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ABSTRACT 

With the aim of providing new methods for the regioselective protection at the 2,3 
and 4 positions of monosaccharides, we have studied the acetylation of a class of rigid 
sugars: the 1.6-anhydro-B-D and L-hexopyranoses (hexopyranosanes D-1 to D-5 and L- 
1 to L-5). using vinyl acetate as an acyl donor and two common lipases,Candida rugosa 
and Pseudomonus cepacia, as catalysts. Our results indicate that the relative orientation of 
the hydroxyls governs the regioselectivity of acetylation. In the D-series, when the 3-OH is 
in the axial position, acetylation occurs mainly at the 4-axial OH, while the 2-axial OH is 
preferred when the 4-OH is equatorial. Conversely, when the 3-OH is equatorial, a strong 
selectivity affects the equatorial 2-OH. Compounds of the Lsenes were shown to be poor 
substrates for the lipase Pseudomonus cepacia except for L-galactosane for which the 2- 
monoacetyl ester was obtained in good yield. An attempt to rationalize the results by means 
of molecular modelling is also made to account for the catalytic activity of the Candidu 
mgosa lipase on hexopyranosanes 1-3. 

INTRODUCTION 

Saccharides, glycosides and glycoconjugates contain several hydroxyl groups of 
similar chemical reactivity and the regioselective protection of single hydroxyl function is 
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100 BOISSIERE-JUNOT, TELLIER, AND RABILLER 

still a fundamental challenge for synthetic chemists. The regioselective acylation of 
hexopyranoses is of great interest in medicinal chemistry as conveniently protected sugars 
are involved in the synthesis of important di- and msaccharides used as antitumors or anti- 
inflammatory drugs.' Long chain monoacylhexopyranoses (sucroesters) act also as 
surfactants in detergent formulations2 and as emulsifiers in food.3 Numerous chemical 
methods are available to achieve the selective acylation. but the processes described in the 
literature generally involve cumbersome and time consuming protection / deprotection 
steps.4 Some previous attempts to selectively introduce an ester group in one step at the 0- 
2,O-3 or 0-4 positions of monosaccharides have resulted in complex mixtures and low 
yields.5-6 Among the methods proposed, enzymatic catalysis has a particularly important 
place as it is able to induce stereoselective and regioselective reactions. Excellent reviews 
on this topic798 reveal that lipases can be used with success to acylate regioselectively the 
C-6 OH function of furanoses and pyranoses. Nevertheless, few papers deal with the 
ability of the lipases to catalyse acylation of the C-2, C-3 and C-4 hydroxyl groups when 
the 1- and 6-hydroxy groups are already protected or absent.9-l1 In such reactions, the 
regioselectivity is strongly influenced either by the position (axial or equatorial) of the 
hydroxyl group or by the neighboring substituent. In order to have a better understanding 
of the factors governing the selectivity, we decided to study the behaviour of a rigid 
hexopyranose model in which the positions 1 and 6 were protected. In that sense, 1,6- 
anhydro-P-hexopyranoses (hexopyranosanes) are excellent candidates for such studies as 
the chair conformation is highly predominant.12 Futhermore, the methods available to 
prepare the hexopyranosanes are in principle general ones, relatively easy to perform and 
allow the synthesis of most of the possible stereoisomers.13-17 In addition, the literature 
reveals that the lipase-catalysed reactions of this class of compounds have not been 
extensively studied. Thus, the monodeacylation of triacyl 1,6-anhydro-~-D-glucopyranose 
in the presence of various lipases, has already been performed and the three possible 
isomeric diesters were selectively obtained in good yields when a suitable enzyme was 
chosen.18-22 Similarly Candidu Rugosu lipase (CRL) catalyses the hydrolysis of the 2- 
butanoate function of tributyrylgalactosane.23 Surprisingly, it is noteworthy that the 1,6- 
anhydro-P-D-hexopyranoses were not used as substrates in the esterification or in the 
transesterification reactions. Furthermore, the studies on deacylation reactions are limited 
to D-glucosane and D-galactosane. In two preliminary papers, we have presented our 
results about the regioselective esterification of D - g l ~ c o s a n e ~ ~  D-galactosane and D- 
mannosane25 using vinyl acetate as an acyl donor. In this work, we have extended our 
study to the D-gulosane, D-allosane and to the five corresponding optical antipodes (L- 
series). We also report the results of a molecular modeling study in an attempt to explain, 
on a molecular basis, the regioselectivity of the C. rugosa lipase. 
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1,6-ANHYDRO-P-@ AND L-HEXOPYRANOSES CATALYZED BY LIPASES 101 

Table 1. List of the 1,6-anhydro-P-hexopyranosanes. 

bhexopymmam L-heXopyranOsane 

compound R2 RY R3 RY R4 R4' 

D-1,L-1 (glucosane) H OH H OH H OH 

D-2,L-2 (galactosane) H OH H OH OH H 

D-3,L-3 (mannosane) OH H H OH H OH 

D-4,L-4 (gulosane) H OH OH H OH H 

D-5, L-5 (allosane) H OH OH H H OH 

RESULTS AND DISCUSSION 

The acylation reactions were carried out at room temperature using vinyl acetate as 
an acyl donor and solvent. The course of the reaction was monitored by TLC and by 1H 
and 13C NMR spectroscopy. All the reactions proceeded at a low rate and were stopped 
after 11 days of incubation. In order to avoid possible isomerisation of the esters obtained, 
the composition of the mixture was determined on aliquots of the reaction media by means 
of NMR spectroscopy. Furthermore, in order to verify the absence of acetyl group 
migration, we incubated the monoesters for four weeks in the presence of the lipases. In 
no case was a single acyl tranfer observed. This fact is notable because such 
isomerisations affect a number of mono and diesters derived from the trio1 system, and in 
particular for the glycerides.26~27 The structure of synthesized esters was determined by 
comparison with the spectra of the 1,6-anhydro-~-hexopyranoses2*~9 and from literature 
data.18-19-30 Verification of the assignments was performed by means of classical two 

dimensional NMR spectroscopy experiments (COSY, and C-H correlation). 
The ten stereoisomers of the hexopyranosanes examined in this work are listed in 

table 1. 
They are numbered as D-n and L-n (n = 1 to 5 )  depending on the D or L structure. 
According to this nomenclature, the monoesters are named D-n(m), L-n(m) and the 
diesters D-n(mp), L-n(mp) where m and p define the position of the acetyl chains on the 
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102 BOISSIERE-JUNOT, TELLIER, AND RABILLER 

D-4 

Table 2. Regioselectivities induced by the lipases PSL and CRL in the acetylation 
reaction of D- and L-hexopyranosanes. 

37 PSL 0 0 100 

substrate Iipase 

D- 1 
D- 1 
L-1 

D-2 
D-2 
L-2 

D-3 
D-3 
L-3 

monoacetates (%) 
(2) (3) (4)  

Yielda 

99 
99 
35 

42 
12 
62 

30 
69 
40 

CRLb 
PSL 
PSL 

CRL 
PSL 
PSL 

CRL 
PSL 
PSL 

0 0 22 
0 0 62 
49 0 33 

36 0 0 
100 0 0 
79 0 0 

0 0 63 
0 0 81 
50 13 25 

diacetates (410) 
(2,3) (2,4) (3,4) 

0 53 20 
0 24 14 
13 5 0 

26 38 0 
0 0 0 
0 total%=21 

0 11 26 
0 7 12 
0 6 6 

oor regioselectivities were 
i of the triacetate was also 

ring. For instance, the 4-monoacetyl-D-glucosane is D-l(4). The results obtained are 
listed in table 2, they are also illustrated in Scheme 1. 

In our preliminary work, we showed that the regioselectivity of the 
transesterification reactions was strongly dependent upon the lipase sour~e .~~,*5  Best 
results were obtained for glucosane and mannosane with lipase PSL (Pseudornonas 
cepacia). The use of CRL (Candida rugosa lipase) led to faster reactions exhibiting a 
similar tendency in the regioselectivity. However, as the percentages of diacetates were 
higher with the former, we limited the study of the transesterifications with all the 
hexopyranosanes to PSL. 

Comparing the D- and L-series, it is clear that the D-compounds are better substrates 
for PSL, but the relative reactivities do not seem sufficiently different to allow an efficient 
kinetic resolution of the racemates. Thus, the acylation of D-1 and L-1 (D- and L- 
glucopyranose) under the same conditions lead to respective overall yields of 99% and 
35%. Moreover, the case of galactosane constitutes an exception as the L enantiomer was 
shown to react faster than the D one. 

Considering the relative reactivity of the three hydroxyl groups from a general point 
of view, the less reactive OH is at C-3. In addition, in the D-series, two types of 
compounds can be distinguished depending on the position of the 3-OH. When the 3-OH 
is axial a high regioselectivity is observed for the adjacent axial 4- or 2-OH. In that case, 
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1,6-ANHYDRO-p-D- AND L-HEXOPYRANOSES CATALYZED BY LIPASES 103 

PSL 

U 

D-1(4) D-1 

I 
OAC 

D-2(2) D-2 

I 
OAC 

U 

D-3(4) D-3 

Aco 
OH 

D-3(4) D-4  

& Low yield 
andpoor - 
selectivity 

OH 

D-5 

PSL 

L-1 L- l (2)  

OAC 

L-2 L-2(2) 

OH OH 

L-3 L-3(2) 

$&OH- Low andpoor yield 

OH selectivity 

L-4 

Low yield 
andpoor 
selectivity 

__t 

L-5 

Scheme 1. Enzymatic monoacetylation of the hexopyranosanes : regioselectivity induced 
by PSL 

the 4-OH is always preferred (D-1 and D-3 give high yields respectively of monoacetates 

The acetylation of D-2, for which 4-OH is equatorid, affects the equatorial 2-OH 
giving only D-2(2) in low yields. Surprisingly, this selectivity was found again with the 
enantiomer L-2 from which the ester L-2(2) was obtained in better yields (62%) than D- 
2(2) from D-2. A second class of hexopyranosane bears an equatorial 3-OH group (D- 
and L-gulosane and allosane). For these compounds, the enzymatic acylation proceeds 
generally with low yields and the selectivity is quite different: while in the former case the 
axial OH was preferred and particularly the C-4 one, the most reactive OH group is 

D-l(4) and D-3(4) ). 
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104 BOISSIERE-JUNOT, TELLIER, AND RABILLER 

equatorial at C-4. Thus gulosane D-4 leads to the monoester D-4(4) with moderate 
yields, while allosanes D-5 and L-5 showed both very low reactivity and selectivity. 

The advantage of the enzymatic catalysis over classical chemical methods is clearly 
demonstrated by a comparison with literature data. For instance, in the case of galactosane 
D-2, chemical acetylation provides a mixture of the 2.3- and 2,4-diacetates and very low 
yields of the 2-monoacetate.5 Similarly, the acylation of D-1 with various acid anhydrides 
and chlorides produces very low amounts of the corresponding 4-monoesters.6b-ef 

From these results, it is obvious that the spatial orientation of the hydroxyl groups 
plays an essential role in the regioselective acylation of the 1,6-anhydro-~hexopynoses 
by lipase as it has been already suggested for primary alcohols.31 The origin of this 
regioselectivity is probably based on a differential binding of the corresponding transition 
states within the lipase active site. To test this hypothesis, we undertook molecular 
modelling studies of the different binding modes of the acetylated hexopyranosanes at the 
transition state. Kinetics measurements and inhibition studies suggested that the reaction 
mechanism of lipases involves acylation and deacylation steps similar to those of serine 
proteases.32-33 According to this mechanism, the transacylation of hexopyranosanes 
proceeds first by an acylation of the enzyme resulting from the nucleophilic attack on the 
vinyl acetate by the Ser residue of the catalytic triad, through the formation of a first 
tetrahedral intermediate. Deacylation results from nucleophilic attack on the acyl-enzyme 
by a hexopyranosane OH, again through a tetrahedral intermediate. In both the acylation 
and deacylation intermediates, an oxyanion is stabilized by hydrogen bonds to the protein 
atom of the oxyanion hole. According to this mechanism for the transesterification, it 
seems clear that the regioselectivity of the reactions should be governed by a differential 
energy stabilization of the second transition state depending on the hexopyranosane-OH 
nucleophile. As a starting structure for molecular modelling, we used the known crystal 
structure at 2.2 8, of the C. Rugosa lipase complexed with a transition state analogue 
(CRL-(Rp)-1R -menthy1 phosphonate).N-35 The atoms around the tetrahedral carbon of 
the transition state, the oxyanion, the oxygens of the attacking hexopyranosane OH and of 
the active serine were positioned according to the structure of the CRL-(Rp)-1R 
-phosphonate so that all catalytically essential hydrogen bonds were formed. The methyl 
group was then located in the hydrophobic tunnel initially occupied by the hexyl chain of 
the phosphonate. The docking of the hexopyranosane ring was facilitated by the relative 
rigidity of the bicycle so that only four degrees of freedom had to be considered (Scheme 
2). The search for energy minima was done by the combined use of a systematic variation 
of the two torsional angles t$ and y/ that determine the orientation of the hexopyranosane 
within the active site and a random walk approach for the orientation (mi) of the two 
remaining OH groups. 
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1,6-ANHYDRO-P-D- AND L-HEXOPYRANOSES CATALYZED BY LIPASES 105 

Scheme 2. D-3 transition state corresponding to an acylation at the 4-position with the 
torsion angles of interest for the conformational analysis. 

240 

210 

Figure 1. "Rigid potential energy surface of the CRL-4-O-acetylmanno~e transition 
state complex as a function of and Y torsion angles, calculated with a 10' increment. 
Isoenergy contours are drawn by interpolation of 1 kcal.mol-f. 

Figure 1 represents a typical potential energy map obtained with CRL-D-3(4) and 
demonstrates that the low energy domain is relatively restricted. Each complex at local 
energy minima was then subjected to energy minimization. The calculated lowest energy 
conformation for the 9 different complexes (three for each of glucosane, galactosane and 
mannosane) was considered as a global energy minimum. 

The conformations of the active site amino-acid residues exhibit minor changes 
during the optimization processes compared to that of starting x-ray structures. In each 
minimized complex, there were still strong interactions between the oxyanion of the 
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D-1(2) - 
D-1(3) 0-6 Ser450 OH 2.98 137 
D-1(4) OH-3 Ser450 OH 2.93 106 

His449 0 OH-3 3.40 148 
D-2(2) OH-4 Ser450 OH 2.89 95 
D-2(3) 0-1 Ser450 OH 3.01 135 
D-2(4) 0-1 Ser450 OH 3.34 135 
D-3(2) - - 

I D-3(3) O H 4  Ser450 OH 3.07 122 I 
I D-3(4) OH-3 Ser450 OH 2.95 125 
a.The cut-off distance for hydrogen bonding was set at 3.5 A. 

I 

tetrahedral intermediate and the oxyanion hole H-bonding residues of the peptide backbone 
NH's of Gly123 and Ma210 (Figure 2). Attempts to correlate the calculated energies of the 
minimized structures with the kinetics of the regioselective acylation of the 
hexopyranosanes were unsuccessful, probably because of the non-optimized force field 
parameters used in the calculations. However, the hydrogen-bonding scheme is consistent 
with the observed regioselectivity. This hydrogen-bond network of the optimized 
hexopyranosane/CRL complexes is listed in Table 3. 

In each of the minimized complexes that lead to the monoesters D-1(4), D-2(2) 
and D-3(4), which correspond to the experimental regioselectivity, adjacent hydroxyl 
groups are able to form one or two hydrogen bonds to the Oy of the Ser450 or the 
carbonyl oxygen of the His449. This favorable hydrogen bonding is either not present in 
the other computed complexes or weaker due to a larger donor-acceptor distance. 

Figure 2. Stereoscopic representation of the lowest energy conformation of CRL- 
glucosane complexes at transition state: (A) D-l(2); (B) D-l(3); (C) D-l(4). The 
oxyanion of the tetrahedral complexes is located in the oxyanion hole, with the 
negative charge on the oxygen stabilized by hydrogen-bonding with the peptide NH 
of Gly123 and Ala210. In the D-1(4) complex, two additional hydrogen bonds are 
indicated between the OH-3 of glucosane and the Oy of Ser450 and the 0 of His449. 
The calculated AAG values of D-1(2) and D-l(3) complexes compared to the D-l(4) 
complex were respectively 16.9 and 16.3 kcaVmol. 
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108 BOISSIERE-JUNOT, TELLIER, AND RABILLER 

Furthermore, it may seem surprising that such sugar derivatives could interact and be 
processed within the lipase active site considering the presence of the large number of 
hydrophobic residues. In fact, recent three dimensional structures obtained from 
carbohydrate-protein complexes (such as lectins) indicate that most carbohydrate binding 
sites contain a high number of hydrophobic aminoacids.36 In such structures the aromatic 
aminoacids pack against the apolar patch on the sugars.37~38 Indeed, in the minimized 
complexes corresponding to the observed regioselectivity, the apolar part of the 
hexopyranosane pointed towards a hydrophobic cluster of phenylalanines, Phe296 and 
Phe345. 

CONCLUSION 

This work shows the importance of lipases in the regioselective protection of the 
monosaccharides. Several authors have pointed out that the anomeric configuration plays 
an important role in the course of the regioselectivity induced by l i p a ~ e s . 3 ~ 9 ~ ~  Our results, 
obtained with the lipase catalyzed acetylation of rigid D- and L-hexopyranosanes, indicate 
that the relative orientation of the hydroxyls also governs the regioselectivity at the 2,3,4 
positions. An attempt to rationalize the results is also made to account for the catalytic 
activity of the Candida rugma lipase on hexopyranosanes 1-3 by means of molecular 
modelling. This structural approach suggests that regioselective acylation is governed by a 
preferential binding mode of the corresponding acetyl anhydropyranose at the transition 
State. 

EXPERIMENTAL 

Materials and methods. The lipases were purchased from Amano. The D- 
glucosane was supplied by Aldrich while the other D- and L-hexopyranosanes were 
prepared according to slightly modified procedures described in ref. 13 and 14. All the 
parent sugars and vinyl acetate were purchased from Aldrich and used without further 
purification. The course of reactions was followed by means of TLC using precoated silica 
gel 60 sheets Merck F254, (see eluent for each compound). The products were separated 
on silica gel columns (Merck 60, 230-400 mesh). 13C and 1H N M R  spectra were 
obtained using a Bruker WM250 spectrometer operating at 250 MHz for the proton (62.89 
MHz for the carbon). Complete analysis of the structures and assignment of each 
resonance was made using standard 2D sequences (COSY H-H and 13C-1H correlations) 
on a 500 MHz Bruker spectrometer. The optical rotations were determined with an 
“Optical Activity - AAlO p~larimeter . 
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Synthesis of the 1,6-anhydro-P-~- or L-mannopyranoses (D-3 o r  L- 
3h13 3.3 g (18 mmol) of tosyl chloride in 15 mL of pyridine were slowly added at O OC 
to a solution of 3 g (16.5 mmol) of D- or L-mannose in 45 mL of pyridine. The solution 
was stirred at room temperature for 4 h and the reaction was quenched by the addition of 
30 mL of water. The pH was adjusted to 9 by means of 1M NaOH and the solution was 
stirred for 1 h. 1M HC1 was added to neutralise the medium @H = 7) and the mixture was 
concentrated under vacuum. The remaining water was removed by means of azeotropic 
distillation with toluene. The solid thus obtained was extracted with hot ethyl acetate, the 
solvent was removed under vacuum, and the crude mannosane was purified by 
chromatography on a silica gel column (eluent: CH2CldCH30H 90/10, RpO. 10).Yield 
80%. 

Synthesis of other 1,6-anhydro-P-D-hexopyranoses (L-1, D-2, L-2, 
D-4, L-4, D-5 and L-5).14 The compound was synthesized in two steps by a base 
catalysed cyclisation of the l-phenyl-2,3,4,6-tetra-O -ace@-kD-hexopyranoside. 
- Synthesis of the 1 -phenyl-2,3,4,6-tetra-O-acetyl-~D-hexopyranoside : Penta-0 -acetyl- 
P-D-hexopyranose (3 g, 7.49 mmol), p -toluenesulfonic acid (0.039 g) and phenol (2.58 
g, 30.3 mmol) were introduced into a 50 mL flask. This mixture was heated to 95 OC and 
submitted to vacuum (15 mm Hg) . The system was allowed to react for 1.5 h with 
stirring, then cooled and diluted with 10.5 mL of CH2C12. The organic solution was 
washed successively with 50 mL of a 0.5 M NaOH solution and with 50 mL of water, 
then dried with Na2S04. The solvent was removed and the product crystallised from 9 mL 
of ethanol yielding 50-8096 of pure l-pheny1-2,3,4,6-tetra-O -acetyl-kD-hexopyranoside. 
- Synthesis of the 1,6-anhydro-&D-hexopyranose. l-pheny1-2,3,4,6-tetra-O-acetyl-P-D- 
hexopyranoside (2.52 g, 5.9 mmol) was added to a solution of NaOH (3.9 g, 97.5 mmol 
in 72 mL of water). The mixture was refluxed for 5 days and, after cooling, a 12 M 
aqueous HC1 solution was slowly added to a pH of 3. The water was then evaporated and 
the residue was extracted twice with 12 mL of a chlorofodmethanol (1/1) solution. This 
extract was filtered and the solvents were removed. The white crystals of the 
hexopyranosanes thus obtained were sufficiently pure for their use in the enzymatic 
transesterifkations. Yield = 95%. 

General procedure for the lipase catalysed transesterifications of the 
1,6-anhydro-P-D-hexopyranoses. In a typical experiment, 100 mg of the 
monosaccharide was introduced into a flask with 0.5 mL of vinyl acetate and 100 mg of 
the lyophilized lipase preparation. The mixture was stirred at room temperature and the 
course of the reaction was monitored by means of TLC and 1H NMR spectroscopy. At the 
end of the reaction the lipase was filtered, the excess of vinyl acetate removed under 
vacuum and the products of the reaction separated using a silica gel column (eluent: see 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
7
:
5
6
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



110 BOISSIERE-JUNOT, TELLIER, AND RABILLER 

conditions for each product). The monoester was easily separated from the diesters which 
were obtained as a mixture. 

4-O-Acetyl-1,6-anhydro-~-glucopyranoses. D-1(4) and L-l(4).  1H 
NMR (CDC13). 2.15 (s,3H, CH3CO), 3.57 (m, lH, H2). 3.78 (m, lH, H3). 3.79 (m, 
1H, H6exo). 4.23 (d, 1H, J = 7.7 Hz, hendo), 4.59 (d, lH, J = 7.7 Hz, H5), 4.71 (s, 
lH, H4). 5.50 (s, lH, Hi). NMR l3C. 20 (9, J = 130 Hz, CH3CO). 65.9 (t. J = 152 Hz, 
Cg), 70.3 (d. J = 150 Hz, C2). 71.4 (d, J = 150 Hz, C3), 72.8 (d, J = 156 Hz, C4). 74.3 
(d, J = 159 Hz, Cs), 102 (d, J = 174 Hz, Cl), 132 (s, CO). 

Anal. Calcd for C8H1206: C, 47.06; H, 5.88. D-1(4). Found: C, 47.21; H, 6.09, 
white solid mp 120-123 OC. Rf = 0.37 (MeOWCH2C12 : 1D). [a1L2 -76, (c 0.25; 
CHC13). L-1(4). Found : C, 46.89; H, 5.92, white solid mp 119-122 OC. Rf = 0.37 
(MeOWCH2C12 : 119). [Ojg +75, (c 0.25; mC13). 

2,4-Di-O-acetyl-1,6-anhydro-~-glucopyranoses : D-1(2,4) and L- 
1(2,4). 1H NMR (CDCb), 2.06 (s, 3H, CH3CO). 2.08 (s, 3H, CH3CO), 3.71 (m, 2H, 
H3 and Hkxo). 4.13 (d, lH, J = 7.7 Hz, H6endo). 4.54 (m, 3H, H2, b and Hs), 5.38 
(s, lH, HI). l3C NMR, 20.84 (9. J = 130 Hz, CH3CO), 65.50 (C6). 69.11 (d, J = 150 
Hz, C3), 72.17 and 73.07 (C2 and C4 ND), 73.94 (d, J = 150 Hz, Cs), 99.54 (d, J = 177 
Hz, Ci), 170.46 (s, CO). Rf = 0.51 (MeOWCH2C12 : 1/9). 

3,4-Di-0-acetyl-1,6-anhydro-~-glucopyranoses. D-1(3,4) and L- 
1(3,4). lH NMR (CDC13). 2.03 (s, 3H. CH3CO). 2.09 (s, 3H, CH3CO), 3,43 (s, lH, 
H2), 3.71 (m, lH, &xo). 4.03 (d, 1H, J = 7.7 Hz, Hkndo), 4.54 (m, 2H, & and Hg), 
4.69 (s, lH, H3), 5.38 (s, lH, Hi). 13C NMR, 20.91 (q, J = 130 Hz, CH3CO). 65.15 
(c6). 67.86 (c2). 70.25 (Q), 71.82 (d, J = 160 Hz, C3), 73.56 (C5), 101.28 (d, J = 177 
Hz, Ci), 170.34 (s, CO). The diacetates D-1(2,4) and D-1(3,4) or L-1(2,4) or L- 
1(3,4) were isolated as oily mixtures. Rf = 0.51 (MeOWCH2C12 : 1B). 

Anal. Calcd for C10H1407: C, 48.78; H, 5.69. D-1(2,4) and D-1(3,4). Found: 
C, 48.65; H, 5.78 ; L-1(2,4) and L-1(3,4). Found: C, 48.82; H, 5.79. 

4-O-Acetyl-1,6-anhydro-~-D-rnannopyranoses D-3(4) and L-3(4). 1H 
NMR (CDCl3). 2.10 (s, 3H, CH3CO), 3.68 (m, lH, J = 4.2 Hz, H2), 3.73 (dd, lH, J = 

7.5 HZ and 5.5 Hz, H6exo). 3.91 (d, 1H, J = 4.2 Hz, Hj), 4.21 (d, lH, J = 7.5 Hz, 
H6endo). 4.52 (d. 1H. J = 5.5 Hz, Hg). 4.87 (s, lH, b), 5.37 (s, lH, HI). 13C NMR, 
20.87 (4, J = 130 Hz, CH3), 65.06 (d.d, J = 5.5 and 152 Hz, G). 66.69 (d, J = 143 Hz, 
C2). 68.85 (dd, J = 5.5 and 157 Hz, C3). 73.90 (C4 and Cs), 101.60 (dd, J = 3.7 and 
174 Hz, Cl), 170.08 (s, CO). Rf = 0.45 (MeOWCH2C12 : 1D). 

5,71. mp 125-128OC. [aID -112.5 (c 1; CHCl3). 
Anal. Calcd for CgH1206: C. 47.06; H, 5.88. D-3(4). Found : C, 47.21; H, 
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2-O-Acetyl-1,6-anhydro-~-~-mannopyranose L-3(2). 1H NMR (CDC13), 
2.16 (s, 3H. CH3CO), 3.80 (m, lH, bxo), 3.90 (m, lH, h), 4.11 (m, lH, H3), 4.33 
(d, 1H, J = 7.3 Hz, Hkndo), 4.54 (m, lH, H5), 4.85 (d, lH, J = 4.8 Hz, H2). 5.45 (s, 

1H, Hi). 
3-0-Acetyl-1,6-anhydro-~-~-mannopyranose L-3(3). 1H NMR (CDCl3), 

2.13 (s, 3H, CH3CO). 3.52 (m, lH, H2), 3.80 (m, lH, hx0), 3.82 - 4.40 (m, 2H, & 
and H6endoh 4.48 (m, lH, Hg), 5.09 (m, lH, H3), 5.38 (d, lH, J = 1.1 Hz, Hl).The 
three rnonoacetates L3(2), L-3(3) and L-3(4) were obtained as an oily mixture 

Analysis of this mixture: Anal. Calcd for CgH1206: C, 47.06; H, 5.88. Found: C, 
47.13; H, $73. 

2,4-Di-0-acetyl-1,6-anhydro-~-mannopyranoses D-3(2,4) and L. 
3(2,4). lH NMR (CDCl3), 2.10 and 2.11 (2s. 2CH3CO). 3.76 (dd, lH, J = 7.5 and 5.8 
Hz, &jexo), 3.78 (m, lH, J = 5.9 Hz, H3), 4.04 (dd. lH, J = 7.5 Hz and 0.8 Hz, 
Hhndo), 4.53 (dd, lH, J = 5.8 and 1.2 Hz, Hg), 4.73 (t. lH, J = 1.8 Hz, a), 5.09 (dd, 
lH, J = 5.9 and 1.2H2, H2). 5.36 (t, lH, J = 1.2 Hz, Hi). 13C NMR, 20.88 and 20.94 
(2q. J = 2.07 Hz, 2CH3). 65.09(Q), 65.94 (C3), 69.60 (Cz), 71.88 ((24). 73.61 (C5). 
101.34 (dd, J = 3.7 and 174 Hz, Cl), 169.94 and 169.88 (2s, 2CO). Rf = 0.60 
(MeOWCH2C12 : 1D). 

3,4-Di-0-acetyl-1,6-anhydro-~-mannopyranoses. D-3(3,4) and L- 
3(3,4). lH NMR (CDCl3), 2.09 and 2.12 (2s, 2CH3CO), 3.74 (dd, lH, J = 7.4 and 5.7 

4.57 (dd,lH, J =5.6 and 0.8 Hz, Hg), 4.78 (dd, lH, J = 5.2 and 1.6 Hz, H2), 4.88 (dd, 
lH, J = 1.6 Hz, &). 5.43 (dd, lH, J = 1.6 Hz, Hi). 13C NMR, 20.77 (2q, J = 2.07 Hz, 
2CH3), 65.38 (Q), 68.27 (C3), 69.40 (C2), 73.51 (Q), 74.18 (C5). 99.77(dd, J = 3.7 
and 181 Hz, Cl), 169.76 and 169.59 (2CO). Rf = 0.60 (MeOH/CH2C12 : 1/9). The 
diacetates D-3(2,4) and D-3(3,4) or L-3(2,4) and L-3(3,4) were isolated as oily 
mixtures. 

Anal. Calcd for C10H1407: C, 48.78; H, 5.69. Found for D-diacetates: C, 48.91; 
H, 5.8 1 and for Ldiacetates : C, 48.87; H, 5.52. 

2-O-Acetyl-~-galactopyranoses D-2(2) and L-2(2). 1H NMR (CDC13) 
2.08 (s, 3H, CH$O), 3.62 (dd, lH, J = 7.5 and 5.3 Hz, b e x o ) ,  3.89 (m, lH, H3) 
3.95 (m, 1H, &), 4.23 (d, J = 7.7 Hz, lH, &endo), 4.42 (d, lH, J = 4.5 Hz, Hg), 4.8 
(s, lH, H2), 5.39 (s, lH, Hi). 13C NMR, 20.87 (q, J = 130 Hz, CH3CO), 63.67 (C6: 
64.57 (C4), 68.59 (C3), 72.66 (Cz), 74.64 (Cs), 99.16 (d, J = 180 Hz, Cl), 169.94 (: 
CO). Rf = 0.41 (MeOHKH2C12 : 1/9). 

Anal. Calcd for CsH1206: C, 47.06; H, 5.88. Found: D-2(2), C, 47.09; H, 5.9: 

Hz, %exo), 4.04 (d, lH, J ~ 1 . 6  Hz, Hj), 4.29 (d.d, lH, J = 7.4 and 0.8 Hz, Hhndo), 
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L-2(2), C, 47.17; H, 5.73. mp 98-101 "C. D-2(2): [aJL2+2.6 (c 0.38; CHCl3). L- 
2(2): [ a ] ~  -2.9 (C 0.22; CHC13). 

2,4-Di-O -acetyl-B-galactopyranoses. D-2(2,3) and L-2(2,4). 1H NMR 
(CDCls), 2.09 and 2.12 (2s, 6H, 2CH3CO), 3.66 (m, lH, H6exo). 4.08 (m,lH, H3). 

H2), 4.99 (t, lH, J = 4.5 Hz, a). 5.43 (t, lH, J = 1.5 Hz, HI). 13C NMR, 20.77 (4, J 
= 130 Hz, 2CH3). 64.54 (c6), 67.39 (c3 and c4), 72.09 (c5), 72.69 (c2). 99.44 (d, J = 
174 Hz, Cl), 169.76 (s, 2CO). Rf = 0.56 (MeOWCH2C12: 1/59 

2,3-Di-0-acetyl-~-D-galactopyranoses. D-2(2,3) and L-2(2,3). lH 
NMR (CDCI,), 2.09 and 2.13 (2s, 6H, CH3CO). 3.66 (m, lH, k x o ) ,  4.18 (t, lH, J = 

J = 1.5 Hz, H2). 5.05 (d.d, lH, J = 1.5 and 5.5 Hz, H3), 5.36 (t. lH, J = 1.5 Hz, Hi). 
13C NMR, 20.89 (q, J = 130 Hz, 2CH3). 63.76 (Q), 64.54 (C4), 69.93 (C3). 70.89 
(Cz), 73.89 (C5). 98.55 (d, J = 174 Hz, Cl), 171.25 (s, 2CO). Rf = 0.56 
(MeOH/CH2C12: 1/9). The diacetates D-2(2,4) and D-2(2,3) or L-2(2,4) and L- 
2(2,3) were isolated as oily mixtures. 

Anal. Calcd for CloH1407: C, 48.78; H, 5.69. Found for D-2(2,4) and D- 
2(2,3): C, 48.59; H, 5.53 and for L-2(2,4) and L-2(2,3): C, 48.91; H, 5.61 . 

4-O-Acetyl-1,6-anhydro-~-D-gulopyranose D-4(4). 1H NMR (CDC13), 
2.1 1 (s, 3H, CH3CO), 3.67 (ddd, lH, J = 0.8, 4.7 and 7.95 Hz, hxo), 3.82 (dd, lH, J 
= 4.76 and 8.90 Hz, H3), 3.88 (dd, lH, J = 2 and 4.76 Hz, H2), 3.96 (d, lH, J = 7.95 
Hz, Hkndo), 4.51 (dd, lH, J = 4.4 and 4.7 Hz, H5), 4.93 (ddd, lH, J = 0.8, 4.4 and 
8.90 Hz, &), 5.48 (d, lH, J = 2 Hz, Hi). 13C NMR (CDC13), 21.51 (4, J =130 Hz, 
CH3), 64.98 (Ctj). 68.75 (C3), 71.48 (C2). 72.87 (C5), 73.98 (C4), 102.17 (Ci). Rf = 

0.45 (MeOWCH2C12 (119). 
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4.36 (d, ZH, J = 7.7 Hz, k d o ) .  4.48 (t, lH, J = 4.5 Hz, H5), 4.79 (t, lH, J = 1.5 Hz, 

4.7 Hz, a), 4.23 (d, lH, J ~ 7 . 7  Hz, k n d o ) ,  4.41 (t, lH, J 4 . 7  Hz, H5), 4.73 (t. 1H, 

Anal. Calcd for C8H1206: C, 47.06; H, 5.88. Found: C, 47.20; H, 5,79. 
Computational methods. Coordinates for the starting structure of the CRL- 

(Rp)- 1R menthyl phosphonateM complex were obtained from the Brookhaven National 
Laboratory Protein Data Bank.41 All calculations were performed with a PC computer 
486DX4/100 equipped with the molecular modelling software Hyperchem version 4.5 
(Hypercube, Inc., 1995). Water molecules present in the initial structure derived from x- 
ray crystallographic studies were excluded from all calculations. For reasons of computer 
time, it was not possible to take into account the entire protein in the energy minimization 
calculations. Therefore, a region around the binding site was selected, consisting of a 
sphere of 15 A radius centered on the P atom of the menthyl phosphonate complex. The 
protein was held rigid during all mechanics calculations except for the amino-acid side 
chains within 5 A of the hexapyranosane ring. Minimizations of each complexes were 
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performed with the MM+ Hyperchem force field, using a distance dependent dielectric 
constant and a nonbonded cut-off distance of 12 %i , Hexopyranosanes were drawn and 
minimized in vacuo in the chair conformation12 before docking in the active site. To set up 
the initial structure for the conformational analysis of each transition state complex, the 
phosphorus and the pentanyl chain of the CRL-menthyl phosphonate complex were 
replaced respectively by a sp3 carbon and a methyl group. The menthol ring was then 
replaced by the hexopyranosane ring and connected to the tetrahedral carbon according to 
the desired regiospecificity. Each transition state complex was then energy-minimized 
while keeping the protein atom rigid and fixing the reacting atoms into the desired 
transition state geometry. The conformational search for local energy minima was done by 
varying the following torsional angles for the linkage between the hexopyranosane ring 
and the tetrahedral carbon C*: 

Q, = @(%en@ - C* - Oi - Ci) 
Y = O(C* - Oi - Ci - Ci-1) 

and the hydroxylic hydrogen at position i of the hexopyranosane: 
= O(Ci-1- Ci - Oi - Hi) 

The Cb and Y torsion angles were systematically varied in steps of 10' over the whole 
angular range. At each step, the energy was calculated and isoenergy surfaces were then 
represented as a function of and 'P for each complex. As the conformational energy of 
hexopyranosanes also depends on the orientation of the two remaining hydroxyl groups, 
the best orientation of these rotatable groups was determined by random variation of the 
dihedral angles using the Conformational Search Module of Chemplus (version 1.5, 
Hypercube, Inc., 1995). Three conformers corresponding to the energy minima of each 
CRL-transition state complex were further refined through energy minimization. The 
restraints were removed from all side-chain residues of the active site and the energy 
minimized using conjugate gradients until the maximum derivative was ~ 0 . 0 1  
kcaV(mo1.A). The conformers with the lowest energy were selected and considered to 
represent the global energy minimum of the complexes. 
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