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Abstract A facile two-step synthesis of methyl bis(2,2,2-trifluoroeth-
yl)phosphonoacetate (Still-Gennari reagent) has been developed by ex-
ploiting Garegg-Samuelsson reaction conditions. Starting from
trimethyl phosphonoacetate, Still-Gennari reagent was prepared in
94% yield via methyl 2-{bis[(trimethylsilyl)oxy]phosphoryl}acetate inter-
mediate. This synthetic procedure was also used to prepare some kinds
of Horner-Wadsworth-Emmons reagents and related compounds.
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The Horner-Wadsworth-Emmons (HWE) reaction is
one of the most useful carbon-carbon double bond-form-
ing reactions for the stereoselective synthesis of o,B-unsat-
urated esters from aldehydes or ketones.!? The stereoselec-
tivity of the HWE reaction depends cardinally on the char-
acteristics of the HWE reagent. In the Z-selective synthesis
of o,B-unsaturated esters, a well-known HWE reagent is
methyl bis(2,2,2-trifluoroethyl)phosphonoacetate (Still-
Gennari reagent, 1), which was developed by W. C. Still and
C. Gennari in 1983.34 They prepared Still-Gennari reagent
(1) from trimethyl phosphonoacetate (2) and 2,2,2-tifluoro-
ethanol via methyl 2-(dichlorophosphoryl)acetate (3) in
40% yield in two steps as shown in Scheme 1 (a).” Still-Gen-
nari reagent (1) is now commercially available, but it is ex-
pensive. In 2013, F. Messik and M. Oberthiir published an
improved method of synthesizing 1 in 77% yield in three
steps as shown in Scheme 1 (b).% The procedure takes more
than 5 days, but it is an inexpensive and reliable route to
producing Still-Gennari reagent (1) on even a multigram
scale. Recently, we reported an efficient method of synthe-
sizing glycerophospholipids and their fluorine-containing
analogues starting from Still-Gennari reagent (1).”
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Scheme 1 Synthesis of Still-Gennari reagent (1)

On the other hand, R. Robles and co-workers reported a
mild method for the esterification of carboxylic acids with
primary alcohols employing the Garegg-Samuelsson re-
agent system,®? which was developed to convert a hydroxyl
group into an iodo group, as shown in Scheme 2 (a).!1 In
this reaction, an esterification of carboxylic acids with pri-
mary alcohol via a phosphonium-carboxylate salt interme-
diate was achieved in the presence of PhsP, iodine, and im-
idazole (Garegg-Samuelsson reagent system). As illustrated
in Scheme 2 (b), a mild and efficient esterification of alkyl-
phosphonic acids using the Garegg-Samuelsson reagent
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system was also developed by D. K. Dubey and co-work-
ers."! In view of the reactivity of methyl 2-{bis[(trimethyl-
silyl)oxy]phosphoryl}acetate (4) with oxalyl chloride in
Scheme 1 (b), we supposed that the bis(trimethylsilyl) de-
rivative 4 could furnish a phosphonium-phosphonate salt
intermediate under Garegg-Samuelsson reaction condi-
tions. Herein, we describe a facile two-step procedure for
the preparation of Still-Gennari reagent (1) from trimethyl
phosphonoacetate (2) via methyl 2-{bis[(trimethyl-
silyl)oxy]phosphoryl}acetate (4) as an intermediate.
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Scheme 2 Esterification of carboxylic acid and phosphonic acid under
Garegg-Samuelsson reaction conditions

First, we investigated a synthesis of Still-Gennari re-
agent (1) via (2-methoxy-2-oxoethyl)phosphonic acid (5)
starting from trimethyl phosphonoacetate (2). Trimethyl
phosphonoacetate (2) was treated with trimethylsilyl bro-
mide (2.5 equiv) and sodium methoxide (2.5 equiv) to af-
ford the corresponding phosphonic acid disodium salt,
which was then treated with cationic exchange resin
Dowex® 50W-X80 (cationic form) in anhydrous MeOH.?
The resulting (2-methoxy-2-oxoethyl)phosphonic acid (5)
was transformed into Still-Gennari reagent (1) based on
Garegg-Samuelsson reaction conditions as shown in
Scheme 3."'" However, the experimental procedure was
complicated and yields of 1 were moderate (up to 68% yield)
despite the intensive optimization of the reaction condi-
tions.

In order to improve the conversion of trimethyl phos-
phonoacetate (2) into Still-Gennari reagent (1), we next in-
vestigated the wuse of methyl 2-{bis[(trimethylsi-
lyl)oxy]phosphoryl}acetate (4) instead of (2-methoxy-2-oxo-
ethyl)phosphonic acid (5) as an intermediate. The results
are summarized in Table 1. The best results were achieved
by employing 2.5 equiv of Ph;P, 2.5 equiv of iodine, 10 equiv
of imidazole, and 4 or 5 equiv of 2,2,2-trifluoroethanol (Ta-
ble 1, entries 7 and 9).!3 This reaction was carried out on a
gram scale without a change in the yield of Still-Gennari re-
agent (1) (Table 1, entry 9).
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Scheme 3 Synthesis of Still-Gennari reagent (1) via (2-methoxy-2-ox-
oethyl)phosphonic acid under Garegg-Samuelsson reaction conditions

Table 1 Synthesis of Still-Gennari Reagent (1) via Methyl Bis(trimeth-
ylsiliy)phosphonoacetate under Garegg-Samuelsson Reaction Condi-
tions

TMSBr
0] ) o
MeO || (25equiv)  TMSO[|
P. CO,Me ——> P. CO.Me
MeO” CHCl,  TMSO™
2 rt,5h 4
PhgP (X equiv)  imidazole CF3CH,0H o
I (X equiv) (Y equiv) (Z equiv) CF3CH,0 Il
_~P__COMe
CHCl CHCl3 CHClg CF3CH,0
rt,15min  rt,15minto  60°C,5h 1
50 °C, 30 min

Entry X (equiv) Y (equiv) Z (equiv) Yield of 1 (%)?

1 3 6.6 3 61
2 3 6.6 4 63
3 3 6.6 5 69
4 3 8.8 5 90
5 3 10 5 91
6 25 8.8 5 88
7 25 10 5 94
8 2.2 10 5 87
9 2.5 10 4 94 (91)°
10 25 10 3 32

2 |solated yield.
b A gram-scale reaction.

Plausible reaction mechanism for the esterification of
methyl 2-{bis[(trimethylsilyl)oxy]phosphoryl}acetate (4)
using the Garegg-Samuelsson reagent system was consid-
ered as shown in Scheme 4. D. K. Dubey and co-workers
proposed a dicationic salt as an active species, which was
formed from alkylphosphonic acid and Ph;P.1%!! Thus, it is
reasonable to assume that the similar dicationic salt 6 re-
sults from the reaction of the bis(trimethylsilyl) derivative
4 with the PhyP-imidazole species in our case. Finally, Still-
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Gennnari reagent (1) is obtained by the nucleophilic substi-
tution at the phosphorous atom of 6 by 2,2,2-trifluoro-
ethanol.
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Scheme 4 Plausible reaction mechanism for the esterification of methyl 2-
{bis[(trimethylsilyl)oxy]phosphoryl}acetate (4) under Garegg-Samuelsson
reaction conditions

To explore the application of this procedure for the syn-
thesis of HWE reagents and related compounds, some ex-
amples of nucleophiles were preliminarily employed in
place of 2,2,2-trifluoroethanol. Our procedure worked well
and afforded the corresponding derivatives 7a-g as shown
in Table 2.'* In entries 1-3 of Table 2, tris(o-tolyl)phosphine
was used instead of Ph;P, because the resulting triphenyl-
phosphine oxide waste was difficult to separate from the
reaction products 7a-c. Ethyl diphenylphosphonoacetate
(Ando reagent)'> is an useful Z-selective HWE reagent simi-
lar to Still-Gennari reagent (1), and Ando-type reagent 7d
was obtained in 94% yield as shown in entry 4 (Table 2).
Methyl 2-[bis(2,2,2-trifluoroethoxy)phosphoryl]-2-bromo-
acetate, which is an a-brominated Still-Gennari-type re-
agent, is known as a useful reagent in the stereoselective
synthesis of (E)-a-bromoacrylates.'®!” Thus, we performed
the reaction of triethyl 2-fluoro-2-phosphonoacetate
(8)1819 and 2,2,2-trifluoroethanol under similar conditions
(Scheme 5). As a result, ethyl 2-[bis(2,2,2-trifluoroe-
thoxy)phosphoryl]-2-fluoroacetate (10), which is an a-
fluorinated Still-Gennari-type reagent, was synthesized as
a novel compound in 49% yield.°

Letter

Table 2 Synthesis of Some Kinds of HWE Reagents and Related Com-
pounds 7a-g via Methyl Bis(trimethylsilyl)phosphonoacetate under
Garegg-Samuelsson Reaction Conditions

o TMSBT o
Meo\g com (2.5 equiv) TMSO\g o
e — e
Meo” 7° CHyCly ™so” 2
2 rt,5h 4
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P. CO,Me
CHCl CHCl CHCl, X7 N
rt,15min  rt,15minto  60°C,5h 7a-g
50 °C, 30 min
Entry Phosphine  Nucleophile Yield of 7 (%)?
1 (o-tolyl);P EtOH 95 (7a: X = EtO)
2 (o-tolyl);P i-PrOH 79 (7b: X = i-PrO)
3 (o-tolyl)sP  sec-BuOH 82 (7¢: X = sec-BuO)®
4 Ph;P PhOH 94 (7d: X = PhO)
5 Ph;P 2,4-F,CgH;0H 82 (7e: X = 2,4-F,C¢H;0)
6 Ph;P PhSH 85 (7f: X = PhS)
7 Ph;P PhNH, 86 (7g: X = PhNH)
3 Isolated yield.
b Diastereomeric mixture.
o TMSB_r o
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ol _— HEt
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8 9
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Scheme 5 Synthesis of a-fluorinated Still-Gennari-type reagent 10 via
methyl 2-{bis[(trimethylsilyl)oxy]phosphoryl}-2-fluoroacetate (9) under
Garegg-Samuelsson reaction conditions

In conclusion, we have developed a novel and efficient
two-step procedure for the synthesis of Still-Gennari re-
agent (1) and related HWE reagents based on Garegg-Sam-
uelsson reaction conditions. The method is simple, reliable,
and inexpensive. Further studies of the reaction mechanism
underlying the synthetic procedure and the HWE reaction
of the resultant compounds such as 7e-g and 10 are under-
way in our laboratory.
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