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(c) The adduct 15 was unstable but the bipyridyl adduct could be
isolated: 'H NMR (py-ds) 3.66 (ddd, 1 H, Jp, y = 93 Hz), 3.04 (m, 1
H), 3.01 (dd, 1 H, Jpry = obsc), 2.76 (dd, 1 H, Jp iy = obsc), 2.14 (m,
2 H), 1.5-1.0 (m, 6 H); '*C NMR (py-ds) 44.6 (d, Jp,c = 98 Hz), 27.2
(1), 25.7 (1), 20.4 (1), 19.9 (1), 5.8 (d, Jprc = 369 Hz), 8.6 (t, Jpic =
354 Hz); Pt NMR (py-ds) 3315.

Reaction of 11 and 14 with 2,2’-Bipyridine. Three to four equivalents
of bpy were added to a stirred suspension of 11 or 14 in CHCI; or
pyridine, respectively. Rotoevaporation of the solution yielded a pink or
yellow solid which was chromatographed on SiO, to give the bpy adduct
(87% vyield).

(a) Bpy adduct of 11: mp >300 °C dec. Anal. Calcd for
CisH,N,CLPt: C, 41.76; H, 4.43. Found: C, 41.63; H, 4.42. 'H NMR
(CDCly) 3.5(dd, 1 H, Jp,y = 98 Hz), 2.9 (dddd, | H), 2.6 (dd, 1 H, Jp,y
=91 Hz), 2.4 (dd, | H, Jp,yy = obsc), 2.2 (m, 1 H), 2.0 (m, 1 H), 1.7-1.5
(m, 9 H), 1.3 (d, 1 H); *C NMR (CDCl;) 47.4 (d, Jpc = 84 Hz), 31.6
(t, Jprc ~ 38 Hz), 30.8 (1), 30.5 (t), 29.8 (1), 26.1 (t) 26.0 (1), 13.3 (d,
Jmc = 341 Hz), -6.6 (1, Jpc 364 Hz); Pt NMR (CDCl;) 3076.

(b) Bpy adduct of 14: mp 213 °C dec. Anal. Caled for
Cy;H;0N,CLPt: C, 39.39; H, 3.89. Found: C, 38.80; H, 3.84. 'H NMR
(CDCl,) 3.28 (ddd, 1 H, Jp, g = 92 Hz), 3.06 (m, 1 H), 2.68 (dd, | H,
Jpn = 84 Hz), 2.46 (dd, | H, Jp iy = 80 Hz), 2.05 (m, 1 H), 1.8-1.3
(m, 7 H); 3C NMR (CDCl;) 42.8 (d, Jp,c = 91 Hz), 27.4 (t, Jpc =
24 Hz), 24.6 (t, Jpc = 15 Hz), 20.3 (t, Jpc = 42 Hz), 19.4 (t, Jpc =
48 Hz), 5.2 (d, Jpc = 366 Hz), 7.7 (t, Jp,c = 341 Hz); Pt NMR
(CDCl3) 3095.

Formation of 19 from 16. To a stirred solution of 16 (0.042 g, 0.34
mmol) in 10 mL of dry ether was added Zeise’s dimer (0.100 g, 0.34
mmol). Complex 17 formed as a yellow precipitate and was isolated by
filtration at the end of an hour. This precipitate was placed in 1.5 mL
of chloroform, Zeise’s dimer (0.100 g, 0.34 mmol) was added, and the
mixture was purged with N, for 20-30 min. The mixture was then
subjected to 3 freeze~thaw cycles and flame sealed in a thick-walled tube

under vacuum. The sealed tube was heated to 95 °C for 15 min with
frequent agitation. Extraction with chloroform followed by centrifuga-
tion and evaporation of the resulting solution yielded 18 as an orange
solid. This solid was placed in pyridine solution and 2,2-bipyridine (0.156
g, 1.00 mmol) was added with stirring. Evaporation of the solution
yielded a pink solid which was chromatographed on SiO, with CHCl, to
give 19 as a white solid: mp 243 °C dec; '"H NMR (CDCl;) 5.73 (m,
2 H), 3.57 (dddd, 1 H, Jpy = 95 Hz), 3.15 (m, 1 H), 2.59 (dd, 1 H, Jpy
= 9] Hz), 2.54-1.82 (m, 8 H), 1.56 (m, 1 H); '*C NMR (CDCl;) 131.8
(d), 130.4 (d), 47.8 (d, Jp,c = 82 Hz), 34.1 (1), 32.2 (1), 25.3 (1), 24.9
(t), 12.5 (d, Jpc = 345 Hz), =6.1 (t, Jpc = 361 Hz), Pt NMR
(CDCly) 3072.

Reaction of 11 with Me,SO. Complex 11 (0.100 g, 0.26 mmol) was
placed in 2 mL of cold Me,SO. A green solution formed which was left
standing for 12 h. After this time, the only hydrocarbon species in
solution was bicyclo[6.1.0]nonane.

Thermal Decomposition of 11 in Et,0. Complex 11 (0.100 g, 0.26
mmol) in 10 mL of dry ether was refluxed with stirring for 46 h. An
aliquot was removed at 10 h. The solid products was rotoevaporated and
then were added to stirred solutions of KCN (0.042 g, 0.65 mmol) in 2
mL of H,O. Stirring was continued until the solid dissolved and then
the solution was extracted with CHCl,.

Reaction of 12 with CH,N,. Complex 12 was made from 11 with 2
equiv of pyridine in CHCl; at 0 °C. A large excess of CH,;N, was then
added to 12 via a stream of dry N,. Following completion of the reaction,
the mixture was distilled under full vacuum to obtain any volatile prod-
ucts. GC/MS and NMR analysis of these products revealed 21% 28,
23% 10, 36% 20, and 20% 21, by comparison to standards.
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Abstract: Several unrelated, commercially available lipases (porcine pancreatic, bacterial, yeast, and fungal) can catalyze
transesterification reactions between trichloroethyl butyrate and monosaccharides with blocked C-6 hydroxyl groups (enzymatically
acylated or chemically alkylated) in dry organic solvents. Lipases exhibit a remarkable regioselectivity by discriminating among
the four available secondary hydroxyl groups in C-6 protected glucose, galactose, and mannose. While some lipases exclusively
acylate the C-3 hydroxyl group, others display an overwhelming preference toward the C-2 hydroxyl group. This positional
specificity of lipases was used for the preparation of various sugar diesters and, consequently, for either fully enzymatic or
chemicoenzymatic preparative synthesis of C-2 or C-3 monoesters of glucose.

Modification of only one out of several identical functional
groups in a molecule is a fundamental challenge to organic
chemists. An important and synthetically relevant example of
this problem is the regioselective acylation of hydroxyl groups in
sugars: even discrimination between primary and secondary
hydroxyls usually involves multistep procedures, while there is no
general basis for the positionally specific acylation of the more
abundant, secondary OH groups.!

Although enzymes often exhibit a remarkable regioselectivity,
enzymatic acylation of sugars in water is thermodynamically
unfavorable and hence requires expensive cofactors as a source
of free energy. However, enzymes do not have to be used in
aqueous solutions and can function as catalysts in organic solvents
when certain straightforward rules are followed.> In organic

* Present address: Universite Paris-Sud, Batiment 420, 91405 Orsay Cedex,
France.

media enzymes retain their inherent keen specificity; in addition,
they catalyze reactions that are practically impossible in water.?
For instance, lipases regioselectivity* and stereoselectivity® acylate
alcohols in organic solvents in a quantitative fashion, whereas in

(1) Sugihara, J. M. Adv. Carbohydr. Chem. 1953, 8, 1-44. Haines, A.
H. Ibid. 1976, 33, 11-109. Wolfrom, M. L.; Szarek, W. A. In The Carbo-
hydrates. Chemistry and Biochemistry, 2nd ed.; Pigman, W., Horton, D.,
Eds.; Academic Press: New York, 1972; Vol. 1A, pp 217-251. Haines, A.
H. Adv. Carbohydr. Chem. Biochem. 1981, 39, 13-70.

(2) Whitesides, G. M.; Wong, C.-H. Angew. Chem., Int. Ed. Engl. 1985,
24, 617-638. Jones, J. B. Tetrahedron 1986, 42, 3351-3403.

(3) For a review, see: Klibanov, A, M. CHEMTECH 1986, 16, 354-359.

(4) Cesti, P.; Zaks, A.; Klibanov, A. M. Appl. Biochem. Biotechnol. 19885,
11, 401-407.

(5) (a) Kirchner, G.; Scollar, M. P; Klibanov, A. M. J. Am. Chem. Soc.
1985, 107, 7072-7076. (b) Langrand, G Secchi, M.; Buono, G.; Baratti, J.;
Triantaphylides, C. Tetrahedron Lett. 1985 26, 1857 1860. (c) Langrand
G.; Baratti, J.; Buono, G.; Triantaphylides, C. /bid. 1986, 27, 29-32. (d)
Margolin, A. L.; Crenne, J.-Y.; Klibanov, A. M. Ibid. 1987, 28, 1607-1610.
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Table 1. Regioselective Acylation of Secondary Hydroxyl Groups in 6-O-Butyrylglucose, -galactose, and -mannose Catalyzed by Different

Lipases in Organic Solvents®

product composition: ratio of 3,6-di-O-butyryl sugar to the 2,6-isomer?

Chromobacterium porcine Candida Aspergillus
6-0-butyrylmono- viscosum pancreatic cylindracea niger
saccharide lipase® lipase® lipase® lipase®
1 >50 0.1 0.4 >50
2 1.5 1.5 0.5 49
3 4.0 0.7 2.0 1.5

¢ A general experimental protocol was as follows: 0.6 g of 1, 2, or 3 and 3 mL of 4 were dissolved in 20 mL of methylene chloride (in the case of
Candida cylindracea lipase) or 10 mL of tetrahydrofuran (in the case of all other lipases) (about 20% of acetone also had to be added to tetra-
hydrofuran to solubilize 2 and to CH,Cl, to solubilize all sugar monoesters). Then a lipase powder (1 g, 3 g, 5 g and 3 g, respectively, in the order
given in the Table) was added, and the suspension® was shaken at 25 °C (in the case of porcine pancreatic lipase) or 45 °C (for all other lipases) and
250 rpm for the following periods of time (the order of the enzymes is the same as in the Table) that resulted in the conversions (%) given in
parentheses for 1, 2, and 3, respectively: 48 h (100, 100, 100), 90 h (63, 24, 10), 7 days (19, 70, 75), and 90 h (46, 62, 25). Then the solvent was
evaporated, the residue washed with 200 mL of hexane and subjected to chromatography on a silica gel column with a mixture of CH,Cl, and MeOH
(92:8) as a solvent. For methods, see the Experimental Section. ° This ratio was determined by GC and/or NMR. (The actual regioselectivity of
lipases may be even greater than indicated by the data in the table due to spontaneous migration of the acyl moiety.!?) No triesters were ever formed,
as evidenced by TLC and GC. “No appreciable reaction was detected in the absence of the enzyme.

water they would nearly completely hydrolyze the esters.®

Recently, we have found’ that porcine pancreatic lipase cata-
lyzes transesterification reactions between various unprotected
monosaccharides and trichloroethyl carboxylates in anhydrous
pyridine. The enzyme displays an overwhelming preference toward
acylation of the sugar’s primary hydroxyl group.” In the present
study, we have employed the enzymatically formed 6-O-acylated
and other 6-O-blocked monosaccharides to address the following
basic questions: (i) Is it possible to enzymatically acylate sec-
ondary OH groups directly and in a regioselective manner? (ii)
Will different lipases show different positional selectivity in the
acylation of 6-O-acylsugar’s secondary hydroxyls? (iii} Can en-
zymatic acylation in organic solvents be used for the preparation
of sugars exclusively monoacylated at different positions? All
three questions have been answered affirmatively.

Results and Discussion

Following our previously developed methodology,” we prepared
multigram quantities of pure 6-O-butyrylglucose (1), 6-O-
butyrylgalactose (2), and 6-O-butyrylmannose (3) via the tran-
sesterification reaction between the corresponding monosaccharides
and 2,2,2-trichloroethyl butyrate (4) catalyzed by porcine pan-
creatic lipase in pyridine. The monobutyrated sugars are soluble
in many more organic solvents than their unmodified precursors,
including acetone, tetrahydrofuran, methylene chloride, etc. This
fact is quite significant, for pyridine is a very poor reaction medium
for enzymes’—e.g., out of a dozen commercially available lipases
tested, only porcine pancreatic lipase and, to a much smaller extent,
lipase from Chromobacterium viscosum catalyzed the reactions
between the monosaccharides and 4 in pyridine. Not only does
one expect more lipases to be catalytically active in acetone,
tetrahydrofuran, and methylene chloride, but the lipases active
in pyridine should be even more reactive in those solvents.

These predictions were verified experimentally. When 0.6 g
of 1and 3 mL of 4 were dissolved in 10 mL of anhydrous pyridine,
followed by addition of 3 g of porcine pancreatic lipase, and the
suspension® was vigorously shaken at 25 °C, only about 10%
decrease in the concentration of 1 was detected by gas chroma-
tography after 2 days. When the same experiment was repeated
with dry tetrahydrofuran as the solvent, almost 40% of 1 reacted
in 2 days.

Furthermore, we have found that at least three other com-
mercially available lipases—from the bacterium Chromobacterium
viscosum, the yeast Candida cylindracea, and the fungus As-
pergillus niger—can acylate 1 with 4 in tetrahydrofuran or

(6) Zaks, A.; Klibanov, A. M. Proc. Natl. Acad. Sci. U.S.A. 1985, 82,
3192-3196.

(7) Therisod, M.; Klibanov, A. M. J. Am. Chem. Soc. 1986, 108,
5638-5640.

(8) All lipases tested (as well as other enzymes) are insoluble in all organic
solvents used in this work. Therefore, reaction mixtures were always sus-
pensions of enzymes in solutions of substrates in organic solvents.

methylene chloride. The fact that four lipases were capable of
acylating secondary hydroxyl groups in 1 afforded the opportunity
to investigate their positional selectivity in that reaction. A typical
protocol is exemplified by the following experiment: 2.0 g of 1
was dissolved in 30 mL of tetrahydrofuran, and then 10 mL of
4 and 3 g of Chromobacterium viscosum lipase were added. The
suspension® was shaken at 45 °C for 40 h after which time virtually
all 1 reacted. The enzyme was removed by filtration, the solvent
was evaporated, and the residue was washed with hexane, followed
by crystallization from a cyclohexane/ethyl acetate mixture. As
a result, 2.0 g of white crystals was obtained, and the product was
found to be a single, pure compound by TLC and GC. Its sa-
ponification confirmed that it was a diester, and a '*C NMR
analysis revealed its structure as 3,6-di-O-butyrylglucose. Hence,
the enzyme exhibits a remarkable regioselectivity in the reaction
with 1 by acylating only one out of four available secondary
hydroxyl groups.

Similar experiments were then conducted with the three other
lipases, and the data obtained are presented in the top line of Table
I. One can see that Aspergillus niger lipase, like the enzyme
from Chromobacterium viscosum, exclusively acylates the hy-
droxyl group in the C-3 position of 1; conversely, porcine pancreatic
lipase has a strong preference toward the C-2 position—90% of
the product is 2,6-di-O-butyrylglucose. Candida cylindracea lipase
displays comparable reactivities with respect to C-2 and C-3
hydroxyl groups (being somewhat more reactive toward the
former). Thus, different lipases possess distinct, sometimes op-
posite, regioselectivities in the reaction with 1, presumably due
to different modes of binding of the substrate with the enzymes’
active centers.

We then tested the regioselectivity of the four lipases in the
reactions with 6-O-butyryl derivatives of two other mono-
saccharides, mannose and galactose (the last two lines in Table
I). It is seen that although the differences in reactivities toward
OH groups in C-2 and C-3 positions in the case of 2 and 3 are
lower than for 1, significant variations in enzyme positional
specificities are nevertheless observed.

Recently, Sweers and Wong reported that Candida cylindracea
lipase hydrolyzes glucose pentaacetate virtually exclusively in the
C-6 position.” We found that the enzyme can also deacylate 2,6-
and 3,6-diesters of monosaccharides with the same regioselectivity.
This phenomenon was then employed for the preparation of pure
3-O-butyrylglucose from the enzymatically formed 3,6-di-O-
butyrylglucose with an 85% isolated yield. In addition, we ela-
borated chemicoenzymatic alternatives to the foregoing fully
enzymatic production of a secondary sugar monoester. To that
end, the hydroxyl group in the C-6 position of a-D-glucose was

(9) Sweers, H. M.; Wong, C.-H. J. Am. Chem. Soc. 1986, 108, 6421-6422,
Interestingly, we have found that Aspergillus niger lipase has a totally dif-
ferent regioselectivity hydrolyzing glucose pentaacetate at C-1 first, followed
by cleavages at C-2 and C-3 (Shaw, J.-F.; Klibanov, A. M. Biotechnol. Bioeng.
1987, 29, 648-651.
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Table II. Lipase-Catalyzed Acylation of n-Octyl 3-D-Glucopyranoside in Organic Solvents?

position of acylation?

reaction time, h ratio of in monoester in diester
lipase (deg of conversion,® %) mono- to diester¢ (fraction, %) (fraction, %)

Chromobacterium viscosume 48 (100) 1:1 C-6 (100) C-3, C-6 (100)
porcine pancreatic® 48 (100) 1:9 C-6 (100) C-2, C-6 (100)
Aspergillus niger® 48 (96) 10:1 C-6 (100) C-3, C-6 (80)
Candida cylindracea® 48 (29) >50:1 C-6 (80)

C-3(10)

C-2(10)

4 n-Octyl B-D-glucopyranoside (0.6 g, purchased from Aldrich) and 1 (3 mL) were dissolved in 10 mL of methylene chloride (in the case of yeast
lipase) or tetrahydrofuran (in the case of the other three lipases). Then a lipase powder was added (following the order of the enzymes given in the
table from top to bottom the amounts were 0.3, 2, 3, and 3 g, respectively), and the suspension® was shaken at 45 °C and 250 rpm for the periods of
time indicated in the table which afforded the degrees of conversion given in parentheses. After that, the enzyme was removed by filtration, the
solvent evaporated, and the residue dissolved in CH,Cl, and applied to a silica gel column. The loaded column was thoroughly washed with the same
solvent, and then the diester was eluted with methylene chloride containing 4% (v/v) of methanol and the monoester with that containing 8% (v/v)
of methanol. The products obtained were analyzed by NMR and confirmed by saponification. ?Determined by GC on the basis of disappearance
of 5. ¢Determined by GC in the reaction mixture prior to ester separation on the basis of the ratio of the peak area for the monoesters to that for
the diesters. ¢Established by NMR. ¢No appreciable reaction was detected in the absence of the enzyme.

chemically modified with triphenylmethyl chloride.'® The re-
sultant 6-O-tritylglucose was a good substrate for Chromobac-
terium viscosum lipase!! and consequently was quantitatively
acylated in the C-3 position. The resultant product was chemically
detritylated!? to yield pure crystalline 3-O-butyrylglucose with
an 88% isolated yield. In another example, the C-6 hydroxyl group
of a-D-glucose was chemically modified with a zert-butyldi-
phenylsilyl group.!> The product was reactive not only toward
the bacterial enzyme in tetrahydrofuran but also toward Candida
cylindracea lipase in methylene chloride. Interestingly, the latter
enzyme acylates 6-O-(terz-butyldiphenylsilyl)glucose virtually
exclusively at the C-2 position (while with 1 as a substrate there
was a mixture of C-2 and C-3 acylated compounds (Table I));
thus, increasing the size of a substituent at C-6 greatly enhances
regioselectivity of the yeast lipase. The enzymatically formed
2,6-glucose derivative was chemically deblocked at C-6 to yield
2-O-butyrylglucose.

It was of interest to investigate the regioselectivity of lipase in
the acylation of a monosaccharide in which both the primary and
secondary hydroxyl groups are available and then compare it with
the data reported above. To circumvent the solubility problem,
instead of glucose itself we employed n-octyl 8-b-glucopyranoside!4
(5), which is soluble in a number of organic solvents. The results
obtained are depicted in Table II, and they afford several inter-
esting conclusions. In the case of all four enzymes, the most
reactive group in § is the primary hydroxyl at C-6. For the yeast
lipase the acylation of § in the C-6 position makes the subsequent
acylation impossible and hence no diester is formed. In contrast,
the other three lipases form both monoesters and diesters in the
transesterification reaction between 5 and 4 in organic solvents,
There is a reasonable correlation between regioselectivities of
different lipases in the acylation of 1 and &: e.g., the enzyme from
Chromobacterium viscosum in both instances reacts only with
the C-3 secondary hydroxyl group, while the porcine pancreatic
enzyme has an overwhelming preference for the C-2 position

(10) Chaudary, S. K.; Hernandez, O. Tetrahedron Lett. 1979, 95-98.

(11) The other three lipases reacted with 6-O-tritylglucose very slowly,
presumably due to steric hindrances exherted by the triphenylmethyl moiety.

(12) McCoss, M.; Camero, D. J. Carbohydr. Res. 1978, 60, 206-209.

(13) Hanessian, S.; Lavalle, P. Can. J. Chem. 1975, 53, 2975-2977.

(14) This commercially available compound has been used as a detergent
to solubilize membrane proteins and examine the hydrophobic requirements
of some enzymes: Baron, C.; Thomson, T. E. Biochim. Biophys. Acta 1975,
382, 276-285. Helenius, A.; Simons, K. Ibid. 1978, 415, 29-36. Tanford,
C.; Reynolds, J. A. Tbid. 1976, 457, 133-170. Stubbs, G. W.; Smith, H. G.;
Litman, B. J. /bid. 1976, 425, 46-56. Kasahara, M.; Hinkle, P. C. Proc. Natl.
Acad. Sci. US.A. 1976, 73, 396-400. Stubbs, G. W.; Litman, B. J. Bio-
chemistry 1978, 17, 215-219. Whittenberger, B.; Raben, D.; Lieberman, M.
A.; Glazer, L. Proc. Natl. Acad. Sci. U.S.A. 1978, 75, 5457-5461. Felgner,
P. L.; Messer, J. L.: Wilson, J. E. J. Biol. Chem. 1979, 254, 4946-4950. Petri,
W. A,; Wagner, R. R. Ibid. 1979, 254, 4313-4317. Lin, J. T,; Riedel, S,;
Kinne, R. Biochim. Biophys. Acta 1979, 557, 179~187. Gould, R. J.; Gins-
berg, B. H; Spector, A. A. Biochemistry 1981, 20, 6776-6781. Landauer,
P.; Ruess, K. P.; Leiftander, M. Biochem. Biophys. Res. Commun. 1982, 106,
848-855.

(Tables I and IT). As one would expect, upon a longer incubation
of the biocatalyst with § the fraction of the diester vs. the mo-
noester increases: doubling the reaction time yields only the diester
as a product of the porcine pancreatic lipase-catalyzed acylation
and reduces the monoester/diester ratio from 10:1 to 6:1 for
Aspergillus niger lipase.

In summary, we discovered that several unrelated lipases ef-
ficiently catalyze a one-step acylation of secondary hydroxyl groups
in C-6 protected monosaccharides in anhydrous organic
solvents-—a reaction that is impossible in water. Moreover, some
lipases exhibit a striking regioselectivity in that acylation, which
varies from one enzyme to another. As a result, C-2 and C-3 esters
of C-6 protected sugars can be separately prepared which, fol-
lowing either enzymatic or chemical deprotection, afford C-2 and
C-3 monoesters. This positional specificity of lipase compares
favorably with classical chemical approaches: for example, when
1 was incubated with 1 mol equiv of butyric anhydride in pyridine
overnight at room temperature, a mixture of an unreacted 1 and
various diesters (about 40% each) and higher glucose esters was
obtained; analysis of the diesters revealed the following approx-
imate composition of the mixture—40% of 2,6- and 20% each of
3,6-, 4,6-, and 1,6-di-O-butyrylglucose.!® Since all lipases used
in this work are readily commercially available in large quantities
(hundreds of grams) and relatively inexpensive, they appear
suitable as versatile practical catalysts for preparative regioselective
acylation of sugars.

Experimental Section

Materials. Lipases (EC 3.1.1.3) were obtained as follows: porcine
pancreatic and Candida cylindracea from Sigma Chemical Co. (St.
Louis, MO), Aspergillus niger (lipase K) from Amano International
Enzyme Co. (Troy, VA), and Chromobacterium viscosum (lipase CV)
from FinnSugar Biochemicals (Elk Grove Village, 1L). Their specific
activities were 11, 700, 30, and 120 units/mg of solid. Yeast and fungal
lipases were used “straight from the bottle”. Porcine pancreatic lipase
was kept under vacuum for 3 days prior to use which lowered its water
content'® from 3.6 t0 0.5%. Lipase from Chromobacterium viscosum was
dissolved in a minimal amount of water, pH was adjusted to 7.0, and the
solution was freeze-dried. This “pH-adjustment”>® increases catalytic
activity of the bacterial lipase in organic media approximately by a factor
of 15 (while not significantly affecting that of the other three lipases).
All four lipases used in this work were crude preparations; this was
viewed as an advantage from the practical standpoint, as it resulted in
low cost of catalysts.

Trichloroethyl butyrate was synthesized from butyryl chloride and
2,2,2-trichloroethanol following the general methodology'” and had the
same characteristics as previously described.® We prepared 1, 2, and

(15) The product mixture was analyzed by TLC and GC. Then the diester
fraction was isolated by silica gel column chromatography and analyzed by
13C NMR.

(16) Measured by the optimized Fischer method: Laitinen, H. A.; Harris,
W. E. Chemical Analysis, 2nd ed.; McGraw-Hill: New York, 1975; pp
361-363.

(17) Steglich, W.; Hofle, G. Angew. Chem., Int. Ed. Engl. 1969, 8, 981.
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3 as reported in ref 7. The properties of the last two, not provided in ref
7, were mp 95-98 °C for 2 (3 was an oil) and [«]p® +56.8° (¢ 2, H,0,
€q.) and +13.4° (c 8, H,0O, eq.), respectively. 2: *C NMR (67.9 MHz,
D,0) 6 96.5, 92.4, 72.6, 72.5, 71.8, 69.3, 69.0, 68.8, 68.2, 68.1, 64.2, 64.0
(a mixture of « and 8 anomers) (C1, 8) (Cl, ) (C3, 8) (C5, B) (C2,
B) (C4, &) (C3, o) (C4, B) (C2, ) (C5, ) (C6, ) (C6, B); these NMR
data are consistent with those reported for 6-O-acetylgalactose.'® Anal.
Caled for C,yH,0;: C, 48.04; H, 7.21; O, 44.83. Found: C, 48.21; H,
7.32; O, 44.74. Chemical synthesis of 2 was mentioned by Hori'® but
no physical properties of the compound, obtained as a syrup, were re-
ported. 3: *C NMR (67.9 MHz, D,0) § 94.2, 93.8, 73.6, 72.9, 71.1,
70.6, 70.1, 70.0, 66.8, 66.6, 63.8 (a mixture of « and 8 anomers) (Cl1,
a) (C1, 8) (C5, B) (C3, 8) (C2, B) (C2, &) (C3, @) (C5, a) (C4, a) (C4,
B) (C6, a,3). Anal. Caled for C,gH,;305: C, 48.01; H, 7.24; O, 44.81.
Found: C, 47.84; H, 7.41; O, 44.56. 6-O-Tritylglucose and (teri-bu-
tyldiphenylsilyl)glucose were prepared as described in the literature (ref
10 and 13, respectively). All other chemicals used in this work were
obtained commercially and were of reagent grade. Pyridine was purified
and dried as outlined before;” all other solvents (analytical grade) em-
ployed as reaction media for lipase-catalyzed reactions were dried by
shaking overnight with 3 A molecular sieves (Linde).

Assays. All sugar derivatives in this work were determined by gas
chromatography with a 5-m HP1 capillary fused silica gel column coated
with methylsilicon gum (Hewlett-Packard) (N, carrier gas, 30 mL/min,
detector and injector port temperature 250 °C). All reaction mixtures
were subjected to precolumn derivatization with 1,1,1,3,3,3-hexa-
methyldisilazane.?®

In addition to GC, the purity of all products was confirmed by TLC
with use of precoated silica gel IB-F sheets (J.T. Baker) and ethyl ace-
tate/methanol /water (100:10:1) or methylene chloride containing 5-10%
(v/v) methanol as solvents for sugar monoesters and other derivatives,
respectively. The spots were developed by spraying with concentrated
H,S0,, followed by heating.

Optical rotations were measured at 589 nm (sodium line) and 30 °C
in a Perkin-Elmer 234 B polarimeter.

Saponification experiments to ascertain the molar ratios of the butyryl
groups to the monosaccharide moieties in sugar esters were conducted
according to the literature procedure.?!

Structure Determinations. The positions of acylation in all sugar
derivatives enzymatically prepared in this work were established by '*C
NMR (Brucker WM 270 spectrometer). The general strategy was the
same as previously developed by Yoshimoto et al.22  As established by
these authors, acylation of a hydroxyl group at C-3, C-4, or C-6 positions
of glucose results in a downfield shift (1-3 ppm) of the peak corre-
sponding to the O-acylated carbon and an upfield shift (1~3 ppm) of the
peak(s) corresponding to the neighboring carbon(s). O-Acylation at C-1
results in a downfield shift of the peaks of both C-1 and C-2. O-
Acylation at C-2 results in a downfield shift of the peaks corresponding
to C-2 and C-1 and in a normal upfield shift of the C-3 peak. The shift
values are virtually independent of the nature of the acyl moiety and the
solvent. The rules established for enzymatically formed glucose deriva-
tives were subsequently applied to those of galactose and mannose. The
NMR spectra of the monoesters were compared to those of the unmod-
ified, authentic monosaccharides, and the spectra of the diesters were
compared to those of the previously identified monoesters (all in acetone
or D,0, tetramethylsilane as an internal or external reference). While
the 6-O-monoesters 1, 2, and 3 were enzymatically prepared from the
monosaccharides as described above, their 2-O and 3-O counterparts
were produced from the corresponding 2,6-O- and 3,6-O-diesters via the
C-6 selective hydrolysis catalyzed by Candida cylindracea lipase (see the
text and below).

Enzymatic Synthesis of 3,6- and 2,6-Di-O-butyrylglucose. Preparation
of 3,6-di-O-butyrylglucose from 1 catalyzed by Chromobacterium vis-
cosum lipase is described in the Results and Discussion section. The
product was obtained in an 80% isolated yield and had mp 85-89 °C and
[@]p®® +56.0° (¢ 1, H,0, eq.). *C NMR (67.9 MHz, acetone) 6 97.4,
93.1,78.3,77.1, 76.3, 73.8, 72.5, 71.5, 69.2, 61.9 (a mixture of « and 3
anomers) (Cl, 8) (Cl, &) (C3, ) (C5, 8) (C3, a) (C2, B) (C5, a) (C2,
a) (C4, a,8) (C6, a,8). Anal. Calcd for C,4H,,04: C, 52.53; H, 7.54;

(18) Szurmai, Z.; Liptak, A. Carbohydr. Res. 1982, 107, 33-41.

(19) Hori, R. Yakugaku Zasshi 1958, 78, 1171~1173; Chem. Abstr. 1959,
53,5140 g.

(20) Sweeley, C. C.; Bentley, R.; Makita, M.; Wells, W, W. J. Am. Chem.
Soc. 1963, 85, 2497-2507.

(21) Wolfrom, M. L.; Thompson, A. Methods in Carbohydrate Chemistry;
Whistler, R. L., Wolfrom, M. L., Eds.; Academic Press: New York, 1969;
pp 448-453.

(22) Yoshimoto, K.; Itatani, Y.; Tsuda, Y. Chem. Pharm. Bull. 1980, 28,
2065-2076.
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0, 39.99. Found: C, 52.62; H, 7.61; O, 39.88.

2,6-Di-O-butyrylglucose was synthesized as follows: 2 g of 1 and 10
mL of 4 were dissolved in 30 mL of tetrahydrofuran, and then 10 g of
porcine pancreatic lipase was added. The suspension® was shaken at 25
°C and 250 rpm for 48 h to reach a 56% conversion; then the enzyme
was replaced with a new batch and the suspension shaken for another 48
h to reach an 89% conversion of 1. The enzyme was removed by filtra-
tion, the solvent evaporated, and the residue washed with hexane and then
chromatographed on a silica gel column with a CH,Cl,-MeOH mixture
(92:8) as a solvent. The resultant light-yellow oil was crystallized from
isopropyl ether to form 1.3 g of white crystals (51% overall isolated yield).
The product was pure by GC, TLC, and NMR and had mp 82-85 °C
and [a]p® +50.8° (¢ 4, H,0, eq.). '3C NMR (67.9 MHz, acetone) 6
95.7,90.5, 75.7, 75.2, 74.6, 74.5, 71.4, 71.3, 70.0, 64.3, 64.1 (a mixture
of « and B8 anomers) (C1, 8) (Cl, a) (C2, B) (C3, B), (C5, B) (C2, a)
(C3, a) (C4, a,8) (CS5, a) (C6, B) (C6, a). These NMR data are
consistent with those reported for 2,6-di-O-myristoylglucose.”? Anal.
Calcd for C14H,404: C, 52.46; H, 7.54; O, 40.02. Found: C, 52.24; H,
7.48; O, 39.84.

Enzymatic Synthesis of 2,6- and 3,6-Di-O-butyrylgalactose. Two
grams of 2 and 10 mL of 4 were dissolved in 30 mL of tetrahydrofuran,
followed by addition of 3 g of Chromobacterium viscosum lipase. The
suspension® was shaken at 45 °C and 250 rpm for 40 h, after which time
virtually all 2 has reacted. Then the enzyme was filtered out and the
solvent evaporated. The residue was washed with hexane, dissolved in
water, and washed with hexane again, and then water was evaporated.
The residue was subjected to a separation by preparative HPLC (silica
gel column, a mixture of ethyl acetate and hexane (6:4) as a solvent, flow
rate of 60 mL/min). As a result, pure (by GC, TLC, and NMR) 2,6-
di-O-butyrylgalactose (0.5 g of white crystals) and 3,6-di-O-butyryl-
galactose (0.8 g of an oil which slowly crystallized upon storage) were
separately obtained. The products (combined isolated yield of 51%) had
mp 98-103 and 70-74 °C and [a]p® +64.5° and +81.5° (¢ 1, H,0, eq.),
respectively. 2,6-Di-O-butyrylgalactose: '*C NMR (67.9 MHz, acetone)
496.1,90.8,74.6,73.3,72.3, 70.3, 69.8, 68.5, 67.6, 64.3, 64.1 (a mixture
of o and 8 anomers) (Cl, 8) (Cl, ) (C2, 8) (C5, 8) (C2, a; C3, B) (C4,
a) (C4, B) (CS5, o) (C3, ) (C6, ) (C6, B). Anal. Caled for Cy4Hy,O4:
C, 52.47; H, 7.52; O, 40.03. Found: C, 52.53; H, 7.58; O, 39.92.
3,6-Di-O-butyrylgalactose: '*C NMR (67.9 MHz, acetone) § 98.2, 93.6,
76.4,73.6, 73.0, 70.4, 68.5, 68.0, 67.4, 67.2, 64.0, 63.9 (a mixture of o
and g anomers) (Cl, 8) (Cl, «) (C3, B) (C3, a) (CS§, B8) (C2, B) (C4,
a) (C3, a) (C4, B) (C2, a) (C6, ) (C6, B). Anal. Caled for C;4Hy4O4:
C, 52.51; H, 7.51; O, 39.99. Found: C, 52.54; H, 7.44; O, 39.96.

Enzymatic Synthesis of 2,6- and 3,6-Di-O-butyrylmannose. The two
diesters were prepared from 3 the same way as described above for the
galactose diesters, except that a mixture of CH,Cl, and MeOH (96:4)
was used as a solvent in preparative HPLC. As a result, pure (by GC,
TLC and NMR) 3,6-di-O-butyrylmannose (oil, 1.3 g) and 2,6-di-O-
butyrylmannose (oil, 0.33 g) were obtained. The products (combined
isolated yield of 65%) had [a]p*® +9.8° and ~1.5° (c 1.5, H,0, eq.),
respectively. 2,6-Di-O-butyrylmannose: '*C NMR (67.9 MHz, acetone)
6 92.3 (C1). 74.0 (C2), 71.0 (C5), 69.5 (C3), 68.2 (C4), 64.1 (C6).
Anal. Caled for C,4H,404: C, 52.52; H, 7.48; O, 40.04. Found: C,
52.62; H, 7.41; O, 40.17. 3,6-Di-O-butyrylmannose: '*C NMR (67.9
MHz, acetone) & 95.2 (C1), 75.0 (C3), 71.5 (C5), 70.1 (C2), 65.6 (C4),
64.4 (C6) (all for the pedominant o angmer). Anal. Caled for C,4H,4O4:
C, §52.46; H, 7.52; O, 40.03. Found: C, 52.24; H, 7.59; O, 39.92.

Enzymatic Synthesis of 3-O-Butyrylglucose. Two independent, al-
ternative methods were employed. (i) 3,6-Di-O-butyrylglucose (0.32 g),
enzymatically prepared as described above, was dissolved in 10 mL of
aqueous buffer (0.1 M Tris:HCI, pH 7.6), and then 0.16 g of Candida
cylindracea lipase was added. The solution was stirred for 8 h, while pH
was maintained between 7 and 8 by adding 1 N NaOH, after which time
the C-6 butyryl moiety was almost completely cleaved off. Then three
volumes of acetone were added, and the mixture was placed in a freezer
for several hours to precipitate the enzyme which was subsequently re-
moved by filtration. The resultant aqueous solution was evaporated to
dryness and the residue subjected to column silica gel chromatography
(a mixture of ethyl acetate, methanol, and H,O (100:10:1) as a solvent).
As a result, 0.21 g (85% isolated yield) of crystalline 3-O-butyrylglucose
(pure by TLC and GC) with [a]p*® +56.7° (¢ 2.5, H,0, eq.) was ob-
tained (the product was too hygroscopic to measure melting point).?* (ii)
We dissolved 1.4 g of 6-O-tritylglucose (prepared chemically through a
standard procedure'®) and 3 mL of 4 in 10 mL of tetrahydrofuran. Then
0.3 g of Chromobacterium viscosum lipase was added, and the suspen-

(23) This compound was previously synthesized by chemical means (Hori,
R. Yakugaku Zasshi 1958, 78, 999-1002; Chem. Abstr. 1959, 53, 30731) and
obtained as a syrup for which no data were reported.

(24) This work was financially supported by W. R. Grace & Co.
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sion® was shaken at 45 °C and 250 rpm. After 48 h, when virtually all
sugar substrate had reacted, the enzyme was filtered out, and the re-
maining solution was added to a mixture of 25 mL of n-butanol and 8
mL of trifluoroacetic acid to remove the trityl moiety.!> After a 10-min
incubation at room temperature the mixture was evaporated to dryness
under vacuum, and the residue was washed with 100 mL of toluene,
dissolved in ethyl acetate, and applied to a silica gel column equilibrated
with the same solvent. The column was thoroughly washed with ethyl
acetate, and then the product was eluted with a mixture of ethyl acetate,
methanol, and water (100:10:1). As a result, 0.75 g (88% isolated yield)
of pure (by TLC, GC, and NMR) crystalline 3-O-butyrylglucose (iden-
tical to that prepared in (i)) was obtained. '*C NMR (67.9 MHz,
acetone) § 97.4, 93.1, 78.3, 77.1, 76.3, 73.8, 72.5, 71.4, 69.2, 61.9 (a
mixture of @ and 8 anomers) (Cl, 8) (Cl, «) (C3, 8) (C5, 8) (C3, @)
(C2, B) (C5, a) (C2, a) (C4, a,p) (C6, a,3). These data are in agree-
ment with those reported for 3-O-acetylglucose.?? Anal. Calcd for
C,oH;s0-EtOAc: C, 49.68; H, 7.69; O, 42.51. Found: C, 49.53; H,
7.62; O, 42.43.

Enzymatic Synthesis of 2-O-Butyrylglucose. We dissolved 2 g of
6-O-(tert-butyldiphenylsilyl)glucose (prepared chemically'?) and 5 mL
of 4 in 20 mL of methylene chloride. Then 5 g of Candida cylindracea
lipase was added, and the suspension® was shaken at 45 °C and 250 rpm.
After 60 h, when 60% of the glucose substrate had reacted, the enzyme
was removed by filtration and the solvent and unreacted 4 were evapo-
rated at 100 °C under vacuum. The residue was dissolved in CH,Cl,,
applied on a silica gel column equilibrated with the same solvent, and
thoroughly washed with it. Then the product was eluted with methylene
chloride containing 4% (v/v) of methanol, and consequently 1.1 g (75%
isolated yield) of light yellow oil was obtained which was determined to
be pure (GC, NMR, and TLC) 2-O-butyryl-6-0-(tert-butyldiphenyl-
silyl)glucose. To remove the protective group in the C-6 position with

a minimal migration of the butyryl moiety we followed the procedure
kindly suggested to us by Professor Stephen Hanessian of Universite de
Montreal. The enzymatically formed product (2 mmol) was dissolved
in 60 mL of dry tetrahydrofuran, and the solution was cooled to ~50 °C.
A solution of 2 mmol of tetrabutylammonium fluoride and 10 mmol of
acetic acid in 25 mL of tetrahydrofuran was then added dropwise, and
the temperature of the mixture was allowed to reach 25 °C and remain
at that temperature overnight. Following evaporation of the solvent
under vacuum at room temperature, the residue was purified by a silica
gel column chromatography with use of a mixture of ethyl acetate,
methanol, and water (100:10:1) as a solvent. As a result, we obtained
0.41 g (75% isolated yield) of 2-O-butyrylglucose which contained about
10% of the 3-O-isomer (as determined by GC and NMR). This con-
tamination was presumably due to migration of the acyl moiety, also
observed in other systems.!> The 2-O-isomer: '>*C NMR (67.9 MHz,
acetone) 6 95.7,90.5,77.3,75.9, 75.4,74.7,72.3,71.5, 71 .4, 71.2, 62.2
(a mixture of a and B anomers) (Cl, 8) (Cl, a) (CS, ) (C2, B) (C3,
B) (C2, o) (C5, a) (C3, a) (C4, a) (C4, B) (C6, a,8). These data are
in agreement with those reported for 2-O-myristoylglucose.?? Anal.
Calcd for CyoH 307 C, 49.74; H, 7.70; O, 42.49. Found: C, 49.82; H,
7.61; 0, 42.33.

Enzymatic Hydrolysis of Di-O-butyryl Sugars. The procedure de-
scribed above for 3,6-di-O-butyrylglucose did not afford a satisfactory
selectivity when applied to the other diesters. Therefore, the following
protocol was employed instead. A diester (0.1 g) was dissolved in 5 mL
of a CH,Cly~acetone-water (8:5:0.4) mixture, and then 0.1 g of Candida
cylindracea lipase was added. The suspension was shaken at 25 °C and
250 rpm for 24-48 h, after which time the enzyme was removed by
filtration and the solvent evaporated. The residue was subjected to silica
gel column chromatography with an ethyl acetate-methanol-water
mixture (100:10:1) as solvent.

A General Method for the Synthesis of Chiral Multifunctional
Chain Compounds Incorporating Pentitol Fragments!
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Abstract: A new method for the synthesis of pentitol derivatives 21-32 of all possible configurations is described. The method
is based on the use of 2,3-O-isopropylidene-D-glyceraldehyde (3) as a chiral starting material. Compound anti-6 is obtained
by the zinc bromide mediated addition of furyllithium to 3, while syn-8 is prepared by L-Selectride reductrion of ketone 7,
in both cases the diastereoselectivity is at least 20:1. It is shown that the furan ring is a very convenient precursor of the enedione
system. The regioselective protection of one of the carbonyl groups of enedione allows for stereoselective reduction of ketones
15, 16, 19, and 20. Syn selectivity greater than 14:1 is observed for 15 and 19 when diisobutylaluminum hydride is used as
reducing agent. In contrast, the reduction of 16 and 20 with zinc borohydride is 20:1 antiselective. Stereochemical assignments
for 23, 26, and 29 were established by unambigous chemical correlations with compounds synthesized from natural p-arabinose,

D-xylose, and D-ribose, respectively.

In recent years there has been a growing interest in the synthesis
of natural products possessing a dense array of chiral centers
bearing hydroxy groups. These structure types are characteristic
not only of carbohydrates but also of other highly important,
biologically active compounds such as macrolides* and antitumor
antibiotics’ as well as some marine toxins, e.g., palitoxin.®

(1) Taken in part from the Ph.D. Thesis of S.P., Institute of Organic
Chemistry, Polish Academy of Sciences, Warszawa, 1986.

(2) Institute of Organic Chemistry, Poish Academy of Sciences.

(3) AB Hissle.

(4) Macrolide Antibiotics; Omura, S., Ed.; Academic Press: Orlando,
1984,

(5) The Chemistry of Antitumor Antibiotics; Remers, W. A., Ed.; Wiley:
New York, 1979.

Significant advances in syntheses of such compounds have recently
occurred.” Among many methodologies developed, those leading
in an acyclic manner and with higher selectivity to the 1,3-di-
methyl-2-hydroxy unit (A) have attracted great attention.”® On
the other hand, methodologies for the steroselective construction

(6) Cha, I. K.; Christ, W. J.; Finan, J. M.; Fujioka, H.; Kishi, Y.; Klein,
L. L.; Ko, S. S.; Leder, J.; McWhorther, W. W., Jr; Pfaff, K.-P.; Yonaga,
M.; Uemura, D.; Hirata, Y. J. Am. Chem. Soc. 1982, 104, 7369 and refer-
ences cited therein.

(7) For example: Paterson, I.; Mansuri, M. M. Tetrahedron 1985, 41,
3569.
(8) (a) Heathcock, C. H. In Asymmetric Synthesis; Morrison, J. D., Ed.;
Academic Press: New York, 1984; Vol. 3,p 111. (b) Evans, D. A,; Nelson,
J. U,; Taber, T. R. Top Stereochem. 1982, 13, 1. (c) Mukaiyama, T. Org.
React. (N.Y.) 1982, 28, 203.
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