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Abstract: Derivatives of both enantiomers of butane-1.2.4~trio1 have been obtained through a 
transesterification reaction catalyzed by Pseudomonas jluorescens lipase (PFL) in organic 
solvents. The influence of the solvent on the enantioselectivitv has been thorouahlv examined. It 
has been found that the enautioselectivity depends on both the hydrophobicity &dbe polarity of 
the solvent in a semiquantitative way. The influence of other experimental variables (temperature, 
amounts of lipase and acylating agent, addition of water, addition of molecular sieves) on the 
enantioselectivity has also been investigated. 

INTRODUCTION 

Enzymes catalyze processes with remarkable levels of selectivity under very mild experimental 

conditions. On the basis of these properties, it is not surprising that enzymes have attracted the attention of 

synthetic organic chemists who wish to perform selective reactions on unnatural substrates.l.* Although 

chemoselective.3 ambidoselective,4 regioselective .5 and diastereoselectiveo transformations mediated by 

enzymes have become important from a synthetic point of view, the most valuable characteristic is their ability 

to promote enantioselective transformations (EPC-synthesis7). 

Although the majority of the properties of enzymes am useful for the purpose of organic synthesis, two 

are disadvantagems. The natural environment for enzymatic reactions is water, which confiies the applicability 

of enzymes to a few organic substrates. On the other hand, it is difficult to predict whether an enzyme will 

catalyze the transformation of an unnatural substrate with a satisfactory rate and with the desired level of 

selectivity. A major breakthrough in the synthetic applications of enzymes was the discovery that certain 

enzymes are stable in organic solvents, 89 which expanded very much the synthetic usefulness of enzymes.* 

When a synthetic organic chemist wishes to perform a selective transformation on an unnatural 

substrate two approaches are most frequently used. The fit one involves variation of the substrate 

structure, by attaching protective and modifier groups of different sizes and polarities up to the desired level 

of selectivivity is achieved. This approach is time consuming, and often there is an undesirable deviation from 

the initial substrate structure. The second approach is to SCCCII cliiffcrent enzymes up to a selective enough 
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transformation is attained. Although this strategy is frequently successful, it is usually empirical. Furthermore, 

the set of available enzymes from a given group may be narrow. 

Alterations in selectivity or substrate specificity of an enzyme can be induced by modifications in either 

the enzyme’s structure or the nature of the reaction medium. Although the tools of molecular biology are being 

more and more sucessfully applied to protein engineering, 10 the method is not applicable to all the enzymes of 

synthetic interest,1 1 and can be expensive for the standard of organic synthesis.12313 On the other hand, it is 

well known from “traditional” organic chemistry that the solvent can influence the outcome of organic 

reactions;14 this fact, along with the stability of some enzymes in organic media, provides the synthetic 

chemists the opportunity to use a variety of solvents to alter the substrate specificity and the level of 

selectivity*.l5.16 of enzymatic reactions. Furthermore, the experimental procedure in organic solvents is easier 

than in water.‘7 As an additional bonus when using nearly anhydrous organic solvents, undesired side 

reactions caused by water are avoided.18 

The use of different organic solvents to modulate the selectivity of enzymes is straighforward. 

Furthermore, this kind of studies provides data on the behavior of enzymes in non-aqueous solvents (non- 

aqueous enzymology).*b+c If this approach is successful, the number of enzymes needed for synthetic 

applications may be reduced considerably. With these goals in mind, we have initiated investigations19 on the 

influence of the nature of the solvent on the selectivity of enzyme-mediated synthetic transformations. 

Lipases are noteworthy among enzymes. They are readily avaiiable, do not require cofactors, can 

accept a wide structural variety of organic compounds as substrates, and are remarkably stable in organic 

solvents.*a,*o Although these enzymes under natural circumstances catalyze the reaction of water with triesters 

of glycerol, in a hydrolytic reaction; it has been shown that the reaction can be reversed in media with low 

water-content, furnishing esters by the reaction of an alcohol and an acylating agent.21 

Although the synthetic potential of lipases in organic solvents is considerable, the field is still in its 

infancy, and a deeper knowledge of the factors which influence the selectivity of the transformations catalyzed 

by these enzymes is needed. 

Derivatives of both enantiomers of butane-1,2,4-trio1 [e. g., (-)-1 and (+)-2, Scheme 11 are useful 

chiral building blocks for the synthesis of natural products,** as well as chiral auxiliaries for asymmetric 

synthesis.23 In the course of our work on the EPC-syntheses of polyoxygenated compounds% and branched 

chain nucleosides25 we need practical routes to these chiral building blocks. Although derivatives of (S)- 

butane-1,2,4-trio1 can be prepared from natural (S)-malic acid, 26 the synthesis of derivatives of the (R)- 

enantiomer involves the use of expensive (R)-malic acid. 27 Due to this inconvenience we searched for an 

alternative route to these compounds, finding that the transesterification reaction of readily available derivatives 

of racemic butane-1,2,4-trio1 [W-la and (*)-lb] with vinyl acetate 28 catalyzed by Pseuabmonasjluorescens 

lipase (PFL)*o allows to reach this goal efficiently (Scheme 1). 

The effectiveness of the kinetic resolution has been calibrated by the value of the enantioselectivity (E- 

values as defined as Sih and Wulb). In order to optimize the enantioselectivity of the transformation and with 

the goal of unveiling the factors which influence the selectivity of the process, we have carried out an extensive 

study of the influence of the experimental conditions on the enantioselectivity of the reaction. We have 

observed an interesting dependence of the enantioselectivity on both the hydrophobicity of the solvent 

(represented by the values of the logarithm of the partition coefficient of the solvent between 1-octanol and 

water.30 lg P) as well as the polarity of the solvent (as indicated by the dielectric constant,14~3 1 E). From a 
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practical point of view, it is demonstrated that the enantioselectivity is modulated by changes in the solvent, 

which allows to obtain the target molecules in high enantiomeric purities by simply varying the solvent. 

Scheme 1 

X 

(*)-la; x= H 
(see Tables 1, 

&)-lb; X= OMe 
2and3) 

OH 

(-)-la; x= H 
(-)-lb; X= OMe 

+ 

(+)-2a; X= Ii 
(+)-2b; X= OMe 

RESULTS 

Lipase catalyzed acetylation of (f)-cis-4.(hydroxymethyl).2-phenyl-1,3-dioxane [&)-la] in 

anhydrous organic solvents. 

The results of the kinetic resolution of (*)-la in anhydrous organic solvent32 (Scheme 1) are 

indicated in Table 1. The values of the logarithm of the partition coefficient between water and 1-octanol (lg 

P) and the dielectric constant (e) for each solvent are also indicated in Table 1. In all the solvents tested, the 

enzyme recognizes preferently the (S,S)-enantiomer of W-la, giving the acetate (+)-2a and the alcohol (-)- 

la. The absolute configurations of the reaction products were assigned by comparison with the compounds 

prepared from (R)- and (S)-malic acid.= 

As shown in Table 1. both the enantioselectivity and the velocity (as indicated by the time necessary to 

achieve a 25% conversion, t1/4) of the reaction are highly dependent on the nature of the solvent. The 

enantioselectivity is from modest (E = 4.5, using chloroform as solvent, entry 7) to very good (E > 40, using 

tetrahydrofuran as solvent, entries 18 and 19, Table 1). 

Several features are worth noting. The speed of the process is highly dependent on the nature of the 

solvent. The reaction is very slow in most halogenated solvents (Table 1. entries 7. 12. 13, and 14, the less 

polar halogenated solvent carbon tetrachloride is an exception, entry 3). being necessary higher amounts of 

PPL to reach acceptable conversion rates (entries 12 and 14. Table 1). On the contrary, the reaction is quite 

fast in hydrocarbon solvents (entries 1.2,4,5. and 6, Table 1). in ethereal solvents (entries 8.9, 15. and 17- 

20). in vinyl acetate (entry 21) and in acetone (entry 23. Table 1). In some of the more polar solvents as well 

as in the hydroxylic solvent 3-methyl-fpentanol the reaction is quite slow (Table 1, entries 10. 16.22 and 

24, acetone being an exception). More polar solvents (dioxane. DMF and DMSO) have been also tried, but the 

reaction is extremely slow (data not shown).33 
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Table 1. Results of the Pseudomonas Fluorescens Lipase Catalyzed Acetylation of (*)-la in Anhydrous 
Solventka 

Entry Amountb SolventC IgP E f1/4 Time %e (-)-la &L2It 

(h)d (h) %ee (%y)f %ee (%y)f 

1 205 tell&l 4.18 2.77 3 5.5 48 70 (40) 76 (40) 

2 200 tetrabl 2.77 3 16 60 >95 (32) 64 (53) 

3 205 cc4 3.0 1 2.24 3 11.5 56 95 (36) 76 (49) 

Eg 

I 

4 195 toluene 2.5 2.38 3.5 9 54 90 (35) 77 (46) 23.3 

5 210 benzene 2.0 2.27 6 22 47 72 (46) 82 (44) 21.7 

6 430 benzeneh 2-O 2.27 3 9 55 >95 (32) 78 (49) >29 
I I 1 I I I I 1 I I 

7 1 410 1 CHC13 1 2.0 1 4.81 1 22 1 72 1 64 [ 39 (30) 1 71(46) 1 4.5 
I 

8 150 f-BuOMe 1.9 4.50 6 20 63 80 (32) 46(50) 6.4 

9 240 i-prz0 1.9 3.88 16 43 45 58 (31) 71(44) 10.4 

I 10 I 200 I Et$(OH)Me I I.9 I 4.3 I 216 I 480 I 45 I 67 (43) 81(39) I 19.0 1 

12 400 WX02 1.48 10.37 6 14 41 60 (51) 88 (32) 

13 200 a2c12 1.25 8.93 240 504 36 43 (47) 78 (31) 

14 525 CH2C12 1.25 8.93 28 88 52 77 (36) 70 (W 

15 220 Et20 0.85 4.20 3 9 48 68 (36) 74 (39) 

16 250 pyridine 0.71 12.91 70 264 43 66 (41) 86 (35) 26.4 

17 230 DME < 0.6 7.20 13 32 49 78 (41) 74 (42) 24.0 

23 130 acetone -0.23 20.90 6 23 49 72 (38) 74 (36) 14.4 

24 120 acetonihile -0.33 35.95 39 44 27 23 (52) 64(24) 5.4 
I I I I I I I 1 

a) All the reaclions were caked out at room temperature. b) The enzyme used ~8s Pseudomonasfborescens lip.% (WI-1 purchased 
from FLUKA. The specific activity of this enzyme is 31.5 U/mg. The amounts refer to units of PFX. per mm01 of (*)-la. An 
unit corresponds to tbe quantity of enzyme which libemtes 1 pmol oleic acid per minute at pH 8.0 and 4OT (as defined in =UKA 
catalogue). c) AU tbe solvents were of purissimum quality (FLUKA). UnIess otherwise indiiated, all the reactions were carried out 
using 2.5 mol equiv of vinyl acetate. d) ty4 indicates the time at which 25% conversion was achieved. e) The conversion degree 

was calculated by the expression c = ees/(ees+eep) (ref 1 b). r) %ee were determined by 1 H-NMR spectroscopy of either (-)-la or 
(+)-2a in the presence of 0.35-0.50 md equiv of Eu(bfc)3; all the yields refer to isolated compounds after flashchromatopPhY. 
g) Calculated according to ref lb. h) 1.5 mol equiv of vinyl acetate were used. i) 48 mol equiv of vinyl acetate was used. 

The effect of the amount of PFL on the enantioselectivity of the acetylation of (*)-la in anhydrous 

solvent have been briefly examined in four solvents (benzene, 3-methyl-fpentanol, methylene chloride and 
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tetrahydrofuran).3~ Meanwhile the enantioselectivity slightly increases with the amount of PFL in benzene 

(entries 5 and 6, Tabk 1). there is a slight decrease in THF (entries 19 and 20). In 3-methyl-3-pentanol and 

methylene chloride the values of E am relatively insensitive to the amount of the enzyme, and only incmases in 

the velocities of the reactions am observed (entries 10 and 11, and entries 13 and 14. Table 1). 

The most remarkable characteristic of this reaction is that the enantioselectivity is dependent on the 

nature of the solvent in a semiquantitative way, and this fact can be tentatively rationalized on the basis of the 

properties of the solvent, the structure of the enzyme and the course of the reaction (see DiscusSon section). 

Lipase catalyzed acetylation of (f)-cis-P-(hydroxymethyl)-2.phenyl-1,3-dioxane [W-la] 

under “modified” experimental conditions. 

The influence of some experimental variables (temperature, addition of water and molecular sieves, 

amounts of enzyme and acylating agents, behavior in mixture of solvents) on the outcome of the Pseudomu~ 

fluorescens lipase catalyzed transesterification between vinyl acetate and (*)-la (Scheme 1) has been 

studied. The results are shown in Table 2. 

For the sake of comparison, the results obtained in some anhydmus solvents am also included. Several 

features deserve to be commented 

a) The reaction is slightly faster and the enantioselectivity is slightly lower in wet toluene% than in dry 

toluene (entries 1 and 2. Table 2). The enzyme sticks to the wall of the flask when the reaction is conducted in 

wet toluene. This enzyme, “immobiliz&” on the glassware, has been used in the experiment reported in entry 

3; possessing essentially the same activity and enantioselectivity as the Wunmodilied” enzyme.37 

b) The effect of the addition of water38 and molecular sieves,39 as well as the influence of the 

temperature43 and the amounts of vinyl acetate44 and enzyme35 have been examined using chloroform as 

solvent (entries 4-10, Table 2). When the PPL-catalyzed acetylation is carried out in the presence of 3 A 

molecular sieves the reaction is very slow; and, after cu 80 hours, the enzyme became completely deactivated 

(entry 5, Table 2). It have been claimed 28t-M that molecular sieves is beneficial to lipase catalyzed 

transesterification using vinyl esters as acyl donors, because the sieves will retain acetaldehyde generated 

during the acylation, avoiding its reaction with the enzyme. Due to the scarcity of examples39 where molecular 

sieves have been added to lipase catalyzed transesterification, no generalization can be made; although we think 

that, in this particular case, the role of the sieve is to strip-off most of the essential water from the enzyme’s 

surface, disturbing seriously the most active conformation of the enzyme (see Discussion section).*hvc As it 

is indicated below, the effect of molecular sieves on the velocity and enantioselectivity of the process depends 

on the solvent used. 

The effect of adding water to chloroform is very significant: faster and more selective transformations 

are obtained in wet chloroform than in dry chloroform (compare entry 4 with entries 6-9, Table 2). The 

selectivity is dependent of the amount of enzyme used (entries 6 and 8), decreasing the value of E with the 

quantity of enzyme used. The effect of the amount of vinyl acetate have briefly been examined (entries 6 and 7, 

Table 2), finding a slightly better selectivity when a higher dose of acetylating agent was used. With the idea 

that a small amount of enzyme and a high quantity of vinyl acetate mcrease the selectivity, the conditions of 

entry 9 in Table 2 have been tried; although the enantioselectivity is pretty good, the reaction is very slow to 

he practical. 
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Table 2. Results of the Pseudomonas Fhorescens Lipase Catalyzed Acetylation of (*)-la under ‘%Mified” 

19 200 2.5 THF-Hz0 69 168 25” n. d. n. d. n. d. 
(5O:l) 

20 210 1.5 THF-hexane 3 10.5 52 93 (33) 87 (42) 48.6 
(1:l) 

21 230 1.5 

22 210 1.5 

THF-hexane 3 15 56 ~99 (32) 77 (50) 45.8 
(1:l) . 

THFhexane 7 22 51 91 (41) 87 (46) 45.8 
(1:2) 

23 180 2.5 acetone 6 23 49 72 (38) 74 (36) 14.4 

24 205 2.5 aceton& 22 79.5 51 84 (37) 82 (47) 25.5 

a) Unless otherwise indicated, all the reactions were pe&rmed at room temperature. b) The enzyme used was Pseudomonas 
fluorescens lipase (PI%) phased from FLUKA. The specific activity of tbis enzyme is 31.5 U/mg. The amoonts refer to units of 
PFL per mmol of (*)-la. An unit corresponds to the quantity of enzyme which liberates 1 pmol oleic acid per minute at pH 8.0 
and 40% (as defined in FLUKA catalogue). c) The indicated amount is in mol equiv relative to @)-la. d) All the solvents were of 
purissimum quality (FIJJCA). “Wet solvent” means water-saturati s&ent. The contents of water of wet toluene and wet CHC13 
were determined by the modified Karl Fischer method, being 0.03% in toluene and 0.13% in CHC13. e) tu4 indicates the time at 
which 25% conversion was achieved. f) The conversion degree was calculated by the expression c = ee&ees+eep) (ref lb). g) %ee 
were determined by lH-NMR spectroscopy of either (-)-la or (+)-2a in the presence of 0.35-0.50 mol equiv of Eu(hfc)j; all the 
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yieldsrefertoisolaled~dsafterflash-clmwnatograph y. h) Calculated mmding to ref lb. i) PFL nxovuedfromthenzaction 
in entry 2 was used (see text). k) The reaction was carried out in the presence of 0.5 mass equiv [relative to (i+lnl of powered 3 
AmoIecularsieves.l)Thereactionstoppedafterclr80hours.Thereactionproductswcrenotisolated.TheconveRiw&greewas 
estimated by lH-NMR. m) The reaction was carried out at 40%. n) The reaction stopped aftex cu. 70 hours. Acetic acid was 
detectedIhereactionproductswennotisolstt&The~~wasestimatedby1H-~. 

Finally, the effect of the temperature have been essayed (entry 10. Table 2). finding that higher 

temperature causes faster reactions and lower selectivity (compare entries 7 and 10. Table 2). Although this is 

the expected consequence from the principles of physical organic chemistry; this have not been always the 

rule43 when enzymes have been applied in organic synthesis (see below). 

c) Analogously to the case of chloroform, there have been a considerable rate increment when wet 

methylene chloride is used instead of anhydmus methylene chloride, although the selectivity is nearly the same 

(entries 11 and 12, Table 2). 

d) The opposite tendency is observed when dry diethyl ether is replaced by wet diethyl ether. The 

reaction is slower in the wet solvent than in the anhydrous solvent, but no appreciable change in the 

enantioselectivity is observed (entries 13 and 14, Table 2). 

e) The effect of the amount of PI%, the temperature, and the addtion of water on the enantioselectivity 

of the reaction using THF as solvent have been studied. It is found that higher dose of lipase diminishes the 

enantioselectivity (entries 15 and 16, Table 2). When the reaction is carried out at WC instead of room 

temperature, a slightly better selectivity is obtained (entries 16 and 17. Table 2). being this a case where the 

enantioselectivity increases with the temperature. 43 Small addition of water to ‘IT-E does not have any effect on 

the enantioselectivity of the reaction (compares entries 15 and 18, Table 2). although the reaction is slightly 

slower. When the proportion of water increases (entry 19) the reaction is very slow, and after cu. 70 hours the 

reaction does not progress anymore, acetic acid being detected in the reaction media.45 

f) Hexane and pentane have frequently been used33 as solvents in lipase catalyzed transesterifications. 

Due to problems of solubility of our starting materials in these hydrocarbon solvents, we could not use them in 

our study. We have found that this problem does not exist in mixtures of THF and hexane, discovering that the 

kinetic resolution of (*)-la is quite efficient in THF-hexane mixtures (entries 20-22. Table 2). Comparing 

with THF, tbe enantioselectivity is roughly the same (contrast with the data in entry 15). The enantioselectivity 

is insensitive to the ratio of hexane in the mixnu~, and the reaction rate decreases slightly when the proportion 

of hexane increases. 

g) FmalIy, the effect of the addition of molecular sieves to a hydrophilic and polar solvent (acetone) has 

been examined (entries 23 and 24, Table 2). The reaction in the presence of molecular sieves is slower, but 

the enantioselectivity is higher. 
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Lipase catalyzed acetylation of (f)-cis-4-(hydroxymethyl)-2-(4-methoxyphenyl)-l,3- 

dioxane [W-lb]. 

With the goal to elucidate the structural requirements of the substrates In the reactions catalyzed by 

PstwdmnoMsjZuorescens lipase in organic solvents, we have studied the PFL-catalyzed acetylation of (*)-lb 

with vinyl acetate as acylating agent (Scheme 1). Although the structural difference between (*)-la and 

(M-lb is far away from the reacting center, we have observed some interesting differences. The results are 

collected in Table 3. 

Similarly to the kinetic resolution of W-la, the (S.S)-enantiomer of (*)-lb is also preferently 

recognized by the enzyme, giving the acetate (+)-2b and the alcohol (-)-lb. The enantioselectivity E ranges 

from modest (II = 7.5) in toluene in the presence of a high proportion of molecular sieves (entries 4 and 5, 

Table 3) to excellent (E Z= 40) in a variety of solvents: toluene (entries 1 and 2, Tabte 3). benzene (entry 7). 

wet chloroform (entries P-12) pyridine (entries 16 and 17). and THF-hexane (1:2) (entry 19. Table 3). In 

general, the enantioselectivity is higher in the acetylation of (*)-lb than in the acetylation of W-la.* 

Analogous to the reaction with W-la. the effectiveness of the kinetic resolution of (*)-lb as well as 

the velocity of the reaction (as indicated by tu4) arc dependent on the experimental conditions, especially on 

the nature of the solvent.47 Athough not so thoroughly studied as in the acetylation of (*)-la. the 

enantioselectivity of the PFL-acetylation of &)-lb in anhydrous solvent (entries 1,7. 8. 13-18, and 20-23, 

Table 3) is also dependent on both the hydrophobic@ and the polarity of the solvent in a semi-quantitative 

way (see Discussion section). 

The influence of other experimental variables (addition of water and molecular sieves) on the 

enantioselectivity of the acetylation of (&)-lb in toluene and chloroform has been studied. When the reaction 

is carried out in toluene in the presence of molecular sieves, both the selectivity and the velocity of the reaction 

diminish when the amount of molecular sieves increases (entries 2-5, Table 3). The addition of water to 

toluene has hardly any effect on the selectivity and the velocity of the reaction (compare entries 6 and 1, Table 

3). On the contrary, and similarly to the acetylation of W-la, the use of wet chloroform instead of dry 

chloroform as solvent makes the reaction faster and more selective (entries 8 and 9. Table 3). When wet 

choroform is used the enzyme sticks on the wall of the flask (see ubve), being possible to reuse the enzyme 

without loss in enantioselectivity (entries 11 and 12. Table 3).37 

Similarly to the acetylation of (&)-la, the reaction is also highly enantioselective in a THF-hexane 

mixture (entry 19, Table 3), finding that higher selectivity and faster reaction are obtained in this solvent 

mixture than in pure THF (entry 18, Table 2). 

Summarizing, from a practical point of view, the results reported in Tables l-3 show that it is 

possible to obtain the target molecules in high enantiomeric purities and good chemical yields. Although most 

of the experiments reported in Tables l-3 have been carried out in l-2 mm01 scales, some of the more 

selective and faster transformations have been carried out in higher scales (up to 40 mmol) with the same 

selectivity; furthermore, most of the enzyme have been recovered and reused. 
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a) Unless otherwise indicated, all the reactions were carried out at mom temperature. b) The enzyme used was Pseudomon 
jhorescens lipase (PFL) purchased from FLUKA. The specific activity of this enzyme is 3 1.5 U/mg. ‘The amounts refer to units 
PFL per mmol of (*)-lb. An unit cotresponds to the quantity of enzyme which liberates 1 pmol oleic acid per minute at pH 8 
and 4O’C (as defmed in FLUKA catalogue). c) All the solvents were of purissimum quality (FLUKA). “Wet solvent” means Watt 
saturated solvents. Unless otherwise indicated, alt the reactions were can&d out using 2.5 mol equiv of vinyl acetate. d) t] 
indicates the time at which 25% conversion was achieved. e) The conversion degree was calculated by the expression c 
eeJ(ees+eep) (ref lb). f) %ee were determined by IH-IMR spectroscopy of either (-)-lb or (+)-2b in the presence of 0.50-o. 
mol equiv of Eu(hfc)j; alt the yields refer to isolated compounds aft-es ftash-chmmatogmpby. g) Calculated according to ref lb. 
0.09 mass equiv [relative to (*)-lb] of powered 3 A molecular sieves was used. i) 0.22 mass equiv [relative to (*)-lb] 
powered 3 A molecular sieves was used. k) 0.46 mass equiv [relative to (Q-lb] of powered 3 A mdecular sieves was used. 1) 1 
mass equiv [dative to (*)-lb] of powered 3 A molecular sieves was used. m) The enzyme recovered from the reaction in entry 
was used (see text). n) The enzyme recovered from the reaction in entry 11 was used (see text). 0) cu. 48 mot equiv of vinyl acet 
wasused. 
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DISCUSSION 

On analyzing the results of the kinetic resolutions of (&)-la and (&)-lb in anhydrms organic solvents 

[Table 1 for (*)-la and entries 1, 7, 8, 13. 14. 15. 16. 18. 20, 21 and 23 of Table 3 for (&)-lb], we 

observe a dependence of the enantioselectivity E on both the hydrophobicity (as an indication of the miscibility 

with water)4 and the polarity of the solvent. 

First, the solvents have been divided in two groups according to low miscibility (high lg P) and high 

miscibiity (low lg P) with water. Then, the influence of the dielectric constant & of the solvent on the values of 

the enantioselectivity E has been studied. The bonier line to separate the solvents has been established between 

3-methy-3pentanol (entry 11. Table 1) and 13dichloroethane (entry 12, Table 1) for the kinetic resolution 

of (f)-Ia, and between isopropyl ether (entry 13. Table 3) and methylene chloride (entry 14. Table 3) for 

the kinetic resolution of (*)-lb, because these pairs of solvents have relatively high differences in both the 

values of Ig P and E. We realize that there is not a clear cut-off in the values of lg P and the division we have 

done is arbitrary. It is evident that some solvents are horder-line (entries 8-14 in Table 1, and entries 13 and 

14 in Table 3) and it is difficult to unequivocally include them into any of the two groups indicated. We have 

found that some of these solvents fit both behaviors (see Mow). 

The plot of E in the kinetic resolution of (*)-la versus e for the solvents with high lg P (entries 1-12 

in Table 1) is depicted in Figure 1. Except for 3-methyl-3-pentanol (solvent in the border line!), it shows a 

very good correlation; the value of E decmases almost line&y with a. 

Figure 1. Plot of E vs. E for solvents with high lg P 
for the kinetic resolution of (*)-la. 

6 
W 

1. Ccl4 2, benzene; 3, toluene: 4. tetralin: 5, -0; 
6, 3-methyl-3-pentanol: 7, tBuOMe; 8, CHC13 

The plot of E in the kinetic resolution of (*)-la versus E of the solvents with low lg P (entries 13-24 

in Table 1) is shown in Figure 2. For this group of solvents, two different behaviors are observed: with 
relatively non-polar solvents the value of E increases with E, reaching the maximum in THF. With relatively 

polar solvents, the value of E decreases almost exponentially with E. The only exception to this behaviour is 
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CHzCl2 (again a solvent in the border line!). Furthermore, two solvents of the first group, diisopropyl ether 

and 3-methyl-3-pcntanol. fit this behavior (points number 1 and 3 in the plot of Figure 2). 

Figure 2. Plot of E vs. E for solvents with low lg P 
for the kinetic resolution of (*)-la. 

so 

30 - 

E a 58 
map9 

20- 
%4 10 

2. ,'I 
n 

.ll 
lo- rn 

q l2 

1, ipr2a 2, Et20; 3, 3-methyl-3-proqsaol; 4, vinyl acetate: 5, DME; 6. THF, 
7, (X?%: 8. (ClCH2)2: 9. pyridiaa; 10. butanone: If, acetone: 12, ace.tonitriie 

The plot of E in the kinetic resolution of (*)-lb versus E for the more hydrophobic solvents (toluene, 

benzene, chloroform and isopropyl ether, entries 1.7, 8 and 13, Table 3) is shown in Figure 3. Although 

the solvents examin ed are few, it is observed that similarly to the kinetic resolution of (*)-la (compare with 

Figure 1). the effectiveness of the resolution of (&)-lb in hydrophobic solvents decreases with the polarity 

of the solvent. 

Figure 3. Plot of E VS. E for solvents with high lg P 
for the kinetic resolution of (&)-lb. 

J 
2 

50- q 

E * 
II 
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The plot of E in the kinetic resolution of (*)-lb ve.rsus E for the less hydrophobic solvents (methylene 

chloride, diethyl ether, pyridine, tetrahydrofuran, vinyl acetate, acetone and acetonitrile, entries 14,15,16,18, 
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20, 21 and 23, Table 3) is shown in Figure 4. For the less polar solvents, the enautioselectivity increases 

with the polarity of the solvent, reaching the maximum when pyridine is the solvent. For mom polar solvents 

the enantioselectivity decreases with the polarity of the solvent. Comparing with the kinetic resolution of (It)- 

la (see Figure 2), the same tendency is observed, although the maximum of the curve is reached at a higher 
value of e. 

Figure 4. Plot of E vs. & for solvents with low lg P 
for the kinetic resolution of (*)-lb. 
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1. Et20: 2, vinyl acetate.: 3, THF; 4, CH2Cl2; 5, pyridine: 6, acetone; 7, acetonitrile 

Although a precise explanation of the solvent’s influence on the PFL, catalyzed transesterification of 

(zk)-1 in organic solvents can not be given with the present knowledge.49 we speculate that tbe 

conformation of the molecule of Pseudomonas fluorescens lipase is modified upon a change 

in the nature of the solvent. The fact that both the hydrophobicity and the polarity of the solvent influence 

the outcome of the reaction relies on the currently available data on the structure of lipases and its mechanism of 

action. 

It is believedgh,c that the lipase molecule is surrounded by water (essenriul water) which keeps the 

enzyme in a conformation identical or very close to the one it has in its natural environment. Recently, the first 

crystal structures of the lipases from human pancreas, Rhizomucor miehei and Geotrichum candidum have 

been resolved.52 which have shed light on the mechanism of lipolysis;53 and in turn suggests that the 

tmnsesterification goes through the mechanism indicated in Scheme 2. 

Scheme 2 

ENOH + 

0 0 

OA - A OEnz (1) 

r R 1 
0 0 

+ ROH - (2) 
OEllZ 
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Although these enzymes are presumably not homologous (as indicated by their primary structures), 

their active center regions are very similar: being formed by the catalytic triad &r-His-Asp (or Glu), 

characteristic of the serine proteases% and acetylcholinesterases.~~ Furthermore, although the sequence 

similarity among the three lipases is limited to the region near the active-site serine, their three dimensional 

structures are quite similar. The hydrolytic sites iu these lipases are buried under a surface loop, referred to as 

the ‘lid’,53a and are therefore inaccesible to the solvent in the natural environment (water). While the underside 

of the ‘lid’ is hydrophobic in nature, the upper surface of the ‘lid’ (m contact with the media) is polar, and 

therefore susceptible to be modified by the solvent. When the lipase molecule is in contact with its natural 

substrate in an oil-water interface, the ‘lid’ moves leaving a large hydrophobic cavity exposed to the media, this 

cavity contains the catalytic site.5% 

Although the tertiary structure of Pseu&nonus fluorescens lipase is not yet known,56 preliminary 

results on the crystal structure as well as inhibition studies of Pseudomoncu lipases57 indicate a similar 

arrangement around the active center. An additional structural feature found in the lipases from PseudomoMs 

species is that these molecules present a high contents of serine and threonine residues, which are mainly 

located in the surface. Some authors sea have observed that this enzyme adhered to glassware, aud serine 

residues were atributed to be responsible of this fact. We have observed the same behavior with the lipase used 

in the present work (see Results section).37 

On basis to the data reported in the present paper we hypothesize that the organic solvent modifies the 

conformation of the Pseudomonasj7uorescens lipase molecule,~1~58 especially the regions near to the active 

center and the ‘lid’. The change in the conformation of the enzyme is the responsible of the variation in the 

enantioselectivity upon changes in the solvent. 

The rationalization of the influence of both the hydrophobicity and the polarity of the solvent on the 

conformation of the molecule of Pseudomonasjluorescens lipase can be as follows. 

It is expected that when water is relatively soluble in the organic solvent, the solvent can strip off 

essential wafer from the enzyme surface, modifying the conformation of the enzyme. One roughly indicator of 

the miscibility of organic solvents and water is lg P. which has been mentionated above, and which has been 

fmquently invoked to explain the enantioselectivity of enzymatic reactions in non-aqueous media.8 

Based on the proposed mechanistic picture of the lipase catalyzed triacylglycerol hydrolysis.53 we cau 

consider that the transesterification reaction proceeds in two separate steps as indicated in Scheme 2. The step 

2 is the enantioselectivity-determining step, and it goes through an intermediate where charge separation is 

produced. The enzyme could influence, stabilizing or destabilizing, the charge separation; but, overall a net 

charge separation would be produced in the whole system. It is expected that the factors which influence the 

charge development will be involved in the outcome of the process. A physical property which indicate the 

capacity of a solvent to stabilize electrical charges is the dielectric constant E. Futhermore, as it has been 

pointed out above, the surface of the molecules of lipases from Pseudomonas ale relatively polar, thus, it is not 

unexpected that the polarity of the solvent influences the conformation of the enzyme and, therefore, the 

selectivity of the reaction. 

Based on the ideas pointed out above, we have considered that these two physical properties (lg P and 

E) will be involved in detmniuing the degree of enautioselectivity in the acetylation catalyzed by PseudomoMs 

fruorescens lipase; and indeed we have found the correlations shown in the present paper. 
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Also the results of the reactions carried out in the presence of molecular sieves (entries 5 and 24 from 

Table 2, and entries 2-5 from Table 3) points towards that the interaction between the solvent and essential 

wafer is important to determine the activity and selectivity of the enzyme. In all the cases studied, the velocity 

of the reaction decreases when the reaction is carried out in the presence of molecular sieves, what seems to 

indicate that essential water is tomoved from the enzyme’s surface, modifying the most active conformation of 

the enzyme. The change in the conformation of the lipase molecule makes the reaction more [such as in the 

acetylation of (*)-la in acetone. entry 24, Table 21 or less enantioselective [such as in the acetylation of (*)- 

la in chloroform (entry 5. TabIe 2) or in the acetylation of (*)-lb in toluene (entries 2-5. Table 31. 

Also it is interesting to compare the results of the kinetic resolutions of (*)-la and (*)-lb (Scheme 

1). Although the structural dissimilarity between these two alcohols is far away from the reacting center, there 

is a relatively high difference in the values of the enantioselectivity E in the PFL-catalyzed acetylation of these 

two substrates; what indicates that relatively far away from the active site, there is a region that has some 

influence on the outcome of the reaction. Although we do not know the mason of this difference, we speculate 

that the effect is steric in nature, although we can not he ruled out an electronic origin.59 

CONCLUSION 

This paper reports one of the most comprehensive studies on the influence of the solvent on the 

selectivity of an enzyme-mediated synthetic transformation. The solvents span through a broad range of 
polarities (as indicated by the dielectric constant, E) and hydrophobicities (as indicated by the partition 

coefficient between I-octanol and water, Ig P), and the enantioselectivities range from modest (4.5) to excellent 

(> 50). It has been found that the enantioselectivity is dependent on both the hydmphobicity and polarity of the 

solvent in a semi-quantitative way. 

Although we can not give a precise explanation on the solvent’s influence on the selectivity of the 

transformations reported in the present paper, the results show that the selectivity of PFL-catalyzed 

transesterifications can be modulated upon changes in the nature of the solvent. Because the published papers 

on the influence of the nature of the solvent on the selectivity in related transformations are scarce,50 no 

generalization on the behavior of lipases can be done. On analyzing the results reported in the literature, we 

think that the reactions catalyzed by lipases from P seudomanus species arc the most sensitive to the nature of 

the solvent, this behavior is not found in the synthetic applications of other 1ipases.m This conduct seems to 

reflect the high polarity of the surface of the P seudomonus lipase molecules, as well as the different amino acid 

sequences of the ‘lids’ of each enzyme.61 

For the purpose of organic synthesis, it is demonstrated that synthetically useful transformations (i.e.. 

high enantioselectivity) are achieved by variations in the nature of the solvents; this strategy, which have been 

termed solvent engineering elsewhere,ab provides a more straighforward way to reach high selectivities than 

the approaches more frequently used up to now (see Introduction section). Furthermore, the results reported 

in the present paper are also significant to understand the behavior of enzymes in organic solvents (non- 

aqueous enzymology 8b.c). Although it have been claimed that only high hydrophobic solvents are the 

most suitable for biocatalyzed transformations?f we show in the present paper that a broad variety of solvents. 

with very different hydrophobicities and polarities, can be used. 
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EXPERIMENTAL PART 

General. Lipase from Pseudomonas fluorescens (SAM-2) was purchased from FLUKA and used as 

received. All the solvents and chemicals are commercially available (Fluka or Aldrich), and unless otherwise 

indicated were used as revived. Pyridine was distilled over CaH2 under argon and kept over molecular sieves. 

Benzaldehyde was freshly distilled under a reduced pressure of argon. lH-NMR and &XVMR spectra were 

measured in Varian-XL-300 or Varian-Gemini-200, chemical shift are reported in Parts per million (s) relative 

to TMS, and the coupling constants am indicated in Hz. The multiplicity of the signals in the 13C-NMR spectra 

have been determined by ATP or DEPT experiments. Low-resolution electron-impact (7OeV) mass spectra 

were recorded in a RMU-GMG spectrometer from Hitachi-Perkin-Elmer. Microanalysis were Performed by E. 

Barbero in a Carlo Erba EA 1 JO8-Efemental Analyzer. The optical rotations were measmed in a Perkin-Elmer 

241 MC polarimeter; all the optical rotations were measured in CHC13 solution at room temperature (21-24°C). 

Enantiomeric excesses were determined by tH-NMR spectra of (+)-2 and (-)-1 in the presence of 0.4-0.55 

molar equivalents of EU(II~C)~.~~ 

Synthesis of (i)-cis-4-(hydroxymethyl)-2-phenyl-1,3-dioxane [(&)-la]. A mixture of 90% 

purity (f)-butane-1,2.4-trio1 (6.9g. 60.2 mmol), PhCHO (9.5 ml, 90.3 mmol) and TsOHeH20 (1.16g. 6.0 

mmol) in 600 ml of dry toluene was heated at reflux under a Soxhlet containing 20 g of freshly activated 

powered 4A molecular sieves under an argon flow for 4.5 hours. After cooling, 38% aqueous NaHS03 (100 

ml) was added and stirred at rt for 1 hour. The mixture was extracted with CHzC12, and the combined organic 

extracts were washed with saturated aqueous NaHC@ and water. After drying (MgSO4); evaporation of the 

solvents gave (*)-la, which contained ca. 510% of the regioisomeric dioxolanes (as a ca. 1:l mixture of 

trans- and cisdiastemoisomers) and a trace amount of the iis- diastemoisomer of (*)-la (1H-NMR evidence). 

Pure (&)-la (10.16 g, 87% yield), identical to the previously reported.27a.hV63 was obtained by flash- 

chromatography (hexaneI&OAc, from 5545 to 4060). 

The reaction was carried out at different scales [from 5 to 250 mm01 of starting butane-1.2.3~trio11 

without appreciable decrease in neither yield (> 75%) nor selectivity (> 96% regioselectivity; > 98% 

diastemoselectivity). 

Synthesis of (f)-cis-4-(acetoxymethyl)-2-phenyl-1,3-dioxane I(f)-2a]. Ac20 (2.5 ml, 25.75 

mmol) was added to a solution of (*)-la (999 mg. 5.15 mmol) in 4.5 ml of dry pyridine at 0’. The mixture 

was allowed to reach room temperature for one hour, and additionally stirred at t-t for 11 hours. The mixture 

was poured over saturated aqueous NaHC03 at 0”. stirred for 30 minutes and extracted with CH2C12. The 

combined organic extracts were washed with 2N aqueous HCl, H20, half saturated aqueous CuSO4 and Hz0 

and dried (MgSO4). Evaporation of the solvent gave (f)-2a (1.16 g, 96% yield). An analytical pure sample 

was obtained by flash-chromatography (hexane./BtOAc, 4:l). 

Synthesis of (f)-cis-4-(hydroxymethyl)-2-(4-methoxyphenyl)-1,3-dioxane [(*)-lb]. A 

mixture of 90% purity (&)-butane-1.2.4~triol(l5.1 g, 128 mmol). p-anisaldehyde dimethylacetal(28.0 ml, 165 

mmol) and TsOHeH20 (2.4 g, 12.8 mmol) in 650 ml of dry toluene was heated at reflux under a Soxhlet 

containing 35 g of freshly activated powered 4A molecular sieves under an argon flow for 12 hours. After 

cooling, excess solid anhydrous &CO3 was added and stirred at rt for 1 hour. The mixture was diluted with 

CH2C12, and filtered. The solid was thorougly washed with CH$l2. The solvent was evaporated to give a 

crude material, which on analyzing by 1H-NMR showed the presence of 8-10% of the two regioisomers (cis- 
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and truns-, in a cu 1:l ratio) of (&)-lb and a trace of the diastereoisomer of (*)-lb. Pure (*)-lb (19.6 g, 

69% yield) was obtained by flash-chromatography (hcxan&tOAc, from 5050 to 20~80). 

Synthesis of (f)-cis-4-(acetoxymetbyl)-2-(4-metboxypbenyl)-l,3-dioxane [(f)-2b]. Ac20 

(1.5 ml. 15.63 mmol) was added to a solution of (*)-lb (700 mg, 3.13 mmol) in 3.0 ml of dry pyridine at 0’. 

The mixture was allowed to reach mom temperature for one hour, and additionally stirred at rt for 15 hours. 

The mixture was poured over saturated aqueous NaHC@ at o’, stirred for 30 minutes and extracted with 

CH2C12. The combined organic extracts were washed with 2N aqueous HCl, H20, half saturated aqueous 

CuSO4 and Hz0 and dried (MgS04). Evaporation of the solvent gave (f)-2b (818 mg, 98% yield). An 

analytical pure sample was obtained by flash-chronuttography (hexane/EtOAc. 6535). 

General procedure for the PFL-catalyzed acetylation of (&)-la and (*)-lb. Vinyl acetate (the mol 

cquiv. indicated in either Table 1 or Table 2 or Table 3) was added to a mixture of (f)-1 and PFL (the 

amount indicated in Table 13) in the corresponding solvent (when the reaction was carried out in the 

presence of powdered molecular sieves, it was added before vinyl acetate). The mixture was stirred at room 

temperature. The reactions were readily followed by tH-NMR. When the desired conversion degree was 

achieved, the mixture was diluted with CH2Cl2. The enzyme was fiitered off and thoroughly washed with 

CH2Cl2. Evaporation of the solvents gave a crude material, which was chromatographed [hexane-EtOAc. 3: 1 

to 2:3] affording the ester (+)-2 and the alcohol (-)-1. The analytical and spectroscopic data of compounds 

(-)-la, (+)-2a, (-)-lb and (+)-2b are indicated below. 

(R,R)-4-(Hydroxymethyl)-2-phenyl-1,3-dioxane [(-)-la] (> 98% ee). [U]D = -10.0 (CHC13, c = 

1.18). MS: m/e = 194 (41.7), 193 (65.1), 163 (72.5), 123 (7.8). 117 (7.2), 107 (44.7), 106 (18.4) 105 

(KM)), 91 (47.5). 79 (75.2), 78 (24.8), 77 (68.8). 71 (47.7), 57 (35.8). 43 (24.8). tH-NMR (300 MHz. 

CDC13): 6 = 7.53-7.33 (m, 5H), 5.56 (s, lH), 4.31 (ddd, J = 1.3, 5.2, 11.4, lH), 4.09-3.92 (m. 2H). 3.72- 

3.65 (RI, 2H), 2.10 (broad s, exchange with D20, 1H). 2.04-1.83 (m, lH), 1.51-1.41 (m, 1H) ppm._ 13C- 

NMR (50.3 MHz, CDC13): 6 = 138.4 (s), 128.9 (d), 128.4 (2C, d), 126.1 (2C, d), 101.3 (d), 77.6 (d), 66.6 

(t). 65.6 (t). 26.8 (t). Anal. Calcd. for CltH1403: C, 68.02%; H, 7.27%. Found: C, 67.78%; H, 7.60. 

(S,S)-4-(Acetoxymethyl)-2-phenyl-1,3-dioxane [(+)-2a] (> 98% ee). [U]D = +27.1 (CHC13, c = 

1.2). MS: m/e = 236 (19.1), 235 (22.2), 193 (2.7), 176 (3.8). 163 (28.0), 114 (39.4), 105 (100). 91 (33.2). 

79 (29.9). 77 (44.2). 43 (76.4). tH-NMR (200 MHz, CDC13): 6 = 7.61-7.46 (m, 2H), 7.32 (m, 3H), 5.53 

(s. lH), 4.25-4.09 (m. lH), 4.25-4.09 (m, 3H), 4.00 (dt, J = 4.0, 12.7, lH), 2.11 (s, 3H), 2.05-1.80 (m, 

lH), 1.62-1,49 (m, 1H). 13C!-NMR (50.3 MHz. CDC13): 6 = 171.4 (s), 138.7 (s), 129.2 (d), 128.6 (2C, d), 

126.5 (2C, d), 101.5 (d), 75.1 (d), 66.8 (2C, t), 27.7 (t), 21.1 (q). Anal. Calcd. for Ct3Ht604: C, 66.09; H, 

6.83. Found: C, 66.16; H, 6.80. 

(R,R)-4-(Hydroxymethyl)-2-(4-methoxyphenyl)-1,3-dioxane [(-)-lb]. (> 98% ee). [U]D = -10.3 

(CHC13, c = 1.45). MS: m/e = 224 (17.6), 223 (27.3). 193 (27.6), 135 (lOO), 109 (22.4). 108 (23.8). 77 

(45.1). 71 (48.6). 57 (46.5). 55 (30.5), 43 (71.5). 41 (55.2). tH-NMR (200 MHz, acetone-d&: 6 = 7.39 (m, 

2H), 6.90 (m, 2H), 5.49 (s. H-I), 4.25-3.90 (m, 3H). 3.79 (s. 3H). 3.59 (m, 2H), 2.86 (s. lH), 1.78-1.69 

(m, lH), 1.57 (m. 1H). t3C-NMR (50.3 MHz, CDC13): 6= 160.5 (s), 131.3 (s), 127.8 (2C, d), 114.0 (2C. 

d), 101.5 (s), 77.8 (d), 66.8 (t), 66.0 (t). 55.6 (q), 27.0 (t). Anal. Calcd. for C12H1604: C, 64.27%; H, 

7.19%. Found: C, 64.62%: H, 7.29%. 

(S,S)-4-(Acetoxymethyl)-2-(4-methoxyphenyl)-1,3-dioxane [(+)-2b]. (> 94% ee). [a]~ = +26.6 

(CHC13, c = 0.8). MS: m/e = 266 (17.2), 265 (20.0), 193 (26.3), 152 (21.0), 135 (100). 43 (64.7). tH-NMR 
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(200 MHz. CDC13): 6 = 7.42 (m, 2H), 6.90 (m, ZH), 5.49 (s, lH), 4.30 (dd. J= 11.5, 4.0, H-J), 4.20-4.08 

(m. 3H). 3.97 (dt, J = 2.5. 11.8, H-0, 3.80 (s. 3H), 2.09 (s, 3H). 1.89 (m, lH), 1.51 (m, lH).J3C-NMR 

(50.3 MHz, CDC13): 6= 171.3 (s), 160.4 (s), 131.2 (s), 127.8 (2C, d), 113.9 (2C, d), 101.4 (d), 75.0 (d), 

66.9 (t), 66.8 (t), 55.5 (9). 27.7 (t), 21.1 (q). Anal. Calcd. for C14H1805: C, 63.14%; H. 6.81%. Found: C, 

63.30%; H, 7.21%. 

Determination of the enantiomeric excess of (R,R)-4.(hydroxymetbyl)-2-phenyl-1,3- 

dioxane [(-)-la]. A typical procedure is as follows. A mixture of 4.4 mg of enantiomericaJly enriched (-)- 

la (of 60% ec. from the reaction reported in entry 12, Table 1) and 13.6 mg (0.5 mol cquiv) of Eu(hfc)g was 

dissolved in ca. 0.6 ml of CDC13. After 15-20 minutes, a IH-NMR spectrum was taken, showing peaks 

(1:4.03 ratio) at 7.095 ppm (for the minor diastemoisomer) and at 7.047 ppm (for the main diastemoisomer) 

for the acetalic protons. 

Determination of the enantiomeric excess of (S,S)4-(acetoxymethyl)-2-pbenyl-1,3-dioxane 

I(+)-2al. A typical procedure is as follows. A mixture of 8.8 mg of enantiomerically enriched (+)-La (of 

78% ee. from the reaction reported in entry 6, Table 1) and 17.9 mg (0.4 mol equiv) of Eu(hfc)3 was 

dissolved in co. 0.6 ml of CDC13. After 15-20 minutes, a tH-NMR spectrum was taken, showing peaks 

(8.091 ratio) at 3.790 ppm (for the main diastereoisomer) and at 3.730 ppm (for the minor diastemoisomer) 

for the methyl groups. 

Determination of the enantiomeric excess of (I&R)-4-(bydroxymethylj-2-(4- 

metboxyphenylj-1,3-dioxane [(-)-lb]. A typical procedure is as follows. A mixture of 3.6 mg of 

enantiomerically enriched (-)-lb (of 76% ee. from the reaction reported in entry 20. Table 3) and 10.6 mg 

(0.55 mol equiv) of Eu(hfc)g was dissolved in cu. 0.6 ml of CDC13. After 15-20 minutes, a 1H-NMR 

spectrum was taken, showing peaks (1:7.23 ratio) at 7.053 ppm (for the minor diastereoisomer) and at 7.003 

ppm (for the main diastereoisomer) for the acetalic protons. 

Determination of the enantiomeric excess of (S,S)-4-(acetoxymetbyt)-2-(4-methoxypbeny& 

Wdioxane [(+)-2b]. A typical procedure is as follows. A mixture of 1.4 mg of enantiomerically enriched 

(+)-2b (of 84% ee, from the reaction reported in entry 20, Table 3) and 9.57 mg (0.5 mol equiv) of Eu(hfc)g 

was dissolved in cu. 20.6 ml of CDC13. After 15-20 minutes, a JH-NMR spectrum was taken, showing peaks 

(10.95:1 ratio) at 2.982 ppm (for the main diastereoisomer) and at 2.949 ppm (for the minor diastereoisomer) 

for the methyl of the acetyl groups. 
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