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ABSTRACT. The nature of organic solvents markedly influenced the enantioselectivity, 

expressed as the enautiomeric ratio, of porcine pancreatic lipase and of Lipase PS in 

transesterification between trifluoroethyl butanoate and the two unrelated alcohols 

(*)-sukatol (IJ and (~)-3-bromo-5-hydroxymethyl isoxuzoline 0. However, there was 

no correlation between enantloselectlvity and such physicochemical characteristics of 

the solvent as hydmphobicity and dielectric constant. A rationale based on the formation 

of solvent-enzyme complexes is proposed to explain the results. Enzyme 

enantioselectivity was also affected by temperature btn not by the chain length of the 

acylating agent nor by the removal of water from the reaction medium by molecular 

sieves. The effects of these parameters on trausesterification rates were also investigated. 

INTRODUCTION 

Biocatalysis in organic media is becoming increasingly popular among chemists aud several 

systems (biphasic systems, reverse micelles and monophasic systems) and classes of enzymes 

(oxidoreductases, hydrolases and isomerases) have been successfully employ-ti for synthetic purposes.’ 

In this context, especially widespread are the hydrolase catalyzed esterifications and tmnsesterifications 

in nearly anhydrous organic solvents for regioselective acylation of polyhydroxylated natural 

compounds’ and for resolution of racemic alcohols and acids .lt3 However, it is only recently that the 

effects of the nature of organic solvents on the ~+$o-~ and enantioselectivi$ of hydrolases have started 
to be investigated. 

B&am-iv and coworkers 5ac and Parida and Doniick5d have reported marked variations in enzyme 

enantioselectlvity as a function of the solvent employed. However, no rationale of general validity and 

predictive value has been presented so far. In fact, for the pmtease subtilisin Carl&erg there is an inverse 
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correlation between se1 ‘vity and solvent hydrophobic@ with N-acetylalanine chloroethyl ester as the 

substrate> an 9”$ inverse t-relation between selectivity and dielectric constant of the solvent with 

set-phenethyl akohol,5%pd no correlation with either hydmphobicity or dielectric constant with chit-al 

amines.5b With Can& ‘I 

“4 

cylindmcea lipase and 2-hydroxy acids, instead, enantioselectivity increases 

with increasing solvent ’ drophobicity.” 

63, In the present s y. we have investigated the effects of solvents on the enantioselectivity and 

activity of Lipase PS d porcine pancreatic lipase, using as the substrates two unrelated model 

compounds, namely , th alcohol sulcatol(6-methyl-5-hepten-2-01) (IJ (Scheme I) 
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cohol3-bromo-5hydroxymethyl isoxazoline (2J (Scheme II). 

We have also s ied the effects of the chain length of the acylating agents, the temperatute and 

removal of water on and activity of the two lipases. 
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Effects of Organic solvents. Lipase PS and porcine pancreatic lipase are among the enzymes 

most widely used for the resolution of racemic alcohols and acids3 In this study, each of the two lipases 

was employed in several organic solvents for the resolution of (&)-A (Scheme I), a pheromone of an 

ambrosia beetle,6 and (i)-2. (Scheme II), a pmcursor of a muscarinic agonist,’ using trifluroethyl butyrate 

as the acylating agent . With these two substrates both enzymes showed a preference for the 

(R)-configuration _ 

AS an index of enantioselectivity we used the enantiomeric ratio E, which can be calculated from 

the degrees of conversion and the correspondent enantiomeric excess (ee) values of either the product or 

the substrate by the equations developed by Chen et al. 3d These equations, because of the reversible 

nature of the transesteriiication reactions in organic solvents, also take into account the parameter K, 

which is the ratio between the concentrations of the substrate. and product at equilibrium. Under our 

experimental conditions, the degrees of conversion were, at equilibrium, between 95 and 97 96. 

The ee values were determined by chiral GLC for 1 and by chiral HPLC for 2 . These. methods 

were very effective and easy to use aad the enantiomers of the substrates and ester products were 

base-line separated in the same run without any prior derivatization (Figure 1). 

F&we 1. Chid GLC of &+&at01 (1) and &-&at01 bu~ate @ on CPCyclodeMrirr~-23,6-h-l9 (Aband chid HPLJZ of 

(ft3-‘zsomdhydrox~ isoxamke @ md (f~3-~numo-5-hyd~1xymahyl isoxazolinc butpte (4~ on Chime1 OB @I. Note. in the 

case of_2 the invasion in the eluticm mdu of the Pmduct ((S) elutes before (R)) compped to the sltw ((RI elute-8 before (S)). 
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The effects of the nature of the organic solvents on the enantioselectivity of crude porcine 

pancreatic lipase with (*)-A and (k)-2 as the substrates are shown in Table I. 

Table I. Effects of Organic Solvents on the Enantloselectivity (Enantiomerlc Ratio, E) and 

Transestet@ation Rate of Porcine Pancreatic Lipase with @)-A and (*)-2 as the 

Substrates. 

solvent 1ogP’ Gb 

dioxane -1.1 2.2 

acetone -0.2 20.6 

tetrahydrofuran 0.5 7.6 

3pentanone 0.8 17.0 

r-amylalcohol 1.4 5.8 

3-methyl-3-pentanol 2.0 4.3 

benzene 2.0 2.3 

toluene 2.5 2.4 

dibutyl ether 2.9 1.1 

cyclohexane 3.1 2.0 

dodecane 6.6 

w-r w-zd 

initial ratef initial ratef 

EC (.Wovh) Ee Gunovh) 

42 (50)s 6.2 (0.5)s 

34 3.0 1.6 2.4 

40 4.8 

22 (25) 4.7 (0.4) 2.4 5.3 

20 (24) 2.0 (0.2) 1.3 5.6 

17 (22) 1.6 (0.2) 1.6 6.0 

62 (71) 10.7 (1.4) 

39 (42) 8.6 (1.3) 2.0 7.9 

20 11.4 

26 (32) 9.7 (2.0) 

23 (28) 6.7 (1.1) 

‘Log l’ dues WQC calculated Lomrding to Rekkex, R. F.; De Kort_ H. M. Eur. J. Med. Chem. Thempzut. 1979, 14,479-t?% bDielecUi= 

constant (d values were taken born: Reichardt. C. Solvents and Solvent Effects in Organic Chemistry, 2nd ed.; VCH: Weinbeim, Genmmy, 

1988, pp4Og-10. %J 1 ml of organic solvent containing (*)-I (79 mh4) and trifluoroetbyl butyrate (480 mh%), 50 mg of enzyme wd 100 mg 

Of molecUlm sieves were adda and the suspensim~ was sbakm in an orbital shakes at 250 rpm. at 45 ‘C. The degree of unve~sion and the 

optical purity of the estex product were determined at diffaent times by GE. dTo 1 ml of organic solvent containing Ck)-g (28 mM) and 

tritluometbyl butynte (56 mhi), 50 mg of enzyme and 100 mg of molecular sieves were added, and the suspension was sbakcn at 250 rpn, at 

45 ‘C. Tbe degree of cawe~~icm and the optical purity of the product were determined at different times by HPLC. =E vahws were calcakated 

fmm ths degree of cmwssion and the ee of tbc pmducx accmdi,,g to Chen et al.3d Each value was the average of 35 E values calculated for 

conversions raaging fmm 10 to 50 5%. fNo appreciable amvedon wm observed in the absence of the enzyme. &he results obtained with 

immobililpd purified pancreas lipase (50 mg of enzyme-matrix complex) are reported in parmthexs. 

It can be seen that the enantioselectivity was markedly influenced by the solvent, but no 

~kitiOn with either the hydrophobic@ (log P) or dielectric constant of the medium was observed.* In 
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the case of (M-2, the differences in E values are small in absolute terms. but quite significant in relative 

terms. In fact, in terms of the ee values of the product (4), the differences as a function of the solvent are 

great and easily measurable (Figure ZA). Thus, at low degrees of conversion. the ee values are about 40 

% in pentanone (E=G.4), 20 % in 3-methyl-3-pentanol (B=1.6) and 10 % in rerr-amyl alcohol (Es1.3). 

A 

2 40 
v) 

% I--- 
s,] “” , 

0 20 40 

Convereion~%l Converslon (%) 

Analogously, the enantioselectivity of Lipase PS with (*)-I and (lt)-2 changed notably as a 

function of the organic medium but, once again, without any cormlation with the hydrophobicity or 

dielectric constant of the solvent (Table IQ9 As an example, Figure 2B shows the ee values of the ester 

product (4) obtained in the resolution of (z&z in three different solvents. The values were about 90 Q in 

3-pemanone (E=25), 80 % in tetrahydrofinan (E=ll) and 70 % in 3-methyl-f-pentanol (E-6). 

The transesteritication rates of the two lipases with (&)-I and (&)-2 also change markedly by 

changing the solvent, but in this case too, them was little or no correlation with the physicochemical 

characteristics of the solvents (Table I and II). However, it should be emphasized that these rates were 

not determined at saturating concentrations of substrate, and therefore they could reflect variations in K,,, 

values (see below). 

It should be emphasized that crude catalyst preparations can contain enzymes with different or 

even opposite enantioselectivity. However, Table I shows that very similar E values (and identical trend) 

were obtained with the crude porcine Pancreatic lipase (53 unitsAng), which is known to contain esterase 
activities,” and with the purl&d one (20500 unitsAng; see data in parentheses). This strongly suggests 

that lipase only acts on (It)-1 and that the effects of solvents on E do not reflect variations in the relative 

activities of the enzymes present in the crude material. Furthermore, the reaction rates do not change or 
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slightly increase on in ing the chain length of the acylating agent (see next section) and this is typical 
of Iipases and not of est 

J& 
es. Table II shows that also CIU& Lipase PS (20 units/mg) and purified Lipo 

Protein Lipase (800 unit&~~g; see data in parentheses) gave practically identical E values as a function of 

’ g tipase PS, it should be mentioned that it contains only one Iipase, and 

Table II. Effects of ganic Solvents on the Enantioselectivi~ (Enaatiomeric Ratio, E) and 

Transes ’ s ication Rate of Lipase PS with (+)-A and (zt)-2 as the Substrates 

solvent 

/ 
w-1” (*sb 

initial rate initial rate 

1ogP t EC 0 EC Gunovh) 

dioxane 
I 

acetone 

tetrahydrofuran 

3-~ntanone 

r-amylalcohol 

3-methyl-3-pentanol 

benzene 

toluene 

dibutyl ether 

cyclohexane 

dodecane 

‘* -1.1 2.2 23 (22)* 

-0.2 20.6 40 (42) 
0.5 7.6 27 

0.8 17.0 47 (45) 

1.4 5.8 uf (!8) 
2.0 4.3 16 

2.0 2.3 32 

2.5 2.4 34 (37) 

2.9 1.1 22 

3.1 2.0 13 (14) 

6.6 21 

1.6 (2.9)* 

2.4 (3.1) 

2.0 

3.8 (10.6) 

3.4 (10.1) 

5.1 

4.8 

6.2 (14.2) 

6.6 

5.0 (14.0) 

4.7 

11 3.6 

23 1.2 

11 7.2 

25 15.0 

8 40.2 

6 30.0 

10 28.8 

16 16.2 

7 25.8 

The enantioselec ity of porcine pancreatic lipase with sulcatol was also determined by another 
constants (V,,,JK,J of the enzyme for the two enantiomers of 1; were 

measumd and then E values obtained from their ratio~.~t Them were still variations of 

ction of the nature of the solvent @able III, see 3-methyl-3-pentanol and 
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toluene). though less evident than those found by the previously described method (Table I). Table III 

also shows the effects of the solvents on the V, and I$,, values for the two enantiomers. It can be seen 

that V,, values were moderately affected by the solvent, with the exception of 3-methyl-%pentanol. 

whereas K,,, values dramatically increased with increasing solvent polarity.‘* Regarding the origin of 

enatUiOSelt?ctivity the data in Table III indicate that the main contribution results from differences in 

V,, CR-sulcatol8-11 times faster than S-sulcatol) rather than in K,,, values (K,,, for R-sulcatol2-3 times 

lower than K, for S-sulcatol) for the two enantiomers. 

Table III. Enantiomeric Ratio, Expressed as (V,.&,,),/(V,&,,,),, of Porcine Pancreatic Lipase in 

Various Solvents with (R)- and (S)-1 as the Substrate? 

solvent 

(VilViXk>, v,,tmdw rh, (mW 

(Vnlax&l)s (R)-1 (Sk1 (R)-1 (S)-1 

3-pentauone 23 39.0 4.5 217.0 568.3 

3-methyl-3-pentanol 18 10.4 1.3 311.2 696.5 

toluene 34 40.1 3.5 47.6 141.4 

cyclohexane 26 52.7 4.9 21.6 52.8 

dodecaue 24 40.0 4.6 11.0 30.5 

%lml f o or@nic solvent contain&g (-)-(R)-1(&3GU mM) 01 (+&(?.&I (13.650 mM) and dfl~l butpate (480 mhf). 50 mg of 

myme wd 100 mg of molecular sieves were added, and the suspensh was shak~l in an orbital shaker at 250 p. at 45 ‘C. Periodically, 

tiiots (S-6 per experimmt) were withdrawn and assayed for pmdwt formation by GLC. V,, and K, values were obtained from the 

initial rate memurwnents wing ENZFIITER (Leathuhw, R. J. Enzfina a Non-Linear Regression Data Analysis Ropm for I.B.M. 

PC.. usevia Biilt, Cambridge 1987). The G v J uea for ttifl-thy1 butyrate were also dctmnined and they were fmmd IO be poorly 

.+ffcc~ by the whnt (frcm 10 to 18 mh4 with (RF1 d from 21 to 39 mh4 with (S).L). 

The determination of enantioselectivity by measurement of specificity constants was quite 

informative but also rather complex and laborious and, therefore, it was not applied to 2 and to Lipase 

PS. In addition, at least in our hands, it was not so highly reliable as the method based on the 

determination of ee values. In this latter case, in fact, both the degree of conversion and ee, from which 

the E value was obtained, were determined in a single chromatographic run without any prior 

manipulation. It should also be emphasized that possible inaccuracies in time measurements and in 

enzyme and reagent concentrations, as well as variations in shaking rates and catalyst dispersion in the 

reaction medium did not affect the determination of E, because the equations utilized3d anz not dependent 

on these parameters. 
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Effects of temperature, chain length of the acylating agent, and removal of water by 

mokuhu tiwes. s of temperature on the enantioselectivity of porcine pancreatic lipase with 

(It)-& and of Iipase (*)-2 were investigated over the range 22-65 OC. Table IV shows that for 

both enzymes there ificant decreases in E values with increase of temperature. This finding is 

in line with mcent pa 

alcohol dehydrogenas ” from T. hrocM3” 

cy lindracea 
1 

reporting an inverse correlation between temperature and enantioselectivity for 

and T. ethatwlicus,13b pig liver esterase’3c, candida 

lipase, * 3d euahoms cepucia lipase13=,and also with Otto’s theoretical predictions.‘3f 

With porcine pancreati~,lipase the reaction rate increased as a function of temperature, whereas with 

Lipase F% the rate at 6 4’ % was lower than at 45 OC (Table IV), probably because of inactivating effects. 

bf Temperature on the Enantioselectivity and Transesterification Rate of Porcine 

and of Lipase PS with (j&)-2 

r~ 

rcine pancreatic lipasea 

j( EC rate Gunol/h) EC 

Lipase PSb 

rate +moI/h) 

I 
22 21 6.0 32 7.4 
45 23 6.7 25 15.0 
65 17 8.3d 17 7.9d 

of the acylating agent (trifluoroethyl butyrate, hexanoate. octanoate, 

dodecanoate and te) did not significantly affect the enantioselectivities of either porcine 

ing from 23 to 27 with 1 as the substrate and dodecane as the solvent) nor 

Lipase PS (E values 24 to 28 with 2 as the substrate and 3pentanone as the solvent). This result was 

to some extent u ted because there are several reports about the dependence of the 

enantioselectivity of s lipases on the nature of the acylating agents.3d3eJ4 ln particular, our data do 

not confii the ncrease of selectivity reported for porcine pancreatic lipase with (*)-A when 

oate (E equal to 100 instead of 19-27 with shorter-chain acylating agents and 
even with trichloroe anoate).l& Also, the reaction rates were similar for all the esters tested, 

with relative rates ran 75 to 100 for porcine pancreatic lipase and from 83 to 100 for Lipase PS. 

lecular sieves that remove water from the reaction medium markedly increased 

especiahy in the case of hydrophobic solvents. Thus, with porcine pancreatlC 
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lipase, the rates increased about 4 times with toluenc, cyclohexane and dodecaue whereas small increases 

or none were obtained with 3pentanone and 3-methyl-3pentanol (Table V). Similar behavior was 

observed for Lipase PS, with 1.15, 1.5-, and lO- fold increases with dioxane, 3-pentanone and toluene 

(Table V). 

Table V. Effects of Molecular Sieves on the T~seste~~~tion Rate of Porcine Pancreatic L&se and 

Lipase PS with (*)-1 

rate ounolfh) 

porcine pancreatic lipase Lipase PS 

solvent control molcc. sieve@ control m&c. sievesG 

diOXitIIC 1.4 1.6 

3-pemanone 2.6 4.7 2.5 3.8 
3-methyl*3*pentanol 1.5 1.6 _ 

toluene 1.9 8.6 0.6 6.2 

cyclohexane 2.6 9.7 
dodecane 1.7 6.7 * 

These results am in agreement with previous data repor& by us3” and by other@ describing increasing 

rates of esterification or transesterification catalyzed by porcine pancreatic lipase and Lipases PS as 

water content was lowered. For esterification reactions, this phenomenon was attributed by Yamane 

et al.” to the decrease in the rate of the reversible reaction, i.e., ester hydrolysis. That explanation 

should also be valid for transeste&fication reactions since, for them too, water hydrolyzes the ester 

product. The differences in the increase caused by molecular sieves for the various solvents could 

reside in the different capacities of the solvents to strip water from the enzymes. In a hydrophobic 

medium+ enzymes would be surrounded by high concentrations of water,r6 which would hasten the 

hydrolysis of the ester product as it formed. Instead, in hydrophilic solvents, water would be mainly 

dissolved in the medium and, therefore, its concentration around the enzymes low. As a consequence. 

water removal by molecular sieves has marked effects on transesterification rates only in hydrophobic 

SOIVCSS. 

The enantioselelectivity of the two enzymes did not change significantly when moleoular sieves 

were omitted. 
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CONCLUSION 

The present study 

1 

unambiguonsly demonstrates that the nature af organic solvents infhrences the 

enantioselectivity of Lipase 

4 

PS and porcine pancreatic lipase with sulcatol and 

3-bnomo-5-hydroxyme 1 isoxazoline as the substrates. Since it is likely that such a behavior also occurs 

with other compounds, ’ ese results are of notable practical interest because the two lipases are widely 

used in organic solven racemate resolution.tf3 TIte effects on enantioseIectivity, however, not only 

cannot be predicted basis of the physicochemical properties of the solvents but they also change, 

ging the enzyme and, for a given enzyme, by changing the substrate (see 

Therefore, rationales based on differences of partitioning of the water 

te (correlated with solvent hydrophobicity),5a or on differences of enzyme 

e dielectric constant of the solvent)5c am not compatible with our results, 

attd other explanation be found. 

We could specul ’ e that one or more molecules of solvent interact with the enzyme in or near the 

substrate binding site 

+ 

, depending on their structure (bulkyness, chain ramification, rigidity, etc.), 

interfere with the ass+ ation or transformation of one enautiomer more than with the other, thus 

affecting enantioselecti&y. Therefore, according to this hypothesis, it would be the solvent-enzyme 

COmpkX that dictates em tioselectivity. The formation of such a complex requires that in organic media, 

as in aqueous media in there is bulk water and water tightly bound to the enzyme,” them is bulk 

solvent and bound s model, however, cannot be of predictive value (at least in the absence of 

the tridimensional stru of the enzymes and of challenging modelling) because of the great number 

(equal to the number sable solvents) of possible solvent-enzyme complexes and because each 

complex might behav tly depending on the nature of the substrate. 

It is also of tc bie practical importance that for both lipases there is an inverse correlation 

between temperature enantioselectivity, and that removal of water from the reaction medium by 

molecular sieves mark increases transesterification rates in hydrophobic solvents. 
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EXPERIMENTAL SECTION 

Materials. Lipases from porcine pancreas (Type E, 53 units/mg solid using olive oil; Type VI-S, 

purified, 20500 units/mg solid using olive oil) were purchased from Sigma, and Lipase from 

Pseudomonas species (Lipase PS, 30 units/mg solid using sesame oil; Lip0 Protein Lipase, LPL 800 

tmits/mg solid using sesame oil) from Amsno. Crude porcine pancreatic lipase and Lipase PS were used 

directly without any pretreatment, whereas purified porcine pancreatic lipase and Lipo Protein Lipasc 

were immobilized (see below). (&)-Sulcatol (IJ was purchased from Aldrich and 

(i)-3-bromo-5hydroxymethyl isoxazoline (2) was synthesized according to De Amici et al.’ 

(+)-(S)-Sulcatol was prepared by reducing 6-methyl-5-hepten-2-e with alcohol dehydrogenase from 

Thockii as described by Belan et al’* ((S)-1. > 99 % by chiral GLC).(-)-(R)-Sulcatol was obtained by 

resolving the racemic mixture with porcine pancreatic lipase following the method described by Belan et 

al’* modified by using trifluotoethyl- instead of trichloroethyl butyrate, benzene instead of ether, and by 

performing the transesterification in the presence of molecular sieves ((R)-1 96 % by chiral GLC). 

Ttifluo~oethyl esters were preparaed as described elsewhere.19 Organic solvents were dried over 3 A” 

molecular sieves. 

Enzyme immobilization. Fkrificd porcine pancreatic lipase and Lipo Protein Lipase had to be 

immobilized before use because, in organic solvents, these enzyme powders stuck to reactor walls 

maintaining very poor activity. Purified porcine pancreatic lipase (5 mg) or Lip0 Protein Lipase (300 mg) 

were dissolved in 0.1 M potassium phosphate buffer pH 7 (6 ml) and added to Hyflo-Super Cell (2 g). 

The amount of the water solutions added were such to completely swell the man-lx. The hydrated 

enzyme-support mixtures were finally dried over vacuum pump (20 h, 0.02 mbar) and the water content 

(about 2 %, w/w) determined by the optimized Fischer method.16 

Transesterif~tion reactions. In a typical experiment, a powdered enzyme sample and 100 mg 

molecular sieves were placed in a 3-ml vial, followed by the addition of 1 ml of solvent containing 

uBluoroethy1 butyrate and the substrate ((+)-A or (&)-a. Then the reaction mixture was shaken in an 

orbital shaker at 250 rpm, 45 “C. Periodically, aliquots were withdrawn and assayed by chiral GLC or 

HPLC as described below. 

Determination of enantiomeric excess and degree of conversion. Both the degree of 

conversion of (f)-sulcatol into the correspondent ester and the ee of either the ester product or the 

remaining substrate were determined by chiral GLC with a CP-Cyclodextrln-l3-2,3,6-M-19 column (50 

m, 0.25 mm ID, Chrompack) under the following conditios: oven temperature from 90 “C (initial time 25 

mitt) to 130 ‘C with a heating rate of 1.5 “C/min; Hz as carrier gas. When trifluoroethyl butyrate was used 

as the acylating agent (the great majority of experiments), E values were calculated from the ee values of 

the product. In the study on the effect of the chain length of the acylating agent on enantioselectivity, E 

values were calculated from the ee values of the remaining substrate because the enantiomers of ester 

products other than butyrate were not satisfactorily resolved by chiral GLC (see Figure IA showing the 
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separation of sulcatol $&I sulcatol butyrate enantiomers). 

The degree of c nversion of (&)-3-bromo-5hydroxymethyl isoxazoline and the ee of either the 

ester product or the r aining substrate were determined by chiral HPLC with a Chiracel OB column 

4.51, reading at 215 i 

(4.6 x 250 mm, Baker \ nder the following conditions: flow rate 0.5 ml/min; eluent n-hexanein-propanol 

_ When trifuoroethyl butyrate was used as the acylating agent, E values were 

calculated from the ee values of the product. In the study on the effect of the chain length of the 

acylating agent, E valld$ s were calculated from the ee values of the remaining substrate because of the 

unsatisfactory separatiott of ester products other than butyrate (see Figure IB showing the separation of 

the enantiomers of 2 a@-butytate). 

The equilibrium/ constant K was determined on the fast-reacting species as described by Chen et 

aLSd 
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