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PLE-catalyzed hydrolyses of different types of EIZ-diastereotopic diesters and EIZ-diastereomeric 
monoesters have been studied. Arylidenepropanedioic diesters are specifically hydrolyzed to the 
Z-half esters, whereas the de values for dialkylated methylene propanedioic diesters range between 
33 and 79% (2). D values for the hydrolyses of the 3-methyleneazetidin-2-ones in detergent-buffer 
systems depend on the size of the substituent in the a-position. Diastereoselectivity of these substrates 
is affected by addition of the cosolvents acetonitrile and methanol. 

The recent years have shown the increasing importance 
of enzymes as catalysts for asymmetric syntheses.' Ste- 
reoselective hydrolyses of prochiral diesters and racemic 
monoesters with PLE (PLE, EC 3.1.1.1) are well known,2 
but relatively few examples of diastereoselective trans- 
formations: especially EIZ-selective reactions? with this 
enzyme have been reported. Because of their different 
physical properties diastereomers can be separated more 
easily than enantiomers, but enzymatic hydrolyses may 
be the method of choice for transformations of labile 
molecules: such as the esters of 3-methyleneazetidin-2- 
ones, which cannot be hydrolyzed by chemical methods. 
Since the hydrolyses of the &lactams are referred to as a 
part of the development of new antibiotics, we investigated 
to what extent hydrolytic enzymes can differentiate 
between EIZ-diastereomeric ester groups. 

Results 

The diester and ester substrates were prepared by known 
methods. la-lg (Figure 1) were synthesized by Knoe- 
venagel reaction of the corresponding benzaldehydes* or 
ketones,& respectively, with diethyl or dimethyl malonate. 
Diesters 1 h-li are commercially available (Aldrich). 
Peterson olefination of the C-3-silylated 1,4-diarylazetidin- 
2-one with a-keto esters led to the ,&lactams 3a-31 (Figure 
2).&J) 

In our search for a hydrolase which can discriminate 
between diastereotopic ester groups, an enzyme screening 
with la as a model substrate was carried out using different 
commercially available enzymes. The results are shown 
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R'MCOOR + FIR~COOH 
R" R" COOH COOR 

1 2 
substrates Z-product €-product 

a, R = Et, R'= phenyl, R" = H 
b, R = Et, R' = p-(dimelhylamino)phenyl, R" = H 
c, R = Et, R' = p-nitrophenyl, R" = H 
d,R=Et ,R'=Et ,R"=Me 
e, R = Me, R' = Et, R" = Me 
f. R = Me, R' = propyl, R" = Me 
g, R = Et, R' = pentyl, R" = Me 
h, R = El, R' = Me, R" = H 
I ,  R = Me, R'= Me, R"= H 

Figure 1. 

MeOPh, 

R' 

substrates 3 
a, R = COOEt, R'= COOEt 
b, R = COOEt, R' = CH3 
C, R = CH3, R' = COOEI 
d,  R = COOMe, R' = CH3 
e, R = CH3. R' = COOMe 

f ,  R = COOEt, R' = H 
g, R = H. R'=COOEt 
h, R = COOMe, R' = H 
i, R = H, R' = COOMe 
k ,H  = COOMe, R' = phenyl 
I, R = phenyl, R' = COOMe 

products 4 

a, R = COOH, R'= COOEI 
b, R = COOH, R' = CH3 

4b 

f,  R=COOH.R'=H 

4f 
i, R=H,R'=COOH 
k, R = COOH, R'= phenyl 

Figure 2. 

in Table I. Regarding selectivity and activity towards this 
substrate the best results were obtained with PLE. 

PLE-catalyzed hydrolyses of la-lc were performed in 
0.1 M phosphate buffer with or without addition of 10% 
acetone at pH 8 with the pH being maintained at this level 
by periodic addition of aqueous sodium hydroxide. Each 
reaction was terminated after the addition of 1 equiv of 
base, or the reactions stopped themselves and the acid 
ester products were isolated. PLE-catalyzed saponifica- 
tion specifically led to the Z-half esters independent from 
substitution in the para-position of the aryl ring and 
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2.35 
H(CHz)&HzHCOOR z 

CH3 COOH 
2.3-2.35 

H(CH2),,CH2 COOR / 2.12-2.18 
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CH3 'COOR 
2.05 
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Figure 3. 

Table I. Enzyme Screening of la 
enzyme" % cb % de(Z) 

without no hydrolysis 
PLE 100 100 
lipase from Pseudomonas sp. PsL 8 100 
cholesterolesterase from Pseudomonas ChE 9 100 
lipase from Candida cyl. CcL 58 62 
lipase from Aspergillus nig. AnL 
lipase from Rhizopus arrh. RaL 36 60 
cy-chymotrypsin CTR 33 36 
trypsin TR 13 100 
subtilisin carlsb. STC 16 100 
proteinase K 20 100 
PPL 15 100 
acetylcholinesterase AChE traces' 

Abbreviations taken from ref la. * After incubation of 3 d, at pH 
7, 34 OC. Traces of 2-product in TLC detectable. No hydrolyses 
took place with following enzymes: Saccharomyces cerev., lipase 
from Pseudomonas fl. Pf, Papain PP, Bromelain BL, Chymopapain 
CHP, Ficin FC, lipase from Penicillium roq. PrL. 

Table 11. PLE-Catalyzed Hydrolyses of la-lc in Different 

traces' 

Media (Specific Activities (pmol min-' mgl) .  
substrate phosphate buffer 10% acetone 

la 3.4 5.2 
l b  0.18 0.015 
IC 0.07 0.16 

a pH 8, 12.5 mM, 100 mg/L of PLE, 32 OC. 

reaction conditions. Table I1 shows the initial rate 
velocities. In contrast to selectivity, we observed great 
differences in reaction velocities in different media. 

In order to investigate if the selectivity depends on the 
size of the substituent in the 8-position, we attempted to 
hydrolyze substrates lh and l i  with a small substituent 
in this position. However, these molecules are not stable 
in water at  pH 8,' so we chose substrates Id-lg as 
alternatives. Hydrolysis of these substrates no longer takes 
place specifically; the 2-half esters, however, are still the 
main products (Table III).8 

Due to the very poor water solubility of the @-lactam 
esters 3a-31, reactions under the conditions described 
above did not work. These transformations could be 
carried out in detergent-buffer systems9 or by lowering 
the buffer concentrations (0.05 M) and adding 10% 

(7) 1H-NMR spectra show peaks for 2- and &acid ester products of 
2h and 2i in a ratio of Z/E = l/l'.and as main product malonic acid half 
ester from retro-aldol reaction. The assignment of 2i Z and E in ref 7a 
could be proven by 2D INEPT long-range experimentd6 (a) Wentrup, 
C.; Lorencak, P. J. Am. Chem. SOC. 1988,110, 1880-1883. 
(8) Thep&in1H-NMRspectraforthemethylandmethyleneprotons 

in the &position were assigned to the 2- and E-isomem of 2d-2gaccording 
to the principle that substituents cis-standing to the acid show a downfield 
shift and substituents cis-standing to the ester have nearly the same 
chemical shift as in the diesters (see Figure 3). This assignment could 
exemplarily be proved by NOE difference spectra of 2d E/Z. 

Table 111. PLE-Catalyzed Hydrolyses of Id-lg 
substrate % de substrate % de (2)" 

Id 33-35 If 79-80 
le 75-76 1g 36-37 

a pH 8,32 OC, 25 mM, 50 mg/L of PLE. 

Table IV. PLE-Catalyzed Hydrolyses of 3a-31 in Different 
Media (Smcific Activities (rcmol m i d  m&)) 

Substrate detergent-buffef 10% ACN* 10% MeOHb 
3a 0.07 0.017 0.016 
3b 0.22 
30 0.0022 0.062 
3b,c 0.18C 0.13 0.09 
3d 0.2 
3e 0.0019 0.03 
3d,e 0.17' 0.08 0.04 
3f 0.4 
3g 0.014 0.027 
3f,g 0.15' 0.038 0.048 
3h 0.42 
3i 0.02 
3h,i 0.31' 0.12 0.05 
3k 0.005 
31 no hydrolysis 
3k,l 0.007' 0.004 0.01 
la 4 3 
l b  0.24 0.06 
IC 0.5 0.82 
12.5 mM, 100 mg/L of PLE, 0.13 M Nonidet P 40. 10-20 mM, 

50 mg/L of PLE. 20-50 mM, 100 mg/L of PLE. 

Table V. Hydrolyses of 3b-31 ( D  Values in Different 
Media) 

substrate detergent-buffef 10% ACNb 10% MeOHb 
3b,c 102 1.7 2 
3d,e 186 27 4 
3h,i C 9 3.3 
3k,l d 77 60 

a 20-50 mM, 100 mg/L of PLE, 0.05 M Triton X 100. 10-20 mM, 
50 mg/L of PLE. Could not be determined because of too low initial 
concentration of 2-isomer. d E-isomer is not hydrolyzed. 

acetonitrile or methanol. For determination of the initial 
rate velocities (Table IV), the diastereomeric monoesters 
of 3b-31 were employed as single isomers after separation 
by column chromatography (silica gel 60, CHClB). The D 
values (Table V) were calculated in analogy to the E values 
for the enzymatic resolution of racemic monoesters10 by 
D = In ( [ ~ / [ Z ~ l ) / l n  ([El/[Eol). Therefore, the hydrolyses 
of the mixture of the diastereomers of 3b-31 were 
terminated before total conversion of the much better 
2-substrates was reached. The 2-diastereomers 3b and 
3d are hydrolyzed in detergent-buffer more than 100 times 
faster than the corresponding E-isomers 3c and 38. The 
ZIE-ratio of reaction velocities for 3flg and 3hli is about 
20-30. The E-isomer 31 is not hydrolyzed a t  all. The 
diastereoselectivity is remarkably affected by addition of 
acetonitrile or methanol to the phosphate buffer. In these 
media, initial rate velocities of the mixtures are decreased, 
whereas those of the single E-isomers are increased. It 
should be noted that the hydrolyses of the E-isomers in 
all media stopped after 5-20% conversion. Only the 
product of 3i could be isolated. ZolEo-ratios, ZIE-ratios 
after hydrolyses, de values, and configurations were 
determined by 'H-NMR. The conversions c,  needed for 

(9) (a) Pfiiller, U. Mizellen- Vesikel-Mikroemulsionen; 
Springer-Verlag: Berlin, Heidelberg, New York, 1986. (b) Salcedo, J.; 
Hernandez, R.; Celie, H. Anal. Biochem. 1983,132,324-327. 
(10) Chen, C.; Fujimoto, Y.; Girdaukas, G.; Sih, C. J. Am. Chem. SOC. 

1982,104, 7294-7299. 
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the calculationlo of the concentrations of 2 and E ([Zl + 
[El = 1 -c), were determined by the amount of base added. 

Discussion 
All enzymes that hydrolyze substrate la  prefer the ester 

group in the trans-position t o  the  phenyl ring. It is 
interesting that only serine-proteases and not cysteine- 
proteases are able t o  transform this substrate. Diesters 
lb and IC are much poorer substrates for PLE, probably 
also due to their lower water solubility. In contrast t o  
Id-lg, there is no difference in selectivity between methyl 
and ethyl esters, but differences occur in reaction velocity, 
depending on the medium. 

In hydrolyses of Id-lg, selectivity could depend on chain 
length and on the alcohol part of the ester.ll 

The diester 3a is specifically hydrolyzed t o  the E-half 
ester. This is in agreement with hydrolyses of 3d-31 where 
the 2-isomers are the much better substrates for PLE. 
The D values in the system with Triton X 100 as detergent 
correspond t o  the ratio of ZIE-reaction velocities in the 
comparable Nonidet P 40-buffer. These reaction velocities 
seem t o  depend on the size of the substituent in the 
a-position and decrease with increasing size (H > CH3 > 
COOEt > phenyl). ThemuchlowerD values in acetonitrile 
and methanol may be due t o  better activity toward the  
E-esters. But in these media, total conversion of the 
E-isomers could also not be reached. Hydrolyses of the 
mixture of the diastereomers under these conditions occur 
less rapidly than in the media with detergents used for 
improving the water solubility. The reason may be a poorer 
activity toward the  2-esters. No significant differences 
between ethyl and methyl esters were observed. 

Experimental Section 

Pigliveresterase (PLEEC 3.1.1.1,suspensionin3.2 M (NH4)r 
SO,, activity 120 U/mg protein, ethyl butyrate), AnL, RaL, PrL 
were obtained from Fluka; all other enzymes were products from 
Sigma. 

Enzyme Screening of la. la (0.4 mmol) in 20 mL of 
phosphate buffer (pH 8) were incubated in a shaker at  34 OC with 
the following amounts of enzymes: PLE 1 mg, PsL 3.6 mg, ChE 
30 mg, CcL 3.6 mg, AnL 50 mg, RaL 85 mg, CTR 90 mg, TR 100 
mg, STC 25 mg, Proteinase K 10 mg, PPL 200 mg, AChE 5 mg, 
Yeast 10 g in 150 ml, PFL 10 mg, PP 150 mg, BL 170 mg, CHP 
20 mg, FC 60 mg, PrL 50 mg. After 3 d the reactions were stopped 
by acidifying at  pH 2 with 2 N HCl, and the suspensions were 
extracted with EtOEt (5  X 20 mL). The residues obtained after 
drying and evaporating were measured by 'H-NMR spectroscopy 
to determine the diastereomeric excess (de) and the conversion. 

PLE-Catalyzed Hydrolyses of the Esters and Diesters in 
Systems without Detergents. The following procedure is 
representative. PLE was added to a rapidly stirred suspension 
of the ester in 0.1 M phosphate buffer of pH 8 with or without 
addition of 10% acetone or 0.05 M phosphate buffer of pH 8 
containing 10 % ACN or MeOH at 32 OC. The pH was maintained 
at  8 by addition of 0.1 N aqueous NaOH. The reactions were 
allowed to  proceed until the desired extent of hydrolyses, as 
determined by the volume of base added, had been achieved. 
The reaction mixture was washed with EtOEt (la, IC-le) or 
CHzClz (lb) (5 X 20 mL) to remove unreacted diester and then 
acidified to pH 2 with 2 N HCl. Extraction with ether or 
methylene chloride (3-5 X 20 mL) followed by drying (MgSOd) 
and evaporation yielded the acid esters 2a-2g. 

PLE-Catalyzed Hydrolyses in Detergent-Buffer Sys- 
tems. The following procedure is representative. Phosphate 
buffer (0.1 M, pH 8) was added dropwise to a rapidly stirred 

(11) Bjbrkling, F.; Boutelje, J.; Gatenbeck, S.; Hult, K.; Norin, T.; 
Szmulik, P. Tetrahedron 1985,41,1347-1352. 
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suspension of ester in detergent. Then PLE was added, and the 
reaction was allowed to take place in the above-described manner. 
After termination of the reaction the mixture was acidified at  
pH 2 and extracted with methylene chloride (3 X 50 mL). The 
separation of the layers can be improved by centrifugation (7000 
U/min, 5 min). The organic layers were extracted with saturated 
NaHC03 solution (8 x 30 mL) and the aqueous layers acidified 
with concentrated HC1 and again extracted (3 X 30 mL) to yield 
the acid ester 4a and the acids 4b, 4f, 4i, and 4k after washing 
the organic layer with water at  pH 2 (5 X 30 mL), drying, and 
evaporation. 

Determination of Specific Activities. The values result 
from the initial rate velocities. 

Determination of D Values. The following procedure is 
representative. The mixtures of diastereomers are hydrolyzed 
in the above-described manner. The reactions are terminated 
after conversion of 10-80 % depending on the Zo/Eo-ratio before 
total hydrolysis of the 2-isomer has occurred (control by TLC, 
silica gel 60, cyclohexane/ethyl acetate/CHOOH = 49/49/2) by 
acidifying at  pH 2 with 2 N HC1. The residue obtained after 
extraction with methylene chloride, drying, and evaporation is 
measured by 'H-NMR spectroscopy to determine the resting 
2/E-ratio. [a- and [El-concentrations were calculated from 1 
- c = [a+ [E], conversion c deriving from the amount of base 
added. The D values were calculated by D = In ([ZJ/[Zol)/ln 
([a/ [Eo1 1. 
(Z)-2-(Ethoxycarbonyl)-3-phenylprop-2-enoic acid 

(2a):12 mp 87-89 OC; 1H-NMR, CDCl3, 6 1.26 (3 H, t, J = 7.1 Hz), 
4.35 (2 H, q, J = 7.1 Hz), 7.4 (5  H, s), 7.93 (1 H, s), 11.6 (1 H, br 
8).  

(2)-2- (Et hoxycarbony1)-3- (44 dimet hy1amino)phenyl)- 
prop-2-enoic acid (2b):'S mp 125-127 OC; 1H-NMR, CDCls, 6 
1.33 (3 H, t, J = 6.8 Hz), 3.05 (6 H, s), 4.36 (2 H, q, J = 6.8 Hz), 
6.62 (2 H, d, J = 9 Hz), 7.43 (2 H, d, J = 9 Hz), 7.90 (1 H, s), 9.8 
(1 H, br 8 ) ;  W-NMR," gated dec, CDC13,100 MHz, 6 14.0 (9, J 
= 127 Hz), 40.0 (q, J = 126 Hz), 62.0 (t, J = 148 Hz), 111.5 (d, 
J = 159 Hz), 117.5 (s), 120 (s), 133 (d, J = 158 Hz), 147 (d, J = 
154 Hz), 152.2 (s), 168 (dt, 3 J  (CO, 8-H) = 12.1 Hz, 3 J  (CO, ester- 
H) = 3 Hz), 170 (d, 3J = 7.6 Hz). 
(2)-2-(Ethoxycarbony1)-3-( 4-nitrophenyl)prop2-enoic acid 

(2c):'a mp 134-137 OC; 'H-NMR CDCl3, 6 1.25 (3 H, t, J = 6.8 
Hz), 4.32 (2 H, q, J = 6.8 Hz), 7.61 (2 H, d, J = 8.3 Hz), 7.95 (1 
H, e), 8.3 (2 H, d, J = 8.3 Hz), 8.8 (1 H, br e). 
(Z/E)-2-(Ethoxycarbonyl)-3-methylpent-2-enoic acid 

(2d): 1H-NMR, CDC13, 6 1.0-1.45 (6 H, m), 2.05 (s, E) and 2.18 
(8,  Z) (3 H), 2.35 (9, Z) and 2.55 (9, E )  (2 H), 4.2 (2 H, q), 11.4 
(1 H, br a); IR (film) 3320, 2981, 2941, 2880,1732,1700,1629, 
1404, 1368 cm-l. 
(Z/E)-2-(Methoxycarbonyl)-3-methylpent-2-enoic acid 

(2e): 1H-NMR, CDCl3, 6 1.1 (3 H, t), 2.05 (8, E) and 2.12 (e, Z) 
(3 H), 2.35 (9, Z) and 2.6 (9, E) (2 H), 3.7 (3 H, s), 11.0 (1 H, br 
8 ) ;  IR (film) 3321,2980-2880,1739,1702,1630,1434,1406,1377 
cm-l. 
(Z/E)-2-(Methoxycarbonyl)-3-methylhex-2-enoic acid 

E) and 2.15 (8,  Z) (3 H), 2.2-2.5 (2 H, m), 3.8 (3 H, s), 9.8 (1 H, 
br 8 ) ;  IR (film) 2960, 2880,1730,1700, 1630,1435 cm-l. 
(Z/E)-2-(Ethoxycarbonyl)-3-methyloct-2-enoic acid 

(2g): 1H-NMR, CDCl3, 6 0.7-1.0 (3 H, m), 1.2-1.5 (9 H, m), 2.05 
(8, E) and 2.17 (8,  Z) (3 H), 2.22-2.5 (2 H, m), 4.2 (2 H, q), 10.9 
(1 H, br 8) ;  IR (film) 3320, 2960, 2933, 2864, 1737, 1702, 1625, 
1465,1404,1375,1260 cm-l. 

(E)-3-( a-Carboxy-a- (et hoxycarbony1)met hy1ene)- 1 - (4- 
methoxyphenyl)-4-phenylazetidin-2-one (4a): mp 160-162 
OC dec; 'H-NMR, CDCl3, 6 1.0 (3 H, t, J = 7 Hz), 3.75 (3 H, s), 

(2f): 'H-NMR, CDCl3, 6 0.95 (3 H, t), 1.3-1.75 (8, H, m), 2.05 (8, 

(12) (a) Nitz, T. J.; Holt, E. M.; Rubin, B.; Stammer, C. H. J. Org. 
Chem. 1981,46,2667-2671. (b) Nabeya, A.; Culp, F. B.; Moore, J. A. J. 
Org. Chem. 1970,35,2015-2021. 

(13) Lozitakaya, R. N.; Kamalov, G. L.; Zakharov, K. S.; Kuz'min, V. 
E. Dopov. Akad. Nauk. Ukr.RSR, Ser. B. Geol., Khim. Biol. Nauki. 1984, 
11, 38-42. 

(14) (a) Bottino, F. A.; Musumarra, G.; Rappoport, Z. Magn. Reson. 
Chem. 1986,24, 31-34. (b) Gregory, B.; Jones, R. A.; Arques, J. S. J. 
Chem.Res., Synop. 1984,311;J. Chem. Res., Miniprint 1984,2801-2821. 

(15) (a) Jippo, T.; Kamo, 0.; Nagayama, K. J. Magn. Res. 1986, 66, 
344-348. (b) Bax, A. J. Magn. Res. 1984,57,314-318. 
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4.0 (2 H, q, J = 7 Hz), 5.8 (1 H, s), 6.7-7.45 (9 H, m), 8.0 (1 H, 
br 8); IR (KBr) 3420,2980,2620,1742,1727,1610,1580,1512, 
1455,1367,1300,1250,1228 cm-1. Anal. Calcd for C2lHlsN 06: 
C, 66.14; H, 6.02; N, 3.67. Found C, 65.29; H, 5.20; N, 3.55. 

(2)-34 a-Carboxyethy1idene)- 1-( 4-met hoxyphenyl)-4- 
phenylazetidin-2-0110 (4b): mp 196-198 OC dec; 'H-NMR, 
CDCL 6 1.75 (3 H, e), 3.75 (3 H, e), 5.7 (1 H, e), 6.7-7.5 (9 H, m), 
12.5 (1 H, br e); IR (KBr) 3420, 3110, 3070, 3010, 2930, 2850, 
2700,2640,1740-1710,1686,1605,1584,1514 cm-I. Anal. Calcd 
for C10Hl7N 04: C, 70.58; H, 5.29; N, 4.33. Found: C, 70.42; H, 
5.30; N, 4.25. 
(2)-3- (a-Carboxymet hy1ene)- 1 -( 4-met hoxyphen yl)-4- 

phenylazetidin-2-one (40: mp 155 OC dec; 'H-NMR, CDCW 

d, J = 1.1 Hz), 6.75-7.5 (9 H, m); IR (KBr) 3420,3064,1745-1720, 
1680,1610,1513,1454,1373,1302,1254 cm-'. Anal. Calcd for 
Cl&I1&I 04: C, 69.89; H, 4.89; N, 4.53. Found: C, 69.89; H, 5.22; 
N, 4.37. 

(E)-3-( a-Carboxymet hy1ene)- 1-( 4-met hoxyphenyl)-4- 
phenylazetidind-one (49: mp 187 OC dec; 'H-NMR, CDCld 

DMSO-d-6, 6 3.75 (3 H, s), 5.55 (1 H, d, J = 1.1 Hz), 5.8 (1 H, 

DMSO-d-6, 6 3.72 (3 H, s), 5.75 (1 H, d, J = 1.5 Hz), 6.3 (1 H, 

Schirmeister and Otto 

d, J = 1.5 Hz), 6.7-7.6 (9 H, m); IR (KBr) 3430,2930,1740,1715, 
1670, 1580,1513, 1455,1384,1300,1253 cm-I; HREIMS found 
309.1000, CISH16N 0 4  requires 309.3226. 
(2)-3-(a-Carboxyphenylidene)-l-(4-methoxyphenyl)-4- 

phenylazetidin-2-0110 (4k): mp 186-187 OC dec; 'H-NMR, 
CDCb, 6 3.7 (3 H, s), 5.6 (1 H, s), 6.75-7.4 (14 H, m); IR (KBr) 
3430,3057,2644,1730,1711,1610,1585,1512,1452,1442,1410, 
1367,1302,1252 cm-I. Anal. Calcd for C d l a  0 4 :  C, 74.79; H, 
4.97; N, 3.63. Found C, 74.09; H, 5.01; N, 3.42. 
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