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Abstract:

Tamiflu readily undergoes endogenous hydrolysigive oseltamivir carboxylic acid (OC) as

the active anti-influenza agent to inhibit the ymauraminidase (NA). GOC is derived from

OC by replacing the 5-amino group with a guanidgroup. In this study, OC and GOC

congeners with the carboxylic acid bioisosteresbofonic acid, trifluoroborate, sulfone,

sulfinic acid, sulfonic acid and sulfonate estereviérst synthesized, starting with conversion

of OC to a Barton ester, followed by halodecarbatigh to give the iodocyclohexene, which

served as a pivotal intermediate for palladiumdgatd coupling reactions with appropriate

diboron and thiol reagents. The enzymatic and luadled assays indicated that the GOC

congeners consistently displayed better NA inlobitand anti-influenza activity than the

corresponding OC congeners. The GOC sulfonic acrmyener Ta) was the most potent

anti-influenza agent, showing &= 2.2 nM against the wild-type HIN1 virus, presbiga

because the sulfonic aci@d was more lipophilic than GOC and exerted stronigeractions

on the three arginine residues (R118, R292 and Ri7the NA active site. Although the

trifluoroborates, sulfones and sulfonate estersndidhave acidic proton, they still exhibited

appreciable NA inhibitory activity, indicating th#tte polarized B-F and-SO bonds still

made sufficient interactions with the tri-arginimetif.
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Resear ch highlights

* First synthesis of boronate and sulfonate rel@€dand GOC bioisoster@a—9b.

» OC derived iodocyclohexeri®a is a key intermediate for syntheses of bioisostere

« Acidity and lipophilicity of bioisosteres are imgant to anti-influenza activity.

* GOC congeners show better NA inhibition and arftitenza activity than OC congeners.

* GOC sulfonic acid is a potent inhibitor againdtNH. virus (EGp = 2.2 nM).

Abbreviations:

Boc, tert-butoxycarbonyl; (BPin) bis(pinacolato)diboron; CCK, cholecystokinin; o,

calculated distribution coefficient; CPE, cytopatbkifect; dba, dibenzylideneacetone; DMAP,

(4-dimethylamino)pyridine; DMF,N,N-dimethylformamide; GABA,y-aminobutyric acid;

GOC, guanidino oseltamivir carboxylic acid,; HBTU,

2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium héxarophosphate; MDCK,

Madin—Darby canine kidney; MUNANA, 2'-(4-methylunilikeryl)- a-D-N-acetylneuraminic

acid; NA, neuraminidase; OC, oseltamivir carboxyimd; SD, standard deviation; TG



50% cell culture infectious dose; Tf, trifluoromattesulfonyl; TFA, trifluoroacetic acid; THF,

tetrahydrofuran; Xantphos, 4,5-bis(diphenylphosph®,9-dimethylxanthene.



1. Introduction

Influenza is a highly contagious airborne diseag@ch has become a persistent global

public health issue; effective drugs are neededré&atment of influenza infection. Influenza

neuraminidase (NA), a glycoprotein on the surfatethe virus, is responsible for the

enzymatic cleavage of the terminal sialic aciddesifrom the sialo-receptors on host cells to

facilitate the release of progeny viruses for pggteon and infectivity. NA is a good target

for development of anti-influenza drug because NAocated on the virus surface, and its

active site is conserved across various influenea strains. Several anti-influenza drugs,

such as zanamivir, [1, 2] oseltamivir, [3, 4] peram[5, 6] and laninamivir octanoate, [7, 8]

have been developed as NA targeting agents. Taftftuphosphate salt of oseltamivir) is an

oral prodrug, which is hydrolyzed by endogenousrase to oseltamivir carboxylic acid (OC,

lain Fig. 1) as the active NA inhibitor. The cycloleae core structure of OC is designed to

mimic the oxocarbenium-like intermediate in the Balyzed hydrolysis of the sialoside. [9,

10] The carboxyl group of OC exhibits strong elestatic interactions with the three arginine

residues (R118, R292 and R371) in the S1 sitefafanza NA. [1, 11] In addition, OC has a

3-pentoxy substituent at C-3, in lieu of the glydeside chain in sialoside, to attain

hydrophobic interactions with NA. GOQK), [3] the guanidino analog of OC, has a more

basic guanidino group at C-5 to enhance the elgetfio interactions with the acidic residues

(E119, D151 and E227) in the S2 site of NA. Howe@&DC and its ethyl ester have not been



developed for therapeutic use due to their poormheokinetic properties.

a series: Y = H; b series: Y = (H,N)C=NH
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Fig. 1. Chemical structures of oseltamivir carboxylic adid, OC), guanidino OClp, GOC),

and their carboxyl bioisosterezat-13b).

Bioisosteres are substituents through rational froadiions to mimic the structure of an
active ingredient with similar chemical, physicalectronic, conformational and biological
properties. [12, 13] As an approach to explore aetrinfluenza drugs, we have previously
developed the OC and GOC congeners by replacingatimxylic acid with bioisosteres, [14]
including phosphonic acidlQa/10b), [15-18] phosphonate monoest&td/11b), [16, 18, 19]
hydroxamate 12a/12b) [20] and acyl sulfonamide 18a/13b) [20]. Compounds10a
(tamiphosphor) andOb are more potent NA inhibitors than their carbosghgeners OC and
GOC, because the phosphonate group exhibits stroglgetronic interactions with the

tri-arginine (R118, R292 and R371) motif in NA. [IPhosphonate monoalkyl estdfksa and



11b also exhibit high NA inhibitory activities becauskese compounds still contain a
negatively charged group to render sufficient etestatic interactions with the three arginine
residues in the NA active site. [18, 19] The hydmmate {2a/12b) and acyl sulfonamide
(13a/13b) bioisosteres are less potent than OC and GOCsthiushowed the Igy values in
nanomolar range against the NA of wild-type inflaz@wirus (H1N1). [20]

Compared with carboxylic acid g = 4.5), boronic acid is a weaker acidK{p~ 10.0)
whereas sulfinic acid (. = 2.0) and sulfonic acid i, = —0.5) are stronger acids. Use of
boronic acid and sulfonic acid as the bioisostefasarboxylic acid has been demonstrated in
drug development. For example, bortezomib (velB&dis a synthetic boronic acid drug used
as protease inhibitor in cancer treatment. [21protein degradation, a specific peptide bond
(—CONH-) of planar structure is attacked by a noglelic amino acid (e.g. serine) to form
an intermediate of tetrahedral structure. Borommabl@s an emptp orbital to accommodate
nucleophile (e.g. water, alcohol, amine and thithlys becoming a negatively charged
tetrahedral structure to mimic the intermediatardpenzymatic degradation of peptide bond.
The trifluoroborate salt with three electronegatilmrine atoms also exists in a tetrahedral
structure to act as protease inhibitor. [22] In panson with boronic acid and boronate ester,
the corresponding trifluoroborate salts are ususdisier to purify and preserve. In some cases,
trifluoroborate salts are even more potent thamticracid in inhibition of serine proteases.

[22]



In an antagonist of cholecystokinin (CCK) receptoe carboxylic acid is replaced by

sulfonic acid to give a dipeptoid hormone, whiclmisre active and selective to CCK receptor.

[23] As a surrogate ofy-aminobutyric acid (GABA), 3-aminopropylsulfonic idcalso

improves the activity to agonize GARAeceptor. [24] Some sulfo-sialic acid analogues ar

reported to have good inhibitory activity againgtuenza and bacterial neuraminidases. [25]

Bren, Miertus and coworkers have applied molecdlaramics simulations in conjunction

with a linear interaction energy method to predett sulfonatéra, a putative compound in

their publication, should be a very strong binderN1l subtype neuraminidase. [26] The

negatively charged sulfonate group 4 is considered to have great hydrogen bonding

capacity to gain strong electrostatic interactiaith the three arginine residues in the S1 site

of NA.

As a continuing study to get a better picture for telationship between the oseltamivir

carboxylic acid and bioisosteres, we designed gnthesized new OC and GOC congeners

(Fig. 1), including boronate8a/2b, trifluoroborates3a/3b, sulfones4a-5b, sulfinic acids

6a/6b, sulfonic acidsa/7b as well as sulfonate est@&/8b and9a/9b.

2. Results and discussions

2.1. Chemical synthesis

Scheme 1 shows the synthesis of OC and GOC boacids Ra/2b) and trifluoroborates



(3a/3b). The tert-butoxycarbonyl (Boc) protected oseltamivit4] was prepared by the
previously reported procedure. [16, 19, 27] Aftapanification, the carboxylic acid product
was reacted with 3-hydroxy-4-methyl-2{Bthiazolethione in the presence of HBTU, DMAP
and EtN to give a Barton ester, which underwent photalysithe presence of @EH,l to
give the decarboxylative halogenation produ@a. [16, 27-30] After testing several
palladium catalysts, Pd(PBhwas chosen for the Pd-catalyzed coupling readteiween the
iodocyclohexend6a and bis(pinacolato)diboron to furnish the bororesterl7a. [31]

On the other hand, the Boc protecting groud6a was removed by trifluoroacetic acid
(TFA), and the amine intermediate was treated with
1,3-di-Boc-2-(trifluoromethanesulfonyl)guanidine wive the guanidino derivativel6b,
which was subjected to the palladium-catalyzed mhation to afford compoundl7b.
Attempts to hydrolyze boronate estiefa (or 17b) in various conditions (e.g. using 1-3 M
HCI solutions in BO or 1,4-dioxane, BBrin CH,Cl,, NalO,—HCI in THF-H0O) failed to
give the desired boronic ack (or 2b). Alternatively, the boronate estefga and17b were
first treated with KHE to give the trifluoroborate intermediaté8a and 18b, [22, 32-34]
which were then successfully converted to the spwading boronic acidzga and2b in 1 M
aqueous HCI solution by concomitant removal ofBloe group. Treatment &a and2b with

KHF, afforded the trifluoroborate®a and3b, respectively.



Scheme 1. Synthesis of boronic aci@/2b and trifluoroborate8a/3b
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Reagents and conditions: (@) 1 M K@h MeOH, rt, 2 h; (b)
3-hydroxy-4-methyl-2(Bl)-thiazolethione, HBTU, EN, DMAP (cat.), CHCI,, rt, 3 h; then
CRCHjyl, CH.ClIy, hv, 30 min; (c) CECOOH, CHCl,, rt, 3 h; (d) (BocNH)(TfNH)C=NBoc,
NEts, CH,Cly, rt, 10 h; (e) (BPin) Pd(PPB4, KOAc, DMF, 90°C, 4 h; (f) KHR, H,O,
MeOH, rt, 10 h; (g) 1 M HCl in D, rt, 8 h. Yields15 (90% from oseltamivir)16a (54%),
16b (72%), 2a (48% from 16a), 2b (38% from 16b), 3a (72%), 3b (67%). Boc =
tert-butoxycarbonyl, (BPin)= bis(pinacolato)diboron, DMAP = (4-dimethylamipgjidine,
HBTU = 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium h#xarophosphate, rt =

room temperature, Tf = trifluoromethanesulfonyl.

Using iodocyclohexen&6a as the pivotal compound, OC and GOC sulfode#4b and
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5a/5b), sulfinic acids §a/6b) and sulfonic acids7é/7b) were synthesized. By the catalysis of

Pd(dbal and xantphos, [35] the iodine atom it6a was readily substituted by

2-(4-pyridyl)ethylthiolate to give the thioethel9, which was then oxidized by

m-chloroperbenzoic acidr¢CPBA) to give the sulfone produ20 (Scheme 2). Treatment of

sulfone20 with an alkylating agent C#Hin the presence of a strong baseuOK produced

methylsulfone21. The reaction possibly proceeded witp-a@limination that was promoted by

prior methylation of the pyridine moiety, givingehntermediates of sulfinate idd and

1-methyl-4-ethenylpyridium ior€. [36] The subsequent transfer of methyl group friti@

intermediateC to sulfinateB would yield the observed produ2i. On the other hand,

removal of the Boc protecting group frat@ yielded compounda. By the procedure similar

to that for conversion oRa to 2b, guanidination of4a and 5a afforded 4b and 5b,

respectively.

Scheme 2. Synthesis of sulfone$a/4b and5a/5b

11
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Reagents and conditions: (a) HS@ Ry, Pd(dba}, xantphosi-PLNEt, DMF, 90°C, 4 h; (b)
mM-CICsH4COsH, CH,Cl,, 0°C, 1 h; (c) Melt-BuOK, MeCO, HO, rt, 10 h; (d) CECO:H,
CH.Cly, rt, 3 h. (e) (BocNH)(TfNH)C=NBoc, NEt CH,Cl,, rt, 10 h; Yields:20 (62% from
16a), 4a (37%),4b (32%),5a (67% from20), 5b (28%). dba = dibenzylideneacetone, DMF =

N,N-dimethylformamide, xantphos = 4,5-bis(diphenylghtuao)-9,9-dimethylxanthene.

The sulfone compound3a was obtained by the Pd-catalyzed coupling reaatiofi6a
with 2-ethylhexyl 3-sulfanylpropanoate, followed byidation of the thioether intermediate
22 with m-CPBA (Scheme 3). The-eliminationreaction of23a occurred on treatment with
t-BuOK to give the sulfinic acid®4a, which was converted to the desired OC sulfinate
bioisostereba by removal of the Boc protecting group. Alternatiyy oxidation of24a with

12



m-CPBA afforded the sulfonic acigba, and the subsequent removal of Boc group gave the
OC sulfonic acidra. By the procedure similar to that féa and7a, the Boc protecting groups
of guanidine analog&3b and25b were removed to afford GOC sulfinic ad and GOC

sulfonic acid7b.

Scheme 3. Synthesis of sulfinic acid®a/6b and sulfonic acidga/7b
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b series: Y = (H,N)C=NH, Z = (BocNH)C=NBoc
Reagents and conditions: (a) HS@#EO.R, Pd(dba), xantphosj-PLNEt, DMF, 90°C, 4 h;
(b) m-CICgH4sCOsH, CHCl,, 0 °C, 1 h; (c) CECOH, CH.Cl, rt, 3 h; (d)
(BocNH)(TfNH)C=NBoc, NE§, CH,Cls, rt, 10 h; (e}-BuOK, Me,CO, HO, rt, 10 h. Yields:

23a (71% from16a), 23b (72%),6a (61% from23a), 6b (48% from23b), 7a (47% from23a),

7b (31% from23b).
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The alkylation reactions of sulfonic acid25a with 1-iodobutane and
1-iodo-3-phenylpropane were carried out by using@Ags the promoter to give the sulfonate
esters26 and 27, respectively (Scheme 4). After removal of the Bwotecting group, the
desired OC sulfonate esteBa and 9a were obtained. The corresponding GOC sulfonate

esters8b and9b were then prepared by guanidinatiorBafand9a, respectively.

Scheme 4. Synthesis of sulfonate est&as-9b
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NBoc NH
28 R =n-Bu 8b R =n-Bu
29 R = (CH,)3Ph 9b R = (CH,)3Ph

Reagents and conditions: (a) &y MeCN, 80°C, 3 h; them-Bul or Ph(CH)al, 80°C, 10 h;
(b) CRCO,H, CHClI, rt, 3 h; (c) (BocNH)(TfNH)C=NBoc, Nt CH.Cl,, rt, 10 h; Yields:

26 (38%),27 (45%),28 (52%),29 (65%),8a (29%),8b (60%),9a (25%),9b (58%).

2.2. Neuraminidase inhibition and anti-influenzdiaty
Table 1 shows the NA inhibition () and anti-influenza activity (Bf) against
A/WSN/33 (H1IN1) virus. The NA inhibitory activity & measured by using

14



2-(4-methylumbelliferyl)e-D-N-acetyl-neuraminic acid (MUNANA) as the fluorogenic

substrate. The anti-influenza activity was evalddig the cytopathic effect of Madin-Darby

canine kidney (MDCK) cells under viral infectiom general, GOC1p) and othelb-series

compounds bearing a guanidino group at the C-Zipogiisplayed better NA inhibition and

anti-influenza activity than the corresponding A@)(anda-series compounds having a C-5

amino group. This result was attributable to thrergjer interactions generated by the more

basic guanidino group with the acidic residues @& 11151 and E227) in NA active site.

In comparison with OC, the NA inhibitory activityf doronic acid2a dramatically

decreased by 400 fold with a boronate group repiptiie carboxyl group. Boronafa was

also 60-fold less effective than OC to protect MDEHIs from the infection of HLN1 viruses.

However, by introduction of a C-5 guanidino sulsitt, compoun®b regained the NA

inhibition and anti-influenza activities, showinget 1Go and EGp values of 28 and 580 nM,

respectively. Furthermore, the trifluorobor&e, with 1Cso = 20 nM and Eg = 270 nM,

were more potent than boron&te. This result indicated that the fluorine atomsihgwigh

electronegativity could render appreciable eletatasinteractions with the tri-arginine motif

in the S1 site of NA. Since trifluoroborate compduends to be more stable and easier in

isolation than the corresponding boronate compouitd,s worthwhile to exploit

trifluoroborate as a general carboxyl bioisostardriug discovery.

Because boron atom has an emptgrbital that may provide opportunity for covalent

15



bond formation. For this concern, we also incubatked boronate and trifluoroborate

compoundsZa, 2b, 3a and3b) respectively with NA in various lengths of tin® 0.5, 1, 2, 8,

16, 24, 42 and 48 h) to monitor the possibilitycofalent modifications, which would result

in irreversible inhibition and time-dependent simfiCs, values. The NA inhibitory activities

were measured, and the resultegyalues showed no shift with incubation time. Tlere,

the inhibition of NA by compound&a, 2b, 3a and3b may not proceed with an irreversible

process caused by covalent bond formation.

Table 1. Neuraminidase inhibition (l§g) and anti-influenza activity (&g against A/WSN/33

(HIN1) viru$

Compound ICsg® (NM)

EG¢ (M) CGs (uM) cLogD*

1a (OC)

1b (GOC)

2a

2b

3a

3b

4a

4b

730+200 1700 + 380
580 + 130
3400 £ 600 860 + 730

1500 + 790

16



5a 180 +10 1200 + 250 ND -1.88 NA

5b 24+0.2 46 + 13 >100 -351 NA
6a 22+3 48 +13 >100 -220 2.0
6b 22+01 7.8%25 >100 -1.09 2.0
7a 1.8 +£0.3 14 + 3 >100 -1.44 -05
7b 1.3+01 22+03 >100 -1.15 -05
8a 27 +5 190 + 100 ND  -0.85 NA
8b 3.3+0.7 31+4 >100 -1.47 NA
%a 45+ 13 280 + 30 ND 155  NA
9% 20+0.1 24 +8 >100 -0.33 NA

& A/IWSN/33 is a wild-type human H1NL1 virus.

b A fluorescent substrate, 2-(4-methylumbelliferyd-N-acetylneuraminic acid (MUNANA),
was used to determine thesfCvalues that are compound concentrations causifg 50
inhibition of influenza neuraminidase. Data are sh@a® mean £ SD of three experiments.

¢ The anti-influenza activities against influenza simere measured as iGalues that are
the compound concentrations for 50% protection @K cytopathic effects due to the
infection by influenza virus. Data are shown as n¥e8D of three experiments.

4The compound was nontoxic to human 293T cellssgGA00uM).

® The octanol-PBS distribution coefficient (cLogD)daacidity (K;) are calculated values

17



using MarvinSketch.
"ND: not determined (no cytotoxicity test was perfed).

9 NA: not available (cannot be calculated).

Based on molecular dynamics simulations, Bren awiockers have proposed that the
strength of electrostatic interactions providedchyboxylate ion and its bioisosteres might be
correlated to their acidity. [26] The acidity inaleasing order is sulfonic acidp= -0.5),
sulfinic acid (K4 = 2.0), carboxylic acid (€, = 4.5) and boronic acid K = 10.0). The
sulfonic acid7a (ECso = 14 nM) exhibited a higher anti-influenza actviban OC (EGy = 28
nM), even they showed a similar NA inhibitory adfyv Interestingly, compounda was
predicted to be more lipophilic than OC by compariheir distribution coefficients (cLogD
in Table 1). Thus, compounth might be more permeable to attain better effegratecting
cells from viral infection. Among the examined cayapds, the GOC sulfonic acid
bioisostere7b was the most potent anti-influenza agent withsd&€ 2.2 nM. The sulfinic
acids6a and6b still possessed good NA inhibition and anti-inflaa activities. The GOC
sulfone congenersilp & 5b) as well as sulfonate este@b(& 9b) also inhibited influenza
viral NA with ICso in nanomolar range, indicating that the polari&edO bonds could also
provide sufficient electrostatic interactions witfe tri-arginine motif. To our knowledge,
there is no endogenous enzyme in mammal cells ataiole for the hydrolysis of sulfonate

18



ester to sulfonic acid; thus sulfonate esters @&g& 9b) may not act as the prodrugs of
sulfonic acid {b).

Lipophilicity is an important factor for the physichemical properties and
pharmacokinetic behavior of drugs. The partitioranfionic compound between octanol and
PBS buffer (pH = 7.4) is represented as the distiob coefficient (LogD). Interestingly,
Table 1 shows that compoundb (GOC), 6b and 7b bearing a C5-guanidino group are
predicted to be more lipophilic, with higher cLogDan their corresponding compourids
(OC), 6a and7a. This result is in agreement with our previousestation in the phosphonate
congenerd0a/10b and11a/11b. [18] The increased lipophilic property &b, 6b, 7b, 10b and
11b could be attributable to their zwitterionic stwas, [37, 38] in which the C-5
guanidinium ion could pair with the carboxylatelfisiate, sulfonate and phosphonate ions in
either intra- or intermolecular manner. It is notedt Huryn, Ballatore and coworkers have
previously found that phenylpropionic acid (LogD —0.49) is more lipophilic than the
corresponding sulfinic acid (LogD = -1.30) and enlt acid (LogD = —1.45) congeners. [39]
In our case, compounds/1b, 6a/6b and7a/7b may comprise zwitterionic structures in the
presence of positively charged amino or guanidinbsstuents, which are absent in
phenylpropionic acid. Since sulfonic acid is a sg@r acid than carboxylic acid, congeners
7a/7b will form the sulfonate—aminium/sulfonate—guanidim ion-pairs more effectively
than OC/GOC, thus ascribing to the higher lipogftiti of 7a/7b.
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3. Conclusion

In this study, we first synthesized the boronatd#lubroborate, sulfone, sulfinate and

sulfonate congeners of oseltamivir carboxylic aeidd the guanidino derivatives. The

synthesis started with elaboration of oseltamiarboxylic acid (OC) to a Barton ester,

followed by Hunsdiecker—Barton halodecarboxylatitin give the iodocyclohexené&6a,

which served as the pivotal intermediate for thkagaum-catalyzed coupling reactions with

appropriate diboron and thiol reagents. The symtbdsboronate, trifluoroborate, sulfone,

sulfinate and sulfonate congeners of OC and itsigu#zo analogs were subject to influenza

virus neuraminidase inhibition and cell-based arftuenza assays. The GOC congendrs (

series with C5-guanidino group) consistently showetfer NA inhibition and anti-influenza

activity than the corresponding OC congenarsdries with C5-amino group). Along with the

interactions of the C5-amino (or guanidino), C-&tamide, and C3-pentoxy substituents in

the S2-S5 sites of NA, the electrostatic interadtiof carboxylate ion (or its bioisostere) with

the three arginine residues (R118, R292 and R3vV1ha S1 site played an essential role in

NA inhibition. The sulfonic acid3a and7b display high NA inhibitory activity, andb is the

most potent anti-influenza agent (G 2.2 nM) among the examined compounds. The order

of NA inhibitory activity for sulfonic acids7a/7b) > sulfinic acids §a/6b) > boronic acids

(2a/2b) seems to correlate with their strength of acidityis the sulfonic acid can make the
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strongest interactions with the tri-arginine matifthe S1 site of NA. However, the acidity

may not be the sole factor to be accounted fomffieity toward NA and the ability in virus

suppression. For example, the NA inhibitory acyiwf the sulfinic acid congen@&a (ICso =

22 nM) is inferior to OC (Ig = 1.8 nM), even though sulfinic acidp= 2.0) is a stronger

acid than carboxylic acid K, = 4.5). In another aspect, the sulfinic acid coregéb displays

the anti-influenza activity comparable to GOC ie ttell-based assay; evéb has lower NA

inhibitory activity. This result is presumably redd to the higher lipophilicity oBb for

enhanced cell permeability. In agreement with tl@sonale, OC and the sulfonic acid

congener7a have a similar NA inhibitory activity, buta is more lipophilic to show a higher

anti-influenza activity. Our study also indicatebatt trifluoroborate 3b), sulfones

(4a/4b/5a/5b) and sulfonate ester8a/8b/9a/9b) exhibit good NA inhibitory activity with

IC50 values in nanomolar range, because the electromedlorine and oxygen atoms on the

polarized B—F and -SO bonds can also make sufficient electrostaticrattéons with the

tri-arginine motif.

4. Experimental section

4.1. General part

All the reagents were commercially available aneldusithout further purification unless

indicated otherwise. All solvents were anhydrousdgrunless indicated otherwise. Reactions

21



were magnetically stirred and monitored by thinelaghromatography on silica gel. Flash
chromatography was performed on silica gel (40w@3particle size) and LiChroprep RP-18
(40-63um particle size). Yields were reported for speaopscally pure compounds. Melting
points were recorded on a Yanaco melting point mgipa.'H and**C NMR spectra were
recorded on Varian Unity Plus-400 (400 MHz) speuieter.'°F NMR spectra were recorded

on Varian Unity Plus-400 (400 MHz) spectrometerefical shifts §) are given in parts per

million (ppm) relative to residual signals of sahg as the internal standards: CEl (G

7.24), CDC} (6¢c = 77.0 for the central line of triplet), GBOD (64 = 3.31), CROD (6¢
49.0), DHO 6y = 4.81), (CH),SO ©n = 2.50) and (CB)2SO ©c = 39.5). Coupling constants
(J) are given in hertz (Hz) and the splitting patteane reported as s (singlet), d (doublet), t
(triplet), g (quartet), quint (quintet), m (multgt), br (broad), and dd (doublet of doublets). IR
spectra were recorded on Varian 640 or Nicolet Ma&@0-Il. Optical rotations were
recorded on digital polarimeter of Japan JASCO DI®-1000. []p values were given in
units of 10' deg cmig™. ESI mass spectra were recorded on a high-resnlutiass

spectrometer.

4.2. Materials
Influenza A/AWSN/1933 (H1N1) was from Dr. Shin-Ruilsht Chang Gung University in
Taiwan. All viruses were cultured in the allantoavities of 10-day-old embryonated chicken
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eggs for 72 h, and purified by sucrose gradientrifagation. Madin—Darby canine kidney
(MDCK) cells were obtained from American Type Cu#tlCollection (Manassas, Va.), and
were grown in DMEM (Dulbecco’s modified Eagle mediuGibcoBRL) containing 10%
fetal bovine serum (GibcoBRL) and penicillin-stremiycin (GibcoBRL) at 37C under 5%

CO..

4.3. Determination of influenza virus TGID

The TCID; (50% tissue culture infectious dose) was deterchimeserial dilution of the
influenza virus stock solution onto 1g0. MDCK cells at 1 x 10 cells/mL in 96-well
microplates. The infected cells were incubated7#iC3under 5.0% C@for 48 h and added to
each well with 10QuL of CellTiter 96 AQueous Non-Radioactive Cell Rieration Assay
reagent (Promega). After the incubation aG@7or 15 min, absorbance at 490 nm was read
on a plate reader. Influenza virus TGjQvas determined using Reed—Miench method. [40,

41]

4.4. Determination of neuraminidase activity byumfescent assay

The NA activity was measured by using diluted @banfluid harvested from influenza
virus infected embryonated eggs or by recombinaotraminidase proteins. A fluorometric
assay was used to determine the NA activity withe tifluorogenic substrate
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2-(4-methylumbelliferyl)e-D-N-acetylneuraminic  acid  (MUNANA; Sigma). The

fluorescence of the released 4-methylumbelliferasas measured in Envision plate reader

(Perkin-Elmer, Wellesley, MA) by using excitationcdaemission wavelength of 365 and 460

nm, respectively. Neuraminidase activity was debeech at 200uM of MUNANA (for

diluted allantoic fluid) or at 5 uM of MUNANA (forecombinant influenza neuraminidases).

Enzyme activity was expressed as the fluorescermrease during 15 min incubation at room

temperature.

4.5. Determination of 1§ of neuraminidase inhibitors

Neuraminidase inhibition was determined by mixingibitor (0.02—83000 nM) and NA

for 10 min at room temperature followed by the &ddiof substrate. The Kg values were

determined from the dose-response curves by pjottia percent inhibition of NA activity

versus inhibitor concentrations using Graph PasniP4.

4.6. Determination of E{g and CGg of neuraminidase inhibitors

The anti-influenza activities of neuraminidase biturs were measured by the &£C

values, which were the concentrations of NA intlubitor 50% protection of the influenza

virus infection-mediated cytopathic effects (CPHEjty microliters of diluted influenza virus

at 100 TCIB was mixed with equal volumes of NA inhibitors @ried concentrations. The
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mixtures were used to infect 100 of MDCK cells at 1 x 10cells/mL in 96-wells. After 48
h of incubation at 37C under 5.0% C¢ the cytopathic effects were determined with
CellTiter 96AQueous Non-Radioactive Cell Proliferation Assaggent as described above.
The EGp values were determined by fitting the curve of ceat CPE versus the
concentrations of NA inhibitor using Graph Pad fri4. The CGp values (50% cytotoxic
concentrations) of NA inhibitor to MDCK cells wedetermined by the procedures similar to

the EG determination but without virus infection.

4.7. Synthesis and characterization of compounds
4.7.1. Compound characterization

New compounds were characterized by their physindl spectroscopic properties (mp,
TLC, [a], IR, ESI-MS,'H, *C and'B NMR). Purity of synthetic compounds was assessed
to be>95% by HPLC analysis on an HC-C18 Agilent columré (4 250 mm, 5 um particle

size) with the indicated eluent at a flow rate ahll/min and detection at 254 nm wavelength.

4.7.2.

4-Acetamido-5-(tert-butoxycarbonyl)amino-3-(1-efimgboxy)-1-cyclohexenecarboxylic acid

(15) [19]
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To a mixture of oseltamivir (as the phosphate €ait5 g, 1.83 mmol) and NaHG@.77
g, 9.14 mmol) in THF/ED (10 mL/10 mL) was added tht-butyl dicarbonate [(BogD]
(0.52 g, 2.38 mmol). The mixture was stirred fon 2t room temperature, and concentrated
under reduced pressure. The residue was dilutdd @:Cl,, and washed with water. The
agueous phase was extracted with,Cll (3 x). The combined organic phase was dried over
MgSQ,, filtered, and concentrated under reduced pressurgive 14 (0.82 g), the Boc
derivative of oseltamivir, which was used in thatrsep without further purification.

The above-prepared Boc derivatii4 (0.82 g) was stirred with KOH (3.5 mL, 1.0 M) in
MeOH (6.6 mL, 0.3 M) at room temperature for 2 ind #hen neutralized with Dowex 50Wx8.
The mixture was filtered, washed with MeOH, and filgate was concentrated under
reduced pressure to give adil (0.63 g, 90% vyield from oseltamivirC10H3,N2Og; White
solid; mp 217-219C; TLC (EtOAc/hexane, 2:1 = 0.10; p]p*> —-109.6 ¢ = 1, MeOH); IR
(film) 3442, 3321, 2936, 1690, 1656, 1537, 129452101013 cm’; *H NMR (400 MHz,
CDs0D) § 6.79 (1 H, s), 4.11 (1 H, d,= 8.4 Hz), 3.88-3.83 (1 H, m), 3.75-3.68 (1 H, m),
3.41 (1 H, tJ = 5.6 Hz), 2.71-2.66 (1 H, m), 2.28-2.19 (1 H, M6 (3 H, s), 1.56-1.49 (4
H, m), 1.44 (9 H, s), 0.90-0.85 (6 H, M} NMR (100 MHz, CDGJ) § 169.5, 168.1, 155.3,
135.0, 131.6, 81.0, 77.7, 75.4, 54.5, 49.3, 3184 23 %), 26.0, 25.4, 23.0, 9.6, 9.2; HRMS

calcd for GoHaaN,.Og: 385.2339, foundm/z385.2337 [M + HI.
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4.7.3. 4-Acetamido-5-(tert-butoxycarbonyl)aminot3efhylpropoxy)-1-iodo-1-cyclohexene
(16a) [19]

To a solution of carboxylic acid5 (0.25 g, 0.65 mmol) in anhydrous @El, (8 mL)
were added BN (0.14 mL, 0.98 mmol), HBTU (0.37 g, 0.98 mmolpdaDMAP (catalytic
amount). The mixture was stirred at room tempeeatar 30 min, and 3-hydroxy-4-methyl
thiazolethione (0.13 g, 0.86 mmol) was added. Tlrgure was stirred for another 3 h at
room temperature, and concentrated under reduceskyme. The residue was purified by
flash chromatography on a silica gel column (EtOwsane, 1:1 to 2:1) to afford an
intermediate Barton estéd.3 g, 90% yield).

A solution containing the intermediate Barton e$0e8 g, 0.58 mmol) and trifluoroethyl
iodide (2 mL, 1.5 mmol) in anhydrous @El, (0.3 M, 2 mL) was irradiated by 500 W lamp
at room temperature for 0.5 h. The mixture was eotrated under reduced pressure, and
purified by flash chromatography on a silica gduoan (EtOAc/hexane, 1:3 to 1:1) to afford
compoundl6a (164 mg, 0.35 mmol, 54% overall yield);dE31INO,; pale yellow solid, mp
161-163°C; TLC (EtOAc/hexane, 1:1 = 0.5;"H NMR (400 MHz, CDCJ) § 6.31 (1L H, s),
5.61 (1 H, dJ=16.4 Hz), 5.26 (1 H, d} = 8.8 Hz), 4.08 (1 H, gl = 9.6 Hz), 3.84-3.75 (2 H,
m), 3.28 (1 H, tJ = 5.6 Hz), 2.86 (1 H, dd} = 4.4, 5.8 Hz), 2.60 (1 H, dd,= 1.7, 4.08 Hz),
1.98 (3 H, s), 1.54-1.41 (13 H, m), 0.90—0.85 (6ri}t,**C NMR (100 MHz, CDGJ) § 170.7,
155.8, 138.0, 94.5, 82.0, 79.6, 77.5, 53.3, 50561,428.4 (3 x), 26.2, 25.8, 23.4, 9.7, 9.4;
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HRMS calcd for GgH3oIN-Oy4: 467.1407, foundn/z467.1403 [M + H.

4.7.4.
(3R,4R,5S)-4-Acetamido-5-fWe-bis(tert-butoxycarbonyl)guanidino]-3-(1-ethylpropg-1-i
odocyclohexen€l6b)

Trifluoroacetic acid (TFA, 0.03 mL, 0.4 mmol) wadded to a solution of the iodo
compoundl6a (300 mg, 0.32 mmol) in anhydrous &k (5 mL). The mixture was stirred at
room temperature for 3 h, and then concentratecuretiuced pressure to give an amine
product as brown oil. The amine compound,
1,3-di-Boc-2-(trifluoromethanesulfonyl)guanidine5@L. mg, 0.4 mmol) and NE#{0.05 mL,
0.4 mmol) were dissolved in GBI, (5 mL). The mixture was stirred at room tempemfior
10 h, concentrated under reduced pressure, aniepusy silica gel column chromatography
(EtOAc/hexane = 2:1) to givehe guanidination produciiéb (140 mg, 72% vyield).
C24Ha1IN4Og; colorless oil; §]p** —18.0 € = 1, CHCL); IR (film) 3417, 2979, 2881, 2366,
1734, 1637, 1373, 1233, 1152 ¢ntH NMR (400 MHz, CDCJ) 5 8.72 (1 H, d,J = 8.0 Hz),
6.28 (1 H, s), 6.21 (1 H, d,= 8.8 Hz), 4.39 (1 H, quinf, = 8.0 Hz), 4.13-4.05 (1 H, m), 3.79
(1 H, br), 3.24 (1 H, quint] = 5.6 Hz), 2.90 (1 H, dd] = 18.0, 5.6 Hz), 2.70-2.63 (1 H, m),
1.90 (3 H, s), 1.45 (22 H, br), 0.87-0.80 (6 H, T NMR (100 MHz, CDG)) 5 170.7,
163.0, 156.4, 152.4, 137.8, 94.5, 83.4, 82.7, B2 A, 48.9, 43.9, 28.2 (3 x), 27.9 (3 %), 26.0,
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25.7 (2 x), 23.1, 9.6, 9.3; HRMS calcd fog842IN4Og: 609.2141, foundm/z609.2149 [M +

H]*.

4.7.5. (B3R,4R,5S)-4-Acetamido-5-amino-3-(1-ethylpky)-1-cyclohexeneboronic acizhj
Tetrakis(triphenylphosphine)palladium(0) (6 mg,raql) was added to a solution of iodo
compoundl6a (47 mg, 0.1 mmol), KOAc (29 mg, 0.3 mmol), and(pisacolato)diboron (51
mg, 0.2 mmol) in anhydrous DMF (1 mL). The solutivas heated to HC and stirred for 4
h. The mixture was filtered through a pad of Celéed the filtrate was concentrated under
reduced pressure to give a crude boronate é3teras yellow oil. A solution ofl7a and
potassium hydrogenfluoride (KHF31 mg, 0.4 mmol) in MeOH (2 mL) and@® (1 mL) was
stirred for 10 h at room temperature, and then eotmated under reduced pressure to give
white solids, which were dissolved in MeOH (5 mLpdafiltered. The filtrate was
concentrated under reduced pressure to give a drifimroborate producti8a as white
solids. Compound8a was dissolved in 1 M HCI (2 mL), stirred for 8 traom temperature,
and concentrated under reduced pressure. The eas@kipurified on a reversed-phase RP-18
column (MeOH/HO = 1:9 to 1:4) to give the desired product of Imicaacid2a (14 mg, 48%
yield from 16a). The purity of producii6éa was > 99% as shown by HPLC on an HC-C18
column (Agilent, 4.6 x 250 mm, 5 pum particle sizg),= 10.6 min (MeOH/HO = 3:7).
C13H2sBN,Oy4; hygroscopic solid; d]p?® —=57.5 € = 1, MeOH); IR (film) 3434, 2792, 2156,
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1870, 1684, 1637, 1480, 1334, 1024, 867'ci! NMR (400 MHz, CROD) § 4.11 (1 H, d,
J=8.4Hz),3.92 (1 H, t]=9.6 Hz), 3.46-3.40 (1 H, m), 3.39-3.33 (1 H, ]38 (1 H, dd,
= 17.2, 5.2 Hz), 2.26 (1 H, br), 2.04 (3 H, s),8-5.46 (4 H, m), 0.98-0.87 (6 H, nljC
NMR (100 MHz, CQOD) 174.7, 83.6, 77.2, 54.9, 51.8, 27.3 (2 %), 2637229.8, 9.7*'B
NMR (128 MHz, CROD) ¢ 28.3; HRMS calcd for GH26BN2O,4: 285.1986, foundm/z
285.1984 [M + H].

"Note: The olefenic proton and carbons were notmiskin the NMR spectra.

4.7.6. (3R,4R,5S)-4-Acetamido-5-guanidino-3-(1iptiopoxy)-1-cyclohexeneboronic acid
(2b)

By a procedure similar to that f@a, the iodo compound6b (61 mg, 0.1 mmol) and
bis(pinacolato)diboron (51 mg, 0.2 mmol) were tedlat  with
tetrakis(triphenylphosphine)palladium(0) (6 mg, fagl) and KOAc (29 mg, 0.3 mmol)at 90
°C in anhydrous DMF (1 mL) for 4 h to give the cdnglproduct of boronate est&rb. The
solution of17b in MeOH (2 mL) and KO (1 mL) was treated with KHK31 mg, 0.4 mmol)
to give trifluoroborate compounii8b. Removal of the Boc protecting group 18b was
performed in 1 M HCI (2 mL) at room temperature &h to give the desired product of
boronic acid2b (16 mg, 38% vyield froni6b) after purification on a reversed-phase RP-18
column (MeOH/HO = 1:9 to 1:4). . The purity of produ2b was > 99% as shown by HPLC
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on an HC-C18 column (Agilent, 4.6 x 250 mm, 5 untipke size),tr = 9.5 min (MeOH/HO
= 3:7). G4H27BN,4Oq; hygroscopic solid;d]p** —37.4 ¢ = 0.5, MeOH); IR (film) 3443, 2681,
2512, 2057, 1829, 1636, 1467, 1304, 1076, 978,c860;, ‘H NMR (400 MHz, CROD) &
4.09 (1 H,s),3.88 (2 H,s), 3.67-3.60 (1 H, mp421 H, dJ = 16 Hz), 2.16-2.23 (1 H, m),
1.98 (3 H, s), 1.57-1.427 (4 H, m), 0.94-0.84 (6m),*C NMR (100 MHz, DMSOdg)" 5
170.7, 154.6, 130.7, 81.4, 76.0, 55.1, 50.5, 28.%)( 25.7, 23.0, 9.7, 9.3’B NMR (128
MHz, DMSO-dg) 6 30.4; HRMS calcd for GH2sBN4O,4: 327.2204, foundm/z327.2207 [M
+H]".

"Note: The olefenic proton was not observed in'tH&MR spectrum, and one olefinic

carbon was not observed in tH€ NMR spectra.

4.7.7. Potassium
(3R,4R,5S)-4-acetamido-5-amino-3-(1-ethylpropoxgjdlohexene-trifluoroboran&4)

A solution of boronic acic?a (14 mg, 0.05 mmol) and KHK15 mg, 0.2 mmol) in
MeOH (2 mL) and HO (1 mL) was stirred at room temperature for 10’le mixture was
concentrated under reduced pressure to give whiigss which were dissolved in MeOH (5
mL) and filtered. The filtrate was concentrated emceduced pressure, and the residue was
purified on a reversed-phase RP-18 column (MeQ8/H 1:9 to 1:4) to give the desired
product of trifluoroborate8a (12 mg, 72% vyield). The purity of produda was 95.8% as

31



shown by HPLC on an HC-C18 column (Agilent, 4.6502nm, 5 pm particle sizety = 9.9
min (MeOH/H,O = 3:7). GsH2aBF:KN,Oy; hygroscopic solid:;d]p?® —50.4 € = 1, MeOH);
IR (film) 3423, 2932, 2886, 2365, 2331, 1631, 156391, 1118, 931, 744 ¢m'H NMR
(400 MHz, CQOD) 8 5.75 (1 H, s), 3.97 (1 H, s), 3.95-3.89 (1 H, B141-3.34 (1 H, m),
3.28-3.22 (1 H, m), 2.59 (1 H, ddi= 15.6, 8.8 Hz), 2.24 (1 H, dd,= 14.4, 9.6 Hz), 2.02 (3
H, s), 1.54-1.50 (4 H, m), 0.93-0.86 (6 H, M NMR (100 MHz, CRQOD) & 174.8, 122.2,
83.3, 76.8, 55.1, 52.5, 27.5 (2 x), 27.4, 23.449988:'B NMR (128 MHz, CROD) § 27.1;
HRMS (negative mode) calcd for4E23BF3N20O,: 307.1805, foundm/z307.1800 [M — K.

"Note: One olefenic carbon was not observed ifi8eNMR spectrum.

4.7.8. Potassium
(3R,4R,5S)-4-acetamido-5-guanidino-3-(1-ethylpropdxcyclohexene-trifluoroborane (3b)

A solution of boronic aci@b (16 mg, 0.05 mmol) and KHK15 mg, 0.2 mmol)in MeOH
(2 mL) and HO (1 mL) was stirred at room temperature for 10The mixture was
concentrated under reduced pressure to give whiigss which were dissolved in MeOH (5
mL) and filtered. The filtrate was concentrated emceduced pressure, and the residue was
purified on a reversed-phase RP-18 column (MeQ8/H 1:9 to 1:4) to give the desired
product of trifluoroborate8b (14 mg, 67% vyield). The purity of produ8b was > 99% as
shown by HPLC on an HC-C18 column (Agilent, 4.6502nm, 5 um particle sizey = 12.1
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min (MeOH/HO = 3:7). G4H2sBFsN4O2; hygroscopic solid;d]p?® —=20.9 € = 0.5, MeOH);

IR (film) 3432, 2973, 2384, 2068, 1181, 1632, 128805, 1065, 943 cfj *H NMR (400
MHz, CD;sOD) 6 5.76 (1 H, s), 4.01 (2 H, s), 3.76 (1 H, s), 3(2H, s), 2.57 (1 H, dd] =
16.8, 4.4 Hz), 2.18 (1 H, dd,= 16.8, 8.8 Hz), 1.97 (3 H, s), 1.56-1.41 (4 H, 0193-0.86 (6

H, m). *C NMR (100 MHz, CROD) § 173.7, 156.4, 128.0, 83.5, 78.5, 56.2, 53.2, 33.6,
27.5, 27.1, 23.0, 10.0, 9.8'B NMR (128 MHz, CROD) § 22.2; HRMS (negative mode)
calcd for G4H2sBF3sN4O,: 349.2023, foundn/z349.2036 [M].

"Note: One olefenic carbon was not observed ifi8eNMR spectrum.

4.7.9.
(3R,4R,5S)-4-Acetamido-5-tert-butoxycarbonylamin(@-8thylpropoxy)-1-(2-pyridin-4-yl)et
hylsulfonyl-1-cyclohexen@@)

A mixture of iodo compound6a (47 mg, 0.1 mmol), 4-(2-mercaptoethyl)pyridinium
hydrochloride (21 mg, 0.12 mmol), xantphos (3 mg, 5umol),
tris(dibenzylideneacetone)dipalladium(0) (5 mg,rBgl) andN,N-diisopropylethylamine (52
uL, 0.3 mmol) in anhydrous DMF (2 mL) was heated9®°C and stirred for 4 h. The
mixture was filtered through a pad of Celite, ahd filtrate was concentrated under reduced
pressure. The residue was extracted with@4H(5 mL x 3) and KO (5 mL), and the organic
phase was dried over MggQiltered, concentrated under reduced pressuie panfied by
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silica gel column chromatography (EtOAc/hexane %) 40 givethioether19 (38 mg, 80%
yield) as a brown oil. The above-prepared compdlthdas dissolved in anhydrous El,

(5 mL), followed by addition ofm-chloroperbenzoic acidv¢CPBA, 38 mg, 2.2 mmol). The
mixture was stirred at 8C for 1 h, and then washed by saturated Nagl(QOnL x 3). The
organic phase was dried over Mg$Q@iltered, concentrated under reduced pressurd, an
purified by silica gel column chromatography (£LH,/MeOH = 15:1) to give the sulfonyl
compound20 (32 mg, 78%). GH3aN3O6S; white solid; mp 191-19%C; [o]p>* —97.7 € = 1,
CH.Cly); IR (film) 3291, 2971, 2935, 2879, 1686, 16540361533, 1457, 1367, 1311, 1168,
1121, 1082, 943, 807, 774, 605¢nH NMR (400 MHz, CDCJ) 6 8.50 (2 H, dJ) = 6.0 Hz),
7.22 (2 H, dJ = 6.0 Hz), 6.72 (1 H, s), 6.45 (1 H, br), 6.54H1d, J = 8.4 Hz), 4.04 (1 H,
quint,J = 8.4 Hz), 3.98 (1 H, d = 6.0 Hz), 3.87-3.79 (1 H, m), 3.35 (1 H, quiht 5.6 Hz),
3.23-3.19 (2 H, m), 3.07-2.94 (2 H, m), 2.78 (1dd,J = 17.2, 4.8 Hz), 2.40 (1 H, dd,=
17.2, 8.8 Hz), 1.94 (3 H, s), 1.53-1.42 (4 H, m351(9 H, s), 0.84 (6 H, td,= 7.2, 2.4 Hz).
13C NMR (100 MHz, CDGJ)) § 171.0, 156.0, 150.1 (2 x), 146.4, 138.9, 136.8.122 x),
82.5, 79.8, 74.6, 53.2, 51.9, 48.7, 29.4, 28.24 3. %), 25.9, 25.5, 23.1, 9.5, 9.1; HRMS

calcd for GsH4gN306S: 510.2638, foundn/z510.2640 [M + H].
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4.7.10.
(3R,4R,5S)-4-Acetamido-5-amino-3-(1-ethylpropox{2-pyridin-4-yl)ethylsulfonyl-1-cycloh
exene 4a)

A solution of compoun@0 (51 mg, 0.1 mmol) and TFA (77 pL, 1.0 mmol) in gdious
CH.CI, (5 mL) was stirred at room temperature for 3 he Tilixture was concentrated under
reduced pressure and purified on a reversed-ph@sBRolumn (MeOH/BD = 1:9 to 1:4) to
give the desired produela (15 mg, 37% yield). The purity of produda was > 99% as
shown by HPLC on an HC-C18 column (Agilent, 4.6502nm, 5 um particle sizel; = 14.6
min (MeOH/HO = 3:7). GoHaiN304S; hygroscopic solid;of p** —50.2 € = 1, MeOH); IR
(film) 3068, 2969, 2937, 2880, 1683, 1558, 1419213311, 1202, 1127, 939, 801, 721 cm
1 1H NMR (400 MHz, CROD) & 8.50 (2 H, dd,) = 4.8, 1.6 Hz), 7.46 (2 H, d,= 6.0 Hz),
6.77 (L H, tJ = 2.4 Hz), 4.28 (1 H, d] = 8.4 Hz), 3.94 (1 H, ddl = 11.2, 8.4 Hz), 3.67-3.61
(1 H, m), 3.55-3.50 (2 H, m), 3.48-3.40 (1 H, mL63(2 H, tJ = 8.0 Hz), 2.98 (1 H, dd} =
16.8, 5.6 Hz), 2.66—2.58 (1 H, m), 2.04 (3 H, s$941.46 (4 H, m), 0.94-0.88 (6 H, Mm}C
NMR (100 MHz, CROD) § 175.0, 152.7 (2 x), 128.7 (2 x), 141.1, 137.0,.6284.2, 75.3,
54.2, 52.6, 50.5, 29.0, 28.9, 27.2, 26.7, 23.30,10.6; HRMS calcd for £H3,N30,S:

410.2114, foundm/z410.2112 [M + H.
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4.7.11.
(3R,4R,5S)-4-Acetamido-3-(1-ethylpropoxy)-5-guamael-(2-pyridin-4-yl)ethylsulfonyl-1-cy
clohexene4b)

The guanidination of compoundla (41 mg, 0.1 mmol) was performed with
1,3-di-Boc-2-(trifluoromethanesulfonyl)guanidine7(4ng, 0.12 mmol) in the presence of
NEt; (0.041 mL, 0.3 mmol) in CKLl, solution (1 mL). The mixture was concentrated unde
reduced pressure, and the residue was purifiedasy fsilica gel column chromatography
(EtOAc/hexane = 1:1) to givahe Boc-protecting derivative (44 mg, 68% yield).
Ca1H49Ns0sS; colorless oil; ]p** =67.3 € = 1, CHCly); IR (film) 3271, 2985, 2938, 2880,
1646, 1609, 1418, 1370, 1311, 1233, 1189, 11533,1958, 803, 610 ciy ‘H NMR (400
MHz, CDCh) 5 8.64 (1 H, dJ = 8.0 Hz), 8.48 (2 H, d] = 5.2 Hz), 7.17 (2 H, d] = 5.6 Hz),
6.70 (1 H, s), 6.46 (1 H, d,= 8.8 Hz), 4.31 (1 H, quingl = 8.8 Hz), 4.07 (1 H, dd} = 16.0,
5.6 Hz), 3.91 (1 H, dJ = 6.0 Hz), 3.33-3.17 (3 H, m), 3.10-3.00 (2 H, ?188 (1 H, dd,) =
17.4, 5.2 Hz), 2.37 (1L H, dd,= 17.4, 8.4 Hz), 1.90 (3 H, s), 1.49-1.41 (22 H, @184 (6 H,
dt, J = 15.2, 7.6 Hz)**C NMR (100 MHz, CDGCJ) § 171.1, 162.9, 156.4, 152.5, 149.5 (2 x),
147.0, 139.4, 136.3, 124.0 (2 x), 83.7, 83.2, 78486, 52.8, 51.5, 47.7, 29.1, 28.1 (4 x), 27.9
(3 x), 25.6, 25.5, 22.9, 9.5, 9.1; HRMS calcd fofHgoNs0gS: 652.3380, foundm/z

652.3366 [M + HI.
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The above-prepared Boc-protecting compound (44wag)treated with TFA (77 pL, 1.0
mmol) in anhydrous C}Cl, (5 mL) at room temperature for 3 h. The mixtureswa
concentrated under reduced pressure, and purifreda aeversed-phase RP-18 column
(MeOH/ H,O = 1:9 to 1:4) to give the desired proddbt(21 mg, 47% vyield). The purity of
productdb was > 99% as shown by HPLC on an HC-C18 columnléAg 4.6 x 250 mm, 5
pm particle size)tg = 11.7 min (MeOH/HO = 4:6). G1H33NsO4S; hygroscopic solidof p** —
67.5 € = 1, MeOH); IR (film) 3160, 2969, 2933, 2876, 161809, 1547, 1422, 1376, 1309,
1270, 1202, 1123, 1074, 992, 721°¢nH NMR (400 MHz, CRQOD) & 8.46 (2 H, dd) =
4.8, 1.6 Hz), 7.39 (2 H, d = 6.4 Hz), 6.76 (1 H, t) = 2.0 Hz), 4.32 (1 H, d] = 8.0 Hz),
4.08-4.01 (1 H, m), 3.88 (1 H, ddi= 16.8, 8.4 Hz), 3.52-3.48 (2 H, m), 3.43 (1 Hinguw =
5.6 Hz), 3.14-3.10 (2 H, m), 2.94 (1 H, dd; 16.8, 4.8 Hz), 2.57—2.49 (1 H, m), 1.99 (3 H,
s), 1.58-1.48 (4 H, m), 0.94-0.87 (6 H, MC NMR (100 MHz, CROD) 5 174.4, 158.8,
150.4, 150.2 (2 x), 140.7, 138.0, 125.9 (2 x), 8427, 55.9, 52.7, 51.6, 30.7, 28.8, 27.3,
26.8, 23.0, 10.0, 9.7; HRMS calcd fop1834Ns04S: 452.2332, foundmn/z 452.2336 [M +

H]".

4.7.12. (3R,4R,5S)-4-Acetamido-5-amino-3-(1-etlogdpky)-1-methylsulfonyl-1-cyclohexene

(5a)
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A solution of compoun@0 (51 mg, 0.1 mmol) and potassiusrt-butoxide (17 mg, 0.15
mmol) in acetone (5 mL) and.B (1 mL) was stirred at room temperature for 10 ,min
followed by addition of iodomethane (19 pL, 0.3 mimdhe mixture was stirred at room
temperature for 10 h, concentrated under reduaeskpre, and extracted with EtOAc (5 mL x
3) and HO (5 mL). The organic phase was dried over MgS{iered, concentrated under
reduced pressure, and purified by flash silicaagdimn chromatography (GBl,/MeOH =
20:1) to give methylsulfon2l (35 mg, 84%).

A solution of21 (35 mg) in CHCI; solution (5 mL) was treated with TFA (77 uL, 1.0
mmol) at room temperature for 3 h. The mixture wascentrated under reduced pressure,
and purified on a reversed-phase RP-18 column (Me@Bi= 1:9 to 1:4) to give the desired
product5a (21 mg, 80% yield). The purity of produsd was 97.9% as shown by HPLC on an
HC-C18 column (Agilent, 4.6 x 250 mm, 5 um partislee),tr = 17.3 min (MeOH/HO =
3:7). GuH26N204S; hygroscopic solid;o] p?? —104.7 € = 1, MeOH); IR (film) 3277, 2969,
2880, 1677, 1547, 1434, 1381, 1303, 1203, 1132, 882 cm’; 'H NMR (400 MHz,
CDs0D) 6.77 (1 H, s), 4.32 (L H, d,= 8.4 Hz), 4.01 (1 H, dd| = 11.2, 5.6 Hz), 3.74-3.67
(1 H, m), 3,45 (1 H, quint) = 5.6 Hz), 3.02 (3 H, s), 2.99 (1 H, 8= 5.6 Hz), 2.71-2.62 (1
H, m), 2.04 (3 H, s), 1.49-1.48 (4 H, m), 0.98—Q®&, m).**C NMR (100 MHz, CROD) 5
175.0, 138.9, 138.4, 84.1, 75.2, 54.1, 50.5, 4489, 27.2, 26.7, 23.3, 10.0, 9.6; HRMS calcd
for C1aH7N20,S: 319.1688, foundn/z319.1692 [M + HI.
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4.7.13.
(3R,4R,5S)-4-Acetamido-3-(1-ethylpropoxy)-5-guardei-methylsulfonyl-1-cyclohexene
(5b)

The guanidination of compounda (32 mg, 0.1 mmol) was performed with
1,3-di-Boc-2-(trifluoromethanesulfonyl)guanidine7(4ng, 0.12 mmol) in the presence of
NEt; (0.041 mL, 0.3 mmol) in C¥Cl, solution (1 mL). The residue was purified by flash
silica gel column chromatography (@H,/MeOH = 20:1) to give a pale yellow oil, which
was dissolved in C¥Cl, (5 mL) and treated with TFA (77 pL, 1.0 mmol) abm temperature
for 3 h to give the desired produéb (13 mg, 28% vyield) after purification on a
reversed-phase RP-18 column (MeObkH= 1:9 to 1:4). The purity obb was 95.4% as
shown by HPLC on an HC-C18 column (Agilent, 4.6502nm, 5 um particle sizefs = 19.6
min (MeOH/HO = 3:7). GsH2aN404S; hygroscopic solid;o o —47.6 € = 1, MeOH); IR
(film) 3352, 3189, 2979, 2880, 1701, 1684, 153274131299, 1199, 1123, 1083, 832¢m
'H NMR (400 MHz, CROD) § 6.76 (1 H, s), 4.29 (1 H, d,= 6.4 Hz), 4.06—-3.99 (1 H, m),
3.92 (1 H, ddJ = 10.4, 5.2 Hz), 3.43 (1 H, quirt= 5.6 Hz), 3.01 (3 H, s), 2.93 (1 H, dtE
17.2, 8.4 Hz), 2.60-2.52 (1 H, m), 1.99 (3 H, s58+1.46 (4 H, m), 0.93-0.87 (6 H, Mm}C

NMR (100 MHz, CROD) s 174.4, 158.8, 139.5, 138.4, 84.1, 75.6, 55.6,,54049, 30.4,
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27.2, 26.9, 23.0, 10.0, 9.7; HRMS calcd fasiz9N404S: 361.1909, foundn/z361.1910 [M

+H]".

4.7.14. 2-Ethylhexyl
(3R,4R,5S)-3-[4-(acetamido-5-tert-butoxycarbonylamaB-(1-ethylpropoxy)-1-cyclohexene]s
ulfonylpropanoate43a)

A mixture of iodo compound6a (47 mg, 0.1 mmol), 2-ethylhexyl 3-sulfanylpropatea
(26 mg, 0.12 mmol), tris(dibenzylideneacetone)dgosalim(0) (5 mg, 5 umol), xantphos (3
mg, 5 umol) andN,N-diisopropylethylamine (52 pL, 0.3 mmol) in anhydsoDMF (2 mL)
was heated to 9C and stirred for 4 h. The mixture was filteredotihgh a pad of Celite, and
the filtrate was concentrated under reduced presdire residue was extracted with £
(5 mL x 3) and HO (5 mL). The organic phase was dried over MgSfitered, and
concentrated under reduced pressure, and purifiedillta gel column chromatography
(EtOAc/hexane = 1:1) to give the thioetl22r(48 mg, 86% yield) as a brown oil.

The above-prepared compou? (48 mg) was dissolved in anhydrous £ (5 mL),
and treated witm-CPBA (38 mg, 2.2 mmol) for 1 h at°C. The mixture was washed with
saturated NaHCO(1 mL x 3). The organic phase was dried over MgSiltered, and
concentrated under reduced pressure. The reside pudfied by silica gel column
chromatography (EtOAc/hexane = 1:1) to gi8a (42 mg, 83% vyield). &HsoN20gS; white
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solid; mp 165-168C; [¢]p** —60.5 € = 1, CHCL,); IR (film) 3324, 2963, 2933, 2875, 1741,
1685, 1655, 1534, 1460, 1369, 1314, 1296, 1253711718, 1087, 1023, 939, 868, 729, 607
cm % *H NMR (400 MHz, CDCJ) § 6.72 (L H, s), 6.23 (1 H, d,= 9.2 Hz), 5.45 (L H, d] =

8.8 Hz), 4.15-4.03 (1 H, m), 4.03-3.94 (3 H, m$23:3.86 (1 H, m), 3.36 (1 H, quirk= 5.6
Hz), 3.30-3.18 (2 H, m), 2.82-2.67 (3 H, m), 2.484 dd,J = 15.6, 8.0 Hz), 1.95 (3 H, s),
1.55-1.24 (22 H, m), 0.86-0.83 (12 H, M}C NMR (100 MHz, CDGJ) 5 170.8, 170.5,
155.9, 138.4, 137.3, 82.4, 79.8, 74.5, 68.0, ¥8%, 47.3, 38.5, 30.15, 29.1, 28.8 (3 x), 28.2,
27.4, 25.9, 25.5, 23.5, 23.1, 22.8, 14.0, 10.88, 9.1; HRMS calcd for &Hs3N20sS:

589.3523, foundm/z589.3521 [M + H.

4.7.15. 2-Ethylhexyl
(3R,4R,5S)-[4-acetamido-5-fNN>-bis(tert-butoxycarbonyl)-guanidino]-3-(1-ethylpraxy)-1
-cyclohexene]sulfonylpropanoat23p)

A solution of compound23a (59 mg, 0.1 mmol) and TFA (77 pL, 1.0 mmol) in
anhydrous CBCl, (5 mL) was stirred at room temperature for 3 he Thixture was
concentrated under reduced pressure to give a broivnwhich was treated with
1,3-di-Boc-2-(trifluoromethanesulfonyl)guanidine7(4ng, 0.12 mmol) and NE(28 pL, 0.2
mmol) in CHCI, (5 mL) at room temperature for 10 h. The mixtu@sveoncentrated under
reduced pressure, and purified by silica gel colemomatography (EtOAc/hexane = 1:1) to
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give 23b (42 mg, 72% vyield). &HeN4O10S; [0]p>* —39.6 € = 1, CHCly); IR (film) 3271,
2965, 2938, 2873, 1731, 1641, 1611, 1561, 14148,13851, 1128, 1056, 1030 chm'H
NMR (400 MHz, CDC}) 6 11.34 (1 H, s), 8.82 (1 H, d,= 8.0 Hz), 6.75 (1 H, s), 6.39 (1 H,
d,J = 8.8 Hz), 4.50 (1 H, quinf, = 6.8 Hz), 4.23 (1 H, dd = 14.4, 8.4 Hz), 3.99-3.94 (3 H,
m), 3.33-3.26 (2 H, m), 3.20-3.13 (1 H, m), 2.8H(1dd,J = 14.4, 5.2 Hz), 2.79-2.65 (2 H,
m), 2.57 (1 H, ddJ = 17.6, 8.4 Hz), 1.89 (3 H, s), 1.51-1.38 (22 H, M33-1.17 (9 H, m),
0.85-0.80 (12 H, m)-*C NMR (100 MHz, CDGJ) § 170.6, 170.0, 163.1, 156.2, 152.3, 138.1,
136.9, 83.5, 83.2, 79.4, 74.3, 68.0, 51.6, 47.39,488.5, 30.13, 30.09, 28.8, 28.2 (3 x), 27.7
(3 ), 27.5, 25.9, 25.6, 23.5, 23.0, 22.8, 13.9810.6, 9.2; HRMS calcd forsgHsaN4O10S:

731.4265, foundm/z731.4264 [M + HI.

4.7.16. (3R,4R,5S)-[4-Acetamido-5-amino-3-(1-etloppxy)-1-cyclohexene]sulfinic acid
(6a)

A mixture of compoun@3a (59 mg, 0.1 mmol) and potassiuert-butoxide (17 mg, 0.15
mmol) in acetone (5 mL) and,B (1 mL) was stirred at room temperature for 10rhe
mixture was concentrated under reduced pressudegx@nacted with EtOAc (5 mL x 3) and
H,O (5 mL). The organic phase was dried over MgSiltered, and concentrated under
reduced pressure to give a crude pro@det The Boc protecting group 24a was removed
by treatment with TFA (77 pL, 1.0 mmol) in GEl, (5 mL) at room temperature for 3 h. The
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mixture was concentrated under reduced pressurepanfied on a reversed-phase RP-18
column (MeOH/HO = 1:9 to 1:4) to give the desired prodéet (19 mg, 61% yield from
23a). The purity of produca was 100% as shown by HPLC on an HC-C18 columnl¢Agi
4.6 x 250 mm, 5 um particle sizey = 12.7 min (MeOH/HO = 3:7). G3H24N204S;
hygroscopic solid; §]p?* -41.8 € = 0.5, MeOH); IR (film) 3649, 2965, 2884, 1734,586
1540, 1457, 1374, 1290, 1012, 948 &mH NMR (400 MHz, CROD) § 6.11 (1 H, s), 4.12
(1 H, d,J=7.6 Hz), 3.99 (1 H, dd] = 10.4, 5.2 Hz), 3.47-3.38 (2 H, m), 2.88 (1 H, di¢
16.8, 8.4 Hz), 2.41 (1 H, dd,= 16.8, 8.4 Hz), 2.02 (3 H, s), 1.59-1.46 (4 H, 8192-0.85 (6
H, m).*C NMR (100 MHz, CRQOD) § 174.7, 152.1, 126.1, 83.5, 76.1, 54.9, 51.4, 27648,
23.6, 23.2, 10.0, 9.7; HRMS calcd fof3825N204S: 305.1540, foundmn/z 305.1535 [M +

H]*.

4.7.17. (3R,4R,5S)-[4-Acetamido-3-(1-ethylpropdaguanidino-1-cyclohexene]sulfinic acid
(6b)

By a procedure similar to that f6a, compound®3b (73 mg, 0.1 mmol) was treated with
potassiumert-butoxide (17 mg, 0.15 mmol) in acetone—water sotutit room temperature
for 10 h to give a crude produ2db. The Boc protecting group iBdb was removed by
treatment with TFA in CkCl,, and the desired produghb (17 mg, 48% yield fron23b) was
obtained after purification on a reversed-phaselBolumn (MeOH/HO = 1:9 to 1:4). The
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purity of productéb was 96.2% as shown by HPLC on an HC-C18 columriléAg 4.6 x
250 mm, 5 um particle sizely = 8.8 min (MeOH/HO = 3:7). G4H26N404S; hygroscopic
solid; [0]p?? =29.4 € = 0.23, MeOH); IR (film) 3269, 2966, 2881, 165868, 1502, 1441,
1376, 1311, 1184 crhy *H NMR (400 MHz, CRQOD) 6 6.08 (1 H, s), 4.16 (1 H, d,= 6.8
Hz), 3.94-3.90 (1 H, m), 3.84-3.78 (1 H, m), 3.3H( quint,J = 5.6 Hz), 2.78 (1 H, dd} =
17.2, 4.8 Hz), 2.34-2.27 (1 H, m), 1.98 (3 H, s56+1.46 (4 H, m), 0.93-0.86 (6 H, Mm}C
NMR (100 MHz, CQOD) & 174.2, 158.7, 152.6, 126.3, 83.6, 76.7, 56.4, 52725, 27.0,
25.6, 23.0, 10.0, 9.9; HRMS calcd for48,:N40,4S: 347.1756, foundm/z 347.1753 [M +

H]".

4.7.18. (3R,4R,5S)-[4-Acetamido-5-amino-3-(1-ettopgpxy)-1-cyclohexene]sulfonic acid
(7a)

The B-elimination reaction oR3a (59 mg, 0.1 mmol) with potassiutert-butoxide (17
mg, 0.15 mmol) gave a potassium saléh, which was subsequently treated withCPBA
(26 mg, 1.5 mmol) in CkCl, (5 mL) at 0°C for 1 h. The mixture was extracted witAGQH(1
mL x 3). The aqueous phase was concentrated uedecced pressure to obtain a crude
sulfonic acid compoun@5a. The Boc protecting group iB5a was removed by treatment
with TFA in CHCI,, and the desired produ¢ga (15 mg, 47% vyield fron23a) was obtained
after purification on a reversed-phase RP-18 col(imeOH/H,O = 1:9 to 1:4). The purity of

44



product7a was > 99% as shown by HPLC on an HC-C18 columnl€éAg 4.6 x 250 mm, 5
pm particle size)tg = 11.5 min (MeOH/HO = 3:7). GaH24N-OsS; hygroscopic solid o] p?* —
65.6 € = 1, MeOH); IR (film) 3273, 2965, 2937, 2878, 168470, 1559, 1534, 1457, 1372,
1218, 1181, 1094, 1051, 940 TmH NMR (400 MHz, CROD) § 6.47 (1 H, s), 4.15 (1 H, d,
J=8.0 Hz), 3.98 (1 H, dd] = 11.2, 8.0 Hz), 3.54-3.47 (1 H, m), 3.41 (1 Hinguw = 5.6
Hz), 2.95 (1 H, ddJ = 16.8, 5.6 Hz), 2.63-2.54 (1 H, m), 2.03 (3 H,1s58-1.46 (4 H, m),
0.87-0.93 (6 H, m)**C NMR (100 MHz, CROD) § 174.9, 140.3, 129.4, 83.7, 75.7, 54.4,
51.1, 29.2, 27.4, 26.8, 23.3, 10.0, 9.7; HRMS c&brdC,3H,5N,0sS: 321.1482, foundn/z

321.1484 [M + HI.

4.7.19. (BR,4R,5S)-[4-Acetamido-3-(1-ethylpropdegdanidino-1-cyclohexene]sulfonic
acid (7b)

The obtained by treatment Tlfieelimination reaction oR3b (73 mg, 0.1 mmol) with
potassiumtert-butoxide (17 mg, 0.15 mmol) gave a potassium e&lR4b, which was
subsequently treated with-CPBA (26 mg, 1.5 mmol) in C}l, (5 mL) at 0°C for 1 h to
give a crude compourizgbb. The Boc protecting group 2bb was removed by treatment with
TFA in CH,Cl,, and the desired produdb (11 mg, 31% yield fron23b) was obtained after
purification on a reversed-phase RP-18 column (MR8 = 1:9 to 1:4). The purity of
product7b was > 99% as shown by HPLC on an HC-C18 columnléAg 4.6 x 250 mm, 5
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pm particle size)g = 22.3 min (MeOH/HO = 3:7). G4H26N4OsS; hygroscopic solid o] p?* —
30.6 € = 0.3, DMSO); IR (film) 3420, 3003, 2918, 2595,38]1 1972, 1907, 1652, 1437,
1407, 1316, 1200 cry *H NMR (400 MHz, DMSOsdg) 6 7.81 (1 H,J = 7.6 Hz), 7.35 (1 H,
d,J=7.6 Hz), 6.07 (1 H, s), 4.00 (1 H, s), 3.69 (25} 2.64 (1 H, dJ = 14.8 Hz), 2.27-2.23
(1 H, m), 1.82 (3 H, s), 1.44-1.33 (4 H, m), 0.8570(6 H, m).**C NMR (100 MHz,
DMSO-ds) § 169.8, 156.6, 141.7, 125.0, 81.0, 74.7, 54.0,,8D2, 25.8, 25.3, 22.8, 9.4, 9.1;

HRMS calcd for G4H,7N405S: 363.1712, foundn/z363.1702 [M + H].

4.7.20. n-Butyl (3R,4R,5S)-[4-acetamido-5-(tertebytarbonyl)amino-3-(1-ethylpropoxy)-
1-cyclohexene]sulfonat@®)

A mixture of sulfonic acid?5a (42 mg, 0.1 mmol) and A® (0.15 mmol, 34 mg) in
MeCN (5 mL) was stirred at 8 for 3 h. After addition of 1-iodobutane (34 pL3@nmol),
the mixture was stirred for another 10 h at°8) and then filtered through a pad of Celite.
The filtrate was concentrated under reduced pressand the residue was extracted with
CHXCI, (5 mL x 3) and KO (5 mL). The organic phase was dried over MgSitltered,
concentrated under reduced pressure, and purifiedillta gel column chromatography
(EtOAc/hexane = 1:1) to give compouBé (18 mg, 38% vyield). &H40N2O;S; white solid;
mp 172-175C; [0]p** —105.2 ¢ = 1, CHCL,); IR (film) 3358, 3289, 3117, 2970, 2938, 2872,
1683, 1646, 1581, 1528, 1454, 1368, 1295, 12580,11864, 1144, 1062, 1017, 943, 784,
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726, 627 crit; 'H NMR (400 MHz, CDCY) 6 6.70 (1 H, s), 6.26 (1 H, br d,= 8.8 Hz), 5.36

(1 H, brd,J=9.2 Hz), 4.11-3.98 (4 H, m), 3.90-3.82 (1 H, &35 (1 H, quint) = 5.6 Hz),
2.77 (1 H, ddJ = 17.4, 5.0 Hz), 2.38 (1 H, dd,= 17.4, 8.8 Hz), 1.95 (3 H, s), 1.66 (2 H,
quint,J = 6.8 Hz), 1.50-1.32 (15 H, m), 0.92-0.82 (9 H; F¢ NMR (100 MHz, CDGJ) &
171.0, 156.0, 137.7, 134.2, 82.5, 79.9, 74.6, AB84, 48.4, 30.9, 29.5, 28.3 (3 x), 26.0, 25.5,
23.2, 18.7, 13.4, 9.5, 9.1; HRMS calcd fortduiN,O;S: 477.2634, foundn/z477.2627 [M

+H]".

4.7.21. 3-Phenylpropyl
(3R,4R,5S)-[4-acetamido-5-(tert-butoxycarbonyl)amadi(1-ethylpropoxy)-1-cyclohexene]su
Ifonate @7)

By a procedure similar to that f@6, the sulfonic acid compourzba (42 mg, 0.1 mmol)
was treated with A (0.15 mmol, 34 mg) and 1-iodo-3-phenylpropanel(#80.3 mmol) in
MeCN at 80°C to give a sulfonate estd7 (24 mg, 45% yield). &H4.N.O-S; white solid;
mp 156-158C; [a]p>* —74.0 € = 1, CHCL,); IR (film) 3347, 3295, 2968, 2932, 2868, 1683,
1654, 1562, 1531, 1365, 1296, 1182, 1081, 1017, 830, 746 cm; 'H NMR (400 MHz,
CDCl) & 7.31-7.26 (2 H, m), 7.22-7.17 (3 H, m), 6.73 (1sM,6.02 (1 H, dJ = 8.4 Hz),
5.22 (1 H,J = 8.8 Hz), 4.14-4.04 (3 H, m), 4.03-3.99 (1 H, ;192-3.84 (1 H, m), 3.35 (1
H, quint,d = 6.4 Hz), 2.81 (1 H, dd} = 17.3, 5.0 Hz), 2.37 (1 H, dd = 17.3, 9.2 Hz), 2.04 (2
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H, quint,J = 6.4 Hz), 1.98 (3 H, s), 1.51-1.46 (4 H, m), 1(81H, s), 0.88 (6 H, t) = 7.2
Hz); **C NMR (100 MHz, CDGJ) 6 171.0, 156.1, 140.2, 138.6, 134.2, 128.6 (2 x3.422
x), 126.3, 82.5, 80.0, 74.9, 70.0, 53.7, 48.6, 33065, 29.7, 28.3 (3 %), 26.0, 25.5, 23.2, 9.5,

9.1; HRMS calcd for gH43N,0-S: 539.2785, foundn/z539.2812 [M + H].

4.7.22. n-Butyl
(3R,4R,5S)-[4-acetamido-5-amino-3-(1-ethylpropakygyclohexene]sulfonat8g)

A solution of compoun@6 (48 mg, 0.1 mmol) and TFA (77 pL, 1.0 mmol) in gdious
CH,CI, (5 mL) was stirred at room temperature for 3 he Tilixture was concentrated under
reduced pressure, and the residue was purified orevarsed-phase RP-18 column
(MeOH/HO = 1.9 to 6:4) to give the desired prod8at(11 mg, 29% yield). The purity of
product8a was > 99% as shown by HPLC on an HC-C18 columnl€éAg 4.6 x 250 mm, 5
pm particle size)tg = 8.5 min (MeOH/HO = 6:4). G/H3,N,05S; hygroscopic solidiof] o> —
69.6 € = 1, MeOH); IR (film) 2970, 2938, 2876, 1679, 154@58, 1442, 1364, 1295, 1209,
1176, 1131, 1058, 935, 890, 837, 808, 727t NMR (400 MHz, CROD) § 6.77 (1 H, t,
J=2.0Hz), 433 (1 H, br d,= 8.4 Hz), 4.14 (2 H, t| = 6.4 Hz). 3.97 (1 H, ddl = 11.4, 8.6
Hz), 3.70-3.63 (1 H, m), 3.44 (1 H, quidts 6.0 Hz), 2.94 (1 H, dd, = 12.8, 5.6 Hz), 2.62—
2.54 (1 H, m), 2.04 (3 H, s), 1.72 (2 H, quiht 6.8 Hz), 1.59—-1.50 (4 H, m), 1.49-1.40 (2 H,
m), 0.98-0.86 (9 H, mC NMR (100 MHz, CROD) 5 175.1, 140.3, 133.7, 84.1, 75.3, 72.7,
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54.5, 50.3, 32.2, 28.8, 27.2, 26.7, 23.3, 19.90,140.1, 9.6; HRMS calcd for@H33N20sS:

377.2110, foundm/z377.2104 [M + HI.

4.7.23. 3-Phenylpropyl
(3R,4R,5S)-[4-acetamido-5-amino-3-(1-ethylpropakygyclohexene]sulfonat®g)

By a procedure similar to that f8a, compound®7 (54 mg, 0.1 mmol) was treated with
TFA in anhydrous CKCl, at room temperature for 3 h, and then purifiecharversed-phase
RP-18 column (MeOH/ kO = 1:9 to 4:6) to give the desired prod@at(11l mg, 25% vyield).
The purity of produc®a was > 99% as shown by HPLC on an HC-C18 columni€éAg 4.6
x 250 mm, 5 um particle sizdk = 8.9 min (MeOH/HO = 5:5). G,H34N.OsS; hygroscopic
solid; [o]p* —55.6 € = 1, MeOH); IR (film) 3032, 2974, 2938, 2880, 161952, 1458, 1356,
1295, 1205, 1180, 1136, 997, 923, 849, 800, 747;ci NMR (400 MHz, CRQOD) § 7.30-
7.27 (2 H, m), 7.21-7.16 (3 H, m), 6.76 (1 HJd; 2.0 Hz), 4.31 (1 H, br d,= 8.0 Hz), 4.14
(2 H, t,J = 6.2 Hz), 4.02-3.95 (1 H, m), 3.70-3.63 (1 H, B4 (1 H, quint) = 5.6 Hz),
2.95 (1 H, dd)) = 16.8, 5.2 Hz), 2.73 (2 H,d,= 7.6 Hz), 2.63-2.57 (1 H, m), 2.08-2.01 (5 H,
m), 1.56-1.46 (4 H, m), 0.92-0.87 (6 H, M)C NMR (100 MHz, CRQOD) & 175.1, 142.0,
140.3, 133.6, 129.8 (2 x), 129.6 (2 %), 127.4, 84M1, 72.1, 54.3, 50.4, 32.7, 32.1, 28.9,
27.2, 26.7, 23.3, 10.0, 9.6; HRMS calcd fopk3sN205S: 439.2267, foundn/z439.2253 [M
+H]".
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4.7.24. n-Butyl
(3R,4R,5S)-[4-acetamido-5-guanidino-3-(1-ethylpnropel-cyclohexene]sulfonat8l)

A solution of compound 8a (38 mg, 0.1 mmol),
1,3-di-Boc-2-(trifluoromethanesulfonyl)guanidine7(4ng, 0.12 mmol) and NE{(0.041 mL,
0.3 mmol) in CHCI; (1 mL) solution was stirred at room temperatunrelfd h. The mixture
was concentrated under reduced pressure, and sidueewas purified by flash silica gel
column chromatography (EtOAc/hexane = 1:1) to giveintermediate produ@8 (32 mg,
52% vyield). GgHsoN4OsS; colorless oil; §]p?° —=67.5 € = 1, CHCL); IR (film) 3273, 2970,
2978, 2880, 1736, 1638, 1614, 1556, 1417, 13681,18254, 1176, 1054, 1021, 939, 813,
776 cm™; *H NMR (400 MHz, CDCY) 6 11.39 (1 H, s), 8.74 (1 H, d,= 8.0 Hz), 6.78 (1L H,
s), 6.23 (1 H, dJ = 8.8 Hz), 4.56-4.48 (1 H, m), 4.22-4.16 (1 H, M)4-3.99 (3 H, m), 3.35
(1 H, quint,J = 5.6 Hz), 2.85 (1 H, ddl = 17.6, 5.2 Hz), 2.55-2.48 (1 H, m), 1.93 (3 H, s)
1.72-1.65 (2 H, m), 1.56-1.47 (22 H, m), 1.45-13H, m), 0.97-0.85 (9 H, m)’C NMR
(100 MHz, CDC}) 6 170.3, 162.8, 156.5, 152.5, 138.1, 133.6, 83.72,88.8, 74.8, 71.0,
53.2, 47.4, 30.9, 29.0, 28.2 (3 x), 28.0 (3 x),9225.6, 23.2, 18.7, 13.5, 9.6, 9.2; HRMS
calcd for GgHsi1N4OeS: 619.3377, foundn/z619.3377 [M + HI.

A solution of the above-prepared compo@&(32 mg) and TFA (77 pL, 1.0 mmol) in

anhydrous CBCl, (5 mL) was stirred at room temperature for 3 he Thixture was
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concentrated under reduced pressure, and the eesiasi purified on a reversed-phase RP-18
column (MeOH/ HO = 1:9 to 4:6) to give the desired prod8bt (13 mg, 60% vyield). The
purity of product8b was 98.2% as shown by HPLC on an HC-C18 columriléAg 4.6 x
250 mm, 5 pum particle sizely = 3.4 min (MeOH/HO = 5:5). GgH34N4OsS; hygroscopic
solid; [#]p*? —58.3 € = 1, MeOH); IR (film) 3334, 3273, 3175, 2966, 292880, 1675, 1548,
1458, 1430, 1352, 1205, 1180, 1136, 1074, 1054, 838, 727 cm; 'H NMR (400 MHz,
CDs;0D) § 6.75 (1 H, br tJ = 2.0 Hz), 4.31 (1 H, br d,= 2.8 Hz), 4.18-4.11 (2 H, m), 4.06—
4.00 (1 H, m), 3.94-3.87 (1 H, m), 3.44 (1 H, quint 5.6 Hz), 3.31-3.30 (2 H, m), 2.86 (1
H, dd,J = 16.8, 5.2 Hz), 2.52-2.45 (1 H, m), 1.99 (3 H,1sY6-1.69 (2 H, m), 1,58-1.40 (6
H, m), 0.99-0.87 (9 H, m}*C NMR (100 MHz, CRQOD) § 174.4, 158.8, 139.7, 134.9, 84.1,
75.4, 72.6, 55.8, 51.3, 32.3, 30.6, 27.3, 26.99,220.0, 14.3, 10.0, 9.7; HRMS calcd for

C18H35N4O5S: 419.2328, foundn/z419.2314 [M + H].

4.7.25. 3-Phenylpropyl
(3R,4R,5S)-[4-acetamido-5-guanidino-3-(1-ethylpropel-cyclohexane]sulfonaték)

By a procedure similar to that f8b, compounda (44 mg, 0.1 mmol) was treated with
1,3-di-Boc-2-(trifluoromethanesulfonyl)guanidine 7(4mg, 0.12 mmol) to give an
intermediate produc®9 (44 mg, 65%yield) after purification by flash edi gel column
chromatography (EtOAc/hexane = 1:1)s3s5,N4O0sS; colorless oil; §]p*° —44.1 € = 1,
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CH.Cly); IR (film) 3391, 3301, 2978, 2938, 2876, 178532,/1626, 1561, 1462, 1417, 1377,
1340, 1213, 1172, 1127, 1062, 931, 813, 782" cii NMR (400 MHz, CDCJ) & 11.39 (1 H,
s), 8.72 (1 H, dJ = 8.0 Hz), 7.32-7.25 (2 H, m), 7.22-7.16 (3 H, )7 (1 H, s), 6.23 (1 H,
d,J = 8.8 Hz), 4.55-4.47 (1 H, m), 4.21-4.01 (4 H, ]84 (1 H, quint) = 5.6 Hz), 2.86 (1
H, dd,J = 17.1, 5.2 Hz), 2.74-2.66 (2 H, m), 2.49 (1 H, 3id 17.1, 8.6 Hz), 2.07-1.99 (2 H,
m), 1.93 (3 H, s), 1.52-1.46 (22 H, m), 0.90-0.83H( m);*C NMR (100 MHz, CDGJ) &
170.3, 156.5, 152.5, 151.4, 140.2, 138.4, 133.B,6l22 x), 128.4 (2 x), 126.3, 83.7, 83.2,
79.9, 74.8, 70.1, 53.4, 47.5, 31.5, 30.5, 29.12 28.x), 28.0 (3 x), 25.9, 25.6, 23.2, 9.6, 9.2;
HRMS calcd for GaHs3N400S: 681.3533, foundn/z681.3531 [M + H].

The above-prepared compoué (44 mg) and TFA (77 pL, 1.0 mmol) in anhydrous
CH,CI, (5 mL) was stirred at room temperature for 3 he Tilixture was concentrated under
reduced pressure, and the residue was purified orevarsed-phase RP-18 column
(MeOH/HO = 1:9 to 4:6) to give the desired prod@bt(18 mg, 58% vyield). The purity of
product9b was 99.4% as shown by HPLC on an HC-C18 columnléAg 4.6 x 250 mm, 5
um particle size)tg = 3.4 min (MeOH/HO = 5:5). GsH3sN40sS; hygroscopic solidiof] o> —
42.6 € = 1, MeOH); IR (film) 3273, 3175, 2970, 2929, 281863, 1548, 1454, 1426, 1360,
1201, 1180, 1140, 1078, 993, 931, 837, 809, 75%, B27 cm’; 'H NMR (400 MHz,
CD5;0D) § 7.30-7.27 (2 H, m), 7.22-7.16 (3 H, m), 6.75 (1sH/4.29 (1 H, br d] = 7.2 Hz),
4.18-4.09 (2 H, m), 4.02-3.97 (1 H, m), 3.89 (1dH,J = 10.8, 8.0 Hz), 3.43 (1 H, quint=
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5.6 Hz), 2.87 (1 H, dd] = 17.4, 4.8 Hz), 2.73 (2 H,4,= 7.6 Hz), 2.48 (1 H, dd, = 17.4, 5.4
Hz), 2.09-2.02 (2 H, m), 1.98 (3 H, s), 1.58-1.484 m), 0.93-0.87 (6 H, m}*C NMR
(100 MHz, CROD) § 174.4, 158.8, 142.1, 140.0, 134.9, 129.7 (2 9,822 x), 127.4, 84.1,
75.4, 72.0, 55.9, 51.3, 32.7, 32.0, 30.7, 27.39,283.0, 10.1, 9.7; HRMS calcd for

C23H37N405S: 481.2485, foundn/z481.2477 [M + H]

Notes
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L egends of Figures, Schemes, and Tables.

Fig. 1. Chemical structures of oseltamivir carboxylic adid, OC), guanidino OClp, GOC),
and their carboxyl bioisostereza-13b).

Scheme 1. Synthesis of boronic aci@/2b and trifluoroborate8a/3b

Scheme 2. Synthesis of sulfone$a/4b and5a/5b

Scheme 3. Synthesis of sulfinic acid®a/6b and sulfonic acidga/7b

Scheme 4. Synthesis of sulfonate est@a-9b

Table 1. Neuraminidase inhibition (l§g) and anti-influenza activity (Eg) against A/WSN/33

(HIN1) virus
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Boronate, Trifluoroborate, Sulfone, Sulfinate and Sulfonate Congeners of Oseltamivir
CarboxylicAcid: Synthesis and Anti-influenza Activity

Research highlights

* First synthesis of boronate and sulfonate rel@€dand GOC bioisoster@a—9b.

» The OC derived iodocyclohexefia is a key intermediate for syntheses of bioisostere
« Acidity and lipophilicity of bioisosteres are imgant to anti-influenza activity.

* GOC congeners show better NA inhibition and arftitenza activity than OC congeners.

* GOC sulfonic acid is a potent inhibitor againdtNH. virus (EGp = 2.2 nM).



