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ABSTRACT

Conjugated dienes are versatile building blocks in organic synthesis, and the development of new methods for their synthesis remains an
important topic in modern synthetic organic chemistry. We describe here an expedient synthesis of highly functionalized conjugated dienes
through sequential silicon-tethered ring-closing enyne metathesis mediated by Grubbs’ Ru carbene catalysts and Tamao oxidation. Notable
attributes of this methodology include short synthetic manipulations and the structural complexity it confers on the resulting diene moiety.

Conjugated dienes are versatile building blocks in organic
synthesis as exemplified by their dominance in the Diels-
Alder reaction and most of its variants.1 There exists a
plethora of synthetic methods for conjugated dienes,2 with
prototypical approaches employing base-induced elimination
from allylic and homoallylic halides or halide equivalents,
double elimination from suitably substituted dihalide sub-
strates, or the Wittig-type olefination ofR,â-unsaturated
carbonyl compounds. However, for many practical applica-
tions, the control of both the regio- and the stereochemistry
of the diene moiety has to be rigorously exercised. Cross
coupling of vinylic species utilizing an appropriate organo-
metallic catalyst has proven more effective in controlling
diene stereochemistry and has been extensively used in
organic synthesis.3 However, the preparation of the prereq-
uisite vinyl halides/triflates (Heck),4 vinylstannanes (Stille),5

organoboranes (Suzuki),6 and alkenylzincs (Negishi)7 often
involves tedious multistep manipulation of air-sensitive and,
in the case of organostannanes, toxic compounds.

The rapidly emerging olefin metathesis reaction has found
many spectacular applications in organic synthesis.8 In
particular, diene ring-closing metathesis (RCM) and cross
olefin metathesis mediated by transition metal carbene
complexes have evolved into powerful tools for the formation
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of carbon-carbon double bonds over the past 10 years.
Despite its great synthetic utility, the related alkene-alkyne
metathesis has been much less explored.9-11 Whereas enyne
RCM has been shown to be a versatile strategy for the
synthesis of cyclic dienes,9 its intermolecular variant, the
cross alkene-alkyne metathesis, is limited to only a few
cases with less demanding substrates: the cross metatheses
of terminal alkynes and terminal alkenes (eq 1, Scheme 1)10

and of internal alkynes and ethylene (eq 2),11 furnishing 1,3-
and 2,3-disubstitued dienes, respectively. To date, the
synthesis of tri- and tetrasubstituted acyclic dienes by
alkene-alkyne metathesis has not been rigorously established
due to the difficulty encountered in the simultaneous control
of their chemo-, regio-, and stereoselectivity.12

To overcome the above-mentioned limitations of alkene-
alkyne metathesis, we chose to apply the principle of the

temporary connection methodology13,14as a means to facili-
tate the alkene-alkyne metathesis and to provide regio- and
stereochemical control. Specifically, it is expected that
tethering of an alkene and an alkyne with an appropriate
linker followed by enyne RCM9 and tether cleavage would
provide ready access to highly substituted acyclic conjugated
dienes with predetermined regio- and, preferably, stereo-
chemistry (Scheme 2). Even a simplified scenario of Scheme

2 wherein a terminal alkene (R1 ) R2 ) R3 ) H) is tethered
to an internal alkyne would yield after cleavage of the tether
a trisubstituted diene with complete regio- and stereochem-
ical control.

As exemplified in Scheme 3 and summarized in Table 1,
our strategy was successfully implemented with a number

of silicon-tethered15 enyne substrates leading to the formation
of a variety of highly functionalized dienes. Thus, treatment
of the tethered enyne2a, prepared from the commercially
available allylchlorodimethylsilane and propargyl alcohol1a,
as shown in Scheme 3, with Grubbs catalyst3a16 (Figure 1)
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Figure 1. Grubbs Ru catalysts.
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(3 mol %) in CH2Cl2 (0.025 M) at reflux gave cleanly the
tethered product4a which, after oxidative cleavage with
H2O2 as described by Tamao et al.,17 afforded diene5a in
88% overall yield from 2a after purification by flash
chromatography on silica gel.18

Table 1 lists the results with other substrates bearing a
diverse array of substituents on the alkyne. Enyne2b (entry
2) with an isobutyl group present at the propargylic position
exhibited decreased reactivity relative to that of2a, and its
RCM required a longer reaction time (12 h) and a higher
concentration in order for the reaction to go to completion.
The ester group in enyne2c (entry 3) did not cause any
retardation and the RCM of2c proceeded uneventfully,
furnishing the highly oxygenated diene5c in high yield after
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Table 1. Synthesis of Functionalized Dienes via Silicon-Tethered Enyne Metathesis

a Unless otherwise noted, RCM was carried out at a concentration of in 0.025 M in CH2Cl2 under an Ar atmosphere.b Isolated yield.c The concentration
of the reaction was 0.05 M.d Ethylene was supplied under balloon pressure.e The concentration of the reaction was 0.005 M.
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tether cleavage. Substrates derived from a terminal alkyne
(entry 4) or an alkyne containing a hindered phthalimido
group (entry 5) experienced diminished reactivity, and the
use of ethylene gas was found to be crucial to attain complete
conversion.19 RCM of enynes2f (entry 6) and2g (entry 7)
leading to the formation of seven-membered tethered dienes
did not go to completion with catalyst3a, but the use of the
more active catalyst3b20 resulted in high conversions in both

cases. Finally, a tandem ene-yne-ene metathesis9g-i was
achieved with substrate2h (entry 8) which provided the
tetrasubstituted diene5h in high yield after tether cleavage
when the reaction was run under high dilution conditions.

While we have shown that the tethered enyne RCM-
oxidative cleavage methodology can provide an efficient
access to highly functionalized acyclic dienes, preliminary
studies have established that the silicon-tethered diene
intermediates can serve as excellent substrates for highly
stereoselective Diels-Alder reactions.21
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indicated complete consumption of3awith clean and essentially quantitative
formation of the tethered diene4a. 1H NMR (CDCl3, 500 MHz) δ: 0.14
(3H, s), 0.29(3H, s), 1.41-1.49 (2H, m), 1.76-1.95 (2H, m), 1.86 (3H, s),
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(1H, dd,J ) 4.6, 7.4 Hz), 7.16-7.30 (5H, m). Crude4awas then dissolved
in MeOH/THF (5 mL/5 mL) and treated with KF (145 mg, 2.5 mmol) and
KHCO3 (125 mg, 1.25 mmol) followed by H2O2 (30%, 0.56 mL, 5 mmol).
After stirring at rt for 48 h, TLC indicated complete consumption of the
starting material and the reaction mixture was poured into water and
extracted with EtOAc (3%× 20 mL). The combined organic extracts were
washed with 5% Na2S2O4 and brine, dried (Na2SO4), and evaporated. Flash
chromatography on silica gel (EtOAc/hexane 1:1) gave diene5a (102 mg,
88%) as a thick hygroscopic oil.1H NMR (CDCl3, 500 MHz) δ: 1.87-
2.10 (2H, m), 1.90 (3H, s), 2.69 (1H, m), 2.81 (1H, m), 4.29 (1H, dd,J )
6.8, 13.4 Hz), 4.35 (1H, dd,J ) 6.6, 13.4 Hz), 4.63 (1H, dd,J ) 4.5, 8.8
Hz), 4.95 (1H, s), 4.96 (1H, s), 5.78 (1H, t,J ) 6.7 Hz), 7.16-7.34 (5H,
m). 13C NMR (CDCl3, 125 MHz) δ: 22.88, 32.44, 37.85, 58.70, 69.85,
113.82, 125.93, 127.73, 128.41, 128.46, 141.62, 143.22, 145.87. Anal. Calcd
for C15H20O2‚0.2H2O: C, 76.36; H, 8.72. Found: C, 76.67; H, 8.78.
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(21) For example, treatment of crude4a with maleiimide in toluene at
reflux led to the formation of the Diels-Alder adduct6 shown below, which
was isolated in 68-70% yield as a single diastereomer and whose
stereochemistry was established by conformational analysis of its fused
tricyclic structure on the basis of1H NMR data and NOESY experiments.

Data for6. 1H NMR (CDCl3, 500 MHz)δ: 0.14 (3H, s), 0.17 (3H, s), 0.85
(1H, dd,J ) 5.7, 15.2 Hz), 1.52-1.58 (1H, m), 1.66 (3H, d,J ) 1.6 Hz),
1.88-1.99 (2H, m), 2.27 (1H, dd,J ) 6.7, 14.7 Hz), 2.48-2.52 (1H, m),
2.56 (1H, dd,J ) 1.7, 14.7 Hz), 2.60-2.71 (2H, m), 2.97 (1H, dd,J ) 6.1,
8.9 Hz), 3.09 (1H, ddd,J ) 1.7, 6.6, 8.9 Hz), 4.75 (1H, dd,J ) 5.8, 9.0
Hz), 7.16-7.28 (5H, m), 8.11 (1H, s).13C NMR (CDCl3, 125 MHz) δ:
-0.90, 1.62, 11.55, 19.41, 31.25, 32.32, 33.97, 39.69, 41.53, 47.79, 71.85,
125.79, 128.36, 130.10, 134.47, 141.56, 178.53, 179.36. Anal. Calcd for
C21H27NO23Si: C, 68.26, H, 7.36., N, 7.39. Found: C, 68.10; H, 7.55; N.
3.83.
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