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ABSTRACT

p53-murine double minute 2 (MDM?2) interaction and histone deacetylases (HDACsS)
are important targets in antitumor drug development. Inspired by the synergistic
effects between MDM2 and HDACS, the first MDM2/HDACSs dual inhibitors were
identified, which showed excellent activities against both targets. In particular,
compound 14d was proven to be a potent and orally active MDM2/HDAC dual
inhibitor, whose antitumor mechanisms were validated in cancer cells. Compound
14d showed excellent in vivo antitumor potency in the A549 xenograft model,
providing a promising lead compound for the development of novel antitumor agents.
Also, this proof-of-concept study offers a novel and efficient strategy for

multi-targeting antitumor drug discovery.
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INTRODUCTION

p53 is a transcriptional factor that plays a key role in preventing tumor development.l’
* Approximately 50% of human cancers are related to the inactivation of p53.° Its
interaction with human murine double minute 2 (MDM2) protein is the main
inhibitory mechanism of the inactivation of transcriptional activity and tumor
suppressor function of p53.*® Blocking the p53-MDM2 protein-protein interaction
with small-molecule inhibitors can re-activate the function of p53 and is emerging as
a promising strategy in cancer therapy.’ In the past few years, numerous
small-molecule p53-MDM2 inhibitors were reported and several of them are currently
being evaluated in preclinical or clinical trials.'*'* However, clinical studies indicated
that thrombocytopenia was the key adverse effect of MDM2 inhibitors, especially for
daily administration.'>"’ Reducing the dose frequency is an effective strategy to avoid
thrombocytopenia, and thus it is highly desirable to develop more efficient MDM2
inhibitors with prolonged dosing interval. Alternatively, simultaneous modulation of
multiple targets by a single compound may generate superior efficacy and fewer side

effects.!® 1

For example, our group designed small-molecule inhibitors
simultaneously targeting the MDM2 and NF-kB pathway, which achieved excellent in
vitro and in vivo antitumor potency.”” *' Developing MDM2-based multi-targeting
antitumor agents could serve as a promising strategy for novel antitumor drug
development.

Histone deacetylases (HDACS), a class of epigenetic enzymes, play a crucial role in

. . 22, 23
regulating the expression of tumor suppressor genes. In recent years, several
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HDAC inhibitors, such as vorinostat (SAHA, 1) and romidepsin, were approved by
the FDA for the treatment of cancer.”* *> However, clinical application of the
marketed HDAC inhibitors is generally restricted in the treatment of hematological
malignancies, whose efficacy against solid tumors is poor.”* *’ Moreover, most
HDAC inhibitors are clinically used in combination with other antitumor agents to
achieve synergistic effects.”®>! Although drug combinations have the advantage of
higher antitumor efficacy, they also suffered from enhanced adverse effects,
unpredictable pharmacokinetic profiles, drug-drug interactions and so on.* In contrast,
single-molecule with multi-targeting profiles are recently emerging as a promising
alternative to combination therapy.”> Our previous work and other studies have
confirmed the effectiveness of HDAC-based multi-targeting antitumor agents, which
showed improved antitumor activities and low toxicities.**°

Recent studies indicated that HDAC inhibitors could synergistically enhance the
antitumor effects of a variety of antitumor agents,’’ such as DNA damage reagents>®
and tubulin modulators®®. In particular, HDAC inhibitors were capable of synergizing
with MDM2 inhibitors in the suppression of tumor cells proliferation.*” As shown in
Figure 1, p53-MDM?2 interaction acts by the auto-regulatory feedback loop
mechanism in the physiological conditions. MDM?2 is involved in inhibiting the
function of p53 as a tumor suppressor by direct binding with p53 protein. *'*
Blocking p53-MDM?2 interaction could release p53 from MDM2, thus restoring the

tumor suppressor function of p53. On the other hand, functional inactivation of the

tumor suppressor p53 is a fundamental step in 1:umorigenesis.44 p53 acetylated at
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Lys382 is one of the activated forms of p53 tumor suppressor and the acetylation of

p53 is mediated by HDAC inhibitors.* Inhibition of HDACs or/and MDM2 may lead

oNOYTULT D WN =

to the accumulation of activated p53. HDAC inhibitors could synergistically improve
11 the antitumor activity of MDM2 inhibitors by modifying the hyperacetylation of
p53.%% % These evidence suggests that designing a single-molecule inhibitor
16 simultaneously targeting HDAC and MDM2 could be an effective strategy in cancer

18 therapy. 40

20 |MDM2 inhibitors'

24

27 } p53

28 I acetylated p53
deacetylation#/l &cetylation
31 HDAC inhibitors) ¢ HDACs HAT

33 Figure 1. The relationship of MDM2 and HDAC:s in the signaling pathway.

38 Herein, the first MDM2/HDAC dual inhibitors were rationally designed, which
40 showed excellent inhibitory activities against the both targets. Particularly, dual
43 inhibitor 14d showed excellent in vivo antitumor efficacy in the A549 xenograft
45 model, highlighting the therapeutic value of this novel multi-targeting antitumor drug

48 design strategy.
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Figure 2. Chemical structures of HDAC and MDM2 inhibitors.
RESULTS AND DISCUSSION

Structure-based Design of Novel MDM2/HDAC Dual Inhibitors. Nutlins represent
a classic class of MDM2 inhibitors (e.g., compounds 3 and 4, Figure 2).*” Compound
3 showed good MDM2 inhibitory activity and has been widely used as a tool
molecule or positive control to investigate the biological function of MDM2.*® The
optimization of Nutlins led to the discovery of compound 4 (RG7112) in the Phase 1
clinical trial.** The pharmacophore model of HDAC inhibitors can be divided into
three parts: the cap group that interacts with the surface residues of HDAC, the linker
and the zinc binding group (ZBG) that chelates with the active site Zn>" ion (Figure
3).”» Due to the presence of large hydrophobic domain at the HDACs surface, it is
conceivable that appropriate substitution of the cap group of HDAC inhibitors by a

chemical scaffold (or pharmacophore) from other type of anticancer agents could
6
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generate new classes of multi-targeting molecules.”’

According to the binding models of known HDACs and MDM2 inhibitors,*’*% **

oNOYTULT D WN =

> compounds 1, 2 and nutlins were selected as the templets to design dual

11 MDM2/HDAC inhibitors. The binding mode of compound 3 with MDM2 revealed
that three functional groups on the imidazole scaffold mimicked Phel9, Trp23 and
16 Leu26 residues in p53, which were projected into the binding pocket in MDM?2
18 (Figure 3).>* The N3 substitution of compound 3 was not buried inside the subpockets
21 of MDM2 and directly exposed to the solvent, which was suitable to introduce a
23 linker and the ZBG of HDAC inhibitors to obtain MDM2/HDAC dual inhibitors. Also,
2% a polar side chain attached to the N3 position of compound 3 was favorable to adjust

28 the physiochemical properties (e.g. aqueous solubility).55

38 The binding mode of The binding mode of
39 Nutlin-3a with MDM2 SAHA with HDACI

41 ( ) Leu 26 exposed to solvent

43 . D

44 Nutlin-3a ~ HN~-OH
45 cl o o

46 O

47 B

48 Trp 23 Phe 19 . => X

51 ©/ \ v /

52 SAHA ~ Core structure of MDM2 inhibitor

Cap Lmker

56 Figure 3. Design of MDM2-HDAC dual inhibitors. (A) The binding modes of
57 ;
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MDM?2 and HDAC inhibitors; (B) Design rationale of MDM2-HDAC dual inhibitors.

Chemistry. As outlined in Scheme 1, treatment of intermediates 5 and 6 in the
presence of B(OH); and xylenes afforded imidazole 7,°° which was further reacted

with triphosgene to obtain acyl chloride 8.

Scheme 1*
cl O ya
:) N @+ @

“Reagents and conditions: (a) B(OH); (0.12 eq), xylenes, 145 °C, 6 h, yield 80%; (b)

BTC (0.34 eq), rt, CH,Cl,, yield 82%.

Then, in the presence of DIPEA, intermediate 8 was condensed with commercially
available aminoalkylesters 9a-d to give amides 10a-d, which was subsequently
hydrolyzed to corresponding acids and condensed with ortho-phenylenediamine to
afford target compounds 11a-d (Scheme 2). Also, treatment of intermediates 10a-d
with freshly prepared hydroxylamine methanol solution yielded hydroximic acids
12a-d. Similarly, target compound 13 was prepared from intermediate 8 via the

condensation and ammonolysis reaction.
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Scheme 2
O 4 H O R H NH2
R-Cl + HZNMO/ = R/NWJ\O/ ﬁ» \NW
8 n n H n (0]
9a-9d 10a-10d 11a-11d
l a q 11a,n=2
- 11b,n=3
. 0 11c,n=4
L Ny Mo ran=s
) CO,Me R n H
l q18 12a-12d

Cl O}‘;{
R. 12a,n=2 O N
N H 12b,n =3 R = )
N\OH 12c,n=4 N
12d,n=5 O (0]

13 O cl )

“Reagents and conditions: (a) DIPEA (1.2 eq), CH,Cl,, rt, 1.5 h, yield 70-90%; (b)

LiOH (2.5 eq), THF: MeOH: H,O = 3: 2: 1, rt, 2 h, yield 80-95%; (c)
Ortho-Phenylenediamine (1.2 eq), HBTU (2.0 eq), TEA (2.0 eq), DMF, rt, 1-2 h, yield

55-70%; (d) NH,OH (14 eq), MeOH, rt, 0.5 h, yield 88-95%.

A similar strategy was applied for the synthesis of piperazine-based conjugates
14a-e (Scheme 3). Piperazines 19a-e were reacted with 8 in the presence of Et;N and
CH,Cl, to give esters 20a-e in good yield. Then, the synthesis of target compounds
14a-e was similar to that of compounds 12a-d. Compounds 15a and 15b were
synthesized via the condensation and ammonolysis reaction from intermediate 8.
Starting from piperidine intermediates 22a-b and 23, target compounds 16a-b

(Scheme 4) were obtained by a similar protocol described in Scheme 1.
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Scheme 3“
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“Reagents and conditions: (a) EtN (1.2 eq), CHoCL, rt, 1 h, yield 70-92%; (b)

NH,OH (14 eq), MeOH, rt, 45 min, yield 88-92%.

Scheme 4

22a-22b

a b HN-OH
R—Cl —— R—ND—X—COQMe . R—NC>~X—\{
0

16a-16b

a _ /e
l 163 XEE-H«: ) e XLEQZ@—/

b 03 Cl O (0] '\?’%{
| 0~
)

R=

HN—OH O
Cl

“Reagents and conditions: (a) DIPEA (1.2 eq), CH,Cl,, 1t, 1 h, yield 90-95%; (b)

NH,OH (14 eq), MeOH, tt, 1 h, yield 85-95%.
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Biochemical Evaluations and Structure-activity Relationships. MDM?2 and
HDAC:s inhibitory activities were evaluated by the fluorescence polarization binding
assay’' and fluorescent activity assay’*, respectively, using compounds 1-3 as the
positive controls. Initially, ortho-aminoanilide was used as the ZBG (11a-d). These
compounds generally showed good inhibitory activity against MDM2 (K range:
0.96~1.43 uM). However, compounds 11a and 11b were inactive against HDACI.
The extension of the linker length led to improved activity against HDAC1 (e.g.
compound 11d, ICsp = 3.59 pM). Interestingly, the replacement of the
ortho-aminoanilide by hydroxamate acid (12a-d) resulted in enhanced activities
against both MDM?2 and HDACI (Table 1). The linker length had little impact on the
MDM?2 inhibitory activity and compounds 12a-d had a K value ranging from 0.28
UM to 0.34 uM. In contrast, with the increase of the linker length, the HDACI
inhibitory activity was improved accordingly, indicating that a long alkyl linker might
be beneficial to HDAC1 binding. Among them, compound 12d showed balanced
activity towards both MDM2 (K; = 0.34 uM) and HDAC1 (ICso = 0.27 uM).
Moreover, the flexible alkyl linker was replaced by a rigid aromatic-based chain

(compound 13). Unfortunately, its MDM2/HDACI inhibitory activity was decreased.

11
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Table 1. MDM2 Binding Affinity and HDAC Inhibitory Activities of the Target

oNOYTULT D WN =

Compounds
o
Cl O >/R1
N
v
N
® o;
Cl )
MDM2 HDACI
Compound R,
Ki(uM)“* ICso (UM)*
[¢]
11a i~~~y 0.96 + 0.032 >20
H H
NH,
yo NH
és{ N
11b ng 14340311 >20
(0]
1lc N~~~y 0.62+0.107 6.07 +0.88
H H NH
2
H NH,
11d ?{HWWN@ 1.02 +0.223 3.59+0.67
O
(0]
12a £ A OH 0.33+0.029 2.92+0.72
H H
N
12b \;NW\W “OH 0.28 +0.034 1.13+0.56
(0]
(0]
12¢ ENENGENGENGE =Y 0.32+0.026 0.89 = 0.09
H H
: N
12d f‘H/\/\/\/\m “OH 0.34+0.041 0.27 +0.04
0
?‘H y
13 Neon 0.58 + 0.042 3.70 £ 0.06
O
1 >20 0.056 +0.015
2 NT” 1.09 +0.31

12
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3 0.14 +0.04 NT?

“Values represent a mean + SD of at least two independent experiments. "NT = Not

tested.

Next, piperazine or piperidine was incorporated into the linker to improve the
binding affinities toward both targets as well as the water solubility (Table S1 in
Supporting Information). Generally, piperazine derivatives 14a-e showed better
MDM?2 inhibitory activities than compounds 12a-d (Table 2). In particular,
compound 14a had excellent MDM?2 binding affinity (K; = 0.07 pM). Meanwhile,
HDACI inhibitory activities of compounds 14a-e were improved accordingly. Similar
to compounds 12a-d, a long alkyl linker was helpful to enhance HDACI inhibitory
activities. Among them, compounds 14b-e generally showed balanced inhibition
towards MDM2/HDACI1. When aromatic groups were introduced into the linker,
decreased HDACI binding activity was observed for phenyl derivative 15a.
Pyrimidine derivative 15b showed improved activity against HDACI, whereas its
MDM?2 binding affinity was obviously decreased. For the piperidine derivatives
(16a-b, 17), compound 17 showed the best MDM2 binding affinity (K; = 0.06 uM)
among all the synthesized compounds, whereas its HDACI1 inhibitory activity was
poor. Further incorporation of the aromatic groups into the linker (compound 16b)
was beneficial for the HDACI inhibitory activity, but the activities for MDM2 were

significantly decreased.

13
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Table 2. MDM2 Binding Affinity and HDAC Inhibitory Activities of Target

Compounds
cl o R N%
) ae )
N £
N/
® : g
B=
Cl ) 2N
MDM2 HDACI
Compound X R,
Ki(uM)“ ICso (M) *
(0]
14a A s AL on 0.07+0.01 420+ 0.59
H
; N
14b A Ao 0.17£0.02 0.98 = 0.08
(0]
(0]
14¢ A Fno~ A OH 0.17 % 0.03 0.97+0.13
H
N
14d A A Nooy 0.11+0.03 0.82+0.04
(o]
(0]
14e A P~ O 0.29 + 0.04 0.41 +0.05
H
O
_OH
15a A ﬁ” 0.26 + 0.03 3.51+0.71
ya
“ N
x’é\f S H
15b A N Ny 1.05 +0.43 0.31+0.07
(o]
sNN
16a B ' W\%(H\OH 0.46 + 0.034 1.01+0.71
(e}
(0]
Y _OH
16b B fL N 2.65+0.79 0.97 £0.07
2N
H
(@]
17 B =L -OH 0.057 = 0.028 9.72+ 1.11
H
1 >20 0.056 + 0.015

14
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2 NT? 1.09+0.31

3 0.14 + 0.04 NT®

“Values represent a mean + SD of at least two independent experiements. ’NT = Not

tested.

In vitro Antiproliferative Assay. Given the potent enzyme inhibitory activities, the
antiproliferative activities of the MDM2/HDAC dual inhibitors were investigated
against p53-wild A549 (human lung cancer), HCT-116 (human colon cancer) and
MCF-7 (human breast cancer) cell lines by the CCK8 assay. As shown in Table 3,
most compounds showed good growth inhibition activities against the three human
cancer cells. Moreover, they were more effective against the A549 and HCT116 cells
than MCF-7 cells. The in vitro antitumor activities were generally consistent with the
inhibitory activities towards the two targets. For example, compounds 14a-e with
better MDM2/HDACI inhibitory activity were also more potent than compounds
12a-d. Among them, compound 14d exhibited the best antiproliferative activity,
particularly for A549 cell line (ICsp = 0.91 pM), which was more potent than the three
positive drugs. On the other hand, the improvement of solubility by introducing polar
group may be one of the reasons for the increasing the cellular activity.”’ For
example, compound 14d had better solubility than 12¢ after introducing the
piperazine group (Table S1 in Supporting Information), and thus the
antiproliferative activity of compound 14d was superior to that of compound 12¢. In

addition, the inhibitory activities against the p53-deleted NCI-H1299 cells (human

15
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non-small cell lung cancer) were tested. The results revealed most compounds had
relatively poor inhibitory activities towards NCI-H1299 cells compared with those of
p53-wild A549 cells (Table 3). For example, compound 14d showed an ICsj value of

4.16 uM and 0.91puM against NCI-H1299 and A549 cells, respectively. Considering

the molecular and cellular activities, compound 14d was subjected to further
evaluations.
Table 3. Antiproliferative Activity of Target Compounds against Four Solid

Tumor Cell Lines (ICsy, pM)*

Compound A549 HCT116 MCEF-7 NCI-H1299
11a 18.35+£0.63 13.86 + 0.68 29.14 £ 1.82 15.63 £2.70
11b 2027 +£1.71 21.80+1.11 >100 19.10 +1.68
11c 1597+ 0.77 10.13 £2.03 >100 17.51£2.92
11d 15.16 £0.83 991+1.07 20.26 +3.27 19.58 £2.20
12a 9.34+1.27 10.70 + 0.98 12.77 + 1.31 16.22 +£1.36
12b 5.72+0.76 7.15+£1.03 10.55+1.25 10.38 £ 0.68
12¢ 5.97+0.25 7.09 +0.64 7.23+0.92 7.65+0.83
12d 4.85+0.89 5.03+0.75 7.92 +1.48 9.06 £ 1.09
13 7.64+1.18 9.10+0.81 13.31+2.73 7.71+£0.57
14a 432 +0.66 5.88+0.84 11.67+1.30 11.54 £2.36
14b 3.78 +£0.82 5.21+0.69 9.80+£0.76 12.93 +£2.07
14c 291+0.32 4.03+£1.02 7.26+1.13 9.39+0.72
14d 0.91+0.09 1.08 £0.46 4.34+0.83 416+1.13

16
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14e 2.01+0.82 1.71 £ 0.79 4.83+0.97 7.76 £ 1.09

15a 2.17+0.98 2.03+£0.92 3.97+£0.87 3.00£0.38

oNOYTULT D WN =

15b 1.97+0.79 0.98 +0.07 3.46 +0.95 545+0.82
1 16a 3.11+0.48 3244075 2.68+0.47 791+1.06
13 16b 759 +1.05 9.64+121 7.22+0.99 936 +0.59
16 17 2.99+0.51 9.30 + 0.66 10.07 £ 1.02 9.87+1.08
18 1 2.01+0.99 1.18+0.42 4.83 +0.69 4.92+0.63
21 2 10.17+1.22 9.83+1.96 13.16+3.14 6.79 % 1.01

23 3 11.65 = 1.09 9.07 £ 0.92 8.50+0.93 19.76 £ 2.11

2% “ICso values are the mean of at least three independent assays, presented as mean +

28 SD.

33 HDAC:s Isoform Selectivity of Compound 14d. In order to test the HDAC isoform
selectivity profile, compound 14d was selected to assay the enzyme inhibitory
38 activities against HDACI1-3, HDAC6 and HDACS (Table 4). The results revealed that
40 compound 14d exhibited remarkable selectivity for HDAC6 (ICsp = 17.5 nM) over
43 other isoforms. In contrast, it inhibited HDAC1 (ICso = 820 nM), HDAC2 (ICso = 420
45 nM) and HDACS3 only in the sub-micromolar range. Similar to positive compound 1,
48 compound 14d was less active activity against HDACS8 (ICsp = 1224 nM).

50 Table 4. HDACs Isoform Selectivity of Compounds 1 and 14d (ICsp, nM)”*

1 14d

55 HDACI1 45.0+£3.1 821 £12

57 17
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HDAC2 153.1 £41.0 420.5+13.0

HDAC3 29.0+£3.1 178.3£6.2
HDAC6 16.3+1.6 17.5+1.3
HDACS 3970 + 379 1224 + 172

“ICso values are the mean of at least three independent assays, presented as mean +
SD.

Effects of Compound 14d on p53 and MDM2 Expression. Next, we investigated
the effects of compound 14d on the levels of p53 and MDM2 expression in A549
cells by Western blotting analysis using compound 3 as the positive control (Figure
4). Treatment with compound 14d or 3 in A549 cells both dose-dependently increased
the protein level of p53, as well as MDM?2 at the 24 h time point. The results indicated
that compound 14d had similar effects to compound 3 in inducing the p53 and MDM2

expression within A549 cells.

(A) 14d 3

Control 1 puM 2.5uM S5pM 1 uM 2.5puM 5puM

p33 [ e e G G . st SO | 53 KD:

MDMZW .E-l 90 KDa
GAPD! D DD D A D |

(B)
ps3 MDM2
41 - 14d

= 14d g -

2 —C g _ el

Z £ 3 + 2 FE 4 T

= = . = =

£ =8 3

£ S @ o %

v < v < 2

2= £ 3

=& = £ 1

g 2 |1

SISEE 'S
Q

oY ¥ \Y oY o AT oV AV
compds con. compds con.
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Figure 4. Western blotting analysis of p53 and MDM2 expression by compound 14d.
(A) Effects of compounds 14d and 3 on the level of p53 and MDM2 in human lung
cancer A549 cells using Western blotting analysis after the treatment for 24 h.
GAPDH was used as a loading control. (B) Quantitative analysis of Western blotting
using ImageQuant (Molecular Dynamics, U.S.). Protein p53 and MDM2 were
analyzed in A549 cells, respectively. Data were presented as means = SEM, n=3. * P

< 0.05 and ** P <0.01 vs control group.

Effects of Compound 14d on Histone and a-Tubulin Acetylation. In order to probe
the contribution of HDACs inhibition to the cytotoxic activity of compound 14d, the
intracellular acetylation level of histone 3 and histone 4 (Figure 5), two common
substrates for HDAC (1, 2 and 3), were determined in A549 cells by the Western
blotting. Similar to HDAC inhibitor 1, compound 14d dose-dependently increased the
acetylation level of histone 3 and of histone 4 in A549 cells. Compound 14d was
further subjected for evaluation of intracellular HDACG6 inhibition. The effects of
compound 14d on the acetylation level of a-tubulin, a known substrate for HDAC6,
are shown in Figure 5. Exposure to compound 14d for 24 h led to the increase of
a-tubulin acetylation in A549 cells. These results demonstrated that the inhibition of
intracellular HDAC1 and HDAC6 was one of the mechanisms of bioactivity of

compound 14d.

19
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A 14d 1
(A) Control 1yM 5uM 1uM 5uM 14d 1
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Figure 5. Western blotting analysis of histone and a-tubulin acetylation by compound
14d. (A) Effects of compounds 14d and 1 on the levels of histone 3 and histone 4
acetylation, a-tubulin acetylation in lung cancer A549 cells using Western blotting
analysis after the treatment for 24 h. (B) Quantitative analysis of Western blotting
with ImageQuant (Molecular Dynamics, U.S.). Histone 3 and 4 acetylation and
a-tubulin acetylation were analyzed in A549 cells, respectively. Data were presented

as means = SEM, n = 3. * P<0.05 and ** P <0.01 vs control group.

Flow Cytometry Analysis. It was reported that p53-MDM2 inhibitor 3 arrested
wild-type p53 cancer cell lines at the G0/G1 phase and depleted the S-phase
compartment.*’ HDAC inhibitor 1 induced cell cycle arrest at the GO/G1 phase
through transcriptional activation of genes such as cell cycle-regulated genes in a
p53-independent manner.>” Compound 1 could also arrest the G2/M phase in some
human cancer cell lines.”™ * To investigate the cellular mechanisms of compound 14d,
its effects on the cell cycle progression were tested in A549 cells by the flow

cytometry analysis (Figure 6). As compared to the vehicle, treatment with 1 pM of
20
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compounds 14d, 1, and 3, respectively, led to the increase of GO/G1 fraction.

Compounds 14d and 3 were also able to arrest A549 cell-cycle progression in the

GO0/G1 segment at higher concentration (5 uM). Meanwhile, compound 1 also

resulted in the increase of the G2/M fraction at the same concentration. The results

indicated that compound 14d could significantly arrest the A549 cell cycle at the

G0/G1 phase.
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Figure 6. Cell cycle analysis of compound 14d by flow cytometry. Human non-small

lung cancer cells (A549) were treated with increasing concentrations of compound

14d or reference compounds for 24 h. The data are representative of two independent

experiments.
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Previous studies revealed that inactivation of HDAC and/or MDM2 could increase the

percentage of apoptosis cells.

47, 60, 61

Flow cytometry analysis was performed to

determine the cell apoptosis effects of compound 14d towards A549 cells. As shown

in Figure 7, compound 14d, as well as 1 and 3, could significantly induce apoptosis

in a dose-dependent manner. At the concentration of 5 uM, compound 14d induced

33.57% of cell apoptosis, which was higher than that of compounds 1 (31.99%) and 3

(15.32%), indicating that inactivation of HDAC and/or MDM2 could increase the

percentage of apoptosis cells.
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Figure 7. Effects of compounds 1, 3 and 14d on the induction of apoptosis in A549

cells. The cells were exposed to increasing concentrations of each compound for 48 h

and analyzed by annexin V/propidium iodide double staining. The data are

representative of two independent experiments.
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Biological Activity of Enantiomers of Compound 14d. The enantiomers of
compound 14d were separated by chiral column chromatography and tested the
optical rotation by polarimeter. Furthermore, the configuration of enantiomers of 14d
could be identified by the comparison of optical rotation to that of enantiomers of 3
(Figure 8A and Supporting Information Figure S2). Fluorescence polarization
binding assay revealed that their MDM2 inhibitory activities were significantly
different (Figure 8B). Enantiomers 14d-2 (K; = 0.06 uM) was about 180-fold more
potent than enantiomer 14d-1 (K; = 10.89 uM). Furthermore, Western blotting was
used to verify the MDM2 inhibitory activity of enantiomers 14d-1 and 14d-2 in A549
cells. Consistent with the fluorescence polarization binding assay, enantiomer 14d-2
significantly increased the level of p53 and up-regulated the expression of MDM2 via
negative feedback loop after 12 h, whereas enantiomer 14d-1 caused the increase of

p53 only at the high concentration (10 pM) (Figure 8C).
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Figure 8. MDM?2 inhibitory activities of compound 14d enantiomers. (A) Chemical
structures of compound 14d enantiomers, which were separated by chiral column
chromatography. (B) The MDM2 binding affinity of compound 14d enantiomers. (C)
Effects of compounds on the level of p53 and MDM?2 in A549 cells using the Western

blotting analysis. GAPDH was used as the loading control. Quantitative analysis of
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Western blotting was performed with ImageQuant. Data were presented as means =+

SEM, n=3. * P<0.05 and ** P <0.01 vs control group.

Subsequently, HDACI1 inhibitory activity of compounds 14d-1 and 14d-2 were
evaluated (Table 5). Interestingly, enantiomer 14d-1 (ICso = 0.91 uM) showed similar
activity to enantiomer 14d-2 (ICso = 0.89 uM). The results indicated that the chiral
centers on the imidazole scaffold had significant impact on the binding of the two
4-chloropnenyl groups with MDM2 hot spots. In contrast, as the cap group, the
conformation of 4-chloropnenyl groups had little effect on HDACI binding.
Consistently, enantiomer 14d-2 showed better antiproliferative activity than 14d-1.
The different antiproliferative activity of two enantiomers also indirectly revealed that
simultaneously inhibited HDAC and MDM2 by a single-molecule were capable of
generating synergistic antitumor activities.

Table 5. Biological Activities of Enantiomers of 14d”

Compound
(Ki, kM) HDACI1 HCTI116 A549

14d-1 10.89+1.12 091+0.08 10.03+0.93 9.02+0.47

14d-2 0.06+0.01 089+0.12 1.11+£024 099+0.12

3 0.14 £0.03 >100 9.97+0.86 9.58=+0.63

“K; and ICso values are the mean of at least three independent assays, presented as

mean + SD.
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Binding Mode of Enantiomers of Compound 14d with MDM2 and HDACI1. To
investigate the binding mode of enantiomers of compound 14d with MDM?2 and
HDACI, computational docking studies were performed. As shown in Figure 9A,
14d-2 mimicked the interactions of p53 binding site on MDM2. Three aromatic
substituents of the scaffolds projected into the pockets normally occupied by the three
key residues (Phel9, Trp23, and Leu26) of p53. Ethyl ether side chain in 14d-2
directed toward the Phel9 pocket, the two 4-chlorophenyl groups of 14d-2 projected
into the Leu26 and the Trp23 pocket, respectively. Moreover, the 4-chlorophenyl
moiety formed m-n stacking interaction with His92 (Figure 9A and Figure S3A in
Supporting Information). In contrast, the ethyl ether side chain of 14d-1 was located
at the outside of the Phe19 pocket (Figure 9C) and the hydrophobic interactions were
lost (Figure 9C and Figure S3C in Supporting Information). It might be the main
reason why the MDM2 binding affinity of 14d-1 was inferior to that of 14d-2.

The binding mode of enantiomers of compound 14d with HDAC1 was shown in
Figure 9B and 9D. Compound 14d-1 and 14d-2 bound with HDAC1 mainly through
the linker and ZBG. The aliphatic linker was projected into the hydrophobic cavity of
HDACI. Besides chelating with Zn*", the terminal hydroxamic acid group of 14d-2
formed two hydrogen bonds with Tyr308 and His145, respectively. Moreover, the
4-chloropnenyl group in the cap formed m-m stacking interactions with Arg275
(Figure 9B and Figure S3B in Supporting Information). Similarly, the hydroxamic
acid group of 14d-1 chelated with Zn*" and formed two hydrogen bonds with Gly143
and His145, respectively. In addition, hydrogen bonding interaction was observed
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between the carbonyl group of 14d-1 and Phe210 (Figure 9D and Figure S3D in

Supporting Information). The computational docking result was consistent with the

oNOYTULT D WN =

fact that the two enantiomers had similar HDACT inhibitory activity.
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In vivo Antitumor Efficacy of Compound 14d. Compound 14d was evaluated for in
vivo antitumor effcacy in the A549 xenograft nude mouse model. When tumors had
reached an average volume of 100 mm® in the 11th day after implantation, compound
14d was administered orally (po) at 100 mg/kg/day and 150 mg/kg/day for 21
consecutive days, respectively. Compounds 1 (100 mg/kg/day, po) and 3 (100
mg/kg/day, po) were used as the positive controls. As shown in Figure 10, compound
14d effectively inhibited the tumor growth in a dose-dependent manner compared to
the vehicle control. Oral administration of 100 mg/kg/day of compound 14d achieved
the tumor growth inhibition (TGI) of 65.4%. At 150 mg/kg/day, the TGI of compound
14d was increased to 74.5%, whose in vivo potency was better than compound 1 (100
mg/kg/day, TGl = 57.3%) (P < 0.01) and 3 (100 mg/kg/day, TGI = 44.0%) (P < 0.01).
Notably, no significant body weight loss and no adverse effects were observed for
compound 14d during the in vivo studies. The results highlighted the advantages of

dual inhibition of MDM?2 and HDAC for the treatment of A549 lung cancer.

28

ACS Paragon Plus Environment

Page 28 of 60



Page 29 of 60 Journal of Medicinal Chemistry

Tumor Growth Body Weight
(A) (B) RS

-o— Control

-# 1 (100 mg/kg, po, qd)
51400- -+~ 3 (100 mg/kg, po, qd))}jja*

Control
1 (100 mg/kg, po, qd)
3 (100 mg/kg, po, qd)
14d (100 mg/kg, po, qd)
14d (150 mg/kg, po, qd

»n
4 1200—% 14d (100 mg/kg, po, qd) |:
9 ,«E 10004~* 14d (150 mg/kg, po, qd)

oNOYTULT D WN =

——
-
——
—_——
——

800+
600+
400+
200+

0

4
3
2_
1-
0_..

-1

1
[ ]
1

% Change in Body Weight
&

-4 T T T T T T T T T T T

10 12 14 16 18 20 22 24 26 28 30 32 34 10 12 14 16 18 20 22 24 26 28 30 32 34
Days post implantation Days post implantation

18 (C) ozee Saaigiian ™ x“

4 9% Sbow B W B o0 8 8 L 9 3 v wi

19 e e e e e 'MMMMMWM

5(1) "' ' . ‘. Control
23 e ) > 9 3100 mg/kg
25 ’ > @ ’ ' 1 100 mg/kg

27 ' o> P @ ‘ 14d 100 mg/kg

29 v o~ @ £ 4 14d 150 mg/kg
30 ——

Tumor Volume (

32 Figure 10. /n vivo antitumor potency of compound 14d. (A) Antitumor activity of
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Preliminary Pharmacokinetic (PK) Profiles of Compound 14d. Given the

encouraging biological profile and xenograft efficacy, PK profiles of 14d were

evaluated in Sprague-Dawley (SD) rats.

Compound 14d was administered

intravenously (IV) and orally (Po) at 5 mg/kg and 20 mg/kg, respectively. As

summarized in Table 6, the half-life, peak concentration (Cyax) and plasma clearance

(CL) of 14d were 1.22 h, 1470.7 ng/mL and 2809.1 mL/h/mg, respectively. After oral

administration, 14d exhibited reasonable PK properties in rats with oral bioavailabilty

of 18% and showed significant improvement 77, with 5.87 h.

Table 6. Pharmacokinetic Parameters of 14d in SD Rats”

PK parameters IV 2 mg/kg Po 20 mg/kg
T2 (h) 1.22+0.12 5.87+0.34
Tinax (h) 0.083 +0.00 3.33+1.15
Crnax (ng/mL) 1470.70 + 88.50 93.71 +£23.32
AUCy. (h*ng/mL) 716.3 £ 68.1 323.23 +39.01
Vss (mL/mg) 4901.0 £33.9

CL (mL/h/mg) 2809.1 +269.5

F (%) 18

“Cinax, maximum concentration of the compound detected in plasma; AUC, area under

the curve; 715, terminal half-life; Tnax, peak time; CL, apparent total body clearance

of the drug from plasma; V, volume distribution; F, oral bioavailability.
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CONCLUSIONS

In summary, novel MDM2/HDACSs dual inhibitors were identified on the basis of the
pharmacophore fusion strategy. Several dual inhibitors showed excellent activities
towards both targets. Particularly, compound 14d revealed potent activities at both
molecular and cellular level. Antitumor mechanism studies indicated that compound
14d acted by activating p53 and increasing the H3, H4 and a-tubulin acetylation in
A549 cancer cells. It significantly induced the apoptosis of A549 cells with a G0/G1
cell cycle arrest. Compound 14d was orally active and exhibited excellent in vivo
antitumor potency in the A549 xenograft model (TGI = 74.5%), which was much
more effective than HDAC inhibitor 1 and MDM2 inhibitor 3. The results highlighted
the advantages of dual MDM2/HDAC inhibitors as a promising strategy for
multi-targeting antitumor drug discovery. Further antitumor mechanism and structural

optimization studies are in progress.

EXPERIMENTAL SECTION

Chemistry. Unless otherwise noted, all reagents were obtained from commercial
suppliers and used without further purification. All starting materials were
commercially available. '"H NMR and "*C NMR spectra were recorded on Bruker
AVANCE300 and AVANCE600 spectrometer (Bruker Company, Germany), using
TMS as an internal standard and DMSO-ds as solvents. Chemical shift is given in
ppm (J). The mass spectra were recorded on an Esquire 3000 LC-MS mass

spectrometer. TLC analysis was carried out on silica gel plates GF254 (Qingdao
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Haiyang Chemical, China). Silica gel column chromatography was performed with
Silica gel 60 G (Qingdao Haiyang Chemical, China). Chemical purities were analyzed
by HPLC using hexane/2-propanol as the mobile phase with a flow rate of 0.8
mL/min on an AD-H column. All final compounds exhibited the purity greater than
95%.
2-(4-(Tert-butyl)-2-ethoxyphenyl)-4,5-bis(4-chlorophenyl)-4,5-dihydro-1H-imid
azole . Intermediates 4-(tert-butyl)-2-ethoxybenzoic acid (5),56
(1R,25)-1,2-bis(4-chlorophenyl)ethane-1,2-diamine (6)** were prepared according to
the literature. A mixture of 5 (1.04 g, 3.70 mmol), 6 (0.90 g, 4.07 mmol), and boric
acid (22.9 mg, 0.37 mmol) in xylenes (15 mL) was stirred at 145 °C for 8 h. Then, the
solvent was removed by distillation. The residual was diluted with EtOAc (100 mL),
washed with saturated NaCl solution (30 mL), and saturated NaHCO; solution (30
mL), then dried over anhydrous Na,SO4. The organic phase was evaporated under
reduced pressure to give yellow oil, which was purified by silica gel column
chromatography (EtOAc: MeOH = 95: 5) to obtain compound 7 (1.29 g, 70%) as a
yellow solid. '"H NMR (DMSO-ds, 300 MHz) 6: 1.37 (s, 9H), 1.43 (t, J = 6.76 Hz,
3H), 4.34 (dd, J = 7.21 Hz, 6.21 Hz, 2H), 5.86 (s, 2H), 7.11 (d, J = 8.11 Hz, 4H), 7.25
(d, J =8.71 Hz, 6H), 7.90 (d, J = 7.81 Hz, 1H), 10.40 (s, 1H). ESI-MS (m/s): 467.54
[M +HJ".
2-(4-(Tert-butyl)-2-ethoxyphenyl)-4,5-bis(4-chlorophenyl)-4,5-dihydro-1H-imid
azole-1-carbonyl chloride (8). To a stirred solution of triphosgene (0.11 g, 0.35
mmol) in CH,Cl, (5 mL) was added dropwise a solution of compound 7 (0.50 g, 1.05
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mmol) and Et;N (0.30 mL, 2.1 mmol) in CH,Cl, (5 mL) at 0 °C over 30 min. The
resulting mixture was warmed to room temperature and stirred for 1 h. Then, 1 N HCl
solution (10 mL) was added dropwise to the mixture. After separation, the aqueous
phase was extracted with CH,Cl, (3 x 5 mL). The combined organic phases were
washed with saturated NaHCOj3 solution and saturated NaCl solution (3 x 5 mL), then
dried over anhydrous Na,SO4. After removal of the solvent, the crude product was
purified by silica gel column chromatography (Hexane: EtOAc = 10: 1) to afford
compound 8 (0.36 g, 65%) as a white solid. "H NMR (DMSO-ds, 600 MHz) §: 1.37 (s,
9H), 1.43 (t, J = 6.94 Hz, 3H), 4.03-4.17 (m, 1H), 4.273-4.40 (m, 1H), 5.72 (d, J =
9.63 Hz, 1H), 5.78 (d, J = 9.63 Hz, 1H), 6.94 (s, 1H), 6.96 (s, 1H), 7.00 (s, 1 H),
7.05-7.10 (d, J = 8.10 Hz, 3H), 7.10-7.17 (m, 4H), 7.57 (d, J = 7.92 Hz, 1H).
Methyl-5-(2-(4-(tert-butyl)-2-ethoxyphenyl)-4,5-bis(4-chlorophenyl)-4,5-dihydr
o-1H-imidazole-1-carboxamido)pentanoate (10a). To a solution of 9a (0.18 g, 1.35
mmol) was added Et;N (0.32 mL, 2.28 mmol), followed by dropwise addition of 8
(0.60 g, 1.14 mmol) in CH,Cl, (5 mL). The solution was stirred for 1 h at room
temperature, then it was washed successively with 2 N HCI (5 mL) solution, 10%
NaHCO; (5 mL) and water, dried over anhydrous Na,SOy, filtered and the solvent
was then evaporated to give the impure amide which was purified by silica gel
column chromatography (CH,Cl,: MeOH = 100: 1) to give compound 10a (0.63 g,
85%) as a white solid. '"H NMR (DMSO-ds, 300 MHz) 6: 1.22-1.34 (m, 5H), 1.33 (s,
9H), 2.11 (t, J = 6.75 Hz, 2H), 2.21 (t, J = 5.52 Hz, 2H), 2.90-3.81 (m, 2H), 3.56 (s,
3H), 4.12-4.24 (m, 1H), 4.30-4.41 (m, 1H), 5.31 (s, 1H), 5.78 (dd, J = 10.76 Hz, 6.52
33

ACS Paragon Plus Environment



oNOYTULT D WN =

Journal of Medicinal Chemistry

Hz, 2H), 7.02-7.13 (m, 4H), 7.15-7.19 (m, 6H), 7.41 (d, J = 6.28 Hz, 1H).
Compounds 10b-10d, 18, 20a-e, 21a-b, 22a-b and 23 were synthesized according
to a similar procedure described for 10a.
N-(5-((2-aminophenyl)amino)-5-oxopentyl)-2-(4-(tert-butyl)-2-ethoxyphenyl)-4,
5-bis(4-chlorophenyl)-4,5-dihydro-1H-imidazole-1-carboxamide (11a). To a
solution of compound 10a (0.50 g, 0.80 mmol) in MeOH (5 mL) at 0 °C was slowly
added 2 N LiOH (2 mL) solution over 15 min. The reaction mixture was warmed to
room temperature and stirred overnight. Then, the organic solvent was removed under
the reduced pressure and the residual aqueous solution was acidified to pH = 2 with 2
N HCI solution to afford the white precipitate. The precipitate was filtered and the
filter cake was washed with water for 3 times to give nutlin carboxyl acid. The crude
product was used directly in the next step without further purification. The nutlin
carboxyl acid (0.20 g, 0.33 mmol), o-phenylenediamine (0.039 g, 0.036 mmol) and
Et;N (0.12 mL, 0.83 mmol) were dissolved in DMF (5 mL), and HBTU (0.19g, 0.50
mmol) was added to the solution. After stirring for 30 min, saturated NaCl solution
(100 mL) was then added and the mixture was extracted with EtOAc (3%10 mL). The
combined organic layers were washed with 2 N HCI (10 mL) solution, H,O (50 mL),
5% NaHCOj solution (10 mL), and then H,O (50 mL), dried over anhydrous Na,;SOs.,
filtered, and concentrated under the reduced pressure to give the crude product. The
crude product was purified by silica gel column chromatography (CH,Cl,: MeOH =
100: 3) to afford compound 11a (0.18 g, 78.9%) as a white solid. "H NMR (DMSO-ds,
600 MHz) ¢: 1.25-1.34 (m, 4H), 1.31 (t, J = 6.93 Hz, 3H), 1.33 (s, 9H), 2.16 (t, J =
34
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7.29 Hz, 2H), 2.85 (dd, J = 12.42 Hz, 6.48 Hz, 2H), 3.07-3.12 (m, 1H), 4.02-4.08 (m,
1H), 4.20-4.25 (m, 1H), 4.78 (s, 2H), 5.67 (d, J = 10.26 Hz, 1H), 5.71 (d, J = 10.26
Hz, 1H), 6.50-6.55 (m, 1H), 6.70 (dd, J = 7.76 Hz, 1.11 Hz, 1H), 6.86-6.89 (m, 1H),
7.01-7.05 (m, 4H), 7.09-7.15 (m, 7H), 7.41 (d, J = 7.76 Hz, 1H), 8.98 (s, 1H). °C
NMR (DMSO-ds, 600 MHz) ¢: 9.1, 15.2,22.7,29.2, 31.5, 35.3, 35.7, 46.3, 55.4, 64.1,
66.2,71.9,109.3, 116.3, 116.6, 117.2, 124.0, 125.6, 126.1, 127.7, 129.6, 130.3, 131.4,
131.8, 137.1, 138.2, 142.2, 152.3, 154.8, 156.9, 159.7, 171.3. HRMS m/z calcd for
C30H43C1LNsO; [M + H]™ 700.2816, found 700.2838. HPLC purity 95.5%. Retention
time: 13.4 min, eluted with 9% n-hexane/91% isopropanol.

Target compounds 11b-d were synthesized according to a similar procedure
described for 11a.

N-(6-((2-Aminophenyl)amino)-6-oxohexyl)-2-(4-(tert-butyl)-2-ethoxyphenyl)-4,
5-bis(4-chlorophenyl)-4,5-dihydro-1H-imidazole-1-carboxamide (11b). The
product was obtained as a white solid (0.30 g, 0.42 mmol), yield: 81.1%. 'H NMR
(DMSO-dg, 600 MHz) 6: 1.10-1.19 (m, 4H), 1.32 (t, J = 6.95 Hz, 3H), 1.34 (s, 9H),
1.37-1.42 (m, 2H), 2.19 (t, J = 7.45 Hz, 2H), 2.78-2.90 (m, 2H), 4.01-4.07 (m, 1H),
4.07-4.11 (m, 1H), 4.78 (s, 2H), 5.66 (d, J = 10.43 Hz, 1H), 5.71 (d, J = 10.43 Hz,
1H), 5.94 (s, 1H), 6.53 (t, J = 6.95 Hz, 1H), 6.70 (d, J = 7.95 Hz, 1H), 6.88 (t, J =
6.95 Hz, 1H), 7.01-7.05 (m, 4H), 7.10-7.13 (m, 7H), 7.39 (d, J = 7.95 Hz, 1H), 9.02
(s, 1H). ®C NMR (DMSO-ds, 600 MHz) &: 9.2, 14.6, 15.2, 21.2, 25.3, 26.1, 29.3,
31.5, 35.3, 36.0, 46.3, 60.2, 64.1, 66.2, 72.0, 109.4, 116.4, 116.7, 117.1, 119.8, 124.0,

125.7, 126.1, 127.7, 127.8, 129.6, 130.2, 130.3, 131.4, 131.9, 137.2, 138.3, 142.3,
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152.3, 154.7, 156.9, 159.7, 171.5. HRMS m/z calcd for C4HssCLNsOs; [M + HJ
714.2972, found 714.2939. HPLC purity 96.2%. Retention time: 12.5 min, eluted with
10% n-hexane/90% isopropanol.
N-(7-((2-Aminophenyl)amino)-7-oxoheptyl)-2-(4-(tert-butyl)-2-ethoxyphenyl)-
4,5-bis(4-chlorophenyl)-4,5-dihydro-1H-imidazole-1-carboxamide (11c). The
product was obtained as a pale white solid (0.19 g, 0.26 mmol), yield: 75.2%. 'H
NMR (DMSO-dg, 600 MHz) J: 0.89-0.93 (m, 2H), 1.08-1.17 (m, 4H), 1.32 (t, J =
7.02 Hz, 3H), 1.34 (s, 9H), 1.44-1.47 (m, 2H), 2.23 (t, J = 7.27 Hz, 2H), 2.76-2.80 (m,
1H), 2.85-2.90 (m, 1H), 4.03-4.08 (m, 1H), 4.20-4.22 (m, 1H), 4.85 (s, 2H), 5.67 (d, J
=10.53 Hz, 1H), 5.73 (d, J = 10.53 Hz, 1H), 5.97 (s, 1H), 6.53 (t, J = 7.52 Hz, 1H),
6.71 (d, J = 7.77 Hz, 1H), 6.89 (t, J = 7.52 Hz, 1H), 7.04 (t, J = 7.57 Hz, 4H),
7.09-7.15 (m, 7H), 7.41 (d, J = 7.77 Hz, 1H), 9.04 (s, 1H). >C NMR (DMSO-ds, 600
MHz) d: 15.2, 25.6, 26.3, 28.8, 29.4, 31.5, 35.3, 36.2, 46.2, 55.4, 64.1, 66.2, 71.8,
109.3, 116.4, 116.7, 117.2, 119.6, 124.1, 125.7, 126.1, 127.7, 127.8, 129.6, 130.2,
130.3, 131.5, 31.9, 137.2, 138.2, 142.3, 152.2, 154.8, 156.9, 159.8, 171.5. HRMS m/z
caled for C4Hy7CLNsO3 [M + H]™ 728.3129, found 728.3136. HPLC purity 97.1%.
Retention time: 12.2 min, eluted with 10% n-hexane/90% isopropanol.
N-(8-((2-aminophenyl)amino)-8-oxooctyl)-2-(4-(tert-butyl)-2-ethoxyphenyl)-4,5
-bis(4-chlorophenyl)-4,5-dihydro-1H-imidazole-1-carboxamide (11d). The product
was obtained as a pale white solid (0.23 g, 0.31 mmol), yield: 79.0%. 'H NMR
(DMSO-dg, 600 MHz) o: 0.84-0.89 (m, 2H), 1.07-1.12 (m, 4H), 1.15-1.20 (m, 2H),
1.32 (t, J = 6.94 Hz, 3H), 1.34 (s, 9H), 1.48-1.54 (m, 2H), 2.27 (t, J = 7.32 Hz, 2H),
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2.74-2.78 (m, 1H), 2.85-2.91 (m, 1H), 4.02-4.07 (m, 1H), 4.18-4.22 (m, 1H), 4.80 (s,
2H), 5.66 (d, J = 7.48 Hz, 1H), 5.71 (d, J = 7.48 Hz, 1H), 5.93 (s, 1H), 6.53 (t, J =
7.28 Hz, 1H), 6.71 (d, J = 8.19 Hz, 1H), 6.88 (d, J = 7.74 Hz, 1H), 7.01-7.03 (m, 4H),
7.08-7.13 (m, 7H), 7.39 (d, J = 7.74 Hz, 1H), 9.07 (s, 1H); *C NMR (DMSO-ds, 600
MHz) J: 15.2, 25.7, 26.4, 29.0, 29.0, 29.4, 30.1, 31.5, 35.3, 36.2, 56.3, 64.1, 64.3,
66.1, 68.9, 71.9, 109.3, 116.4, 116.6, 117.1, 119.9, 124.1, 125.7, 126.1, 127.7, 127.8,
129.6, 130.2, 130.3, 131.40, 131.9, 137.2, 138.3, 142.3, 152.2, 154.6, 156.8, 159.7,
171.6. HRMS m/z caled for C4HyoCINsO; [M + H]™ 742.3285, found 742.3297.
HPLC purity 96.5%. Retention time: 12.7 min, eluted with 10% n-hexane/90%
isopropanol.
2-(4-(Tert-butyl)-2-ethoxyphenyl)-4,5-bis(4-chlorophenyl)-N-(5-(hydroxyamino
)-5-oxopentyl)-4,5-dihydro-1H-imidazole-1-carboxamide (12a). To a stirred
solution of hydroxylamine hydrochloride (4.67 g, 67 mmol) in MeOH (24 mL) was
added dropwise a solution of KOH (5.61 g, 100 mmol) in MeOH (12 mL) at 0 °C.
Then, the mixture was stirred for 30 min at 0 °C. The precipitate was filtered and the
filtrate formed a solution of free hydroxylamine in MeOH. Subsquently, compound
10a (0.1 g, 0.16 mmol) was dissolved in 5 mL of the above freshly prepared MeOH
solution of hydroxylamine. The mixture was stirred at room temperature for 1 h, and
then adjusted to pH = 7 with 2 N HCI. The mixture was concentrated and the residue
was washed with water to afford crude product. For an accurate yield the crude
product was purified by recrystallization and afforded compound 12a (0.91 g, 90%) as

a white solid. "H NMR (DMSO-ds, 600 MHz) §: 1.05-1.11 (m, 2H), 1.12-1.20 (m,
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2H), 1.33 (s, 9H), 1.34 (t, J = 9.10 Hz, 3H), 1.76 (t, J = 7.48 Hz, 2H), 2.78-2.86 (m,
2H), 3.17 (s, 1H), 4.09-4.13 (m, 1H), 4.20-4.24 (m, 1H), 5.81 (d, J = 8.72 Hz, 1H),
5.94 (d,J =8.72 Hz, 1H), 7.06-7.12 (m, 6H), 7.15-7.18 (m, 4H), 7.50 (d, J = 6.23 Hz,
1H), 8.61 (s, 1H), 10.28 (s, 1H); >C NMR (DMSO-ds, 600 MHz) J: 15.1, 22.6, 28.8,
29.1,30.2, 31.4, 32.2, 35.5, 49.1, 64.4, 64.6, 109.6, 117.4, 120.2, 128.0, 128.9, 129.6,
129.7, 130.2, 130.5, 136.2, 138.2, 151.2, 153.3, 156.9, 158.9, 169.2. HRMS m/z
calcd for C33H33C1oN4O4 [M - H] 623.2197, found 623.2182. HPLC purity 96.1%.
Retention time: 15.1 min, eluted with 8% n-hexane/92% isopropanol.

Target compounds 12b-17 were synthesized according to a similar procedure
described for 12a.

2-(4-(Tert-butyl)-2-ethoxyphenyl)-4,5-bis(4-chlorophenyl)-N-(6-(hydroxyamino
)-6-oxohexyl)-4,5-dihydro-1H-imidazole-1-carboxamide (12b). The product was
obtained as a white solid (0.20 g, 0.31 mmol), yield: 90.7%. 'H NMR (DMSO-ds, 600
MHz) ¢: 0.81-0.91 (m, 2H), 1.02-1.12 (m, 2H), 1.21-1.31 (m, 2H), 1.35 (t, J = 10.27
Hz, 3H), 1.36 (s, 9H), 1.82 (t, J = 6.69 Hz, 2H), 2.00 (s, 1H), 2.72-2.82 (m, 1H),
2.83-2.93 (m, 1H), 4.11 (t, J = 8.03 Hz, 1H), 4.23 (t, J = 8.03 Hz, 1H), 5.79 (s, 1H),
5.89 (s, 1H), 7.08-7.11 (m, 4H), 7.12 (d, J = 6.60 Hz, 2H), 7.17 (d, J = 7.59 Hz, 4H),
7.49 (s, 1H), 8.64 (s, 1H), 10.32 (s, 1H); °C NMR (DMSO-ds, 600 MHz) 6: 15.1,
21.2, 25.2, 26.1, 29.0, 31.1, 31.5, 32.5, 35.4, 60.2, 64.3, 66.4, 109.5, 117.3, 120.1,
127.9, 129.0, 129.7, 129.8, 130.3, 130.4, 136.5, 137.6, 151.1, 153.3, 156.9, 158.9,
169.4. HRMS m/z caled for C34HyCLN4O4 [M + H]™ 639.2499, found 639.2431.
HPLC purity 96.9%. Retention time: 14.5 min, eluted with 10% n-hexane/90%
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isopropanol.
2-(4-(tert-butyl)-2-ethoxyphenyl)-4,5-bis(4-chlorophenyl)-N-(7-(hydroxyamino)
-7-oxoheptyl)-4,5-dihydro-1H-imidazole-1-carboxamide (12c). The product was
obtained as a white solid (0.11 g, 0.17 mmol), yield: 86.7%. 'H NMR (DMSO-dq, 600
MHz) 6: 0.85-0.88 (m, 2H), 1.01-1.67 (m, 4H), 1.30-1.33 (m, 5H), 1.33 (s, 9H), 1.86
(d, J = 7.28Hz, 2H), 2.73-2.77 (m, 1H), 2.82-2.88 (m, 1H), 4.02-4.09 (m, 1H),
4.20-4.23 (m, 1H), 5.66 (d, J = 10.32 Hz, 1H), 5.71 (d, J = 10.32 Hz, 1H), 5.90 (s,
1H), 7.00-7.04 (m, 4H), 7.09-7.14 (m, 6H), 7.39 (d, J = 7.60 Hz, 1H), 8.61 (s, 1H),
10.26 (s, 1H); >C NMR (DMSO-ds, 600 MHz) d: 14.7, 24.9, 25.7, 28.2, 28.8, 31.0,
32.2, 34.8, 63.6, 65.7, 71.5, 108.9, 116.7, 119.4, 127.2, 127.3, 129.1, 129.7, 129.8,
130.9, 131.4, 136.8, 137.8, 151.8, 154.2, 156.4, 159.1, 169.0. HRMS m/z calcd for
C35H4,CLN4O4 [M + H]' 653.2656, found 653.2623. HPLC purity 95.8%. Retention
time: 13.3 min, eluted with 10% n-hexane/90% isopropanol.
2-(4-(Tert-butyl)-2-ethoxyphenyl)-4,5-bis(4-chlorophenyl)-N-(8-(hydroxyamino
)-8-0xo00ctyl)-4,5-dihydro-1H-imidazole-1-carboxamide (12d). The product was
obtained as a white solid (0.09 g, 0.13 mmol), yield: 85.9%. '"H NMR (DMSO-ds, 600
MHz) ¢: 0.65-0.95 (m, 4H), 0.92-1.20 (m, 6H), 1.33 (s, 9H), 1.34 (t, J/ = 10.63 Hz,
3H), 1.88 (s, 2H), 2.75 (s, 1H), 2.86 (s, 1H), 4.05 (s, 1H), 4.20 (s, 1H), 5.72 (d, J =
10.03 Hz, 1H), 5.78 (d, J = 10.03 Hz, 1H), 6.20 (s, 1H), 6.99-7.19 (m, 10H), 7.41 (d,
J =6.57 Hz, 1H), 8.65 (s, 1H), 10.33 (s, 1H); >C NMR (DMSO-ds, 600 MHz) §: 15.2,
22.5, 25.5, 26.3, 28.9, 29.4, 31.5, 32.7, 35.3, 64.1, 66.2, 71.5, 109.3, 116.2, 117.2,
119.3, 127.8, 129.6, 130.3, 131.5, 131.9, 137.1, 137.7, 151.9, 155.0, 156.9, 160.0,
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169.5. HRMS m/z caled for C3sHsCILN4O4 [M + H]'667.2812, found 667.2819.
HPLC purity 95.9%. Retention time: 12.9 min, eluted with 10% n-hexane/90%
isopropanol.
2-(4-(Tert-butyl)-2-ethoxyphenyl)-4,5-bis(4-chlorophenyl)-N-(4-(hydroxycarba
moyl)benzyl)-4,5-dihydro-1H-imidazole-1-carboxamide (13). The product was
obtained as a white solid (0.37 g, 0.56 mmol), yield: 92.4%. "H NMR (DMSO-ds, 600
MHz) J: 1.26 (t, J = 6.91 Hz, 3H), 1.31 (s, 9H), 3.90-4.07 (m, 2H), 4.15 (dd, J = 9.55
Hz, 5.55Hz, 2H), 5.72 (d, J = 10.37 Hz, 1H), 5.78 (d, J = 10.37 Hz, 1H), 6.78 (s, 1H),
6.90 (d, J = 7.57 Hz, 2H), 6.95-7.05(m, 4H), 7.13 (d, J = 8.89 Hz, 6H), 7.38 (d, J =
8.23 Hz, 1H), 7.53 (d, J = 8.07 Hz, 2H), 8.96 (s, 1H), 11.12 (s, 1H); *C NMR
(DMSO-ds, 600 MHz) o: 15.2, 31.5, 35.3, 43.2, 63.9, 66.0, 72.2, 109.2, 117.0, 120.0,
126.9, 127.8, 127.8, 129.7, 130.1, 130.3, 131.4, 132.0, 137.0, 138.2, 143.3, 152.4,
154.4, 156.9, 159.8, 164.5. HRMS m/z caled C3cH3sCLbN4Os [M - H]” 657.2041,
found 657.2033. HPLC purity 96.6%. Retention time: 14.6 min, eluted with 10%
n-hexane/90% isopropanol.
2-(4-(2-(4-(Tert-butyl)-2-ethoxyphenyl)-4,5-bis(4-chlorophenyl)-4,5-dihydro-1H
-imidazole-1-carbonyl)piperazin-1-yl)-NV-hydroxyacetamide (14a). The product
was obtained as a white solid (0.41 g, 0.63 mmol), yield: 91.6%. 'H NMR (DMSO-d,
600 MHz) ¢: 1.31 (t,J = 6.97 Hz, 3H), 1.35 (s, 9H), 1.83 (s, 4H), 2.63 (s, 2H), 3.02 (s,
4H), 4.08 (dd, J = 13.88 Hz, 7.22 Hz, 2H), 5.53 (d, J = 10.00 Hz, 1H), 5.67 (d, J =
10.00 Hz, 1H), 6.96 (d, J = 7.78 Hz, 2H), 7.02 (d, J = 8.33 Hz, 2H), 7.06-7.12 (m,
4H), 7.16 (d, J = 8.33 Hz, 2H), 7.50 (d, J = 8.33 Hz, 1H), 8.69 (s, 1H), 10.30 (s, 1H);
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3C NMR (DMSO-dg, 600 MHz) §: 14.4, 31.1, 34.9, 45.3, 51.8, 59.0, 63.5, 67.9, 70.6,
108.8, 116.9, 117.6, 127.4, 127.4, 128.7, 129.7, 130.2, 131.1, 131.1, 136.5, 137.4,
155.1, 155.1, 156.5, 159.9, 165.4. HRMS m/z calcd for C34H30CILNsO4 [M + HJ
652.2452, found 652.2458. HPLC purity 96.1%. Retention time: 29.6 min, eluted with
15% n-hexane/85% isopropanol.
5-(4-(2-(4-(Tert-butyl)-2-ethoxyphenyl)-4,5-bis(4-chlorophenyl)-4,5-dihydro-1H
-imidazole-1-carbonyl)piperazin-1-yl)-NV-hydroxypentanamide (14b). The product
was obtained as a white solid (0.13 g, 0.19 mmol), yield: 8§9.3%. 'H NMR (DMSO-d,
600 MHz) ¢: 1.18-1.23 (m, 4H), 1.30 (t, J = 7.01 Hz, 3H), 1.34 (s, 9H), 1.60-1.80 (m,
4H), 1.88 (t, J = 7.01 Hz, 2H), 1.98 (t, J = 6.09 Hz, 2H), 2.90-3.09 (m, 4H), 4.07 (dd,
J =13.40 Hz, 6.07 Hz, 2H), 5.51 (d, J = 10.05 Hz, 1H), 5.66 (d, J = 10.05 Hz, 1H),
6.95 (t, J = 7.92 Hz, 2H), 7.01 (t, J = 8.22 Hz, 2H), 7.04-7.13 (m, 4H), 7.15 (t, J =
8.22 Hz, 2H), 7.50 (d, J = 7.62 Hz, 1H), 8.68 (s, 1H), 10.33 (s, 1H). °C NMR
(DMSO-dg, 600 MHz) 6: 14.9, 23.4, 26.1, 31.5, 32.5, 35.4, 46.0, 51.9, 57.7, 64.0, 68.4,
70.9, 109.2, 117.5, 117.9, 127.9, 127.9, 129.1, 130.1, 130.7, 131.5, 131.6, 136.9,
137.9, 155.6, 155.6, 157.0, 160.4, 169.5. HRMS m/z calcd for C37;H4sCL,NsO4 [M +
H]" 694.2921, found 694.2916. HPLC purity 96.5%. Retention time: 28.7 min, eluted
with 10% n-hexane/90% isopropanol.
6-(4-(2-(4-(tert-butyl)-2-ethoxyphenyl)-4,5-bis(4-chlorophenyl)-4,5-dihydro-1H
-imidazole-1-carbonyl)piperazin-1-yl)-N-hydroxyhexanamide (14c). The product
was obtained as a white solid (0.27 g, 0.38 mmol), yield: 90.1%. "H NMR (DMSO-ds,
600 MHz) ¢: 1.20-1.27 (m, 4H), 1.31 (t, J = 6.95 Hz, 3H), 1.34 (s, 9H), 1.42 (t, J =
4

ACS Paragon Plus Environment



oNOYTULT D WN =

Journal of Medicinal Chemistry

6.95 Hz, 2H), 1.52-1.56 (m, 4H), 1.89 (t, J = 8.00 Hz, 2H), 1.98 (t, J = 6.69 Hz, 2H),
2.99 (s, 4H), 4.04-4.12 (m, 2H), 5.51 (d, J = 9.93 Hz, 1H), 5.67 (d, J = 9.93 Hz, 1H),
6.95 (d, J =9.93 Hz, 2H), 7.01 (d, J = 7.27 Hz, 2H), 7.05-7.13 (m, 4H), 7.15 (d, J =
7.90 Hz, 2H), 7.49 (d, J = 7.55 Hz, 1H), 8.64 (s, 1H), 10.29 (s, 1H); °C NMR
(DMSO-dg, 600 MHz) 6: 16.3, 26.8, 27.7, 28.3, 32.9, 34.1, 36.8, 47.4, 53.3, 59.4, 65.4,
69.8, 72.5, 110.6, 118.9, 119.4, 129.3, 129.3, 130.6, 131.6, 132.1, 132.9, 1330, 138.4,
139.3, 156.9, 157.0, 158.4, 161.8, 170.9. HRMS m/z calcd for CsgH47C1oNsO4 [M +
H]"708.3078, found 708.3046. HPLC purity 95.9%. Retention time: 28.2 min, eluted
with 10% n-hexane/90% isopropanol.
7-(4-((4S,5R)-2-(4-(Tert-butyl)-2-ethoxyphenyl)-4,5-bis(4-chlorophenyl)-4,5-dih
ydro-1H-imidazole-1-carbonyl)piperazin-1-yl)-NV-hydroxyheptanamide (144).
The product was obtained as a white solid (0.19 g, 0.26 mmol), yield: 89.4%. 'H
NMR (DMSO-ds, 600 MHz) 6: 1.12-1.20 (m, 4H), 1.22-1.28(m, 4H), 1.31 (t, J = 6.81
Hz, 3H), 1.34 (s, 9H), 1.38-1.42(m, 2H), 1.60-1.80(s, 4H), 1.90 (t, J = 7.38 Hz, 2H),
3.00 (s, 4H), 4.05-4.10 (m, 2H), 5.52 (d, J = 10.12 Hz, 1H), 5.66 (d, J = 10.12 Hz,
1H), 6.96 (d, J = 7.96 Hz, 2H), 7.02 (d, J = 8.36 Hz, 2H), 7.07 (d, J = 11.15 Hz, 2H),
7.11 (t,J = 8.36 Hz, 2H), 7.15 (d, J = 8.36 Hz, 2H), 7.50 (d, J = 7.96 Hz, 1H), 8.63 (s,
1H), 10.30 (s, 1H); >C NMR (DMSO-ds, 600 MHz) o: 14.4, 24.9, 26.5, 28.4, 31.0,
32.2,34.9,45.5, 51.4, 54.9, 57.5, 63.6, 67.9, 70.6, 108.7, 117.0, 117.5, 127.4, 127 .4,
128.6, 129.6, 130.2, 131.0, 131.1, 136.5, 137.4, 155.0, 155.2, 156.5, 159.9, 169.0.
HRMS m/z caled for C3oH4CLNsO4 [M + H]" 722.3234, found 722.3244. HPLC
purity 95.6%. Retention time: 27.8 min, eluted with 10% n-hexane/90% isopropanol.
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8-(4-(2-(4-(tert-butyl)-2-ethoxyphenyl)-4,5-bis(4-chlorophenyl)-4,5-dihydro-1H
-imidazole-1-carbonyl)piperazin-1-yl)-N-hydroxyoctanamide (14e). The product
was obtained as a white solid (0.10g, 0.14 mmol), yield: 84.1%. 'H NMR (DMSO-dg,
600 MHz) ¢: 1.08-1.22 (m, 6H), 1.30 (t, J = 6.51 Hz, 3H), 1.35 (s, 9H), 1.45-1.48 (m,
2H), 1.48-1.50 (s, 2H), 1.93 (t, J = 7.44 Hz, 2H), 2.79 (s, 2H), 3.02 (t, J = 11.17 Hz,
2H), 3.20-3.32(m, 4H), 3.66 (s, 1H), 3.75 (s, 1H), 4.12 (t, J = 6.98 Hz, 1H), 4.19 (t, J
=6.98 Hz, 1H), 5.72 (s, 1H), 5.82 (s, 1H), 7.01 (d, J = 7.91 Hz, 2H), 7.07 (d, J = 7.91
Hz, 2H), 7.15 (t,J = 6.38 Hz, 4H), 7.19 (t, J = 7.18 Hz, 2H), 7.64 (t,J = 7.61 Hz, 1H),
8.67 (s, 1H), 10.37 (s, 1H); >C NMR (DMSO-ds, 600 MHz) J: 14.8, 23.2, 25.4, 26.2,
28.6,28.7,31.4, 32.6, 35.6, 42.8, 45.5, 50.6, 52.4, 56.1, 64.4, 68.6, 70.5, 109.5, 117.9,
119.2, 128.1, 129.3, 130.2, 131.3, 132.1, 138.3, 139.3, 155.1, 155.2, 157.0, 159.5,
169.5. HRMS m/z caled for C4Hs;CI,NsO4 [M + H]™ 736.3391, found 736.3396.
HPLC purity 97.2%. Retention time: 27.1 min, eluted with 10% n-hexane/90%
isopropanol.
4-((4-(2-(4-(tert-butyl)-2-ethoxyphenyl)-4,5-bis(4-chlorophenyl)-4,5-dihydro-1
H-imidazole-1-carbonyl)piperazin-1-yl)methyl)-N-hydroxybenzamide (15a). The
product was obtained as a white solid (0.24 g, 0.33 mmol), yield: 90.9%. 'H NMR
(DMSO-dg, 600 MHz) ¢: 1.30 (t, J = 6.35 Hz, 3H), 1.403 (s, 9H), 1.60-1.82(m, 4H),
3.01(s, 4H), 3.25 (dd, J = 9.05 Hz 2H), 4.08 (d, J = 11.67 Hz, 6.42 Hz, 2H), 5.50 (d, J
= 10.50 Hz, 1H), 5.66 (d, J = 10.50 Hz, 1H), 6.89-7.05 (m, 4H), 7.06-7.18 (m, 6H),
7.22 (d, J = 7.59 Hz, 2H), 7.50 (d, J = 8.17 Hz, 1H), 7.67 (d, J = 7.59 Hz, 2H), 9.02
(s, 1H), 11.17 (s, 1H); °C NMR (DMSO-dq, 600 MHz) J: 14.9, 31.6, 35.4, 45.9, 51.9,
43

ACS Paragon Plus Environment



oNOYTULT D WN =

Journal of Medicinal Chemistry

61.9, 64.0, 68.4, 70.9, 109.2, 117.5, 117.9, 127.3, 127.9, 128.9, 129.1, 130.1, 130.8,
131.5, 131.6, 132.0, 136.9, 137.8, 141.6, 155.5, 155.7, 157.0, 160.4, 164.5. HRMS
m/z caled for C4H43CLNsO4 [M - H] 726.2619, found 726.2617. HPLC purity
97.8%. Retention time: 16.8 min, eluted with 8% n-hexane/92% isopropanol.
2-(4-(2-(4-(tert-butyl)-2-ethoxyphenyl)-4,5-bis(4-chlorophenyl)-4,5-dihydro-1H
-imidazole-1-carbonyl)piperazin-1-yl)-NV-hydroxypyrimidine-5-carboxamide
(15b). The product was obtained as a white solid (0.39 g, 0.55 mmol), yield: 91.8%.
'H NMR (DMSO-ds, 300 MHz) §:1.21 (s, 9H), 1.23 (t, J = 15.00 Hz, 3H), 3.08 (s,
4H), 3.20 (s, 4H), 4.10 (d, J = 5.65 Hz, 2H), 5.56 (d, J = 9.35 Hz, 1H), 5.70 (d, J =
9.35 Hz, 1H), 6.98 (d, J = 6.52 Hz, 2H), 7.05 (t, J = 5.98 Hz, 3H), 7.10 (t, J = 7.18
Hz, 3H), 7.17 (d, J = 7.61 Hz, 2H), 7.58 (d, J = 7.83 Hz, 1H), 8.63 (s, 2H), 9.03 (s,
1H), 11.09 (s, 1H); °C NMR (DMSO-ds, 600 MHz) &: 14.9, 31.3, 35.4, 42.9, 45.7,
64.1, 68.4, 71.1, 109.2, 115.6, 117.5, 127.9, 127.9, 129.2, 130.2, 130.9, 131.6, 131.7,
136.9, 137.8, 155.8, 155.9, 157.1, 157.5, 160.2, 161.8, 162.1. HRMS m/z calcd for
C37H39C1bN;04 [M - H]” 714.2368, found 714.2356. HPLC purity 98.5%. Retention
time: 19.8 min, eluted with 10% n-hexane/90% isopropanol.
2-((1-(2-(4-(Tert-butyl)-2-ethoxyphenyl)-4,5-bis(4-chlorophenyl)-4,5-dihydro-1
H-imidazole-1-carbonyl)piperidin-4-yl)amino)-/NV-hydroxypyrimidine-5-carboxa
mide (16a). The product was obtained as a white solid (0.27 g, 0.37 mmol), yield:
91.0%. '"H NMR (DMSO-ds, 600 MHz) 6: 0.81-0.95 (m, 2H), 1.33 (t, J = 7.17 Hz,
3H), 1.34 (s, 9H), 1.56 (d, J = 10.12 Hz, 1H), 1.58 (d, J = 10.12 Hz, 1H), 2.47 (t, J =
11.80 Hz, 2H), 2.59 (t, J = 11.38 Hz, 1H), 3.54-3.67 (m, 3H), 4.11 (dd, J = 13.91 Hz,
44

ACS Paragon Plus Environment

Page 44 of 60



Page 45 of 60 Journal of Medicinal Chemistry

7.17 Hz, 2H), 5.55 (d, J = 10.12 Hz, 1H), 5.67 (d, J = 10.12 Hz, 1H), 6.97(d, J = 8.01

Hz, 2H), 7.01-7.08 (m, 4H), 7.12 (d, J = 8.43 Hz, 2H), 7.15 (d, J = 8.43 Hz, 2H), 7.51

oNOYTULT D WN =

(d, J = 8.01 Hz, 1H), 8.56 (s, 2H), 8.95 (s, 1H), 10.98 (s, 1H); °C NMR (DMSO-ds,
11 600 MHz) ¢: 14.9, 30.6, 30.9, 31.5, 35.4, 44.2, 44.7, 47.7, 64.0, 68.3, 71.7, 109.2,
13 115.3, 117.5, 118.1, 127.9, 129.2, 130.2, 130.6, 131.6, 137.1, 138.0, 155.2, 155.8,
16 156.7, 160.8, 162.5. HRMS m/z calcd for C3sH4CLN,O4 [M + H]™ 730.2670, found
18 730.2679. HPLC purity 97.4%. Retention time: 19.3 min, eluted with 9% n-hexane/91%
21 isopropanol.

23 (E)-1-(2-(4-(tert-butyl)-2-ethoxyphenyl)-4,5-bis(4-chlorophenyl)-4,5-dihydro-1
26 H-imidazole-1-carbonyl)-V-(4-(3-(hydroxyamino)-3-oxoprop-1-en-1-yl)phenyl)pi
28 peridine-4-carboxamide (16b). The product was obtained as a white solid (0.36 g,
0.46 mmol), yield: 88.2%. '"H NMR (DMSO-ds, 600 MHz) 6: 1.21-1.25 (m, 2H), 1.34
33 (d, J = 6.85 Hz, 3H) 1.34 (s, 9H), 1.51 (d, J = 10.06 Hz, 2H), 2.23 (t, J = 11.39 Hz,
35 1H), 2.42 (t,J = 11.82 Hz, 1H) 2.54 (t, J = 12.85 Hz, 1H), 3.62 (d, J = 12.70 Hz, 1H),
38 3.67 (d, J = 12.70 Hz, 1H), 4.05-4.15 (m, 2H), 5.54 (d, J = 10.07 Hz, 1H), 5.68 (d, J
40 =10.07 Hz, 1H), 6.34 (d, J = 15.77 Hz, 1H), 6.98 (d, J = 7.88 Hz, 2H), 7.05 (t, J =
43 8.98 Hz, 3H), 7.08 (d, J = 8.76 Hz, 1H), 7.11 (d, J = 8.32 Hz, 2H), 7.17 (d, J = 8.32
45 Hz, 2H), 7.38 (d, J = 7.85 Hz, 1H),, 7.46 (d, J = 7.88 Hz, 2H), 7.52 (d, J = 7.88 Hz,
1H), 7.57 (d, J = 8.21 Hz, 2H), 8.97 (s, 1H), 9.89 (s, 1H), 10.69 (s, 1H); C NMR
50 (DMSO-dg, 300 MHz) 6: 14.9, 27.6, 27.9, 30.1, 31.2, 31.4, 35.4, 42.3, 45.6, 64.0, 68.4,
71.1, 109.1, 117.5, 117.7, 119.5, 127.9, 128.5, 129.2, 129.9, 130.2, 130.6, 131.5,
55 131.6, 137.1, 138.0, 138.4, 140.9, 155.7, 155.8, 156.8, 160.5, 163.5, 173.1. HRMS
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m/z caled for C4;3HysCLNsOs [M + H]"™ 782.2817, found 782.2832. HPLC purity
95.1%. Retention time: 18.3 min, eluted with 5% n-hexane/95% isopropanol.
1-(2-(4-(Tert-butyl)-2-ethoxyphenyl)-4,5-bis(4-chlorophenyl)-4,5-dihydro-1H-i

midazole-1-carbonyl)-N-hydroxypiperidine-4-carboxamide (17). The product was
obtained as a white solid (0.25 g, 0.39 mmol), yield: 89.6%. '"H NMR (DMSO-ds, 600
MHz) J: 0.81-0.87 (m, 2H), 1.23-1.40 (m, 5H), 1.35 (s, 9H), 1.86-1.90 (m, 1H),
2.23-2.48 (m, 2H), 3.58 (d, J = 8.18 Hz, 1H), 3.65 (d, J = 8.18 Hz, 1H), 4.10 (s, 2H),
5.59 (d, J = 8.98 Hz, 1H), 5.72 (d, J = 8.98 Hz, 1H), 6.94-7.18 (m, 10H), 7.52 (s, 1H),
8.58 (s, 1H), 10.26 (s, 1H); >C NMR (DMSO-ds, 600 MHz) J: 16.3, 29.1, 29.3, 32.8,
36.8, 40.2, 46.8, 65.4, 69.8, 71.9, 110.6, 118.9, 129.3, 129.3, 130.6, 131.5, 131.9,
133.1, 138.0, 139.1, 156.4, 157.6, 158.2, 162.5, 172.3. HRMS m/z calcd for
C34H35C1LN4O4 [M + H]' 637.2343, found 637.2371. HPLC purity 96.3%. Retention
time: 16.7 min, eluted with 5% n-hexane/95% isopropanol.

In vitro HDACs Inhibition Assay. The HDACI enzyme was purchase from
Abcam (#AB101661). All of the enzymatic reactions were conducted at 37 °C for 30
minutes. The reaction mixture contained 25 mM Tris (pH = 8.0), 1 mM MgCl,, 0.1
mg/mL BSA, 137 mM NaCl, 2.7 mM KCIl, HDACI1 and the enzyme substrate in a
final volume of 50 pL. The compounds were diluted in 10% DMSO and 5 pL of the
dilution was added to a 50 pL reaction so that the final concentration of DMSO was 1%
in all of reactions. The assay was performed by quantitating the fluorescent product
amount of in solution following an enzyme reaction. Fluorescence was then analyzed

with an excitation of 350-360 nm and an emission wavelength of 450-460 nm at
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Spectra Max M5 microtiter plate reader. The ICsy values were calculated using
nonlinear regression with normalized dose-response fit using Prism GraphPad
sofeware.

In vitro Antiproliferative Assay. Cells were plated in 96-well transparent plates at
a density of ~ 6 x 10°/well and incubated in a humidified atmosphere with 5% CO, at
37 °C for 24 h. Test compounds were added onto triplicate wells with different
concentrations and 0.1% DMSO for control. After they had been incubated for 72 h,
10 uL of cell counting kit-8 (CCKS) solution was added to each well and the plate
was incubated for additional 0.5 h - 1 h. The absorbance (OD) was read on a Biotek
Synergy H2 (Lab systems) at 405 nm. The concentration causing 50% inhibition of
cell growth (ICsp) was determined by the Logit method. All experiments were
performed three times.

Western Blotting. A549 cell lines were seeded (3.5 x 10° cells/well) on 6-well
transparent plates (Corning). The inhibitors were added 24 h following seeding, and
cells were incubated for additional 24 h, then, washed with cold-ice PBS for 2 times
and 60 pL ice-cold lysis buffer containing 1% protease and phosphatase inhibitors
(Roche). Cells were scraped off after 30 min on ice and centrifuged for 12,000 rpm
for 15 min at 4 °C to obtain the protein lysate. The protein extract was denatured at
100 °C bath and analyzed on 10%-15% SDS-PAGE gels. The gels were blotted onto
PVDF membrane (Merck Millipore) and blocked with 5% BSA Buffer (5% Albumin
Bovine V from Bovine serum in TBST) for 2 h at room temperature. The primary

antibodies used for Western boltting were: p53 (Abcam, ab7757), MDM2 (Abcam,
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ab16895), Histone 3 (Abcam, ab47915), Histone 4 (Abcam, abl177790),
Acetyl-a-tublin  (Abcam, ab24610), GAPDH (Abcam, ab181602). Then, the
membranes were infrared secondary antibodies. After washing with TBST for 3 times,
blots were scanned on a LI-COR Odyssey imaging system. The protein levels were
quantified by the gray values of the bands in the resulting images using the control
group as the standard.

Cell Cycle Analysis by Flow Cytometry. A549 cells (3.5 x 10’ cells/well) were
treated with compounds at 1 pM and 10 pM for 48 h. The treated cells were collected,
resuspended, and then, incubated for 30 min at 37 °C with 300 pL. DNA staining
solution and 5 pL permeabilization solution (Cell Cycle Staining Kit, MultiSciences,
70-CCS012). For each sample, at least 1 x 10* cells were analyzed using flow
cytometry (BD Accuri C6).

Apoptosis Detection Assay. A549 cells (3.5 x 10° cells/well) were seeded in
six-well plates and treated with compounds at concentration of 10 uM and 20 uM for
48 h. the cells were then harvested by trypsinization and washed twice with cold PBS.
After centrifugation and removal of the supernatants, cells were resuspended in 400
pL of 1 x binding buffer which was then added to 5 pL of annexin V-FITC and
incubated at room temperature for 15 min. After adding 10 pL of PI the cells were
incubated at room temperature for another 15 min in dark. The stained cells were
analyzed by a Flow Cytometer (BD Accuri C6).

In vivo Antitumor Potency. The experimental procedures and the animal use and

care protocols were approved by the Committee on Ethical Use of Animals of Second

48

ACS Paragon Plus Environment

Page 48 of 60



Page 49 of 60

oNOYTULT D WN =

Journal of Medicinal Chemistry

Military Medical University. BALB/C nude female mice (certificate
SCXK-2007-0005, weighing 1820 g) were obtained from Shanghai Experimental
Animal Center, Chinese Academy of Sciences. For in vivo efficacy experiments using
the A549 tumor xenograft model, A549 cells (5 x 10° cells/animal) were injected
subcutaneously into the flank area of the female nude mice (6-7 weeks old). When
tumors reached about a volume of 100 mm®, mice were randomized into five groups
of treatment and control groups (5 mice per treatment group and 7 mice for the
vehicle control group). The four treatment groups received compound 14d (100
mg/kg/day or 150 mg/kg/day), 1 (100 mg/kg/day) or 3 (100 mg/kg/day) by oral
administration once per day for 21 days, and the vehicle control group received equal
volume of normal saline solution. During treatment, tumor growth was measured with
a vernier caliper about every three days, and body weight was monitored at the same
time. The tumor volume was evaluated by the length and width of the tumor tissues.
Tumor volume was calculated according to the formula, volume = (AB?)/2, where A
and B are the tumor length and width dimension, respectively. Data were analyzed by
two-tailed t test. P level < 0.05 was considered statistically significant.

B  ASSOCIATED CONTENT
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The solubility of representative compounds, the chiral separation of racemic 14d, the
identification of configuration of enantiomers 14d, chemical synthesis and structural
characterization of intermediates, solubility assay, methods for pharmacokinetic
studies and molecular docking, '"H NMR and >C NMR spectra of the representative
compounds.

SMILES molecular formula strings (CSV)

The binding mode of compound 14d enantiomers with MDM2 and HDAC1 (PDB)
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B ABBREVIATIONS LIST

HDAUC, histone deacetylase; MDM?2, murine double-minute 2; SD, Sprague-Dawley;
SEM, Standard Error of Mean; BTC, Bis-(trichloromethyl)-carbonate; DIPEA,
N,N-Diisopropylethylamine; DMF, dimethylformamide; HBTU,
O-Benzotriazole-N,N,N',N'-tetramethyl-uronium-hexafluorophosphate; PI, propidium

iodide; ZBG, zinc-binding group; TGI, tumor growth inhibition
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