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Some Observations on the Wadsworth-Emmons Olefination Reaction 
By G. Durrant and J. K. Sutherland,'t Chemistry Department, Imperial College, London S.W.7 

A method i s  described for the preparation of @- hydroxy-a-phosphonato-esters via the corresponding P-keto-esters. 
Deprotonation of these alcohols yielded the accepted intermediate in the Wadsworth-Emmons reaction, which 
generates a@-unsaturated ester by direct and indirect routes. 

IT is generally accepted that the versatile Wadsworth- prepared but reduction with borohydride, under the 
Emmons synthesis of a@-unsaturated esters involves conditions satisfactory for (3), gave only a minute yield 
the intermediate formation of an adduct (2) which de- of alcohol (7); nor could (4) be reduced catalytically. 
composes irreversibly to the product via cis-elimination Attempts to reduce the ketone (4) with a variety of 
of diethyl phosphate. The ratio of geometrical isomers reagents and under various conditions gave only two 
produced then depends on the relative rates of formation results of note. Lithium tri-(t-butoxy) aluminium 
and decomposition (to starting materials and products) hydride hydrogenolysed the C-P bond and converted 

k2 PO(OEt)2 - RCH= CH'CO2Et 
, P O(0 E t 1 

RCHO S C H  

of the two diastereoisomers corresponding to (2).2 The 
predominant formation of tram-olefins could result 
either from k,  for the formation of the (2SR,3SR) 
enantiomeric pair (C) (which could lead to cis-isomer) 
being small compared to k, for the (2SR,3RS) pair (T) or, 
alternatively, k-, for the forrner pair being large com- 
pared to k,. 

We decided to produce species (2) by a route different 
from direct condensation and so, by isotopic labelling 
and trapping experiments, to measure the relative rates 
of the reversion and product-forming steps3 A possible 
route appeared to be deprotonation of the correspondin? 
alcohol, in turn preparable from the ketone (3). To this 
end condensation of the anion of diethyl 2-oxoheptyl- 
phosphonate with hydrogen-chloride-free ethyl chloro- 
formate was carried out; however the product was the 
enol carbonate (5), vmaX 1755 cm-l, T 4.72 (lH, d, J 9 
Hz), which could be ethanolised to give starting material. 
However the alternative route, condensation of the 
anion (1) with hexanoyl chloride, yielded the ketone (3), 
%lax. 1735, 1710, and 1585 cm-l (25% yield), best charac- 
tensed as its crystalline sodium salt. The alcohol (6) 
could be generated from (3) by catalytic hydrogenation 
(Pd-EtOH) (90%) or by reduction with sodium boro- 
hydride (yield 4oy0); in agreement with structure (6) 
samples from either source were converted into ethyl 
trans-oct-2-enoate in >90% yield by reaction with 1 mol. 
equiv. of sodium ethoxide in ethanol. The alcohol was 
too unstable to be characterised directly, and all attempts 
to prepare solid derivatives were unsuccessful ; however 
treatment with acetic anhydride and pyridine yielded 
the dehydration product (€9, T (CC14) 3.02 (dt, Ja 23, Jt 
8 Hz), which was stable. The C20 homologue (4) was also 
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both ketones (3) and (4) into the corresponding P-keto- 
esters, and reduction of ketones (3) and (4) with methano- 
lic sodium borohydride in the presence of boric acid 
gave the alcohols (6) and (7) in high yield. 

PO(0Et)p 1 
P O  (0 E t ) 2 

As we had been unable to prepare any crystalline 
derivatives of the alcohol (6), our only criterion of purity 
was t.1.c.; more seriously, we were unable by any 
physical or spectroscopic method to estimate the relative 
proportions of the two diastereoisomers. However if 
the alcohol (6) were a pure diastereoisomer, meaningful 
results could be obtained if k ,  9 k-, or k-, k,. The 
C-deuterio-alcohol [3-2H]-(6) was decomposed with 
sodium ethoxide in ethanol in the presence of un- 
labelled aldehyde. The isotopic composition of the 
product gave the inconclusive result that 51% of the 
ester was formed by the direct route [(2) octenoate], 
the remainder indirectly by the route (2) --+ (1) 
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(2) __t octenoate. The alcohol (7) was obtained as a 
solid, m.p. 58-64', which by fractional crystallisation 
could be separated into two extreme fractions, m.p. 
65-5-67' and 54-61'; again we were unable by any 
physical method to estimate the purity of these frac- 
tions. Determination of the extent of direct formation 
of acrylate from the intermediates was simple since a 
control experiment showed that under our conditions 
stearaldehyde and the phosphonate anion did not react. 
As a check on this the acrylate obtained from both 
fractions of [3-2H]-(7) showed complete retention of 
deuterium, while measurement of the yields of stearalde- 
hyde obtained by base-induced decomposition of com- 
pound (7) showed 59% reversion from the high-melting 
fraction and 76% from the lower. Here kel k, holds; 
we are unable to offer any definite explanation for this 
' long-chain ' effect.* 

Because of the uncertainty regarding the composition 
of the fractions of (7) we are unable to make any quanti- 
tative comments regarding k-l and k ,  for (C)  and (T), 
but it is clear that k,  for (C) must be very small, since no 
cis-ester was isolated though one or other of the fractions 
must have contained appreciable quantities of (C). It is 
also clear that k-l and k ,  for (T) must be of similar 
magnitude. After the completion of this work it was 
suggested that the diastereoisomers corresponding to (2) 
could be interconverted directly without reversion to 
starting  material^.^ We have no information on this 
point. 

Pyrolysis 5 of the hydroxy-phosphonate (6) at  110" 
also yielded the acrylate (35% from the borohydride- 
generated alcohol and 38% from that produced by 
hydrogenation}; no cis-isomer was detected and a 
control showed that hexanal and the phosphonate did 
not react under these conditions. trans-Octenoate was 
also generated by the reaction of compound (8) with 
aqueous sodium hydroxide ; a control demonstrated 
that the ester could have arisen by both the ' direct ' and 
' indirect ' routes. 

EXPERIMENTAL 

1- (Diethoxyphosphorylmethylene) hexyl Ethyl Carbonate (5). 
-Sodium hydride (106 mg of a 60% dispersion in oil) was 
added to diethyl 2-oxoheptylphosphonate (500 mg) in 
tetrahydrofuran (10 ml). The mixture was stirred under 
nitrogen until effervescence ceased, then ethyl chloroform- 
ate (218 mg) was added and the mixture was stirred over- 
night at  room temperature. Addition of water, acidifica- 
tion, and extraction with ether gave (after evaporation and 
purification by t.1.c.) the enol carbonate (5) (300 mg) as an 
oil, v,,, 1755, 1265, 1235, 1040, and 980 cm-l, z (CCl,) 4.72 
(lH, d, J 9 Hz), 5.9 (6H, m), and 7.65 (2H, m). On refluxing 
in ethanolic sodium ethoxide the starting phosphonate was 
regenerated. 

Ethyl 2-Diethoxyfihosfihoryl-3-oxo-octanoate (3) .-Sodium 
hydride (4 g of a 60% dispersion in oil) was added in portions 

* We have observed this effect in other cases, e.g. the anion 
of ethyl a-phosphonatohexanoate smoothly condenses with 
diethyl a-ketoglutarate; the corresponding phosphonate anion 
of ethyl laurate does not. 

to ethyl diethoxyphosphorylacetate (22.4 g)  in tetra- 
hydrofuran (40 ml) at 0". When the effervescence ceased 
freshly distilled hexanoyl chloride (13.5 g) in tetrahydro- 
furan (20 ml) was added. The mixture was stirred for 1.5 h 
at room temperature, then poured into 2~-sulphuric acid 
and extracted with ether. The extract was washed with 
aqueous sodium hydrogen carbonate, water, and then 10% 
sodium hydroxide (3 x 60 ml). Acidification of the latter 
extracts with 6~-sulphuric acid and extraction with ether, 
followed by concentration, yielded the keto-ester (3) (7.65 g) 
as an oil, urnax. 1735, 1710, and 1585 cm-l. Addition of the 
ester (3) (1 g) to sodium hydroxide (600 mg) in water (3 ml) 
with vigorous agitation followed by cooling to 0" gave a 
solid (250 mg) which was filtered off and recrystallised 
from ethanol to give the salt, m.p. 180-183", (EtOH) 
260 nm (e 11,400), & (EtOH-acid) 244 nm (E 7700), urn= 
1650 cm-1 (Found: C, 48-9; H, 7.6. Cl,H2,06P requires C, 
48.8; H, 7.6%). 

Ethyl 2-diethoxyphosphoryl-3-oxoeicosanoate (4) was 
also prepared by this procedure and purified by t.1.c. 

Ethyl 2-Diethoxy~hos~horyl-3-hyd~oxyeicosanoate (7) .- 
The ketone (4) (100 mg) and orthoboric acid (326 mg) were 
dissolved in ethanol (7 ml) and sodium borohydride (50 mg) 
was added. After 2 h a t  ambient temperature the mixture 
was poured into 6~-sulphuric acid. Extraction with ether 
and concentration yielded a partially crystalline alcohol 
(100 mg) which was recrystallised from light petroleum 
(b.p. 60-80'); m.p. 58-64', vmE 3400 and 1720 cm-l, 
z (CDCI,) 6.92 (lH, dd, J 9 and 20 Hz) (Found: C, 63.5; 
H, 10-7. Calc. for C,,H,,O,P: C, 63.4; H, 10.80/6). 

Recrystallisation of the alcohol mixture from light petro- 
leum (b.p. 60-80°) (2 x )  and then from methanol (3 x )  
gave a fraction of m.p. 65-5-67"; recrystallisation of the 
material from the mother liquors from light petroleum 
(b.p. 60-80") gave another fraction, m.p. 54-61'. 

Ethyl 2-Diethoxy~hos~horyZ-3-hydroxyoctanoate (6) .-This 
alcohol was prepared similarly and the oil obtained charac- 
terised by dehydration with acetic anhydride and pyridine 
to ethy2 2-diethoxy~hosphoryloct-2-enoate (8), vms. 1720 and 
1610 cm-l, b.p. 90" (bath) a t  lo-, mmHg (Found: C, 54.9; 
H, 8.8. Cl,H2,P0, requires C, 54.9; H, 8.9%). Dissolu- 
tion of the olefin (8) in ethanol-aqueous loo/, sodium hydr- 
oxide (2 : 1) generated ethyl trans-oct-2-enoate (40%). 

Ethyl 3-Oxoeicosanoate.-Dry t-butyl alcohol (2.43 g)  was 
added to a stirred suspension of lithium aluminium hydride 
(380 mg) in ether (50 ml). After being stirred for 30 min 
the suspension was allowed to settle, the supernatant ether 
was removed, and tetrahydrofuran (25 ml) was added, 
followed by the ketone (250 mg) in tetrahydrofuran (10 ml). 
The mixture was stirred for 30 min, water (20 ml) was care- 
fully added, and the mixture was acidified with 6~-sulphuric 
acid. Extraction with ether and concentration gave a 
mixture, separated by t.1.c. into starting ketone and the 
Keto-ester, m.p. 45-46", vmx. 1725 and 1710 cm-l, Amax. 
(EtOH) 245 nm ( E  1480), hmE (base) 274 nm ( E  22,000), 
T (CDC1,) 5.8 (lH, q, J 7 Hz) (Found: C, 74.5; H, 11.9. 
Cz2H4,0, requires C, 74.6; H, ll.Syo). 

Decomposition ofthe Alcohols (7) by Base.-(a) The alcohol 
(7) (m.p. 65-5-67") (10 mg) and ethanolic sodium ethoxide 
t1.4 ml of a solution from sodium (33.4 mg) in ethanol (100 
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ml)] were set aside for 15 min. Addition of water and 
extraction with ether gave the product mixture. G.1.c. 
(methyl stearate as internal standard ; Silicone grease 
column at 220") indicated a 59% yield of octadecanal. 

The fraction of m.p. 54-61' yielded 76% of octadecanal 
under the same conditions. 

(b) The alcohol fractions (7) were prepared by reduction 
with sodium borodeuteride. Decomposition as in (a) but 
in the presence of octadecanal gave a mixture of the 
latter substance and ethyl eicos-2-enoate which could not 
be separated by t.1.c. However after reduction with 
sodium borohydride t.1.c. separation was possible and the 
ethyl eicos-2-enoate isolated from each fraction was shown 
t o  have the same ( M  + 1) : M peak ratios on an MS9 mass 
spectrometer as did the dehydration product (9) of the 
alcohols (7). 

Decomposition of the Alcohols (6) by Base.-The alcohol 
(6) [from reduction of (3) with sodium borodeuteride] (49-6 
mg), hexanal (27.8 mg), and naphthalene (32.0 mg) were 
dissolved in ethanol (2 ml), and ethanolic sodium ethoxide 
[0.85 ml of a solution of sodium (45.5 mg) in ethanol (10 ml)] 
was added. After 3 min g.1.c. of the mixture (Carbowax 
column at  150") indicated a 92.6% yield of ethyl trans- 
oct-2-enoate as judged by the relative peak heights of ester 
and naphthalene and comparison of these with known 
calibration mixtures. Work-up in the usual way and 

preparative t .l.c. gave the octenoate, whose mass spectrum 
(MS 9 instrument) showed that 53.5% monodeuterio-ester 
was present. Dehydration of the starting alcohol to 
olefin (8) and mass spectroscopy showed it  to be 85% mono- 
deuterio-compound: thus CZH,]-(6), 0.13 mmol; [zH,,]-(6), 
0-024 mmol; hexanal, 0.28 mmol ; and [2HJoctenoate/- 
[zHo]octenoate = 1.15 

- 0*13(1 - X )  + {0.13~/(0*154~ + 0*28)] X 0.9 X 0.154~ - 
0.024(1 - X )  + [(0*024~ + 0*28)/(0.154~ + 0 . 2 8 ) ~  

0.9 X 0.154% 

where x is the fraction which reverts to hexanal. The 
assumption is made that the decomposition of (7) to 
octenoate + hexanal + phosphonate anion is quantitative, 
and control experiments show that the combination of the 
latter two compounds to give the former is 90% efficient. 

Solution of the foregoing equation shows that 49% of (6 )  
reverts to starting materials. 

When heated a t  110" for 70 h the alcohol (6) was con- 
verted into ethyl trans-oct-2-enoate (35%). A control 
experiment established that i t  was formed by direct de- 
composition 
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