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The intramolecular cata-
lytic metathesis of en-
ynes containing the O±Si
linkage has the potential
to afford in one step alke-
nyl cycloalkenes, with a 1,3-diene structure, useful
not only for Diels±Alder reactions[1,2] but also as pre-
cursors for sol-gel materials[3] and fine chemistry. In-
deed, cyclic siloxanes containing an allylsilyl moiety
are precursors for the access to oxygenated hetero-
cycles or polyhydroxylated olefins.[4] This potential
motivates the search for very active metathesis
catalysts. Initial results in the field of enyne meta-
thesis involve the use of Grubbs-type catalysts
Ru=CHR(Cl)2(PCy3)(L) for the intramolecular forma-
tion of O-[5] and N-[6] containing heterocycles and car-
bocycles and the intermolecular cross-metathesis of
alkynes and alkenes to produce acyclic 1,3-dienes.[7]

In addition, the salts [Ru=C=C=CR2(Cl)(PR3)(p-cyme-
ne)]X appear to be efficient in the metathesis of
mixed allyl propargyl ethers and fluorine containing
aminoesters.[8,9] The preparations of all these cata-
lysts involve several steps from accessible ruthenium
sources. The development of enyne metathesis re-
quires that not only more efficient catalytic systems
but also, more importantly, easy to perform routes to
these catalysts are found. Only recently, the Wanzlick
type carbenes,[10] possessing a 1,3-disubstituted-4,5-
dihydroimidazol-2-ylidene moiety (H2Im), that were
shown especially by Lappert[11] to afford a large
variety of electron-rich carbene-metal complexes,
have been used to generate Grubbs-type catalysts
Ru=CHR(Cl)2(PCy3)(H2Im).[12] The latter are useful
to promote RCM,[12,13] cross-metathesis reaction,[14]

or ene-yne cross metathesis.[15] However, these cata-
lysts are prepared via multistep metal complex syn-
thesis.

We now report a new,
simple to prepare ruthe-
nium catalytic system for
the intramolecular me-
tathesis of O±Si containing

enynes 1. It is based on a three-component system
which involves a 4,5-dihydroimidazolium salt precur-
sor, the commercially available ruthenium source
[RuCl2(p-cymene)]2, and Cs2CO3. This system, which
easily combines only stable reagents, opens the way
to novel O±Si alkenyl cyclic alkenes 2 under mild con-
ditions (Scheme 1).

Scheme 1.

Whereas the preparation of {RuCl2[1,3-bis(mesityl)-
imidazol-2-ylidene](arene)} complexes can be car-
ried out in good yield from [(arene)RuCl2]2 and the
carbene generated in situ from an imidazolium
salt,[16] the synthesis and isolation of the analogue
{RuCl2[1,3-bis(mesityl)-4,5-dihydroimidazol-2-ylide-
ne](p-cymene)} complex led to only a poor yield of the
corresponding carbene complex. On the basis of pre-
vious results with imidazolium salts,[17] we attempted
to produce an in situ generated catalytic system A via
a three-component combination of the ruthenium(II)
source [(p-cymene)RuCl2]2, 1,3-bis(mesityl)-4,5-di-
hydroimidazolium chloride (MesH2ImCl),[18] and
Cs2CO3 as a base, in the molar ratio 1 : 2 : 4, respec-
tively. Thus, the reaction of 1 mmol of the silylated
enyne 1 a[19] in the presence of the catalytic system A
{containing 2.5 mol % of [(p-cymene)RuCl2]2 B} in to-
luene (5 mL) at 80 °C for 16 h led to a complete con-
version into the metathesis compound 2 a isolated in
81% yield (Scheme 1, Table 1).
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This transformation was extended to other silylated
enynes containing a terminal triple bond and various
alkyl and aryl substituents as R2 and R3. In all cases,
the complete transformation was achieved within
15 h at 80 °C and the 1,3-diene six-membered silox-
anes 2 a±d were isolated in good yields (Table 1).

The metathesis of the enynes bearing a disubsti-
tuted triple bond 1 e±g[20] with the catalytic system A
required more drastic conditions. Thus, the complete
conversion of 1 e was obtained in refluxing toluene in
the presence of A based on 2.5 mol % of B after 2 days
and the a-styrylcycloalkene 2 e was isolated in 75%
yield. The reaction of 1 f and 1 g to produce 2 f and
2 g with A containing 2.5 mol % of [(p-cymene)-
RuCl2]2 led to 73 and 70% conversion after 30 h in re-
fluxing toluene, respectively. The use of the catalytic
system A produced from 5 mol % of the ruthenium di-
mer B made possible the complete conversion of 1 f in
23 h and the isolation of 2 f in 72% yield. Under simi-
lar experimental conditions, a conversion of 86% of
1 g was obtained after 23 h which led to the prepara-
tion of 2 g in 67% yield (Table 1). It is noteworthy that
a catalytic system analogous to system A but contain-
ing the 1,3-bismesitylimidazolium chloride was not as
active as A as it transformed 1 f into 2 f in only 60%
yield after 30 h at 80 °C.

The efficiency of the catalytic system A for disubsti-
tuted CºC bond containing enynes led us to explore
the possibility to produce bicyclic Si-containing deri-
vatives. The symmetrical compound 3 possesses a
structure which is compatible with an yne-diene me-
tathesis cascade reaction. Indeed, compound 3 in the
presence of A (5 mol % of ruthenium dimer B) was
completely converted after 2 days in refluxing to-
luene and the conjugated bicyclic diene 4 was iso-
lated in 62% yield as a mixture of two diastereo-
isomers in the ratio 62 : 38 (Scheme 2).

The O±Si containing six-membered rings 2 ob-
tained in these metathesis reactions were much more
stable than the five-membered vinyldihydrofurans
prepared via metathesis of the corresponding allyl
propargyl ethers.[8] Their structures are very well

adapted for the preparation of fused silicon-contain-
ing heterocycles via Diels±Alder reactions. Thus,
treatment of 2 a±d with 2 equivalents of diethyl acety-
lenedicarboxylate (DEAD) in refluxing toluene for 5 h
led to a complete conversion of the starting dienes
and formation of the bicyclic compounds 5 a±d in 41,
79, 70 and 61% yield, respectively (Scheme 3, Ta-
ble 2).

Scheme 2.

Scheme 3.

The formation of these fused rings led to the crea-
tion of a stereogenic carbon center and, from the 1H
NMR spectrum of 5 a, it appeared that the two diaster-
eoisomers were formed in the ratio 72 : 28. By con-
trast, the enynes 2 e±g containing a phenyl, n-butyl,
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Table 1. Enynes 1 metathesis with the catalytic system A[a]

enyne R1 R2 R3 A (mol % of B) reaction time (h) diene yield (%)[b]

1 a H Me Ph 2.5 16 2 a 81
1 b H ±(CH2)5± 2.5 16 2 b 87
1c H Me CH2±CHMe2 2.5 15 2 c 34[c]

1 d H Ph Ph 2.5 15 2 d 70
1 e Ph Me Me 2.5 48 2 e 75
1 f n-Bu ±(CH2)5± 5 23 2 f 72[d]

1 g CH2OMe ±(CH2)5± 5 23 2 g 67[d]

[a] Enyne 1 (1 mmol), toluene (5 mL), 80 °C, catalytic system A based on a constant molar ratio of [(p-cymene)RuCl2]2 B/Mes-
H2ImCl/Cs2CO3 : 1/2/4.
[b] Yields of isolated products, complete conversion.
[c] Degradation over silica during purification.
[d] In refluxing toluene.

Table 2. Synthesis of bicyclic compounds from alkenyl cy-
cloalkenes 2[a],[b]

Diene Diels-Alder adduct[a] Aromatic compound[b]

2 a 5 a 79%[c] 6 a 86%
2 b 5 b 41% 6 b 90%
2 c 5 c 70%[c] 6 c 80%
2 d 5 d 61% 6 d 85%

[a] Diene 2 (1 mmol, 1 equiv.), DEAD (2 equiv.), refluxing to-
luene, 5 h.
[b] DDQ (3 equiv.), refluxing toluene, 15 h.
[c] Without isolation of 2 a or 2 c (yield based on 1 a or 1 c).



or methoxymethyl-substituted double bond were re-
luctant to react with DEAD for the [2+4] addition reac-
tion.

The oxidation of substrates 5 a±d to form an aro-
matic ring from the non-conjugated intracyclic diene
structure was attempted with 2,3-dichloro-5,6-dicya-
noquinone (DDQ) as the oxidant.[21] The treatment
of 5 a±d in refluxing toluene with an excess of DDQ
(3 equivalents) for 15 h gave a complete conversion
of the dienes and afforded the functional aromatic si-
loxanes 6 a±d in 60, 86, 80 and 85% yields, respec-
tively (Scheme 4, Table 2).

Scheme 4.

The utilization of the easy to prepare efficient cataly-
tic system A, from the commercially available, and
easy to prepare in large scale, ruthenium precursor
[(p-cymene)RuCl2]2 associated to both a 4,5-dihydro-
imidazolium salt and Cs2CO3 represents a simple, but
important, contribution in catalysis and enyne me-
tathesis. The O±Si containing enynes provide an effi-
cient access to novel cyclic siloxanes with potential
reactivities due to the presence of two conjugated
double bonds and C±Si linkages in the allylic position.

Experimental Section

General Procedure for the Preparation of 2 a±g
and 4

A mixture of enyne 1 or 3 (1 mmol) and catalytic system A
{[(p-cymene)RuCl2]2, MesH2ImCl (2 molar equiv.) and
Cs2CO3 (4 molar equiv.) (5 or 10 mol % of Ru)} in toluene
(5 mL) was heated at 80 °C for 16 h for terminal and at
110 °C for disubstituted alkyne derivatives. The solvent was
removed in vacuum and the crude product was obtained
after purification by flash chromatography (diethyl ether/
pentane, 1/9).

2 a: 1H NMR (CDCl3, 200.132 MHz): d = 0.17 [s, 3 H,
Si(CH3)2], 0.21 [s, 3 H, Si(CH3)2], 1.56 (d, 1 H, 3JHH = 6.5 Hz,
SiCH2), 1.60 (d, 1 H, 3JHH = 5.6 Hz, SiCH2), 1.72 (s, 3 H, CH3),
4.85 (dd, 1 H, 3JHH = 10.3 Hz, 2JHH = 2.0 Hz, cis-CH=CH2), 5.18
(dd, 1 H, 3JHH = 17.0 Hz, 2JHH = 2.0 Hz, trans-CH=CH2), 6.12
(ddd, 1 H, 3JHH = 17.0 Hz, 3JHH = 10.8 Hz, 4JHH = 1.1 Hz,
CH=CH2), 6.18 (dd, 1 H, 3JHH = 6.5 Hz, 3JHH = 5.6 Hz,
C=CH±CH2), 7.15±7.38 (m, 3 H, Ph), 7.38±7.72 (m, 2 H, Ph);
13C NMR (CDCl3, 50.329 MHz): d = 0.60, 0.80 [Si(CH3)2],
13.50 (SiCH2), 29.71 (CH3), 78.57 (Si±O±C), 113.68
(CH2=CH), 122.73 (C=CH±CH2), 125.97, 126.92, 128.04 (aro-
matic CH), 138.18 (CH2=CH), 145.64 (ipso C), 147.32
(CH2=CH±C).

4 (major diastereoisomer): 1H NMR (CDCl3, 200.132 MHz):
d = 0.04, 0.08 [s, 12 H, Si(CH3)2], 1.21±1.34 (m, 4 H, SiCH2),
1.21 (d, 6 H, 3JHH = 6.6 Hz, CH3CH), 4.54 (q, 2 H,
3JHH = 6.6 Hz, CH3CH), 5.65 (dd, 2 H, 3JHH = 5.2 Hz,
3JHH = 5.3 Hz, CH=C); 13C NMR (CDCl3, 50.329 MHz):
d = 0.78, 1.05 [Si(CH3)2], 12.73 (SiCH2), 24.12 (CH3CH),
70.34 (CH3CH), 121.12 (CH=C), 145.92 (C=CH).

4 (minor diastereoisomer): 1H NMR (CDCl3,

200.132 MHz): d = 0.16, 0.17 [s, 12 H, Si(CH3)2], 1.21±1.34
(m, 4 H, SiCH2), 1.28 (d, 6 H, 3JHH = 6.6 Hz, CH3CH), 4.56 (q,
2 H, 3JHH = 6.6 Hz, CH3CH), 5.65 (dd, 2 H, 3JHH = 5.2 Hz,
3JHH = 5.3 Hz, CH=C); 13C NMR (CDCl3, 50.329 MHz): d =
±0.63, ±0.44 [Si(CH3)2], 12.66 (SiCH2), 24.12 (CH3CH), 71.52
(CH3CH), 120.82 (CH=C), 144.79 (C=CH).

General Procedure for the Preparation of 5 a±d

After the metathesis reaction leading to 2 a±d, diethyl acety-
lenedicarboxylate (DEAD) (2 mmol) was added to the crude
reaction. The solution was heated at reflux for 5 h. The sol-
vent was removed in vacuum and the crude product was
purified by flash chromatography (diethyl ether/pentane,
1/9).

5 a (major diastereoisomer): 1H NMR (CDCl3,

200.132 MHz): d = 0.20 [s, 3 H, Si(CH3)2], 0.27 [s, 3 H,
Si(CH3)2], 0.74 (dm, 1 H, 2JHH = 13.6 Hz, CH2Si), 0.81 (dm,
1 H, 2JHH = 13.6 Hz, SiCH2), 1.25 (t, 3 H, 3JHH = 7.1 Hz,
CO2CH2CH3), 1.32 (t, 3 H, 3JHH = 7.1 Hz, CO2CH2CH3),
1.76 (s, 3 H, CH3), 2.79 (d, 1 H, 3JHH = 4.4 Hz, CH2-CH=C),
2.88 (d, 1 H, 3JHH = 4.5 Hz, CH2±CH=C), 3.67±3.83 (m, 1 H,
Si±CH2±CH), 4.18 (q, 2 H, 3JHH = 7.1 Hz, CO2CH2CH3), 4.22
(q, 2 H, 3JHH = 7.1 Hz, CO2CH2CH3), 4.84 (dd, 1 H,
3JHH = 4.4 Hz, 3JHH = 4.5 Hz, CH2±CH=C), 7.15±7.42 (m, 5 H,
Ph); 13C NMR (CDCl3, 50.329 MHz): d = 1.19, 1.34 [Si(CH3)2],
14.07, 14.12 (CO2CH2CH3), 22.87 (SiCH2), 28.06
(C=C--CH2±CH), 28.67 (CH3), 32.76 (Si-CH2-CH), 60.98,
61.17 (CO2CH2CH3), 80.44 (Si±O±C), 119.92 (C=CH±CH2),
125.06, 126.72, 127.76 (aromatic CH), 130.10 (ipso C),
139.34 (C=C±CH2±CH), 143.44 (C=C±CH2±CH), 146.40
(CH=C±CH), 167.77, 167.86 (CO2CH2).

5 a (minor diastereoisomer): 1H NMR (CDCl3,

200.132 MHz): d = 0.15 [s, 3 H, Si(CH3)2], 0.16 [s, 3 H,
Si(CH3)2], 1.23 (dm, 1 H, 2JHH = 14.5 Hz, CH2Si), 1.27 (dm,
1 H, 2JHH = 14.5 Hz, SiCH2), 1.19 (t, 3 H, 3JHH = 7.1 Hz,
CO2CH2CH3), 1.30 (t, 3 H, 3JHH = 7.1 Hz, CO2CH2CH3), 1.56
(s, 3 H, CH3), 2.68 (d, 1 H, 3JHH = 4.0 Hz, CH2±CH=C), 2.93±
3.09 (m, 1 H, Si±CH2±CH), 3.12 (d, 1 H, 3JHH = 4.1 Hz,
CH2±CH=C), 4.13 (q, 2 H, 3JHH = 7.1 Hz, CO2CH2CH3), 4.27
(q, 2 H, 3JHH = 7.1 Hz, CO2CH2CH3), 5.98 (dd, 1 H,
3JHH = 4.0 Hz, 3JHH = 4.1 Hz, CH2±CH=C), 7.15±7.42 (m, 5 H,
Ph); 13C NMR (CDCl3, 50.329 MHz): d = 0.65, 2.34 [Si(CH3)2],
13.93, 13.97 (CO2CH2CH3), 23.16 (SiCH2), 28.01
(C=C±CH2±CH), 31.91 (CH3), 33.25 (Si±CH2--CH), 61.13,
63.00 (CO2CH2CH3), 79.92 (Si±O±C), 118.29 (C=CH±CH2),
125.06, 126.86, 128.00 (aromatic CH), 129.43 (ipso C),
140.25 (C=C±CH2±CH), 142.49 (C=C±CH2±CH), 146.88
(CH=C±CH), 167.72, 167.70 (CO2CH2).

General Procedure for the Preparation of 6a-d

Compound 5 (0.5 mmol) was added to a solution of 2,3-di-
chloro-5,6-dicyanoquinone (DDQ) (1.5 mmol) in toluene
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(5 mL). The solution was heated at reflux for 15 h, the sol-
vent was removed in vacuum and the product was isolated
after purification by flash chromatography (diethyl ether/
pentane, 1/9).

6 a: 1H NMR (CDCl3, 200.132 MHz): d = ±0.04 [s, 3 H,
Si(CH3)2], 0.26 [s, 3 H, Si(CH3)2], 1.34 (t, 3 H, 3JHH = 7.2 Hz,
CO2CH2CH3), 1.38 (t, 3 H, 3JHH = 7.1 Hz, CO2CH2CH3), 1.44
(d, 1 H, 2JHH = 14.9 Hz, CH2Si), 1.87 (s, 3 H, CH3), 1.88 (d,
1 H, 2JHH = 14.9 Hz, CH2Si), 4.34 (q, 2 H, 3JHH = 7.1 Hz,
CO2CH2CH3), 4.35 (q, 2 H, 3JHH = 7.2 Hz, CO2CH2CH3), 7.11±
7.30 (m, 3 H, Ph), 7.55 (d, 1 H, 3JHH = 8.2 Hz, aromatic CH),
7.88 (d, 1 H, 3JHH = 8.3 Hz, aromatic CH); 13C NMR (CDCl3,
50.329 MHz): d = ±0.56, 0.36 [Si(CH3)2], 14.14, 14.27
(CO2CH2CH3), 17.79 (SiCH2), 33.52 (CH3), 61.41
(CO2CH2CH3), 80.10 (Si±O±C), 125.39, 127.10, 128.20 (aro-
matic CH), 127.26 (CH=C-CO2), 128.26, 129.05 (aromatic
CH), 134.97 (C=C±CO2), 136.97 (C=C±CH2±Si), 147.37 (ipso
C), 149.04 (CH=C±C±O), 165.60, 169.50 (CO2CH2); anal.
calcd. for C23H28O5Si: C 65.30, H 6.74; found: C 65.20, H 6.67.
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