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ABSTRACT

Six new 2-ethoxy-2 H-1,2-oxaphosphorin 2-oxides were synthesized with high regioselectivity in good yields via Ag 2CO3-catalyzed cyclization
of (Z)-2-alken-4-ynylphosphonic monoesters in CH 2Cl2 at room temperature. This cyclization of P-OH to substituted alkynes is reported for the
first time. The products are a class of phosphorus heterocycles with potential use and are heretofore prepared with difficulty.

2-Pyrones are important structural subunits in a wide variety
of biologically active natural products,1 as well as useful
versatile synthetic intermediates.2 Recently, the activity of
2-pyrones as potent HIV protease inhibitors1c invoked
additional interest in the investigation of 2-pyrones and their
analogues. Since there is a remarkable similarity in reactivity
and bioactivities between the carbon species and their
phosphorus counterparts,3 one would anticipate that phos-
phorus 2-pyrone analogues might have potential bioactivities
similar to those of the 2-pyrones reported herein.

However, so far, only five phosphorus 2-pyrone analogues
have been reported in the literature (compounds1-5, Figure
1). In 1978, Razumov et al. reported the synthesis of1 and
2 via intermolecular aldol condensation followed by thermal
cyclization reactions.4 In the same year, Sigal et al. prepared
3 by addition of bromine to mesityl-2-butenylphostinate
followed by dehydrobromination.5 In 2002, Cremer et al.6

prepared a mixture of4 and 5 through a bromination-
dehydrobromination sequence (4 steps) from the correspond-
ing saturated phostone. Unfortunately, the scope of the above
methods has not been examined, and they usually suffer from
low yields and lengthy procedures. Thus, new and improved
methodologies for synthesis of phosphorus 2-pyrone ana-
logues are merited.

Building on methodology that has recently been developed
in our group to synthesize phosphaisocoumarins by Cu(I)-
catalyzed cyclization of 2-(1-alkynyl)phenylphosphonic mono-
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esters,7 we envisaged that 2H-1,2-oxaphosphorin 2-oxides
7 will be accessible starting from (Z)-2-alken-4-ynylphos-
phonic monoesters6 (Scheme 1). 2-Pyrones,8 alkylidene
lactones,9 and other oxygenated heterocycles10 have been
prepared by cyclization of the corresponding substituted
alkynes, but such methodology has never been used to
synthesize 2H-1,2-oxaphosphorin 2-oxides. In this com-
munication, we wish to report a new and efficient procedure
to synthesize 2H-1,2-oxaphosphorin 2-oxides by transition-
metal-catalyzed cyclization of (Z)-2-alken-4-ynylphosphonic
monoesters.

The key starting materials6 were readily prepared from
basic hydrolysis of compounds8, which were synthesized
by the Pd-catalyzed cross-coupling reaction of (Z)-2-iodovi-
nylphosphonates with terminal alkynes11 (Scheme 2).

We first examined the cyclization of (Z)-2-alken-4-
phenylethynylphosphonic monoester6a (Table 1). Although
2-(1-alkynyl)phenylphosphonic monoesters were converted
to phosphaisocoumarins in good yields in the presence of
CuI, AgI, or AgNO3 in DMF, or in toluene by addition of a
general base, no cyclization product7a was observed under
similar conditions even at 100°C and adding Et3N (Table
1, entries 1-5). We found that this reaction was very
sensitive to the solvent and the catalyst. When using CH2-

Cl2 as the solvent, AgNO3 or Ag2CO3 could catalyze the
reaction at room temperature to give7a in 52% and 56%
yields, respectively (Table 1, entries 6, 7), whereas CuI and
AgI were still ineffective for this reaction (Table 1, entries
8, 9).

To explore the scope of this reaction, the variation of
substituent R was investigated in the presence of catalytic
amounts of Ag2CO3 in CH2Cl2 (see Table 2). For those cases
where R is aryl, the presence of Ag2CO3 is essential and the
yields of 7 are only moderate (Table 2, entries 1 and 2).
However, in cases where R isn-Hex,n-Bu, and cyclopropyl,
Ag2CO3 is very effective (Table 2, entries 3-5); these
substrates were found to proceed in the desired cyclization
reaction at slow rates even in the absence of a silver salt.
When R is an electron-withdrawing methoxymethyl group,
the reaction gave the desired product7f in only 54% yield
(Table 2, entry 6). Thus, the nature of R groups has much
effect on this reaction.

Unlike the cyclization of (Z)-2-en-4-ynoic acids, which
often leads to five- and six-membered ring products,8,9 this
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Figure 1. Known phosphorus 2-pyrone analogues.

Scheme 1. Approach To Synthesize7

Scheme 2. Synthesis of Monoesters6

Table 1. Transition-Metal-Catalyzed Cyclization of
(Z)-2-Alken-4-phenylethynyl-phosphonic Monoesters6aa

entry catalyst solvent temp (°C) time (h) yield (%)b

1 CuI DMF 20-100 8 0
2 AgI DMF 20-100 8 0
3 AgNO3 DMF 20-100 8 0
4 Ag2CO3 DMF 20-100 8 0
5 CuI + Et3N DMF 20-100 8 0
6 AgNO3 CH2Cl2 20 24 52
7 Ag2CO3 CH2Cl2 20 24 56
8 CuI CH2Cl2 20 24 0
9 AgI CH2Cl2 20 24 0

a Reaction conditions:6a (0.05 mmol), catalyst (0.005 mmol), anhydrous
solvent (0.50 mL).b Isolated yield.

Table 2. Ag2CO3-Catalyzed Cyclization of

(Z)-2-Alken-4-ynyl-phosphonic Monoesters6a

entry R time (h) product yield (%)b

1 Ph 24 7a 56
2 p-EtC6H4 24 7b 50
3 n-Bu 6 7c 84
4 n-C6H13 6 7d 92
5 cyclopropyl 6 7e 77
6 CH2OCH3 12 7f 54

a General reaction conditions:6 (0.20 mmol), catalyst (0.02 mmol),
anhydrous CH2Cl2 (2.0 mL). b Isolated yield.
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reaction shows high 6-endo-dig12 regioselectivity for six-
membered ring products, and no five-membered ring prod-
ucts were detected by TLC monitoring in each case. The
structure of7 was confirmed by spectroscopic methods
(especially by1H NMR spectral analysis; see Supporting
Information). For example, the vinylic proton at the C5
position of 7c resonates at 5.48 ppm as a double doublet
with coupling constants of3JH,H ) 6.3 Hz and4JH,P ) 1.5
Hz, which was similar to that of4 in the literature6 and
consistent with the proposed structure.

All of the obtained products (7a-f) were stable upon
chromatography with silica gel and amenable to full char-
acterization. However, if left at room temperature for
extended periods, they began to decompose to strongly polar
compounds, which have not been fully characterized;7c-f
were relatively more stable than the aryl-substituted7a and
7b. The decomposition processes were much slower when
they were stored in a refrigerator in sealed anhydrous flasks
and accelerated under basic conditions. This might account
for the result that cyclization of6a did not give7a under
basic conditions (in DMF or addition of Et3N). Compared
to 7, phosphaisocoumarins exhibit greater stability and are
not prone to decomposition even under thermal and basic
conditions.7

On the basis of the above results and the related litera-
ture,9,10a plausible mechanism is proposed in Scheme 3. The
coordination of the alkynyl moiety of6 with Ag2CO3 or
AgNO3 activates the triple bond. Regioselective nucleophilic

attack of the triple bond by the phosphonyl oxygen in the
endomode would give the vinyl silver speciesA, which
subsequently undergoes proton transfer with regeneration of
the silver catalyst to produce7.

In conclusion, we have developed a novel and effective
Ag2CO3-catalyzed cyclization of (Z)-2-alken-4-ynylphos-
phonic monoesters to 2-ethoxy-2H-1,2-oxaphosphorin 2-ox-
ides under mild conditions. This cyclization of P-OH to
substituted alkynes is reported for the first time and is of
synthetic interest because the products are a class of
phosphorus heterocycles with potential use and are heretofore
prepared with difficulty. Further investigations of this process
are underway.

Supporting Information Available: Typical experimen-
tal procedures and spectral data for6, 7, and8. This material
is available free of charge via the Internet at http://pubs.acs.org.
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Scheme 3. Plausible Mechanism that Leads to Formation of7
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