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D-Galactofuranosylphosphonates. First Synthesis of
UDP-C-b-galactofuranose
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The chemical synthesis of two phosphono analogues of p-galactofuranosyl phosphate was performed.
The natural phosphate seemed to be too labile to allow the chemical synthesis of UDP-Galf, these
C-galactofuranosides are stable pharmacophores, and the a-phosphono analogue has been easily
converted into UDP-C-Galf. UDP-C-Galf was tested as a competitive inhibitor of UDP-galactopy-
ranose mutase and showed inhibition of Galf formation. Thus, it is of potential interest as an
antimycobacterial agent; as an active molecule against Trypanosoma cruzi, the causative agent of
South American trypanosomiasis (Chagas’ disease), and as a stable analogue for use in UDP-

galactopyranose mutase crystallization studies.

Introduction

p-Galactofuranose has been known for many years as
a typical monosaccharide component of various polysac-
charides and glycoconjugates from infectious bacteria,
protozoa, and fungi.! UDP-Galf has been shown? to be
the substrate for putative galactofuranosyl transferases
which probably should transfer p-Galf units onto growing
oligosaccharide chains. This novel Leloir sugar nucleotide
is formed from the well-known UDP-Galp by a key
rearrangement mediated by the enzyme UDP-galacto-
pyranose mutase.3*

The emergence of tuberculosis strains resistant to
standard chemotherapy makes necessary to develop new
antituberculosis drugs. The cell wall of mycobacteria is
essential for viability, and the constitutive galactofuran
requires UDP-Galf for biosynthesis.

Since p-Galf residues are not present in humans,
inhibitors of the enzymes involved either in their forma-
tion (mutase) or in their transfer onto carbohydrate
chains (transferases) become important drug targets.

In this paper, we report on the chemical synthesis of
two phosphono analogues of p-galactofuranosyl phos-
phate. A synthesis of a-b-Galf-1-phosphate has been
reported.> However, the phosphate group on the anomeric
position of a furanosyl ring seemed to be too labile to
allow the chemical synthesis of UDP-Galf, and this
biosynthetic precursor of galactofuranosyl residues has
only been obtained by enzymatic synthesis.* Conversely,
these C-galactofuranosides are stable pharmacophores,
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and the a phosphono analogue has been easily converted
into UDP-C-Galf.

UDP-C-Galf was tested as an inhibitor of UDP-galac-
topyranose mutase and showed inhibition of Galf forma-
tion. It is thus of potential interest as an antimycobac-
terial agent; as an active molecule against Trypanosoma
cruzi, the causation agent of South American trypano-
somiasis (Chagas’ disease);! and as a stable analogue for
UDP-galactopyranose mutase crystallization studies.

Results and Discussion

The synthesis of the key phosphonate 6 was achieved
as shown in Scheme 1. Debenzoylation of the known®
methyl 2,3,5,6-tetra-O-benzoyl-3-p-galactofuranoside 1
followed by perbenzylation yielded 2 in 70% yield. Acid
hydrolysis of 2 and reaction of the resulting tetra-O-
benzylgalactofuranose with methylenetriphenylphospho-
rane gave 3. The enitol 3 was converted into 4, according
to Nicotra et al.” This reaction proceeds stereospecifically,
leading to the C-glycoside of a configuration. Upon
treatment with trimethyl phosphite, iodomethane deriva-
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tive 4 was easily converted to 5, in 76% yield. The 3C
NMR spectrum of the phosphonate 5 showed a resonance
at 0 24.95 having coupling with P, J 141 Hz. In the 3P
NMR spectrum, a resonance at 6 32 was observed.
Deprotection of both benzyl ether and methyl ester
groups could be easily performed with iodotrimethylsi-
lane in carbon tetrachloride, leading to the expected
phosphonic acid 6, which readily crystallized from metha-
nol—ethyl acetate.

In a second approach, we used the elegant preparation®
of anomeric carbohydrate difluoromethylenephospho-
nates via the phosphonyl radical addition® to gem-
difluoroolefins.

To prepare our difluoroolefin, known?® 3,4-(bis-O-tert-
butyldimethylsilyl)-5,6-O-isopropylidenegalactono-1,4-
lactone 7 (easily prepared in two steps from galactono-
1,4-lactone) was fluoroolefinated to give 8. Radical reaction
of 8 with diethyl phosphite and tert-butylperoxypivalate
led to 9 in 56% yield. The 'H NMR spectrum of 9 is quite
complex, the resonance corresponding to H-1 at 6 4.85 is
coupled with H-2, the two fluorine atoms (which are
nonequivalents), and the phosphorus atom. The °F NMR
spectrum showed two ddd, while the 3P NMR spectrum
of 9 showed a triplet with a Jgp of 101.2 Hz. The anomeric
f configuration was assigned through a NOESY spec-
trum, where a coupling between H-1 and H-3 indicated
that these hydrogen atoms are in a cis relationship.
Deprotection of 9 was achieved as above, leading to the
phosphonic acid 10 in 81% yield (Scheme 2). The UDP
analogue was prepared from phosphonate 6 and the
corresponding activated nucleoside monophosphate in
pyridine. After ion-exchange chromatography, 11 was
obtained in 80% vyield.

1

Preliminary studies of the inhibition of the formation
of UDP-Galf from UDP-Galp were performed. Detailed
kinetic analysis of the inhibition of the mutase is in
progress.
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Experimental Section

General Methods. NMR spectra were obtained at 200, 250,
and 400 MHz. Melting points are uncorrected. Optical rota-
tions were measured at the sodium D line in CHCI; or H,0.
Mass spectra were performed at Ecole Normale Supérieure
(Paris, France). Elemental analyses were performed by UMYM-
FOR (CONICET, Argentina) or by the Centre Regional de
Microanalyse, Jussieu (Paris, France).

Methyl 2,3,5,6-Tetra-O-benzyl-f-p-galactofuranoside
(2). To a solution of methyl 2,3,5,6-tetra-O-benzoyl-3-b-ga-
lactofuranoside 1 (1.4 g, 2.3 mmol) in dry methanol (40 mL)
was added sodium (0.05 g), and the mixture was stirred 3 h
at 0 °C, neutralized with Dowex 50 x 8 (H'), filtered, and
concentrated. The residue was dried overnight in vacuo and
then dissolved in N,N-dimethylformamide (20 mL). Sodium
hydride 80% in oil (0.33 g, 11.0 mmol) and benzyl bromide (1.32
mL, 11.0 mmol) were added. After 4 h, the excess NaH was
destroyed by addition of methanol, and the solvent was
evaporated under reduced pressure. Dichloromethane and
water were added to the residue, and the organic layer was
separated, washed with water, dried (MgSO,), and concen-
trated. The residue was purified by flash chromatography on
silica gel (9:1 cyclohexane—ethyl acetate) to give 2 as a
colorless oil (0.87 g, 70%): [a]?°> —48 (c 1.0, CHCIy) [lit.*! [a]®p
—49 (c 2.97, CHCIy)].

3,4,6,7-Tetra-O-benzyl-1,2-dideoxy-d-galacto-hept-1-
enitol (3). The mixture of 2 (430.0 mg, 0.78 mmol), acetic acid
(5.3 mL), and 2 N sulfuric acid (2.3 mL) was heated under
nitrogen at 95 °C for 2 h. After neutralization with sodium
bicarbonate, the mixture was extracted with dichloromethane,
and the organic layer was washed with saturated aqueous
NaHCO; and water, dried (MgSQ,), filtered, and concentrated.
Flash chromatography on silica gel (3:1 cyclohexanes—ethyl
acetate) yielded pure 2,3,5,6-tetra-O-benzyl-p-galactofuranose,
syrup (341.8 mg, 82% yield), as a 3:2 mixture of a,3 anomers:
[0]?®p —16 (¢ 1.0, CHCI3) [lit.*? [a]®*p —15 (c 1.0, CHCI3)]. The
syrup was solubilized in dry THF (2.0 mL) at 0 °C under
nitrogen by the addition of 2 M butyllithium in hexane (0.32
mL, 1 equiv). A solution of methylenetriphenylphosphorane
in dry THF (5.0 mL), prepared at 0 °C from methylenetriph-
enylphosphonium iodide (662 mg) and 2 M butyllithium in
hexane (0.76 mL), was added at 0 °C. The mixture was stirred
for 4 h at room temperature and then cooled to 0 °C. Saturated
aqueous NH,CIl was added, and the mixture was warmed to
room temperature and diluted with dichloromethane. The
organic layer was separated, washed with water, dried (Mg-
SO,), and concentrated. Silica gel chromatography (95:5
toluene—ethyl acetate) gave 3 as a colorless oil (186.0 mg, 55%
yield): [a]?°» —21 (c 0.9, CHCIy) [lit.” [a]?°» —20 (c 1.1, CHCI5)].

C-(2,3,5,6-Tetra-O-benzyl-a-b-galactofuranosyl)iodo-
methane (4). To a solution of 3 (114.0 mg, 0.21 mmol) in THF
(5.0 mL) was added saturated aqueous NaHCO; (1.72 mL),
followed by dropwise addition of 5.36 mL of a 2.5% solution of
iodine in ether. After 2 h at room temperature, the reaction
was quenched by addition of solid sodium sulfite. The mixture
was extracted with ether, the organic layer was washed with
saturated NaCl and dried (MgSO,), and the solvent was
evaporated. The residue was purified by column chromatog-
raphy (6:1 cyclohexane—ethyl acetate). Pure 4 was obtained
as a colorless oil (94.5 mg, 67% yield): [0]?°» —38 (c 1.1, CHCly)
[lit.” [a]?°> —39 (c 1.0, CHCI5)].

Dimethyl C-(2,3,5,6-Tetra-O-benzyl-a-b-galactofurano-
syl)methanephosphonate (5). A solution of 4 (172.2 mg, 0.26
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mmol) in trimethyl phosphite (4 mL) was refluxed for 11 h.
The solvent was removed under reduced pressure, and the
residue was purified by flash chromatography on silica gel (5:4
cyclohexanes—ethyl acetate) affording 5 as a colorless oil (128.0
mg, 76% yield): [a]®p —27 (¢ 1.0, CHCIz); 'H NMR (200 MHz)
0 7.36—7.20 (20 H, arom.), 4.76 and 4.63 (two d, 2 H, J = 11.8
Hz), 4.53—4.20 (m, 7 H), 4.01 (m, 2 H), 3.89 (d, 1 H, J = 3.7
Hz), 3.85—-3.75 (m, 1 H), 3.69 (d, 3 H, J = 11.9 Hz), 3.68 (d, 3
H, J =11.8 Hz), 3.68—3.54 (m, 2 H), 2.27 (ddd, 2 H, J = 18.2,
6.7,2.9 Hz); 13C NMR (50 MHz) 6 138.86—127.74, 84.85, 83.39,
83.26, 82.74, 77.71, 75.97, 73.52, 73.28, 71.80, 71.57, 71.18,
24.95 (Jc-p = 141.1 Hz); 3P NMR 6 32.09.

Anal. Calcd for Cs;H4308P: C, 68.72; H, 6.70. Found: C,
68.22; H, 6.95.

C-(1-Deoxy-a-b-galactofuranosyl)methanephos-
phonic Acid (6). To a solution of 5 (86.4 mg, 0.13 mmol) in
dry carbon tetrachloride (3.2 mL) was added trimethylsilyl
iodide (0.27 mL, 1.95 mmol) at 0 °C. After 30 min, the solvent
was evaporated, and the residue was washed with ether. The
product was purified by crystallization (ethanol—ethyl acetate)
to give a white solid of mp 121 °C and then dissolved in water
and lyophilized to afford a white hygroscopic solid: [0]?°p —29
(c 0.42, H;0); *H NMR (400 MHz, D0, as the triethylammo-
nium salt) 6 4.21 (m, 1 H), 4.11 (broad s, 1 H), 4.05 (broad d,
1 H), 3.76 (m, 1 H), 3.69 (dd, 1 H, J = 4.0 Hz, J = 11.8 Hz),
3.64 (t, 1 H,J =4.9Hz),3.59(dd, 1 H,J =7.0, 11.8 Hz), 1.95
(dd, 2 H, J = 6.7, 18.0 Hz); 3C NMR (50 MHz) d 83.89, 78.51,
77.96, 77.71, 71.47, 62.58, 27.92 (Jc—p = 131.2 Hz); 3P NMR
0 25.14. FAB~ (matrix glycerol) 256 (M — 1); FAB* (matrix
triethanolamine) 557 [M + (CeHis03N), + 1], 408 (M +
CsH1503N + 1).

2,5-Anhydro-1-deoxy-1,1-difluoro-3,4-(bis-O-tert-butyl-
dimethylsilyl)-6,7-O-isopropylidene-p-galacto-hept-1-en-
itol (8). To a solution of 2,3-(bis-O-tert-butyldimethylsilyl)-5,6-
O-isopropylidene-p-galactono-1,4-lactone 7° (2.0 g, 4.48 mmol)
and dibromodifluoromethane (2.0 mL, 22.8 mmol) in anhy-
drous THF (35 mL) was added tris(dimethylamino)phosphine
(8.3 mL, 45.7 mmol) dissolved in THF (20 mL) at —20 °C, and
the mixture was stirred at room temperature for 30 min. Zinc
powder (1.5 g, 22.8 mmol) and tris(dimethylamino)phosphine
(0.8 mL) were added, and the mixture was heated to reflux
for 15 h. The mixture was cooled to room temperature, and
ether (50 mL) was added. The ether layer was decanted and
the residue washed with ether (50 mL). The combined ether
extracts were washed with saturated copper sulfate solution
until the solution remained blue and then with water and brine
and dried over MgSO,. The solvent was removed under
reduced pressure to give a yellow oil. Flash chromatography
on silica gel (99:1 then 95:5 cyclohexane—ethyl acetate) af-
forded 8 (1.34 g, 62% yield) as a pale yellow oil: [0]?®*s —26 (c
1.0, CHCI3); CI-MS: 498 (M + NH,"), 481 (M + 1); 'H NMR
(250 MHz) 6 4.50—4.34 (m, 2 H), 4.15 (d, 1 H, J = 8.5 Hz),
401 (dd, 1 H, 3 = 6.7, 8.0 Hz), 3.80 (broad s, 1 H), 3.75 (t, 1
H,J=7.6 Hz), 1.45 and 1.37 (two s, 6 H), 0.90 (s, 18 H), 0.10
and 0.09 (two s, 12 H); *C NMR (62.5 MHz) ¢ 150.11 (dd, J =
267, 289 Hz), 121.02 (dd, J = 13, 50 Hz), 110.12, 91.83, 79.41
(d, 3 =2 Hz), 75.59 (d, J = 4 Hz), 75.44 (d, J = 7 Hz), 65.62,
26.94, 26.66, 25.61, 25.56, 25.19, 17.69, 17.64, —459, —4.69,
—5.01, —5.04, —5.28, —5.29; ' FNMR § —104.4(d, 1 F, J =91
Hz), —119.3 (d, 1 F, J = 91 Hz).

Anal. Calcd for C2,H42F205Siz: C, 54.96; H, 8.81. Found: C,
54.89; H, 8.77.

Diethyl C-[2,3-(Bis-O-tert-butyldimethylsilyl)-5,6-O-
isopropylidene-f-p-galactofuranosyl]difluorometh-
anephosphonate (9). A solution of 8 (500 mg, 1.0 mmol),
freshly distilled diethyl phosphite (536 L, 4.0 mmol), and tert-
butylperoxypivalate (60 uL, freshly prepared from tert-butyl-
hydroperoxide and pivaloyl chloride) in anhydrous benzene (0.5
mL) was degassed and stirred at 60 °C. After 24 h, the mixture
was cooled to room temperature, and more tert-butylperox-
ypivalate (80 uL) was added. After 24 h at 60 °C, the mixture
was chromatographed on silica gel (5:1 cyclohexane—ethyl
acetate) to give 9 (361.7 mg, 56% yield) as a colorless oil: [a]®p
—7 (c 1.1, CHCly); CI-MS: 636 (M + NH,"), 619 (M + 1), 561
(M — t-Bu-); IH NMR (400 MHz) 6 5.01 (t, 1 H, J = 2.6 Hz),
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4.85 (ddt, 1 H, J = 24.8, 6.0 Hz, J 2.6 Hz), 4.56 (dd, 1 H, J =
4.9, 2.6 Hz), 4.45 (dt, 1 H, J = 4.3, 7.0 Hz), 4.36—4.12 (m, 6
H), 4.00 (dd, 1 H, J = 8.0, 7.0 Hz), 1.58 (s, 3 H), 1.42 (s, 3 H),
1.24—1.05 (m, 24 H), 0.31, 0.30 and 0.25 (three s, 12 H); 13C
NMR (100 MHz) 6 110.00, 87.56, 81.35, 79.80 (dd, J = 5.5, 3.2
Hz), 74.96, 65.66, 64.50 (dd, J = 6.5, 2.5 Hz), 26.41, 25.67,
25.59, 25.58, 16.30, 16.21, —5.43, —5.45, —5.50; 9F NMR o
—115.2 (ddd, 1 F, J = 311.4, 101.2, 6.0 Hz), —122.5 (ddd, 1 F,
J = 311.4, 101.2, 24.8 Hz); 3P NMR 6 6.22 (t, J = 101.2 Hz).

Anal. Calcd for CysHs3F,0PSi,: C, 50.38; H, 8.62. Found:
C, 50.40; H, 8.67.

C-(1-Deoxy-p-p-galactofuranosyl)difluorometh-
anephosphonic Acid (10). To a solution of 9 (100.0 mg, 0.16
mmol) in dry carbon tetrachloride (2.0 mL) was added trim-
ethylsilyl iodide (342 uL, 2.4 mmol) at 0 °C. After 1 h at room
temperature, the solvent was evaporated, and the residue was
washed with ether. The product was purified by precipitation
(methanol—ethyl acetate) to give 10 (39.3 mg, 81% yield) as a
white foam: [a]®p —20 (¢ 0.65, H,0); *H NMR (400 MHz, D,0)
04.45(t,1H,J=6.7Hz),4.18 (dd, 1 H,J =8.2,6.7 Hz), 4.15
(m, 1 H), 3.85 (dd, 1 H, J =3.4, 8.2 Hz), 3.76 (m, 1 H), 3.66
(dd, 1 H, J = 11.8, 5.2 Hz), 3.61 (dd, 1 H, J = 11.8, 7.4 Hz);
13C NMR (100 MHz) ¢ 81.66, 81.02 (m), 76.08, 75.64, 71.08,
70.37, 62.49; F NMR 6 —124.2 (dd, 1 F, J = 87.0, 6.0 Hz),
—124.6 (dd, 1 F, 3 = 87.0, 15.0 Hz). FAB" (matrix triethano-
lamine) 593 [M + (CsH1503N), + 1], 444 (M + CgH1503N + 1).

Uridine Diphosphate C-a-b-Galactofuranose (11). The
triethylammonium salt of C-(1-deoxy-a-p-galactofuranosyl)-
methanephosphonic acid (50.0 mg, 0.108 mmol, easily obtained
from 6) was dissolved in anhydrous pyridine (0.5 mL) and
evaporated at reduced pressure. The flask was kept moisture-
free by using nitrogen to bring the pressure back to normal.
This procedure was repeated three times, and the residue was
finally dissolved in pyridine. The solution was added to a
suspension of uridine 5-monophosphate morpholidate and
4-morpholine-N,N'-dicyclohexylcarboxamidine (100.0 mg, 0.145
mmol, Sigma) in pyridine (0.5 mL). The activated nucleoside
monophosphate was previously dried by coevaporating dry
pyridine three times. After coevaporation with pyridine two
more times, 1.5 mL of pyridine was added, and the mixture
was stirred under nitrogen for 5 days. The product was
concentrated, dissolved in a minimum amount of water, and
applied to a Dowex 1 column (HCO;3;™; 15 x 1 cm, 200—400
mesh). The column was eluted with a NH,HCO; gradient (0.0—
0.5 M). The appropriate fractions were pooled and lyophilized.
Water was added to the residue, and the solution was
lyophilized again. This procedure was repeated three times.
The ammonium salt of UDP-C-Galf was obtained as a white
powder (52.0 mg, 80% yield): *H NMR (400 MHz, D,0) 6 7.87
(d,1H,3J=81Hz),591(d,1H,J=46Hz),587(d,1H,J
=81Hz),429 (t,1H,J=49Hz),425(t 1H,J =49 Hz),
4.19 (m, 1 H), 4.17—4.10 (m, 2 H), 4.05—3.92 (m, 1 H), 3.72
(m, 1 H), 3.65 (dd, 1 H, J = 4.0, 11.8 Hz), 3.62 (m, 2 H), 3.58—
3.52 (m, 2 H), 1.81 (m, 2 H); 3C NMR (100 MHz) § 160.69,
160.36, 141.87, 103.97, 89.11, 83.90, 83.52 (d, J = 7.9 Hz),
79.38, 79.03, 78.88, 74.12, 71.86, 69.94, 67.29 (d, J = 7.3 Hz),
63.12, 29.57 (d, J = 123.4 Hz); %P NMR ¢ 5.16, 14.12;
electrospray® 583 (M + NH,* + 1).

Inhibition Studies. The assay mixture (total volume 100
uL) contained 100 uM UDP-Galp, 49 ug of protein (crude E.
coli extract in which M. tuberculosis UDP-galactopyranose
mutase was expressed as described previously®), 2 mM
NADH, 1 mM MgCl,, 50 mM HEPES buffer at pH 7.6, and
with and without UDP-C-Galf to be tested for inhibition
activity. The reactions were incubated for 30 min at 37 °C and
then stopped by the addition of ethanol. The formation of UDP-
Galf was then monitored by HPLC. Under these conditions,
the formation of UDP-Galf was in the linear range.
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