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Abstract—Ylides 3, derived from the phosphoniosilylation products of enones and a,b-unsaturated lactones, were reacted with
epoxides 4 and TBSOTf in THF. Interestingly, the three component coupling products 5–8 were obtained after subsequent
desilylation.
� 2007 Elsevier Ltd. All rights reserved.
b-Functionalization of a,b-unsaturated carbonyl com-
pounds can be effected by a variety of methods, which
generally involve either the organometallic conjugate
addition process1 or the dipole reversal (at the b-posi-
tion of enones) process.2 It has been shown by Kozikow-
ski,3 Kim,4 and Lee5 that many useful functional groups
can be efficiently introduced at the b-position of enones
by a dipole reversal process utilizing the phosphoniosilyl-
ation reaction of enones with triphenylphosphine and
tert-butyldimethylsilyl triflate (TBSOTf). In this process,
ylides 3, generated from phosphoniosilylation products
2 of enones by n-BuLi, serve as b-acylvinyl anion equiv-
alents (Scheme 1, Y = CH2). We have also been explor-
ing the scope and application of this process, and
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recently we have demonstrated that such process can
also be employed to a,b-unsaturated lactones and esters
(Scheme 1, Y = O).6 Ring-opening of epoxides, espe-
cially with carbon nucleophiles provides valuable routes
to a wide variety of organic compounds.7 However, to
our best knowledge, there have been no reports on the
ring-opening of epoxides with ylides derived from the
phosphoniosilylation products of a,b-unsaturated car-
bonyl compounds. Thus, as an extension of studies on
the development of new synthetic methods utilizing the
phosphoniosilylation process we became interested in
investigating the ring-opening reaction of epoxides with
ylides 3 (Scheme 2). Herein, we wish to report very inter-
esting and unusual results in these studies.
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At the outset, we envisaged that it might be possible for
ylides 3 to attack epoxides 4 to give alcohols 9, consid-
ering the nature of epoxides as good electrophiles and
an addition of Lewis acid would facilitate the epoxide
ring-opening process. To test these notions we examined
the epoxide ring-opening reaction using ylide 3a derived
from 5,6-dihydro-2H-pyran-2-one 1a and (2,3-epoxy-
propyl)benzene 4p as model substrates (Scheme 2). Ini-
tially this epoxide opening process was attempted in
the absence of Lewis acid. When ylide 3a was reacted
with epoxide 4p in tetrahydrofuran (THF) at �78 �C
and the reaction mixture was subsequently treated with
tetrabutylammonium fluoride (TBAF) in the same reac-
Figure 1. X-ray crystal structure of 10.
tion vessel, no epoxide opening reaction was observed.
Therefore, the use of Lewis acid was considered to pro-
mote the reaction. For this purpose TBSOTf was
selected as the choice of Lewis acids to avoid complica-
tion of silyl group scrambling. When ylide 3a was
reacted with 4p in the presence of TBSOTf in THF at
�78 �C, and the resulting intermediate was then treated
with HF–pyridine at �78 �C to rt in the same reaction
vessel, an epoxide opening product was obtained in rea-
sonable yield together with some unidentifiable prod-
ucts. However, spectroscopic analysis indicated that
the product was not alcohol 9ap. To our surprise, the
structure of this product turned out to be 5ap, a three
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Table 1. b-Butyloxy group incorporated epoxide opening of enones
and a,b-unsaturated lactones in THF11

Entry Starting material Epoxide Producta,b Yieldc,d (%)

1 1a 4p 5ap (6ap) 49 (45)
2 1a 4q 5aq (6aq) 61 (43)
3 1a 4r 5ar (6ar) 53 (59)
4 1a 4s 7as (8as) 40 (43)
5 1b 4p 5bp (6bp) 91 (98)
6 1b 4q 5bq (6bq) 81 (88)
7 1b 4r 5br (6br) 87 (65)
8 1b 4s 7bs (8bs) 54 (41)
9 1b 4t 7bt (8bt) 31 (24)

10 1c 4p 5cp (6cp) 77 (71)
11 1c 4q 5cq (6cq) 78 (83)
12 1c 4r 5cr (6cr) 73 (60)
13 1c 4s 7cs (8cs) 36 (49)
14 1c 4t 7ct (8ct) 30e (31)
15 1d 4p 5dp (6dp) 51 (43)
16 1d 4q 5dq (6dq) 41 (37)
17 1d 4r 5dr (6dr) 23 (20)

a Products when HF–pyridine was used in the desilylation step.
b Products in parentheses refer to products when saturated NaHCO3

solution was used in the desilylation step.
c Overall isolated yields of alcohols.
d Yields in parentheses refer to overall isolated yields of TBS ethers.
e Tetrabutylammonium fluoride (1 M in THF) was used in the desilyl-

ation step.
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component coupling product, which was unambigu-
ously confirmed by X-ray crystallographic analysis of
a crystalline derivative 10 (Fig. 1).8 Compound 10 was
prepared in 72% overall yield by oxidation with PCC
followed by treatment with 2,4-dinitrophenylhydrazine
(Scheme 3). It is believed that THF is involved in the
formation of product 5ap via its concomitant ring open-
ing in the ring opening reaction of epoxide 4p with ylide
3a (vide infra). This result is related closely to the three
component coupling reported by Yamamoto.9

To assure that this butyloxy group incorporation is gen-
eral, with a variety of a,b-unsaturated carbonyl com-
pounds and epoxides we have examined this four-step
one pot process, that is, (1) phosphoniosilylation with
Ph3P and TBSOTf, (2) ylide formation with n-BuLi or
LDA, (3) epoxide opening reaction and (4) desilylation,
varying a,b-unsaturated carbonyl compounds and epox-
ides (Scheme 2). We found that the reaction process is
quite general as the reaction of ylide 3a and epoxide
4p in the presence of TBSOTf in THF resulted in butyl-
oxy group incorporated product 5ap. The results are
shown in Table 1. It is noteworthy that the formation
of products, alcohols or their TBS ethers, could be con-
trolled by the choice of a desilylating agent. Upon treat-
ing the epoxide opening reaction mixtures with HF–
pyridine at �78 �C to rt, alcohols 5a–d or 7a–d were ob-
tained as products. When saturated sodium bicarbonate
solution was used as a desilylating agent, products were
TBS ethers 6a–d or 8a–d. It is also of value to mention
that this butyloxy group incorporated epoxide opening
process proceeds with a high regioselectivity. With epox-
ides 4p–r consisting of primary and secondary carbons,
regioisomers 5a–d or 6a–d were obtained as exclusive
products (entries 1–3, 5–7, 10–12, and 15–17), while
the other regioisomers 7a–d or 8a–d were produced
selectively with epoxides such as styrene oxide 4s and
1,2-epoxy-2-methylpropane 4t (entries 4, 8, 9, 13, and
14). The regioselectivities observed in this process are
well compared to those observed in typical Lewis acid-
assisted ring opening reactions of epoxides.10 This pro-
cess works well with epoxides 4p–r in both cyclohex-
enone 1b and cyclopentenone 1c series (entries 5–7 and
10–12), in which products were obtained in good to
excellent yields (for alcohols 73–91%, for TBS ethers
60–98%). Ylide 3a derived from lactone 1a reacted
smoothly with the same epoxides to give products in
moderate to good yields (entries 1–3, for alcohols
49–61%, for TBS ethers 43–59%). With styrene oxide
4s and 1,2-epoxy-2-methylpropane 4t (entries 4, 8, 9,
13, and 14), the yields of products 7a–d or 8a–d (vide
supra) were moderate (for alcohols 30–54%, for TBS
ethers 24–49%). Lower yields in these cases might be
in part due to a rearrangement of the epoxides to
carbonyl compounds. In the case of cycloheptenone 1d
(entries 15–17), the yields of products were relatively
low (for alcohols 23–51%, for TBS ethers 20–43%).
When acyclic variants of a,b-unsaturated carbonyls such
as 3-buten-2-one, trans-3-nonen-2-one, and methyl acryl-
ate were tried, either no significant amounts or poor
yields of products were obtained. Either lower reactivity
of ylides or decomposition of epoxides and ylides might
be responsible for the unsuccessful outcomes in acyclic
derivatives.

Although far from being predicted, the formation of
products 5 and 6 seems to be explainable by a mecha-
nism as described by the hypothetical sequence of
Scheme 4. At the beginning, the cyclic oxonium ion A
would be generated from epoxide 4p and TBSOTf.
The nucleophilic attack of the THF oxygen to the oxo-
nium ion A would form another oxonium ion B, which
would immediately be attacked by ylide 3a. The subse-
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quent desilylation of the resulting three component cou-
pling intermediate C would complete the formation of
5ap or 6ap. One might think of another possibility that
TBSOTf-assisted ring opening of THF by ylide 3a occur
first and thus formed intermediate D then open the
epoxide ring with the aid of TBSOTf. If the reaction
proceeds along this mechanism, D should be formed
as an intermediate. However, the formation of D was
precluded by no detection of compound E or its alcohol
when the reaction was interrupted and the mixture was
subsequently desilylated. The same result was observed
when a control experiment, that is, the reaction of ylide
3a and TBSOTf in THF in the absence of the epoxide
4p, was carried out. These results exclude the possibility
of the latter mechanism.

In summary, ylides derived from the phosphoniosilyl-
ation products of enones and a,b-unsaturated lactones,
react with THF and epoxides in the presence of TBSOTf
to give three component coupling products. The results
illustrate an unusual example that a reaction solvent,
THF participates in the three component coupling reac-
tion. Further research is now in progress to understand
the effect of solvents and Lewis acids on this process.
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