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SCHEME 1

ABSTRACT: Alkyl 2-chloro-2,3-epoxyalkanoates re-
act with trialkyl phosphites to give mixtures of (E) and
(Z) alkyl 2-diethoxyphosphoryloxy-2-alkenoates in-
stead of the expected alkyl 2-oxo-3-dialkoxyphosphor-
ylalkanoates. Thermal isomerization of the alkyl
2-chloro-2,3-epoxyalkanoates to alkyl 3-chloro-2-ox-
oalkanoates and subsequent Perkow reaction of the
latter with trialkyl phosphites yields the same products
but usually in different (E) to (Z) ratios. A likely mech-
anism for the unexpected reaction is discussed.
q 2000 John Wiley & Sons, Inc. Heteroatom Chem
11:115–119, 2000

INTRODUCTION

1-Halooxiranes have proven to be particularly useful
precursors of various a-functionalized alkyl ketones.
The reactions sequence based on the ring opening of
1-chlorooxiranes with nucleophiles, such as amines,
thiolates, alcoholates and organolithium com-
pounds, followed by spontaneous elimination of the
elements of hydrogen chloride from the resulting ox-
yanion, constitutes a simple and effective approach
to a-aminoketones [1], a-thioalkylketones [2], a-al-
koxyketones [2–4] and ketones with an elongated
carbon chain [3,5,6] respectively. Similar transfor-
mation of 1-chlorooxiranes 1 with trialkyl phos-
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phites 2, completed by dealkylation of the phospho-
nium salt intermediates 4 with chloride anion,
provides an attractive route to dialkyl-2-oxoalkyl-
phosphonates 5 [7] (Scheme 1).

With the aim to evaluate the usefulness of this
method for the preparation of alkyl 2-oxo-3-dialkox-
yphosphorylalkanoates 8, which are synthons of
wide potential applicability [8], we attempted phos-
phorylation of the selected alkyl trans-2-chloro-2,3-
epoxyalkanoates 6 with trialkyl phosphites 2
(Scheme 2). Unexpectedly, we found that the exam-
ined reactions occurred in a manner inconsistent
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SCHEME 3

TABLE 1 Phosphoryloxyalkenoates 7a–h Prepared from 2-
Chloro-2,3-epoxyalkanoates 6a–c and 3-Chloro-2-oxoalka-
noates 9a–c

7

Compound R1 R2 R3

Substrate
6 or 9

Yield
(%) E/Z c

7a Me Me Me 6a
9a

72a

75a

25/75
25/75

7b Me Me Et 6a
9a

40a

65a

25/75
40/60

7c Me Me iPr 6a
9a

20b

55a

25/75
40/60

7d Me iPr Me 6b
9b

60a

75a

20/80
30/70

7e Me iPr Et 6b
9b

40a

55a

25/75
40/60

7f Et Me Me 6c
9c

60a

91a

30/70
30/70

7g Et Me Et 6c
9c

30a

70a

40/60
40/60

7h Et Me iPr 6c
9c

15b

45a

30/70
40/60

aYield of the isolated product based on 6 or 9 respectively.
bYield of the product calculated from 31P NMR spectrum of the crude
product.
cTaken from 31P NMR data of the crude product.

SCHEME 2

with the usual pattern, leading to the formation of
the respective alkyl 2-diethoxyphosphoryloxy-2-al-
kenoates 7, the compounds structurally related to
PEP [9].

RESULTS AND DISCUSSION

All phosphorylations of trans-2-chloro-2,3-epoxy-
alkanoates 6a–c with trialkyl phosphites 2a–c were
carried out in refluxing benzene. Standard workup
and, in most cases, vacuum distillation of the crude
reaction products gave the phosphoryloxyalkenoates
7a–h as mixtures of (E) and (Z) isomers, with the
former distinctly predominating (Table 1). At-
tempted separation of these mixtures with silica gel
column chromatography appeared to be unsuccess-
ful. Both the structure and the ratio of the isomeric
products were unambiguously established by using
1H and 31P NMR spectroscopy. 1H NMR data of (E)
and (Z)-7a corresponded well to those previously re-
ported [9]. Configurational assignments for (E) and
(Z)-7b–h were made mainly on the basis of 4JPOCCH,
which revealed characteristic larger values for (E)
than for (Z) isomers [10]. The yield of particular re-
actions depended strongly on the spatial structure of
the trialkyl phosphite used and decreased dramati-
cally with increasing size of the alkoxy groups con-
nected to the phosphorus atom; in contrast to satis-
factorily occurring phosphorylations of 6a and 6c
with trimethyl phosphite, analogous phosphoryla-
tions with triisopropyl phosphite were ineffective
and were accompanied by competitive formation of
side products, which were difficult to identify.

In search for a convincing mechanistic rationale
for the experimental results, we anticipated that the
starting 2-chloro-2,3-epoxyalkanoates 6a–c might
undergo preliminary thermal isomerization to the
corresponding 3-chloro-2-oxoalkanoates 9a–c
(Scheme 3), which would subsequently be trans-
formed into the final phosphoryloxyalkanoates 7a–h
by means of a standard Perkow reaction with trialkyl
phosphites 2a–c. Such isomerizations are generally
known and well described [11,12].

To verify these hypotheses, the prepared 2-
chloro-2,3-epoxyalkanoates 6a–c were converted
into the respective 3-chloro-2-oxoalkanoates 9a–c.
Heating 6a–c in benzene under reflux for 2 hours
gave starting material and only traces of 3-chloro-2-
oxoalkanates 9a–c. Rearrangement 6 → 9 took place,
however, when benzene was replaced by xylene; for
example, when 6a was heated for 2 hours in reflux-
ing xylene, a mixture of 6a and 9a in a 40:60 ratio
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FIGURE 1

SCHEME 4

TABLE 2 3-Chloro-2-oxoalkanoates 9a–c Prepared

Compound R1 R2

Reaction
Time (h)

Yielda

(%)

9a Me Me 5 81
9b Me iPr 8 65
9c Et Me 6 75

aYield of isolated product based on 6.

was obtained. Completion of the rearrangements re-
quired the reaction times given in Table 2. The pro-
gress of the reaction was monitored by 1H NMR
spectroscopy.

In further experiments, the 3-chloro-2-oxoalka-
noates 9a–c were converted into the phosphorylox-
yalkenoates 7a–h by the Perkow reaction with the
phosphites 2a–c. Heating the substrates in refluxing
benzene gave the expected crude products. Vacuum
distillation afforded pure 7a–h as mixtures of (E)
and (Z) isomers. Yields and isomer ratios are given
in Table 1.

The obtained results show that the reactions of
epoxyalkanoates 6a–c with phosphites 2a–c do not
involve an initial rearrangement to the 2-oxoalka-
noates 9a–c but follow a diverse pathway. Both the
different E/Z stereoselectivities observed in most
cases of parallel phosphorylations of 6 and 9, and
the fact that the rearrangement 6 → 9 requires more
vigorous conditions (refluxing xylene) than those
employed in the reactions of 6 with phosphites (re-
fluxing benzene) support such a conclusion.

This finding prompted us to postulate an alter-
native reaction mechanism. We believe that the new
reaction is initiated by nucleophilic attack of the
phosphite 2 on the “positive” chlorine atom of the 2-
chloro-2,3-epoxyalkanoates 6, which brings about
the oxirane ring opening and the formation of the
isomeric chlorophosphonium-enolates (E)-10 and
(Z)-10. Usual ligand exchange within the enolates 10
leads to the phosphonium salts (E)-11 and (Z)-11.
Finally, dealkylation of the salts 11 would give the
phosphoryloxyalkenoates (E)-7 and (Z)-7 (Scheme
4).

It is an open question whether the enolates 10
might be generated in a one-step-electrocyclic pro-
cess or in a two-step-reaction sequence with the
chlorophosphonium salt 12 as the intermediate (Fig-
ure 1). Furthermore, it is unclear whether the ob-
served ratio of the phosphoryloxyalkenoates (E)-7
and (Z)-7 reflects solely the nonstereospecific oxi-
rane ring opening and how far the stereochemical
outcome of the reaction might also be controlled by
mutual interconversions of the chlorophosphonium
salts (E)-10 and (Z)-10.

There are literature data supporting this pro-

posed mechanism. An attack of phosphorus (III)
compounds on chlorine or bromine of a-halobenzyl
phenyl sulfones or a-bromoacetophenones and the
formation of anions stabilized by adjacent sulfonyl
or carbonyl group have been reported [13,14]. Also,
ring openings of epoxy anions of the type 12 leading
to enolate anions have been observed [15,16].

In conclusion, we have demonstrated that the re-
action of the epoxyalkanoates 6a–c with trialkyl
phosphites 2a–c yields the phosphoryloxyalkenoates



118 Janecki and Bodalski

7a–h instead of the expected 2-oxo-3-dialkoxyphos-
phorylalkanoates 8. Furthermore, an easy access to
6 makes this phosphorylation an interesting alter-
native to the known synthesis of PEP analogs [9].
Although the novel reaction does not occur effec-
tively when sterically hindered phosphites are the
starting materials, using trimethyl phosphite (2a)
gives the final products 7a, d, f in good yield. A plau-
sible mechanistic explanation of the collected exper-
imental data has also been proposed.

EXPERIMENTAL
1H NMR (90 MHz or 250 MHz) and 31P NMR (36.43
MHz or 101 MHz) spectra were recorded on Bruker
HFX 1 72 or Bruker DPX 250 spectrometers with
tetramethylsilane (TMS) as an internal standard and
85% H3PO4 as an external standard, respectively. 31P
NMR spectra were recorded using broadband pro-
ton decoupling. All new compounds gave satisfac-
tory microanalyses.

All reactions were carried out in an argon at-
mosphere using anhydrous reagents and solvents.
Trans-2-chloro-2,3-epoxyalkanoates 6a–c were syn-
thesized from the corresponding alkyl dichloroace-
tates and aldehydes according to the published pro-
cedure [17,18].

Reaction of epoxyalkanoic esters 3a–c with
trialkyl phosphites 2a–c

General procedure. A mixture of the ester 6
(0.02 mol) and phosphite 2 (0.026 mol) in benzene
(20 mL) was heated under reflux for 2 hours. The
resultant mixture was cooled to room temperature,
and the solvent was evaporated to yield the crude
vinyl phosphates 7a–h, which were purified (except
7c and 7h) by vacuum distillation.

Methyl 2-(dimethoxyphosphoryloxy)-2-butenoate
(7a). Oil; b.p. 80–848C/0.8 mmHg (lit. [9] b.p. 858C/
1 mmHg). (E)-7a: 1H NMR [19] (CDCl3) d 2.08 (dd, J
4 7.5, 3.0 Hz, 3H), 3.82 (s, 3H), 3.88 (d, J 4 11.5 Hz,
6H), 6.26 (dq, J 4 3.0, 7.5 Hz, 1H); 31P NMR [19]
(CDCl3) d 1 2.5. (Z)-7a: 1H NMR [19] (CDCl3) d 1.88
(dd, J 4 7.5, 3.0 Hz, 3H), 3.83(s, 3H), 3.90 (d, J 4
11.5 Hz, 6H) 6.55 (dq, J 4 2.0, 7.5 Hz, 1H); 31P NMR
[19] (CDCl3) d 1 2.8.

Methyl 2-(diethoxyphosphoryloxy)-2-butenoate
(7b). Oil; b.p. 103–1108C/0.7 mmHg, (E)-7b: 1H
NMR [19] (CDCl3) d 1.32 (t, J 4 7.0 Hz, 6H), 2.09
(dd, J 4 7.5, 3.0 Hz, 3H) 3.83 (s, 3H), 3.92–4.30 (m,
4H), 6.30 (dq, J 4 3.0, 7.5 Hz, 1H); 31P NMR [19]
(CDCl3) d 1 5.2. (Z)-7b: 1H NMR [19] (CDCl3) d 1.30

(t, J 4 7.0 Hz, 6H), 1.92 (dd, J 4 7.5, 3.0 Hz, 3H),
3.80 (s, 3H), 3.92–4.30 (m, 4H), 6.60 (dq, J 4 2.5, 7.5
Hz, 1H); 31P NMR [19] (CDCl3) d 1 5.6.

Methyl 2-(diisopropoxyophosphoryloxy)-2-buten-
oate (7c). (E)-7c: 31P NMR [19] (CDCl3) d 1 7.1,
(Z)-7c: 31P NMR [19] (CDCl3) d 1 7.5.

Isopropyl 2-(dimethoxyphosphoryloxy)-2-buten-
oate (7d). Oil; b.p. 105–1148C/0.3 mmHg, (E)-7d:
1H NMR [19] (CDCl3) d 1.30 (d, J 4 7.0 Hz, 6H), 2.02
(dd, J 4 7.5, 3.0 Hz, 3H) 3.75 (d, J 4 11.0 Hz, 6H),
5.02 (heptet, J 4 7.0Hz, 1H), 6.26 (dq, J 4 3.0, 7.5
Hz, 1H); 31P NMR [19] (CDCl3) d 1 3.4. (Z)-7d: 1H
NMR [19] (CDCl3) d 1.26 (d, J 4 7.0 Hz, 6H), 1.85
(dd, J 4 7.5, 3.0 Hz, 3H), 3.83 (d, J 4 11.0 Hz, 6H),
5.08 (heptet, J 4 7.0 Hz, 1H), 6.51 (dq, J 4 2.0, 7.5
Hz, 1H), 31P NMR [19] (CDCl3) d 1 3.7

Isopropyl 2-(diethoxyphosphoryloxy)-2butenoate
(7e). Oil: b.p. 110–1188C/0.1 mmHg, (E)-7e: 1H
NMR [19] (CDCl3) d 1.34 (d, J 4 7.0 Hz, 6H), 1.42 (t,
J 4 7.5 Hz, 6H) 2.09 (dd, J 4 7.5, 3.0 Hz, 3H), 4.00–
4.45 (m, 4H), 4.93–5.34 (m, 1H), 6.00 (dq, J 4 3.0,
7.5 Hz, 1H); 31P NMR [19] (CDCl3), d 1 5.5. (Z)-7e:
1H NMR [19] (CDCl3), d 1.34 (d, J 4 7.0 Hz, 6H), 1.42
(t, J 4 7.5 Hz, 6H), 1.87 (dd, J 4 7.5, 3.0 Hz, 3H),
4.00–4.45 (m, 4H), 4.93–5.34 (m, 1H), 6.31 (dq, J 4
2.5, 7.5 Hz, 1H); 31P NMR [19] (CDCl3) d 1 5.9.

Methyl 2-(dimethoxyphosphoryloxy)-2-pentenoate
(7f). Oil; b.p. 95–1018C/0.4 mmHg. (E)-7f: 1H NMR
[19] (CDCl3), d 1.07 (t, J 4 7.5 Hz, 3H), 2.46 (d quin-
tet, J 4 2.5, 7.5 Hz, 2H), 3.84 (s, 3H), 3.85 (d, J 4
11.5 Hz, 6H), 6.19 (dq, J 4 3.0, 7.5 Hz, 1H); 31P NMR
[19] (CDCl3) d 1 3.2. (Z)-7f: 1H NMR [19] (CDCl3) d
1.07 (t, J 4 7.5 Hz, 3H), 2.34 (d quintet, J 4 2.5, 7.5
Hz, 2H), 3.80 (s, 3H), 3.87 (d, J 4 11.5 Hz, 6H), 6.50
(dq, 2.5, 7.5 Hz, 1H); 31P NMR [19] (CDCl3) d 1 3.6.

Methyl 2-(diethoxyphosphoryloxy)-2-pentenoate
(7g). Oil; b.p. 115–1238C/0.2 mmHg, (E)-7g; 1H
NMR [19] (CDCl3) d 1.01 (t, J 4 7.5 Hz, 3H), 1.30 (t,
J 4 7.0 Hz, 6H), 2.50 (d quintet, J 4 2.5, 8.0 Hz, 2H),
3.78 (s, 3H), 3.92–4.40 (m, 4H), 6.07 (dt, J 4 3.0 Hz,
8.0 Hz, 1H): 31P NMR [19] (CDCl3) d 1 5.6. (Z)-7g,
1H NMR [19] (CDCl3) d 1.01 (t, J 4 7.5 Hz, 3H), 1.29
(t, J 4 7.0 Hz, 6H), 2.28 (d quintet, J 4 2.5, 7.5 Hz,
2H), 3.81 (s, 3H), 3.92–4.40 (m, 4H), 6.38 (dt, J 4
2.0, 7.5 Hz, 1H); 31P NMR [19] (CDCl3) d 1 5.9.

Methyl 2-(diisopropoxyphosphoryloxy)-2-penten-
oate (7h). (E)-7h: 31P NMR [19] (CDCl3) d 1 7.3,
(Z)-7h: 31P NMR [19] (CDCl3) d 1 7.6.
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Rearrangement of 2-Chloro-2,3-epoxyalkanoates
6a–c to 3-Chloro-2-oxoalkanoates 9a–c

General procedure. Epoxyalkanoates 6a–c
(0.01 mol) were heated under reflux in xylene (15
mL) for the period of time given in Table 2. Evapo-
ration of the solvent gave crude 9a–c, which were
purified by vacuum distillation.

Methyl 3-chloro-2-oxobutanoate (9a). Oil; b.p.
65–688C/14 mmHg, 1H NMR (CDCl3) d 1.71 (d, J 4
7.0 Hz, 3H), 3.93 (s, 3H), 5.06 (q, J 4 7.0 Hz, 1H).

Isopropyl 3-chloro-2-oxabutanoate (9b). Oil;
b.p. 80–838C/14 mmHg (lit. [20] b.p. 788C/11
mmHg); 1H NMR (CDCl3) d 1.31 (d, J 4 6.0 Hz, 6H),
1.65 (d, J 4 6.5 Hz, 3H), 5.02 (q, J 4 6.5 Hz, 1H),
5.14 (heptet, J 4 6.0 Hz, 1H).

Methyl 3-chloro-2-oxopentanoate (9c). Oil; b.p.
75–788C/14 mmHg (lit. [17] b.p. 77–798C/13 mmHg),
1H NMR (CDCl3) d 1.01 (t, J 4 7.0 Hz, 3H) 1.66–2.22
(m, 2H), 3.87 (s, 3H), 4.86 (dd, J 4 6.0, 8.0 Hz, 1H).

Reactions of 3-Chloro-2-oxoalkanoates 9a–c
with Trialkyl Phosphites 2a–c

General Procedure: A mixture of the oxoalka-
noate 9 (0.02 mol) and phosphite 2 (0.026 mol) in
benzene (20 mL) was heated under reflux for 2
hours. The resultant mixture was cooled to room
temperature and the solvent was evaporated to yield
the crude phosphoryloxyalkenoates 7a–h, which
were purified by vacuum distillation.

Phosphorylalkenoates 7a, 7b, 7d, 7e, 7f, and 7g
had physical and spectral properties as described
before.

Methyl 2-(diisopropoxyphosphoryloxy)-2-buten-
oate (7c). Oil; b.p. 111–1188C/0.1 mmHg (E)-7c: 1H
NMR [19] (CDCl3) d 1.07 (t, J 4 7.5 Hz, 3H), 2.04
(dd, J 4 7.5, 3.0 Hz, 3H), 3.80 (s, 3H), 4.82–5.35 (m,
2H), 6.31 (dq, J 4 3.0, 7.5 Hz, 1H); 31P NMR [19]
(CDCl3) d 1 7.1, (Z)-7c: 1H NMR [19] (CDCl3) d 1.02
(t, J 4 7.5 Hz, 3H), 1.95 (dd, J 4 7.5, 3.0 Hz, 3H),
3.78 (s, 3H), 4.82–5.35 (m, 2H), 6.57 (dq, J 4 2.0, 7.5
Hz, 1H); 31P NMR [19] (CDCl3) d 1 7.5.

Methyl 2-(diisopropoxyphosphoryloxy)-2-penten-
oate (7h). Oil; b.p. 120–1298C/0.15 mmHg. (E)-7h:
1H NMR [19] (CDCl3) d 1.04 (t, J 4 7.5 Hz, 3H), 1.38
(d, J 4 7.0 Hz, 6H), 2.51 (d quintet, J 4 2.5, 7.5 Hz,
2H), 3.87 (s, 3H), 4.78–5.27 (m, 2H), 6.21 (dq, J 4
3.0, 7.5 Hz, 1H); 31P NMR [19] (CDCl3) d 1 7.3, (Z)-
7h: 1H NMR [19] 1.04 (t, J 4 7.5 Hz, 3H), 1.34 (d, J
4 7.0 Hz, 6H), 2.39 (d quintet, J 4 2.5, 7.5 Hz, 2H),
3.81 (s, 3H), 4.78–5.27 (m, 2H), 6.48 (dq, J 4 2.5, 7.5
Hz, 1H); 31P NMR [19] (CDCl3) d 1 7.6.
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