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ABSTRACT

A novel three-component coupling between trimethylsilylmethylphosphonate, acyl fluoride, and aldehyde has been developed. A sequential
nucleophilic addition of lithio-trimethylsilylmethylphosphonate to the acyl fluoride and Horner�Wadsworth�Emmons reaction of an aldehyde
with the lithio-β-ketophosphonate generated in situ by desilylation at the R-position of the R-silyl-β-ketophosphonate by fluoride took place
cleanly in a one-pot operation. Various E- and Z-enones were obtained in high yields with high stereoselectivities by this one-pot procedure.

The Horner�Wadsworth�Emmons reaction (HWE
reaction) is a reliable and powerful method for carbon�
carbon bond formation via coupling between a β-ketopho-
sphonate and an aldehyde, giving an R,β-unsaturated

compoundwith high stereoselectivity.1 TheHWE reaction
has been broadly utilized for the synthesis of various
compounds including natural products. In general, the
β-ketophosphonate used as theHWE reaction precursorA is
synthesized from a readily accessible compound. Representa-
tive examples for the synthesis ofA are shown in Scheme 1.
An aldehyde is often transformed intoA in 2 steps through
addition of commercially available methylphosphonate,
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followed by oxidation of the resultant alcohol (eq 1).2

Carboxylic acid derivatives, such as esters,3 imides,4

or acyl chlorides,5 are also employed as precursors by
addition of methylphosphonate (eq 2). The Michaelis�
Arbuzov reaction, that is, substitution of an R-halocar-
bonyl compound by a trialkyl phosphite, also affords A
(eq 3).6 However, these procedures sometimes encounter
problems in purification due to side products or the high
polarity of A.
Accordingly, we planned to develop the one-pot synthe-

sis of the R,β-unsaturated ketone through the formation

of A accompanied by the instantaneous generation of its
enolate and subsequentHWEreaction.Weenvisioned that
the sequential reactions illustrated in Scheme 2 would be
suitable for this purpose. The R-silyl-β-ketophosphonate 4
would be formed by the nucleophilic substitution reaction
between the acyl fluoride 3 and the enolate 2 produced by
treatment of the trimethylsilylmethylphosphonate 1 with
a base. The acyl fluoride 3 can be obtained from the
corresponding carboxylic acid and (diethylamino)sulfur
trifluoride (DAST)7 with high purity by simple extraction
and is stable for several days.We expected that the fluoride
ion liberated during the substitution would induce the in
situ generation of the corresponding enolate 5 via desilyla-
tion at the R-position of 4.8 Subsequent addition of the
aldehyde 6 to the reaction mixture would afford the HWE
product 7. Herein, we would like to describe the novel one-
pot three-component coupling reaction.

Table 1 summarizes the optimization of reaction condi-
tions using dimethyl trimethylsilylmethylphosphonate (1a),9

5-phenylvaleryl fluoride (3a), and benzaldehyde (6a).
At first, the reactions were carried out by employing 2.0
equiv (to 6a) of 1a, 2.0 equiv (to 6a) of the base, and 1.8
equiv (to 6a) of 3a.When n-BuLi orNaHMDSwas used as
the base, the three-component coupling reaction pro-
ceeded successfully in one-pot to give the E-enone 7a in
54�57% yields with complete stereoselectivity (entries
1�3). The reaction with KHMDS improved the yield to
76% (entry 4). An almost quantitative yield of 7a was
obtained with LHMDS (entry 5). In the coupling reaction
with LHMDS, a shorter reaction time resulted in a de-
crease in the yield of 7a (entry 6). When the amount of

Scheme 1. Synthesis of β-Ketophosphonates

Scheme 2. Proposed One-pot Reaction

Table 1. Optimization of Reaction Conditions

entry base time (h) X Y Z yielda

1 n-BuLi 2 2.0 2.0 1.8 54%

2 n-BuLi 20 2.0 2.0 1.8 57%

3 NaHMDS 20 2.0 2.0 1.8 56%

4 KHMDS 20 2.0 2.0 1.8 76%

5 LHMDS 20 2.0 2.0 1.8 99%

6 LHMDS 2 2.0 2.0 1.8 80%

7 LHMDS 20 1.8 2.5 1.8 99%

a Isolated yield after column chromatography.
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1a was reduced to 1.8 equiv (to 6a), 2.5 equiv (to 6a) of

LHMDS was necessary to obtain 7a with excellent yield

(entry 7). In stark contrast, the same reaction with the

anion generated from LHMDS and dimethyl methylpho-

sphonate [MeP(O)(OMe)2], 3a, and 6a did not take place

at all and any formation of 7a or the corresponding
β-ketophosphonate was not observed.10

Asmentioned above, 7awas quantitatively derived from
6a with complete stereoselectivity under the optimized
conditions (Table 1, entry 7). Next, the scope of substrates
for the coupling reactionwas examined.11As shown inTable
2, a wide variety of aldehydes and acyl fluorides participated
in the one-pot procedure, providing the E-enones as the sole
stereoisomers in high yields. In the coupling reactions of 3a,
the aromatic aldehydes 6b�f with electron-donating or
-withdrawing groups on the benzene ring afforded the
E-enones 7b�f in high yields, although longer reaction times
were needed with the electron-donating aldehyde 6b and
sterically demanding aldehyde 6d (entries 1�5). The alkyl
aldehydes, octanal (6g) and 2,2-dimethylpropanal (6h), were
also converted into the E-enones 7g and 7h (entries 6, 7).

Table 2. One-pot Reaction with Various Substrates

a Isolated yield after column chromatography. b Stirred for 48 h. cLHMDS (2.0 equiv)was used. d Stirred for 48 h; 2.5 equiv each of 1b and 3a, and 3.0
equiv of n-BuLi as a base were used.

(10) Bert�e-Verrando, S.; Nief, F.; Patois, C.; Savignac, P. J. Chem.
Soc., Perkin Trans. 1 1994, 821–824.

(11) To a solution of 1a (35.3 mg, 0.180 mmol) in THF (1 mL) was
addedLHMDS (1.0M inTHF, 250μL, 0.250mmol) at�78 �CunderAr
atmosphere. After 20 min, a solution of 3a (32.4 mg, 0.180 mmol) in
THF (0.5 mL) was added to the mixture. The mixture was warmed to
room temperature and stirred for 1 h, after which 6a (10.2 μL, 0.100
mmol) was added to the mixture. The mixture was stirred for 20 h,
quenched with saturated NaHCO3, extracted with AcOEt (�3), washed
with brine, dried over Na2SO4, filtered and concentrated in vacuo. The
residue was purified by silica gel column chromatography (AcOEt/
Hexane= 1:99) to give 7a (26.0 mg, 0.0990 mmol, 99%) as colorless oil.
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Functional groups such as carbamate, epoxide, and PMB
ether were compatible with the one-pot reaction and the
highly functionalized E-enones 7i and 7j were obtained
(entries 8, 9).Various acyl fluorideswere alsogood substrates
for the present reaction. Benzyl ether, acetate, and olefin
were tolerated to give the E-enones 7k�m (entries 10�12).
Furthermore, the branched acyl fluoride 3e bearing a chiral
center at the R-position afforded the optically pure E-enone
7n without racemization (entry 13).12 Trisubstituted E-R,
β-unsaturated ketones were also readily accessed by the one-
pot procedure. Attempts to synthesize the trisubstituted
olefins were conducted with diethyl 1-trimethylsilylethylpho-
sphonate (1b).9b The three-component couplings of 3a with

6f and6g successfully occurred in a completely stereoselective
manner using n-BuLi as the base instead of LHMDS to yield
the trisubstituted E-enones 7o and 7p (entries 14, 15).
Z-R,β-Unsaturated ketones have often been constructed

in several steps (e.g., addition of acetylide to aldehyde,
partial reduction of triple bond to Z-olefin, and oxidation
of the resultant alcohol).13 For rapid access to this unit, the
Z-selective three-componentcoupling reactionwasexamined
according to the reports by Still14a and Ando.14b,c Among
the phosphonates and the bases tested, the combination of
bis(2,2,2-trifluoroethyl) trimethylsilylmethylphosphonate
(1c)15 and NaHMDS in the presence of TDA-116 afforded
the best selectivity (E:Z= 7:93) with 3a and 6f, giving the
Z-enone 7q in good yield (Table 3, entry 1).17 The acyl
fluoride 3b also reacted with 6f in high selectivity to afford
the Z-enone 7r (entry 2). The coupling reactions of the
alkyl aldehyde 6gwith 3a and 3b gave theZ-enones 7s and
7t as the major stereoisomers (entries 3, 4).
In summary,we have developed anovel three-component

coupling reaction with trimethylsilylmethylphosphonate,
acyl fluoride, and aldehyde. Nucleophilic substitution of
lithio-trimethylsilylmethylphosphonate with acyl fluoride
and subsequent HWE reaction of the aldehyde with the
lithio-β-ketophosphonate generated in situ through desilya-
tionof theR-silyl groupof theR-silyl-β-ketophosphonate by
the fluoride ion proceeded smoothly in a one-pot operation.
Various substrates participated in the one-pot coupling
reaction to give E- or Z-enones stereoselectively in high
yields. To the best of our knowledge, the present reaction is
the first example of this type of one-pot coupling reaction.
This new synthetic method will allow rapid access to
R,β-unsaturated ketones with high stereoselectivities.
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Table 3. Z-Selective One-pot Reaction

entry solvent R1 R2

yielda

(E:Z)b

1 THF (CH2)4Ph (3a) p-CNC6H4 (6f) 84% (7:93)

2 THF (CH2)5OBn (3b) p-CNC6H4 (6f) 65% (16:84)

3 PhMe-HMPA (CH2)4Ph (3a) n-C7H15 (6g) 67% (25:75)

4 PhMe-HMPA (CH2)5OBn (3b) n-C7H15 (6g) 95% (37:63)

a Isolated yield of EZ mixture after column chromatograpohy.
bRatio was determined by analysis of crude 1H NMR spectra.
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