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ABSTRACT

Efficient methods for the stereoselective synthesis of polyfunctional ( E)- and (Z)-alkenes and conjugated ( E,E)- and (E,Z)-dienones are presented.
They rely upon one-pot, four-component processes that condense 1-oxy-1,3-dienes, silyl enol ethers, SO 2, and carbon electrophiles.

The great complexity of biologically active natural products
now routinely tackled by total synthesis demands that the
methods employed in such endeavors must be not only highly
regio- and stereoselective but also compatible with the
requisite multifunctional fragments. A variety of fundamen-
tally different approaches to the synthesis of alkenes have
been developed; however, none of them provides a universal
solution to all the problems faced by synthetic chemists.1 In
earlier reports2 we demonstrated that electron-rich dienes can
be condensed with enoxysilanes in the presence of an excess
of SO2 and a catalytic amount of an acid promoter. This
generatesâ,γ-unsaturated silyl sulfinates23 that can be
alkylated or allylated in situ in the presence of TBAF to
provide the corresponding sulfones3 containing (Z)-alkene
units exclusively (Scheme 1).

We present here an important extension of this methodol-
ogy giving rise to polyfunctional sulfones4 containing (E)-

alkene units and up to three stereogenic centers. We report
also that alkenes3 and4 can be converted into conjugated
(E,Z)- and (E,E)-dienones of types5 and6, respectively.
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In a first series of assays, (E,E)-2-methyl-1-trimethylsilyl-
oxy-1,3-diene (1a)4 was condensed with a 3:2 mixture of
(Z/E)-2-triethylsilyloxy-2-butene (7),5 in the presence of a
large excess of SO2 (100 equiv) and a catalytic amount of
an acid promoter. As expected, under standard conditions
(12% of TBSOTf), only sulfone containing (Z)-alkene ((Z)-
3a) was isolated (entry 1, Table 1). Replacing TBSOTf with
HNTf2 (from 5 to 45%; entries 2 and 3, Table 1) led to the
formation of (E)-alkene ((E)-4a) instead of (Z)-3a. Above
50% HNTf2, polymerization became a competitive reaction.
Using TMSNTf2 (entry 4, Table 1), prepared by mixing
allyltrimethylsilane and HNTf2, as an acid promoter, pro-
duced (Z)-3aas the major product. The same outcome was
observed when exchanging (E,E)-2-methyl-1-trimethylsilyl-
oxy-1,3-diene (1a) for (E,E)-2-methyl-1-{[tert(butyl)dimeth-
ylsilyl]oxy}-1,3-diene (1b)6 (entry 6, Table 1). However, the
reactions of alkoxydienes such as1c with acid promoters
such as TBSOTf, HNTf2, and TfOH failed to give the desired
(E)-alkenes selectively (entry 7, Table 1). The best result
was obtained using TfOH (3%). This suggests that the nature
of the acid (protic, Lewis acid) is responsible for the (E)-/
(Z)-selectivity, not its acidity. Protic acids are required for
the selective formation of (E)-alkenes, at least when using
dienes1a and1b.

We next explored the scope of the reaction of (E,E)-
silyloxy-2-methylpenta-1,3-pentadienes1a and1b with dif-

ferent enoxysilanes in the presence of SO2 and 0.4 equiv of
HNTf2. To our surprise, depending on the nature of the
enoxysilanes, we found that either (E)-alkenes (4a,8, and
10) or (Z)-alkenes (9and11) were formed (Table 2). These
results suggest that the nature of the enoxysilanes (methyl-
substituted or not) also affects the (E)-/(Z)-selectivity.

To develop our methodology further, we examined the
reactivity of a variety of electrophiles with our silyl sulfinate
intermediates. Under standard conditions (1 M solution of
TBAF in THF, CH2Cl2, -50 to 25°C over 8 h), only simple
electrophiles such as MeI, allyl-bromide derivatives, and
substituted benzyl bromides reacted to provide the corre-
sponding sulfones.3 We found, however, that the exchange
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Table 1

a Structures of compounds are established by1H NMR and two-
dimensional NOESY1H NMR experiments. Compounds obtained as 1:1
mixtures ofR,â-syn andR,â-anti diastereoisomeric ketones containing (Z)-
and/or (E)-alkene units.

Table 2

Table 3

a R3 ) H in isolated products, after chromatography.bSulfones14 and
15 were obtained as a 1:1 mixture ofR,â-syn/R,â-anti diastereoisomers.
cDNPF ) 2,4-dinitrophenyl fluoride.dSulfones18 and 19 were obtained
as 2:1 mixture ofR,â-syn/R,â-anti diastereoisomers.
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of CH2Cl2 for a polar aprotic solvent (HMPA, DMF, or CH3-
CN) allows this limitation to be overcome. To emphasize
the flexibility and the reproducibility of these new conditions,
dienes1aand1cwere combined with a series of enoxysilanes
and of electrophiles in the presence of 0.2 equiv of HNTf2

and an excess of SO2 (100 equiv). This led to the corre-
sponding sulfones12-19 that were isolated in high yield
(Table 3).

To our knowledge, this is the first time that aryl-substituted
sulfones of type of16-19 have been prepared from silyl
sulfinates. The structures of12-19were suggested by their
spectral data (two-dimensional NOESY1H NMR). TheR,â
andâ,ε relative configurations and alkene configuration of

products17 and 18 have been established unambiguously
by X-ray crystallography7 (Figure 1). By analogy, we
proposed that the same stereocontrol occurs in all reactions
affording (E)-alkenes and that it leads to aâ,ε-like relation-
ship. As for all the related systems reported so far,8 (Z)-
alkene17 shows aâ,ε-unlike relationship.

It is important to note that the formation of the (E)-alkene
follows a different route than the formation of its (Z)-isomer
and it does not result from its isomerization during the course
of the reaction due to the acidity of the SO2 combined to
the acid promoter. Indeed, even after 3 days, when the
reaction of (Z)-alkene ((Z)-3a) was performed with SO2 and
TfOH at -78 °C, (Z)-alkene ((Z)-3a) was not isomerized
into its (E)-isomer. Moreover, after longer reaction time (1
week), only traces of product ((3E,5Z)-5a-diene) were
observed. Additionally, the same observations were made
with other (E)- and (Z)-alkenes. A straightforward preparation
(one-pot operation, good yields) of the corresponding dienes
(3E,5Z)-5b,cand (3E,5E)-6a-cwas possible when TfOH
(80%) was added directly after the oxyallylation process
(Table 4). Structures of the new compounds were established
unambiguously by their1H NMR and two-dimensional
NOESY 1H NMR spectra.

These results demonstrate that the formation of sulfones
with (E)-alkene units follows a different route than that
forming their (Z)-isomers. At this stage of the study, it would
be too early to give an exact mechanism. However, we must
admit that sulfur dioxide, activated by a strong protic acid,
adds to the diene faster than the isomerization of thes-trans-
conformer into thes-cis-diene. This leads to the formation
of (E)-zwitterionic intermediates20. The latter add to
enoxysilanes (oxyallylation) to give sulfinates21 that can
be alkylated or allylated in situ to provide the corresponding
sulfones22 with (E)-alkene units. Moreover, theâ,ε-like

(7) Crystallographic data for17 and 18 have been deposited with the
Cambridge Crystallographic Data Center as supplementary publication nos.
CCDC-254537 (for17) and 254738 (for18), respectively.

(8) (a) Megevand, S.; Moore, J.; Schenk, K.; Vogel, PTetrahedron Lett.
2001,42, 673. (b) Narkevitch, V.; Schenk, K.; Vogel, P.Angew. Chem.,
Int. Ed. 2000,39 (10), 1806.

Figure 1.

Table 4

entry R1 R2 R3 R4 5E/Z
product
yield %

1 Me Me Me methallyl 5Z 6b 75
2 Me Me H n-Bu 5E 5a 52
3 Et Me Me DNPa 5E 5b 62
4 Ph H Me DNP 5Z 6c 68
5 Me Me Me Me 5E 5c 59

a DNP ) 2,4-dinitrophenyl.
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relative configuration observed in this case can be interpreted
in terms of the preferred formation of (E)-zwitterionic
intermediates20, followed by addition of the enoxysilanes

onto the face anti with respect to that occupied by the
sulfinate moiety (Scheme 2).

In summary, our reaction cascade can be applied to
generate a variety of open-chain polyfunctional sulfones with
(Z)- and (E)-alkene units and containing up to three new
stereogenic centers. Acidic treatment of the latter compounds
generates the corresponding (E,Z)- and (E,E)-dienones in
good yields and with high stereoselectivity.

A large number of enoxysilanes and electrophiles can be
engaged, demonstrating the versatility of the method and,
thus, adding to the molecular diversity. Further applications
of this new methodology in the total synthesis of natural
products and analogues will be reported in due course.
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