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N-Heterocyclic Carbene and Phosphine Ruthenium Indenylidene
Precatalysts: A Comparative Study in Olefin Metathesis

Hervé Clavier and Steven P. Nolan*!®!

Abstract: Kinetic studies on ring-clos-
ing metathesis of unhindered and hin-
dered substrates using phosphine and
N-heterocyclic carbene (NHC)-contain-
ing ruthenium-indenylidene complexes
(first and second generation precata-
lysts, respectively) have been carried
out. These studies reveal an appealing

zylidene generation catalysts and their
respective representative substrates. Fi-
nally, the reaction scope of the two
most interesting precatalysts, com-
plexes that contain tricyclohexylphos-
phine and 1,3-bis(2,4,6-trimethylphen-
yl)imidazol-2-ylidene  (SIMes), has
been investigated for the ring-closing

and enyne metathesis for a large range
of olefins. Owing to their high thermal
stability, the SIMes-based indenylidene
complexes were more efficient than
their benzylidene analogues in the
ring-closing metathesis of tetrasubsti-
tuted dienes. Importantly, none of the
indenylidene precatalysts were found

difference, between the phosphine and
NHC-containing catalysts, associated
with a distinctive rate-determining step
in the reaction mechanism. These cata-
lysts have been compared with the ben-

Introduction

Olefin metathesis represents one of the most useful and ver-
satile tools in organic synthesis for the formation of carbon-
carbon double bonds. This is owed to the numerous types of
metathesis reaction that have been developed, for example,
ring-closing metathesis (RCM), enyne metathesis, ring-open-
ing polymerization metathesis, and cross metathesis.'! The
ground-breaking discovery of a well-defined ruthenium-car-
bene catalyst 1 by Grubbs in 1992 generalized their use,
the properties of Grubbs’ catalyst lead to higher compatibil-
ity with functional groups as well as an increased ease of
handling.®”! Subsequently, the Grubbs first generation cata-
lyst 2 and a second generation of catalysts, 3 and 4,°
containing N-heterocyclic carbene (NHC) ligands!” were re-
ported between 1995 and 1999. Since then, the Ru-benzyli-
dene class of precatalysts 2-4 has been extensively used to
develop even more efficient precatalysts such as the “boo-
merang” complexes of Hoveyda, Blechert and Grela.® Nev-
ertheless, a thorough comparison between both catalyst gen-
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to be the most efficient for all of the
substrates, indeed, a complementary
complex-to-substrate activity relation-
ship was observed.
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erations in terms of activity and scope has not been reported
and the relative usefulness of these generations in numerous
applications is a question not yet satisfactorily answered.
For example, Blechert reported that phosphine-containing
catalysts gave the highest turnover numbers with unhin-
dered substrates, whereas recently, Grubbs™ found that
second generation catalysts performed better in the RCM of
diethyldiallyl malonate. Generally, the NHC-containing
complexes are considered as superior in terms of activity
and stability.!""

As an alternative to Ru-benzylidene precatalysts, Ru-3-
phenylindenylidene complexes!' such as 51" and its IMes-
containing analogue 6! (IMes = 1,3-bis(2,4,6-trimethylphen-
yl)imidazol-2-ylidene) have been recently developed and
5-7 are now commercially available. These precatalysts were
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found to be more resistant, to harsh reaction conditions
(temperature and functional group tolerance),’” than their
benzylidene counterparts. Nevertheless, their catalytic activi-
ties have been scarcely examined, especially the SIMes-con-
taining complex 7 (SIMes=1,3-bis(2,4,6-trimethylphenyl)-
4,5-dihydroimidazol-2-ylidene) for which no evaluation in
catalysis has been reported so far.

Results and Discussion

Kinetic studies and mechanism: Historically, metathesis cat-
alysts have been tested in metathesis transformations such
as RCM, without significant optimization of reaction condi-
tions (for instance high temperatures have been generally
used). The report of high isolated yields is not satisfactory
to determinate catalyst efficiency (this relationship is too
often used). Moreover, in numerous instances, such studies
do not report reaction conditions, often omitting catalyst
loading and reaction time information. Consequently, a
comprehensive and useful comparison between metathesis
catalysts proves practically difficult or impossible.

To evaluate efficiently the activity of precatalysts 5-7 in
RCM, several kinetic studies were carried out. We initiated
our study with diethyl diallylmalonate 8 as a model sub-
strate and performed room-temperature reactions with low
precatalyst loadings (1 mol %), to slow the rate of RCM re-
action to obtain an accurate measurement of conversion
(Figure 1). Under these conditions, precatalyst 5 was found
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Figure 1. RCM of substrate 8 with precatalyst 5-7 (1 mol %) in CH,Cl, at
RT; (e, 5), (4, 6) and (e, 7).

to be extremely efficient, only a few minutes were necessary
to complete the reaction, whereas 6 and 7 showed slow and
moderate reaction kinetics, respectively. Although the activi-
ties of 6 and 7 persisted over a few hours at a constant rate,
10 hours were required for 7 to reach a full conversion and
a reaction with 6 over 36 hours led to only a 72% conver-
sion.

In an attempt to establish if these catalysts behaved simi-
larly for various substrates, we carried out similar studies
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with a more hindered substrate, diethyl allymethallylmalo-

nate 10 (Figure 2). The reaction trend observed for substrate

10 with precatalysts 6 and 7 was similar to the trend ob-
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Figure 2. RCM of substrate 10 with precatalyst 5-7 (1 mol%) in CH,Cl,
at RT; (e, 5), (A, 6) and (e, 7).

served for the previous substrate (diene 8), a constant reac-
tion rate was observed during the RCM. A 36 hour reaction
time led to only ~50% conversion with 6, and in 10 hours
full conversion was obtained with 7. Whereas, the phos-
phine-containing precatalyst 5 led to a significantly different
performance. Instead of 10 min for substrate 8, 10 hours
were necessary to complete the RCM for substrate 10. Inter-
estingly, after a fast initiation, the reaction rate decreased,
this indicates a degree of degradation in the active species.

These kinetic studies performed on 8 and its trisubstituted
analogue 10 have shown that the efficiency of 5 is closely re-
lated to the steric hindrance of the substrate. Whereas, the
activities of the NHC-containing complexes were found to
be comparable if used with substrates 8 and 10. These obser-
vations suggest different rate-determining steps for each cat-
alyst generation (Figure 3).1! According to previous mecha-
nistic studies,'” ruthenium olefin metathesis catalysts in-
volves 14 electron complexes B and E, which are the active
species and their formation represents the rate-determining
step of the reaction. The formation of B, by dissociation of a
phosphine ligand from precatalyst A, precedes the olefin co-
ordination and a first metathesis that leads to complex C.
This activation step (formation of B) is not related to the
nature of the substrate and corresponds to the limiting step
for NHC-containing precatalysts. This explains why, for sev-
eral substrates, a thermal activation of complexes 6 and 7 is
required, whereas 5 reacted faster (vide supra). The forma-
tion of the metallacyclobutane D, and its conversion to E
upon the extrusion of RCM product, is directly related to
the steric hindrance of the substrate and constitute the limit-
ing step for phosphine-containing precatalysts.

The significant difference in activity between IMes- and
SIMes-containing precatalysts is still not clearly explained.
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Figure 3. Proposed mechanism and rate-determining steps as a function of ligands.

Recently, Jensen and co-workers attributed this gap to both
electronic and steric effects but these results should be treat-
ed with due consideration, and are still not totally explain-
ed.'"”¥ The specific o-donor and m-acceptor character of the
NHC:s are expected to have a large influence on the catalyt-
ic activity of the catalysts, in particular on the increased
thermal stability of the 14-electron complexes. The steric in-
fluence of the ligand (L) in olefin metathesis transforma-
tions is still the subject of controversy, but the nonplanarity
of the imidazole backbone of SIMes seems to be of major
importance.'’

Catalyst comparison of representative substrates: Having es-
tablished a significant difference in the catalytic activity of
precatalysts 5-7, we investigated the performance of these
complexes on a wider range of substrates. The optimization
of the reaction conditions has been considered, to obtain
reasonable reaction times (no more than 10 h) depending of
the catalyst loading. The reaction progress was monitored
by using thin layer chromatography until completion, the
product was isolated by using flash chromatography on
silica-gel, and consequently characterized by spectroscopy.
Notably, the reaction mixture was heated only if after 1
hour no product formation was observed. To establish a true
comparison between the performance of 6 and 7, identical
reaction times were used for these precatalysts.

We compared benzylidene and indenylidene-based preca-
talysts using Grubbs first generation precatalyst 2 and com-
plex 5 (Table 1). For each of the six substrates tested, no
noteworthy difference in activity was observed between 2
and 5. These precatalysts were found to perform the cycliza-
tion metathesis transformations of various substrates in a
few hours at room temperature by using 2 mol % of precata-
lyst (Table 1, entries 1, 2, 4-6). Unfortunately, application of
precatalysts 2 and 5 was ineffective for tetrasubstituted
olefin 12 (entry 3). The considerable steric hindrance of the
substrate requires an important thermal activation leading
to the degradation of phosphine-containing active species.
Both SIMes-containing precatalysts 4 and 7 showed compa-
rable activities. Nevertheless, for the tetrasubstituted diene
12, IMes and SIMes-containing benzylidene complexes 3
and 4 showed moderate activity (isolated yield, ~50%),
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whereas 7 yielded 85% of cy-
clized product 13. We attribute
the improved activity of the in-
denylidene-based complexes to
the higher thermal stability of
these precatalysts.['*]

In comparing 6 and 7, we ob-
tained a better activity for the
SIMes-containing  precatalyst
(7) for each of the six sub-
strates. Interestingly, the differ-
ence in catalytic activity was
found to be slightly lower if
thermal activation was necessa-
ry (10-20% for reactions per-
formed at higher temperature instead of 30-40% at room
temperature). For most of these substrates, 5 was found
more effective than the SIMes-containing 7, especially for
substrates 16 and 18, as metatheses could not be carried out
at room temperature using 7. However, precatalyst 7 pro-

Table 1. Precatalysts comparison on model substrates.

Substrate Product Precatalyst T t Isolated
(loading [cCI® [h] yield
[mol %)) [%]
2(2) 25 0.25 100
EtO,C ~COEt Et0,C._ CO,Et 402) 25 s 100
L Ny C? 5(2) 25 025 98
8 9 6(2) 25 5 64
7(2) 25 5 95
Et0,C._CO,Et Et0,C._-COE 2(2) 25 6 93
4(2) 25 5 96
2 2 5(2) 25 6 89
10 11 6 (2) 25 5 59
72) 25 5 99
2(5) 80 5 <2
EOC co,et EI0Cy COE 305 30 s 47
3 m /Q 4(5) 80 5 57
5(5) 8 5 <2
12 13 6(5) 80 5 67
7(5) 80 5 85
Ts Ts 2(2) 25 6 87
N N 4(2) 25 5 100
4 /j )\ - 52 25 6 89
14 6(2) 25 5 56
15 72) 25 5 99
= 2(2) 25 2 94
o @ 4(2) 0 5 95
5 e pn 5(2) 35 2 %
16 17 6(2) 40 5 82
7(Q) 40 5 94
o 2(2) 25 5 93
FyLo o 40) 0 s 92
6 7 T\ -/ 5(0) 25 5 89
18 19 6(2) 40 5 72
72) 40 5 99

[a] Reaction conditions: CH,Cl,, 0.1m. [b] Reactions at 80°C were per-
formed in toluene.
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duced a very attractive isolated yield of product 13, which
could not be obtained by using 2 and S. These observations
led us to consider a wider range of substrates to clarify the
scope of precatalysts 5 and 7.

Evaluation of malonate-containing substrates: The study on

malonate-based substrates was completed by the examina-
tion of the formation of various ring sizes (Table 2). In the

Table 2. Compared activities in RCM on malonate-based substrates.

Substrate Product Precat- t Isolated
alyst!®! [h] yield [%]
EtO,C._ CO,Et EtO,C._CO,Et 5 0.25 98
AR O s
= e
8 9
EtO,C._ CO,Et EtO,C._ CO,Et 5 025 100
ﬂ/ @ 7 5 100
2 = =
20 21
Etci:ﬁﬁcii EtO,C._-CO,Et 5 1 93
7 8 91
3 Z X O
22 23

[a] Reaction conditions: CH,Cl,, 0.1M, 25°C, 2 mol % of precatalyst.

case of unhindered dienes 20 and 22, phosphine-containing
5 was found to be remarkably more active than 7. Albeit,
the ring extension from 5 to 6-membered did not induce a
modification of the catalyst activity, the formation of 7-
membered rings translated into a substantial increase in the
required reaction time for both precatalysts, § remaining the
more efficient.

Evaluation of tosylamine-containing substrates: As tosyl-
amine-based olefins have been often used as a benchmark
for metathesis precatalysts, we closely examined this sub-
strate category (Table 3). In a manner similar to their malo-
nate counterparts, the formation of 7-membered ring prod-
ucts 29 and 31 required longer reaction times than for the
smaller rings (Table 3, entries 1-4). The phosphine-contain-
ing precatalyst 5§ was found to be the most active precata-
lyst. For trisubstituted olefins 14, 32, 34 and 36, both genera-
tions of precatalysts showed comparable activities (Table 3,
entries 5-8). For NHC-containing complex 7, no difference
in catalytic performance was observed between application
to di- or trisubstituted olefins. For precatalyst § the increase
in steric hindrance of these di- and trisubstituted olefins re-
quires an increase in reaction time. Despite a 5% catalyst
loading, cyclization of tetrasubstituted olefin 38 by using
precatalyst 5 was not observed, even at elevated or moder-
ate temperatures (40°C; to avoid a quick thermal degrada-
tion of the catalytic species, Table 3, entry 9). In contrast,
precatalyst 7 was able to catalyze this cyclization at 40°C
and at 80°C, to produce moderate to quantitative yields.
Moreover, by using only 2 mol % of 7, product 39 was isolat-
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Table 3. Compared activities in RCM on tosylamine-based substrates.

Substrate Product Precatalyst T t Isolated
(loading [cC]®™ [h]  yield
[mol %])t! [%]
Ls I:S 52) 25 025 97
702 25 5 97
24 25
Ts Ts 5(2) 25 025 99
N N 702) 25 5 100
2 /J L/ @
26 27
Ts Ts 5(2) 25 05 98
N N 702) 25 5 95
SO
28 29
Ts Ts 5(2) 25 05 100
N N 702) 25 5 98
SO
30 31
Ts Ts 5(2) 25 6 89
N N 702) 25 5 96
s S Q
14 156
Ts Ts 52) 25 6 95
N N 702) 25 6 100
6 kj\% /&j
32 33
Ts Ts 5(2) 25 6 93
N N 702) 25 6 98
FaaL
34 35
Ts Ts 5(2) 25 6 92
N N 702) 25 6 96
Q)
36 37
Ts Ts 5(5) 40 5 <2
VoA 5(5) 8 5 <2
9 /& 5:1 75) 0 24 6l
72) 80 3 86
38 39 7(5) 80 05 99

5(5) 8 5 <2

Ts Te

N N 75) 80 05 95
10 LH( L\g

a0 41

[a] Reaction conditions: CH,Cl,, 0.1m. [b] Reactions at 80°C were per-
formed in toluene.

ed in a respectable yield. Similar results were obtained for
the formation of a 6-membered ring in 41 (Table 3,
entry 10).

Evaluation of ether and amide-based substrates: Studies on
the RCM of ether- and amide-containing olefins are shown
in Table4. Ruthenium indenylidene-based complexes
showed a good tolerance for amide-based substrates
(Table 4, entry 1). Although 44 does not exhibit steric hin-
drance, tricyclohexylphosphine-containing 5 was found to be
as efficient as precatalyst 7 (Table 4, entry 2). The 5- and 6-
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Table 4. Compared activities in RCM on ether and amide-containing
substrates.

Substrate Product Precat- T t Isolated
alyst®  [°C]® [h]  yield [%]
Ph YO Ph YO 5 25 025 9

7 25 3 98

' )/NL
= X
42

-
43
Oy 0 5 25 3 96
5 @L/\ m 7 25 3 95
X

44 45

o™ D 5 25 2 2

3 o P - 7 40 5 86
46 47

o F @ 5 25 2 98

4 Ph)\/\ on 7 40 5 94
16 17

Y o 5 40 2 2

J 7 40 2 98

5 i/\ Ph

Ph 48 = 49

Bn Bn 5 40 3 54

7 40 3 81

[a] Reaction conditions: CH,Cl,, 0.1 M, 2 mol% of precatalyst. [b] Reac-
tions at 80°C were performed in toluene.

membered ring products 47 and 17 were isolated under
identical reaction conditions by using both complexes, but §
displays a higher efficiency (Table 4, entries 3 and 4). This
trend is reversed for the hindered substrate 48 (Table 4,
entry 5). NHC-containing 7 exhibited a better activity
toward 48 than 16, showing a special behavior for this cate-
gory of olefins. The ability of oxygen-containing substrates
to coordinate to the ruthenium atom and form stable com-
plexes is well known.™® We believe that the methyl sub-
stituent of 48 destabilizes this formation and subsequently
allows for faster cyclization. Finally, the RCM of 50 leading
to 51, a benzodiazepine analogue, was found to be more
straightforward by using precatalyst 7 (entry 6).

Evaluation in enyne metathesis: Ring-closing enyne meta-
thesis represents a powerful method for the synthesis of exo-
cyclic 1,3-dienes, which can go on to react further in reac-
tions such as Diels—Alder, to yield complex polycyclic mole-
cules, or Claisen rearrangements.*!¥ Several substrates for
enyne metathesis were tested and the results are reported in
the Table 5. For substrate 52, moderate yields were obtained
by using both catalysts, only 50 % using 2 mol% of § in 24
hours at room temperature, and 36 % with 7 in 5 hours at
80°C (Table 5, entry 1). Notably, for this substrate, reactions
were performed under an ethylene gas atmosphere, which
allowed for higher conversions."”! Excellent isolated yields
of substrate 55 were obtained with both catalysts (Table 5,
entry 2), although phosphine-containing 5 was found to be
the best.

For the RCM of substrate 56, the reaction mixture re-
quired heating to 40°C using NHC-containing 7 to produce
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Table 5. Precatalysts activities in enyne metathesis.

Substrate Product Precat- T t Isolated
alystth  [°C]® [h] yield [%]
Ts Ts 5 25 24 50
N N 7 80 5 36
1 \ﬂ IS LL
52 53
Ts Ts 5 25 24 93
N N 7 40 5 53
2 |ﬂ \S/ Ll;< 7 80 05 79
54 55
Va o 5 25 3 94
0 % 7 40 2 99
OIS
56 57
Phf o 0 5 25 5 89
Ph™ \__
T \_\\ o 7 40 5 99
18 19
Ph/ o o 5 80 5 <2
sy P )= 7 80 5 85
58 59
Ph Ph 0O 5 25 5 94
Ph X
0 Ph™\__
6 /L 7 25 2 99
7 N\ =

[a] Reaction conditions: CH,Cl,, 0.1m, 2 mol% of precatalyst. [b] Re-
action at 80°C were performed in toluene.

96 % of 57 in only 2 h rather than 3 h for § at room temper-
ature (Table 5, entry 3). NHC-containing 7 produced a 99 %
yield of 57 in only 2 hours, whereas a yield of 94 % was ach-
ieved by precatalyst 5 in 3 hours (Table 5, entry 3). This ex-
ample illustrates the very different activities of § and 7. The
metathesis transformation for enyne 58 by using 5 does not
occur in spite of a reaction time of 5 hours at 40°C, whereas
7 mediated the cyclization and product 59 was isolated in a
similar yield (85%) to its unhindered counterpart 19
(Table 5, entries 4 and 5). Interestingly, by using precatalyst
5, substrates 18 and 60 displayed similar conversion behav-
ior, by using SIMes-containing 7 the difference in activity
can be observed (Table 5, entries 4 and 6). To isolate 19 in a
reasonable reaction time, thermal activation was required,
in contrast to enyne 60. Seemingly, this enyne category ex-
hibits a particular reactivity in metathesis and further inves-
tigations on this class of substrates are currently ongoing in
our laboratory.

Conclusion

In summary, we have carried out a comparative study in
terms of activity and scope, with, on the one hand, benzyli-
dene and indenylidene-based ruthenium complexes, and on
the other phosphine and NHC-containing metathesis cata-
lysts. The kinetic profiles of RCM reactions illustrate that
phosphine (first generation) and NHC-containing (second-
generation) precatalysts were found to possess two distinct
rate-determining steps. As a consequence, the first genera-
tion catalysts were found to be more efficient in the meta-

— 8033

www.chemeurj.org


www.chemeurj.org

CHEMISTRY—

S. P. Nolan et al.

A EUROPEAN JOURNAL

thesis transformations of sterically unhindered substrates.
The second generation catalysts showed an excellent activity
towards sterically hindered olefins, which do not react if the
first catalyst generation is used. Independent of catalyst gen-
eration, indenylidene-based precatalysts showed comparable
activity when compared against their benzylidene analogues
for almost all substrates, and displayed an excellent toler-
ance toward functional groups. However, for reactions with
tetrasubstituted dienes, indenylidene precatalysts showed a
better activity. This we attribute to the higher thermal stabil-
ity of the precatalysts. This study showed how difficult it is
to anticipate the activity of precatalysts toward a specific
substrate, and highlighted that, unfortunately, any single
complex is not omnipotent. Further developments and ap-
plications of indenylidene-based ruthenium complexes in ap-
plication to the metathesis transformation and the substrate
class are currently ongoing in our laboratory and will be re-
ported in due course.

Experimental Section

General considerations: All reagents were used as purchased. Dichloro-
methane (DCM), toluene, dimethylformamide (DMF) and tetrahydrofur-
an (THF) were obtained from a solvent purification system from Innova-
tive Technology. Flash column chromatography was performed on silica-
gel 60 (230-400 mesh). 'H and C Nuclear Magnetic Resonance (NMR)
spectra were recorded on a Bruker Avance 400 Ultrashield NMR spec-
trometer. High Resolution Mass Spectroscopy (HRMS) analyses were
performed on a Waters LCT Premier spectrometer or a Waters GCT
spectrometer. Complexes 2, 4, 5, 7 and 8 were obtained commercially.
The following compounds have been previously described: 3,°! 6,1 9,2
10’[21] 11’[21] 12’[21] 137[21] 14’[221 15’[20] 16,[23] 17’[2h] 19’[24] 20’[25] 21’[26] 22’[20]
23’[27] 24’[22] 25’[22] 27,[22] 28,[2“] 29’[28] 32’[20] 33’[29] 36,[3“] 37’[31] 39’[28] 40’[20]
41’[20] 42’[321 44’[33] 45’[28] 46’[34J 47’[21)] 487[34J 49’[20] 50’[2b] 51’[213] 52’[35] 53’[19]
54,501 55,241 59 14 6.4

General procedure for substrates synthesis: To a suspension of sodium
hydride, in dry DMF, the starting material in solution, also in dry THF,
was added dropwise at 0°C. 15 min after the end of the gas evolution,
the alkylating reagent was added at 0°C and the resulting mixture was
stirred at room temperature for 2 h. The reaction was quenched by addi-
tion of water this was followed by the addition of ethyl acetate. The or-
ganic layer was washed with a saturated solution of sodium carbonate
and brine, separated, dried over magnesium sulfate, filtered, and then
concentrated.

(2-(Allyloxy)but-3-yn-2-yl)benzene (18): The reagents sodium hydride
(11 mmol, 264 mg), 2-phenyl-3-butyn-2-ol (10 mmol, 1.46 g) and allylbro-
mide (11 mmol, 1 mL) were combined by using the general procedure,
purification of the crude mixture by silica-gel chromatography (pentane/
diethyl ether, 98:2) afforded the title product as a colorless oil (1.71 g,
92%). '"H NMR (400 MHz, CDCl;, 25°C, TMS): 6=7.66-7.63 (m, 2H;
CH™), 7.42-7.37 (m, 2H; CH""), 7.35-7.31 (m, 1H; CH""), 5.97 (ddt,
Jum=172, 103, 5.6Hz, 1H; CH=CH,), 532 (dq, *Juu=172Hz,
Jum=1.6 Hz, 1H; CH=CH), 5.17 (dq, *J11)=10.3 Hz, *Jy15y=1.6 Hz,
1H; CH,=CH), 4.12 (ddq, /s 1,=12.2 Hz, *J 1 15y="5.6 Hz, J 1y 5y=1.6 Hz,
1H; CH,0), 3.70 (ddq, =122 Hz, *J4yu,=10.3 Hz, *Jy4y=1.6 Hz,
1H; CH,0), 2.77 (s, 1H; CHC), 1.80 ppm (s, 3H; CH;); "C NMR
(100 MHz, CDCl;, 25°C, TMS): 6=142.6 (C, C*"), 134.8 (CH, CH=CH,),
1283 (CH, C*), 127.9 (CH, C*), 125.9 (CH, C*), 116.5 (CH,, CH=
CH), 84.0 (C, CC-0), 77.2 (C, C-O), 75.4 (CH, CHC), 66.2 (CH,, CH,0),
32.9 ppm (CH;, CH;); HRMS (EI): m/z: caled for C;3H,O—H: 185.0966
[M+—H]; found: 185.0961.
N,N-Di(but-3-enyl)-4-methylbenzenesulfonamide (30): The reagents
sodium hydride (22 mmol, 528 mg), the p-toluenesulfonamide (10 mmol,
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1.72 g) and 4-bromobut-1-ene (22 mmol, 2.2 mL) by using the general
procedure, and purification of the crude mixture by silica-gel chromatog-
raphy (pentane/ethyl acetate, 8:2) afforded the title product as a colorless
oil (1.93 ¢, 69%). '"H NMR (400 MHz, CDCl,, 25°C, TMS): 6=17.71 (d,
*Jm=82Hz, 2H; CH"), 7.31 (d, *J =82 Hz, 2H; CH""), 5.78-5.68
(m, 2H; CH=CH,), 5.10-5.04 (m, 4H; CH,=C), 3.23-3.19 (m, 4H;
CH)N), 244 (s, 3H; ArCH;), 2.34-2.27 ppm (m, 4H; CHCH,CH,);
BCNMR (100 MHz, CDCl;, 25°C, TMS): 6=143.1 (C, C*), 137.0 (C,
C*1), 134.7 (C, CH=CH,), 129.6 (CH, C*"), 127.2 (CH, C*"), 117.1 (CH,,
CH,=CH), 47.8 (CH,, CCH,N), 33.2 (CH,, CHCH,), 21.5 ppm (CH,,
ArCH;); HRMS (ESI): m/z: caled for C;sH,NO,S+Na: 302.1191
[M*+Na]; found: 302.1179.

N-(But-3-enyl)-4-methyl-N-(2-methylallyl) benzenesulfonamide (32): The
reagents sodium hydride, (11 mmol, 264 mg), 4-methyl-N-(2-methylallyl)-
benzenesulfonamide (10 mmol, 2.25 g) and 4-bromobut-1-ene (11 mmol,
1.1 mL) by using the general procedure, and purification of the crude
mixture by silica-gel chromatography (pentane/ethyl acetate, 8:2) afford-
ed the title product as a yellow oil (2.06 g, 79%); '"H NMR (400 MHz,
CDCl,, 25°C, TMS): 6=7.71 (d, *Jjum=83 Hz, 2H; CH*), 7.31 (d,
Jm=8.3Hz, 2H; CHY), 5.72-5.62 (m, 1H; CH=CH,), 5.04-5.01 (m,
2H; CH,=C), 492-4.90 (m, 2H; CH,=CH), 3.72 (s, 2H; CCH,N), 3.17—
3.13 (m, 2H; CH,CH,N), 2.44 (s, 3H; ArCH;), 2.27-2.21 (m, 2H;
CHCH,CH,), 1.60 ppm (s, 3H; CH;C); "*CNMR (100 MHz, CDCl,,
25°C, TMS): 0=143.2 (C, C*), 140.8 (C, C=CH,), 137.1 (C, C*), 134.8
(CH, CH=CH,), 129.6 (CH, C*"), 127.2 (CH, C*), 116.8 (CH,, CH,=
CH), 114.5 (CH,, CH,=C), 54.6 (CH,, CCH,N), 47.2 (CH,, CH,CH,N),
32.7 (CH,, CHCH,), 21.5 (CH,, ArCHj;), 19.8 ppm (CH;, CH;C=CH,);
HRMS (ESI): m/z: caled for C;sH;NO,S+Na: 302.1191 [M*+Nal;
found: 302.1192.

4-Methyl-N,N-bis(2-methylallyl)benzenesulfonamide (38): The reagents
sodium hydride (30 mmol, 720 mg), p-toluenesulfonamide (10 mmol,
1.72 g) and 3-chloro-2-methylpropene (30 mmol, 3.3 mL) by using the
general procedure, and purification of the crude mixture by silica-gel
chromatography (pentane/ethyl acetate, 8:2) afforded the title product as
a yellow oil (1.81 g, 65%). "H NMR (400 MHz, CDCl,, 25°C, TMS): 6 =
7.70 (d, *Jqam=8.3 Hz, 2H; CH*"), 7.28 (d, *Jm=8.3 Hz, 2H; CH™"),
4.85 (s, 2H; CH,=C), 4.78 (s, 2H; CH,=C), 3.70 (s, 4H; CH,N), 2.41 (s,
3H; ArCH;), 1.60 ppm (s, 6H; CH,C); *CNMR (100 MHz, CDCl,,
25°C, TMS): 6=143.1 (C, C*"), 140.1 (C, C=CH,), 137.4. (C, C*"), 129.5
(CH, C*), 127.2 (CH, C*), 114.5 (CH,, CH,=C), 53.1 (CH,, CH,N), 21.5
(CH;, ArCHj;), 20.0 ppm (CH;, CH;C=CH,); HRMS (ESI): m/z: calcd
for C;sH,;NO,S+Na: 302.1191 [M*+Na]; found: 302.1194.
4-Methyl-N-(2-methylallyl)-N-(3-methylbut-3-enyl) benzenesulfonamide
(40): The reagents sodium hydride (11 mmol, 264 mg), 4-methyl-N-(2-
methylallyl)benzenesulfonamide (10 mmol, 2.25g) and 3-methylbut-3-
enyl methanesulfonate (12 mmol, 2 g) by using the general procedure,
and purification of the crude mixture by silica-gel chromatography (pen-
tane/ethyl acetate, 8:2) afforded the title product as a yellow oil (2.49 g,
85%). 'HNMR (400 MHz, CDCl, 25°C, TMS): 6=7.72 (d, *Jqm=
8.2 Hz, 2H; CH™), 7.31 (d, *Jum=8.2 Hz, 2H; CH™"), 4.95-4.92 (m, 1 H;
CH,=C), 4.91-4.89 (m, 1H; CH,=C), 4.75-4.73 (m, 1H; CH,=C), 4.64-
4.62 (m, 1H; CH=C), 3.73 (s, 2H; CCH,N), 3.22-3.18 (m, 2H;
CH,CH,N), 2.44 (s, 3H; ArCHj;), 2.20-2.16 (m, 2H; CCH,CH,), 1.74 (s,
3H; CH,C) 1.68 ppm (s, 3H; CH,C); *C NMR (100 MHz, CDCl,, 25°C,
TMS): 6=143.1 (C, C*), 142.6 (C, C=CH,), 140.8 (C, C=CH,), 137.2 (C,
C*M), 129.6 (CH, C*), 127.2 (CH, C*), 114.5 (CH,, CH,=C), 111.8 (CH,,
CH,=C), 545 (CH,, CCH,N), 46.4 (CH,, CH,CH,N), 362 (CH,,
CCH,CH,), 22.4 (CH;, CH,C=CH,), 21.5 (CH,;, ArCHj;), 19.8 ppm (CHj,
CH;C=CH,); HRMS (ESI): m/z: calcd for C;;H;NO,S+Na: 316.1347
[M*+Na]; found: 316.1332.

1-(Allyloxy)-1-ethynylcyclohexane (56): The reagents sodium hydride
(11 mmol, 264 mg), 1-ethynylcyclohexanol (10 mmol, 1.24 g) and allylbro-
mide (11 mmol, 1 mL) by using the general procedure, and purification
of the crude mixture by silica-gel chromatography (pentane/diethyl ether,
98:2) afforded the title product as a colorless oil (1.18 g, 72%). '"H NMR
(400 MHz, CDCl;, 25°C, TMS): 6 =6.03-5.94 (m, 1H; CH=CH,), 5.32 (d,
*Jum=172Hz, 1H; CH,=CH), 5.16 (d, *Jym=9.4 Hz, 1H; CH~=CH),
4.14 (d, *Jum=5.5Hz, 2H; CH,0), 249 (s, 1H; CHC), 1.94-1.91 (m,
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2H; CH,Y), 1.71-152 ppm (m, 8 H; CH,®); *C NMR (100 MHz, CDCl,,
25°C, TMS): 6=135.5 (CH, CH=CH,), 116.2 (CH,, CH,=CH), 85.2 (C,
CC-0), 73.7 (C, C-O), 73.6 (CH, CHC), 64.5 (CH,, CH,0), 37.2 (CH,,
CH,%) 25.4 (CH,, CH,®) 22.7 ppm (CH,, CH,%); HRMS (EI): m/z:
caled for C;H,;;O—H: 163.1123 [M+—H]; found: 163.1118.
(2-(2-Methylallyloxy)but-3-yn-2-yl) benzene (58): The reagents sodium hy-
dride (11 mmol, 264 mg), 2-phenyl-3-butyn-2-ol (10 mmol, 1.46 g) and 3-
chloro-2-methylpropene (11 mmol, 1.2 mL) by using the general proce-
dure, and purification of the crude mixture by silica-gel chromatography
(pentane/diethyl ether, 98:2) afforded the title product as a colorless oil
(1.74 g, 87%). '"H NMR (400 MHz, CDCl,, 25°C, TMS): 6 =7.67-7.65 (m,
2H; CH*"), 7.42-7.37 (m, 2H; CH""), 7.35-7.31 (m, 1H; CH""), 5.07-5.06
(m, 1H; CH=C), 4.90-4.98 (m, 1H; CH,=C), 4.05 (d, %/ qymy=11.9 Hz,
1H; CH,0), 3.60 (d, /) =11.9 Hz, 1H; CH,0), 2.76 (s, 1H; CHC),
1.81 (s, 3H; CH,C=CH,), 1.77ppm (s, 3H; CH,C-O); “CNMR
(100 MHz, CDCl;, 25°C, TMS): 6=142.6 (C, C*), 142.4 (C, C=CH,),
128.3 (CH, C*), 127.8 (CH, C*), 125.9 (CH, C*), 111.4 (CH,, CH,=C),
84.0 (C, CC-0), 75.9 (C, C-0), 75.4 (CH, CHC), 68.8 (CH, CH,0), 32.9
(CH;, CH;C-0O), 19.9 ppm (CH;, CH;C=CH,); HRMS (ESI): m/z: calcd
for C,4H;4O+Na: 223.1099 [M*+Na]; found: 223.1101.
(1-(Allyloxy)prop-2-yne-1,1-diyl)dibenzene (60): The reagents sodium hy-
dride (11 mmol, 264 mg), 1,1-diphenyl-2-propyn-1-ol (10 mmol, 2.08 g)
and allylbromide (11 mmol, 1 mL) by using the general procedure, and
purification of the crude mixture by silica-gel chromatography (pentane/
diethyl ether, 98:2) afforded the title product as a colorless oil (2.21 g,
89%). 'HNMR (400 MHz, CDCl;, 25°C, TMS): 6=7.62 (d, *Jgm=
7.1 Hz, 4H; CH™), 7.36 (t, Jgum=7.1 Hz, 4H; CH), 738 (t, Yup =
7.1Hz, 2H; CH*), 6.09-5.99 (m, 1H; CH=CH,), 541 (d, *Jum=
16.6 Hz, 1H; CH=CH), 5.17 (d, *J ;)= 10.4 Hz, 1H; CH,=CH), 4.09 (d,
Jum=52Hz, 2H; CH,0), 293ppm (s, 1H; CHC); “CNMR
(100 MHz, CDCl, 25°C, TMS): 6=143.2 (C, C*"), 134.8 (CH, CH=CH,),
128.2 (CH, C*") 127.7 (CH, C*"), 126.6 (CH, C*"), 116.1 (CH,, CH,=CH),
83.3 (C, CC-0), 80.1 (C, C-0), 71.6 (CH, CHC), 66.0 ppm (CH,, CH,0);
HRMS (ESI): m/z: caled for CgH,,O+Na: 271.1099 [M*+Na]; found:
271.1098.

General procedure for kinetic studies: In a glovebox, a vial was filled
with the diene (1 mmol) and dichloromethane (10 mL), then precatalyst
5-7 (0.01 mmol) were added. The reaction progress was monitored by
"H NMR spectroscopy by transferring aliquots from the reaction solution
by syringe, and by integration of characteristic signals for allylic protons.

General procedure for metathesis reaction: A Schlenk apparatus under
argon was filled with the diene (0.5 mmol) and the solvent (5 mL: DCM
for reaction at RT and 40°C, toluene for reaction at 80°C), then precata-
lyst (0.01-0.025 mmol) was added. Progress of the reaction was moni-
tored by TLC. The solvent was removed under vacuum and the crude
residue was purified by flash-column chromatography to yield the pure
product.

(Z)-1-Tosyl-2,3,6,7-tetrahydro-1 H-azepine (31): The general procedure
yielded after flash chromatography on silica gel (pentane/ethyl acetate,
8:2) the title compound as a white solid. '"HNMR (400 MHz, CDCl,,
25°C, TMS): 6=17.67 (d, *Juum=82Hz, 2H; CH™), 7.32 (d, *Jm=
82 Hz, 2H; CH™), 5.43-5.41 (m, 1H; CH=C), 5.04-5.01 (m, 2H; CH=
C), 340 (s, 2H; CCH,N), 3.11-3.08 (m, 2H; CH,CH,N), 2.42 (s, 3H;
ArCH;), 2.19-2.13 (m, 2H; CHCH,CH,), 1.62ppm (s, 3H; CH,C);
BCNMR (100 MHz, CDCl,, 25°C, TMS): 6=143.5 (C, C*), 133.3 (C,
C*), 129.9 (C, C=CH), 129.6 (CH, C*), 127.7 (CH, C*), 119.4 (CH,
CH=C), 48.2 (CH,, CCH,N), 42.5 (CH,, CH,CH,N), 25.1 (CH,, CHCH,),
21.5 (CH;, ArCHj;), 20.6 ppm (CH; CH;C=CH,); HRMS (ESI): m/z:
caled for C3H;NO,S+Na: 274.0878 [M*+Na]; found: 274.0878.
4,5-Dimethyl-1-tosyl-1,2,3,6-tetrahydropyridine (41): The general proce-
dure yielded after flash chromatography on silica gel (pentane/ethyl ace-
tate, 8:2) the title compound as a yellow oil. 'H NMR (400 MHz, CDCl,,
25°C, TMS): 6=7.67 (d, *Juu=8.1Hz, 2H; CH™), 731 (d, Jym=
8.1Hz, 2H; CH™), 3.37 (s, 2H; CCH,N), 3.11 (t, *J4uu=5.8 Hz, 2H;
CH,CH,N), 2.42 (s, 3H; ArCH;), 2.12-2.08 (m, 2H; CCH,CH,), 1.58 (s,
3H; CH,C), 1.56 ppm (s, 3H; CH,C); “C NMR (100 MHz, CDCl,, 25°C,
TMS): 0=143.4 (C, C™), 133.1 (C, C*), 129.6 (CH, C*") 127.7 (CH, C*"),
124.6 (C, C=C), 121.5 (C, C=C), 489 (CH,, CCH,N), 432 (CH,,
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CH,CH,N), 31.1 (CH,, CCH,CH,), 21.5 (CH,;, ArCH;), 18.4 (CH,,
CH;C=CH,), 16.2 ppm (CH;, CH;C=CH,); HRMS (ESI): m/z: calcd for
C,,H,;(NO,S+Na: 288.1034 [M*+Na]; found: 288.1026.

(2,5-Dihydro-1 H-pyrrol-1-yl) (phenyl)methanone (43): The general proce-
dure yielded after flash chromatography on silica gel (pentane/ethyl ace-
tate, 8:2) the title compound as a colorless oil. "HNMR (400 MHz,
CDCl,, 25°C, TMS): 6=7.51-7.48 (m, 2H; CH""), 7.39-7.37 (m, 3H;
CH?™), 5.89-5.87 (m, 1H; CH=CH), 5.73-5.70 (m, 1H; CH=CH), 4.44—
442 (m, 2H; CH,N), 4.18-4.17ppm (m, 2H; CH,N); “CNMR
(100 MHz, CDCl,, 25°C, TMS): 6=169.9 (C, CO), 136.8 (C, C*), 129.9
(CH, C*), 128.4 (CH, C*"), 126.8 (CH, C*"), 125.9 (CH, CH=CH), 125.2
(CH, CH=CH), 55.8 (CH,, CH,N), 53.4ppm (CH, CH,N); HRMS
(ESI): m/z: caled for C,H;NO+Na: 196.0738 [M*+Na]; found:
196.0737.

4-Vinyl-1-oxaspiro[4.5]dec-3-ene (57): The general procedure yielded
after flash chromatography on silica gel (pentane/diethyl ether, 98:2) the
title compound as a colorless oil. '"HNMR (400 MHz, CDCl,;, 25°C,
TMS): 6=6.19 (dd, *Juu =178, 11.2 Hz, 1H; CH=CH,), 5.83 (s, 1H;
CH=C), 5.46 (d, *Jy)=17.8 Hz, 1 H; CH,=CH), 5.15 (d, J =112 Hz,
1H; CH,=CH), 4.60 (s, 2H; CH,0), 2.06-1.64 ppm (m, 10H; CH,%);
BCNMR (100 MHz, CDCl,, 25°C, TMS): 0=145.1 (C, C=CH), 129.1
(CH, CH=CH,), 122.7 (CH, CH=C), 115.7 (CH,, CH,=CH), 88.3 (C, C—
0), 71.9 (CH,, CH,0), 34.7 (CH,, CH,%), 25.4 (CH,, CH,%), 22.4 ppm
(CH,, CH,®); HRMS (CI): m/z: caled for Cy;H;O+H: 165.1279
[M*+H]; found: 165.1282.

Acknowledgement

We gratefully thank the ICIQ Foundation for financial support. SPN is
an ICREA Research Professor. Umicore AG is gratefully acknowledged
for generous gifts of Cl,Ru(PCy;),(3-phenylindenylidene) 5 and Cl,Ru-
(PCys;)(SIMes)(3-phenylindenylidene) 7.

[1] For reviews on applications see: a) S. T. Diver, A. J. Geissert, Chem.
Rev. 2004, 104, 1317-1382; b) I. Nakamura, Y. Yamamoto, Chem.
Rev. 2004, 104, 2127-2198; c) A. Dieters, S. F. Martin, Chem. Rev.
2004, 104, 2199-2238; d) M. D. McReynolds, J. M. Dougherty, P. R.
Hanson, Chem. Rev. 2004, 104, 2239-2258; ¢) K. C. Nicolaou, P. G.
Bulger, D. Sarlah, Angew. Chem. 2005, 117, 4564—-4601; Angew.
Chem. Int. Ed. 2005, 44, 4490—4527; f) T. J. Donohoe, A.J. Orr, M.
Bingham, Angew. Chem. 2006, 118, 2730-2736; Angew. Chem. Int.
Ed. 2006, 45, 2664-2670; g) A. Michaut, J. Rodriguez, Angew.
Chem. 2006, 118, 5870-5881; Angew. Chem. Int. Ed. 2006, 45,
5740-5750.
a) S. T. Nguyen, L. K. Johnson, R. H. Grubbs, J. W. Ziller, J. Am.
Chem. Soc. 1992, 114, 3974-3975; b) G. C. Fu, S. T. Nguyen, R. H.
Grubbs, J. Am. Chem. Soc. 1993, 115, 9856—9857.
For reviews on Ru-based metathesis catalysts, see: a) T. M. Trnka,
R. H. Grubbs, Acc. Chem. Res. 2001, 34, 18-29; b) Handbook of
Metathesis, (Ed. R. H. Grubbs), Wiley-VCH, Weinheim, 2003, p.
1204; c) R. R. Schrock, A. H. Hoveyda, Angew. Chem. 2003, 115,
4740-4782; Angew. Chem. Int. Ed. 2003, 42, 4592-4633; d)S.J.
Connon, S. Blechert, Angew. Chem. 2003, 115, 1944-1968; Angew.
Chem. Int. Ed. 2003, 42, 1900-1923; e) D. Astruc, New J. Chem.
2005, 29, 42-56.
P. Schwab, M. B. France, J. W. Ziller, R. H. Grubbs, Angew. Chem.
1995, 107, 2179-2181; Angew. Chem. Int. Ed. Engl. 1995, 34, 2039—
2041.
[5] a) J. Huang, E. D. Stevens, S. P. Nolan, J. L. Petersen, J. Am. Chem.
Soc. 1999, 121, 2674-2678; b) M. Scholl, T. M. Trnka, J. P. Morgan,
R. H. Grubbs, Tetrahedron Lett. 1999, 40, 2247 -2250.
[6] M. Scholl, S. Ding, C. W. Lee, R. H. Grubbs, Org. Lett. 1999, 1, 953—
956.
[7] a) N-Heterocyclic Carbenes in Synthesis, (Ed.S.P. Nolan), Wiley-
VCH, Weinheim, 2005, p. 304; b) N-Heterocyclic Carbenes in Tran-

2

—

[3

[t

[4

—_

www.chemeurj.org

— 8035


www.chemeurj.org

CHEMISTRY—

S. P. Nolan et al.

A EUROPEAN JOURNAL

sition Metal Catalysis, (Ed. F. Glorius), Springer-Verlag, Berlin Hei-
delberg, 2007, p. 231.

[8] a) J. S. Kingsbury, J. P. A. Harrity, P. J. Bonitatebus, A. H. Hoveyda,
J. Am. Chem. Soc. 1999, 121, 791-799; b) S. B. Garber, J. S. Kings-
bury, B.L. Gray, A. H. Hoveyda, J. Am. Chem. Soc. 2000, 122,
8168-8179; ¢) S. Gessler, S. Randl, S. Blechert, Tetrahedron Lett.
2000, 41, 9973-9976; d) H. Wakamatsu, S. Blechert, Angew. Chem.
2002, 114, 832-834; Angew. Chem. Int. Ed. 2002, 41, 794-796;
e) H. Wakamatsu, S. Blechert, Angew. Chem. 2002, 114, 2509-2511;
Angew. Chem. Int. Ed. 2002, 41, 2403-2405; f) K. Grela, S. Haru-
tyunyan, A. Michrowska, Angew. Chem. 2002, 114, 4210-4212;
Angew. Chem. Int. Ed. 2002, 41, 4038-4040.

[9] S. Maechling, M. Zaja, S. Blechert, Adv. Synth. Catal. 2005, 347,
1413-1422.

[10] T. Ritter, A. Heijl, A. G. Wenzel, T. W. Funk, R. H. Grubbs, Orga-
nometallics 2006, 25, 5740-5745.

[11] N. Ledoux, B. Allaert, S. Pattyn, H. Vander Mierde, C. Vercaemst,
F. Verpoort, Chem. Eur. J. 2006, 12, 4654-4661.

[12] For a recent review on ruthenium indenylidene complexes, see: V.
Dragutan, I. Dragutan, F. Verpoort, Platinum Met. Rev. 2005, 49,
33-40.

[13] A. Firstner, A.F. Hill, M. Liebl, J. D. E.T. Wilton-Ely, Chem.
Commun. 1999, 601-602.

[14] L. Jafarpour, H.-J. Schanz, E. D. Stevens, S. P. Nolan, Organometal-
lics 1999, 18, 5416-5419.

[15] H. Clavier, J. L Petersen, S.P. Nolan, J. Organomet. Chem. 2006,
691, 54445477, and references therein.

[16] Similar studies have been carried out based on ligands exchange
rate constants: a) M. S. Sanford, M. Ulman, R. H. Grubbs, J. Am.
Chem. Soc. 2001, 123, 749-750; b) M. S. Sanford, J. A. Love, R. H.
Grubbs, J. Am. Chem. Soc. 2001, 123, 6543-6554.

[17] a) L. Cavallo, J. Am. Chem. Soc. 2002, 124, 8965-8973; b) C. Adl-
hart, P. Chen, J. Am. Chem. Soc. 2004, 126, 3496-3510; c) B. F.
Straub, Angew. Chem. 2005, 117, 6129-6132; Angew. Chem. Int.
Ed. 2005, 44, 5974-5978; d) G. Occhipinti, H.-R. Bjgrsvik, V. R.
Jensen, J. Am. Chem. Soc. 2006, 128, 6952—-6964.

[18] a) C.S. Poulsen, R. Madsen, Synthesis 2003, 1-18; b) D. A. Clark,
A. A. Kulkarni, K. Kalbarczyk, B. Schertzer, S.T. Diver, J. Am.
Chem. Soc. 2006, 128, 15632-15636.

[19] a) M. Mori, N. Sakakibara, A. Kinoshita, J. Org. Chem. 1998, 63,
6082-6083; b) G.C. Lloyd-Jones, R.G. Margue, J. G. de Vries,
Angew. Chem. 2005, 117, 7608-7613; Angew. Chem. Int. Ed. 2005,
44, 7442 -7447.

[20] Q. Yao, Y. Zhang, J. Am. Chem. Soc. 2004, 126, 74-75.

[21] T. A. Kirkland, R. H. Grubbs, J. Org. Chem. 1997, 62, 7310-7318.

[22] Y. Terada, M. Mitsuhiro, A. Nishida, Angew. Chem. 2004, 116,
4155-4157; Angew. Chem. Int. Ed. 2004, 43, 4063 —4067.

[23] B. Schmidt, J. Chem. Soc., Perkin Trans. 1 1999, 2627-2637.

[24] A. Fiirstner, L. Ackermann, B. Gabor, R. Goddard, C. W. Lehmann,
R. Mynott, E. Stelzer, O. R. Thiel, Chem. Eur. J. 2001, 7, 3236-3253.

[25] S. Bien, D. Ovadia, J. Chem. Soc. Perkin Trans. 1 1974, 333-336.

[26] a) G. B. Bachmann, H. A. Tanner, J. Org. Chem. 1939, 4, 493-501;
b) B. A. Baylouny, J. Am. Chem. Soc. 1971, 93, 4621-4622.

[27] A. Firstner, O. Guth, A. Diiffels, G. Seidel, M. Liebl, B. Gabor, R.
Mynott, Chem. Eur. J. 2001, 7, 4811-4820.

[28] S. Garbacia, B. Desai, O. Lavastre, C. O. Kappe, J. Org. Chem. 2003,
68, 9136-9139.

[29] Y. Tamaru, M. Hojo, Z.-i. Yoshida, J. Org. Chem. 1988, 53, 5731-
5741.

[30] J. E. Reichwein, M. C. Patel, B. L. Pagenkopf, Org. Lett. 2001, 3,
4303-4306.

[31] M. S. Visser, N. M. Heron, M. T. Didiuk, J. F. Sagal, A. H. Hoveyda,
J. Am. Chem. Soc. 1996, 118, 4291 -4298.

[32] N. O. Brace, J. Org. Chem. 1971, 36, 3187-3191.

[33] P. G. Edwards, S. J. Paisey, R. P. Tooze, J. Chem. Soc., Perkin Trans.
12000, 3122-3128.

[34] J. A. Marco, M. Carda, S. Rodriguez, E. Castillo, M. N. Kneeteman,
Tetrahedron 2003, 59, 4085-4101.

[35] I. Ojima, A. T. Vu, S.-Y. Lee, J. V. McCullagh, A. C. Moralee, M. Fu-
jiwara, T. H. Hoang, J. Am. Chem. Soc. 2002, 124, 9164-9174.

[36] T. Kataoka, M. Yoshimatsu, Y. Noda, T. Sato, H. Shimizu, M. Hori,
J. Chem. Soc., Perkin Trans. 1 1993, 121-129.

Received: February 13, 2007
Published online: July 6, 2007

www.chemeurj.org

8036 ——

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Chem. Eur. J. 2007, 13, 8029 —8036


www.chemeurj.org

