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ABSTRACT:

To discover broad spectrum antifungal agents, tnaiegjies were applied, and a novel class
of L-amino alcohol derivatives were designed andtisysized. 3-F substituted compourids,
14n, 14s and14v exhibited excellent antifungal activities with Bbantifungal spectra agairst
albicansand C. tropicalis with MIC values in the range of 0.03 - 0.06/mL, and againsA.
fumigatusandC. neoformanswith MIC values in the range of 1 -ug/mL. Notably, Compounds
14i, 14n, 14s and14v also displayed moderate activities against fluzoleresistance strailg#
andCaRthat were isolated from AIDS patients. Moreovelycompounds in th&configuration
showed antifungal activity. Preliminary mechanistitidies showed that the potent antifungal
activity of compoundl4v stemmed from inhibition of. albicansCYP51. Compound$4n and
14v were almost nontoxic to mammalian A549 cells, #meir stability in human plasma was
excellent.
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1. Introduction

Over the past few decades, the incidence of systdorigal infections has increased
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markedly, especially in immunocompromised hostshsas patients undergoing organ transplants
or anticancer chemotherapy and patients with AIOS4][ Candida spp. Cryptococcus
neoformansand Aspergillus sppare the three major pathogenic fungi that threhtenan health

[5]. Approximately 72.8 million people suffer froandida sppinfections, 65.5 million people
suffer from Cryptococcus sppinfections and 12.4 million people suffer froispergillus spp.
infections each year [6]. Currently, clinical auatifjal agents can be divided into four classes:
polyenes (such as Amphotericin B and Nystatin) §Zhles (such as Fluconazole and Itraconazole)
[8], echinocandins (such as Caspofungin and Migifyn[9] and antimetabolites (such as
5-fluorocytosine) [10].

Azoles, inhibitors of fungal lanosterol d4lemethylase (CYP51), can prevent the
biosynthesis of ergosterol, which is a very impatrizomponent of biofilms [11, 12]. Fluconazole
is a typical azole antifungal agent that has besad clinically for almost 30 years. Due to the
high therapeutic index, azole drugs have been asdiist-line antifungal agents, and some azole
derivatives have been developed, such as itract;axoriconazole, ketoconazole (Fig. 1).
However, some problems remain, such as severerdsistance and cytotoxicity and a narrow
antifungal spectrum [13, 14]. Therefore, an urgginical need exists to develop broad spectrum

azole antifungal agents with novel structures, toxicity and high efficiency.

3, Voriconazole 4, Ketoconazole

Figure 1 Chemical structures of azole antifungal agentslead compouné.

In our previous studies [15-17], a series of azideivatives with an ester group were

designed and synthesized. Most of the compoundsitedh excellentin vitro antifungal activity
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againstCandida albicansHowever, these compounds were inactive agdisgergillus fumigatus
The potent compouridisplayed excellent antifungal activity agai@stndida albicans (SC5314)
with an MIC value 0.03ug/mL but was inactive againgtspergillus fumigatusTo discover
antifungal agents with a broad spectrum, @endida albicansCYP51 (PDB: 5TZ1) [18] and
Aspergillus fumigatu€YP51 (PDB: 4UYM) [19] were overlaid, and we foutitht the amino
acid residues L&t and Ty*? made the cavity oAspergillus fumigatu€ YP51 more narrow than
that of Candida albicansCYP51 (Fig. 2A). The steric clash between the phgnyup of ester
compounds with Leu’®® may be responsible for the inactivity agaiAspergillus fumigatugFig.
2B). To avoid the clash and increase the compoundisgitschgainstAspergillus fumigatystwo
strategies were applied: (i¢placing the ester group with small alkyl sideiokao reduce the
steric hindrance, and (2) conformational restrictimf the phenyl group of the compound by
interacting with surrounding amino acid residuegrievent rotation (Fig. 3). A series of L-amino

alcohol derivatives were designed and synthesized.

Figure 2 (A) Overlay ofCandida albicansCYP51 (green, PDB: 5TZ1) abspergillus fumigatu€YP51 (yellow,
PDB: 4UYM). (B) Predicted binding mode bfin Aspergillus fumigatu€YP51. The distances are shown as red

dashed lines.
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Figure 3 Design strategies of novel L-amino alcohol derixgdi C. alb, Candida albicandCPCC400523)A.
fum, Aspergillus fumigatugcgmcc 3.7795).

2. Resultsand discussion
2.1. Chemistry

The key intermediateSa-n were prepared conveniently via palladium-cataly&duki
coupling of commercially available substituted #iobenzoic acidéa-h and substituted

phenylboronic7a-d (Scheme 1).

O (I)H
~ | OH | N B\OH a
Br X X N
R, 5
6a-h 7a-d
R, R;
6a | R,=H 7a | R3=H
6b | R,=2-F 7b | R3=2-F
6¢c | R,=3-F 7¢ | R3=3-F
6d | R,=2-Cl 7d | R3=4-F
6e | R,=3-Cl
6f | R,=2-CH;
6g | R,=3-CH;
6h | R,=2-OCH;

Scheme 1 Synthesis of intermediat&a-n. Reagents and conditions: (a) PA(PRHK,CO;, dioxane, reflux, 5 h.
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Scheme 2 General synthesis of the target compouiMtsac. Reagents and conditions: (a) (Bg2) TEA, DCM,
rt.; (b) TsCl, TEA, DMAP, DCM, rt.; (c) imidazole, fa DMF; (d) HCI-EtOH, rt.; (e) EDCI, HOBt, DIEA, r.t4
h.

The alkyl compoundd44a-ac were prepared according the procedures shown herSe 2.
Various L-amino alcohol derivative8a-g were protected with (Bog) to afford compounds
10a-g, which were converted tdla-g through substitution reactions. Treatment of coamuls
1la-g with imidazole and NaH in dry DMF affordetla-g, and then cleavage of the Boc
protecting group with hydrochloric acid gave the katermediated3a-g. The target compounds

14a-ac were synthesized via amide reaction of amii3a-g and acid8a-n in DMF at room

temperature.
OT
& ’ a /N/T) b _/N‘N/> _/N‘N/>
Boc~ AN > H > R H
ﬁ H BOC\N/\/\ HCl -HZN/\:/\ /\_/\
: H : :
11e 15 16

Scheme 3 Synthesis of the target compoutidl Reagents and conditions: (a) triazole, NaH, DMF;Et)H-HCI,
rt.; (c) EDCI, HOB, DIEA, 4 h, rt.

As depicted in Scheme 3, the triazole derivativevas prepared by using procedures similar



to those described above, except that triazole ugesl instead of imidazole. The synthetic

procedures for compoun®3 of R-configurationwere similar to the synthesis of compounds

14a-ac (Scheme 4).
FN
oH oH ors Ny
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Scheme 4 Synthesis of the target compou?8l Reagents and conditions: (a) (Bg2) TEA, DCM, rt.; (b) TsCl,
TEA, DMAP, DCM, rt.; (c) imidazole, NaH, DMF; (d) 8H-HCI, rt.; (e) EDCI, HOBt, DIEA, r.t., 4 h.

2.2. In vitro antifungal activity

The target compounds were evaluated for theiwvitro antifungal activity against five
pathogenic fungi according to the protocols of Metional Committee for Clinical Laboratory
Standards (NCCLS). Fluconazole (FCZ) and itracolead@Z) were used as the reference drugs.
The results oin vitro antifungal activities are summarized in Table 1.

Compoundsl4a-f with different alkyl side chain lengths exhibitedoderate to good
antifungal activities. Compoundda with a methyl substitution increased the activityaimst
Aspergillus fumigatusvith an MIC value of lug/mL. However, the antifungal activities dfla
againstCandida albicansCryptococcus neoformarend Candida tropicaliswere moderate or
even disappeared. Compouride and 14f with bulk substitutions displayed excellent adies
againstCandida albicanandCandida tropicaliswith MIC values < 0.03ig/mL but were inactive
againstAspergillus fumigatus

Most of the compound44h-x with fluorine substitution maintained excellenttiimgal
activities agains€andida albicansCryptococcus neoformaradCandida tropicalisMoreover,
the 3-F substitution compounddi, 14n, 14s and 14v increased the antifungal activities against
Aspergillus fumigatusvith MIC values in the range of 1 -i@y/mL. Substitution of -Cl, -Ckland

-OCH; (14y-14ac) led to disappearance of the antifungal activiggiiastAspergillus fumigatus



Replacing the imidazole group4n) with a triazole groupl() resulted in a slight decrease

in antifungal activities againgtandida albicansCandida tropicalisand Aspergillus fumigatus

Notably, the compound d®-configuration 23) displayed no antifungal activity compared to the

S-configuration (4d). It turns out that th&configuration is the pharmacodynamic configuration

Tablel

In vitro antifungal activities of target compounds (M[©/mL)?2

O
I
H

17

—N
»

) D
Tty

(L
R 14a-ac

Compd. R R, R; C.alb(l) C.alb(ll) C.neo C.tro. A. fum
1l4a -CHs H H 4 0.5 >64 0.25 1
14b -CH,CH; H H 0.25 <0.06 16 0.125
14c -(CH,),CH; H H 0.06 <0.03 2 <0.03
14d -CH(CHy), H H 0.06 <0.03 1 <0.03
14e -CH(CH;)CH,CHs H H <0.03 <0.03 0.5 <0.03 >64
14f -CH,CH(CHg), H H <0.03 <0.03 1 <0.03 >64
149 -CH,Ph H H 0.125 <0.03 0.25 <0.03 >64
14h -CH(CHy), 2-F H 0.06 <0.03 2 0.06 >64
14i -CH(CHy), 3-F H 0.06 <0.03 2 <0.03 1
14 -CH(CHy), 2'-F H 0.06 <0.03 1 0.06 >64
14k -CH(CHy), 3-F H 0.06 <0.03 2 0.06 >64
14| -CH(CHy), 4'-F H 0.5 0.25 1 0.25 32
14m -CH(CHs)CH,CHs 2-F H 0.06 <0.03 2 0.06 >64
14n -CH(CH;)CH,CH; 3-F H <0.03 <0.03 1 <0.03 2
140 -CH(CHs)CH,CHs 2'-F H 0.06 <0.03 1 0.06 >64
14p -CH(CHs)CH,CHs 3-F H 0.125 <0.03 2 0.06 >64
14q -CH(CH;)CH,CHs 4'-F H 0.25 0.125 1 0.125 >64
14r -CH,CH(CHg), 2-F H 0.06 <0.03 4 <0.03 >64
14s -CH,CH(CHg), 3-F H 0.06 <0.03 2 <0.03 2
14t -CH,Ph 2-F H 0.06 <0.03 0.5 <0.03 >64
14u -CH,Ph 3-F H 0.06 <0.03 >64 <0.03 >64
14v -CH(CHs)CH,CHs 3-F 2'-F 0.06 <0.03 <0.03
14w -CH(CHs)CH,CH; 3-F 3-F 0.06 <0.03 <0.03
14x -CH(CH;)CH,CH; 3-F 4'-F 0.25 0.125 0.125
14y -CH(CHy)CH,CHj 2-Cl H 4 0.5 4 0.25 >64
14z -CH(CHs)CH,CH; 3-Cl H 0.25 0.06 >64 0.125 >64



14aa -CH(CHs)CH,CH; 2-CH; H >16 >16 >64 2 >64
14ab -CH(CHs)CH,CH; 3-CH; H 1 0.25 >64 0.5 >64
l4ac -CH(CHs)CH,CH; 3-OCH; H 1 0.25 >64 0.125 >64

17 - - - 0.25 0.125 >64 0.25 2

23 - - - >16 >16 >64 8 >64

5 - - - 0.25 <0.03 2 <0.06 >64
FCz - - - 1 0.5 4 1 >64
ITZ - - - <0.03 <0.03 <0.125 <0.03 <0.125

@Abbreviations:C. alb(l), Candida albicanfCPCC400523)C. alb(ll), Candida albicangATCC SC5314)C.
neo, Cryptococcus neoformarsgmcc 2.3161)C. tro., Candida tropicalis(cgmcc 2.3739)A. fum, Aspergillus
fumigatus(cgmcc 3.7795); FCZ: Fluconazole; ITZ: Itraconazol

2.3. In vitro antifungal activity against fluconazolesistant strains of Candida albicans.

Azole antifungal agents have been used clinicallyrhany years, especially fluconazole,
which has been applied in the clinic for approxiehat30 years. The widespread use of azole
antifungal agents has led to severe drug-resistamuieh has been a major clinical problem for
treating systemic fungal infection. Therefore, striecessary to further evaluate the antifungal
activity of the compounds against fluconazole-tesisstrains when developing innovative drugs.
The potent compounddi, 14n, 14s and 14v were selected to evaluate their antifungal activity
against fluconazole-resistant strains @f albicans(strain 17# and strain CaR) which were
isolated from AIDS patients. The results are sunmedrin Table 2. The compounds showed
moderate antifungal activities against strain 17 WMIC values in the range of 1 -i/mL and
against straittaRwith MIC values in the range of 4 - 3g/mL.

Table 2

In vitro antifungal activities of the target compounds (MiG/mL)?2

Candida albicans

Compd.
Strain 17# Strain CaR
14i 4 32
14n 2 4
14s 1 4
14v 2 8
FCz >64 >64

@Abbreviations:strain 17# fluconazole-resistant strain @fandida albicansstrain CaR fluconazole-resistant
strain of Candida albicans FCZ: Fluconazole.Strain 17# and strain CaR were provided by Institute of
Microbiology, Chinese Academy of Sciences.



2.4. GC-MS analysis of sterol composition in Candidaicns (SC5314)

L-amino alcohol derivatives are a novel class dffamgal agents, and only compounds in
the Sconfiguration showed antifungal activity. To intigate the antifungal mechanism of
compoundl4v, gas chromatography-mass spectrometry (GC-MS)used to analyze the sterol
composition in cells using fluconazole as the mafee drug. The sterol profile results are
summarized in Table 3. Ergosterol was the majopk{@00%) in cells, and other sterols were not
detected in the absence of drug. Wigamndida albicanswvere cultured for 16 h with different
concentrations of fluconazole, the sterol compomerdf the cells changed in a
concentration-dependent manner. The content ofstegw decreased sharply from 97.7% to 0%
with increasing fluconazole concentration, and elusifoliol, lanosterol and eburicol content
increased dramatically. These changes in sterolents were caused by inhibiting the sterol
14o0-demethylase enzyme (CYP51) of the ergosterol bibgfic pathway. The same changes in
sterol content were shown whé&andida albicansvas cultured with different concentrations of
compoundldv. The ergosterol content decreased and the obliokifanosterol, eburicol contents
increased with increasing concentratioridy. The results indicate that the antifungal mechmanis
of compoundl4v is similar to fluconazole, and the target is funigaosterol 14-demethylase
(CYP51).

Table3

Analysis of sterol composition i@. albicansby GC-MS?

concentration % of total sterolsC. alb?)
Compd. (ng/mL) Ergosterol Obtusifoliol Lanosterol Eburicol
0.13 98.0 0 2.0 0
140 0.5 36.0 12.2 21.0 30.8
2 6.5 23.8 20.0 49.7
8 0 31.3 23.8 44.9
0.13 97.7 0 2.3 0
FLce 0.5 90.1 0 9.9 0
17.2 17.7 28.0 37.1
8 0 37.2 22.9 39.9
Control® - 100 0 0 0

3bbreviations:C. alb, Candida albicangATCC SC5314)"Treated with compound4v; °Treated with FLC;

dControl (no drug).

2.5. In vitro cytotoxicity assay

Fungus is a type of eukaryote that is similar tarmealian cells. The compounds designed as
9



antifungal agents may cause side-effects on maramalells. Therefore, it is necessary to
consider the toxicity of the compounds to mammatialls. The potent compoundg4n and14v
were selected to evaluate their toxicity against®\sells (human lung carcinoma) according to
the protocol described previously [20], and vorigoole was selected as a control. The results are
shown in Table 4. Compoundsglin and14v displayed 14% and 13.9% inhibition, respectively,
against A549 cells at a concentration of /L, and these results were superior to voricorazol
which displayed 37% inhibition. Therefore, composiidn and 14v were almost nontoxic to
A549 cells.

Table4

In vitro cytotoxicity of compounds in A549 cells.

Inhibition (uM/L)

Compd.
0.08 0.40 2 10 50
14n 1.2% 1.0% 1.2% 3.1% 14.0%
14v 5.4% 6.6% 7.3% 8.3% 13.9%
voriconazole 17.1% 20.3% 25.5% 32% 36.7%

2.6.In vitro human plasma stability assay

The stability of compounds in human plasma is amoirant property that must be
considered in the development of new drugs. In ggnester groups are unstable in human
plasma and can be easily hydrolyzed. Replacing gsteips with alkyl side chains, the potent
alkyl derivativesl4n and14v with broad antifungal spectra were selected touataltheir human
plasma stability. The results are summarized iler&kand show thétdn and14v both exhibited
excellent stability in human plasma, and 113.1% 4af#8.6% of each compound remained,
respectively, when incubated in plasma for 60 min.
Table5

In vitro human plasma stability of compouridi and14v.

Stability in human blood plasma

Compd. — - — -
% Remaining at 60 min % Remaining at 120 min
14n 113.1 86.3
14v 113.6 92.6
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2.7. Structure-activity relationships

Compoundsl4a-f with different lengths of alkyl side chains werweastigated. The results
showed that the activities df4a-f againstCandida albicans Cryptococcus neoformanand
Candida tropicalisincreased with extension of the alkyl side chaidswever, the activities
againstAspergillus fumigatudecreased with extension of the alkyl side chains.

Fluorine substituted compoundgh-x with bulky alkyl side chains maintained excellent
activities agains€andida albicansCryptococcus neoformaradCandida tropicalis Moreover,
compounds of 3-F substitution on the biphenyl graligplayed activity agains@spergillus
fumigatus such as the compounddi, 14n, 14s and 14v. Compounds with -Cl, -Me or -OGH
substitutioron the biphenyl group showed moderate or even péesapg antifungal activity.

In addition, the influence of the stereochemicahfiguration was also investigated.
Compared to th&configured compoundi4d, compound3 in its R-configuration lost all activity
against the fungi. It turns out that tBeonfiguration is the pharmacodynamic configuration
2.8. Molecular docking model analysis of compouivis and 14v in the active site of CYP51

To better understand the binding mode of compowitisAspergillus fumigatu€YP51 and
provide information for further optimization, compwmls14n and14v were docked into the active
site of Aspergillus fumigatu€YP51 by using the CDOCKER program in the Discgvstudio
3.0 software. The published crystal structuréspergillus fumigatu€YP51 (PDB ID: 4UYM)
served as a useful template for generating theifmnchode [18]. As shown in Fig. 4A, the
imidazole of compound4n binds to the heme group through formation of a dimation bond
with the iron atom. The alkyl side chain forms hypinobic interactions with TH?®, Phé* and
Tyr**®. The biphenyl group extends into the CYP51 chaanel mainly forms hydrophobic and
Van der Waals interactions with the surroundingdwess such as L&t Phé* 11e¥”” and Led™.
Moreover, the 3-F atom on the biphenyl group camfa halogen (fluorine) bond with L&dand
a hydrogen bond with & (1le3”® as the H-donor and fluorine as the H-acceptorgrdiore, the
conformation of the phenyl of compouddn can be restricted to avoid the steric clash with
Let’® The binding mode of compouridyv with Aspergillus fumigatu€YP51 is similar to that

of 14n (Fig. 4B).
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Figure 4 (A) Predicted binding mode dfdn in the active site oAspergillus fumigatu€YP51. (B) Predicted
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Figures were generated using PyMOL.

3. Conclusions

The steric clash with L&l is the main reason that caused ester comp6incbe inactive
againstA. fumigatus To avoid this clash and increase the activityirega. fumigatusthe bulky
ester group was replaced with small alkyl side mhaCompounds with different lengths of alkyl
side chains were synthesized. Thevitro activities showed that the activities agaiistumigatus
increased when the alkyl side chains were shortdngidhe activities again§€andida albicans
Cryptococcus neoformarnsnd Candida tropicalisdecreased when the alkyl side chains were
shortened. Compount¥a with methyl substitution increased the antifungativity againstA.
fumigatuswith an MIC value of 1ug/mL. However, the activities again€andida albicans
Cryptococcus neoformamsmdCandida tropicalisvere moderate or even lost.

To maintain excellent activities againSandida albicans Cryptococcus neoformarsnd
Candida tropicalis the isopropyl, sec-butyl and isobutyl substimsiavere selected. Moreover, in
order to be effective againgt. fumigatus the strategy of conformational restriction of the
compound was applied. A series of fluorine-subtducompounds were synthesized. Of these,
3-F substitution compound#$4i, 14n, 14s and 14v exhibited the excellent activities against
Candida albicans Cryptococcus neoformansnd Candida tropicalisand displayed antifungal
activity againsi. fumigatusvith MIC values in the range of 1 -@/mL.

Notably, compoundd44n, 14s and 14v showed moderate activities against the fluconazole

resistant strains o€. albicans(strain 17# and strain CaR which were isolated from AIDS

12



patients. In addition, the configuration of the gmunds had a great influence on the antifungal
activity, and only compounds of th&configuration showed antifungal activity. Preliraiy
mechanistic studies showed that the potent antfuagtivity of compoundl4v stemmed from
inhibition of C. albicansCYP51. Compound$4n, 14v were almost nontoxic to A549 cells at 50
uM/L and exhibited excellent stabilities in humamagrha. Molecular docking results showed that
the 3-F can interact with L&Y and 11€” which is very important for the conformational
restriction of the compounds.

4. Experimental section

4.1. Chemistry

All reagents used were commercially available withturther purification. Solvent were
purified according to standard procedures. Theti@@ were monitored by TLC, which was
performed on silica gel plates with fluorescenc2oB-and visualized with UV light. Silica gel of
200-300 mesh was used for column chromatographg.riglting points of the compounds were
determined on a BUCHI Melting Point B-540 meltingm apparatus and were uncorrected. Mass
spectrometry was performed on an Agilent 1200 LC-MSjilent, Palo Alto, CA, USA).
High-resolution mass spectra (HRMS) were perforimedn Agilent 6530 accurate-mass Q-TOF
LC-MS system. GC-MS analysis was performed on aileAg1200 LC-MS using ESI mode.
Nuclear magnetic resonance (NMR) spectra were dedoon a Bruker Avance 111-600 or Bruker
Avance 111-400 instruments (600 or 400 MHz fét and 150 or 100 MHz for’C) with TMS as an
internal standard. The coupling constadjsafe reported in hertz and the peak multiplicitiese
described as s, singlet; d, doublet; t, tripletjugrtet; m, multiplet; and br, broad peak.

4.2. General procedure for the synthesis of intermediga-n)

Under an argon atmosphere, substituted 4-bromoleeoid (1 equiv), benzoic acid (1.1
equiv), KCO; (2 equiv), Pd[P(Ph), (0.1 equiv) were added to dioxangfH(10:1). The mixture
was stirred in an 118C oil bath for 5 h. The reaction mixture was cooledoom temperature,
and the solvent was removed by rotary evaporaiite. residue was dissolved in water, and the
solution was acidified with 3 N HCI until the prattiprecipitated. The precipitate was filtered to
afford compound8a-n.

4.3. General procedure for the synthesis of intermedi¢itOa-g)

L-amino alcohol (1 equiv), (Bog) (1.2 equiv) and trimethylamine (2 equiv) were edido
13



dichloromethane. The mixture was stirred undebii conditions. The reaction was followed by
TLC and diluted with dichloromethane. The orgartiage was washed with citric acid (1 N) and
saturated NaHC&then dried over N&O, and filtered. The filtrate was concentrated andfigd

by a silica column to afford compounti3a-g.

4.3.1. Tert-butyl ((2S,3S)-1-hydroxy-3-methylpentan-2aamate {0e)

Light yellow oil; yield: 91%;:'H NMR (400 MHz, DMSOY 6.36 (d,J = 8.6 Hz, 1H), 4.38 (t,

J = 5.4 Hz, 1H), 3.43 — 3.28 (m, 3H), 1.55 — 1.48 (), 1.41 — 1.36 (m, 10H), 1.09 — 1.00 (m,
1H), 0.85 - 0.78 (m, 6H).
4.4. General procedure for the synthesis of intermedidtla-g)

To a solution of intermediated®a-g (1 equiv) in dichloromethane, TsCl (1.2 equiv), DMA
(0.2 equiv) and trimethylamine (3 equiv) were add€de solution was stirred at -2C. The
reaction was followed by TLC and quenched with walée organic phase was washed with
citric acid (1 N) and saturated NaHg@en dried over N&O, and filtered. The filtrate was
concentrated and purified by a silica column tom@fcompounddla-g as a white solid.

4.4.1. (S)-2-((tert-butoxycarbonyl)amino)propy! 4-methylbenesulfonatel{a)

Light white solid; yield 85.1%'H NMR (600 MHz, CDC}) 5 7.79 (d, J = 8.2 Hz, 2H), 7.35
(d, J = 8.0 Hz, 2H), 7.26 (s, 1H), 4.03 — 3.88 &), 2.45 (s, 3H), 1.40 (s, 9H), 1.16 (d, J = 6.8
Hz, 3H).

4.5. General procedure for the synthesis of intermedidit?2a-g)

Under an argon atmosphere, the imidazole (2 eqnd) NaH (3 equiv) were added to dry
DMF at 0°C. The mixture was stirred for 1 h. Then, interna¢éeiilla-g (1 equiv) was added and
stirred at room temperature for 3 - 4 h, controlbgdTLC. Upon completion of the reaction, the
reaction was quenched with water and extracted efitlyl acetate three times. The combined
organic layers were dried over 0, and evaporated in a vacuum. The crude product was
purified by silica gel column chromatography (§tHH:CH,Cl, = 40:1).

45.1. tert-butyl ((2S,3S)-1-(1H-imidazol-1-yl)-3-methyijpen-2-yl)carbamatelle)

Light white solid; yield 35.3%'H NMR (400 MHz, DMSO)5 7.08 (s, 1H), 6.83 (m, 2H),
4.07 (dd,J = 13.9, 3.8 Hz, 1H), 3.82 (dd,= 13.8, 10.3 Hz, 1H), 3.56 (m, 1H), 1.48 — 1.42 (m
2H), 1.30 (s, 9H), 1.14 — 1.07 (m, 1H), 0.90 — q1B56H).

4.6. General procedure for the synthesis of intermedi#t3a-g)
14



Imidazole derivatived2a-g were dissolved in a solution of HCI-EtOH (4 N).€Tmixture
was stirred at room temperature. The reaction wasitored with TLC. The mixture was filtered
to afford compound$3a-g as a white solid.

4.7. General procedure for the synthesis of compouixis-#c)

To a solution of aci®a-n (1 equiv) in DMF, HOBt (1.1 equiv), EDCI (1.1 equiwas added
and the mixture was stirred for 1 h at room temipeea Then, the amino sdlBa-g (1.1 equiv)
and DIEA (2.2 equiv) were added, and the reactias stirred for 4 h and monitored with TLC.
The reaction was poured into water and extracted ethyl acetate three times. The combined
organic layers were dried over }$#, and evaporated in vacuum. The residue was purified
silica gel column chromatography (gBH:CH.,Cl, = 40:1) to afford the target compounds
14a-ac.

4.7.1. (S)-N-(1-(1H-imidazol-1-yl)propan-2-yl)-[1,1'-biphgl]-4-carboxamide 14a)

Light white solid; yield: 59.0%; mp: 237.1 — 2396.*H NMR (600 MHz, DMSO) 8.43 (d,
J=8.1Hz, 1H), 7.89 (d] = 8.3 Hz, 2H), 7.76 (d] = 8.3 Hz, 2H), 7.73 (d] = 7.4 Hz, 2H), 7.60
(s, 1H), 7.50 () = 7.7 Hz, 2H), 7.41 (] = 7.3 Hz, 1H), 7.15 (s, 1H), 6.85 (s, 1H), 4.34.30 (m,
1H), 4.15 — 4.08 (m, 2H), 1.16 @3z 6.7 Hz, 3H)*C NMR (150 MHz, DMSO} 166.04, 143.22,
139.66, 138.10, 133.67, 129.50 (2C), 128.61, 128128.37 (2C), 127.35 (2C), 126.94 (2C),
120.36, 50.62, 46.71, 18.46. HRMS (Efjvz (M) for CigH;gN3;O: calcd. 305.1528; found
305.1531.

4.7.2. (S)-N-(1-(1H-imidazol-1-yl)butan-2-yl)-[1,1'-biphgif-4-carboxamide 14b)

Light white solid; yield: 57.2%; mp: 195.8 —1970.*H NMR (600 MHz, DMSO) 8.31 (d,
J = 8.2 Hz, 1H), 7.88 (d] = 8.4 Hz, 2H), 7.76 (d] = 8.4 Hz, 2H), 7.74 — 7.70 (m, 2H), 7.57 (s,
1H), 7.50 (tJ = 7.7 Hz, 2H), 7.41 () = 7.4 Hz, 1H), 7.13 (s, 1H), 6.83 (s, 1H), 4.1d, @= 15.9,
5.2 Hz, 2H), 4.08 (d) = 5.1 Hz, 1H), 1.60 — 1.56 (m, 1H), 1.53 — 1.49 i), 0.92 (tJ = 7.4 Hz,
3H). **C NMR (150 MHz, DMSO} 166.43, 143.18, 139.71, 138.08, 133.71, 129.50, (PZ8.53,
128.49, 128.40 (2C), 127.35 (2C), 126.93 (2C), 32052.30, 49.54, 25.38, 10.86. HRMS (EI):
m/z(M") for C,gH»:N3O: calcd. 319.1685; found 319.1687.
4.7.3. (S)-N-(1-(1H-imidazol-1-yl)pentan-2-yl)-[1,1'-bipind]-4-carboxamide 14c)

Light white solid; yield: 51.6%; mp: 185.0 — 186®.*H NMR (600 MHz, DMSO) 8.32 (d,

J=8.5Hz, 1H), 7.88 (d] = 8.4 Hz, 2H), 7.76 (d] = 8.4 Hz, 2H), 7.74 — 7.70 (m, 2H), 7.58 (s,
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1H), 7.50 (tJ = 7.7 Hz, 2H), 7.41 (t) = 7.4 Hz, 1H), 7.13 (s, 1H), 6.84 (s, 1H), 4.28.24 (m,
1H), 4.16 (ddJ = 13.9, 4.7 Hz, 1H), 4.07 (dd,= 13.9, 8.6 Hz, 1H), 1.54 — 1.47 (m, 2H), 1.43 —
1.37 (m, 1H), 1.35 — 1.29 (m, 1H), 0.89 Jt= 7.3 Hz, 3H).”*C NMR (150 MHz, DMSO)s
166.36, 143.22, 139.70, 138.05, 133.71, 129.50,(223.54, 128.51, 128.34 (2C), 127.36 (2C),
126.96 (2C), 120.37, 50.44, 49.95, 34.31, 19.1982L4HRMS (El):m/z (M") for C,1H3N3O:
calcd. 333.1841; found 333.1840.
4.7.4. (S)-N-(1-(1H-imidazol-1-yl)-3-methylbutan-2-yl)-{1-biphenyl]-4-carboxamideléd)

Light white solid; yield: 43.0%; mp: 177.4 — 1796."H NMR (600 MHz, DMSOY 8.26 (d,
J = 8.8 Hz, 1H), 7.86 (d] = 8.4 Hz, 2H), 7.75 (d] = 8.4 Hz, 2H), 7.73 — 7.70 (m, 2H), 7.59 (s,
1H), 7.50 (tJ = 7.7 Hz, 2H), 7.41 (1 = 7.4 Hz, 1H), 7.15 (s, 1H), 6.80 (s, 1H), 4.28,@= 13.2,
3.2 Hz, 1H), 4.16 — 4.13 (m, 1H), 4.12 — 4.09 (#),11.87 (tdJ = 13.4, 6.7 Hz, 1H), 0.99 (d,=
6.8 Hz, 3H), 0.96 (dJ = 6.8 Hz, 3H).**C NMR (150 MHz, DMSO) 166.55, 143.19, 139.73,
138.07, 133.82, 129.49 (2C), 128.49 (2C), 128.83,(227.36 (2C), 126.95 (2C), 120.27, 55.86,
47.80, 31.01, 19.93, 18.89. HRMS (Ef/z (M") for C,H,aN3O: calcd. 333.1841; found
333.1840.
4.7.5. N-((2S,3S)-1-(1H-imidazol-1-yl)-3-methylpentan-2f¢l 1'-biphenyl]-4-carboxamide

(14e)

Light white solid; yield: 60.9%; mp: 203.2 — 208@.*"H NMR (600 MHz, DMSOY 8.31 (d,
J = 8.8 Hz, 1H), 7.85 (d] = 8.4 Hz, 2H), 7.75 (d] = 8.4 Hz, 2H), 7.73 — 7.70 (m, 2H), 7.62 (s,
1H), 7.49 (tJ=7.7 Hz, 2H), 7.41 (1 = 7.4 Hz, 1H), 7.16 (s, 1H), 6.80 (s, 1H), 4.28,@= 13.5,
3.3 Hz, 1H), 4.20 — 4.16 (m, 1H), 4.10 (dds 13.5, 10.3 Hz, 1H), 1.67 — 1.62 (m, 1H), 1.58 —
1.53 (m, 1H), 1.22 — 1.17 (m, 1H), 0.99 {ds 6.8 Hz, 3H), 0.90 (1) = 7.4 Hz, 3H).°C NMR
(150 MHz, DMSO)s 166.37, 143.19, 139.73, 138.18, 133.78, 129.49),(228.49, 128.37,
128.32 (2C), 127.36 (2C), 126.95 (2C), 120.39, 344¥.41, 37.50, 25.54, 15.81, 11.77. HRMS
(El): m/z(M") for C,,H,sN30: caled. 347.1998; found 347.2004.
4.7.6. (S)-N-(1-(1H-imidazol-1-yl)-4-methylpentan-2-yl)[tbiphenyl]-4-carboxamideléf)

Light white solid; yield: 61.1%H NMR (600 MHz, DMSO) 8.30 (d,J = 8.7 Hz, 1H), 7.88
(d,J=8.4 Hz, 2H), 7.76 (d] = 8.4 Hz, 2H), 7.74 — 7.71 (m, 2H), 7.56 (s, 1H}RO0 (t,J = 7.7 Hz,
2H), 7.41 (tJ = 7.4 Hz, 1H), 7.12 (s, 1H), 6.83 (s, 1H), 4.38.31 (m, 1H), 4.14 (dd] = 13.9,

4.9 Hz, 1H), 4.04 (dd] = 13.9, 8.4 Hz, 1H), 1.66 — 1.62 (m, 1H), 1.55511(m, 1H), 1.27 — 1.24
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(m, 1H), 0.92 — 0.87 (m, 6H}*C NMR (150 MHz, DMSO) 166.25, 143.22, 139.71, 138.06,
133.69, 129.50 (2C), 128.52, 128.51, 128.34 (227,36 (2C), 126.96 (2C), 120.38, 50.39, 48.85,
41.14, 24.81, 23.80, 22.20. HRMS (E/z (M") for CyH»sNsO: calcd. 347.1998; found
347.2008.

4.7.7. (S)-N-(1-(1H-imidazol-1-yl)-3-phenylpropan-2-yl);l1-biphenyl]-4-carboxamideldg)

Light white solid; yield: 55.7%; mp: 204.9 — 20686.'"H NMR (600 MHz, DMSOY 8.41 (d,

J = 8.6 Hz, 1H), 7.78 (d] = 8.3 Hz, 2H), 7.74 — 7.69 (m, 4H), 7.58 (s, 119 (t,J = 7.7 Hz,
2H), 7.40 (tJ = 7.3 Hz, 1H), 7.29 — 7.24 (m, 4H), 7.20 — 7.16 (i), 7.15 (s, 1H), 6.84 (s, 1H),
452 — 4.48 (m, 1H), 4.24 (dd= 13.9, 4.5 Hz, 1H), 4.15 (dd,= 13.9, 8.7 Hz, 1H), 2.91 — 2.86
(m, 2H)."*C NMR (100 MHz, DMSOY 166.24, 143.22, 139.69, 138.72, 138.11, 133.69,612
(2C), 129.48 (2C), 128.67 (2C), 128.49, 128.23 (2Q2y.34 (2C), 126.93 (2C), 126.68, 120.37,
52.23, 49.81, 37.99. HRMS (E/z(M") for C,sH,3N30: caled. 381.1841; found 381.1863.
4.7.8. (S)-N-(1-(1H-imidazol-1-yl)-3-methylbutan-2-yl){2dro-[1,1'-biphenyl]-4-carboxamide
(14h)

Light white solid; yield: 52.3%; mp: 160.4 — 162@."H NMR (600 MHz, DMSOY 8.34 (d,
J=8.8Hz, 1H), 7.74 — 7.67 (m, 2H), 7.63J% 8.0 Hz, 1H), 7.61 — 7.55 (m, 3H), 7.51)t 7.6
Hz, 2H), 7.45 (tJ = 7.3 Hz, 1H), 7.16 (s, 1H), 6.81 (s, 1H), 4.28,(#= 13.5, 3.3 Hz, 1H), 4.18 —
4.13 (m, 1H), 4.09 (dd] = 13.4, 10.3 Hz, 1H), 1.90 — 1.84 (m, 1H), 1.00J(¢ 6.8 Hz, 3H), 0.96
(d, J = 6.8 Hz, 3H)."*C NMR (150 MHz, DMSO)3 165.21, 159.97, 158.33, 138.09, 136.01,
135.96, 134.79, 131.37, 131.28, 131.26, 131.23,3P29129.31, 129.18 (2C), 128.83, 128.52,
124.19, 124.17, 120.27, 115.39, 115.22, 56.04,1488.95, 19.93, 18.85. HRMS (Et/z(M")
for C,1H»,FN3O: caled. 351.1747; found 351.1746.

4.7.9. (S)-N-(1-(1H-imidazol-1-yl)-3-methylbutan-2-yl){8dro-[1,1'-biphenyl]-4-carboxamide
(140)

Light white solid; yield: 56.8%; mp: 161.2 — 1630.'"H NMR (600 MHz, DMSOY 8.25 (d,
J=9.1Hz, 1H), 7.77 - 7.71 (m, 2H), 7.63 — 7.56 &), 7.50 (tJ=7.6 Hz, 2H), 7.43 ({]=7.6
Hz, 2H), 7.16 (s, 1H), 6.86 (s, 1H), 4.21 (dd; 13.8, 3.9 Hz, 1H), 4.16 — 4.11 (m, 1H), 4.02,(dd
J=13.7, 10.1 Hz, 1H), 1.84 (dd,= 13.1, 6.6 Hz, 1H), 1.00 (d,= 6.8 Hz, 3H), 0.96 (d] = 6.8
Hz, 3H).*C NMR (150 MHz, DMSOY 163.77, 160.07, 158.43, 144.05, 143.99, 138.03,653

130.18, 130.15, 129.10 (2C), 128.52, 128.08, 1202, 123.38, 123.28, 122.49, 122.48, 119.78,
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114.08, 113.92, 55.32, 47.44, 30.25, 19.52, 184RMS (EI): m/z(M") for CyH,,FN;O: calcd.

351.1747; found 351.1755.

4.7.10. (S)-N-(1-(1H-imidazol-1-yl)-3-methylbutan-2-yl)fRioro-[1,1'-biphenyl]-4-carboxamide
(14))

Light white solid; yield: 51.9%; mp: 159.8 — 162@.*H NMR (600 MHz, DMSO) 8.29 (d,
J=8.8 Hz, 1H), 7.86 (d] = 8.3 Hz, 2H), 7.66 — 7.59 (m, 3H), 7.57 (d; 7.8, 1.4 Hz, 1H), 7.46
(ddd,J = 9.2, 7.2, 1.6 Hz, 1H), 7.37 — 7.31 (m, 2H), 7(461H), 6.81 (s, 1H), 4.24 (dd= 13.3,
3.2 Hz, 1H), 4.18 — 4.13 (m, 1H), 4.10 (ddk 13.3, 10.3 Hz, 1H), 1.90 — 1.84 (m, 1H), 1.00J(d
= 6.8 Hz, 3H), 0.96 (dJ = 6.8 Hz, 3H)*C NMR (150 MHz, DMSOY 166.53, 160.36, 158.73,
138.17, 138.06, 134.31, 131.30, 131.28, 130.62,5630129.15, 129.13, 128.42, 127.99, 127.95
(2C), 127.90, 125.53, 125.51, 120.30, 116.74, ©1655.88, 47.85, 30.99, 19.94, 18.87. HRMS
(El): m/z(M") for C,4H,,FN3O: caled. 351.1747; found 351.1753.

4.7.11. (S)-N-(1-(1H-imidazol-1-yl)-3-methylbutan-2-yl){&toro-[1,1'-biphenyl]-4-carboxamide
(14k)

Light white solid; yield: 50.9%; mp: 161.2 — 1636.*H NMR (600 MHz, DMSO) 8.29 (d,

J = 8.8 Hz, 1H), 7.87 (dJ = 8.4 Hz, 2H), 7.80 (d] = 8.3 Hz, 2H), 7.62 — 7.56 (m, 3H), 7.56 —

7.51 (m, 1H), 7.25 (td] = 8.3, 1.8 Hz, 1H), 7.15 (s, 1H), 6.81 (s, 1HR44(dd,J = 13.3, 3.2 Hz,

1H), 4.18 — 4.14 (m, 1H), 4.10 (d#i= 13.2, 10.3 Hz, 1H), 1.87 (dt= 13.3, 6.7 Hz, 1H), 1.00 (d,

J = 6.8 Hz, 3H), 0.96 (d] = 6.8 Hz, 3H)*C NMR (150 MHz, DMSO} 166.42, 163.98, 162.37,

142.17, 142.11, 141.70, 141.69, 138.07, 134.36,4¥3131.41, 128.50, 128.35 (2C), 127.13 (2C),

123.45, 123.43, 120.26, 115.28, 115.14, 114.17,08145.89, 47.80, 31.00, 19.93, 18.90. HRMS

(El): m/z(M") for C,1H,,FN3O: caled. 351.1747; found 351.1747.

4.7.12. (S)-N-(1-(1H-imidazol-1-yl)-3-methylbutan-2-yl)fttoro-[1,1'-biphenyl]-4-carboxamide
(140)

Light white solid; yield: 55.7%; mp: 198.4 — 200@.*H NMR (600 MHz, DMSO) 8.27 (d,
J=8.8 Hz, 1H), 7.86 (d] = 8.4 Hz, 2H), 7.79 — 7.75 (m, 2H), 7.74 {d 8.4 Hz, 2H), 7.59 (s,
1H), 7.33 (t,J = 8.9 Hz, 2H), 7.15 (s, 1H), 6.80 (s, 1H), 4.2d,@= 13.2, 3.1 Hz, 1H), 4.18 —
4.13 (m, 1H), 4.10 (dd} = 13.2, 10.3 Hz, 1H), 1.87 (d@= 13.3, 6.7 Hz, 1H), 0.99 (d,= 6.8 Hz,
3H), 0.96 (d,J = 6.8 Hz, 3H).*C NMR (150 MHz, DMSO» 166.49, 163.49, 161.86, 142.12,

138.08, 136.20, 136.18, 133.77, 129.45, 129.39,502828.34 (2C), 126.90 (2C), 120.26, 116.38,
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116.24, 55.86, 47.80, 31.00, 19.93, 18.89. HRMS: (&iz(M") for CrH»,FN5O: calcd. 351.1747;

found 351.1752.

4.7.13. N-((2S,3S)-1-(1H-imidazol-1-yl)-3-methylpentan-R3Afluoro-[1,1'-biphenyl]-4-carboxa
mide 4m)

Light white solid; yield: 53.6%; mp: 153.8 — 155@.*H NMR (600 MHz, DMSO) 8.38 (d,
J=8.8 Hz, 1H), 7.73 — 7.66 (m, 2H), 7.63Jt 8.0 Hz, 1H), 7.61 — 7.56 (m, 3H), 7.51)t 7.6
Hz, 2H), 7.45 (tJ = 7.3 Hz, 1H), 7.15 (s, 1H), 6.81 (s, 1H), 4.28,(#= 13.7, 3.4 Hz, 1H), 4.20 —
4.15 (m, 1H), 4.09 (dd] = 13.6, 10.3 Hz, 1H), 1.67 — 1.62 (m, 1H), 1.58.53 (m, 1H), 1.22 —
1.18 (m, 1H), 0.99 (d] = 6.8 Hz, 3H), 0.90 (t) = 7.4 Hz, 3H)*C NMR (150 MHz, DMSO)
163.93, 158.89, 157.26, 137.06, 134.90, 134.85,7133.30.30, 130.21, 130.18, 130.16, 128.25,
128.23, 128.10 (2C), 127.76, 127.45, 123.10, 123.08.24, 114.30, 114.14, 54.03, 46.28, 36.34,
24.43, 14.74, 10.66. HRMS (E/z(M™) for C,;H,4FN5O: caled. 365.1903; found 365.1915.
4.7.14. N-((2S,3S)-1-(1H-imidazol-1-yl)-3-methylpentan-R3Afluoro-[1,1'-biphenyl]-4-carboxa

mide (14)

Light white solid; yield: 53.0%; mp: 169.8 — 172@.*H NMR (600 MHz, DMSO) 8.28 (d,
J=9.0 Hz, 1H), 7.73 (d] = 7.4 Hz, 2H), 7.62 — 7.56 (m, 3H), 7.50)& 7.6 Hz, 2H), 7.43 (td]
=7.6, 2.3 Hz, 2H), 7.16 (s, 1H), 6.85 (s, 1H),24(@d,J = 13.8, 3.6 Hz, 1H), 4.18 — 4.14 (m, 1H),
4.02 (dd,J = 13.8, 10.1 Hz, 1H), 1.62 — 1.55 (m, 2H), 1.23.38 (m, 1H), 0.99 (d) = 6.7 Hz,
3H), 0.90 (t,J = 7.4 Hz, 3H).*C NMR (150 MHz, DMSO) 164.05, 160.55, 158.90, 144.53,
144.47, 138.49, 138.16, 130.66, 130.63, 129.56,9928.28.54, 127.38, 123.78, 123.68, 122.95,
120.30, 114.54, 114.39, 54.93, 47.45, 37.24, 2518984, 11.71. HRMS (El)m/z (M") for
CooH4FN3O: caled. 365.1903; found 365.1917.

4.7.15. N-((2S,3S)-1-(1H-imidazol-1-yl)-3-methylpentan-R3iHluoro-[1,1'-biphenyl]-4-carbox
amide (40)
Light white solid; yield: 52.5%; mp: 172.8 — 1746.*H NMR (600 MHz, DMSO) 8.34 (d,
J = 8.8 Hz, 1H), 7.86 (d] = 8.4 Hz, 2H), 7.63 (d] = 7.0 Hz, 2H), 7.60 (s, 1H), 7.58 — 7.55 (m,
1H), 7.48 — 7.44 (m, 1H), 7.37 — 7.31 (m, 2H), 7(851H), 6.81 (s, 1H), 4.24 (dd~= 13.6, 3.3
Hz, 1H), 4.21 — 4.16 (m, 1H), 4.10 (db= 13.5, 10.3 Hz, 1H), 1.67 — 1.62 (m, 1H), 1.59.53
(m, 1H), 1.22 — 1.17 (m, 1H), 1.02 — 0.96 (m, 36180 (t,J = 7.4 Hz, 3H)**C NMR (150 MHz,

DMSO) 6 166.32, 160.36, 158.72, 138.17, 138.12, 134.27.,303 131.28, 130.61, 130.56, 129.15,
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129.13, 128.51, 127.99, 127.94 (2C), 127.90, 12512%.50, 120.31, 116.73, 116.59, 54.98,
47.37, 37.48, 25.52, 15.82, 11.77. HRMS (El)z(M") for CpH24FN3O: caled. 365.1903; found
365.1907.
4.7.16. N-((2S,3S)-1-(1H-imidazol-1-yl)-3-methylpentan-23jHluoro-[1,1'-biphenyl]-4-carbox
amide (4p)
Light white solid; yield: 69.8%; mp: 170.0 — 172@.*"H NMR (600 MHz, DMSOY 8.33 (d,
J = 8.8 Hz, 1H), 7.86 (d] = 8.4 Hz, 2H), 7.80 (d] = 8.4 Hz, 2H), 7.62 (s, 1H), 7.60 — 7.57 (m,
2H), 7.55 — 7.51 (m, 1H), 7.25 (td,= 8.0, 1.5 Hz, 1H), 7.16 (s, 1H), 6.81 (s, 1HR54(dd,J =
13.5, 3.3 Hz, 1H), 4.20 — 4.16 (m, 1H), 4.11 (@&, 13.5, 10.3 Hz, 1H), 1.67 — 1.62 (m, 1H), 1.58
—1.53 (m, 1H), 1.22 — 1.18 (m, 1H), 0.99 J&; 6.8 Hz, 3H), 0.90 (] = 7.4 Hz, 3H)*C NMR
(150 MHz, DMSO)6 166.22, 163.98, 162.37, 142.16, 142.11, 141.78,063 134.30, 131.47,
131.41, 128.34 (3C), 127.13 (2C), 123.45, 123.28,36, 115.28, 115.14, 114.17, 114.02, 54.96,
47.40, 37.47, 25.54, 15.82, 11.76. HRMS (Bi)z(M*) for C,oH,4FN;O: calcd. 365.1903; found
365.1904.
4.7.17. N-((2S,3S)-1-(1H-imidazol-1-yl)-3-methylpentan-R4jHluoro-[1,1'-biphenyl]-4-carbox
amide (4q)
Light white solid; yield: 48.6%; mp: 187.5 — 189@.*H NMR (400 MHz, DMSO) 8.29 (d,
J = 8.4 Hz, 1H), 7.85 (d] = 8.5 Hz, 2H), 7.79 — 7.71 (m, 4H), 7.60 (s, 1HB2 (t,J = 8.9 Hz,
2H), 7.14 (s, 1H), 6.80 (s, 1H), 4.24 (dds 12.8, 2.9 Hz, 1H), 4.20 — 4.14 (m, 1H), 4.10, (@id
12.6, 9.8 Hz, 1H), 1.68 — 1.51 (m, 2H), 1.24 — 1(rh7 1H), 0.99 (dJ = 6.8 Hz, 3H), 0.90 (1) =
7.4 Hz, 3H).*C NMR (100 MHz, DMSO)s 166.30, 163.89, 161.46, 142.12, 138.07, 136.21,
136.18, 133.76, 129.45, 129.37, 128.43, 128.32,(225.89 (2C), 120.31, 116.41, 116.19, 54.95,
47.39, 37.48, 25.54, 15.82, 11.75. HRMS (Bijz(M*) for C,oH,4FN;O: calcd. 365.1903; found
365.1906.
4.7.18. (S)-N-(1-(1H-imidazol-1-yl)-4-methylpentan-2-ylfldero-[1,1'-biphenyl]-4-carboxamid
e (14r)
Light white solid; yield: 46.8%; mp: 150.6 — 1523.*H NMR (600 MHz, DMSO) 8.38 (d,
J=8.6 Hz, 1H), 7.75 - 7.69 (m, 2H), 7.64J% 8.0 Hz, 1H), 7.61 — 7.56 (m, 3H), 7.51)t 7.6
Hz, 2H), 7.45 (tJ = 7.4 Hz, 1H), 7.13 (s, 1H), 6.84 (s, 1H), 4.38.31 (m, 1H), 4.15 (dd] =

13.9, 4.8 Hz, 1H), 4.03 (dd,= 13.9, 8.4 Hz, 1H), 1.67 — 1.62 (m, 1H), 1.55.501(m, 1H), 1.30
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—1.26 (m, 1H), 0.90 (dl = 6.7 Hz, 3H), 0.89 (d] = 6.6 Hz, 3H)*C NMR (150 MHz, DMSO%
164.91, 164.90, 159.99, 158.36, 138.10, 135.91,8¥33.34.78, 131.40, 131.31, 131.27, 131.25,
129.32, 129.30, 129.18 (2C), 128.84, 128.60, 1241P8.16, 120.40, 115.41, 115.25, 50.34,
49.03, 41.02, 24.80, 23.78, 22.15. HRMS (El)z(M") for CpH24FN3O: caled. 365.1903; found
365.1910.
4.7.19. (S)-N-(1-(1H-imidazol-1-yl)-4-methylpentan-2-yl{8ero-[1,1'-biphenyl]-4-carboxamid

e (14s)

Light white solid; yield: 50.2%; mp: 137.3 — 139@3."H NMR (600 MHz, DMSOY 8.25 (d,

J = 8.6 Hz, 1H), 7.77 — 7.71 (m, 2H), 7.64 — 7.55 8H), 7.53 — 7.47 (m, 3H), 7.45 — 7.41 (m,
1H), 7.15 (s, 1H), 6.87 (s, 1H), 4.33 — 4.27 (m),1H14 (ddJ = 13.9, 4.8 Hz, 1H), 4.01 (dd,=
13.9, 8.3 Hz, 1H), 1.73 — 1.67 (m, 1H), 1.49 — 1(d4 1H), 1.27 — 1.24 (m, 1H), 0.90 {t= 6.4
Hz, 6H)."*C NMR (150 MHz, DMSOY 163.98, 160.61, 158.96, 144.60, 144.55, 138.48,183
130.77, 130.75, 129.57 (2C), 129.01, 128.61, 12{289, 123.62, 123.51, 122.95, 122.94, 120.38,
114.56, 114.41, 50.27, 48.91, 40.95, 24.73, 2229,1. HRMS (El)m/z(M") for C,sH4FN3O:
calcd. 365.1903; found 365.1908.
4.7.20. (S)-N-(1-(1H-imidazol-1-yl)-3-phenylpropan-2-yl)#2eoro-[1,1'-biphenyl]-4-carboxamid

e (14t)

Light white solid; yield: 59.4%; mp: 173.5 — 1758@.'"H NMR (600 MHz, DMSOY 8.48 (d,
J=8.5Hz, 1H), 7.66 — 7.54 (m, 6H), 7.50t 7.5 Hz, 2H), 7.44 () = 7.3 Hz, 1H), 7.31 — 7.23
(m, 4H), 7.20 — 7.17 (m, 1H), 7.16 (s, 1H), 6.851(d), 4.53 — 4.48 (m, 1H), 4.25 (ddl= 13.9,
4.3 Hz, 1H), 4.14 (dd) = 13.9, 8.8 Hz, 1H), 2.92 (dd,= 13.8, 4.6 Hz, 1H), 2.86 (dd,= 13.7,
9.4 Hz, 1H)."*C NMR (100 MHz, DMSO)5 164.89, 160.34, 157.89, 138.61, 138.12, 135.89,
135.82, 134.75, 131.43, 131.26, 131.23, 129.58,3129.29.28, 129.16, 128.83, 128.69, 128.58,
126.72, 124.07, 124.04, 120.41, 115.33, 115.086219.82, 37.92. HRMS (Eln/z (M") for
CysH2,FN3O: caled. 399.1747; found 399.1756.

4.7.21. (S)-N-(1-(1H-imidazol-1-yl)-3-phenylpropan-2-yl)#goro-[1,1'-biphenyl]-4-carboxamid
e (14u)

Light white solid; yield: 53.9%; mp: 188.9 — 190@.'"H NMR (600 MHz, DMSOY 8.35 (d,

J=8.6 Hz, 1H), 7.73 (d] = 7.9 Hz, 2H), 7.61 (s, 1H), 7.59 @z 11.8 Hz, 1H), 7.55 (dl = 8.0

Hz, 1H), 7.49 (1) = 7.5 Hz, 2H), 7.43 (] = 7.3 Hz, 1H), 7.37 (] = 7.7 Hz, 1H), 7.32 — 7.23 (m,
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4H), 7.21 (tJ = 6.9 Hz, 1H), 7.18 (s, 1H), 6.89 (s, 1H), 4.50.46 (m, 1H), 4.25 (dd] = 13.9,
4.3 Hz, 1H), 4.15 - 4.11 (m, 1H), 2.90 (dds 13.8, 4.5 Hz, 1H), 2.81 (dd,= 13.7, 9.5 Hz, 1H).
3¢ NMR (100 MHz, DMSO)Y» 163.87, 161.02, 158.55, 144.68, 144.60, 138.58,4P3 138.11,
130.73, 130.69, 129.63, 129.55, 129.00, 128.65,492827.37, 126.73, 123.34, 123.19, 122.87,
122.85, 120.41, 114.59, 114.36, 52.31, 49.77, 3HEMS (El):m/z(M") for C,sH,FN;O: calcd.
399.1747; found 399.1759.

4.7.22. N-((2S,3S)-1-(1H-imidazol-1-yl)-3-methylpentan-R3/|3-difluoro-[1,1'-biphenyl]-4-car

boxamide 14v)

Light white solid; yield: 51.5%; mp: 123.0 — 1250.*H NMR (400 MHz, DMSO) 8.32 (d,
J=8.8 Hz, 1H), 7.61 — 7.56 (m, 2H), 7.50 — 7.45 2H), 7.45 — 7.41 (m, 2H), 7.38 — 7.31 (m,
2H), 7.16 (s, 1H), 6.86 (s, 1H), 4.23 (dds 13.4, 3.6 Hz, 1H), 4.19 — 4.13 (m, 1H), 4.02, (tid
13.3, 9.8 Hz, 1H), 1.63 — 1.53 (m, 2H), 1.24 — 1(11v8 1H), 0.99 (dJ = 6.8 Hz, 3H), 0.90 (1) =
7.4 Hz, 3H).*C NMR (150 MHz, DMSO)s 162.90, 159.21, 158.84, 157.58, 157.19, 138.15,
138.09, 137.06, 130.17, 130.16, 130.00, 129.95,1529.29.12, 127.39, 125.76, 125.68, 124.52,
124.50, 124.22, 123.37, 123.27, 119.25, 115.74,591%3.85, 46.41, 36.14, 24.08, 14.76, 10.62.
HRMS (El): m/z(M") for C,,H,3F,N5O: calcd. 383.1809; found 383.1812.

4.7.23. N-((2S,3S)-1-(1H-imidazol-1-yl)-3-methylpentan-23/|3-difluoro-[1,1'-biphenyl]-4-car
boxamide 14w)

Light white solid; yield: 62.0%; mp: 130.1 — 1322.*H NMR (400 MHz, DMSO) 8.28 (d,

J = 8.8 Hz, 1H), 7.69 — 7.52 (m, 6H), 7.42Jt 7.8 Hz, 1H), 7.29 — 7.23 (m, 1H), 7.15 (s, 1H),
6.85 (s, 1H), 4.23 (ddl = 13.4, 3.5 Hz, 1H), 4.19 — 4.12 (m, 1H), 4.02, @ 13.3, 9.8 Hz, 1H),
1.64 — 1.53 (m, 2H), 1.24 — 1.19 (m, 1H), 0.99X¢; 6.8 Hz, 3H), 0.90 () = 7.3 Hz, 3H).*C
NMR (100 MHz, DMSQ)é 164.37, 163.95, 161.95, 160.91, 158.44, 142.99,914 140.90,
138.15, 131.55, 131.47, 130.66, 130.63, 128.52,422424.26, 123.49, 123.12, 123.09, 120.28,
115.81, 115.60, 114.86, 114.63, 114.32, 114.1®4547.47, 37.23, 25.19, 15.84, 11.69. HRMS
(El): m/z(M") for C,;H,3F,N50: caled. 383.1809; found 383.1811.
4.7.24. N-((2S,3S)-1-(1H-imidazol-1-yl)-3-methylpentan-R4/|3-difluoro-[1,1'-biphenyl]-4-car
boxamide 14x)
Light white solid; yield: 61.5%; mp: 132.4 — 134@.*H NMR (400 MHz, DMSO) 8.25 (d,

J=8.7 Hz, 1H), 7.82 — 7.75 (m, 2H), 7.63 — 7.52 8i), 7.41 (tJ = 7.8 Hz, 1H), 7.33 (1 = 8.9
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Hz, 2H), 7.17 (s, 1H), 6.87 (s, 1H), 4.23 (dd; 13.4, 3.5 Hz, 1H), 4.19 — 4.12 (m, 1H), 4.03,(dd

J=13.3, 9.8 Hz, 1H), 1.64 — 1.52 (m, 2H), 1.24.381(m, 1H), 0.99 (d] = 6.8 Hz, 3H), 0.90 (1

= 7.4 Hz, 3H).**C NMR (100 MHz, DMSO)» 164.15, 164.01, 161.70, 160.95, 158.49, 143.46,

143.38, 138.05, 134.96, 130.69, 130.65, 129.56,4¥29.28.30, 123.73, 123.58, 122.89, 122.86,

120.41, 116.49, 116.27, 114.56, 114.33, 54.90,74B%.25, 25.20, 15.84, 11.68. HRMS (El)z

(M™) for C,H,3FN30: caled. 383.1809; found 383.1798.

4.7.25. N-((2S,3S)-1-(1H-imidazol-1-yl)-3-methylpentan-R3Achloro-[1,1'-biphenyl]-4-carbox
amide (4y)

Light white solid; yield: 73.7%; mp: 189.1 — 1920.*H NMR (400 MHz, DMSO) 8.40 (d,
J=8.6 Hz, 1H), 7.93 (d] = 1.7 Hz, 1H), 7.80 (ddl = 8.0, 1.7 Hz, 1H), 7.58 (s, 1H), 7.52 — 7.43
(m, 6H), 7.14 (s, 1H), 6.81 (s, 1H), 4.25 (dds 13.1, 3.1 Hz, 1H), 4.20 — 4.14 (m, 1H), 4.09, (dd
J=13.1, 10.0 Hz, 1H), 1.69 — 1.62 (m, 1H), 1.5B51 (m, 1H), 1.24 — 1.17 (m, 1H), 1.00 Jd&s
6.8 Hz, 3H), 0.90 (tJ = 7.4 Hz, 3H).*C NMR (100 MHz, DMSO) 164.97, 142.76, 138.49,
138.11, 135.49, 131.95, 131.79, 129.57 (2C), 128.88.77 (2C), 128.61, 128.54, 126.76, 120.29,
55.11, 47.40, 37.38, 25.49, 15.84, 11.70. HRMS: (@l (M") for C,;H,4CIN5O: calcd. 381.1608;
found 381.1608.

4.7.26. N-((2S,3S)-1-(1H-imidazol-1-yl)-3-methylpentan-R3Achloro-[1,1'-biphenyl]-4-carbox
amide (42

Light white solid; yield: 65.0%; mp: 178.3 — 1800.'"H NMR (400 MHz, DMSOY 8.41 (d,
J=8.8 Hz, 1H), 7.75 (d] = 1.5 Hz, 1H), 7.74 — 7.63 (m, 3H), 7.60 (s, 1H}9 (t,J = 7.4 Hz,
2H), 7.42 (tJ = 7.3 Hz, 1H), 7.23 — 7.11 (m, 2H), 6.90 (s, 1#P5 — 4.12 (m, 2H), 3.97 (dd=
13.3, 9.8 Hz, 1H), 1.66 — 1.55 (m, 2H), 1.27 — 12 1H), 1.00 (dJ = 6.7 Hz, 3H), 0.91 (1) =
7.3 Hz, 3H).*C NMR (100 MHz, DMSO)s 166.51, 142.97, 138.53, 138.26, 136.46, 130.79,
129.57 (2C), 129.43, 128.84, 128.59, 127.83, 1272%), 125.75, 120.35, 54.64, 47.52, 37.33,
25.15, 15.90, 11.72. HRMS (Et/z(M*) for CpH»4CIN;O: calcd. 381.1608; found 381.1616.
4.7.27. N-((2S,3S)-1-(1H-imidazol-1-yl)-3-methylpentan-R3Amethyl-[1,1'-biphenyl]-4-carbox

amide (4aa)

Light white solid; yield: 55.7%; mp: 181.2 — 1836.'"H NMR (400 MHz, DMSOY 8.23 (d,

J = 8.4 Hz, 1H), 7.69 (s, 1H), 7.67 — 7.63 (m, 1HH8 (s, 1H), 7.49 — 7.44 (m, 2H), 7.41 — 7.33

(m, 3H), 7.27 (dJ = 7.9 Hz, 1H), 7.14 (s, 1H), 6.80 (s, 1H), 4.2d,#= 12.8, 2.9 Hz, 1H), 4.20
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— 4.14 (m, 1H), 4.09 (dd, = 12.7, 9.8 Hz, 1H), 2.26 (s, 3H), 1.69 — 1.61 (i), 1.56 (ddd,) =
13.3, 7.4, 4.0 Hz, 1H), 1.24 — 1.17 (m, 1H), 1.02.97 (m, 3H), 0.90 (&) = 7.4 Hz, 3H).*C
NMR (100 MHz, DMSQ)6 166.47, 144.42, 141.01, 138.09, 135.24, 133.89,8R? 129.62,
129.27 (2C), 128.78 (2C), 128.49, 127.76, 125.20.29, 54.89, 47.44, 37.49, 25.51, 20.68,
15.85, 11.74. HRMS (Eln/z(M*) for Cy3H,7N3O: calcd. 361.2154; found 361.2166.
4.7.28. N-((2S,3S)-1-(1H-imidazol-1-yl)-3-methylpentan-R3dAmethyl-[1,1'-biphenyl]-4-carbox
amide (4ab)

Light white solid; yield: 55.5%; mp: 213.0 — 214@.'"H NMR (400 MHz, DMSOY 8.18 (d,
J = 8.8 Hz, 1H), 7.65 (d] = 7.4 Hz, 2H), 7.58 (s, 1H), 7.51 — 7.44 (m, 4AHRB8 (t,J = 7.3 Hz,
1H), 7.21 — 7.13 (m, 2H), 6.88 (s, 1H), 4.25 — 4115 2H), 3.97 (ddJ = 14.4, 11.6 Hz, 1H), 2.20
(s, 3H), 1.67 — 1.54 (m, 2H), 1.27 — 1.20 (m, 1HYO (d,J = 6.7 Hz, 3H), 0.92 (] = 7.3 Hz, 3H).
¥C NMR (100 MHz, DMSO)s 169.29, 141.33, 140.07, 138.20, 136.90, 136.16,422(2C),
129.06, 128.53, 128.17, 127.78, 127.20 (2C), 124120.29, 54.23, 47.59, 37.57, 25.31, 19.63,
15.93, 11.74. HRMS (Elm/z(M™) for C,aH,7N50: caled. 361.2154; found 361.2159.
4.7.29. N-((2S,3S)-1-(1H-imidazol-1-yl)-3-methylpentan-R3dAmethoxy-[1,1'-biphenyl]-4-carbo

xamide f4ac)

Light white solid; yield: 45.6%; mp: 126.3 — 1282."H NMR (400 MHz, DMSO) 8.03 (d,
J=8.5Hz, 1H), 7.73 (dl = 7.3 Hz, 2H), 7.62 — 7.56 (m, 2H), 7.49)& 7.5 Hz, 2H), 7.41 (1] =
7.3 Hz, 1H), 7.34 (d) = 1.1 Hz, 1H), 7.29 (dd] = 8.0, 1.4 Hz, 1H), 7.15 (s, 1H), 6.85 (s, 1H),
4.24 — 416 (m, 2H), 4.10 (dd,= 14.5, 10.4 Hz, 1H), 3.98 (s, 3H), 1.64 — 1.53 &), 1.23 —
1.15 (m, 1H), 0.98 (d] = 6.7 Hz, 3H), 0.91 (t) = 7.2 Hz, 3H).*C NMR (100 MHz, DMSO)
165.43, 157.52, 144.32, 139.92, 138.17, 131.01,412@C), 128.54 (2C), 127.48 (2C), 123.19,
120.26, 119.29, 110.81, 56.51, 54.58, 47.50, 32637, 15.90, 11.82. HRMS (Et/z(M") for
Co3H,7N302: caled. 377.2103; found 377.2105.
4.8. Procedures for the synthesis of compoutitland23

The synthetic procedures of compouddsand23 were similar to those used for compounds
l4a-ac.
4.8.1. 3-fluoro-N-((2S,3S)-3-methyl-1-(1H-1,2,4-triazolflpentan-2-yl)-[1,1'-biphenyl]-4-car

boxamide 17)
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Light white solid; yield: 58.7%; mp: 173.4 — 1756. *H NMR (600 MHz, DMSO) 8.41 (s,
1H), 8.28 (dJ = 8.3 Hz, 1H), 7.96 (s, 1H), 7.75 — 7.72 (m, 2HB1 — 7.56 (m, 2H), 7.51 — 7.46
(m, 3H), 7.43 (tJ = 7.3 Hz, 1H), 4.41 (ddl = 13.3, 3.2 Hz, 1H), 4.32 — 4.26 (m, 2H), 1.65.611
(m, 1H), 1.57 — 1.53 (m, 1H), 1.23 — 1.19 (m, 1HPO (d,J = 6.8 Hz, 3H), 0.90 () = 7.4 Hz,
3H). **C NMR (150 MHz, DMSO)5 163.91, 160.59, 158.94, 151.81, 144.97, 144.64,554
138.46, 130.75, 130.72, 129.57 (2C), 129.01, 12289, 123.57, 123.47, 122.95, 122.93, 114.55,
114.39, 53.85, 50.11, 36.73, 25.23, 15.80, 11.38M8 (EI): m/z (M") for C,sHFN4O: calcd.
366.1856; found 366.1855.

4.8.2. (R)-N-(1-(1H-imidazol-1-yl)-3-methylbutan-2-yl);l1-biphenyl]-4-carboxamide2@)

Light white solid; yield: 65.0%; mp: 201.3 — 2033. *H NMR (600 MHz, DMSO)5 8.26
(d,J = 8.7 Hz, 1H), 7.86 (dl = 8.4 Hz, 2H), 7.75 (d] = 8.4 Hz, 2H), 7.73 — 7.70 (m, 2H), 7.59 (s,
1H), 7.50 (tJ = 7.7 Hz, 2H), 7.41 (1 = 7.4 Hz, 1H), 7.15 (s, 1H), 6.80 (s, 1H), 4.28,@= 13.0,
2.9 Hz, 1H), 4.17 — 4.13 (m, 1H), 4.10 (dds 13.1, 10.3 Hz, 1H), 1.89 — 1.85 (m, 1H), 0.99)(d
= 6.8 Hz, 3H), 0.96 (d] = 6.8 Hz, 3H)*C NMR (100 MHz, DMSO) 166.76, 143.22, 139.74,
138.42, 133.78, 129.49 (2C), 128.49, 128.33 (227,35 (2C), 126.97 (2C), 121.23, 55.62, 48.61,
31.04, 19.87, 18.90. HRMS (E/z(M™) for C,1H,3N30: caled. 333.1841; found 333.1858.

4.9. In vitro antifungal testing

Five sensitive pathogenic fungi and two fluconazelgistant strains o€andida albicans
were selected to determine tinevitro minimum inhibitory concentrations (MIC) accorditgthe
protocols of the National Committee for Clinicaldaaatory Standards (NCCLS). The MIC values
were defined as the lowest concentrations of amambbial that would inhibit the visible growth
of the fungi. Fluconazole and itraconazole wereduas positive control drugs. All of the
compounds were dissolved in DMSO and serially ddiinto the growth medium.

4.10. GC-MS analysis of sterol composition

Candida albicand ATCC SC5314) was treated with different conceidrs of compound
14v and fluconazole and incubated at 30 °C for ~16th wontinuous agitation (200 rpm). Cells
were harvested by centrifugation 3000 g for 10 rifilmen, the cells were washed with PBS three
times and saponified at 80 °C for 60 min with Na@Hethanol. The nonsaponifiable sterols were
then extracted three times with 6 mL petroleum retiibe combined extracts were evaporated

under vacuum, and the residue was dissolved innhetkgylene. The sterols were analyzed by
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GC-MS. The GC-MS data were analyzed using Agilesftware (Agilent MSD productivity
ChemStation for GC and GC/MS systems data anafymiication) and matched to known MS
data using the NIST Spectrum Database (NIST MSkeaD).
4.11. In vitro human plasma stability assay

Frozen human plasma was thawed in a water batfi & Jrior to experiments. Then, the
human plasma was centrifuged at 4000 rpm for 5 milompounds and positive control
propantheline solutions (10&M) were prepared by diluting. Blank plasma (98 pgs mixed
with 2 uL of dosing solution (10QM) to achieve 2iM of the final concentration in duplicate, and
samples were incubated at 37 °C in a water batleaéh time point (0, 10, 30, 60 and 120 min),
400 pL of stop solution (200 ng/mL tolbutamide & ng/mL labetalol in 50% ACN/MeOH)
was added to terminate the reactions. The sampliesplwere centrifuged at 4000 rpm for
approximately 10 min. The supernatant (@0 was mixed with 10QuL ultrapure water. The
samples were shaken at 800 rpm for 10 min. Samplese analyzed by LC/MS/MS.
Disappearance of test compounds are assessed habe @eak area ratio of analyte/IS (no
standard curve).
4.12. In vitro cytotoxicity assays

Ab549 cells were plated in 96-well microtiter platgsa concentration of 3000 cells per well.
The 96-well microtiter plates were allowed to inaté at 37 °C with 5% COfor 16 h.
Compoundsl4n, 14v and voriconazole were dissolved in DMSO and dilueth medium to
achieve final concentrations of 0.08, 0.4, 2.0aft@ 50uM/L. Then, the old medium of the tested
well was removed by vacuum suction, and 200f the freshly prepared medium containing the
different concentrations of compounds was addeterihrds, the 96-well microtiter plates were
incubated at 37 °C with 5% GQor 24 h. Finally, MTT was added to the 96-welknaititer plates

and incubated for another 4 h. Observation of ¢astwell was performed Afgonm
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Highlights
Compounds 14i, 14n, 14s and 14v with 3-F substitution on the biphenyl group exhibited
excellent antifungal activities with broad antifungal spectra.
Compounds 14i, 14n, 14s and 14v showed moderate antifungal activities against
fluconazole-resisitent Candida albicans (strains 17# and CaR).
Compound 14v reduced the content of ergosterol in a dose-dependent manner.
Compounds 14n and 14v were almost nontoxic to mammalian A549 cells.

Compound 14v showed excellent stability in human plasma.



