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Influenza remains a major health problem for humans and
animals! At present, four drugs are approved for influenza
prophylaxis and treatmeftamantadine and rimantadine act as the
M2 ion channel blockers, whereas Tamiflu (the phosphate salt of
oseltamivir ethyl ester) and Relenza (zanamivir) inhibit the activity
of neuraminidase (NA). The NA inhibitors (NAls) are designed to
have (oxa)cyclohexene scaffolds to mimic the oxonium transition-
state in the enzymatic cleavage of sialic atitamiflu (1, shown
in Scheme 1) is an orally administrated anti-influenza dr@n
hydrolysis by hepatic esterases, the active carboxylate, oseltamivir
(2, also known as GS4071), is exposed to interact with three Figure 1. Molecular models of oseltamivi2 (left panel) and the

arginine residues (Arg118, Arg292, and Arg371) in the active site Phosphonate compour® (right panel) in the active site of influenza virus
of NA.3 neuraminidase (N1 subtype). The complex of the phosphonate compound

. . 3ahas more extensive hydrogen bonding interactions (8 pairs lighiid
The phosphonate group is generally used as a bioisostere ofyy_ponds) with key residues in the NA active site than the oseltamivir-NA
carboxylate in drug desighln comparison with the carboxylate complex (6 pairs ligandNA H-bonds)
guanidinium ion pair, a phosphonate ion exhibits stronger electro-
static interactions with the guanidinium ion. Our preliminary
molecular docking experiments (Figure 1) using the known N1
crystal structure (PDB code: 2HU48)reveal that the putative

Table 1. Inhibitory Activities against Wild-Type and Mutant
Influenza Virus Neuraminidases

neuraminidase inhibition, 1Cso (M)

phosphonate inhibitd3aindeed binds strongly with the triarginine ~ compd Wt (WSN)* Mut (WSN)” Wt (Hanoi)® Mut (Hanoi)”
residues of NA, in addition to other interactions exerted by the 2 5.90 4 0.62) 295 ¢ 31) 62.9¢5.7) 971 ¢ 54)
Cs-pentyloxy, G-acetamido, and £amino groups in the binding 3 0.30¢-0.05) 5264 44) 13.3¢ 1.0) 1210 490)

pocket similar to the NA-oseltamivir complex. Because the 132 4.10(-051) 252 31) 160 = 32) 1150 ¢& 380)
) ) . 130 0.120.02) 7.3940.67) 1.8240.11) 195&1.4)

previously reported methotifor the synthesis of oseltamivir/ l4a 36700 ND ND' ND'

Tamiflu are not amenable to exchange of the C-1 carboxyl group 14 3200 ND NDf ND

to a phosphonate group, we thus explored a novel approach to the

synthesis of both oseltamivir/Tamiflu and the phosphonate conge- *NA from influenza virus AIWSN/1933 (HIN1J.NA (H274Y) from

; _ : ; influenza virus A/AWSN/1933 (H1IN1}.NA from influenza virus A/Hanoi/
ness usingo-xylose as an appropriate chiral precursor (Scheme 1). 55,06/5605 (15N1)d NA (H274Y) from influenza virus A/Hanoi/30408/

In brief, our present synthetic method is straightforward to 2005 (H5N1).eAs the ammonium salt depicted in Schemef Mot
culminate in an enantioselective synthesis of Tamiflu, oseltamivir, determined.
the phosphonate congener, and the guanidine analogues WIthTable 2. Neuraminidase Inhibition, Anti-influenza, and Cytotoxicity

reasonably high yields (5-_21_-3-5%)- An int.ramolecular Horner Activities of Oseltamivir 2, Phosphonate Congener 3, and the
Wadsworth-Emmons reaction was carried out to furnish the Related Analogues

cyclohexene carboxylataand phosphonai@b. On treatment with

dioh Ioh h | id di Mi bu’ h compd Ki (nM)? ECso (NM)° CCso (uM)°® S.1¢
hl% enylp osp .og/alggl e accor |ngft(|)I |tst;1r1Ft) tu 3 gle thie y > 2.90 ( 0.30) 313435 =100 23200
ydroxyl group in was successfully substituted by an azido 3 0.15 (- 0.02) 4.67 & 0.68) 74 ¢ 5.7) 15800
group with the inversed configuration. The hazardous reagent of 135 2.02 & 0.25) 5.60 & 1.2) >100 >17800
sodium azide was avoided in this procedure. This synthetic scheme 13b® 0.06 ¢ 0.01) 0.09¢0.02) ~5 ~56000

allows late functionalization, which makes it attractive from a
a2 Neuraminidase inhibition against influenza virus AAWSN/1933 (H1N1).

medicinal chemistry p_OInt of view. Ki values were determined by using CherRyusoff equatio. P Concen-
The greater potencies of the phosphonate congedénamely trations of NA inhibitors for 50% protection of the cytopathogenic effects

Tamiphosphor) versus oseltamiZieand guanidind 3b versusl3a, due to flu (A/WSN/1933) infection The highest concentration used is 100
were observed in the wild-type neuraminidases of HIN1 and H5N1 #M in the assay of cytotoxicity on MDCK cell$.Selectivity index, the
influenza viruses (Table 1). Both compour@iand2 are signifi- ratio of CGsp to EGsp. ® As the ammonium salt depicted in Scheme 1.
cantly less potent toward the NAI resistant mutants of HZ’Mhgn

- —— the wild-type enzymes. Nevertheless, the phosphonate compound
Iﬁgigﬁg'iasiw{ffumversiw_ 13bis an effective inhibitor that inhibits both mutant enzymes at
8 The Scripps Research Institute. low nM concentrations. Compoundgaand14b, which lack the
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Scheme 1. Synthesis of Tamiflu 1, Oseltamivir 2, the Guanidine
Analogue 13a, and the Phosphonate Congeners 3, 3b, and 13b?2
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3a A= PO(OH),
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12a E = COyEt 13a A =CO,H
12b E = PO(OEt), 13b A = PO(ONHy)2

aReagents and reaction conditions: (a)s®€EOCI, pyridine, 0°C, 8
h; 89%. (b) PDC, AgO, reflux, 1.5 h; HONH—HCI, pyridine, 60°C, 24
h; 82%. (c) LiAlH4, THF, 0°C, then reflux 1.5 h; 88%. (d) A©, pyridine,
25°C, 3 h; HCI/1,4-dioxane (4 M), BnOH, toluene;-@5 °C, 24 h; 85%.
(e) 2,2-dimethoxypropane, toluene, catalysTsOH, 80°C, 4 h; 90%. (f)
Tf,0, pyridine, CHCl,, —15°C, 2 h; EtQCCH,PO(OEt) or H,C[PO(OER]>,
NaH, catalyst 15-crown-5, DMF, 28, 24 h; 80% for7aand 73% for7b.
(9) Hz, Pd/IC, EtOH, 25°C, 24 h; NaH, THF, 25C, 1 h, 83% for8a; or
NaOEt, EtOH, 25°C, 5 h, 80% for8b. (h) (PhOYPONs, (i-Pr)N=C=N(i-
Pr), PPB, THF, 25°C, 48 h. (i) HCI, EtOH, reflux, 1 h; 83% fo®a and
74% for 9b. (j) Tf20, pyridine, CHCI,, —15 to —10 °C, 2 h; KNG, 18-
crown-6, DMF, 40°C, 24 h; 70% for10a and 71% for 10b. (k)
Cl;CC(E=NH)OCHED, CRSOsH, CH.Cly, 25 °C, 24 h; 78% forllaand
82% for11b. (I) Hp, Lindlar catalyst, EtOH, 28C, 16 h; 85% for3b. (m)
H3POy, EtOH, 40°C, 1 h; 91% forl. (n) KOH, THF/HO, 0-25°C, 1 h;
88% for 2 and 81% forl4a (o) TMSBr, CHCE, 25 °C, 24 h; agueous
NH4HCO;, lyophilization; 85% for3 (as the ammonium salt), 72% fb8b
and 75% forl4b. (p) N,N'-bis(tert-butoxycarbonyl)thiourea, HgglE&:N,
DMF, 0—25°C, 10-16 h; 78% forl2aand 58% forl2b. (q) TFA, CHCly,
0°C, 1 h; 88% forl3a

pentyloxy group at the C-3 hydroxyl position in comparison with
2 and3, showed inferior NAI activity.

Consistent with our expectation, phosphorais a potent NA
inhibitor and antiflu agent against influenza H1N1 virus wih

and EGp values of 0.15 and 4.67 nM (Table 2). In comparison,

phosphonat@ is more active than oseltamivir by 19- and 7-folds,
respectively, in the NA inhibition and antiflu assays. The phos-
phonate3 was further evaluated at multiple concentrations to
determine the growth inhibition on the host MDCK cells. The
deduced Cg; value of phosphonatéwas 74uM. The phosphonate

3, showing a high selectivity index of greater than 15800, is thus
a potent antiviral agent against HIN1 virus with no toxicity to the
host MDCK cells. By replacing the amino group Bwith a
guanidino group, the phosphondt8b exhibits an enhanced NA
inhibition (K; = 0.06 nM) and antiflu activity (E = 0.09 nM).

By analogy to the previous repofgthe guanidinium group may
exert strong electrostatic interactions with the residues of Glu119,
Aspl51, and Glu227.

Before a safe and effective vaccine is available to protect the
possible pandemic avian flu, neuraminidase inhibitors are the only
therapy we have. The recent reports on the drug resistant avian flu
infections and the side effects in children receiving Tamiflu
treatments suggest that new chemical identities for neuraminidase
inhibitors are needed for our battle against the threat of the pandemic
flu. The phosphonate congeners described in this study are
significantly more potent than the carboxylate congeners against
the wild-type neuraminidases of HIN1 and H5N1. In addition,
compoundl3b is an effective inhibitor at 19 nM for the H274Y
mutant of a H5N1 neuraminidase. Because the high polarity of
phosphonate and guanidinium groups may cause a problem of orally
bioavailability, further investigation of formulation and use of
prodrugs, for example, acyloxymethyl- and arylphosphonate ésters,
may eventually solve the problem in the drug development.

Supporting Information Available: Complete ref 3a and ref 7,
experimental section, computer modeling of neuraminidase inhibition,
IH, 13C, and®'P NMR spectra. This material is available free of charge
via the Internet at http://pubs.acs.org.
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