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Abstract:

From our research group, it was noticed that asélia derivatives targeting
150-cavity of neuraminidase enzyme (NA) could digantly increase antiviral
activity. Thus, we further enriched the C5-Nplbsition of oseltamivir structure to
obtain more potent oseltamivir derivatives. In thiticle a series of oseltamivir
derivatives were synthesized by modifying C5-JN#bsition of oseltamivir. All the
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compounds were evaluated fior vitro antiviral activity against HSN1 and H5NS.
Encouragingly, compound®a and11ewere exhibited prominent activity, which is
similar to oseltamivir carboxylateOSC) and in NAs inhibitory assay,le showed
remarkable potency against N1 (H5N1), N2 (H5N2),(N6N6) and N8 (H5N8). In
addition, 11e demonstrated low cytotoxicity and no obvious tayi@at the dose of
1500 mg/kg in mice. Molecular docking studies9afand1le provideda plausible
rationale for the high potency against group-1 NRss work provided new insights
to design further neuraminidase inhibitors, whiam @elp to investigate new potent

inhibitors for group-1 and group-2 shortly.

Keywords: Influenza virus, Neuraminidase inhibitors, Oselitdr derivatives,

150-cavity, Active site.

1. Introduction

Influenza is an acute respiratory infectious dieethsit can be life-threatening.
According to the specific antigens of matrix pratéM1) and nuclear protein (NP),
the influenza virus can be divided into four typAsB, C, and D [1]. Among them,
influenza A virus has the strongest and most fraguariability and the cause of
influenza epidemic almost every year. Accordingifluenza A virus is considered
to be the main pathogens involved in influenza maks. [2, 3]. During the outbreak
of the influenza virus HIN1 in 2009, about 300,@#®»ple died around the world
which caused great social panic [4]. Globally, fr@@l3 to 2017, a total of 1161
people were infected with H7N9, 433 deaths and datity rate of 37.3% [5]. Each
round of flu outbreaks will be unexpected, caugyngat social and economic loss.
According to the World Health Organization (WHSEkgtistical data, there are about
290,000-650,000 death cases every year causediignna [2].

The influenza virus is a negative-sense, singkeasiied RNA virus with a



lipid-containing envelope [6]. The viral membranmantains two important surface
glycoproteins: neuraminidase (NA) and hemagglut(iii) [7]. They are prone to
antigen transformation and cause mutation. NA ¢oatal subtypes (N1-N11), HA
contains 18 subtypes (H1-H18), and the influenzdrdses found so far are different
combinations of HA and NA [8, 9, 10]. NA plays aucial role in the whole
replication cycle of the virus, which has been #raetive therapeutic target in the
field of anti-influenza drugs [11]. At present, fokinds of neuraminidase inhibitors
have been approved for clinical treatment, inclgd®@seltamivir (Tamiflu) [12],
Zanamivir (Relenza) [13], Peramivir (Rapivab) [1d4hd Laninamivir octanoate
(Inavir) [15] (Figure 1). However, oseltamivir is only administered oralyso it is
the earliest clinical first-line drug to treat inéinza (approved in 1999). In recent
years, the emergence of drug-resistant viral "réias restricted its clinical use,
specially N1-H274Y mutant [16, 17, 18]. In additjahe emergence of other NA
inhibitors resistant strains has also been repoiftedrefore, there is an urgent need

to develop a new generation of NA inhibitors tovealhese issues.
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Figure 1. Structures of four neuraminidase inhibitors uisedinical for the treatment of flu.

The N1-N9 subtypes of influenza A virus can be didd into two groups:
group-1 NAs, which include N1, N4, N5, and N8 sylaty, and group-2 which
include N2, N3, N6, N7 and N9 subtypes [19]. X-&aystallographic studies of
NAs showed that the 150-loop of group-1 NAs is Ugupresent in an open
conformation while the 150-loop of group-2 NAs regent in a closed conformation
[19]. Due to the unusual structure of these twougsoof NAs 150-loop, a new
cavity (150-cavity) with a volume of 10 A x 5 A x%&is formed near the active site
of group-1 NAs. But this cavity does not exist nogp-2 NAs Figure 2). In N2, for
example, there is a key salt bridge between coateev residues Aspl47 and
His150, which is thought to be able to close 15§pland control the formation of
150-cavity [20, 21]. Crystal structure studies cade that the 150-loop of 09N1 is
closed, and it does not have an open 150-cavity. [PRis study shows that the
150-loop of 09NL1 is different from group-1 NAs similar to group-2 NAs [20, 23,

24]. Inspired by this discovery, our group previgus/nthesized several compounds
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such asJIMCO01 andJMCO02 [11] (Figure 3) by replacing the oseltamivir C-5 amino
group to target 150-cavity. From the results, itswlaund that, compared to

oseltamivir, the activities of the compounds agaM$ (H5N1) were significantly

increased by nearly ten folds [11].

Figure 2. The crystal structures of representative group-5NA (H5N1, PDB code: 2HUQ), N8
(H5N8, PDB code: 2HT7), 09N1 (HIN1pdmOQ9, PDB ca8El6), and group-2 NAs, N2 (H3N2,
PDB code: 4GZP) bound witASC. In surface representation, it can be seen thaidIN8 have

an open 150-cavity, but 09N1 and N2 have a clo§&ddop.
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Figure 3. Previously designed (in our lab) oseltamivir datives as group-1 selective NA

inhibitors MC01-JMCO04) [11, 25] and group-1 and -2 NAs inhibitot®C05 and JIMCO6)

[26].

Based on our earlier discovery of high activity dmgh selectivity oseltamivir
derivatives JMC01 andJMCO02), the 150-cavity of NAs could be further explored
to yield more potent and more anti-drug-resistarA Mhibitors. Therefore,
structures ofJIMCO01 and JMCO02 were optimized by varying substituents on the
amino group, and compoundsC03-JMCO06 were obtained [25, 26IMCO03 and
JMCO04 displayed antiviral activities similar to or bettdan OSC against H5N1,
H5N2, H5N6, and H5N8. Both compounds were potemugtl NAs-selective
inhibitors which showed more potency th&SC against the N1, N8, and
N1-H274Y mutant NAs [25]. Compound3MCO05 and JMCO06 showed great
activity against group-1 and group-2 NAs, espegiftlr 09N1, N2, N6 and N9
subtypes. They also showed that the inhibitorywagtof N1-H274Y and N2-E119V



variants increased by nearly 4 and 2.5 times, dsedy compared t@SC [26].

In addition, the studies also showed that the arnaitid residues of 150-loop

and 150-cavity are quite flexible and have the ibd#y for further chemical

modifications on the inhibitor structures [20, 2B} analyzing the structures of the

previously discovered active compounds, it was fbtirat 5-amino substituents are

benzyl derivatives with a single structural typeicts as compoundsSMCO1,

JMCO04). Obviously, this cannot meet the needs of flexihb0-cavity, and the

structure-activity relationship studies of subsétl benzyl sites still needs to be

further enriched. We expect to enhance the potegaynst both group -1 and -2

NAs and also improve the resistance for the mwans. Stimulated by the above

analysis, we herein more diverse fragments of C5-NHbstituted oseltamivir

derivatives were designed and synthesized
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Figure 4. The newly designed compounds are targeting bettattive site and 150-cavity. The
benzene ring (silver) was replaced by substitutet@rbcycle and propenyl group,amido group

and sulfonamide groups were introduced as linkeastél orange ).

From the previous literature investigation, it lsserved that the substitution of
aromatic rings is beneficial to occupy the spac&5df-cavity effectively [11, 25, 26].
Some aromatic rings have been proved to be welptadato the 150-cavity,
hydrophobic interaction, and van der Waals foraeséd between aromatic rings
and hydrophobic amino acid residues in 150-cavty, [25]. On the other hand,
hydrogen-bond also formed between the amino groupghé N,N-diethylamino
fragment JMCO05) and either Gly147 (of N8, 67 of N9, 66 of 09NTIhr 361 of N6
or Asp66 of N2 in the 150-cavity [26].

Therefore, we hypothesized that many multiNlsubstituted groups dDSC
may efficiently enter and enormously occupy the-t&eity. Herein we report the
design and synthesis of four series of novel osglia derivatives: 1), we decided to
incorporate some electron-withdrawing groups on Jkemino substituted benzyl
groups; 2) according to the bioisosterism pringiplee benzene or thiophene ring
(silver) in the lead compoundsIMCOl1l and JMCO02) were replaced by the
substituted heterocycle; 3) the linkeagtel orangebetween benzene ring substituent
and oseltamivir nucleus was modified by introducidguble bond, amide and
sulfonamide group. Ultimately, a total of 38 compds were designed and

synthesized and their activity were evaluateidre 4).

2. Results and discussion

2.1. Chemistry

The synthetic routes for oseltamivir derivativ@a-@g, 4, 6, 9a-9h, 1l1a-11g,

13a-13b, 15a-15e, 17a-1lygvere conducted as illustrated 8chemes 1-7 All
8



derivatives were synthesized by well-establishedthous using commercially
available oseltamivir phosphate as the primarytisgamaterial for all reactions. As
shown inScheme 1 oseltamivir phosphate was reacted with a serfedifferent

commercial aldehydes in the presence of NgB¥ to obtain the key intermediates
la-1g Subsequentlyla-1g were hydrolyzed in the presence of NaOH aqueous
solution and acidified by HCI aqueous solution ftoral the target compounds

2a-29

Scheme Zllustrates the synthesis of compouddsnd6, oseltamivir phosphate
was treated with less than leq and more than 2eqoofmercially available
thiophene-3-carboxaldehyde to obtain the interntedid and 5 respectively by
Borch Reductive Amination. The target compouddsd6 were prepared by direct

hydrolysis of the8 and5.

As shown inscheme 3aryl bromide or bromoaryl aldehyde was couplethwi
the corresponding formyl aryl boronic acid or abgronic acid to obtain the
intermediates’/ via Suzuki reactionSubsequently, target compoun@éa-9h were

prepared by using the same method &3cineme 1

As outlined inScheme 4 the intermediate§0a-10gwere prepared by Borch
Reduction using different substituents of cinnarehigle reacted with oseltamivir
phosphate in the presence of NaBM, then they were hydrolyzed to afford the
target compound$la-11g

As shown inscheme 512aand12b were achieved by allowing condensation
reaction between the [1, 1'-biphenyl]-4-carboxyhcid or benzoic acid and
oseltamivir phosphate in the presence of DMAP inClkHand EtN. And then they
were hydrolyzed with 4 M NaOH aqueous solution acdlified with 2 M HCI

agueous solution to obtain the target compourd#sand13h.

As shown inScheme 6the key intermediate$4a-14ewere obtainedia the
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same method ascheme 5 Subsequentlyl4a-14ewere hydrolyzed by following

the method ascheme 1o afford the target compoundSa-15e

As outlined inscheme 7 the intermediate$6a-16gwere prepared by treating
oseltamivir phosphate with a different substitutgadfonyl chloride. Further,
16a-16gwere hydrolyzed using the same methodéheme 1to afford the target

compoundd7a-17g

HN \ﬂ/ = HN \ﬂ/ Pz HN
o 0 jo]/
1 Oseltamivir phosphate la-1g 2a-2g

R= NO,, CN, CF;, F

Scheme 1Reagents and conditions: (i) NaBEN, EtOH, MeOH, r.t.; (ii) NaOH, MeOH, 0,

r.t, then HCI (2 mol/L).
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Scheme 2Reagents and conditions: (i) NaBEN, EtOH, MeOH, r.t.; (i) NaOH, MeOH, O,

r.t., then HCI (2 mol/L).
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oseltamivir phosphate 102-10h 11a-11h
R=H, MeO, F,Cl; Ri=H, Me

Scheme 4Reagents and conditions: (i) NaBEN, EtOH, MeOH, r.t.; (i) NaOH, MeOH, @,

r.t., then HCI (2 mol/L).
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R=H or Ph

Scheme 5Reagents and conditions: (i) [1,1'-biphenyl]-4-caydic acid or benzoic acid, HBTU

or TBTU, DMAP, EtN, CH,Cl,, rt; (ii) 4M NaOH, CHOH, rt, then HCI (2 mol/L).
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EtN, CH,CIy, rt; (i) 4M NaOH, CHOH, rt, then HCI (2 mol/L).

A AT e

o o

Oseltamivir phosphate 16a-16g 17a-17g
R=Me, Me;C, CI, F, Ph

Scheme 7Reagents and conditions: (i) substituted benzefasdichloride, EfN, CH,Cl,, rt;

(i) 4AM NaOH, CHOH, rt, then HCI (2 mol/L).
2.2. Biological Activity
2.2.1. Anti-Influenza Virus Activity in Cell Cultur e

In order to study the efficacy of newly synthesizedmpounds against
influenza virus infection we evaluated their inhibition abilities against avian
influenza virus proliferation by cell-based ass@yscken embryo fibroblasts, CEFs),
Using A/ goose/ Guangdong/ SH7/ 2013 (H5N1) andoAdg/ Jiangsu/ 1306/ 2014
(H5N8) represent influenza virus of group 1, A/délein/Hebei/LZF/2014 (H5N2)
and A/Duck/Guangdong/674/2014 (H5N6) representuarfza virus of group 2.
JMCO02 oseltamivir carboxylic acidSC), Zanamivir ZAN), and Ribavirin Rib)
were used as control drugs in parallel. The vatid€s, (effectiveness of inhibition
of avian influenza virus proliferation) and ggJcytotoxicity) for the synthesized
compounds were reported ifable 1 All compounds showed no significant
cytotoxic activities at the highest test concemra{CGs,> 200 uM) and exhibited
antiviral activity in CEFs.OSC and ZAN as neuraminidase inhibitors have high
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potency to inhibit the proliferation of four inflaga virus subtypes. Furthermore,
they have different inhibitory abilities to N1 alN® subtypes of influenza viruses,
which is consistent with the literature reports][Hib has moderate (H5N1, H5NS6,
H5N8) or poor (H5N2) potency against influenza siproliferation.lt is consistent

with the results of our previous tests [25, 26],ickhproves that this method has

good reliability.

We focused on the novel oseltamivir derivativés-29, where the thienyl
group of the 4-benzyl moiety ofJMC02 was replaced with various
electron-withdrawing groups containing nitro, cyagroup and a fluorine atom. We
also incorporated trifluoromethyl, nitro and fluogi atom at themeta-position of
phenyl Qa, 2¢ 2f) to explore the effect of withdrawing groups dtetent positions.
The results showed that these oseltamivir derieativere less potent th&@85C and
ZAN, especially?2a-2f werealmost lost the inhibition activity against HSNIT§ >
10 uM). Further, when the electron-withdrawing group on tle@zene ring was
replaced by a bromine aton2gj, little improvement in antiviral activity was
observed and it is still less thadSC and ZAN. Therefore, it concluded that

electron-withdrawing groups would reduce the attivi

To explore whether the various substituents at Eb{ddsition of oseltamivir
will affect the activity, we introduced a thioph8methyl @) and two
thiophen-3-methyl ). The results exhibited that these two compouraige fequal
inhibition activities to H5N1, H5N2, and H5NG6, aad for HS5N8, the inhibition
activity of compound!} surpasses compouidmore than ten timeslowever, these

results were not prominent and still lower tf@8C andZAN.

Inspired by the structure afMCO01-JMCO04, we designed and synthesized
compound®a-9h The potency 09a against HSN1 and H5NG6 is lower than that of
JMCO02, but encouragingly it displayed almost equal atgtiagainst H5N2 and
H5N8. Also 9a displayed a prominent selective inhibition to H5BAd H5N8

compared t@SC andZAN. It showed similar inhibition activity t&SC andZAN
13



against H5N1 and H5N8 but it is less active agai#tti2 and H5NG.

We further exchanged the positions of thiophene bedzene groups of
compoundJMCO02 to obtain9b, which slightly reduced the antiviral activity in
contrast toJMCO02. And we replacedphenyl of JIMC02 to thienyl to afford
compound9c, which showed the activity against HSN1 and H5N&swess than
JMCO02, especially to H5N1, it was observed nearly lackehibition activity.
However, it exhibited similar potency against H5H2d H5N8 asIMCO02. The
substituents at the C5-NHposition of 9d and 9e are 2-(p-tolyl)-thiazole and
2-methyl-5-phenylthiazole respectively, a@id and 9e are a pair of isomers, both

exhibited lower anti-viral activities thadSC, ZAN andJMCO02.

The terminal aromatic rings afMCO01, JMCO02 and 9a, were re-positioned
from thepara-position to themeta-position of the benzene ring to obt&f) 9g and
9h respectively. Among these compoun@idisplayed similar potency t0SC and
ZAN for H5N1, but lower than that afMCO02. In contrast,9f showed weaker
activity against H5N1, H5N2 and H5NG6 strains congplato OSC, ZAN and
JMCO02 while, 9g and 9h displayed similar potency t®@SC, ZAN and JMC02
against H5N8. Their activities against H5SN1, H5M2 &15N6 were slightly reduced
compared t@®SC andZAN. The activity ofoh was similar taJMC02 for H5N2 and
H5NG6 inhibition, but slightly less for HSN1. Thetaaty of compound9g against
H5N1, H5N2 and H5N6 was slightly less comparedNiC02.

To enrich the structure-activity relationship segji we synthesized
phenylpropene derivatives to modify C5-NHf OSC (compoundsllallg)
However, 11b and 11c¢ 1lellg exhibited slightly reduced anti-H5N1 activity
compared tdOSC and ZAN. 11d showed considerably decreased potency against
H5N1compared to other compoundkta displayed similar potency t®@SC of
H5N1.

Notably, from1la1lg compoundlle was the most potent compound against

14



H5N2, H5N6 and H5N8 strains excelitb (the 1Gyof 11b was0.065uM against
H5N2). Moreover,11e showed comparable activity ttMC02 against H5N2 and
H5N8 and displayed greater potency th#iC02 against H5N6.11b showed
similar potency taJMCO02 against H5N2, H5N6, and H5N8. Compourdds, 11¢g
11d, 11f and11gwere all less potent thatMC02, OSC, andZAN for inhibition of
H5N2, H5N6 and H5N8, displayed moderate abilityntwibit viral proliferation.

Further, we inserted an acyl or sulfonyl betwesa position of C5-NkK and
aromatic group to obtain compounti3a 13b, 15a15¢ and17a17g respectively.
Unfortunately, the anti-viral activities of thesengpounds were sharply reduced or

lost.

Overall, the arylmethyl and phenylpropenyl substitu derivatives at the
C5-NH; position ofOSC displayed greater activities towards H5N1, HSNBN4,
and H5N8 compared to amide and sulfonamide deviestiAmong arylmethyl
substitutedOSC derivatives,the stronger the electron-withdrawing ability ofth
substituent on the aryl group, the weaker the tgbib inhibit virus proliferation.
And, the anti-viral activities oRa-2f were less tha2g. Biaryl group substituents
consist of benzene and thiophene have similartalioi inhibit viral proliferation
regardless of their relative positions. When thenpgounds were substitutelly
smaller groups of dithiophene or thiazole, the igbito inhibit HS5N1 were

significantly reduced.

Among the phenylpropenyl substituted derivativeshat C5-NH position of
OSC, most compounds have moderate inhibitory abiliggiast the four strains
except individual compounds that have antiviralvitgt close toOSC andZAN for

some strains, such é%ato H5N1.
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Table 1.Anti-Influenza Virus Activity and Cytotoxicity of O seltamivir Derivatives in CEFs.

R, HN

\fO

ICs0 values @iM) against influenza virus

Compound R, R, CCso’
H5N1° H5N2* H5N6® H5NE'
Group-1 Group-2 Group-2 Group-1
" F
2a F/K©/\ef H >10 0.34+0.02 3.17+0.23 0.75+£0.073 > 200°
4
2b H >10 0.21£0.0045 2.16+£0.025 0.42+0.022 >200
0N
oN .
2c \©/\ H >10 0.24+0.063 2.16%0.35 0.70+£0.19 >200
2d /©/\; H >10 0.38%£0.089 >10 0.68+0.21 >200
NC
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2e

2f

29

9a

9b

9c

9d

>10

>10

2.53+0.099

>10

>10

0.88+0.018

1.59+0.037

>10

>10

0.11+0.087

0.14+0.012

0.11+0.000071

0.13+0.029

0.15+0.011

0.10+0.025

0.12+0.0084

0.083+0.0081

0.20+0.0051

4.57+0.13

3.87+0.34

1.99+0.32

3.58+0.069

3.03+0.24

5.5+0.21

3.02+0.32

7.12+0.00

3.23+0.27

0.52+0.094

0.49+0.091

0.25+0.017

0.081+0.0032

0.88+0.27

0.051+0.0019

0.098+0.013

0.072+0.011

0.059+0.018

>200

>200

>200

>200

>200

>200

>200

>200

>200




9e

of

99

9h

1lla

11b

11c

11d

R

;

54 ()
L5
+

cn%
4

/
—=
/
/
T
.

/
o
(@]
/
A,
Yo,

>10

0.84+0.094

0.97+0.35

1.25+0.23

0.79+0.25

1.29+0.27

1.20+0.15

7.56+0.48

0.41+0.043

0.23+0.0011

0.22+0.025

0.070+0.0079

0.16+0.013

0.065+0.0014

0.13+0.0012

0.21+0.029

4.29+0.11

4.49+0.017

6.71+0.00

2.62+0.36

3.07+0.26

2.78+0.0042

3.07+0.26

4.07+0.057

0.49+0.045

0.65+0.13

0.089+0.0038

0.056+0.036

0.61+0.077

0.88+0.11

0.089+0.012

0.64+0.15

>200

>200

>200

>200

>200

>200

>200

>200

18



1le

11f

11g

13a

13b

15a

15b

15c

3.4+1.24

0.96+0.011

2.99+0.42

>10

>10

>10

>10

>10

0.094+0.023

0.24+0.0095

0.29+0.00

>10

>10

>10

>10

>10

0.79+0.29

3.93+0.37

5.52+0.34

>10

>10

>10

>10

>10

0.077+0.013

0.53+0.029

0.13+0.023

>10

3.54+0.59

5.32+0.48

4.76+0.50

4.37+0.16

>200

>200

>200

>200

>200

>200

>200

>200

19



15d

15e

1l7a

17b

17c

17d

1l7e

>10

>10

>10

>10

>10

>10

>10

>10

>10

>10

>10

>10

>10

>10

>10

>10

>10

>10

>10

>10

>10

8.48+0.66

5.16+0.44

4.82+0.23

3.12+0.59

5.29+0.56

4.76+0.31

4.25+0.39

>200

>200

>200

>200

>200

>200

>200




17f

17g

JMCO02

0OSsC

ZAN

Rib

>10

>10

0.29+0.044

0.69+0.013

0.42+0.026

4.01+0.31

>10

>10

0.079+0.021

0.0042+0.000025

0.013+0.00078

>10

>10

>10

2.39+0.14

0.097+0.0034

0.097+0.0034

6.68+0.34

3.23+0.39

6.79+1.35

0.053+0.0069

0.037+0.0028

0.041+0.0017

1.96+0.046

>200

>200

>200

>200

>200

>200

4Cso: Concentration of a compound required to achiegd® Snhibition of influenza virus proliferation inEFs, presented as the mean + standard deviation

(SD).

® CCs: Concentration required to reduce the viabilityrafck-infected cell cultures by 50%, as determiogthe CCK-8 method.

° A/lgoose/Guangdong/SH7/20T3\/Chicken/Hebei/LZF/2014£ A/duck/Guangdong/674/2014A/goose/Jiangsu/1306/2014.

9 Highest tested concentration.



2.2.2.1n Vitro Inhibitory Activities of Neuraminidases

We selected 10 representative compounds for furdmayme assay against
influenza neuraminidases N1 (H5N1), N2 (H5N2), NMBN6), N8 (H5N8), and
N1-H274Y to validate their binding targ@SC andZAN were used as control drugs.
The results were summarized Table 2 and each data was measured after three
parallel tests. From the test results, we fount @%C andZAN displayed very high
activity against the four wild-type NAs, and it walear thatOSC andZAN did not
show equal potency to NAs but have some selectikity example©QSC displayed
less potency against N1 (H5N1) th@AN, but showed more activity against N2
(H5N2), andZAN exhibited high activity against N1-H274Y mutant @5C did not,
which was consistent with reported data [11, 28iisTreflected the reliability of the

activity test method which we have established.

It was found that the biarylmethyl-substituted datives at the position of
5-amino group showed significant inhibition for gp1 NAs (H5N1 and H5N8). The
order of their potency i8f > 9g > 9a >9b >9d, which is consistent with the sequence
of anti-H5N1 strain activity at their cellular ldv8ut these five compounds showed
poor activities to inhibit group-2 NAs (H5N2 and MNiG), only at the micromolar
level, this is because N2 and N6 do not have theneg 150-loop. Among the
phenylpropenyl substituted derivatives at the Srangroup,11a 11f and11gshowed
significant selective inhibition of group-1 NAs aglve to OSC and ZAN.
Compoundslla (H5N1, IG, = 57.66 nM),11f (H5N1, 1Go = 22.39 nM), andDSC
(H5N1, 1Go = 20.61 nM), which have comparable activities, mmanform good
interactions to N2 and N6 due to the closed condébion of 150-loop. Overall, the
inhibitory effects of these three compounds forfthe wild-type NAs (H5N1, H5N2,
H5N6 and H5N8) were weaker than tB8C. These results were consistent with their
trend in antiviral activity in cellsllc and 11e showed strong potency to all four
wild-type NAs, and their inhibitory activity againl5N2 was even comparable to
OSC (11¢ ICs0 = 21.37 nM;11e IC50= 16.81 NM;0SC, IC50= 16.22 nM). They did
not show significant selective inhibition, which igealso consistent with their cellular
activities.From the results, it was concluded tih&t inhibitory activity of the above
10 representative compounds was weaker tHaBC against N1-H274Y
[A/Anhui/1/2005 (H5N1-H274Y)].
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In conclusion, the test results of the represerdatompounds indicated that
most of them have obvious selective inhibition afugp-1 NAs, and the selectivity of
biarylmethyl group at C5-NHposition derivatives are particularly noticeablde
phenylpropenyl group substituted derivatives, saslila 11f, and1lg also have
significant group-1 NAs selective inhibition. Morew, 11a and 11f inhibitory
activities against N1 have achieved a similar leasDSC. 11c and1le have strong
inhibitory effects against four wild-type NAs, espmdly for N2 which have similar
activity to OSC. Unfortunately, the inhibition of the selected nesgentative
compounds against N1-H274Y was significantly reduckhis could be due to that
the substitution group at the position of C5-N#i OSC affects the binding mode of

the compounds with the mutant enzyme.
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Table 2. Neuraminidase (NA) Inhibition of Oseltamivwr Derivatives in Chemiluminescence-Based Assay

NA-Inhibitory Activity, IC s, (nM)?

Compound R R,
H5N1° H5N2¢ H5N6° H5N&® H5N1-H274Y'
Group-1 Group-2 Group-2 Group-1 Group-1
9a w Vo H 118.129.56 1442.6+121.99 34543.33+2849.81 78.06+10.64 10260+493.25
S ~
9b QI £ H 264.03+5.35 1100.66+103.24 1743.67+350.44 90.06+28.19 31213.33+2826.42
N
od [ \>—<31N H 391.5+37.68 7881.67+1061.17 9595+784.88 108.57+9074 >100000
S \
of H 53.99+5.73 13700+854.34 39073.33+3780.86 83.13+10.08 2922.67+333.41
9g ©/©\ H 74.82+3.45 11996.67+1803.62 16110+339.41 55.25+4.76 7384.33+1007.34
S e
1l1a W;‘ H 57.66:2.38 952.4%89.87 5622.38466.57 92.61+1.76 5994+278.60
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\ <
11c (j\/\//\;J H 254.2+11.79 21.3%0.14 155.4320.25 62.098.22 10431+670.39
(6]
X
1le H 33.26:t2.16 16.8%0.73 45.469.17 33.028.78 5270.33+210.02
F
N
11f /@A/\ H 22.39%1.28 255.3343.24 809.05140.36 174 .418.98 8336.5+848.09
cl
N
119 H 129.289.98 869.03159.98 106741592.40 30944.97 28340+1936.28
Cl
OSsC H H 20.61+0.73 16.290.91 14.420.25 8.810.10 1826.5234.05
ZAN -—-- ---- 1.66+0.44 33.662.99 24.23+1.59 9.99+0.46 12.02+0.29

& Concentration required to reduce NA activity t@&®0f the control NA activity (Ig). Values are the mean of three experiments, presers the mean + standard
deviation (SD)!D Ngoose/Guangdong/SH7/20f3A/Chicken/Hebei/LZF/ZOléﬂ Nduck/Guangdong/674/201?lNgoose/Jiangsu/l306/201f4.NAnhui/1/2005.
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We also tested compounds 9a, 9b, 9d, 99, 1la, 1lfe,and 11g inhibit N1
(HIN1pdm09) and N2 (H3N2) to validate their bindingarget by
chemiluminescence-based assay. OSC was used &seosntrol for inhibition. The
values of 1@y of the selected oseltamivir derivatives and th&tp@ control drugs are
summarized inTable 3. But all the tested compounds exhibited weakeemnt
against N1 (0.084aM-1.67 uM) and N2 (0.244M-17.69uM) compared to OSC (N1.:
0.041uM, N2: 0.016uM), which can be easily explained by the structéeatures of
N1 (HIN1pdmO09) and N2 (H3N2). The closed 150-long the lack of 150-cavity in
N1 (HIN1pdm09) and N2 (H3N2) (Figure 2) indicatattthe cavity would not well
accommodate the selected oseltamivir derivativesihg large groups at C-5-NH

position.

Table 3. N1 (H1IN1pdm09) and N2 (H3N2) Inhibition ofOseltamivir Derivatives

in Chemiluminescence-Based Assay

NA-Inhibitory Activity , IC 5o (uM)

Compound R, R,
N1 (H1N1pdmO9y N2 (H3N2)°
Group-1 Group-2
%a Q‘@ﬂ@r H 0.4840.029 12.22+0.66
S
9b Y H 0.310.12 0.910.06

N
9d [S\>—®T¢ H 1.67£0.48 10.210.11

9 ©/©\ H 0.60+0.066 7.64+1.49
s e

11a H 0.43+0.16 4.64+0.09

o
N
1le H 0.43+0.15 3.47+0.39
N
11f o H 0.84+0.0039 1.56+0.16
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N
119 H 0.087+0.0056 17.69+1.51

Cl

OSC H H 0.041+0.0082 0.016+0.0004

2 A/California/04/2009° A/Babol/36/2005.

2.3. Molecular Docking

To further study the binding modes of the bestvacttcompounds in the
150-cavity of Group-1 NAs, we select®d and1lefor molecular docking with N1
(PDB code: 2HUO) and N8 (PDB code: 2HT7), respetyivThe Surflex-Dock
module of SYBYL-X 1.3, PyMOL and Ligplot softwaregere used for docking and

graphic display respectively.

As shown inFigure 5, it can be observed from A, C, E, and G that the
oseltamivir carboxylic acid part and the positidrCe5-NH, substituent oa andlle
occupy the active sites and 150-cavities of N1 &N®| respectively, and the
oseltamivir carboxylic acid moieties 8&a and 11e were highly coincident with the
OSC. The above two points are the basis of the effedtitiition of N1 and N8 by
9a andlle and also consistent with the idea of two-sitedliig designBecause the
N1 and N8 structures are highly similar, the bigdmodes and interactions between

9aandlleare also very similar.

The interactions between the part of C5-NBubstituents of9a and 1le
(thiophenylbiphenyl and p-fluorophenylpropenyl) aheé 150-cavities of N1 and N8
are shown in figur®, D, F, H: The hydrophobic amino acids or amino acid residues
with hydrophobic side chains (Arg118, Gly147, V@1Aspl51 Argl56 and Thr439
for N1, Glull9, Gly147, Aspl51 Argl56 and Thr439 for N8) N1 and N8
150-cavities interact with the thiophene biphemylfarm hydrophobic and van der
Waals interactions. The guanidine group in Argl8id ahe benzene group in
thiophene biphenyl are parallel to each other, fioghcations interactions. These
interactions closely bind thiophene biphenyl to -ta@ity. However, from figure8
andF, it was found that the hydrogen bonds formed &y @5 amino group oda
with Glull9 and Aspl51 disappeared, possibly becatise presence of
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thiophenebiphenyl changes the conformation of aseitir carboxylic acid ring in
NAs, and weakened the binding force 3 to the active site to some extent. In
addition, the whole conformation changes occurréémthe molecul®a combined
with N1-H274Y, which reduced the inhibitory activito N1-H274Y.Similarly, the
hydrophobic amino acids in 150-cavity of N1 and bdi8the amino acid residues
containing hydrophobic side chains (Arg118,GIn131&7, Vall49, Aspl51 and
Argl56 for N1, Aspl51 Argl56 and Thr439 for N8)nteracted with
p-fluorophenylene propylene groupslheto form hydrophobicity and van der Waals
interactions. Although the propene group was berafito the cross-linking of
p-fluorophenylpropene group with 150-cavity, theenatction between propene group
and 150-loop was weakh summary, the ability ofleto inhibit N1 and N8 is similar
to that of OSCBecause of the slendptfluorophenylpropenyl groug,le may have
little effect on the change of the conformatioroséltamivir carboxylic acid in N8, so
the hydrogen bond between C5-Nahd Glu119 of N8 exists, but the hydrogen bond
in N1 disappears. In addition, the interaction testvp-fluorophenylpropenyl and
150-cavity is weak, so the inhibitory effectidfeon N1-H274Y is not enhanced.
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Figure 5. Docking results of compound®a (blue, A) and 11e (blue, C) with N1 (PDB code:
2HUOQ), compound®a (blue,E) and11e(blue,G) with N8 (PDB code: 2HT7) compared with the
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binding mode oDSC (yellow) andthe hydrophobic amino acids in 150-cavity of N1 and
N8 or the amino acid residues containing hydrophielde chains (Argl118, Gly147,
Aspl51 Argl56 and Thr439 for N1; Glul19, Gly147pAS1 Argl56 and Thr439 for
N8), interacted withp-fluorophenylene propylene groups i&a (B, F), and
(Arg118,GIn136 Gly147, Vall149, Aspl51 and Argl56 Kil, Aspl51 Argl56 and
Thr439 for N8), interacted witp-fluorophenylene propylene groupsife (D, H) to
form hydrophobicity and van der Waals interactions.

2.4. Safety Assessment

A single dose toxicity test of compourdde was carried out in Kunming mice.
After intragastric administratiodle at a dose of 1.5 g/kg. No obvious differences
were found in the weight gain between the Vehidetml and experiment groups
(Figure 6). None of the male or female mice receiving 1Kggif 11edeveloped any
symptoms, such as death, lethargy, clonic convajdianched posture, piloerection.
And they lived for the one study week prior to lgegacrificed Table 4).

—-o— Vehicle Control (female)
28~ -= 1le (female)
-+ Vehicle Control (male)
o 24 = L (male)
=
=
& 20+
=
= i
= 16
12 1 1 ] 1 1 1 1

o
-
N
w
S
(4]
[« )]
~

Figure 6. Bodyweight-time profiles in Kunming mice followgnintragastric administratiobhle

(1.5 g/kg, femal, (green); male, (black)) and Vihmontrol (femal, (red); male, (blue)).
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Table 4. After Administration of 11e the Clinical Behaviorsin Mice

Day, number of mice

Dose oflle Clinical 1 2 3 4
(g/kg) behaviors  “7omin~ 30min _1h 3h 6h
Female mice
Vehicle _
No abnormality 5 5 5 5 5 555
control
Death 0 0 0O O O 00 O
Lethargy 0 0 0O O O 00O
Clonic
_ 0 0 0O 0O O OO0OO
convulsion
Hunched
0 0 0O 0O O OOO
posture
Piloerection 0 0 O O O 00 O
15 No abnormality 5 5 5 5 5 % 5
Death 0 0 0O O O 00 O
Lethargy 0 0 O 0O 0O 00O
Clonic
_ 0 0 0O 0O O OOO
convulsion
Hunched
0 0 0O O O OO O
posture
Piloerection 0 0 O O O 00 O
Male mice
Vehicle )
No abnormality 5 5 5 5 5 555

control
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Death 0 0 0O 0 O 00 OO OO

Lethargy 0 0 O 0O O 0O0OOOOTU O
Clonic
_ 0 0 O 0 O 00O OOOTDO
convulsion
Hunched
0 0 O 0 O 0OO0OOOOTDO
posture
Piloerection 0 0 O O O 00O O0OO0OO0OTDO
15 No abnormality 5 5 5 5 5 % 5555
Death 0 0 O 0O O OoO0OOOOTDO
Lethargy 0 0 O 0O O 0O0OOOO0OTUO
Clonic
_ 0 0 O 0 O 00O OOOTDO
Convulsion
Hunched
0 0 O 0O O 0OO0OOOOTDO
posture
Piloerection 0 0 O O O 00O O0OO0OO0OTDO

3. Conclusion

Based on the previous studies, a series of nowdtamsivir derivatives were
designed, synthesized, and evaluated by modifyiegd5-NH position ofOSC. The
results of activity showed that the amide and swdfoides derivatives obtained by
modifying C5-NH group were lost the ability to inhibit the proliéion of avian
influenza virus. There are two main reasons fos:tHi) After the C5-NKH was
converted into amide or sulfonamide groups, it lafitalinity and cannot form
hydrogen bond with amino acids near 150-loop (|&®lul19 and Aspl51 in N1))
The rigidity of amide or sulfonamide leads to thamge of the whole conformation
of the molecule when it binds to NAs, and the coommbcannot bind effectively with

NAs, thus losing its inhibitory activity on NAs amadian influenza virus.
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Strong electron-withdrawing groups may affect thiedimg of compounds to
150-cavity, such aga-2f, which have weak inhibitory effects on the foubtsyes of
avian influenza virus, especially for HSNMost of the derivatives modified at
C5-NH, position of OSC by biaromatic groups have selective inhibitoryeets on
avian influenza virus and NAs, however introdugomjar atoms at any aromatic ring,
especially near the C5-NHyroup 9€), would reduce their inhibitory activityfhe
elongated and conjugated phenylpropenyl groupvisréble for binding to 150-cavity,
some of the derivatives modified by phenylpropdrgie a strong inhibitory effect on
group-1 avian influenza virus and NAs, comparabl®$C. Generally, the inhibitory
activity of the selected compounds on NAs at theyere level was consistent with
that on the avian influenza virus at the cellukarel. The docking results dda and
11ewith N1 and N8 molecules showed that thiophenyl piluorophenylpropenyl
could effectively bind to 150-cavity, increasingripaf the hydrophobic interactions.
The existence of the two substituents changed dmdoomation of the molecule
binding to NAs and weakened the hydrogen bond beviEb-NH group and Glull9
or Asp151. Therefore the inhibitory effects of tae®mpounds on H5N1 and H5N8
or N1, N8 and N1-H274Y mutant were similar@&C or slightly weakened.

4. Experimental Section
4.1. Chemistry

The main reagent Oseltamivir phosphate was provibgdShandong Qidu
Pharmaceutical Co., Ltd. The other reagents andniciads were bought from
commercial suppliers such as Aladdin, TCI and $#harm Chemical Reagent Co.,
Ltd. With purities at least 97%. The solvents weratained from commercial
suppliers.HRMS analysis was performed using an Agilent 6520@F LC/MS
spectrometer (Agilent, GermanyH-NMR and**C-NMR were determined by Bruker
AV-400 NMR in solvent DMSO-gland CROD, TMS was used as internal standard,
chemical displacement was expressed bgoupling constants]) were expressed in
hertz (Hz). The melting points of all compounds evereasured by the micro melting
point instrument (RY-1G, Tianjin TianGuang Optichistrument). The reaction
process was monitored by thin layer chromatogrdph{) with silica gel GF 254 for
TLC (Merck), and the product spots were observedeumltraviolet light (254 nm).

The products were separated by Flash column chogregihy in silica gel (200-300
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mesh), purchased from Qingdao Haiyang Chemical @oypWhen necessary,

solvents were purified and dried in standard method
4.1.1 General procedure for the synthesis of compads 1a-1g.

The solution of oseltamivir phosphate (0.82 g,r@rol) and a kind of aldehyde
(2.4 mmol, 1.2 equiv) in 30 mL methanol and ethagivt V = 2 : 1) was stirred at
room temperature for half an hour. And then, NgBN (0.31 g, 5.0 mmol, 2.5 equiv)
was added slowly to the solution. After that, thxtore was stirred for 6 hours at
room temperature. The solvent was removed undercegtipressure, water (30 mL)
was added to the residue and extracted with ettetage (3 x 30 mL). The combined
organic phase was washed with saturated sodiunmiddl® x 30mL) and dried with
anhydrous MgSgand concentrated under reduced pressure. The dosteehcrude
was purified by flash column chromatography to obtthe corresponding pure
intermediateda-1g.

Ethyl(3R,4R,5S)-4-acetamido-3-(pentan-3-yloxy)-5-8¢(trifluoromethyl)ben
zyl)amino)cyclohex-1-ene-1-carboxylate (1a)72% yield. '"H NMR (400 MHz,
DMSO-dg): 6 7.81 (d,J = 8.9 Hz, 1H), 7.69 (s, 1H), 7.64 — 7.49 (m, 36154 (s, 1H),
4.13 (g,J = 6.6 Hz, 2H), 4.02 (d] = 6.4 Hz, 1H), 3.86 (d] = 14.0 Hz, 1H), 3.74 (dd,
J=20.3, 11.4 Hz, 2H), 2.80 — 2.69 (m, 1H), 2.64X& 17.5 Hz, 1H), 2.11 (s, 2H),
1.85 (s, 3H), 1.50 — 1.34 (m, 4H), 1.21J& 6.9 Hz, 3H), 0.82 (df] = 14.0, 7.1 Hz,
6H). °C NMR (100 MHz, DMSOds) § 169.99, 166.28, 143.53, 138.42, 132.32,
129.47, 129.36 (cfJcr = 33.0), 129.17, 124.87 (§cr = 270.4), 124.67 (Jck =
3.5), 123.63 (q2Jcr = 3.5), 81.34, 75.72, 60.79, 55.21, 54.51, 4938492, 26.09,
25.66, 23.39, 14.52, 9.89, 9.41.

Ethyl(3R,4R,55)-4-acetamido-5-((4-nitrobenzyl)amino)-3-(pentan-3doxy)cy
clohex-1-ene-1-carboxylate (1b)77% yield.*H NMR (400 MHz, DMSOsdg): 6 8.18
(d, J = 8.5 Hz, 2H), 7.80 (dJ = 9.0 Hz, 1H), 7.60 (d] = 8.4 Hz, 2H), 6.63 (s, 1H),
4.13 (q,J = 7.0 Hz, 2H), 4.01 (d] = 7.3 Hz, 1H), 3.87 (q] = 15.0 Hz, 2H), 3.72 (d}
= 9.1 Hz, 1H), 2.72 (dt] = 14.8, 7.5 Hz, 1H), 2.64 (dd= 17.6, 4.1 Hz, 1H), 2.22 (s,
1H), 2.08 (ddJ = 17.2, 9.3 Hz, 1H), 1.86 (s, 3H), 1.42 @t 14.0, 7.0 Hz, 4H), 1.21
(t, J= 7.0 Hz, 3H), 0.82 (dt] = 14.3, 7.3 Hz, 6H)C NMR (100 MHz, DMSOdg): &
170.05, 166.26, 150.45, 146.69, 138.45, 129.25,0829.23.68, 81.34, 75.72, 60.80,
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55.01, 54.60, 49.41, 30.99, 26.08, 25.64, 23.58314.90, 9.41.

Ethyl(3R,4R,55)-4-acetamido-5-((3-nitrobenzyl)amino)-3-(pentan-3doxy)cy
clohex-1-ene-1-carboxylate (1c)/5% yield."H NMR (400 MHz, DMSO¢): 6 8.22
(s, 1H), 8.08 (dJ = 9.6 Hz, 1H), 7.78 (dd] = 15.3, 8.4 Hz, 2H), 7.60 #,= 7.9 Hz,
1H), 6.63 (s, 1H), 4.13 (¢, = 7.0 Hz, 2H), 4.01 (d] = 8.2 Hz, 1H), 3.93 — 3.78 (m,
2H), 3.72 (qJ = 9.1 Hz, 1H), 3.45-3.3(m, 2H), 2.75 - 2.61 (m,) 2409 (ddJ = 16.9,
8.9 Hz, 1H), 1.87 (s, 3H), 1.42 (tp,= 15.0, 7.3 Hz, 4H), 1.21 (§, = 7.1 Hz, 3H),
0.81 (dt,J = 14.4, 7.4 Hz, 6H)*C NMR (100 MHz, DMSQdg): 6 170.07, 166.27,
148.26, 144.61, 138.46, 135.03, 129.93, 129.13,772221.92, 81.37, 75.76, 60.81,
55.02, 54.56, 49.02, 30.99, 26.09, 25.65, 23.45414.90, 9.42.

Ethyl(3R,4R,55)-4-acetamido-5-((4-cyanobenzyl)amino)-3-(pentan-@loxy)c
yclohex-1-ene-1-carboxylate (1d)65% yield.'"H NMR (400 MHz, DMSOdk): ¢
7.78 (t,J = 8.8 Hz, 3H), 7.52 (d] = 8.2 Hz, 2H), 6.63 (s, 1H), 4.13 (@= 7.0 Hz,
2H), 4.00 (d,J = 8.2 Hz, 1H), 3.91 — 3.66 (m, 3H), 3.42 — 3.35 {H), 2.70 (qJ =
9.5 Hz, 1H), 2.62 (dd] = 17.4, 4.9 Hz, 1H), 2.15 (s, 1H), 2.11 — 1.99 (i), 1.85 (s,
3H), 1.51 — 1.33 (m, 4H), 1.21 @t= 7.1 Hz, 3H), 0.82 (dt] = 14.7, 7.4 Hz, 6H):°*C
NMR (100 MHz, DMSOdg): 6 170.03, 166.26, 148.06, 138.45, 132.48, 129.08,
119.50, 109.64, 81.33, 75.69, 60.80, 54.94, 546065, 30.96, 26.08, 25.64, 23.51,
14.54,9.91, 9.41.

Ethyl(3R,4R,55)-4-acetamido-5-((4-fluorobenzyl)amino)-3-(pentan-¥loxy)c
yclohex-1-ene-1-carboxylate (1e)68% yield.'H NMR (400 MHz, DMSOk): &
7.80 (d,J = 9.1 Hz, 1H), 7.33 (dd] = 8.6, 5.8 Hz, 2H), 7.17 — 7.06 (m, 2H), 6.63 (s,
1H), 4.14 (gJ = 7.0 Hz, 2H), 4.00 (dJ = 8.2 Hz, 1H), 3.79 — 3.60 (m, 3H), 3.39 —
3.35 (m, 1H), 2.71 (td) = 9.7, 5.5 Hz, 1H), 2.63 (dd,= 17.4, 4.9 Hz, 1H), 2.11 —
2.01 (m, 1H), 1.94 (s, 1H), 1.85 (s, 3H), 1.51331(m, 4H), 1.22 () = 7.1 Hz, 3H),
0.81 (dt,J = 14.9, 7.4 Hz, 6H)"*C NMR (100 MHz, DMSQdg) 6 170.04, 166.29,
161.48 (d,"Jcr = 240.1), 138.42, 137.77 (4] = 2.9 Hz), 130.08 (2C, dJce = 7.9
HZ), 129.13, 115.22 (2C, &)cr = 20.9 HZ), 81.32, 75.70, 60.80, 54.79, 54.543@9.
30.93, 26.07, 25.63, 23.48, 14.54,9.91, 9.41.

Ethyl(3R,4R,5S5)-4-acetamido-5-((3-fluorobenzyl)amino)-3-(pentan-§loxy)c
yclohex-1-ene-1-carboxylate (1f)66% yield.'H NMR (400 MHz, DMSOds): ¢
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7.81 (d,J = 9.1 Hz, 1H), 7.39 — 7.29 (m, 1H), 7.14J& 7.8 Hz, 2H), 7.03 (td] =
8.7, 2.2 Hz, 1H), 6.63 (s, 1H), 4.14 (b= 7.0 Hz, 2H), 4.01 (d] = 8.0 Hz, 1H), 3.84
—3.65 (m, 3H), 3.43 — 3.36 (M, 1H), 2.76 — 2.58 2i), 2.16 — 1.98 (m, 2H), 1.86 (s,
3H), 1.52 — 1.32 (m, 4H), 1.22 @t= 7.1 Hz, 3H), 0.82 (dt] = 14.6, 7.4 Hz, 6H):°*C
NMR (100 MHz, DMSOe€g) 6 170.03, 166.29, 162.72 (U = 240.4), 144.99 (d,
“Jcr = 6.8 HZ), 138.44, 130.35 (dJcr = 8.2 HZ), 129.10, 124.15, 114.76 {dcr
=20.8 HZ), 113.63 (d’Jcr = 20.8 HZ), 81.33, 75.68, 60.80, 54.82, 54.6148930.92,
26.08, 25.64, 23.48, 14.54, 9.91, 9.41.

Ethyl(3R,4R,55)-4-acetamido-5-((4-bromobenzyl)amino)-3-(pentan-$toxy)
cyclohex-1-ene-1-carboxylate (1g52% yield.'H NMR (400 MHz, Methanot,): 6
7.49 (d,J = 8.3 Hz, 2H), 7.28 (d] = 8.3 Hz, 2H), 6.78 (s, 1H), 4.21 @~ 7.1 Hz,
2H), 4.07 (dJ = 7.9 Hz, 1H), 4.00 — 3.88 (m, 2H), 3.77 Jd; 13.3 Hz, 1H), 3.39 (p,
J=5.5Hz, 1H), 2.96 (td] = 10.0, 5.4 Hz, 1H), 2.83 (dd,= 17.6, 5.2 Hz, 1H), 2.27
(ddt,J = 15.2, 9.6, 2.6 Hz, 1H), 2.00 (s, 3H), 1.59 31(#, 4H), 1.29 (tJ = 7.1 Hz,
3H), 0.94 — 0.84 (m, 6H)*C NMR (100 MHz, CROD): 6 172.68, 166.26, 137.70,
137.37, 131.30, 130.16, 128.60, 120.87, 82.07,37560.70, 54.24, 54.12, 48.57,
29.19, 25.76, 25.30, 21.77, 13.11, 8.50, 8.18.

4.1.2. General procedure for the synthesis of compods 2a-2g.

At room temperature, the intermediatds-1lg (0.8 mmol) were stirred
respectively in a mixed solution of methanol (30)nand 16% sodium hydroxide
solution (10 mL) for 6 h. Then the mixture was cemicated to remove methanol. The
residue was dissolved in water (30 mL), and thedifsed with dilute hydrochloric
acid (2 mol/L) to adjust pH to 4-5. The solvent veadracted with ethyl acetate and
tetrahydrofuran (V : V=2 : 1, 4 x 30 mL), combahthe organic layer, washed with
saturated sodium chloride solution (2 x 30 mL)ednwith anhydrous MgSfQfiltered
and removed the organic solvent under reduced ymesBhe target compounés-29

were obtained by crystallization of the residuesopropy! ether.
(3R,4R,5S9)-4-acetamido-3-(pentan-3-yloxy)-5-((3-(trifluoromehyl)benzyl)a
mino)cyclohex-1-ene-1-carboxylic acid (2aMWhite powder, 63% vyield, mp: 135.8—
136.8°C.*H NMR (400 MHz, DMSO#d): 6 12.71 (s, 1H), 9.90 (s, 1H), 9.53 (s, 1H),
8.22 (d,J = 9.0 Hz, 1H), 7.99 (s, 1H), 7.87 @= 7.6 Hz, 1H), 7.76 (d] = 7.8 Hz,
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1H), 7.66 (tJ = 7.7 Hz, 1H), 6.66 (s, 1H), 4.30 (s, 3H), 4.05)g 8.9 Hz, 1H), 3.53

— 3.46 (m, 1H), 2.96 (dd] = 17.1, 4.8 Hz, 1H), 2.77 — 2.65 (m, 1H), 1.913H),
1.42 (qq,J = 14.1, 8.8, 7.9 Hz, 4H), 0.84 (t= 7.4 Hz, 3H), 0.80 (1) = 7.4 Hz, 3H).

3C NMR (100 MHz, DMSOdg) § 171.33, 167.24, 138.05, 137.98, 135.00, 133.86,
130.05, 129.62 (fJcr = 31.7), 128.11,127.58 (&cr = 3.6) 125.97 (q3Jcr = 3.5)
124.52 (q1Jce = 270.6), 81.60, 74.88, 54.79, 50.93, 45.23, 2626@7, 25.50, 23.89,
9.83, 9.31. HRMS calcd for sgH,0FsN>Os [M + H]™: 443.2152. Found: m/z
443.2150.

(3R,4R,5S5)-4-acetamido-5-((4-nitrobenzyl)amino)-3-(pentan-34oxy)cyclohe
x-1-ene-1-carboxylic acid (2b) White powder, 62% yield, mp: 210.4—220.99€!,
NMR (400 MHz, DMSOedg): ¢ 8.18 (d,J = 8.7 Hz, 2H), 8.02 (dJ = 9.1 Hz, 1H),
7.62 (d,J = 8.7 Hz, 2H), 6.56 (s, 1H), 4.03 @= 8.1 Hz, 1H), 3.89 (q] = 15.1 Hz,
3H), 3.72 (gJ = 9.1 Hz, 2H), 2.73 (td) = 10.1, 5.4 Hz, 1H), 2.64 (dd,= 17.5, 4.1
Hz, 1H), 2.04 (ddJ = 17.4, 9.6 Hz, 1H), 1.87 (s, 3H), 1.42 (ddp; 26.8, 13.3, 6.7,
6.3 Hz, 4H), 0.82 (dt) = 15.1, 7.4 Hz, 6H)"*C NMR (100 MHz, DMSOdg): 6
170.18, 169.35, 150.10, 146.70, 136.89, 136.83,803029.35, 123.70, 81.26, 76.05,
55.14, 54.78, 49.22, 31.23, 26.13, 25.63, 23.594,99.41. HRMS calcd for
C21H29N306 [M + H]™: 420.2129. Found: m/z 420.2131.

(3R,4R,5S9)-4-acetamido-5-((3-nitrobenzyl)amino)-3-(pentan-34doxy)cyclohe
x-1-ene-1-carboxylic acid (2c) White powder, 60% yield, mp: 111.3-113.0°.
NMR (400 MHz, DMSOek): § 9.74 (s, 1H), 8.44 (s, 1H), 8.22 @ = 7.7 Hz, 1H),
8.17 — 8.02 (m, 1H), 7.96 (d,= 6.6 Hz, 1H), 7.71 () = 7.8 Hz, 1H), 6.65 (s, 1H),
6.54 (s, 0.5H), 4.24 (d] = 12.3 Hz, 3H), 4.01 — 3.88 (m, 1H), 3.47 — 3.85 2H),
2.88 (d,J = 14.2 Hz, 1H), 2.57 (s, 0.5H), 1.91 (s, 3H), 1(#3J = 12.6, 6.8 Hz, 4H),
0.85 (t,J = 7.2 Hz, 3H), 0.80 (t) = 7.5 Hz, 3H)C NMR (100 MHz, DMSOdy): &
171.14, 167.42, 148.16, 137.95, 136.97, 130.40.482825.03, 123.64, 81.54, 75.08,
54.82, 51.87, 49.05, 45.88, 26.07, 25.54, 23.885,99.35. HRMS calcd for
C21H29N306 [M + H]™: 420.2129. Found: m/z 420.2128.

(3R,4R,5S5)-4-acetamido-5-((4-cyanobenzyl)amino)-3-(pentan-@oxy)cycloh
ex-1-ene-1-carboxylic acid (2d)White powder, 64% vyield, mp: 110.1-112.4°8.
NMR (400 MHz, DMSOd): 6 9.70 (s, 1H), 8.17 (dl = 9.0 Hz, 1H), 7.91 (d] = 8.2
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Hz, 2H), 7.77 (dJ = 8.2 Hz, 2H), 6.65 (s, 1H), 4.35 — 4.22 (m, 3819 (q,J = 8.9
Hz, 1H), 3.45—- 3.35m, 1H) 2.91 (ddJ=17.1, 4.7 Hz, 1H), 2.72 — 2.59 (m, 1H),
1.91 (s, 3H), 1.42 (tq] = 14.3, 7.0 Hz, 4H), 1.04 (d,= 6.1 Hz, 1H), 0.84 () = 7.4
Hz, 3H), 0.80 (t,) = 7.4 Hz, 3H)**C NMR (100 MHz, DMSOdg): 6 171.31, 167.25,
138.00, 132.86, 131.46, 128.08, 119.01, 111.8%78174.89, 67.77, 54.64, 51.24,
45.61, 26.05, 25.50, 23.94, 23.27, 9.85, 9.32. HRIIBd for GoHzoN304[M + H]*:
400.2231. Found: m/z 400.2233.

(3R,4R,5S)-4-acetamido-5-((4-fluorobenzyl)amino)-3-(pentan-3loxy)cycloh
ex-1-ene-1-carboxylic acid (2e)White powder, 59% vyield, mp: 170.2-172.4°A.
NMR (400 MHz, DMSO¢g): 6 8.17 (d,J = 9.1 Hz, 1H), 7.61 (dd] = 8.6, 5.5 Hz,
2H), 7.27 (tJ = 8.9 Hz, 2H), 6.65 (s, 1H), 4.30 — 4.13 (m, 3#HN6 — 3.95 (m, 1H),
3.42 — 3.37 (m, 3H), 2.92 (dd= 17.2, 4.9 Hz, 1H), 2.75 — 2.59 (m, 1H), 1.923(4),
1.52 — 1.32 (m, 4H), 0.82 (di,= 19.2, 7.4 Hz, 6H):*C NMR (100 MHz, DMSQdg)

6 171.26, 167.25, 162.78 (Hicr = 243.8 HZ) 138.03, 133.01 (2C, Wer = 8.5 HZ),
128.71, 128.05, 115.90 (2C, Wer = 21.3 HZ), 81.56, 74.92, 54.32, 51.05, 45.19,
26.03, 25.98, 25.47, 23.96, 9.86, 9.30. HRMS cdtmd CyiHogFN,O4 [M + H]™:
393.2184. Found: m/z 393.2185.

(3R,4R,5S)-4-acetamido-5-((3-fluorobenzyl)amino)-3-(pentan-3loxy)cycloh
ex-1-ene-1-carboxylic acid (2fWhite powder, 56% vyield, mp: 157.1-158.7°8.
NMR (400 MHz, DMSOe): J 8.16 (d,J = 9.0 Hz, 1H), 7.52 — 7.42 (m, 2H), 7.38 (d,
J=7.7 Hz, 1H), 7.24 (td] = 8.5, 2.2 Hz, 1H), 6.65 (s, 1H), 4.30 — 4.15 &), 4.00
(g,J=8.9 Hz, 1H), 3.44 — 3.35 (m, 3H), 2.91 (dd&; 17.1, 4.8 Hz, 1H), 2.73 — 2.58
(m, 1H), 1.92 (s, 3H), 1.42 (t4,= 14.0, 7.1 Hz, 4H), 0.84 (,= 7.4 Hz, 3H), 0.80 (t,
J=7.4 Hz, 3H)C NMR (100 MHz, DMSOdg) § 171.25, 167.26, 162.38 (Hicr =
242.1), 138.02, 135.36, 131.06 {d:r = 8.1 HZ), 128.09, 126.69, 117.32 {der =
22.0 HZ), 116.06 (fJcr = 21.1 HZ), 81.56, 74.90, 68.73, 54.46, 51.2354527.88,
26.04, 25.49, 23.94, 22.21, 9.85, 9.31. HRMS cficdC,1H20FN,O4[M + H] ™
393.2184. Found: m/z 393.2185.

(3R,4R,5S)-4-acetamido-5-((4-bromobenzyl)amino)-3-(pentan-gtoxy)cyclo
hex-1-ene-1-carboxylic acid (2g)White powder, 59% vyield, mp: 105.7-108.5%8.
NMR (400 MHz, Methanob,): § 7.62 (d,J = 8.4 Hz, 2H), 7.42 (d] = 8.3 Hz, 2H),
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6.84 (s, 1H), 4.35 (dl = 13.2 Hz, 1H), 4.28 — 4.12 (m, 3H), 3.64 — 3.62 (H), 3.45
(p,J = 5.6 Hz, 1H), 3.01 (ddl = 17.3, 5.2 Hz, 1H), 2.63 (dd,= 17.1, 10.0 Hz, 1H),
2.05 (s, 3H), 1.61 — 1.47 (= 6.8 Hz, 4H), 0.91 (q] = 7.5 Hz, 6H)*C NMR (100
MHz, CD;OD): 6 173.47, 136.67, 132.03, 131.43, 130.67, 127.98,722 123.25,
82.27, 74.62, 55.05, 51.76, 46.90, 26.20, 25.7£2%21.98, 8.42, 8.17. HRMS calcd
for Co1H20BrN,O4 [M + H]*: 453.1383. Found: m/z 453.1381.

4.1.3. General procedure for the synthesis of compod 3

Thiophene-3-formaldehyde (1.6 mmol, 0.8 equiv.) wdded to the solution of
30 mL methanol and ethanol (V : V = 2 : 1) of oaslivir phosphate (0.82 g, 2.0
mmol, 0.8 equiv.). The reaction solution was stirfer 0.5 h at room temperature, and
then NaBHCN (0.31 g, 5.0 mmol, 2.5 equiv.) was added anedifor 6 hours at
room temperature. The solvent was removed undeicestipressure, and the residue
was dissolved in water (30 mL) and extracted withyleacetate (3 x 30 mL). The
combined organic phase was washed with saturaidracchloride (2 x 30mL) and
dried with anhydrous MgSO The MgSQ was removed by filtration and
concentrated under reduced pressure. The crudegrags purified by flash column
chromatography to obtain the corresponding interate@.

Ethyl(3R,4R,55)-4-acetamido-3-(pentan-3-yloxy)-5-((thiophen-3-ylrthyl)a
mino)cyclohex-1-ene-1-carboxylate (3%7% yield,"H NMR (400 MHz, DMSO#):
§7.80 (d,J=9.1 Hz, 1H), 7.46 (dd] = 4.8, 3.0 Hz, 1H), 7.28 — 7.20 (m, 1H), 7.04 (d,
J=4.8 Hz, 1H), 6.64 (s, 1H), 4.14 &= 7.0 Hz, 2H), 4.00 (d] = 7.8 Hz, 1H), 3.81 —
3.61 (m, 3H), 3.40 — 3.35 (m, 1H), 2.73 (8= 9.7, 5.3 Hz, 1H), 2.65 (dd,= 17.6,
4.6 Hz, 1H), 2.14 — 1.98 (m, 1H), 1.97 — 1.73 (i) ,41.41 (th,J = 14.2, 7.0 Hz, 4H),
1.22 (t,J = 7.1 Hz, 3H), 0.81 (dt) = 15.2, 7.3 Hz, 6H)*C NMR (100 MHz,
DMSO-tg): 6 170.04, 166.30, 142.65, 138.44, 129.13, 128.28,3® 121.62, 81.32,
75.69, 60.80, 54.69, 54.56, 45.49, 30.87, 26.08323.48, 14.56, 9.92, 9.41.

4.1.4. General procedure for the synthesis of compod 4

The compound! was synthesized with the same procedure repotiedeaas

4.1.2 and the raw material of the reaction waspmmd 3.
(3R,4R,5S5)-4-acetamido-3-(pentan-3-yloxy)-5-((thiophen-3-ylmthyl)amino)c
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yclohex-1-ene-1-carboxylic acid (4)White powder, 61% yield, mp: 171.2-176.0°C.
'H NMR (400 MHz, DMSOeg): 6 8.14 (s, 1H), 7.66 (s, 1H), 7.58 (s, 1H), 7.34217
(m, 1H), 6.63 (s, 1H), 4.31 — 4.06 (m, 3H), 3.94J& 9.2 Hz, 1H), 3.39 (pJ = 5.3
Hz, 1H), 3.27 (s, 1H), 2.86 (dd,= 17.1, 4.4 Hz, 1H), 2.63 — 2.52 (m, 1H), 1.91 (s,
3H), 1.54 — 1.29 (m, 4H), 0.81 (d1,= 18.7, 7.3 Hz, 6H)"*C NMR (100 MHz,
DMSO-tg): 6 171.11, 167.37, 137.98, 133.88, 129.22, 128.28,2%? 126.80, 81.51,
74.92, 54.08, 51.65, 41.55, 26.61, 26.03, 25.48®3.87, 9.32. HRMS calcd for
C1oH26N204S [M + H]™: 381.1843. Found: m/z 381.1842.

4.1.5. General procedure for the synthesis of compod 5

To a solution of oseltamivir phosphate (0.82 g, @arol) in 30 mL of methanol
and ethanol (V : V = 2 : 1), thiophene-3-carbaldihy4.4 mmol, 2.2 equiv.) was
added at room temperaturéhe reaction solution was stirred for 0.5 h at this
temperature, and then NaBEN (0.62 g, 10 mmol, 5 equiv.) was added stirred8fo
hours at room temperature. The solvent was remamddr reduced pressure, and the
residue was dissolved in water (30 mL) and extchetgh ethyl acetate (3 x 30 mL).
The combined organic phase was washed with satusatium chloride (2 x 30 mL),
dried with anhydrous MgSQfiltered and concentrated after removing MgSThe
concentrated product was purified by flash coluntiromatography, and the

corresponding intermediatewas obtained.

Ethyl(3R,4R,5S)-4-acetamido-5-(bis(thiophen-3-ylmethyl)amino)-3{entan-
3-yloxy)cyclohex-1-ene-1-carboxylate (5).72% vield. *H NMR (400 MHz,
DMSO-tg): 0 7.78 (d,J = 8.8 Hz, 1H), 7.43 (ddl = 4.8, 3.0 Hz, 2H), 7.31 — 7.25 (m,
2H), 7.01 (dJ = 4.7 Hz, 2H), 6.58 (s, 1H), 4.14 @~ 7.1 Hz, 2H), 3.98 ( = 7.7
Hz, 2H), 3.69 (d,) = 14.1 Hz, 2H), 3.53 (d] = 14.1 Hz, 2H), 2.86 (td] = 10.5, 4.6
Hz, 1H), 2.50 (s, 2H), 2.31 — 2.17 (m, 1H), 1.913H), 1.44 (dg,J = 18.9, 6.4 Hz,
4H), 1.22 (t,J = 7.1 Hz, 3H), 0.81 (dtJ = 14.3, 7.3 Hz, 6H)*C NMR (100 MHz,
DMSO-dg): 6 169.18, 166.25, 141.81, 138.77, 129.54, 128.58,112 122.37, 81.51,
77.04, 60.82, 56.72, 52.53, 48.63, 26.03, 25.54543.64, 14.58, 9.92, 9.39.

4.1.6. General procedure for the synthesis of compod 6

The synthetic method was similar to that of commgb2nand the raw material is

compouncb.
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(3R,4R,5S9)-4-acetamido-5-(bis(thiophen-3-ylmethyl)amino)-3entan-3-ylox
y)cyclohex-1-ene-1-carboxylic acid (6)White powder, 53% yield mp: 110.0-
111.7°C.*H NMR (400 MHz, DMSOsdg): § 12.28 (s, 1H), 7.78 (dl = 8.6 Hz, 1H),
7.43 (dd,J = 4.8, 3.0 Hz, 2H), 7.33 — 7.24 (m, 2H), 7.01J&; 4.7 Hz, 2H), 6.55 (s,
1H), 4.05 — 3.87 (m, 2H), 3.69 (d,= 14.1 Hz, 2H), 3.53 (d] = 14.1 Hz, 2H), 2.85
(td,J =10.7, 4.8 Hz, 1H), 2.51 (s, 2H), 2.27 — 2.12 i), 1.91 (s, 3H), 1.42 (ddq,
= 18.9, 13.6, 6.9 Hz, 4H), 0.83 {t= 6.8 Hz, 3H), 0.79 (tJ = 7.4 Hz, 3H)C NMR
(100 MHz, DMSOsdg): ¢ 169.18, 167.97, 141.88, 138.27, 130.15, 128.58,1TQ
122.32, 81.47, 77.17, 56.66, 52.57, 48.67, 26.5454 24.55, 23.65, 9.94, 9.39.
HRMS calcd for GsH3oN204S, [M + H]™: 477.1876. Found: m/z 477.1877.

4.1.7. General procedure for the synthesis of compods 7a-7h

To a solution of bromoarylaldehyde or aryl bromi@e equiv.) in dimethyl
sulfoxide, the corresponding aryl boronic acidanmntyl aryl boronic acid (1.1 equiv.),
tetrakis(triphenylphosphine)palladium (0.05 equanyl potassium carbonate (1 equiv.)
were addedReplace the air in the mixture system with nitro§@nl0 minutes. After
heating at 120°C for 12 hours, the reaction mixtues cooled to room temperature
and then poured into cold water (120 mL). Ethyltame (3 x 40 mL) was used for
extraction. The organic phase was combined, thesheé with saturated sodium
chloride (50 mL) and water (50 mL), and the orgghase was dried with anhydrous
MgSQy. After filtering and removing MgS§the solvent was removed under reduced
pressure and the crude product was obtained. Tinesponding producta-7h were

obtained from the crude product purified by flablhoenatography.

4-(thiophen-3-yl)benzaldehyde (7a).53% vyield, '"H NMR (400 MHz,
DMSO-dg): § 10.02 (s, 1H), 8.14 (dd,= 2.8, 1.5 Hz, 1H), 8.00 — 7.94 (m, 4H), 7.71
(qd,J = 5.1, 2.2 Hz, 2H)**C NMR (100 MHz, DMSOds): § 192.94, 141.08, 140.60,
135.15, 130.71, 128.15, 127.00, 126.72, 124.13.

5-phenylthiophene-2-carbaldehyde (7b).62% yield, '"H NMR (400 MHz,
DMSO-tg): 6 9.93 (s, 1H), 8.05 (d] = 4.0 Hz, 1H), 7.84 — 7.79 (m, 2H), 7.76 Jd;
4.0 Hz, 1H), 7.53 — 7.42 (m, 3H})C NMR (100 MHz, DMSQdg): ¢ 184.52, 153.08,
142.47,139.67, 132.90, 130.04, 129.84, 126.68,3628.25.76.

[2,2"-bithiophene]-5-carbaldehyde (7c).67% vyield, '"H NMR (400 MHz,
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Methanold,): § 9.81 (s, 1H), 7.81 (dl = 4.0 Hz, 1H), 7.50 (dd] = 5.1, 1.1 Hz, 1H),
7.44 (dd,J = 3.7, 1.1 Hz, 1H), 7.36 (d,= 4.0 Hz, 1H), 7.10 (ddl = 5.1, 3.7 Hz, 1H).
3C NMR (100 MHz, CROD): ¢ 183.36, 147.00, 141.58, 138.28, 135.69, 128.15,
127.11, 126.06, 124.26.

4-(thiazol-2-yl)benzaldehyde (7d)56% vyield.*H NMR (400 MHz, DMSO#k):
0 10.07 (s, 1H), 8.19 (d,= 8.2 Hz, 2H), 8.03 (d] = 8.1 Hz, 3H), 8.01 — 7.92 (m, 1H).
3C NMR (100 MHz, DMSOde): 6 193.05, 166.12, 144.98, 138.34, 137.31, 130.88,
127.21, 122.71, 40.19.

5-phenylthiazole-2-carbaldehyde (7e).

Phenylboric acid (2.42 g, 20 mmol), 5-bromothiopi@aformaldehyde (3.84 g,
20 mmol), potassium carbonate (4.1 g, 30 mmoljateiphenylphosphine palladium
(0.08 g), DMSO (30 ml) were added to the flasktgected by nitrogen, and heated to
120°C. Stir for 12 hours. The reaction mixture vadsled to 150 ml water, extracted
with ethyl acetate (3 x50 ml), dried with anhydradgSQ,, filtered, evaporated
under reduced pressure and separated by flash sathnamatography to obtain the

target compounds.

[1,1-biphenyl]-3-carbaldehyde (7f). 55% vyield, '"H NMR (400 MHz,
DMSO-dg): 6 10.11 (s, 1H), 8.21 (s, 1H), 8.02 (s 7.7 Hz, 1H), 7.91 (d] = 7.6 Hz,
1H), 7.76 (dJ = 8.4 Hz, 2H), 7.70 (1) = 7.7 Hz, 1H), 7.52 (t] = 7.5 Hz, 2H), 7.43 (t,
J = 7.3 Hz, 1H)*C NMR (100 MHz, DMSOde): § 193.70, 139.34, 137.31, 133.11,
130.32, 129.58, 128.55, 128.43, 127.29.

3-(thiophen-2-yl)benzaldehyde (7g).63% yield, '"H NMR (400 MHz,
DMSO-tg): 6 10.07 (s, 1H), 8.16 (s, 1H), 8.01 (&= 7.8 Hz, 1H), 7.84 (dl = 7.6 Hz,
1H), 7.69 — 7.62 (m, 3H), 7.20 (dd,= 5.0, 3.7 Hz, 1H)}¥C NMR (100 MHz,
DMSO-dg): 0 193.51, 137.37, 135.08, 131.52, 130.51, 129.28,600 127.14, 126.64,
125.27.

3-(thiophen-3-yl)benzaldehyde (7h). 64% vyield. '"H NMR (400 MHz,
DMSO-dg): 6 10.07 (s, 1H), 8.25 (§ = 1.6 Hz, 1H), 8.09 — 8.05 (m, 1H), 8.03 (dd,
= 2.9, 1.4 Hz, 1H), 7.83 (d§,= 7.6, 1.3 Hz, 1H), 7.70 (dd,= 5.0, 2.9 Hz, 1H), 7.67
— 7.61 (m, 2H)*C NMR (100 MHz, DMSOdg): § 193.60, 140.61, 137.31, 136.43,
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132.40, 130.24, 128.19, 128.00, 127.65, 126.58,6522
4.1.8. General procedure for the synthesis of compnods 8a-8h

The synthetic method was similar to that of commbijnand the raw material

were compoundga-7h

Ethyl(3R,4R,5S)-4-acetamido-3-(pentan-3-yloxy)-5-((4-(thiophen-34)benzyl
Yamino)cyclohex-1-ene-1-carboxylate (8a)70% vyield, '"H NMR (400 MHz,
DMSO-dg): 6 7.88 — 7.78 (m, 2H), 7.66 (d,= 8.2 Hz, 2H), 7.63 (dd] = 5.0, 2.9 Hz,
1H), 7.55 (dd,) = 5.0, 1.2 Hz, 1H), 7.34 (d,= 8.2 Hz, 2H), 6.64 (s, 1H), 4.14 @@=
7.0 Hz, 2H), 4.01 (dJ = 8.0 Hz, 1H), 3.85 — 3.63 (m, 3H), 3.42 — 3.38 ), 2.75
(td,J=9.7, 5.5 Hz, 1H), 2.67 (dd,= 17.4, 4.7 Hz, 1H), 2.15 — 2.04 (m, 1H), 1.87 (s,
3H), 1.52 — 1.33 (m, 5H), 1.22 (= 7.1 Hz, 3H), 0.82 (dt] = 14.4, 7.4 Hz, 6H)’C
NMR (100 MHz, DMSOdg): ¢ 170.07, 166.30, 141.82, 138.45, 133.96, 129.12,
128.84, 127.42, 126.57, 126.31, 120.91, 81.34,17%61.19, 60.82, 54.82, 54.56,
49.86, 29.67, 26.08, 25.64, 23.51, 14.56, 9.93.9.4

Ethyl(3R,4R,59)-4-acetamido-3-(pentan-3-yloxy)-5-(((5-phenylthiopen-2-yl)
methyl)amino)cyclohex-1-ene-1-carboxylate (8b)50% yield,"H NMR (400 MHz,
DMSO-t): 6 7.80 (d,J = 9.1 Hz, 1H), 7.65 — 7.56 (m, 2H), 7.40Jt 7.7 Hz, 2H),
7.33 (d,J = 3.6 Hz, 1H), 7.28 (i) = 7.4 Hz, 1H), 6.94 (dJ = 3.5 Hz, 1H), 6.64 (s,
1H), 4.15 (gJ = 7.0 Hz, 2H), 4.03 (d] = 8.0 Hz, 1H), 4.00 — 3.85 (m, 2H), 3.74 Jq,
= 9.0 Hz, 1H), 3.41 - 3.36 (m, 1H), 2.86 — 2.75 (H), 2.69 (ddJ = 17.6, 4.9 Hz,
1H), 2.17 — 2.08 (m, 1H), 1.88 (s, 3H), 1.52 — (83 4H), 1.22 (tJ = 7.1 Hz, 3H),
0.82 (dt,J = 13.4, 7.4 Hz, 6H)*C NMR (100 MHz, DMSQdg): § 170.07, 166.29,
142.13, 138.40, 134.59, 129.51, 129.15, 127.70,442323.48, 81.37, 75.69, 60.82,
54.80, 54.37, 45.35, 30.83, 26.10, 25.68, 23.5%614€.89, 9.46.

Ethyl(3R,4R,55)-5-(([2,2'-bithiophen]-5-ylmethyl)amino)-4-acetamdo-3-(pe
ntan-3-yloxy)cyclohex-1-ene-1-carboxylate (8c)70% vyield,'H NMR (400 MHz,
Methanold,): § 7.27 (ddJ = 5.1, 1.1 Hz, 1H), 7.14 (dd,= 3.6, 1.1 Hz, 1H), 7.04 —
6.97 (m, 2H), 6.86 (dJ = 3.6 Hz, 1H), 6.76 (t) = 2.0 Hz, 1H), 4.20 (] = 7.1 Hz,
2H), 4.05 (ddJ = 11.4, 7.7 Hz, 2H), 3.95 — 3.86 (m, 2H), 3.37J; 5.7 Hz, 1H),
2.95 — 2.79 (m, 2H), 2.25 — 2.14 (m, 1H), 2.028@), 1.58 — 1.42 (m, 4H), 1.28 (,

= 7.1 Hz, 3H), 0.93 — 0.89 (m, 3H), 0.89 — 0.85 @h|)'°C NMR (100 MHz,
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CDs0OD): ¢ 172.55, 166.46, 142.90, 137.50, 137.40, 136.58,942 127.42, 125.77,
123.87, 122.97, 122.81, 82.09, 75.69, 60.64, 548100, 48.24, 48.03, 47.89, 47.81,
47.67,47.60, 47.39, 47.18, 46.96, 44.31, 29.98®=25.36, 21.80, 13.10, 8.49, 8.21.

Ethyl(3R,4R,55)-4-acetamido-3-(pentan-3-yloxy)-5-((4-(thiazol-24ybenzyl)a
mino)cyclohex-1-ene-1-carboxylate (8d).65% vyield, '"H NMR (400 MHz,
DMSO-dg): 6 7.95 — 7.86 (m, 3H), 7.80 (d,= 9.1 Hz, 1H), 7.76 (d] = 3.2 Hz, 1H),
7.44 (d,J = 8.2 Hz, 2H), 6.64 (s, 1H), 4.14 (&= 7.0 Hz, 2H), 4.02 (d] = 8.2 Hz,
1H), 3.83 (dJ = 14.1 Hz, 1H), 3.73 (g} = 8.6 Hz, 2H), 3.37 (q] = 5.6 Hz, 1H), 2.74
(td, J = 9.5, 5.3 Hz, 1H), 2.66 (dd,= 17.4, 4.9 Hz, 1H), 2.16 — 1.96 (m, 2H), 1.87 (s,
3H), 1.52 — 1.33 (m, 4H), 1.21 (= 7.1 Hz, 3H), 0.82 (dt] = 13.4, 7.4 Hz, 6H)C
NMR (100 MHz, DMSOe€k): ¢ 170.06, 167.63, 166.30, 144.20, 144.12, 138.42,
131.98, 129.16, 129.06, 126.49, 120.52, 81.34,3/5%D.80, 54.92, 54.61, 49.86,
30.99, 26.09, 25.66, 23.50, 14.55, 9.90, 9.43.

Ethyl(3R,4R,5S)-4-acetamido-3-(pentan-3-yloxy)-5-(((5-phenylthiaa-2-yl)m
ethyl)amino)cyclohex-1-ene-1-carboxylate (8e62% vyield.'H NMR (400 MHz,
Methanoldy): 6 7.94 — 7.83 (m, 2H), 7.67 (s, 1H), 7.45 (d&; 4.2, 1.7 Hz, 3H), 6.76
(t, J= 2.1 Hz, 1H), 4.20 (q] = 7.1 Hz, 2H), 4.16 — 4.09 (m, 1H), 4.09 — 3.97 i),
3.89 (dd,J = 10.4, 8.5 Hz, 1H), 3.37 (g,= 5.6 Hz, 1H), 2.96 — 2.77 (m, 2H), 2.28 —
2.14 (m, 1H), 2.02 (s, 3H), 1.57 — 1.43 (m, 4HR61(s, 3H), 0.89 (gJ = 7.5 Hz,
6H).1*C NMR (100 MHz, CRQOD): § 172.52, 168.43, 166.43, 140.50, 139.58, 137.49,
133.39, 129.90, 128.94, 128.78, 125.98, 125.93)83275.68, 60.64, 54.65, 54.15,
41.66, 30.08, 25.81, 25.37, 21.82, 13.10, 8.5®.8.2

Ethyl(3R,4R,55)-5-(([1,1'-biphenyl]-3-ylmethyl)amino)-4-acetamide3-(pent
an-3-yloxy)cyclohex-1-ene-1-carboxylate (8f)75% vyield, 'H NMR (400 MHz,
Methanoléy): 6 7.61 (d,J = 8.0 Hz, 3H), 7.51 (d] = 7.7 Hz, 1H), 7.46 — 7.36 (m, 3H),
7.36 — 7.27 (m, 2H), 6.78 (s, 1H), 4.21 Joz 7.1 Hz, 2H), 4.07 (d] = 8.1 Hz, 1H),
3.95 (dd,J = 11.6, 4.0 Hz, 2H), 3.79 (d,= 12.9 Hz, 1H), 3.38 (p] = 5.5 Hz, 1H),
2.94 (td,J = 9.9, 5.3 Hz, 1H), 2.86 (dd,= 17.5, 5.2 Hz, 1H), 2.36 — 2.22 (m, 1H),
1.98 (s, 3H), 1.59 — 1.42 (m, 4H), 1.28 Jt= 7.1 Hz, 3H), 0.89 (¢J) = 7.5 Hz,
6H).13C NMR (100 MHz, CRROD): ¢ 172.51, 166.43, 141.40, 140.93, 139.97, 137.39,
128.90, 128.65, 128.44, 127.00, 126.72, 126.63,582982.03, 75.60, 60.65, 54.46,

54.32, 49.61, 29.62, 25.78, 25.33, 21.76, 13.80),8.18.
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Ethyl(3R,4R,5S)-4-acetamido-3-(pentan-3-yloxy)-5-((3-(thiophen-34)benzyl
Yamino)cyclohex-1-ene-1-carboxylate (8g).66% yield, 'H NMR (400 MHz,
Methanoléy): § 7.64 (s, 1H), 7.55 (dl = 7.8 Hz, 1H), 7.44 — 7.22 (m, 4H), 7.07 {d,
= 4.8 Hz, 1H), 6.78 (s, 1H), 4.20 @= 7.1 Hz, 2H), 4.15 — 3.93 (m, 3H), 3.84 Jc&&
12.9 Hz, 1H), 3.43 — 3.33 (m, 1H), 3.10 (@ds 10.0, 5.4 Hz, 1H), 2.88 (dd,= 17.4,
4.8 Hz, 1H), 2.36 (dd] = 17.5, 9.7 Hz, 1H), 2.01 (s, 3H), 1.57 — 1.42 4id), 1.28 (t,

J = 7.1 Hz, 3H), 0.88 (g) = 7.3 Hz, 6H)"*C NMR (100 MHz, CROD): ¢ 172.71,
166.16, 143.66, 138.34, 137.46, 134.83, 129.01,4828127.81, 127.48, 125.67,
124.72, 123.16, 82.10, 75.41, 60.76, 54.54, 51837, 47.45, 28.82, 25.79, 25.33,
21.95, 13.18, 8.57, 8.24.

Ethyl(3R,4R,5S)-4-acetamido-3-(pentan-3-yloxy)-5-((3-(thiophen-34)benzyl
Yamino)cyclohex-1-ene-1-carboxylate (8h).53% vyield, *H NMR (400 MHz,
Methanoléy): 0 7.69 — 7.60 (m, 2H), 7.57 (d= 7.8 Hz, 1H), 7.47 (d] = 1.9 Hz, 2H),
7.36 (t,J = 7.6 Hz, 1H), 7.25 (d) = 7.6 Hz, 1H), 6.78 (s, 1H), 4.21 (@= 7.1 Hz,
2H), 4.08 (dJ = 8.2 Hz, 1H), 3.97 (dd] = 11.7, 4.6 Hz, 2H), 3.80 (d,= 12.9 Hz,
1H), 3.38 (pJ = 5.6 Hz, 1H), 2.99 (td] = 10.0, 5.4 Hz, 1H), 2.87 (dd,= 17.6, 5.2
Hz, 1H), 2.31 (ddt) = 14.6, 7.0, 2.6 Hz, 1H), 1.99 (s, 3H), 1.57 -41(#, 4H), 1.29
(t, J= 7.1 Hz, 3H), 0.89 (q] = 7.5 Hz, 6H):*C NMR (100 MHz, CROD): § 172.63,
166.32, 141.91, 139.10, 137.41, 136.17, 128.77,.6828126.88, 126.13, 125.98,
125.75, 125.08, 120.09, 82.06, 75.48, 60.71, 5432,8, 49.37, 29.25, 25.77, 25.31,
21.82, 13.13, 8.53, 8.19.

4.1.9. General procedure for the synthesis of compods 9a-9h

The synthetic method was similar to that of comgb2nand the raw materials

were8a-8h

(3R,4R,5S9)-4-acetamido-3-(pentan-3-yloxy)-5-((4-(thiophen-34)benzyl)ami
no)cyclohex-1-ene-1-carboxylic acid (9a)wWhite powder, 53% vyield, mp: 180.2—
182.3°C.*H NMR (400 MHz, DMSOs): ¢ 8.18 (d,J = 9.0 Hz, 1H), 8.00 — 7.90 (m,
1H), 7.79 (dJ = 8.2 Hz, 2H), 7.66 (dd} = 4.9, 2.9 Hz, 1H), 7.63 — 7.52 (m, 3H), 6.65
(s, 1H), 4.21 (dt) = 23.1, 11.0 Hz, 3H), 4.02 (4= 9.0 Hz, 1H), 3.42 — 3.37 (m, 3H),
2.93 (ddJ = 17.0, 4.5 Hz, 1H), 2.74 — 2.61 (m, 1H), 1.943(d), 1.53 — 1.33 (m, 4H),
0.82 (dt,J = 17.7, 7.3 Hz, 6H)**C NMR (100 MHz, DMSOds): ¢ 171.23, 167.28,
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141.22, 138.07, 135.90, 131.13, 128.08, 127.71,602421.97, 81.57, 74.96, 54.31,
51.20, 45.84, 26.14, 26.03, 25.47, 23.97, 9.872.9RMS calcd for gH3N204S
[M + H]": 457.2156. Found: m/z 457.2152.

(3R,4R,5S9)-4-acetamido-3-(pentan-3-yloxy)-5-(((5-phenylthiopen-2-yl)meth
yl)amino)cyclohex-1-ene-1-carboxylic acid (9b)White powder, 57% vyield, mp:
178.7-179.4°C'H NMR (400 MHz, DMSOs): 6 8.09 (d,J = 8.7 Hz, 1H), 7.64 (d]
=7.4 Hz, 2H), 7.48 — 7.38 (m, 3H), 7.33Jt 7.3 Hz, 1H), 7.25 (s, 1H), 6.64 (s, 1H),
4.32 (s, 2H), 4.19 (d] = 7.1 Hz, 1H), 3.94 (g] = 9.1 Hz, 1H), 3.64 — 3.43 (m, 1H),
3.34 - 3.08 (m, 2H), 2.89 (d,= 16.6 Hz, 1H), 2.64 — 2.51 (m, 1H), 1.93 (s, 3H}3
- 1.32 (m, 4H), 0.82 (dt] = 17.5, 7.3 Hz, 6H)"*C NMR (100 MHz, DMSOdg): ¢
170.98, 167.42, 138.07, 133.97, 129.65, 128.39,302825.74, 123.96, 90.68, 81.54,
75.07, 54.28, 51.97, 29.70, 26.06, 25.53, 23.885,99.36. HRMS calcd for
CasH32N204S [M + HJ': 457.2156. Found: m/z 457.2153.

(3R,4R,59)-5-(([2,2'-bithiophen]-5-yImethyl)amino)-4-acetamdo-3-(pentan-3
-yloxy)cyclohex-1-ene-1-carboxylic acid (9c)Vhite powder, 58% yield, mp: 145.7—
157.8°C."H NMR (400 MHz, Methanot): 6 7.37 (d,J = 5.1 Hz, 1H), 7.25 (d] =
3.5 Hz, 1H), 7.19 (dJ = 3.6 Hz, 1H), 7.16 (dJ = 3.6 Hz, 1H), 7.08 — 7.01 (m, 1H),
6.83 (s, 1H), 4.61 — 4.37 (m, 2H), 4.27 — 4.08 Zi), 3.60 — 3.47 (m, 1H), 3.43 (p,
= 5.6 Hz, 1H), 3.04 (dd]l = 17.3, 5.2 Hz, 1H), 2.58 (dd,= 17.3, 10.0 Hz, 1H), 2.06
(s, 3H), 1.60 — 1.44 (m, 4H), 0.97 — 0.89 (m, 3HRI — 0.80 (M, 3H)*C NMR (100
MHz, CD;OD): 6 173.41, 167.66, 140.06, 136.95, 136.17, 131.51,2P3 127.84,
127.69, 125.05, 124.12, 123.37, 82.30, 74.66, 546108, 42.16, 26.41, 25.75, 25.25,
22.00, 8.41, 8.18. HRMS calcd fop4El30BrN,O,S, [M + H]*: 463.1720. Found: m/z
463.1723.

(3R,4R,59)-4-acetamido-3-(pentan-3-yloxy)-5-((4-(thiazol-24)benzyl)amino)
cyclohex-1-ene-1-carboxylic acid (9d)White powder, 50% vyield, mp: 175.1-
176.9°C."H NMR (400 MHz, Methanotk): ¢ 8.04 (d,J = 8.1 Hz, 2H), 7.90 (d] =
3.3 Hz, 1H), 7.65 (d] = 3.3 Hz, 1H), 7.60 (d] = 8.1 Hz, 2H), 6.84 (s, 1H), 4.42 (@,
= 13.2 Hz, 1H), 4.34 — 4.13 (m, 3H), 3.57 {d; 9.0, 4.6 Hz, 1H), 3.45 (§,= 5.4 Hz,
1H), 3.12 — 3.00 (m, 1H), 2.71 — 2.58 (m, 1H), 2(863H), 1.64 — 1.45 (M), = 6.8
Hz, 4H), 1.00 — 0.83 (m, 6H)°C NMR (100 MHz, CROD): 6 173.45, 167.55,

143.34, 136.53, 134.10, 133.71, 130.25, 126.83,062@B2.25, 74.64, 55.10, 51.89,
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47.30, 26.42, 25.74, 25.23, 21.96, 8.42, 8.17. HRMISA for G4H3:N304S [M + HJ":
458.2108. Found: m/z 458.2105.

(3R,4R,5S5)-4-acetamido-3-(pentan-3-yloxy)-5-(((5-phenylthiaa-2-yl)methyl
)amino)cyclohex-1-ene-1-carboxylic acid (9e)White powder, 56% yield, mp:
175.5-178.7°C*H NMR (400 MHz, Methanobl):  7.98 (s, 1H), 7.98 — 7.91 (m,
2H), 7.49 (dd,) = 5.1, 1.7 Hz, 3H), 6.87 (s, 1H), 4.75 — 4.59 PH), 4.26 (d) = 7.8
Hz, 1H), 4.17 (ddJ = 10.8, 8.3 Hz, 1H), 3.64 (td,= 10.3, 5.6 Hz, 1H), 3.45 (g,=
5.6 Hz, 1H), 3.09 (dd] = 17.2, 5.3 Hz, 1H), 2.71 — 2.57 (m, 1H), 2.073(d), 1.61 —
1.45 (m, 4H), 0.96 — 0.90 (m, 3H), 0.90 — 0.85 @H). °C NMR (100 MHz,
CD3;0D): 6 173.56, 171.49, 167.14, 146.14, 137.38, 132.70,683 128.94, 127.46,
127.20, 126.23, 82.34, 74.45, 54.85, 51.82, 3925674, 25.25, 22.04, 8.38, 8.18.
HRMS calcd for G4H31N304S [M + H]": 458.2108. Found: m/z 458.2109.

(3R,4R,59)-5-(([1,1'-biphenyl]-3-ylmethyl)amino)-4-acetamide3-(pentan-3-y
loxy)cyclohex-1-ene-1-carboxylic acid (9f)White powder, 61% vyield, mp: 176.0—
178.1°C.*H NMR (400 MHz, Methanotl): § 7.77 (s, 1H), 7.70 (dl = 7.7 Hz, 1H),
7.66 (d,J = 7.5 Hz, 2H), 7.54 () = 7.6 Hz, 1H), 7.50 — 7.42 (m, 3H), 7.37Jt 7.3
Hz, 1H), 6.83 (s, 1H), 4.45 (d,= 13.0 Hz, 1H), 4.36 — 4.16 (m, 3H), 3.61 (s, 1H),
3.50 — 3.38 (m, 1H), 3.15 — 2.95 (m, 1H), 2.78 572Am, 1H), 2.04 (s, 3H), 1.63 -
1.42 (m, 4H), 0.90 (gJ = 7.1 Hz, 6H).”*C NMR (100 MHz, CROD): 6 189.76,
178.34, 142.17, 140.04, 136.32, 131.94, 128.64,2128128.08, 127.72, 127.50,
126.67, 82.25, 74.60, 55.16, 51.68, 26.25, 25. 6422 21.98, 8.42, 8.15. HRMS
calcd for G7HzaNo04[M + H]™: 451.2591. Found: m/z 451.2594.

(3R,4R,55)-4-acetamido-3-(pentan-3-yloxy)-5-((3-(thiophen-34)benzyl)ami
no)cyclohex-1-ene-1-carboxylic acid (9g)White powder, 70% vyield, mp: 167.1—
168.0°C.*H NMR (400 MHz, Methanoty): 6 7.79 (s, 1H), 7.71 (d = 7.8 Hz, 1H),
7.54 — 7.44 (m, 2H), 7.40 (dd,= 12.0, 6.0 Hz, 2H), 7.11 (dd,= 5.0, 3.7 Hz, 1H),
6.83 (s, 1H), 4.40 (d] = 13.0 Hz, 1H), 4.35 — 4.09 (m, 3H), 3.68 — 3.58 {H), 3.45
(p,J = 5.4 Hz, 1H), 3.15 — 2.92 (m, 1H), 2.67 (d&; 15.0, 9.8 Hz, 1H), 2.05 (s, 3H),
1.61 — 1.43 (m, 4H), 0.90 (@, = 7.3 Hz, 6H).*C NMR (100 MHz, CROD): ¢
142.89, 135.47, 132.29, 129.59, 128.29, 127.92,61826126.31, 125.25, 123.66,
82.26, 74.64, 55.21, 51.64, 26.27, 25.75, 25.201228.42, 8.16. HRMS calcd for

C25H32N204S [M + H]+: 457.2156. Found: m/z 457.2152.
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(3R,4R,5S9)-4-acetamido-3-(pentan-3-yloxy)-5-((3-(thiophen-34)benzyl)ami
no)cyclohex-1-ene-1-carboxylic acid (9h)White powder, 73% vyield, mp: 151.0—
152.7°C.*H NMR (400 MHz, Methanot,): 6 7.82 (s, 1H), 7.79 — 7.69 (m, 2H), 7.57
— 7.45 (m, 3H), 7.40 (d = 7.5 Hz, 1H), 6.88 (s, 1H), 4.45 @= 12.9 Hz, 1H), 4.37
—4.16 (m, 3H), 3.72 — 3.60 (m, 1H), 3.45J 5.4, 4.9 Hz, 1H), 3.07 (dd,= 17.2,
4.4 Hz, 1H), 2.78 — 2.62 (m, 1H), 2.05 (s, 3H),21-61.46 (mJ = 7.0, 6.5 Hz, 4H),
0.91 (g,J = 7.6 Hz, 6H).**C NMR (100 MHz, CROD): ¢ 173.51, 167.17, 137.186,
136.92, 131.46, 129.53, 127.94, 127.36, 127.31,0827126.37, 125.62, 120.84,
82.32, 74.46, 55.06, 51.48, 25.80, 25.72, 25.23)1228.40, 8.15. HRMS calcd for
CasH32N204S [M + HJ': 457.2156. Found: m/z 457.2151.

4.1.10. General procedure for the synthesis of corapnds 10a-10g

The synthetic method was similar to that of commgbiinthe main raw materials
were oseltamivir acid and different substitutecheimaldehyde.

Ethyl(3R,4R,55)-4-acetamido-5-((E)-2-methyl-3-phenylallyl)amino)-3-(pent
an-3-yloxy)cyclohex-1-ene-1-carboxylate (10a)l3% vyield,’'H NMR (400 MHz,
Methanoldy,): 6 7.35 — 7.12 (m, 5H), 6.79 (s, 1H), 6.46 (s, 1H214(q,J = 7.1 Hz,
2H), 4.11 (dJ = 8.4 Hz, 1H), 3.93 — 3.80 (m, 1H), 3.46 — 3.35 @H), 3.00 — 2.80
(m, 2H), 2.80 — 2.63 (m, 1H), 2.56 — 2.32 (m, 1RR1 (ddt,J = 15.1, 9.1, 2.5 Hz,
1H), 2.01 (s, 3H), 1.88 (s, 3H), 1.61 — 1.44 (m)4H29 (t,J = 7.1 Hz, 3H), 0.91 (q,
J = 7.5 Hz, 6H).**C NMR (100 MHz, CROD): § 172.56, 166.45, 137.71, 137.40,
135.81, 128.89, 128.81, 128.50, 127.86, 127.71,7124.26.03, 82.03, 75.52, 60.65,
54.63, 54.05, 54.00, 29.70, 25.79, 25.34, 21.72433.11, 8.52, 8.19.

Ethyl(3R,4R,5S)-4-acetamido-5-((E)-3-(4-(dimethylamino)phenyl)allyl)amin
0)-3-(pentan-3-yloxy)cyclohex-1-ene-1-carboxylate10b). 65% yield, '"H NMR
(400 MHz, DMSO#k): ¢ 7.82 (d,J = 9.1 Hz, 1H), 7.11 (dd] = 92.5, 8.7 Hz, 2H),
6.73 — 6.58 (m, 3H), 6.35 (d,= 15.9 Hz, 1H), 6.00 (df = 15.8, 6.3 Hz, 1H), 4.14 (q,

J = 7.0 Hz, 2H), 4.01 (d) = 7.9 Hz, 1H), 3.67 (q) = 9.0 Hz, 1H), 3.34 — 3.29 (m,
1H), 3.22 (ddJ = 14.1, 6.5 Hz, 1H), 2.89 (s, 6H), 2.77 ({ds 9.6, 5.5 Hz, 1H), 2.67
(dd,J = 17.8, 4.9 Hz, 1H), 2.09 — 1.96 (m, 1H), 1.853d), 1.69 — 1.54 (m, 1H),
1.50 — 1.35 (m, 4H), 1.22 (,= 7.1 Hz, 3H), 0.82 (dt) = 15.1, 7.4 Hz, 6H)**C
NMR (100 MHz, DMSOsdg): 6 170.03, 166.33, 150.13, 138.41, 130.54, 129.14,
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127.38, 125.49, 125.11, 112.70, 81.29, 75.69, 6810, 54.56, 48.86, 40.89, 40.52,
32.56, 31.03, 26.05, 25.62, 23.50, 14.56, 9.92,.9.4

Ethyl(3R,4R,5S)-4-acetamido-5-((E)-3-(2-methoxyphenyl)allyl)amino)-3-(pe
ntan-3-yloxy)cyclohex-1-ene-1-carboxylate (10cB2% vield,"H NMR (400 MHz,
DMSO-tg): 6 7.82 (d,J = 9.1 Hz, 1H), 7.45 (dd = 7.6, 1.5 Hz, 1H), 7.25 - 7.17 (m,
1H), 6.97 (dJ = 7.7 Hz, 1H), 6.95 — 6.88 (m, 1H), 6.73 Jd; 16.1 Hz, 1H), 6.64 (s,
1H), 6.23 (dtJ = 16.0, 6.1 Hz, 1H), 4.14 (4,= 7.0 Hz, 2H), 4.01 (d] = 8.1 Hz, 1H),
3.79 (s, 3H), 3.68 (g] = 8.9 Hz, 1H), 3.45 — 3.37 (m, 1H), 3.31 — 3.22 UM), 2.77
(td,J = 9.7, 5.2 Hz, 1H), 2.67 (dd,= 17.5, 4.9 Hz, 1H), 2.04 (ddi,= 17.5, 9.1, 2.6
Hz, 1H), 1.85 (s, 3H), 1.72 — 1.56 (m, 1H), 1.50.35 (m, 4H), 1.22 () = 7.1 Hz,
3H), 0.82 (dt,J = 14.8, 7.4 Hz, 6H)"*C NMR (100 MHz, DMSQdg): 6 170.05,
166.33, 156.44, 138.42, 130.53, 129.15, 128.85,6426125.90, 124.77, 120.94,
111.66, 81.31, 75.71, 60.81, 55.78, 54.84, 54.8404 31.04, 26.05, 25.63, 23.46,
14.54,9.92, 9.41.

Ethyl(3R,4R,5S)-4-acetamido-5-(((E)-3-(4-methoxyphenyl)allyl)amin)-3-(pe
ntan-3-yloxy)cyclohex-1-ene-1-carboxylate (10d)0% yield,"H NMR (400 MHz,
DMSO-dg): 6 7.73 (d,J = 9.1 Hz, 1H), 7.24 (d] = 8.7 Hz, 2H), 6.78 (dJ = 8.7 Hz,
2H), 6.54 (s, 1H), 6.33 (d,= 15.9 Hz, 1H), 6.02 (dg = 15.9, 6.1 Hz, 1H), 4.04 (4,
= 7.0 Hz, 2H), 3.91 (d] = 7.9 Hz, 1H), 3.64 (s, 3H), 3.60 — 3.48 (m, 18115 (dd,J
= 14.4, 6.5 Hz, 1H), 2.77 — 2.63 (m, 1H), 2.57 (@&, 17.6, 5.0 Hz, 1H), 1.99 — 1.86
(m, 1H), 1.75 (s, 3H), 1.40 — 1.24 (m, 4H), 1.12¢ 7.1 Hz, 3H), 0.72 (dt] = 15.2,
7.4 Hz, 6H)."*C NMR (100 MHz, DMSOds): 6 170.06, 166.32, 159.01, 138.42,
130.03, 129.91, 129.61, 129.11, 127.73, 114.42,0814.04.73, 81.30, 75.68, 60.82,
55.53, 54.69, 54.53, 48.60, 30.97, 26.05, 25.651234.55, 9.92, 9.41.

Ethyl(3R,4R,5S)-4-acetamido-5-((E)-3-(4-fluorophenyl)allyl)amino)-3-(pent
an-3-yloxy)cyclohex-1-ene-1-carboxylate (10ep8% yield,'H NMR (400 MHz,
Methanold,): § 7.42 (dd,J = 8.6, 5.5 Hz, 2H), 7.17 — 6.95 (m, 2H), 6.76Jd; 29.0
Hz, 1H), 6.66 — 6.40 (m, 1H), 6.28 — 6.02 (m, 14380 — 4.16 (m, 2H), 4.11 (d,=
7.5 Hz, 1H), 4.02 — 3.84 (m, 1H), 3.57 — 3.35 (iH),2.07 (qdJ = 11.8, 10.2, 7.1 Hz,
1H), 2.90 — 2.75 (m, 1H), 2.65 (ddt= 18.4, 11.2, 6.4 Hz, 1H), 2.34 — 2.16 (m, 1H),
2.01 (s, 3H), 1.62 — 1.42 (m, 4H), 1.29J& 7.1 Hz, 3H), 0.90 (q] = 7.5 Hz, 6H).

13C NMR (100 MHz, CROD) 6 172.67, 166.29, 162.39 (Hicr = 242.4 Hz), 137.34,
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131.66, 129.64, 128.58, 127.79 (2C33#r = 8.0 Hz), 125.73, 122.09, 118.23, 114.91
(2C, d,%Jcr = 21.5 Hz), 82.02, 75.33, 60.73, 60.69, 54.1093329.13, 25.73, 25.29,
21.78, 13.08, 8.48, 8.16.

Ethyl(3R,4R,5S)-4-acetamido-5-((E)-3-(4-chlorophenyl)allyl)amino)-3-(pent
an-3-yloxy)cyclohex-1-ene-1-carboxylate (10f)70% vyield.'H NMR (400 MHz,
DMSO-dg): § 7.81 (d,J = 9.1 Hz, 1H), 7.43 (d] = 8.6 Hz, 2H), 7.37 (dJ = 8.6 Hz,
2H), 6.64 (s, 1H), 6.49 (d,= 16.0 Hz, 1H), 6.32 (df = 16.0, 5.9 Hz, 1H), 4.14 (q,
= 7.0 Hz, 2H), 4.06 — 3.95 (m, 1H), 3.67 (o= 8.9 Hz, 1H), 3.42 — 3.37 (m, 1H),
3.28 (ddJ = 15.0, 6.1 Hz, 1H), 2.77 (td,= 9.7, 5.2 Hz, 1H), 2.67 (dd,= 17.6, 4.9
Hz, 1H), 2.62 — 2.52 (m, 1H), 2.09 — 1.97 (m, 1HE5 (s, 3H), 1.81 — 1.65 (m, 1H),
1.52 — 1.32 (m, 4H), 1.22 (td,= 7.1, 2.7 Hz, 3H), 0.82 (di,= 14.9, 7.4 Hz, 6H):°C
NMR (100 MHz, DMSOdg): ¢ 170.05, 166.32, 138.41, 136.40, 131.93, 131.42,
130.62, 129.12, 128.98, 128.86, 128.58, 128.2138175.69, 60.81, 54.75, 54.58,
48.39, 31.01, 26.05, 25.62, 23.51, 14.55,9.911,.9.4

Ethyl(3R,4R,5S)-4-acetamido-5-((E)-3-(3-chlorophenyl)allyl)amino)-3-(pent
an-3-yloxy)cyclohex-1-ene-1-carboxylate (10g)70% yield,'H NMR (400 MHz,
Methanoldy,): 6 7.47 (s, 1H), 7.42 — 7.15 (m, 3H), 6.83 (s, 1H},76- 6.63 (m, 1H),
6.38 — 6.19 (m, 1H), 4.23 (4,= 7.1 Hz, 2H), 4.19 — 4.11 (m, 1H), 3.99 @@t 13.5,
6.9 Hz, 1H), 3.75 — 3.58 (m, 1H), 3.41 (dos 10.6, 5.2 Hz, 1H), 2.94 (dd,= 17.7,
4.9 Hz, 1H), 2.80 — 2.56 (m, 1H), 2.45 — 2.27 (iH),12.03 (s, 3H), 1.62 — 1.44 (m,
4H), 1.29 (tJ = 7.1 Hz, 3H), 0.97 — 0.80 (m, 6PC NMR (100 MHz, MeODdg): &
173.04, 165.98, 138.42, 137.31, 134.29, 129.82,9827127.60, 125.98, 124.68,
82.13, 74.89, 60.83, 54.11, 53.32, 27.92, 25.72&%1.84, 13.09, 8.44, 8.16.

4.1.11. General procedure for the synthesis of corapnds 11a-11g

The synthetic method was similar to that of commgb2nand the raw materials

of the reactions werg0a-10g

(3R,4R,5S9)-4-acetamido-5-((E)-2-methyl-3-phenylallyl)amino)-3-(pentan-3-
yloxy)cyclohex-1-ene-1-carboxylic acid (11la)White powder, 53% vyield, mp:
129.4-130.0°C*H NMR (400 MHz, DMSO#k): 6 9.32 (s, 1H), 8.15 (dd] = 18.6,
9.0 Hz, 1H), 7.43 — 7.18 (m, 5H), 6.65 (s, 2H),94(8, 1H), 3.95 () = 8.9 Hz, 1H),

3.67 (s, 1H), 3.60 —3.20(m, 2H), 3.01 — 2.77 (M), 267 — 2.52 (m, 1H), 1.92 (=
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18.6 Hz, 6H), 1.44 (it = 10.9, 6.3 Hz, 4H), 0.85 (@,= 7.4 Hz, 3H), 0.80 (J = 7.3
Hz, 3H).**C NMR (100 MHz, DMSOsde): ¢ 171.00, 170.88, 167.34, 140.08, 137.99,
137.84, 136.91, 129.54, 129.19, 128.77, 128.67,322827.50, 126.46, 81.60, 81.52,
75.06, 54.70, 54.08, 51.46, 51.06, 48.50, 32.95)R6&25.51, 23.87, 23.81, 17.30,
17.06, 9.86, 9.83, 9.31. HRMS calcd fosssN,04S [M + HJ': 415.2591. Found:
m/z 415.2592.

(3R,4R,5S9)-4-acetamido-5-((E)-3-(4-(dimethylamino)phenyl)allyl)amino)-3-(
pentan-3-yloxy)cyclohex-1-ene-1-carboxylic acid (b). White powder, 59% vyield,
mp: 143.2-147.0°C*H NMR (400 MHz, Methanotl): ¢ 7.30 (d,J = 8.8 Hz, 2H),
6.77 — 6.65 (m, 3H), 6.63 (s, 1H), 5.99 @t 15.3, 7.3 Hz, 1H), 4.18 — 4.01 (m, 2H),
3.84 (ddJ=13.2, 6.7 Hz, 1H), 3.71 (dd= 13.2, 7.9 Hz, 1H), 3.45 (dp=17.0, 5.6
Hz, 2H), 2.94 (s, 7H), 2.54 — 2.42 (m, 1H), 2.033(d), 1.59 — 1.47 (m, 4H), 0.90 (q,
J = 7.5 Hz, 6H).**C NMR (100 MHz, CROD): § 173.27, 172.01, 151.02, 138.64,
132.67, 132.02, 128.54, 127.61, 123.73, 113.32,821212.00, 81.90, 74.98, 54.23,
52.26, 46.82, 39.93, 39.17, 27.20, 25.76, 25.129®18.45, 8.18. HRMS calcd for
CasH32N204S [M + HJ': 444.2857. Found: m/z 444.2857.

(3R,4R,5S5)-4-acetamido-5-((E)-3-(2-methoxyphenyl)allyl)Jamino)-3-(pentan-
3-yloxy)cyclohex-1-ene-1-carboxylic acid (11c)White powder, 56% vyield, mp:
126.7-127.5°C*H NMR (400 MHz, Methanotl): 6 7.48 (ddJ = 7.7, 1.5 Hz, 1H),
7.34 = 7.26 (m, 1H), 7.19 — 7.13 (m, 1H), 7.00)d,8.1 Hz, 1H), 6.94 (] = 7.5 Hz,
1H), 6.85 (s, 1H), 6.35 — 6.23 (m, 1H), 4.21J(t 8.8 Hz, 1H), 4.10 (dd} = 10.5, 8.0
Hz, 1H), 3.95 (ddJ = 13.0, 6.6 Hz, 1H), 3.90 — 3.78 (m, 4H), 3.62.543(m, 1H),
3.45 (p,J = 5.5 Hz, 1H), 3.07 — 2.98 (m, 1H), 2.58 — 2.48 (), 2.05 (s, 3H), 1.61
— 1.47 (m, 4H), 0.96 — 0.85 (m, 6HC NMR (100 MHz, DMSOdg): § 170.94,
157.42, 156.77, 137.76, 129.98, 129.88, 129.08,9427127.16, 124.86, 121.05,
120.75, 111.89, 111.12, 81.48, 75.09, 55.89, 5462312, 46.70, 43.54, 27.54, 27.19,
26.03, 25.50, 23.85, 9.88, 9.34. HRMS calcd fesHg,N.O,S [M + HJ": 431.2540.
Found: m/z 431.2541.

(3R,4R,5S9)-4-acetamido-5-((E)-3-(4-methoxyphenyl)allyl)amino)-3-(pentan-
3-yloxy)cyclohex-1-ene-1-carboxylic acid (11d)White powder, 50% yield, mp:
135.2-136.4°C'H NMR (400 MHz, DMSOs): J 8.15 (d,J = 8.7 Hz, 1H), 7.26 (dd,

J=98.3, 8.5 Hz, 2H), 6.89 (dd,= 28.3, 8.5 Hz, 2H), 6.74 — 6.54 (m, 2H), 6.16 {dt
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= 14.8, 6.4 Hz, 1H), 4.16 (d,= 6.6 Hz, 1H), 3.86 (d] = 10.2 Hz, 1H), 3.76 (s, 3H),
3.70 — 3.53 (m, 2H), 3.45 — 3.32 (m, 2H), 2.9968m, 2H), 2.63 — 2.51 (m, 1H),
2.44 — 2.32 (m, 1H), 1.90 (s, 3H), 1.41 @ 13.9, 7.2 Hz, 4H), 0.81 (di,= 18.3,
7.3 Hz, 6H).°C NMR (100 MHz, DMSOdg): § 170.98, 159.69, 137.83, 133.22,
129.67, 128.99, 128.63, 128.26, 114.59, 114.24%8175.06, 55.61, 53.94, 52.33,
46.37, 31.70, 26.03, 25.48, 23.87, 9.87, 9.34. HRIlISd for GsH3oN20,S [M + H]':
431.2540 Found: m/z 431.2559.

(3R,4R,5S)-4-acetamido-5-((E)-3-(4-fluorophenyl)allyl)amino)-3-(pentan-3-
yloxy)cyclohex-1-ene-1-carboxylic acid (11eyVhite powder, 51% yield, mp: 185.1—
187.1°C.*H NMR (400 MHz, Methanoby): ¢ 7.51 (dd,J = 8.6, 5.4 Hz, 2H), 7.10 (t,
J = 8.7 Hz, 2H), 6.89 (d] = 15.8 Hz, 1H), 6.83 (s, 1H), 6.21 (dt= 15.3, 6.9 Hz,
1H), 4.29 — 4.18 (m, 1H), 4.14 — 4.02 (m, 1H), 4-03.90 (m, 1H), 3.89 — 3.78 (m,
1H), 3.65 — 3.53 (m, 1H), 3.50 — 3.41 (m, 1H), 3-28.97 (m, 2H), 2.97 — 2.80 (m,
1H), 2.57 — 2.39 (m, 1H), 2.05 (s, 3H), 1.59 — 1(#i7 4H), 0.96 — 0.84 (m, 6H)°C
NMR (100 MHz, CROD) ¢ 174.69, 167.04, 163.03 (d)cr = 244.8 Hz), 137.36,
131.92 (d,*Jce = 3.4 Hz), 129.74, 129.66, 128.51 (2C,°d3¢ = 8.1 Hz), 117.67,
117.65, 115.22 (2C, dJcr = 21.7 Hz), 114.94, 114.73, 82.23, 74.49, 54.301F
48.29, 46.30, 31.36, 25.72, 25.21, 22.02, 8.3%.8dRMS calcd for gH3,N,0O,S
[M + H]™: 419.2339. Found: m/z 419.2339.

(3R,4R,55)-4-acetamido-5-((E)-3-(4-chlorophenyl)allyl)amino)-3-(pentan-3-
yloxy)cyclohex-1-ene-1-carboxylic acid (11fuWhite powder, 59% yield, mp: 165.4—
167.1°C.*"H NMR (400 MHz, Methanotl): 5 8.69 (d,J = 8.6 Hz, 2H), 8.59 (dJ =
8.5 Hz, 2H), 8.16 — 7.99 (m, 2H), 7.55 — 7.42 (id),15.51 (d,J = 8.5 Hz, 1H), 5.31
(dd,J =11.3, 8.6 Hz, 1H), 5.20 (dd,= 13.7, 6.3 Hz, 1H), 5.08 (dd,= 13.6, 7.8 Hz,
1H), 4.86 (tdJ = 10.6, 5.6 Hz, 1H), 4.74 — 4.64 (m, 1H), 4.23,(@¢ 17.0, 5.4 Hz,
1H), 3.83 — 3.70 (m, 1H), 3.30 (s, 3H), 2.82 — A3 4H), 2.08 (dtJ = 10.7, 7.3 Hz,
6H). °C NMR (100 MHz, DMSQdg): ¢ 171.24, 167.30, 138.10, 135.36, 133.22,
130.65, 129.26, 128.75, 128.01, 121.90, 81.56,8/458.77, 51.69, 45.42, 26.31,
26.01, 25.45, 24.00, 9.86, 9.31. HRMS calcd fesHz,N,OsS [M + HJ": 435.2045.
Found: m/z 435.2043.

(3R,4R,5S5)-4-acetamido-5-((E)-3-(3-chlorophenyl)allyl)amino)-3-(pentan-3-

yloxy)cyclohex-1-ene-1-carboxylic acid (11g)White powder, 55% vyield, mp:
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179.1-181.2°C'H NMR (400 MHz, Methanotk): § 7.50 (d,J = 16.1 Hz, 1H), 7.46
—7.15 (m, 4H), 6.87 (d] = 15.7 Hz, 1H), 6.82 — 6.67 (m, 1H), 6.36 — 6.85 {H),
4.30 — 4.18 (m, 1H), 4.08 (dd,= 9.5, 6.8 Hz, 1H), 4.01 — 3.90 (m, 1H), 3.90 7.
(m, 1H), 3.61 — 3.50 (m, 1H), 3.49 — 3.41 (m, 18{p1 — 3.10 (m, 1H), 3.10 — 2.81
(m, 2H), 2.80 — 2.63 (M, 1H), 2.56 — 2.41 (m, 12P5 (s, 3H), 1.62 — 1.42 (m, 4H),
0.91 (g,J = 7.3 Hz, 6H)*C NMR (100 MHz, DMSOd): § 171.06, 167.54, 144.02,
138.72, 137.97, 133.98, 131.05, 128.61, 128.28,582126.49, 125.61, 81.50, 75.09,
54.00, 52.42, 45.97, 43.00, 27.59, 26.03, 25.50®3.87, 9.33. HRMS calcd for
CasH3oN>0,S [M + H': 435.2045. Found: m/z 435.2042.

4.1.12. General procedure for the synthesis of corapnds 12a-12b

1.2 equiv. of acid (benzoic acid or bibenzoic aeid)s added to the solution of
10 mL triethylamine and 30 mL acetonitrile or dmtumethane of oseltamivir
phosphate (0.82 g, 2.0 equiv), HBTU or TBTU (2.4 otymThe mixture was stirred at
room temperature for 5 hour&fter TLC detection, the solvent was removed under
reduced pressuré&odium chloride solution (30 mL) was added to tbsidue and
extracted with ethyl acetate (3 x 40 mL). The camMi organic layer was washed
twice with saturated sodium chloride (30 mAnd dried by anhydrous MgSQthe
solvent was removed under reduced pressure dteirfg and removing MgS{and
the crude product was purified by column chromaphy to obtain the

corresponding intermediaté2aand12b.

Ethyl(3R,4R,55)-4-acetamido-5-benzamido-3-(pentan-3-yloxy)cyclokel-en
e-1-carboxylate (12a)73% yield,"H NMR (400 MHz, Methanob): § 7.77 (d,J =
7.3 Hz, 2H), 7.53 (t) = 7.3 Hz, 1H), 7.45 () = 7.5 Hz, 2H), 6.83 (s, 1H), 4.31 (id,
=10.7, 5.5 Hz, 1H), 4.27 — 4.15 (m, 3H), 4.07 (@i, 11.2, 8.7 Hz, 1H), 3.45 (,=
5.6 Hz, 1H), 2.81 — 2.73 (m, 1H), 2.46 (ddit; 17.4, 10.4, 2.9 Hz, 1H), 1.86 (s, 3H),
1.62 — 1.45 (m, 4H), 1.29 (8 = 7.1 Hz, 3H), 0.91 (dt) = 21.3, 7.4 Hz, 6H)"C
NMR (100 MHz, CRROD): 6 172.61, 168.81, 166.11, 137.69, 134.20, 131.39,082
128.20, 126.92, 82.52, 75.60, 60.73, 54.47, 486185, 25.98, 25.47, 21.43, 13.08,
8.47, 8.28.

Ethyl(3R,4R,55)-5-([1,1'-biphenyl]-4-carboxamido)-4-acetamido-3{entan-3
-yloxy)cyclohex-1-ene-1-carboxylate (12b).65% vyield, '"H NMR (400 MHz,

53



DMSO-dg): 6 8.31 (d,J = 8.9 Hz, 1H), 8.00 (d] = 9.2 Hz, 1H), 7.86 (d] = 8.4 Hz,
2H), 7.77 (dJ = 8.4 Hz, 2H), 7.75 — 7.69 (m, 2H), 7.50& 7.5 Hz, 2H), 7.41 (1)

= 7.3 Hz, 1H), 6.70 (s, 1H), 4.26 — 4.08 (M, 4HP24— 3.87 (m, 1H), 3.45 (J,= 5.6
Hz, 1H), 2.60 (ddJ = 17.5, 5.5 Hz, 1H), 2.50 — 2.40 (m, 1H), 1.723H), 1.55 —
1.32 (m, 4H), 1.23 (t) = 7.1 Hz, 3H), 0.86 (t) = 7.4 Hz, 3H), 0.79 () = 7.4 Hz,
3H). °C NMR (100 MHz, DMSOdg): & 169.18, 165.36, 164.92, 142.05, 138.60,
137.75, 132.98, 128.41, 128.07, 127.41, 127.24,2126.25.87, 80.61, 74.40, 59.89,
53.41, 47.90, 29.32, 25.26, 24.70, 22.14, 13.48%,B.47.

4.1.13. General procedure for the synthesis of corapnds 13a and 13b

The synthetic method was similar to that of commgbRnand the raw materials

of the reaction were compountigaand12b

(3R,4R,55)-4-acetamido-5-benzamido-3-(pentan-3-yloxy)cyclokel-ene-1-ca
rboxylic acid (13a). White powder, 77% vyield, mp: 280.0-281.4%. NMR (400
MHz, DMSO-dg): 0 12.60 (s, 1H), 8.21 (dl = 8.9 Hz, 1H), 7.96 (d] = 9.2 Hz, 1H),
7.79 — 7.70 (m, 2H), 7.58 — 7.49 (m, 1H), 7.49&,7.3 Hz, 2H), 6.66 (s, 1H), 4.21 —
4.09 (m, 2H), 3.98 — 3.85 (m, 1H), 3.43 Jps 5.6 Hz, 1H), 2.56 (dd} = 17.6, 5.4 Hz,
1H), 2.48 — 2.34 (m, 1H), 1.70 (s, 3H), 1.54 — (82 4H), 0.85 (tJ = 7.4 Hz, 3H),
0.78 (t,J = 7.4 Hz, 3H).*C NMR (100 MHz, DMSQdy): 6 170.24, 167.73, 166.77,
138.21, 135.33, 131.51, 129.81, 128.68, 127.5818175.55, 54.49, 49.05, 30.48,
26.32, 25.73, 23.18, 9.91, 9.52. HRMS calcd fesHz,N,O,S [M + HJ": 389.2071.
Found: m/z 389.2072.

(3R,4R,55)-5-([1,1'-biphenyl]-4-carboxamido)-4-acetamido-3{§entan-3-ylox
y)cyclohex-1-ene-1-carboxylic acid (13b)White powder, 70% vyield, mp: 187.2—
189.7°C.*H NMR (400 MHz, DMSOds): 6 12.63 (s, 1H), 8.30 (d] = 8.9 Hz, 1H),
7.99 (d,J = 9.2 Hz, 1H), 7.86 (d] = 8.4 Hz, 2H), 7.79 — 7.71 (m, 4H), 7.50)& 7.5
Hz, 2H), 7.41 (tJ) = 7.3 Hz, 1H), 6.68 (s, 1H), 4.18 (dt= 14.4, 7.9 Hz, 2H), 4.00 —
3.89 (m, 1H), 3.44 (p] = 5.6 Hz, 1H), 2.58 (dd] = 17.5, 5.3 Hz, 1H), 2.46 (dd,=
17.6, 10.5 Hz, 1H), 1.72 (s, 3H), 1.55 — 1.33 (i),4.86 (t,J = 7.4 Hz, 3H), 0.79 (t,
J=7.4Hz, 3H).13C NMR (100 MHz, DMSQOdg): 6 169.20, 166.65, 165.36, 142.04,
138.61, 137.24, 133.04, 128.73, 128.41, 127.40,2827126.27, 125.88, 80.57, 74.53,
53.51, 48.02, 38.69, 29.45, 25.28, 24.69, 22.186,88.47. HRMS calcd for
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C25H3N,0,4S [M + H]™: 465.2384. Found: m/z 465.23809.
4.1.14. General procedure for the synthesis of corapnds 14a-14e

The synthetic method was similar to that of computsut?, and the main raw

materials were oseltamivir phosphate and subdtitcitenamic acid.

Ethyl(3R,4R,5S)-4-acetamido-5-cinnamamido-3-(pentan-3-yloxy)cyclex-1-
ene-1-carboxylate (14a)74% yield,"H NMR (400 MHz, DMSO#€): § 8.02 (d,J =
8.9 Hz, 1H, NH), 7.88 (d] = 9.2 Hz, 1H, NH), 7.56 (dl = 7.0 Hz, 2H, Ph-H), 7.48 —
7.29 (m, 4H, Ph-H, CH), 6.68 (s, 1H, CH), 6.60J¢;, 15.8 Hz, 1H, CH), 4.16 (ddd,
=14.1, 6.7, 4.4 Hz, 3H, GHCH), 4.06 (tdJ =9.9, 5.8 Hz, 1H, CH), 3.85 (4,= 9.1
Hz, 1H, CH), 3.35 (s, 1H, CH), 2.59 (dbs 17.5, 4.9 Hz, 1H, CH), 2.27 (ddiz 17.4,
10.3 Hz, 1H, CH), 1.74 (s, 3H, GH 1.42 (dtgJ = 20.7, 13.7, 7.0 Hz, 4H, GM2),
1.23 (t,J = 7.1 Hz, 3H, CH), 0.85 (t,J = 7.3 Hz, 3H, CH), 0.77 (t,J = 7.3 Hz, 3H,
CHs). *C NMR (100 MHz, DMSOdg): 6 169.92, 165.93, 165.28, 139.07, 138.88,
135.31, 129.90, 129.39, 128.95, 127.96, 122.71598175.52, 60.92, 54.25, 48.04,
30.75, 26.19, 25.71, 23.24, 14.53, 9.86, 9.48.

Ethyl(3R,4R,5S)-4-acetamido-3-(pentan-3-yloxy)-5-)-3-(p-tolyl)acrylamid
o)cyclohex-1-ene-1-carboxylate (14bY0% vyield,"H NMR (400 MHz, DMSOd):
8 7.96 (d,J = 8.9 Hz, 1H), 7.86 (d] = 9.2 Hz, 1H), 7.45 (d] = 7.9 Hz, 2H), 7.37 (d,
J = 15.8 Hz, 1H), 7.23 (d] = 7.8 Hz, 2H), 6.68 (s, 1H), 6.53 (@= 15.8 Hz, 1H),
4.15 (tt,J = 6.8, 2.9 Hz, 3H), 4.10 — 4.00 (m, 1H), 3.83Ja 9.1 Hz, 1H), 3.44 —
3.40 (m, 1H), 2.59 (dd] = 17.6, 4.9 Hz, 1H), 2.41 — 2.18 (m, 4H), 1.743(d), 1.53
—1.31 (m, 4H), 1.23 (] = 7.1 Hz, 3H), 0.85 (tJ = 7.3 Hz, 3H), 0.77 () = 7.3 Hz,
3H). *C NMR (100 MHz, DMSOdg): ¢ 169.95, 165.95, 165.44, 139.67, 139.05,
138.90, 132.54, 130.00, 128.95, 127.96, 121.6H(RB175.52, 60.95, 54.23, 48.00,
30.77, 26.18, 25.69, 23.25, 21.41, 14.54, 9.88.9.4

Ethyl(3R,4R,55)-4-acetamido-3-(pentan-3-yloxy)-5-)-3-(m-tolyl)acrylami
do)cyclohex-1-ene-1-carboxylate (14c$9% vield,"H NMR (400 MHz, DMSOd6):
0 12.59 (s, 1H), 7.96 (d,= 8.9 Hz, 1H), 7.84 (d] = 9.2 Hz, 1H), 7.43 — 7.33 (m, 3H),
7.30 (t,J = 7.5 Hz, 1H), 7.19 (d] = 7.3 Hz, 1H), 6.65 (s, 1H), 6.59 @~= 15.8 Hz,
1H), 4.12 (dJ = 8.0 Hz, 1H), 4.05 (ddd} = 15.5, 10.3, 5.3 Hz, 1H), 3.83 @@= 9.1

Hz, 1H), 3.41 (pJ = 5.4 Hz, 1H), 2.57 (dd} = 17.6, 5.0 Hz, 1H), 2.33 (s, 3H), 2.28 —
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2.18 (m, 1H), 1.74 (s, 3H), 1.41 (dt= 20.7, 13.7, 7.1 Hz, 4H), 0.85 {t= 7.3 Hz,
3H), 0.77 (t,J = 7.3 Hz, 3H). 13C NMR (100 MHz, DMS@): 6 169.93, 167.65,
165.31, 139.08, 138.54, 138.37, 135.26, 130.58,6020129.28, 128.48, 125.18,
122.60, 81.55, 75.65, 54.39, 48.16, 30.89, 26. 8B, 23.24, 21.36, 9.87, 9.48.

Ethyl(3R,4R,55)-4-acetamido-5-(E)-3-(4-methoxyphenyl)acrylamido)-3-(pe
ntan-3-yloxy)cyclohex-1-ene-1-carboxylate (14db3% yield,"H NMR (400 MHz,
DMSO-tg): 0 7.88 (dd,J = 16.5, 9.1 Hz, 2H), 7.51 (d,= 8.7 Hz, 2H), 7.36 (d] =
15.7 Hz, 1H), 6.98 (d] = 8.7 Hz, 2H), 6.67 (s, 1H), 6.45 (@= 15.8 Hz, 1H), 4.16
(qd,J = 7.0, 2.3 Hz, 3H), 4.05 (tf,= 10.1, 5.1 Hz, 1H), 3.79 (s, 4H), 3.43 J5; 5.5
Hz, 1H), 2.58 (dd) = 17.7, 5.1 Hz, 1H), 2.37 — 2.16 (m, 1H), 1.7438), 1.54 —
1.31 (m, 4H), 1.23 (1) = 7.1 Hz, 3H), 0.85 (1) = 7.3 Hz, 3H), 0.77 (1) = 7.4 Hz,
3H). °C NMR (100 MHz, DMSQdg): 6 169.93, 165.95, 165.58, 160.77, 138.90,
138.80, 129.56, 128.97, 127.86, 120.18, 114.85%B175.54, 60.94, 55.72, 54.25,
47.98, 30.81, 26.19, 25.69, 23.26, 14.54, 9.88.9.4

Ethyl(3R,4R,5S)-4-acetamido-5-(E)-3-(4-fluorophenyl)acrylamido)-3-(penta
n-3-yloxy)cyclohex-1-ene-1-carboxylate (14e)57% yield, 'H NMR (400 MHz,
DMSO-d): 6 8.00 (d,J = 8.9 Hz, 1H), 7.88 (d] = 9.3 Hz, 1H), 7.63 (ddl = 8.7, 5.6
Hz, 2H), 7.41 (dJ = 15.8 Hz, 1H), 7.25 (1] = 8.8 Hz, 2H), 6.68 (s, 1H), 6.55 @
15.8 Hz, 1H), 4.23 — 4.11 (m, 3H), 4.11 — 4.00 @), 3.90 — 3.79 (m, 1H), 3.42 (p,
J = 5.6 Hz, 1H), 2.59 (dd] = 17.5, 5.1 Hz, 1H), 2.33 — 2.19 (m, 1H), 1.743(),
1.52 — 1.31 (m, 4H), 1.23 @,= 7.1 Hz, 3H), 0.85 () = 7.4 Hz, 3H), 0.77 (U = 7.4
Hz, 3H).*C NMR (100 MHz, DMSOdg) § 169.93, 165.93, 165.21, 163.12 {5 =
244.6 Hz), 138.87, 137.89, 131.94 {dr = 3.2 Hz), 130.12 ((2C, dJcr = 8.4 Hz),
128.94, 122.60, 122.58, 116.35 (2C 23 = 21.5 Hz), 81.60, 75.51, 60.92, 54.22,
48.06, 30.75, 26.19, 25.70, 23.24, 14.52, 9.8@.9.4

4.1.15. General procedure for the synthesis of compnds 15a-15e

The synthetic method was similar to that of comgb2irthe raw materials of the

reaction were compoundgla-14e

(3R,4R,59)-4-acetamido-5-cinnamamido-3-(pentan-3-yloxy)cycleex-1-ene-1
-carboxylic acid (15a).White powder, 47% yield, mp: 283.3—-284.1%8.NMR (400

MHz, DMSO-dg): 5 12.59 (s, 1H), 7.98 (d = 8.9 Hz, 1H), 7.84 (d] = 9.2 Hz, 1H),
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7.56 (d,J = 7.2 Hz, 2H), 7.47 — 7.32 (m, 4H,), 6.65 (s, 16{§0 (d,J = 15.8 Hz, 1H),
4.13 (d,J = 8.1 Hz, 1H), 4.06 (tt] = 9.9, 5.2 Hz, 1H), 3.83 (,= 9.0 Hz, 1H), 3.41 (p,

J = 5.5 Hz, 1H), 2.57 (dd] = 17.6, 5.1 Hz, 1H), 2.29 — 2.18 (m, 1H), 1.743(d),
1.42 (th,J = 13.8, 7.0 Hz, 4H), 0.85 (@,= 7.3 Hz, 3H), 0.77 (t) = 7.3 Hz, 3H)’°C
NMR (100 MHz, DMSO€k): ¢ 169.93, 167.65, 165.26, 139.01, 138.37, 135.32,
129.89, 129.61, 129.39, 127.96, 122.76, 81.56,4755@.38, 48.16, 30.88, 26.21,
25.70, 23.24, 9.87, 9.48. HRMS calcd forsisN20,S [M + H]': 415.2227. Found:
m/z 415.2227.

(3R,4R,55)-4-acetamido-3-(pentan-3-yloxy)-5-)-3-(p-tolyl)acrylamido)cycl
ohex-1-ene-1-carboxylic acid (15b)White powder, 49% yield, mp: 281.0-281.5°C.
'H NMR (400 MHz, DMSOdg): § 12.58 (s, 1H), 7.93 (d,= 8.9 Hz, 1H), 7.83 (d] =
9.2 Hz, 1H), 7.45 (d) = 8.0 Hz, 2H), 7.37 (d] = 15.8 Hz, 1H), 7.22 (d = 7.9 Hz,
2H), 6.65 (s, 1H), 6.54 (d,= 15.8 Hz, 1H), 4.12 (dl = 7.9 Hz, 1H), 4.05 (ddd] =
15.6, 10.2, 5.2 Hz, 1H), 3.83 (@= 9.1 Hz, 1H), 3.41 (p] = 5.6 Hz, 1H), 2.56 (dd]
=17.8, 5.1 Hz, 1H), 2.32 (s, 3H), 2.28 — 2.17 i), 1.73 (s, 3H), 1.52 — 1.31 (m,
4H), 0.85 (t,J = 7.3 Hz, 3H), 0.77 (tJ = 7.3 Hz, 3H)."*C NMR (100 MHz,
DMSO-tg): 6 169.92, 167.65, 165.41, 139.62, 138.97, 138.38,5I73 129.98, 129.60,
127.94, 121.72, 81.55, 75.65, 54.38, 48.13, 38BBA0, 26.21, 25.69, 23.25, 21.39,
9.87, 9.48. HRMS calcd forsgHs,N20,4S [M + H]': 429.2384. Found: m/z 429.2386.

(3R,4R,55)-4-acetamido-3-(pentan-3-yloxy)-5-)-3-(m-tolyl)acrylamido)cyc
lohex-1-ene-1-carboxylic acid (15c)White powder, 51% yield, mp: 267.0—
268.1°C.*H NMR (400 MHz, DMSO#d): 6 12.59 (s, 1H), 7.90 (dd,= 45.6, 9.1
Hz, 2H), 7.48 — 7.23 (m, 4H), 7.19 @z 7.3 Hz, 1H), 6.77 — 6.47 (m, 2H), 4.12
(d,J = 8.0 Hz, 1H), 4.09 — 3.97 (m, 1H), 3.83Jcs 9.1 Hz, 1H), 3.41 (p] = 5.4
Hz, 1H), 2.57 (ddJ = 17.6, 5.0 Hz, 1H), 2.29 — 2.18 (m, 1H), 1.743(d), 1.52 —
1.31 (m, 4H), 0.85 () = 7.3 Hz, 3H), 0.77 (t) = 7.3 Hz, 3H).**C NMR (100
MHz, DMSO-g): ¢ 169.93, 167.65, 165.31, 139.08, 138.54, 138.35.263
130.58, 129.60, 129.28, 128.48, 125.18, 122.6G381.5.65, 54.38, 48.16, 30.89,
26.21, 25.69, 23.24, 21.36, 9.87, 9.48. HRMS c&dcdCrsH3N-04S [M + H]':
429.2384. Found: m/z 429.2385.

(3R,4R,59)-4-acetamido-5-(E)-3-(4-methoxyphenyl)acrylamido)-3-(pentan-3

-yloxy)cyclohex-1-ene-1-carboxylic acid (15d)White powder, 55% vyield, mp:
57



275.1-277.6°C*H NMR (400 MHz, DMSOe): 6 12.58 (s, 1H), 7.85 (dd, = 16.6,

9.1 Hz, 2H), 7.51 (d) = 8.7 Hz, 2H), 7.36 (d] = 15.7 Hz, 1H), 6.97 (d] = 8.7 Hz,
2H), 6.65 (s, 1H), 6.45 (d, = 15.8 Hz, 1H), 4.12 (d] = 8.2 Hz, 1H), 4.05 (ddd} =
15.6, 10.4, 5.3 Hz, 1H), 3.89 — 3.80 (m, 1H), 3{393H), 3.41 (p,) = 5.5 Hz, 1H),
2.56 (dd,J = 17.8, 5.3 Hz, 1H), 2.23 (dd,= 17.5, 10.3 Hz, 1H), 1.74 (s, 3H), 1.41
(dtg,J = 20.9, 13.9, 7.2 Hz, 4H), 0.85 Jt= 7.4 Hz, 3H), 0.77 () = 7.4 Hz, 3H)*C
NMR (100 MHz, DMSOdg): ¢ 169.93, 167.66, 165.57, 160.76, 138.73, 138.37,
129.62, 129.54, 127.88, 120.26, 114.84, 81.55,7/56.71, 54.39, 48.11, 30.93,
26.21, 25.69, 23.25, 9.87, 9.48. HRMS calcd fesHg,N.O,S [M + HJ": 445.2333.
Found: m/z 445.2332.

(3R,4R,5S9)-4-acetamido-5-(E)-3-(4-fluorophenyl)acrylamido)-3-(pentan-3-y
loxy)cyclohex-1-ene-1-carboxylic acid (15eyVhite powder, 55% yield, mp: 279.4—
280.7°C."H NMR (400 MHz, DMSOde): § 12.59 (s, 1H), 7.96 (dl = 8.9 Hz, 1H),
7.84 (d,J = 9.2 Hz, 1H), 7.63 (dd] = 8.5, 5.6 Hz, 2H), 7.41 (d,= 15.8 Hz, 1H),
7.25 (t,J = 8.8 Hz, 2H), 6.65 () = 2.4 Hz, 1H), 6.55 (d] = 15.8 Hz, 1H), 4.13 (dl
= 7.8 Hz, 1H), 4.09 — 4.01 (m, 1H), 3.83 Jo5 9.1 Hz, 1H), 3.41 (p] = 5.1 Hz, 1H),
2.56 (dd,J=17.8, 5.0 Hz, 1H), 2.28 — 2.19 (m, 1H), 1.7434), 1.42 (ddp) = 21.4,
13.8, 7.0 Hz, 4H), 0.85 (8 = 7.3 Hz, 3H), 0.77 (t) = 7.3 Hz, 3H).*C NMR (100
MHz, DMSOds) 6 169.93, 167.64, 165.19, 163.12 (dcr = 244.8 Hz), 138.37,
137.84, 131.95 (diJce = 3.1 Hz), 130.12 (2C, dJcr = 8.4 Hz), 129.58, 122.65,
116.35 (2C, d?Jcr = 21.5 Hz)., 81.56, 75.63, 54.35, 48.17, 30.8722625.69, 23.24,
9.86, 9.48. HRMS calcd forseHz,N,04S [M + HJ": 433.2133. Found: m/z 433.2138.

4.1.16. General procedure for the synthesis of corapnds 16a-16g

To a solution of oseltamivir phosphate (0.82 g, 2r®nol), 10 mL of
triethylamine and 30 mL of acetonitrile or dichlarethane, arylsulfonyl chloride was
added (1.2 equiv.) The mixture was stirred at raemperature for 6 hours. After
confirming the completion of the reaction by TL@etsolvent was evaporated under
reduced pressuré&odium chloride solution (30 mL) was added to tbsidue and
extracted with ethyl acetate (3 x 40 mL). The camedi organic layer was washed
twice with saturated sodium chloride (30 mL). Anded with anhydrous MgS{)
Then, filtered and the solvent was removed, thalerproduct was obtained, and

purified by column chromatography to obtain the responding intermediates
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16a-16g

Ethyl(3R,4R,55)-4-acetamido-3-(pentan-3-yloxy)-5-(phenylsulfonandio)cycl
ohex-1-ene-1-carboxylate (16a)79% vyield, 1H NMR (400 MHz, Methanal):
7.86 (d,J = 7.3 Hz, 2H), 7.65 — 7.52 (m, 3H), 6.71 (s, 1420 — 4.05 (m, 3H), 3.79
(dd,J = 11.0, 8.8 Hz, 1H), 3.48 (td,= 10.6, 5.6 Hz, 1H), 3.38 (d,= 5.6 Hz, 1H),
2.42 (dd,J = 17.7, 5.3 Hz, 1H), 2.17 (ddi,= 17.2, 10.1, 2.7 Hz, 1H), 1.84 (s, 3H),
1.57 — 1.40 (m, 4H), 1.23 (8, = 7.1 Hz, 3H), 0.87 (dt) = 15.2, 7.4 Hz, 6H)"C
NMR (100 MHz, CROD): ¢ 172.62, 165.82, 142.29, 137.58, 132.14, 128.88.482
126.30, 82.36, 75.42, 60.64, 54.39, 52.26, 31.358% 25.39, 21.63, 13.03, 8.39,
8.23.

Ethyl(3R,4R,55)-4-acetamido-5-((4-methylphenyl)sulfonamido)-3-(patan-3-
yloxy)cyclohex-1-ene-1-carboxylate (16b).80% vyield, *H NMR (400 MHz,
Methanold,): § 7.73 (d,J = 8.2 Hz, 2H), 7.37 (d] = 8.1 Hz, 2H), 6.71 (s, 1H), 4.14
(dtt, J = 10.9, 6.9, 3.8 Hz, 3H), 3.78 (ddi= 11.1, 8.6 Hz, 1H), 3.51 — 3.41 (m, 1H),
3.38 (p,J = 5.7 Hz, 1H), 2.50 — 2.36 (m, 4H), 2.16 (diit 17.5, 10.1, 2.9 Hz, 1H),
1.85 (s, 3H), 1.55 — 1.40 (m, 4H), 1.24)& 7.1 Hz, 3H), 0.87 (d{] = 15.1, 7.4 Hz,
6H). °*C NMR (100 MHz, CROD): § 172.63, 165.84, 143.15, 139.30, 137.55, 129.39,
128.48, 126.40, 82.36, 75.41, 60.64, 54.37, 581R0, 25.85, 25.40, 21.62, 20.04,
13.03, 8.38, 8.23.

Ethyl(3R,4R,55)-4-acetamido-5-((4-(tert-butyl)phenyl)sulfonamido)3-(penta
n-3-yloxy)cyclohex-1-ene-1-carboxylate (16c)73% yield, 'H NMR (400 MHz,
DMSO-tg): 0 7.69 (t,J = 9.2 Hz, 3H), 7.60 (dd] = 13.3, 8.8 Hz, 3H), 6.57 (s, 1H),
4.18 — 3.97 (m, 3H), 3.72 — 3.55 (m, 1H), 3.36 233m, 2H), 2.30 — 2.05 (m, 2H),
1.63 (s, 3H), 1.46 — 1.32 (m, 4H), 1.30 (s, 9H)51(t, J = 7.1 Hz, 3H), 0.81 (&) =
7.4 Hz, 3H), 0.75 (t) = 7.4 Hz, 3H).”°C NMR (100 MHz, DMSOds): § 169.92,
165.65, 155.43, 140.03, 138.73, 128.29, 126.52,3621.50, 75.22, 60.88, 54.00,
52.75, 35.25, 31.61, 31.26, 26.14, 25.61, 23.2618,4€.86, 9.43.

Ethyl(3R,4R,55)-4-acetamido-5-((4-chlorophenyl)sulfonamido)-3-(p&an-3-
yloxy)cyclohex-1-ene-1-carboxylate (16d).67% yield, *H NMR (400 MHz,
DMSO-dg): 6 7.82 (d,J = 8.9 Hz, 1H), 7.80 — 7.76 (m, 2H), 7.71 Jd& 9.1 Hz, 1H),
7.69 — 7.62 (m, 2H), 6.57 (s, 1H), 4.17 — 3.99 &), 3.72 — 3.58 (m, 1H), 3.35 —
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3.20 (m, 2H), 2.25 (dd] = 17.6, 5.6 Hz, 1H), 2.19 — 2.04 (m, 1H), 1.683(4), 1.37
(ddh,J = 20.9, 14.0, 7.2 Hz, 4H), 1.17 &= 7.1 Hz, 3H), 0.81 () = 7.4 Hz, 3H),
0.76 (t,J = 7.4 Hz, 3H)*C NMR: (100 MHz, DMSOdg) § 170.00, 165.62, 141.60,
138.63, 137.44, 129.72, 128.71, 128.24, 81.55,1756P.90, 53.95, 52.75, 31.56,
26.14, 25.62, 23.29, 14.43, 9.84, 9.43.

Ethyl(3R,4R,55)-4-acetamido-5-((4-fluorophenyl)sulfonamido)-3-(petan-3-
yloxy)cyclohex-1-ene-1-carboxylate (16€)68% vield, '"H NMR (400 MHz,
DMSO-tg): 6 7.85 (dddJ = 8.8, 5.0, 2.4 Hz, 2H), 7.74 @= 9.1 Hz, 2H), 7.49 — 7.36
(m, 2H), 6.57 (s, 1H), 4.20 — 3.98 (m, 3H), 3.73.55 (m, 1H), 3.32 — 3.21 (m, 1H),
3.08 (g, = 7.2 Hz, 1H), 2.29 — 2.02 (m, 2H), 1.69 (s, 3HA8 — 1.27 (m, 4H), 1.16
(t, J = 7.1 Hz, 3H), 0.81 (t) = 7.4 Hz, 3H), 0.75 () = 7.4 Hz, 3H)*C NMR (100
MHz, DMSO-dg) 6 170.02, 165.63, 164.41 (Hlcr = 248.5 Hz), 139.10 (dJ)cr = 3.0
Hz), 138.64, 129.74 (2C, dJcr = 9.4 Hz), 128.23, 116.71 (2C, dcr = 22.5 Hz),
81.54, 75.20, 60.91, 53.93, 52.70, 46.03, 31.512&5.61, 23.32, 14.43, 9.86, 9.44.

Ethyl(3R,4R,55)-4-acetamido-5-(naphthalene-2-sulfonamido)-3-(peah-3-yl
oxy)cyclohex-1-ene-1-carboxylate (16f53% yield,"H NMR (400 MHz, DMSOdg)
5 8.44 — 8.37 (m, 1H), 8.18 — 8.09 (m, 2H), 8.05)¢, 7.8 Hz, 1H), 7.85 — 7.74 (m,
2H), 7.74 — 7.61 (m, 3H), 6.55 (s, 1H), 4.07J¢; 9.4 Hz, 1H), 4.05 — 3.93 (m, 2H),
3.73 -3.61 (m, 1H), 3.35 — 3.25 (m, 2H), 2.29 @d,17.6, 5.4 Hz, 1H), 2.22 — 2.06
(m, 1H), 1.47 — 1.25 (m, 4H), 1.05 Jt= 7.1 Hz, 3H), 0.80 (t] = 7.4 Hz, 3H), 0.74 (t,
J = 7.4 Hz, 3H)!*C NMR (100 MHz, DMSOdg): 4 170.10, 165.60, 139.55, 138.58,
134.54, 132.16, 129.74, 129.65, 129.03, 128.27.987127.31, 122.81, 81.52, 75.19,
60.82, 53.98, 52.80, 31.65, 26.13, 25.61, 23.2804€.82, 9.43.

Ethyl(3R,4R,55)-5-([1,1'-biphenyl]-4-sulfonamido)-4-acetamido-3{entan-3-
yloxy)cyclohex-1-ene-1-carboxylate (16g).85% vyield, 'H NMR (400 MHz,
DMSO-tg): 6 7.92 — 7.82 (m, 4H), 7.79 — 7.67 (m, 4H), 7.52 &, 7.5 Hz, 2H), 7.44
(dd,J = 8.2, 6.4 Hz, 1H), 6.58 (s, 1H), 4.10 (dd; 7.7, 3.6 Hz, 1H), 4.09 — 3.98 (m,
2H), 3.74 — 3.62 (m, 1H), 3.40 — 3.36 (m, 1H), 2(8d,J = 17.6, 5.3 Hz, 1H), 2.23 —
2.10 (m, 1H), 1.69 (s, 3H), 1.37 (gp= 13.9, 7.2 Hz, 4H), 1.11 (8,= 7.1 Hz, 3H),
0.81 (t,J = 7.4 Hz, 3H), 0.76 () = 7.4 Hz, 3H).*C NMR (100 MHz, DMSOd): ¢
170.04, 165.65, 144.05, 141.51, 139.00, 138.68,5929128.91, 128.30, 127.73,

127.44, 127.40, 81.53, 75.23, 60.87, 54.03, 5B1%4, 26.15, 25.63, 23.32, 14.41,
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9.85, 9.44.
4.1.17. General procedure for the synthesis of corapnds 17a-179g

The synthetic method was similar to that of commgbRnand the raw materials

of the reaction were compounti§a-16g

(3R,4R,5S9)-4-acetamido-3-(pentan-3-yloxy)-5-(phenylsulfonandio)cyclohex-
1-ene-1-carboxylic acid (17a)White powder, 53% vyield, mp: 214.1-215.9%El
NMR (400 MHz, DMSOd): 6 12.54 (s, 1H), 7.79 (df,= 6.8, 1.4 Hz, 2H), 7.69 (dd,
J=8.9, 5.2 Hz, 2H), 7.66 — 7.53 (m, 3H), 6.541(d), 4.08 (dJ = 8.5 Hz, 1H), 3.70
—3.59 (m, 1H), 3.34 — 3.15 (m, 2H), 2.27 — 2.04 2M), 1.68 (s, 3H), 1.49 — 1.25 (m,
4H), 0.81 (t,J = 7.4 Hz, 3H), 0.75 (tJ = 7.4 Hz, 3H)."*C NMR (100 MHz,
DMSO-dg): 6 170.05, 167.39, 142.73, 138.18, 132.61, 129.59,952 126.63, 81.49,
75.30, 54.13, 52.82, 31.66, 26.17, 25.60, 23.387,99.44. HRMS calcd for
CasH32N204S [M + HJ': 425.1741. Found: m/z 425.1742.

(3R,4R,55)-4-acetamido-5-((4-methylphenyl)sulfonamido)-3-(p&an-3-yloxy
)cyclohex-1-ene-1-carboxylic acid (17b)White powder, 55% yield, mp: 238.1—
239.4°C."H NMR (400 MHz, Methanot): 6 7.73 (d,J = 8.2 Hz, 2H), 7.37 (d] =
8.1 Hz, 2H), 6.72 (s, 1H), 4.11 (d,= 8.4 Hz, 1H), 3.79 (dd] = 11.1, 8.7 Hz, 1H),
3.45 (td,J = 10.6, 5.6 Hz, 1H), 3.38 (§,= 5.7 Hz, 1H), 2.51 — 2.37 (m, 4H), 2.16
(ddt,J = 17.4, 10.2, 2.8 Hz, 1H), 1.86 (s, 3H), 1.56391(m, 4H), 0.87 (dt) = 15.2,

7.4 Hz, 6H).X*C NMR (100 MHz, CROD): 6 172.66, 167.63, 143.16, 139.27, 137.58,
129.38, 128.74, 126.37, 82.35, 75.50, 54.47, 522610, 25.86, 25.40, 21.64, 20.03,
8.38, 8.24. HRMS calcd forsHs,N20,4S [M + H]: 439.1897. Found: m/z 439.1901.

(3R,4R,5S9)-4-acetamido-5-((4-(tert-butyl)phenyl)sulfonamido)3-(pentan-3-y
loxy)cyclohex-1-ene-1-carboxylic acid (17c)Mhite powder, 61% yield. mp: 210.5—
210.9°C.*H NMR (400 MHz, DMSOdg): 6 12.55 (s, 1H), 7.70 (dl = 8.6 Hz, 2H),
7.66 (d,J = 9.2 Hz, 1H), 7.58 (dJ = 8.5 Hz, 3H), 6.53 (s, 1H), 4.09 @ 7= 8.4 Hz,
1H), 3.74 — 3.56 (m, 1H), 3.35 — 3.31 (m, 1H), 3-33.20 (m, 1H), 2.26 — 2.01 (m,
2H), 1.64 (s, 3H), 1.48 — 1.31 (m, 4H), 1.30 (s),9481 (t,J = 7.4 Hz, 3H), 0.75 (1]
= 7.4 Hz, 3H)."*C NMR (100 MHz, DMSOde): § 169.94, 167.40, 155.44, 139.98,
138.13, 128.99, 126.51, 126.38, 81.46, 75.35, 546287, 35.25, 31.73, 31.26, 26.16,

25.60, 23.28, 9.87, 9.42. HRMS calcd fosids,N,04S [M + H]™: 481.2367. Found:
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m/z 481.2396.

(3R,4R,55)-4-acetamido-5-((4-chlorophenyl)sulfonamido)-3-(p&tan-3-yloxy)
cyclohex-1-ene-1-carboxylic acid (17d)White powder, 67% vyield, mp: 222.1-
223.6°C."H NMR (400 MHz, DMSO#d): 6 12.58 (s, 1H), 7.86 — 7.75 (m, 3H), 7.73 —
7.62 (m, 3H), 6.54 (s, 1H), 4.07 @z= 8.5 Hz, 1H), 3.70 — 3.57 (m, 1H), 3.34 — 3.13
(m, 2H), 2.26 (ddJ = 17.6, 5.5 Hz, 1H), 2.20 — 2.03 (m, 1H), 1.683H), 1.48 —
1.27 (m, 4H), 0.78 (dt) = 22.9, 7.4 Hz, 6H)**C NMR (100 MHz, DMSQdg): &
170.04, 167.38, 141.59, 138.16, 137.39, 129.72,9128 28.66, 81.50, 75.30, 54.10,
52.85, 31.77, 26.16, 25.60, 23.30, 9.86, 9.43. HRMISd for GsH3oN,O4S [M + HJ':
459.1351. Found: m/z 459.1348.

(3R,4R,5S5)-4-acetamido-5-((4-fluorophenyl)sulfonamido)-3-(petan-3-yloxy)
cyclohex-1-ene-1-carboxylic acid (17e)White powder, 65% yield, mp: 180.7—
181.0°C.'"H NMR (400 MHz, DMSOdg) 6 12.56 (s, 1H), 7.89 — 7.80 (m, 2H), 7.71
(dd,J =13.2, 9.0 Hz, 2H), 7.48 — 7.38 (m, 2H), 6.541¢4), 4.07 (dJ = 8.4 Hz, 1H),
3.73 - 3.55 (m, 1H), 3.35 - 3.13 (m, 2H), 2.24 @d,17.6, 5.5 Hz, 1H), 2.18 — 2.04
(m, 1H), 1.70 (s, 3H), 1.50 — 1.27 (m, 4H), 0.78 {Jc= 22.2, 7.4 Hz, 6H)*C NMR
(100 MHz, DMSO¢s) 6 170.06, 167.37, 164.38 (Hcr = 247.7 Hz), 139.10 (dJcr
= 3.0 Hz), 138.14, 129.69 (2C, ¥cr = 9.4 Hz), 128.93, 116.70 (2C, Wer = 22.4
Hz), 81.50, 75.29, 54.10, 52.81, 31.71, 26.17, 2523.32, 9.85, 9.44. HRMS calcd
for CosHzoN-04S [M + HJ™: 443.1647. Found: m/z 443.1666.

(3R,4R,59)-4-acetamido-5-(naphthalene-2-sulfonamido)-3-(peah-3-yloxy)c
yclohex-1-ene-1-carboxylic acid (17f)White powder, 63% vyield. mp: 225.2—
226.7°C.*H NMR (400 MHz, DMSOdg): 6 12.54 (s, 1H), 8.45 — 8.37 (m, 1H), 8.19
—8.09 (m, 2H), 8.04 (d] = 7.8 Hz, 1H), 7.85 — 7.73 (m, 2H), 7.73 — 7.6Q 8H),
6.53 (s, 1H), 4.06 (dl = 8.4 Hz, 1H), 3.74 — 3.58 (m, 1H), 3.34 — 3.22 2H), 2.32
(dd,J = 17.7, 5.4 Hz, 1H), 2.24 — 2.09 (m, 1H), 1.613d), 1.47 — 1.25 (m, 4H),
0.80 (t,J = 7.4 Hz, 3H), 0.73 () = 7.4 Hz, 3H)*C NMR (100 MHz, DMSOde): &
170.16, 167.37, 139.50, 138.12, 134.51, 132.15,7829129.66, 129.04, 128.95,
128.27, 127.94, 127.29, 122.78, 81.48, 75.28, 5452491, 31.92, 26.16, 25.60,
23.29, 9.84, 9.43. HRMS calcd fordEl3oN,O4S [M + HJ': 475.1897. Found: m/z
475.1894.
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(3R,4R,59)-5-([1,1'-biphenyl]-4-sulfonamido)-4-acetamido-3{entan-3-yloxy
)cyclohex-1-ene-1-carboxylic acid (17g)White powder, 58% yield, mp: 252.5—
254.9°C.*H NMR (400 MHz, DMSOs): 6 12.56 (s, 1H), 7.97 — 7.81 (m, 4H), 7.80 —
7.61 (m, 4H), 7.52 (t) = 7.5 Hz, 2H), 7.44 () = 7.3 Hz, 1H), 6.55 (s, 1H), 4.10 (d,
J= 8.2 Hz, 1H), 3.67 (¢J = 9.0 Hz, 1H), 3.37 — 3.34 (m, 2H), 2.31 (dd&s 17.6, 5.3
Hz, 1H), 2.23 — 2.07 (m, 1H), 1.69 (s, 3H), 1.49.27 (m, 4H), 0.81 (tJ = 7.4 Hz,
3H), 0.76 (t,J = 7.4 Hz, 3H).**C NMR (100 MHz, DMSOsd): 6 170.08, 167.41,
144.04, 141.51, 139.04, 138.15, 129.59, 128.99,9128127.76, 127.48, 127.36,
81.49, 75.33, 54.19, 52.90, 31.83, 26.17, 25.62333.86, 9.44. HRMS calcd for
CasH32N204S [M + HJ': 501.2054. Found: m/z 501.2053.

4.2.1n Vitro Anti-Influenza Virus Assay and Cytotoxicity Assayin CEFs

The anti-influenza activity of the newly syntheslzgseltamivir derivatives were
evaluated with H5N1, H5N2, H5N6 and H5N8 strain€imcken Embryo Fibroblast
cells using hemagglutination titer method. Reswise expressed as gLvalues,
which meant the concentration of compounds neededhibit 50% proliferate of
H5N1, H5N2, H5N6 and H5N8 viruses in CEFs. The pred CEFs solution (1 x 10
cells / mL) was added to 96-well cell plate at &uwee of 100uL / well. The culture
medium was removed after incubation in a cell imtab (37°C, 5.0% C¢) for 24
hours, and washed with serum-free DMEM100 pL dilution of an equal volume of
100 TCIDyp of H5N1, H5N2, H5N6 and H5N8 strains was mixedhwan equal
volume of a continuous one-half dilution of the gmund solution (1% FBS in
DMEM) and incubated for 1 fthe mixture was inoculated into prepared 96-wdll ce
plates to infect CEFsThe cell plates inoculated with avian influenzausirwere
incubated in a cell culture incubator (37°C, 5.0%,Cfor 72 hours.The virus titer
assay was performed on each of the virus prolifarasolutions in each well
according to the standard method [28]. The titethefvirus growth solution under the
corresponding concentration of the compound, anel itthibition rate at the
corresponding concentration were obtained accorttirige titer dataThe 1G;, value
of the inhibitor was determined by fitting the cerlsetween virus proliferation and
NAIs concentration. At the same time, the virustoangroup and the normal cell
control group were detected.

We used the CCK-8 method to detect the 50% cytotorncentration values
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(CCsp). CEFs solution (1 x faells / mL) was prepared to add to 96-well ceditelat

a volume of 10QuL/well. The culture medium was removed after indidrain a cell
incubator (37°C, 5.0% Cfpfor 24 hours, and washed with serum-free DMHBWe
equal volume of 2-fold continuously diluted new qmund solution (1% FBS
DMEM) was inoculated into the prepared 96-well ga#ite and incubated in the cell
incubator (37°C, 5.0% Cfp for 48 hours. Then 10QL culture medium (10uL
CCK-8 and 9QuL 1% FBS DMEM medium) was added to each well. Afteubation

in the cell incubator (37°C, 5.0% GCfor 90 minutes, the absorbance at 450 nm was
read on the microplate reader. Thesg@alues of inhibitors were determined by
fitting the curve of cytopathic effect (CPE) and N#ibitor concentration. At the
same time, blank control and cell control wereugein each experiment.

4.3.1n Vitro Neuraminidase Enzyme Inhibitory Assay

The NA inhibition assay was carried out accordinghte standard method [29].
Dilute suspensions of influenza viruses (H5N1, HoNBENG6 and HS5N8) were
harvested from the allantoic fluid of influenzausrinfected embryonated chicken
eggs. A/Anhui/1/2005 (H5N1-H274Y mutation) was abéa from Sino Biological
Inc. 2’-4-(methylumbelliferyl)e-D-acetylneuraminic acid sodium salt hydrate
(MUNAN; Sigma) as a substrate was cleaved by NAafford a quantifiable
fluorescent productThe 96-well fluorescent plate was incubated at 376€C 10
minutes by adding 10L diluted virus supernatant or NA assay diluentuyZ®f MES
buffer and 1QuL of test compound at different concentratiohisen 10uL fluorescent
substrate was added to each well to start theiomaahd incubated at 37°C for 40 to
60 minutesAfter incubation, 15Q.L of termination solution (6.01 g glycine and 3.20
g NaOH dissolved in 400 mL Milli-Q water) was addedeach well to terminate the
reaction. The fluorescence was measured with amstnvplate reader (PerkinElmer,
Wellesley, MA) using excitation and emission wawngjins of 365 and 460 nm,
respectively. Substrate blanks were subtracted frasample readings. The inhibitor
ICso values were determined from the dose-responseesury plotting the percent

inhibition of NA activity versus inhibitor conceiation.
4.4. Molecular Docking

Molecular modeling of compoun®a and11lewere performed using the Tripos
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molecular modeling package Sybyl-X 2.0 [30, 3Al. compounds used for docking
are constructed using standard bond lengths antesarigpm Sybyl-X 2.0/Base
Builder and are optimized for 10000 generationdl uhe maximum derivative of
energy becomes 0.005 kcal/(mol * A). The flexiblecking method (Surflex-Dock)
docked the ligand automatically into the ligandebng site of the receptor by the use
of protocol-based approach and an empirically @eriwcoring function. Before
docking, the protein was prepared by removing idpend, water molecules, and other
unnecessary small molecules from the crystal straaf the ligand-protein complex
(PDB code: 2HUO and 2HT?7); then polar hydrogen atamd charges were added to
the protein. Surflex-Dock default settings wereduk® other parameters, such as the
maximum number of rotatable bonds per molecule t®€t00) and the maximum
number of poses per ligand (set to 20). During dagkall single bonds in the residue
side chain in the defined NA binding pocket aresidered rotatable or flexible, and
the ligand was allowed to rotate at all single ®madd to move flexibly within the
tentative binding pockef31]. The atomic charges were recalculated using th
Kollman all-atom approach for the protein and thes®ig-Huckel approach for the
ligand. The binding interaction energy was caladatcontaining van der Waals,
electrostatic, and torsional energy terms definedthe Tripos force field. The
structure optimization was performed for 10000 gatens using a genetic algorithm,
and the 20-best-scoring ligand—protein complexesewept for further analysis.
After the protocol was generated, the optimiBadand 11e were docked into the

binding pockets.

4.5. Acute Toxicity Experiment

Kunming mice (15-17 g) were purchased from the AaliExperimental Center
of Shandong University. The animal feeding proceduas carried out according to
the guidelines of the Animal Care and use Committe&handong University, and
was approved by the Animal Ethics and Welfare Cattemi(AEWC). The mice were
fed at 25 + 1°C and humidity of 60 £ 10%, 12 hoofrdight and 12 hours of darkness
every day, the mice were given free access to toutl water, changed the cushion
every two days, and fed for one week to evaluageattute toxicity of compountile
We purchased 20 healthy Kunming mice, half male laalfl female, and randomly

divided them into two groups (5 female mice andd@emmice per group). Each group
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was fed separately with 5 male mice and 5 fematenCompoundlewas prepared

with 5% DMSO, 50% PEG-400 and 45% water at a camagon of 0.15 g /mL,

After fasting for 12 h, a group of mice (5 male @&tkemale mice) was given a dose
of 1.5 g/kg by intragastric administration [32]. the same time, the blank group was
given the same solution withodtle Death, body weight, and behavior (death,
lethargy, clonic convulsion, anorexia, ruffled fand no abnormality) were monitored
every day. At the end of the experiment, all ansnaére sacrificed for subsequent

experimental studies.
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Highlights

1. By exploiting 150-cavity of influenza virus neuraminidase, novel oseltamivir
derivatives were reported.

2. Compounds 9a and 11e showed similar or greater activity than OSC in both NA
inhibitory activity and cellular assay.
3. Compound 11e demonstrated low cytotoxicity in vitro and low acute toxicity in

mice.



