Accepted Manuscript =

EUROPEAN JOURNAL OF

Design, synthesis and evaluation of aromatic heterocyclic derivatives as potent
antifungal agents A

Shizhen Zhao, Xianggian Zhang, Peng Wei, Xin Su, Liyu Zhao, Mengya Wu, 7
Chenzhou Hao, Chunchi Liu, Dongmei Zhao, Maosheng Cheng %

PII: S0223-5234(17)30404-X
DOI: 10.1016/j.ejmech.2017.05.043
Reference: EJMECH 9473

To appearin:  European Journal of Medicinal Chemistry

Received Date: 2 April 2017
Revised Date: 16 May 2017
Accepted Date: 20 May 2017

Please cite this article as: S. Zhao, X. Zhang, P. Wei, X. Su, L. Zhao, M. Wu, C. Hao, C. Liu, D. Zhao,
M. Cheng, Design, synthesis and evaluation of aromatic heterocyclic derivatives as potent antifungal
agents, European Journal of Medicinal Chemistry (2017), doi: 10.1016/j.ejmech.2017.05.043.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.ejmech.2017.05.043

Compd.23g

=\, £ 1001 =
N 1
% ;
(9] 3 B Eburicol
o ;lm_! 50- Lanosterol
77 INI Y ;. = Obtusifoliol
o
= mm Ergosterol
o-N o 5
F E
CON 0.03 0.13 05 2 8
mpound 2
Co POK d 3g concentration (pg/mL)
MIC(pg/mL) ICs, (M)
Compd.
C. alb. C. neo. A. fum. CYP1A2 CYP2C9 CYP2C19 CYP2D6 CYP3A4-M
23g 0.0625 0.5 4 >50 >50 >50 >50 5.81




Design, synthesis and evaluation of aromatic heterocyclic derivatives

as potent antifungal agents

Shizhen Zhad Xianggian Zhany Peng W& Xin S, Liyu Zhad, Mengya WA,
Chenzhou Hab Chunchi Lid, Dongmei Zhal*, Maosheng Cherfg

®Key Laboratory of Sructure-Based Drug Design and Discovery, Ministry of Education, School of
Pharmaceutical Engineering, Shenyang Pharmaceutical University, 103 Wenhua Road, Shenhe
Digtrict, Shenyang 110016, PR China

PThe School of life Science and Biopharmaceutical, Shenyang Pharmaceutical University, 103

Wenhua Road, Shenhe District, Shenyang, 110016, PR China
“Corresponding author: Dongmei Zhao, E-mail: medctrern@163.com

ABSTRACT:

To further enhance the am{spergillus efficacy of our previously discovered antifungade
compounds 1), a series of aromatic heterocyclic derivativesevdesigned, synthesized and
evaluated for in vitro antifungal activity. Many tfe target compounds showed good inhibitory
activity againstCandida albicans and Cryptococcus neoformans. In particular, the isoxazole
nuclei were more suited for improving the activiigainst Aspergillus spp. Among these
compounds, 2-F substituted analogl&gand23h displayed the most remarkable in vitro activity
againstCandida spp., C. neoformans, A. fumigatus and fluconazole-resista@talb. strains, which
is superior or comparable to the activity of théerence drugs fluconazole and voriconazole.
Notably, the compound&3g and 23h exhibited low inhibition profiles for various isafas of
human cytochrome P450 and excellent blood plasatmlisy.
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1. Introduction

The incidence of fungal infections has steadilyreéased over the past few decades and
presents a serious threat to human health, eslyeitialnmunocompromised patients, such as

those undergoing organ transplants or anticancemoctherapy and patients with AIDS[1-3].



Candida spp., Cryptococcus neoformans and Aspergillus spp. are still the three main pathogens of
fungal infections[4]. The clinically available afufingal agents can be divided into four different
classes based on their mode of action, including plolyenes (e.g., amphotericin B and
nystatin)[4], echinocandins (e.g., caspofungin angtafungin)[5], azoles(e.g., fluconazole,
voriconazole and itraconazole)[6], and antimetabsl{e.g., 5-fluorocytosine)[7].

Azole antifungal agents are currently most widedgdiin first-line antifungal therapy. They
prevent the synthesis of ergosterol biosynthesihiéncell by inhibiting the activity of lanosterol
14-demethylase (CYP51), a member of the CYP51 dasgtochrome P450 enzymes|8, 9]. The
imidazole or triazole ring of azole antifungals aigeis an essential pharmacophoric portion,
which can coordinate with the heme iron atom caiacf the CYP51[10]. During the past 35
years, azole drugs, such as fluconazole, itracd@azoriconazole and posaconazole, have made a
significant impact on the management of systermg#l infections[11]. However, several factors
have limited their practical applications, suchdasg resistance, narrow antifungal spectrum, and
low bioavailability[12, 13]. Therefore, there islisan urgent need for developing novel azole

antifungal agents with potent activity, broad spatt low toxicity, and low resistance.
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Figure 1. Chemical structures of azole antifungal agentslead compound
We have previously reported the synthesis imndtro evaluation of antifungal activity of a
new series of biphenyl imidazole derivatives[14,]. 1Bost compounds displayed strong
antifungal activities with MIC values in the range0.03125 pg/mL to 2 pg/mL agairSandida

albicans and Cryptococcus neoformans. However, almost all of the target compounds were



inactive againsfspergillus fumigatus, which prompted us to continue with studying ttrecural
modification of potent original compounds in seaoémovel compounds with potent activity and
broad spectrum.

A published crystal structure of voriconazole bouwvithin the active site cavity of CYP51B
of Aspergillus fumigatus (PDB ID:4UYM) served as a useful template for tregtional
structure-based design of novel drugs[16]. Vorieof& has much higher antifungal potency
againstAspergillus fumigatus than fluconazole and itraconazole. The crystalcsire suggests
that the reason may be the formation of the hydrdgmnds between the 5-fluoropyrimidine ring

of voriconazole andé. fumigatus CYP51 Tyr122 (Figure 2A).

Tyr122A

Figure 2. Crystal structure of sterol 14-alpha demethyl@¥P51B) from a pathogenic filamentous fungus
Aspergillus fumigatus in complex with voriconazole (A and B) and the higdmode of compound (B) in the
active site.

To further explore the potential binding mode gbt@nyl imidazole derivatives and guide
the design of new compounds, compoundvas docked into the active site Af fumigatus
CYP51B (PDB ID:4UYM, Figure 2B). Based on the i@gtions between compouridand A.
fumigatus CYP51, along with the binding mode of voriconazole aimed to develop new
heterocycles-linked compounds from biphenyl imidezterivatives to formation hydrogen bonds
interactions with Tyr122 of CYP51. The benzene 1jAging of compoundl) would be replaced
by a five or six- membered heterocyclic ring, whitlght result in the development of more

potent compounds with higher antifungal activitiespecially the anthspergillus efficacy.
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Figure 3. Our strategy for the formation hydrogen bondsriattions with CYP51B Tyr122 &f. fumigatus by

replacing the middle benzene ring with 10 hetenoetics.
2. Resultsand discussion
2.1 Chemistry

The synthetic routes of the key intermediafesj are illustrated in Scheme 1 and 2.
Acetophenon® was useds the starting material, and treated with dietixglate in the presence
of NaOEt by Claisen condensation to obtain inteniatedd, which was used in a ring-closure
reaction with hydroxylamine hydrochloride to forsokazole2a. Replacing the oxygen atoms of
benzamides with sulphur via Lawesson’s Reagent yielded thiaaenide?7. Then, benzamid&
and thiobenzamide7 were treated with ethyl bromopyruvate by intermolac cyclization to
obtain thiazole 2b and oxazole2c, respectively. The thiazol&2d was obtained from
intermolecular cyclization between 2-Bromoacetomm&B and ethyl thiooxamat8.The ethyl
2-chloroacetoacetat® was condensed with thiobenzamiit form thiazole2e.

The intermediat@f was obtained by ring-closure reaction between ylhgdrazinell and
ethyl 2,4-dioxopentanoate. Ethyl 3,3-diethoxy propionatE3 was treated with Ethyl formate in
the presence of NaH by Claisen condensation to fot@nmediatel4, which were combined with
benzamidine hydrochloride hydrate in an intermdiecicyclization to yield intermediates
pyrimidine 2g. Commercially availabld6,17 and 18 and phenylboronic acidks were subjected
to Suzuki coupling in the presence of Pd(PPto form the intermediatezh, 2i and1j. Finally,

intermediate®a-i were saponified with 2 N NaOH to obtain the kegimediateda-i.
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Scheme 1. Synthesis of intermediateka-e. Reagents and conditions:(Bjethyl oxalate, NaOEt, 18 h;(b)

Hydroxylamine hydrochloride, EtOH, reflux, 2 h; (¢Jydrazine hydrate, EtOH, reflux, 2 h; (d) NaOH,

MeOH/H,O; (e) EtOH, reflux; (f) Lawesson’s reagent, tolaereflux, 7 h.
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Scheme 2. Synthesis of intermediaté$-j. Reagents and conditions: (a) EtOH, reflux; (b) Na®eOH/H,0; (c)
ethyl formate, NaH, THF; (d) benzamidine hydrochlerhydrate, KCO;, DMF, 100C ; (e) Pd(PPh)4, K,CO;,

reflux, 5h.



The target compounda-v were formed according to the reaction pathwaystthted in
Scheme 3. L-serin&9 was treated with an alcohol (isopropanol or isabat) and refluxed with
SOC4 to give the serine estePfa-b. The serine este®a-b reacted with the key intermediates
la-j in the presence of EDCI and HOB, to give compa2i@-t. Finally, the compound&1la-t

were treated with imidazole/CDI, to obtain the &rgompound&2a-t.
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Scheme 3. General synthesis of the target compou2®ist. Reagents and conditions: (a) alcohol reagent, SOCI
reflux, -2 h; (b) EDCI, HOBt, DIEA, r.t., 7 h; (c) CDI, imidalsy CH;CN, reflux, 7 h.

2.2 Invitro antifungal activity

To explore an optimal polar heteroaromatic to replne middle phenyl of compouddwe
evaluated thein vitro antifungal activities of the synthesized 19 hedepmatic compounds
according to the protocols from the NCCLS[17]. Branicrodilution methods were used to
determine the minimum inhibitory concentrations Qd) of the target compounds in 96-well
microtest plates. Fluconazole (FLC) and ItracoraZIR) were used as reference drugs.

The in vitro antifungal activities of the target compounds ksted in Table 1The MIC
values revealed that most compounds showed a @gecireantifungal activity compared with the
lead compoundl. Interestingly, the heteroatom compounds such tasphliene 22a-b),
2-Methylthiazole 22m-n), isoxazole Z2ef), pyrimidine@2g-s) and pyridine22t) exhibited
moderate to good antifungal properties. Of thesexazole 22e-f) showed the most potent
activity againstC. albicans, C. neoformans, andC. tropicalis with MIC values in the range of
0.03125 to 1 pg/mL, which are superior or comparablthose of the reference drugs FLC and
ITR. Interestingly, the isoxazole cor@2ef) showed excellent antifungal activities against
Aspergillus fumigatus with an MIC value of 4ug/mL, which was intended to increase the

antifungal activities againgispergillus fumigatus. Moreover, other combinations of heteroatoms



such as furans2pc-d), oxazole 22g-h) and thiazolef2k-1) did not show the desired potency,
further confirming the importance of the electriaad hydrophobic effect in ligands.

Based on the results above, we selected a scaffottbxazole core2Re-f) as our starting
point for further modification. Our optimized effsrwere directed toward replacing the terminal
benzene ring with various substituents to exparel $AR studies (Table 2). Most of the
compounds{3a-h) exhibited excellent antifungal properties witlodd spectrums of activitfthe
results showed that the structure-activity relagfops of these compounds were identical to our
previously reported biphenyl imidazole derivativieg] Of these, compound®3g-h with 2-F

substituents showed the best antifungal activity.

Table 1
In vitro antifungal activities of the target compwis (MIC,ug/mL)?2

b, (0§

Compd. Het R> C.alb.(1) C. alb(II). C. neo. C.tro. A. fum.
22a A ) -CH(CHy), 8 8 16 1 >16
22b S -CH,CH(CH), 2 4 >16 0.125 >16
22c . /i \ -CH(CHy), >16 >16 >16 8 >16
22d O -CH,CH(CH;), >16 >16 >16 4 >16
22e a_ N\ b -CH(CHy), 0.25 05 05 0.0625 4
22f O—l<l -CH,CH(CH;),  0.0625 1 0.25 0.03125 4
229 O ) -CH(CHy), >16 >16 >16 8 >16
a
22h \/Q\Njﬁ -CH,CH(CHg), >16 >16 >16 4 >16
22i S \ -CH(CHy), >16 >16 >16 >16 >16
a
22 \/(\N y -CH,CH(CHs), >16 >16 >16 >16 >16
22k f S -CH(CHy), >16 >16 2 0.0625 >16
a /)ﬁb/
22| N -CH,CH(CHy), >16 >16 2 0.125 >16
22m /i(s b -CH(CHy), 2 2 16 0.25 >16
W/

22n N -CH,CH(CHy), 0.25 1 8 0.125 >16




220 /\aN'N\ b -CH(CHy), >16 >16 >16 4 >16

22p -CH,CH(CH), >16 >16 >16 4 >16
22q N -CH(CHg), 0.25 1 8 0.0625 >16
22s N= -CH,CH(CHy), 0.25 0.5 2 0.125 >16
b
22t *a—@—l _CH(CHy), 2 4 16 1 >16
=

1 0.0625 0.25 1 0.0625 >16
FCz - . 1 2 4 0.25 16
ITZ - - 0.03125 0.125 1 0.03125 1

@Abbreviations:C.alb.(I), Candida albicans (ATCC SC5314)C.alb.(ll), Candida albicans (CPCC400523);
C. neo., Cryptococcus neoformans (cgmcc 2.3161)A.fum., Aspergillus fumigatus (GIM 3.524); C.tro., Candida

tropicalis (cgmcc 2.3739); FCZ: Fluconazole; ITZ: ltraconazole

Table 2
In vitro antifungal activities of the target compmis (MIC,ug/mL)?2

-—
N
N7
o) ~
O.
// \ 7 | H R2
RiM\= o-N (0}
Compd. R R> C.ab.(I) C. alb(II). C. neo. C.tro. A. fum.
22e -CH(CHy), 0.25 0.5 0.5 0.0625 4
H
22f -CH,CH(CHg), 0.0625 1 0.25 0.03125 4
23a -CH(CHy), 0.25 0.5 2 0.03125 8
4-CH3

23b -CH,CH(CHy), 0.125 0.5 0.5 0.03125 8
23c -CH(CHy), 1 2 2 0.03125 8

4-F
23d -CH,CH(CHg), 0.5 2 0.5 0.03125 8
23e -CH(CHy), 0.0625 0.25 2 0.03125 >16

4-Br
23f -CH,CH(CHy), 0.03125 0.125 2 0.03125 >16
239 -CH(CHy), 0.0625 0.25 0.5 0.03125 4

2-F
23h -CH,CH(CHy), 0.03125 0.125 0.25 0.03125 4

FCz - - 1 2 4 0.25 >16




ITZ - - 0.03125 0.125 1 0.03125 1

@Abbreviations: C.alb.(I), Candida albicans (ATCC SC5314); C.alb.(ll), (CPCC400523);C. neo.,
Cryptococcus neoformans (cgmcc 2.3161)A fum., Aspergillus fumigatus (GIM 3.524); C.tro., Candida tropicalis
(cgmcc 2.3739); FCZ: Fluconazole; ITZ: ltraconazole.

2.3 Invitro antifungal activity against fluconazole-resistant strains of C. alb.

Currently, the widespread use of Fluconazole, eajwefor prolonged treatment periods, has
led to a severe increase in drug-resistance, whashbecome a major clinical problem in fungal
infection therapy. Therefore, there is an urgemdn® find new types of inhibitors that could be
effective against fluconazole-resistant strain€.odilbicans. The most potent compoun@3g and
23h were further evaluated against fluconazole-resist&rains ofC.alb. (strains 100 and 103).
Compound223g and23h displayed strong antifungal activities agaigstins 100 and 103, with

MIC values in the range from 0.125 to 1 pg/mL (EaB).

Table 3
In vitro antifungal activities of the target compwis (MIC,ug/mL)?2

C. alb.
Compd. Ry R,
Strain100 Strain103
239 2-F -CH(CH)» 1 1
23h 2-F -CHCH(CHg), 0.125 0.5
FCz - - >64 >64

8Abbreviations:C.alb., Candida albicans; strain 100, fluconazole-resistant strains @andida albicans; strain 103,
fluconazole-resistant strains Gandida albicans; FCZ: Fluconazol&rain 100 andstrain 103 were provided by

The Second Military Medical University.

2.4 Dose-dependent effect on sterol composition in Candida albicans (ATCC SC5314)

The antifungal mechanism of compow2@f was confirmed by analysing the change in sterol
composition in23g-treatedC. albicans SC5314 cells by GC-MS, which was compared to that of
untreated or fluconazole-treat€ll albicans SC5314. The assay has been successfully used in
studying the mechanism of action of antifungal agem the sterol biosynthesis pathways[18-20].
FLC was used as a reference drug and cholestemhdded as an internal standard. As shown in
Fig. 4,23g andFLC reduced the content of ergosterol and incretfisedontent of lanosterol and
eburicol in a dose-dependent manner. The GC-MSysisalesults are shown in Table 4. In the

untreated control, the sterol fraction contained798 ergosterol, while lanosterol was not



observed and other 14-methylated sterols (obtisifahd eburicol) contained only 1.0 %. When
C. albicans was treated with FLC at 0.03125s8/mL for 16 h, the content of ergosterol was
reduced to 1.7% from 98.7% of the total amounttefad fraction, whereas the lanosterol and
eburicol contents were increased to 34.8 % and¥B,7t@spectively. These changes were caused
by the competitive inhibition of CYP51 i@. albicans by FLC and are consistent with previously
published studies[15, 21-23]. Interestingly, treatin with 23g also resulted in noticeable
accumulation of eburicol and lanosterol and a ficant reduction in the ergosterol content
(reduced to 0.7%). These results suggested thanahel compound?3g caused the potent
disruption of sterol biosynthesis by inhibiting B¥1 activity inC. albicans, similar to the

accepted mechanism of FLC.
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Figure 4. Sterol composition i@3g or fluconazole-treated SC53C4 albicans cells by GC-MS

Table4.

Analysis of sterol composition i@.albicans by GC-MS?

% of total sterols (C. alb.?)

concentration

Compd. o . 4,4-dimethyl
(ng/mL) Ergosterol Obtusifoliol Lanosterol Eburicol
zymoster ol
0.03125 93.9 43 - 1.7 -
0.125 85.9 6.9 2.2 4.9 -
23¢° 0.5 30.8 6.9 16.7 45.6 -
2 54 9.2 22.0 63.3 -
8 0.7 8.9 26.7 63.7 -
0.03125 95.6 3.6 - 0.8 -
0.125 88.7 8.9 0.4 2.0 -
FLC® 0.5 81.4 6.9 4.5 7.2 -
2 18.2 16.1 23.0 27.0 15.7
1.7 13.3 34.8 37.2 13.0
Control® - 98.7 0.6 - 0.4 -

3Abbreviations: C.alb., Candida albicans (ATCC SC5314)°Treated with compoun@3g; *Treated with FLC;

dControl (no drug).



2.5 Cytochrome P450 Inhibition Assay

Cytochrome P450s (CYP) comprise a superfamily al/eres that catalyse the oxidation of a
wide variety of drugs. Drug-drug interactions (DDdaused by inhibiting cytochrome P450s
enzymes can result in dangerous side effects. Hemvewany azole antifungals, such as
ketoconazole and itraconazole, had greater inmbitffects on Cytochrome P450 (CYP)
enzymes[24]. For example, thesl®f ketoconazole and itraconazole for CYP3A4 intioioi were
25 and 32.6 nM, respectively[25]. The DDI potenfiad compounds23g and 23h were tested
against the five major human CYP isoforms (CYP1&AXP2C9, CYP2C19, CYP2D6, and
CYP3A4-M). As shown in Table 5, the compour®g and23h showed weak inhibitory activity
against CYP1A2, CYP2C9, CYP2C19, and CYP2D6 withyl@alues of >50uM, while
compounds23g and 23h exhibited moderate activity against CYP3A4 with,d®@alues of 5.81
uM and 8.38uM, respectively. The results showed that compow2its and 23h had a low
potential for causing DDI.
Tableb5.

In Vitro CYP Inhibition assessment of compounds.

[Cso (M)
Compd.
CYP1A2 CYP2C9 CYP2C19 CYP2D6 CYP3A4-M
239 >50 >50 >50 >50 5.81
23h >50 >50 441 >50 8.38

2.6 Invitro human Plasma Sability Assay

The stability of compounds in human plasma is gooitant consideration in drug discovery.
Based on their in vitro antifungal activities, campds23g and23h were incubated with human
Plasma. As shown in Table 6, compou28g and23h exhibited excellent metabolic profiles in
human plasma at 120 min (remaining 91.8% and 61rd&pectively).
Table6.

In Vitro human Plasma Stability of compouriz8g and23h.

Stablity in Human Blood Plasma

Compd.
% Remaining at 60 min % Remaining at 120 min

23g 95.3 91.8

23h 74.6 61.4




3. Summary

A major focus of our optimization effort was to irase the anthspergillus efficacy of our
previous series of biphenyl imidazole derivativesfdrmation hydrogen bond interactions with
Tyrl22 of CYP51. A series of aromatic heterocydarivatives was designed, synthesized and
evaluated for in vitro antifungal activity. Amonigeise compounds, the pyrimidine and isoxazole
nuclei was more suited for improving activity agdifCandida spp. and Cryptococcus ssp.
Specifically, isoxazole nuclei were identified fanti-Aspergillus activity. Among these, 2-F
substituted analogu@8g and23h displayed the most remarkable in vitro activitpmgtCandida
spp., C. neoformans, A. fumigatus and fluconazole-resista@talb. strains, which was superior or
comparable to those of the reference drugs fluaaaaand voriconazole. Notably, the compounds
23g and23h exhibited low inhibition profiles for various humagtochrome P450 isoforms and
excellent blood plasma stability. Further developteef compound&3g and23h are ongoing in

our laboratory.

4. Experimental section

4.1 General procedure for the synthesis of compounds

Unless otherwise noted, all reagents and solveets wbtained from commercially available
sources and were used without purification. TLClygsis was performed on GF254 silica gel
plates (Jiangyou, Yantai). Column chromatography @aried out with silica gel (200-300 mesh)
from Qingdao Haiyang Chemicals (Qingdao, Shando@fjna). Mass spectrometry was
performed using ESI mode on an Agilent 1200 LC-MSilent, Palo Alto, CA, USA).
High-resolution accurate mass determinations (HRM8)e recorded on a Bruker Micromass
Time of Flight mass spectrometer equipped with tedspray ionisation (ESI). Melting points
(mp.) were determined using glass capillary tubea 8UCHI Melting Point B-540 melting point
apparatus (Buchi Labortechnik, Flawil, Switzerlarat)d were uncorrectefluclear magnetic
resonance H-NMR and *C-NMR )spectra were recorded on a Bruker 400 MHz RNM
spectrometer with TMS as an internal standard. diemical shifts were reported in parts per
million (ppm), the coupling constantg) (were expressed in hertz (Hz). Peak multiplicitieere
described as singlet (s), doublet (d), tripletqt)artet (q), multiplet (m) and broad (br).

4.1 ethyl 2,4-dioxo-4-phenylbutanoate (4)



Na (5.2 g, 224.7 mmol) was was dissolved in 80 thiarol, cooled to < 0 °C using a salted
ice bath. Diethyl oxalate (18.2 g, 124.8 mmol) acetophenone (6.0 g, 49.9 mmol) were added
to a stirred solution of NaOEt, and the resultingtare was stirred for 8 h at ambient temperature.
After confirming that the reaction was complete bging TLC analysis, the reaction was
guenched with aqueous 3N H&Zld the ethanol was removed under reduced pre§heanixture
was extracted with EtOAc, and then with brine. Tdrganic phase was dried over JS@),
overnight and the solvent was removedacuo to give the target produdt
4.2 ethyl 5-phenylisoxazole-3-carboxylate (2a)

Hydroxylamine hydrochloride (1.26 g, 18.2 mmol)wadded to a solution of ethyl 2,
4-dioxo-4-phenylbutanoate (2.00 g, 9.1 mmol) in Bt@0 mL) at ambient temperature. The
reaction was refluxed for 6 h and concentrated urettuced pressure. The reaction mixture was
extracted with EtOAc followed by extraction withife. The organic phase was dried over
Na,SO, overnight and the solvent was remowvedacuo. The crude product was purified by silica
gel column chromatography to yield the target poo@a.'H NMR (600 MHz, DMSO#dg) 5 7.98
(dd,J = 7.5, 1.9 Hz, 2H), 7.61 — 7.55 (m, 3H), 7.531(d), 4.41 (qJ = 7.1 Hz, 2H), 1.35 () =
7.1 Hz, 3H).

4.3 ethyl 2-phenyl oxazol e-4-carboxylate(2b)

Ethyl bromopyruvate (3.86 g, 19.8 mmol) was added solution of benzamide (2.00 g,
16.5 mmol) in ethanol at ambient temperature. Theation was refluxed for 6 h. After confirming
the reaction was complete by using TLC analysis,sblution was cooled to room temperature.
The solvent was removed under reduced pressurehardsidue was extracted with ethyl acetate
and washed with brine. The organic layer was duiegt anhydrous N&O, and concentrated. The
crude product was purified by silica gel columnarhatography to yield the target prod@bt
4.4 benzothioamide(7)

A solution of benzamid& (5.00 g, 41.3 mmol) and Lawesson’s reagent (8,38d mmol)
in toluene (60 mL) was stirred at 70 °C for 3 htekfconfirming that the reaction was complete by
using TLC analysis, the crude mixture was concéedrainder reduced pressure. The resulting
residue was subjected to flash chromatographyipatibén to give the titled compourias a red
solid.

4.5ethyl 2-phenylthiazole-4-carboxylate(2c)



Ethyl bromopyruvate (3.41 g, 17.5 mmol) was adaed solution of benzothioamide(2.00
g, 14.6 mmol) in ethanol at ambient temperaturee Eblution was refluxed for 6 h. After
confirming that the reaction was complete by ugih@ analysis, the solution was cooled to room
temperature. The solvent was removed under redquessure, and the residue was extracted with
ethyl acetate and washed with brine. The organjerlavas dried over anhydrous 188, and
concentrated. The crude product was purified usiliga gel column chromatography to yield the
target producec.

4.6 ethyl 4-phenylthiazole-2-carboxylate (2d)

A solution of ethyl thiooxamate (2.00 g, 10.1 mment)d 2-Bromoacetophenone (1.29 g, 11.1
mmol) in 60 mL ethanol was heated to reflux for .8Alfiter confirming that the reaction was
complete by using TLC analysis, the solution wasled to room temperature. The solvent was
removed under reduced pressure, and the residueextascted with ethyl acetate and washed
with brine. The organic layer was dried over anbydr NaSO, and concentrated. The crude
product was purified by silica gel column chromagqmy to yield the target produd as a white
solid.

4.7 ethyl 4-methyl-2-phenylthiazole-5-carboxylate (2€)

A solution of benzothioamid& (2.0 g, 14.6 mmol) and ethyl 2-chloroacetoace(aié g,
16.1 mmol) in 50 mL ethanol was heated to refluxlfd h. After confirming that the reaction was
complete by using TLC analysis, the solvent wasoreed under reduced pressure, and the residue
was extracted with ethyl acetate and washed withebrThe organic layer was dried over
anhydrous Ng50, and concentrated. The crude product was purifigdsibca gel column
chromatography to yield the target prod2ets a white solid
4.8 ethyl 5-methyl-1-phenyl-1H-pyrazole-3-carboxylate (2f)

A solution of phenylhydrazine hydrochloride (1.64 5.18 mmol) and ethyl 2,
4-dioxopentanoate (2.19 g, 12.65 mmol) in 50 mlarth was heated to reflux for 4 h. At the end
of the reaction, the solution was cooled to roomperature. The solvent was removed under
reduced pressure, and the residue was extractbdettiyl acetate and washed with brine. The
organic layer was dried over anhydrous$@, and concentrated. The crude product was purified
by silica gel column chromatography to yield theyéd producef as a white solid

4.9 ethyl 2-formyl-3-oxopropanoate(14)



Sodium hydride (2.00 g, 50.6 mmol, 60%) was addeal $olution of ethyl formate (10.13 g,
168.7 mmol) in tetrahydrofuran while maintaining iihternal temperature below 0°C. Then, ethyl
3,3-diethoxy propionate (5.00 g, 33.75 mmol) wadealldropwise to the reaction mixture and
stirred for 24 h at ambient temperature. After aomihg that the reaction was complete by using
TLC analysis, the reaction was quenched with 20water and the tetrahydrofuran was removed
under reduced pressure. The mixture was extracitbdethyl acetate and then brine. The organic
phase was dried over P80, overnight and the solvent was removed in vacugive the title
compoundl4.
4.10ethyl 2-phenylpyrimidine-5-carboxylate(2g)

K.CO; (2.1 g, 15.4 mmol) was added to a mixture of bendme hydrochloride hydrate
(1.55 g, 10.0 mmol) ani4 (1.0 g, 7.7 mmol) in DMF at ambient temperaturbe The solution
was heated at 100°C for 4 h. After confirming thiz reaction was complete by using TLC
analysis, the solution was cooled to room tempegaamd water (15 mL) is added. The reaction
mixture was extracted with EtOAc and brine. Theaoig phase was dried over j$&, overnight
and the solvent was removed under vacuum. The @uathict was purified by silica gel column
chromatography to give the target prod2gtH NMR (600 MHz, DMSOds) & 9.31 (s, 2H), 8.49
— 8.44 (m, 2H), 7.59 (ddd,= 15.9, 7.7, 3.6 Hz, 3H), 4.40 @@= 7.1 Hz, 2H), 1.37 () = 7.1 Hz,
3H).
4.11General procedure for the synthesis of compounds (2h,2i and 1j)

Under an argon atmosphere, compout] {7, 18) (1 equiv.), boronic acid (1.2 equiv.) and
Pd[P(GHs)s]4(1 mol%) were dissolved in a mixed solution of diog/H20 (10:1). KCOs (2
equiv.) was added and the mixture was heated umdlexx for 6 h. The reaction mixture was
cooled to room temperature and the dioxane waswvethby rotary evaporation.,B was added
and the solution was adjusted to pH=1-3 with 2 N.H®e white solid precipitate was collected
by filtration and dried to give the desired compdun
4.11.1 methyl 5-phenylfuran-2-carboxylate (2h)

Light white solid; yield: 71.7%H NMR (600 MHz, DMSOds) & 7.85 — 7.80 (m, 2H), 7.50
(dd,J=10.6, 4.8 Hz, 2H), 7.42 (dd= 10.6, 5.5 Hz, 2H), 7.19 (d,= 3.6 Hz, 1H), 3.85 (s, 3H).

4.11.2 6-phenylnicotinic acid(1j)



Light white solid; yield: 67.1%H NMR (600 MHz, DMSOds) & 13.37 (s, 1H), 9.22 — 9.04
(m, 1H), 8.33 (ddJ = 8.3, 2.2 Hz, 1H), 8.17 (dd,= 8.2, 1.3 Hz, 2H), 8.14 — 8.09 (m, 1H), 7.53
(tdd,J = 6.9, 4.5, 2.1 Hz, 3H).
4.12General procedure for the synthesis of compounds (1a-i)

Sodium hydroxide (2N) was added to a solution tdrimediate?2a-i (1 equiv.) in methanol at
ambient temperature. The reaction mixture wasestifor 4 h and the methanol was removed by
rotary evaporation. The resultant mixture was adpigo pH=5-6 with 1 N HCI solution. The
precipitated white solid was collected by filtraticand dried to give the carboxylic acid
intermediate1a-i).

4.12.1 5-phenylisoxazole-3-carboxylic acid(1a)

Light white solid; yield: 91.5%'H NMR (600 MHz, DMSOds) & 7.95 (dd,J = 7.8, 1.7 Hz,
2H), 7.58 — 7.53 (m, 3H), 7.41 (s, 1H).
4.12.2 2-phenyloxazole-4-carboxylic acid(1b)

Light white solid; yield: 95.3%'H NMR (600 MHz, DMSOds) & 13.20 (s, 1H), 8.84 (s, 1H),
8.03 —8.01 (m, 2H), 7.58 (dd= 5.1, 1.9 Hz, 3H).

4.12.3 2-phenylthiazole-4-carboxylic acid(1c)

Light white solid; yield: 94.9%'H NMR (600 MHz, DMSOds) & 13.12 (s, 1H), 8.51 (s, 1H),
7.98 (ddJ = 6.4, 3.2 Hz, 2H), 7.54 (dd,= 5.0, 1.9 Hz, 3H).

4.12.4 4-phenylthiazole-2-carboxylic acid(1d)

Light white solid; yield: 91.6%'H NMR (600 MHz, DMSOds) & 13.12 (s, 1H), 8.51 (s, 1H),
7.99 — 7.97 (m, 2H), 7.54 (dd= 5.0, 1.9 Hz, 3H).

4.12.5 4-methyl-2-phenylthiazole-5-carboxylic acid(1e)

Light white solid; yield: 89.3%'H NMR (600 MHz, DMSOds) & 13.39 (s, 1H), 7.98 (d,=
6.7 Hz, 2H), 7.58 — 7.50 (m, 3H), 2.68 (s, 3H).

4.12.6 5-methyl-1-phenyl-1H-pyrazole-3-carboxylic acid(1f)

Light white solid; yield: 90.3%H NMR (600 MHz, DMSO#dg) & 12.75 (s, 1H), 7.58 — 7.55
(m, 4H), 7.52 — 7.48 (m, 1H), 6.71 (= 0.6 Hz, 1H), 2.33 (s, 3H).

4.12.7 5-phenylthiophene-2-carboxylic acid(1i)



Light white solid; yield: 91.7%H NMR (600 MHz, DMSOds) & 13.24 (s, 1H), 8.20 (d,=
1.5 Hz, 1H), 8.13 (dJ = 1.6 Hz, 1H), 7.78 — 7.73 (m, 2H), 7.43X& 7.7 Hz, 2H), 7.33 (1 = 7.4
Hz, 1H).

4.13 General procedure for the synthesis of L-serine ester (20a,20b)

Thionyl chloride (3 equiv.) was added dropwise &phution of L-serine (1 equiv.) in alcohol
reagent (isopropanol or isobutanol) cooled to €0 °The mixture was heated under reflux for 6
h. The reaction mixture was then concentrated uretkrced pressure to yield a white solid.
4.14General procedure for the synthesis of compounds (21a-t)

EDCI (1.1 equiv.) and HOBt (1.1 equiv) were addedtsolution of the intermediate acid
compoundla-j (1 equiv.) in anhydrous DMF. The reaction mixtwas stirred for 1h at ambient
temperature, and the L-serine ester (1.1 equid)&EA (3 equiv.) were added. The solution was
heated to 70 °C for 6 h and then cooled to roonpé&ature. The reaction mixture was poured
into ice water, and the resulting solid was filteeand dried to give the desired compound.

4.15 General procedure for the synthesis of compounds (22a-t)

CDI (2 equiv.) and imidazole (1.2 equiv.) were atltie a solution of the intermedia?&a-t
(1 equiv.) in CHCN. The solution was heated to reflux for 6 h. Tieaction mixture was
extracted with EtOAc and brine. The organic phases dried over N&O, overnight and the
solvent was removed under vacuum. The crude prodast purified by silica gel column
chromatography to give the target prod2@a-t.

4.15.1 isopropyl (S)-3-(1H-imidazol-1-yl)-2-(5-phenyl thiophene-2-car boxamido) propanoate(22a)

Light white solid; yield: 69.1%; mp: 126.1-128.9.%8 NMR (400 MHz, DMSOdg) & 9.01
(d,J =7.9 Hz, 1H), 8.25 (d] = 1.2 Hz, 1H), 8.13 (d] = 1.2 Hz, 1H), 7.70 (d] = 7.3 Hz, 2H),
7.65 (s, 1H), 7.47 (] = 7.7 Hz, 2H), 7.35 () = 7.4 Hz, 1H), 7.23 (s, 1H), 6.86 (s, 1H), 4.95 (d
J=125, 6.2 Hz, 1H), 4.77 (td,= 9.1, 5.3 Hz, 1H), 4.50 (dd,= 14.1, 5.2 Hz, 1H), 4.36 (dd,=
14.0, 9.5 Hz, 1H), 1.24 — 1.14 (m, 6HE NMR (100 MHz, DMSQdg) § 169.02, 161.21, 141.78,
139.22, 137.83, 134.47, 129.07(2C), 128.24, 127183,49, 126.18, 125.88(2C), 119.95, 68.85,
53.76, 45.98, 21.48, 21.41. HRMS calcd fegHG.N30sS, [M + HT', 384.1382; found 384.1385.
4.15.2 isobutyl (S)-3-(1H-imidazol-1-yl)-2-(5-phenyl thiophene-2-car boxamido) propanoate(22b)

Light white solid; yield: 65.7%; mp: 102.4-104.5.%8 NMR (400 MHz, DMSOdg) & 9.05

(d, J = 8.0 Hz, 1H), 8.25 (d] = 15.0 Hz, 1H), 8.13 (dl = 1.1 Hz, 1H), 7.69 (d] = 7.4 Hz, 2H),



7.66 (s, 1H), 7.47 (1] = 7.6 Hz, 2H), 7.35 () = 7.3 Hz, 1H), 7.23 (s, 1H), 6.86 (s, 1H), 4.88 (t
J=19.4,5.0 Hz, 1H), 4.54 (dd,= 14.1, 4.9 Hz, 1H), 4.39 (dd,= 14.0, 9.8 Hz, 1H), 3.97 — 3.81
(m, 2H), 1.95 — 1.77 (m, 1H), 0.87 (@= 6.5 Hz, 6H)-°C NMR (150 MHz, DMSQOd,) 5 169.41,
161.30, 141.78, 139.17, 137.66, 134.46, 129.11(2Z},68, 127.48, 127.30, 126.28, 125.90(2C),
120.26, 70.81, 53.57, 46.16, 27.24, 18.76(2C). HR¥slISd for G;H,4N30;S, [M + HJ', 398.1538;
found 398.1538.

4.15.3 isopropyl (S)-3-(1H-imidazol-1-yl)-2-(5-phenyl furan-2-car boxamido) propanoate(22c)

Light white solid; yield: 70.4%; mp: 131.3-133.7.%8 NMR (400 MHz, DMSOs) & 8.93
(d,J = 8.1 Hz, 1H), 7.91 (dl = 7.4 Hz, 2H), 7.69 (s, 1H), 7.50 §t= 7.6 Hz, 2H), 7.40 () = 7.4
Hz, 1H), 7.24 (s, 1H), 7.21 (d,= 3.6 Hz, 1H), 7.13 (d] = 3.6 Hz, 1H), 6.87 (s, 1H), 4.96 (dtF
12.5, 6.2 Hz, 1H), 4.79 (td,= 9.5, 5.2 Hz, 1H), 4.54 (dd,= 14.0, 5.2 Hz, 1H), 4.41 (dd= 14.0,
9.7 Hz, 1H), 1.20 (dd] = 6.2, 4.2 Hz, 6H}*C NMR (100 MHz, DMSOd,) 5 169.06, 157.70,
154.90, 146.11, 137.76, 129.25, 128.96(2C), 12828,03, 124.39(2C), 119.97, 116.58, 107.74,
68.88, 53.16, 45.91, 21.48, 21.44. HRMS calcd faHE&N30,, [M + H]*, 368.1610; found
368.1608.

4.15.4 isobutyl (9)-3-(1H-imidazol-1-yl)-2-(5-phenylfuran-2-carboxamido) propanoate(22d)

Yellow oil; yield: 62.5%'H NMR (600 MHz, DMSOdg) 5 9.10 (d,J = 8.2 Hz, 1H), 7.92 (d,
J=7.3Hz, 2H), 7.67 (s, 1H), 7.49 (s, 2H), 7.40)d 7.3 Hz, 1H), 7.25 (dd} = 16.0, 5.5 Hz,
2H), 7.13 (dd,J = 3.5, 2.2 Hz, 1H), 6.83 (s, 1H), 4.86 (ddk 8.5, 4.9 Hz, 1H), 4.57 — 4.54 (m,
1H), 4.50 — 4.49 (m, 1H), 3.90 (d#i= 6.5, 1.8 Hz, 2H), 1.91 — 1.84 (m, 1H), 0.87 (@d,6.7, 2.2
Hz, 6H)°*C NMR (101 MHz, DMSOdq) 5 169.96, 158.22, 155.36, 146.56, 138.17, 129.70,
129.42(2C), 129.24, 128.36, 124.84(2C), 120.46,03,71.08.21, 68.20, 53.47, 46.34, 27.69,
19.59, 19.19. HRMS calcd for,®,4N504, [M + H]*, 382.1767; found 382.1768.

4.15.5 isopropyl (S)-3-(1H-imidazol-1-yl)-2-(5-phenylisoxazol e-3-car boxamido) propanoate(22e)

Light white solid; yield: 63.8%; mp: 171.4-173.3.%8 NMR (400 MHz, DMSOdg) & 9.31
(d,J=8.1Hz, 1H), 7.99 — 7.90 (m, 2H), 7.62 (s, 1H}6 (ddJ = 5.2, 1.7 Hz, 3H), 7.36 (s, 1H),
7.21 (s, 1H), 6.85 (s, 1H), 4.96 (dt= 12.5, 6.2 Hz, 1H), 4.89 — 4.78 (m, 1H), 4.52, (#id 14.0,
5.0 Hz, 1H), 4.41 (dd] = 14.0, 9.7 Hz, 1H), 1.20 (dd,= 6.0, 4.8 Hz, 6H)**C NMR (100 MHz,
DMSO-ds) & 170.69, 168.45, 158.86, 158.69, 137.80, 130.9%.3122C), 128.34, 126.18,

125.84(2C), 119.84, 99.88, 68.94, 53.42, 45.542121.42. HRMS calcd for gH,NsO3, [M +



H]*, 380.1723; found 380.1720.
4.15.6 isobutyl (9)-3-(1H-imidazol-1-yl)-2-(5-phenylisoxazol e-3-car boxami do) propanoate(22f)

Light white solid; yield: 67.1%; mp: 107.1-109.5.°6l NMR (400 MHz, DMSOdj) § 9.37
(d,J=8.3 Hz, 1H), 7.96 — 7.90 (m, 2H), 7.64 (s, THR8 — 7.54 (m, 3H), 7.36 (s, 1H), 7.22 (s,
1H), 6.86 (s, 1H), 4.93 (td,= 9.8, 4.8 Hz, 1H), 4.56 (dd,= 14.0, 4.7 Hz, 1H), 4.44 (dd= 14.0,
10.1 Hz, 1H), 3.92 (ddl = 6.5, 2.8 Hz, 2H), 1.88 (dg,= 13.2, 6.6 Hz, 1H), 0.88 (d,= 6.7 Hz,
6H).*C NMR (100 MHz, DMSOdg) § 171.19, 169.35, 159.31, 159.21, 138.21, 131.43,
129.81(2C), 128.49, 126.62, 126.30(2C), 120.39,30(1.28, 53.70, 46.05, 27.69, 19.24, 19.19.
HRMS calcd for GiH,4NsO3, [M + H]*, 394.1879; found 394.1875.

4.15.7 isopropyl (S)-3-(1H-imidazol-1-yl)-2-(2-phenyl oxazol e-4-car boxamido) propanoate(229)

Yellow oil; yield: 67.1%'H NMR (400 MHz, DMSOds) 5 8.77 (s, 1H), 8.75 (s, 1H), 8.04
(dd,J = 6.6, 3.0 Hz, 2H), 7.66 (s, 1H), 7.64 — 7.57 8H), 7.21 (s, 1H), 6.87 (s, 1H), 4.96 (@t
12.5, 6.3 Hz, 1H), 4.83 (td,= 8.7, 5.3 Hz, 1H), 4.56 — 4.44 (m, 2H), 1.20J&; 6.2 Hz, 6H)-*C
NMR (100 MHz, DMSOds) & 168.82, 160.73, 160.12, 142.71, 137.73, 136.43,.3B3
129.30(2C), 128.09, 126.33(2C), 126.12, 119.929%583.04, 45.87, 21.47, 21.44. HRMS calcd
for CyoH21N4O4, [M + H]", 369.1563; found 369.1560.

4.15.8 isobutyl (9)-3-(1H-imidazol-1-yl)-2-(2-phenyl oxazol e-4-car boxami do)propanoate(22h)

Yellow oil; yield: 59.4%'H NMR (400 MHz, DMSOd) 5 8.82 (d,J = 8.3 Hz, 1H), 8.75 (s,
1H), 8.03 (dd,) = 4.4, 2.8 Hz, 2H), 7.65 (s, 1H), 7.60 — 7.58 8ir), 7.21 (s, 1H), 6.86 (s, 1H),
4.91 (td,J = 9.0, 5.1 Hz, 1H), 4.59 — 4.47 (m, 2H), 3.91J¢, 6.5 Hz, 2H), 1.91 — 1.83(m, 1H),
0.88 (ddJ = 6.7, 1.0 Hz, 6H}°C NMR (100 MHz, DMSOdg) 8 169.28, 160.75, 160.20, 142.74,
137.71, 136.45, 131.36, 129.32(2C), 128.00, 1283R(126.12, 119.94, 70.79, 52.91, 45.82,
27.24,18.75(2C). HRMS calcd fopgEl»sN4Os4 [M + H]", 383.1719; found 383.1716.

4.15.9 isopropyl (S)-3-(1H-imidazol-1-yl)-2-(2-phenyl thiazol e-4-car boxamido)propanoate(22i)

Light white solid; yield: 58.9%; mp: 128.8-131.6.%8 NMR (400 MHz, DMSO¢) & 8.88
(d,J=8.2 Hz, 1H), 8.34 (s, 1H), 8.06 (db 6.5, 3.0 Hz, 2H), 7.63 (s, 1H), 7.60 — 7.53 8i),
7.20 (s, 1H), 6.84 (s, 1H), 4.97 (dt= 12.5, 6.2 Hz, 1H), 4.85 (td,= 8.6, 5.3 Hz, 1H), 4.59 —
4.47 (m, 2H), 1.21 (d] = 6.3 Hz, 6H)"*C NMR (100 MHz, DMSQds) 5 168.95, 167.40, 160.52,
149.58, 137.79, 132.34, 130.89, 129.30(2C), 128.3@8,49(2C), 125.03, 119.86, 68.96, 53.34,

45.87, 21.48, 21.45. HRMS calcd ford8,1N405S, [M + HJ', 385.1334; found 385.1332.



4.15.10isobutyl (S)-3-(1H-imidazol-1-yl)-2-(2-phenylthiaee4-carboxamido)propanoag()

Yellow oil; yield: 63.7%H NMR (600 MHz, DMSOds) 5 9.39 (d,J = 8.6 Hz, 1H), 8.49 (s,
1H), 8.09 (dJ = 7.3 Hz, 2H), 7.63 (s, 1H), 7.51 Jt= 7.7 Hz, 2H), 7.42 (t] = 7.3 Hz, 1H), 7.22
(d,J=11.0 Hz, 1H), 6.83 (d, = 4.0 Hz, 1H), 5.00 — 4.85 (m, 1H), 4.63 — 4.49 2id), 3.92 (d,)
= 6.3 Hz, 2H), 1.88 (m, 1H), 0.82 @@= 6.7 Hz, 6H)°C NMR (100 MHz, DMSOdq) 5 169.94,
167.45, 160.56, 149.52, 137.78, 132.35, 130.93,3P22C), 128.21, 126.53(2C), 125.16, 119.93,
67.76, 52.45, 45.92, 27.25, 19.15, 18.76. HRMSdchdc CygH,aN4OsS, [M + HJ', 399.1491;
found 399.1491.

4.15.11 isopropyl (9-3-(1H-imidazol-1-yl)-2-(4-phenylthiazol e-2-car boxami do) propanoate(22k)

Light white solid; yield: 65.2%; mp: 130.7-133.7.%8 NMR (400 MHz, DMSOsd) & 9.29
(d,J = 8.3 Hz, 1H), 8.46 (s, 1H), 8.08 (= 7.4 Hz, 2H), 7.66 (s, 1H), 7.51 Jt= 7.6 Hz, 2H),
7.42 (t,J=7.4 Hz, 1H), 7.22 (s, 1H), 6.85 (s, 1H), 5.04.95 (m, 1H), 4.86 (td] = 8.9, 5.2 Hz,
1H), 4.58 (dd,) = 14.0, 5.1 Hz, 1H), 4.50 (dd= 14.0, 9.5 Hz, 1H), 1.21 (d,= 6.2 Hz, 6H)'°C
NMR (100 MHz, DMSO€) 6 168.55, 162.19, 159.32, 155.42, 137.80, 133.33,8722C),
128.70, 128.25, 126.31(2C), 120.08, 119.89, 6%8&7, 45.69, 21.44(2C). HRMS calcd for
C1gH21N403S, [M + HT', 385.1334; found 385.1334.

4.15.12 isobutyl (S)-3-(1H-imidazol-1-yl)-2-(4-phenylthiazol e-2-carboxamido) propanoate(221)

Yellow oil; yield: 58.7%H NMR (400 MHz, DMSO) 8.95 (t,J = 9.0 Hz, 1H), 8.33 (d] =
4.9 Hz, 1H), 8.10 — 8.03 (m, 2H), 7.63 (s, 1H)87-57.50 (m, 3H), 7.20 (d,= 6.0 Hz, 1H), 6.84
(s, 1H), 4.97 — 4.94 (m, 1H), 4.61 — 4.50 (m, 28492 (d,J = 6.5 Hz, 2H), 1.97 — 1.80 (m, 1H),
0.82 (d,J = 6.7 Hz, 6H)'°C NMR (100 MHz, DMSOde) 5 169.44, 162.63, 159.87, 155.89,
138.19, 133.79, 129.34(2C), 129.18, 128.35, 128Q)(120.57, 120.47, 71.35, 53.88, 46.18,
27.68, 19.18(2C). HRMS calcd fopdEl»N40sS, [M + H', 399.1491; found 399.1489.

4.15.13 isopropyl (9)-3-(1H-imidazol-1-yl)-2-(4-methyl-2-phenyl thiazol e-5-car boxami do) propanoa
te(22m)

Light white solid; yield: 66.9%; mp: 149.4-157.4.%8 NMR (400 MHz, DMSOs) & 8.81
(d,J = 7.7 Hz, 1H), 7.95 (ddl = 6.5, 3.0 Hz, 2H), 7.64 (s, 1H), 7.57 — 7.46 Bi), 7.22 (s, 1H),
6.89 (s, 1H), 5.00 - 4.92 (m, 1H), 4.79 — 4.66 i), 4.50 (dd,) = 14.0, 5.0 Hz, 1H), 4.37 (dd,
=14.0, 9.8 Hz, 1H), 2.52 (s, 3H), 1.21Jt 5.7 Hz, 6H)*C NMR (100 MHz, DMSOdq) 5

168.75, 166.41, 161.34, 155.54, 137.84, 132.30,03129.39(2C), 128.36, 126.31(2C), 125.25,



119.86, 68.79, 54.00, 45.59, 21.49, 21.46, 16.90VI8 calcd for GgH2aN405S, [M + HT,
399.1491,; found 399.1490.
4.15.14 isobutyl (9-3-(1H-imidazol-1-yl)-2-(4-methyl-2-phenyl thiazol e-5-car boxami do) propanoat
e(22n)
Light white solid; yield: 63.9%; mp: 83.7-85.9 *8.NMR (400 MHz, DMSOs) 5 8.86 (d,
J =7.8 Hz, 1H), 7.94 (dd] = 6.4, 3.0 Hz, 2H), 7.64 (s, 1H), 7.57 — 7.49 8H), 7.23 (s, 1H),
6.88 (s, 1H), 4.80 (tdl = 9.9, 4.9 Hz, 1H), 4.53 (dd,= 14.0, 4.8 Hz, 1H), 4.41 (dd~= 14.0, 10.1
Hz, 1H), 3.98 — 3.85 (m, 2H), 2.52 (s, 3H), 1.9%.84 (m, 1H), 0.89 (d] = 6.7 Hz, 6H):*C NMR
(100 MHz, DMSO€) 6 169.25, 166.44, 161.38, 155.73, 137.83, 132.29,063 129.41(2C),
128.23, 126.32(2C), 125.14, 119.90, 70.77, 53.8%& 27.27, 18.78(2C), 16.96. HRMS calcd
for Cp1H,sN4O5S, [M + HT', 413.1647; found 413.1644.
4.15.15 isopropyl (S)-3-(1H-imidazol-1-yl)-2-(5-methyl - 1-phenyl - 1H-pyrazol e-3-car boxamido) pro
panoate(220)
Yellow oil; yield: 51.5%H NMR (400 MHz, DMSOds) 5 8.58 (d,J = 8.2 Hz, 1H), 7.60 —
7.55 (m, 5H), 7.53 — 7.46 (m, 1H), 7.15 (s, 1H336(s, 1H), 6.64 (s, 1H), 4.94 (dt= 12.5, 6.2
Hz, 1H), 4.78 (tdJ) = 8.7, 5.2 Hz, 1H), 4.51 — 4.39 (m, 2H), 2.323d), 1.19 (dd,) = 6.2, 3.3 Hz,
6H).*C NMR (100 MHz, DMSOQdg) § 169.09, 161.48, 145.70, 140.95, 138.87, 137.76,
129.30(2C), 128.47, 128.27, 125.07(2C), 119.83,1/8)%68.77, 53.05, 45.88, 21.49, 21.45, 12.00.
HRMS calcd for GoH,3NsO3, [M + Na]',404.1699; found 404.1688.
4.15.16 isobutyl (S)-3-(1H-imidazol-1-yl)-2-(5-methyl - 1-phenyl - 1H-pyr azol e-3-car boxamido) prop
anoate(22p)
Yellow oil; yield: 54.9%'H NMR (600 MHz, DMSOds) & 8.70 (d,J = 8.4 Hz, 1H), 7.62 —
7.55 (m, 5H), 7.54 — 7.45 (m, 1H), 7.17 (s, 1H®26(s, 1H), 6.65 (d) = 0.7 Hz, 1H), 4.86 (td]
= 9.1, 5.0 Hz, 1H), 4.52 — 4.46 (m, 2H), 3.93 -43(&, 2H), 2.32 (s, 3H), 1.86 (di,= 13.3, 6.7
Hz, 1H), 0.87 (ddJ = 6.7, 2.1 Hz, 6H}*C NMR (100 MHz, DMSQd)  169.56, 161.56, 145.72,
140.93, 138.87, 137.74, 129.29(2C), 128.46, 128128,06(2C), 119.84, 107.15, 67.75, 52.93,
45.80, 27.25, 19.14, 18.77, 12.00. HRMS calcd feiHgNsOs, [M + H]*, 396.2036; found
396.2027.
4.15.17 isopropyl (S)-3-(1H-imidazol-1-y1)-2-(2-phenyl pyrimidine-5-car boxamido) propanoate(22q
)



Light white solid; yield: 71.2%; mp: 148.2-150.9.%& NMR (600 MHz, DMSO«d,) 5 9.34
(d,J=7.8 Hz, 1H), 9.19 (s, 2H), 8.45 (db= 8.1, 1.5 Hz, 2H), 7.68 (s, 1H), 7.58 (ddd; 16.1,
7.7, 3.6 Hz, 3H), 7.25 (s, 1H), 6.88 (s, 1H), 5-02.91 (m, 1H), 4.84 (ddd,= 9.2, 8.0, 5.2 Hz,
1H), 4.53 (ddJ = 14.2, 5.2 Hz, 1H), 4.40 (dd,= 14.2, 9.3 Hz, 1H), 1.21 (dd,= 8.6, 6.3 Hz,
6H).*C NMR (100 MHz, DMSOds) 5 168.62, 165.11, 163.51, 156.74(2C), 137.73, 136.27
131.76, 128.94(2C), 128.29(2C), 127.18, 124.75,.42069.02, 53.68, 46.23, 21.48, 21.44.
HRMS calcd for GoH,1N4O4, [M + H]¥, 369.1563; found 369.1565.

4.15.18 isobutyl (S)-3-(1H-imidazol-1-yl)-2-(2-phenyl pyrimidine-5-car boxamido) propanoate(22s)

Yellow oil; yield: 61.1%."H NMR (600 MHz, DMSOdg) 5 9.92 (s, 1H), 9.33 (s, 2H), 8.46 (d,
J=6.9 Hz, 2H), 7.77 (s, 1H), 7.61 — 7.56 (m, 3HR2 (s, 1H), 6.85 (s, 1H), 4.91 ©s 6.7 Hz,
1H), 4.57 (tJ = 6.6 Hz, 2H), 3.91 (qd = 10.5, 6.6 Hz, 2H), 1.87 (td,= 13.3, 6.6 Hz, 1H), 0.87
(d,J = 6.7 Hz, 6H).°C NMR (100 MHz, DMSOde) 5 169.13, 165.13, 163.49, 156.68(2C), 137.82,
136.24, 131.74, 128.90(2C), 128.28(2C), 127.88,71124120.11, 70.84, 53.69, 45.93, 27.21,
18.73. HRMS calcd for £gH2:N404, [M + NaJ', 405.1539; found 405.1536.

4.15.19 isopropyl (9-3-(1H-imidazol-1-yl)-2-(6-phenyl nicotinamido)propanoate(22t)

Light white solid; yield: 64.9%; mp: 60.9-62.8 °&61 NMR (600 MHz, DMSOd,) 5 9.32 (d,
J=7.8Hz, 1H), 9.04 (dl = 1.8 Hz, 1H), 8.26 (dd] = 8.3, 2.2 Hz, 1H), 8.20 — 8.14 (m, 2H), 8.11
(d,J = 8.3 Hz, 1H), 7.73 (s, 1H), 7.53 {t= 7.3 Hz, 2H), 7.50 (d] = 7.1 Hz, 1H), 7.28 (s, 1H),
6.88 (s, 1H), 4.96 (dt] = 12.5, 6.2 Hz, 1H), 4.84 — 4.76 (m, 1H), 4.54, (@& 14.1, 4.6 Hz, 1H),
4.45 (dd,J = 14.0, 9.8 Hz, 1H), 1.20 (dd,= 8.0, 6.4 Hz, 6H}°C NMR (150 MHz, DMSQdy) &
168.93, 165.03, 158.45, 148.67, 137.71, 136.26,0934129.86, 128.91(2C), 127.43, 127.34,
126.96(3C), 119.78, 68.77, 53.87, 48.58, 21.504&@1HRMS calcd for gH,:N405, [M + H]™,
379.1770; found 379.1767.

4.15.20 isopropyl (S)-3-(1H-imidazol-1-yl)-2-(5-(p-tolyl )i soxazol e-3-car boxamido) propanoate(23a

)

Light white solid; yield: 72.7%; mp: 168.4-170.5.°6l NMR (400 MHz, DMSOsd) & 9.28
(d,J = 8.1 Hz, 1H), 7.83 (dl = 8.1 Hz, 2H), 7.61 (s, 1H), 7.37 @z 8.1 Hz, 2H), 7.28 (s, 1H),
7.20 (s, 1H), 6.84 (s, 1H), 4.96 (dt= 12.5, 6.2 Hz, 1H), 4.83 (td,= 9.4, 5.0 Hz, 1H), 4.52 (dd,
=14.0, 5.0 Hz, 1H), 4.40 (dd,= 14.0, 9.7 Hz, 1H), 2.38 (s, 3H), 1.20J& 1.4 Hz, 6H)-°C

NMR (100 MHz, DMSO€) 6 170.85, 168.46, 158.81, 158.74, 140.94, 137.89.,8722C),



128.37, 125.79(2C), 123.53, 119.83, 99.23, 68.93115 45.57, 21.45, 21.42, 21.04. HRMS calcd
for CooH22N404, [M + NaJ', 405.1539; found 409.1537.
4.15.21 isobutyl (9-3-(1H-imidazol-1-yl)-2-(5-(p-tolyl)isoxazol e-3-car boxamido) propanoate(23b)

Light white solid; yield: 69.5%; mp: 112.7-114.9.%& NMR (400 MHz, DMSO) 9.34 (d,
J=8.3Hz, 1H), 7.83 (d = 8.1 Hz, 2H), 7.63 (s, 1H), 7.37 (= 8.0 Hz, 2H), 7.28 (s, 1H), 7.21
(s, 1H), 6.85 (s, 1H), 4.92 (td= 9.8, 4.8 Hz, 1H), 4.55 (dd,= 14.0, 4.7 Hz, 1H), 4.43 (dd~=
14.0, 10.0 Hz, 1H), 3.97 — 3.86 (m, 2H), 2.38 4),3.88 (dpJ = 13.3, 6.6 Hz, 1H), 0.88 (d,=
6.7 Hz, 6H).*C NMR (100 MHz, DMSQdy) & 171.34, 169.36, 159.25, 141.42, 138.21,
130.34(2C), 128.57, 126.25(2C), 123.98, 120.36&1.27, 53.70, 46.02, 27.70, 21.50, 19.24,
19.19. HRMS calcd for £H25N404, [M + H]*, 397.1876; found 397.1875.

4.15.22 isopropyl (S)-2-(5-(4-fluorophenyl)isoxazol e-3-car boxamido)-3-(1H-imidazol-1-yl) propan
oate(23c)

Light white solid; yield: 64.9%; mp:196.2-199.3 “&l NMR (400 MHz, DMSOs) § 9.31
(d,J=8.1Hz, 1H), 8.01 (dd = 8.7, 5.4 Hz, 2H), 7.61 (s, 1H), 7.42Jt 8.8 Hz, 2H), 7.36 (s,
1H), 7.20 (s, 1H), 6.85 (s, 1H), 4.96 (@t 12.5, 6.2 Hz, 1H), 4.83 (td,= 9.1, 5.1 Hz, 1H), 4.52
(dd,J = 14.1, 5.0 Hz, 1H), 4.40 (dd= 14.0, 9.7 Hz, 1H), 1.20 (dd= 6.0, 4.6 Hz, 6H}*C NMR
(100 MHz, DMSO€) & 169.78, 168.44, 164.67(0.5C), 162.19(0.5C), 158198.64, 137.81,
128.50, 128.41, 128.38, 122.93(0.5C), 122.91(0.509,82, 116.61, 116.39, 99.85, 68.94, 53.42,
45.56, 21.44, 21.41. HRMS calcd forgB1dFN,Os, [M + H]*, 409.1288; found 409.1287.

4.15.23 isobutyl (S)-2-(5-(4-fluorophenyl)isoxazol e-3-car boxami do)-3-(1H-imidazol - 1-yl ) propano
ate(23d)

Light white solid; yield: 72.4%; mp: 136.2-138.0.%€l NMR (400 MHz, DMSO 9.36 (d,
J=8.3 Hz, 1H), 8.02 (ddl = 8.8, 5.4 Hz, 2H), 7.63 (s, 1H), 7.43 {d; 8.9 Hz, 2H), 7.36 (s, 1H),
7.21 (s, 1H), 6.85 (s, 1H), 4.93 (= 9.9, 4.8 Hz, 1H), 4.56 (dd,= 14.0, 4.7 Hz, 1H), 4.44 (dd,
J=14.0, 10.1 Hz, 1H), 3.92 (ddi= 6.5, 2.8 Hz, 2H), 1.87 (td,= 13.3, 6.6 Hz, 1H), 0.88 (d,=
6.7 Hz, 6H)*C NMR (100 MHz, DMSOde) 5 169.83, 168.91, 164.69(0.5C), 162.22(0.5C),
158.92, 158.71, 137.78, 128.53, 128.44, 128.20,9822.5C), 122.90(0.5C), 119.89, 116.64,
116.42, 99.84, 70.83, 53.27, 45.55, 27.25, 18.88,4L HRMS calcd for gH2FN4Oy, [M + H]",
401.1625; found 401.1619.

4.15.24 isopropyl (S)-2-(5-(4-bromophenyl)isoxazol e-3-car boxamido)-3-(1H-imidazol -1-yl)propan



oate(23¢e)

Light white solid; yield: 67.3%; mp: 135.0-136.8.9€l NMR (400 MHz, DMSO) 9.33 (d,
J=8.1Hz, 1H), 7.90 (dl = 8.6 Hz, 2H), 7.78 (d] = 8.6 Hz, 2H), 7.63 (s, 1H), 7.43 (s, 1H), 7.21
(s, 1H), 6.85 (s, 1H), 4.96 (dt= 12.5, 6.2 Hz, 1H), 4.88 — 4.79 (m, 1H), 4.52,@4d 14.0, 5.0
Hz, 1H), 4.41 (ddJ = 14.0, 9.7 Hz, 1H), 1.20 (dd= 6.1, 4.3 Hz, 6H):*C NMR (100 MHz,
DMSO-dq) & 169.66, 168.41, 158.94, 158.56, 137.79, 132.36(229.30, 127.81(2C), 125.35,
124.45, 119.85, 100.51, 68.95, 53.42, 45.58, 2244.1. HRMS calcd for {gH20BrN4Oy4, [M +
H]", 447.0668; found 447.0679.

4.15.25 isobutyl (9)-2-(5-(4-bromophenyl )i soxazol e-3-car boxami do)-3-(1H-imidazol - 1-yl ) propano
ate(23f)

Light white solid; yield: 64.5%; mp: 123.7-126.6.°€6l NMR (400 MHz, DMSOd) & 9.39
(d,J=8.3 Hz, 1H), 7.90 (dl = 8.6 Hz, 2H), 7.77 (dl = 8.5 Hz, 2H), 7.63 (s, 1H), 7.43 (s, 1H),
7.21 (s, 1H), 6.86 (s, 1H), 4.93 (b= 9.8, 4.7 Hz, 1H), 4.56 (dd,= 14.0, 4.7 Hz, 1H), 4.44 (dd,
J=14.0, 10.1 Hz, 1H), 3.97 — 3.87 (m, 2H), 1.9B83 (m, 1H), 0.88 (d] = 6.7 Hz, 6H).°C
NMR (100 MHz, DMSO€) 6 169.72, 168.87, 158.95, 158.63, 137.73, 132.4Q(2&).94(2C),
125.34, 124.49, 120.01, 100.51, 70.85, 53.24, 42825, 18.75. HRMS calcd forgi,,BrN4O,,
[M + H]", 461.0824; found 461.0831.

4.15.26 isopropyl (S)-2-(5-(2-fluorophenyl)i soxazol e-3-car boxamido)-3-(1H-imidazol-1-yl)propan
oate(230)

Light white solid; yield: 59.9%; mp: 151.3-154.0.%€ NMR (400 MHz, DMSOs) 5 9.45
(d, J = 8.1 Hz, 1H), 8.00 (td] = 7.7, 1.5 Hz, 1H), 7.69 — 7.60 (m, 2H), 7.46 (d#i¢ 16.1, 9.7,
4.7 Hz, 2H), 7.23 (s, 1H), 7.20 (@~ 2.9 Hz, 1H), 6.86 (s, 1H), 4.96 (dt= 12.5, 6.2 Hz, 1H),
4.89 — 4.81 (m, 1H), 4.53 (dd= 14.1, 5.0 Hz, 1H), 4.43 (dd,= 14.0, 9.7 Hz, 1H), 1.20 (dd=
6.1, 4.5 Hz, 6HJ’C NMR (100 MHz, DMSQds) 5 168.41, 165.07, 158.77, 158.39, 157.22,
137.83, 133.15, 128.27, 127.95, 125.47, 119.88,6B16114.23, 102.74, 68.96, 53.48, 45.54,
21.45, 21.41. HRMS calcd for§20FN4O4, [M + H]", 387.1469; found 387.1463.

4.15.27 isobutyl (9-2-(5-(2-fluorophenyl)isoxazol e-3-car boxamido)-3-(1H-imidazol - 1-yl) propano
ate(23h)

Light white solid; yield: 64.7%; mp: 85.5-87.9 °t&l NMR (400 MHz, DMSOsdg) § 9.43 (d,

J=8.2 Hz, 1H), 8.00 (td] = 7.8, 1.5 Hz, 1H), 7.64 (d,= 11.0 Hz, 2H), 7.52 — 7.39 (m, 2H), 7.23



(s, 1H), 7.14 (dJ = 2.9 Hz, 1H), 6.87 (s, 1H), 4.93 (tbi= 9.8, 4.8 Hz, 1H), 4.56 (dd,= 14.0, 4.7
Hz, 1H), 4.44 (ddJ = 14.0, 10.1 Hz, 1H), 4.03 — 3.83 (m, 2H), 1.92.85 (m, 1H), 0.88 (d] =

6.7 Hz, 6H)*C NMR (100 MHz, DMSOds) 5 168.85, 165.16, 158.75, 158.44, 157.23, 137.76,
133.27, 133.19, 128.11, 127.96, 125.44, 119.91841616.64, 114.21, 102.67, 70.84, 53.30,

45,55, 27.23, 18.72. HRMS calcd fosd821FN4O,, [M + NaJ', 423.1445; found 423.1447.
4.161n vitro antifungal testing

The in vitro minimum inhibitory concentrations (Mi@ere determined by serial dilution in
96-well microtiter plates based on the standardigjiries described by the National Committee
for Clinical Laboratory Standards (NCCLS). The MMalues were defined as the lowest
concentrations of an antimicrobial that would irihibe visible growth of the fungi. FLC and ITR
were purchased for use as positive control drugjsofAhe compounds were dissolved in DMSO
and serially diluted into the growth medium.

4.17 GC-MSanalysis of sterol composition

GC-MS was performed with an Agilent TechnologieS )Y A890N Network GC system
equipped with an AT 5975 quadrupole mass seleatector using He as the carrier gas. The
sterols were extracted fro@ albicans and analysed by GC-MS. The GC-MS data were ardlyse
using Agilent software (Agilent MSD productivity €mStation for GC and GC/MS systems data
analysis application) and matched to known MS daiag the NIST Spectrum Database (NIST
MS search 2.0).
4.18Cytochrome P450 Inhibition Assay

Cytochrome P450 inhibition was evaluated in hunieer Imicrosomes (0.25 mg/mL) using
five specific probe substrates (CYP1A2,uM phenacetin; CYP2C9, oM diclofenac; CYP2C19,
30 uM S-mephenytoin; CYP2D6, bM dextromethorphan; and CYP3A4,u midazolam) in
the presence of multiple concentrations of the ¢eatpound (0.05-5QM ). After pre-incubation
at 37°C for 10 min, the reaction was initiated wiilp additing 20uL NADPH to a final
concentration of 10 mM. The mixture were incubaa®7°C for 10 min and the reaction was
terminated by additing 400 pL cold stop solutio@q2ng/mL tolbutamide and 200 ng/mL
labetalol in acetonitrile). After the reactions wéerminated, the plates were centrifuged, and the

supernatants were analysed by LC/MS/MS.
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Highlights

27 new compounds with aromatic heterocyclic scdffalere designed and synthesised.
The isoxazole scaffolds were more suited for imprg\activity againsfspergillus spp.
Compound£3g and23h showed better antifungal activity than fluconazole
Compound23g reduced the content of ergosterol in a dose-depgndanner.

Compound£3g exhibited low inhibition profiles for human cytodnne P450 isoforms.



