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ABSTRACT: Two series of novel 4-oxoquinazoline-based N-
hydroxypropenamides (9a—m and 10a—m) were designed,
synthesized, and evaluated for their inhibitory and cytotoxicity
activities against histone deacetylase (HDAC). The compounds
showed good to potent HDAC inhibitory activity and cytotoxicity
against three human cancer cell lines (SW620, colon; PC-3,
prostate; NCI-H23, lung cancer). In this series, compounds with
the N-hydroxypropenamide functionality impeded at position 7 on
the 4-oxoquinazoline skeleton (10a—m) were generally more
potent than compounds with the N-hydroxypropenamide moiety at
position 6 (9a—m). Also, the N°-benzyl-substituted derivatives
(9h—m, 10h—m) exhibited stronger bioactivity than the N*-alkyl-
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substituted ones (9a—e, 10a—e). Two compounds 10l and 10m were the most potent ones. Their HDAC inhibitory activity (ICs,
values, 0.041—0.044 yM) and cytotoxicity (ICs, values, 0.671—1.211 M) were approximately 2- to 3-fold more potent than
suberoylanilide hydroxamic acid (SAHA). Some compounds showed up to 10-fold more potent HDAC6 inhibition compared to
their inhibitory activity in total HDAC extract assay. Analysis of selected compounds 10l and 10m revealed that these compounds
strongly induced both early and late apoptosis and arrested SW620 cells at the G2/M phase. Docking studies were carried out on the
HDACSG6 isoform for series 10a—m and revealed some important features contributing to the inhibitory activity of synthesized

compounds.

B INTRODUCTION

Histone deacetylases (HDACs) and histone acetyltransferases
(HATSs) are two groups of enzymes that tightly control the
epigenetic balance in cells.'" HATSs catalyze the acetylation of
the amino groups on the histone tails, causing chromatins to
open and allowing transcription factors to access DNA,
allowing gene expression.” HDACs act in an opposite way by
removal of the acetyl groups on the histone lysine amino tails,
causing chromatins to close. When chromatins are closed,
transcription factors cannot access DNA, leading to
suppression of gene expression, especially the expression of
tumor suppressor oncogenes.”” To date, 18 isoforms of
HDACs have been identified in mammalians and their
implication in the initiation and development of various
cancer have been clearly demonstrated.” HDACs, therefore,
have become a validated and very attractive target for
anticancer drug design and development.3 Consequently,
intensive effort of research groups worldwide has led to the
discovery of hundreds of HDAC inhibitors, which can be
classified into several main classes, including hydroxamic acids
(e.g, SAHA), short-chain fatty acids (e.g, valproic acid,
© 2021 The Authors. Published by
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phenylbutyric acid), cyclic peptide (e.g, Depsipeptide), and
benzamides.*~

In 2006, suberoylanilide hydroxamic acid (SAHA, Zoinza)
was approved by the U.S. FDA as the first HDAC inhibitor to
treat cutaneous T cell lymphoma. To date, several more
HDAC inhibitors have also been approved by the U.S. FDA to
treat different types of cancers. These include belinostat
(PXD101), Romidepsin (Istodax), and Panobinostat (LBH-
589, Farydak).””'* In 2015, the Chinese FDA also approved
chidamide (Epidaza) for the treatment of relapsed or refractory
peripheral T cell lymphoma.'" Research on the development of
novel HDAC inhibitors as anticancer agents is one of the most
intense and attractive fields nowadays in anticancer drug
discovery. As a result, a number of promising HDAC
inhibitors, such as Givinostat (ITF2357), Mocetinostat

Received: December 2, 2020 08
Accepted: January 28, 2021 '
Published: February 8, 2021

https://dx.doi.org/10.1021/acsomega.0c05870
ACS Omega 2021, 6, 4907—4920


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Duong+T.+Anh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pham-The+Hai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Le+D.+Huy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hoang+B.+Ngoc"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Trinh+T.+M.+Ngoc"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Do+T.+M.+Dung"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Eun+J.+Park"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Eun+J.+Park"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="In+K.+Song"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jong+S.+Kang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joo-Hee+Kwon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Truong+T.+Tung"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sang-Bae+Han"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nguyen-Hai+Nam"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nguyen-Hai+Nam"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.0c05870&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05870?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05870?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05870?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05870?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05870?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/6/7?ref=pdf
https://pubs.acs.org/toc/acsodf/6/7?ref=pdf
https://pubs.acs.org/toc/acsodf/6/7?ref=pdf
https://pubs.acs.org/toc/acsodf/6/7?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c05870?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/
http://pubs.acs.org/page/policy/authorchoice/index.html

ACS Omega

http://pubs.acs.org/journal/acsodf

H 0 Csz‘N
N | H
WNHOH CO .
0 g
(o]

SAHA (vorinostat)

o)
X NHOH Z N
N NN
) | XONTON no NH
HN P H N
CHs N
o)

LBH"%®? (panobinostat)

Chidamide

ITF,357 (givinostat)

MGCDyo3 (mocetinostat) I

0 o)
NN y  NH X OJ\N NH,
| i ¥ | H H
Z Z N
" " \©
o} [5\,: o}

MS-27-275 (entinostat)

X (0]

KH&” !

§ESMO A
M/U\/N

NHOH O
(¢]

AN O

HsC” “CH;

Romidepsin

o
HN-g=0

\ 0

NHOH
PXD-101 (belinostat)

Figure 1. Structures of some HDAC inhibitors approved or under clinical trials.

(MGCDO0103), and Entinostat (MS-27-527) (Figure 1) among
others, are undergoing clinical trials at different phases.lz_14

In our research program to discover novel HDAC inhibitors
as antitumor agents, we have previously screened large-
structure databases and synthesized several series of
hydroxamic acids as analogues of SAHA, which incorporated
heterocyclic systems, e.g., benzothiazole-, S-aryl-3,4,5-thiadia-
zole-, or 2-oxoindoline.” ™' All of those compound series were
found to exhibit very potent HDAC inhibitory activity as well
as cytotoxicity and in vivo antitumor effects in nude mice
inoculated with PC-3 human prostate cancer cells.'””’
Especially, a series of N-hydroxypropenamides as analogues
of LBH-589 (Panbinostat) or PXD101 (Belinostat) were also
found to be potential as HDAC inhibitors and antitumor
agents.'”*” Inspired by these results, we expanded our design
to the new series of N-hydroxypropenamides incorporating 4-
oxoquinazoline system (Figure 2). The quinazoline heterocycle
has been well known as a common scaffold embedded in the
structures of diverse biological active compounds, especially
anticancer agents (e.g., Gelfitinib, Erlotinib, Lapatinib,
Sorafetinib).”> Recently, quinazoline-based hydroxamic acids
designed as hybridized anticancer agents (e.g CUDC-101)
have also been reported.”* We previously have also described
several series of hydroxamic acids incorporating quinazoline or
4-oxoquinazoline systems with potent HDAC inhibitory and
cytotoxic activities.'®>>™*® The addition of the 4-oxo func-
tional group on the quinazoline rings was aimed at creating
more hydrogen-bond interaction of the compounds with the
amino acid chains located at the entrance of the enzyme active
binding pocket. This paper describes the results obtained from
the synthesis, biological evaluation, and docking study of these
novel N-hydroxypropenamides.

B RESULTS AND DISCUSSION

Chemistry. The target N-hydroxybenzamides incorporating
substituted 4-oxoquinazolin-4(3H)-ones (9a—m and 10a—m)
were synthesized via a four-step pathway, as illustrated in
Scheme 1. The reaction between bromo-substituted anthranilic
acid (1 or 2) and excess formamide at 120 °C yielded the
corresponding 6- and 7-bromo-4-oxoquinazolines (3 or 4) in
good yields (87—95%). The selective N-alkylation of 6/7-
bromo-4-oxoquinazolines (3 or 4) was carried out using
corresponding alkyl halide in the presence of potassium
carbonate (K,CO5) and a catalytic amount of potassium iodide
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Figure 2. Rational design of 4-oxoquinazoline-based N-hydroxypro-
penamides as HDAC inhibitors.

NHOH

(KI). Introduction of the ethyl propenoate moiety at position 6
or 7 on the quinazoline ring was a key step. The af-
unsaturated ester moiety was installed at C6 or C7 position
from the corresponding bromo compound (5 or 6) and ethyl
acrylate using Pd-catalyzed Heck cross—couplin% strategy to
yield precursor 7 or 8 in good yields (>80%).”*" In the final
step, the hydroxamic acids were obtained by reacting
hydroxylamine hydrochloride with the ester intermediates 7
and 8. This was a nucleophilic acyl substitution reaction, which
readily occurred under alkaline conditions (NaOH). The
overall yields of compounds 9a—m and 10a—m were moderate

to high (65-87%).
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Scheme 1. Synthesis of 4-Oxoquinazoline-Based N-Hydroxypropenamides 9a—m and 10a—m
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The structures of the synthesized compounds were easily
elucidated by analysis of spectroscopic data, including IR, MS,
and 'H and "*C NMR. Theoretically, 4-oxoquinazolines (3 and
4) could react with alkyl bromides or benzyl bromides to form
both N*- and O*-alkylated products, depending on the reaction
conditions. However, it has been demonstrated that, using
acetone as the reaction solvent, the alkylation gave only N°-
alkylated products (5, 6)."*****7*' The NMR spectroscopic
data also proved the formation of the N*-alkylated products. In
the *C NMR spectra of compounds 9a—m and 10a—m, there
were peaks at around 162.5 ppm, attributable to the carbonyl
carbons at position 4 of the 4-oxoquinazoline skeletons. For
the O-alkylated products, the carbon at this position should
appear at around 167—168 ppm. In the 'H NMR spectra of
compounds 9h—m and 10h—m, always two protons appeared
as a singlet around 5.15 ppm, corresponding to the benzyl's
methylene protons of the N3-alkylated compounds.'®****~!
In the "H NMR spectra of compounds 9a—g and 10a—g, there
were multiplet peaks around 3.90 ppm, which were also typical
of the N*-alkylated compounds.®

Bioactivity. The target N-hydroxypropenamides 9a—m and
10a—m were subjected to Hela cell nuclear extract and the
sulforhodamine B (SRB) assays to evaluate their HDAC
inhibitory activity and cytotoxicity. In the SRB assays, there
were three human cancer cell lines, including SW620 (colon
cancer), PC3 (prostate cancer), and NCI-H23 (lung cancer).
SAHA was used as a positive control. The results are
summarized in Table 1.

Within series 9a—m, two compounds 9a and 9b appeared to
be the least potent HDAC inhibitors. These compounds
showed ICs, values of 1.354 and 2.385 M, approximately 10-
and 20-fold higher than that of SAHA. However, replacement
of the ethyl group by 2-hydroxyethyl, n-propyl, n-butyl,
cyclopentylmethyl, and especially cyclohexylmethyl substitu-
ents (compounds 9c—g) significantly enhanced the inhibition
of HDAC, as evidenced from the ICy, values of these
compounds in Hela cell nuclear extract assay (0.974—0.391
uM). From the above results, it appeared that bulkier
substituents, such as cyclopentylmethyl and cyclohexylmethyl,
were more favorable for HDAC inhibition. The benzyl and
substituted benzyls even enhanced HDAC inhibitory activity
more significantly (compounds 9h—m, IC;, values of 0.588—
0.285 uM).

Regarding the results from SRB assays, it was found that all
compounds showed good cytotoxicity in three human cancer
cell lines tested. There was relatively fine correlation between
HDAC inhibitory activity and cytotoxicity within the series.
Two compounds 9a and 9b with the highest ICy, values in
HDAC inhibition assays were also the least cytotoxic ones
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(ICsy values, 3.204—7.044 uM). Compounds 9e—m were more
potent with cytotoxic ICy, values in low, even submicromolar
range. The cytotoxic potency of these compounds was
comparable to that of SAHA (IC, values, 1.448—1.658
uM). Compound 9i was the most potent in the series in terms
of cytotoxicity (ICg, values, 0.639—1.122 uM).

Compounds in series 10a—m generally exhibited better
HDAC inhibitory activity in comparison to series 9a—m. The
IC,, values of these compounds in Hela cell nuclear extract
assays were in the range of 0.041—0.247 M, much lower than
that of series 9a—m. Nine out of 13 compounds in series,
including 10a, 10c, 10d, 10f, and 10i—m, were more potent
than SAHA in terms of HDAC inhibitory activity, as
manifested by their lower ICy, values (0.041—0.098 uM)
compared to SAHA’s IC,, value (0.121 uM). The cytotoxicity
of compounds 10a—m was also generally stronger than
compounds in series 9a—m. 3-Benzyl-substituted derivatives
(10h—m) displayed significantly higher cytotoxicity in all three
human cancer cell lines tested. Two compounds 101 and 10m
were the most potent ones. Their HDAC inhibitory activity
(ICyp values, 0.041—0.044 uM) and cytotoxicity (IC, values,
0.671—1.211 M) were approximately 2- to 3-fold more potent
than SAHA (ICg, values, 0.121 uM/HDAC and 1.448—1.658
uM/cancer cell lines).

A fluorogenic HDAC Assay Kit using an HDAC Hela cell
nuclear extract, a rich source of HDAC activity, contains
predominantly class-I isoforms (HDACI, 2, 3, and 8).”’
Recently, great interest is focused on HDAC6 inhibition since
in contrast to most other HDACs, which are transiently or
permanently localized in the nucleus, HDACG6 is localized
exclusively in the cytoplasm. HDACG6 has two main substrates,
including a-tubulin (a protein involved in cytoskeletal
structural integrity and cellular motility) and Hsp90 (heat
shock protein, a protein that helps client proteins fold properly
and maintain their function).”* Therefore, it is expected that
inhibition of HDAC6 would regulate a-tubulin and Hsp
pathways without affecting DNA modification, thus causing
minimal side effects. We therefore decided to evaluate
compounds 10a—m for their inhibitory effects against
HDAC6 isoform to primarily understand the role of
HDACS6. The results are summarized in Table 2. It is very
interesting to note that six compounds, including 10e—j,
showed slightly potent inhibitory activity against HDAC6
(IC4, values of 0.012—0.040 M), compared to HDAC
inhibition using a Hela cell nuclear extract (ICs, values of
0.072—0.247 uM). However, this small difference indicates
that the compounds are nonselective inhibitors. Noteworthy,
compound 10g inhibited HDAC6 with an ICs, value of 0.012
uM, 10-fold lower than its ICy, value in Hela nuclear extract
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Table 1. Inhibition of HDAC Activity and Cytotoxicity of the Synthesized Compounds against Several Cancer Cell Lines
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Cytotoxicity (ICso,? uM)/Cell lines?®
HDAC Inhibition

Cpd.  Substit
R LogP? (Hela extract)
code  uted SW620 PC3 NCI-H23
(ICs0,2 uM)
position
% 6 Ethyl 0.02 7.35420.041 669010031  7.044:0574 5.787%0.003
9b 6 2-Chloroethyl ~ 0.28 2.385£0.009 4.040£0.053  3.968:0.391 3.20420.143
9c 6 2-Hydroxy-ethyl  -1.44 0.974+0.031 3.674:0.067  4.652+0.171 4.309:0.040
9d 6 n-Propyl 0.51 0.925:0.030 270140194  2.871:0.224 1.615£0.074
% 6 n-Butyl 1.00 0.974£0.031 1.955:0.103  1.689:0.014 1.447:0.015
4 . .504+0.
of 6 O/?‘ 180 0.50420.018 1193:0.012  1.223£0.100 0.952+0.029
99 6 0/7‘ 22 0.391:0.028 115760042  0.997+0.018 1.291:0.003
h L 124 285+0.001
9 6 O/\ 0.285:0.00 1522:0031 154120012  1.000£0.023
9i 6 F 1.44
Gf/\ 0.42440.059 1122:0.012  0.6390.000 0.659:0.020
i 6 F 3 1.44 0.588:0.012
9j \@/ 2.064£0.058  1.284:0.013  1.669:0.005
6 % 1.44 0.253:0.015
9k O/\ 1.898:0.055  1.042:0.013 1.368:0.072
F
ol 6 < 188
/@/ 0.329£0.000 2574£0.085  1.366:0.030 1.655:0.028
CI
6 179 0.360£0.051
9m @ 1433:0024  1.265:0.026 1.379:0.030
HaC'
10a 7 Ethyl 0.02 0.068:0.001 2960£0.061  1.681:0.008 2.347+0.056
10b 7 2Chloroethyl  0.28 0.113£0.000 564510444  5.551:0.231 7.660£0.691
10¢ 7 2 Hydroxy-ethyl 1.4 0.091£0.005 3675:0.032  5.052:0.399 4.201%0.200
10d 7 n-Propyl 0.51 0.067£0.002 1.336:0173  1.497:0.135 1.899:0.053
10e 7 n-Butyl 1.00 0.12440.012 3.685£0.027  2.855:0.094 2.749:0.016
7 A 1.80
10f O/ 0.072:0.001 3.208:0.083  2488:0.017 3.158+0.213
109 7 0/7‘ 22 0.1240.004 1435:0128  2.535:0.026 2.203:0.018
7 9 124
10h O/\ 0.247+0.021 112760049  1.317£0.025 1.178:0.015
7 F 1.44
10i Qf/\ 0.098£0.002 1.766:0.020  1.948:0.066 2.102:0.132
7 F 3 1.44
10j Uf 0.096£0.001 1670:0.216  1.396£0.009 1.914:0.006
7 o4 1.44
10k 0/\ 0.048+0.000 10340066  1.491:0.023 1.494£0.018
F
7 > 188
101 /O/ 0.041£0.003 0671£0.014  0.767:0.025 0.899+0.045
CI
7 A 179
10m g 0.044£0.000 0.898£0.047  1.211:0.050 0.769+0.009
HaC
SAHA? 264.32 1.44 0.121£0.031 1.448:0092  1.658£0.050 1.6110.098
Belinostat® 318.35 1.34 0.090£0.011 3.230:0210  2.530:0.170  3.100£0270

“Calculated by ChemDraw 9.0 software. bConcentration (4M) of compounds that produces a 50% reduction in enzyme activity or cell growth; the
numbers represent the averaged results from triplicate experiments. “Cell lines: SW620, colon cancer; PC3, prostate cancer; NCI-H23, lung cancer.
dSAHA, suberoylanilide acid, a positive control. “Belinostat, a positive control.

assay (0.124 puM). It should be noted that Hela cell nuclear as pan-HDAC inhibitors. Among them, compound 10g proved
extract contains predominantly class-I isoforms (HDACI, 2, 3, to be potential as a good template for further development of
and 8); therefore, the synthesized compounds exhibited mainly HDACS6 selective inhibitors.
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Table 2. Inhibition of HDAC6 Activity by Compounds 10a—m

cpd. HDAC (Hela extract) inhibition HDACS inhibition
code (ICso," uM) (ICso," uM)
10a 0.068 + 0.001 0.080 + 0.000
10b 0.113 + 0.000 0.322 + 0.013
10c 0.091 + 0.005 0.096 + 0.006
10d 0.067 + 0.002 0.048 + 0.002
10e 0.124 + 0.012 0.029 + 0.000
10f 0.072 + 0.001 0.022 + 0.000
10g 0.124 + 0.004 0.012 £ 0.000

“Concentration (#M) of compounds that produces

HDAC (Hela extract) inhibition HDACS6 inhibition

cpd. code (ICso," uM) (ICso," uM)
10h 0.247 + 0.021 0.040 + 0.001
10i 0.098 + 0.002 0.025 + 0.001
10j 0.096 + 0.001 0.023 + 0.000
10k 0.048 + 0.000 0.042 + 0.001
101 0.041 + 0.003 0.033 + 0.000
10m 0.044 + 0.000 0.047 + 0.001
SAHA" 0.121 + 0.031 0.131 + 0.001

a 50% reduction in enzyme activity. bSAHA, suberoylanilide acid, a positive control.
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Figure 3. Cell cycle analysis of representative compounds 10l and 10m. SW620 cells (human colon cancer) (2 X 10° cells) were treated with
compounds (10 uM) or SAHA (1 uM) for 24 h. The harvested cells were stained with propidium iodide (PI) in the presence of RNase and then
were analyzed for DNA content. UN: untreated, VH: vehicle (dimethyl sulfoxide, DMSO 0.05%). Data were represented as histograms (left) and

bar graphs (right).
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Figure 4. Apoptosis (Annexin V/PI) analysis of representative compounds 101 and 10m. SW620 cells (human colon cancer) (2 X 10° cells) were
treated with compounds (10 #M) or SAHA (1 uM) for 24 h. The harvested cells were stained with propidium iodide (PI) in the presence of
RNase and then were analyzed for DNA content. UN: untreated, VH: vehicle (DMSO 0.05%). Area 1 = PI positive population, Area 2: Annexin V-
positive population. Data were represented as histograms (left) and bar graphs (right).

The results from the above SRB assays demonstrate that two
compounds 10l and 10m exhibited the most potent HDAC
inhibition and cytotoxicity against three human cancer cell
lines. Therefore, we selected these two compounds to analyze
their effects on the cell cycle and apoptosis. In these
experiments, SW620 human colon cancer cells were used.
Flow cytometry was employed to analyze the cell cycle.
Initially, SW620 cells were preincubated for 24 h. Then, the
cells were treated with each compound (10 M) or SAHA (1
uM) for 24 h. After that, the DNA contents were analyzed. It
was found that two compounds 101 and 10m killed significant
population of SW620 cells at the GO/G1 phase (30.60 and
32.20%, respectively). Within viable cell population, com-
pounds 101 and 10m substantially arrested SW620 cells at the
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G2/M phase (26.70 and 30.11%, respectively, vs. 6.29% of the
VH). In contrast, SAHA caused cells (61.95%) more
accumulated at the GO/G1 phase (Figure 3). This observation
might suggest some differences in the cytotoxic mechanism of
compounds 10l and 10m in comparison to that of SAHA.
To investigate the effects of the compounds on the cell
apoptosis, we carried out an Annexin V-FITC/propidium
iodide (PI) dual staining assay. This assay is based on
phosphatidylserine (PS), one component of the cell mem-
brane, which plays an important role in cell cycle signaling,
especially pathway related to cellular apoptosis. During early
apoptosis, PS, which is located on the cytosolic (inner) side of
the cell membrane, translocates to the extracellular (outer) side
of the cell membrane. Annexin V exhibits a high affinity for PS.

https://dx.doi.org/10.1021/acsomega.0c05870
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Therefore, annexin V fluorescently labeled with fluorescein
isothiocyanate (Annexin V-FITC) has been used to identify
early apoptotic cells. Meanwhile, propidium iodide (PI), a
fluorescent intercalating agent, cannot cross the membrane of
live cells. Therefore, the membranes of dead cells or cells in the
later stages of apoptosis are permeable to PL. SW620 cells were
treated with compounds at 10 uM for 24 h, and the cells were
stained with Annexin V-FITC and PIL The results demonstrate
that compounds 10l and 10m substantially induced both early
and late apoptosis in SW620 cells (Figure 4).

Regarding cell morphology, it was found that compounds
101 and 10m caused similar morphological changes in the
shape of SW620 cells as SAHA did (Figure S).

Figure 5. Morphology changes of cells treated with representative
compounds 101 and 10m. SW620 (human colon cancer) cells (2 X
10° cells/well in a six-well plate, preincubated for 2 h) were treated
with compounds (10 #M) or SAHA (1 uM) for 24 h. Then, the cells
were photographed using an imaging device: Biostation with 20X lens.
Scale bar: 50 pm.

Docking Studies. As can be seen in the experimental
evaluations, compounds from series 10 appeared to be
potential inhibitors of class-I and HDAC6 isoform equally.
Some of them, e.g, 10h, 10l, and 10m exhibited higher

cytotoxicity, and HDAC inhibitory activities in comparison to
SAHA, a well-known nonselective pan-HDAC inhibitor.
Human HDAC6 (Uniprot QOUBN?7) is the largest member
of the metal-dependent HDAC family, which comprises two
catalytic domains, namely, CD1 and CD2,*° in addition to a
ubiquitin binding domain. Even though both domains are
required for deacetylase activity, only CD2 is a tubulin
deacetylase and a tau deacetylase, and the development of
HDAC6 selective inhibitors has focused exclusively on this
domain. To gain more insight into the structure—activity
relationships, we decided to perform comparative docking
experiments for compounds of series 10 against zebrafish
HDAC6 CD2 (PDB ID: SEEN).*°

To validate the docking protocol, redocking simulations
were performed with the co-crystal Belinostat. The snapshot
from the superimposition of the redocked and co-crystallized
Belinostat shown in Figure 6B revealed the suitability of the
docking procedures applied. The redocked orientation was
highly overlapped with the native ligand with the root-mean-
square deviation of 0.8110A and similar interactions such as H-
bonds with residues His573, His574, Tyr74S, and hydrophobic
interactions with Pro464, Phe583, and Phe643. In the same
manner, SAHA was docked into the active site of HDAC6 and
showed key interactions with zinc ion and important catalytic
residues His573, His574, and Tyr74S at the bottom of the
pocket.”>>>*® The lower binding energy of SAHA-HDACSG in
comparison to Belinostat could be attributed to the lack of
multiple stacking contacts with backbone Phe583 and Pro464.
The target binding energies of SAHA and Belinostat were
calculated via the London and affinity scoring function
implemented into MOE software (see Table 3).”

In the subsequent steps, the same protocol mentioned above
was applied for investigating the binding modes of active
compounds 10a—m against HDAC6 enzyme. In general, all of
the compounds appropriately bound to the active site of
HDAC6 with the key interactions such as bidentate
hydroxamate-Zn** coordination mode, and H-bonding net-
works between hydroxamates toward His573, His574, Asp612,

Acceptor L

Figure 6. (A) Binding orientation of reference compounds (Belinostat and SAHA); superposition of (B) redocked (stick representation with
yellow carbons) and co-crystal Belinostat (green carbons); and (C) between co-crystal Belinostat and docked SAHA (blue carbon), in the active

site of HDACG. Zinc ions are shown as gray spheres.
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Table 3. Docking Scores of All Compounds with HDAC6 Enzyme

distance to Zn***

cpd. code E_scorelb E_score2b —OH =0
10a —17.348 —10.056 1.97 2.33
10b —11.083 —9.090 1.97 2.33
10c —14.148 —10.153 1.97 2.34
10d —14.908 —-9.914 1.97 2.33
10e —16.303 —11.231 1.97 2.33
10f —15.676 —10.930 1.97 2.32
10g —17.793 —10.944 1.96 2.32

distance to Zn?*

cpd. code E_scorel E_score2 —OH =0
10h —17.456 —11.116 1.97 2.34
10i —16.092 —11.130 1.97 2.34
10j —16.649 —10.895 1.97 2.33
10k —16.321 —10.740 1.97 2.13
101 —18.326 —11.157 1.97 2.35
10m —17.566 —10.428 1.97 2.33
SAHA —14.436 —9.447 1.96 2.31
Belinostat —16.147 —10.424 1.97 2.31

“The docking score (kcal/mol) calculated from the London (with refinement) and affinity scoring function from MOE software. “Distances (A)
from oxygen atoms (—O and =OH) of hydroxamate group to zinc ion.
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Figure 8. Correlation graph between experimental ICs, values and docking scores of 10a—m and SAHA.

and Tyr745 (Figure 7A). By incorporating 4-oxoquinazoline
moieties into the linker region, most of the compounds
displayed two pi—pi stacking contacts with PheS83 and
Phe643, which are similar to Belinostat.*® In addition, the
carboxyl group of 4-oxoquinazoline moiety appeared to be
important for substrate recognition as it formed one more H-
bond with SerS31 (e.g., 10l and 10m). The role of Ser531 in
target binding has recently been demonstrated in several
reports.’®** Interestingly, 10b and 10c could not participate in
the interactions with Ser531. We observed that their 4-
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oxoquinazoline moieties were attracted by pi—pi interaction
with Phe583 and pi-alkyl contact with Leu712. These stacking
interactions could contribute to the different binding mode of
10b from SAHA and the other derivatives in the active site of
HDAC6.>® On the other hand, substitutions at phenyl capping
groups showed little impact on the binding mode of 10h—m.
The structural superimposition in Figure 7A of 10h—m
confirmed a high similarity of binding modes of 3-benzyl-
substituted derivatives at the HDAC6 CD2 active site.
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Finally, we continued analyzing the correlation between
experimental values and theoretical binding energies estimated
through docking simulations. In this study, the binding
energies were estimated for the complex using London
(E_scorel, kcal/mol) and affinity (E_score2, kcal/mol)
scoring functions. A more detailed description of these
functions can be found elsewhere.'”*” As can be seen in
Figure 8, for 10a—m and SAHA, E scorel and E_score2,
having acceptable correlation coefficients (R* = 0.76—0.77),
showed similar rank-order relationships with experimental ICy,
values, suggesting their ability to quantitatively predict
experimental in vitro HDACG inhibitory activities.

B CONCLUSIONS

In conclusion, we have synthesized two series of novel 4-
oxoquinazoline-based N-hydroxypropenamides (9a—m and
10a—m). Their HDAC inhibitory effects and cytotoxicity
against three human cancer cell lines, including SW620
(human colon cancer), PC-3 (prostate cancer), and NCI-
H23 (lung cancer), have been evaluated. The compounds were
found to exhibit good HDAC inhibitory activity as well as
cytotoxicity. Compounds with the N-hydroxypropenamide
functionality impeded at position 7 on the 4-oxoquinazoline
skeleton (10a—m) were generally more potent than com-
pounds with the N-hydroxypropenamide moiety at position 6
(9a—m). Also, the N°-benzyl-substituted derivatives (9h—m
and 10h—m) exhibited stronger bioactivity than the N*-alkyl-
substituted ones (9a—e, 10a—e). Among the compounds in
two series, 101 and 10m were two most potent compounds, in
terms of both HDAC inhibition and cytotoxicity. Their HDAC
inhibitory activity (ICs, values, 0.041—0.044 uM) and
cytotoxicity (IC, values, 0.671—1.211 uM) were approx-
imately 2- to 3-fold more potent than SAHA. Compounds 101
and 10m also strongly induced both early and late apoptosis
and arrested SW620 cells in the G2/M phase. Docking studies
were carried out with the series 10a—m and showed some
important features for HDAC6-substrate recognition as well as
to quantitatively predict experimental in vitro HDAC6
inhibitory activities. Based on the results obtained, two
inhibitors 101 and 10m were identified as potential hit
compounds for further evaluation and development as
HDAC targeting anticancer agents.

B EXPERIMENTAL SECTION

Chemistry. The synthesis procedure of 4-oxoquinazoline-
based N-hydroxypropenamide series (9a—m and 10a—m) was
carried out as illustrated in Scheme 1. The details are described
below.

General Procedures for the Synthesis of Compounds 9a—
m. The mixtures of S-bromo-2-aminobenzoic acid (1) (3
mmol) and formamide (5 mmol) were stirred at 120 °C for 6
h. Upon completion, the resulting mixture was cooled and
poured into ice-cold water (50 mL). A solution of NaHCO;
5% was gradually added to adjust pH to 7, which led to the
formation of light brown solids. The solids were filtered and
washed with water (3 times) to give the corresponding
quinazolinone derivative 3, which was used for the next step
without further purification.

To a respective solution of 4-oxoquinazoline derivatives 3 (2
mmol) in dimethylformamide (DMF) (5 mL) was added
K,CO; (342.5 mg, 2.5 mmol). The resulting mixture was
stirred at 60 °C for 1 h; then, a catalytic amount of KI (49.8
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mg, 0.3 mmol) was added. After stirring for further 15 min,
alkyl bromide (2 mmol) was added. The reaction mixture was
again stirred at 60 °C for S h until the reaction completed.
After completion of the reaction, the resulting mixtures were
cooled and poured into ice-cold water (20 mL). The
precipitates were obtained, washed with water, and dried to
give a respective compound (intermediates Sa—m, yields: 80—
94%).

In the next step, the respective solution of compounds Sa—
m (1.5 mmol) was dissolved in 5 mL of DMF; then, dried
triethylamine (0.5 mL) and ethyl acrylate (0.5 mL) were
added. After stirring for further 15 min, a solution of
triphenylphosphine (105 mg, 0.4 mmol in 0.5 mL of DMF)
and palladium diacetate (0.2 mmol, 45 mg) was added and the
reaction mixtures were again stirred at 110 °C until the
reaction completed (6 h, checked by thin-layer chromatog-
raphy, TLC). After that, the reaction mixtures were poured
into ice-cold water (10 mL). The obtained brown precipitates
were washed with water and dried at 40 °C under vacuum for
24 h. The crude products were then purified by column
chromatography (silica gel; DCM/methanol = 100/S) to give
the corresponding intermediate esters 7a—m in yields of 64—
77%.

Each of the intermediate esters 7a—m was dissolved in
methanol (10 mL). Then, hydroxylamine. HCI (685 mg, 10
mmol) was added, followed by dropwise addition of a solution
of NaOH (400 mg in 1 mL of water). The mixture was stirred
at —5 °C until the reaction completed (1—2 h, checked by
TLC). At the end of this reaction, the resulting reaction
mixture was poured into ice-cold water, neutralized to pH ~ 7,
and acidified by dropwise addition of a solution of HCI 5% to
induce the maximum precipitation. The precipitates were
filtered, dried, and recrystallized in methanol to give the target
compounds 9a—m.

(E)-3-(3-Ethyl-4-oxo0-3,4-dihydroquinazolin-6-yl)-N-hy-
droxyacrylamide (9a). White solid; Yield: 62%. mp: 168-169
°C. R¢= 0.45 (DCM/MeOH/AcOH = 90:5:1). Purity > 95%.
IR (KBr, cm™): 3277 (OH); 3046, 2968 (CH, aren); 2922,
2851 (CH, CH,); 1655 (C=0); 1599, 1551, 1539 (C=C).
'H NMR (500 MHz, DMSO-d;, ppm): 6 10.71 (s, 1H,
NHOH); 9.03 (s, 1H, NHOH); 8.35 (s, 1H, H-2'); 8.20 (s,
1H, H-5'); 7.91 (dd, ] = 8.50 Hz, ] = 1.50 Hz, 1H, H-7"); 7.60
(d, ] = 8.50 Hz, 1H, H-8'); 7.50 (d, J = 16.00 Hz, 1H, H-3);
6.51 (d, J = 15.50 Hz, 1H, H-2); 3.96-3.91 (m, 2H, H-1"a, H-
1”b); 1.21 (t, J = 7.25 Hz, 3H, —CH,). *C NMR (125 MHyg,
DMSO-d, ppm): & 162.90, 160.31, 149.05, 148.88, 143.4S,
133.94, 133.27, 128.36, 125.28, 122.35, 120.94, 49.07, 14.94.
HRMS (ESI) m/z calculated for C;3;H,N;05, [M + H]J*
260.1035. Found, 260.1028.

(E)-3-(3-(2-Chloroethyl)-4-oxo-3,4-dihydroquinazolin-6-
yl)-N-hydroxyacrylamide (9b). White solid; Yield: 61%. mp:
169-170 °C. R; = 0.46 (DCM/MeOH/AcOH = 90:5:1). Purity
> 99%. IR (KBr, cm™): 3213 (OH); 2986, 2901 (CH, aren);
1678 (C=0); 1603, 1555 ( (C=C). '"H NMR (500 MHz,
DMSO-dg, ppm): § 10.69 (s, 1H, NHOH); 9.02 (s, 1H,
NHOH); 8.21 (s, 1H, H-5'); 8.13 (s, 1H, H-2'); 791 (4, ] =
9.00 Hz, 1H, H-7'); 7.58 (d, J = 8.50 Hz, 1H, H-8'); 7.48 (d,
= 15.50 Hz, 1H, H-3); 6.49 (d, J = 16.00 Hz, 1H, H-2); 4.04
(, ] = 10.00 Hz, 2H, H-2"a, H-2"b); 3.68 (t, ] = 10.50 Hz, 2H,
H-1"a, H-1"b). *C NMR (125 MHz, DMSO-d,, ppm): &
162.86, 160.79, 149.02, 148.95, 137.32, 134.07, 133.30, 128.41,
12536, 122,20, 121.08, 49.05, 45.60. HRMS (ESI) m/z
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calculated for C;3H;;CIN;O;, [M + H]™ 292.0489, 294.0459.
Found, 292.0486, 294.0457.
(E)-N-Hydroxy-3-(3-(2-hydroxyethyl)-4-oxo-3,4-dihydro-
quinazolin-6-yl)acrylamide (9c). White solid; Yield: 57%. mp:
174-175 °C. R;= 0.35 (DCM/MeOH/AcOH = 90:5:1). Purity
> 99%. IR (KBr, cm™!): 3358 (NH); 3240 (OH); 2918 (CH,
aren); 2853 (CH, CH,); 1651, 1626 (C=0); 1607, 1553
(C=C). 'H NMR (500 MHz, DMSO-d,, ppm): § 10.86 (s,
1H, NHOH); 9.04 (s, 1H, NHOH); 8.22 (s, 1H, H-2'); 8.20
(s, 1H, H-5); 7.91 (d, J = 8.00 Hz, 1H, H-7'); 7.61 (d, ] =
8.50 Hz, 1H, H-8'); 7.49 (d, ] = 16.00 Hz, 1H, H-3); 6.58 (d, ]
= 15.50 Hz, 1H, H-2); 4.95 (t, J = 5.00 Hz, 1H, 2’-OH); 3.97
(t, J = 5.00 Hz, 2H, H-1"a, H-1"b); 3.60-3.57 (m, 2H, H-2"a,
H-2"b). BC NMR (125 MHz, DMSO-d, ppm): § 162.89,
160.58, 149.62, 149.10, 137.32, 133.89, 133.19, 128.31, 125.37,
122.41, 121.09, 49.13, 34.46. HRMS (ESI) m/z calculated for
C;HuN;0,, [M + H]' 276.0984. Found, 276.0967.
(E)-N-Hydroxy-3-(4-oxo-3-propyl-3,4-dihydroquinazolin-
6-yl)acrylamide (9d). White solid; Yield: 65%. mp: 177-178
°C. Ry = 044 (DCM/MeOH/AcOH = 90:5:1). Purity >
95%IR (KBr, cm™): 3564 (NH); 3235 (OH); 3065, 2978
(CH, aren); 2880 (CH, CH,); 1657, 1626 (C=0); 1609,
1553 (C=C). '"H NMR (500 MHz, DMSO-d,, ppm): § 10.71
(s, 1H, NHOH); 9.02 (s, 1H, NHOH); 8.33 (s, 1H, H-2');
8.20 (d, J = 1.00 Hz, 1H, H-5'); 7.91 (dd, J = 8.50 Hz, J'
1.50 Hz, 1H, H-7"); 7.61 (d, ] = 8.50 Hz, 1H, H-8'); 7.50 (d, J
= 15.50 Hz, 1H, H-3); 6.51 (d, J = 16.00 Hz, 1H, H-2); 3.86
(t, J=7.25Hz, 2H, H-1"3, H-1"b); 1.67—1.60 (m, 2H, H-2"a,
H-2"b); 0.81 (t, ] = 7.50 Hz, 3H, —CH,). *C NMR (125
MHz, DMSO-dg, ppm): & 162.90, 160.45, 149.11, 148.99,
137.44, 133.98, 133.30, 128.37, 125.34, 122.32, 120.96, 48.02,
22.37, 11.30. HRMS (ESI) m/z calculated for C,,H;(N;0s,
[M + H]* 274.1192. Found, 274.1183.
(E)-3-(3-Butyl-4-oxo-3,4-dihydroquinazolin-6-yl)-N-hy-
droxyacrylamide (9e). White solid; Yield: 69%. mp: 181-182
°C. R; = 0.45 (DCM/MeOH/AcOH = 90:5:1). Purity > 95%.
IR (KBr, cm™'): 3215 (OH); 3096, 2955 (CH, aren); 2870
(CH, CH,); 1678, 1659 (C=0); 1603, 1549 (C=C). 'H
NMR (500 MHz, DMSO-d, ppm): 6 10.71 (s, 1H, NHOH);
9.03 (s, 1H, NHOH); 8.33 (s, 1H, H-2"); 8.20 (s, 1H, H-5');
7.91 (dd, J = 8.50 Hz, J' = 1.50 Hz, 1H, H-7); 7.61 (d, ] =
8.50 Hz, 1H, H-8'); 7.50 (d, ] = 16.00 Hz, 1H, H-3); 6.51 (d, ]
= 15.50 Hz, 1H, H-2); 3.90 (t, J = 7.25 Hz, 2H, H-1"a, H-
1"b); 1.62-1.57 (m, 2H, H-2"a, H-2"b); 1.27-1.19 (m, 2H, H-
3"a, H-3"b); 0.83 (t, ] = 7.25 Hz, 3H, —CH,). 3*C NMR (125
MHz, DMSO-di, ppm): & 162.90, 160.47, 149.07, 148.98,
137.46, 133.98, 133.27, 128.37, 125.36, 122.31, 120.95, 46.24,
31.16, 19.75, 14.01. HRMS (ESI) m/z calculated for
C1sHsN;O;, [M + H]* 288.1388. Found, 288.1339.
(E)-3-(3-(Cyclopentylmethyl)-4-oxo-3,4-dihydroquinazo-
lin-6-yl)-N-hydroxyacrylamide (9f). White solid; Yield: 66%.
mp: 191-192 °C. R; = 0.43 (DCM/MeOH/AcOH = 90:5:1).
Purity > 99%. IR (KBr, cm™): 3213 (OH); 3067, 2932 (CH,
aren); 2868 (CH, CH,); 1680, 1657 (C=0); 1601, 1547
(C=C). 'H NMR (500 MHz, DMSO-ds, ppm): & 10.70 (s,
1H, NHOH); 9.03 (s, 1H, NHOH); 8.35 (s, 1H, H-2'); 8.20
(s, 1H, H-5"); 7.91 (d, J = 8.00 Hz, 1H, H-7); 7.61 (d, ] =
8.50 Hz, 1H, H-8'); 7.50 (d, J = 15.50 Hz, 1H, H-3); 6.51 (d, ]
= 16.00 Hz, 1H, H-2); 3.85 (4, J = 7.50 Hz, 2H, H-1"a, H-
1"b); 2.30-2.24 (m, 1H, H-2"); 1.56-1.18 (m, 8H, H-3"a, H-
3"b, H-4"a, H-4"b, H-5"a, H-5"b, H-6"a, H-6"b). *C NMR
(125 MHz, DMSO-d, ppm): 6 162.87, 160.60, 149.12, 14891,
137.41, 134.02, 133.30, 128.38, 125.39, 122.30, 120.97, 50.68,
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49.07, 29.97, 24.88. HRMS (ESI) m/z calculated for
Cy,H,0N;0;, [M + H]* 314.1505. Found, 314.1494.
(E)-3-(3-(Cyclohexylmethyl)-4-oxo-3,4-dihydroquinazolin-
6-yl)-N-hydroxyacrylamide (9g). White solid; Yield: 69%. mp:
201-202 °C. R¢= 0.45 (DCM/MeOH/AcOH = 90:5:1). Purity
> 95%. IR (KBr, cm™): 3217 (OH); 2986, 2924 (CH, aren);
2857 (CH, CH,); 1680, 1657 (C=0); 1605, 1547 (C=C).
'"H NMR (500 MHz, DMSO-d¢, ppm): § 10.71 (s, 1H,
NHOH); 9.03 (s, 1H, NHOH); 8.28 (s, 1H, H-2'); 8.19 (s,
1H, H-5'); 7.91 (d, ] = 8.00 Hz, 1H, H-7'); 7.61 (d, ] = 8.00
Hz, 1H, H-8'); 7.50 (d, J = 15.50 Hz, 1H, H-3); 6.51 (d, ] =
16.00 Hz, 1H, H-2); 3.75 (t, ] = 6.50 Hz, 2H, H-1"a, H-1"b);
1.72-1.70 (m, 1H, H-2"); 1.58-0.90 (m, 10H, H-3"a, H-3"b,
H-4"a, H-4"b, H-5"a, H-5"b, H-6"a, H-6"b, H-7"a, H-7"b).
BC NMR (125 MHz, DMSO-d,, ppm): & 162.90, 160.61,
149.29, 148.91, 137.45, 134.01, 133.28, 128.37, 125.44, 122.29,
120.94, 52.06, 49.07, 30.31, 26.31, 25.61. HRMS (ESI) m/z
calculated for C;sH,,N;0;, [M + H]* 328.1661. Found,
328.1649.
(E)-3-(3-Benzyl-4-oxo-3,4-dihydroquinazolin-6-yl)-N-hy-
droxyacrylamide (9h). White solid; Yield: 67%. mp: 189-190
°C. R¢ = 0.43 (DCM/MeOH/AcOH = 90:5:1). Purity > 95%.
IR (KBr, cm™'): 3235 (OH); 2986, 2901 (CH, aren); 1661
(C=0); 1597, 1553 (C=C). 'H NMR (500 MHz, DMSO-
dg, ppm): 6 10.71 (s, 1H, NHOH); 9.03 (s, 1H, NHOH); 8.51
(s, 1H, H-2"); 8.20 (s, 1H, H-5'); 7.93 (d, ] = 7.50 Hz, 1H, H-
7'); 7.63 (d, ] = 8.50 Hz, 1H, H-8'); 7.49 (d, J = 15.50 Hz, 1H,
H-3); 7.29-7.20 (m, 5H, H-3", H-4", H-5", H-6", H-7"); 6.50
(d, J = 16.00 Hz, 1H, H-2); 5.13 (s, 2H, H-1"a, H-1"b). *C
NMR (125 MHz, DMSO-d,, ppm): § 162.52, 160.43, 149.01,
148.93,137.27, 137.19, 134.22, 133.46, 129.14, 128.48, 128.20,
128.14, 125.47, 122.43, 121.10, 49.43. HRMS (ESI) m/z
calculated for C;gH,N;O0;, [M + H]™ 320.103S. Found,
320.1030.
(E)-3-(3-(2-Fluorobenzyl)-4-oxo-3,4-dihydroquinazolin-6-
yl)-N-hydroxyacrylamide (9i). White solid; Yield: 67%. mp:
206-207 °C. R = 0.44 (DCM/MeOH/AcOH = 90:5:1). Purity
> 95%. IR (KBr, cm™): 3321, 3200 (OH); 2974 (CH, aren);
2899 (CH, CH,); 1667 (C=0); 1601 (C=C). 'H NMR
(500 MHz, DMSO-dg, ppm): & 8.46 (s, 1H, H-2'); 8.17 (s,
1H, H-5'); 7.94 (d, ] = 8.00 Hz, 1H, H-7'); 7.64 (d, ] = 8.50
Hz, 1H, H-8'); 7.49 (d, ] = 15.50 Hz, 1H, H-3); 7.30-7.07 (m,
4H, H-4", H-5", H-6", H-7"); 6.51 (d, ] = 16.00 Hz, 1H, H-2);
5.17 (s, 2H, H-1"a, H-1"b). *C NMR (125 MHz, DMSO-dj,
ppm): & 162.78, 160.36, 149.07, 148.88, 137.27, 134.24,
133.47, 130.49, 130.46, 130.42, 130.36, 128.48, 125.47, 125.07,
125.04, 123.80, 123.69, 122.36, 121.12, 116.00, 115.84, 44.39.
HRMS (ESI) m/z calculated for C;gH;;FN;O;, [M + H]*
340.1097. Found, 340.1090.
(E)-3-(3-(3-Fluorobenzyl)-4-oxo-3,4-dihydroquinazolin-6-
yl)-N-hydroxyacrylamide (9j). White solid; Yield: 65%. mp:
208-209 °C. R = 0.46 (DCM/MeOH/AcOH = 90:5:1). Purity
> 95%. IR (KBr, cm™!): 3524 (NH); 3181 (OH); 3061, 2990
(CH, aren); 2899 (CH, CH,); 1667, 1632 (C=0); 1605,
1555 (C=C). 'H NMR (500 MHz, DMSO-dy, ppm): 5 10.73
(s, 1H, NHOH); 9.04 (s, 1H, NHOH); 8.52 (s, 1H, H-2');
8.20 (s, 1H, H-5'); 7.93 (d, ] = 8.00 Hz, 1H, H-7'); 7.63 (d, ]
= 8.00 Hz, 1H, H-8'); 7.50 (d, J = 16.00 Hz, 1H, H-3); 7.35-
7.03 (m, 4H, H-3", H-5", H-6", H-7"); 6.51 (d, ] = 15.50 Hz,
1H, H-2); 5.13 (s, 2H, H-1"a, H-1"b). *C NMR (125 MHz,
DMSO-d,, ppm): & 162.80, 160.37, 148.94, 142.82, 139.94,
139.88, 137.36, 134.23, 133.64, 133.49, 133.39, 131.92, 131.19,
131.13,129.92, 129.40, 128.47, 128.43, 127.94, 127.23, 125.50,
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124.19, 124.17, 122.41, 121.22, 121.10, 119.56, 115.19, 115.13,
115.02, 114.96, 49.05. HRMS (ESI) m/z calculated for
C,sH sFN;05, [M + H]* 340.1097. Found, 340.1087.
(E)-3-(3-(4-Fluorobenzyl)-4-oxo-3,4-dihydroquinazolin-6-
yl)-N-hydroxyacrylamide (9k). White solid; Yield: 63%. mp:
209-210 °C. R; = 0.45 (DCM/MeOH/AcOH = 90:5:1). Purity
> 99%. IR (KBr, cm™): 3547 (NH); 3227 (OH); 3061, 2988
(CH, aren); 2918 (CH, CH,); 1667, 1632 (C=0); 1603,
1555 (C=C). 'H NMR (500 MHz, DMSO-d;, ppm): & 10.73
(s, IH, NHOH); 9.04 (s, 1H, NHOH); 8.53 (s, 1H, H-2');
8.20 (s, 1H, H-5'); 7.93 (d, J = 8.00 Hz, 1H, H-7'); 7.62 (d, J
= 8.50 Hz, 1H, H-8'); 7.50 (d, J = 16.00 Hz, 1H, H-3); 7.38-
7.36 (m, 2H, H-3", H-7"); 7.11-7.08 (m, 2H, H-4", H-6");
6.51 (d, ] = 15.50 Hz, 1H, H-2); 5.11 (s, 2H, H-1"a, H-1"b).
C NMR (125 MHz, DMSO-d,, ppm): & 162.16, 160.43,
148.90, 134.21, 133.45, 133.41, 133.38, 132.00, 131.92, 130.5S,
130.49, 129.28, 129.19, 128.47, 125.49, 122.42, 121.09, 115.99,
115.82, 48.82. HRMS (ESI) m/z calculated for C,sH,;FN,0;,
[M + HJ* 340.1097. Found, 340.1089.
(E)-3-(3-(4-Chlorobenzyl)-4-oxo-3,4-dihydroquinazolin-6-
yl)-N-hydroxyacrylamide (9I). White solid; Yield: 65%. mp:
210-211 °C. R; = 0.49 (DCM/MeOH/AcOH = 90:5:1). Purity
> 99%. IR (KBr, cm™): 3213 (OH); 3065, 2986 (CH, aren);
2922 (CH, CH,); 1682, 1659 (C=0); 1601, 1553 (C=C).
'H NMR (500 MHz, DMSO-dg, ppm): & 8.52 (s, 1H, H-2');
8.18 (s, 1H, H-5'); 7.93 (d, J = 7.00 Hz, 1H, H-7'); 7.63 (d, J
= 8.00 Hz, 1H, H-8'); 7.48 (d, J = 15.50 Hz, 1H, H-3); 7.33-
7.26 (m, 4H, H-3”, H-4", H-6", H-7"); 6.51 (d, ] = 15.00 Hz,
1H, H-2); 5.11 (s, 2H, H-1"a, H-1"b). 3C NMR (125 MHz,
DMSO-dg, ppm): & 162.72, 160.43, 149.01, 148.88, 136.99,
136.18, 134.32, 133.45, 132.85, 130.15, 129.08, 128.48, 125.39,
122.41, 121.27, 48.89. ESI-MS m/z: 356.0791 [M + H]".
HRMS (ESI) m/z calculated for C,sH,;CIN;0;, [M + H]*
356.0802, 358.0772. Found, 356.0893, 358.0761.
(E)-N-Hydroxy-3-(3-(4-methylbenzyl)-4-oxo-3,4-dihydro-
quinazolin-6-yl)acrylamide (9m). White solid; Yield: 66%.
mp: 184-185 °C. R; = 0.47 (DCM/MeOH/AcOH = 90:5:1).
Purity > 95%. IR (KBr, cm™"): 3202 (OH); 3057, 2988 (CH,
aren); 2911 (CH, CH,); 1694, 1649 (C=0); 1599, 1553
(C=C). 'H NMR (500 MHz, DMSO-d,, ppm): § 10.78 (s,
1H, NHOH); 9.15 (s, 1H, NHOH); 8.57 (s, 1H, H-2'); 8.28
(s, 1H, H-5'); 8.01 (d, J = 8.00 Hz, 1H, H-7); 7.70 (d, ] =
8.50 Hz, 1H, H-8'); 7.57 (d, ] = 16.00 Hz, 1H, H-3); 7.26 (d,
= 8.00 Hz, 2H, H-3", H-7"); 7.15 (d, J = 8.00 Hz, 2H, H-4",
H-6"); 6.55 (d, ] = 16.00 Hz, 1H, H-2); 5.16 (s, 2H, H-1"a, H-
1"b); 2.26 (s, 3H, 5”"-CH;). *C NMR (125 MHz, DMSO-d,,
ppm): 6 162.80, 160.39, 148.96, 14891, 137.49, 137.31,
134.21, 133.41, 129.67, 128.46, 128.23, 128.14 125.47, 122.42,
121.08, 49.16, 21.14. HRMS (ESI) m/z calculated for
C1oH gN;0;, [M + H]* 336.1348. Found, 336.1340.
General Procedures for the Synthesis of Compounds
10. Compounds 10a—g were synthesized via a four-step
pathway, as illustrated in Scheme 1. The procedures were
similar to that described for compound 9 with 4-bromo-2-
aminobenzoic acid used instead of S-bromo-2-aminobenzoic
acid.
(E)-3-(3-Ethyl-4-oxo0-3,4-dihydroquinazolin-7-yl)-N-hy-
droxyacrylamide (10a). White solid; Yield: 63%. mp: 174-175
°C. R; = 0.47 (DCM/MeOH/AcOH = 90:5:1). Purity > 99%.
IR (KBr, em™): 3339 (NH); 3192 (OH); 3076, 2990 (CH,
aren); 2849 (CH, CH,); 1678, 1649 (C=0); 1611, 1557
(C=C). '"H NMR (500 MHz, DMSO-d,, ppm): & 10.87 (s,
1H, NHOH); 9.17 (s, 1H, NHOH); 8.44 (s, 1H, H-2); 8.17
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(d, J = 8.50 Hz, 1H, H-5"); 7.83 (s, 1H, H-8'); 7.73 (d, ] =
8.00 Hz, 1H, H-6'); 7.61 (d, ] = 16.00 Hz, 1H, H-3); 6.67 (d, ]
=16.00 Hz, 1H, H-2); 4.04—4.00 (m, 2H, H-1"a, H-1"b); 1.30
(t, J = 7.25 Hz, 3H, —CH,). *C NMR (125 MHz, DMSO-d,,
ppm): & 162.61, 160.12, 148.99, 148.95, 140.90, 137.44,
127.14, 12691, 125.51, 122.88, 122.24, 41.74, 14.95. HRMS
(BSI) m/z calculated for C;3H,N;05, [M + H]* 260.1035.
Found, 260.1027.
(E)-3-(3-(2-Chloroethyl)-4-oxo-3,4-dihydroquinazolin-7-
yl)-N-hydroxyacrylamide (10b). White solid; Yield: 65%. mp:
171-172 °C. Rg= 0.47 (DCM/MeOH/AcOH = 90:5:1). Purity
> 95%. IR (KBr, cm™): 3460 (NH); 3175 (OH); 3028, 2953
(CH, aren); 2922, 2851 (CH, CH,); 1659 (C=0); 1611,
1557 (C=C). 'H NMR (500 MHz, DMSO-d;, ppm): § 9.17
(s, 1H, NHOH); 8.29 (s, 1H, H-2'); 8.17 (d, J = 8.00 Hz, 1H,
H-5'); 7.83 (s, 1H, H-8’); 7.73 (d, J = 8.00 Hz, 1H, H-6');
7.66 (d, ] = 15.50 Hz, 1H, H-3); 6.68 (d, ] = 15.50 Hz, 1H, H-
2); 4.04 (d, J = 10.50 Hz, 2H, H-2"a, H-2"b); 3.68 (d, ] =
10.50 Hz, 2H, H-1"a, H-1"b). *C NMR (125 MHz, DMSO-
dg, ppm): & 162.59, 160.13, 149.01, 148.87, 141.02, 137.39,
127.18, 127.01, 125.66, 123.03, 122.28, 49.24, 45.60. HRMS
(ESI) m/z calculated for C;;H;;CIN;0;, [M + H]* 294.0645,
296.0616. Found, 294.0630, 296.0601.
(E)-N-Hydroxy-3-(3-(2-hydroxyethyl)-4-oxo-3,4-dihydro-
quinazolin-7-yl)acrylamide (10c). White solid; Yield: 55%.
mp: 175-176 °C. R; = 0.36 (DCM/MeOH/AcOH = 90:5:1).
Purity > 95%. IR (KBr, cm™"): 3418 (NH); 3123 (OH); 2928
(CH, aren); 2882 (CH, CH,); 1663 (C=0); 1611, 1555
(C=C). 'H NMR (500 MHz, DMSO-dg, ppm): 5 9.82 (s, 1H,
NHOH); 8.31 (s, 1H, H-2'); 8.16 (d, J = 8.00 Hz, 1H, H-5');
7.82 (s, 1H, H-8'); 7.72 (d, ] = 8.50 Hz, 1H, H-6'); 7.58 (d, J
= 15.50 Hz, 1H, H-3); 6.78 (d, J = 16.00 Hz, 1H, H-2); 5.06-
5.04 (m, 1H, 2”-OH); 5.06-4.05 (m, 2H, H-1"a, H-1"b); 3.67-
3.65 (m, 2H, H-2"a, H-2"b). *C NMR (125 MHz, DMSO-dj,
ppm): & 16247, 160.40, 149.72, 148.99, 141.00, 137.06,
127.14, 126.76, 125.40, 123.13, 122.24, 49.05, 34.53. HRMS
(BSI) m/z calculated for C;3H,N;0, [M + H]* 276.0984.
Found, 276.0968.
(E)-N-Hydroxy-3-(4-oxo-3-propyl-3,4-dihydroquinazolin-
7-ylacrylamide (10d). White solid; Yield: 65%. mp: 178-179
°C. R; = 0.45 (DCM/MeOH/AcOH = 90:5:1). Purity > 95%.
IR (KBr, cm™): 3343 (NH); 3204 (OH); 3071, 2968 (CH,
aren); 2920 (CH, CH,); 1680, 1649 (C=0); 1612, 1555
(C=C). 'H NMR (500 MHz, DMSO-d;, ppm): 5 10.88 (s,
1H, NHOH); 9.17 (s, 1H, NHOH); 8.42 (s, 1H, H-2'); 8.16
(d, J = 8.50 Hz, 1H, H-5); 7.83 (s, 1H, H-8'); 7.73 (d, ] =
8.50 Hz, 1H, H-6'); 7.61 (d, ] = 15.50 Hz, 1H, H-3); 6.67 (d, J
= 16.00 Hz, 1H, H-2); 3.94 (t, ] = 7.25 Hz, 2H, H-1"a, H-
1"b); 1.74-1.70 (m, 2H, H-2"a, H-2"b); 0.90 (t, J = 7.25 Hz,
3H, —CH;). *C NMR (125 MHz, DMSO-dg, ppm): 6 162.61,
160.28, 149.21, 148.89, 140.92, 137.44, 127.20, 126.93, 125.53,
122.89, 12221, 47.95, 22.38, 11.30. HRMS (ESI) m/z
calculated for C,,H;(N;O; [M + H]* 274.1192. Found,
274.1185.
(E)-3-(3-Butyl-4-oxo-3,4-dihydroquinazolin-7-yl)-N-hy-
droxyacrylamide (10e). White solid; Yield: 71%. mp: 189-190
°C. Ry = 0.48 (DCM/MeOH/AcOH = 90:5:1). Purity > 99%.
IR (KBr, cm™): 3258 (OH); 3084, 2959 (CH, aren); 2930.
2870 (CH, CH,); 1668, 1638 (C=0); 1612, 1557 (C=C).
'"H NMR (500 MHz, DMSO-ds, ppm): § 10.88 (s, 1H,
NHOH); 9.17 (s, 1H, NHOH); 8.42 (s, 1H, H-2'); 8.16 (d, J
= 8.50 Hz, 1H, H-5'); 7.83 (s, 1H, H-8'); 7.72 (d, ] = 8.00 Hz,
1H, H-6'); 7.61 (d, ] = 15.50 Hz, 1H, H-3); 6.67 (d, ] = 16.00
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Hz, 1H, H-2); 3.98 (t, ] = 7.00 Hz, 2H, H-1"a, H-1"b); 1.71-
1.65 (m, 2H, H-2"a, H-2"b); 1.34-1.30 (m, 2H, H-3"a, H-
3"b); 0.93 (t, J = 7.00 Hz, 3H, —CHj,). *C NMR (125 MHz,
DMSO-ds, ppm): § 162.62, 160.25, 149.16, 148.87, 140.91,
137.44, 127.18, 126.92, 125.53, 122.88, 122.19, 46.17, 31.18,
19.76, 14.01. HRMS (ESI) m/z calculated for C,sH;{N;O;,
[M + H]* 288.1388. Found, 288.1341.
(E)-3-(3-(Cyclopentylmethyl)-4-oxo-3,4-dihydroquinazo-
lin-7-yl)-N-hydroxyacrylamide (10f). White solid; Yield: 72%.
mp: 196-197 °C. R, = 0.44 (DCM/MeOH/AcOH = 90:5:1).
Purity > 99%. IR (KBr, cm™): 3240 (OH); 3065, 2953 (CH,
aren); 2864 (CH, CH,); 1684, 1659 (C=0); 1611, 1557
(C=C). '"H NMR (500 MHz, DMSO-dg, ppm): & 8.44 (s, 1H,
H-2'); 8.16 (d, ] = 8.50 Hz, 1H, H-5'); 7.83 (s, 1H, H-8');
7.73 (d, J = 8.00 Hz, 1H, H-6'); 7.60 (d, ] = 16.00 Hz, 1H, H-
3); 6.68 (d, J = 15.50 Hz, 1H, H-2); 3.93 (d, ] = 7.50 Hz, 2H,
H-1"a, H-1"b); 2.39-2.33 (m, 1H, H-2"); 1.65-1.27 (m, 8H,
H-3"a, H-3"b, H-4"a, H-4"b, H-5"a, H-5"b, H-6"a, H-6"b).
BC NMR (125 MHz, DMSO-ds, ppm): § 162.51, 160.41,
149.21, 148.80, 140.99, 137.27, 127.24, 126.89, 125.55, 122.95,
122.15, 50.61, 49.07, 29.97, 24.88. HRMS (ESI) m/z
calculated for C;;H,()N;O;, [M + H]* 314.1505. Found,
314.1496.
(E)-3-(3-(Cyclohexylmethyl)-4-oxo-3,4-dihydroquinazolin-
7-yl)-N-hydroxyacrylamide (10g). White solid; Yield: 75%.
mp: 203-204 °C. R; = 0.46 (DCM/MeOH/AcOH = 90:5:1).
Purity > 95%. IR (KBr, cm™): 3235 (OH); 3065, 2986 (CH,
aren); 2920, 2851 (CH, CH,); 1684, 1665 (C=0); 1614,
1557 (C=C). '"H NMR (500 MHz, DMSO-d,, ppm): § 10.87
(s, 1H, NHOH); 9.17 (s, 1H, NHOH); 8.37 (s, 1H, H-2');
8.16 (d, J = 8.00 Hz, 1H, H-5'); 7.83 (s, 1H, H-8'); 7.73 (d, J
= 8.00 Hz, 1H, H-6'); 7.60 (d, ] = 16.00 Hz, 1H, H-3); 6.68
(d, J = 16.00 Hz, 1H, H-2); 3.83 (d, ] = 7.00 Hz, 2H, H-1"3,
H-1"b); 1.81-1.78 (m, 1H, H-2"); 1.69-1.16 (m, 10H, H-3"a,
H-3"b, H-4"a, H-4"b, H-5"a, H-5"b, H-6"a, H-6"b, H-7"a, H-
7"b). *C NMR (125 MHz, DMSO-dg, ppm): & 162.49,
160.42, 149.40, 148.82, 140.97, 137.25, 127.25, 126.92, 125.54,
122.92, 122.16, 52.01, 37.08, 30.33, 26.32, 25.61. HRMS (ESI)
m/z calculated for C;gH,,N;0;, [M + H]* 328.1661. Found,
328.1650.
(E)-3-(3-Benzyl-4-oxo0-3,4-dihydroquinazolin-7-yl)-N-hy-
droxyacrylamide (10h). White solid; Yield: 65%. mp: 194-195
°C. R = 0.43 (DCM/MeOH/AcOH = 90:5:1). Purity > 95%.
IR (KBr, cm™): 3433 (NH); 3144 (OH); 3030, 2953 (CH,
aren); 2845, 2783 (CH, CH,); 1655 (C=0); 1601, 1557
(C=C). 'H NMR (500 MHz, DMSO-d,, ppm): § 10.88 (s,
1H, NHOH); 9.17 (s, 1H, NHOH); 8.61 (s, 1H, H-2"); 8.16
(d, J = 8.50 Hz, 1H, H-5'); 7.86 (s, 1H, H-8'); 7.74 (d, ] =
8.50 Hz, 1H, H-6"); 7.61 (d, J = 16.00 Hz, 1H, H-3); 7.39-7.29
(m, SH, H-3", H-4", H-5", H-6", H-7"); 6.68 (d, ] = 15.50 Hz,
1H, H-2); 5.21 (s, 2H, H-1"a, H-1"b). 3C NMR (125 MHz,
DMSO-d,, ppm): & 162.59, 160.23, 149.14, 148.87, 141.16,
137.37, 137.26, 129.14, 128.18, 128.15, 127.30, 127.01, 125.76,
123.03, 122.28, 49.38. HRMS (ESI) m/z calculated for
CsH4N;0;, [M + H]* 322.1192. Found, 322.1183.
(E)-3-(3-(2-Fluorobenzyl)-4-oxo-3,4-dihydroquinazolin-7-
yl)-N-hydroxyacrylamide (10i). White solid; Yield: 67%. mp:
207-208 °C. R;= 0.45 (DCM/MeOH/AcOH = 90:5:1). Purity
> 95%. IR (KBr, cm™): 3287, 3177 (OH); 3061, 2994 (CH,
aren); 2920, 2851 (CH, CH,); 1668, 1649 (C=0); 1607,
1555 (C=C). 'H NMR (500 MHz, DMSO-d,, ppm): & 8.55
(s, 1H, H-2"); 8.15 (d, ] = 8.50 Hz, 1H, H-5'); 7.87 (s, 1H, H-
8'); 7.74 (d, ] = 8.00 Hz, 1H, H-6'); 7.61 (d, J = 15.50 Hz, 1H,
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H-3); 7.39-7.16 (m, 4H, H-4", H-5", H-6", H-7"); 6.69 (d, ] =
15.50 Hz, 1H, H-2); 5.25 (s, 2H, H-1"a, H-1"b). 3*C NMR
(125 MHz, DMSO-d,, ppm): 5 162.48, 160.16, 149.21, 148.83,
141.25, 137.26, 130.51, 130.48, 130.40, 130.33, 127.22, 126.99,
125.79, 125.60, 125.04, 123.88, 123.76, 123.08, 122.19, 116.00,
115.84, 44.36. HRMS (ESI) m/z calculated for C,sH,;FN;O,,
[M + H]* 340.1097. Found, 340.1086.
(E)-3-(3-(3-Fluorobenzyl)-4-oxo-3,4-dihydroquinazolin-7-
yl)-N-hydroxyacrylamide (10j). White solid; Yield: 66%. mp:
213-214 °C. R;= 0.46 (DCM/MeOH/AcOH = 90:5:1). Purity
> 95%. IR (KBr, cm™): 3221 (OH); 3065, 3017 (CH, aren);
2920, 2851 (CH, CH,); 1680, 1647 (C=0); 1614, 1557
(C=C). 'H NMR (500 MHz, DMSO-dy, ppm): 6 8.55 (s, 1H,
H-2'); 8.16 (d, J = 8.50 Hz, 1H, H-5"); 7.85 (s, 1H, H-8');
7.73 (d, J = 8.00 Hz, 1H, H-6'); 7.59 (d, ] = 16.00 Hz, 1H, H-
3); 7.42-7.12 (m, 4H, H-3", H-5", H-6", H-7"); 6.68 (d, ] =
16.00 Hz, 1H, H-2); 5.20 (s, 2H, H-1"a, H-1"b). 3C NMR
(125 MHz, DMSO-d, ppm): & 162.88, 160.68, 149.47, 149.29,
141.70, 140.44, 140.39, 137.52, 131.61, 131.55, 127.70, 127.39,
126.19, 124.61, 124.59, 123.59, 122.63, 115.62, 115.53, 115.44,
115.36, 49.41. HRMS (ESI) m/z calculated for C,;sH,;FN,0;,
[M + H]" 340.1097. Found, 340.1087.
(E)-3-(3-(4-Fluorobenzyl)-4-oxo-3,4-dihydroquinazolin-7-
yl)-N-hydroxyacrylamide (10k). White solid; Yield: 65%. mp:
211-212 °C. R;= 0.46 (DCM/MeOH/AcOH = 90:5:1). Purity
> 99%.IR (KBr, cm™): 3275 (OH); 3055 (CH, aren); 2920,
2849 (CH, CH,); 1653, 1612 (C=0); 1599, 1557 (C=C).
'"H NMR (500 MHz, DMSO-d¢, ppm): § 11.30 (s, 1H,
NHOH); 9.59 (s, IH, NHOH); 9.04 (s, 1H, H-2'); 8.58 (d, ]
=8.50 Hz, 1H, H-5'); 8.27 (s, 1H, H-8'); 8.16 (d, ] = 8.50 Hz,
1H, H-6"); 8.02 (d, ] = 15.50 Hz, 1H, H-3); 7.89—7.59 (m,
4H, H-3", H-4", H-6", H-7"); 7.10 (d, ] = 15.50 Hz, 1H, H-2);
5.60 (s, 2H, H-1"a, H-1"b). *C NMR (125 MHz, DMSO-dj,
ppm): & 162.98, 160.64, 149.4S, 149.27, 141.60, 137.77,
133.89, 133.87, 130.98, 130.91, 127.68, 127.41, 126.17, 123.47,
122.68, 116.40, 116.23, 49.18. HRMS (ESI) m/z calculated for
CsH,sFN;0;, [M + H]* 340.1097. Found, 340.1087.
(E)-3-(3-(4-Chlorobenzyl)-4-oxo-3,4-dihydroquinazolin-7-
yl)-N-hydroxyacrylamide (101). White solid; Yield: 70%. mp:
224-225 °C. R;= 0.51 (DCM/MeOH/AcOH = 90:5:1). Purity
> 95%. IR (KBr, cm™): 3275 (OH); 3059, 2920 (CH, aren);
2851 (CH, CH,); 1653 (C=0); 1599, 1557 (C=C). 'H
NMR (500 MHz, DMSO-d,, ppm): § 10.88 (s, IH, NHOH);
9.21 (s, 1H, NHOH); 8.61 (s, 1H, H-2'); 8.15 (d, ] = 8.00 Hz,
1H, H-5'); 7.86 (s, 1H, H-8'); 7.74 (d, ] = 8.00 Hz, 1H, H-6');
7.60 (d, J = 15.50 Hz, 1H, H-3); 7.42-7.36 (m, 4H, H-3", H-
4", H-6", H-7"); 6.68 (d, ] = 15.50 Hz, 1H, H-2); 5.19 (s, 2H,
H-17a, H-1b). ®C NMR (125 MHz, DMSO-d,, ppm): &
162.79, 160.23, 149.05, 148.86, 141.23, 137.25, 136.23, 132.84,
129.18, 128.15, 127.27, 127.00, 125.78, 123.08, 122.24, 49.38.
HRMS (ESI) m/z calculated for C,sH,;CIN;0;, [M + H]*
356.0802, 358.0772. Found, 356.0792, 358.0757.
(E)-N-Hydroxy-3-(3-(4-methylbenzyl)-4-oxo-3,4-dihydro-
quinazolin-7-yl)acrylamide (10m). White solid; Yield: 68%.
mp: 187-188 °C. R, = 0.48 (DCM/MeOH/AcOH = 90:5:1).
Purity > 99%. IR (KBr, cm™): 3196 (OH); 2990 (CH, aren);
2860 (CH, CH,); 1674, 1659 (C=0); 1601, 1557 (C=C).
'"H NMR (500 MHz, DMSO-d¢, ppm): & 10.89 (s, 1H,
NHOH); 9.19 (s, 1H, NHOH); 8.59 (s, 1H, H-2'); 8.15 (d, ]
=8.50 Hz, 1H, H-5"); 7.85 (s, 1H, H-8"); 7.74 (d, ] = 8.00 Hz,
1H, H-6'); 7.60 (d, ] = 15.50 Hz, 1H, H-3); 7.27 (d, ] = 8.00
Hz, 2H, H-3", H-7"); 7.16 (d, ] = 8.00 Hz, 2H, H-4", H-6");
6.68 (t, ] = 16.00 Hz, 1H, H-2); 5.15 (s, 2H, H-1"a, H-1"b);
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2.27 (s, 3H, —CH,). *C NMR (125 MHz, DMSO-dg, ppm): &
162,78, 160.19, 149.08, 148.84, 141.14, 137.47, 134.27, 129.66,
128.24, 128.13, 127.27, 126.97, 125.72, 123.03, 122.27, 49.11,
21.14. HRMS (ESI) m/z calculated for C;oH;sN;O;, [M +
H]* 336.1348. Found, 336.1336.

Cytotoxicity Assay. The cytotoxicity of the synthesized
compounds was evaluated against three human cancer cell
lines, including SW620 (colon cancer), PC3 (prostate cancer),
and NCI-H23 (lung cancer). The cell lines were purchased
from a Cancer Cell Bank at the Korea Research Institute of
Bioscience and Biotechnology (KRIBB). The media, sera, and
other reagents that were used for cell culture in this assay were
obtained from GIBCO Co. Ltd. (Grand Island, New York).
The cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) until confluence. The cells were then
trypsinized and suspended at 3 X 10* cells/mL of cell culture
medium. On day 0, each well of the 96-well plates was seeded
with 180 uL of cell suspension. The plates were then incubated
in a 5% CO, incubator at 37 °C for 24 h. The compounds were
initially dissolved in dimethyl sulfoxide (DMSO) and diluted
to appropriate concentrations by culture medium. Then, 20 4L
of each compound’s samples, which were prepared as
described above, were added to each well of the 96-well
plates, which had been seeded with cell suspension and
incubated for 24 h at various concentrations. The plates were
further incubated for 48 h. Cytotoxicity of the compounds was
measured by the colorimetric method, as described pre-
viously™ with slight modifications.””*' The ICg, values were
calculated using a Probits method and were averages of three
independent determinations (SD < 10%).*

HDAC Enzymes Assay. See the SI.

Cell Cycle Analysis. SW620 human colon cancer cells (2 X
10°/mL per well) were plated in six-well culture plates and
allowed to grow for 24 h. The cells were treated with
compounds (10 uM) or SAHA (1 uM) for 24 h and then
harvested. The harvested cells were washed twice with ice-cold
PBS, fixed in 75% ice-cold ethanol, and stained with propidium
iodide (PI) in the presence of RNase at room temperature for
30 min. The stained cells were analyzed for DNA content using
a FACSCalibur flow cytometer (BD Biosciences, San Jose,
CA), and the data were processed using Cell Quest Pro
software (BD Biosciences).

Apoptosis Assay. The Annexin V-FITC/PI dual staining
assay was used to determine the percentage of apoptotic cells.
SW620 human colon cancer cells (2 X 10°/mL per well) were
plated in six-well culture plates and allowed to grow for 24 h.
The cells were treated with compounds (10 uM) or SAHA (1
uM) for 24 h and then harvested. The harvested cells were
washed twice with ice-cold PBS and incubated in the dark at
room temperature in 100 mL of 1 X binding buffer containing
1 uL of Annexin V-FITC and 12.5 mL of PL After 15 min of
incubation, the cells were analyzed for percentage undergoing
apoptosis using a FACSCalibur flow cytometer (BD
Biosciences). The data were processed using Cell Quest Pro
software (BD Biosciences).

Molecular Docking Studies. The available crystal
structure of HDAC6 complexed with Belinostat was taken
from Protein Data Bank (PDB ID: SEEN).*° Ligand structures
were constructed using MOE 2015.10 package, and then the
energy was minimized within an rms gradient of 0.1 kcal-
mol A~ applying MMFF94s force field.”” Based on the
findings of Wu et al,”> hydroxamic acids should be
deprotonated upon its binding to the zinc ion. The receptor
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was prepared using the QuickPrep module in MOE 2015.10,
similar to those reported previously.”>** During the prepara-
tion, solvent and noncomplexed ions were deleted, Proto-
nate3D was used for setting protonation states allowing ASN/
GLN/HIS “Flips” in this function, polar hydrogen atoms were
added, and all atoms were assigned AMBER FF99 force field.
For the docking assays, the flexible ligand-rigid protein settings
were applied using the MOE Triangle Matcher placement
method, keeping the best 30 poses for conformational analysis.
Only conformers showing appropriate coordination geometry
with zinc ion will be considered. The finally selected poses
were rescored using London (E_scorel) and then by affinity
dG (E_score2) scoring functions to estimate the free energy of
binding of the ligands from the given poses. In the refinement
stages, the energy minimization of the system was carried out
using the molecular mechanics force-field method. All of the
other parameters were kept as default. Binding sites were
defined by all residues within a 6 A distance from the
corresponding ligands in the crystal structure. Docking poses
in the individual HDAC binding pockets were analyzed using
DS Visualizer (https://www.3dsbiovia.com/). See the SI for
more details.
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