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Abstract: The enzymatic hydrolyses of a variety of a-substituted mandelic and lactic 

esters using pig liver esterase (PLE) have been investigated. High to moderate 

enantioselectivhy was found for various a-substituted mandelic esters, whereas PLE 

showed low to no enantioselectivity for a-substituted lactic esters. We observed that the 

enantioselectivity of PLE depends strongly on the length and nature of the subs&rent 

at the a-position. Some consequences for an active site model of PL.E are discussed. 

INTRODUCTION. 

During the past two decades enzymes have heen recognized more and more as synthetically 

useful tools in asymmetric synthesis.’ Of the hydrolytic enzymes pig liver esterase (PLE) has received 

particular interest mainly due to its broad substrate specificity and accompanying high enantioselecti- 

vity often found.2 PLE has been used mostly for the hydrolysis of meso and prochiral diesters,3 but 

some resolutions of more challenging racemic monoesters have been accomplished also4 We recently 

reported, for example, on the PIE catalyzed hydrolysis of a-substituted a-hydroxy esters? It was 

found that PLE showed a high degree of enantioselectivity (E6 = 30) for the ester of a-allyl-mandelic 

acid (la) but that the hydrolysis of the corresponding lactic ester (lb), although it proceeded readily, 

was much less selective (E = 3) (Scheme 1). 

Scheme 1 

1 2 1 

0: R1 = C6Hg a R1 - CgH5 
b: RI = CHg b: Rl = CHJ 

In order to gain more information about the factors that determine both the reactivity and enantiose- 

lectivity of PLE , we investigated the enzymatic hydroIyses of various a-substituted mandelic and lactic 

esters wherein the size and nature of the substituent adjacent to the carbonyl group were varied. The 
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influence of the polar hydroxyl function of the u-hydroxy esters was examined by derivatization to the 

corresponding less polar silylated compounds. The results provide information on the catalytically 

active site of PLE. The results will be discussed on the basis of a recently proposed active site 

model.’ 

RESULTS. 

The ester substrates were prepared straightforwardly from the acetorddes of racemic mandelic 

and lactic acid as outlined in Scheme 2. 

CO2Et 
0.b ) 

2 

3 

o: R, = C6Hg 
b: R, = CHJ 

4 5 

a: R, = C6Hg. R2 = CH$-I=CH(CHJ) 

b: R1 = C6Hg. Rp = CH2C6H6 

e: R1 = CHJ. Rg = CH2CH=CH(CH$ 

Scheme 2 Reagents: a: LDA; b: R,Br; c: EtOH, HCl. 
f: R, = CHg. R2 = CH$H=CH(C6H6) 
h: R, = C6H5, R2 = CH$ZH=CH(C6H5) 

A different approach had to be followed for the synthesis of Se because akylation of 3s with 

methallylchloride failed. However, we found that 3a could be alkylated with methallyl acetate in the 

presence of a catalytic amount of a Pd” catalyst (Scheme 3). 

0 0 xx nb 

0 
W5 W's 

JO 4c 

6c SC 

Scheme 3 Reagents: a: LDA, b: Pd(dba)r, dppe, CH2=C(CHs)CH20Ac; c: KOH, MeOH, 

d: HCI; e: C&CO,, EtI. 

This approach has been extended to other allylic substrates and provides a catalytic entry to (r- 

substituted a-hydroxy acids, as will be described elsewhere. * The allylated dixolanone 4c was subse- 

quently hydrolyzed under basic conditions to give a-hydroxy acid 6c, which was esterifled. Attempts to 

esterify 6e under acidic conditions (EtOH/I-ICl) led to y-lactone formation. The synthesis of the O- 
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protected derivatives Sg-m (Figure 1) was accomplished following literature procedures (see 

Experimental Section). 

5q: R, = CHq R2 = TMS. R3 = CgH5 

5i: R, = 043. Rp = TMS. R3 = H 

5i. R, = CH3. Rp = TBDMS. R3 = H 

5k: R, = CH3. R2 = TMS. R3 = CH3 

51: RI = CH3. R2 = CH2C6H5 R3 = H 

Figure 1 
!hRj =C6Hg.Rq=TMS.R3=H 

The PLE catalyzed hydrolyses were performed in 0.05 M aqueous phosphate buffer at pH 8 or 

7 (the silylated compounds) at 28 “C. The hydrolysis was stopped after 4030% conversion and the 

acidic product and unhydrolyzed ester were isolated in good yields (Scheme 4). 

5 6 

a R, = C6H5 R2 = CHzCH=CH(CH3) 
b: R1 = C6H5 Rz= CH2C6H5 
c: R, = C6H5 R2 = CH2C(CH3)=CH2 
d: R, = C6H5 R2 = CH3 
e: R, = CH3. R2 = CH$H=CH(CH3) 
f: R, = CH3. Rp = CH2CH=CH(C6ti5) 
h: R, = C6H5 R2 = CH$H=CH(C6Hs) 

Scheme 4 

C02Et 

-6% - 
H02h6H) + ClH5 

OTMS 

59 6f 5f 

The results of the hydrolyses are summarized in Table I. 

The absolute configurations of the hydrolyzed esters 6a-f were determined by chemical 

correlation (Scheme 5). Thus, ozonolysis of 2a, the absolute configuration and maximum rotation of 

which are known,’ resulted, after oxidative work-up and esterification in (S)-2&ydroxy-2-phenyl- 

succinic acid diethylester (7). C&dative degradation and esterification of 6a yielded the same 

compound. Hydrogenation of 6c afforded (S)-2-hydroxy4methyl-2-phenyl-valeric acid (8), the 

absolute configuration of which has been established.g The configurations of optically active lactic 

acid derivatives 6e and 61 were established by oxidation to eitramalic acid (9) and dimethyl citramala- 

te (lo), respectively. The absolute con@uration of 6d is known born the literature,‘o whereas those 

of 6b and 6b remain undetermined. The ee ‘s of nonracemic products were determined by conversion 

into the corresponding (S)-2-chloropropanoyl derivatives, followed by ‘H NMR analysis.” This 
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method has proved to be very suitable for these compounds. 

Scheme 5. Reagents: a: 0s; b: H,O, HCO,H, c: EtOH, HCI, d: Pd/C, Ha; 

e: MeOH, HCl; fi chrom. (SiOs). 

The data in Table I show that with exception of sllylated hydroxy ester Sm, the substituted 

mandelic esters all react with PLE., and are hydrolyzed with greater cnantiospecificity than the 

substituted lactic esters. For the substituted mandelic esters the length and size of the fourth 

substituent on the stereogenic carbon atom has a dramatic influence on the stereospecificity. In this 

series PLE exhibits an optimum in specificity for an allylic substituent with a C, chain length (entry 

3). In this case, both unhydrolyxed ester and acid were isolated in high enantiomeric excess. (S)& 

could be obtained in enantiomerically pure form after one recrystallization. The enantiospecificity for 

6a, which has a C, length chain substituent, is significantly lower, although still acceptable for most 

synthetic purposes. A dramatic decrease in E value was observed going from a methallyl substituent 

to a much smaller methyl (entry 4) or a much larger benxyl (entry 2) substituent. In all cases in which 

the absolute configuration of the products could be established, the enzyme hydrolyzed the (S)- 

enantiomer preferentially (except Sg). The rate of hydrolysis was comparable for 5a,c and d (about 30 

nmol/min/mg PLE), but was much slower for substrate Sb. This is probably due to steric factors. 

Interestingly, when the hydroxyl group of la is converted to a sllyloxy group (Sm) PLE does not 

accept the compound as a substrate (entry 10) again probably because of steric factors. Even in the 

presence of a cosolvent (up to 30% DMSO), which may overcome solubility problems of the 

substrate, the ester is still not hydrolyzed. On the contrary, the corresponding free hydroxy ester was 

hydrolyzed with high enantioselectivity.s It was found that ester 5h, which we had reported not to be 

hydrolyzed by Pe5 does react, although very slowly and with low enantiospecificity, when DMSO 

was added as a colsolvent in the hydrolytic reacdon. 
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PLE exhibited very low or no enantiospecificity in the hydrolysis of the alkylated lactic esters. 

The lactic esters were hydrolyzed more rapidly than the mandelic esters. In contrast to the mandelic 

esters silylation of the lactic esters led to compounds that stilJ were hydrolyzed by PLE, albeit 

sometimes slowly (5g and Sj). However, protection of the hydroxyl group resulted in general in 

complete loss of stereospecificity. This may be attributed to the loss of a possible binding mode of the 

substrate via a polar interaction. Recently it has been shown that cu-benzyloxy ester 51 (as methyl 

ester) can be hydrolyzed enantioselectively using Lipase OF. l2 However, with PLE we isolated only 

racemic products. 

DISCUSSION. 

The results presented here help delineate the fine balance between reactivity and enantioselec- 

tivity of PLE. In this respect, more information about the active site of PLE would greatly facilitate 

the design of substrates for PLE that could be hydrolyzed with high stereoselectivity. Recently Jones 

and coworkers proposed an active site model for PLE that reflects the topography of the enzyme 

pocket.7 This model, which can rationalize many reported PLE catalyzed hydrolyses, consists, in 

addition to the serine containing ester hydrolysis region, of four binding sites. Two of these sites can 

accommodate hydrophobic portions of the substrate and two can accept more polar groups. One of 

the hydrophobic sites is relatively small and can accommodate groups up to C, in size. A group which 

fits well in this pocket will experience the best hydrophobic interaction and will contribute strongly in 

binding one of the enantiomers of the substrate. However, there has to be another effective 

interaction between a portion of the substrate molecule and the active site in order to control the 

stereochemical outcome of the hydrolysis. This can be a polar interaction as shown to occur in the 

stereoselective hydrolysis of diester substrates. ’ For our substrates, however, a polar interaction seems 

to be less dominant. This can be concluded from the large difference in stereospecificity of PLE for 

la and 5a compared with lb and 5e. A phenyl group seems to interact far better than a methyl group, 

which may be indicative for a a-interaction from the aromatic group with the active site. Recently it 

has been suggested that the presence of unsaturation near the chiral center may contribute strongly in 

the factors that determine the enantioselectivity of PLE in the hydrolysis.13 Such an interaction 

indeed may be responsible for the better recognition of the substituted mandelic esters compared to 

the substituted lactic esters. 

Finally, since the enantiomeric ratio for substrates 5a-d is greatly influenced by the size of the 

substituent, one must conclude that the interactions that determine the enantioselectivity of PLE are 

extremely subtle for compounds with a great degree of conformational flexibility. We clearly observe 

a significant interaction of an ally1 or methallyl group with the active site. This is in accordance with 

findings reported by Jones et al.,’ who suggest the presence of a small hydrophobic pocket in the 

active site, which will maximize its hydrophobic binding potential if an entering moiety completely fills 
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the pocket. A C4 fragment (entry 1) seems to be marginally larger than the size of the small pocket 

and gives rise to another binding mode of the substrate, leading to the hydrolysis of the other 

enantiomer. Still there is a prevalent binding of the crotyl moiety in the small hydrophobic pocket 

resulting in a reasonable enantiomeric excess of the product. From these experiments it is also clear 

that a substrate with a substituent that will not maximize the hydrophobic binding potential, because 

it is too large to fit in the pocket (benzyl) or too small to interact well (methyl), will give low 

enantioselectivity in PLE catalyzed hydrolysis. Although Jones’ active site model seems to work well in 

rationalizing the outcome of PLE catalyzed hydrolysis of mainly diester substrates, it is less adequate 

to interpret fully the stereoselectivity observed in the hydrolysis of racemic monoesters. Furthermore 

the enzyme can accept substrates that will not bind effectively in the active site but still can be 

located near the active hydrolytic region. This makes the difference between hydrophobic and polar 

pockets less clearly defined. 

In summary it is clear that PLE may be successfully used for the resolution of racemic cy- 

substituted a-hydroxy esters. Not surprisingly there is a question of optimal fit for optimal enantiose- 

lectivity of hydrolysis. T’he lactic acid family seems to be characterized by an improper set of 

substituents about the stereogenic carbon; the compounds are accepted by PLE but the interplay of 

substituents with the enzyme is too weak, too aselective, to allow good enantiorecognition. On the 

other hand, the mandelic acid family has members that are hydrolyzed with good to excellent 

enantioselectivities. However, likely because of much tighter and more selective interplay of 

substituents with the enzyme, the risk of total loss of reactivity becomes higher. 

Such a conclusion seems inherently logical - a “fit” can be too small, about right, or too large. 

The present work provides some definition of what “too small”, ++ about right”, and “too large” may be 

for PLE. 

EXPERIMENTAL SECTION. 

General remarks. Dioxolanones 3a,b and esters la,b and 5h were synthesized as described 

previously? All enzymatic reactions were performed with a Radiometer PHM 82 pH stat, equipped 

with a TIT 80 titrator and a AEW 80 autoburette. PLE-A was obtained from Amano Pharmaceutical 

co. 

General procedure for the alkylation of the enolate from the dioxolanones 3a or 3b, with 

electrophiles. A 0.10 mol run is described. A solution of 3a or 3b (0.10 mol) in THF (30 mL) was 

added to a solution of LDA (0.11 mmol) in TI-IF-hexane (l:l, 135 IL) at -78 “C. After being stirred 

for 30 min, the mixture was cooled to -78 “C and the electrophile (m. 0.14 mol) was added. The 

reaction mixture was allowed to warm to room temperature (in about 3h) and poured into a half- 

saturated ammonium chloride solution (150 mL) and diluted with ether. After the organic layer was 
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allowed to stir overnight and was then poured into a half saturated aqueous ammonium chloride 

solution (10 mL) followed by extraction with ether (3 x 15 mL). The organic layer was dried (NazS04) 

and the solvent was removed in vacuum. Kugelrohr distillation (84 “C, 0.02 mm Hg) of the residue 

afforded 4c (1.20 g, 82%) as a colorless oil. ‘H NMR (C,D,, 300 MHz) S 1.16 (s, 3H), 1.45 (s, 3H), 

1.83 (s, 3H), 2.67 (d, lH, J = 14.0 Hz), 2.93 (a, lH, J = 14.0 Hz), 5.00 (s, lH), 5.04 (s, lH), 7X-7.30 

(m, 3H), 7.85-7.89 (m, 2H). 13C NMR (CsDs) S 22.63 (q), 23.50 (q), 25.64 (q), 47.17 (t), 82.07 (s), 

107.66 (s), 114.57 (t), 123.27 (d), 126.06 (d), 126.53 (d), 138.10 (s), 138.73 (s), 170.41 (s). Anal. Calcd 

for CISH,,O,: C, 73.15; H, 7.37. Found: C, 73.34; H, 7.44. 

General Procedure for the Deprotection of the Dioxolanones and Esterification. HCl gas was 

bubbled through a solution of the dioxolanone in absolute ethanol for 5 min. After being refluxed 

overnight, the solution was cooled and poured into saturated aqueous sodium bicarbonate. Ethanol 

was removed under reduced pressure and the remaining aqueous layer was extracted with ether. The 

combined organic layers were dried over Na,SO, and concentrated in vacuum. Kugelrohr distillation 

of the residue afforded the desired ethyl ester. 

Ethyl Z-Hydroxy-2-phenybbhexenoate (5a). 4a (0.77 g, 3.1 mmol) in absolute ethanol (5 mL), 

afforded, after Kugelrohr distillation (100 “C, 0.05 mm Hg) 0.52 (74%) of Sa as a colorless oil. The 

product consisted of a 4:l mixture of E,Z isomers. lH NMR (CDCI,, 300 MHz) 6 1.26 (t, 3H), 1.66 

(d, 3H, J = 6 Hz), 2.60-3.08 (m, 2H), 3.72 (s, lH), 4.12-4.34 (m, 2H), 5.36572 (m, 2H), 7.24-7.68 (m, 

5H); 13C NMR (CDCl,) S 13.92 (q), 14.01 (q), 17.98 (q), 37.17 (t), 43.00 (t), 62.17 (t), 77.95 (s), 

123.61 (d), 124.46 (d), 125.41 (d), 127.52 (d), 127.82 (d), 128.00 (d), 130.05 (d), 141.46 (s), 174S2 (s). 

Ethyl 2-Hydnq-2-phenyl-phenylpropan~te (5b). Using a solution of 4b (2.4 g, 8.5 mmol) in 

absolute ethanol (IO mL) (in this particular case it was necessary to reflux the solution for 48 h) , 

there was obtained after Kugelrohr distillation at 145 “C (0.1 mm Hg) 1.83 g (80%) of 5b as a 

colorless viscous oil. ‘H NMR (CDCI, 300 MHk) S 1.36 (t, 3H), 3.22 (d, lH, J = 15 Hz), 3.60 (d, lH, 

J = 15 Hz), 3.66 (s, IH), 4.18 (q, 2H), 7.24 (s, 5H), 7.32-7.72 (m, 5H); 13C NMR (CDCl,) S 13.92 (q), 

45.78 (t), 62.29 (t), 78.50 (s), 125.51 (d), 126.72 (d), 127.62 (d), 127.82 (d), 128.05 (d), 130.37 (d), 

135.61 (s), 141.55 (s), 174.04 (s). 

Ethyl 2-Hydroxy-2-methyl-dte (se). Starting from 4e (6.8 g, 37.0 mmol) in absolute 

ethanol (100 mL), 55 g (85%) of 5 e was obtained as a colorless oil, after Kugelrohr distillation (55 

“C, 1.5 mm Hg). The product consisted of a mixture of E,Z isomers. ‘H NMR (CDCI,, 300 MHz) 6 

1.25 (t, 3H), 1.36 (s, 3H), 1.63 (d, 2H, J = 6.6 Hz), 2.23-2.43 (m, 2H), 3.11 (s, lH), 4.14-4.23 (m, 2H), 

5.27-5.48 (m, 2H); 13C NMR (CDCl,) S 14.13 (q), 17.89 (q), 25.21 (q), 25,40 (q), 37.75 (t), 43.36 (t), 

61.50 (t), 74.30 (s), 123.80 (d), 124.51 (d), 127.57 (d), 129.66 (d), 176.39 (s). 

Ethyl 2-Hyd~Hy-2-methyl-5~phenyl4~~n~~ (50. 4f (8.7 g, 35-4 mmol) in absolute ethanof 

yielded after distillation (bp 97-101 “C, 0.05 mm Hg), 6,7 g (81%) of 5f as a colorless oil. ‘H NMR 

(CDCI,, 300 MHZ) S 1.28 (t, 3H), 1.46 (s, 3H), 2.X-2.69 (m, 2H), 3.3 (s, lH), 4.18-4.28 (m, 2H). 6.13- 
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6.24 (m, lH), 6.45 (d, lH, J = 15.4 Hz), 7.20-7.36 (m, SH); 13C NMR (CDCl,) S 14.16 (q), 25.45 (q), 

43.79 (t), 61.68 (t), 74.44 (s), 123.76 (d), 126.02 (d), 127.15 (d), 128.31 (d), 133.77 (d), 136.98 (s), 

176.26 (s). 

2-Hydroxy-2-phenyl4methyl4pentenoic-acid (SC). To a solution of dioxolanone 4c (0.9 g, 3.7 

mmol) in MeOH (8 rnL) was added a solution of KOH (1.0 g, 17.9 mmol) in H,O (5 mL). After 

stirring overnight MeOH was removed in vacuum and H,O (5 mL) was added. The resulting solution 

was acidified with cont. aqueous HCl. The white solid which precipitated was taken up in ether (5 

mL). After separation of the organic layer the aqueous layer was extracted with ether (3 x 5 mL). 

Drying (NqSO,) of the combined organic layers and evaporation of the solvent afforded 6c (0.7 g, 

92%) as a white crystalline compound. ‘H NMR (CDCI, 300 MHz) S 1.70 (s, 3H), 2.74 (d, lH, J = 

14 Hz), 3.10 (lH, J = 14 Hz), 4.85 (s, lH), 4.95 (s, lH), 7.18-7.67 (m, 5H). 13C NMR (CDCl,) S 23.75 

(q), 47.31 (t), 99.38 (s), 116.25 (t), 125.30 (d), 127.96 (d), 128.22 (d), 140.61 (s), 178.38 (s). 

Ethyl 2-Hydroxy-2-phenyl4-methyl-epentenoate (5~). To a stirred suspension of 2-hydroxy-2- 

phenyl-4-methyl-4-pentenoic acid (6c, 0.61 g, 3.0 mmol) and C&CO, (1.95 g, 6.0 mmol) in DMF (15 

mL) was added dropwise a solution of ethyl iodide (2.34 g, 15 mmol) in DMF (25 mL). The mixture 

was stirred for 24 h. Water was added (20 mL) and the resulting solution was extracted with ethyl 

acetate (3 x 30 ml). The combined organic layers were washed with a saturated NH@ solution (3 x 

40 mL) and brine (40 mL). After d*ng (Na,SO,), the solvent was removed in vacuum. An oil pump 

(1 mm Hg) was used to remove the last trace of DMF. Kugelrohr distillation (0.05 mm Hg, 90 “C) of 

the residue afforded 5c (0.65 g, 939’) o as a colorless oil. ‘H NMR (CDCl,, 300 MHz) S 1.21 (t, 3H), 

1.67 (s, 3H), 2.62 (d, lH, J = 13 Hz), 2.98 (d, lH, J = 13 Hz), 3.70 (s, lH), 4.10-4.20 (m, 2H), 4.72 

(s, lH), 4.82 (s, lH), 7.16-7.59 (m, 5H). 13C NMR (CDCl,) S 13.88 (q), 23.96 (q), 47.21 (t), 62.20 (t), 

78.04 (s), 114.97 (t), 125.41 (d), 127.48 (d), 127.97 (d), 141.07 (s), 142.07 (s), 174.64 (s). 

Ethyl 2-Hydroxy-2-phenylpropionate (5d). 2-Hydroxy-2-phenylpropionic acid hemihydrate 

(atrolactic acid hemihydrate, 3.5 g, 20.0 rnmol) was dried under reduced pressure at 55 “C (l-2 mm 

Hg). The acid was dissolved in absolute ethanol (SO mL) and HCl gas was bubbled through for S min. 

After refluxing overnight and workup as described above 3.2 g (83%) of 5d was isolated as a colorless 

oil, after Kugelrohr distillation (80 “C, 0.05 mm Hg). ‘H NMR (CDCl,, 300 MHz) S 1.26 (t, 3H), 2.79 

(s, 3H), 1.84 (s, lH), 4.16-4.32 (m, 2H), 7.24-7.60 (m, 5H); 13C NMR (CDCl,) S 13.88 (q), 26.58 (q), 

62.23 (t), 75.51 (s), 124.98 (d), 127.55 (d), 128.09 (d), 142.71 (s), 175.43 (s). 

Ethyl 2-Benzyloxy-2-methyl4pentenoate (51). This compound was prepared analogously to a 

literature procedure.” To a suspension of NaH (0.78 g, 55% in mineral oil, 18 mmol) in THF (5 mL) 

was added to a solution of lb (2.37 g, 15 mmol) in THF (5 mL) at 0 “C. The mixture was stirred at 

room temperature for 1.5 h and a solution of benzyl bromide (3.5 g, 21 mmol) in THF (5 mL) and 

tetra-n-butylammonium iodide (0.55 g, 2.0 mmol) were added at 0 “C. Stirring was continued at room 

temperature for 2 h, and then the mixture was heated under reflux for 2 h. After cooling, the mixture 
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was quenched by addition of a saturated ammonium chloride solution and extracted with ether. The 

combined extracts were washed with a 10% Na&O, solution and brine, dried (Na$O,) and 

concentrated in vacuum. Distillation of the residue afforded 51 (2.3 g, 62%) as a colorless oil: bp 108- 

110 “C (0.1 mm Hg); ‘H NMR (CDCI, 300 MHz) S 1.24 (t, 3H), 1.43 (s, 3H), 2.47-2.61 (m, 2H), 4.16 

(q, 2H), 4.43 (s, 2H), X02-5.14 (m, 2H), 5.73-5.87 (m, lH), 7.18-7.35 (m, SH). 13C NMR (CDCl,) 6 

14.19 (q), 21.27 (q), 42.87 (t), 60.80 (t), 66.66 (t), 72.01 (sJ118.34 (t), 127.27 (d), 127.39 (d), 128.09 

(d), 132.50 (d), 138.48 (s), 173.64 (s). 

General procedure for the silylation of a-hydroxy esters la,b and 5e,f. A procedure analogous 

to that described for silylation with silyl perchlorates14 was followed. A 10 mm01 run is described. A 

solution of the cr-hydroxy ester (10 mmol) and trimethylsilyl triflate (TMSOTf) or t-butyl dimethylsilyl 

triflate (TBDMSOTf) (15 mmol) in acetonitrile (4 ml) was cooled to 0 “C. F’yridine (20 mmol) was 

added dropwise and the solution was stirred overnight. The reaction mixture was then poured into 

pentane (15 mL). The pentane layer was extracted with a saturated NaHCO, solution (3 x 15 mL). 

The organic layer was dried (K&O,) and concentrated in vacuum. The residue was purified by 

Kugelrohr distillation. 

Ethyl 2-Trimethylsilyloxy-2-methyl-5-phenyl-4-pentenoate (5g). Starting from 5f (1.1 g, 4.7 

mmol), TMSOTf (1.6 g, 7.1 mmol) and pyridine (0.75 g, 9.4 mmol), 1.1 g (77%) of 5g was isolated as 

a colorless oil after Kugelrohr distillation (100 “C, 0.01 mm Hg). ‘HNMR (CDCl,, 300 MHz) S 0.15 

(s, 9H), 1.25 (t, 3H), 1.44 (s, 3H), 2.48-2.64 (m, 2H), 4.08-4.17 (m, 2H), 6.13-6.23 (m, lH), 6.37-6.43 

(m, lH), 7.17-7.35 (m, 5H). 13C NMR (CDCI,) S 2.06 (q), 14.19 (q), 26.06 (q), 45.20 (t), 60.83 (t), 

77.55 (s), 124.96 (d), 125.97 (d), 126.96 (d), 128.14 (d), 128.34 (d), 132.96 (d), 137.40 (s), 174.92 (s). 

Ethyl 2-Trimethylsilyloxy-2-methyl4Pentenoate (5i). cr-Hydroxy ester lb (1.6 g, 10 mmol), 

TMSOTf (3.3 g, 15 mmol) and pyridine (1.6 g, 10 mmol) afforded after Kugelrohr distillation (90 “C, 

15 mm Hg), 1.6 g (69%) of 5i as a colorless oil. ‘H NMR (CDCl,, 300 MHz) S 0.11 (s, 9H), 1.25 (t, 

3H), 1.39 (s, 3H), 2.39-2.42 (m, 2H), 4.15 (q, 2H), 5.00-5.06 (m, 2H), 5.70-5.82 (m, 1H). 13C NMR 

(CDCI,) 6 1.97 (q), 14.13 (q), 25.88 (q), 46.02 (t), 60.72 (t), 77.34 (s), 117.84 (t), 133.13 (d), 174.86 

(s). 

Ethyl 2-(t-Bntyl)dimethylsilyloxy-2-methyl-4-Pentenoate (Sj). Starting from lb (1.6 g, 10 

mmol), TBDMSOTf (4.0 g, 15 mmol) and pyridine (1.6 g, 20 mmol), 2.5 g (92%) of 5j was obtained 

as a colorless oil by Kugelrohr distillation (60 “C, 0.1 mm Hg) after removal of some not further 

identified reaction products from the crude reaction mixture by distillation at 100 “C (12 mm Hg). ‘H 

NMR (CDCl,, 300 MHz) S 0.06 (s, 3H), 0.10 (s, 3H), 0.87 (s, 9H), 1.25 (t, 3H), 1.39 (s, 3H), 2.33-2.49 

(m, 2H), 4.13 (q, 2H), 5.00-5.05 (m, 1H). 13C NMR (CDCl,) S 14.15 (q), 18.85 (s), 25.59 (q), 25.71 

(q), 25.93 (q), 46.45 (t), 60.63 (t), 77.06 (s), 117.74 (t), 133.23 (d), 174.82 (s). 

Ethyl 2-Trimethylsilyloxy-2-methyl-ehexenoate (5k). ~Hydroxy ester 5e (0.5 g, 2.9 mmol), 

TMSOTf (0.96 g, 4.3 mn101) and pyridine (0.45 g, 5.8 mmol) afforded after Kugelrohr distillation 0.35 
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g (48%) of Sk as a colorless oil, consisting of a mixture of E,Z isomers in a 41 ratio. ‘H NMR 

(CDCI,, 300 MHz) S 0.12 (s, 9H), 1.25 (t, 3H), 1.38 (major isomer), 1.40 (minor isomer) (s, 3H), 1.58 

(minor isomer), 1.63 (major isomer) (d, 3H, J = 7.5 Hz), 2.25-2.36 (major isomer), 2.36-2.47 (minor 

isomer) (m, 2H), 4.13 (q, 2H), 5.32-5.60 (m, 2H). 13C NMR (CDCls) 6 2.00 (q), 14.15 (q), 17.87 (q), 

17.93 (q), 25.82 (q), 38.90 (t), 44.82 (t), 60.61 (t), 77.31 (s), 77.52 (s), 124.52 (d), 125.44 (d), 126.51 

(d), 128.52 (d), 175.02 (s). 

Ethyl 2-Trimethylsilyloxy-2-phenyJ4Pentenoate (5m). From t-z-hydroxy ester la (1.1 g, 5.0 

mmol), TMSOTf (1.7 g, 7.5 mmol) and pyridine (0.8 g, 10 mmol), 1.2 g (82%) of 5m was obtained 

after Kugelrohr distillation at 100 “C (0.01 mm Hg) as a colorless oil; ‘H NMR (CDCl, 300 MHz) S 

0.16 (s, 9H), 1.26 (t, 3H), 2.81-2.98 (m, 2H), 4.10-4.28 (m, 2H), 5.00-5.10 (m, 2H), 5.66-5.78 (m, 2H), 

7.25-7.52 (m, 5H). l3 C NMR (CDCl,) 6 1.89 (q), 13.91 (q), 45.26 (t), 61.22 (t), 81.40 (s), 118.08 (t), 

125.41 (d), 127.24 (d), 127.79 (d), 132.95 (d), 142.16 (s), 173.2 (s). 

PLE Catalyzed Hydrolyses of cu-Hydrmy Esters 5a-f,h,l. The following procedure is representa- 

tive. PLE was added to a rapidly stirred suspension of a-hydroxy ester in 0.05 M KH,PO, buffer of 

pH 8 at 28°C. The pH was maintained at 8 by pH-stat-controlled addition of 2N aqueous NaOH. The 

reaction was allowed to proceed until the desired extent of hydrolysis, as determined by the volume of 

base added, had been achieved. The pH of the mixture was then adjusted to 2 by addition of 6N HCl. 

Ethyl acetate (20 mL) was added and the mixture was filtered over Celite. After separation of the 

organic layer, the aqueous phase was extracted with ethylacetate (3 x 20 mL). The organic phase was 

partly concentrated in vacuum (to a volume of approximately 20 mL) and washed with 5% aqueous 

NaHCO, solution (3 x 15 mL). Evaporation of the dried (Na,SO,) organic solution yielded the 

unreacted cr-hydroxy ester. The aqueous layer was acidified to pH 2 with 6N HCl and was then 

extracted with ether (3 x 20 mL). The organic phase was dried over Na,SO, and removal of the 

solvent in vacuum gave the cu-hydroxy acid. Specific details are given below. 

(S)-2-Hydroxy-2-phenyl-4-hexenoic acid (6a). Ester 5a (0.85 g, 3.6 mmol) in buffer (45 mL) 

with PLE-A (50 mg) yielded after 46% conversion, (R)-5a (0.45 g, 53% yield, 64% ee), [cy]s,s -3.4 (c 

1, EtOH) and cu-hydroxy acid (S)-6a (0.28 g, 38% yield, 75% ee) as a slightly colored oil, [(~]~~s +14.8 

(c 1, CHCl,). The acid was isolated as a 4:l mixture of E,Z isomers. ‘H NMR (CDCl,, 300 MHz) 6 

1.63 (d, J = 6.0 Hz), 2.63-3.08 (m, 2H), 5.32-5.71 (m, 2H), 7.24-7.61 (m, 5H); 13C NMR (CDCI,) 6 

18.04 (q), 37.20 (t, isomer), 43.08 (t), 77.80 (s), 123.76 (d), 125.36 (d), 127.97 (d), 128.08 (d), 128.26 

(d), 129.25 (d), 131.65 (d), 140.15 (s), 178.23 (s). Exact mass: m/e calculated for C12H1403: 206.094. 

Found: 206.094. 

(+)-2-Hydroxy-2,Miphenylpropanoic acid (6b). Ester 5b (0.44 g, 1.6 mrnol) in buffer (30 mL) 

with PLE-A (50 mg) afforded after 49% conversion, (-)-5b (0.18 g, 41% yield, 40% ee), [~y]~,s -16.4 (c 

1, CHCl,) and cu-hydroxy acid (+)-6h (0.17 g, 43% yield, 38% ee) as a slightly colored solid, [a)&,s 

+15.5 (c 1, CHCl,). Recrystallization of the acid from CHCl, resulted in enantiomeric enrichment of 
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the enantiomer which remained in solution. It was not possbie to obtain enantiomericatiy pure 

material in this way. ‘I-I NMR (CDCI,, 300 MHz) S 3.20 (d, lH, J = 15 Hz), 3.64 (d, IH, J = 15 HZ), 

7.20 (m, SH), 7.35-7.42 (m, 3H), 7.67.70 (m, 2H). 13C NMR {CDC&) S 45.70 (t), 77.32 (~1, 125.52 

(d), 127.13 (d), 128.10 (d), 128.21 (d), 12829 (d), 130,36 (d), 134.82 (s), 140.39 (s), 178.32 (s). Exact 

mass: m/e calculated for C15H140s: 242093. Found: 242.094. 

(S)-2-Hydroxy12-phe~y~4~~thy~~-~n~noic acid (6c). From ester SC (0.50 g, 2.1 mmol) in 

buffer (35 mL) with PLE-A (70 mg) was obtained after 52% conversion, ester (RI-5c (0.22 g, 44% 

yield, 86% ee), [cy& -17.4 (c 1, CHCI,), [a]578 +1.5 (c 1, EtOH), [a& -12.8 (c 1, EtOH) and (r- 

hydroxy acid (S)-6c (0.17 g, 39% yield, 80% ee), [cY]~~ +21.5 (c 1, CHCI,). Hydrolysis of the 

recovered ester (0.15 g, 0.64 mmol) in MeOH/KOH afforded a-hydroxy acid (R)-6~ (O.llg, 83% yield, 

86% ee) as a white solid, [a1578 -23.2 (c 1, CHCI,). Enantiomerically pure material was obtained after 

one recrystallization from CHC&/hexane (l:l), mp 129.4-129.6 “C, [cY]~,* -27.0 (c 1, CHCI,). Spectro- 

scopic data were identical with those described for racemic 6c. Anal. Calcd for qzH,,03: C, 69.88; H, 

6.84. Found: C, 69.75; H, 6.75. Exact mass: m/e calculated for C12HL403: 206.094. Found: 206.094. 

(S)-Atrolsctic acid I&l). From ester 5d (1.0 g, 5.2 mmol) in buffer (40 mL) with PLE-A (90 

mg) was isolated after a conversion of 42% (R)-5d (0.48g, 47% yield, 40% ee); [a], -9.4 (neat). [litI 

[QI]~ -23.7 (neat) (R)] and (QAtrolactic acid (&I, 0.35 g, 41% yield, 51% ee); [cu], +19.1 (c 1, 

EtOH). [lit” [cy&, +37.7 (EtOH) (S)]; lH NMR (C,D,, 300 MHz) S 1.71 (s, 3H), 6.34-6.94 (br, 2H), 

7.04-7.62 (m, 5H). 13C NMR (CsDs) S 26.96 (q), 76.10 (s), 125.54 (d), 128.11 (d), 128.59 (d), 142.76 

(s), 179.84 (s). Anal. C&d for C&,0,: C: 65.05; H, 6.07. Found: C: 64.93; H: 6.03. 

(S)-2-Hydmxy-2-methyl-4-hexenoic acid (de). 5e (2.6 g, 15.1 mmol) in buffer (15 mL) with 

PLE-A (260 mg) gave after 49% conversion, (R)-5e (0.83 g, 32% yield, 2% ee), [cY]~,~ +2.4 (c = 1, 

EtOH), and cr-hydroxy acid (S)-6e (1.10 g, 49% yield, 2% ee> as a slightIy colored oil, which was 

purified by Kugelrohr distillation (77 “C, 1.0 mm Hg): [cK]~~ -2.9 (c = 1, EtOH); ‘H NMR (CDCl,, 

300 MHz) S 1.44 (s, 3H), 1.68 (d, 3H, J = 6.7 Hz), 2.29-2.54 (m, 2H), 5.35-5.65 (m, 2H), 6,2-8,2 (br, 

2H); 13C NMR (CDCI,) S 17.89 (q), 24.94 (q), 43.10 (t), 74.40 (s), 123.76 (d), 130.76 (d), 180.82 (s). 

The product consisted of a mixture E,Z isomers. Exact mass: m/e calculated for qH&+ 144.078. 

Found: 144.079. 

(S)-2-Hydroxy-2-methyWphenyl4~&enoic acid (60. Ester 5f (2.50 g, 10.7 mmul) in buffer 

(14 mL) with PLE-A (450 mg) gave after 47% conversion, ester (R)-5f (1.15 g, 46% yield, 3% ee), 

t&I +2.4 (c = 1, EtOH), and acid (S)-6f (1.0 g, 46% yield, 3% ee), [or],, -6.3 (c = 1, CHCI,) as a 

slightly colored solid. The product consisted of a 6:l mkture of regioisomers. ‘H NMR (CDCl,, 300 

MHz) 6 1.66 (s, 3H0, 2.64-3.10 (m, 2H), 5.34-5.72 (m, 2H), 7.18-7.43 (m, 5H). 13C NMR (CDCI,) S 

18.03 (q), 43.12 (t), 77.83 (s), 123.79 (d), 125.38 (d), 127.97 (d), 128.28 (d), 131.73 (d), 140.21 (s), 

177.84 (s). Exact mass: m/e calculated for CIzH,,03: 206.094. Found: 206.094. 

I+)-Z-Eydroxy=2,5diphenyI4peMenoic acid (6h). A solution of ester 5b (0.59 g, 1.99 mmol) in 
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DMSO (10 mL) was added to a buffer solution (pH 8, 20 mL). The pH of the mixture was adjusted 

to 8 by addition of 1.0 N HCl and PIE-A (135 mg) was added. After a conversion of 46% there was 

islolated, (-)-5h (0.31 g, 53% yield, 10% ee), [~y]s,a - 10.7 (c 1, CHCl,) and a-hydroxy acid (+)-6h (0.16 

g, 30% yield, 12% ee), [o]s,s +6.3 (c 0.8, CT-JCL,). ‘H NMR (CDsOD, 300 MHz) 6 2.91-3.23 (m, 2H), 

5.03 (s, 2H), 6.24-6.34 (m, lH), 6.54 (d, lH, J = 16.1 Hz), 7.17-7.41 (m, SH), 7.70-7.73 (m, 2H). 13C 

NMR (CD,OD) 6 44.50 (t), 79.57 (s), 125.44 (d), 126.69 (d), 127.06 (d), 128.10 (d), 128.55 (d), 129.07 

(d), 129.38 (d), 134.84 (d), 138.81 (s), 143.60 (s), 177.11 (s). Exact mass: m/e calculated for C1,H1603: 

268.109. Found: 268.110. 

Z-Benyloxy-2-methyl_-~n~noic acid (61). ZBenzyloxy ester 51 (1.0 g, 4.0 mmol) in buffer (40 

mL) with PLE-A (65 mg) gave after 50% conversion 61 (0.40 g, 45% yield, 0% ee) and ester 51 (0.45 

g, 45% yield, 0% ee). ‘H NMR (CDCl,, 300 MHz) S 1.42 (s, 3H), 2.54-2.69 (m, 2H), 4.43 (s, 2H), 

5.03-5.09 (m, 2H), 5.63-5.78 (m, lH), 7.15-7.24 (m, 5H). 13C NMR (CDCl,) S 21.39 (q), 41.63 (t), 

66.26 (t), 72.25 (s), 119.18 (s), 127.61 (d), 127.76 (d), 128.34 (d), 131.64 (d).PLB Catalyzed Hydrolyses 

of the Silylated a-3ydrov Esters Q-k, 5m. The general procedure described above was followed, 

with this difference that a 0.05 M KHsPO, buffer of pH 7 was employed. During the isolation 

procedure the silylated acid was desilylated; the unreacted ester was isolated as a mixture of silylated 

and desilylated material. Details are given below. 

Silylated-2-Methyl-4-pentenoic-c*-hydrozy esters 5i-k. These compounds were all substrates for 

PLE-A. When the conversion reached 50%, the reaction was stopped and the acidic products were 

isolated in 39-46% chemical yield. The unreacted esters were recovered in 30-36% chemical yield. 

Only racemic compounds were isolated. 

Silylated-2-Phenyl-4-pentenoics-hydrozy ester 5m. No activity of PIE-A was observed for this 

compound. 

(R)-2-Hydroxy-2-methyl-5-phenyl-4-pentenoic acid (6f). Sililozy ester 5g (0.75 g, 2.5 mmol) in 

buffer (40 mL) with PLE-A (100 mg) gave after 42% conversion, a-hydroxy acid (R)-6f (0.21 g, 41% 

yield, 3% ee) as a slightly colored solid; [o]srs +6.3 (c 1, EtOH) and ester 5f (partly desilylated). The 

ester was stirred in a dry ether/HCl solution for 15 min. and after concentration in vacuum (S)-5f 

(0.33 g, 57% yield, 3% ee) was isolated as a colorless oil; [o]s7s -2.2 (c 1, EtOH). 

(S)-Diethyl-2-Hydroxy-2-phenyl-butanedioate (7). A solution of enantiomerically pure (S)-2- 

hydroxy-2-phenyl-4-pentenoic acid @a, 0.45 g, 2.34 mmol) in methanol (17 mL) and CH2Cl, (8 mL) 

was cooled to -70 “C!. Ozone was bubbled through the solution until a pale blue colour developed 

(about 30 min.). The system was flushed with oxygen and the solvents were removed in vacuum using 

an oil pump, while maintaining the solution at -10 “C!. The resulting oil was treated with formic acid 

(10 mL, 90%) followed by H202 (5 mL). The resulting solution was cautiously warmed until a 

vigorous reaction began (65 “C). After the reaction had subsided, the solution was cooled to 30 “C 

and again formic acid (10 mL, 90%) and H,O, (5 mL) was ddded. The solution was heated at 100- 
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110 “C for 45 min. After cooling (peroxide test: negative) and removal of the solvents in vacuum (an 

oil pump was used to evaporate the formic acid that was formed), a slightly yellow solid remained. 

The crude acid was dissolved in absolute EtOH (5 mL) and HCI gas was bubbled through the 

solution for 2 min. After being refluxed overnight, the reaction mixture was poured into a saturated 

aqueous NaHCO, solution (10 mL). EtOH was removed under reduced pressure and the remaining 

layer was extracted with ether. Drying (Na,SO,) and evaporation of the ether layers in vacuum, 

yielded the ethyl ester as a slightly yellow solid, which was purified by Kugelrohr distillation (125 “C, 

0.03 mm Hg) to yield the product as a colorless oil which crystallized on standing. (S)-7 (0.45 g, 72% 

yield, >98% ee) was obtained white crystalline material, mp. 65.9-66.4 “C, [(~]~,s -39.7 (c 1, CHCI,). 

‘H NMR (CDCl,, 300 MHz) S 1.26 (2 x t, 6H), 2.89 (d, lH, J = 16.5 Hz), 3.45 (d, lH, J = 16.5 Hz), 

4.14-4.28 (m, 4H), 4.38 (s, lH), 7.32-7.61 (m, 5H). 13C NMR (CDCl,) S 13.86 (q), 13.98 (q), 44.27 (t), 

60.84 (t), 62.31 (t), 77.34 (s), 124.93 (d), 127.94 (d), 128.26 (d), 140.19 (s), 170.82 (s). 173.53 (s). Anal. 

Calcd for C,,H,sO,: C, 63.14; H, 6.81. Found: C, 63.02; H, 6.72. 

Ozonolysis of (+)-2.Hydroxy-Z-phenyl4hexenoic acid (6a). A solution of optically active acid 

6a (0.24 g, 1.17 mmol, [als7s +14.8 (c 1, CHCl,) in MeOH (10 mL) and CH,Cl, (4 mL) was ozonized 

as described above. The crude acid was esterified in EtOH/HCl to yield after Kugelrohr distillation 

(125 “C, 0.03 mm Hg) (S)-7 (0.18 g, 58% yield, 75% ee) as a colorless oil, which crystallized on 

standing, [~y]~,s -29.8 (c 1, CHCl,). 

(S)-2-Hydroxy-2-phenyl4methyl-2-phenyl-valeric acid (8). A mixture of 6c (0.12 g, 0.58 mmol, 

[cy15,s +20.6 (c 1, CHCl,), 20 mg of Pd/C (5%) and EtOAc (20 mL) was shaken in a Parr apparatus, 

at 3 atm H, pressure, for 20 h. After filtration, to remove the catalyst, the solvent was removed in 

vacuum, to give (S)-8 as a white solid (0.10 g, 83% yield, 75% ee) as a white solid: [a]o +15.0 (c = 1, 

EtOH). (lit9 [(~]o +20.0 (c = 2, EtOH). ‘H NMR (CDCl,, 300 MHz) 6 0.89 (d, 3H, J = 6.59 Hz), 

0.95 (d, 3H, J = 6.59 Hz), 1.84 (s, lH), 2.00-2.20 (m, 2H), 7.29-7.37 (m, 3H), 7.60-7.3 (m, 2H). 13C 

NMR (CDCI,) 6 23.10 (q), 24.23 (q), 24.47 (d), 47.58 (t), 78.19 (s), 125.32 (d), 127.76 (d), 128.19 (d), 

141.55 (s), 180.90 (s). Exact mass: m/e calculated for C,,H,,O,: 208.110. Found: 208.110. 

Ozonolysis of (-)-2-Eydroxy-2-methyl4hexenoic acid (6e). Ozonolysis of a solution of 6e (0.46 

g, 3.2 mmol, [+s -2.9 (c 1, EtOH) in MeOH (18 mL) and CH,Cl, (9 mL) as described for 7 gave 

after workup and evaporation of the formic acid and acetic acid formed, citramalic acid (9, 0.33 g, 

69% yield, 2% ee (S)) as a slightly yellow syrup, [c& +0.51 (c 3, H,O); litI [a]n +23.1 (c 3, H,O). 

‘H NMR (D,O, 300 MHz) S 1.50 (s, 3H, 2.74 (d, lH, J = 17 Hz), 3.08 (d, lH, J = 17 Hz). 13C NMR 

(D,O) S 26.85 (q), 44.95 (t), 73.55 (s), 174.96 (s), 179.52 (s). Exact mass: m/e calculated for C,HsO, (- 

CH,): 133.014. Found: 133.014. 

Ozonolysis of (-)-2-Hydro~2-methyl-5-phenyl4pentenoic acid (62). Optically active CY- 

hydroxy-acid 6f (0.31 g, 1.34 mmol, [01]~~s -5.5 (c 1, CHCl,) in MeOH (7 mL) and CH,Cl, (3 mL) was 

ozonized following the procedure described above. The crude product, isolated after the ozonolysis, 
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contained also benzoic acid and formic acid. Formic acid was removed from this mixture by 

evaporation using an oil pump. In order to separate the product from benzoic acid, the entire mixture 

was esterified in MeOH/HCl analogously to the esterification described above. A slightly yellow oil 

was isolated, which gave after chromatography over silica gel (ethyl acetate/hexane 1:l) dimethyl 

citramalate (10, 0.13 g, 55% yield, 3% ee, (S)) as a colorless oil, [LY& + 0.36 (c 1, -OH); lit” 

[(~]~,s + 10.7 (c 1, CH,OH) (S). ‘H NMR (CDCl,, 300 MHz) 6 1.41 (s, 3H), 2.65 (d, lH, J = 16.5 

Hz), 2.94 (d, lH, J = 16.5 Hz), 3.44 (s, lH), 3.65 (s, 3H), 3.77 (s, 3H). 13C NMR (CDCl,) 6 26.12 (q), 

43.83 (t), 51.73 (q), 52.77 (q), 72.36 (s), 171.25 (s), 175.77 (s). Exact mass: m/e calculated for GH,,O, 

(-OCH,): 145.050. Found: 145.050. 

Enantiomeric excess determination. The ee ‘s of the optically active esters 5 and acids 6 were 

determined by derivatization with (S)-2-chloropropanoyl chloride followed by 300 MHz ‘H NMR 

analysis. l1 The racemic esters and acids were used as reference standards. 
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