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pH = 7.4; [decanoylCoA] = 50 uM (K, = 10 uM);® [aldrithiol]
= 125 uM, [(R)-carnitine] = 1000, 2500, and 1000 uM; purified
beef liver mitochondrial CPT;;**4° and [HPC] ranging from 0.5
to 20 M (six values). A value of K; = 2 & 0.3 uM was found.

Cleveland. HPrC Inhibiting Pigeon Breast CAT. Con-
ditions for the assays were as follows:*! 0.1 mL DTNB (1 mM
in 1 M TRIS, pH = 8.1); 25 uL of 8-mM acetylCoA; 10 uL of
pigeon breast CAT (88 ug/mL, Sigma); [(R)-carnitine] = 75, 750,
1500, and 3000 uM; [HPrC] = 0, 25, 50, 100, 500, 1000, 2500, and
5000 uM; and total volume = 1 mL. Velocities (umol/min/
mg-protein) were measured and gave the following results for the
respective concentrations of HPrC: 75 uM (R)-carnitine: 15.0,
13.0,11.4, 8.9, 4.2, 2.7, -, 0.78; 750 uM (R)-carnitine: 42.4, 39.4,

(39) Clarke, P. R. H.; Bieber, L. L. J. Biol. Chem. 1981, 249,
9861-9868.

(40) Ramsay, R. R. Biochem. J., 1988, 249, 239-245.

(41) Fritz, I. B.; Schultz, S. K. J. Biol. Chem. 1965, 240, 2188-2192.

41.4, 33.1, 25.1, 18.7, -, 6.0; 1500 uM (R)-carnitine: 43.4,-, 39.4,
40.4, 35.1, 37.7, 18.7, 8.6; and 3000 uM (R)-carnitine: 53.1, 109.6,
54.8, 93.5, 63.5, 45.4, -, 10.7. K; = 200 % 30 uM from Dixon plots
and was confirmed by transformed double-reciprocal plots (i.e.,
Km lppmnt/ me v8 [HPI‘C])
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Synthesis of 6’-Deoxy-6'-fluoro- and 6-Deoxy-6-fluorolactosides
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Subtilisin-catalyzed esterification of methyl 4-O-8-D-galactopyranosyl-8-pD-glucopyranoside (methyl 8-lactoside)
(1) with 2,2,2-trichloroethyl butyrate (3) distinguished between the two primary hydroxyl groups of 1, yielding
exclusively the 6’-0-monobutyryl derivative 6 from which 6’-deoxy-6'-fluoro- and 6-deoxy-6-fluorolactosides (22
and 29, respectively) were efficiently synthesized. A key feature in the synthesis of 22 was the use of the
2,4,6-trimethylbenzoyl (mesitoyl) group to protect the remaining free hydroxyl groups. A mesitoate ester, in
addition to being inert to the condition that hydrolyzed a butyrate ester, could be easily cleaved by reduction
with AlH, without hydrogenolysis of a C-F bond. The steric bulk of a mesitoyl group suppressed the C-4’ —
C-6’ acyl migration during the fluorination with (diethylamino)sulfur trifluoride (DAST). The success in the
synthesis of 29 depended on the choice of solvent employed for the DAST fluorination. With diglyme the desired
6-fluoro derivative 28 was the only product, whereas the use of CH,Cl, yielded 6-O-methyl-8-lactosyl fluoride
30 concomitantly through a C-1 — C-6 migration of the methoxyl group.

During the past few decades it has become clear that cell
surface carbohydrates play a major role in cell interaction
processes, including the determinants for A, B, O, H, etc,,
groupings in human blood,! the immunological response
to carbohydrate antigens,? and a variety of cell adhesion
phenomina.3* Metastasis is the process by which tumor
cells spread into healthy body tissues resulting in the major
cause of death in human malignancies. Extensive inves-
tigations on the biochemical events making up this process
have suggested a possible involvement of cell surface
carbohydrates in the metastatic process such as tumor cell
agg're4g5ation and adhesion of tumor cells to endothelial
cells.*

(1) Recent reviews: (a) Watkins, W. M. Pure Appl. Chem. 1991, 63,
561. (b) Von dem Borne, A. E. G. K.; Kuijpers, R. W. A. M. Collog.
INSERM 1991, 206, 219.

(2) Recent reviews; (a) Hakomori, S. Adv. Cancer Res. 1989, 52, 257.
(b) Garegg, J. Chem. Br. 1990, 26, 669. (c) Singhal, A.; Hakomori, S.
BioEssays 1990, 12, 223.

(3) Recent reviews: (a) Sharon, N.; Lis, H. Science 1989, 246, 227. (b)
Brandley, B. K.; Swiedler, S. J.; Robbins, P. W. Cell 1990, 63, 861. (c)
Winkelhake, J. L. Glycoconjugate J. 1991, 8, 381.

(4) Recent reviews of tumor cell lectins: (a) Gabius, H.-J. Angew.
Chem., Int. Ed. Engl. 1988, 27, 1267. (b) Raz, A.; Lotan, R. UCLA Symp.
Mol. Cell. Biol. New Ser. 1988, 78, 237. (c) Gabius, H.-J.; Gabius, S.
Naturwissenschaften 1990, 77, 505.

As part of our program aimed at developing carbohy-
drate-based agents that effectively prevent metastatic
spread of tumor cells by blocking the cognitive interactions
among tumor cells and between tumor and host cells,® we
have demonstrated that methyl 4-0-8-D-galacto-
pyranosyl-g-D-glucopyranoside (methyl 8-lactoside)? (1)
and its trivalent and polyvalent derivatives® dramatically
suppress the formation of metastatic lung colonies in mice
injected with mouse B16 melanoma cells. For elucidation
of the structural requirements for this inhibition process
and to discover more effective inhibitors, a facile access
to structural analogues of 1 was required. Since intro-

(5) Recent papers: (a) Walz, G.; Aruffo, A.; Kolanus, W.; Bevilacqua,
M.; Seed, B. Science 1990, 250, 1132. (b) Gabius, S.; Schirrmacher, V.;
Franz, H.; Joshi, S. S.; Gabius, H.-J. Int. J. Cancer 1990, 46, 500. (c)
Miyake, M.; Hakomori, S. Biochemistry 1991, 30, 3328. (d) Takada, A.;
Ohmori, K.; Takahashi, N.; Tsuyuoka, K.; Yago, A.; Zenita, K.; Hasegawa,
A.; Kannagi, R. Biochem. Biophys. Res. Commun. 1991, 179, 713.

(6) Inhibition of liver tumor cell colonization in mice by blocking
hepatic lectin with D-galactose or arabinogalactan has been reported:
Beuth, J.; Ko, H. L.; Schirrmacher, V.; Uhlenbruck, G.; Pulverer, G. Clin.
Expl. Metastasis 1988, 6, 115.

(7) Oguchi, H.; Toyokuni, T.; Dean, B.; Ito, H.; Otsuji, E.; Jones, V.
L.; Sadozai, K. K.; Hakomori, S. Cancer Commun. 1990, 2, 311.

(8) Dean, B.; Oguchi, H.; Cai, S.; Otsuji, E.; Tashiro, K.; Hakomori, S.;
Toyokuni, T, Carbohydr. Res. In press.

0022-3263/92/1957-3431303.00/0 © 1992 American Chemical Society
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Scheme I. Subtilisin-Catalyzed Esterification
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duction of fluorine often leads to remarkable changes in
physicochemical properties of the compound,® selective
fluorination of 1 has become of interest. Due to the
multiple hydroxyl groups, regioselective modifications of
carbohydrates still represent a challenging problem.!%:1!
Although primary hydroxyls are normally the most reactive
towards the acylation reaction, a clear discrimination be-
tween primary and secondary hydroxyls usually involves
multistep protection and deprotection procedures,'%12
Indeed some deoxy analogues of 1 have been synthesized
for the study of the molecular recognition of 8-lactoside
by a plant lectin!® and by $-pD-galactosidase!* through
lengthy protection and deprotection schemes. Some suc-
cesses have been described recently in the direct 6-O-
acylation of unprotected sugar hexopyranoses by a purely
chemical method.!s

Recently, several groups'® have successfully employed
the hydrolytic enzymes, lipases and proteases, for selective
monoacylation of carbohydrates including mono- and ol-
igosaccharides. The regioselective de-O-acylation of methyl
tetra-O-acyl-D-hexopyranosides were carried out by em-
ploying lipase to prepare the 6-OH derivatives, which were
subsequently converted to the 6-modified hexopyranoses.'’
Herein we demonstrate an application of this approach to
regioselective protection of the primary hydroxyl group at
the C-6’ position in 1, which enabled selective synthesis

(9) Recent reviews: (a) Resnati, G. IL Farmaco 1990, 45, 1043, 1137.
(b) Fluorinated Carbohydrates. Chemical Biochemical Aspects; Taylor,
N. F,, Ed.; American Chemical Society: Washington, DC, 1988.

(10) Reviews: (a) Haines, A. H. Adv. Carbohydr. Chem. Biochem.
1976, 33, 11. (b) Haines, A. H. Adv. Carbohydr. Chem. Biochem. 1981,
39, 13.

(11) A review of selective acylation and alkylation via organotin de-
rivatives: (a) David, S.; Hanessian, S. Tetrahedron 1985, 1, 643. Selective
acylation and alkylation via cobalt chelates: (b) Avela, E.; Aspelund, S.;
Holmbom, B.; Melander, B.; Jalonen, H.; Peltonen, C. ACS Symp. Ser.
1977, 41,62. (c) Ahmad, S.; Iqbal, J. J. Chem. Soc., Chem. Commun 1987,
114

(12) (a) Khan, R. Pure Appl. Chem, 1984, 56, 833. (b) Kovac, P,;
Sokoloski, E. A.; Glaudemans, C. P. J. Carbohydr. Res. 1984, 128, 101.

(13) (a) Rivera-Sagredo, A.; Solis, D.; Diaz-Maurino, T.; Jimenez-
Barbero, J.; Martin-Lomas, M. Eur. J. Biochem. 1991, 197, 217. (b)
Rivera-Sagredo, A.; Jimenez-Barbero, J.; Martin-Lomas, M. Carbohydr.
Res. 1991, 221, 37.

(14) Bock, K.; Adelhorst, K. Carbohydr. Res. 1990, 202, 131.

(15) (a) Plusquellec, D.; Baczko, K. Tetrahedron Lett. 1987, 28, 3809.
(b) Baczko, K.; Plusquellec, D. Tetrahedron 1991, 47, 3817. (c) Beraud,
P.; Bourhim, A.; Czernecki, S.; Krausz, P. Tetrahedron Lett. 1989, 30,
325. (d) Aboubhilale, S.; Greiner, J.; Riess, J. G. Carbohydr. Res. 1991,
212, 55.

(16) The use of proteases: (a) Riva, S.; Chopineau, J.; Kieboom, A. P.
G.; Klibanov, A. M. J. Am. Chem. Soc. 1988, 110, 584. (b) Carres, G.;
Riva, S; Secundo, F. J. Chem. Soc., Perkin Trans. I 1989, 1057. The use
of lipases: (d) Therisod, M.; Klibanov, A. M. J. Am. Chem. Soc. 19886,
108, 5638. (e) Therisod, M.; Klibanov, A. M. J. Am. Chem. Soc. 1987,
109, 3977. (f) Wang, Y.-F.; Lalonde, J. J.; Momongan, M.; Bergbreiter,
D. E.; Wong, C.-H. J. Am. Chem. Soc. 1988, 110, 7200. (g) Hennen, W.
J.; Sweers, H. M.; Wang Y.-F.; Wong, C.-H. J. Org. Chem. 1988, 53, 4939.
(h) Holla, E. W. Angew. Chem., Int. Ed. Engl. 1989, 28, 220. (i) Holla,
E. W. J. Carbohydr. Chem. 1990, 9, 113. (j) Ciuffreda, P.; Colombo, D.;
Ronchetti, F.; Toma, L. J. Org. Chem. 1990, 55, 4187.

(17) Sweers, H. M.; Wong, C.-H. J. Am. Chem. Soc. 1986, 108, 6421.
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of 6’-deoxy-6'-fluoro- and 6-deoxy-6-fluorolactosides, 22
and 29, respectively.

Results and Discussion

Subtilisin-Catalyzed Esterification of 1. It was de-
duced, from the partial benzoylation studies,® that the
primary hydroxyl group at the galactose unit (6’-OH) in
1 was more reactive than the one at the glucose unit (6-OH)
(Scheme I). Therefore, regioselective triphenyl-
methylation (tritylation) was initially attempted. However,
treatment of 1 with trityl chloride (1.2 molar equiv) in
pyridine containing a catalytic amount of 4-(dimethyl-
amino)pyridine gave, even after 12 d at rt, only a trace
amount of products consisting of at least three components
with no selectivity.!®

The hydrolytic enzymes, lipases and proteases, in pure
organic solvents have been shown to catalyze the trans-
esterification reaction between activated esters of fatty
acids and unprotected monosaccharides at the primary
hydroxyl group.’® In addition, the protease, subtilisin, in
anhyd DMF has been successfully employed for regiose-
lective monobutyrylation of oligosaccharides,'62 which
occurs predominantly at the primary hydroxyl group of
the nonreducing terminal sugar unit. Indeed, incubation
of 1 with 2,2,2-trichloroethyl butyrate (3) and Protease N,
a crude preparation of subtilisin, in anhyd DMF at 37 °C
for 5 d yielded the desired 6’-O-butyryllactoside 6 in a 73%
yield. The position of butyrylation was determined by the
'H NMR spectrum which showed the expected downfield
shifts of the signals due to H-6’a and H-6’b at 6 4.29 and
4.35. Similar enzymatic acylations with 2,2,2-trichloroethyl
monochloroacetate (4) and with 2,2,2-trichloroethyl acetate
(5) were found unsatisfactory because of the low regiose-
lectivities. The 6’-O-monochloroacetate 8 was isolated in
only a 29% yield with a purity of ca. 90%, but the products
from the latter reaction were so close together as to be
inseparable by column chromatography. The structure of
8 was ensured after conversion to the 6’-OH derivative 10
by sequential acetylation (8 — 9) and selective de-O-
monochloroacetylation with thiourea? (9 — 10). In the
'H NMR spectrum of 10 the upfield position of the H-6a
and H-6'b signals at § 3.50 and 3.69 confirmed the presence
of a free hydroxyl group at C-6’. This indicated that the
monochloroacetylation tock place at the 6’-OH. It is of
interest that monochloroacetate, which is a better substrate
for subtilisin than butyrate,?! exhibited a poorer regiose-

(18) Thelwall, L. A. W. J. Dairy Res. 1982, 49, 713 and references cited
therein.

(19) Very recently, regioselective tritylation was reported with the
2-azido derivative of benzyl 8-laminaribioside by a method similar to this,
and the 6’-O-trityl derivative was isolated as the acetate in a 45.6% yield
after repeated chromatographic purifications: Wang, L.-X.; Sakairi, N.;
Kuzuhara, H. Carbohydr. Res. 1991, 219, 133.

(20) Cook, A. F; Maichuk, D. T. J. Org. Chem. 1970, 35, 1940.

(21) (a) Graae, J. Acta Chem. Scand. 1954, 8, 356. (b) Pugniere, M.;
San Juan, C.; Previero, A. Tetrahedron Lett. 1990, 31, 4883.
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Scheme II. Synthesis of 6’-Deoxy-6’-fluorolactoside 22
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13 R'=PrCO. R2=B2

14 R'=PrCO, R2=MeB:
1S R'=PrCO, R2=Me;Bz
16 R'=PrCO, R2=Me3Bz
17 R'=H, R? = MeyBz
18 R':-H, R2 - Me3Bz

lectivity in monoacylation of 1. Subtilisin also catalyzed
monobutyrylation of benzyl 8-lactoside (2) with excellent
regioselectivity, although the reaction was slow, giving rise
to the 6’-O-butyryl derivative 7 in 71% yield after 14 d.

Synthesis of 6’-Deoxy-6’-fluorolactoside 22. For
fluorination at the C-6’ position, the butyryl group must
be selectively removed after the remaining hydroxyl groups
in 6 have been protected (Scheme II). Therefore, the
protecting group of choice for the remaining hydroxyl
groups should be not only removable without any effect
on a C~F bond but also resistant to the condition of de—
O-butyrylation. First ether-type protecting groups were
examined. Since conventional alkylations using strong
basic conditions? are not suitable to a compound pos-
sessing an ester functionality, 6 was subjected to mild
benzylations according to the methods of Croon and
Lindberg (BnBr and Ag,0)% and of Widmer (benzyl tri-
chloroacetimidate and trifluoromethanesulfonic acid).%
However, either benzylation did not go to completion,
leaving a mixture of partially benzylated products, whose
characterization were not performed. In addition, pro-
tection as (2-methoxyethoxy)methyl (MEM) ether, though
successful for a glycosphingolipid on an analytical scale,?
also resulted in a poor yield. Thus, treatment of 6 with
MEM-CI and diisopropylethylamine produced 11 only in
34% vyield. Basic alcoholysis of 11 afforded the 6’-OH
derivative 12.

Next ester-type protecting groups were surveyed: ben-
zoyl, 4-methylbenzoyl (p-toluoyl), 2,4-dimethylbenzoyl, and
2,4,6-trimethylbenzoyl (mesitoyl) groups. The acyl de-
rivatives 13, 14, and 15 were obtained quantitatively by
treatment of 6 with the corresponding acyl chlorides in
pyridine, while 16 was prepared in a quantitative yield
employing the unsymmetrical anhydride of mesitoic acid
and trifluoroacetic acid.?® As expected, a methyl sub-
stituent increased the stability of an ester linkage to basic
hydrolysis (Table I). Thus, selective de-O-butyrylations
of 15 and 16 became feasible, giving 17 and 18, respectively,
in good yields. No acyl migrations of 17 and 18 were
observed during the purification by silica gel column

(22) Brimacombe, J. S. Methods Carbohydr. Chem. 1972, 6, 376.

(23) Croon, L; Lindberg, B. Acta Chem. Scand. 1959, 13, 593.

(24) (a) Widmer, U. Synth. 1987, 568. (b) Wessel, H.-P.; Iversen, T';
Bundle, D. R. J. Chem. Soc., Perkin Trans. I 1985, 2247.

(25) Levery, S. B.; Roberts, C. E.; Salyan, M. E. K.; Hakomori, S.
B}:’ochem. Biophys. Res. Commun. 1989, 162, 838 and references cited
therein.

(26) Parish, R. C.; Stock, L. M. J. Org. Chem. 1965, 30, 927.

19 R!'=R4:Me3Bz, R2=0H, R3z=H

20 R!=R4:=Me,Bz. R%:H. R3:F

21 R'=F, R2=0Me3Bz, R3-H, R%=Me3Bz
22 R'-F, R2-0H, R3:R%:H

23 R'=R%:R%:H, RZ=0H

24 R'-F, R2=0Ac, R3=R%*:zAc

25 R!=-R3:H, R%-0Ac. R% Ac

MeBz @ 4-methylbenzol
Me2Bz : 2,4-dimethylbenzol
Me3Bz: 2.4,6-trimethylbenzol

Table I. Selective De-O-butyrylation of 13-16

substr reaction condition product (yield,* %)

13 Et;N-MeOH-H,0 (1:5:1) no selectivity®
30 min, 0 °C

14 Et;N-MeOH-H,0 (1:5:1) no selectivity®
30 min, 0 °C

15 0.01 M NaOMe in MeOH 17 (84)
overnight, 0 °C

16 1 M NaOH-MeOH (1:10) 18 (87)
1h,rt

sIsolated yield (see Experimental Section). ®TLC indicated
that, in addition to the starting material (>60%), a mixture of
several compounds was formed due to partial de-O-acylation.

chromatography. Their H NMR spectra clearly showed
the upfield shifts of signals assignable to H-6’a and H-6'b
at 6 2.93 and 3.00 for 17 and at 6 2.85 and 3.14 for 18
together with the disappearance of the signals from a bu-
tyryl group.

The 6-OH derivatives 17 and 18 were then subjected
to fluorination with (diethylamino)sulfur trifluoride
(DAST)? in CH,Cl,. Interestingly, the fluorination of 18
yielded exclusively 6’-deoxy-6'-fluorolactoside 21 in a 94%
yield, whereas the fluorination of 17 resulted in an acyl
migration from the C-4’ to C-6’ position followed by the
reaction with DAST, giving rise to 4’-deoxy-4’-fluoro-
cellobioside 20 and unfluorinated derivative 19 in 24% and
33% yields, respectively. The fluorination of 4’-OH pro-
ceeded with an inversion of configuration. Complete
conversion of 19 to 20 was difficult, probably due to the
steric hindrance around the axial hydroxyl group at C-4’
which was exerted by a bulky protecting group at C-3’. No
product from dehydration was detected in the reaction
mixture. Use of diglyme as a solvent did not significantly
affect the outcome of these fluorinations. The highly
hindered structure of mesitoate appeared to prevent an
acyl migration, thus providing an excellent yield of 21. The
structures of 19, 20, and 21 were assigned on the basis of
their 'H NMR spectra. In the spectrum of 19, the upfield
shift of the signal owing to H-4’ at § 4.09 together with the
downfield shift of the signals of H-6’a and H-6’b at 4 3.59
and 4.10 was in agreement with the acyl group at the C-6
not at the C-4’ position. The cellobioside structure of 20
was evident from the splitting pattern of the H-4’ signal
(ddd with JH-4’,F-4’ = 50.6 Hz and JH-3’,H-4’ = JHA’,H-5’ =92

(27) (a) Middleton, W. J. J. Org. Chem. 1975, 40, 574. (b) A review:
Hudlicky, M. Org. React. (N.Y.) 1988, 35, 513.
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Table II. Reductive De-O-mesitoylation of 21°

isolated
yield® (%)
reagent (equiv?) solvent time 22 23
LiAlH, (2.3) p-dioxane overnight 25 16
LiAlH, (33) p-dioxane 2h d 70¢
LiAlH, (2.0) Et,0 2h 37 13
LiAlH, (10) Et,0 05h 29 27
AlH{S (6.7) THF 2h 21 15
AlHY (20) Et,0 1h 68 12
AIH{ (20) Et,0 0.25h 72¢ d

¢ Reactions were performed using a solution of 21 (0.02 mmol) in
an appropriate solvent (2 mL) under dry N; at rt and terminated
by the addition of precooled H,O. ®An equivalent amount to one
acyl group. °The reaction mixture was concentrated and purified
by LH-20 column chromatography (MeOH) to give 23 and then 22.
4 Not detected in the reaction mixture. °The same result was ob-
tained when 10 mmol of 21 was used. /Prepared in situ from
LiAlH, and H,SO, (see ref 29).

Hz), which placed a fluorine atome at C-4’ in an equatorial
position. Although the signals of H-6’a and H-6'b in 21
were not well resolved due to partial overlapping with that
of H-5, the splitting pattern of the H-5 signal (ddd,
Ju.5 s = 6.1 Hz, Jusnen = 7.3 Hz, and Jy5pe = 7.6
Hz) indicated a fluorine atom at the C-6' position.

Since the mesitoate ester was stable to either basic al-
coholysis (0.1 M methanolic NaOMe, rt, 2 weeks) or basic
hydrolysis?® (1 M NaOH-EtOH 1/10, 60 °C, overnight),
reductive cleavage of the ester was explored. As shown
in Table II, the best deprotection method was found to be
the treatment of 21 in Et,O with a large excess of AlHj,
prepared in situ from LiAlH, and H,S0,,% at rt for 0.25
h, vielding 6’-deoxy-6-fluorolactoside 22 as the sole product
in a 72% yield. On the other hand, treatment with excess
LiAIH,® in p-dioxane at rt for 2 h afforded, via hydro-
genolysis of a C-F bond, 6’-deoxylactoside 23 in a 70%
yield. The structure of 22 followed from its 'H NMR
spectrum, which revealed a H-6'a and H-6"D at é 4.74 and
4.78 with JHG’&FG’ = 46.6 Hz and JHG’bFG’ =453 HZ, n
accordance with the presence of a fluorine atom at C-6'.
The Jy.5 5.¢ coupling of 15.1 Hz suggested that there was
little conformational preference for the CH,F group.®
The 'H NMR spectrum of 23 was almost identical with
the reported data.!* Further confirmations of these
structures were made on the basis of the 'H NMR analyses
of the corresponding acetates 24 and 25 (see Experimental
Section).

Synthesis of 6-Deoxy-6-fluorolactoside 29. The 6-
OH derivative 27 was readily prepared by conventional
transformations including tritylation followed by acety-
lation (6 — 26) and acid-catalyzed de-O-tritylation (26 —
27) (Scheme III).

The choice of solvent proved to be key to the success
for the fluorination of 27 with DAST. The reaction in
diglyme yielded exclusively 6-deoxy-6-fluorolactoside 28
in 68% yield. However, using CH,Cl, as a solvent, the
fluorination was accompanied by the migration of a me-
thoxyl group from the C-1 to C-6 position, resulting in the
formation of 6-O-methyl-g-lactosyl fluoride 30 in addition
to 28. A similar C-1 — C-6 migration was described for
the derivative of methyl g-p-galabioside on attempted
fluorination with DAST in CH,Cl,.32 A possible mecha-

(28) De-O-mesitoylation by KO-t-Bu-H,0 (8:1) (anhydrous hydroxide)
wasgmsmuccessful: Gassman, P. G.; Schenk, W. N. J. Org. Chem. 1977,
42, 918.

(29) Brown, H. C.; Yoon, N. M. J. Am. Chem. Soc. 1966, 88, 1464.

(30) Bolton, J. L.; Harrison, R. G.; Lythgoe, B.; Manwaring, R. S. J.
Chem. Soc. C 1971, 2944.

(31) Phillips, L.; Wray, V. J. Chem. Soc. B 1971, 1618.
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Scheme II1. Synthesis of 6-Deoxy-6-fluorolactoside 29
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nism for the migration for 27 could be similar to that
postulated for the galabioside®? except that the C-1 — C-6
migration occurs in a 'Ss-like conformation, giving a 1“B-
like intermediate whose 1,2-acetoxonium ion is then op-
ened by a fluoride ion from the g-side (Scheme IV). A
basic character of diglyme could be responsible for the
suppression of this migration by enhancing the nucleo-
philicity of a fluoride ion.2’2 The 'H NMR spectrum of
28 was as expected for the fluorine substitution at C- 6
exhibiting H-6a and H-6b at § 4.59 and 4.69 with Jyy =
48.6 and 48.2 Hz, respectively. In the 'H NMR spectrum
of 30, the H-1 s1gna1 appeared at é 5.31 as a doublet of
doublets with JH-I,H-2 = 6.0 and JH.LF.I = 52.9 Hz in ac-
cordance with a fluorine atom at C-1 in an equatorial
position. The Jy.5.; coupling of 10.1 Hz also supported
the B-configuration of the fluorine atom.?® The location
of the methoxyl group was assumed to be at C-6 on the
basis of the fact that the signals assigned to H-6a and H-6b
at & 3.63 and 3.69 did not collapse upon deuterium ex-
change.

Deprotection of 28 afforded 6-deoxy-6-fluorolactoside
29 in a 82% yield. The F NMR spectrum of 29 revealed
a large value for the vicinal *F-'H coupling constant (30.0
Hz), indicating the existence of a favored rotational isomer
in which F-6 is antiparallel to H-5.%!

(32) Kihlberg, J.; Frejd, T.; Jansson, K.; Magnusson, G. Carbohydr.
Res. 1988, 176, 287.
% (33) Csuk, R.; Glaenzer, B. I. Adv. Carbohydr. Chem. Biochem. 1988,
, 13.
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Conclusions

An example of the versatile use of subtilisin-catalyzed
monobutyrylation was demonstrated in regioselective
protection of the primary hydroxyl group at the C-6
position in B-lactosides. Because of the broad substrate
specificity of this enzyme,'®® the enzymatic mono-
butyrylation followed by 2,4-dimethylbenzoylation/mes-
itoylation and de-O-butyrylation could provide a conven-
ient and more efficient alternative to the conventional
sequence'®1? of gelective tritylation, acetylation, and
de-O-tritylation for the preparation of protected di-
saccharides with a free primary hydroxyl group at the
non-reducing sugar terminal. It should be emphasized that
the enzyme used is commercially available and inexpensive.

In vivo evaluation of the fluorolactosides against tumor
cell metastasis will be reported in due course.

Experimental Section

General. Melting points were measured with a Fisher-Johns
melting point apparatus and are uncorrected. 'H NMR spectra
were measured at 24 °C, unless otherwise noted, on a Bruker
WM-500 spectrometer with TMS (CDCl;) or DSS (D,0) as an
internal standard. 13C and °F NMR spectra were recorded on
a Varian VXR-300 spectrometer. References used were internal
TMS for 3C and internal CFCl; (CDCly) or external CF;COOH
(D,0) for *F, FABMS, including HRMS, were obtained using
a JEOL JMS-HX 110 mass spectrometer. Specific rotations were
determined at 589 nm (Na line) at rt with a Perkin-Elmer 241MC
polarimeter. TLC was performed on Merck silica gel 60F 4, plates
(0.25-mm thickness) and flash column chromatography* on Merck
silica gel 60 (230-400-mesh ASTM). Solutions were concentrated
below 40 °C under reduced pressure.

Subtilisin, Protease N, was purchased from Amano Interna-
tional Enzyme Co. (Troy, VA) and activated by lyophilization from
a 0.1 M phosphate solution (pH 7.8) prior to use.'®® 2,4-Di-
methylbenzoyl chloride®® was prepared by reaction of 2,4-di-
methylbenzoic acid with thionyl chloride by a standard metho-
dology.®

Methyl/Benzyl 4-0-8-p-Galactopyranosyl-8-p-gluco-
pyranoside (Methyl/Benzyl 8-Lactoside) (1/2). The lactoside
1 was synthesized from heptaacetyllactosylimidate as previously
described,” while the benzyl derivative 2 was from lactose octa-
acetate through a stannyl method of glycosidation as reported.’’

2,2,2-Trichloroethyl Alkanoates 3, 4, and 5. These active
esters were prepared from the corresponding acyl chlorides and
2,2,2-trichloroethanol in the presence of triethylamine and 4-
(dimethylamino)pyridine, according to a general methodology.®®

Subtilisin-Catalyzed Esterification of 3-Lactosides. S-
Lactoside (8 mmol) and 2,2,2-trichloroethyl alkanoate (24 mmol)
were dissolved in dry DMF (45 mL). Subtilisin (Protease N, 2
g) was then added and the suspension was shaken at 37 °C for
5d. After removal of the enzyme by filtration, the filtrate was
concentrated to dryness. The crude product was purified by flash
column chromatography (34:9:3 EtOAc/MeOH/H,0). The fol-
lowing compounds were prepared.

Methyl 6’-O-butyryl-g-lactoside (6): a colorless solid (73%);
[a]p +4.78° (¢ 2.0, MeOH); 'H NMR (D,0) 4 0.88 (t, 3, butyryl
Me, J = 7.4 Hz), 1.59 (sextet, 2, butyryl 8-CH,, J = 7.4 Hz), 2.36
(t, 2, butyryl a-CH,, J = 7.4 Hz), 3.26 (dd, 1, H-2, J = 8.2, 8.2
Hz), 3.51 (dd, 2, H-2', J = 7.9, 10.0 Hz), 3.53 (s, 3, OMe), 3.63 (dd,
1,H-3,J = 3.3,10.0 Hz), 3.75 (dd, 1, J = 4.1, 11.5 Hz) and 3.93
(brd, 1, J = 11.5 Hz) (2 X H-6), 3.90 (dd, 1, H-5, J = 4.3, 8.0
Hz), 3.92 (br d, 1, H-4/, J = 4.0 Hz), 4.24 (dd, 1, J = 8.0, 11.7 Hz)
and 4.29 (dd, 1, J = 4.3, 11.5 Hz) (2 X H-6"),4.35 (d, 1, H-1, J

(34) Still, W. C.; Kahn, M.; Mitra, A. J. Org. Chem. 1978, 43, 2923.

(35) Ador, E.; Meier, Fr. Ber. 1879, 12, 1970.

(36) Vogel, A. L; Furniss, B. S.; Hannaford, A. J.; Rogers, V. Vogel's
Textbook of Practical Organic Chemistry; Longman: New York, 1978;
p 498.

(37) Koike, K.; Sugimoto, M.; Sato, S.; Ito, Y.; Nakahara, T.; Ogawa,
T. Carbohydr. Res. 1987, 163, 189.

(38) Steglich, W.; Hoffe, G. Angew. Chem., Int. Ed. Engl. 1969, 8, 981.
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= 8.2 Hz), and 4.41 (d, 1, H-1", J = 7.9 Hz); HRMS calcd for
Ci17H3,0,, - H 425.1659, found 425.1661.

Benzyl 6-O-butyryl-3-lactoside (7): a colorless solid (22%);
{a]p —0.14° (¢ 1.0, MeOH); 'H NMR (D,0) 4 0.80 (t, 3, butyryl
Me, J = 7.5 Hz), 1.51 (sextet, 2, butyryl 3-CH,, J = 7.5 Hz), 2.28
(t, 2, butyryl a-CH,, J = 7.5 Hz), 3.24 (dd, 1, H-2, J = 7.9, 9.0
Hz), 3.43 (dd, 1, H-2, J = 7.9, 10.0 Hz), 3.55 (dd, 1, H-3, J = 3.5,
10.0 Hz), 3.69 (dd, 1, J = 4.8, 12.2 Hz) and 3.86 (dd, 1, J = 2.0,
12.2 Hz) (2 X H-6), 3.82 (dd, 1, H-5, J = 4.2, 8.0 Hz), 3.84 (d,
1,H-4/, J = 3.5 Hz), 4.15 (dd, 1, J = 8.0, 11.7 Hz) and 4.21 (dd,
1,J =42, 11,7 Hz), (2 X H-6"),4.33 (d, 1, H-1/, J = 7.9 Hz), 4.43
(d, 1, H-1,J = 7.9 Hz), and 4.64 and 4.82 (AB q, 2, PhCH,, J =
11.6 Hz); HRMS caled for CysH,, 045 — H 501.1972, found 501.1970.

This starting material 2 was recovered in 77%. The conversion
yield was improved to 71% after 14 d.

Methyl 6’-O-monochloroacetyl-g8-lactoside (8): a colorless
solid (29%, ca. 90% purity on TLC); LRMS 431 (M ~ H]".

This structure was further confirmed after conversion to its
hexaacetate 9 by conventional acetylation with Ac,0 and pyridine.

9: a colorless syrup: 'H NMR (CDCl,) & 1.96 (s, 3), 2.04 (s,
9), 2.12 (s, 3), and 2.15 (s, 3) (6 X OAc), 3.47 (s, 3, OMe), 3.61 (m,
1 H-5), 3.82 (dd, 1, H-4, J = 9.5, 9.5 Hz), 4.08 (s, 2, CH,Cl), 4.40
(d, 1, H-1, J = 7.8 Hz), 4.50 (m, 2, H-1’ and H-6), 4.88 (dd, 1, H-2,
J =1.8,9.2 Hz), 4.97 (dd, 1, H-3’, J = 2.2, 10.4 Hz), 5.12 (dd, 1,
H-2, J = 8.0,10.4 Hz), 5.20 (dd, 1, H-3, J = 9.2, 9.5 Hz), and 5.35
(d, 1, H-4’, J = 2.2 Hz); HRMS caled for Cy;H3,Cl0;3 + Na
707.1566, found 707.1584.

Methyl 2,2,3,3',4',6-Hexa-0-acetyl-8-lactoside (10). A
mixture of 9 (19 mg, 0.028 mmol) and thiourea (2.4 mg, 0.032
mmol) in EtOH (1 mL) was refluxed for 20 min. Concentration,
followed by flash column chromatography (1:1 toluene/EtOAc),
gave 10 (10 mg, 59%) as a colorless syrup: 'H NMR (CDCl,) &
1.98 (s, 3), 2.04 (s, 6), 2.05 (s, 3), 2.12 (s, 3), and 2.16 (s, 3) (6 X
OAc), 2.38 (dd, 1, OH, J = 5.3, 7.9 Hz), 3.48 (s, 3, OMe), 3.50 (m,
1, H-6'a), 3.62 (ddd, 1, H-5, J = 2.3, 5.1, 9.6 Hz), 3.69 (m, 2, H-5’
and H-6'b), 3.85 (dd, 1, H-4, J = 9.6, 9.6 Hz), 4.09 (dd, 1, J = 5.1,
11.9 Hz) and 4.52 (dd, 1, J = 2.3, 11.9 Hz) (2 X H-6), 4.40 (d, 1,
H-1,J = 7.7 Hz), 4.54 (d, 1, H-1’, J = 8.0 Hz), 4.88 (dd, 1, H-2,
J=117,9.6 Hz), 4.99 (dd, 1, H-3’, J = 3.5, 10.4 Hz), 5.14 (dd, 1,
H-2',J = 8.0, 10.4 Hz), 5.20 (dd, 1, H-3, J = 9.6, 9.6 Hz), and 5.34
(d, 1, H-4, J = 3.5 Hz); HRMS caled for CysHgO,7 + Na 631.1850,
found 631.1853.

Methyl 6-O-Butyryl-2,2,3,3',4’,6-hexakis-O-[ (2-methoxy-
ethoxyl)methyl]-8-lactoside (11). A mixture of 6 (170 mg, 0.4
mmol), (2-methoxyethoxyl)methyl chloride (MEM-CI) (0.56 mL,
4.9 mmol), and diisopropylethylamine (0.84 mL, 4.8 mmol) in dry
CH,Cl, (5 mL) was stirred at rt for 3 d. After concentration, the
residue was purified by flash column chromatography (20:1
CHCl3/MeOH) to give 11 (129 mg, 34%) as a colorless syrup: 'H
NMR (CDCly) 5 0.96 (1, 3, butyryl Me, J = 7.4 Hz), 1.65 (sextet,
2, butyryl 8-CH,, J = 7.4 Hz), 2.30 (t, 2, butyryl «-CH,, J = 7.4
Hz), 8.33 (m, 1, H-5), 3.38 (s, 3), 3.39 (s, 12), and 3.40 (s, 3) (6 X
MEM-Me), 3.41 (dd, 1, H-2, J = 7.7, 8.9 Hz), 3.47 (s, 3, OMe),
3.94(d, 1, H-4,J = 2.2 Hz), 4.05 (dd, 1, J = 6.3, 11.1 Hz) and
431 (dd, 1, J = 6.6, 11.1 Hz) (2 X H-6'), and 4.19 (d, 1, H-1, J
= 7.7 Hz), 4.36 (d, 1, H-1", J = 7.7 Hz), 4.72 (d, 1, J = 7.0 H2),
4.75 and 4.77 (AB q, 2, J = 6.7 Hz), 4.79-4.84 (m, 5), 4.86 and
490 (AB q,2,J = 6.4 Hz), 493 (d, 1, J = 7.2 Hz) and 4.99 (d,
1, J = 7.2 Hz), (6 X MEM-OCH,0); HRMS calcd for C,;H30y
- H 953.4805, found 953.4770.

Methyl 2,2/,3,3',4',6-Hexakis-O -[(2-methoxyethoxyl)-
methyl]-8-lactoside (12). Treatment of 11 (382 mg, 0.4 mmol)
with 0.01 M methanolic NaOMe at rt for 5 h, followed by neu-
tralization with Amberlite IR-120 (H*) resin gave, after flash
column chromatography (40:1 CHCl;/MeOH), 12 (184 mg, 52%)
as a colorless syrup: [a]p -24.1° (¢ 1.5, CHCly); 'H NMR (CDCly)
6 3.34 (m, 1, H-5), 3.37 (s, 6), 3.38 (s, 9), and 3.39 (s, 3) (6 X
MEM-Me), 3.43 (dd, 1, H-2, J = 7.8, 8.9 Hz), 3.47 (s, 3, OMe),
419(, 1,H-1,J = 7.8 Hz),4.36 (d, 1, H-1", J = 7.5 Hz), and 4.75
(AB q, 2,J = 7.1 Hz), 4.76 (AB q, 2, J = 6.6 Hz), 4.82 (AB q, 2,
J = 6.3 Hz), 4.86 (AB q, 2, J = 6.0 Hz), 493 (AB q, 2, J = 5.7
Hz), and 4.94 (AB q, 2, J = 6.2 Hz) (6 X MEM-OCH,0); HRMS
caled for C37H790,3 + K 923.4102, found 923.4067.

Methyl 2,2/,3,3',4',6-Hexa-0-acyl-6’-O-butyryl-8-lactosides
(13, 14, and 15). A mixture of 6 (0 mg, 0.21 mmol) and the
corresponding acyl chloride (3.7 mmol) in dry pyridine (3 mL)
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was refluxed for 3 h. Evaporation and coevaporation with toluene
yielded a crude product, which was purified by flash column
chromatography (10:1 toluene/EtOAc).

13: 217 mg (98%); [a]p —0.14° (¢ 1.0, CHCly); 'H NMR (CDCly)
4 0.92 (t, 3, butyryl Me, J = 7.4 Hz), 1.59 (sextet, 2, butyryl 8-CH,,
J =17.4 Hz), 2.21 (t, 2, butyryl a-CH,, J = 7.4 Hz), 3.45 (s, 3, OMe),
3.50 (dd, 1, J = 7.4, 11.4 Hz) and 3.55 (dd, 1, J = 6.3, 11.4 Hz)
(2 X H-6), 3.79 (dd, 1, H-5, J = 6.3, 7.4 Hz), 3.82 (ddd, 1, H-5,
J =25, 4.5,9.5 Hz), 4.21 (dd, 1, H4, J = 9.5, 9.5 Hz), 4.49 (dd,
1,J = 4.5, 12.2 Hz) and 4.60 (dd, 1, J = 2.5, 12.2 Hz) (2 X H-6),
461(d,1,H-1,J =79Hz), 486 (d, 1, H-1',J = 8.0 Hz), 5.34 (dd,
1,H-3, J = 8.5, 10.4 Hz), 5.40 (dd, 1, H-2, J = 7.9, 9.8 Hz), 5.63
(d, 1, H-4’, J = 3.5 Hz), 5.67 (dd, 1, H-2', J = 8.0, 10.4 Hz), and
5.76 (dd, 1, H-3, J = 9.5, 9.8 Hz); HRMS calcd for C5gH5,0,5 +
Na 1073.3208, found 1073.3210.

14: 237 mg (99%); [alp +111.5° (¢ 1.5, CHCly); ‘H NMR
(CDCly) 5 0.92 (t, 3, butyryl Me, J = 7.3 Hz), 1.60 (sextet, 2, butyryl
B-CH,, J = 7.3 Hz), 2.21 (s, 3), 2.22 (8, 3), 2.27 (s, 3), 2.36 (s, 3),
2.45 (s, 3), and 2.46 (s, 3) (6 X PhMe), 3.44 (s, 3, OMe), 3.53 (d,
2,2 X H-¢, J = 6.6 Hz), 3.75 (t, 1, H-5, J = 6.6 Hz), 3.79 (br dd,
1, H-5,J = ca. 4, 9.4 Hz), 4.18 (dd, 1, H-4, J = 9.4 Hz), 4.45 (dd,
1,J = 4.4,12.1 Hz) and 4.57 (m, 1) (2 X H-6),4.58 (d, 1, H-1, J
= 8.6 Hz), 483 (d, 1, H-1", J = 7,8 Hz), 5.29 (dd, 1, H-3, J = 3.3,
10.3 Hz), 5.36 (dd, 1, H-2, J = 8.6, 9.4 Hz), 5.60 (d, 1, H-4’, J =
3.3 Hz), 5.63 (dd, 1, H-2, J = 7.8, 10.3 Hz), and 5.73 (dd, 1, H-3,
J =94, 9.4 Hz); HRMS caled for CgsHgsO15 + Na 1157.4150, found
1157.4123.

15: 253 mg (98%); [alp +83.1° (c 1.0, CHCly); 'H NMR (CDCly)
50.92 (t, 3, butyryl Me, J = 7.4 Hz), 1.59 (sextet, 2, butyryl 8-CH,,
J = 7.4 Hz), 2.15 (s, 3), 2.20 (s, 3), 2.21 (s, 3), 2.29 (s, 3), 2.32 (s,
3), 2.35 (br s, 6), 2.36 (s, 3), 2.38 (s, 3), 2.43 (s, 3), 2.44 (s, 3), and
2.55 (s, 3) (6 X PhMe,), 3.44 (s, 3, OMe), 3.48 (dd, 1,J = 6.1, 11.1
Hz) and 3.71 (dd, 1, J = 7.3, 11.1 Hz) (2 X H-6), 3.78 (ddd, 1 H-5,
J =18, 5.1, 9.4 Hz), 3.81 (dd, 1, H-¥, J = 6.1, 7.3 Hz), 4.12 (t,
1, H-4, J = 9.4, 9.4 Hz), 4.39 (dd, 1, J = 5.1, 12.1 Hz) and 4.58
(dd, 1,J = 1.8, 12,1 Hz) (2 X H-6), 457 (d, 1, H-1, J = 7.9 Hz),
481 (d, 1, H-1", J = 7.9 Hz), 5.31 (dd, 1, H-2, J = 7.9, 9.6 Hz),
5.34 (dd, 1, H-3', J = 3.5, 10.4 Hz), 5.63 (dd, 1, H-2', J = 7.9, 10.4
Hz), 5.68 (d, 1, H-4’, J = 3.5 Hz), and 5.69 (dd, 1, H-3, J = 9.4,
9.6 Hz); HRMS caled for C;;H;30,5 + Na 1241.5090, found
1241.5129.

Methyl 6’-O-Butyryl-2,2",3,3’,4,6-hexa-O -mesitoyl-3-
lactoside (16). A mixture of 6 (0.5 g, 1.17 mmol), 2,4,6-tri-
methylbenzoic acid (mesitoic acid) (2.35 g, 14.3 mmol), and tri-
fluoroacetic anhydride (2.3 mL, 16.3 mmol) in dry benzene (90
mL) was stirred at rt under dry N, for 2 h and then poured into
a precooled solution of saturated aqueous NaHCO;. The organic
layer was separated, washed with H,0, and dried over anhyd
Na,SO,. After filtration, the filtrate was concentrated and the
residue was purified by flash column chromatography (10:1
toluene/EtOAc) to yield 16 (1.5 g, 100%) as a colorless solid: [«]p
-16.9° (c 1.0, CHCl,); 'H NMR (CDCly) 6 0.93 (t, 3, butyryl Me,
J = 7.4 Hz), 1.59 (sextet, 2, butyryl 8-CH,, J = 7.4 Hz), 2.05-2.35
(m, 6 X PhMe; and butyryl «-CH,), 3.26 (m, 2, 2 X H-6'), 3.43
(s, 3, OMe), 3.53 (br d, 1, H-5, J = ca. 9.3 Hz), 3.76 (dd, 1, H-5,
J = 6.6,6.6 Hz), 3.98 (dd, 1, H-4, J = 9.4, 9.4 Hz), 4.16 and 4.43
(ABq,2,2x H-6,J = 12.3 Hz), 4.51 (d, 1, H-1, J = 7.1 Hz), 4.68
(, 1, H-1/, J = 7.6 Hz), 5.30 (dd, 1, H-2, J = 7.6, 8.1 Hz), 5.52
(m, 2, H-2 and H-3), 5.58 (dd, 1, H-%, J = 3.5, 10.5 Hz), and 5.71
(br s, 1, H-4’); HRMS caled for CHgy0;5 — CH;0 1271.5948, found
1271.5919.

Selective De-O-butyrylation of 13, 14, 15, or 16. The re-
action conditions and yields are shown in Table I. The reaction
mixture was neutralized with Amberlite IR-120 (H™*) resin and
purified by flash column chromatography (10:1 toluene/EtOAc).
The following compounds were obtained.

Methyl 2,2,3,3' 4',6-Hexakis- 0 -(2,4-dimethylbenzoyl)-8-
lactoside (17): [a]p +83.1° (¢ 1.5, CHCl); 'H NMR (CDCl,) &
2.16 (s, 3), 2.21 (s, 3), 2.22 (s, 6), 2.29 (s, 3), 2.36 (s, 3), 2.39 (s,
6), 2.43 (s, 3), 2.47 (s, 3), 2.48 (s, 3), and 2.55 (s, 3) (6 X PhMey),
2.93 and 3.00 (ddd, 1, J = 6.6, 6.6, 13.8 Hz) (2 X H-6’), 3.45 (s,
3, 0Me), 3.65 (t, 1, H-5/, J = 6.6 Hz), 3.78 (m, 1, H-5), 4.14 (dd,
1, H-4,J = 9.5, 9.5 Hz), 4.35 (dd, 1, J = 5.2, 11.9 Hz), and 4.58
(m, 1,) (2 x H-6),4.57(d,1,J =79 Hz),4.78 (d, 1, H-1',J = 8.0
Hz), 5.36 (dd, 1, H-%, J = 3.4, 10.3 Hz), 5.38 (dd, 1, H-2, J = 7.9,
9.5 Hz), 5.58 (d, 1, H-4, J = 3.4 Hz), 5.62 (dd, 1, H-3, J = 9.5,
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9.5 Hz), and 5.71 (dd, 1, H-2’, J = 8.0, 10.3 Hz); HRMS calcd for
Ce7H12017 + Na 1171.4670, found 1171.4612.

Methyl 2,2',3,3/,4',6-Hexa- O -mesitoyl-8-lactoside (18): [a]p
+1.7° (¢ 1.5, CHCly); '"H NMR (CDCly) 5 2.11 (s, 9), 2.15 (s, 6),
2.19 (s, 6), 2.21 (s, 6), 2.22 (s, 3), 2.24 (s, 3), 2.28 (s, 6), 2.30 (s,
3), 2.32 (s, 6), 2.33 (s, 3), and 2.35 (s, 3) (6 X PhMe;), 2.85 (dd,
1,J =82,11.7 Hz) and 3.14 (br m, 1) (2 X H-6'), 3.44 (s, 3, OMe),
3.50 (ddd, 1, H-5, J = 2.1, 4.6, 9.5 Hz), 3.66 (d, 1, H-5, J = 3.7,
8.2 Hz), 420 (dd, 1, J = 4.6, 12.2 Hz) and 4.44 (dd, 1, J = 2.1,
12.2 Hz), (2 X H-6),4.48 (d, 1, H-1, J = 7.5 Hz), 4.75 (4, 1, H-1’,
J = 6.9 Hz), and 5.69 (d, 1, H-4’, J = 3.3 Hz). HRMS calcd for
C;3Hg 0,7 + Na 1255.5610, found 1255.5642.

Fluorination of 17 with DAST. A solution of DAST (0.03
mL, 0.23 mmol) in dry CH,Cl; (10 mL) was added dropwise to
a stirring solution of 17 (134 mg, 0.11 mmol) in dry CH,Cl, (10
mL) at 0 °C under dry N,. After being stirred at 0 °C for 30 min
and at rt overnight, the mixture was poured into a precooled
solution of saturated aqueous NaHCO;. The organic layer was
separated, washed with H,;0, and dried over anhyd Na,SO,. After
filtration, the filtrate was concentrated and the residue was pu-
rified by flash column chromatography (10:1 toluene/EtOAc). The
first fraction gave methyl 4’-deoxy-4’-fluoro-2,2’,3,3’,6,6’-hexa-
kis-0-(2,4-dimethylbenzoyl)-3-cellobioside (20) (32 mg, 24%) as
a colorless syrup: 'H NMR (CDCly) 6 2.19 (s, 3), 2.20 (s, 3), 2.28
(s, 3), 2.29 (s, 3), 2.32 (8, 3), 2.37 (8, 6), 2.40 (s, 6), 2.44 (s, 3), 2.54
(s, 3), and 2.57 (8, 3), (6 X PhMe,), 3.42 (s, 3, OMe) 3.74-3.67 (m,
2, H-5' and H-6'a), 3.77 (ddd, 1, H-5, J = 1.8, 4.7, 9.7 Hz), 4.12
(dd, 1, H-4, J = 9.5, 9.5 Hz), 4.25 (br, d, 1, H-6'b, J = ca. 11 Hz),
4.35 (dd, 1, J = 4.7, 12.0 Hz) and 4.59 (dd, 1, J = 1.8, 12.0 Hz),
(2 X H-6), 4.43 (ddd, 1, H-4, J = 9.2, 9.2, 50.6 Hz), 4.53 (d, 1, H-1,
J =17.6 Hz), 4.85 (d, 1, H-1/, J = 7.8 Hz), 5.30 (dd, 1, H-2, J =
7.6, 9.5 Hz), 5.31 (dd, 1, H-2/, J = 8.0, 9.2 Hz), 5.62 (ddd, 1, H-3,
J =92,92, 14.3 Hz), and 5.68 (dd, 1, H-3, J = 9.5, 9.5 Hz); HRMS
caled for C¢7H,,FOy6 + Na 1173.4620, found 1173.4623.

The second fraction yielded methyl 2,2’,3,3',6,6’-hexakis-O-
(2,4-dimethylbenzoyl)-8-lactoside (19) (44 mg, 33%) as a colorless
syrup: 'H NMR (CDCl,) 6 2.17 (s, 3), 2.26 (s, 3), 2.29 (s, 3), 2.30
(s, 3),2.32 (8, 3), 2.36 (s, 3), 2.43 (s, 3), 2.45 (s, 3), 2.47 (s, 3), 2.49
(s, 3), 2.53 (s, 3), and 2.56 (s, 3) (6 X PhMe,), 3.44 (s, 3, OMe),
3.59 (dd, 1, J = 6.5, 11.4 Hz) and 4.10 (dd, 1, J = 6.2, 11.4 Hz)
(2 X H-6%), 3.66 (br dd, 1, H-5, J = 6.2, 6.5 Hz), 3.80 (br dd, 1,
H-5, J = ca. 4.2, 9.5 Hz), 4.09 (d, 1, H-4’, J = 3.3 Hz), 4.12 (dd,
1, H-4, J = 9.5, 9.5 Hz), 4.36 (dd, 1, J = 4.9, 12.0 Hz) and 4.58
(brd, 1,J = 12.0 Hz) (2 X H-6), 4.55 (d, 1, H-1, J = 8.0 Hz), 4.74
(d, 1 H-V, J = 7.9 Hz), 5.15 (dd, 1, H-3, J = 3.3, 10.3 Hz), 5.34
(dd, 1, H-2, J = 8.0, 9.5 Hz), 5.63 (dd, 1, H-2/, J = 7.9, 10.3 Hz),
and 5.70 (dd, 1, H-3, J = 9.5, 9.5 Hz); HRMS calcd for Cg;H73,047
+ Na 1171.4670, found 1171.4647.

Fluorination of 18 with DAST. A solution of 18 (1.54 g, 1.24
mmol) in dry CH,Cl, (35 mL) was treated with a solution of DAST
(0.45 mL, 3.4 mmol) in dry CH,Cl, (35 mL) as described above.
After stirring at rt for 3 d, DAST (0.4 mL, 3.0 mmol) was further
added and stirring continued another 2 d. A workup similar to
that described above yielded methyl 6’-deoxy-6’-fluoro-
2,2',3,3' 4’,6-hexa-O-mesitoyl-8-lactoside (21) (1.45 g, 94%) as
colorless crystals (from EtOH): mp 93-95 °C; [a]p —8.6° (¢ 2.0,
CHCly); 'H NMR (CDCl;) 6 2.06 (s, 6), 2.15 (br s, 6), 2.20 (br s,
12), 2.23 (s, 3), 2.24 (s, 9), 2.28 (s, 6), 2.30 (s, 3), 2.31 (s, 3), and
2.33 (br s, 6) (6 X PhMe,), 3.44 (s, 3, OMe), 3.45 (ddd, 1, J = 7.3,
9.3, 46.5 Hz) and 3.57 (ddd, 1, J = 6.1, 9.3, 46.5 Hz) (2 X H-6"),
3.52 (m, 1, H-5), 3.78 (br ddd, 1, H-5", J = 6.1, 7.3, 7.6 Hz), 4.00
(dd, 1, H-4, J = 9.5, 9.5 Hz), 4.11 (dd, 1, J = 4.0, 12.2 Hz) and
443 (dd, 1,J = 2.1,12.2 Hz) (2 X H-6),4.50 (d, 1, H-1,J = 7.4
Hz), 4.69 (d, 1, H-1’, J = 7.7 Hz2), 5.30 (dd, 1, H-2, J = 7.7, 94
Hz), 5.49 (dd, 1, H-3, J = 9.4, 9.5 Hz), 5.51 (dd, 1, H-2', J = 7.1,
10.5 Hz), 5.60 (dd, 1, H-3', J = 3.6, 10.5 Hz), and 5.75 (d, 1, H-4/,
J = 3.6 Hz); HRMS calcd for C;3HgFOy + Na 1257.5560, found
1257.5591.

Reductive De-O-mesitoylation of 21. The reaction condi-
tions, workup, and yields are described in Table II. The physical
data of the products are as follows.

Methy] 6’-deoxy-6'-fluoro-g-lactoside (22): amorphous solid;
[a]p —12.5° (¢ 1.0, MeOH); 'H NMR (D,0, 47 °C) 6 3.40 (dd, 1,
H-2,J = 7.9, 8.3 Hz), 3.65 (dd, 1, H-2/, J = 7.8, 9.9 Hz), 3.66 (s,
3, 0Me), 3.77 (dd, 1, H-3", J = 3.2,9.9 Hz), 3.89 (dd, 1, J = 4.3,
12.3 Hz) and 4.07 (br d, 1, J = 12.3 Hz) (2 X H-6), 4.08 (d, 1, H-#4,
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J = 3.2 Hz), 410 (ddd, 1, H-5, J = 4.0, 7.4, 15.1 Hz), 448 (d, 1,
H-1,J = 7.9 Hz), 457 (d, 1, H-1, J = 7.8 Hz), and 4.74 (ddd, 1,
J =17.4,10.3, 46.6 Hz) and 4.78 (ddd, 1, J = 4.0, 10.3, 45.3 Hz)
(2 X H-68"); °F NMR (D,0) 6 -153.3 (ddd, F-6', J = 15.1, 45.3,
46.6 Hz); HRMS caled for C;3H,FO,y — H 357.1197, found
357.1194.

Methyl 6’-deoxy-8-lactoside (23): amorphous solid; [«]p
-29.1° (¢ 1.0, H,0) (lit.!* [a]p -9° (¢ 1.1, D;0)); 'H NMR (D,0,
47°C) 8 1.20 (d, 3, 3 X H-6', J = 6.4 Hz), 3.25 (dd, 1, H-2, J =
8.5, 8.5 Hz), 3.44 (dd, 1, H-2', J = 8.5, 9.5 Hz), 3.51 (s, 3, OMe),
3.59 (dd, 1, H-3', J = 3.6, 10.0 Hz), 3.71 (d, 1, H-4’, J = 3.6 Hz),
3.92(d, 1, H-6a, J = 12.1 Hz), and 4.34 (d, 2, H-1 and H-1", J =
8.5 Hz); HRMS caled for C;3Hy,0,0 — H 339.1292, found 339.1256.

Methyl 2,2/,3,3’,4',6-Hexa-0-acetyl-6’-deoxy-6’-fluoro-5-
lactoside (24). The conventional acetylation of 22 (5 mg) with
Acy0 (0.1 mL) and pyridine (0.2 mL) gave, after flash column
chromatography (1:1 hexane/EtOAc), 24 (8 mg, 94%) as a colorless
syrup: '"H NMR (CDCl,) 4 1.97 (s, 3), 2.03 (s, 3), 2.04 (s, 3), 2.05
(s, 3), 2.12 (s, 3), and 2.14 (s, 3) (6 X OAc), 3.48 (s, 3, OMe), 3.61
(ddd, 1, H-5, J = 2.1, 5.0, 9.9 Hz), 3.83 (dd, 1, H-4, J = 9.4, 9.4
Hz), 3.89 (ddd, 1, H-5, J = 5.0, 6.2, 12.4 Hz), 4.12(dd, 1, J = 5.0,
11.9 Hz) and 4.50 (dd, 1, J = 2.1, 11.9 Hz) (2 X H-6), 4.40 (d, 1,
H-1,J = 7.9 Hz), 4.40 (ddd, 1, J = 5.0, 9.7, 46.2 Hz) and 4.44 (ddd,
1,J =6.2,9.7, 46.9 Hz), 4.52 (d, 1, H-1’, J = 7.7 Hz), 4.88 (dd,
1, H-2,J =179, 9.5 Hz), 497 (d4, 1, H-%, J = 3.6, 10.4 Hz), 5.13
(dd, 1, H-2, J = 7.7, 10.4 Hz), 5.20 (dd, 1, H-3, J = 9.4, 9.5 Hz),
and 5.40 (d, 1, H-4, J = 3.6 Hz); HRMS calcd for Co5HgsFOy +
Na 633.1807, found 633.1808.

Methyl 2,2,3,3',4’,6-Hexa-O-acetyl-6’-deoxy-S-lactoside (25).
Similarly, 23 (5 mg) was acetylated to give 25 (8 mg, 92%) as a
colorless syrup: 'H NMR (CDClg) 4 1.20 (d, 3, CMe, J = 6.4 Hz),
1.96 (s, 3), 2.04 (s, 6), 2.05 (s, 3), 2.11 (s, 3), and 2.16 (s, 3) (6 X
0Ac), 3.47 (s, 8, OMe), 3.60 (ddd, 1, H-5, J = 1.7, 4.8, 9.5 Hz),
3.74 (q, 1, H-5, J = 6.4 Hz), 3.79 (dd, 1, H-4, J = 9.5, 9.5 Hz),
4.11 (dd, 1, J = 4.8, 11.9 Hz) and 4.50 (dd, 1, J = 1.7, 11.9 Hz)
(2x H-6),439(, 1, H-1,J = 8.0 Hz), 445 (d, 1, H-1',J = 7.8
Hz), 4.88 (dd, 1, H-2, J = 8.0, 9.3 Hz), 4.95 (dd, 1, H-3', J = 3.4,
10.5 Hz), 5.09 (dd, 1, H-2’, J = 7.8, 10.5 Hz), 5.19 (d, 1. H-4, J
= 3.4 Hz), and 5.20 (dd, 1, H-3, J = 9.3, 9.5 Hz); HRMS calcd
for Cy5H340,5 + Na 615.1901, found 615.1910.

Methyl 2,2/,3,3',4'-Penta-0 -acetyl-6’-O-butyryl-6-O-tri-
tyl-8-lactoside (26). A mixture of 6 (273 mg, 0.64 mmol) and
triphenylmethyl chloride (trityl chloride) (197 mg, 0.7 mmol) in
dry pyridine (10 mL) was heated to 100 °C. After 1 h, trityl
chloride (100 mg, 0.35 mmol) was further added and heating
continued for another 30 min. Then Ac,0 (8 mL) was added and
heating continued for an additional 1 h. The reaction was ter-
minated by the addition of EtOH (8 mL). Concentration of the
mixture, followed by coevaporation with toluene, left a crude
product, which was purified by flash column chromatography (1:1
hexane/EtOAc) to give 26 (450 mg, 80%) as a colorless glass: [a]p
-26.8° (c 2.0, CHCly); *H NMR (CDCl;) 6 1.01 (t, 3, butyryl Me,
J = 7.4 Hz), 1.71 (sextet, 2, butyryl 8-CH,, J = 7.4 Hz), 1.93 (s,
3), 2.04 (s, 3), 2.07 (s, 3), 2.10 (8, 3), and 2.35 (s, 3) (5 X OAc), 2.36
(t, 2, butyryl o-CH,, J = 7.4 Hz), 3.07 (dd, 1, J = 2.1, 10.4 Hz)
and 3.71 (br d, 1, J = 10.4 Hz) (2 X H-6), 3.39 (br d, 1, H-5, J
= ca. 10 Hz), 3.56 (s, 3, OMe), 3.61 (br t, 1, H-5, J = ca. 6.8 Hz),
4.04 (dd, 1, J = 6.6, 11.3 Hz) and 4.22 (dd, 1, J = 6.8, 11.3 Hz)
(2 x H-6"), 4.32 (dd, 1, H-4, J = 9.5, 9.5 Hz), 440 (d, 1, H-1, J
="7.8 Hz), 445 (d, 1, H-1', J = 8.1 Hz), 4.66 (dd, 1, H-3', J = 3.5,
10.3 Hz), 4.84 (dd, 1, H-2, J = 8.1, 10.3 Hz2), 5.06 (dd, 1, H-2, J
= 1.8, 9.5 Hz), 56.13 (dd, 1, H-3, J = 9.5, 9.5 Hz), and 5.22 (d, 1,
H-¢/,J = 3.5 Hz); HRMS caled for CxH;,0;7 + Na 901.3259, found
901.3242.

Methyl 2,2',3,3',4’-Penta-0-acetyl-6'-O-butyryl-8-lactoside
(27). A mixture of 26 (280 mg, 0.32 mmol) was treated with 80%
aqueous AcOH (10 mL) at 80 °C for 5 h. After concentration,
the residue was purified by flash column chromatography (1:2
hexane/EtOAc) to give 27 (158 mg, 78%) as a colorless syrup:
[alp -13.1° (c 1.0, CHCly); 'H NMR (CDCl;) 6 0.95 (t, 3, butyryl
Me, J = 7.4 Hz), 1.64 (sextet, 2, butyryl 3-CH,, J = 7.4 Hz), 1.84
(dd, 1, OH, J = 3.9, 9.6 Hz), 1.96 (s, 3), 2.04 (s, 6), 2.05 (s, 3), and
2.15 (s, 3) (5 X OAc), 2.28 (1, 2, butyryl a-CH,, J = 7.4 Hz), 3.41
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(brd, 1, H-5, J = 9.6 Hz), 3.49 (s, 3, OMe), 3.76 (br dd 1, H-6a,
J = ca. 9.6 Hz), 3.90 (br dd, 1, H-5, J = ca. 6.1, ca. 6.1 Hz), 3.93
(dd, 1, H-4, J = 9.6, 9.6 Hz), 4.09 (dd, 1, J = 6.4, 10.9) and 4.13
(dd, 1, J = 6.4, 10.9 Hz) (2 X H-¢’), 4.42 (d, 1, H-1, J = 8.2 Hz),
4.61(d, 1, H-1, J = 7.9 Hz), 4.85 (dd, 1, H-2, J = 8.2, 9.5 Hz),
4.99 (dd, 1, H-3’, J = 2.8, 9.9 Hz), 5.11 (dd, 1, H-2’, J = 7.9, 9.9
Hz),5.19 (dd, 1, H-3,J = 9.5,9.6 Hz),and 5.34 (d, 1, H-4, J =
2.8 Hz); HRMS caled for CH0O,; + Na 659.2163, found 659.2151.

Fluorination of 27 with DAST. In CH,Cl,. A solution of
27 (50 mg, 0.078 mmol) in dry CH,Cl, (2 mL) was treated with
a solution of DAST (0.1 mL, 0.75 mmol) in dry CH,Cl, (2 mL)
and the reaction mixture was worked up similarly to the fluo-
rination of 17, except that the mixture was stirred at rt for 30
min before the workup. Flash column chromatography (3:2
hexane/EtOAc) yielded two fractions. The first fraction gave
penta-O-acetyl-6'-O-butyryl-6-O-methyl-3-lactosyl fluoride (30)
(18 mg, 36%) as a colorless syrup: 'H NMR (CDCl,) 4 0.95 (t,
3, butyryl Me, J = 7.5 Hz), 1.64 (sextet, 2, butyryl, 8-CH,, J =
7.5 Hz), 1.97 (s, 3), 2.05 (s, 3), 2.06 (s, 3), 2.08 (s, 3), and 2.15 (s,
3) (6 X OAc), 2.29 (t, 2, butyryl a-CH,, J = 7.5 Hz), 3.44 (s, 3,
OMe), 3.63 (brd, 1,J = 10.6 Hz) and 3.69 (br dd, 1, J = ca. 3.0,
10.6 Hz) (2 X H-86), 3.65 (m, 1, H-5), 3.89 (t, 1, H-§, J = 6.6, 7.1
Hz), 4.06 (dd, 1, H-4, J = 94, 9.4 Hz),4.10(dd, 1, J = 7.1, 11.1
Hz) and 4.13 (dd, 1, J = 6.6, 11.1 Hz) (2 X H-6), 4.56 (4, 1, H-1’,
J = 8.0 Hz), 4.98 (dd, 1, H-3', J = 3.5, 10.3 Hz), 5.00 (ddd, 1, H-2,
J = 6.0, 8.0, 10.1 Hz), 5.10 (dd, 1, H-2/, J = 8.0, 10.3 Hz), 5.16
(dd, 1, H-3, J = 8.0, 9.4 Hz), 5.31 (dd, 1, H-1, J = 6.0, 52.9 Hz),
and 5.34 (d, 1, H-4’, J = 3.5 Hz); 13C NMR (CDCl,) 4 60.7 (C-6),
66.7 (C-6), 71.3 (d, C-2, J = 29.1 Hz), 72.1 (d, C-3, J = 7.6 Hz),
100.80 (C-1’), and 106.2 (d, C-1, J = 217 Hz); 1°F NMR (CDCl;)
§-135.5 (dd, F-1, J = 10.1, 52.9 Hz); HRMS caled for CyH3oF Oy
+ Na 661.2120, found 661.2099.

The second fraction gave methyl 2,2/,3,3',4’-penta-O-acetyl-
6’-0-butyryl-6-deoxy-6-fluoro-S-lactoside (28) (16 mg, 32%) as
a colorless syrup: [a]p -24.0° (¢ 1.0, CHCl;); *H NMR (CDCly)
6 0.94 (t, 3, butyryl Me, J = 7.4 Hz), 1.63 (sextet, 2, butyryl 8-CH,,
J = 7.4 Hz), 1.96 (s, 3), 2.04 (s, 6), 2.06 (s, 3), and 2.14 (s, 3) (5
X QAc), 2.28 (t, 2, butyryl a-CH,, J = 7.4 Hz), 3.49 (s, 3, OMe),
3.52 (br dd, 1, H-5, J = ca. 9.6, 24.8 Hz), 3.89 (t, 1, H-5, J = 6.6,
7.5 Hz), 3.92 (dd, 1, H-4, J = 9.6, 9.6 Hz), 4.09 (dd, 1, J = 7.5,
11.0 Hz) and 4.13 (dd, 1, J = 6.6, 11.0 Hz) (2 X H-6"), 442 (4, 1,
H-1,J = 7.8 Hz),4.58 (d, 1, H-1/, J = 7.8 Hz), 4.59 (dd, 1, J =
10.5, 48.6 Hz) and 4.69 (dd, 1, J = 10.5, 48.2 Hz) (2 X H-6), 4.87
(dd, 1, H-2, J = 7.8, 9.4 Hz), 4.99 (dd, 1, H-3', J = 3.1, 10.4 Hz),
5.12 (dd, 1, H-2, J = 7.8, 10.4 Hz), 5.22 (dd, 1, H-3, J = 9.4,9.6
Hz), and 5.33 (d, 1, H-4', J = 3.1 Hz); HRMS calcd for Cy,HyF Oy
+ Na 661.2120, found 661.2108.

In Diglyme. Fluorination was carried out, similarly to that
described above, by mixing a solution of 27 (110 mg, 0.17 mmol)
in dry diglyme (5 mL) and a solution of DAST (0.23 mL, 1.7 mmol)
in dry diglyme (5 mL). After stirring at rt overnight, the same
workup as above afforded 28 (75 mg, 68%) as the sole product.

Methyl 6-Deoxy-6-fluoro-g-lactoside (29). A mixture of 28
(118 mg, 0.19 mmol) in 0.01 M methanolic NaOMe (6 mL) was
left at 0 °C overnight. The mixture was neutralized with Am-
berlite IR-120 (H*) resin and passed through a column of Bio-Gel
P-2 with H;0. The eluate was lyophilized to give 29 (54 mg, 82%)
as an amorphous solid: [a]p —0.07° (¢ 1.0, H,0); 'H NMR (D,0,
47°C) 6 3.43 (dd, 1, H-2, J = 8.1, 8.1 Hz), 3.66 (br dd, 1, H-2/,
J = ca. 8.0, ca. 8.0 Hz), 3.68 (s, 3, OMe), 3.77 (br dd, 1, H-3", J
= 3.0, 10.0 Hz), 4.04 (d, 1, H-4’, J = 3.0 Hz), 4.54 (d, 2, H-1 and
H-1,J = 8.1 Hz), and 4.82 (br dd, 1, J = 10.7, 48.1 Hz) and 4.94
(ddd, 1, J = 2.5, 10.7, 46.6 Hz) (2 X H-6); F NMR (D,0) 6 -156.9
(ddd, F-6, J = 30.0, 46.6, 48.1 Hz); HRMS calcd for C,3HysFOyq
- H 357.1197, found 357.1198.
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