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Abstract

Norovirus (NV), is the most common cause of acastrgenteritis worldwide. To date, there is
no specific anti-NV drug or vaccine to treat NV anfions. In this study, we evaluated the
inhibitory effect of different stilbene-based argdoon RNA genome replication of human NV
(HNV) using a virus replicon-bearing cell line (H&2 Initial screening of our in-house
chemical library against NV led to the identifiatiof a hit containing stilbene scaffddvhich

on initial optimization gave us a vinyl stilbenengoound16c¢ (EGsp = 4.4uM). Herein we report
our structure-activity relationship study of thevabseries of vinyl stilbene analogs that inhibits
viral RNA genome replication in a human NV-specifianner. Among these newly synthesized
compounds, several amide derivatives of vinyl stiks exhibited potent anti-NV activity with
ECso values ranging from 1 to gM. A trans-vinyl stilbenoid with an appended substituted
piperazine amidel@k), exhibited potent anti-NV activity and also deyéd favorable metabolic
stability. Compound 8k demonstrated an excellent safety profile, the ésglsuppressive effect,
and was selective for HNV replication via a viraNR polymerase-independent manner. Its
potential host-targeting antiviral mechanism washier supported by specific activation of heat
shock factor 1-dependent stress-inducible pathwal8k These results suggest ti&k might

be a promising lead compound for developing nov¥l iNhibitors with the novel antiviral

mechanism.
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1. Introduction

Norovirus (NV) is a single-stranded positive-seR$¢A (7.4—7.7 kb) virus belonging to the
Caliciviridae family [1]. Human NV (HNV), in the genus NV, isg¢Heading causative agent of
epidemic gastroenteritis worldwide. NV infectionancoccur year round with very high
morbidity and mortality in immunocompromised patgnyoung children, and older people
[2,3]. HNVs are extremely stable in the environmehighly contagious, and generally
transmitted via the fecal-oral route upon contammmaof food products, water, or fomites [4].
According to a Centers for Disease Control and &rgon survey, NV causes approximately
200,000 deaths annually worldwide, and every ysastimated to cost $60 billion worldwide

due to healthcare costs and lost productivity [5].

NVs are phylogenetically divided into six genogreupGI-GVI). HNV belongs to
genogroup Il (Gll) and genotype 4 (Gll.4), accongtfor many of the global outbreaks. The NV
genome consists of three open reading frames (OBFIORF1 encodes a large 200 kDa
polyprotein that is cleaved by the virally encogedtease (NS6) to produce six nonstructural
proteins. Among these nonstructural proteins, tred protease (NS6) and RNA-dependent RNA
polymerase (RdRp, NS7) play a critical role in ViRNA genome replication and hence have
been attractive targets for discovering NV-spedifierapeutics [6,7]. X-ray crystal structures of
these proteins have provided a much-needed platforithe design and identification of small
molecule NV inhibitors [8]. They include a peptidonetic protease (NS6) inhibitor
(rupintravir), nucleoside RdRp (NS7) inhibitors{2’-C-methylcytidine (2CMC) and ribavirin)
and non-nucleoside RdRp (NS7) inhibitors (suramind apyridoxal-5-phosphate-6-(2-

naphthylazo-6-nitro-4,8-disulfonate tetrasodiunt PNDS)) (Fig. 1) [9-12].



To date, there have been no specific drugs or masdo treat NV infections; thus, there is a
pressing need to develop effective anti-NV theréipsu CMX521 is the first nucleoside in
clinical development for the treatment and prevantf NV, which was developed by Chimerix.
CMX521 is activein vitro against all strains of NVs tested to date andahpsomising safety
profile with high safety margins for human expos[i8]. In addition, the non-nucleoside drug
nitazoxanide has demonstrated efficacy against héction in clinical trials. However, the

exact mode of action of nitazoxanide against NVaiem elusive (Fig. 1) [14,15].

Insert Figure 1

Phytochemicals such as curcumin and resveratra desplayed antiviral effects against NV
when evaluated using murine norovirus (MNV) andéhielcalicivirus (FCV) as surrogate models
for NV biology. However, neither of these phytocheats displays a strong inhibitory effect on
HNV replication [16]. Very few reports are availalbn stilbene analogs with anti-NV activity.
We have recently accomplished total synthesisilleste-based natural product gramisitlbenoids
A (1), B (2), and C 8) [17]. As part of our drug development programg muhouse chemical
library containing these natural products and tlsgimthetic analogs4¢6) were evaluated for
different biological assays including anti-NV ady(Fig. 2). Among them, stilbenoif with a
vinyl moiety exhibited moderate inhibitory activipgainst NV replication. Consideririgas a
hit, derivatives of this compound were synthesitegberform a structure-activity relationship
(SAR) study. Here, we report the design, synthemsisl biological activity of non-nucleoside

stilbene-based NV replication inhibitors.

Insert Figure 2



2. Results and discussion

2.1 Chemistry

A series of vinyl stilbene analogs were synthesiagdiepicted in Schemes 1-4. The benzyl
bromides 7a,b on Arbuzav reaction gave phosphonate es8ar® which underwent HWE
olefination in the presence of NaH as a base watinesponding aldehydes to give selectively
(E)-bromostilbenesYa,b. Compounds9a,b on Stille coupling yielded vinyl stilbeneB0a,h
following the previous reports [17]. Compourll bearing hydroxyl ethyl moiety was
synthesized from compountDa via the hydroboration-oxidation reaction. Addititipa (E)-

stilbenesl2a,bwere synthesized using a synthetic route simil&atb (Scheme 1).

Insert Scheme 1

Similarly, (E)-stilbenesl5a-f were synthesized from phosphonate estdesf and 4-bromo-
3,5-dimethoxybenzaldehyde using HWE olefinatione Téster group was hydrolyzed during
HWE olefination to give acid analdgf, which was again methylated using Mel in the pmese
of K,CO;s to yield 15g Furthermore, Stille coupling otba—e and15g afforded vinyl stilbenes
16a—e and 16g respectively. The vinyl stilbene acid analbgf was obtained by hydrolysis of

16gusing LiOH (Scheme 2).

Insert Scheme 2

Compound 16f on esterification with commercially available bghhromides in the

presence of KCO; yielded ester derivativels’a—d (Scheme 3). The amide analddda—m were



synthesized froni6f by coupling various amines under standard coupdimgditions (Scheme

3).

Insert Scheme 3

To synthesize thecis-analogue 24a Wittig salt 19 was prepared from methyl 4-
(bromomethyl)benzoatel 8f) using PPk and toluene as the solvent [18]. The obtained I€alt
was subjected to the Wittig reaction with 4-bromb6-8imethoxybenzaldehyde in the presence
of NaH to give both théE)- (159 and(2)- (20) isomers in a 1:1 ratio, which were separated
using column chromatography and confirmed by NMRd&ts. Pd/C hydrogenation a0
provided saturated compourfll. Stille coupling on compound20 and 21 afforded vinyl
stilbenes22a,h Basic hydrolysis to obtai@3a,b and succeeding the amide coupling reaction
with [4-(Trifluoromethyl)benzyllpiperazine in the rgsence of HATU vyielded desired

compound®4a,h (Scheme 4).

Insert Scheme 4



2.2 Structure-Activity Relationship Studies

In search of more potent and efficient NV inhib#owe evaluated the inhibitory effect of
different stilbene-based analogues on the RNA genoeplication by using a human NV
replicon-bearing cell line (HG23), which is the pmivailable in vitro human NV screening tool
due to the inability to culture infectious NV intna. 2CMC was used as a reference compound.
Initial screening of the compounds suggested tranhistilbenoid C §), and intermediate$ and
6 did not inhibit NV replication; however, vinyl 8iene5 inhibited more than half of NV
replication at 1QuM (Table 1). Based on these results, the SAR stfdyramistilbenoids was
approached in a systematic manner in which the catdewas divided into four regions, as

shown in Fig. 3.

Insert Figure 3

To improve anti-NV activity, we carried out struclmodifications of compoun8 via an
empirical medicinal chemistry approach. We firsplexed the influence of the substitution
pattern of methoxy and vinyl groups on compoér(dable 1). Bromostilbene compou@d did
not show any anti-NV activity. Compourida possessing a vinyl group displayed >70% NV
inhibition whereas vinyl stilbendOb with —OMe groups on ring B drastically decreased
inhibition. Additionally, natural product mimi@1 without —-OMe groups was evaluated and
showed moderate inhibitory activity against NV. thermore, to validate the importance of the
vinyl moiety on compoun®, compoundsl2a (without a vinyl moiety) and.2b (with an ethyl
moiety) were evaluated. Of note, these compountghied a distinct loss of anti-NV activity,
suggesting that vinyl stilbene scaffold may be mpti for inhibitory activity against NV

replication (Table 1).



Insert Table 1

Taken together with previous results, ring A waptkatact and thgara position of ring B
was explored, therefore, replacement of the -H abthepara position with functional groups
such as -F, -G§-CO,H, and -CQMe was carried out (Table 2). Compoul®h with a fluorine
atom showed moderate NV inhibition whereas a MONeetinker (L6b) exhibited no activity.
Interestingly, introduction of a -GK16¢) at thepara position greatly enhanced NV inhibition
(81%) with reduced toxicity. However, orienting £ the ortho (16d) and meta (166
positions resulted in complete loss of potency. Gadboxylic acid 16f) and esterl(6g) analogs
were also inactive (Table 2). This vinyl stilberexiss suggested that -OMe groups and a vinyl
moiety on ring A andpara substitution on ring B were critical for antivirpbtency. The -C§
substituted vinyl stilbend6c was more potent, indicating that subtle structumaldification
could greatly improve antiviral activity. Compouddéc afforded our first significant gain in
potency and was used as a launching pad for thgrdesd synthesis of more vinyl stilbene

analogs.

Insert Table 2

Given the encouraging potency of compouttit ring A was kept intact and -GRvas
replaced with an ester motif at thara position of ring B. The carboxylic ester analdg®a—d
did not significantly improve potency suggestingttincorporation of the ester linkage was
detrimental to anti-NV activity (Table 3). Hencketintroduction of an amide linkage at thaza
position of ring B was envisaged and accordinglyidemanalogsl8a—-k were synthesized

(Tables 3).



The furfuryl amine compounti8a with one carbon linker inhibited NV replication 6%%,
whereas the allylamine anald@b and the 4-trifluoromethyl anilidé8c exhibited poor NV
inhibitory activity. 2-Phenylethanamine compouttl with two carbon linkers inhibited NV by
72%. Furthermore, replacing the benzene ring188 with a heterocycle (e.g. pyridine,
compoundsl8e and 18f) enhanced the NV inhibition. Both compounte and 18f inhibited
NV replication by 85% and 87% respectively, withteecell viability. The pyridine ring led to
active compounds, further stressing that thesepgrooay involve in hydrogen bonding with its
target protein; however, the position of the pyrednitrogen atom is not a major factor for
potency. Amide analogs of tyramin&8() and tryptamine I8h) also displayed moderate NV
inhibitory activity (Table 3). Based on this anasysamide linkage with a two carbon linker and
nitrogen-containing moieties are advantageousrm t& potency and log P (Appendix A, Table
S1). In another approach, the carbon linker wadaced with the conformationlly locked
piperazine motif to give compoundsSi-k (Table 3). Among them, compountBi with
isopropyl piperazine was found to be toxic and ldiggd low NV inhibitory activity, and
compoundl8j with 2-(piperazine-1-yl)ethanol did not show amtidV activity. Interestingly,
compoundl8k possessing the 1-(4-(trifluoromethyl)benzyl)pigena moiety showed excellent

inhibition of NV replication by 95.8%.

The least toxicity and highest suppressive effdctampoundl18k on virus replication
prompted us to quantify the effect of substitutgeepazine on anti-NV activity. Hence, a series
of extended piperazine analogues were prepared aitampt to further drive potency (Table 3,
compoundd 8l,m and24a,b. However, in contrast to compouf8lk, compoundL.8| with fluoro
and 18m with the electron donating —OMe group behaved vdifyerently against NV

replication and did not show the same degree cdqmyt instead resulting in increased toxicity.

10



Lastly, to validate the importance twlns geometry of potent compoulddk, its cis isomer24a
and saturated analdijib were synthesized. Both these compounds exhibibed NV activity

emphasizing the importance of ttnans double bond (Table 3).

Insert Table3

2.3 Dose-dependent Response on Cell Viability, NV Replication, and Protein Expression

The dose-dependent response of selected vinyksdllanalogs on cell viability, NV genome
replication, and protein expression is summarizedable 4. Compound6c was equipotent
with 2CMC having an Eg value 4.4 pM with a C& value > 10 pM. Amide analodse 18f,
and 18k showed promising results, exhibiting &Cvalues of 2.0, 1.44, and 2.43 uM
respectively; with a C& value > 100 uM (Fig. 4A). In particular, 0.8 uM b8k was able to
block the 50% of the neomycin phosphotransferageession from the NV replicon in HG23
cells when treated for 5 days (Fig. 4B). Compoub8g 18f, and18k had higher therapeutic
index (TI) (50.0, 69.0, and 41.2, respectively)nt2&MC (Tl = 3.1) indicating a superior safety
profile with respect to the reference compound. Aghithem,18k showed the most complete
suppression of NV replication at the highest cotregion (10 uM) as judged by RT-PCR and

western blot analysis (Fig. 4B).

Insert Table4

Insert Figure4

2.4 Effects of Representative Compounds 18e, 18f, and 18k on HNV RdRp Activity

11



To test the potential effects @Be 18f, and 18k on enzymatic activity of the HNV RdRp
protein, we performed aim vitro RNA polymerase assay at 10 uM. As shown in Fignd,
significant effects were detected, indicating ttreg antiviral activities ofil8e 18f, and18k do
not depend on any direct inhibition of HNV RNA pwoigrase. In line with this evidence, we
failed to isolatel8k-resistant HNV genome-containing HG23 cells in pinesence of escalating
doses of18k up to 10 pM (data not shown). This relatively higisistance barrier suggests

potential targeting of host proteins b8k for its antiviral activity.

Insert Figure5

2.5 Microsomal Sability of Representative Compounds 18e, 18f, and 18k

Many pharmacological compounds encounter formidatilallenges to their metabolic
stabilityin vivo, which is broadly considered a significant paramét drug discovery. To assess
the drug-likeliness of this series of analogs, weednined the metabolic stability of the potent
compoundsl8e 18f, and18k (Table 5). Then vitro metabolic stabilities of these analogs were
examined by measuring the percentage remaining@@ai30 min upon incubation with human
and mouse liver microsomes in the presence of aDMAregeneration system. Verapamil was
used as a reference compound. CompoiBd exhibited poor stability against human liver
microsomes; however, it showed good stability agfamouse liver microsomes in the presence
of cofactor NADPH. Compounti8f showed poor metabolic stability in human and mdives
microsomes. In contrastl8k had the highest stability in both human and moliger
microsomes in the presence of the cofactor NADPHrddver, no significant change was

observed in thel8e 18f, and 18k concentrations during the microsomal incubationghia

12



absence of NADPH. Considering that metabolic stgbit one of the major issues for drug

development, these results merit further studyoofigoundl8k as a promising lead.

Insert Table5

2.6 Effects of 18k on NV Infection Using Surrogate I nfectious Models

As there is no infectious model available for HNV& tested the potential activity &8k on
MNV-1 and FCV which are surrogate infectious models HNV. Compound18k failed to
exhibit any antiviral activity against MNV-1, neteeless, it exhibited moderate inhibition
against FCV infection at concentrations > 5 uM. Séhelata suggest thask inhibits HNV

replication possibly via HNV- and human cell-spicihode of actions (Fig. 6).

Insert Figure 6

2.7 Effect of 18k on Multiple Host Sgnal Transduction Pathways

To gain insight into the potential antiviral meclsmn of action, we studied the effect I8k
on multiple host signal transduction pathways usingommercially available 45 pathway
reporter array (Table 6). As shown in Fig. 7B, baotlclear factor erythroid 2-related factor 2
(Nrf2)-dependent anti-oxidative and heat shock diacfHSF)-1-dependent stress-inducible
pathways were specifically activated gk treatment. This finding suggests the potential
involvement of these two pathways in antiviral actof 18k. However, neither pharmacological
activation nor CRISPR-Cas9-mediated knock-out ef éif2 gene induced a significant effect
on HNV replication, ruling out its direct causatikae in 18k-induced antiviral effects (data not

shown). Interestingly, 2CMC treatment also indudd@ activation of HSF-1-dependent

13



signaling pathway (Fig. 7A). In line with this, weere also able to confirm the dose-dependent
induction of HSF-1 protein by8k treatment (Fig. 7C). We are currently elucidating potential

role of HSF-1 in the antiviral action @Bk in NV infection.

Insert Table 6

Insert Figure 7
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3. Conclusions

Based on the identification of hit compouid an additional series of structurally-diverse
stilbenoids was synthesized and evaluated, regultithe identification of novel NV inhibitors
that inhibited NV replication in the very lowM or subuM range. Among the synthesized
compounds, the vinyl stilbene scaffold with appehdebstituted amided,8e 18f, and 18k
exhibited excellent anti-NV activity with Egvalues of 2.0, 1.44, and 2.4®1, respectively and
TIs in the range of 40 to 70. 1-(4-(Trifluorometjpdnzyl)piperazine amide stilbef8k was the
least toxic displaying the highest suppressivecefda virus replication. Remarkably, compound
18k inhibited the viral RNA genome replication in anan NV-specific manner. Multiple Host
Signal Transduction pathways studies pointed tosvdahd potential involvement of HSF-1-
dependent stress-inducible pathway which was auoefir by the dose-dependent induction of
HSF-1 protein withl8k treatment. To the best of our knowledge, thishis first example of
host-targeting antivirals directed against NV ini@c except for the deubiquitinases inhibitor,
WP1130 [19]. Host-targeting nature is an advantagepproach in antiviral therapeutics as it is
less likely to confer drug resistance issues; dhtodn of the potential involvement of HSF-1-
dependent pathway in antiviral action of these coumpls may greatly facilitate the development

of effective anti-NV therapeutics in the near fetur
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4. Experimental section
4.1 Chemistry
4.1.1 General

All the commercial chemicals were of reagent grael were used without further
purification. Reactions were conducted under anoaphere of dried argon in flame-dried
glasswareH NMR spectra were determined on a Varian (400 Mbjzgctrometer (Varian
Medical Systems, Inc., Palo Alto, CA, USA). THel NMR data are reported as peak
multiplicities: s for singlet, d for doublet, ddrfdoublet of doublets, t for triplet, q for quartbt
for broad singlet, and m for multipléfC NMR spectra were recorded on a Varian (100 MHz)
spectrometer. The values of the chemical shifteapeessed ia values (ppm), and the coupling
constantsJ) are reported in Hertz (Hz). Mass spectra wererded using high-resolution mass
spectrometry (HRMS, ESI-MS), obtained on a G2 QT@&ss spectrometer (Waters Corp,
Milford, USA). Products were purified by column fsash chromatography (Biotage, Sweden)
using silica gel 60 (23800 mesh Kieselgel 60). TLC on 0.25 mm silica plates (E. Merck; silica
gel 60 F254) was used to monitor the reactionstsSpere detected by viewing under UV light
and colorized with charring after dipping in anglyde or basic KMngsolution. The purity of
the final products was checked by reversed phagle-gressure liquid chromatography (RP-
HPLC), which was performed on a Waters Corp. HPl6tesn equipped with an ultraviolet
(UV) detector set at 254 nm. The mobile phases usete (A) HO containing 0.05%
trifluoroacetic acid and (B) GW€N. HPLC employed a YMC Hydrosphere C18 (HS-302)
column (5um patrticle size, 12 nm pore size) that was 4.6 mehiameter x 150 mm in size with

a flow rate of 1.0 mL/min. The compound purity wassessed using a gradient of 25% B to
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100% B in 35 min. All biologically evaluated compuals purity was > 95%. Detailed synthetic
procedures and spectral characterization for a#rinediates are provided in the Supporting

Information.

(E)-5-(3,5-Dimethoxystyryl)-2-(2-hydr oxyethyl )benzene-1,3-diol  [Gramistilbenoid C (3)].*’
Compound3 was obtained as a brown semi-solid (80.0 mg, 5836}y '"H NMR (methanold,,
400 MHz) 06.94 (d,J = 16.4 Hz, 1H), 6.90 (d] = 16.4 Hz, 1H), 6.65 (d] = 2.4 Hz, 2H), 6.49
(s, 2H), 6.38 (tJ = 2.2 Hz, 1H), 3.79 (s, 6H), 3.46 {t= 8.4 Hz, 2H), 3.14 () = 8.4 Hz, 2H);
¥C NMR (methanoB,;, 100 MHz) J 162.5, 157.8, 140.8, 138.3, 130.3, 129.1, 11305.8,
105.4, 100.7, 55.8, 31.4, 28.9; HRMS (EB¥¥ calcd for GgH»:05 [M + H]™ 317.1389, found

317.1408; RP-HPLC purity 92% at 254 nig= 16.48 min.

(E)-2-Bromo-5-(3,5-dimethoxystyryl)-1,3-dimethoxybenzene (4).!” Compound4 was obtained as

a white solid (3.90 g, 66% yieldH4 NMR (CDCk, 400 MHz)J7.05 (d,J = 16.4 Hz, 1H), 7.00
(d,J = 16.0 Hz, 1H), 6.71 (s, 2H), 6.68 (B= 2.4 Hz, 2H), 6.42 (] = 2.4 Hz, 1H), 3.95 (s, 6H),
3.83 (s, 6H);*C NMR (CDCk, 100 MHz) 0 161.1, 157.2, 138.8, 137.6, 129.5, 128.7, 104.7,
102.9, 100.5, 100.4, 56.5, 55.4; HRMS (ES8¥ calcd for GgHooBrOs [M + H]* 379.0545,

found 379.0606; RP-HPLC purity 99% at 254 rigw 22.28 min.

(E)-5-(3,5-Dimethoxystyryl)-1,3-dimethoxy-2-vinyl benzene (5).” Compounds was obtained as a
light green solid (0.35 g, 88% yieldH NMR (CDCk 400 MHz) 5 7.02 (s, 2H), 6.97 (dd] =
17.8, 12.2 Hz, 1H), 6.69 (s, 2H), 6.67 {d= 2.0 Hz, 2H), 6.40 (s, 1H), 6.10 (dil= 18.0, 2.8
Hz, 1H), 5.44 (ddJ = 12.2, 2.6 Hz, 1H), 3.90 (s, 6H), 3.83 (s, 6K NMR (CDCE, 100 MHz)

0161.0, 158.7, 139.1, 137.2, 129.3, 128.8, 12718,5, 114.8, 104.6, 102.3, 100.2, 55.7, 55.4;

17



HRMS (ESI)nvz calcd for GoH2304 [M + H]* 327.1596, found 327.1681; RP-HPLC purity 97%

at 254 nmig = 23.97 min.

(E)-2-[ 4-(3,5-Dimethoxystyryl)-2,6-dimethoxyphenyl] ethanol (6).'” Compounds was obtained as
a white solid (0.33 g, 72% yield NMR (CDCh, 400 MHz)37.05 (d,J = 16.4 Hz, 1H), 6.99
(d, J = 16.0 Hz, 1H), 6.71 (s, 2H), 6.68 (= 2.4 Hz, 2H), 6.40 (s, 1H), 3.88 (s, 6H), 3.84 (s
6H), 3.77 (t.J = 6.0 Hz, 2H), 2.98 (&) = 6.6 Hz, 2H), 1.83 (br, 1H}*C NMR (CDCk, 100
MHz) 0161.0, 158.6, 139.2, 136.8, 129.5, 128.5, 115.3,510102.2, 100.1, 62.8, 55.8, 55.4,
26.6; HRMS (ESI)mVz calcd for GgH2505 [M + H]™ 345.1702, found 345.1787; RP-HPLC

purity 98% at 254 nntg = 18.96 min.

General Procedure for HWE Olefination (9a). To a solution of aryl phosphonate (1.2 equiv) in
THF at 0 °C under Ar atmosphere, NaH (60% dispargiomineral oil, 2.0 equiv) was slowly
added, and the reaction was stirred for 30 minoluton of the corresponding benzaldehyde
(1.0 equiv) in THF was added dropwise and the teguieaction mixture was stirred at rt for 12
h. The reaction was monitored by TLC. After comipletof the reaction, the mixture was cooled
to 0 °C and excess NaH was quenched with water.r&hetion mixture was poured on ice,
followed by the addition of 2.0 N HCI till pH 6 wabtained and the product was extracted with
EtOAc. The combined organic layers were washed iithe, dried over MgSg) filtered, and
concentrated in vacuo. Purification by Flash Coldhmomatography (FCC) afforded the desired

(E)-stilbene.

(E)-1-Bromo-4-styrylbenzene (9a). Purification by FCC (silica gel,% EtOAc in hexars®
afforded9a as a white solid (0.54 g, 30% yieldd NMR (CDCk, 400 MHz) §7.51-7.46 (m,

4H), 7.37 (d,J = 8.8 Hz, 4H), 7.28 (d] = 8.0 Hz, 1H), 7.09 (dJ = 16.0 Hz, 1H), 7.02 (d] =
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16.4 Hz, 1H);**C NMR (CDCk, 100 MHz) 5 136.9, 136.2, 131.7, 129.4, 128.7, 127.9, 127.8,

127.4, 126.5, 121.3; RP-HPLC purity 96.0% at 254 tarm 25.32 min.

General Procedure for Stille Coupling (10a,b) Tributyl(vinyl)tin (1.1 equiv), CsF (2.0
equiv), and Pd{BusP) (0.01 equiv) were added to a solution of correspun E)-
bromostilbene (1.0 equiv) in toluene and the rasylteaction mixture was refluxed for 12 h.
The reaction was monitored by TLC. The solution w@sled, filtered through a celite-silica pad
to remove a fine tan powder and thoroughly washigid evethyl ether. The obtained filtrate was
concentrated in vacuo to give a crude product.fieation by FCC afforded the corresponding

vinyl stilbene.

(E)-1-Syryl-4-vinylbenzene (10a) Purification by FCC (silica gel,-®% EtOAc in hexars
afforded10aas a white solid (0.18 g, 97% yieldd NMR (CDCk, 400 MHz)J7.51 (d,J = 7.2
Hz, 2H), 7.48 (d,) = 8.4 Hz, 2H), 7.40 (d] = 8.4 Hz, 2H), 7.36 () = 7.6 Hz, 2H), 7.26 () =
7.2 Hz, 1H), 7.10 (s, 2H), 6.72 (dii= 17.6, 10.8 Hz, 1H), 5.76 (d,= 17.6 Hz, 1H), 5.25 (d} =
11.2 Hz, 1H);**C NMR (CDCk, 100 MHz) §137.3, 136.9, 136.8, 136.4, 128.7, 128.6, 128.3,
127.6, 126.7, 126.54, 126.49, 113.7; HRMS (E8M calcd for GeHis [M + H]* 207.1174,

found 207.1185; RP-HPLC purity 96.9% at 254 s 22.33 min.

(E)-1,3-Dimethoxy-5-(4-vinyl styryl)benzene (10b). Purification by FCC (silica gel,-@% EtOAc
in hexanes) affordetiOb as a white solid (0.27g, 65% vyieldd NMR (CDCk, 400 MHz)57.48
(d,J = 8.0 Hz, 2H), 7.41 (d] = 8.0 Hz, 2H), 7.08 (d] = 16.4 Hz, 1H), 7.03 (d = 16.4 Hz, 1H),
6.72 (ddJ = 17.6, 10.8 Hz, 1H), 6.68 (d= 2.0 Hz, 2H), 6.40 (s, 1H), 5.77 @z 17.6 Hz, 1H),
5.26 (d,J = 10.8 Hz, 1H), 3.84 (s, 6H}*C NMR (CDCk, 100 MHz) 5 160.9, 139.3, 136.9,

136.6, 136.4, 128.7, 128.5, 126.7, 126.5, 113.8,5,01L00.0, 55.3; HRMS (ESHhyz calcd for
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CigH190, [M + H]* 267.1385, found 267.1402; RP-HPLC purity 97.298%¢ nm tg = 5.54 min

(compound purity was assessed using a gradier@%f@HCN to 100% CHCN in 35 min).

(E)-2-(4-Syrylphenyl)ethanol (11). A solution of compound.Oa (50.0 mg, 0.24 mmol) in dry
THF (5.0 mL) was cooled to 0 °C, and 0.5 M 9-BBNfHTHF (2.5 mL, 1.2 mmol) was added.
The reaction mixture was kept in an ice bath fornd@, and left at rt for 20 h. The reaction
progress was monitored by TLC. The reaction mixtMas cooled to €C, and MeOH (2.0 mL)
was added dropwise. When gas evolution had ceéb€l(2.0 mL) was added, followed by a
mixture of 2.0 M NaOH (2.0 mL) and B, (30% (w/w) in BO, 1.06 mL, 9.30 mmol). The ice
bath was removed and the mixture was stirred viggyoat rt for 4 h. The mixture was filtered
to remove the precipitate and the filtrate wastdduwith EtOAc (10.0 mL). The organic layer
was washed with brine, dried over Mg&diltered, and concentrated in vacuo. The resgltin
residue was purified by FCC (silica gel, 0-50% EtOA hexanes), furnishingl as a white
solid (30.0 mg, 55% yield}H NMR (CDCk, 400 MHz)d7.51 (d,J = 7.6 Hz, 2H), 7.47 (d] =
8.0 Hz, 2H), 7.36 (t) = 7.6, 2H), 7.24 (t) = 7.2 Hz, 3H), 7.09 (s, 2H), 3.88 {t= 6.6 Hz, 2H),
2.88 (t,J = 6.6 Hz, 2H)*C NMR (CDC}, 100 MHZz)5137.9, 137.3, 135.6, 129.3, 128.6, 128.3,
128.2, 127.5, 126.7, 126.4, 63.6, 38.9; HRMS (ES$calcd for GeH170 [M + H]" 225.1279,

found 225.1268; RP-HPLC purity 95.2% at 254 tgrs 16.55 min.

Synthesis of Compounds 12a,h The compounds were synthesized using syntheticepiure

similar to9a

(E)-1,2-Bis(3,5-dimethoxyphenyl)ethene (12a). Purification by FCC (silica gel,-®% EtOAc in
hexanes) affordeti2aas a white solid (20.0 mg, 62% yieldf NMR (CDCl, 400 MHz)J7.01

(s, 2H), 6.67 (dJ = 2.4 Hz, 4H), 6.40 (1) = 2.2 Hz, 2H), 3.83 (s, 12H}°C NMR (CDC}, 100
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MHz) §160.9, 139.0, 129.1, 104.5, 100.4, 55.3; HRMS (E&t calcd for GgHp104 [M + H]*

301.1440, found 301.1443; RP-HPLC purity >99% at @8, tgr = 21.52 min.

(E)-5-(3,5-Dimethoxystyryl)-2-ethyl-1,3-dimethoxybenzene (12b). Purification by FCC (silica
gel, 0-10% EtOAc in hexars) afforded12b as a white solid (40.0 mg, 44% yieldd NMR
(CDCls, 400 MHz)J7.05 (d,J = 16.4 Hz, 1H), 6.98 (dl = 16.0 Hz, 1H), 6.69 (s, 2H), 6.67 (#,

= 2.4 Hz, 2H), 6.39 () = 2.2 Hz, 1H), 3.87 (s, 6H), 3.83 (s, 6H), 2.66Jg 7.5 Hz, 2H), 1.08
(t, J = 7.4 Hz, 3H);"*C NMR (CDC}, 100 MHz) J 160.9, 158.1, 139.3, 135.6, 129.6, 127.8,
121.0, 104.4, 102.1, 99.8, 55.7, 55.3, 16.4, 13RMS (ESI)mVz calcd for GoH2504 [M + H]*

329.1753, found 329.1753; RP-HPLC purity >99% at @8, tg = 25.22 min.

Synthesis of Compounds 16a—g Compoundsl6a—-e and 16g were synthesized using

synthetic procedure similar ida,h

(E)-5-(4-Fluorostyryl)-1,3-dimethoxy-2-vinylbenzene (16a) Purification by FCC (silica gel,
0-4% EtOAc in hexanes) afforddda as a white solid (0.19 g, 94% yieldH NMR (CDCl,
400 MHz) 07.48 (dd,J = 8.4, 5.6 Hz, 2H), 7.07 (d,= 8.8 Hz, 2H), 6.94 (m, 3H merged), 6.69
(s, 2H), 6.10 (ddJ = 18.0, 2.8 Hz, 1H), 5.44 (dd,= 12.8, 2.4 Hz, 1H), 3.90 (s, 6HC NMR
(CDCl;, 100 MHz) 6163.1, 161.1, 158.7, 137.1, 133.29, 133.26, 128.38.54, 128.0, 127.9,
127.6, 127.1, 118.4, 115.7, 115.5, 114.6, 102.17;33RMS (ESI)m/z calcd for GgH1sFO, [M

+ HJ]" 285.1290, found 285.1303; RP-HPLC purity 97.39%5% nm,tz = 24.86 min.

(E)-1,3-Dimethoxy-5-(4-(methoxymethoxy)styryl)-2-vinylbenzene (16b). Purification by FCC
(silica gel, 0-5% EtOAc in hexanes) affordbgb as a light yellow solid (0.38 g, 79% vyield}

NMR (CDCl, 400 MHz)J7.45 (d,J = 8.8 Hz, 2H), 7.07-7.01 (m, 3H), 6.96 (s, 1HRH(dd,J
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= 17.2, 10.0 Hz, 1H), 6.69 (s, 2H), 6.09 (dds 18.0, 2.8 Hz, 1H), 5.43 (dd,= 12.4, 2.8 Hz,
1H), 5.19 (s, 2H), 3.90 (s, 6H), 3.49 (s, 3, NMR (CDCE, 100 MHz)J158.7, 156.9, 137.6,
131.0, 128.2, 127.7, 127.2, 127.1, 118.2, 116.4,3,1102.0, 94.4, 56.0, 55.7; HRMS (ES8ik
calcd for GoH2304 [M + H]* 327.1596, found 327.1605; RP-HPLC purity >99%5# Am, tg =

23.4 min.

(E)-1,3-Dimethoxy-5-(4-(trifluoromethyl)styryl)-2-vinylbenzene (16c) Purification by FCC
(silica gel, 0-3% EtOAc in hexanes) affordEgc as a white solid (0.77 g, 83% yieldH NMR
(CDCls, 400 MHz)37.61 (s, 4H), 7.15 (dl = 16.4 Hz, 1H), 7.09 (dl = 16.4 Hz, 1H), 6.98 (dd,
J=18.0, 12.4 Hz, 1H), 6.73 (s, 2H), 6.12 (d& 18.0, 2.8 Hz, 1H), 5.46 (dd,= 12.0, 2.8 Hz,
1H), 3.91 (s, 6H)*C NMR (CDCk, 100 MHz) § 158.7, 140.6, 136.6, 131.3, 129.5, 129.1,
127.2, 127.1, 126.6, 125:725.5, 118.8, 115.3, 102.5, 55.8; HRMS (ESI) myz calcd for
CioH18F30, [M + H]" 335.1259, found 335.1243; RP-HPLC purity 98.492%% nm,tg = 26.62

min.

(E)-1,3-Dimethoxy-5-(2-(trifluoromethyl)styryl)-2-vinylbenzene (16d). Purification by FCC
(silica gel, 0-5% EtOAc in hexanes) afford&fd as a white solid (33.0 mg, 38% yieldH
NMR (CDCl, 400 MHz)d7.78 (d,J = 8.0 Hz, 1H), 7.67 (d] = 7.6 Hz, 1H), 7.54 (] = 7.6 Hz,
1H), 7.44 (dJ = 16.0 Hz, 1H), 7.36 (] = 7.6 Hz, 1H), 7.03 (d] = 15.6 Hz, 1H), 6.98 (dd] =
18.0, 12.0 Hz, 1H), 6.71 (s, 2H), 6.11 (dd; 18.0, 2.8 Hz, 1H), 5.46 (dd,= 12.0, 2.8 Hz, 1H),
3.91 (s, 6H);**C NMR (CDC}, 100 MHz) § 158.7, 136.8, 136.2, 132.7, 131.8, 127.2, 127.1,
126.9, 126.0, 125.99, 125.93, 125.79, 124.5, 12818,7, 115.3, 102.6, 55.77, 55.74, HRMS
(ESI) m/z calcd for GgH1gF30, [M + H]" 335.1259, found 335.1255; RP-HPLC purity 98.3% at

254 nmtg = 26.33 min.
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(E)-1,3-Dimethoxy-5-(3-(trifluoromethyl)styryl)-2-vinylbenzene (16e) Purification by FCC
(silica gel, 0-5% EtOAc in hexanes) affordbege as a light yellow solid (32.0 mg, 37% vyield).
'H NMR (CDCk, 400 MHz)37.76 (s, 1H), 7.68 (d = 7.6 Hz, 1H), 7.52-7.45 (m, 2H merged),
7.14 (d,J = 16.8 Hz, 1H), 7.10 (d] = 16.8 Hz, 1H), 6.98 (dd] = 18.0, 12.4 Hz, 1H), 6.72 (s,
2H), 6.12 (ddJ = 18.0, 2.8 Hz, 1H), 5.46 (dd,= 12.2, 2.6 Hz, 1H), 3.91 (s, 6Hy'C NMR
(CDCl;, 100 MHz) J 158.7, 137.9, 136.6, 131.3, 130.9, 130.6, 12929.11 127.17, 127.10,
124.13, 124.09, 123.0, 118.7, 115.1, 102.4, 5%%8,5; HRMS (ESI)z calcd for GgH1sF30,

[M + H]" 335.1259, found 335.1252; RP-HPLC purity 98.5%5%t nm,tz = 26.47 min.

(E)-Methyl 4-(3,5-dimethoxy-4-vinylstyryl)benzoate (16g) Purification by FCC (silica gel, 0-4%
EtOAc in hexanes) affordetbgas a light green solid (0.70 g, 95% yief).NMR (CDCk, 400
MHz) 58.03 (d,J = 8.0 Hz, 2H), 7.58 (d] = 8.4 Hz, 2H), 7.19 (d] = 16.0 Hz, 1H), 7.12 (dl =
16.4 Hz, 1H), 6.99 (dd} = 18.0, 12.0 Hz, 1H), 6.73 (s, 2H), 6.12 (dd; 18.0, 2.4 Hz, 1H), 5.47
(dd, J = 12.0, 2.8 Hz, 1H), 3.93 (s, 3H), 3.92 (s, 6HE NMR (CDCk, 100 MHz) J 166.8,
158.7, 141.6, 136.7, 131.3, 130.0, 128.9, 127.6,112126.3, 118.7, 115.2, 102.5, 55.7, 52.0;
HRMS (ESI)m/z caled for GgH»104 [M + H]™ 325.1440, found 325.1448; RP-HPLC purity

98.7% at 254 nntg = 24.38 min.

(E)-4-(3,5-Dimethoxy-4-vinylstyryl)benzoic acid (16f). Lithium hydroxide monohydrate (5.0
equiv) was added to a suspensiorl6§ (1.0 equiv) in THF:HO:MeOH (1:1:1), and stirred at
room temperature. Reaction mass was evaporateyess, residue was re-dissolved in water.
The aqueous layer was washed with hexane, acidifigd2.0 M HCI and the precipitated solid
was filtered and dried to obtairf as a light green solid (0.15 g, 93% viefth.NMR (DMSO-

ds, 400 MHz)d 12.88 (br, 1H), 7.95 (d] = 8.4 Hz, 2H), 7.72 (dJ = 8.8 Hz, 2H), 7.44 (dJ =
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16.4 Hz, 1H), 7.38 (d] = 16.4 Hz, 1H), 6.97 (s, 2H), 6.88 (dti= 18.0, 12.0 Hz, 1H), 6.05 (dd,
J=18.0, 2.8 Hz, 1H), 5.36 (dd,= 12.4, 2.8 Hz, 1H), 3.87 (s, 6HJIC NMR (DMSO+s, 100
MHz) § 167.4, 158.7, 141.8, 137.5, 131.5, 130.2, 1228,3, 127.5, 126.9, 118.7, 114.1, 103.2,
56.2; HRMS (ESI)miz caled for GeHigOs [M + H]* 311.1283, found 311.1280; RP-HPLC

purity 96.7% at 254 nnmg = 19.41 min.

General Procedure for the Synthesis of 17a—d To a solution of corresponding carboxylic
acid (1.0 equiv) in DMF at 0 °C under argon atme@sphkCO;s (2.0 equiv) was added, and the
resulting mixture was stirred for 20 min. The cepending benzyl or propargyl halide (1.1
equiv) was added and reaction mixture was stirted &or 12 h. The reaction mixture was
guenched with water and extracted with EtOAc. Towlzined organic layers were washed with
brine, dried over MgS§) filtered, and concentrated in vacuo. PurificatipnFCC afforded the

desired ester.

(E)-Prop-2-yn-1-yl 4-(3,5-dimethoxy-4-vinylstyryl)benzoate (17a). Purification by FCC (silica
gel, 0-10% EtOAc in hexars) affordedl7aas a light green solid (0.11 g, 74% viefth.NMR
(CDCls, 400 MHz) 58.06 (d,J = 8.4 Hz, 2H), 7.59 (d] = 8.4 Hz, 2H), 7.19 (dJ = 16.4 Hz,
1H), 7.12 (dJ = 16.4 Hz, 1H), 6.98 (dd),= 18.0, 12.4 Hz, 1H), 6.73 (s, 2H), 6.12 (d& 18.0,

2.8 Hz, 1H), 5.46 (dd] = 12.0, 2.8 Hz, 1H), 4.94 (d,= 2.4 Hz, 2H), 3.91 (s, 6H), 2.53 {=

3.2 Hz, 1H);**C NMR (CDCk, 100 MHz)§ 165.5, 158.7, 142.0, 136.6, 131.5, 130.3, 128.1,
127.5, 127.1, 126.3, 118.8, 115.2, 102.5, 77.70,755.7, 52.4;, HRMS (ESljz calcd for
CooH2104 [M + H]" 349.1440, found 349.1432; RP-HPLC purity 97.1%2%4 nm,tg = 24.61

min.
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(E)-Benzyl 4-(3,5-dimethoxy-4-vinylstyryl)benzoate (17b). Purification by FCC (silica gel,
0-10% EtOAc in hexanes) affordel?b as a white solid (35.0 mg, 68% yieldd NMR
(CDCls, 400 MHz)58.07 (d,J = 8.4 Hz, 2H), 7.57 (d] = 8.4 Hz, 2H), 7.47-7.34 (m, 5H), 7.18
(d, J = 16.0 Hz, 1H), 7.11 (d] = 16.0 Hz, 1H), 6.98 (dd} = 17.8, 12.2 Hz, 1H), 6.73 (s, 2H),
6.12 (dd,J = 18.0, 2.8 Hz, 1H), 5.46 (dd,= 12.2, 2.6 Hz, 1H), 5.37 (s, 2H), 3.91 (s, 6HE
NMR (CDCk, 100 MHz)6 166.1, 158.7, 141.7, 136.6, 136.0, 131.3, 13(@®8,8, 128.6, 128.3,
128.2, 127.6, 127.1, 126.3, 118.8, 115.1, 102.4,,65.7, HRMS (ESIjn/z calcd for GgH2504

[M + H]* 401.1753, found 401.1751; RP-HPLC purity >99%5 8m,tz = 28.01 min.

(E)-4-Fluorobenzyl 4-(3,5-dimethoxy-4-vinylstyryl)benzoate (17c) Purification by FCC (silica
gel, 0-5% EtOAc in hexar® afforded17c as a yellow solid (26.0 mg, 43% yieldd NMR
(CDCls, 400 MHz)38.04 (d,J = 8.4 Hz, 2H), 7.57 (d] = 8.4 Hz, 2H), 7.45-7.42 (m, 2H), 7.17
(d, J = 16.4 Hz, 1H), 7.10 (d] = 16.4 Hz, 1H), 7.09-7.05 (m, 2H), 6.98 (d= 18.0, 12.0 Hz,
1H), 6.72 (s, 2H), 6.12 (dd,= 18.0, 2.8 Hz, 1H), 5.46 (dd,= 12.2, 2.6 Hz, 1H), 5.32 (s, 2H),
3.90 (s, 6H);**C NMR (CDCE, 100 MHz)é§ 166.1, 158.7, 141.8, 136.6, 131.9, 131.4, 130.3,
130.2, 128.7, 127.5, 127.1, 126.3, 118.8, 115.6,41115.2, 102.5, 65.9, 55.7; HRMS (EB8Yy
calcd for GeH24FO4 [M + H]* 419.1659, found 419.1673; RP-HPLC purity 96.792%4 nm,tg

= 28.23 min.

(E)-4-(Trifluoromethyl)benzyl 4-(3,5-dimethoxy-4-vinylstyryl)benzoate (17d). Purification by
FCC (silica gel, 0-5% EtOAc in hexanes) affordadl as a yellow solid (22.0 mg, 33% yield).
'H NMR (CDCk, 400 MHZ)48.07 (d,J = 8.4 Hz, 2H), 7.66 (d] = 8.0 Hz, 2H), 7.667.56 (m,
4H), 7.19 (dJ = 16.4 Hz, 1H), 7.12 (d] = 16.4 Hz, 1H), 6.98 (dd = 17.8, 12.2 Hz, 1H), 6.73

(s, 2H), 6.12 (ddy = 18.0, 2.8 Hz, 1H), 5.48 (dd,= 12.2, 2.6 Hz, 1H), 5.42 (s, 2H), 3.92 (s,
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6H); *C NMR (CDCk, 100 MHz)§ 165.9, 158.7, 142.0, 140.0, 136.6, 131.6, 13028.4]
128.1, 127.5, 127.1, 126.4, 125.6, 125.5, 118.8,311102.5, 65.7, 55.7; HRMS (ES{jz calcd
for C1gH1803 [M — (CRPhO)J 293.1178, found 293.1184; RP-HPLC purity 96.898%t nm,tr

=29.13 min.

General Procedure for Amide Coupling (18a—m) EDCI (1.2 equiv) and HOBt (1.2 equiv) or
HATU (1.2 equiv) were added to a solution of appiate acid (1.0 equiv), corresponding amine
(2.0 equiv), and DIPEA (2.5 equiv) in DMF, and treaction mixture was stirred at room
temperature until complete consumption of the istgmnaterial. The reaction was monitored by
TLC. The reaction mixture was quenched with watet axtracted with EtOAc. The combined
organic layer was washed with brine, dried overydnbus MgSQ, and concentrated in vacuo.

The resulting residue was purified by FCC.

(E)-4-(3,5-Dimethoxy-4-vinylstyryl)-N-(furan-2-ylmethyl)benzamide (18a) EDCI and HOBt
were used as coupling reagents. Purification by K€ifca gel, :30% EtOAc in hexars)
afforded18aas a white solid (28.0 mg, 45% yieldd NMR (CDCk, 400 MHz)57.78 (d,J =

8.4 Hz, 2H), 7.56 (dJ = 8.0 Hz, 2H), 7.39 (s, 1H), 7.14 @= 16.0 Hz, 1H), 7.09 (d] = 16.4
Hz, 1H), 6.98 (dd, = 18.0, 12.0 Hz, 1H), 6.72 (s, 2H), 6.43J& 5.4 Hz, 1H), 6.35 (s, 1H),
6.31 (s, 1H), 6.11 (dd = 18.0, 2.4 Hz, 1H), 5.45 (dd,= 12.4, 2.4 Hz, 1H), 4.66 (d,= 5.6 Hz,
2H), 3.90 (s, 6H)C NMR (CDCk, 100 MHz) J 166.7, 158.7, 151.1, 142.3, 140.4, 136.8,
132.9, 130.9, 127.6, 127.5, 127.1, 126.5, 118.3,211110.5, 107.7, 102.5, 55.8, 37.0; HRMS
(ESI) m/z calcd for G4H24NO4 [M + H]™ 390.1705, found 390.1709; RP-HPLC purity 96.0% at

254 nmtg = 20.44 min.
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(E)-N-Allyl-4-(3,5-Dimethoxy-4-vinylstyryl)benzamide (18b). EDCI and HOBt were used as
coupling reagents. Purification by FCC (silica get5% MeOH in DCM) afforded.8b as a
yellow solid (15.0 mg, 27% vyieldJH NMR (CDCk, 400 MHz)&7.79 (d,J = 8.4 Hz, 2H), 7.57
(d,J = 8.4 Hz, 2H), 7.15 (d] = 16.0 Hz, 1H), 7.10 (d] = 16.4 Hz, 1H), 6.98 (dd,= 18.0, 12.4
Hz, 1H), 6.73 (s, 2H), 6.20 (§,= 5.4 Hz, 1H), 6.12 (dd] = 18.0, 2.8 Hz, 1H), 6.6(5.90 (m,
1H), 5.46 (ddJ = 12.2, 2.6 Hz, 1H), 5.29 (dd,= 17.0, 1.0 Hz, 1H), 5.21 (dd,= 10.2, 1.0 Hz,
1H), 4.12 (tJ = 5.6 Hz, 2H), 3.91 (s, 6H}*C NMR (CDCE, 100 MHz)J166.8, 158.7, 140.3,
136.7, 134.1, 133.1, 130.7, 127.5, 127.4, 127.6,5.2118.7, 116.8, 115.0, 102.4, 55.7, 42.4,
HRMS (ESI)m/z calcd for GoH24NOs [M + H]* 350.1756, found 350.1746; RP-HPLC purity

95.8% at 254 nntg = 19.93 min.

(E)-4-(3,5-Dimethoxy-4-vinyl styryl)-N-(4-(trifluoromethyl)phenyl)benzamide (18c) EDCI and
HOBt were used as coupling reagents. PurificatignHCC (silica gel, 0-20% EtOAc in
hexanes) affordeti8cas a white solid (33.0 mg, 66% yielii NMR (CDCk, 400 MHz)57.93
(d,J = 8.0 Hz, 2H), 7.85 (d] = 8.4 Hz, 2H), 7.64 (s = 7.4 Hz, 4H), 7.20 (d] = 16.4 Hz, 1H),
7.14 (d,J = 16.8 Hz, 1H), 6.98 (ddl = 17.8, 12.2 Hz, 1H), 6.75 (s, 2H), 6.12 (dd 18.0, 2.4
Hz, 1H), 5.46 (dd,J = 12.2, 2.8 Hz, 1H), 3.92 (s, 6H), 3.38 (br, 1 NMR (CDC}, 100
MHz) 6166.3,158.8, 141.0, 136.8, 133.2, 131.2, 128.0, 127.3,2226.7, 126.2, 120.1, 118.8,
115.3, 102.6, 55.8; HRMS (ESHvz calcd for GeHzsFsNOs [M + H]* 454.1630, found

454.1631; RP-HPLC purity 95.3% at 254 rtgs= 26.98 min.

(E)-4-(3,5-Dimethoxy-4-vinyl styryl)-N-phenethylbenzamide (18d). EDCI and HOBt were used as
coupling reagents. Purification by FCC (silica g&t30% EtOAc in hexanes) affordé8d as a

white solid (35.0 mg, 53% yieldJH NMR (CDCk, 400 MHz) 57.69 (d,J = 8.4 Hz, 2H), 7.54
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(d, J = 8.8 Hz, 2H), 7.33 (d] = 7.2 Hz, 2H), 7.26 () = 6.2 Hz, 3H), 7.13 (d] = 16.4 Hz, 1H),
7.08 (d,J = 16.0 Hz, 1H), 6.98 (ddl = 18.0, 12.4 Hz, 1H), 6.71 (s, 2H), 6.11 (dds 17.8, 2.6
Hz, 1H), 5.45 (ddJ = 12.2 Hz, 2.6 Hz, 1H), 3.90 (s, 6H), 3.74 Jas 6.5 Hz, 2H), 2.95 (t] =
6.8 Hz, 2H);**C NMR (CDCk, 100 MHz) 5 166.9, 158.7, 140.2, 138.9, 136.7, 133.3, 130.7,
128.8, 128.7, 127.6, 127.3, 127.1, 126.6, 126.8,711115.1, 102.4, 55.7, 41.1, 35.7; HRMS
(ESI) m/z calcd for G7H2gNOs [M + H]™ 414.2069, found 414.2069; RP-HPLC purity 98.4% at

254 nmtg = 22.45 min.

(E)-4-(3,5-Dimethoxy-4-vinyl styryl)-N-(2-(pyridin-4-yl)ethyl )benzamide (18e) EDCI and HOBt
were used as coupling reagents. Purification by K€llza gel, 0-100% EtOAc in hexanes)
afforded18eas a white solid (26.0 mg, 39% yieldd NMR (CDCk, 400 MHz) 58.54 (d,J =

5.6 Hz, 2H), 7.70 (dJ = 8.0 Hz, 2H), 7.56 (d] = 8.4 Hz, 2H), 7.18 (d] = 5.6 Hz, 2H), 7.15 (d,
J=16.4 Hz, 1H), 7.09 (dl = 16.4 Hz, 1H), 6.98 (dd = 18.0, 12.0 Hz, 1H), 6.72 (s, 2H), 6.24
(t, J=5.6 Hz, 1H), 6.12 (dd] = 18.0, 2.8 Hz, 1H), 5.46 (dd,= 12.2, 2.6 Hz, 1H), 3.91 (s, 6H),
3.75 (g,d = 6.7 Hz, 2H), 2.97 () = 7.0 Hz, 2H)*C NMR (CDCk, 100 MHz)J167.1, 158.7,
150.0, 148.0, 140.7, 136.7, 132.9, 130.9, 127.4,312127.1, 126.6, 124.2, 118.7, 115.1, 102.4,
55.7, 40.3, 35.1; HRMS (ESHVz calcd for GgH,/N2Os [M + H]* 415.2022, found 415.2024;

RP-HPLC purity 96.8% at 254 nrig, = 9.68 min.

(E)-4-(3,5-Dimethoxy-4-vinyl styryl)-N-(2-(pyridin-2-yl)ethyl )benzamide (18f). EDCI and HOBt
were used as coupling reagents. Purification by Fili¢a gel, 5% MeOH inDCM) afforded
18f as a light brown solid (12.0 mg, 53% yieltt NMR (CDCk, 400 MHz)J58.58 (d,J = 4.8
Hz, 1H), 7.79 (dJ = 8.4 Hz, 2H), 7.67-7.63 (m, 1H), 7.57 (t= 8.4 Hz, 3H), 7.23 (d] = 8.0

Hz, 1H), 7.20-7.17 (m, 1H), 7.15 (@~ 16.4 Hz, 1H), 7.10 (d] = 16.0 Hz, 1H), 6.98 (dd] =
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18.0, 12.0 Hz, 1H), 6.72 (s, 2H), 6.11 (dd; 18.0, 2.8 Hz, 1H), 5.46 (dd,= 12.0, 2.8 Hz, 1H),
3.91 (s, 6H), 3.88 (q] = 6.0 Hz, 2H), 3.12 (tJ = 6.2 Hz, 2H);**C NMR (CDC}, 100 MHz)J
166.7, 159.9, 158.7, 149.1, 140.0, 136.8, 133.8,513127.7, 127.4, 127.1, 126.5, 123.6, 121.7,
118.7, 115.0, 102.4, 55.7, 39.1, 36.5; HRMS (ES)calcd for GeHz7N203 [M + H]*415.2022,

found 415.2022; RP-HPLC purity 98.6% at 254 twgrw 9.65 min.

(E)-4-(3,5-Dimethoxy-4-vinyl styryl)-N-(4-hydr oxyphenethyl )benzamide (18g) EDCI and HOBt
were used as coupling reagents. Purification by E€ili€a gel, 0-5% MeOH in DCM) afforded
18gas a light brown solid (44.0 mg, 72% vyielthi NMR (DMSO-ds, 400 MHz)59.18 (s, 1H),
8.53 (t,J = 5.6 Hz, 1H), 7.85 (d] = 8.4 Hz, 2H), 7.69 (d] = 8.4 Hz, 2H), 7.41 (d] = 16.8 Hz,
1H), 7.35 (dJ = 16.4 Hz, 1H), 7.03 (d} = 8.4 Hz, 2H), 6.95 (s, 2H), 6.89 (db= 18.0, 12.0 Hz,
1H), 6.69 (d,J = 8.4 Hz, 2H), 6.05 (dd] = 18.0, 2.8 Hz, 1H), 5.35 (dd,= 12.4, 2.8 Hz, 1H),
3.87 (s, 6H), 3.42 (q] = 6.8 Hz, 2H), 2.73 () = 7.6 Hz, 2H)*C NMR (DMSO4s, 100 MHz)
0165.5, 162.1, 158.2, 155.5, 139.5, 137.1, 133.6,11329.4, 129.3, 127.9, 127.5, 126.9, 126.1,
118.0, 115.0, 113.3, 102.5, 55.6, 41.1, 35.6; HRESI) mVz calcd for G/HxeNO,4 [M + H]*

430.2018, found 430.2017; RP-HPLC purity 98.9%5=t @m,tz = 18.87 min.

(E)-N-(2-(1H-indol-3-yl)ethyl)-4-(3,5-dimethoxy-4-vinyl styryl)benzamide (18h). EDCI and HOBt
were used as coupling reagents. Purification by K€ifica gel, 0-50% EtOAc in hexanes)
afforded18h as a light yellow solid (18.0 mg, 25% vyieldd NMR (CDCk, 400 MHz) 5 8.16
(br, 1H), 7.67 (dJ) = 8.0 Hz, 3H), 7.52 (d] = 8.4 Hz, 2H), 7.40 (d] = 8.0 Hz, 1H), 7.24 (§ =
8.2 Hz, 1H), 7.15 () = 7.4 Hz, 1H), 7.12 (d] = 16.0 Hz, 1H), 7.08 (dl = 2.4 Hz, 1H), 7.07 (d,
J = 16.0 Hz, 1H), 6.98 (ddl = 18.0, 12.4 Hz, 1H), 6.71 (s, 2H), 6.23J& 5.6 Hz, 1H), 6.11

(dd,J = 18.0, 2.4 Hz, 1H), 5.46 (dd;= 12.2, 2.6 Hz, 1H), 3.91 (s, 6H), 3.82 Jcs 6.4 Hz, 2H),
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3.12 (t,J = 6.4 Hz, 2H)*C NMR (CDCE, 100 MHz)J166.9, 158.6, 140.0, 136.7, 136.3, 133.3,
130.2, 127.5, 127.3, 127.0, 126.4, 122.3, 122.9,611118.8, 118.7, 114.9, 113.4, 111.2, 102.3,
55.7, 40.2, 25.2; HRMS (EStjVz calcd for GgHagN,Os [M + H]* 453.2178, found 453.2182;

RP-HPLC purity 98.1% at 254 nrig, = 21.72 min.

(E)-(4-(3,5-Dimethoxy-4-vinyl styryl ) phenyl ) (4-isopr opyl pi per azin-1-yl )methanone (18i). HATU
was used as a coupling reagent. Purification by K€iliea gel, 0-100% EtOAc in hexanes)
afforded18i as a pale yellow viscous solid (8.0 mg, 15% vyielH)NMR (CDChk, 400 MHz)
7.53 (d,J = 8.0 Hz, 2H), 7.41 (d] = 8.0 Hz, 2H), 7.08 (s, 2H), 6.98 (dHz= 18.2, 12.2 Hz, 1H),
6.70 (s, 2H), 6.11 (dd} = 18.0, 2.8 Hz, 1H), 5.44 (dd,= 12.0, 2.8 Hz, 1H), 3.89 (s, 6H), 3.78
(br, 2H), 3.47 (br, 2H), 2.75-2.69 (m, 1H), 2.57, ®H), 2.47 (br, 2H), 1.05 (d,= 6.8 Hz, 6H);
3¢ NMR (CDCk, 100 MHz)5169.9, 158.7, 138.5, 136.9, 134.7, 130.1, 127128,71, 127.1,
126.4, 118.5, 114.9, 102.4, 55.74, 55.71, 54.50,498.3, 48.1, 42.5, 18.3; HRMS (ESi)z
calcd for GeHssN2Os[M + H]* 421.2491, found 421.2478; RP-HPLC purity 97.898% nm tr

= 10.05 min.

(E)-(4-(3,5-Dimethoxy-4-vinyl styryl ) phenyl ) (4-(2-hydr oxyethyl ) pi per azin-1-yl )methanone  (18j).
HATU was used as a coupling reagent. PurificatiprF6C (silica gel, 0-5% MeOH in DCM)
afforded18j as a white solid (36.0 mg, 53% yieldf NMR (CDCk, 400 MHz)Jd7.55 (d,J =
8.0 Hz, 2H), 7.41 (d) = 8.0 Hz, 2H), 7.12 (d] = 16.4 Hz, 1H), 7.08 (d] = 17.2 Hz, 1H), 6.98
(dd,J = 18.0, 12.4 Hz, 1H), 6.72 (s, 2H), 6.11 (d& 18.0, 2.4 Hz, 1H), 5.46 (dd,= 12.2, 2.6
Hz, 1H), 3.91 (s, 6H), 3.81 (br, 2H), 3.66Jt= 5.2 Hz, 2H), 3.52 (br, 2H), 2.60 &= 5.2 Hz,
2H), 2.53 (br, 4H)*C NMR (CDC}, 100 MHz) J 170.0, 158.7, 138.7, 136.8, 134.5, 130.2,

127.7, 127.1, 126.4, 118.6, 115.0, 102.4, 59.37,%5.7, 53.2, 52.6, 47.7, 42.0; HRMS (ESI)
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m/z calcd for GsHziNoO4 [M + H]™ 423.2284, found 423.2275; RP-HPLC purity 96.292%¢

nm,tg = 8.79 min.

(E)-(4-(3,5-Dimethoxy-4-vinyl styryl ) phenyl ) (4-(4-(trifluoromethyl ) benzyl ) pi perazin-1-

yl)methanone (18k). HATU was used as a coupling reagent. PurificatlgnFCC (silica gel,
0-70% EtOAc in hexars) afforded18k as a light yellow solid (51.0 mg, 59% yieldH NMR
(CDCls, 400 MHz)37.58 (d,J = 8.0 Hz, 2H), 7.54 (d] = 8.0 Hz, 2H), 7.46 (d] = 8.0 Hz, 2H),
7.41 (d,J = 8.4 Hz, 2H), 7.11 (d] = 16.4 Hz, 1H), 7.07 (dl = 16.8 Hz, 1H), 6.97 (dd} = 18.0,
12.0 Hz, 1H), 6.71 (s, 2H), 6.11 (dil= 18.0, 2.4 Hz, 1H), 5.45 (dd= 12.0, 2.8 Hz, 1H), 3.91
(s, 6H), 3.78 (br, 2H), 3.59 (s, 2H), 3.50 (br, 2BI¥9 (br, 4H);*C NMR (CDCk, 100 MHz)J
170.0, 158.7, 141.9, 138.6, 136.9, 134.7, 130.9,71229.4, 129.1, 127.8, 127.7, 127.1, 126.4,
125.4-125.2, 118.6, 115.1, 102.4, 62.3, 55.8, 320, 47.7, 42.2; HRMS (ESHhyz calcd for
CaiHaFsN205 [M + H]* 537.2365, found 537.2372; RP-HPLC purity 96.692%4 nm,tg =

12.78 min.

(E)-(4-(3,5-Dimethoxy-4-vinyl styryl ) phenyl ) (4-(4-fluor obenzyl ) piperazin-1-yl )methanone  (18I).
HATU was used as a coupling reagent. PurificatignRCC (silica gel, 670% EtOAc in
hexanes) affordeti8l as a white solid (26.0 mg, 55% yiel#j1 NMR (CDCk, 400 MHz)57.54
(d,J = 8.0 Hz, 2H), 7.41 (d] = 8.0 Hz, 2H), 7.29 (ddl = 8.0, 5.2 Hz, 2H), 7.11 (d,= 16.4 Hz,
1H), 7.07 (dd,) = 16.8 Hz, 1H), 7.03-6.94 (m, 3H), 6.71 (s, 2H)116(dd,J = 18.0, 2.8 Hz, 1H),
5.45 (dd,J = 12.2, 2.6 Hz, 1H), 3.91 (s, 6H), 3.79 (br, 2BIK0 (s, 2H), 3.48 (br, 2H), 2.51 (br,
2H), 2.39 (br, 2H):**C NMR (CDCE, 100 MHz) § 170.0, 163.3, 160.8, 158.7, 138.6, 136.8,

134.7, 133.2, 130.6, 130.5, 130.1, 127.7, 127.6,4,2118.6, 115.2, 115.0, 102.3, 62.0, 55.7,
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53.2, 52.7, 47.8, 42.2; HRMS (ESty¥z calcd for GoHzFN,O3 [M + H]" 487.2397, found

487.2397; RP-HPLC purity 99.2% at 254 rtgs= 12.36 min.

(E)-(4-(3,5-Dimethoxy-4-vinyl styryl ) phenyl ) (4-(4-methoxybenzyl ) pi per azin- 1-yl )methanone

(18m). HATU was used as a coupling reagent. Purificaipi-CC (silica gel, 0-70% EtOAc in
hexanes) affordeti8m as a light green solid (34.0 mg, 70% yief#j.NMR (CDCk, 400 MHz)
07.54 (d,J = 8.4 Hz, 2H), 7.40 (d] = 8.4 Hz, 2H), 7.23 (d] = 8.8 Hz, 2H), 7.11 (d] = 16.8
Hz, 1H), 7.07 (dJ = 16.4 Hz, 1H), 6.98 (dd] = 18.0, 12.4 Hz, 1H), 6.86 (dd,= 8.8 Hz, 2H),
6.71 (s, 2H), 6.11 (ddl = 18.0, 2.8 Hz, 1H), 5.45 (dd,= 12.2, 2.6 Hz, 1H), 3.91 (s, 6H), 3.80
(s, 3H), 3.78 (br, 2H), 3.48 (s, 2H), 3.46 (br, 2BIB2 (br, 2H), 2.39 (br, 2H}*C NMR (CDCE,
100 MHz) 4 169.9, 158.8, 158.7, 138.5, 136.8, 134.7, 13M8,11, 129.4, 127.8, 127.7, 127.1,
126.4, 118.6, 114.9, 113.6, 102.3, 62.2, 55.7,,%82, 52.6, 47.7, 42.0; HRMS (E$tjz calcd
for CaiHasN2O4 [M + H]* 499.2597, found 499.2597; RP-HPLC purity 97.392%4 nm,tg =

12.31 min.

(2)-(4-(3,5-Dimethoxy-4-vinyl styryl)phenyl ) (4-(4-(trifluor omethyl) benzyl ) pi perazin-1-

yl)methanone (24a) The compound was synthesized using syntheticegioe similar td8a—m
using HATU as a coupling reagent. Purification &yd=(silica gel, 0-70% EtOAc in hexanes)
afforded24a as a white solid (29.0 mg, 33% yield NMR (CDCk, 400 MHz)57.58 (d,J =
8.4 Hz, 2H), 7.45 (dJ = 8.4 Hz, 2H), 7.33 (d] = 8.0 Hz, 2H), 7.29 (d] = 8.0 Hz, 2H), 6.92 (dd,
J=18.0, 12.4 Hz, 1H), 6.61 (d,= 12.8 Hz, 1H), 6.58 (d] = 13.2 Hz, 1H), 6.43 (s, 2H), 6.06
(dd,J = 18.0, 2.8 Hz, 1H), 5.42 (dd,= 12.0, 2.8 Hz, 1H), 3.77 (br, 2H), 3.64 (s, 6BH7 (s,
2H), 3.42 (br, 2H), 2.51 (br, 2H), 2.37 (br, 2¢ NMR (CDCk, 100 MHz) & 169.9, 158.2,

141.8, 138.9, 136.6, 134.2, 131.4, 129.5, 129.9,0227.1, 127.0, 125.3-125.2, 118.5, 114.0,
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104.5, 62.2, 55.5, 53.2, 52.7, 47.6, 42.1; HRMSIY\ESz calcd for GiH3FN203 [M + H]*

537.2365, found 537.2365; RP-HPLC purity >99% &t @f,tgr = 12.48 min.

(4-(3,5-Dimethoxy-4-vinyl phenethyl ) phenyl ) (4-(4-(trifl uor omethyl ) benzyl ) pi perazin-1-

yl)methanone (24b). The compound was synthesized using syntheticepitge similar td8a—-m
using HATU as a coupling reagent. Purification ByQ=(silica gel, 670% EtOAc in hexars
afforded24b as a white solid (85.0 mg, 98% yieldf NMR (CDCk, 400 MHz)57.58 (d,J =
8.4 Hz, 2H), 7.45 (dJ = 8.4 Hz, 2H), 7.32 (d] = 8.4 Hz, 2H), 7.20 (d] = 7.6 Hz, 2H), 6.93 (dd,
J=18.0, 12.4 Hz, 1H), 6.32 (s, 2H), 6.02 (dd; 18.0, 2.8 Hz, 1H), 5.39 (dd,= 12.4, 2.8 Hz,
1H), 3.79 (s, 6H), 3.79 (br, 2H merged), 3.58 (8),23.44 (br, 2H), 2.96-2.92 (m, 2H),
2.89-2.80 (m, 2H), 2.52 (br, 2H), 2.38 (br, 2H); **C NMR (CDC}, 100 MHz) §170.3, 158.4,
143.4, 141.9, 133.3, 129.7, 129.4, 129.1, 128.4,22125.31, 125.28, 122.8, 117.7, 112.7,
104.1, 62.3, 55.7, 53.4, 52.8, 47.7, 42.1, 38.5;HRMS (ESI)m/z calcd for G1H34F3N205 [M

+ H]* 539.2521, found 539.2522; RP-HPLC purity >99%5 Bm,tz = 12.48 min.

4.2 Cytotoxicity Assays

HG23 cells were plated onto a 96-well plate (Costad treated with DMSO or compound
at 10 uM. After 3 days, compound cytotoxicity wagasured by using EZ-CYTOX (10%

tetrazolium salt; Dogen) regent.
4.3 Quantitative Real-Time-RT-PCR (QRT-PCR) Analysis

HG23 cells were plated onto a 6 well plate (Costatih either DMSO or the compound of
interest (10 uM). After 3 days, total cellular RNias extracted using the RNeasy®mini kit

(Qiagen) according to the manufacturer’s protodtle expression of HNV subgenomic RNA
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and cellular RNA was quantified through quantitatreal-time reverse-transcription polymerase
chain reaction (QRT-PCR) analysis as previouslydesd. Each sample was normalized by the
endogenous reference gene glyceraldehydes-3-phesgéhydrogenase (GAPDH). The cDNA
guantification was performed by the CFX384 realetiPCR detection system (Bio-Red, US).
FW-hNV- CGCTGGATGCGNTTCCATGA, RV-hNV-CTTAGA CGCCATATCATTTAC,
FW-GAPDH-TGGTCTCCTCTGACTTCA, and RV-GAPDH-

CGTTGTCATACCAGGAAATG.

4.4 \Western Blot Analysis

HG23 cells were plated onto a 6 well plate (Costaid supplemented with either DMSO or
an increasing concentration of the compound ofréste At 3 days after incubation, whole-cell
extracts were prepared in RIPA buffer (150 mM N&C% Triton X-100, 1 % deoxycholic acid
sodium salt, 0.1 % sodium dodecyl sulfate, 50 mM-HCI, 2 mM EDTA, pH 7.5; genDEPOT)
containing a cocktail of Complete protease inhilsittRoche) and quantitated by the Bradford
assay (Bio-Rad). Equal amounts of protein weretdphoresed on an SDS—polyacrylamide gel,
subsequently transferred to a polyvinylidene difide membrane (Immobilon-P; Millipore), and
probed with either a rabbit anti-neomycin phospdnwdferase (1:500 dilution, ab33595, Abcam)

or anti-HSF-1 antibodies (1:1000 dilution, D3L8EICSignaling).

4.5 MNV-1 and FCV Infection Assays

For MNV-1 infection, RAW 264.7 Cells were platedtori2-well plate at a cell density of
0.4 x 10 cells per well. The next day, cells were infectathwINV-1 (1 x 10° PFU/well) for 1
h at 37 °C and were covered with 2 ml/well of 3%alBlaque agarose overlay medium

containing the compound (0.05-10 uM). After 48 dllscwere stained with 0.5% crystal violet
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for 1 h at room temperature. For FCV infection, BRtells were plated onto 12-well plate at a
cell density of 0.4 x 1%cells per well. The next day, cells were infecteithWrCV (1 x 10°

PFU/well) for 1 h at 37 °C and were covered witmPwell of 3% SeaPlaque agarose overlay
medium containing the compound (0.05-10 pM). Afier, cells were stained with 0.5% crystal

violet for 1 h at room temperature.

4.6 Cignal Finder Reporter Array Analyses

Cignal finder reporter array analyses were perfarime transfected HG23cells using Cignal
finder reporter array (CCA-901L; Qiagen) accorditg the manufacturer's instructions.
Transfected HG23 cells were supplemented with DMBQOuM of 18k for 72 h. Luciferase

activities were measured using a luciferase rea@édm Dual-Luciferase® Reporter; Promega).
4.7 Quantitative RARp Assays

To test Non-Nucleoside Inhibitors (NNI) Quantit&iiRdRp activity assays were performed
with human norovirus Gll.4 Sydney 2012 recombin&udRp (Genbank accession number:
KT239579) in 384-well plates, as described previp(@0]. A single 25-puL reaction mixture
contained 400 ng enzyme, 5 uM rGTP, 6 pg/mL polyRB)A, 2.5 mM MnC}, 5 mM DTT,
0.01% bovine serum albumin (BSA), and 0.005% Twa@mn 20 mM Tris-HCI (pH 7.5). The
RdRp was incubated for 10 min at 25 °C in the presef the test compounds or the compound
vehicle DMSO (0.5% v/v) before addition into theacBon mixture. The reaction was then
allowed to proceed for 15 min at 25 °C. The reactieas terminated with 10 mM EDTA,
followed by PicoGreen staining and dsRNA quantiatusing a POLARstar plate reader at

standard wavelengths (excitation 480 nm, emissiihrbn). The compounds were assessed at a
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fixed concentration of 10 uM and the average amohdsird deviations of two independent

experiments with triplicate datasets are shown.

4.8 Microsomal Stability Studies

These studies have been performed by Anthem Biosese according to their protocols

using diclofenac and imipramine as reference comgsu

a) Sample Treatment

Two types of liver microsomes (Human and Mouse,dgdml), 0.1 M phosphate buffer (pH
7.4), corresponding compounds were added at a otatien of 1uM and pre-incubated at 37
°C for 5 minutes, then NADPH regeneration systerutemm was added or not added and
incubated at 37 °C for 30 minutes. To terminater#fgetion, an acetonitrile solution containing
an internal standard (chlorpropamide) was added camdrifuged (14,000 rpm, 4 °C) for 5
minutes. The supernatant was injected into the LEINS system. The metabolism stability of

the four compounds was evaluated by analyzingubstgate drug.

b) LC-MSMS Analysis

The amount of substrate remaining through the i@aetas determined using the Shimadzu
Nexera XR system and TSQ vantage (Thermo). The HEAl@mn Kinetex C18 column (2.1 x
100 mm, 2.6um patrticle size; Phenomenex) was used. The mobhasgcontained 0.1% formic
acid in (A) distilled water and (B) acetonitrileof~data analysis, Xcalibur (version 1.6.1) was

used.
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ribavirin; suramin, and PPNDS].
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BN 12b: X =Et

Scheme 1.Synthesis of StilbeneSa,l5 10a,l 11 and 12a,h Reagents and Conditions: (a)
P(OEty, TBAI, 130 °C, 6 h; (b) 4-bromo-3,5-dimethoxybeliehyde for 9a,b / 3,5-
dimethoxybenzaldehyde fdt2a / 4-ethyl-3,5-dimethoxybenzaldehyde fb2b (Appendix A,
Scheme S1), NaH, THF, rt, 12 h; (c) tributyl(viriyl) CsF, PdtBusP),, toluene, 110 °C, 12 h;

(d) 0.5 M 9-BBN-H in THF, HO,, 2.0 M NaOH, THF, 24 h.
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Scheme 2.Synthesis of Vinyl Stilbenet&6a—g Reagents and Conditions: (a) P(QEWBAI,

130 °C, 6 h; (b) 4-bromo-3,5-dimethoxybenzaldehydaH, THF, rt, 12 h; (c) Mel, ¥COs;,

DMF, rt, 12 h; (d) tributyl(vinyl)tin, CsF, PtdBusP),, toluene, 110 °C, 12 h; (e) LiOH,

THF:H,O:MeOH (1:1:1), rt, 12 h.
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Scheme 3.Synthesis of Estefl7a—d)and Amide(18a—m)Analogs. Reagents and Conditions:
(a) propargyl bromide fot7a/ corresponding benzyl bromidé7b-d), K,COs;, DMF, rt, 12 h;

(b) corresponding amine, EDC.HCI and HOBt or HATMJPEA, DMF, rt, 48 h.
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Table 1

In Vitro Inhibition of Norovirus Replication (Compads3-6,9a,10a,h 11, and12a,bh?

R,
o
NN R,

R4
NV replication Cell viability
Comp R1 R> X

(10pM) (%) (10 pM) (%)

3 OMe OH 3_\—OH 200.8 £22.7 99.0+04

4 OMe OMe Br 184.9+6.2 99.7+0.6

5 OMe OMe %_\\ 43.4+1.2 99.6 +0.8

6 OMe OMe é_\—OH 272.8 +10.5 99.8+0.8
9a H H Br 545 +5.7 130.2+4.8
10a H H é_\\ 26.5+4.2 102.3+0.4
10b OMe H %_\\ 77.1+20.5 138.1+1.4
11 H H é_\—OH 43.2+4.5 100.6 + 16.9
12a OMe OMe H 119.0+17.6 99.2+123
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12b OMe OMe % \ 94.0+15.6 69.3+4.7

2CMCP 24.8+2.4 78.5 0.9

#Values are means of the most representativedaii@iexperiment with standard deviations.

P Reference compound.
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Table 2

In Vitro Inhibition of Norovirus Replication (Compads16a—9°.

NV replication

Cell viability

Comp R (10 pM) (%) (10 M) (%)
(STDEV) (STDEV)

16a p-F 384+0.7 932+5.1
16b p-OMOM 165.7 + 1.2 97.5+35
16¢ p-CF 19.4 £3.1 97.5+4.9
16d 0-CF; 83.2 +27.7 99.7 +13.4
16€ m-CFs 66.6 + 8.4 98.4 +12.6
16f p-COOH 81.3+23 111.7 +9.8
169 p-COOMe 58.2 +6.5 110.9 + 17.7

#Values are means of the most representativedaii@iexperiment with standard deviations.
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Table 3

In Vitro Inhibition of Norovirus Replication (Compads17a—d 18a—m and24a,b?.

R N N /\‘ X
LN
0) 17a-d (o) 18i-m
18a-h 24a,b

NV replication Cell viability

Comp R X (10 uM) (%) (10 uM) (%)
(STDEV) (STDEV)
17a \/O\g,; 713+13 102.7 +9.4

17b ©\/O\f - 1349 +5.7 105.9+14.2

F
17¢ @Vo 36.0 £ 2.0 101.0 5.2
v
17d @VO\; 58.4 + 6.7 109.2 +4.0

H
N_
18a @7 % - 33.8+1.2 108.6 +2.2
N



18b

18c

18d

18e

18f

18g

18h

18i

18]

18k

_ N~
AN

N H—E
\ /

N—
HN-/
>7§ 3N\
vo— : BN .
¢
i&/\/h‘i
FsC

62.4 +0.7

70.8+1.2

284 +3.1

154 +0.7

135+2.2

40.8 £6.7

46.6 +1.2

55.3+9.2

110.4 +21.0

42+0.2

91.6+2.8

925+1.1

99.7+15

100.2 +0.7

96.3+3.5

102.6 +2.2

105.5+25

60.5+0.9

93.3+4.1

105.1+£0.2
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“

18|
:
18m d ‘ez/\/ﬁ“z
—0
§
24a d A\
F;C
¢
24p d W
F;C

121 +5.2

304 +2.2

64.9+5.6

132.1+3.1

55.7+5.2

215+3.1

90.9+11.6

77.3+£3.1

#Values are means of the most representativedaii@iexperiment with standard deviations.
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Table 4

Dose-dependent Response on Viability, Replicatiamd Viral

Representative Compourids

Dose-dependent response on cell Does-dependent

Therapeutic
viability and NV replication response on viral
Comp index
protein expression
CCsp (HM) ECso (|JM) CCso/ECso
ECso (M)
16¢c >10 4.4 >2.2 8.0
18e > 100 2.0 > 50 0.71
18f > 100 1.44 > 69 1.97
18k > 100 2.43 >41.2 0.8
2CcMmCP 12.2 4.0 3.1 4.8

#Values are means of the most representativedaifg@iexperiment.

b Reference compound.

Protein Expression of
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Table 5

Liver Microsomal Stability Assdy

Metabolic Stability Assay

Comp Human (%) Mouse (%)
(+) NADPH (-) NADPH (+) NADPH (-) NADPH
18e 20.0 92.1 67.7 88.4
18f 44.1 > 100 38.3 83.1
18k 89.1 94.3 70.5 99.2
Verapamil 13.6 - - -

9% Remaining during 30 min.
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Table 6

List of Signal Pathway.

NO. Pathway Symbol

1 Amino Acid Deprivation ATF2/3/4

2 Androgen AR

3 Antioxidant Response NRF2/NRF1
4 ATF6 ATF 6

5 C/EBP C/EBP

6 CAMP/PKA CREB

7 Cell Cycle E2F

8 DNA Damage pS3

9 Early Growth Response EGR1

10 ER Stress CBF/NF-Y/YY1
11 Estrogen Receptor ER

12 GATA GATA

13 Glucocorticoid Receptor GR

14 Heat Shock Response HSF-1

15 Heavy Metal Response MTF1

16 Hedgehog GLI

17 epatocyte Nuclear Factor HNF4

18 Hypoxia HIF-1A

19 Interferon Regulation IRF1

20 Interferon Type | STAT1/STAT2
21 Interferon Gamma STAT1/STAT2
22 KLF4 KLF4

23 Liver X Receptor LXR

24 MAPK/ERK SRF/ELK-1

25 MAPK/JINK AP-1

26 MEF2 MEF2

27 c-Myc C-MYC

28 Nanog NANOG




29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46

a7

NF<B

Notch

Oct4

Pax6

PI3K/AKT
PKC/Ca++

PPAR
Progesterone

tinoic Acid Receptor
etinoid X Receptor
Sox2

SP1

STAT3

TGHB

Vitamin D

Wnt

Xenobiotic

Cignal Negative Control
(LUC)

Cignal Positive Control

RBP-JK
NFkB
OCY4)
PAX6
FOXO
NFAT
PPAR
PR
RAR
RXR
SOX2
SP1
STAT3
SMAD2/3/4
VDR
TCF/LEF
AHR

A mixture of non-inducible firefly luciferase
reporter construct and constitutively
expressing Renilla luciferase construct (40:
A mixture of a constiely expressing GFP
construct, constitutively expressing firefly
luciferase construct, and constitutively
expressing Renilla
luciferase element (40:1:1).
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Highlights

® A seriesof novel vinyl-stilbenes derivatives were designed and synthesi zed.

® Following a structure-activity relationship study, compound 18k with 1-(4-
(trifluoromethyl)benzyl)piperazine moiety demonstrated an excellent therapeutic index.

® Compound 18k inhibited the viral RNA genome replication in a human NV-specific
manner with ECso of 2.43 uM.

® The dose-dependent induction of HSF-1 protein on 18k treatment strongly suggests

potential involvement of HSF-1-dependent stress-inducible pathway in anti-viral action.



