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Abstract- Electrophilic heteroatom cyclizations of walkenylphosphonic acid half 

esters (4a-d) with NBS orphenylselenenyl chloride were examined to give the 

cyclic phosphonates (phostones) (6a-d and 7a-d). The phenyseleno- 

methylphostone (7c) was converted to the acetoxymethylphostone (9) through 

sequential seleno-Pummerer rearrangement and reductive deselenenylation. 

INTRODUCTION 

Modification of sugars by replacing the ring oxygen or anomeric carbon with a heteroatom is of continuing 

interest in glycomimetic chemistry, because the resulting sugar-mimics are potentially useful components in 

modulating the biological functions of naturally occurring carbohydrate.' Therefore, a number of sugar 

analogues having a heteroatom in the ring instead of oxygen have been ~ ~ n t h e s i z e d . ~  Since most chemical 
and enzymatic reactions of sugars involve the anomeric carbon, sugar analogues modified in reactivity of 

the anomeric carbon are also of special interest. A logical choice for the modification involves a 

pentacovalent phosphorus atom which bould correspond to a cyclic phosphonate ("phostone"). Phostone 

analogues of KDO (3-deoxy-D-manno-octulosonic acid), D-glucopyranose, and D-mannopyra~~o~e have 

been prepared.'" Moreover, synthesis and characterization of disaccharide phostones from the appropriate 

pentose have been disclosed recently by Hanessian and Rosen.' 

Base-catalyzed intramolecular transesterification of hydroxyalkylphosphonates is usually applied for the 

synthesis of phostones (Eq. 1). However, in some cases, the yield of the cyclization was reported to be low 

owing to the undesirable equilibrium between the hydroxyalkylphosphonate and the corresponding 

phostone.6 Thus, improved methods for the synthesis of phostones are still required. One tactic for the 

synthesis of phostones comprises the electrophilic heteroatom cyclization of alkenylphosphonates as shown 

in Eq. 2.' Although the electrophilic heteroatom cyclization of alkenylcarboxylates with a variety of 

electrophilic reagents has been extensively studied for the synthesis of functionalized lac tone^,^ such 

methodology has not been applied to the preparation of phostones, except for a repon from Zhao, in which 

iodomethylphostones were prepared through iodine-induced cyclization of 0.0-dimethyl 4- 
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pentenylphosphonates.8~9 Therefore, the potential utility of elecuophilic heternatom cyclization of 

alkenylphosphonates with other elecuophilic reagents in the synthesis of functionalized phostones remains 

unknown. In this paper, we now disclose that bromomethyl- and phenylselenenylmethylphostones can be 

prepared by the elecmphilic heteroatom cyclizations of w-alkenylphosphonic acid half esters promoted with 

NBS or phenylselenenyl chloride, in addition to a successful conversion of a phenylselenenyl- 

methylphostone to an acetoxymethylphostone through sequential selenoPummerer rearrangementf0 and 

reductive deselenylation." 

RESULTS AND DISCUSSION 
Preparation of A[kenylphosphonates: Alkenylphosphonates (3a-d) and their half esters (4a-d) used 

in this study were prepared as follows. Michaelis-Becker-Nylen reaction of Cbromo-1-butene and 5- 

brnmo-1-pentene with sodium dimethylphosphite in THF at room temperature gave the w- 
alkenylphosphonates (3a) and (3b) in 68 and 85% yields, respectively. In a similar way, 

alkenylphosphonates (3c) and (3d) were prepared from the methanesulfonats(l)and(2) in 5212 and 52% 

yields. Treatment of 3a-d with NaI in 2-butanone under reflux gave alkenylphosphonic acid half esters 

(4a-d) in virtually quantitative yield. 

Nal 12-butanone 

O H  

Attempted Electrophilic Cyclization of 0 ,O-Dimethyl  W-Alkenylphosphonale (36). At first, 

elecuophilic heteroatom cyclization of 0,O-dimethyl alkenylphosphonate (3b) was briefly examined with 

NBS as an elecmphilic reagent in several organic solvents (MeCN, CHCI,, and DMF). While rapid 

dibromination at the olefin providing dibomides (5) with 55% yield was observed upon conducting the 
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reactions in DMF,13 the desired phostones were not produced from this reaction. The alkenylphosphonate 

(3b) was recovered in modest yield when the reaction was conducted in MeCN or CHCI,. An aliquot of the 

reaction mixture conducted in either MeCN or CHCI, was directly analyzed at regular time intervals by "P 

NMR spectroscopy. However, no detectable intensity of signals due to a presumed malkoxyphosphonium 

ion B was observed in its 3 ' ~  NMR spectrum! These results suggest that the equilibrium concenmtion of 

trialkoxyphosphonium ion B is very low due to weak nucleophilicity of the oxygen atom of the 

phosphonate as well as to some difficulty in the collapse of the @Me bond in the intermadiate B under the 

conditions. Therefore, bromophostonization of alkenylphosphonic acid dialkyl esters is not feasible 

synthetically. The results coincide with those of attempted bromophostonization with Br, by Zhao! 

NBS 
3b a 

a phostone 

Electrophilic Heteroatom Cyclization of w-Alkenylphosphonic Acid Half Esters (4a-d)." 

Based upon these observations, our attention was next focused on the electrophilic heteroatom cyclization of 

alkenylphosphonic acid half esters (4a-d) (Table 1). A presumed cyclic phosphonium ion such as C, 
formed from the half esters, would readily lose the proton to give the desired phostone. Although the 
reactionsproceeded rather slowly, the desired bromophostones (6a) and (6b) were produced in 35% and 

10% yields, as expected, upon treatment of 4a and 4b with NBS in DMF in the presence of aq. NaHCO, 

at room temperature (entries 1 and 3). Yields of 6a.b were significantly improved when the reactions were 

conducted in DMF under a high dilution condition without the base (entries 2 and 4). Under these 

conditions, bromomethylphostones (6c.d) having a quarternary carbon could be prepared in moderate 

yields (entries 5 and 6). 

In an effort to obtain other functionalized phostones, we successively attempted phenylselenenyl chloride- 

induced cyclization of 4a-d to give phenylselenenylphostones (7a-d) (Table 1). The 

phenylselenenylphostones would be useful intermediates for the synthesis of a variety of functionalized 

phostones. Treatment of 4a,b with phenylselenenyl chloride in CH,Cl, in the presence of silica gel" at 

room temperature gave phenylselenenylphostones (7a,b) in 67% and 66% yields, respectively (enhies 7 

and 8). The introduction of a methyl substituent on the y or 6 position slightly decreased yields of 7c.d 

under the same conditions (entries 9 and 10). The faster reaction time with relatively high yield than that of 

the corresponding bromophostonization reveals the favorable synthetic potential of phenylselenenyl- 

phostonization of alkenylphosphonic acid half esters. 



466 HETEROCYCLES. Vol. 46,1997 

6 O H  reagent OMe 
4a-d 

C 
6a-d: X=Br 

a: R=H, n=l; b: R=H, n=2; c: &Me, n=l: d: R=Me, n=2 7a-d: X=SePh 

Table 1. Electrophilic Heteroatom Cyclization of Alkenylphosphonic Acid Half Esters (4a-d) 

entry Substrate Conditions Time (h) Product Yield (%) 

1 4a NBS / NaHCO, / DMF 15 6a  35 
2 4a NBS / DMF (0.04 M) 48 6a  50 
3 4 b  NBS / NaHCO, / DMF 15 6 b 10 
4 4 b  NBS / DMF (0.04 M) 48 6 b 46 
5 4 c  NBS I DMF (0.04 M) 48 6 c  49 
6 4d NBS / DMF (0.04 M) 48 6 d 44 
7 4 a PhSeCI / CH2C12 / silica gel 5 7a 67 
8 4 b  PhSeCI I CH2C12 I silica gel 2 7 b 66 
9 4 c  PhSeCI / CH2C12 /silica gel 5 7 c  45 
10 4 d PhSeCIl CH2C12 / silica gel 5 7 d  42 

" All reactions were canied out at 25 "C. 

Conversion of Phenylselenomethylphostones to Acetoxymethylphostones.  With 

phenyselenenylphostones (7) in hand, we then attempted introduction of an oxygen functionality to the side 

chain of the phostone. Treatment of 7c with m-CPBA in CHzC12 gave the selenoxides in vinually 

quantitative yield. According to a method of Miyasaka,lo the selenoPummerer remangement of the 

selenoxides with Ac20 was canied out to give a diastereomeric mixture of the acetoxyselenide (8) in 62% 

yield. The reductive deselenenylation of 8 with n-Bu,SnH in the presence of Et3B afforded the 

acetoxymethylphostone (9) in 84% yield.".'" 

AcO 

1) mCPBA +Bu3SnH 
7c 

2) Ac20 OMe Et3B 

In conclusion, we have developed an efficient method for the preparation of phostones using electrophilic 

heteroatom cyclization of a-alkenylphosphonic acid half esters. Development of other valuable phostones 

having a polyhydroxy-functionality based on this new methodology is now in progress. 
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E X P E R I M E N T A L  
General. All reactions were camed out under nitrogen atmosphere, unless otherwise specified. 'H NMR 
spectra were recorded at 300 or 400 MHz in CDCI, using TMS or residual CHCI, (7.26 ppm) as internal 
reference. "C NMR (100 MHz) and ,'P NMR (161 MHz) were taken in CDCI, using CDCI, (77.0 ppm) as 
internal standard and 85% H,PO, as external standard, respectively, with broad-band 'H decoupling. 

General Procedure for the Synthesis of 0,O-Dimethyl o-Alkenylphosphanates ( 3 a - d j .  To 
a stirred suspension of NaH (13 mmol, 312 mg) in THF (15 mL) was added dimethyl phosphite (13 mmol, 
1.19 mL) dropwise at 0 OC. The mixture was stirred for 30 min at the same temperature and heated under 
reflux for 2 h. After being cooled to 0 "C, THF solution (2 mL) of 4-bromo-I-butene (10 mmol, 1.35 g) or 
5-bromo-1-pentene (10 mmol, 1.49 g) was added dropwise. After being stirred at 20 OC for 20 h, the 
reaction was quenched by addition of cold water. The volatile component (THF) of the mixture was 
removed in vacuo. The residue was extracted with CHCI,. The combined extracts were washed with brine, 
dried over MgSO,, and concentrated. The residue was purified by column chromatography (silica gel, 
hexane:EtOAc=2:1) to give 3a,b as oils. When o-alkenylphosphonates (3c,d) were prepared, exactly the 
same procedure as above was applied except for the replacement of the bromide by the methansulfonates (1) 
(10 mmol, 1.64 g) or 2 (10 mmol, 1.78 g). The yield and the physical data for 3a-d are as follows: 
0,O-Dimethyl  3-Butenylphosphonale ( 3 ~ ) .  Yield: 68%; 'H NMR (300 MHz, CDCI,) 6 5.84 (IH, 
ddt, J=17.1, 10.2, 6.5 Hz), 5.07 (lH, dd with small split, J = 17.1, 1.6 Hz), 5.01 (IH, dd with small 
split, J =  10.2, 1.6 Hz), 3.75 (6H, d, J = 10.8 Hz), 2.41-2.29 (2H, m), 1.89-1.79 (2H, m); "C NMR 
(100 MHz, CDCI,) 6 136.6 (d, Jc,= 17.1 Hz), 114.8, 51.8 (d, Jcp = 6.4 Hz), 25.97 (d, Jcp = 4.1 Hz), 
23.63 (d, Jc, = 140.9 Hz); ,'P NMR (160 MHz, CDCI,) 6 33.54; IR (neat) 1643, 1243, 1034 cm'l; MS 
mlz 165 (Mt+l). Anal. Calcd for C,H,,O,P: C, 43.90; H, 7.98. Found: C, 43.46; H. 7.99. 

0,O-Dimelhyl  4-Pentenylphospltonate (3b) . '  Yield: 85%; 'H NMR (400 MHz, CDCI,) 6 5.73 
(IH, ddt, J=17.0, 10.2, 6.7 Hz), 5.01 (IH, dd with small split, J=17.0, 1.7 Hz), 4.98 (lH, dd with small 
split, J=10.2, 1.7 Hz), 3.72 (6H, d, J=10.7 Hz), 2.15-2.07 (2H, m), 1.78-1.62 (4H, m); "C NMR (100 
MHz, CDCI,) 6 136.94, 115.47, 51.93 (d, Jc,=6.5 Hz), 34.00 (d, Jc,=16.9 Hz), 23.66 (d, Jc,=141.0 
Hz), 21.28 (d, Jc,=4.4 Hz); "P NMR (161 MHz, CDCI,) 6 34.73; IR (neat) 1641, 1240, 1033 cm-'; EIMS 
mlz 178 (M'), 179 (M'+l); HRMS calcd For C,H,,O,P (M*): 178.0759. Found: 178.0760. 

0 ,O-Dimelhy l  3-Methyl-3-brrtenylplzosphortate (3c) .  Yield: 52% (based on the recovered starting 
methanesulfonate (1)); 'H NMR (400 MHz, CDCI,) 6 4.74 (2H, d with small split, J=14.7 Hz), 3.75 (6H, 
d, J=10.9 Hz), 2.33-2.24 (2H, m), 1.93-1.84 (2H, m), 1.73 (3H, s); "C NMR (100 MHz, CDCI,) 6 
142.79 (d, Jc,=17.2 HZ), 108.74, 50.53, 28.64, 21.65 (d, Jc,=141.0 Hz), 20.46; 3'P NMR (161 MHz, 
CDCI,) 6 34.31; IR (neat) 1651, 1236, 1034 cm-'; EIMS mlz 178 (M'); HRMS calcd for C,H,,O,P 
(M'):178.0759. Found: 178.0750. 

0,O-Dimethyl  4-Methyl-4-pentenylphospl~onate (3d j .  Yield: 52%; 'H NMR (400 MHz, CDC1,) 
6 4.70 (2H, d with small split, J=25.3 Hz), 3.72 (6H. d, J=10.7 Hz), 2.15-2.04 (2H, m), 1.93-1.83 (4H, 
m), 1.49 (3H, s); "C NMR (CDCI,, 100 MHz) 6 144.28, 11 1.05, 52.25 (d, Jc,=6.2 Hz), 38.35 (d, 
Jcp=16.9 Hz), 24.05 (d, Jc,=139.9 Hz), 22.09, 20.20 (d, Jc,=4.5 Hz); ,'P NMR (161 MHz, CDCI,) 6 
34.75; IR (neat) 1650, 1234, 1030 cm-I; MS mlz 192 (M*); HRMS calcd for C,H,,O,P (W): 192.0915. 

Found: 192.0909. 
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Reaction of 4 b  with NBS in DMF. To a cooled solution (-20 "C) of NBS (4.0 mmol. 711.96 mg) in 
DMF (1 mL) was added a solution of 3b (2.0 mmol, 356 mg) in DMF (1 mL). The mixture was stirred at 
-20 OC for 2 h, then gradually warmed tort. After being stirred at rt for 15 h, the reaction was quenched by 
adding water. The mixture was extracted with CHCI,. The extracts were washed with brine, dried over 
MgSO,, and concentrated in vacuo to give a residue. Purification by column chromatography on silica gel 
(EtOAc) gave dibromide (5)8 (405 mg, 60%) as an oil. 'H NMR (300 MHz, CDCI,) 6 4.20-4.08 (IH, m), 
3.86 (IH, dd, J=10.3, 4.4 Hz), 3.76 (6H, d, J=10.8 Hz), 3.62 (lH, dd, J=10.3, 10.3 Hz), 2.33-2.20 
(IH, m), 2.02-1.66 (5H, m); "C NMR (100 MHz, CDC1,) 6 52.31 (d, Jc,=2.9 Hz), 52.26 (d, Jcp=3.0 
Hz), 36.39 (d, Jc,=16.1 Hz), 35.83, 23.70 (d, Jcp=141.0 Hz), 19.94 (d, Jcp=4.2 Hz); ,'P NMR (161 
MHz, CDCI,) G 33.44; IR (neat) 1245, 1041, 1017, 962 cm-I; EIMS mlz 339 (M'+l); Anal. Calcd for 
C,H,,O, Br,P: C, 24.88; H, 4.47. Found: C, 25.21; H, 4.38. 

General Procedure for the Synthesis of 0-Methyl  o-Alkenylphosphonic Acid Half Esters 
(4a-d). A solution of diesters (3a-d) (10 mmol) and NaI (10.5 mmol, 1.57 g) in 2-butanone (25 mL) was 

heated under reflux for 24 h. After being cooled, the resulting precipitate of sodium salts of 4a-d was 
collected and washed with cold 2-butanone. The solid was dissolved in IN HCI, and the mixture was 

extracted with CHCI,. The combined extracts were washed with brine, dried over NaSO,, and evaporated 
to give 4a-d as oils. These were sufficiently pure for use in the next reaction. 
0-Methyl  3-Butenylphosphonate (4a) .  Yield: 91%; 'H NMR (400 MHz, CDCI,) G 5.86 (lH, ddt, 
J=17.1, 10.2, 6.6 Hz), 5.08 (IH, dd with small split, J=17.1, 1.5 Hz), 5.02 (IH, dd, J=10.2, 1.5 Hz), 
3.72 (3H, d, J=10.4 Hz), 2.43-2.28 (2H, m), 1.91-1.76 (4H, m), "C NMR (100 MHz, CDCI,) G 136.99, 
115.03, 51.44 (d, Jc,=6.3 Hz), 26.18 (d, Jc,=3.7 Hz), 24.60 (d, Jcp=143.2 Hz); "P NMR (161 MHz, 
CDCI,) 6 35.09; IR (neat) 1643, 1187, 1050,996 cm-I; EIMS mlz 150 (M'), 151 (Mi+l); HRMS calcd for 
C,H,,O,P (M+):150.0446. Found:150.0442. 
0-Methyl 4-Pentenylplrosphonate (4b).  Yield: 98%; 'H NMR (400 MHz, CDCI,) 6 5.76 (lH, ddt, 
J=17.3, 10.2, 6.7 Hz), 5.04 (IH, dd with small split, J=17.3, 1.7 Hz), 5.00 (lH, dd with small split, 
J=10.2, 1.7 Hz), 3.72 (3H, d, J = l l . l  Hz), 2.20-2.05 (2H, m), 1.81-1.65 (4H, m); I3C NMR (100 MHz, 
CDCI,) 6 137.15, 115.50, 51.33 (d, Jcp=6.5 Hz), 34.08 (d, Jcp=17.0 Hz), 24.49 (d, Jcp=143.4 Hz), 
21.32 (d, Jcp=4.1 Hz); "P NMR (161 MHz, CDCI,) G 34.79; IR (neat) 1641, 1187, 1050,991 cm-'; EIMS 
mlz 164 (M'), 165 (Mt+l); HRMS calcd for C,H,,O,P (M'): 164.0602. Found: 164.0607. 
0-Methy l  3-Methyl-3-butenylphosphonate (4c ) .  Yield: 92%; 'H NMR (400 MHz, CDCI,) 6 4.74 
(2H, d with small split, J=13.6 Hz), 3.73 (3H, d, J=11.0 Hz), 2.36-2.26 (2H, m), 1.95-1.34 (2H, m), 
1.74 (3H, s); I3C NMR (100 MHz, CDCI,) G 144.03 (d, Jcp=18.2 Hz), 109.95, 51.31 (d, Jcp=3.1 HZ), 
29.77, 23.63 (d, Jcp=143.3 Hz), 21.87 (d, Jc,=3.6 Hz); "P NMR (161 MHz, CDCI,) G 36.18; IR (neat) 
1651, 1187, 1051, 990 cm-'; EIMS mlz 164 (M'), 165 (M'+l); HRMS calcd for C,H,,O,P (M'): 
164.0602. Found: 164.0605. 

0-Methyl  4-Methyl-4-pentenylphosphonate ( 4 d ) .  Yield: 85%; 'H NMR (400 MHz, CDCI,) 6 
4.72 (2H. d with small split, J=22.6 Hz), 3.72 (3H, d, J=11.3 Hz), 2.15-2.07 (2H, m), 1.85-1.68 (4H, 
m), 1.70 (3N, s); "C NMR (100 MHz, CDCI,) 6 144.31, 111.03, 51.40 (d, Jcp=7.0 Hz), 38.28 (d, 
Jcp=17.5 Hz), 24.75 (d, Jcp=142.7 Hz), 22.08, 20.09 (d, Jcp=4.2 Hz); "P NMR (161 MHz, CDCI,) 6 
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36.71; IR (neat) 1650, 1188, 1050, 990 cm-'; EIMS mlz 178 (W),  179 (M++l); HRMS calcd for 
C,H,,O,P (M+): 178.0759. Found: 178.0758. 

General Procedure for Bromophostonization of AIkenylphosphonic Acid Ha[f Esters (4a- 
d) with NBS in DMF. To a cooled solution (-20 "C) of NBS (4.0 mmol, 71 1.96 mg) in DMF (40 mL) 
was added a solution of 4a-d (2.0 mmol) in DMF (10 mL). The mixture was stirred at -20 "C for 2 h, then 
gradually w m z d  to n. After being stirred at n for 48 h, the reaction was quenched by adding water. The 
mixture was extracted with CHCI,. The extracts were washed with brine, dried over MgSO,, and 
concentrated in vacuo to give a residue. Purification by column chromatography on silica gel (CHCI,) gave 
bromomethylphostones (6a-d) as oils. 

5-Bromomethyl-2-methoxy-2-oxo-1,2-oxap11ospltolane (6a). Yield: 50%; obtained as a mixture 
of diastereoisomers (24% de); 'H NMR (300 MHz, CDCI,) 6 4.58-4.49 (0.38H, m), 4.48-4.41 (0.62H, 
m), 3.81 (1.86H, d, J=11.3 Hz), 3.80 (1.14H. d, J=11.3 Hz), 3.58-3.47 (lH, m), 3.46-3.36 (IH, m), 
2.54-1.98 (4H, m); 13C NMR (100 MHz, CDC1, 6 73.26 (d, JcP=7.3 Hz), 72.42 (d, Jcp=6.3 Hz), 52.77 
(d, Jcp=6.2 Hz), 33.79 (d, Jcp=5.2 Hz), 33.55 (d, Jcp=7.6 Hz), 28.03, 27.83, 19.41 (d, Jcp=l 19.9 Hz), 
18.72 (d, Jcp=120.7 Hz); "P NMR (161 MHz, CDCI,) 6 48.77 (0.38P). 48.47 (0.62P); EIMS mlz 229, 
231 (M'+I), 149 (M'-Br); HRMS calcd for C,H,,O,P (M+-Br): 149.0368. Found: 149.0348. Anal. Calcd 
for C,H,,O,BrP: C, 26.22; H, 4.40. Found: C, 26.73; H, 4.46. 
6-Bromomethyl-2-mefhoxy-2-oxo-1,2-oxophoorinane (6b). Yield: 46%. obtained as a 
mixture of diastereoisomers (54% dc); 'H NMR (300 MHz, CDC1, 6 4.65-4.55 (0.23H, m), 4.35-4.25 
(0.77H. m), 3.81 (0.69H, d, J=l l . l  Hz), 3.77 (2.31H, d, J=l1.1 Hz), 3.51-3.45 (lH, m), 3.42-3.36 
(lH, m), 2.20-1.61 (6H, m); ',c NMR (100 MHz, CDCI,) 6 80.15 (d, Jcp=6.4 Hz), 78.03 (d, Jcp=4.5 
Hz), 52.58 (d, Jcp=6.4 Hz), 51.18 (d, Jcp=6.3 Hz), 34.51 (d, Jc,=7.8 Hz), 34.10 (d, Jc,=8.6 Hz), 29.97, 
29.92, 21.98 (d, Jcp=128.6 Hz), 21.74 (d, Jcp=138.4 Hz), 20.08, 20.01; "P NMR (161 MHz, CDCI,) 6 
27.72 (0.23P), 24.86 (0.77P); IR (neat) 1250, 1034 cm-I; MS mlz 243, 245 (M'+l); HRMS calcd for 
C,H,,O,BrP (M*): 241.9707. Found: 241.971 1. 

5-Bromomethyl-2-methoxy-5-methyl-2-oxo-l,2-oxapltospholane (6c). Yield: 49%; obtained 

as a mixture of diastereoisomers (38% de); 'H NMR (300 MHz, CDCI,) 6 3.80 (0.93H, d, J=11.2 Hz), 
3.79 (2.07H. d, J=11.2 Hz), 3.52-3.38 (lH, m), 2.53-2.28 (IH, m), 2.25-1.90 (3H, m), 1.57 (0.93H. 
s), 1.53 (2.07H, s); ')c NMR (100 MHz, CDCI,) 6 83.26 (d, Jcp=9.6 Hz), 83.21 (d, Jcp=9.4 Hz), 52.47 
(d, Jc,=7.2 Hz), 39.32, 39.25, 32.60, 32.52, 25.54, 25.38, 19.13 (d, Jcp=119.3 Hz), 19.00 (d, 
Jcp=118.7 Hz), "P NMR (161 MHz, CDCI,) 6 48.06 (0.69P), 47.73 (0.31P); IR (neat) 1187, 1044, 995, 

964 cm-I; EIMS m/z 243, 245 (W+l),  227, 229 (W-CH,); HRMS calcd for C,H,O,BrP (W-CH,): 
226.9473. Found: 226.9471. 
6-Bromomethyl-2-melhoxy-6-methyl-2-oxo-2-oxaphosphorinane (6d). Yield: 44%; 

obtained as a mixture of diastereoisomers (30% de); 'H NMR (300 MHz, CDCI,) 6 3.74 (1.95H. d ,  

J=10.9 Hz), 3.77 (1.05H, d, J=10.9 Hz), 3.61-3.44 (IH, m), 2.2-1.6 (6H, m), 1.54 (1.95H, s), 1.59 
(1.05H. s); ',c NMR (100 MHz, CDCI,) 6 83.60 (d, Jcp=8.0 Hz), 83.45 (d, Jc,=8.0 Hz), 52.14 (d, 
Jc,=6.1 Hz), 51.38 (d, Jc,=6.1 Hz), 40.80 (d, Jc,=6.6 Hz), 33.61, 33.53, 23.36, 22.03 (d, Jcp=129.6 
Hz), 21.98 (d, Jc,=128.4 Hz), 17.76 (d, Jc,=7.6 Hz), 17.51 (d, Jcp=7.3 Hz); "P NMR (161 MHz, 
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CDCI,) 6 23.51 (0.35P), 23.39 (0.65P); IR (neat) 1246, 1040, 981 cm-'; EMS mlz 256, 258 (M'), 257, 

259 (M'+l), 241,243 (M'-CH,); HRMS calcd for GH,,O,BrP (M'): 255.9864. Found: 255.9868. 

General Procedure for Selenophostonization of AIkenylphosphonic Acid Half Esters (4a-  
d) with PhSeCI in CH2C12. To a cooled solution (-78 '0 of 4a-d (2.0 mmol) in CH,C12 (8.3 mL) in 
the presence of silica gel (610 mg) was added a solution of PhSeCl(2.16 mmol, 435.0 mg) in CH2C12 (6.4 

mL) over 20 min. The mixture was stirred at -78 'C for 10 min, then gradually warmed to rt. After being 
stirred until the starting material disappeared on TLC (2-5 h), the silica gel was filtered. The volatile 

component of the filtrate was evaporated to give a residual oil. Purification by column chromatography on 
silica gel (CHCI,) gave selenophostones (7a-d) as oils. 

2-Methoxy-2-oxo-5-phenylselenomethyl-1,2-oxap1ospholane (7a). Yield: 67%; obtained as a 
mixture of diastereoisomers (14% de); 'H NMR (400 MHz, CDC1,) 6 7.60-7.52 (2H, m), 7.41-7.20 (3H, 
m), 4.55-4.40 (0.43H. m), 4.40-4.25 (0.57H. m), 3.76 (1.71H, d, J=11.0 Hz), 3.74 (1.29H. d, k 1 1 . 0  
Hz), 3.34-3.23 (1.14H, m), 3.03-2.94 (0.84H, m), 2.55-2.30 (lH, m), 2.10-1.75 (3H, m); I3C NMR 
(100MHz. CDCI,) 6 134.97, 132.78, 131.19, 129.09, 129.10, 128.27, 126.98, 77.94 (d, J,,=9.3 Hz), 
77.80 (d, Jcp=9.6 Hz), 52.34 (d, Jc,,=6.4 Hz), 52.51 (d, Jcp=6.5 Hz), 39.1 1 (d, Jcp=6.2 Hz), 37.76 (d, 

Jc,=6.3 Hz), 32.09 (d, Jcp=5.2 Hz), 31.95 (d, Jc,=7.0 Hz), 19.37 (d, Jcp=119.0 Hz), 18.73 (d, 
Jcp=120.0 Hz); ,'P NMR (161 MHz, CDCI,) 6 48.62 (0.43P). 48.52 (0.57P); EIMS m/z 306 (M'), 307 

(M'+l); HRMS calcd for C,,H,,O,PSe (M'): 305.9924. Found: 305.9914. 
2-Methoxy-2-oxo-6-phenylselenometJ~yl-l,2-oxaphos~horinane (7b). Yield: 66%; obtained as 
a mixture of diastereoisomers (10% de); 'H NMR (400 MHz, CDCI,) 6 7.61-7.41 (2H, m), 7.41-7.20 

(3H, m), 4.70-4.55 (0.45H, m), 3.25-3.15 (l.lOH, m), 3.20-2.95 (0.90H. m), 2.21-1.41 (6H, m); I3C 
NMR (100 MHz, CDCI,) 6 132.22, 132.09, 131.72, 131.59, 128.69, 128.63, 126.77, 126.69, 80.38 (d, 
Jcp=7.0 Hz), 78.89 (d, Jcp=5.0 Hz), 51.82 (d, Jcp=6.2 Hz), 50.35 (d, Jcp=6.2 Hz), 32.62 (d, Jcp=7.8 
Hz), 32.46 (d, JCp=6.9 Hz), 30.62 (d, Jcp=5.8 Hz), 21.32 (d, Jcp=120.0 Hz), 21.20 (d, Jcp=110.3 Hz), 

19.61 (d, Jcp=6.9 Hz); "P NMR (161 MHz, CDCI,) 6 27.57 (0.45P), 25.09 (0.55P); IR (neat) 1250, 

1034 cm-I; EIMS m h  320 (M'), 321 (M'+l); HRMS calcd for C12H,,0,PSe (M'): 320.0081. Found: 

320.0072. 

2-Methoxy-5-methyl-2-oxo-5-phenylselenomethyl-l,2-oxaphospholane (7c). Yield: 45%; 

obtained as a mixture of diastereoisomers (30% de); 'H NMR (400 MHz, CDCI,) 6 7.41-7.21 (2H, m), 

7.10-6.91 (3H, m), 3.48 (1.05H, d, J=11.2 Hz), 3.43 (1.95H. d,J=11.2 Hz), 2.97 (0.70H. dd, J=19.7, 
12.7 Hz), 2.94 (1.30H. dd, J=19.7, 12.7 Hz), 2.15-1.60 (4H, m), 1.25 (1.05H. s), 1.22 (1.95H, s); "C 
NMR (100 MHz, CDCI,) 6 137.63, 137.59, 132.13, 132.04, 128.52, 128.48, 126.58, 126.52, 84.18 (d, 

Jcp=8.9 Hz), 51.65 (d, Jcp=6.3 Hz), 38.93 (d, Jc,=4.1 Hz), 33.58, 33.28, 18.62 (d, Jcp=119.0 Hz), 
18.51 (d, Jcp=119.0 Hz); ,'P NMR (161 MHz, CDCI,) & 42.27 (0.35P). 47.16 (0.65P); IR (neat) 1272, 

1044,930 cm-'; EIMS mlz 320 (M'), 321 (Mt+l); HRMS calcd for C12Hl,0,PSe (M'): 320.0081. Found: 

320.0074. 

Z-Mefhoxy-6-methyl-2-oxo-6-plrenyl.~elenomelhyl-1,2-oxaphosphorinane (7d). Yield: 42%; 
obtained as a mixture of diastereoisomers (8% de); 'H NMR (400 MHz, CDCI,) 6 7.60-7.51 (2H,m), 

7.29-7.21 (3H, m), 3.72 (1.62H. d, J=10.9 Hz), 3.71 (,1.38H, d, J=10.9 Hz), 3.33 (0.46H, d, k 1 2 . 6  
Hz), 3.32 (0.54H, d, J=12.6 Hz), 3.25 (0.46H, d, J=12.6 Hz), 3.24 (0.54H, d, k12 .6  Hz), "C NMR 
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(400 MHz, CDCI,) 6 132.92, 132.88, 130.49, 129.10, 127.20, 127.13, 86.44 (d, Jcv=8.4 Hz), 86.28 (d, 
Jcv=8.5 HZ), 51.86 (d, Jc,=6.5 Hz), 51.22 (d, Jcp=6.3 Hz), 41.20 (d, J CP- -6 ' 2 Hz), 34.88 (d, J CP- -7 ' 6 
Hz), 24.37, 21.94 (d, Jcv=128.4 Hz), 21.85 (d, Jc,=127.7 Hz), 17.88 (d, Jcv=7.6 Hz), 17.61 (d, Jcp=7.4 
Hz); "P NMR (161 MHz, CDCI,) 6 23.54 (0.46P), 23.35 (0.54P); IR (neat) 1249, 1041, 972 cm"; EIMS 
mlz 334 (M'), 335 (M++1), HRMS calcd for C,,H,,O,PSe (M'): 334.0237. Found: 334.0242. 

Conversion of 7c to Acefoxyselenides (8)  through Seleno-Pummerer Rearrangement. To a 
stirred solution of 7c (1.0 mmol, 319 mg) in CH,CI, (15 mL) was added CH,CI, solution (10 mL) of m- 
CPBA (assay: 80%) (259 mg, 1.2 mmol) under ice-cooling. After being stirred at 0 T until the starting 
material disappeared on TLC (30 min), the reaction mixture was neutralized with sat. NaHCO, and 
extracted with CHCI,. The extracts were washed with brine, dried over MgSO,, and evaporated to give the 
crude selenoxide which was dissolved in CH,CI, (30 mL) and treated with Ac20 (0.47 mL, 5 mmol). After 
being stirred at rt for 24 h and at 50 OC for 2 h, the mixture was partitioned between CHCI, and sat. 

NaHCO,. The organic extracts were washed with brine, dried (MgSO,), and concentrated to leave an oil. 
Purification by column chromatography on silica gel (CHCI,) gave 8 (233 mg, 62%) as an oil. 
2-Methoxy-2-oxo-5-(l'-phenylseleno-1'-acetoxy)methyl-5-methyl-1,2-oxaphospho[ane 

(8). Obtained as a mixture of diastereoisomers; 'H NMR (300 MHz, CDCI,) 6 7.81-7.60 (2H, m), 7.39- 
7.18 (3H, m), 6.37 (0.24H, s), 6.36 (0.17H, s), 6.30 (0.30H, s), 6.22 (0.29H. s), 3.79 (0.90H, d,  
J=11.1 Hz), 3.77 (0.51H, d, J=11.1 Hz), 3.73 (0.87H,d, J=11.1 Hz), 3.71 (0.72H. d, J = l l . l  Hz), 2.7- 
1.8 (4H, m), 2.08 (0.51H. s), 2.07 (0.87H. s), 2.06 (0.90H, s), 2.00 (0.72H. s), 1.58 (1.41H. s), 1.56 
(0.87H, s), 1.53 (0.72H, 3); I3C NMR(lOOMHz, CDCI,)G 168.73, 168.59, 166.70, 135.44, 135.27, 
132.39, 129.77, 129.39, 129.13, 129.10, 129.06, 128.54, 128.42, 127.75, 85.77 (d, Jcv=8.5 Hz), 85.57 
(d, Jcv=9.2 Hz), 85.37 (d, Jcp=10.2 Hz), 82.40 (d, Jcp=6.1 Hz), 81.25 (d, Jcv=4.1 Hz), 80.66, 52.65- 
52.10 (m), 32.46, 32.26, 31.19, 30.87, 25.40, 24.71, 23.80, 22.73, 20.72, 20.66, 20.52, 20.40, 19.68 

(d, Jcv=119.9 Hz), 19.35 (d, Jcp=120.0 Hz), 19.24 (d, Jcp=120.9 Hz), 18.94 (d, Jc,=120.0 Hz); "P 
NMR (161 MHz, CDCI,) 8 49.04 (0.17P). 48.61 (0.24P), 48.21 (0.29P). 47.44 (0.30P); EMS mlz 374, 
375, 376, 378, 380 (M'); HRMS calcd for C,,H,,O,PSe (M'): 378.0135. Found: 378.0140. 

Deselenenylation of 8 with n-Bu,SnH promoted by Ef ,B.  To a cooled (-78 "C) solution of 8 
(0.33 mmol, 125 mg) in THF (4 mL) was successively added Et,B (0.32 mmol, 0.32 mL of 1 M solution 
in hexane) and n-Bu,SnH (0.276 mmol, 76.45 pL). After being stirred at the same temperature for 2 h 
under the aerobic conditions with protection of moisture, MeOH (2 mL) was added to quench the reaction. 
The solvent was removed in vacuo to leave a residue, which was partitioned between MeCN and n-hexane. 
Extracts with CH,CN was concentrated to give 9 (62 mg, 84%) as an oil. 

2-Methory-2-oxo-5-acethoxymethyl-5-mefhyl-l,2-oxaphospholane (9). Obtained as a mixture 
of diastereoisomers (6% de). 'H NMR (300 MHz, CDCI,) 6 4.22 (0.47H, d, J=11.7 Hz), 4.16 (0.53H. d, 
J=11.7 Hz), 4.01 (0.53H, d, J=11.7 Hz), 3.98 (0.47H, d, J=11.7 Hz), 3.78 (1.59H, d, J=11.0 Hz), 3.77 

(1.41 H, d, J=11.0 Hz), 2.42-1.90 (4H, m), 2.13 (1.41H, s), 2.11 (1.59H. s), 1.44 (1.59H. s), 1.40 
(1.41H, s); I3C NMR (100 MHz, CDCI,) G 170.38, 170.30, 82.47 (d, Jcp=9.5 Hz), 82.14 (d, Jcv=10.2 
Hz), 69.29 (d, Jcv=4.1 Hz), 68.66 (d, Jcp=3.5 Hz), 52.47 (d, Jcv=6.1 Hz), 52.37 (d, Jcp=7.4 Hz), 31.95, 
31.31, 24.39, 24.27 (d, Jcp=2.1 Hz), 20.68, 20.62, 19.34 (d, Jcv=120.3 Hz), 18.84 (d, Jcp=120.2 Hz); 
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"P NMR (161 MHz, CDCI,) 6 48.20 (0.47P), 47.80 (0.53P); IR (neat) 1745, 1245, 1045, 936 cm-'; 

EIMS mlr 223 (M'+I), 149 (M'-CH,OAc); HRMS calcd for C,H,,O,P (M'): 222.0735. Found: 222.0723. 
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