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Abstract—Reactions of cyclic phosphate triesters, such as 2-ethoxy-1,3,2-dioxaphospholane 2-oxide, with Grignard reagents such as
phenyl-, alkyl-, ethynyl-, and allyl-magnesium halides result in ring opening leading to the corresponding phosphonates, via nucleo-
philic attack of carbon on the phosphorus atom. Treatment of 2-ethoxy-1,3,2-dioxaphospholane 2-oxide with sodium borohydride
yields ethyl 2-hydroxyethyl phosphite. This reaction is exclusive for the five-membered cyclic system: under these conditions acyclic
phosphate triesters, such as triethyl phosphate, are unreactive and the analogous six-membered ring system, 2-ethoxy-1,3,2-dioxa-
phosphorinane 2-oxide reacts only partially to give unidentified phosphate esters and traces of phosphonate products. Both com-
pounds were inert to NaBH4.
� 2004 Elsevier Ltd. All rights reserved.
Phosphonic acids and their ester derivatives are com-
monly employed in synthesis for C–C bond formation.1

Their potential contribution to biological activities,2 as
well as their use as transition state analogs in the pro-
duction of catalytic antibodies for a wide variety of reac-
tions3 has been studied extensively.

Phosphorus–carbon bond formation leading to tetraco-
ordinate phosphorous compounds has been a subject of
extensive research for over a century.4 Most of the
known methods involve addition to trivalent phospho-
rus-containing compounds.5 Other methods, involving
catalytic hydrophosphorylation of olefins6 and alkynes,7

have also been reported recently.

Attack by carbanions on phosphates are rare.8 A few
examples are known, in which phosphate triesters (i.e.,
triethyl and tributyl phosphate) react with 2equiv of
alkyllithium reagents to form a-substituted alkyl
phosphonates.9

The use of Grignard rather than lithium reagents is far
less promising.8 Alkylation on phosphorus of phosphate
triesters usually requires harsh conditions (e.g., elevated
temperatures) and results in poor to moderate yields.
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The reaction usually forms the corresponding phosphi-
nate and, mainly, the phosphine oxide as the major
product.10 When phosphate or thiophosphate triesters
were treated with allylic Grignard reagents, a C–C
cross-coupling reaction, rather than nucleophilic attack
on phosphorus, took place, forming phosphoric acid
diesters as by-products.11 Similar cross-coupling reac-
tions were also observed when trialkyl phosphates were
reacted with bulky Grignard reagents (i.e., triphenyl-
methylmagnesium chloride and mesitylmagnesium
bromide).12

It is well documented that five-membered cyclic phos-
phorus compounds are more reactive toward nucleophi-
lic attack than their acyclic or six-membered analogs.13

In some cases, like catalytic hydrophosphorylation reac-
tions, five-membered rings were found to be reactive
while the open-chain and six-membered analogs were in-
ert, even though the ring remained intact.6 Even more
striking is the fact that the reaction of 2-alkyl-4,4,5,5-
tetramethyl-1,3,2-dioxaphospholane 2-oxide with n-
BuLi results in opening of the five-membered ring and
P–C bond formation,14 rather than the normal genera-
tion of an a-carbanion via deprotonation.15 A thorough
investigation of the base-catalyzed hydrolysis of 2-meth-
oxy- and 2-ethoxy-1,3,2-dioxaphospholane 2-oxide 1
indicated that this unique reactivity toward hydroxide
ions is the result of a combination of the relief of the
strain of the ring and stereoelectronic effects in the transi-
tion state.16 Edmundson et al. reported the reaction of
2-chloro-1,3,2-dioxaphospholane 2-oxide with phenyl
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Table 1. Summary of the reactions of 1 with RMgCl reagents

Compound no Reaction time/no of

equivalents of RMgCl

Product Yield

(%)

2a 16h/2equiv P
O

O

OEt

OH 80

2b 2h/2equiv P
O

O

OEt

OH 75

2c 16h/2equiv P
O

O

OEt

OH 74

2d 16h/3equiv P
O

O

OEt

OH 70

2e 16h/2equiv P
O

O

OEt

OH 30

8004 N. Ashkenazi et al. / Tetrahedron Letters 45 (2004) 8003–8006
Grignard reagents.17 They were able to isolate 2-
hydroxyethyl diphenylphosphinate, which results from
double arylation of the phosphorus center (presumably
by displacement of the chlorine followed by ring open-
ing), while no traces of the mono-arylation product, 2-
phenyl-1,3,2-dioxaphospholane 2-oxide, were found.

The preparation of H-phosphonates (also known as
dialkyl phosphites) has also been a subject of intensive
research both from synthetic and biological aspects.18

A few methods are known for the preparation of this
type of compound. Probably the most cited method is
the hydrolysis of phosphorochloridites, which are easily
prepared by alcoholysis of PCl3.

19 In a rare example, a
phosphate triester was converted to a H-phosphonate
by a two-step process: mono-chlorination to the phospho-
rochloridate, followed by reduction with sodium
borohydride in refluxing dioxane.20 To the best of our
knowledge, there is no precedent for the direct reduction
of phosphate triesters with mild reducing agents, such as
sodium borohydride, giving access to this class of
compounds.

We report here a novel reaction in which nucleophilic at-
tack of various Grignard reagents on the phosphorus
atom of 1 is followed by ring opening, resulting in the
formation of the corresponding phosphonates 2a–e
(Scheme 1). Reduction of 1 with NaBH4 to the corre-
sponding H-phosphonate is outlined in Scheme 2.

2-Ethoxy-1,3,2-dioxaphospholane 2-oxide 1, easily pre-
pared according to a literature procedure,16 reacted with
phenyl-, methyl-, ethyl-, ethynyl-, and allyl-magnesium
chlorides, under mild conditions (room temperature,
inert atmosphere) to give the corresponding phospho-
nates (2a–e) in good yields.21 In some cases, traces
(<5%, by NMR integration) of the corresponding phos-
phinate was found in the 31P spectrum of the crude
reaction mixtures. Triethyl phosphate and the six-mem-
bered ring system, 2-ethoxy-1,3,2-dioxaphosphorinane
2-oxide, did not react with these Grignard reagents,
under the same conditions. A summary of the reaction
conditions and yields of the phosphonates obtained
are presented in Table 1.

Reaction of 1 with 1equiv of phenylmagnesium
chloride, for 16h, resulted in 75% conversion to ethyl
2-hydroxyethyl phenylphosphonate 2a.22 No other
Scheme 1. Reaction of 1 with Grignard reagents.

Scheme 2. Reaction of 1 with sodium borohydride.
products, besides the starting material, could be ob-
served in the 31P NMR spectrum. When 2equiv of
phenylmagnesium chloride were used, almost full con-
version to 2a was observed.23 An additional by-product
(<5%, by integration), ethyl diphenylphosphinate
was detected in the 31P spectrum at 32.0ppm. GC–MS
of the crude reaction mixture exhibited, in addition
to 2a, two more minor products corresponding to
ethyl diphenylphosphinate and 2-hydroxyethyl diphe-
nylphosphinate (m/z = 246 [M+] and m/z = 262 [M+],
respectively). The desired product was isolated in 80%
yield.

Treatment of 1 with 1equiv of methylmagnesium chlo-
ride for 2h, gave ethyl 2-hydroxyethyl methylphospho-
nate 2b in 32% yield. Using 2equiv of CH3MgCl
increased the yield to 75%.24 In both cases small
amounts (<2%, by integration) of ethyl dime-
thylphosphinate and 2-hydroxyethyl dimethylphosphi-
nate (as evident from the 31P NMR spectrum) were
also detected. Both compounds were also found by
GC–MS (m/z = 138 [M+] and m/z = 154 [M+], respec-
tively). Similarly, when 1 was reacted with 2equiv of eth-
ylmagnesium chloride, for 16h, ethyl 2-hydroxyethyl
ethylphosphonate 2c was obtained.25

The reaction of 1 with ethynylmagnesium chloride, lead-
ing to 2d, is of unique interest. Alkynylphosphonates,
which have been frequently used as acyl anion equiva-
lents, have been utilized as intermediates in the synthesis
of the antibiotic phosphonomycin.26 Such derivatives
were synthesized by the reaction of dialkyl- or diphenyl
phosphorochloridates with alkynylmagnesium bro-
mide.27 Stirring 1, for 16h, at room temperature with
3equiv of ethynylmagnesium chloride led to a single
product 2d28 as evident from the 31P NMR spectrum
(�10.48ppm). The proton coupled 31P spectrum re-
vealed a double quintet pattern with a large splitting
(JH–P = 13.5Hz). This large coupling constant was
attributed to the ethynylic proton. The 1H spectrum re-
vealed a doublet at 3.04ppm with the same coupling
constant. The 13C NMR spectrum revealed two doublets
at 89.01 (JP–C = 51.6Hz) and 73.40 (JP–C = 294Hz)
ppm. These chemical shifts and coupling constants are
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characteristic of ethynylphosphonates and are similar to
those observed for diethyl ethynylphosphonate.29 The
product was isolated in a yield similar to those reported
when phosphorochloridates were used as precursors.27

Following previous reports indicating the formation of
C–C bonds upon reaction with allyl Grignard re-
agents,11 we investigated further the reaction of 1 with
allylmagnesium halides. Reaction of 1 with 2equiv of
allylmagnesium chloride, for 16h, gave ethyl 2-hydroxy-
ethyl allylphosphonate 2e in 30% yield.30 Using 2 or
3equiv of allylmagnesium bromide gave similar results.
The product 2e exhibited NMR signals characteristic
of allylphosphonates similar to those observed for
diethyl allylphosphonate:31 the 31P NMR signal
appeared at 25.55ppm. The olefinic protons in the 1H
spectrum, appeared as three multiplets centered at 5.73,
5.19, and 4.94ppm and the allylic protons as a doublet
of doublets at 3.55ppm (J = 9.6Hz, 3.0Hz). The 13C spec-
trum revealed the olefinic carbons, each appearing as a
doublet at 126.55 (JP–C = 11.8Hz) and 119.76 (JP–C =
14.7Hz) and the allylic carbon as a doublet at
30.87ppm (JP–C = 140.2Hz). A few minor by-products
were also observed in the crude reaction mixture. Two
of these products were characterized by GC–MS: ethyl
diallylphosphinate and 2-hydroxyethyl diallylphosphinate
(m/z = 174 [M+] and m/z = 190 [M+], respectively).

Attempts to prepare the corresponding benzyl and vinyl
phosphonates under similar conditions were not success-
ful. NMR spectra, recorded for the crude reaction mix-
tures, indicated that no phosphonates had been formed.
Moreover, no olefinic protons were detected in the 1H
NMR spectrum of the reaction products between
CH2@CHMgCl and 1. The 31P spectrum revealed a
few signals in the aliphatic phosphate region.

Combining our results and those reported in the litera-
ture, regarding the preparation of phosphonates, it
seems that the reactivity of organophosphorus com-
pounds toward Grignard reagents follows the order:
phosphono 1,3,2-dioxaphospholane 2-oxide > phos-
phoro 1,3,2-dioxaphospholane 2-oxide 1 >> acyclic
phosphonates > acyclic phosphates. It is obvious that
phosphorochloridates are the most reactive precursors,
but as 2-chloro-1,3,2-dioxaphospholane 2-oxide initially
yields the reactive cyclic phosphonate, the latter readily
undergoes a second attack to form an acyclic phosphi-
nate. Therefore, its utility in the preparation of phos-
phonates is limited. In contrast, when the less reactive
phosphate 1 is used, it reacts with 1equiv of the Grig-
nard reagent to form a far less reactive species 2. Acyclic
systems react with Grignard reagents under harsh condi-
tions,10 which are obviously not the case in our reaction.
Thus, it is clear that 1 is a much better precursor for the
preparation of phosphonates compared with its halogen
analog, 2-chloro-1,3,2-dioxaphospholane 2-oxide, or
acyclic phosphate triesters.

The results obtained on reacting 1 with carbon nucleo-
philes tempted us to extend our study to reactions with
hydrides. Indeed, reaction of 1 with NaBH4 over night
at room temperature led to ethyl 2-hydroxyethyl
phosphite 3 following ring cleavage.32 This result is
clearly significant when compared to dialkyl chloro-
phosphates, which undergo reduction only at ele-
vated temperatures (boiling dioxane).20 The 1H and
13C NMR spectra of 3 are identical to those previously
reported for this compound,33 and exhibit characteristic
signals of dialkyl phosphites (a doublet of quintets pat-
tern with a very large coupling constant of 693Hz in
both proton coupled 31P and 1H spectra). The product
3 was obtained in 66% isolated yield.

Treating 1 with stronger hydrides such as �super hy-
dride�, LiAlH4 and DIBAL-H gave a mixture of prod-
ucts, none of which was characteristic of a dialkyl
phosphite system. Triethyl phosphate and the six-mem-
bered ring, 2-ethoxy-1,3,2-dioxaphosphorinane 2-oxide,
did not react with sodium borohydride under similar
conditions.

In conclusion, we have found phospholane 1 to be a
superior precursor for a single nucleophilic attack at
phosphorus, leading to phosphonates, when compared
to its chloro analog 2-chloro-1,3,2-dioxaphospholane-
2-oxide or phosphorus triesters. Under reductive condi-
tions this cyclic phosphate triester is easily converted to
the H-phosphonate even at room temperature.
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