"H COSY (Figure 1). The pyridine pro-
tons were distinguished on the basis of the number of ob-
served 'H-'H COSY correlations. As a starting point for
the analysis of the indenylidene ligand, the quaternary car-
bene atom was chosen as it will resonate at high frequency.
Such a signal is observed in the 1D '3C spectrum at 6 =
301 ppm. The singlet due to alkylidene carbon correlates
with singlets H?I (6 = 7.23 ppm) and H® (6 = 9.10 ppm)
(HMBC). A distinction between those two protons can be
made by their multiplicity, as all four resonances are well-
resolved. The '"H-'H COSY experiment also permitted lo-
cation of the H'-H? spin system. HMBC correlations were
then used to assign the quaternary carbon atoms in the
main aromatic ring system.
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Figure 1. Aromatic section of the '"H-'H COSY for complex 7.

Complex 6 was obtained from 7 by simple ligand ex-
change and isolated in 89% yield as a clear red powder. In
addition, it was straightforwardly obtained from reaction
of 2a with 4 (1 h in refluxing THF). The high thermal sta-
bility of 2a prevents decomposition under these conditions
and thus provides a cheap and economical way to obtain
this second-generation-type catalyst.

Challenged to establish how the properties of the inden-
ylidene ligand translate into catalyst activity, we investi-
gated the catalytic behaviour of the indenylidene complexes
2b, 5, 6 and 7 for two standard reactions, the ROMP of
1,5-cyclooctadiene (COD, 11) (Scheme 4) and the RCM of
diethyl diallylmalonate (13) (Scheme 6), usually employed

ROMP
n —_ Wm/\){
[Ru] "
11 12

Scheme 4. Ring-opening metathesis polymerization of 1,5-cyclo-
octadiene (11).
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for the characterization of olefin metathesis catalysts.[’! Par-
allel screening with their benzylidene counterparts la, lc
and 8b has been performed to gain insight into particulari-
ties concerning the carbene ligand behaviour.

In the ROMP of 3000 equiv. COD, catalyst 5 suffers from
a strongly increased initiation period in comparison with its
benzylidene analogue, 1c (Figure 2). Still, full conversion is
achieved after 5 h, which again illustrates the stability of the
precursor. The lower rate of initiation of 5 relative to 1c is
in accordance with what was observed in RCM reactions.
The replacement of the PCyj; ligand (5) with the more labile
PPh; ligand (6) rationally enhances the initiation rate and
drastically improves monomer consumption, reaching full
conversion within a few minutes.

—A—1a
—©—2b
——1c¢

conversion / %

1.5
time / h

Figure 2. ROMP of 3000 equiv. COD (11) using catalysts 1a, lc,
2b, 5 and 6. Catalyst concentration: 0.453 mwm; solvent: CDCls;
temperature: 20 °C; conversion determined by 'H NMR spec-
troscopy. Lines are intended as visual aids, not as curve fits.

For the first-generation catalysts, we encountered a strik-
ingly better activity for catalyst 2b versus 1a. As the propa-
gating species is the same for both catalysts, a fundamental
difference has to be native to the precatalysts. Surprisingly,
at a monomer/catalyst ratio of only 300 (Figure 3), the
benzylidene catalyst demonstrates superior activity com-
pared with the indenylidene analogue, which is at first sight
opposite to the previously discussed results.

In fact, catalyst 2b displays an initiation period after
which activity increases to reach 97% conversion after 1 h.
Contrary to the observations, the bulkier indenylidene unit
would predict faster PCy; ligand dissociation as a result of
steric repulsion between the carbene unit and the phos-
phane ligand (Scheme 5, a).l'% On the other hand, it is rea-
sonable to accept that the activation energy for olefin coor-
dination is higher for 2b than for 1a because of: (i) the en-
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Scheme 5. Mechanism of initiation for indenylidene-type precatalysts.
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Figure 3. ROMP of 300 equiv. COD (11) using catalysts 1la and
2b. Catalyst concentration: 4.53 mm; solvent: CDCls; temperature:
20 °C; conversion determined by "H NMR spectroscopy. Lines are
intended as visual aids, not as curve fits.

hanced steric hindrance of the indenylidene ligand, pre-
venting facile approach of olefin substrate molecules
(Scheme 5, b), (ii) the better electron-donating properties of
the indenylidene ligand, saturating the Ru centre and thus
decreasing the electron affinity at the active site (Scheme 5,
b) and (iii) the better delocalization of electron density in
the indenylidene ligand relative to the benzylidene ligand,
which reduces the rate of metallacyclobutane ring forma-
tion (Scheme 5, ¢). These arguments account for the pro-
longed initiation period of 2b and illustrate how olefin co-
ordination, the second step of the initiation process, can
play a determining role in the initiation rate of the catalyst
and accordingly demonstrates the importance of the steric
and electronic characteristics of the carbene unit. The faster
initiation of the benzylidene catalyst, 1a, affords higher con-
centrations of the active species and consequently more cat-
alyst decomposes by bimolecular decomposition.

For the third-generation catalysts, the monomer/catalyst
ratio was extended to 10000:1 and the results are depicted
in Figure 3.

Quite successfully, at these low catalyst loadings, 7
reached full monomer conversion in less than 15 min, sur-
passing at all times the third-generation Grubbs’ catalyst 8b
(Figure 4), the ROMP catalyst of excellence until now. The
polymers obtained from these reactions display similar
characteristics (M, = 52000; PDI = 1.6; g. = 0.47 for 8b
and M, = 50000; PDI = 1.6; . = 0.42 for 7).
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Figure 4. ROMP of 10000 equiv. COD using third-generation cata-
lysts Ru-indenylidene, 7, versus Ru-benzylidene, 8b. Catalyst con-
centration: 0.136 mM; temperature: 20 °C; solvent: CDCls; conver-
sion determined by '"H NMR spectroscopy. Lines are intended as
visual aids, not as curve fits.

Summarizing the results for ROMP, the electronic and
steric robustness of the indenylidene ligand raises the bar-
rier for catalyst initiation and decomposition. The lower
initiation rate is particularly disadvantageous in view of
‘living” polymerizations with catalysts 2b and 5, while the
enhanced stability is beneficial for complexes 6 and 7.

Aiming at a more elaborate exploration of the catalytic
potential of the newly reported complexes and encouraged
by the high rates of initiation for complex 7, our research
was extended to the application in the RCM of diethyl dial-
lylmalonate, 13 (Scheme 6).

EtOOC_ COOEt

EtOOC COOEt
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Scheme 6. Ring-closing metathesis of diethyl diallylmalonate (13).

The results for the RCM of 13 using catalysts 1a, 1c¢, 2b,
5 and 6 are depicted in Figure 5. Remarkably, under these
conditions, first-generation catalysts 1la and 2b clearly af-
ford higher conversions in shorter reaction times than their
second-generation counterparts, 1¢ and 5, which obviously
originates from an increased ligand dissociation.*] Within
the class of first-generation catalysts, the indenylidene cata-
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Figure 5. Conversions in the RCM of diethyl diallylmalonate (13)
using catalysts 1a, 1c, 2b, 5 and 6. Catalyst loading: 0.5 mol-%;
temperature: 20 °C; solvent: CDCls; conversion determined by 'H
NMR spectroscopy. Lines are intended as visual aids, not as curve
fits.

436

www.eurjic.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

lyst performs a faster quantitative consumption of the sub-
strate. Both catalysts show high initial activity followed by
a slow phase proceeding towards full conversion, a highly
unusual reaction profile also described by Grubbs et al. for
1a.

We believe that a decreased rate of initiation for the in-
denylidene catalyst relative to the benzylidene catalyst af-
fords lower concentrations of the active species and, as a
result, less decomposition occurs.®! Therefore, higher con-
versions are possible for the slower initiating catalyst 2b
than for 1a.

Using a low catalyst loading of 0.5 mol-%, precursor 5
shows only 45% conversion in the RCM of 11 after 4 h,
a result which is clearly excelled by the Grubbs’ second-
generation catalyst 1c. A further increase of conversion to
76% after 16 h and 90% after 24 h indicates that the cata-
lyst has a very long lifetime; yet, at room temperature a low
rate of initiation prevents a fast conversion. The reaction
rate speeds up when the temperature is raised to 40 °C. The
higher temperature allows for a better ligand dissociation,
and hence a higher initiation rate of 5. Whereas the inden-
ylidene unit in 2b proved beneficial, incorporation of the
NHC ligand decreased the catalytic activity for RCM dra-
matically. In search of better ligand dissociation, the ex-
change of the PCyj; ligand in 5 for the more labile PPhs
ligand logically improves the rate of reaction. Remarkably,
the activity of 6 is identical to that of 1c. In spite of the
more labile PPh; ligand, allowing for better ligand dissoci-
ation, the activity of 6 does not surpass the activity of lc.
While 6 clearly initiates faster in the ROMP of 11, its ac-
tivity is equal to that of 1c¢ in the RCM of 13.

To clarify the behaviour of the third-generation catalysts
in RCM, both catalysts have been tested at various catalyst
loadings (0.5-5 mol-%) and compared mutually (Figures 6
and 7).

100
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£ 601
5
=
S 40

20

0 . :
0 10 20 30
time / min

Figure 6. Conversions in the RCM of diethyl diallylmalonate (13)
using catalyst 8b at different catalyst loadings. Substrate loading:
0.41 mmol diethyl diallylmalonate; temperature: 20 °C; solvent:
0.60 mL of CDCls; conversion determined by 'H NMR spec-
troscopy. Lines are intended as visual aids, not as curve fits.

While the previously discussed catalysts (Figure 4) tend
to perform the reaction to full conversion, catalysts 7 and
8b complete the reaction only partially (Figures 6 and 7).
The weak donating properties of the pyridine ligand in
complexes 7 and 8b are visibly insufficient to stabilize the
catalytically active species during the course of the reaction,
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Figure 7. Conversions in the RCM of diethyl diallylmalonate (13)
using catalyst 7 at different catalyst loadings. Substrate loading:
0.41 mmol diethyl diallylmalonate; temperature: 20 °C; solvent:
0.60 mL of CDCls; conversion determined by 'H NMR spec-
troscopy. Lines are intended as visual aids, not as curve fits.

and as a result, catalyst decomposition prevents a successful
fulfilment of the reaction. Similar reaction profiles are re-
ported for analogous pyridine-containing complexes 9 and
10'[2],6b]

Results further illustrate that, for all tested catalyst load-
ings, the indenylidene catalyst 7 enables very good conver-
sions at short reaction times (5-10 min), undoubtedly supe-
rior to those attained with the benzylidene analogue 8b.
Contrary to the first- and second-generation catalysts, this
indenylidene catalyst initiates faster than its benzylidene an-
alogue. Astoundingly, at distinct catalyst loadings, there is
no significant differentiation in conversions after longer re-
action times (>20 min) between the catalysts mutually. This
indicates an unusual catalyst behaviour in the initial stage
of the reaction. It is even more conspicuous that in the be-
ginning of the reactions with catalyst 8b, conversions are
lower in the case of higher catalyst loadings. To gain insight
into this, the TON/s of both catalysts were analysed in de-
tail (Figures 8 and 9).

0.30
'T('n ) ¢ 0.50 mol-%
n o 1.25 mol-%
g 0209, 45.00 mol-%
) |
g
= 010+ ® o .
% o ooDogg
= 8 8
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0 10 20 30
time / min

Figure 8. TON/s in RCM of diethyl diallylmalonate (13) using cata-
lyst 8b at different catalyst loadings. Temperature: 20 °C; solvent:
CDCls.

Whereas 7 shows an expected TON/s plot for all catalyst
loadings, 8b demonstrates an initiation period which length-
ens with increasing catalyst loadings. This type of behaviour
is a fingerprint of intermolecular self-inhibition of the cata-
lyst, while the overall conversion, being roughly equal for
both catalysts, excludes major decomposition of the starting
complex in this stage of the reaction. NMR investigation of
this event revealed the ascent of a new signal at 0 =
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Figure 9. TON/s in RCM of diethyl diallylmalonate (13) using cata-
lyst 7 at different catalyst loadings. Temperature: 20 °C; solvent:
CDCls.

8.84 ppm in the 'H NMR spectrum (pyridine-o-CH) and
two distinct peaks at 6 = 152.3 ppm and 6 = 150.1 ppm in
the 3C NMR spectrum (pyridine-o-C) (Figure 10), unam-
biguously characterizing the formation of the bispyridine
complex, 8a.l6al
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Figure 10. Detail of the '3C NMR spectrum of 8b at room tempera-
ture. Solvent: CDCls, concentration: 34.5 mm.

Based on these observations, we propose a mechanism
where the starting compound 8b partially disproportionates
into a bispyridine complex and a proposed unidentified di-
meric species.''] We previously emphasized the steric and
electronic robustness of the indenylidene unit, which dis-
favours dimerization and decomposition of the precatalyst.
It is conceivable that, because of enhanced steric crowding
of the indenylidene ligand, the driving force for the forma-
tion of a dimeric species and a bispyridine complex has de-
creased to such an extent that this phenomenon does not
occur spontaneously and as a result, the catalyst displays a
different behaviour in the initial phase of the reaction. As
the propagating species are identical for both catalyst pre-
cursors, and thus are equally vulnerable to decomposition,
conversions are similar in the end. In search of further sup-
port of this statement, we reasoned that if the bispyridine
complex formation accounts for the observed initiation
periods, such an initiation period should be absent in the
case of the bispyridine catalyst 8a. Figures 11 and 12 show
that indeed the bispyridine complex exhibits no visible initi-
ation period.
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Figure 11. Conversions in RCM of diethyl diallylmalonate (13)
using catalysts 8a and 8b. Catalyst loading: 5 mol-%; temperature:
20 °C; solvent: CDCls; conversion determined by '"H NMR spec-
troscopy. Lines are intended as visual aids, not as curve fits.
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Figure 12. TON/s in RCM of diethyl diallylmalonate (13) using
catalysts 8a and 8b. Catalyst loading: 5 mol-%; temperature: 20 °C;
solvent: CDCls. Lines are intended as visual aids, not as curve fits.

In summary, in first- and second-generation catalysts the
indenylidene unit evokes a decreased initiation rate in the
RCM reaction, still allowing for full conversions. In the case
of third-generation catalysts, the indenylidene unit stabilizes
the precatalyst and prevents it from self-inhibition.

Conclusions

In conclusion, in this work new and robust second- and
third-generation Ru-indenylidene complexes 5, 6 and 7, all
isolated in high yields, have been disclosed as air- and
moisture-stable compounds. Together with the first-genera-
tion catalyst, this family of Ru-indenylidenes was screened
for their activity for RCM and ROMP of model substrates,
with their benzylidene counterparts as benchmarks. Based
on Kkinetic investigations, the alkylidene ligand was shown
to play a decisive role in the activity of the catalysts. More
specifically, a decreased rate of catalyst initiation for the
indenylidene complexes was observed. For first-generation
catalysts, the retarded initiation of the indenylidene catalyst
affords higher activity in RCM, while the activity in ROMP
is more dependent on the reaction conditions. The second-
generation indenylidene catalyst 5 exhibits lower activity
than its benzylidene analogue, in RCM reactions as well as
in ROM polymerizations; clearly a result of decreased cata-
lyst initiation. While catalyst 6 shares the activity of the
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second-generation Grubbs’ catalyst for RCM, it initiates
ROMP significantly faster. Evaluating the results for the
third-generation catalysts, we observed a better perform-
ance of the indenylidene catalyst 7 both in RCM and
ROMP. The higher activity and stability of 7 versus 8b sup-
ports the idea that properties such as catalyst activity and
stability, seemingly antagonistic, can be innate features of
one single catalyst. Serendipitously, determining the activity
of 8b for RCM at different catalyst loadings revealed the
unexpected partial formation of the bispyridine complex 8a
from 8b, which results in the self-inhibition of the catalyst.

Experimental Section

General Remarks: All synthetic manipulations were performed un-
der argon (oxygen-free) using the Schlenk technique. Argon was
dried by passage through Drierite. Tetrahydrofuran (THF), toluene,
dichloromethane, hexane, [Dg]benzene and [D]chloroform, dried by
standard methods, were degassed by the standard three freeze-
pump-thaw cycles. Methanol and pyridine were not dried or de-
gassed before use. PPh; was purchased from Acros. Catalysts 1¢l¢
and 8bl% were prepared according to the literature. Catalyst 1a
and diethyl diallylmalonate were purchased from Aldrich and used
as received. Catalyst 2b was supplied by Umicor AG and used as
received. 1,5-Cyclooctadiene was purchased from Aldrich and dis-
tilled, dried and degassed before use. '"H NMR spectra were re-
corded with a Bruker Avance 500 MHz spectrometer and '*C and
3IP NMR spectra were recorded with a Bruker 300 MHz spectrom-
eter. Chemical shifts (J) are given in parts per million (ppm) relative
to TMS. In 3P NMR spectra, PPh; was used as an internal stan-
dard (6 = —4.27 ppm in C¢Dg). Kinetic experiments were conducted
on a Varian Unity 300-MHz NMR spectrometer.

Abbreviations: NHC = N-heterocyclic carbene; RCM = ring-closing
metathesis; ROMP = ring-opening metathesis polymerization; Cy
= cyclohexyl; Ph = phenyl; py = pyridine; SIMes = N,N’-bis(2,4,6-
trimethylphenyl)imidazolin-2-ylidene; IMes = N,N’-bis(2,4,6-tri-
methylphenyl)imidazol-2-ylidene; IPr = N,N’'-bis(2,6-diisopro-
pylphenyl)imidazolin-2-ylidene; TON = turn over number.

Synthesis of (SIMes)(PCy;)Cl,Ru(3-phenylinden-1-ylidene) (5):
Complex 2b (398 mg, 0.432 mmol) and the chloroform adduct 4
(357 mg, 0.863 mmol) were admitted into a previously flame-dried
flask and solved in THF (15 mL) whilst stirring, and the solution
was refluxed for 1.5 h. The reaction mixture was cooled down, solid
materials were filtered off and the filtrate was concentrated in
vacuo. The residue was suspended in MeOH (5 mL) and dissolved
under ultrasound; the precipitate formed when the ultrasound was
disconnected, was filtered off, washed on the funnel with another
SmL of MeOH and dried in vacuo to afford 5 (334.5 mg, 82%
yield) as a red powder. '"H NMR (500.13 MHz, 22 °C, C¢Dg,
Me,Si): 0 =9.13 (d, Js; = 7.3 Hz, 1 H, H®), 7.88 (s, 1 H, phenyl),
7.86 (s, 1 H, phenyl), 7.81 (s, 1 H, H?), 7.31 (t, J, = 7.4 Hz, 1 H,
phenyl), 7.23 (t, J, = 7.5 Hz, 2 H, phenyl), 7.16 (td, Js7 = J76 =
7.3,J;5=12Hz, 1 H, H"),7.10 (td, J76 = Js5 = 7.2, Jos = 1.0 Hz,
1 H, H°), 7.06 (dd, Js5 = 7.2, J;5 =12 Hz, 1 H, H>), 6.96 (s, 1 H,
SIMes-m-CH), 6.95 (s, | H, SIMes-m-CH), 6.45 (s, 1 H, SIMes-m-
CH), 6.00 (s, 1 H, SIMes-m-CH), 3.41-3.32 (m, 2 H, N-CH), 3.28-
3.22 (m, 1 H, N-CH), 3.18-3.12 (m, 1 H, N-CH), 2.85 (s, 3 H,
SIMes-CH3), 2.83 (s, 3 H, SIMes-CHs), 2.45(q, J, = 11.5Hz, 3 H,
PCys), 2.36 (s, 3 H, SIMes-CH;), 2.22 (s, 3 H, SIMes-CHs), 2.21
(s, 3 H, SIMes-CH3), 1.82 (m, 3 H, PCys), 1.78 (s, 3 H, SIMes-
CHs3), 1.71 (m, 3 H, PCy;), 1.57 (m, 3 H, PCy3), 1.52 (m, 6 H,
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PCys), 1.36-1.09 (m, 15 H, PCys) ppm. 3C NMR (300.18 MHz,
22°C, CsDy, Me,Si): 6 = 291.4 (d, Jp « = 2 Hz, 1 C, C"), 216.3 (d,
Jo e =292 Hz, 1 C, SIMes-C?), 144.1, 140.1, 138.1, 136.9, 136.9,
136.4, 136.1, 135.6, 135.2, 134.7, 129.0, 128.9, 128.44, 128.04,
127.95, 127.6, 127.4, 127.0, 126.6, 126.3, 125.8, 125.3, 115.0, 51.1,
50.5, 32.1, 31.9, 30.3, 28.8, 28.5, 26.9, 26.8, 26.7, 25.8, 25.3, 21.6,
19.8, 19.7, 19.3, 17.8, 17.6 ppm. 3'P NMR (300.18 MHz, 22 °C,
C¢De): 0 = 27.0 (s) ppm. Cs4HeoClLN,PRu (949.10): caled. C 68.34,
H 7.33, N 2.95; found C 67.97, H 6.95, N 3.19.

Synthesis of (SIMes)(PPh;)Cl,Ru(3-phenylinden-1-ylidene) (6).
Method A: Complex 7 (1.00 g, 1.34 mmol) and PPh; (387 mg,
1.47 mmol) were dissolved in dichloromethane (50 mL) and stirred
for 30 min at room temperature. The solvent was removed by evap-
oration and the residue recrystallized from dichloromethane/hex-
ane. Filtration and washing with hexane afforded compound 6
(1.11 g, 89%).

Method B: Complex 2a (1.00 g, 1.13 mmol) and the chloroform
adduct 4 (935 mg, 2.26 mmol) were charged into a flame-dried re-
action flask and dissolved in toluene (50 mL). The mixture was
heated for 2.5 h at 65 °C. After cooling down to room temperature,
the solid materials were filtered off and the filtrate was concen-
trated by evaporation. Suspending in hexane, filtering off and
washing intensively with hexane (100 mL) yielded compound 6 as
a deep red powder in 86% yield.

'"H NMR (300.18 MHz, 22 °C, CD,Cl,, Me,Si): 6 = 7.87 (d, J =
7.7 Hz, 1 H, H%), 7.54-6.96 (br. multiple peaks, 20 H, PPhs, phenyl,
P, B, H°, H’, SIMes-m-CH), 6.56 (s, 1 H, SIMes-m-CH), 6.41
(s, 1 H, SIMes-m-CH), 6.03 (s, 1 H, SIMes-m-CH), 4.09-4.03 (m,
2 H, N-CH), 3.89-3.78 (m, 2 H, N-CH), 2.69 (s, 3 H, SIMes-CHs),
2.66 (s, 3 H, SIMes-CHs), 2.47 (s, 3 H, SIMes-CH3), 2.13 (s, 3 H,
SIMes-CHs), 2.01 (s, 3 H, SIMes-CHs3), 1.84 (s, 3 H, SIMes-CHj)
ppm. 3C NMR (300.18 MHz, 22 °C, CD,Cl,, Me,Si): 6 = 300.3
(d, Jp_.c =13 Hz, 1 C, "), 215.2 (d, Jp_c = 78 Hz, 1 C, SIMes-C?),
143.3, 141.2, 140.8, 139.6, 139.4, 138.6, 138.2, 137.2, 136.9, 136.8,
136.4, 135.8, 134.8, 134.5, 134.4, 134.0, 133.7, 132.2, 132.0, 131.5,
130.1, 130.0, 129.9, 129.5, 129.2, 129.1, 129.0, 128.93, 128.86,
128.7, 128.2, 127.6, 127.5, 127.3, 126.6, 116.4, 21.3, 20.9, 20.4, 20.3,
18.7, 18.6 ppm. *'P NMR (300.18 MHz, 22 °C, CD,Cl,): 6 = 27.3
(s) ppm. Cs4Hs;CI,N,PRu (930.96): calcd. C 69.67, H 5.52, N 3.01;
found C 69.78, H 5.43, N 3.19.

Synthesis of (SIMes)(py)Cl,Ru(3-phenylinden-1-ylidene) (7): A
flame-dried reaction flask was charged with 5 (1.00 g, 1.05 mmol)
and pyridine (5.0 mL). The resulting solution was stirred for 2 h,
during which time the colour changed from red to yellowish-brown.
Hexane (20 mL) was added and upon cooling the mixture to
40 °C, a brown solid precipitated. The solid was filtered, washed
several times with cold hexanes (3 X 10 mL) and dried under vac-
uum to afford 7 as an orange-brown solid. Yield: 552 mg (70%).
'H NMR (300.18 MHz, 22 °C, C¢Dg, MeySi): 6 = 9.05 (d, 1 H,
H?), 8.13 (br. s, 2 H, py-0-CH), 7.81-6.04 (br. multiple peaks, 16
H, py, H°, H°, H’, Mes-CH), 3.56-3.17 (m, 4 H, N-CH,), 2.99 (s,
3 H, SIMes-CH3), 2.72 (s, 3 H, SIMes-CH;), 2.48 (s, 3 H, SIMes-
CH;), 2.13 (s, 3 H, SIMes-CHs3), 1.99 (s, 3 H, SIMes-CH3), 1.70 (s,
3 H, SIMes-CH;) ppm. '*C NMR (300.18 MHz, 22 °C, C¢Dq,
Me,Si): 0 = 300.6 (s, 1 C, C1), 215.13 (s, 1 C, SIMes-C?), 152.2 (s,
2 C, py-0-C), 143.6, 141.5, 141.0, 140.6, 139.5, 139.3, 138.8, 137.6,
137.4, 137.2, 137.1, 136.6, 136.2, 134.2, 134.6, 129.8, 129.5, 129.2,
128.6, 128.2, 127.9, 127.6, 126.6, 123.2, 116.8, 52.1, 50.6, 21.5, 21.2,
21.04, 20.95, 18.8, 18.6 ppm. C4Hy CLLN3Ru (747.77): caled. C
65.68, H 5.53, N 5.62; found C 65.22, H 5.87, N 5.43. For number-
ing of the indenylidene ring system see Figure 13.
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Figure 13. Numbering of the indenylidene ring system.

General Procedure for Ring-Closing Metathesis: The appropriate
amount of catalyst was dissolved in CDCl; (0.60 mL), left to equili-
brate for 2 min at room temperature and transferred to an NMR
tube. Diethyl diallylmalonate (0.10 mL, 0.41 mmol) was then added
under argon and the NMR tube capped and sealed with Parafilm.
Conversion was monitored by integration of the allylic methylene
peaks in the '"H NMR spectrum of the substrate and the product.

General Procedure for Ring-Opening Metathesis Polymerization:
The appropriate amount of catalyst was dissolved in CDCl;
(0.60 mL) and transferred to an NMR tube. 1,5-Cyclooctadiene
(0.10 mL, 0.82 mmol) was then added under argon and the NMR
tube was capped. Conversion was monitored by integration of the
allylic methylene peaks in the 'TH NMR spectrum of the monomer
and polymer.

General Procedure for Polymer Synthesis: A small oven-dried glass
vial with septum was charged with a magnetic stir bar and the
appropriate amount of catalyst was added under inert argon. The
catalyst was dissolved (5.0 mL of CH,Cl,) and COD (2.0 mL) was
transferred to the vial by syringe, under vigorous stirring at room
temperature. The polymerization was terminated after 1 h through
addition of ethyl vinyl ether (0.1 mL) and a small amount of BHT
was added to prevent the polymer from oxidation. The polymer
was precipitated with methanol and isolated by filtration and dry-
ing in vacuo. M, and polydispersities (PDI) were determined by
size-exclusion chromatography (SEC) with polystyrene calibration.
g, was determined by '3C NMR spectroscopy (allylic carbon cis:
0 = 27.6 ppm, allylic carbon trans: 6 = 32.9 ppm).

NMR Investigation on Catalyst 8b: An NMR tube was charged
with a solution of 8b (34.5 mm) in CDCl; under inert argon and
the NMR tube was capped and sealed with Parafilm. The catalyst
transformation was monitored at room temperature by 'H and '3C
NMR spectroscopy.
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