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Abstract: Prochiral stereospecificity of enzymes in organic solvents was used to develop a 

strategy for the formation of heretofore unknown chiral monosubstituted malonate diesters with 

high enantiomeric excess. The enzymatic reaction involved transestetification of symmetrical 

monosubstituted dimethyl malonates with benzyl alcohol, exploiting the ability of lipases to 

discriminate between the enantiotopic ester groups of the symmetrical malonate molecule. This 

enzymatic approach is not feasible in aqueous solutions because the activated malonic hydrogen 

invariably undergoes fast exchange accompanied by racemisation. The synthetic utility of this 

method was further demonstrated by converting the configurationally unstable mixed methyl 

benzyl diesters into the corresponding half esters, which were in turn selectively reduced into 

configurationally stable and synthetically useful hydroxyesters. 

Introduction 

An increasingly important development in the field of organic chemistry is the application of enzymes to 

chemical reactions.1 It is now well established that hydrolytic enzymes such as lipases, estemses, and proteases 

are highly stable in organic solvents and can be used to catalyse reactions of estetication and transestetification,* 

which have been used for preparative kinetic resolutions of chiral acids and alcohols,3 as well as for the synthesis 

of homcchiral lactoneti and polyesters.5 It has also been reported that some lipases and proteases are effective in 

catalysing the reaction between carboxylic esters and amines in anhydrous organic solvents,6 which was useful 

for kinetic resolution of racemic amines and for the synthesis of homochkal lactams.* 

All these kinetic resolution experiments exploit the enzymes’ enantioselectivety, i.e., their ability to 

discriminate between enantiomers of a racemic mixture. The theoretical yield of the wanted homochiral product 

from such reactions is 50%, although in practice it will be considerably lower, since the unfavoured enantiomer 

usually also reacts, all be it at a slower rate. This problem of loosing 50% of material may be avoided when it is 

possible to exploit the enzymes’ proc.hiraJ stereospecificity, i.e. their ability to discriminate between enantiotopic 

groups or faces of a prochiral molecule. Several lipases and proteases were shown to exhibit prochiral selectivity 

under aqueous conditions.9910 for example when hydrolysing symmetrical C3-substituted glutarate diesters.9 It 

was nwarding to realise that enzymes can exhibit prochiral selectivity also in organic solvents, for example in the 

acylation reaction of symmetrical C-2 substituted I$-propanedioLs.tl 

Our recent studies extended the concept of prochiral selectivity in organic solvents to enzymatic 

lactonisation and oligomerisation of hydroxy diesters. 12 These reactions were shown to be enamioconvergent 

and enabled us to convert all of the precursor y-hydroxypimelate diester 1 into a single enantiomer of the 

appropriate chit-al lactone 2 (Scheme I). It is important to note that in such cases work in organic solvents is an 
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absolute necessity, and that this approach cannot even in principle succeed if the reaction is attempted in reverse, 

in aqueous solutions, where enzymatic hydrolysis of &tones such as 2 would also hydrolyse the ester group 

and produce the symmetrical molecule of y-hydmxypimelic acid. 

R02C~C02eE_* OJ---&J~cO,R 

OH 

1 2 

Scheme 1 

Encouraged by these findings we identified another group of chiral compounds, the monosubstituted 

malonate mixed diesters 4 and half esters 6 (Figure I), which would be useful as chiral synthons and as 

substrates for mechanistic and kinetic studies on racemisation, but their synthesis has not yet been reported. The 

failure to prepare these compounds in optically active form was due to the inapplicability of the conventional 

approach, i.e. enzymatic hydrolysis of the symmetrical monosubstituted diesters 3 to the corresponding half 

esters 6. Although successfully used for the synthesis of homochiral disubstitued malonates,l3 this approach 

was bound to fail for the monosubstituted malonates, because under aqueous conditions, the activated malonic 

hydrogen undergoes fast exchange accompanied by racemisation.13*14 A preliminary report15 described our 

approach to these compounds, which exploited the lipases’ prochiral stereospecificity in organic solvents. This 

strategy provided the fist synthetic route to homochiral monosubstituted malonates and served as another 

example of a problem which was solved only by using enzymes in organic solvents. 

3 4 6 

Figure 1 

Results and Discussion 

In the present work we undertook to extend this study with a view to develop a general enzymatic method 

for the synthesis of this class of heretofore unknown chiral compounds. We also attempted to establish the 

synthetic utility of the method by selectively converting the configurationally unstable malonate half ester 6 into 

the corresponding configumtionally stable and synthetically usefull hydroxyester 7. 

In order to check the feasibility of our approach we chose five monosubstituted symmetrical malonate 

diesters 3a-e as substrates for the enzymatic reaction (Scheme 2). The methoxy and methyl substituted dimethyl 

esters 3a and 3b were commercially available, while the benzyl, phenylethyl and ethoxyethyl substituted 

dimethyl esters 3c-e were prepared by alkylation of diiethyl malonate with the appropriate benzyl, phenylethyl 

or ethoxyethyl halides under basic conditions as described in the Experimental Section. In all cases the solvent of 

choice for the enzymatic reaction was hexane, which was chosen because of its high hydrophobicity. We 

believed this solvent to be suitable both from the point of view of enzyme activity16 and in order to minim& the 

lability of the activated malonic hydrogen, which, under hydrophilic conditions, is known to undergo fast 
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exchange accompanied by racemisation. 14J5 Benzyl alcohol was chosen as the transesterification agent with a 

view to enable, in the following step, the conversion of the mixed alkyl benzyl ester 4 into the half ester of 

malonic acid 6 by the facile selective cleavage of the resultant benzyl ester using catalytic hydrogenation. 

Y 02CH3 

H COzCH3 
+ BzOH w 

3 4 5 

a, x = -0CH3 
b, x = -CH3 
c, x = -CH&eH5 
d, x = -CH2CH2C6H5 
e, x = -CH&H20CH$H3 

Scheme 2 

Each of the prochiral symmetrical substrates 3a-e with benzyl alcohol in hexane was submitted to the 

action of several commercially available enzyme preparations and progress of the transesterification reaction was 

followed by proton NMR. These preliminary screening experiments revealed, that lipases from Candida 

cylindrucea (CCL), Mucur miehei (Lipozyme), Cur&da antarctica (Novozym) and two acetone powders - from 

horse liver (LAPH) and from porcine liver (LAPP) - catalysed the transesterification reaction. On the other hand, 

the lipases from porcine pancreas (PPL) and from Pseudomonas jluorescens (Amano PS and SAM 2) did not 

show any significant activity. For each substrate the enzyme (or enzymes) that showed the best results were 

chosen for further research. 

As can be seen from Table 1, all the reactions proceeded with moderate to high stereoselectivity. For 

substrates 3a, 3b and 3e the high stereoselectivity of the enzymatic reaction was reflected by the fact that only 

insignificant quantities of the byproduct - dibenzyl ester 5 - were formed, even after ca. 18 h. On the other hand, 

substrates 3c and 3d gave high ee values even though notable amounts of the corresponding byproducts 5c,Sd 

were formed. It can also be seen that the enantiomeric excess of the mixed diesters 4a-e is markedly dependent 

on the degree of conversion, with higher conversions leading to reduced ee values. It is interesting to note that in 

all the substrates investigated, the enzymes - CCL, LAPP and LAPH gave the same enriched enantiomer while 

Novozym and Lipozyme gave the opposite. 

The use of benzyl alcohol for the transesterification reactions was particularly rewarding, as it afforded 

the methyl benzyl esters 4, which could be easily converted to the half esters 6 by catalytic hydrogenation 

(Scheme 3). Possessing two readily distinguishable functional groups, such half esters may provide versatile 

chiral building blocks. By using palladium oxide catalysed hydrogenation of 4a and 4b in a toluene - hexane 

mixture, the corresponding monosubstituted malonate half esters 6a and 6b respectively were prepared in 

optically active form. 

It must however be noted that the activated malonic hydrogen, which provided the sourse of 

conQurational instability for the mixed diisters 4, is still present in the half esters 6. To stab&e the stereogenic 

centre it is necessary to reduce the acidity of the malonic hydrogen. This could be achieved, for example, by 

selectively converting either the ester or the acid end of 6 to an alcohol group. Our plan was to conduct a second 

chemical transformation, and selectively reduce the acid end of the enzymatically prepared non-racemic malonate 

half esters 6 into the corresponding hydroxyesters 7 (Scheme 3). This would convert the easily racemisable 

malonate smcture 
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Table 1. Asymmetric Transesterification of Monosubstituted Dimethyl Malonates 3 with Enzymes in Hexanea 

entry subst- enzyme initial reaction % conv. 8 conv. % eed bPD 
rate l-a& time (h) to 4= to 5c (c in CHC13) 

1 3a CCL 0.46 3.5 53 <I 98 -17.4 (1.43) 

2 18.5 64 <l 91 

3 3b CCL 0.50 3.5 48 <l e -6.1 (1.08) 

4 18.5 55 1.7 e 

5 3e Lipozyme 0.17 1.0 14 I.2 71 f +(a) 

6 3.4 42 4.6 93 

7 5.0 47 10.0 a3 

8 LAPP 0.38 2.3 30 2.5 60 f -(a) 

9 5.25 38 4.0 54 

10 3d LAPP 0.55 0.58 21 1.7 88 f -(a> 

11 4.42 31 3.6 a4 

12 3e Novozym 0.17 2.33 12 <l 98 +4.2 (1.43) 

13 17.42 29 <I 90 

14 LipOZplfS 0.25 3.0 49 4.8 88 

a The experimental protoc~11 was the same as described in the Experimental Section for 3a. No reaction took place in the 
absence of the enzyme under the conditions used. b In pmol h-l (mg enzyme)-*. C Reaction progress was monitored by 
integration of ‘H NMR signals, which enabled quantitative determination of the remaining diietbyl ester 3, the mixed 
bcnzyl methyl ester 4 and the byproduct dibenzyl ester 5. d Determined by IIPLC on a chiraJ column O3irakel OJ, 
Da&l) with different mixtures of hexane and 2-propanol as described in the Experimental Section. e Conditions for 
separating enantiomers of 4b have not yet been found. f The optical rotations of 4c and 4d were determined as mixtures 
with the corresponding achiral byproducts 5c and M respecnvely and therefore are not reported in this paper. 

into a conf@urationally stable molecule. In addition to its potential synthetic utility, this transformation would 

also enable us to determine the heretofore unknown stereochemical course of the enzymatic reaction, which 

would bc revealed from the absolute configuration of 6, which in turn would be concluded from the absolute 

configuration of 7. The latter could be determined by correlation of the optical rotation of 7 to that of a 

compound with a known absolute configuration. 

CO&H3 
+ BzOH CCL ) 

CO&H3 

\$O@ HdPd 

hexane H = “x 

C02H BH$ X, CHzOH 

x 
\02CH3 

3 4 

C02CH3 E&, H :02CH3=+ H 
6 7 

a, x = -0CH3 

b, x = -CH3 

scheme 3 

The transformation of choice for this purpose was the BH3/THF reduction, that is known to selectively 

reduce acids in the presence of esters. I7 Submitting the half esters 6a and 6b to the BH3/THF reduction (as 
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described in the Experimental Section) gave the optically active 7a and 7b respectively but with low to moderate 

ee values. The hydroxyester 7b had an ee value of ca. 20% (as determined by NMR with a chiral shift magent) 

and it showed a negative optical rotation. Its absolute configuration was assigned as (R)-(-)-7b by comparison 

of its optical rotation with published data for thii compound. l* The hydroxyester 7a had an ee value of 70% and 

displayed positive optical rotation. To consider the consistency of the enzyme’s prochiral stereospecificity it was 

intriguing to determine the absolute configuration of (+)-7a as well. Since this compound has not been reported 

previously, we embarked on its independent synthesis from a chiral precursor with a known absolute 

configuration, under conditions that excluded racemisation (Scheme 4). 

A!-, L 1 I 

+~HQ,.,&H2~~i+ -t 

H C02CH3 
8 9 10 

H3C 

(A)-(+)-7a 

[a] = +&.04 

Scheme 4 

The commercially available 2,3-0-isopropylidene-(R)-glyceric acid methyl ester 8 was chosen as the 

homochiral starting material for this synthesis. In the first step, its ketal protecting group was removed by 

treatment with 70% acetic acid to give the diol (R)-(+)-9. ‘9 The primary hydroxyl group was selectively 

protected by reaction of 9 with t-butyl-dimethyl-chlorosilane with triethylamine and a catalytic amount of 

diiethyl-aminopyridine in dichloromethane20 to give (R)-(-)-lo, which was then subjected to the etherification 

reaction with Ag20 and CH3I under reflux conditions21 to give the silyl protected methoxy substituted 

intermediate (R)-(+)-11. Removing the silyl protecting group with 70% acetic acid afforded the desired (R)-(+)- 

7a. All the synthetic steps were carried out under conditions that did not involve the stemogenic centm and hence 

the absolute configuration of the synthetic 7a was firmly established as (R). Comparing the specific rotation of 

this synthetic 7s with that obtained in the enzymatic experiment confirmed that also in the enzymatic experiment 

the (R) enantiomer of 7a was obtained. 

Knowing the configuration of 7a and 7b to be (R), we could assign the absolute configuration of the 

former products to be - (R)& and (R)-6b and also (S)-4a and (S)-4b respectively. Noteworthy is the fact that 

in both substrates 3a and 3b, which were submitted to the same enzyme - CCL, the stereochemical course of the 

reaction was the same, beginning with the enzyme’s attack on the pro-S ester group in the pro&it-al molecule. 

This stemochemical outcome is built into Scheme 3. 

Assuming that the prochiral selectivity of lipases would not be changed as long as similar substrates am 

submitted to the enzyme, we envisaged that if the enzymatic transesteritication is carried out in reverse, i.e. 

between monosubstituted dibenzyl malonates and methanol (instead of benzyl alcohol), under identical 
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conditions, the opposite enantiomer would be obtained. To verify this assumption we carried out the 

transesterification reaction of dihenzyl2-methoxymalonate 5a with methanol in hexane catalysed by CCL under 

the same conditions (Scheme 5). Determination of the enantiomeric excess of the product 4a revealed that in this 

case the opposite (R)-{+)-4s enantiomer was formed, as expected, with high ee values (Table 2). Thus, the 

prochiral selectivity of the enzyme allows the preparation of either the (+) or the (-) enantiomer of the mixed 

diesters of monosubstituted malonates 4a-e by following one of the two complementary routes. 

H3C CCL H3c 

+ MeoH hexane * 

5a 

Scheme 5 

(R)-(+)-4a 

Table 2. CCL-Catalysed Transesterification of Dibenzyl Methoxy Malonate 5a 

with Methanol in Hexanea 

initial reaction % conv. % conv. %eed 

rateb tin=(h) to 4aC to bypr. 3a 

0.68 0.75 48 7 90-95 

5.7 54 15 80-85 

24.0 50 24 70-75 
a The experimental protocol was the same as described in the Experimental Section. No 
reaction took place in the absence of the enzyme under the conditions used. b In pm01 
b-l (mg enzyme)-l. c Reaction progress was monitored by integration of lH NMFt 
signals, which enabled quantitative detcnniWion of the remaining dibenzyl ester Sa, the 
mixed benzyl methyl ester 4a and the byproduct dimethyl ester 3s. d Determined by 
HPLC on a cbiral column (Cbiralcel OJ, Da&l) with a mixture of bexane and Z- 
waal (955) as the mobile phase at the flow rate of 0.9 mlhin using detection at 

As can be seen from Tables 1 and 2, in some cases (e.g. Table 1 entries 6, 7, 14 and Table 2) the 

formation of the mixed diester 4 was accompanied by significant quantities of the byproduct dibenzyl ester 5 or 

dimethyl ester 3a. Formation of these byproducts indicates that the enzyme is not highly selective in 

distinguishing between the two enantiotopic ester groups, as a result of which one would expect to see a 

significant lowering in the ee values of the corresponding mixed diesters 4. However, this was not always so 

(see for example substrate 3c with Lipozyme, Table 1, entries 6,7). and the ee value of 4c remained high in 

spite of the considerable formation of the byproduct. This behaviour was reported previously,22 and encouraged 

us to take a closer look at the investigated systems, for example at the benzyl substituted malonate. 

The relatively unselective transesterification of 3c initially leads to a significant fraction of (-)-4~. 

reducing the ee of the desired monoester (+)-4c for short reaction times (entry 5, Table 1). It must be assumed, 

however, that as the reaction proceeds the (-)-enantiomer of the mixed diester undergoes further benzylation more 

rapidly than its (+)-stereoisomer and is removed from solution, raising the enantiomeric excess of the desired 

(+)-benzyl methyl malonate at long reaction times (entry 6, Table 1). 
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This assumption was confirmed experimentally by conducting an enzymatic transesterification reaction on 

raccmic 4c with bcnzyl alcohol and Lipozyme at the same reaction conditions. It was found that indeed the 

enzyme preferentially transesterified the (-)-enantiomer to the corresponding dibenzyl ester 5e. The decreasing 

of the ee value between entry 6 and entry 7 (Table 1) was probably due to temperature induced racemisation, as 

was observed for all the substrates investigated, at longer reaction times (see Tables 1 and 2). 

Conclusions 

This study significantly extends the synthetic utility of lipases in organic solvents. It has been shown that 

prochiial stereospecificity can be achieved by enzymes in organic solvents and be used to solve a synthetically 

important problem. The method was used for the preparation of heretofore unknown chiral monosubstituted 

malonate diesters with high enantiomeric excess. The generality of this approach was established with five 

variously substituted malonic substrates and several different lipase preparations. Suitable enzymes and reaction 

conditions were found for the synthesis of either enantiomer of the aforementioned compounds. Although, due 

to the enhanced lability of the malonic hydrogen, the synthetic utility of these compounds as such is limited, it 

has been shown that it is possible to convert them, via a facile two step procedure. into the configurationally 

stable and synthetically useful 2-substituted 3-hydroxypropanoates. It is noteworthy that this enzymatic 

approach can work only in organic solvents and that the synthetic goal achieved in this work is even in principal 

not possible in aqueous solutions, where the activated malonic hydrogen undergoes fast exchange accompanied 

by racemisation. 

Experimental 

General. 

1~ NMR spectra were recorded on a Bruker AM 2OOMHz spectrometer in CDC13. All chemical shifts 

were reported in ppm. Optical rotations were determined on a JASCO digital polarimeter DIP-370. Solvent 

exnacts of aqueous solutions were dried over Na2S04. Solutions were concentrated under reduced pressure on 

a rotary evaporator. Column chromatography was performed on silica gel kieselgel 40, 0.063-0.200 mm 

(Merck). Distillations were performed on a glass tube oven Buchi GKR-50. The shaker used for enzymatic 

experiments was a G24 environmental incubator shaker from New Bronswick Scientific Co. GC-MS analyses 

were performed on a Magnum gas chromatograph (Pinnigan Mat) with a fused silica capillsri column DB-5. The 

lipases from Candida cylindracea (CCL, type VII), Porcine Pancreas (PPL, type II) and the acetone powders from 

porcine liver (LAPP) and from horse liver (LAPH) were purchased from Sigma Chemical Co. The lipases from 

Mucor miehei (Lipozyme) and Candida antarctica (Novozym) were kindly given to us by Novo Nordisk, A/S 

Denmark. The lipases from Pseudomonas jkorescens (Ammo PS and Sam 2) were obtained from Amano 

Pharmaceutical Co. The hexane used in the enzymatic experiments was HPLC grade (Merck). Unless otherwise 

stated, materials were obtained from commercial suppliers and were used without further purification. 

Determination of enantiomeric excess (ee). 

The enantiomeric excess of the chiral monosubstituted malonates 4a,c-e was determined by Merck 

Hitachi HPLC on a chiral column (Chiralcel OJ. Daicel) with different mixtures of hexane and 2-propanol as the 

mobile phase. The detector used was l-4000 UV detector at 258 nm. The separation conditions and retention 

times (Rf) were: for 4a - the mobile phase was hexane:Zpmpanol, 95:5, at the flow rate of 0.9 ml/min, the Rf 

values were 82 min for the (S)-(-) enantiomer and 91 min for the (R)-(+) enantiomer, for 4c - hexane:2- 

propanol, 99:1, flow rate=O.9 ml/min, Rf=53 rnin for the (+) enantiomer. Rf=58 min for the (-) enantiomer; for 
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4d - hexane:2-propatrol. 35:65. flow rateAl.34 ml/mm, Rf=15.3 min for the (+) enantiomer, Rf~16.4 min for 

the (-) enantiomer; for 4e - hexane:2-propanol, 9O:lO. flow rate=0.9 ml/mitt, Rf=13.8 min for the (-) 

enantiomer, Rp18.8 min for the (+) enantiomer. It should be mentioned that the chiral column we used is very 

sensitive to temperature and therefore, the Rf values changed significantly between analyses. To avoid confusion 

we often had to inject tacemic mixtures during analyses. 

The optical purity of 7a was determined by NMR spectra in the presence of the chiral reagent (R)-(-)-2,2,2- 

trifluoro-l-(9-anthryl)-ethanol(O.8-0.9 equivalents). The solvent was CQ:CDC13, 3:l. The singlet common 

to the methyl protons of the methoxy group was separated and shifted up-field giving almost baseline separation. 

The optical purity of 7b was determined by NMR spectra in the presence of the chiral reagent tris[3- 

(tritltmromethylhydroxy-methylene)-(+)-camphorato]eutopium (HI) derivative (0.4-0.6 equivalents). The solvent 

was CD3CN. The singlet corresponding to the esteric methyl protons was separated and shifted down-field. 

Synthesis of monosubstituted dimethyl malonates (3&k&k) (representative procedure). 

Clean cut sodium (2.88 g, 0.125 mmol) was added in pieces to methanol (dried over magnesium) (250 

ml). When the reaction had ceased, dimethyl malonate (14.3 ml, 0.125 mmol) was added dropwise and the 

mixture was stirred at room temperature for 0.5 h. Benzyl bromide (15 ml, 0.126 mmol) was added and the 

mixture was refluxed for 2 h. Then most of the solvent was removed under reduced pressure and aqueous HCl 

(0.5 M, 140 ml) was added. Extraction with CHC13 (3X50 ml), drying, followed by distillation (0.05 mm Hg, 

120- 130 “C) gave dimethyl 2benzylmalonate 3c, (13.6 g, 49% yield). 

Dimethyl 2-benzylmalonate 3c: 1H NMR 6 7.17-7.25 (5 H, m). 3.69 (6 H, s), 3.68 (1 H, t, J=7.68 Hz), 

3.22 (2 H, d, J=7.79 Hz). 

Dimethyl 2-(ZphenylethyO-malonate 3d: lH NMR 6 7.14-7.30 (5 H, m), 3.72 (6 H, s), 3.37 (1 H, t, 

J=7.45 Hz), 2.64 (2 H, t, J=7.12 Hz), 2.19-2.27 (2 H, m); distillation conditions: 0.02 mm Hg, 105-110 “C; 

15% yield. 

Dimethyl 2-(2-ethoxyethyl)-malonate 3e: IH NMR 6 3.71 (6 H, s), 3.56 (1 H, t, J=7.31 Hz), 3.44 (2 

H, t, J=5.83 Hz), 3.39 (2 H, t, J=6.96 Hz), 2.10-2.20 (2 H, m), 1.13 (3 H, t, J=7.01 Hz); distillation 

conditions: 0.02 mm Hg, 60-65 “C; 20% yield. 

Synthesis of dibenzyl 2-methoxymalonate 5a. 

The substrate was prepared by titanate-mediated transesterification as follows: dimethyl 2- 

methoxymalonate 3a (5 g, 30.8 mmol) was dissolved in 100 ml of benzyl alcohol, tetraisopropyl-ortho-titanate 

(2.63 g, 9.25 mmol) was added, and the mixture was heated to reflux temperature for 24 h. It was then cooled 

to room temperature, quenched with 1N HCl(150 ml), and extracted with ether (3x50 ml). The organic extract 

was washed with aqueous sodium hydrogen carbonate (2x50 ml), dried and evaporated. Distillation afforded a 

pure fraction of 5a (2.42 g, 25% yield). 1H NMR 6 7.31 (10 H, broad s), 5.20 (4 H, s), 4.49 (1 H, s), 3.50 (3 

I-I. s). 

Kinetic Measurements. 

Enzyme-catalysed transesterification reactions in organic solvents were carried out as follows: a 

suspension of the enzyme (50 mg) in 1 ml hexane containing the substrates (70 pm01 of the ester 3 or 5a and 

320 (rmol alcohol) was placed in a 4 ml screw-cap vial. The vial was shaken at 200 rpm and 40 “C. 

Periodically, different vials were withdrawn, the enzyme filtered off, the solvent evaporated and NMR spectra 
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recorded. Integration of the NMR signals afforded quantitative determination of the reaction progress. For 

example, in the reaction of 3a the following groups of signals were examined: 

(1) singlets at 3.51 ppm and at 3.50 ppm common to the methyl protons of the methoxy group of 3a and 4a 

respectively; (2) singlets at 3.82 ppm and at 3.77 ppm corresponding to the ester-k methyl protons of 3a and 4a 

respectively; and (3) singlet at 5.26 ppm corresponding to the methylene protons of the benzyl ester of 4a. 

Progress was monitored by comparing the relative intensities of the above mentioned signals. 

Enzymatic transesteriffcation of monosubstituted malonates 3a-e with benzyl aJc&oJ 

(representative procedure). 

Lipase from Can&da cylindracea (4 g) was added to a solution of dimethyl 2-methoxymalonate 3a (1 g, 

6.2 mmol) and benzyl alcohol (2.9 ml, 28 mmol) in 30 ml of hexane. The suspension was shaken at 40 “C and 

200 ‘pm. The reaction was terminated by filtering off the enzyme, followed by evaporation of the solvent and 

separation by bulb to bulb distillation between the remaining benzyl alcohol and dimethyl ester 3a, and the 

opticahy active product 4s. The distillations were carried out within l-2 hours at relatively low oven temperatures 

(50-70 “C) and high vacuum (0.02-0.05 mm Hg) to avoid temperature induced racemisation. Under these 

conditions the benzyl alcohol and 3a were distilled out while the desired product 4a remained in the original 

bulb. In the cases of 3c and 3d we did not separate the desired products (4~. 4d respectively) from the 

unwanted byproducts - dibenzyl esters SC, Sd. 

Using this procedure homochiral monosubstituted benzyl,methyl malonates 4a-e were obtained from 3a. 

e respectively, their structures confirmed by NMR, the optical rotations obtained (except for 4c and 4d) and the 

optical purities determined by HPLC as discussed earlier. 

(S)-(-)-Benzyl,methyl 2.metboxymalonate 4a: lH NMR 6 7.36 (5 H, s). 5.26 (2 H, s), 4.47 (1 H, s), 

3.77 (3 H, s), 3.50 (3 H, s); [a]~28=-17.4 (c=1.43, CHC13); 83% yield. 

(S)-(-)-Benzyl,methyl 2-methylmaloate 4b: 1~ NMR 6 7.33 (5 H, s). 5.16 (2 H. s). 3.69 (3 H, s), 3.49 

(1 H, q. J=7.2 Hz), 1.43 (3 H, d, J=7.3 Hz); [c.z]D~~=-6.1 (c=2.25, CHC13); 95% yield. 

(+)-Benzyl,methyl 2-benzylmalonate 4c: 1H NMR 6 7.12-7.32 (10 H, m), 5.11 (2 H, s), 3.71 (1 H, t, 

J=7.90 Hz), 3.66 (3 H, s), 3.22 (2 H, d, J=7.85 Hz). 

(-)-Benzyl,methyl 2-(2.phenylethyl).malonate 4d: 1H NMR 6 7.10-7.32 (10 H, m), 5.16 (2 H, s), 

3.68 (3 H, s), 3.39 (1 H, t, J=7.55 Hz), 2.61 (2 H. t, J=7.07 Hz), 2.23 (2 H, t, J=7.82 Hz). 

(+)-Benzyl,methyl 2-(2.ethoxyethyl)-malonate 4e: lH NMR 6 7.32 (5 H, broad s), 5.16 (2 H, s), 

3.69 (3 H, s), 3.61 (1 H, t, J=7.48 Hz). 3.36-3.45 (4 H, m), 2.13-2.22 (2 H, m), 1.12 (3 H, t, J=6.88 Hz); 

Ia]D30=+4.2 (~=1.43, cHc13); 80% yield. 

Catalytic hydrogenation of monosubstituted benzyl,methyl malonates 4a-b (representative 

procedure). 

Palladium on carbon (5% Pd/C) (64 mg) was added to a solution of benzyl,methyl2-methoxymalonate 

4a (96 mg, 0.4 mmol) in 20 ml of hexane:tohtene mixture (1: 1). Hydrogenation was carried out at atmospheric 

pressure and room temperature until one equivalent of hydrogen was taken up (20-30 min.). The catalyst was 

removed by filtration and evaporation of the solvent afforded the methyl 2-methoxymalonate 6a (58 mg, 96% 

yield). 

(R)-(+)-Methyl 2.methoxymalonate 6a: 1~ NMR 6 8.14 (1 H, broad s), 4.48 (1 H, s), 3.85 (3 H, s), 

3.55 (3 H, s); [a]D28=+15.1 (c=O.53, CHC13). 
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(R)-(-)-Methyl 2-metbylmalonate 6b: 1H NMR 8 7.40 (1 H, broad s), 3.77 (3 H, s), 3.51 (1 H, q, 1~7.1 

Hz), 1.47 (3 H, d, J=7.2 Hz); [alD28=-2.5 (c=1.66, CHCl3); 90% yield. 

Enzymatic transesterification of dibenzyl 2-metboxymalonate 5a with methanol. 

Lipase from Candida cylindruceu (2.4 g) was ad&d to a solution of dibenzyl2-methoxymalonate 5a (400 
~1, 1.9 mmol) and methanol (0.32 g, 9.8 mrnol) in 20 ml hexane. The suspension was shaken at 40 “C and 200 

rpm. The reaction was terminated by filtering off the enzyme, followed by evaporation of the solvent. The 

components of this reaction were not separated, and the ee values of (R)-(+)-4s were determined from the 

mixture of the remaining starting materials, the product 4a and the byproduct 3a. 

B H 3/THF Reduction of monosubstituted malonate half esters 6a,6b (representative 

procedure). 

All giassware was dried thoroughly in a drying oven and cooled in a dessicator. All reduction 

experiments were carried out under a dry argon atmosphere. Syringes were used to transfer the reagent solution. 

Into a 25 ml two necked flask equipped with a rubber syringe cap, a magnetic stirring bar and a gas buret was 

placed 0.84 g of methyl 2-methoxymalonate 6a (5.69 mmol), followed by 3-5 ml of toluene (when the reaction 

was carried out immediately after the H2/Pd hydrogenation, the toluene was not evaporated and wits used directly 

in the BH3/‘I’HF reduction). The flask was immersed in an ice bath and cooled to O-5 “C. Then 3.2 ml of 2.0 M 

borane solution in THF (1.1 eq.) were added dropwise over a period of 10 min. Hydrogen was evolved. The 

reaction mixture was stirred under argon for 20 h and the ice bath was allowed to equilibriate slowly to room 

temperature. The reaction was terminated by adding a few drops of water. The THF and excess borane were 

evaporated and 25 ml of water were added. The solution was titrated with a 6N aqueous solution of NaOH to 

pH 8-8.5 and extracted with CH2C12 (4x30ml). The combined CH2C12 extracts were dried and the solvent 

evaporated. The crude product was purified by column chromatography on silica gel with CHC13 as eluent (the 

toluene eluting first) to give a pure fraction of 7a (0.15 g, 15-20% yield). 

(R)-(+)-Methyl 3-bydroxy-2-metboxypropanoate 7a: lH NMR 6 3.79-3.94 (3 H, m), 3.79 (3 H. s), 

3.50 (3 H, s), 2.18 (1 H, t, J=5.63 Hz); the structure of 7a was confirmed by GC-MS analyses; [a]D28=+45 

(c=O.48, CHC13); ee=70% (determined by NMR as discussed earlier). 

(R)-(-)-Methyl 3-bydroxy-2-metbyipropanoate 7b: 1H NMR 6 3.72 (3H, s), 3.69-3.75 (2H, m), 2.61- 

2.78 (1 H, m), 2.27 (lH, t, J=6.48 Hz), 1.18 (3 H, d, J=7.23 Hz); [a]D28=-5.2 (c=2.4 MeOH); ee=20% 

(determined by NMR as mentioned earlier); 15-20% yield. 

Independent synthesis of (RI-(+)-7a: 
(R)-(+)-Methyl 2,3-dibydroxypropanoate 9. 

2 g of 2,3-0-isopropylidene-(R)-glyceric acid methyl ester 8 (12.5 mmol) were added to 34 ml of 70% 

acetic acid and stirred at room temperature overnight. The reaction mixture was evaporated to dryness and 

coevaporated two times with toluene to give 1.35 g of crude 9 as a colourless oil in 90% yield. 1~ NMR 8 4.26 

(1 H, t, J=3.54 Hz), 3.84-3.88 (2 H, m), 3.82 (3 H, s); [a]D31= +4.1 (c=1.7, CHC13). 
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(R)-(-)-Methyl b-(O-tert-butyldimethylsilyl)-2-hydroxypropanoate 10. 
The foregoing diol9 (1 g, 8.3 mmof) was dissolved (without further purification) in 5 ml of CH2C12. 

Then, 1.28 ml of triethylamine (9.13 mmol) and 40.7 mg of 4,4-dimethyl-aminopyridine (0.33 mmol) we= 

added with stirring. The reaction rnixturc was kept under nitrogen and 1.38 g of t-butyl-diiethyl-chlorosfiane 

(9.13 mmol) were added and the reaction was allowed to proceed overnight under nitrogen at room temperature. 

Work-up involved washing the organic solution with water, saturated ammonium chloride, drying and 

evaporating the solvent. The crude product was purified by silica gel chromatography, eluting with 

dichloromethane-hexane, 2:l to give a pure fraction of 10 as a colourless oil (0.47 g, 24% yield). 1~ NMR 8 

4.17-4.24 (1 H, m), 3.80-3.95 (2 H, m), 3.77 (3 H, s). 3.01 (1 H, d, J=8.05 Hz), 0.85 (9 H, s), 0.038 (3 H, 

s), 0.023 (3 H. s); [a]D29=-9.3 (c=1.52, CH2C12). 

(R)-(+)-Methyl 3-(O-tert-butyldimethylsilyl)-2-methoxypropanoa~e 11. . 

To a 25 ml flask were added 0.18 g of 10 (0.77 mmol), 2.2 ml CH3I (35 mmol) and 0.18 g of Ag20 

(0.77 mmol) (freshly prepared from AgN03 and NaOH according to the published method2lb). The reaction 

mixture was refluxed for 1 h and then the same amounts of CH3I and Ag20 were added again and the reflux was 

continued for one more hour. The reaction was terminated by filtering off the solids and evaporating the excess 

CH3I. giving 0.17 g of 11 as a white solid in 89% yield. 1H NMR 8 3.86 (3 H, s), 3.74 (3 H, s), 3.42 (3 H, 

s), 0.86 (9 H, s), 0.035 (6 H, s); [a]D28=+20.3 (c=1.9, CH2C12). 

(R)-(+)-Methyl 3-hydroxy-2-methoxypropanoate 7a. 

0.14 g of 11 (0.56 mmol) were dissolved in 70% acetic acid (8 ml) and stirred at room temperature 

overnight. Then, the reaction mixture was evaporated to dryness and coevaporated twice with toluene to give 64 

mg of 7a in 85% yield. lH NMR 6 3.79-3.94 (3 H, m), 3.79 (3 H, s). 3.50 (3 H, s), 2.18 (1 H, t, J=5.63 

Hz); [a]D33=+65.0 (c=1.86, CHC13). 
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