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Abstract—A series of 4-O-substituted 2p,3B-difluorosialic acid derivatives (3a-d) has been synthesized. A key intermediate was
synthesized efficiently by the electrophilic syn-addition of fluorine to the double bond of a glycal precursor using molecular fluorine
or xenon difluoride in the presence of BF;-OEt,. Among compounds 3a-d, the 4-O-thiocarbamoylmethyl derivative 3¢ showed the
most potent inhibitory activity against sialidase of human parainfluenza virus type 1.

4-O-substituted analogues of 2(3,3f-difluorosialic acid

3aR=-CN

3b R = -C(=O)NH,
3c R =-C(=S)NH,
3d R = -C(=NH)NH,

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction 2-deoxy-2,3-didehydro-N-acetylneuraminic acid (NeuSA-

c2en, 1) analogues have been synthesized as competitive

N-Acetylneuraminic acid (Neu5Ac) and related sialic
acids are biologically important compounds widely dis-
tributed in living systems in various forms.! Influenza
sialidase, a key enzyme responsible for propagation of the
influenza virus, is a target for drug design. A variety of
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sialidase inhibitors.> Among them, 2,3-didehydro-2,4-
dideoxy-4-guanidinyl-N-acetylneuraminic acid showed
the most potent inhibitory activity against sialidase.’
Human parainfluenza virus type 1 (hPIV-1) is an
important pathogen causing upper and lower respiratory
disease in infants and young children.* However, there
are no known potential inhibitors of hPIV-1 infection.
There has been considerable interest in the synthesis and
properties of fluorinated carbohydrates related to their
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Figure 1. NeuSAc derivatives.
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Scheme 1. (a) 5% F»/N,, CHCl; (85%) or XeF,, BF;-OEt,, CH,Cl,—ether (74%).

potential as inhibitors or modifiers of cell surface glyco-
conjugates.” The synthesis and biological activities of
such fluorinated sialic acids as N-acetyl-9-deoxy-9-flu-
oro-neuraminic  acid,’  N-acetyl-2-deoxy-2-o- and
B-fluoro-neuraminic acids’ and N-acetyl-3-fluoro-neur-
aminic acid® were reported. Recently, we demonstrated
that 4-O-thiocarbamoylmethyl-Neu5Ac2en (2) had
strong inhibitory activity toward hPIV-1 sialidase as
compared with 1.°

To explore the influence on binding to sialidase from
hPIV-1, the hydroxyl group at C-4 in 2,3p-difluoro-
sialic acid” derivatives was changed to a cyanomethyl,
carbamoylmethyl, thiocarbamoylmethyl, or amidino-
methyl group via the key compound 6. Here we describe
the synthesis of novel 2B,3B-difluorosialic acid ana-
logues 3 and their inhibition of hPIV-1 (Fig. 1).

2. Results and discussion
2.1. Chemical synthesis

For the synthesis of 6 as a key intermediate in the pro-
duction of 4-O-substituted analogues of 2f3,3p-difluoro-
sialic acid, compound 4'° was chosen as the starting
material (Scheme 1).

Electrophilic addition of fluorine to glycal 4 using
dilute F, (5% in Ny)!'' in CHCl; at —60 °C gave stereo-

T Strictly named as derivatives of 5-amino-3,5-dideoxy-3-fluoro-p-
erythro-o-L-gluco-non-2-ulopyranosylonic acid fluoride, but assigned
for convenience the trivial names used here.

selectively in a syn manner the 28,3p-difluorosialic acid
derivative 6 {FABMS: m/z 509 (M+H)"} in 85% yield.
The stereochemistry of 6 was supported by the 'H NMR
spectrum, which showed the H-3 signal at § 4.93 as an
octet (JH-S,FS 475, JF_ZAH_:; 213, JH-3,H-4 8.5 HZ) The
reaction of xenon difluoride (XeF,) with the glycal 4 in
ether-CH,Cl, using BF;-OFEt, as a catalyst at room
temperature'? also proceeded stereoselectively to give 6
in 74% yield. The stereoselective formation of 6 in the
reaction of glycal 4 with F, can be rationalized as fol-
lows (Scheme 2).

Fluorine would approach in syn manner to the double
bond of 4 in two directions to give tight ion pairs (5a
and 5b) by way of four-centered transition states.'> The
attack of F, on the B-face of the double bond of 4 to
produce 6 through S5a would be the more favorable for
steric reasons. In addition, the anomeric effect operates
to produce the 2B-axial fluoro compound 6 stereoselec-
tively (Scheme 3).

Next, we studied the synthesis of target compounds 3a—d
from 6. Hydrolysis of 6 with 0.1 M KOH-MeOH afforded
the cyanomethyl compound 3a {FABMS: m/z 369
(M+H)*} in 62% vyield, after purification by chromato-
graphy on silica gel and then Sephadex LH-20 columns,
followed by lyophilization from H,O suspension. Treat-
ment of 6 with 0.1 M NaOMe-MeOH, with aqueous
NaHCO; and then with 0.1 M KOH-MeOH (saponifica-
tion) gave the carbamoylmethyl derivative 3b {FABMS:
m/z 409 (M+Na)*} in 47% yield in three steps. Treatment
of 6 with AcSH-pyridine'* followed by hydrolysis gave the
thiocarbarmoylmethyl derivative 3¢ {FABMS: m/z 403
(M+H)™} in 64% yield in two steps. When compound 6 was
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Scheme 2. Proposed mechanism for fluorination of glycal 4 with F,.
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Scheme 3. (a) 0.1 M KOH-MeOH (62%); (b) (i) 0.1 M NaOMe-MeOH, (ii) aqg NaHCOs, (iii) 0.1 M KOH-MeOH (47% in three steps); (c) (i) AcSH,
pyridine, (ii) 0.1 M KOH-MeOH (64% in two steps) (d) (i) 0.1 M NaOMe-MeOH, (ii) anhyd NH4Cl, (iii) 0.1 M KOH-MeOH (64% in three steps).
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Figure 2. Inhibition of sialidase of hPIV-1 by 2f,3B-difluoro-sialic acids. Values are the mean + S.D. of three measurements.

successively treated with 0.1M NaOMe-MecOH,
anhydrous NH;Cl, and then 0.1M KOH-MeOH,
amidinomethyl compound 3d {FABMS: m/z 386
(M+H)"} was obtained in 64% yield in three steps.

2.2. Biological evaluation

The behavior of compounds 3a-d newly synthesized in
this study toward sialidase from hPIV-1 was compared
to that of 4-O-thiocarbamoylmethyl-NeuS5Ac2en (2)
(Fig. 2 and Table 1).°> As may be seen from Table 1, the
most effective compound against the sialidase was 4-O-
thiocarbamoylmethyl-Neu5Ac (3¢, ICsy 0.86 mM), al-
though the degree of inhibition was less than that for 2
(ICsp 0.05mM). The analogues of 2p,3B-difluorosialic
acid (3a and 3b) exhibited a decrease in the inhibition of
sialidase compared with 3¢, and compound 3d showed
almost no inhibitory effect.

In conclusion, 2B,3B-difluorosialic acid derivatives
having a cyanomethyl, carbamoylmethyl, thio-
carbamoylmethyl, and amidinomethyl group at the C-4
position were synthesized via the key compound 6. These
compounds had weak inhibitory activity against hPIV-1.
From this study, it is suggested that the expression of
inhibitory activity of sialic acid derivatives against hPIV
requires both the structural feature of a 2,3-double bond
and the presence of a 4-O-thiocarbamoylmethyl group of

Table 1. Inhibition (ICsy) of hPIV-1 sialidase by the synthesized
compounds (3a-d)

Compound 1C5y (mM)
3a 6.6

3b 8.2

3c 0.86

3d n.d.?

2 0.05

#Not determined.

sialic acid. The present findings should provide useful
information for the development of anti-human parain-
fluenza virus compounds.

3. Experimental

All melting points are uncorrected. Optical rotations
were measured with a Jasco DIP-140 (Japan) digital
polarimeter. IR spectra were recorded on a Jasco IR-810
(Japan) spectrometer. 'H NMR spectra were recorded
with a Jeol INM-EX 270 (270 MHz) (Japan) instrument.
Chemical shifts are expressed in ppm relative to Me,Si
(0 =0) in CDCl; and in D,0O referenced to HOD
(4.85ppm) as internal standards. Fast-atom-bombard-
ment (FAB) mass spectra were obtained with a Jeol
JMS-700 (Japan) mass spectrometer in the positive-ion
mode using an NBA and thioglycerol matrix. High
resolution mass spectra (HR-MS) were recorded on a
Jeol JMS-700 (Japan) instrument under FAB condi-
tions. Column chromatography was performed on Silica
Gel 60 (70-230 mesh, Merck) and Sephadex LH-20
(Pharmacia). All reactions were monitored using TLC
(Silica Gel 60F,s4, E. Merck, Germany) by charring
after spraying 5% H,SO,4 in MeOH and then heating.

3.1. Methyl 5-acetamido-7,8,9-tri-O-acetyl-4- O-cyano-
methyl-2,5-dideoxy-2p,3p-difluoro-p-p-erythro-L-gluco-2-
nonulopyranosonate (6)

3.1.1. Reaction of glycal 4 with 5% F,/N,. To a solution
of 4 (58 mg, 0.1 mmol) in CHCI; (100mL) was bubbled
5% F»/N, (0.8 mmol, 20 mL/min) at —60 °C. After stir-
ring for 10 min at the same temperature, the mixture was
washed with H,O and the organic layer was dried
(MgSO,). After removal of the solvent, the residue was
chromatographed on a column of silica gel with a mix-
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ture of CH,Cl, and MeOH (10:1, v/v) to give 6 (43 mg,
85%) as an amorphous powder, [¢]p, +4.7 (¢ 1.0,
CHCL); vmax (CHCL3): 1219, 1668, 1753 cm™!; '"H NMR
(CDCl3): 0 2.04 (s, 3H, AcNH), 2.10, 2.14, 2.18 (3s, 9H,
Ac), 3.91 (s, 3H, MeO), 4.03 (dd, 1H, Jso, 5.5, Jo. b
12.5Hz, H-9a), 4.15 (dd, 1H, Jsq, 2.5Hz, H-9b), 4.40,
4.57 (d, each 1H, J,., 16.5Hz, -OCH,CN), 4.42 (ddd,
1H, Jsnu = Jas = Js6 = 10.5Hz, H-5), 4.44 (dd, 1H, Js;
2HZ, H-6), 493 (ddd, lH, JH»3,F3 475, JF—Z,H-S 213,
JH-3,H-4 8.5 HZ, H-3), 5.17 (ddd, IH, J7‘g 7.5 HZ, H-g),
5.31 (dd, 1H, H-4), 5.40 (dd, 1H, H-7), 5.82 (d, 1H, NH);
positive ion HR-FABMS (NBA) Anal. Calcd for
C20H27N2011F25 m/z 509.1583 [M-FH]+ Found: 509.1563.

3.1.2. Reaction of glycal 4 with XeF,-BF3-OEt,. To solid
XeF, (24mg, 0.14mmol) in a dry flask was added a
solution of 4 (61 mg, 0.13 mmol) in a 1:1 solution (2mL)
of dry ether and dry CH,Cl,. To the stirred suspension,
a solution of BF;-etherate (4mg, 0.03mmol) in dry
benzene (1 mL) was added dropwise for 5min, and the
mixture was stirred overnight. After washing with sat-
urated aqueous NaHCO;, the aqueous layer was
extracted with ether, and the combined organic layer
was washed with brine and dried (MgSQ,). Solvents
were evaporated in vacuo and the residue was chroma-
tographed on a column of silica gel. Elution with 10:1
CH,Cl1,-MeOH gave 6 (49 mg, 74%).

3.2. 5-Acetamido-4-O-cyanomethyl-2,5-dideoxy-2f,3f-di-
fluoro-p-p-erythro-L-gluco-2-nonulopyranosonic acid (3a)

Compound 6 (49 mg, 0.096 mmol) was dissolved in a 1:1
solution of 0.1 M KOH in MeOH (4 mL). The mixture was
stirred for 15h at room temperature and neutralized with
Amberlite IRC-50 (1.0 g). The precipitates were filtered off
through Celite 545 and the filtrate was concentrated. The
residue was chromatographed on silica gel using 6:6:1
CHCI;-MeOH-H,O0 to give 3a (22mg, 62%) as an amor-
phous powder after lyophilization from H,O suspension.
'H NMR (D,0): § 2.11 (s, 3H, AcNH), 3.59 (dd, 1H, J;5
9.5, Js7 0.7Hz, H-7), 3.66 (dd, 1H, Js 9, 6.0, Jo, op 12.0 Hz,
H-9a), 3.80 (ddd, 1H, J75 9.5, Js.o 2.5Hz, H-8), 3.91 (dd,
1H, Js¢ 10.0 Hz, H-6), 4.13 (m, 2H, H-4, H-5),4.27,4.39 (d,
each 1H, J., 15.5Hz, -OCH,CN), 4.96 (ddd, 1H, Ji.3 5.3
395, JH-3,F—2 215, JH-3,H—4 9.0 HZ, H—3), pOSitiVG ion HR-
FABMS (thioglycerol-NBA) Anal. Caled for Cj3Hje-
N,OF,: m/z 369.1109 [M+H]*. Found: 369.1091.

3.3. 5-Acetamido-4- O-carbamoylmethyl-2,5-dideoxy-
28,3p-difluoro-B-p-erythro-L-gluco-2-nonulopyranosonic
acid (3b)

Compound 6 (30mg, 0.06 mmol) was dissolved in dry
MeOH (3mL), and 0.1 M NaOMe (3 mL) was added and
the mixture at 0 °C under Ar. After being stirred for 12 h
at room temperature, saturated aqueous NaHCO; (1 mL)

was added and the mixture was stirred for 5 days at room
temperature. The mixture was adjusted to pH2 with
Amberlite 120 (H™), the resin was filtered through Celite
545, and the filtrate was subjected to gel filtration, and the
aqueous solution was evaporated. The residue was dis-
solved in a solution of 0.1 M KOH in MeOH (1:1) (2mL)
at 0°C and the mixture was stirred for 12h at room
temperature. The mixture was adjusted to pH2 with
Amberlite 120 (H™), the resin was filtered through Celite
545, and the resulting aqueous solution was evaporated.
The residue was purified by silica gel column chroma-
tography using 6:6:1 CHCI;-MeOH-H,O to give 3b
(11 mg, 47%) after lyophilization from H,O suspension.
'H NMR (D,0): 6 2.09 (s, 3H, AcNH), 3.57 (dd, 1H, Js;
0.7, J718 9.5 HZ, H-7), 3.65 (dd, 1H, Jgjga 60, Jga‘gb 12 HZ,
H-9a), 3.79 (ddd, 1H, Jsq, 3.0 Hz, H-9b), 4.13-4.36 (m,
3H, H-4, H-5, H-6), 4.46, 4.51 (d, each 1H, J,,,, 15.7Hz, -
OCH,CONH,), 4.97 (ddd, 1H, Jusrs 48, Jusm 21.5,
Jusna 9.0 Hz, H-3); positive ion HR-FABMS (thioglyc-
erol-NBA) Anal. Calcd for C;3HyN,O9F,Na: m/z
409.1035 [M+Na]J*. Found: 409.1063.

3.4. 5-Acetamido-2,5-dideoxy-2p,3p-difluoro-4-O-thio-
carbamoylmethyl-f-p-erythro-L-gluco-2-nonulopyrano-
sonic acid (3c¢)

To a solution of 6 (50 mg, 0.1 mmol) in pyridine (1 mL)
and CH,Cl, (I mL) was added thioacetic acid (61 mg,
0.1 mmol) at room temperature under Ar, and the mix-
ture was stirred for 12 h. After removal of the solvent, the
residue was chromatographed on silica gel using 2:1
EtOAc-hexane to give the thiocarbamoylmethyl com-
pound (44 mg), which was redissolved in a solution of
0.1 M KOH in MeOH (1:1) (4 mL) at 0 °C and the mixture
was stirred for 12 h at room temperature. The mixture was
adjusted to pH 2 with Amberlite 120 (H"), the resin was
filtrated through Celite 545, the filtrate was desalted with
LH-20 column, and the aqueous solution was evaporated.
The residue was purified by silica gel column chroma-
tography using 6:6:1 CHCl;-MeOH-H,0 to give 3c
(21 mg, 64%) as an amorphous powder after lyophiliza-
tion from H,O suspension. 'H NMR (D,0): §2.09 (s, 3H,
AcNH), 3.57 (dd, 1H, Js7 0.7, J75 9.5 Hz, H-7), 3.64 (dd,
1H, ngga 65, Jga,gb 12 HZ, H-9a), 3.79 (dd, 1H, nggb 3.0 HZ,
H-8), 3.86 (d, 1H, H-9b), 4.12-4.41 (m, 3H, H-4, H-5, H-
6), 4.56-4.71 (d, each 1H, J,.,, 18 Hz, -OCH,CSNH,),
4.94 (ddd, 1H, JH-3A,F-3 480, JH-3,F-2 21 .0, JH—3,H—4 9.0 HZ, H-
3); positive ion HR-FABMS (thioglycerol-NBA) Anal.
Calcd for C13H21N2088F2: m/z 403.0987 [M+H]+
Found: 403.0967.

3.5. 5-Acetamido-4-O-amidinomethyl-2,5-dideoxy-2f,3p-
difluoro-f-p-erythro-L-gluco-2-nonulopyranosonic acid (3d)

Compound 6 (57mg, 0.1 mmol) was dissolved in dry
MeOH (10mL) and 0.2 M NaOMe (3 mL) was added to
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the mixture at 0 °C under Ar. After being stirred for 12 h
at room temperature, anhydrous NH4Cl (37.5mg,
0.68 mmol) was added to the reaction mixture and the
whole was heated at 50 °C for 2h and evaporated. The
residue was dissolved in H,O, desalted with an LH-20
column, and the aqueous solution was concentrated to
dryness. The residue was dissolved in a solution of
0.1M KOH in MeOH (1:1) 2mL) at 0°C and the
mixture was stirred for 12h at room temperature. The
mixture was adjusted to pH 2 with Amberlite 120 (H™),
the resin was filtered through Celite 545, the filtrate was
subjected to gel filtration, and the aqueous solution was
evaporated. The residue was purified by silica gel col-
umn chromatography using 6:6:1 CHCl;-MeOH-H,0
to give 3d (25 mg, 64%) as an amorphous powder after
lyophilization from H,O suspension. 'H NMR (D,0): é
2.23 (s, 3H, AcNH), 3.72 (dd, 1H, Js7 0.7, J75 9.5 Hz, H-
7), 3.77 (dd, 1H, Jso, 6.0, Joaop 11.5Hz, H-9a), 3.88
(ddd, 1H, J75 9.5, Jso, 0.5Hz, H-8), 3.98 (dd, 1H, H-
9b), 4.35-4.50 (m, 3H, H-4, H-5, H-6), 4.80, 4.88 (d,
each 1H, J,.,, 16.0Hz, -OCH,C(NH)NH,), 5.10 (ddd,
1H, JH-3,F-3 480, JH_371:_2 220, JH—37H-4 9.5 HZ, H-3), po-

sitive ion HR-FABMS (NBA) Anal. Calcd for
C13H22N308F2: m/z 386.1375 [M+H]+ Found:
386.1383.
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