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Abstract:

Encouraged by our earlier discovery of neuramiredashibitors targeting
150-cavity or 430-cavity, herein, to yield more gt inhibitors, we designed,
synthesized, and biologically evaluated a serieaaviel oseltamivir derivatives via
modification of C-1 and C5-NHof oseltamivir by exploiting 150-cavity and/or
430-cavity. Among the synthesized compounds, comgdlbe the most potent
N1-selective inhibitor targeting 150-cavity, showk8 and 1.8 times greater activity
than oseltamivir carboxylate (OSC) against N1 (HpEAd N1 (H5N1-H274Y). In

cellular assaysl5ealso exhibited greater potency than OSC againstlHbith EGy
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of 0.66 uM. In addition, 15e demonstrated low cytotoxicity in vitro and low &su

toxicity in mice. Molecular docking studies provilmsights into the high potency of
15eagainst N1 and N1-H274Y mutant NA. Overall, weisioned that the significant
breakthrough in the discovery of potent group-lefifie neuraminidase inhibitors

may lead to further investigation of more potent-arfluenza agents.

Keywords: Influenza virus, Neuraminidase inhibitors, 43®itg 150-cavity,

Oseltamivir derivatives.

1. Introduction

In the recent years, the Influenza A and B wiinfection has become a serious
threat for human health with the potential to cagsieemics or pandemics with mass
casualties. These viruses belong to the Orthomyxia& family of negative sense,
single stranded, and segmented RNA viruses [1Apirl 2009, a new type Swine flu,
also known as influenza A (H1N1) rapidly spread Ildwide through
human-to-human transmission, giving rise to a seripublic panic [2]. H7N9, a
novel and highly virulent avian-origin influenzawirus, occurred to infect human in
eastern China in the spring 2013. By the end otidan2017, 1161 people were
infected with H7N9, with 433 deaths, and the mdstakte was as high as 37.3% [3].
In addition, the highly pathogenic avian influenkgH5N1) virus has resulted in a
fatality rate over 60%, which is a great threahtonan [4,5]. Though there is no clear

evidence of efficient human-to-human transmissiéy¥][ the worrying possibility



remains that further adaptation of avian flu forge-to-person transmission may

lead to a global influenza pandemic.

Influenza A virus is enveloped by a lipid memate containing two important
surface antigenic glycoproteins namely hemagglut{riA) and neuraminidase (NA)
[8], which play crucial roles in the life cycle ofruses [9]. There are different
subtypes according to the distinct antigenic prisgerof each protein: eighteen for
HA (H1-H18) and eleven for NA (N1-N11) [10,11]. N&leaves the connection
between the hemagglutinin and the host cell toasglenewly formed virion from
infected cells and facilitate propagation of theusi[12], making this enzyme a
promising target for anti-influenza drugs [13]. €@mtly, four neuraminidases
inhibitors (NAIs) have been developed for the prdakis and treatment of patients
infected with influenza A or B viruses [14,15], inding oral oseltamivir (Tamiflu)
[16], inhaled zanamivir (Relenza) [17], intravenopsramivir (Rapivab) [18] and
inhaled laninamivir octanoate (Inavir) [19figure 1). Among the approved drugs,
orally administered oseltamivir (a prodrug of oaelivir carboxylate) (OSC) has been
a first-line therapy since its approval in 1999 wéwer, resistance to oseltamivir has
constantly been reported due to its widely usedimc such as the most frequent NA
substitutions reported in HSN1 (H274Y) [20-22]. dddition, various mutants with
resistance to the others NA inhibitors have alspeaped [20,21,23,24]. Therefore,
there is an urgent and continuing need for the rgteration neuraminidase

inhibitors.
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Figure 1. Structures of approved NA inhibitors for the treant of influenza virus infection.

With the exception of N10, recently identifieda bat influenza A virus genome
[25], the N1-N9 subtypes can be categorized phylegeally into two groups:
group-1 (N1, N4, N5, and N8 subtypes), and grouiN2, N3, N6, N7, and N9
subtypes) [26]. The X-ray crystallographic struesirshow that in group-1 NAs
[except N1 of 2009pdmH1N1 (09N1)] [27], there islaage cavity termed the
150-cavity (formed by an open conformation of tHg-loop containing residues
147-151) adjacent to the active site, which is absegroup-2 NAs [28]Kigure 2).
Based on this finding, several C-5 amino-substitudseltamivir derivativedMC32,
JMC20I [29], andJMC21h [30] (Figure 3) have been identified to inhibit HSN1
(group-1 NA) at low-nanomolar level (approximat8hjold, 9-fold and 28-fold more

potent than OSC, respectively) through targetireg X60-cavity in our lab. In 2013,



Wu and co-workers demonstrated for the first tifmat bseltamivir carboxylate could
induce the rigid closed N2 150-loop into a halfHopene [25]. Thus, there was
another significant discovery in our lab that aieserof N-substituted oseltamivir
derivatives such adMC15b and JMC15c (Figure 3) showed exceptionally active
against both group-1 and -2 NAs, especially for DON2, N6, and N9 subtypes
(6.8-12.5 and 1.2-3.9 times greater activity th&0D They also showed an increase
in inhibitory activity of about 4.2-fold and 2.54tbrelative to OSC toward H274Y

and E119V variant, respectively [31].

Moreover, there has also been evidenced thstezxie of another auxiliary
binding site adjacent to sialic acid binding sitdled “430-cavity” (formed by the
430-loop comprising residues Arg430-Thr439 [32BigUre 2) which could be
exploited for the design of new antivirals has bemrealed [33]. It was worth noting
that, 430-cavity adopted a more open conformationvarious group-1 and -2
subtypes, and could provide greater chemical sfrackirther modification [34,35].
In 2018, our lab reported a panel of C-1 modifisdltamivir derivatives via targeting
430-cavity. Among them, compoun8JMCS8b (Figure 3) exhibited the best
inhibitory activity with 1G, values of 0.08&M and 0.097uM against H5N1 and
H5N6 NAs, respectively. Besides thisJMC5c (Figure 3) also showed a moderate

activity against HSN1 and H5N6 (3= 0.94 and 2.78M, respectively) [36].



Figure 2. Comparison of the crystal structures of N1 (HS5NADB ID: 2HUO), 09N1
(HIN1pdmQ9, PDB ID: 3TI6), N8 (H5N8, PDB ID: 2HT&nd N2 (H3N2, PDB ID: 4GZP)
bound with OSC. It can be seen that 09N1, along R have a closed 150-loop, but N1 and N8
have an open 150-cavity. Moreover, 430-cavity widetists in a variety of subtypes including

group-1 (N1, 09N1 and N8) as well as group-2 (N2).

N

Ar/©/\H H.\n/o R,/©/\H HN\H/ R/©/\ HN\H/

(e}
(e}
; . CN ¢
e N - 2
Ny A S L
Ar = \ d R'=
JMC15b JMC15c¢c
JMC32 JMC20I JMC21h
~ 1Gs0 (JMC15b) = ICs0(IMC15¢) =
1Cs (IMC32) = 1Gsg (IMC201) = 'Ocsgrgﬁ/l""(":\lzllh& o) 0.55nM (N1, 2009HINL)  2.31nM (N1, 2009HIN1)
2.1 nM (N1, H5N1) 1.9 nM (N1, H5N1) 896.9 NM (N'2 H5N2) 0.35 nM (N2, HON2) 2.13nM (N2, HON2)
210 nM (N2, HON2) 580 nM (N2, HON2) 3065 NM (N6, HSNE) 1,26 nM (N6, H5N6) 10.85 nM (N6, H5N6)
160 nM (N1, H5N1-H274Y) 1160 nM (N1, H5N1-H274Y)  1.89 nM (N8, H5NS8) 5.34 nM (N8, H5N8) 4.06 nM (N8, H5N8)
32.81 nM (N1, H5N1-H274Y) 1,79 nM (N9, H7N9) 6.51 nM (N9, H7N9)

)\/(LH 387.07 nM(N1, H5N1-H274Y)663.90 nM(N1, H5N1-H274Y)

- O H F
OxNH Ox N
HaNT Oj\/ H,N” E '(_)j\/
HN\n/ HN\H/
o) ICso(EIMCBb) = o Iocgzﬂf;h:,\?f C,:;N 1
EJMCS8b 0.0883uM (N1, H5N1) EJMC5c 2:78}1M (NG, H5N6)

0.0967M (N6, H5N6)

Figure 3. Structures of the group-1 selective NA inhibit@#s1C32, IMC20l andJMC21h) and

nonspecific group-1 and group-2 NA inhibitodBIC15b and JIMC15c) targeting 150-cavity, as

well as oseltamivir derivative€JMC8b andEJMC5c) targeting 430-cavity.



The main objective of our research was to discpatent group-1 selective NA
inhibitors functioning as anti-influenza agents egploiting the 150-cavity and/or
430-cavity adjacent to the NAs active site of ieflda A. Recently, several group-1
selective NA inhibitors were discovered by struetbased design targeting the
activity site and 150-cavity simultaneously. NotabUMC20l and JMC21h,
containing hydrophobicp-phenyl and p-phenylthiobenzyl groups, respectively,
showed more potent N1-selective inhibitory activiban OSC [29,30]. Besides,
another report revealed that a series of C-5 amifistituted oseltamivir derivatives
such asIMC15b andJMC15c bearingN,N-diethylamino and 1-pyrrolidine groups,
respectively, exhibited excellent inhibitory actvagainst both group-1 and -2 NAs
[31]. On the other hand, the exploration of 430Hyarvesulted in the discovery of
EJMC8b (ICs0: 0.088 and 0.09%M) and EJIMC5c (ICsp: 0.94 and 2.78V) exerted
the greatest and moderate inhibition against HSNILHENG, respectively [36].

Encouraged by these results, in this manuscriphgusolecular hybridization
strategy, the well-matched privileged moieties &0D-tavity and 430-cavity were
introduced into C-5 and C-1 positions of oseltamodre structure simultaneously to
fill these two cavities Kigure 4). Finally, 21 novel oseltamivir analogues were

designed, synthesized, and evaluated their bickbgictivity.
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Figure 4. Strategy for structure optimization of oseltamignalogues via targeting 150-cavity
and/or 430-cavity.

2. Results and discussion

2.1. Chemistry

The synthetic route of C-5 and/or C-1 modifeskltamivir derivatives6a—e
10a—e 16a—e 18a—¢ and intermediate1@) were conducted following reactions
depicted inScheme 1, 2and 3. All derivatives were synthesized by well-estaidid
methods using commercially available oseltamiviogghatel as the primary starting
material. InScheme 1,0seltamivir phosphaté was treated with Boc-anhydride and
DMAP in CH,CI, and E%N to afford2, which was hydrolyzed in the presence of 4 M
NaOH aqueous solution and acidified with 3 M HCli@gus solution to give the key

intermediate3. Subsequently, the intermedi@eeacted with corresponding aminesin
8



the presence of HBTU and DMAP to affodl and 7, and then prepared as
hydrochloridesband8, respectively, with ethyl acetate solution of logkn chloride.
Subsequently, the target compourds-b and 9a—b were prepared via reacting with
corresponding aldehydes in the presence of N&Bh and eventually@a—b were

hydrolyzed by NaOH to give target compoudds—h

As shown inScheme 2the 4-(phenylthio) benzaldehyd&3j were formed by
reaction of benzenethioll]) with 4-fluorobenzaldehydel®) in the presence of

potassium carbonate.

As outlined inScheme 3 the synthesis of compoun@s—e 10c—e 16a—eand
18a—ewere carried out starting with oseltamivir phosphhtl was treated with a
series of different aldehydes in the presence dBHN&N to afford 14a—e which
followed by hydrolyzation in the presence of 4 MO¥to give the key intermediates
15a—e The target compoundéd—e 16a—9 and intermediate®¢—eandl17a—¢ were
prepared via similar procedures (different corresiag amines) as compoundleind
7, and finally the intermediate9d¢—eand17a—¢ were hydrolyzed in the presence of

NaOH to result in the corresponding acldx—eand18a—e
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Scheme 2Reagents and conditions: (i}®0;, DMF, 120 C.
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2.2. Biological activity

2.2.1. In vitro inhibitory activities of Influenza Neuraminidases

For NA inhibition screening against N1 (H5N19rh group-1 and N2 (H5N2)
from group-2, and all the newly synthesized 21 taselvir derivatives and
oseltamivir carboxylate (OSC) were evaluated usitnghemiluminescence-based
assay with 2(4-methylumbelliferyl)e-D-N-acetylneuraminic acid (MUNANA) as
the substrate [29]. The measured inhibition poenaf the synthesized compounds
toward N1 (H5N1), N2(H5N2) as well as N1 (H5N1-HXj4vere summarized in
Table 1 It was clear that OSC showed more potency agiasiCso = 0.0045uM)
than N1 (IGo = 0.067 uM), meanwhile, it exhibited less potency toward the

H5N1-H274Y mutant (I = 2.45 uM), which was consistent with reported data
11



[29,30,31,36].

As shown inTable 1, the series of oseltamivir derivativedat-e, 10a—e, 16a—e,
18a—¢ exhibited significantly decreased activities camgul with the positive drug
OSC and “dual-site”-binding NA inhibitors, confirng that “three-site”-binding
oseltamivir analogues were not suitable for bindwith NAs. Compared with OSC,
6a—e and 10a—edemonstrated less potent or no activities agairs8i HSN2 and
H5N1-H274Y. Amongoa—e compound$c—ewith R, group of 4-phenylthio benzyl,
4-phenyl benzyl and 4-methylsulfanyl benzyl, respety, showed better inhibitory
activities against N1 (H5N1) (K= 8.33uM, 22.14uM and 34.64.M, respectively)
than N2 (H5N2) (IG > 100 uM). In contrast,6b replaced by 4-(pyrrolidin-1-yl)
benzyl at the Rposition resulted in similar activities for bottbN1 and H5N2. The
inhibitory effects of 10a—e bearing D-valine of R group toward the three NA
subtypes performed unfavorable activities, and laiyi 10c—e were N1-selective
inhibitors but 10b was 23-fold more potent against H5N2 compared &NH
Impressively, compoundOe exerted robust inhibitory activity against H5N1thwi
ICs0 value of 0.21uM. As for compoundsl6a—e with 4-chloro benzyl at the R
position, all the five inhibitor molecules were shog much lower potency than
OSC. Among them, compound$b and 16e bearing 4-(pyrrolidin-1-yl) benzyl and
4-methylsulfanyl benzyl groups, respectively, exieith selective inhibition against
H5N2 (with 1Gso value of 0.94uM) and H5N1 (with IGy value of 27.39uM),

respectively. In addition, when thg Broup was substituted by 4-carboxy benzyl, the

12



resulting compound&8a—eappeared to have a similar effect on the poten®@aas

andl10a—e It was worth noting that I§g values ofl8aand18bwere lower against N2

(H5N2) than against N1 (H5N1) of group-1. Indedtt tG, value of 18c against

NAs of H5N1 and H5N1-H274Y were approximately 4@l antimes lower than OSC

for the same NAs, respectively.

Fortunately, the inhibitory effects dbe bearing hydroxyl and 4-methylsulfanyl

benzyl at the Rand R-position, respectively, had equal inhibitory patgrio OSC.

In particular,15eshowed a high degree of selectivity for N1 over BBmpoundl5e

was approximately 1.5- and 1.8-fold more potentiregjaN1 (H5N1) and N1

(H5N1-H274Y) than the OSC and was deemed a suitabti compound for further

investigation.

Table 1. NA Inhibitory Activities of Target Compoundsa—e, 10a—e, 15e,16aaed

18a-e.
Os_Ry
RZ\N - ()j\/
H Hlilm/
0]
NA Enzyme-Inhibitory Assay, 16 (uM)?
compds R R H5N1° H5NZ H5N1-H274Y

group-1 group-2 group-1

13
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10a

10b
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10e
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16e

SWek

e

“
S

> 100

20.17 £1.87

8.33+0.76

22.14+1.50

34.64 +5.64

> 100

56.58 +7.35

9.34 +0.77

70.03 £8.52

0.21 +0.0012

0.044 +0.0049

> 100

31.81 +2.59

> 100

> 100

27.39+£0.61

> 100

48.43 +2.92

> 100

> 100

> 100

> 100

241 +0.23

> 100

> 100

> 100

8.34 +0.69

> 100

0.94 +0.09

> 100

> 100

> 100

>100

> 100

> 100

> 100

> 100

>100

> 100

48.82 +3.30

>100

> 100

1.40 £ 0.061

>100

> 100

> 100

>100

> 100
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. £
18a fﬁm /\N/©/ 41.02+644  13.28+0.73 >100
COOH /)

. #
186 © YL Ng 1553+2.83  470+031 > 100
COOH <iJ
&y S
18c K 3.07 £ 053 >100 8.49 £ 0.57
COOCH S

. 4
18d fﬁm > 100 > 100 > 100
COOCH
& 3
18e N L R )@/j 8.38 +1.19 > 100 > 100
COOH S

OSsC 5, OH 2 H 0.067 +0.0095 0.0045 + 0.31 2.45+0.31

4Concentration required to reduce NA activity to 56f&ontrol NA activity (IGy) and values are

shown as mean + SD of three experiments.

®A/goose/Guangdong/SH7/2013A/Chicken/Hebei/LZF/2014'A/Anhui/1/2005.

Next, we investigated the potency of some gtative compoundsl@c
10el15e 166 against influenza B neuraminidase by the samayassd data was
shown inTable 2 Compoundl5e exhibited weaker activity against influenza B NA,
approximately 215-fold lower than OSC. The othempounds10¢ 10e and 16e
showed no activities toward influenzaNBA. The X-ray crystallographic structural
information supports the conclusion that influeBzaeuraminidases are similar to the

group-2 enzymes [26].

Table 2. The Influenza Virus BNA Inhibitory Activities of Selected Compounds.

compds 10c 10e 15e 16e OSsC

ICs0 (M)P > 100 > 100 7.97 +1.27 > 100 0.037 + 0.0014

15



®B/PHUKET/3073/2013.
Concentration required to reduce NA activity to 50%control NA activity (IGg). Values are
shown as mean + SD of three experiments.

2.2.2. In vitro anti-influenza virus activity

Anti-influenza virus potency of representatoempoundslOe, 15eand 16b was
evaluated in Chicken Embryo Fibroblast  cells infelct  with
A/goose/Guangdong/SH7/2013 (H5N1) as well as A/KHnéHebei/LZF/2014
(H5N2), and oseltamivir carboxylate (OSC) were ctelé as reference compounds in
parallel. The values of Eg (antiavian influenza A virus potency) and £C
(cytotoxicity) of the selective compounds were swuanaed inTable 3 Notably, all
the tested compounds with the exceptiord @b exhibited no appreciable cytotoxicity
at the highest tested concentrations £ 200uM) in chicken embryo fibroblasts

(CEFs).

In case of the H5N1 viruses, the activitylée(ECso = 0.661M) was superior to
that of OSC (EG = 0.82 uM). As for H5N2 virus, 15e performed poor potent
inhibitory activity than OSC, which is in accordanwith their lower potency for NA
of HS5N2. In contrast]Oeand16b displayed no or little antiviral activity againsoth
H5N1 and HS5N2. Overall, the anti-H5N1 and -H5N2 ihates of the novel
oseltamivir derivatives were consistent with theuits of the NAs (H5N1 and
H5N2)-inhibitory activities, suggesting these compds inhibited influenza virus

replication by binding to NAs in cellular level.

16



Table 3. Anti-Influenza Virus Activity and Cytotoxicity of €eltamivir Derivatives.

ECsq” values (iM) towards influenza viruses

Compds H5N1° H5N2¢ CCso
group-1 group-2
10e > 100 26.56 + 2.40 > 200
15e 0.66 +0.13 0.48 +0.10 > 200
16b > 100 > 100 77.13 +20.83
0SsC 0.82 +0.07 0.17 +0.07 > 200

®ECse: concentration of compound required to achieve F0%kection of CEF cultures against
influenza virus-induced cytotoxicity, presented tag@ mean + standard deviation (SD) and
determined by the CCK-8 method.
CCso: concentration required to reduce the viabilitynabck-infected cell cultures by 50%, as
determined by the CCK-8 method.
cA/goose/Guangdong/SH7/201"35.\/Chicken/Hebei/LZF/2014.
2.3. Molecular modeling

To postulate the interactions of the newly Bgstzed compounds with the target
and to account for the experimental results, mdéecwdocking studies of
representative compound®&e and10eto the N1 NA (PDB 2HUO) were conducted
using SurflexeDock SYBYL-X 2.0 software. PyMOL wased to visualize the
results.  Firstly, by comparing the amino acid seges of
A/goose/Guangdong/SH7/2013 (H5N1)-N1 with the protes used for the docking

studies, we found that amino acid sequence of Agsuangdong/SH7/2013
17



(H5N1)-N1 showed a high degree (> 95%) of simijart 2HUOQ. Only 19 of the 387
residues were different between the two proteingjcliv might make a great
contribution to the credibility of the docking sted. The docking protocol was
described in the molecular docking section.

As shown inFigure 5, the 4-methylthiobenzyl group of compouh8e (Figure
5A) occupied the 150-cavity while the other strudtwal@ments of this compound
interacted with the active site in a manner sintitathe binding pattern of oseltamivir
carboxylate, and the “three-site”-binding compourti® (Figure 5C) bounded with
active site, 150-cavity and 430-cavity simultandpudhis result was in good
agreement with the purpose of our design. As caseea inFigure 5B, compound
15e showed key interactions in both the active sitd #re 150-cavity as expected.
These key interactions include the electrostatieraction between the carboxylate
group of 15e and Arg292, Tyr347 and Tyr406, as observed in Xhey crystal
structure of N1 bound to OSC. Moreovége formed a strong hydrogen-bonding
interaction between the 5-amino linker and Aspl@iich was not observed in OSC.
Furthermore, the 4-methylthiobenzyl groupl®ewas well adapted to the 150-cavity
of NA, which was surrounded mostly by polar and-pofar residues. It was clearly
shown inFigure 5D that the carboxyl on valine of compourdde formed four
hydrogen-bonds with Arg292, Tyr347, Tyr406 and Agdround 430-cavity region,
which had less hydrogen-bonds than C1-carboxyloofigoundl5e Meanwhile, the
hydrogen-bond with Asp151 at C5-NH- &0e was not observed, which might be

another reason for the decreased enzyme inhibdotivity. Thus, the molecular
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modeling helped to interpret the binding mode eflewly designed compounds with
NA, and explained the reason why compourig exhibited high potency butOe

showed less potency against NA.
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Figure 5. Binding modes of compound$e (green,B) and10e(green,D) with N1 (PDB code:

2HUO0) and superposition with the binding mode ofd)8yan,A andC).

2.4. Safety assessment
A single-dose toxicity test of compoudde was conducted in Kunming mice.

After intragastric administration df5e at a dose of 2 g/kg, no death occurred and
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there was no abnormity of body weight increase oersubsequent week as shown

in Figure 6 andTable 4.

body weight of female mice (g)

1 2 3 B 5 6 i
day

=—15e(2 g/kg) =—blank control

&

25

body weight of male mice (g)
8

1 2 3 4 5 6 74
day

=—15e (2 g/kg) =blank control

Figure 6. There were no obvious differences in the weighih grom the two different treatment

groups. A: body weight of female mice (g)-time (JaB: body weight of male mice (g)-time

(day).

Table 4. Clinical Behaviors after Administration @ébein Mice

Day, number of mice

1 2 3 4 5 6 7
Dose ofl5e
Clinical behaviors ~ 10min  30min  1h 3h 6h
(9/kg)
Female mice
Blank control No abnormality 5 5 5 5 5 5 5 5 5 5 5
Death 0 0 0O 0O O OO0 O O0OO0OTUO
Lethargy 0 0 0O 0O O OO0 O O0OO0OTO
Clonic convulsion 0 0 0O 0 O O o0 O 0 o0 O
Hunched posture 0 0 0O 0 O O 0O 0 0 O0 OO0
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Piloerection

2 No abnormality

Death

lethargy

Clonic convulsion

Hunched posture

Piloerection

Male mice

Blank control No abnormality

Death

Lethargy

Clonic convulsion

Hunched posture

piloerection

2 No abnormality

Death

lethargy

Clonic convulsion

Hunched posture

Piloerection

3. Conclusion
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In conclusion, to explore the chemical spacet®d-cavity and 150-cavity in
NAs, a series of novel oseltamivir derivatives wetesigned, synthesized and
evaluated by modifying C1-COOH and C5-NHof OSC. Among 20
“three-site”-binding inhibitors, we found that th&A-inhibitory potency were sharply
decreased in comparison with OSC and “dual-sitetlimig compounds, suggesting
that it was unreasonable to introduce large growpind with 150-cavity and
430-cavity simultaneously. On the other hat8g group-1-specific NA inhibitor
targeting 150-cavity, exhibited similar or greatehibitory potency against N1
(H5N1) and N1 (H5N1-H274Y), with 1§ value of 0.044uM and 1.40 uM,
respectively, compared to the activities against(N2N2) and influenza B virus NA
(ICsp value of 8.34uM and 7.97uM, respectively). In cellular assaybe displayed
better activity than OSC against H5N1, in accor@andgth the results of the
NA-inhibitory activities. Moreover15e demonstrated favorable pre-clinical safety
profile in Kunming mice by intragastric adminisioat. Considering these in vitro and
in vivo results, we envision that the further opaation of oseltamivir targeting 150-
and 430-cavities via introducing suitable size g®uwill afford more potent

compounds with improved drug-resistance profile.

4. Experimental section

4.1. Chemistry

The key chemical reactant oseltamivir phosphets provided by Shandong

Qidu Pharmaceutical Co., Ltd. The other common dba&isr and reagents such as
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HBTU, DMAP, corresponding amines and amino acids, were purchased from
Aladdin, TCI, J&K, ENERGY CHEMICAL, and Sino phar@hemical Reagent Co.,
Ltd. with purities of at least 97%. Solvents welgained from commercial suppliers
and were purified and dried by means of standarthogls when necessary. Thin
layer chromatography (TLC) was performed using gdatoated with Silica Gel
GF254 for TLC (Merck), and spots were detected urdié light (254 nm). Flash
column chromatography was conducted on Silica @8D{300 mesh), purchased
from Qingdao Haiyang Chemical Company. Melting p®ifmp) were measured on a
micro melting point apparatus (RY-1G, Tianjin Tiamg®g Optical Instruments) and
were uncorrectedH-NMR and®*C-NMR spectra were acquired on a Bruker AV-400
spectrometer in CfDD or DMSOds with TMS as the internal standard. Coupling
constants (J) were reported in hertz (Hz), and etedrshifts were given in parts per
million (ppm) from TMS. ESI-MS was carried out ugiran APl 4000 LC/MS
spectrometer (Applied Biosystems, USA). High reB8olu mass spectrometry
(HRMS) was obtained on an Agilent 6520 Q-TOF LC/Mgectrometer (Agilent,
Germany).

4.1.1. General procedure for the synthesis of et{$R, 4R, 5S)-4-

acetamido-5-{ert-butoxycarbonyl)amino)-3-(pentan-3-yloxy)cyclohexete-1-carbo

xylate @)

To a solution of commercially available oseltamphosphatel (8.2 g, 0.02

mol, 1 equiv) in 50 mL dichloromethane was addededibutyl dicarbonate
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((Boc),0, 8.72 g, 2 equiv), DMAP (0.2 g) and triethylamifT&€A, 30 mL) at room
temperature, and the mixture was stirred for 2 Wibs8quently, the solution was
evaporated under reduced pressure to remove dich&thane and TEA and then
saturated citric acid solution was added. Aftert,thide mixture was extracted with
ethyl acetate, and the organic phase was dried aewérydrous MgSE and
concentrated under reduced pressure to give tlte @roduct, which was purified by
recrystallization form isopropyl ether to affo2das a white powder, yield 87.2%. mp:
149.1-150.2°C*H NMR (400 MHz, CROD) §: 6.76 (s, 1H, CH), 4.20 (g} = 7.1
Hz, 2H, CH), 4.10 (dJ = 8.3 Hz, 1H, CH), 3.85 (dd,= 11.0, 8.7 Hz, 1H, CH), 3.76
— 3.66 (m, 1H, CH), 3.40 (@ = 5.6 Hz, 1H, CH), 2.68 (dd] = 17.7, 5.1 Hz, 1H,
CH), 2.30 — 2.18 (m, 1H, CH), 1.95 (s, 3H, §H..56 — 1.41 (m, 13H, 2GH3CH),
1.29 (t,J = 7.1 Hz, 3H, CH), 0.95 — 0.83 (m, 6H, 2GH °*C NMR (100 MHz,
CDs;0D) 8: 172.34, 166.13, 156.67, 137.67, 129.05, 82.385/&5.71, 60.68, 54.77,
48.95, 30.48, 27.33, 25.87, 25.40, 21.60, 13.09%5,8.26. ESI-MS: m/z 413.5 [M +

H]*, Co1H36N20g (412.52).

4.1.2. General procedure for the synthesis of REB3)-
4-acetamido-5-(ért-butoxycarbonyl)amino)-3-(pentan-3-yloxy)cyclohexede-1-car

boxylic acid B)

To a solution of intermediat2 (5 g, 12.1 mmol) was dissolved in 70 mL
methanol, and 4N NaOH aqueous solution was addgidthm pH to 12, and then the
solution was stirred at room temperature for 2le feaction solution was evaporated
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under reduced pressure to remove methanol, theretfigue was taken up in water
(30 mL), and the pH was adjusted to 2 with 3 M lGueous solution. This solution
was extracted with ethyl acetate and tetrahydrof@s&aV = 2:1, 4 x 30 mL). The
combined organic phase was washed with saturatidraachloride (2 x 30 mL) and
water (30 mL), then dried over anhydrous MgsSénd concentrated under reduced
pressure to affor® as white powder, yield 80.37%. mp: 208.9—209.84C NMR
(400 MHz, CROD) &: 6.78 (s, 1H, CH), 4.11 (d,= 8.3 Hz, 1H, CH), 3.85 (dd, =
11.1, 8.7 Hz, 1H, CH), 3.71 (td,= 10.7, 5.4 Hz, 1H, CH), 3.46 — 3.36 (m, 1H, CH),
2.68 (ddJ = 17.7, 5.1 Hz, 1H, CH), 2.30 — 2.17 (m, 1H, CH®6 (s, 3H, Ch), 1.56

— 1.40 (m, 13H, 2CH 3CH), 0.96 — 0.84 (m, 6H, 2GjH °C NMR (100 MHz,
CDs0D) s: 172.42, 168.00, 156.73, 137.71, 129.30, 82.389§5.81, 54.84, 49.01,
30.56, 27.33, 25.88, 25.40, 21.61, 8.37. ESI-M% 885.4 [M + HJ, CioH3,N,Os

(384.47).

4.1.3. General procedure for the synthesis of camgs4 and?.

To a solution of aci@® (1.25 g, 3.1 mmol), HBTU (1.6 g, 3.7 mmol), andNEt
(10 mL) in 20 mL acetonitrile was added 1.2 equana@mount of the appropriate
amine. The mixture was kept stirring at room terapge for 5 h. TLC detection
found that the reaction was complete, then theurgxivas evaporated under reduced
pressure to remove solvent. The residue was tafesaturated sodium chloride and 1
mL 3N HCI and extracted with ethyl acetate (30 mB)xand the combined organic
layers were washed two times with saturated sodiloride and 1 mL 3N HCI. The
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organic layers were dried (MgQQfiltered, and solvent was removed under reduced
pressure at 40°C to give the crude product, whichs wurified by column
chromatography to produce the corresponding intdiae 4 and7.

Tert-butyl((1S,5R,6R)-6-acetamido-3-((4-fluorobenzyhwamoyl)-5-(pentan-3-
yloxy)cyclohex-3-en-1-yl)carbamatet)( White powder, 75.4% vyield, mp: 186.1—
188.2°C.*H NMR (400 MHz, CROD) 6: 7.30 (ddJ = 8.4, 5.5 Hz, 2H, 2Ph-H), 7.03
(t, J = 8.8 Hz, 2H, 2Ph-H), 6.47 (s, 1H, CH), 4.45 —44(f, 2H, CH), 4.10 (d,J =
8.2 Hz, 1H, CH), 3.86 (ddl = 11.0, 8.6 Hz, 1H, CH), 3.73 (td,= 10.5, 5.3 Hz, 1H,
CH), 3.46 — 3.36 (m, 1H, CH), 2.64 (dii= 17.3, 5.0 Hz, 1H, CH), 2.38 — 2.25 (m,
1H, CH), 1.96 (s, 3H, C¥), 1.57 — 1.39 (m, 13H, overlapped, 2CHCH;), 0.89 (dt,
J=124,7.4 Hz, 6H, 2C§113C NMR (100 MHz, CROD) &: 172.40, 168.05, 163.25,
160.82, 156.64, 134.78, 132.57, 132.07, 129.0283382/8.87, 75.79, 54.83, 49.05,
42.12, 30.75, 27.32, 25.85, 25.34, 21.58, 8.36.-MSI m/z 492.4 [M + H,
CoaHasFN3Os (491.60).

Methyl((3R,4R,5S)-4-acetamido-5t€(t-butoxycarbonyl)amino)-3-(pentan-3ylo
xy)cyclohex-1-ene-1-carbonyD-valinate ). White powder, 42.8% yield, mp:
195.1-196.2°CH NMR (400 MHz, CROD) §: 6.42 (s, 1H), 4.32 (d] = 6.8 Hz,
1H), 4.11 (d,J= 8.2 Hz, 1H), 3.87 (dd] = 10.9, 8.6 Hz, 1H), 3.80 — 3.68 (m, 4H),
3.47 — 3.39 (m, 1H), 2.63 (dd,= 17.4, 5.1 Hz, 1H), 2.39 — 2.26 (m, 1H), 2.18, (#q
= 13.6, 6.8 Hz, 1H), 1.96 (s, 3H), 1.59 — 1.39 (r8H), 1.01 — 0.82 (m, 12H}C

NMR (100 MHz, CROD) &: 172.30, 168.83, 156.65, 132.52, 132.13, 82.3435/8
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75.76, 58.35, 54.84, 51.10, 48.98, 30.76, 30.2032725.82, 25.40, 21.58, 18.16,
17.60, 8.37. ESI-MS: m/z 498.5 [M + HICosHasN:O7 (497.62).

4.1.4. General procedure for the synthesis of camgst and8.

The compound (0.6 g) was dissolved in 30.0 mL ethyl acetateitsmh of
hydrogen chloride and the mixture was stirred abhrdaemperature for 2 h. When the
reaction was complete, the mixture was evaporateleérnreduced pressure to remove
solvent and was recrystallized from isopropyl etterafford 5. Compound8 was

prepared using the same method.as

(3R,4R,5S)-4-acetamido-5-amino-N-(4-fluorobenzyp@ntan-3-yloxy)cyclohe
x-1-ene-1-carboxamidés). White powder, 72.1% vyield, mp: 83.1-84.2%6. NMR
(400 MHz, CROD) &: 7.32 (dd,J = 8.4, 5.5 Hz, 2H, 2Ph-H), 7.03 (d#i= 8.7 Hz,
2H, 2Ph-H), 6.50 (s, 1H, CH), 4.41 (s, 2H, §H.26 (d,J = 8.6 Hz, 1H, CH), 3.98
(dd,J = 11.3, 8.5 Hz, 1H, CH), 3.54 (td,= 10.6, 5.6 Hz, 1H, CH), 3.46 (p,= 5.6
Hz, 1H, CH), 2.86 (ddj = 17.6, 5.1 Hz, 1H, CH), 2.58 — 2.44 (m, 1H, CRI}5 (s,
3H, CHy), 1.52 (qd,J = 14.1, 7.0 Hz, 4H, 2CH\ 0.93 — 0.85 (m, 6H, 2G} **C
NMR (100 MHz, CROD) &: 173.39, 167.53, 160.85, 134.70, 132.09, 130.39,1P,
114.83, 114.61, 82.33, 74.31, 53.03, 49.49, 42853, 25.75, 25.16, 21.84, 8.40,

8.18. ESI-MS: m/z 392.4 [M + Fl] CpiHadFN3O; (391.48).

Methyl((3R,4R,5S)-4-acetamido-5-amino-3-(pentankd¢y)cyclohex-1-ene-1-c
arbonyl)D-valinate ). Pale yellow sticky substance, 70.1% yield. NMR (400

MHz, CD;0D) &: 6.51 (s, 1H, CH), 4.33 (d,= 6.8 Hz, 1H, CH), 4.27 (d,= 8.3 Hz,
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1H, CH), 3.99 (ddJ = 14.0, 5.4 Hz, 1H, CH), 3.72 (s, 3H, §H3.59 — 3.42 (m, 2H,
overlapped, 2CH), 2.83 (dd;= 17.3, 5.3 Hz, 1H, CH), 2.58 — 2.44 (m, 1H, CR{},9
(dg,J = 13.6, 6.8 Hz, 1H, CH), 2.05 (s, 3H, §H1.63 — 1.45 (m, 4H, 2G#] 1.01 —
0.86 (m, 12H, overlapped, 4GH"C NMR (100 MHz, CROD) &: 173.38, 172.17,
168.29, 132.32, 130.16, 82.37, 74.27, 58.42, 5506,3, 49.49, 30.18, 28.47, 25.72,
25.22, 21.82, 18.15, 17.62, 8.30. ESI-MS: m/z 3¥8L5 H]", CaH3sNsOs (397.51).

4.1.5. General procedure for the synthesis of camgs6a—b, 9a—b

To a solution of compound or 8 (2.0 mmol, 1 equiv) and aldehydes (2.4 mmol,
1.2 equiv) in 30 mL ethanol, NaBBN (4.0 mmol, 2 equiv) was slowly added. The
mixture was stirred at room temperature for 6 h t#eth concentrated. To the residue,
20 mL saturated NaCl and 10 mL saturateg@@ solution was added, and the
mixture was extracted with EtOAc. The combined &otis were dried over anhydrous
MgSO, and concentrated to give the crude product, winek purified by column
chromatography to produce the corresponding targetnpounds 6a—b and
intermediate®a—-b.

(3R,4R,5S)-4-acetamido-5-((4-(diethylamino)benayli@o)-N-(4-fluorobenzyl)-
3-(pentan-3-yloxy)cyclohex-1-ene-1-carboxami@a)( Yellow powder, 75.3% yield,
mp: 82.6-84.3°C!H NMR (400 MHz, CROD) s: 7.31 (dd,J = 8.2, 5.6 Hz, 2H,
2Ph-H), 7.10 (dJ = 8.5 Hz, 2H, 2Ph-H), 7.03 @,= 8.7 Hz, 2H, 2Ph-H), 6.66 (d,=
8.6 Hz, 2H, 2Ph-H), 6.48 (s, 1H, CH), 4.41 (s, ZH,), 4.03 (d,J = 8.1 Hz, 1H,

CH), 3.96 — 3.87 (m, 1H, CH), 3.74 @@= 12.5 Hz, 1H, CH), 3.55 (d, = 12.5 Hz,
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1H, CH), 3.45 — 3.31 (m, 5H, overlapped, 2CBH), 2.90 (tdJ = 10.0, 5.3 Hz, 1H,
CH), 2.78 (ddJ = 17.2, 5.0 Hz, 1H, CH), 2.37 — 2.22 (m, 1H, CHY9 (s, 3H, Ch),
1.49 (dt,J = 14.5, 7.2 Hz, 4H, 2CH, 1.11 (t,J = 7.0 Hz, 6H, 2Ck), 0.96 — 0.80 (m,
6H, 2CH;).13C NMR (100 MHz, CROD) &: 172.51, 168.31, 163.25, 160.83, 147.11,
134.84, 132.59, 131.77, 129.31 — 128.92, 125.84,8P] 114.60, 112.20, 82.02,
75.77,54.54, 53.94, 49.00, 44.10, 42.17, 29.7F325.19, 21.75, 11.43, 8.49, 8.18.
HRMS calcd for GoH4sFN4O3[M + H]*: 553.3548. Found: m/z 553.3546.
(3R,4R,5S)-4-acetamido-N-(4-fluorobenzyl)-3-(perBawploxy)-5-((4-(pyrrolidi
n-1-yl)benzyl)amino)cyclohex-1-ene-1-carboxamidéb)( White powder, 75.9%
yield, mp: 173.1-174.5°CH NMR (400 MHz, CROD) &: 7.31 (ddJ = 8.3, 5.5 Hz,
2H, 2Ph-H), 7.11 (dj = 8.4 Hz, 2H, 2Ph-H), 7.03 (,= 8.7 Hz, 2H, 2Ph-H), 6.52 (d,
J=8.4 Hz, 2H, 2Ph-H), 6.48 (s, 1H, CH), 4.41 (4, £H,), 4.03 (d,J = 8.3 Hz, 1H,
CH), 3.96 — 3.87 (m, 1, CH), 3.74 @z 12.4 Hz, 1H, CH), 3.55 (d,= 12.4 Hz, 1H,
CH), 3.40 — 3.33 (m, 1H, CH), 3.23 {t= 6.3 Hz, 4H, 2Ch), 2.90 (td,J = 10.0, 5.4
Hz, 1H, CH), 2.77 (ddJ = 17.2, 5.0 Hz, 1H, CH), 2.29 (ddd= 13.7, 8.5, 2.5 Hz,
1H, CH), 2.05 - 1.92 (m, 7H, overlapped, 2CBH;), 1.56 — 1.42 (m, 4H, 2CH
0.94 — 0.83 (m, 6H, 2CH ¥C NMR (100 MHz, CROD) 6: 172.49, 168.29, 163.25,
160.83, 147.56, 134.82, 132.60, 131.79, 129.05,5¥25114.82, 114.60, 111.55,
82.02, 75.78, 54.56, 54.00, 49.21, 47.34, 42.16&25.73, 24.97, 21.75, 8.49, 8.18.
HRMS calcd for GoH43FN4O3[M + H]*: 551.3392. Found: m/z 551.3392.
Methyl((3R,4R,5S)-4-acetamido-5-((4-(diethylaminepzyl)amino)-3-(pentan-3

-yloxy)cyclohex-1-ene-1-carbonyl)-valinate @a). White powder, 74.2% yield, mp:
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123.1-128.2°C (along with the decompositidi).NMR (400 MHz, CQOD) &: 7.12
(d, J = 8.6 Hz, 2H, 2Ph-H), 6.67 (d,= 8.6 Hz, 2H, 2Ph-H), 6.43 (s, 1H, CH), 4.34 (d,
J = 6.8 Hz, 1H, CH), 4.05 (d] = 8.2 Hz, 1H, CH), 3.94 (dd, = 10.4, 8.6 Hz, 1H,
CH), 3.77 (dJ = 12.5 Hz, 1H, CH), 3.73 (s, 3H, GH3.59 (d,J = 12.5 Hz, 1H, CH),
3.44 — 3.26 (m, 5H, overlapped, 2€KCH), 2.94 (tdJ = 10.0, 5.3 Hz, 1H, CH), 2.79
(dd,J = 17.2, 5.1 Hz, 1H, CH), 2.37 — 2.26 (m, 1H, CRIR5 — 2.11 (m, 1H, CH),
2.00 (s, 3H, Ch), 1.61 — 1.41 (m, 4H, 2GH| 1.12 (t,J = 7.0 Hz, 6H, 2CH), 0.97
(dd,J = 6.7, 4.6 Hz, 6H, 2C¥), 0.90 (dt,J = 11.4, 7.4 Hz, 6H, 2CHL 3C NMR (100
MHz, CD;OD) 6: 172.55, 172.25, 169.07, 147.22, 132.39, 131.29,24, 125.46,
112.18, 82.07, 75.66, 58.39, 54.38, 53.90, 51.8194 44.09, 30.22, 29.62, 25.69,
25.26, 21.75, 18.18, 17.64, 11.43, 8.48, 8.21. MSi-m/z 559.5 [M + H],
Ca1Hs0N40s (558.75).
Methyl((3R,4R,5S)-4-acetamido-3-(pentan-3-yloxyj&-(pyrrolidin-1-yl)benz
yl) amino)cyclohex-1-ene-1-carbonyD-valinate @b). Light yellow powder, 70.5%
yield, mp: 116.8119.3°C.*H NMR (400 MHz, CROD) &: 7.17 (dd,J = 18.1, 8.5 Hz,
2H, 2Ph-H), 6.60 — 6.50 (m, 2H, 2Ph-H), 6.45 (s, OH), 4.34 (dJ = 6.8 Hz, 1H,
CH), 4.07 (dJ = 8.2 Hz, 1H, CH), 3.98 (dd, = 10.5, 8.5 Hz, 1H, CH), 3.87 (d,=
12.6 Hz, 1H, CH), 3.73 (s, 3H, GH 3.69 (d,J = 12.6 Hz, 1H, CH), 3.44 — 3.36 (m,
1H, CH), 3.27 — 3.22 (m, 4H, 2GH 3.05 (td,J = 10.1, 5.4 Hz, 1H, CH), 2.81 (dd,
=17.3, 5.2 Hz, 1H, CH), 2.45 — 2.32 (m, 1H, CH}l®(dq,J = 13.6, 6.8 Hz, 1H,
CH), 2.11 — 1.93 (m, 7H, 2GHCHs), 1.59 — 1.44 (m, 4H, 2G| 0.97 (dd,J = 6.7,

4.3 Hz, 6H, 2CH), 0.88 (dg,J = 12.0, 7.6 Hz, 6H, 2CH *C NMR (100 MHz,
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CD;OD) §: 172.72, 172.24, 168.85, 147.87, 132.31, 131.28,4D, 111.58, 82.12,
75.39, 58.41, 53.89, 51.12, 48.95, 47.30, 46.51213028.95, 25.68, 25.23, 24.99,
21.79, 18.18, 17.64, 8.46, 8.20, 7.94. ESI-MS: 887.6 [M + HJ, CaiHasN4Os
(556.74).

4.1.6. General procedure for the synthesis of camg@sl0a-h

The compounds0a—bwere synthesized with the same procedure repobiedea
as 4.1.2.

((BR,4R,5S)-4-acetamido-5-((4-(diethylamino)benagi)no)-3-(pentan-3-yloxy)
cyclohex-1-ene-1-carbonyl)-valine (L0a). White powder, 68.5% vyield, mp: 131.5—
136.2°C (along with the decompositiot NMR (400 MHz, CROD) &: 7.24 (dd,J
= 20.8, 8.6 Hz, 2H, 2Ph-H), 6.77 (dblz 43.1, 8.6 Hz, 2H, 2Ph-H), 6.54 (s, 1H, CH),
4.43 — 3.93 (m, 5H, overlapped, 3CH, £H3.62 — 3.33 (m, 6H, overlapped, 2£H
2CH), 3.05 — 2.64 (m, 2H, G 2.31 — 2.13 (m, 1H, CH), 2.05 (s, 3H, §HL.64 —
1.44 (m, 4H, 2Ch), 1.13 (td,J = 7.0, 3.7 Hz, 6H, 2C¥), 1.06 — 0.95 (m, 6H, 2G|
0.95 — 0.85 (m, 6H, 2CHl *C NMR (100 MHz, CROD) &: 148.49, 131.84, 130.91,
130.27, 111.62, 82.28, 74.40, 53.91, 51.52, 44346, 30.42, 26.11, 25.62, 25.11,
21.98, 18.38, 17.41, 11.34, 8.39, 8.16. HRMS cdtmd C3gHsgN4Os [M + H]™
545.3697. Found: m/z 545.3692.

((3R,4R,5S)-4-acetamido-3-(pentan-3-yloxy)-5-((##(plidin-1-yl)benzyl)amin
o)cyclohex-1-ene-1-carbonyl)-valine (@0Ob). White powder, 69.5% vyield, mp:

138.5-141.2°C (along with the decompositidi).NMR (400 MHz, CRQOD) &: 7.27
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(d, J = 8.3 Hz, 2H, 2Ph-H), 6.59 (d,= 8.4 Hz, 2H, 2Ph-H), 6.54 (s, 1H, CH), 4.41 —
4.07 (m, 5H, overlapped, 3CH, GH3.59 — 3.49 (m, 1H, CH), 3.49 — 3.43 (m, 1H,
CH), 3.27 (tJ = 6.1 Hz, 4H, 2Ch), 2.96 (ddJ = 13.4, 4.3 Hz, 1H, CH), 2.76 — 2.63
(m, 1H, CH), 2.29 — 2.15 (m, 1H, CH), 2.05 (s, 3Hs), 2.02 (t,J = 6.4 Hz, 4H,
2CH,), 1.60 — 1.49 (m, 4H, 2G| 1.04 — 0.94 (m, 6H, 2C§{ 0.93 — 0.87 (m, 6H,
2CH). 3¢ NMR (100 MHz, CROD) &: 173.66, 173.59, 173.33, 148.79, 131.61,
130.69, 129.38, 116.09, 111.62, 82.23, 74.29, 5352799, 51.45, 48.11, 47.50,
47.29, 30.78, 26.03, 25.63, 25.10, 25.04, 24.9994118.54, 17.35, 8.42, 8.15.
HRMS calcd for GoH4eN4Os [M + H]™: 543.3541. Found: m/z 543.3546.

4.1.7. General procedure for the synthesis of camgsl4a—e

The compound$4a—ewere synthesized with the same procedure repobiedea
as 4.1.5.

Ethyl(3R,4R,5S)-4-acetamido-3et-butoxy)-5-((4(methylthio)benzyl)amino)cy
clohex -1-ene-1-carboxylatd4e. White powder, 77.3% vyield, mp: 122.5-124.3°C.
'H NMR (400 MHz, CROD) &: 7.23 — 7.12 (m, 4H, 4Ph-H), 6.70 (s, 1H, CH)44.1
(9,J=7.1 Hz, 2H, Ch), 3.98 (dJ = 8.4 Hz, 1H, CH), 3.84 (dd,= 10.2, 8.6 Hz, 1H,
CH), 3.77 (dJ = 13.0 Hz, 1H, CH), 3.60 (d}, = 13.0 Hz, 1H, CH), 3.30 (J,= 5.6
Hz, 1H, CH), 2.88 — 2.70 (m, 2H, 2CH), 2.38 (s, &Hs), 2.16 (ddtJ = 17.2, 9.4,
2.8 Hz, 1H, CH), 1.93 (s, 3H, GH 1.51 — 1.36 (m, 4H, 2GH 1.22 (t,J = 7.1 Hz,
3H, CHy), 0.82 (dt,d = 10.0, 7.4 Hz, 6H, 2CHl °C NMR (100 MHz, CROD) &:

172.53, 166.42, 137.47, 136.15, 128.87, 128.64,4B2@2.03, 75.61, 60.65, 54.47,
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54.07, 49.05, 29.61, 25.78, 25.33, 21.74, 14.44,1138.51, 8.18.ESI-MS: m/z 450.3
[M + H]+, CosH36N204S (44862)

4.1.8. General procedure for the synthesis of camgsl5a—e

The compound$5a—ewere synthesized with the same procedure repobiedea
as Section 4.1.2.

(3R,4R,5S)-4-acetamido-3&C-butoxy)-5-((4-(methylthio)  benzyl)  amino)
cyclohex-1-ene-1-carboxylic acidlge. White powder, 70.1% yield, mp: 167.3—
175.1°C (along with the decompositiofif NMR (400 MHz, CROD) &: 7.43 (d,J =
8.3 Hz, 2H, 2Ph-H), 7.34 (d,= 8.3 Hz, 2H, 2Ph-H), 6.83 (s, 1H, CH), 4.35 Jc
13.1 Hz, 1H, CH), 4.28 — 4.15 (m, 3H, overlappeH, CH,), 3.56 (td,J = 10.0, 5.5
Hz, 1H, CH), 3.47 (pJ = 5.6 Hz, 1H, CH), 3.03 (dd,= 17.4, 5.1 Hz, 1H, CH), 2.65
(dd,J = 17.1, 9.7 Hz, 1H, CH), 2.51 (s, 3H, @H2.07 (s, 3H, Ch), 1.63 — 1.49 (m,
4H, 2CH), 0.98 — 0.88 (m, 6H, 2GH °C NMR (100 MHz, CROD) &: 173.40,
141.08, 136.03, 129.98, 127.50, 126.21, 82.25,5/458.80, 51.76, 47.28, 26.34,
25.75, 25.23, 21.97, 13.81, 8.41, 8.16. HRMS cdtrdC,,H3,N20,S [M + H]™
421.2156. Found: m/z 421.2153.

4.1.9. General procedure for the synthesis of camg@géc—e, 9c—e, 16a-andl7a—e

The compound$c—e, 9c—e, 16a—and17a—ewere synthesized with the same
procedure reported above as Section 4.1.3.

(3R,4R,5S)-4-acetamid-(4-fluorobenzyl)-3-(pentan-3-yloxy)-5-((4-(phentyit
0)benzyl)amino)cyclohex-1-ene-1-carboxamifle).(White powder, 75.2% yield, mp:
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138.1-143.3°C (along with the decompositidh).NMR (400 MHz, CROD) &: 7.34
—7.09 (m, 11H, 11Ph-H), 7.01 — 6.89 (m, 2H, 2Ph&#0 (s, 1H, CH), 4.33 (s, 2H,
CH,), 3.98 (d,J = 8.2 Hz, 1H, CH), 3.92 — 3.80 (m, 2H, overlapp2@H), 3.69 (d,)
= 13.2 Hz, 1H, CH), 3.35 — 3.27 (m, 1H, CH), 2.9, 0 = 10.1, 5.4 Hz, 1H, CH),
2.71 (ddJ = 16.6, 5.6 Hz, 1H, CH), 2.31 — 2.20 (m, 1H, CH®1 (s, 3H, Ch), 1.51
— 1.33 (m, 4H, 2Ch), 0.86 — 0.74 (m, 6H, 2GH *C NMR (100 MHz, CROD) &:
172.71, 168.23, 163.26, 160.84, 137.41, 135.48,1P35134.78, 132.33, 131.61,
130.82, 129.07, 127.00, 114.82, 114.60, 82.09,3/5548.29, 48.72, 42.16, 29.37,
25.73, 25.19, 21.77, 8.45, 8.19. HRMS calcd fefHgoFN3OsS [M + HJ": 590.2847.
Found: m/z 590.2852.
(3R,4R,5S)-5-(([1,1'-biphenyl]-4-yImethyl)amino)atetamiddN- (4-fluorobenz
yl)-3-(pentan-3-yloxy)cyclohex-1-ene-1-carboxamigéd). White powder, 74.2%
yield, mp: 198.5-200.1°C (along with the decomposjt 'H NMR (400 MHz,
CDsOD) &: 7.66 — 7.55 (m, 4H, 4Ph-H), 7.48 — 7.39 (m, 4Ah4), 7.38 — 7.29 (m,
3H, 3Ph-H), 7.10 — 7.00 (m, 2H, 2Ph-H), 6.51 (s, CH), 4.44 (s, 2H, Ch), 4.07 (d,
J=8.3 Hz, 1H, CH), 4.02 — 3.91 (m, 2H, 2CH), 3(d8J = 13.0 Hz, 1H, CH), 3.41
(p, J = 5.6 Hz, 1H, CH), 2.96 (td] = 10.0, 5.3 Hz, 1H, CH), 2.84 (dd= 17.2, 5.1
Hz, 1H, CH), 2.35 (ddt) = 15.5, 9.4, 2.5 Hz, 1H, CH), 2.04 (s, 3H, {/H..61 — 1.45
(m, 4H, 2CH), 0.97 — 0.85 (m, 6H, 2GH °C NMR (100 MHz, CROD) &: 172.59,
168.33, 163.26, 160.83, 140.70, 140.12, 138.30,8134132.51, 131.79, 129.06,

128.54, 126.84, 126.49, 114.82, 114.61, 82.06,2[{%H4A.64, 54.15, 49.10, 42.17,
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29.83, 25.74, 25.21, 21.77, 8.48, 8.20. HRMS cdtmd CaHsoFN:Os [M + H]™
558.3126. Found: m/z 558.3131.
(3R,4R,5S)-4-acetamid-(4-fluorobenzyl)-5-((4-(methylthio)benzyl)amino}-3
(pentan-3-yloxy)cyclohex-1-ene-1-carboxamidge)( White powder, 68.5% yield,
mp: 153.5-155.1°CtH NMR (400 MHz, CROD) &: 7.38 — 7.22 (m, 6H, 6Ph-H),
7.12 — 7.01 (m, 2H, 2Ph-H), 6.51 (s, 1H, CH), 4€42H, CH), 4.08 (d,J = 8.1 Hz,
1H, CH), 3.97 (ddy = 10.6, 8.6 Hz, 1H, CH), 3.92 (d= 13.0 Hz, 1H, CH), 3.75 (d,
J=13.0 Hz, 1H, CH), 3.45 — 3.37 (m, 1H, CH), 2(89 J = 10.0, 5.3 Hz, 1H, CH),
2.82 (ddJ=17.1, 5.3 Hz, 1H, CH), 2.47 (s, 3H, CH3), 2.42.31 (m, 1H, CH), 2.02
(s, 3H, CH), 1.61 — 1.46 (m, 4H, 2CHZ2), 0.97 — 0.85 (m, 6BHg). *°*C NMR (100
MHz, CD;OD) 6: 172.64, 168.26, 160.85, 137.96, 134.95, 134.32,2D, 131.70,
129.06, 128.79, 126.42, 82.07, 75.53, 54.29, 481848, 29.42, 25.74, 25.22, 21.75,
14.37, 8.43, 8.18. HRMS calcd fordElagFNzO3S [M + HJ": 528.2691. Found: m/z
528.2686.
Methyl((3R,4R,5S)-4-acetamido-3-(pentan-3-yloxyjs-(phenylthio)benzyl)a
mino)cyclohex-1-ene-1-carbonyD-valinate ©c). White powder, 70.6% yield, mp:
78.2-83.5°C (along with the decompositiolt). NMR (400 MHz, CROD) §: 7.44 —
7.25 (m, 9H, overlapped, 9Ph-H), 6.50 (s, 1H, CH36 (d,J = 6.8 Hz, 1H, CH), 4.18
— 4.09 (m, 2H, overlapped, 2CH), 4.05 (dds 10.5, 8.3 Hz, 1H, CH), 3.96 (d,=
13.2 Hz, 1H, CH), 3.74 (s, 3H, GH3.45 (p,J = 5.6 Hz, 1H, CH), 3.22 (td}, = 10.0,
5.5 Hz, 1H, CH), 2.87 (dd} = 17.3, 5.3 Hz, 1H, CH), 2.56 — 2.44 (m, 1H, CRIR8

—2.14 (m, 1H, CH), 2.03 (s, 3H, G}1.62 — 1.48 (m, 4H, 2G# 1.00 (ddJ = 6.7,
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4.6 Hz, 6H, 2CH), 0.93 (dt,J = 10.7, 7.4 Hz, 6H, 2C#l *C NMR (100 MHz,
CDs0D) o: 173.02, 172.24, 168.67, 138.47, 136.73, 134.3@8,12, 131.50, 131.06,
130.29, 129.61, 129.11, 127.37, 82.19, 75.03, 58541252, 53.33, 51.13, 30.21,
28.19, 25.67, 25.21, 21.81, 18.16, 17.63, 8.410.8E5I-MS: m/z 596.5 [M + H]
CaaHasN30sS (595.79).
Methyl((3R,4R,5S)-5-(([1,1"-biphenyl]-4-ylmethyl)ano)-4-acetamido-3-(penta
n-3-yloxy)cyclohex-1-ene-1-carbony-valinate @d). White powder, 65.7% yield.
'H NMR (400 MHz, CROD) &: 7.66 — 7.56 (m, 4H, 4Ph-H), 7.48 — 7.39 (m, 4H,
4Ph-H), 7.37 — 7.30 (m, 1H, Ph-H), 6.45 (s, 1H, CH}7 (d,J = 6.7 Hz, 1H, CH),
4.09 (d,J = 7.8 Hz, 1H, CH), 4.02 — 3.92 (m, 2H, 2CH), 3(@0J = 13.1 Hz, 1H,
CH), 3.75 (s, 3H, Ch), 3.47 — 3.38 (m, 1H, CH), 2.98 (til= 9.8, 5.3 Hz, 1H, CH),
2.83 (dd,J = 17.3, 5.1 Hz, 1H, CH), 2.42 — 2.30 (m, 1H, CRIR7 — 2.15 (m, 1H,
CH), 2.04 (s, 3H, Ch), 1.62 — 1.46 (m, 4H, 2GH 0.99 (dd,J = 6.7, 3.8 Hz, 6H,
2CH;), 0.97 — 0.88 (m, 6H, 2GH *C NMR (100 MHz, CROD) §: 172.58, 172.26,
169.13, 140.73, 140.07, 138.50, 132.40, 131.94,582826.82, 126.49, 82.10, 75.70,
58.39, 54.64, 54.12, 51.11, 49.14, 30.22, 29.937/12525.29, 21.77, 18.17, 17.63,
8.48, 8.24. ESI-MS: m/z 565.3 [M + H]CsaHasN1Os (563.73).
Methyl((3R,4R,5S)-4-acetamido-5-((4-(methylthio)kghamino)-3-(pentan-3-y
loxy)cyclohex-1-ene-1-carbonyl}-valinate Qe). Pale yellow sticky substance,
65.4% vyield.'H NMR (400 MHz, CROD) §: 7.39 (d,J = 8.3 Hz, 2H, 2Ph-H), 7.32
(d, J = 8.3 Hz, 2H, 2Ph-H), 6.54 (s, 1H, CH), 4.36J¢ 2.8 Hz, 1H, CH), 4.33 (d,

= 3.3 Hz, 1H, CH), 4.23 — 4.12 (m, 3H, overlapp@GH), 3.73 (s, 3H, CH), 3.58 —
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3.50 (m, 1H, CH), 3.50 — 3.44 (m, 1H, CH), 2.95,(@¢d 17.1, 5.5 Hz, 1H, CH), 2.73
— 2.63 (m, 1H, CH), 2.49 (s, 3H, GH2.23 — 2.17 (m, 1H, CH), 2.04 (s, 3H, §H
1.62 — 1.48 (m, 4H, 2CH 1.01 — 0.95 (m, 6H, 2G| 0.91 (dt,J = 9.9, 7.4 Hz, 6H,
2CH). ¥%c NMR (100 MHz, CROD) &: 173.60, 172.23, 168.17, 141.36, 131.98,
130.01, 129.96, 126.74, 126.13, 82.34, 74.37, 5854980, 51.76, 51.16, 30.19,
29.49, 25.62, 25.11, 21.89, 18.14, 17.63, 13.68,8.17. ESI-MS: m/z 534.3 [M +
H]*, CogHasN30sS (533.72).
(3R,4R,5S)-4-acetamid-(4-chlorobenzyl)-5-((4-(diethylamino)benzyl)amino)
-3-(pentan-3-yloxy)cyclohex-1-ene-1-carboxamidé@6d). Light yellow powder,
76.1% yield, mp: 142.8-148.5°C (along with the deposition).'H NMR (400
MHz, CD;OD) &: 7.38 — 7.23 (m, 4H, 4Ph-H), 7.11 @+ 8.6 Hz, 2H, 2Ph-H), 6.66
(d, J = 8.6 Hz, 2H, 2Ph-H), 6.49 (s, 1H, CH), 4.42 (4, £H,), 4.04 (d,J = 8.3 Hz,
1H, CH), 3.93 (ddy = 10.5, 8.6 Hz, 1H, CH), 3.75 (d= 12.5 Hz, 1H, CH), 3.56 (d,
J=12.5 Hz, 1H, CH), 3.41 — 3.31 (m, 5H, overlap@@H,, CH), 2.92 (td,] = 10.0,
5.4 Hz, 1H, CH), 2.79 (dd,= 17.2, 5.1 Hz, 1H, CH), 2.30 (ddt= 15.6, 9.6, 2.6 Hz,
1H, CH), 2.00 (s, 3H, CH, 1.63 — 1.39 (m, 4H, 2Gi 1.11 (t,J = 7.0 Hz, 6H,
2CHg), 0.95 — 0.82 (m, 6H, 2GH 1°C NMR (100 MHz, CROD) §: 172.54, 168.34,
147.19, 137.65, 132.57, 131.70, 129.20, 128.75,182825.64, 112.20, 82.03, 75.74,
54.49, 53.94, 48.99, 44.10, 42.20, 29.66, 25.7312521.75, 11.43, 8.49, 8.18.
HRMS calcd for GoH4sCIN4Os[M + H]*: 569.3253. Found: m/z 569.3253.
(3R,4R,5S)-4-acetamid-(4-chlorobenzyl)-3-(pentan-3-yloxy)-5-((4-(pyrroii

n-1-yl)benzyl)amino)cyclohex-1-ene-1-carboxamidkck). White powder, 78.9%
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yield, mp: 180.0-181.5°C'H NMR (400 MHz, CROD) &: 7.27 — 7.15 (m, 4H,
4Ph-H), 7.02 (dJ = 8.4 Hz, 2H, 2Ph-H), 6.44 (d,= 8.5 Hz, 2H, 2 Ph-H), 6.41 (s,
1H, CH), 4.39 — 4.27 (m, 2H, GH 3.95 (d,J = 8.3 Hz, 1H, CH), 3.83 (dd,= 10.5,
8.6 Hz, 1H, CH), 3.66 (d] = 12.4 Hz, 1H, CH), 3.47 (d,= 12.4 Hz, 1H, CH), 3.29
(p, J = 5.6 Hz, 1H, CH), 3.20 — 3.09 (m, 4H, 2QH2.86 — 2.78 (m, 1H, CH), 2.69
(dd,J =17.2, 5.1 Hz, 1H, CH), 2.21 (ddt= 9.6, 5.4, 2.4 Hz, 1H, CH), 1.96 — 1.87
(m, 7H, overlapped, 2CH CHg), 1.50 — 1.34 (m, 4H, 2CGH 0.86 — 0.74 (m, 6H,
2CH). ¥%c NMR (100 MHz, CROD) ¢: 172.49, 168.33, 147.57, 137.66, 132.58,
131.74, 129.00, 128.74, 128.15, 125.58, 111.59)282/5.77, 54.56, 54.00, 49.22,
47.35, 42.19, 29.76, 25.73, 25.20, 24.97, 21.749,88.18. HRMS calcd for
Cz2H43CIN4O3[M + H]™: 567.3096. Found: m/z 567.3098.
(3R,4R,5S)-4-acetamid-(4-chlorobenzyl)-3-(pentan-3-yloxy)-5-((4-(pherylt
0)benzyl)amino)cyclohex-1-ene-1-carboxamidsd.White powder, 77.6% vyield,
mp: 166.1-167.3°C (along with the decompositiid)NMR (400 MHz, CROD) &:
7.43 — 7.08 (m, 13H, overlapped, 13Ph-H), 6.46.ks, CH), 4.40 (s, 2H, C}), 4.03
(d, J = 8.0 Hz, 1H, CH), 3.94 — 3.80 (m, 2H, overlapp2@H), 3.68 (d,J = 13.2 Hz,
1H, CH), 3.40 — 3.33 (m, 1H, CH), 2.87 (= 9.9, 5.8 Hz, 1H, CH), 2.75 (dd,=
17.3, 4.5 Hz, 1H, CH), 2.34 — 2.21 (m, 1H, CH),7L(8, 3H, CH), 1.57 — 1.41 (m,
4H, 2CHp), 0.94 — 0.79 (m, 6H, 2GH*C NMR (100 MHz, CROD) &: 172.54,
168.41, 138.97, 137.64, 135.84, 134.34, 132.52,8P31130.94, 130.62, 128.98,

128.93, 128.73, 128.16, 126.82, 82.05, 75.73, 5454218, 48.96, 42.19, 29.96,
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25.74, 25.23, 21.75, 8.48, 8.21. HRMS calcd feyHZCIN3OsS [M + H].: 606.2552.
Found: m/z 606.2548.
(3R,4R,5S)-5-(([1,1'-biphenyl]-4-ylmethyl)amino)atetamidadN-(4-chlorobenz
yl)-3-(pentan-3-yloxy)cyclohex-1-ene-1-carboxamiesd). White powder, 75.4%
yield, mp: 190.1-192.5°C (along with the decomposjt 'H NMR (400 MHz,
CDsOD) &: 7.64 — 7.55 (m, 4H, 4Ph-H), 7.46 — 7.38 (m, 4Ah4), 7.37 — 7.24 (m,
5H, 5Ph-H), 6.50 (s, 1H, CH), 4.42 (s, 2H, §;H.07 (dJ = 8.1 Hz, 1H, CH), 4.04 —
3.94 (m, 2H, 2CH), 3.83 (d,= 13.1 Hz, 1H, CH), 3.43 — 3.36 (m, 1H, CH), 3(a2
J=10.0, 5.4 Hz, 1H, CH), 2.84 (dd~= 17.2, 5.2 Hz, 1H, CH), 2.43 — 2.32 (m, 1H,
CH), 2.02 (s, 3H, Ch), 1.58 — 1.44 (m, 4H, 2GH| 0.94 — 0.84 (m, 6H, 2G} *°C
NMR (100 MHz, CROD) &: 172.74, 168.25, 140.58, 140.45, 137.62, 137.83,5P,
132.47, 131.52, 128.82, 128.76, 128.50, 128.16,0B22126.85, 126.51, 82.11, 75.54,
54.26, 48.90, 46.54, 42.21, 29.32, 25.73, 25.18®18.46, 8.19. HRMS calcd for
Ca4H40CIN3O3[M + H]™: 574.2831. Found: m/z 574.2835.
(3R,4R,5S)-4-acetamid-(4-chlorobenzyl)-5-((4-(methylthio)benzyl)amino)-3
(pentan-3-yloxy)cyclohex-1-ene-1-carboxamidesd). White powder, 73.7% yield,
mp: 160.2—-164.1°C (along with the decompositidH) NMR (400 MHz, CROD) §:
7.38 — 7.17 (m, 8H, 8Ph-H), 6.49 (s, 1H, CH), 442H, CH), 4.06 (d,J = 8.4 Hz,
1H, CH), 3.94 (ddy = 10.5, 8.6 Hz, 1H, CH), 3.89 (d= 13.0 Hz, 1H, CH), 3.72 (d,
J=13.0 Hz, 1H, CH), 3.42 — 3.35 (m, 1H, CH), 2(86 J = 10.0, 5.4 Hz, 1H, CH),
2.79 (ddJ = 17.0, 5.4 Hz, 1H, CH), 2.45 (s, 3H, @H2.39 — 2.29 (m, 1H, CH), 2.00

(s, 3H, CH), 1.58 — 1.45 (m, 4H, 2G# 0.95 — 0.83 (m, 6H, 2GH1 °C NMR (100
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MHz, CD;OD) 6: 172.66, 168.26, 137.92, 137.63, 135.13, 132.81,5, 128.80,
128.75, 128.16, 126.33, 82.09, 75.59, 54.33, 54875, 42.20, 29.45, 25.73, 25.19,
21.78, 14.32, 8.48, 8.20. HRMS calcd fopoldssCIN:OsS [M + HJ": 544.2395.
Found: m/z 544.2394.
Methyl4-(((3R,4R,5S)-4-acetamido-5-((4-(diethylamjbenzyl)amino)-3-(penta
n-3-yloxy)cyclohex-1-ene-1-carboxamido)methyl)besizo (78). White powder,
68.5% yield, mp: 147.9-149.2°¢4 NMR (400 MHz, CROD) §: 7.97 (d,J = 8.2
Hz, 2H, 2Ph-H), 7.40 (d] = 8.2 Hz, 2H, 2Ph-H), 7.11 (d,= 8.6 Hz, 2H, 2Ph-H),
6.66 (d,J = 8.6 Hz, 2H, 2Ph-H), 6.51 (s, 1H, CH), 4.59 —B4(sh, 2H, CH)), 4.04 (d,
J=8.4 Hz, 1H, CH), 3.93 (dd,= 10.5, 8.7 Hz, 1H, CH), 3.89 (s, 3H, §H3.75 (d,J
= 12.5 Hz, 1H, CH), 3.56 (d,= 12.5 Hz, 1H, CH), 3.42 — 3.31 (m, 5H, overlapped
2CH,, CH), 2.92 (tdJ = 10.0, 5.3 Hz, 1H, CH), 2.80 (dd= 17.2, 5.2 Hz, 1H, CH),
2.31 (ddt,J = 15.6, 9.6, 2.6 Hz, 1H, CH), 2.00 (s, 3H, §HL.58 — 1.42 (m, 4H,
2CH,), 1.11 (t,J = 7.0 Hz, 6H, 2Ck), 0.89 (dd,J = 16.3, 7.5 Hz, 6H, 2CHL *°C
NMR (100 MHz, CROD) &: 172.53, 168.43, 166.96, 147.17, 144.47, 132.35,68,
129.26, 128.76, 127.05, 125.81, 112.21, 82.03,6/%64.54, 53.92, 51.18, 49.01,
44.10, 42.57, 29.72, 25.73, 25.20, 21.74, 11.48),8.18. ESI-MS: m/z 593.6 [M +
H]*, CaaHagN4Os (592.77).
Methyl4-(((3R,4R,5S)-4-acetamido-3-(pentan-3-ylesyj(4-(pyrrolidin-1-yl)be
n-zyl)amino)cyclohex-1-ene-1-carboxamido)methylymate {7b). Light yellow
powder, 71.7% vyield, mp: 176.5-178.3°C (along vifta decompositionfH NMR

(400 MHz, CROD) &: 7.99 (d,J = 8.2 Hz, 2H, 2Ph-H), 7.42 (d, = 8.2 Hz, 2H,
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2Ph-H), 7.14 (dJ = 8.5 Hz, 2H, 2Ph-H), 6.66 — 6.45 (m, 3H, 2Ph-H)C4.60 — 4.46
(m, 2H, CH), 4.07 (dJ = 8.4 Hz, 1H, CH), 3.96 (dd,= 10.5, 8.6 Hz, 1H, CH), 3.91
(s, 3H, CH), 3.80 (d,J = 12.5 Hz, 1H, CH), 3.62 (d, = 12.5 Hz, 1H, CH), 3.45 —
3.36 (m, 1H, CH), 3.31 — 3.18 (m, 4H, 2gH2.96 (ddd,) = 19.4, 12.4, 7.4 Hz, 1H,
CH), 2.83 (ddJ = 17.2, 5.2 Hz, 1H, CH), 2.42 — 2.29 (m, 1H, CBI}13 — 1.92 (m,
7H, overlapped, 2CH CHg), 1.64 — 1.44 (m, 4H, 2CGH) 0.98 — 0.83 (m, 6H, 2Gj
¥%C NMR (100 MHz, CROD) &: 172.55, 168.34, 166.94, 147.65, 144.46, 132.71,
131.59, 129.34, 129.12, 128.76, 127.06, 124.91,561182.04, 75.68, 54.37, 53.98,
51.19, 49.14, 47.33, 42.57, 29.51, 25.73, 25.197221.76, 8.49, 8.18. ESI-MS: m/z
591.5 [M + HJ, CasHagN4Os (590.75).
Methyl4-(((3R,4R,5S)-4-acetamido-3-(pentan-3-yle®yj(4-(phenylthio)benzyl)
amino)cyclohex-1-ene-1-carboxamido)methyl)benzdgai). White powder, 69.8%
yield, mp: 167.3-170.2°C (along with the decomposjt 'H NMR (400 MHz,
CD;0OD) &: 7.99 (d,J = 8.2 Hz, 2H, 2Ph-H), 7.41 (d,= 8.2 Hz, 2H, 2Ph-H), 7.38 —
7.20 (m, 9H, 9Ph-H), 6.53 (s, 1H, CH), 4.52 (s, THH,), 4.08 (d,J = 8.3 Hz, 1H,
CH), 3.99 — 3.86 (m, 5H, overlapped, 2CH, {8.73 (d,J = 13.2 Hz, 1H, CH), 3.45
—3.37 (m, 1H, CH), 2.93 (td,= 9.9, 5.3 Hz, 1H, CH), 2.81 (dd= 17.2, 5.0 Hz, 1H,
CH), 2.39 — 2.27 (m, 1H, CH), 2.02 (s, 3H, §HL.59 — 1.46 (m, 4H, 2G} 0.96 —
0.86 (m, 6H, 2CH. ®*C NMR (100 MHz, CROD) &: 172.57, 168.45, 166.95,
144.45, 138.79, 135.80, 134.43, 132.64, 131.74,9P30130.65, 129.35, 128.90,
127.05, 126.83, 82.06, 75.71, 54.67, 54.19, 5HU8R3, 42.57, 29.90, 25.74, 25.22,

21.76, 8.49, 8.21. ESI-MS: m/z 630.4 [M +'HTagH43N30sS (629.81).
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Methyl4-(((3R,4R,5S)-5-(([1,1'-biphenyl]-4-yImethgmino)-4-acetamido-3-(pe

ntan-3-yloxy)cyclohex-1-ene-1-carboxamido)methyibeate {7d). White powder,
66.7% yield, mp: 179.8-183.2°C (along with the deposition).'H NMR (400
MHz, CD;OD) §: 7.99 (d,J = 8.1 Hz, 2H, 2Ph-H), 7.65 — 7.56 (m, 4H, 4Ph-H50 —
7.38 (m, 6H, 6Ph-H), 7.37 — 7.30 (m, 1H, Ph-H)46(5, 1H, CH), 4.60 — 4.46 (m,
2H, CHb), 4.10 (d,J = 8.0 Hz, 1H, CH), 4.03 — 3.94 (m, 2H, 2CH), 3(813H, CH),
3.81 (d,J = 13.0 Hz, 1H, CH), 3.45 — 3.38 (m, 1H, CH), 3(60 J = 9.9, 5.4 Hz, 1H,
CH), 2.86 (ddJ = 17.3, 5.0 Hz, 1H, CH), 2.45 — 2.33 (m, 1H, CRip4 (s, 3H, Ch),
1.62 — 1.46 (m, 4H, 2CH| 0.97 — 0.86 (m, 6H, 2GH °C NMR (100 MHz, CROD)
0: 172.63, 168.41, 166.96, 144.45, 140.67, 140.28.0r, 132.67, 131.65, 129.35,
128.77, 128.66, 128.48, 127.06, 126.95, 126.77,50262.08, 75.68, 54.55, 54.18,
51.19, 49.06, 42.58, 29.72, 25.74, 25.22, 21.79,8.20. ESI-MS: m/z 598.5 [M +
H]*, CagHaaN3Os (597.74).

Methyl4-(((3R,4R,5S)-4-acetamido-5-((4-(methylthiehzyl)amino)-3-(pentan-
3-yloxy)cyclohex-1-ene-1-carboxamido)methyl)beneoat(l7e. White powder,
69.3% vield.'H NMR (400 MHz, CROD) §: 7.87 (d,J = 8.3 Hz, 2H, 2Ph-H), 7.30
(d,J = 8.2 Hz, 2H, 2Ph-H), 7.21 — 7.10 (m, 4H, 4Ph62 (s, 1H, CH), 4.41 (s, 2H,
CH,), 3.97 (dJ = 8.2 Hz, 1H, CH), 3.90 — 3.77 (m, 5H, overlapp2@H, CH), 3.65
(d, J = 13.0 Hz, 1H, CH), 3.32 — 3.26 (m, 1H, CH), 2(& J = 10.0, 5.4 Hz, 1H,
CH), 2.73 (ddJ = 17.2, 5.2 Hz, 1H, CH), 2.35 (s, 3H, §H2.32 — 2.22 (m, 1H, CH),
1.91 (s, 3H, Ch), 1.48 — 1.34 (m, 4H, 2G#| 0.84 — 0.75 (m, 6H, 2GH °C NMR

(100 MHz, CRROD) &: 172.72, 168.29, 166.96, 144.43, 138.14, 134.62.54,
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131.45, 129.35, 128.88, 128.77, 127.07, 126.32108275.50, 54.19, 51.20, 48.72,
42.58, 29.24, 25.73, 25.19, 21.78, 14.28, 8.479.8EBI-MS: m/z 568.5 [M + H]
Ca1Ha:N30sS (567.74).

4.1.10. General procedure for the synthesis of cam@g10c—eand18a—e

The compounddOc—eand 18a—ewere synthesized with the same procedure
reported above as Section 4.1.2.

((BR,4R,5S)-4-acetamido-3-(pentan-3-yloxy)-5-((#€pylthio)benzyl)amino)cy
clohex-1-ene-1-carbony)-valine @0g. White powder, 79.2% vyield, mp: 120.1-
125.1°C (along with the decompositiotiji NMR (400 MHz, CRQOD) &: 7.35 — 7.23
(m, 7H, 7Ph-H), 7.23 — 7.16 (m, 2H, 2Ph-H), 6.441(d, CH), 4.31 — 4.22 (m, 2H,
2CH), 4.16 — 4.04 (m, 3H, overlapped, CH, £3.49 (td,J = 9.9, 5.7 Hz, 1H, CH),
3.38 (p,J= 5.5 Hz, 1H, CH), 2.86 (dd,= 18.1, 6.2 Hz, 1H, CH), 2.67 — 2.55 (m, 1H,
CH), 2.12 (dgJ = 13.5, 6.7 Hz, 1H, CH), 1.94 (s, 3H, @H1.51 — 1.37 (m, 4H,
2CH,), 0.90 (ddJ = 6.7, 1.5 Hz, 6H, 2C#), 0.81 (dd,J = 16.1, 7.6 Hz, 6H, 2CH\
¥%C NMR (100 MHz, CROD) &: 173.53, 168.02, 139.41, 133.56, 132.50, 131.81,
130.37, 130.13, 129.54, 129.30, 128.88, 128.0B082/4.32, 58.32, 54.89, 51.69,
30.23, 26.11, 25.63, 25.10, 21.93, 18.29, 17.426.84RMS calcd for &H43N30s5S
[M + H]": 582.2996. Found: m/z 582.2995.

((BR,4R,5S)-5-(([1,1'-biphenyl]-4-yImethyl)amino}atetamido-3-(pentan-3-ylo
xy)cyclohex-1-ene-1-carbonyD}-valine (0d). White powder, 72.1% vyield, mp:

178.5-183.5°C (along with the decompositidH) NMR (400 MHz, CROD) &: 7.75
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(d, J = 8.0 Hz, 2H, 2Ph-H), 7.65 (d,= 7.5 Hz, 2H, 2Ph-H), 7.60 (d,= 8.0 Hz, 2H,
2Ph-H), 7.48 (tJ = 7.6 Hz, 2H, 2Ph-H), 7.39 @,= 7.3 Hz, 1H, Ph-H), 6.58 (s, 1H,
CH), 4.48 (dJ = 13.0 Hz, 1H, CH), 4.42 — 4.18 (m, 4H, overlapp2@H, CH), 3.68
(dt,J = 13.9, 6.4 Hz, 1H, CH), 3.51 (p= 5.4 Hz, 1H, CH), 3.09 — 2.98 (m, 1H, CH),
2.83 — 2.74 (m, 1H, CH), 2.31 — 2.20 (m, 1H, CHD9(s, 3H, CH)), 1.66 — 1.49 (m,
4H, 2CH), 1.03 (d,J = 5.3 Hz, 6H, 2Ck), 0.97 — 0.89 (m, 6H, 2GH °C NMR (100
MHz, CD;OD) 6: 173.54, 139.87, 131.93, 130.13, 129.68, 128.@4,5D, 126.62,
82.31, 74.40, 54.80, 51.71, 47.31, 30.28, 26.1554525.12, 22.00, 18.31, 17.43,
8.38, 8.18. HRMS calcd forsgH43NzOs[M + H]*: 550.3275. Found: m/z 550.3280.
((BR,4R,5S)-4-acetamido-5-((4-(methylthio)benzyljam-3-(pentan-3-yloxy)cy
clohex-1-ene-1-carbonyp-valine @0¢. Light pink powder, 75.7% vyield, mp:
161.2—166.3°C (along with the decompositidH) NMR (400 MHz, CROD) &: 7.39
(d, J = 8.3 Hz, 2H, 2Ph-H), 7.32 (d,= 8.3 Hz, 2H, 2Ph-H), 6.54 (s, 1H, CH), 4.40 —
4.30 (m, 2H, 2CH), 4.25 — 4.13 (m, 3H, 3CH), 3.68.51 (m, 1H, CH), 3.51 — 3.44
(m, 1H, CH), 2.96 (ddJ = 17.4, 5.6 Hz, 1H, CH), 2.75 — 2.65 (m, 1H, CRI¥9 (s,
3H, CHy), 2.27 — 2.17 (m, 1H, CH), 2.04 (s, 3H, §HL.62 — 1.48 (m, 4H, 2GH
1.04 — 0.97 (m, 6H, 2G| 0.97 — 0.85 (m, 6H, 2GH °C NMR (100 MHz, CROD)
0:173.49, 141.27, 131.70, 130.28, 130.00, 127.98,16, 82.29, 74.32, 54.71, 51.71,
30.39, 26.16, 25.63, 25.11, 21.89, 18.35, 17.37/1138.36, 8.16. HRMS calcd for
C27H41N305S [M + HJ': 520.284. Found: m/z 520.2838.
4-(((3R,4R,5S)-4-acetamido-5-((4-(diethylamino) bgyamino)-3-(pentan-3-ylo

xy)cyclohex-1-ene-1-carboxamido)methyl)benzoic adifla). Light yellow powder,
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72.1% yield, mp: 141.2-146.5°C (along with the deposition).'H NMR (400
MHz, CD;0D) &: 8.00 (d, J = 7.6 Hz, 2H, 2Ph-H), 7.43 (d, J = A% 2H, 2Ph-H),
7.28 (d, J = 8.3 Hz, 2H, 2Ph-H), 6.74 (d, J = 8 BH, 2Ph-H), 6.60 (s, 1H, CH),
4.55 (s, 2H, CH), 4.39 — 4.01 (m, 4H, overlapped, 2CH, £,H8.64 — 3.35 (m, 6H,
overlapped, 2CH 2CH), 3.08 — 2.98 (m, 1H, CH), 2.78 — 2.64 (m, &), 2.07 (s,
3H, CHy), 1.67 — 1.45 (m, 4H, 2G} 1.16 (t, J = 6.9 Hz, 6H, 2GH 1.02 — 0.82 (m,
6H, 2CHp). 3C NMR (100 MHz, CROD) &: 173.44, 167.50, 148.53, 143.86, 131.98,
130.87, 130.16, 129.87, 127.02, 115.91, 111.58B082/4.46, 53.95, 53.06, 51.66,
43.93, 42.64, 26.15, 25.66, 25.07, 21.96, 11.389,88.13. HRMS calcd for
CaaHeN4Os[M + H]™: 579.3541. Found: m/z 579.3545.
4-(((BR,4R,5S)-4-acetamido-3-(pentan-3-yloxy)-5{(4rrolidin-1-yl)benzyl)a
mino)cyclohex-1-ene-1-carboxamido)methyl)benzoicidaq18b). Light yellow
powder, 69.8% vyield, mp: 148.5-152.9°%61 NMR (400 MHz, CROD) §: 8.05 —
7.97 (m, 2H, 2Ph-H), 7.48 — 7.39 (m, 2H, 2Ph-H}77- 7.06 (m, 2H, 2Ph-H), 6.71 —
6.49 (m, 3H, 2Ph-H, CH), 4.54 (s, 2H, §H4.37 — 4.07 (m, 4H, overlapped, 2CH,
CH,), 3.55 (td,J = 10.1, 5.6 Hz, 1H, CH), 3.50 — 3.43 (m, 1H, CBIB2 — 3.24 (m,
4H, 2CH), 3.02 (ddJ = 16.5, 6.0 Hz, 1H, CH), 2.80 — 2.65 (m, 1H, CRI}7 (s, 3H,
CHs), 2.06 — 1.95 (m, 4H, 2GH 1.66 — 1.47 (m, 4H, 2GH] 1.00 — 0.84 (m, 6H,
2CH). 3¢ NMR (100 MHz, CROD) &: 173.42, 168.26, 167.47, 148.82, 144.01,
131.99, 130.70, 130.11, 129.49, 127.05, 115.85,6P18B2.30, 74.43, 53.98, 51.63,
47.75, 42.64, 26.10, 25.66, 25.03, 21.98, 8.4B.8IRMS calcd for gzH44N4Os5[M

+ H]": 577.3384. Found: m/z 577.3388.

45



4-(((3R,4R,5S)-4-acetamido-3-(pentan-3-yloxy)-5{jhenylthio) benzyl)
amino)cyclohex-1-ene-1-carboxamido)methyl)benzowmd a(18¢. White powder,
71.3% vyield, mp: 190.1-195.1°C (along with the deposition).'H NMR (400
MHz, CD;OD) &: 7.99 (d, J = 7.8 Hz, 2H, 2Ph-H), 7.55 — 7.23 {rhH, 11Ph-H),
6.60 (s, 1H, CH), 4.54 (s, 2H, GH4.37 (d, J = 13.1 Hz, 1H, CH), 4.30 — 4.14 (m,
3H, overlapped, CH, CHi 3.62 (td, J = 9.9, 5.8 Hz, 1H, CH), 3.52 — 3(# 1H,
CH), 3.01 (dd, J = 17.0, 5.1 Hz, 1H, CH), 2.78672m, 1H, CH), 2.06 (s, 3H, GH
1.65 — 1.49 (m, 4H, 2CH 1.00 — 0.84 (m, 6H, 2GH °C NMR (100 MHz, CROD)
o: 173.50, 167.48, 143.98, 139.21, 133.65, 132.42,0D, 130.34, 130.12, 129.59,
129.28, 127.95, 127.04, 82.30, 74.47, 54.90, 54845, 26.26, 25.68, 25.09, 21.98,
8.40, 8.15. HRMS calcd forsgH41NzOsS [M + H]'": 616.284. Found: m/z 616.2843.

4-(((BR,4R,5S)-5-(([1,1'-biphenyl]-4-ylmethyl)amipd-acetamido-3-(pentan-3-
yloxy)cyclohex-1-ene-1-carboxamido)methyl)benzoicida (18d). White powder,
75.2% yield, mp: 224.1-229.2°C (along with the deposition).'H NMR (400
MHz, CD;0D) &: 8.00 (d, J = 3.8 Hz, 2H, 2Ph-H), 7.72 (d, J =184 2H, 2Ph-H),
7.64 (d, J = 7.7 Hz, 2H, 2Ph-H), 7.58 (d, 2H, 2Ph-H50 — 7.35 (m, 5H, 5Ph-H),
6.60 (s, 1H, CH), 4.55 (s, 2H, GH4.42 (d, J = 13.0 Hz, 1H, CH), 4.32 — 4.16 (m,
3H, overlapped, CH, Chi, 3.59 (td, J = 9.8, 5.7 Hz, 1H, CH), 3.48 (p, 3.5 Hz, 1H,
CH), 3.05 (dd, J = 17.1, 5.1 Hz, 1H, CH), 2.8068m, 1H, CH), 2.08 (s, 3H, GH
1.65 — 1.47 (m, 4H, 2CH 1.00 — 0.84 (m, 6H, 2GH °C NMR (100 MHz, CROD)

d: 167.57, 143.79, 142.21, 139.94, 132.11, 130.36,2b, 129.96, 128.63, 127.50,
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127.35, 127.02, 126.60, 82.30, 74.62, 54.77, 52465, 26.55, 25.69, 25.11, 22.00,
8.42, 8.17. HRMS calcd forsgH4iNzOs[M + H]*: 584.3119. Found: m/z 584.3116.

4-(((BR,4R,5S)-4-acetamido-5-((4-(methylthio)benaghino)-3-(pentan-3-yloxy
)cyclohex-1-ene-1-carboxamido)methyl)benzoic acl®@€¢( White powder, 73.9%
yield, mp: 166.1-172.0°C (along with the decomposjt 'H NMR (400 MHz,
CD;0D) 6: 7.87 (d,J = 7.3 Hz, 2H, 2Ph-H), 7.33 — 7.25 (m, 4H, 4Ph-H23 — 7.17
(m, 2H, 2Ph-H), 6.47 (s, 1H, CH), 4.42 (s, 2H, &H.19 (d,J = 13.1 Hz, 1H, CH),
4.14 — 3.99 (m, 3H, overlapped, 3CH), 3.44 — 3181 ZH, overlapped, 2CH), 2.88
(dd,J = 17.1, 5.3 Hz, 1H, CH), 2.62 — 2.52 (m, 1H, CRIB8 (s, 3H, Ch), 1.94 (s,
3H, CHy), 1.50 — 1.36 (m, 4H, 2G} 0.84 — 0.76 (m, 6H, 2GH°C NMR (100
MHz, CD;OD) 6: 173.39, 167.60, 143.72, 140.83, 132.05, 130.20,87, 129.63,
129.61, 128.05, 126.98, 126.13, 82.28, 74.62, 5452410, 42.65, 26.60, 25.68,
25.09, 21.94, 13.79, 8.41, 8.15. HRMS calcd fegHzoN:0sS [M + H]': 554.2683.
Found: m/z 544.2680.

4.2. In vitro neuraminidase enzyme inhibitory assay

The NA inhibition assay was carried out acaogdio the standard method
[29,37]. Influenza virus suspensions were harvedtedh the allantoic fluid of
influenza virus-infected chicken embryo layer. Irddiion, A/Anhui/1/2005
(H5N1-H274Y mutation) and B/PHUKET/3073/2013 (B usr NA) were obtained
from Sino Biological Inc. Influenza neuraminidaseivty was determined by using

2'-(4-methylumbelliferyl)e-D-acetylneuraminic  acid sodium  salt hydrate
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(4-MUNANA) (Sigma, M8639) as a substrate, which waschased from Sigma. The
tested compounds were dissolved in DMSO in advaud then diluted to the
required concentrations in MES buffer (3.54 g 2ridrpholino)-ethanesulfonic acid
and 0.185 g Cagin 400 mL Milli-Q water, pH 6.5). To a 96-well pigt10uL of the
diluted virus supernatant or NA diluent, {0 of MES buffer, and 10uL of
compounds diluent at certain concentration gradwete added in order and
incubated at 37°C for 10 min. Then the reaction stasted by the addition 30 of
the substrate. Incubating for 40 min at 37°C, #&ction was terminated by adding
150 puL of 0.2 M glycine-NaOH (pH 10.2) in Milli-Q waterFluorescence was
measured (excitation at 365nm and emission at 455 and substrate blanks were
subtracted from the sample readings. The 50%-itdrjoiconcentration (I6) values
were determined from the dose-response curves ctettiby plotting the percent

inhibition of NA activity relative to inhibitor carentrations.

4.3. In vitro anti-influenza virus assay and cytotaicity assay in Chicken Embryo

Fibroblast (CEFs)

The anti-influenza activity and cytotoxicity tife newly synthesized oseltamivir
derivatives were evaluated with H5N1 and H5N2 ssain Chicken Embryo
Fibroblast cells using Cell Counting Kit-8 (CCK-B)ethod as described previously
[30,31,36]. Results were expressed asoB@lues, which are the concentrations of
compounds required for 50% protection of the inilzee virus infection-mediated
cytopathic effects (CPE). The tested compoundsollied in DMSO were serially
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diluted by 2-fold in assay media (1% FBS in DMEM)Jiquots of 50uL of diluted
influenza virus (H5N1, H5N2) at 100 TCdpwere mixed with equal volumes of
solutions of the newly synthesized compounds aftemiht concentrations. After
incubation for 48h at 37°C under 5% &the 100uL of Cell Counting Kit-8 (CCK-8,
Dojindo Laboratories) reagent solution (10 CCK-8 and 90uL media) was added
according to the manufacturer's manual. Incubatg37°C for 90 min, the
absorbance at 450 nm was read on a microplate rreHue 50% effective antiviral
concentration (E€) was defined as the concentration of the test camg, affording
50% protection from viral cytopathogenicity, andswetermined by fitting the curve
of percent cytopathic effect (CPE) versus concéptra of NA inhibitor. The 50%
cytotoxic concentration (Gfg) was defined as the compound concentration that
reduced the absorbance of Chicken Embryo Fibrobtais by 50%, and was

determined in the same manner asdEit without virus infection.

4.4. Molecular docking

Molecular simulations of moleculekse and 10e were performed using the
Tripos molecular modeling package Sybyl-X 2.0 [8,3All the molecules for
docking were built using standard bond lengths angles from Sybyl-X 2.0/Base
Builder and were optimized for 10000-generatiotistie maximum derivative of
energy became 0.005 kcal/(mol*A). The flexible doagk method (Surflex-Dock)
docked the ligand automatically into the ligandeing site of the receptor by the use
of protocol-based approach and an empirically @erigcoring function. Prior to
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docking, the protein was prepared by removing idenld, water molecules, and other
unnecessary small molecules from the crystal siraadf the ligand protein complex
(PDB code: 2HUO); then polar hydrogen atoms andgdsawere added to the protein.
Surflex-Dock default settings were used for otharameters, such as the maximum
number of rotatable bonds per molecule (set to Hd@) the maximum number of
poses per ligand (set to 20). During the dockimecedure, all of the single bonds in
residue side chains inside the defined NA bindiogket were regarded as rotatable
or flexible, and the ligand was allowed to rotateal single bonds and to move
flexibly within the tentative binding pocket. Theéomic charges were recalculated
using the Kollman all-atom approach for the protana the Gasteig-Huckel approach
for the ligand. The binding interaction energy wasculated, containing van der
Waals, electrostatic, and torsional energy ternime@ in the Tripos force field. The
structure optimization was performed for 10000 gatiens using a genetic
algorithm, and the 20-best-scoring ligand—protedmplexes were kept for further
analysis. After the protocol was generated, thenopéd 15e and 10e were docked

into the binding pockets and to define the bindmtgractions.

Amino acid sequences of N1 (A/goose/Guangddag/&13 (H5N1))
compared with that of 2HUO (H5N1), the differengicRies were marked in red.
(A/goose/Guangdong/SH7/2013 (H5N1)-N1
ITLTGSSSLCPIRGWAVHSKDNSIRIGSKGDVFVIREPFISCSHIECRTERAGAL

LNDKHSNGTVKDRSPHRTLMSCPVGEAPSPYNSRFESVAWSASACHDGTSW
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TIGISGPDNGAVAVLKYNGIITDTIKSWRNNILRTQESECACVNGSCFTVMIDG
PSNGQASYKIFKIEKGKVVKSVELNAPNYHYEECSCYPDSGEIMCVCRDNW
GSNRPWVTFNQNLEYQIGYICSGVFGDNPRPNDGTGSCGPMSLNGAYGIKG
SFKYGNGVWIGRTKSTNSRSGFEMIWDPNGWTGTDSEFSVKQDIVAITDWS
YSGSFVQHPELTGLDCIRPCFWVELIRGRPKESTIWTSGSSISFCGVNSZEW
SWPDGAELPFTIDK

2HUO (H5N1)-N1:
VKLAGNSSLCPINGWAVYSKDNSIRIGSKGDVFVIREPFISCSHLECRTRHQG
ALLNDKHSNGTVKDRSPHRTLMSCPVGEAPSPYNSRFESVAWSASACHDGT
WLTIGISGPDNGAVAVLKYNGIITDTIKSWRNNILRTQESECACVNGSCFVMT
DGPSNGQASYKIFKMEKGKVVKSVELDAPNYHYEECSCYPNAGEITCVCRIN
WHGSNRPWVSFNQNLEYQIGYICSGVFGDNPRPNDGTGSCGPVSSNGAYKY
GFSFKYGNGVWIGRTKSTNSRSGFEMIWDPNGWTETDSSFSVKQDIVAITES
GYSGSFVQHPELTGLDCIRPCFWVELIRGRPKESTIWTSGSSISFCGVNBIG
WSWPDGAELPFTIDK

4.5. Acute toxicity experiment

Kunming mice (18-22 g) were purchased fromahienal experimental center of
Shandong University. Procedures involving anima&renconducted in conformity
with the institutional guidelines of Animal Caredatdse Committee at Shandong
University and was approved by the Animal Ethicad &Velfare Committee (AEWC).

Animals were housed at 25 + 1°C, and relative hitsnmas 60 £ 10%. Two days
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were maintained and mice were given free accefstband water. To investigate the
acute toxicity of compounti5ein mice, we used 20 healthy Kunming mice (5 males
and 5 females per group) and divided them into gnaups of five mice each. The
agent 15e was suspended in 5% DMSO, 20% PEG-400 and 75% r watte
concentrations of d 0.1 g/mL, and administeredagpstrically by gavage after the
mice had been fasted for 12 h. Dosage of 2 g/kge veeiministered to 10 mice (5
males and 5 females) [38]. Control group (with@Gb) was employed at the same
time. Death, body weight, and behavior (death,agfa clonic convulsion, anorexia,
ruffled fur, and no abnormality) were monitored gvelay. At the end of the

experiment, all animals were sacrificed for subsafjexperimental studies.
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Highlights
® By exploiting 150-cavity and/or 430-cavity of influenza virus neuraminidase,
novel oseltamivir derivatives were reported as potent antiviral agents.
o Compound 15e showed similar or greater activity than OSC in both NA
inhibitory activity and cellular assay.
° Compound 15e demonstrated low cytotoxicity in vitro and low acute toxicity

in mice.



