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A practical and facile method for the preparation of hydroxy phosphonate esters is described. 
Regiospecific ring opening of monosubstituted epoxides by phosphorus and carbon nucleophiles, 
derived from diethyl phosphite and methanephosphonates, in the presence of BF3-OEh furnishes 
the corresponding 8- and y-hydroxy phosphonates, respectively. Ketals, bromides, sulfonate esters, 
and carbamates (compounds 12, 13, 15, 16, and 18) are stable under the reaction conditions, but 
benzoate esters (14) behave differently. While they survive phosphite nucleophilicity, they are cleaved 
by phosphonates. Several chirons (2,28a, 30b, and 31) for the synthesis of phosphonate isosteres 
of nucleotides and phospholipids are also described. 

Interest in phosphonate chemistry and biology is 
attributed to the fact that the carbon-phosphorus bond 
in phosphonates,’ unlike phosphates, is not susceptible to 
hydrolytic actions of phosphatases, imparting stability and 
longer duration of action under physiological conditions. 
Phosphonate isosteres of biologically important phos- 
phates can be found in carbohydrates, amino acids, 
phospholipids, nucleotides, etc.2 

In connection with studies for the synthesis of phos- 
phonate isosteres of 1’,2’-seco-nucleotides, an approach 
for introducing the phosphonate by an Arbuzov reaction3 
in individual nucleosides at a late stage in the synthesis 
proved to be inefficient. A more attractive alternative 
called for a suitable method to prepare 8- and y-hydrox- 
ybutanephosphonate esters as synthons, which can then 
be incorporated into individual 1’,2’-seco-nucleosides. 

I- 
OH 

I- 
OBn 

l’, 2Vecenucleotides n = 1, 2; B = Purine or Pyrimidine 

In an earlier communication4 from our laboratory, 
preliminary findings on a useful reaction to prepare 8- 
and yhydroxy phosphonate esters were reported. A 
regiospecific and nucleophilic ring opening of an epoxide 
catalyzed by BF3-OEt2 was described. Applications of this 
reaction in the area of phosphonolipids have recently been 

des~ribed.~ We report herein a full account of the work 
that covers the scope of the reactionand its compatibility 
with other functional groups in the molecule. 

Initial efforts to prepare the title compounds by the 
Arbuzov reaction were not successful. We then turned 
our attention to using epoxides, instead of alkyl halides, 
to form the carbon-phosphorus bond. The easy access to 
epoxides from polyhydroxylic and unsaturated compounds 
and the stereochemical predictability of their reactions 
make them among the most attractive starting materials 
in organic synthesis. Although a number of reporta have 
appeared on ring opening reactions of epoxides involving 
carbon! nitrogen,’ oxygen: and sulfur9 nucleophiles, 
surprisingly, very few examples are known in the literature, 
where phosphorus or phosphorus-containing nucleophiles 
have been similarly used. Ethylene oxide was condensed 
with sodium diethyl phosphite to produce diethyl 2-hy- 
droxyethanephosphonate.lo The need for excess epoxide 
precluded the utility of this approach. In a more recent 
report, Lewis acid catalyzed opening of oxiranes with 
trimethylsilyl phosphite1’ furnished the corresponding 
phosphonates in good yields. Here again, the epoxide was 
used in 3-fold excess over the phosphite. In our hands, 
when this reaction was tried using equimolar quantities 
of TMSC1, diethyl phosphite, and epoxide 1,12 the desired 
product 2a was obtained in about 5 %  yield. A silylated 
halohydrin was the major product obtained. A BFs-OEh- 
catalyzed reaction using preformed trimethylsilyl phos- 
phite resulted in recovery of the starting material. 

Another epoxide opening reaction was reported to take 
place using the dianion of methyl acetoacetate in the 
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Figure 1. Rationale for ethereal solvent (THF) partitipation in 
epoxide opening. 

Scheme 1. 
0 

I I 

CH3 CH3 CH3 

? 
28, n 11 1 3, R E  (Et0)2P(CHz)c 
2b, n =2 4, R = CH3CH2-i 

5, R = CH$€H&H2- 

4 (a) (EtO)gOSiMea, ZnIz or Et&IC1,140 O C ;  (b) H(O)P(OEt)2, 
NaH, BFrOEtz,benzene, 0 O C ;  (c) CHs(O)P(OEt)a, n-BuLi, BFpOEh, 
THF, -78 O C ;  (d, e, f) same aa b using instead THF, ether, and DME, 
reepectively. 

presence of BF3-0Eb.l3 When we attempted to apply these 
conditions, generating the phosphite anion with NaH in 
THF at 0 "C, a reaction took place and a product was 
formed whose lH and 13C NMR spectra suggested the 
involvement of the solvent in the reaction. On the basis 
of these and elemental analysis data, the product was 
assigned structure 3. Other ethereal solvents such as ethyl 
ether and 1,Bdimethoxyethane led to the formation of 4 
and 5, respectively (Scheme I). 

The formation of these products can be rationalized as 
shown in Figure 1. Initial complex formation between 
the solvent and BF30OEh followed by phosphite anion 
attack at the a-carbon of the ether generates an alkoxide 
ion which, in turn, reacts with the epoxide to furnish the 
observed products. 

The use of a nonethereal solvent became the obvious 
choice. When the reaction was repeated using benzene, 
instead of THF, the @-hydroxy phosphonate 2a was 
obtained in 65% yield along with a minor product (17%) 
which proved to be identical to 4. The latter product is 
likely derived from ethoxide generated from the BFrOEh 
complex. 

Our objective to prepare 8- and y-hydroxy phospho- 
nates efficiently and in good yields was realized when we 
noted a report detailing the successful opening of an 
oxetane ring by a phosphonate anion in the presence of 
BFs*OEt2.% Indeed, when the anion of the same phos- 
phonate was generated with n-BuLi in THF, followed by 
the sequential addition of epoxide 1 and BFrOEt2, the 
corresponding y-hydroxy phosphonate 2b was obtained 
in quantitative yield. The reaction was complete in 1 h 
at -78 OC. When the same reaction conditions were applied 
to the phosphite anion, and the temperature was main- 
tained at -78 OC, THF did not participate in the reaction 
and compound 2a was obtained in comparable yields. 

The need to run the reaction at -78 OC when THF was 
used as the solvent detracted from its broad utility. This 

Scheme 11' 

6 R-OH 1 1  4: RIOTS 1 3  
10 R=OBz 1 4  

b,cord 8 R = B r  1 2  

Bz = benzoyl 

a (a) CsHsMgBr, LizCuC4, ether, -20 O C  - 0 O C ;  (b) CBrd, PPb, 
THF, rt, (c) TeC1, pyridine, rt; (d) BzC1, pyridine, rt, (e) m-CPBA, 
CHZClz, 0 O C  4 rt. 

became obvious when low temperatures reduced the 
solubility of the epoxide in THF, resulting in no reaction. 
For example, o-(octadecylcarbamoy1)- and o-hexadecyl- 
glycidol(l6 and 1914) failedto undergo the desired reaction 
at -78 "C. However, the substitution of toluene for THF 
proved to be a significant improvement, allowing the 
reaction to be run at -30 "C and, therefore, enhancing the 
solubility of the starting epoxides. 

In an attempt to widen the scope of this reaction, we 
decided to examine the compatibility of other functional 
groups with the reaction conditions. Thus, the stability 
of halides and sulfonate and benzoate esters was examined. 
The preparation of these compounds is outlined in Scheme 
11. 

The condensation of o-benzylglycidol (6) with allyl- 
magnesium bromide furnished alcohol 7 which was con- 
verted to derivatives 8-10 using standard procedures. 
Epoxidation of the latter compounds with m-CPBA gave 
the corresponding epoxides 12-14. Attempts to oxidize 7 
to 11 were not successful since, under the reaction 
conditions, the free hydroxyl group participated in acid- 
catalyzed opening of the resulting epoxide. 

The results of reacting epoxides 12-14 with phosphite 
and phosphonate anions are shown in Table I. It can be 
seen that all three functionalities are stable to the reaction 
conditions, when the phosphite anion was used, resulting 
in the formation of products 23a, 24a, and 2Sa, respectively. 
However, the same is not true for themethanephosphonate 
anion. While the reaction with bromo epoxide 12 led to 
the expected y-hydroxy phosphonate 23b, the other 
tosylate (13) and benzoate (14) epoxides did not give the 
expected compounds. The lH NMR spectrum of the crude 
product obtained from 13, when the reaction was quenched 
with a pH 4 buffer solution, strongly supported the 
formation of the expected tosylate 24b. However, attempts 
to purify the compound by chromatography on either silica 
gel or neutral alumina resulted in intramolecular dis- 
placement of the tosylate group and formation of the 
tetrahydrofuran 33b.15 Similarly, cleavage of the benzoate 
ester took place in the reaction of 14. In addition to the 

(14) (a) Hirch, G.; Barner, R. Hela Chim. Acta 1982, 66, 1059. (b) 
Mikkiliieni, A. B.; Kumar, P.; Abushanab, E. J.  Org. Chem. 1988,53, 
6006. 
(15) For reasons that are not entirely clear, product 24b underwent 

spontaneous intramolecular cyclization to give 33b. However, 6-hydroxy 
phosphonate 248 was stable to purification and ita cyclization to 33a was 
effected using NaH in THF (see Experimental Section). 

( E t 0 ) 2 P - ( C H 2 ) o v C H 2 0 8 n  8 0 

f t :  - 
(13) Lygo, B.; OConoor, N.; Wilson, P. R. Tetrahedron Lett. 1988,44, 

6881. 
338, n =1 
33b, n =2 
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Nucleophile', n-BuLi 
Epoxide - Product 

BFa OEtz, THF, -78% 

a series: R = Et, n =1 
b series: R = Et, n =2 

c series: R E Me, n -2 
d series: R = Bn, n =2 

epoxide product yield, epoxide product yield, 
no. structure structure no. % no. structure structure no. % 

1 2  O G O B n  
B r  

OBn 
1 

OTs 

1 4 ' G  OBn 
OBz 

1 5  0% OTs 

2a 100 
2b 100 
2c 95 
2d 84 

0 
I I  

CH3 

H O V B n  
Br 

t I 0 V O B n  
OTs 

0 

22b 94 

23a 65 
23b 84 

24a 65 
24b go* 

25a 72 
(X = 002) 

25b 90 
(X = OH) 

26b 79 

O<OC,,H,, 

2 1  (p 

0 
I1 

HO 
CH, 

28a 

29a 
29b 

30b 

31 a 

31 c 
31b 

31 d 

3 2  

94 

100 

64 
65 

86 

7 7  
100 
96 
61 

83 

0 Nucleophiles: a, H(O)P(OEt)l; b, CHa(O)P(OEt)2; c, CHs(O)P(OMe)2; d, CH3(O)P(OBn)z. Reaction run in toluene; yield of compound 
33b.15 

formation of dihydroxy compound 2Sb, diethyl benzoyl- 
methanephosphonate was also formed as a byproduct. This 
type of reaction has been previously used for the prep- 
aration of &keto phosphonates.16 While carboxylate esters 
are cleaved by phosphonate anions, carbamates seem to 
be stable to these conditions. This is illustrated by the 
reaction of 16 to  form the expected product 27b in excellent 
yield. 

The regiospecificity of this reaction is undoubtedly due 
to the ability of the nucleophilc to attack the least hindered 
site of the oxirane ring. The successful opening of 
cyclohexene oxide 21 to  give 32 (Table I) further broadens 
the utility of this reaction to  1,Zdisubstituted epoxides. 
However, the regioselectivity or regiospecificity in un- 
symmetrical epoxides is yet to be determined. 

The original objective of this work, namely, the prep- 
aration of c h i d  phosphonate synthons, has been met as 
shown in Table I (compounds 1, 17-20). These phos- 
phonates, and especially the dibenzyl esters (2d and 31d) 
which can be reductively cleaved, have been or are in the 
process of being converted to phosphonate isosteres of 

(16) Tank, K.4.; Coward, J. K. J. Org. Chem. 1983,48, 5001. 
(17) Abushanab, E.; Bessodes, M.; Antonakis, K. Tetrahedron Lett. 

1984,35, 3841. 

biologically important nucleotides and phospholipids. The 
synthesis and biological activity will be reported elsewhere. 

Experimental Section 

Melting points were determined on a Buchi 535 melting point 
apparatus and are uncorrected. The 'H and lsC NMFt spectra 
were recorded in CDCl3 on either a Varian EM-390 or Bruker 
300-MHz spectrometer. Chemical shifts are in parts per million 
with respect to TMS. Unless otherwise indicated, optical 
rotations were measured in absolute EtOH on a Perkin-Elmer 
Model-141 digital readout polarimeter. Silica gel (Merck grade 
60, 230-400 mesh, 60 A) suitable for column chromatography 
was purchased from Aldrich. All solvent proportions are by 
volume. Unless otherwise indicated, yields are given in Table I. 
Elemental analyses were performed by M-H-W Laboratories, 
Phoenix, AZ. 

General Procedure. A 2.5 M solution of n-BuLi in hexanes 
(12 mL, 30 mmol) was added dropwise to a stirred solution of 
phosphorus-containingnucleophile (a, b, c, or d, Table I, 30mmol) 
in dry THF (30 mL) at -78 "C under a nitrogen atmosphere. 
After 15 min of stirring, a solution of the epoxide (10 mmol) in 
THF (5 mL) was added dropwise, followed by BFsoOE~ (5.68 g, 
40 mmol) which was slowly introduced, while maintaining the 
temperature below-70 "C. After the solution was stirred for two 
more hours, the reaction was quenched with saturated aqueous 
NH&1 and was allowed to warm up to rt. The residue obtained, 
after evaporation under reduced pressure, was dissolved in ether. 
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The solution was washed with brine, dried (MgSO,), and 
concentrated, and the residue was chromatographed on silica gel 
(hexane-EtOAc 31) to yield the pure hydroxy phosphonate ester. 
Diethyl (2R,3S)-3-(benzyloxy)-2-hydroxybutanephos- 

phonate (2a) was prepared from 1 by following the general 
procedure: [a]%D +25.9" (c = 1.84); 'H NMR 6 1.25 (t, J = 6 Hz, 
6H), 1.36 (d, J = 6 Hz, 3 H), 1.75-2.22 (m, 2H), 3.26-3.68 (m, 2H, 
lH, D2O exchangeable), 3.76-4.30 (m, 5H), 4.54 (qm, J = 9 Hz, 
2H), 7.28 (a, 5H). Anal. Calcd for Cl6H&*: C, 56.95; H, 7.97; 
P, 9.79. Found C, 56.86; H, 8.10; P, 9.66. 
Diethyl (3R,4S)-4-(benzyloxy)-3-hydroxypentanephos- 

phonate (2b) was prepared from 1 by following the general 
procedure: [ a ] a~  +27.6" (c = 0.530); lH NMR 6 1.02-2.20 (m, 
13H), 3.22-3.78 (m, 3H), 3.82-4.32 (m, 4H), 4.32-4.76 (m, 2H), 
7.23 (a, 5H). Anal. Calcd for ClsHnOsP: C, 58.17; H, 8.24; P, 
9.38. Found C, 58.38; H, 8.07; P, 9.18. 
Dimethyl (3145)-4- (benzyloxy)-3-hydroxypentanephos- 

phonate (2c) was prepared from 1 by following the general 
procedure: [IY]=D +36.9" (c = 0.225); lH NMR 6 1.22 (d, J = 6 
Hz, 3H), 1.54 (m, 4H), 3.04 (br a, lH, D2O exchangable), 3.30- 
4.12 (m, 2H), 3.70 (d, J = 9 Hz, 6H), 4.40-4.72 (m, 2H), 7.26 (a, 
5H). Anal. Calcd for ClrHBO&': C, 55.62; H, 7.67. Found C, 
55.53; H, 7.50. 
Dibenzyl(3R,4S)-4-(benzyloxy)-3-hydroxypentanephos- 

phonate (2d) was prepared from 1 by following the general 
procedure: [a ]%~ +18.1° (c = 0.900, CH2Clz); lH NMR 6 1.10 (t, 
J = 6 Hz, 3H), 1.40-2.22 (m, 4H), 2.61 (d, J = 5 Hz, lH, DzO 
exchangeable), 2.75-3.25 (m, 2H), 4.28-4.68 (9, J = 12 Hz, 2H), 
4.75-5.15 (m, 4H), 7.10-7.43 (m, 15H). Anal. Calcd for 
CzsH3109: C, 68.70; H, 6.77; P, 6.82. Found C, 68.58; H, 6.81; 
P, 6.74. 
Diethyl (2S,3S)-4-(3benzyloxy)-2-hydroxy-l-butoxy)bu- 

tanephosphonate (3). Diethyl phosphite (1.38 g, 10 mmol) in 
dry THF (5 mL) was added dropwise to a cold (0 "C), stirred 
suspension of NaH (0.240 g, 10 mmol), previously washed three 
times with dry hexane, in THF (40 mL) under a nitrogen 
atmosphere. After the solution was stirred for 30 min, a solution 
of epoxide 1 (0.890 g, 5 mmol) in dry THF (5 mL), followed by 
BFvOEh (2.270 g, 16 mmol), was added, and the resulting mixture 
was allowed to warm up to rt while stirring overnight. The 
reaction mixture was quenched with saturated aqueous NaHC03 
(20 mL), and extracted with ether. The organic phase was dried 
(MgS04) and concentrated, and the residue was chromatographed 
on silica gel (hexane-EtOAc 1:l) to provide 3 (0.794 g, 41%): 

(m, 6H), 3.22-3.74 (m, 7H), 3.76-4.24 (m, 4H), 4.50 (qm, J = 9 
Hz, 2H), 7.21 (a, 5H). Anal. Calcd for CleHs~0Sp: C, 58.75; H, 
8.56; P, 7.97. Found C, 58.47; H, 8.59; P, 8.17. 
(2S,3S)-3-O-Benzyl-l-O-ethylbutane-1,2,3-triol (4) was 

isolated in 66% yield when the reaction was carried out as 
described for 3, except that EhO was used in place of T H F  lH 

(br a, lH, DzO exchangeable), 3.34-3.78 (m, 6H), 4.56  AB, J = 
9 Hz, 2H), 7.26 (s,5H). Anal. Calcd for C13Hm03: C, 69.61; H, 
8.99. Found C, 69.49; H, 8.78. 
(2S,35)-3- 0-Benzyl- 1- 0- (2-met hoxyet hyl) butane- 1,2,3- 

triol (5) was isolated in 66% yield when the reaction was carried 
out as described for 3, except that DME was used in place of 
T H F  'H NMR 6 1.20 (d, J = 6 Hz, 3H), 2.75 (8,  lH, D2O 
exchangeable), 3.34 (a, 3H), 3.38-3.88 (m, 8H), 4.52 (u, J = 9 
Hz, 2H), 7.22 (a, 5H). Anal. Calcd for Cl4HnO4: C, 66.12; H, 
8.72. Found C, 66.0s; H, 8.95. 
l-O-Benzylhex-5-ene-1,2-diol (7). To a stirred suspension 

of Mg (1.20 g, 50 mmol) in dry ether (5 mL) cooled by an ice bath 
was added dropwise a solution of freshly distilled allyl bromide 
(4.84 g, 40 mmol) in ether (10 mL). The mixture was stirred at 
room temperature for 1 h. The Grignard reagent was siphoned 
into a solution of 0-benzylglycidol (6) (3.28 g, 20 mmol) and 
LiZCuCb (4.82 g, 22 mmol) in THF (50 mL) at -78 "C. The 
reaction mixture was allowed to stir at -78 "C for 1 h, brought 
tort, and quenched with saturated aqueous NKC1. The mixture 
was extracted with ether, and the organic phase was successively 
washed with saturatedNaHCO3, water, and brine, dried (MgSOI), 
and concentrated. Distillation of the resulting residue at reduced 
pressure yielded 7 (3.87 g, 94%): lH NMR 6 1.30-1.72 (m, 2H), 
1.88-2.32 (m, 2H), 2.52 (bra, lH, D2O exchangeable), 3.14-4.06 

[ ~ ~ ] ~ ~ + 6 . 9 4 ~  (C 0.865); 'H NMR6 0.98-1.42 (m, 9H), 1.44-2.16 

NMR 6 1.16 (t, J = 6 Hz, 3H), 1.20 (d, J 6 Hz, 3H), 2.32-2.76 

Li e t  al. 

(m, 3H), 4.48 (a, 2H), 4.78-5.14 (m, 2H), 5.42-6.02 (m, lH), 7.20 
(a, 5H). Anal. Calcd for C13HleO2: C, 75.69; H, 8.80. Found 
C, 75.56; H, 7.76. 
6-(Benzyloxy)-5-bromo-l-hexene (8). To a stirred solution 

of 7 (2.47g, 12 mmol) and 2,6-lutidine (0.32 g, 3 mmol) in dry 
THF (30 mL) were added PPhs (3.93 g, 15 mmol) and CBr4 (4.81 
g, 14.5 mmol). The mixture was stirred overnight at rt, diluted 
with hexane (50 mL), and filtered. The filter cake was washed 
with hexane/ether (l:l, 50 mL). The filtrate was concentrated 
and the residue was chromatographed on silicagel (hexan&kOAc 
955) to provide 8 (3.20 g, 99%): lH NMR 6 1.68-2.40 (m, 4H), 
3.56-4.26 (m, 3H), 4.48 (a, 2H), 4.82-5.18 (m, 2H), 5.46-5.98 (m, 
lH), 7.24 (a, 5H). Anal. Calcd for C13H1,BrO: C, 58.01; H, 6.37, 
Br, 29.68. Found C, 58.28; H, 6.40; Br, 29.81. 
6-(Benzyloxy)-5-(ptoluenesulfonyloxy)-l-hexene (9). A 

mixture of the alcohol 7 (2.0 g, 10 mmol) and p-toluenesulfonyl 
chloride (2.29 g, 12 mmol) in pyridine (10 mL) was stirred at 
roomtemperature for 36 h, treated with ice-water, and extracted 
with ether. The organic phase was successively washed with 
water, cold dilute HC1, and brine, dried (MgSO,), and concen- 
trated. The resulting residue was chromatographed on silica gel 
(hexane-EtOAc 955) to give 9 (3.24 g, 90%): lH NMR 6 1.62- 
2.20 (m, 4H), 2.44 (a, 3H), 3.48 (d, J = 6 Hz, 2H), 4.40 (e, 2H), 
4.46-5.14 (m, 3H), 5.46-5.96 (m, lH), 7.02-7.44 (m, 7H), 7.72 (d, 
J = 7 Hz, 2H). Anal Calcd for c&&& C, 66.64; H, 6.71; S, 
8.89. Found C, 66.55; H, 6.80; S, 8.65. 
5- (Ben zy loxy ) -6- (ben zy loxy ) - 1- hexene ( 10) was prepared 

from 7 in 93% yield by following the same procedure described 
for 9, except that benzoyl chloride was used in place of 
p-tgoluenesulfonyl chloride: lH NMR 6 1.70-2.25 (m, 4H), 3.60 
(d, J = 6 Hz, 2H), 4.52 (a, 2H), 4.85-5.12 (m, 3H), 5.52-6.00 (m, 
lH), 7.25-7.52 (m, 8H), 8.01 (dd, J = 7.5 and 1.5 Hz, 2H). Anal. 
Calcd for C&n03: C, 77.39; H, 7.15. Found C, 77.55; H, 7.27. 
6-(Benzyloxy)-5-bromo-l,2-epoxyhexane (12). A solution 

of 8 (1.80 g, 6.69 "01) and m-CPBA (2.76 g, 50%; 8 mmol) in 
CHzClz (30 mL) was stirred overnight at rt. After dilution with 
ether (100 mL), the mixture was successively washed with 
saturated solutions of NaHC03, NaHS03, NaHCOa, and brine, 
and the organic phase was dried (MgSO4) and concentrated. The 
residue was chromatographed on silica gel (hexane-EtOAc 955) 
to afford 12 (1.78 g, 93%): 1H NMR j3 1.42-2.32 (m, 4H), 2.34- 
2.62 (m, lH), 2.64-3.04 (m, 2H), 3.52-3.90 (m, 2H), 3.94-4.32 (m, 
lH), 4.50 (a, 2H), 7.26 (e, 5H). Anal. Calcd for ClsH17BrOz: C, 
54.75; H, 6.01, Br, 28.02. Found: C, 54.60; H, 6.23; Br, 28.11. 
6-(Benzyloxy)-5-(ptolueneeulfonyloxy)-l,2-epoxyhex- 

ane (13) was prepared from 9 in 88% yield by following the same 
procedure as described for 12 lH NMR 6 1.37-1.95 (m, 4H), 
2.28-2.46 (m, 4H), 2.59-2.70 (m, lH), 2.71-2.89 (m, lH), 3.49 (d, 
J = 6 Hz, 2H), 4.39 (e, 2H), 4.62-4.95 (m, lH), 7.08-7.28 (m, 7H), 
7.73 (d, J = 7.5 Hz, 2H). Anal. Calcd for CduO6S: C, 63.81; 
H, 6.43; S, 8.50. Found C, 63.66; H, 6.63; S, 8.39. 
5-(Benzyoyloxy)-6-(benzyloxy)- 18-epoxyhexane (14) was 

prepared from 10 in 91 % yield by following the same procedure 
as described for 12 1H NMR 6 1.42-2.05 (m, 4H), 2.32-2.42 (m, 
lH), 2.56-2.78 (m, lH), 2.80-3.02 (m, lH), 3.65 (d, J =  6 Hz, 2H), 
4.55 (a, 2H), 5.17-5.50 (m, lH), 7.28-7.53 (m, 8H), 8.00 (dd, J = 
7.5 and 1.5 Hz, 2H). Anal. Calcd for CmH2204: C, 73.60; H, 6.79. 
Found C, 73.80; H, 6.74. 
O(Octadecylcarbamoy1)glycidol (16). To a solution of 

octadecyl isocyanate (0.500 g, 1.69 "01) and glycidol(O.160 g, 
2.16 mmol) in anhydrous CHzClz (7 mL) was added one drop of 
pyridine. After the solution was stirred overnight at rt, the 
solvents were evaporated and the residue was chromatographed 
on silica gel (hexaneEtOAc 955) to provide 16 (0.581 g, 93%): 
mp 76.2-76.4 OC; 1H NMR 6 0.87 (t, J = 6.8 Hz, 3H), 1.25 (a, 28H), 
1.50 (m, 4H), 2.64 (dd, J = 2.6 and 4.84 Hz, lH), 2.83 (t, J = 4.5 
Hz, lH), 3.18 (m, 3H), 3.87 (dd, J = 6.4 and 12.1 Hz, lH), 4.42 
(dd, J = 2.7 and 12.1 Hz, lH), 4.73 (bra, lH, DzO exchangeable). 
Anal. Calcd for CaHaNOs: C, 71.54; H, 11.65, N, 3.79. Found 
C, 71.71, H, 11.45, N, 3.84. 
Diethyl 4-(benzyloxy)-3-hydroxybutanephosphonate (22b) 

was prepared from 6 by following the general procedure: 1H 
NMR 6 1.30 (t, J = 6 Hz, 6H), 1.53-2.02 (m, 4H), 3.15-3.40 (m, 
3H, 1H D2O exchangeable), 3.64-4.15 (m, 5 H), 4.53 (a, 2H), 7.32 
(8, 5H). Anal. Calcd for Cl6HsOP: C, 56.95; H, 7.97; P, 9.79. 
Found C, 56.95; H, 7.84; P, 9.67. 



8- and y-Hydroxy Phosphonates from Epoxides 

Diethyl 6-(benzyloxy)-5-bromo-2-hydroxyhexanephos- 
phonate (23a) was prepared from 12 by following the general 
procedure: lH NMR 6 1.12-2.36 (m, 12H), 3.54-4.44 (m, SH), 
4.52 (a, 2H), 7.28 (s,5H). Anal. Calcd for C 1 7 H d r O a  C, 48.24; 
H, 6.67; Br, 18.88; P, 7.32. Found C, 48.51; H, 6.49; Br, 19.02; 
P, 7.23. 

Diethyl 7-(benzyloxy)-6-bromo-3-hydroxyheptanephos- 
phonate (23b) was prepared from 12 by following the general 
procedure: 1H NMR 6 1.27 (t, J = 6 Hz, 6H), 1.45-2.22 (m, 8H), 
2.89 (br s,1H, DzO exchangeable), 3.68 (d, J = 6 Hz, 2H), 3.82- 
4.27 (m, 6H), 4.53 (a, 2H), 7.32 (s,5H). Anal. Calcd for CleHmOa- 
BrP: C, 49.44, H, 6.92; Br, 18.27; P, 7.08. Found: C, 49.45; H, 
6.80; Br, 18.11; P, 7.04. 

Diethyl 6-(benzyloxy)-2-hydroxy-5-(ptoluenesulfonyl- 
oxy)hexanephosphonate (24a) was prepared from 13 by 
following the general procedure: 'H NMR 6 1.35 (t, J = 6 Hz, 
6H), 1.43-2.01 (m, 6H), 2.40 (s, 3H), 3.45 (d, J = 6 Hz, 2H), 
3.76-4.27 (m, 6H), 4.30 (s,2H), 4.48-4.76 (m, lH), 7.06-7.31 (m, 
7H), 7.68 (d, J = 7 Hz, 2H). Anal. Calcd for C & s O a S  C, 
56.02; H, 6.86; P, 6.02; S, 6.23. Found C, 55.80; H, 6.62; P, 5.88, 
S, 5.96. 

Diethyl 7-(benzyloxy)-3-hydroxy-6-(ptolueneeulfonyl- 
0xy)heptanephosphonate (24b) was prepared from 13 by 
following the general procedure: lH NMR 6 1.30 (t, J = 6 Hz, 
6H), 1.47-2.04 (m, 8H), 2.40 (8, 3H), 3.45 (d, J = 6 Hz, 2H), 
3.78-4.80 (m, SH), 7.04-7.28 (m, 7H), 7.64 (d, J = 7 Hz, 2H). 
Attempts to purify this compound by column chromatography 
resulted in the formation of 33b. 

Diethyl 5-(benzoyloxy)-6-(benzyloxy)-2-hydrox~hexane- 
phoephonate (25a) wasprepared from 14 by followingthegeneral 
procedure: 1H NMR 6 1.27 (t, J = 6 Hz, 6H), 1.50-2.02 (m, 6H), 
3.61 (d, J = 6 Hz, 2H), 3.87-4.23 (m, 6H), 4.51 (s,2H), 5.32 (br 
lH, D20 exchangeable), 7.12-7.48 (m, 8H), 7.98 (dd, J = 7.5 and 
1.5 Hz, 2H). Anal. Calcd for CuHaO,P: C, 62.06; H, 7.16. 
Found C, 62.04; H, 7.13. 

Diethyl 7-(benzyloxy)-3,6-dihydroxyheptanephospho- 
nate (2Sb) was prepared from 14 by following the general 
procedure: 1H NMR 6 1.27 (t, J = 6 Hz, 6H), 1.44-2.12 (m, 8H), 
3.28-4.23 (m, lOH), 4.52 (s, 2H), 7.30 (8, 5H). Anal. Calcd for 

P, 8.01. 
Diethyl 3- hydroxy-4-Cptoluenesulfonyloxy ) butauephos- 

phonate (26b) was prepared from 15 by following the general 
procedure: 1H NMR 6 1.20 (t, J = 6 Hz, 6H), 1.46-2.25 (m, 4H), 
2.44 (s,3H),3.52-4.20 (m,8H),7.52 (q~fi,J= 6 Hz,4H). Anal. 
Calcd for Cl&%O,PS C, 47.36; H, 6.62; S, 8.43. Found C, 
47.40; H, 6.51; S, 8.61. 

Diethyl 3-hydroxy-4-(octadecylcarbamoyl)butanephos- 
phonate (27b) was prepared from 16b by following the general 
procedure: mp 46.5-48.2 OC; 1H NMR 6 0.88 (t, J = 7 Hz, 3H), 
1.25 (br s, 28H), 1.33 (t, J = 7 Hz, 6H), 1.46-1.53 (m, 4H), 1.71- 
2.01 (m, 4H), 3.16 (m, 2H), 3.86 (m, lH), 3.96-4.03 (m, 6H), 4.72 
(bra, 1H, D2O exchangeable), 4.88 (br s, lH, DzO exchangeable). 
Anal. Calcd for CnHmNOSp: C, 62.15; H, 10.82; N, 2.68; P, 5.94. 
Found C, 61.98; H, 10.52; N, 2.57; P, 5.71. 

Diethyl (2S,3S)-3-(benzyloxy)-2-hydroxybutanephospho- 
nate (28a) was prepared from 1717 by following the general 
procedure: [a]=D +30.95O (c = 1.26); 'H NMR 6 1.24 (t, J = 6 
Hz, 6H), 1.34 (d, J = 6 Hz, 3H), 1.76-2.12 (m, 2H), 3.29 (br d, 
1H D2O exchangeable), 3.36-3.70 (m, lH), 3.82-4.28 (m, 5H), 
4.52 (u, J = 9 Hz, 2H), 7.30 (8,  5H). Anal. Calcd for 

P, 9.62. 
Diethyl (2S,3S)-3,4- O-isopropylidene-2,3,4-trihydroxyb- 

utanephoephonate (29a) was prepared from 1812 by following 
the general procedure: [CY]%D -10.2' (c = 0.610); 1H NMR 6 1.32 
(t, J = 6 Hz, 6H), 1.34 (s,3 H), 1.46 (s,3H), 1.96 (dd, J = 16 and 
6 Hz, 2H), 2.80-3.40 (m, lH, DzO exchangeable), 3.68-4.26 (m, 
8H). Anal. Calcd for CllHzsO$: C, 46.81; H, 8.21; P, 10.97. 
Found C, 46.71; H, 8.16; P, 11.19. 

C&lO&P: C, 57.74; H, 8.35; P, 8.27. Found C, 57.56; H, 8.39; 

Cl&O&': C, 56.95; H, 7.97; P, 9.79. Found C, 57.11; H, 7.89; 
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Diethyl (2S,3S)-3,4-O-isopropylidene-2,3,4-trihydroxy- 
pentanephosphonate (29b) was prepared from 18 by following 
the general procedure: [a]%D -15.7' (c = 1.08); 'H NMR @ 1.38 
(t, J = 6 Hz, 6H), 1.44 (8, 6H), 1.68-2.32 (m, 4H), 2.96 (br 8, 
lH&O exchangable), 3.62-4.42 (m, 8H). Anal. Calcd for C12Hz- 
OSp: C, 48.64; H, 8.50; P, 10.45. Found C, 48.81; H, 8.33; P, 
10.36. 

Diethyl 4- (hexadecyloxy)-3-hydroxybutanephosphonat 
(30b) was prepared from 19 by following the general procedure 
to afford a low-melting solid [@IDaa -10.2' (c = 0.850); 'H NMR 
6 0.88 (t, J = 6.7 Hz, 3H), 1.26 (s, 26H), 1.32 (t, J = 7 Hz, 6H), 
1.57 (m, 2H), 1.6*2.01 (m, 4H), 3.28-3.47 (m, 5H, 1H exchange- 
able DzO), 3.79 (m, lH), 4.04-4.15 (m, 4H). Anal. Calcd for 

P, 7.09. 
Diethyl (2R,3S)-3,4-bis(benzyloxy)-2-hydroxybutane- 

phosphonate (31a) waspreparedfrom20byfollowingthegeneral 
procedure: [cY]%D +7.04' (c = 4.64); 'H NMR 6 1.26 (t, J = 6 Hz, 
6H), 1.80-2.30 (m, 2H), 3.32-3.84 (m, 4H, lHD2O exchangeable), 
3.86-4.32 (m,5H),4.50 (s,2H),4.66(-,J = 9 Hz, 2H),7.27 (e, 
10H). Anal. Calcd for CnHnOBP: C, 62.55; H, 7.40; P, 7.33. 
Found C, 62.72; H, 7.39; P, 7.12. 

Diethyl (3R,4S)-4,S-bis(benzyloxy)-3-hydroxypentane- 
phosphonate (31b) wasprepared from20 byfollowngthegeneral 
procedure: [cYlSD +17.3' (c = 0.370); 1H NMR 6 1.22 (t, J = 6 
Hz, 6H), 1.54-2.14 (m, 4H), 3.08 (br 8, lH, DzO exchangeable), 
3.36-4.24 (m, 8H), 4.50 (a, 2H), 4.59 (w, J = 9 Hz, 2H), 7.26 (8, 
10H). Anal. Calcd for CzsHaOsP: C, 63.29; H, 7.62; P, 7.10. 
Found: C, 63.36; H, 7.45; P, 6.96. 

Dimethyl (3R4S)-4,S-bis(benzyloxy)-3-hydroxypenta~ 
phosphonate (31c) wasprepared from20 by followingthegeneral 
procedure: [(r]%D +17.S0 (c = 1.87); lH NMR 6 1.50-2.08 (m, 
4H), 2.56 (br m, lH, D2O exchangeable), 3,22-4.22 (m, 4H), 3.68 
(d,J = 9 Hz, 6H),4.46 (s,2H),4.58 ( u J  = 9 Hz,2H),7.22 (8, 
10H). Anal. Calcd for CzlHaOSp: C, 61.76; H, 7.16; P, 7.58. 
Found C, 61.66; H, 7.19; P, 7.43. 
Dibenzyl(3~4S)-4,5-bis(benzyloxy)-3-hydroxypentane- 

phosphonate (31d) was prepared from 20 by following the 
general procedure: [a]=D +11.3' (c = 1.26); 'H NMR 6 1.55-2.06 
(m, 4H), 3.17 (br m, lH, D20 exchangeable), 3.41 (q, J = 9 Hz, 
1H),3.60 ( d , J =  5 Hz,2H), 3.63-3.72 (m,lH),4.44 (s,2H),4.54 
(slg, J = 12 Hz, 2H), 4.82-5.04 (m, 4H), 7.24 (e, 20H). Anal. 
Calcd for CaH3,08: C, 70.70; H, 6.65; P, 5.53. Found C, 70.51; 
H, 6.68; P, 5.71. 

Diethyl (2-hydroxycyclohexanyl)methanephosphonate 
(32) was prepared from cyclohexene oxide 21 in 83% yield by 
following the general procedure: lH NMR 6 0.95-2.14 (m, 17H), 
3.10-4.28 (m, 6H, 1H DzO exchangeable). Anal. Calcd for 
CllH23OQ: C, 52.95; H, 9.26; P, 12.38. Found C, 52.61; H, 9.13; 
P, 12.18. 

Diethyl (S-((Benzyloxy)methyl)tetrahydrofuran-2-yl)- 
methanephosphonate (33a). To thestirredsuspension of NaH 
(0.043 g, 60%, 1.07 mmol), previously washed three times with 
dry hexane, in dry THF (10 mL) at 0 "C, was added dropwise 
a solution of 24a (0.500g, 0.97 mmol) in THF (5 mL). After the 
solution was stirred for 30 min at 0 OC, the reaction was quenched 
with saturated aqueous NH&l and extracted with ether. The 
organic phase was dried (MgSOd and concentrated and the 
residue was chromatographed on silica gel (hexane-EtOAc 46) 
to yield 338 (0.313 g, 94%): lH NMR 6 1.27 (t, J = 6 Hz, 6H), 
1.51-2.23 (m, 6H), 3.41 (d, J = 6 Hz, 2H), 3.79-4.29 (m, 6H), 4.53 
(8, 2H), 7.30 (8,  5H). Anal. Calcd for C17HwO3: C, 59.64; H, 
7.95; P, 9.05. Found C, 59.42; H, 7.90; P, 8.97. 

Diethyl (S-((benzyloxy)methyl)tetrahydrofuran-2-yl)- 
ethanephosphonate (33b) was isolated in 90% yield when the 
reaction was carried for the preparation of 24b by following the 
general procedure using 13: 1H NMR 6 1.27 (t, J = 6 Hz, 6H), 
1.52-2.27 (m,8H), 3.42 (d, J=  6 Hz, 2H), 3.74-4.28 (m, 6H), 4.53 
(8,  2H), 7.30 (s, 5H). Anal. Calcd for ClBHaO3: C, 60.66; H, 
8.20; P, 8.69. Found: C, 60.42; H ,  8.03; P, 8.77. 

CHHSiO&': C, 63.97; H, 11.41; P, 6.87. Found C, 63.74; H, 11.17; 


