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Abstract; Derivatives of both enantiomers of butane-1,2,4-triol have been obtained through a
transesterification reaction catalyzed by Pseudomonas fluorescens lipase (PFL) in organic
solvents. The influence of the solvent on the enantioselectivity has been thoroughly examined. It
has been found that the enantioselectivity depends on both the hydrophobicity and the polarity of
the solvent in a semi-quantitative 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.1-2 Although
chemoselective,3 ambidoselective,4 regioselective, and diastereoselectiveS 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 are useful for the purpose of organic synthesis, two
are disadvantageous. The natural environment for enzymatic reactions is water, which confines 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,8.? which expanded very much the synthetic usefulness of enzymes.2

When a synthetic organic chemist wishes to perform a selective transformation on an unnatural
substrate two approaches are most frequently used. The first 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 screen different 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,!! and can be expensive for the standard of organic synthesis.12.13 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
selectivity2-15.16 of enzymatic reactions. Furthermore, the experimental procedure in organic solvents is easier
than in water.17 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).80.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 investigations!9 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 available, do not require cofactors, can
accept a wide structural variety of organic compounds as substrates, and are remarkably stable in organic
solvents.28.20 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-triol [e. g., (-)-1 and (+)-2, Scheme 1} are useful
chiral building blocks for the synthesis of natural products,22 as well as chiral auxiliaries for asymmetric
synthesis.23 In the course of our work on the EPC-syntheses of polyoxygenated compounds24 and branched
chain nucleosides25 we need practical routes to these chiral building blocks. Although derivatives of (S)-
butane-1,2,4-triol 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-triol [(1)-1a and (£)-1b] with vinyl acetate28 catalyzed by Pseudomonas fluorescens
lipase (PFL)29 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 1g P) as well as the polarity of the solvent (as indicated by the dielectric constant,!4.31 €). 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
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RESULTS

Lipase catalyzed acetylation of (1)-cis-4-(hydroxymethyl)-2-phenyl-1,3-dioxane [(1)-1a] in
anhydrous organic solvents.

The results of the kinetic resolution of (+)-1a 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 (Ig
P) and the dielectric constant (€) for each solvent are also indicated in Table 1. In all the solvents tested, the
enzyme recognizes preferently the (8,5)-enantiomer of (+)-1a, giving the acetate (+)-2a and the alcohol (-)-
1a. The absolute configurations of the reaction products were assigned by comparison with the compounds
prepared from (R)- and (S)-malic acid.24¢

As shown in Table 1, both the enantioselectivity and the velocity (as indicated by the time necessary to
achieve a 25% conversion, tys4) 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
PFL 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-3-pentanol 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 (+)-1a in Anhydrous

Solvents.2
Entry| Amount® | Solventc [1g P | & |ti4|Time|gel (d:1a (+)-2a | g
(h)d | (h) %ee (%oy)f | %ee (%y)f
1 205 tetralin 4181277 | 3 55 ] 48 70 (40) 76 (40) | 15.2
2 200 tetralin 4181277 | 3 16 | 60 | >95(32) 64 (53) 16.0
3 205 CCly 30 224 )] 3 |11.5] 56 95 (36) 76(49) | 26.8
4 195 toluene 25 1238 3.5 9 54 90 (35) 77 (46) | 23.3
5 210 benzene 2.0 | 2.27 6 22 47 72 (46) 82 (44) 217
6 430 benzeneh 20 | 2.27 3 9 55 >95 (32) 78 (49) >29
7 410 CHCl3 20 481 22 | 72 | o4 39 (30) 71 (46) 4.5
8 150 t-BuOMe 1.9 [450 | 6 20 | 63 80 (32) 46 (50) 6.4
9 240 i-Pry0O 1.9 |1 388 16 | 43 | 45 58 31) 71 (44) 104
10 200 ECOHMe | 1.9 | 43 | 216 | 480 | 45 67 (43) 81 (39 19.0
11 570 ExC(OHMe | 1.9 | 4.3 6 |23.25] 58 | 96.8 (38) 69(48) |21.7
12 400 (CICH2)2 1.48 110.37| 6 14 | 41 60 (51) 88 (32) 29.2
13 200 CH2Cl 125 | 893 | 240 | 504 | 36 43 (47) 78 (31) 12.3
14 525 CH2Cl2 1251 893 | 28 88 52 77 (36) 70 (44) 12.9
15 220 EnO 085]1420| 3 9 48 68 (36) 74 (39) 13.3
16 250 pyridine 071 ]| 1291} 70 | 264 | 43 66 (41) 86(35) | 26.4
17 230 DME <06]720] 13 | 32 | 49 78 (41) 74(42) |24.0
18 210 THF 049 ]| 758 | 55| 45 | 54 | >97(39) 82(48) | 44.0
19 230 THF 0.49 ) 758 | 4.5 5 31 42 (49) 93 (29) 42.0
20 360 THE 0.49 | 7.58 2 6 46 74 (46) 86 (41) 31.5
21 230 vinyl acetatei | 0.42 | 5.80 5 23 59 95 (33) 66 (52) 17.3
22 200 butanone 0.29 | 18.51| 90 | 336 | 47 69 (44) 78 (38) 16.5
23 130 acetone -0.23120.90] 6 23 | 49 72 (38) 74 (36) 144
24 120 acetonitrile | -0.33 | 3595 39 | 4 | 27 23(52) 64 (24) 5.4

a) All the reactions were carried out at room temperature. b) The enzyme used was Pseudomonas fluorescens lipase (PFL) purchased
from FLUKA. The specific activity of this enzyme is 31.5 U/mg. The amounts refer to units of PFL per mmol of ()-1a. An
unit corresponds to the quantity of enzyme which liberates 1 pmol oleic acid per minute at pH 8.0 and 40°C (as defined in FLUKA
catalogue). ¢) All the solvents were of purissimum quality (FLUKA). Unless otherwise indicated, all the reactions were carried out
using 2.5 mol equiv of vinyl acetate. d) t1/4 indicates the time at which 25% conversion was achi¢ved. e) The conversion degree
was calculated by the expression ¢ = eeg/(ees+eep) (ref 1b). f) %ee were determined by 1H-NMR spectroscopy of either (-)-1a or
(+)-2a in the presence of 0.35-0.50 mol equiv of Eu(hfc)3; all the yields refer to isolated compounds after flash-chromatography.
g) Calculated according to ref 1b. h) 1.5 mol equiv of viryl 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 (+)-1a in anhydrous
solvent have been briefly examined in four solvents (benzene, 3-methyl-3-pentanol, methylene chloride and
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tetrahydrofuran).35 Meanwhile the enantioselectivity slightly increases with the amount of PFL in benzene
(entries 5 and 6, Table 1), there is a slight decrease in THF (entries 19 and 20). In 3-methyl-3-pentanol and
methylene chloride the values of E are relatively insensitive to the amount of the enzyme, and only increases in
the velocities of the reactions are 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 semi-quantitative 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 Discussion section).

Lipase catalyzed acetylation of ()-cis-4-(hydroxymethyl)-2-phenyl-1,3-dioxane [(1)-1a]
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 Pseudomonas
Sfluorescens lipase catalyzed transesterification between vinyl acetate and (1)-1a (Scheme 1) has been
studied. The results are shown in Table 2.

For the sake of comparison, the results obtained in some anhydrous solvents are also included. Several
features deserve to be commented:

a) The reaction is slightly faster and the enantioselectivity is slightly lower in wet toluene36 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, "immobilized” on the glassware, has been used in the experiment reported in entry
3; possessing essentially the same activity and enantioselectivity as the "unmodified" enzyme.37

b) The effect of the addition of water38 and molecular sieves,39 as well as the influence of the
temperature*3 and the amounts of vinyl acetate*¥ and enzyme35 have been examined using chloroform as
solvent (entries 4-10, Table 2). When the PFL-catalyzed acetylation is carried out in the presence of 3 A
molecular sieves the reaction is very slow; and, after ca 80 hours, the enzyme became completely deactivated
(entry 5, Table 2). It have been claimed28b40 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 examples3? 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).8b¢ 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 increase 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
be practical.
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Table 2. Results of the Pseudomonas Fluorescens Lipase Catalyzed Acetylation of (X)-1a under "Modified"
Experimental Conditions.2

Entry] Amount® Vinyl Solvent® | t1/4 |Time| %cf| ()-l1a (£)=2a | Eb
acetate® e | (b %oee (%y)E| Toee (%y)E
1 195 25 toluene 35 9 54 90 (35) 77 (46) 233
2 200 2.5 wettoluene | 1.75 6 52 81 (39) 76 (49) 18.1
3 200i 25 wet toluene 2 3 30 37 (66) 85 (29) 17.7
4 410 2.5 CHCl3 22 72 | 64 39 (30) 71 (46) 4.5
5 200 2.5 CHCl3k 480 | 20l nd nd nd
6 120 1.0 wet CHClz |13.75[13.75] 25 36 (56) 86 (32) 21.2
7 120 5.0 wet CHCl3 19 80 | 47 74 (41) 84 (41) 257
8 420 1.08 wet CHCl3 4 13 | 48 64 (40) 68 (43) 10.0
9 30 10.0 wet CHCl3 163 | 163 | 25 30 (58) 84 27) 255
10 120 5.0 wet CHCl3m 2 |575] 38 49 (51) 80 (29) 14.3
11 200 25 CH2Cl, 240 | 504 | 36 43 (47) 78 (31) 12.3
12 230 2.5 wetCH2Clz | 95 | 28 | 50 70 (42) 69 (46) 11.2
13 220 2.5 ErO 3 9 48 68 (36) 74 (39) 13.3
14 220 1.5 wet Et2O 25 67 | 45 59 (34) 72 (38) 11.1
15 210 2.5 THF 55| 45 | 54 | >97 (39 82 (48) 440
16 360 2.5 THF 2 6 46 74 (46) 86 (41) 315
17 330 2.5 THFmM 1.5 | 475 | 46 75 (46) 89 (44) 38.6
18 230 2.5 THF-H20 12 32 | 49 84 (41) 88 (45) 42.0
(200:1)
19 200 2.5 THF-H20O 69 168 | 25n n. d. n. d. n. d.
(50:1)
20 210 1.5 ’I'Hl:ihi:;cane 3 105 | 52 93 (33) 87 (42) 48.6
21 230 1.5 ']'leihf;(ane 3 15 | 56 | >99(32) 77 (50) 45.8
22 210 1.5 THI-(Tihg(ane 7 22 51 91 (41) 87 (46) 45.8
23 180 25 acetone 6 23 | 49 72 (38) 74 (36) 14.4
24 205 2.5 acetoneK 22 795 | 51 84 (37) 82 (47) 255
a) Unless otherwise indicated, all the reactions were performed at room temperature. b) The enzyme used was Pseudomonas

fluorescens lipase (PFL) purchased from FLUKA. The specific activity of this enzyme is 31.5 U/mg. The amounts refer to units of
PFL per mmol of (1)-1a. An unit corresponds to the quantity of enzyme which liberates 1 pumol oleic acid per minute at pH 8.0
and 40°C (as defined in FLUKA catalogue). ¢) The indicated amount is in mol equiv relative to (1)-1a. d) All the solvents were of
purissimum quality (FLUKA). "Wet solvent” means water-saturated solvent. The contents of water of wet toluene and wet CHCl3
were determined by the modified Karl Fischer method, being 0.03% in toluene and 0.13% in CHCls. e) ty/4 indicates the time at
which 25% conversion was achieved. f) The conversion degree was calculated by the expression ¢ = eeg/(ees+eep) (ref 1b). g) %ee

were determined by TH-NMR spectroscopy of either (-)-1a or (+)-2a in the presence of 0.35-0.50 mol equiv of Eu(hfc)3; all the
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yields refer to isolated compounds after flash-chromatography. h) Calculated according to ref 1b. i) PFL recovered from the reaction
in entry 2 was used (see text). k) The reaction was carried out in the presence of 0.5 mass equiv [relative to (1)-1a] of powered 3
A molecular sieves. 1) The reaction stopped after ca 80 hours. The reaction products were not isolated. The conversion degree was
estimated by 1H-NMR. m) The reaction was carried out at 40°C. n) The reaction stopped after ca. 70 hours. Acetic acid was
detected. The reaction products were not isolated. The conversion was estimated by 1H-NMR.

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 anhydrous 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).

¢) The effect of the amount of PFL, 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 40°C 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 THF 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 ca. 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 (+)-1a is quite efficient in THF-hexane mixtures (entries 20-22, Table 2). Comparing
with THF, the enantioselectivity is roughly the same (contrast with the data in entry 15). The enantioselectivity
is insensitive to the ratio of hexane in the mixture, and the reaction rate decreases slightly when the proportion
of hexane increases.

g) Finally, 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)-1,3-
dioxane [(1)-1b].

With the goal to elucidate the structural requirements of the substrates in the reactions catalyzed by
Pseudomonas fluorescens lipase in organic solvents, we have studied the PFL-catalyzed acetylation of (1)-1b
with vinyl acetate as acylating agent (Scheme 1). Although the structural difference between (+)-1a and
(1)-1b 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 (f)-1a, the (S,S)-enantiomer of (1)-1b is also preferently
recognized by the enzyme, giving the acetate (+)-2b and the alcohol (-)-1b. The enantioselectivity E ranges
from modest (E = 7.5) in toluene in the presence of a high proportion of molecular sieves (entries 4 and 5,
Table 3) to excellent (E > 40) in a variety of solvents: toluene (entries 1 and 2, Table 3), benzene (entry 7),
wet chloroform (entries 9-12), pyridine (entries 16 and 17), and THF-hexane (1:2) (entry 19, Table 3). In
general, the enantioselectivity is higher in the acetylation of (1)-1b than in the acetylation of (1)-1a.96

Analogous to the reaction with (1)-1a, the effectiveness of the kinetic resolution of (+)-1b as well as
the velocity of the reaction (as indicated by ty/4) are dependent on the experimental conditions, especially on
the nature of the solvent.47 Athough not so thoroughly studied as in the acetylation of (t)-1a, the
enantioselectivity of the PFL-acetylation of (1)-1b in anhydrous solvent (entries 1, 7, 8, 13-18, and 20-23,
Table 3) is also dependent on both the hydrophobicity and the polarity of the solvent in a semi-quantitative
way (see Discussion scction).

The influence of other experimental variables (addition of water and molecular sieves) on the
enantioselectivity of the acetylation of (1)-1b 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 (+)-1a, 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 above), being possible to reuse the enzyme
without loss in enantioselectivity (entries 11 and 12, Table 3).37

Similarly to the acetylation of (+)-1a, 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 1-3 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 1-3 have been carried out in 1-2 mmol 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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Table 3. Results of the Pseudomonas Fluorescens Lipase Catalyzed Acetylation of (1)-1b.2

Entry| Amount® | Solvent¢ | 1g P g |tue|Time] g e ()-1b (£)-2b E8
4| (w) Fee (%y) | Fee (%y)

1 200 toluene 25 (1238 15] 45 ] 50 91 (38) 90 (40) >50
2 200 toluench 2 6 52 | >96 43) 88 (41) >50

3 200 toluenci 7 | 225 54 91 (43) T7(41) | 24.1
4 200 toluenek 48 | 192 | 48 62 (44) 67 (46) 1.5

5 200 toluenel 200 | 552 | 44 55(39) 69 (32) 9.4

6 215 wet toluene 1 35 ] 58 | >98@41) 72 (47) >30
7 210 benzene 20 12271 15 5 47 80 (38) 90 (46) [ 46.6
8 440 CHCl3 20 | 481 65] 26 | 52 84 (47) 7847 |21.2
9 240 wet CHCl3 25 8 48 86 (52) 94 (40) >50
10 240 wet CHCl3 4 20 | 54 | >98 (44) 83 (44) >50
11 1100m wet CHCl3 151195} 60 | >99(33) 66 (49) >40
12 800" wet CHCl3 25| 12 | 4 73 (41) 92 (35) >50
13 210 i-Pr0 1.9 | 3.88 1 1275] 51 86 (42) 84 (41) | 317
14 190 CHClz 1.25] 893 | 22 | 113 | 46 73 (48) 86 (42) | 289
15 200 EtO 0.85] 420|225} 575 | 52 86 (45) 81(46) | 26.1
16 200 pyridine 0.71 | 1291 42 | 193 | 48 82 (48) 90 (40) | 48.4
17 200 pyridine 4 74 | 32 45 (61) >94 (30) | >50
18 225 THF 049 7.58 | 2.5 9 48 79 (50) 85(39) |29.7
19 200 THF-hexane 15| 45 | 51 90 (47) 86 (43) 39.2

1:2)
20 215 vinyl acetate® | 0.42 | 5.80 | 1.5 | 6.75 | 48 76 (50) 84 (41) | 26.2
21 220 acetone -0.2312090| 8 | 19.5] 45 70 (44) 87 (337 30.1
22 230 acetone 8 51 54 | >96 (40) 82 (45) >30
23 205 acetonitrile | -0.33]3595] 42 50 | 27 31(53) 82 (18) 13.7
a) Unless otherwise indicated, all the reactions were carried out at room temperature. b) The enzyme used was Pseudomonas

Sluorescens lipase (PFL) purchased from FLUKA. The specific activity of this enzyme is 31.5 U/mg. The amounts refer to units of
PFL per mmol of (+)-1b. An unit corresponds to the quantity of enzyme which liberates 1 pmol oleic acid per minute at pH 8.0
and 40°C (as defined in FLUKA catalogue). c) All the solvents were of purissimum quality (FLUKA). "Wet solvent” means water-
saturated solvents. Unless otherwise indicated, all the reactions were carried out using 2.5 mol equiv of vinyl acetate. d) t1/4
indicates the time at which 25% conversion was achieved. €) The conversion degree was calculated by the expression ¢ =
ees/(eeg+eep) (ref 1b). f) %ee were determined by Ig.NMR spectroscopy of either (-)-1b or (+)-2b in the presence of 0.50-0.65
mol equiv of Eu(hfc)3; all the yields refer to isolated compounds after flash-chromatography. g) Calculated according to ref 1b. h)
0.09 mass equiv [relative to (£)-1b] of powered 3 A molecular sieves was used. i) 0.22 mass equiv [relative to (£)-1b] of
powered 3 A molecular sieves was used. k) 0.46 mass equiv [relative to (+)-1b] of powered 3 A molecular sieves was used. 1) 1.0
mass equiv [relative to (£)-1b] of powered 3 A molecular sieves was used. m) The enzyme recovered from the reaction in entry 10
was used (see text). n) The enzyme recovered from the reaction in entry 11 was used (see text). o) ca. 48 mol equiv of vinyl acetate
was used.
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DISCUSSION

On analyzing the results of the kinetic resolutions of (+)-1a and (1)-1b in anhydrous organic solvents
[Table 1 for (£)-1a and entries 1, 7, 8, 13, 14, 15, 16, 18, 20, 21 and 23 of Table 3 for ()-1b]}, we
observe a dependence of the enantioselectivity E on both the hydrophobicity (as an indication of the miscibility
with water)#8 and the polarity of the solvent.

First, the solvents have been divided in two groups according to low miscibility (high 1g P) and high
miscibility (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 border line to separate the solvents has been established between
3-methy-3-pentanol (entry 11, Table 1) and 1,2-dichloroethane (entry 12, Table 1) for the kinetic resolution
of (£)-1a, and between isopropyl ether (entry 13, Table 3) and methylene chloride (entry 14, Table 3) for
the kinetic resolution of (+)-1b, because these pairs of solvents have relatively high differences in both the
values of Iig P and &. We realize that there is not a clear cut-off in the values of Ig P and the division we have
done is arbitrary. It is evident that some solvents are border-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 below).

The plot of E in the kinetic resolution of (1)-1a versus € for the solvents with high Ig 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 decreases almost linchrly with €.

Figure 1. Plot of E vs. ¢ for solvents with high lg P
for the kinetic resolution of (1)-1a.
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1, CCly; 2, benzene; 3, toluene; 4, tetralin; §, iPry0;
6, 3-methyl-3-pentanol; 7, tBuOMe; 8, CHCl3

The plot of E in the kinetic resolution of ()-1a versus € of the solvents with low Ig 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 g, 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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CH,Cl; (again a solvent in the border line!). Furthermore, two solvents of the first group, diisopropy! ether
and 3-methyl-3-pentanol, fit this behavior (points number 1 and 3 in the plot of Figure 2).

Figure 2. Plot of E vs. & for solvents with low 1g P
for the kinetic resolution of (+)-1a.
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1, iPr20; 2, Et20; 3, 3-methyl-3-propanol; 4, vinyl acetate; 5, DME; 6, THF;
7. CHxCly; 8, (CICH3); 9, pyridine; 10, butanone; 11, acetone; 12, acetonitrile

The plot of E in the kinetic resolution of (1)-1b versus & 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 examined are few, it is observed that similarly to the kinetic resolution of (+)-1a (compare with
Figure 1), the effectiveness of the resolution of (+)-1b in hydrophobic solvents decreases with the polarity
of the solvent.

Figure 3. Plot of E vs. € for solvents with high 1g P
for the kinetic resolution of (£)-1b.
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The plot of E in the kinetic resolution of (+)-1b versus € 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 enantioselectivity increases
with the polarity of the solvent, reaching the maximum when pyridine is the solvent. For more polar solvents
the enantioselectivity decreases with the polarity of the solvent. Comparing with the kinetic resolution of (+)-
1a (see Figure 2), the same tendency is observed; although the maximum of the curve is reached at a higher
value of €.

Figure 4. Plot of E vs. ¢ for solvents with low Ig P
for the Kkinetic resolution of (£)-1b.
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Although a precise explanation of the solvent's influence on the PFL catalyzed transesterification of
(3)-1 in organic solvents can not be given with the present knowledge, 4% we speculate that the
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 believed8bC that the lipase molecule is surrounded by water (essential 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,32 which have shed light on the mechanism of lipolysis;33 and in turn suggests that the
transesterification goes through the mechanism indicated in Scheme 2.

Scheme 2
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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 Ser-His-Asp (or Glu),
characteristic of the serine proteases34 and acetylcholinesterases.35 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 in these lipases are buried under a surface loop, referred to as
the ‘lid’,532 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’ (in 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.53a

Although the tertiary structure of Pseudomonas fluorescens lipase is not yet known,56 preliminary
results on the crystal structure as well as inhibition studies of Pseudomonas lipases37 indicate a similar
arrangement around the active center. An additional structural feature found in the lipases from Pseudomonas
species is that these molecules present a high contents of serine and threonine residues, which are mainly
located in the surface. Some authors362 have observed that this enzyme adhered to glassware, and 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 Pseudomonas fluorescens lipase molecule,22.16d.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 Pseudomonas fluorescens lipase can be as follows.

It is expected that when water is relatively soluble in the organic solvent, the solvent can strip off
essential water from the enzyme surface, modifying the conformation of the enzyme. One roughly indicator of
the miscibility of organic solvents and water is 1g P, which has been mentionated above, and which has been
frequently 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,33 we can
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 €. Futhermore, as it has been
pointed out above, the surface of the molecules of lipases from Pseudomonas are 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 (Ig P and
€) will be involved in determining the degree of enantioselectivity in the acetylation catalyzed by Pseudomonas

Jfluorescens 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
water 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 removed 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 ()-1a in acetone, entry 24, Table 2] or less enantioselective [such as in the acetylation of (¥)-
1a in chloroform (entry 5, Table 2) or in the acetylation of (£)-1b in toluene (entries 2-5, Table 3}.

Also it is interesting to compare the results of the Kinetic resolutions of (¥)-1a and (+)-1b (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 reason of this difference, we speculate
that the effect is steric in nature, although we can not be 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, €) and hydrophobicities (as indicated by the partition
coefficient between 1-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 hydrophobicity 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 Pseudomonas species are the most sensitive to the nature of
the solvent, this behavior is not found in the synthetic applications of other lipases.60 This conduct seems to
reflect the high polarity of the surface of the Pseudomonas lipase molecules, as well as the different amino acid
sequences of the ‘lids’ of each enzyme.6!

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,8b 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.). Although it have been claimed that only high hydrophobic solvents are the
most suitable for biocatalyzed transformations,33 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 received. Pyridine was distilled over CaH2 under argon and kept over molecular sieves.
Benzaldehyde was freshly distilled under a reduced pressure of argon. !H-NMR and 13C-NMR spectra were
measured in Varian-XL-300 or Varian-Gemini-200; chemical shift are reported in parts per million (5) relative
to TMS, and the coupling constants are 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 (70eV) mass spectra
were recorded in a RMU-GMG spectrometer from Hitachi-Perkin-Elmer. Microanalysis were performed by E.
Barbero in a Carlo Erba EA 1108-Elemental Analyzer. The optical rotations were measured in a Perkin-Elmer
241 MC polarimeter; all the optical rotations were measured in CHCl3 solution at room temperature (21-24°C).
Enantiomeric excesses were determined by IH-NMR spectra of (+)-2 and (-)-1 in the presence of 0.4-0.55
molar equivalents of Eu(hfc)3.62

Synthesis of (i)-cis-4-(hydroxymethyl)-2-phenyl-1,3-dioxane [()-1a). A mixture of 90%
purity (+)-butane-1,24-triol (6.9g, 60.2 mmol), PACHO (9.5 ml, 90.3 mmol) and TsOH-H20 (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 NaHSO3 (100
ml) was added and stirred at rt for 1 hour. The mixture was extracted with CH2Cla, and the combined organic
extracts were washed with saturated aqueous NaHCO3 and water. After drying (MgSQO4); evaporation of the
solvents gave (1)-1a, which contained ca. 5-10% of the regioisomeric dioxolanes (as a ca. 1:1 mixture of
trans- and cis-diasterecisomers) and a trace amount of the ¢is- diastereoisomer of (+)-1a ({H-NMR evidence).
Pure (1)-1a (10.16 g, 87% yield), identical to the previously reported,27a,b:63 was obtained by flash-
chromatography (hexane/EtOAc, from 55:45 to 40:60).

The reaction was carried out at different scales [from 5 to 250 mmol of starting butane-1,2,3-triol]
without appreciable decrease in neither yield (> 75%) nor selectivity (> 90% regioselectivity; > 98%
diastereoselectivity).

Synthesis of (1)-cis-4-(acetoxymethyl)-2-phenyl-1,3-dioxane [(+)-2a]. Ac20 (2.5 ml, 25.75
mmol) was added to a solution of (£)-1a (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 rt for 11 hours. The mixture
was poured over saturated aqueous NaHCO3 at 0°, stirred for 30 minutes and extracted with CH2Cla. The
combined organic extracts were washed with 2N aqueous HCI, H,O, half saturated aqueous CuSO4 and H,O
and dried (MgSO4). Evaporation of the solvent gave (3)-2a (1.16 g, 96% yield). An analytical pure sample
was obtained by flash-chromatography (hexane/EtOAc, 4:1).

Synthesis of (f)-cis-4-(hydroxymethyl)-2-(4-methoxyphenyl)-1,3-dioxane [(£)-1b]. A
mixture of 90% purity (1)-butane-1,2,4-triol (15.1 g, 128 mmol), p-anisaldehyde dimethylacetal (28.0 ml, 165
mmol) and TsOH-H20 (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 KoCO3 was added and stirred at rt for 1 hour. The mixture was diluted with
CH2Cl2, and filtered. The solid was thorougly washed with CH2Cly. The solvent was evaporated to give a
crude material, which on analyzing by !H-NMR showed the presence of 8-10% of the two regioisomers (cis-
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and trans-, in a ca 1:1 ratio) of (+)-1b and a trace of the diastereoisomer of (1+)-1b. Pure ()-1b (19.6 g,
69% yield) was obtained by flash-chromatography (hexane/EtOAc, from 50:50 to 20:80).

Synthesis of (X)-cis-4-(acetoxymethyl)-2-(4-methoxyphenyl)-1,3-dioxane [(%)-2b]). Ac20
(1.5 ml, 15.63 mmol) was added to a solution of (x)-1b (700 mg, 3.13 mmol) in 3.0 ml of dry pyridine at 0°.
The mixture was allowed to reach room temperature for one hour, and additionally stirred at rt for 15 hours.
The mixture was poured over saturated aqueous NaHCOj3 at 0°, stirred for 30 minutes and extracted with
CH2Cl3. The combined organic extracts were washed with 2N aqueous HCI, H20, half saturated aqueous
CuSO4 and HyO and dried (MgSQOy4). Evaporation of the solvent gave (1)-2b (818 mg, 98% yield). An
analytical pure sample was obtained by flash-chromatography (hexane/EtOAc, 65:35).

General procedure for the PFL-catalyzed acetylation of (1)-1a and (1)-1b. Vinyl acetate (the mol
equiv. indicated in either Table 1 or Table 2 or Table 3) was added to a mixture of (+)-1 and PFL (the
amount indicated in Table 1-3) 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 1H-NMR. When the desired conversion degree was
achieved, the mixture was diluted with CH2Clz. The enzyme was filtered off and thoroughly washed with
CH;Cl,. 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
(-)-1a, (+)-2a, (-)-1b and (+)-2b are indicated below.
{R,R)-4-(Hydroxymethyl)-2-phenyl-1,3-dioxane [(-)-1la] (> 98% ece¢). [a]p = -10.0 (CHCI3, 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
(100), 91 (47.5), 79 (75.2), 78 (24.8), 77 (68.8), 71 (47.7), 57 (35.8), 43 (24.8). 'H-NMR (300 MHz,
CDCl3): 8 = 7.53-7.33 (m, 5H), 5.56 (s, 1H), 4.31 (ddd, J = 1.3, 5.2, 11.4, 1H), 4.09-3.92 (m, 2H), 3.72-
3.65 (m, 2H), 2.10 (broad s, exchange with D20, 1H), 2.04-1.83 (m, 1H), 1.51-1.41 (m, 1H) ppm.. 13C.
NMR (50.3 MHz, CDCl3): 8 = 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 (1). Anal. Calcd. for C;1H1403: 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). [a]p = +27.1 (CHCl3, 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). lTH-NMR (200 MHz, CDCl3): 8 = 7.61-7.46 (m, 2H), 7.32 (m, 3H), 5.53
(s, 1H), 4.25-4.09 (m, 1H), 4.25-4.09 (m, 3H), 4.00 (dt, J = 4.0, 12.7, 1H), 2.11 (s, 3H), 2.05-1.80 (m,
1H), 1.62-1,49 (m, 1H). 13C-NMR (50.3 MHz, CDCl3): 8 = 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, 1), 27.7 (1), 21.1 (q). Anal. Calcd. for C13H1604: C, 66.09; H,
6.83. Found: C, 66.16; H, 6.80.

(R,R)-4-(Hydroxymethyl)-2-(4-methoxyphenyl)-1,3-dioxane [(-)-1b]. (> 98% ee). [a]lp = -10.3
(CHCI3, ¢ = 1.45). MS: m/e = 224 (17.6), 223 (27.3), 193 (27.6), 135 (100), 109 (22.4), 108 (23.8), 77
45.1), 71 (48.6), 57 (46.5), 55 (30.5), 43 (71.5), 41 (55.2). H-NMR (200 MHz, acetone-dg): & = 7.39 (m,
2H), 6.90 (m, 2H), 5.49 (s, 1H), 4.25-3.90 (m, 3H), 3.79 (s, 3H), 3.59 (m, 2H), 2.86 (s, 1H), 1.78-1.69
(m, 1H), 1.57 (m, 1H). 13C-NMR (50.3 MHz, CDCl3): 8 = 160.5 (s}, 131.3 (s), 127.8 (2C, d), 114.0 (2C,
d), 101.5 (s), 77.8 (d), 66.8 (1), 66.0 (), 55.6 (@), 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). [¢t]p = +26.6
(CHCl3, ¢ = 0.8). MS: m/fe =266 (17.2), 265 (20.0), 193 (26.3), 152 (21.0), 135 (100), 43 (64.7). IH-NMR
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(200 MHz, CDCl3): 8 = 7.42 (m, 2H), 6.90 (m, 2H), 5.49 (s, 1H), 4.30 (dd, J= 11.5, 4.0, 1H), 4.20-4.08
(m, 3H), 3.97 (dt, J = 2.5, 11.8, 1H), 3.80 (s, 3H), 2.09 (s, 3H), 1.89 (m, 1H), 1.51 (m, 1H).}3C-NMR
(50.3 MHz, CDCh): 8 = 171.3 (s), 160.4 (5), 131.2 (s), 127.8 (2C, d), 113.9 (2C, d), 101.4 (@), 75.0 (d),
66.9 (1), 66.8 (1), 55.5 (q), 27.7 (t), 21.1 (q). Anal. Calcd. for C14H;805: C, 63.14%; H, 6.81%. Found: C,
63.30%: H, 7.21%.

Determination of the enantiomeric excess of (R,R)-4-(hydroxymethyl).2-phenyl-1,3-
dioxane [(-)-1a). A typical procedure is as follows. A mixture of 4.4 mg of enantiomerically enriched (-)-
1a (of 60% ee, from the reaction reported in entry 12, Table 1) and 13.6 mg (0.5 mol equiv) of Eu(hfc)3 was
dissolved in ca. 0.6 ml of CDCl3. After 15-20 minutes, a !H-NMR spectrum was taken, showing peaks
(1:4.03 ratio) at 7.095 ppm (for the minor diastereoisomer) and at 7.047 ppm (for the main diastereoisomer)
for the acetalic protons.

Determination of the enantiomeric excess of (S,S)-4-(acetoxymethyl)-2-phenyl-1,3-dioxane
[(+)-2a]. A typical procedure is as follows. A mixture of 8.8 mg of enantiomerically enriched (+)-2a (of
78% ee, from the reaction reported in entry 6, Table 1) and 17.9 mg (0.4 mol equiv) of Eu(hfc)s was
dissolved in ca. 0.6 ml of CDCl3. After 15-20 minutes, a IH-NMR spectrum was taken, showing peaks
(8.09:1 ratio) at 3.790 ppm (for the main diastereoisomer) and at 3.730 ppm (for the minor diastereoisomer)
for the methyl groups.

Determination of the enantiomeric excess of (R,R)-4-(hydroxymethyl)-2-(4-
methoxyphenyl)-1,3-dioxane [(-)-1b]. A typical procedure is as follows. A mixture of 3.6 mg of
enantiomerically enriched (-)-1b (of 76% ee, from the reaction reported in entry 20, Table 3) and 10.6 mg
(0.55 mol equiv) of Eu(hfc); was dissolved in ca. 0.6 ml of CDCl3. After 15-20 minutes, a !H-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-(acetoxymethyl)-2-(4-methoxyphenyl)-
1,3-dioxane [(+)-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)3
was dissolved in ca. 0.6 ml of CDCl3. After 15-20 minutes, a lH-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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