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Abstract: a-Hydroxyphosphonates (+_M were prepared and transformed into esters (+5. Eight lipases as 
well as pig liver esterase were tested as catalysts for enantioselective hydrolyses of a- 
(acyloxy)phosphonates in a biphasic system. Two of them proved to be useful. The highest 
enantioselectivity was obtained with lipase F-AP 15 and a-(acetyloxy)phenylmethylphosphonates (?I)_5a 
and (#II as substrates. The (S)-enantiomers were exclusively hydrolyzed to give optically pure alcohols 
(S)-(-)-3a and (.?I-(-)-3b. Lipases AP 6 and F-AP 15 were used to prepare phosphonates (S)-(-)-3h (S)-(+)- 
3d and (S)-(-)-3e on a preparative scale with an enantiomeric excess of 81%,87%, and 89%, respectively. 
The absolute configurations of thea-hydroxyphosphonates were assigned by Horeau’s method and t H-NMR 
spectroscopy of Mosher’s derivatives. 

Introduction 

Chiral, nonracemic a-hydroxyphosphonates are useful precusors ‘Jforavtietyofa-substitutedphosphonates 

and especially for a-aminophosphonic acids3 which have received considerable attention over the past decade in 

medical, bioorganic and organic chemisuy owing to their proven or potential biological activities as analoguesof 

amino acids. The number of known chiral a-hydroxyphosphonates1*2 with only one chiral center is very limited 

and there are simple and generally applicable methods needed for their preparation. The use of various enzymes 

as catalysts in organic synthesis has been extensively explored in recent years.4 Optically active alcohols can be 

obtained by enantioselective hydrolysis of racemic esters using estera& and lipases.6 Sih and coworker 

developed equations for a quantitative treatment of biochemical resolutions of enantiomers.7 To the best of our 

knowledge, only one optically active a-hydroxyphosphane oxide8 and a few 2-hydroxyalkyldiphenyl- 

phosphines9, but no dialkyl phosphonates, have been prepared by enzyme mediated resolution. This paper 

reports our first results on a project initiated to prepare antipodes of a-hydroxyphosphonates, -phosphinates, 

and -phosphine oxides by enzyme catalyzed kinetic hydrolysis of the corresponding a-acyloxy derivatives. 

Results and Discussion 

Five representative a-hydroxyphosphonates (+~-3 were prepared in high yield by reaction of aldehydes 1 with 

phosphites 2 in the presence of a canlync amount of NaOCH3/CH30H at -3PC in dry ether by a modified 

!IteratureprocedureLo(Scheme 1). Dimethylanddiisopropylphosphonateswerechosen as representativeesters. 

The methyl group is more labile towards dealkylation than the isopropyl group, which is of relevance for 

transformations using nucleophilic substitution reactions to replace the activated hydroxyl group. Acylation of 
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phosphonates 0-3 with acetic anhydride, chloroacetyl or butyryl chloride in the presence of uiethylamine or 

pyridine afforded the corresponding a-(~yloxy)phosphona~s (&-5. 

R’CHO + NaOMe -35’C R* 
H(0)P(OR2h ,AL ‘me 

P(OWR*)2 

1 2 Et20 

laR’=Ph 2a R2 = Me 

IbR’= Me tb R2=iPr 

lc R’ = (E)-MeCH=CH 

OH (93 

O-3a R’ = Ph, R* = Me 

(rt)3b Rl = Ph, R* = iPr 
0-3~ R’ = Me, R* = Me 
&)-3d R’ = Me, R* = iPr 
(+)-3e R’ = (E)-MeCH=CH, R2 = Me 

&)-ga R’ = Ph, R* = Me, R3 = Me 

&)-Sb R* = Ph, R* = iPr, R3 = Me 

(&SC R’ = Me, R* = Me, R3 = Me 

&)-Jd R’ = Me, R* = iPr, R3 = Me 

@-!k? R’ = (E)-MeCH=CH, R* = Me, R3 = Me 

f.&)-5f R’ = Ph, R* = iPr, R3 = ClCH, 

&)-5g R’ = Ph, R* = iPr, R3 = CSH, 

4a (CH,CO),O 
4b ClCH2COCl 
4c C3H7COCl 

f 

R’ / P(0)(OR2~2 
‘CH 

&OR3 

O-5 

Scheme 1 

Enzymatic hydrolysesof entries I- 17 were carried out on a 1 mmole scale of substrate, using 0.05 M phosphate 

buffer (15 ml, pH 7). an organic phase (4ml; tert-butyl methyl etherihexane 1:3, for Q)-5f, 2:2), and various 

enzymes (Scheme 2). The mixture was stirred while keeping the pH constant at 7 by addition of 0.5 N NaOH with 

an auto&rater. At the end of the reaction, when 0.5 mmole or less of base had been added, enzymatic hydrolysis 

was stopped by adjusting the pH to 4 with 1 N HCl. Alcohol 3 and unreacted ester 5 were extractedand separated 

by flash chromatography on silica gel. Recovered ester 5 was hydrolyzed to 3 in dry methanol containing 

triethylamine. Under these conditions base labile cx-hydroxyphosphonates are not cleaved into aldehyde and 

phosphite. Derivatization with Mosher’s reagent 1 1 (S)-(+)-MTPA-Cl was used to determine the enantiomeric 

excesses (e.e.) of the alcohols 3 (fordetails and absolute configuration see later). The results were summarized in 

Table l_ Six lipases and pig liver esterase (PIE) were tested as catalysts for the en~doselective hydrolysis ofa- 

(ace~loxy)phosphonate f+>5a (entries l-7). With PLE, porcine pancreas lipase (PPL), Iipase N Cone (LNC), 

SAM-I and SAM-II the reaction rate or the enantioselectivity (or both) were too low. Lipase PS and lipase from 

Cundida cylidruc~u did not hydrolyze a-(acetyloxy)phosphonates (LttSb (not listed in Table 1). The reaction 

catalyzed by lipase AP 6 was rapid but showed low enantioselectivity. Lipase F-AP 15 proved to be the best of all 

the enzymes tested. The isolated a-hy~xyphosphonate (-)-3a was optically pure and the reaction time was six 

times longer than that of lipase AP 6 compared on an equal amount basis. Pig liver esterase was also allowed to 

react with substrates (&ga, &Mb, and @-5g in phosphate bufferpH 7 with 5% of acetone instead of an organic 
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phase (not listed in Table 1). This enzyme was not furtber evaluated because of low enantiomeric purity of the 

alcohols yielded, except for alcohol (+)-3b obtained from a-(acyloxy)phosphonate @5g (ee 82%, conversion 

358, reaction time 142 h) or long reaction time. Lipases F-AP 15 and AP 6 were used for enantioselective 

hydrolysis of other a-(acyloxy)phosphonates. The rate of hydrolysis of compound w5b with lipase F-AP 15 

decreased compared to (#a, as the small methyl groups were replaced by bulky isopropyl groups in the 

phosphonate residue (entry 8). The a-(acyloxy)phosphonate (S)-(-)-Fib was preferentially saponified with 

excellent enantioselectivity. The chloroacetate @-5f showed areducedreactivity compared to the acetate (.#a, 

andthe enantiomeric excess of the alcohol (S)-3b dropped to 20%. Usually chloroacetatea -compared to acetates 

- accelerate the enzymatic hydrolysis.12 When the phenyl group of the phosphonates @5a and &)-5b was 

replaced by a methyl group, as in a-(acetyloxy)phosphonates (9-5~ and @-5d, the enantiosekctivity decreased 

and increasedagain forthe (E)-2-butenylphosphonate &)-5e. Independent of the substrate, the alcohols produced 

had W-configuration and the recovered esters (R)-configuration. These results seem to indicate that good 

substrates for lipase F-AP 15 are a-(acetyloxy)phosphonates having an aromatic or at least a medium size 

aliphatic substituent and a dimethyl phosphonate moiety. 

phosphate buffer 
pH7 
enzyme 

W-5 organic laver 

H OH 

H OCOR' HO H 
+ 

WWOR*), R' WMOR*)2 

(R)-5 (Q-3 

R3CO0 H H OH 

oT_ 
+ 

R’ P(OMOR*), R’ P(ONOR*h 

MeOH&N 

Scheme 2 

(W-3 

HO H 

R’ P(0)(OR2)2 

W-3 

As a general rule the rate of hydrolysis increased by a factor of 10 to 50 when lipase AP 6 was used as a catalyst 

insteadofF-APlSwithtbesamesubstrate(entries5, 13-15).Cbloroacetate~5f(entry16)reactedmorerapidly 

than the acetate (+Jbb, while the butyrate (+J5g was practically stable towards lipase AP 6 (entry 17). The esters 

ofa-(acyloxy)phosphonates were hydrolyzed selectively and the enantiomeric excessincreasedfromdimethyl to 
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diisopropyl phosphonates (from 6% to 95% and 19% to 89%; for detail see Tablel). 

Compounds &Mb, @-5d, and &)-Se were additionally hydrolyzedon a preparative scale (10 mmol) by lipases 

AP 6 andF-AP 15 (entries 18-20), affording a-hydroxyphosphonates (S)-3b, (S)-3d, and (S)-3e withe.e. values of 

8 l%, 878, and 89%, respectively. The reaction with substrate w5d was performed at Ooc. the others at 25OC. 

Crystalline a-hydroxyphosphonate (S)-(-)-3b was recrystallized frommethylene chloride/hexane to give opucslly 

pure phosphonate, which was acetylated to yield optically pure a-(acetyloxy)phosphonate (S)-(-)-Sb. Thus, 

homochiral a-hydroxyphosphonates are now available in large quantities for transformations involving me 

hydroxyl group. 

Determination ofabsolute conftgurations and enantiomeric excesses of a-hydroxyphosphonates: The absolute 

configuration of phosphonate (-)-3a is (S), as determined by Wynberg et al..13 Horeau’s meth~&~ for the 

determination of absolute configuration was applied to alcohols (-)-3a, (-)-3b, (+)-3d, and (-)A to give 2-phenyl- 

butyric acid withvaluesfor [a]#‘of -14.58 (optical yield45%), -5.19 (16%), +23.6 (73%), and+11.18 (3S%), 

respectively. On the basis of these results (S)-configuration was assigned to phosphonates (+)-3d and (-)-3e, 

assuming that the phosphonate group is the “large” substituent in these compounds. These data are in agreement 

with the findings for two other dimethyl a-hydroxyphosphonates.1*15 In the case of the phenyl- 

methylphosphonates (-)A and (-)-3b both the dimethyl and the diisopropyl phosphonate group have to be 

surprisingly the “medium” substituent and phenyl the “large” one to correctly assign (S)-configuration to both 

compounds. The low optical yield of 16% for the reaction of phosphonate (-)-3b, close to the critical limit of 15% 

for the optical yield for a secure assignment of configuration, indicates that the phenyl group is insignificantly 

“huger” than the diisopropyl phosphonate group, but definitely “larger” than the dimethylphosphonate group. 

The (S)-configuration of diisopropyl phosphonate (-)-3b was unequivocally proven by its conversion into the 

dimethyl phosphonate (-)-&I by the reaction sequence given in Scheme 3. Bromoaimethylsilane in the presence 

of allylsilane as scavenger for HBr was used to protect the hydroxyl group and to dealkylate the phosphonate 

group.16 Hydrolysis of the silylated compound and esterification of the phosphonic acid formed with a distilled 

etheral solution of diazomethane afforded the dimethyl phosphonate (-)-3a having (S)-configuration. (S)- 

configuration was assigned to a-hydroxyethylphosphonate (+)-3c, assuming that the dimethyl- and diisopropyl 

ester have the same configuration for the same sign of optical rotation. This conclusion is supported by ‘H-NMR 

spectroscopy of the corresponding Mosher’s derivative. 

P(O)(OW, 

H 

+ 

OH 

Ph 

(SH-)-3b 

1) Me3SiBr/~~=CHCHzSi(CH3)3, 

SO’C, 24 h P(O)(OMe)2 

2) H2OKH3OH; 3) CH$$ 
OH 

78% - H+ 
Ph 

W-(-l-% 

Scheme 3 
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The enantiomeric excesses of the a-hydroxyphosphonates obtained by enzymatic hydrolysis or chemical 

hydrolysis of recovered a-acyloxyphosphonates were determined by detivatization with (S)-(+)-MTPA-Cl and 

‘H-NMR spectroscopy (Scheme 4). On the basis of the preferred conformation of such esters (as given in Scheme 

4). the chemical shifts for certain resonances can be used to assign the absolute configuration of the secondary 

alc0ho1s.t~ In the derivatives of (R)-3a and (R)-3b the OMegroup (6= 3.50,3.49) of the MTPA portion is shielded 

by the phenyl group of the phosphonate compared to the derivatives of (S)-3a and (S)-3b (6= 3.56,3.62). In the 

derivatives of compounds (S)-3c, (S)-3d, and (S)-3e the methyl groups (S = 1.45,l SO for J&Cm, 1.71 for (E)- 

M&H=CH) of the phosphonates are shielded by the phenyl ring of the MTPA-esters relative to the methyl groups 

@= 1.56,1.60; 1.78) of the Mosher’s derivatives of the corresponding (R)-a-hydroxyphosphonates. 

O-3 

(S)-(+)-MTPA-Cl h 
Scheme 4 

Conclusions 

Right lipases and pig liver esterase were studied in enzyme-mediated hydrolyses with 1 mmole of a- 

(acy1oxy)phosphonate.s O_5 in 0.05 M phosphate buffer (pH 7) in a biphasic system. Lipases F-AP 15 and AP 6 

were found to be the best enzymes regarding reaction rate and enantioselectivity. With these two lipases the (S)- 

esters were selectively saponified to give the alcohols (S)-(-)-3a, (S)-(-)-3b, (S)-(+)-&I, and (S)-(-)-je with 

excellent to good enantiometic excesses. They were also used for the hydrolysis of esters &)-Sb, @Sd, and O-Se 

onapreparativescale(lOmmol) toobtaina-hydroxyphosphonateswithanenantiomericurcessof81%,87~,and 

89%. respectively. For lipase AP 6 the reaction rate decreased from dimethyl to dikopmpyl a- 

(acyloxy)phosphonate, while tbeenantioselectivity increased. The latter substrates were only slowly hydrolyzed 

by lipase F-AP 15. Absolute configurations were assigned by Horeau’s method and the lH-NMR spectroscopy 

also used for the determination of enantiometic excesses of Masher’s derivatives. Investigations towards 

optically active a-hydroxyphosphonates and the tmnsfotmations into the correspondinga-amino ora-aminoxy 

phosphonic acids are under way. The method will also be applied to a-(acyloxy)phosphinates, -phosphine oxides 
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and acyloxy substituents in p and r-position, instead of the a-position, of the same phosphorus containing 

compounds. 

Experimental 

Analyrical M..rhoak ‘H-NMR spectra were recorded on a Bruker AM 400 WB (400 MHz) spectrometer in 

CDCl, solution with chemical shifts reported in ppm relative to internal standardTMS and coupling constants in 

Hz. IR spectra wererun on a Perkin Elmer 1600 FI’-IR spectrometer as films obtained by applying a solution from 

the NMR sample to a silicon plate and allowing the solvent to evaporate.18 Optical rotations were measured at 

2oOC on a Perkin Elmer 241 polarimeter in acetone solution in a 1 dm cell. Silica gel 60 Merck (0.040-0.063 mm) 

was used for flash chromatography. TLC was carried out on 0.2 mm thick Merck plates, silica gel 60 Fm. Spots 

werevisualizedbyuv and/ordippingintoa solutionof24gof(NH&+$~.4H20and lgofCe(S0.&4H20in 

500 ml 10% H$O, in water, followed by heating on a hot plate at 200 OC. Melting points were determined on a 

Reichert Thermovar instrument and were uncorrected. A Mewhm 702 SM Titrino instrument was used as an 

autotitrater. (S)-(+)-a-methoxy-a-trifluoromethylphenyl acetyl chloride [JPS Chimie [alD20= + 136.5 ( c = 5.2, 

CQ), ee 199.5%] was used for derivatization of a-hydroxyphosphonates to determine their enantiomeric 

excesses by ‘H-NMR spectroscopy. 

Lipase F-AP 15 (Rhizopus oryzue), lipase AP 6 (Aspergillacr niger), lipase N Cone (LNC) @hizopu.t),lipases 

SAM-I (Pseudomomfluorescens) and SAM-II (Pseudomonassp.) and lipase PS (Pseudomonas sp.) were gifts 

from Amano Enzyme Europe Limited (UK); pig liver esterase (PLE) was bought from Boehringer Mannheim 

(Vienna), porcine pancreas lipase (PPL) and lipase from Cundidu cylitimceu were frompharma biotechnologie 

hannover (BRD). 

General procedure ‘Ofor preparation of dialkyl I-hydroxyphosphonates: -3 

To a solution of aldehyde l(20 mmol) and phosphite 2 (20 mmol) in dry diethyl ether (20 ml) at -350Cunder 

argon, a saturated solution (0.1 ml) of CH30Na in methanol was added dropwise over a period of 5 min. The 

mixturewasstirndforanother lOminandafew~opsofsulfuricacidwereadded.Thesolventwasremovedunder 

reduced pressure. Water was added to the residue and the phosphonate was extracted with ethyl acetate (three 

times). The organic phases were combined, dried (MgSO,) and the solvent was removed in vacuum to afford 

compounds m-3 as colorless crystals which were recrystallized with methylene chloride/petroleum ether, or 

oils which were purified by bulb to bulb distillation under reduced pressure. 

Dimethyl (I-hydroxyphenylmethyI)phosphonnte: 0.3a 

Yield: 93%; m.p. lOO-101% (lit. I9 IMOC). IR hnla 3265,2957,1238,1029,834,701 cm-l. ‘H-NMR 83.67, 

3.70(2x3H,2xd,J=10.3,P(OMe)2),4.11(1H,brs,OH),5.05(1H,d,J=10.8,WIC~,7.29-7.50(5H,m,C6H5). 
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Elemental analysis (%): qH1304P calcd.: C: 50.01, H: 6.06; found: C: 49.77, H: 6.22. 

Diisopropyl (l-hydroxyphenylmethyl)phosphonate: &)- 3b 

Yield: 91%; rn.p.91-920C(li~~ 93OC). IR u ,3263,29i35,1379,1226,992cm-1. ‘H-NMR: 6 1.13.1.25.1.27, 

1.28 (4x3H, 4xd, J = 6.4, PKx3-I&)L). 3.16 UH,br s, OH),4.62 (2xlH. m,P(OQjMe$$, 4.96 (lH,d, J = 10.8, 

PhCB, 7.28-7.50 (5I-k m, C&$). Elemental analysis (a): C,3~104PcaIcd.: C: 57.35, H: 7.77; found: c: 57.62, 

H: 7.59. 

Dimethyl (l-hydroxyethyl)phosphonate: @- 3c 

Yield: 84%; b.p. 900CJO.001 mmHg (lit. ” 95TIO.08 mmHg). IR q,,,,. 3356,2960,2856,1458,1373,1222, 

ll14,1033,905,833,799cm-1. ‘H-NMR: 51.45 (3H,dd, 5=7.4,17.7,&CH), 3.80,3.83 (2x3H,2xd, J= 10.3, 

P(OMe)$, 4.08 (lH, dq, J = 3.9,7.4, MeCkD, 4.21 (lH, br s, OH). Elemental analysis (%): C4HlI0,P calcd.: C: 

31.18, H: 7.19; found: C: 31.28, H: 7.21. 

Diisopropyl (1-hydFoxyethyl)phosphonate: &)-3d 

Yield: 88%; b.p. 1OOWO.001 mmHg. IRumsx 3315,2979,2936,1386,1220,1108,989 cm-l. ‘H-NMR: 6 1.34 

(4x3H,overlappingd,P(OClIN&), 1.41(3H,dd, 5=6.9,17.2,I&CH),3.92(1H,br s,OH),3.96(1H,dq. J=3.5, 

6.9, Mecff). 4.75 W-I, m, P(OCBMe$$. Elemental analysis (%): CgHlg04P calcd.: C: 45.7 1, H: 9.11; found: C: 

45.34, H: 9.22. 

Dimethyl [(E)-1-hydroxy-2-butenyllphosphonate: &)- 3e 

YieM: 85%; b.p. 13O”C/O.O01 mmHg (lit. lo 13OWO.01 mmHg). ‘H-NMR spectrum was identical with that 

reported for w3e.l” 

General procedure for preparation of dialkyl I -(acetyloxy)phosphonatestes: -5-e 

Phosphonate (&3 was dissolved in dry pyridine (5 ml for every 10 mmol of substrate) and acetic anhydride 4a 

( 1.7 ml for every 10 mmol of substrate). The reaction mixture was stirred at room temperature for I8 h. Volatile 

materials were removed under reduced pressure and the crude product was purified by bulb to bulb distillation at 

high vacuum to give compounds ($-Sa-e as colorless oils. 

Dimethyl [l-(acetyloxy)phenylmethyl]phosphonate: &)-Sa 

Yield92%; b.p. 13OWO.001 mmHg. IRq_ 3032,2958,2855,1757,1455,1372,1264,1227,1186,1032,837, 

700cm~1.1H-NMR:82.18(3H,s,MeCO),3.65,3.72(2x3H,2xd,J=10.3,P(OMe)2),6.17(IH,~J=13.3,Ph~, 

7.32-7.50(5H,m,C6H5). Elementalanalysis(%):C~~H~~O~Pcalcd.:C:51.17,H:5.86;found:C:51.~,H:5.88. 
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Diisopropyl [l-(acetyloxy)phenylmethyl]phosphonate: &)- 5b 

Yield92.OZ; b.p. llOeC/O.OOl mmHg. IRY, 2978,1752.1374,1227,994cm-t. ‘H-NMRz 61.08,1.23,1.28, 

1.29(4x3H,4xd,J=6.4,P(~~)L),2.16(3H,s,MeC0),4.59,4.67(2x1H,2xm.P(~~~),6.08(1~d,J 

= 14.3, PhC!I&7.29-7.50 (5H,m, C&). Elemental analysis(%): C151-&jOSPcalcd.: C: 57.32, H: 7.38; found: C: 

57.58, H: 7.28. 

Dimethyl [I-(acetyloxy)ethyl]phosphonate: (A- SC 

Yield89’8a;b.p. 105°C/0.01 mmHg(lit.z85-870C/2mmHg).IR~296-0,2857, 1751,1448.1374,1228,1032, 

834 cm-*. ‘H-NMR: 6 1.47 (3H, dd, J = 7.4,17.2, M&H), 2.12 (3H, s, MeCO). 3.80,3.86 (2x39 2xd, J =10.3, 

P(OMe)$, 5.30 (lH, dq, J=7.4,8.9, CHP). Elemental analysis(%): CeHljOSPcaIcd.: C: 36.74,H: 6.68; found: C 

37.02, H: 6.71. 

Diisopropyl [l-(acetyloxy)ethyl]phosphonate: (&- Sd 

Yield90%, b.p. 1 15°C/0.001mmHg.IR~ 2983,2938,1752,1375,1229,1107,1068,989 cm-‘. ‘H-NMRz 8 

1.33(4x3H,overlappingd,P(~~~),1.44(3H,dd,J=6.9,16.2,~,2.11(3H,s,MeC0).4.76(2xlH,m. 

P(OC~e)&), 5.19 (IH, dq, J = 6.9,8.9, CHP). Elemental analysis(%): CloI$lOSP calcd.: C: 47.62, H: 8.39; 

found: c: 47.55, H: 5.92. 

Dimethyl I(E)-1-acetyloxy-2-butenyI]phoaphonate: (&Se 

Yield 95%; b.p. 130nC/0.001mmHg. ‘H-NMR spectrum was identical with that reported for m!k’u 

Preparation of diisopropyl I-(chloroacetyloxy)phenylmethylphosphonate: &)-Sf. 

Chloroacetyl chloride 4b ( 30 mmol) was added to a solution of a-hydroxyphosphonate @3b ( u)mmol) in dry 

methylene chloride ( 20ml) with triethylamine ( 35 mmol). The reaction mixture was kept at room temperature for 

18h. Water was added. The organic layer was washed with a saturated aqueous solution of NaHCO5, brine, and 

then dried (Na$O4). The solvent was removed and the residue was purified by flashchromatography (Rf= 0.59, 

methylene chloride/ ethyl acetate: 5/l) and bulb to bulb distillation ( b. p. 16OT/O.001 mmHg) to afford a 

colorless oil which solidfied on standing, yield 83%; m.p. 6264OC. IR b 2982.2938,1772,1258,1157,1104, 

999,698 cm-t. tH-NMR: 61.08,1.24,1.28,1.30 (4x3H, 4xd, J = 6.4, P(OCH&.&, 4.16 (2H, AB system J = 

15.3, ClCH& 4.61,4.68 (2xlH, 2xm, P(OQ$4e&), 6.12 (H-I, d, J = 13.8, CHP), 7.34-7.51 (5H, m, C&I+. 

Elemental analysis(%): C,+I.+105P calcd.: C: 51.66, H: 6.36; found: C: 51.88, H: 6.52. 

Preparation of diisopropyl I-(butyryloxylphenybnethylphosphonate: WSg 

Butyryl chloride 4c ( 30 mmol ) was added to a solution of a-hydroxyphosphonate w3b ( 20 mmol ) in 
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drypyridine (2Oml). Thereactionmixture was kept atroomtemperaturefor 18 h. Volatilematerialswemremoved 

under reduced pressure (0.01 mm, up to 40°C). 2 N HCI (30 ml) and CH2Q2 (70 ml) were added to the residue. 

After stirring for 10 min, the organic phase was separated, dried (Na.$04), concentrated and bulb to bulb distilled 

to afford compound (&-5g as colorless oil. Yield 80%; b.p. 1251300C/p.01 mmHg. IR I+_ 2978, 1751, 1386, 

l259,1163,1104,995cm-‘.‘H-NMR: &0.93(3H, t,J=7.4,&CH&H2CO), 1.08,1.22,1.27,1.29(4~3H,4xd,J 

= 6.4, P(OCHb&&), 1.67 (W, m, CH@&CH$O), 2.40 (2H, t, J = 7.4, CH$O), 4.62 (2H, m, P(OCHMe&), 

6.09 (lH, d, J = 14.3, CHP), 7.29-7.49 (5H, m, C,&). Elemental analysis (%): C,,%,O,P c&d.: C: 59.64, H: 

7.95; found: C: 59.55, H: 8.08. 

General procedure for enzymatic hydrolysis of dialkyl I -(acyloxyalkyl)phosphonates &5 

Phosphonate Q-5 (1 mmol) was placed into a three-necked (pH-electrode, device for addition of base, argon 

balloon) flask (25 ml), followed by addition of organic solvents (see Table 1) and sterile 0.05 M phosphate buffer 

( 15ml; prepared by dissolving 25 mmole of KH2P04 in 300 ml of distilled water, adding 1 N NaOH to adjust pH to 

7, followed by addition of water to a final volume of 500 ml, and then by autoclaving at 121 OC for 20 min). The 

mixture was stirred vigorously in a constant temperature water bath (see Table 1) and 0.5N NaOH was added by 

the autotitrater to bring pH to 7.0. The enzyme was added, the pH again adjusted to 7.0, and kept them by 

automatic addition of base. When the appropriate amount of base had been added, 1N HCl was added to bring the 

pH to 4.0. The mixture was filtered through Celite and the filtrate was extracted with ethyl acetate (three times). 

The organic layers were combined, dried (Na$O,& and concentrated. Unreacted ester 5 and hydroxy- 

phosphonate3 were separated by flash chromatography (for yield, optical rotation value and enantiomeric excess 

seeTable 1). Separationofmixturesof3amG(solventssystem; Rffor3,Rffor5): 3a/Sa[methylenechlotide (MC) 

/ethyl acetate (EA), 5:l; 0.12,0.43]; 3b/Sb (MC/ EA, 5:l; 0.15, 0.45); 3c/5c (MC/EA. 5:3; 0.10,0.28); 3d/5d 

(MC/EA, 5:3; 0.14,0.31); 3e/5e ( MC/EA, 5:l; 0.11,0.33). 

The unreacted ester 5 was dissolved in dry methanol (5 ml) and triethylamine (1 ml) and stirred at room 

temperature until completion (TLC, ca. 24 h). The solution was concentrated and the crude product was purified 

by flash chromatography to yield a-hydroxyphosphonate 3 (for yield, optical rotation value and enantiomeric 

excess see Table 1). 

The a-(acetyloxy)phosphonates &&5b, &)&I, and @-5e (10 mmol) were hydrolyzed in a similar way, except 

that different quantities of 0.05 M phosphate buffer (PH 7, 50 ml) and organic solvents (text-butyl methyl 

ether/hexane: l/3; 20 ml) were added. For details see Table 1. Resolution of @-Sbfumished 1.42g (45%) of(R)- 

(+)-5b and 1.14g (42%) of (S)-(-)-3b. Recrystallization of (S)-(-)-3b from methylene chloride/hexane afforded 

optically pure material 0.7888 (ee >99%), m.p. 98-lO@C, [aID = -28.18 (c = 1.7). The ‘H-NMR spectrum was 

identical with that of &)-3b. 

Using the general acetylationprocedure, (S)-(-)-3b with ee 99% wasacetylatedto yield (S)-(-)-Sb, [al,-,=-37.51 
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(c = 1.029). Its IR and ‘H-NMR spectra were identical with those of (&SIX 

General procedure for preparation of Masher S derivatives of phosphonates 3 with (S)-(+)-MTPA-Cl 

a-Hydroxyphosphonate 3 (0.037 mmol) was dissolved in a mixture of methylene chloride (1mI) and pyridine 

(lml). (S)-(+)-a-methoxy-a-trifluoromethylphenylacetic chloride (MTPA-Cl) (20 mg, 0.079mmol) was added. 

The solution was allowed to stand at room temperature for 14 h. The solvents wereremoved at reduced pressure. 

Water was added and the crude material was extracted with ether. The organic phase, was washed with dilute 

hydrochloric acid, a saturated aqueous solution of sodium carbonate and water, dried (MgSOJ, filtered, and 

concentrated. Theresidue was purified by flash chromatography (methylene chloride/ethylacetate 10: 1; R@t) = 

0.64, R&Q) =0.64, R#c) =0.55, Rr(3d) =0.56,Rf@e) =0.59), giving Mosher’sderivatives (yieldca. 958)for 

‘H-NMR analysis. The following signals were used for thedetetmination of e.e.: for 3a: 6= 6.35,6.32; for 3b: 6= 

6.20,6.18;for3c:6= 1.58, 1.49; for3&6=4.73,4.61; for3e:6=5.62,5.51. 

Determination of absolute configuration of phosphonates 3 by the Horeaus method 

The procedure given in ref.14 was followed using phosphonates (-)-3a (ee >99%), (-)-3b(ee >99%), (+)-3d (ee 

87%) and (-)-k(ee 89%). The values for [a],‘O ( optical yield, not corrected for compounds with only ee = 87% 

for (+)-3d and 89% for (-)-3e ) of the isolated chiral2-phenylbutyric acidwere -14.58 (45%), -5.19 (16%), +23.6 

(73%), and -11.18 (35%). 

Conversion of (S)-(-)-36 to (S)-(-)-3a 

(S)-(-)-3b (100 mg, 0.37 mmol, ee >99%) was dissolved in dry Ccl, (4ml) and bromotrimethylsilane (281mg, 

1.84mmol)andallyltrimethylsilane(126mg. 1.1 mmol) wereadded.Thereactionmixture was keptat50eCfor24 

h. Volatilematerials were removed underreduced pressure (0.5 mmHg), and thcresidue was stirred with a mixture 

of water (2rnl) and methanol (2ml) at room temperature for 0.5 h. A distilled etheral solution of diazomethane was 

added until a yellow color persisted. Removal of solvents and flash chromatography (methlyene chloride/ethyl 

acetate: 5:1;Rtfor(S)-(-)-3a0.12,Rffor(S)-(-)-Sa0.43) afforded66mg(78%)of (S)-(-)-3a. m.p.9698OC. [a]D= 

-45.79 (c = 1.32). The ‘H-NMR spectrum was identical with that of (+J3a. 
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