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Abstract: Based on the marine natural products piperafizine B, X334 and our previously reported compound
4m, fourteen novel 3,6-diunsaturated 2,5-diketopiperazine (2,5-DPK) derivatives (1-2, 4-6, 8-16), together with
two known ones (3 and 7), were designed and synthesized as anticancer agents against cell lines A549 and
Hela. The MTT assay results showed that the derivatives 6, 8-12 and 15 had moderate to good anticancer
capacities with the ICso values ranging from 0.7 to 8.9 uM. Among them, compound 11 with naphthalen-1-
ylmethylene and 2-methoxybenzylidene functions at the 3- and 6-positions of 2,5-DPK ring, respectively,
displayed good inhibitory activities to both cancer cells A549 (ICso =1.2 pM) and Hela (ICso =0.7 puM). It could
also induce apoptosis and obviously block the cell cycle progression at G2/M phase in both cells at 1.0 uM. The
electron withdrawing functions might not be favorable for the derivatives with high anticancer activities.
Additionally, compared to piperafizine B and X334, these semi-N-alkylated derivatives have high
liposolubilities (> 1.0 mgemL'). Compound 11 can be further developed aiming to the discovery of novel
anticancer candidate.

Keywords: 2,5-diketopiperazine derivative; intermolecular bond; liposolubility; electron property; anticancer

1. Introduction

2,5-diketopiperazine (2,5-DPK) is the smallest cyclic peptide and a useful scaffold frequently
found in numerus structurally diverse natural product [1-3]. 2,5-Diketopiperazine derivatives (2,5-
DPKSs) have higher stability than their linear counterparts against enzymolysis [4], and are often
conformational rigidity and able to interact with various biological targets [5] thus giving rise to a
broad range of biological activities [3, 6], such as antivirus [7], anticancer [8-12], antifouling [13, 14],
antioxidation [15], anti PAI-1[16, 17], and so on. As a result, 2,5-DPK has been becoming an attractive
and privileged scaffold for the discovery of highly active pharmaceutical agents. One class of 2,5-
DPKs which have unsaturated C-C double bonds at the 3- and/or 6-positions of the 2,5-DPK ring,
such as the marine natural products XR334 [16], piperafizine B [18], phenylahistin [19] and its
synthetic derivative plinabulin [20], possessing two pairs of hydrogen bond donor and acceptor
(Figure 1), show markedly different anticancer properties. The 2,5-DPKs furnished with phenyl rings
at the 3- and 6-positions, like piperafizine B and XR334, will assemble in line and/or net frameworks
due to the formation of the intermolecular hydrogen bond as well as the -7t stacking interactions [3,
11] (Figure 2). These compounds have very poor liposolubilities and weak anticancer activities and
their further biological investigations are then prevented [17]. However, those 2,5-DPKs, such as
phenylahistin and plinabulin, with an imidazole (or 2-pyridyl) group as a side component will have

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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intramolecular hydrogen bond formed preferentially between the amide hydrogen of the 2,5-DPK
ring and the nitrogen atom of the side imidazole moiety [21] (Figure 1), and the tendency for the
formation of the intermolecular hydrogen bonds is largely weakened. Their liposolubilities and
anticancer activities are greatly increased [12]. The lipophilicities of this kind of compounds can also
be improved by the introduction of protective groups, similar to the semi-N-methylation of
piperafizine B to A or X334 to X330, on the amide nitrogen atom of 2,5-DPK ring. Previous studies
demonstrated that these semi-N-protected 2,5-DPKs had improved liposolubilities and could cross
the cell membrane easily along with enhanced stable capacities away from the degradation caused
by enzymes [4]. Furthermore, the enhanced lipophilicity of 2,5-DPKs was beneficial to their
anticancer activity [22].
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Figure 1. Structure of 2,5-DPK and its representative 2,5-DPKs with unsaturated C-C double bonds.
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Figure 2. 2,5-DPKs with unsaturated C-C double bonds assembled in line or net structure.

In our previous study, one compound 4m showed good anticancer activities against several cell
lines including A549 and Hela [11]. An allyl group was introduced to the 1-nitrogen atom of the 2,5-
DPK ring to interrupt the formation of the intermolecular hydrogen bonds. Compared to the methyl
group, this function with a little longer side chain could also disturb the m-mt stacking interactions
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between the layers of the frameworks, which then contributing to the good lipophilicities of
derivatives. On the other hand, the biological results showed that the 2-methoxy group on the phenyl
ring at the 6-position of the 2,5-DPK ring played critical role in improving the anticancer activity,
whereas the impacts of its two chlorine atoms and some other strong electron withdrawing groups
(e.g., NO2, CFs, CN) on the anticancer activities of derivatives are not clearly investigated, as electron
properties often exhibit significant (positive or negative) impact on derivative’s bioactivity [23, 24].
Similarly, the size or skeleton of the substituent will also have different influences on the anticancer
activities of derivatives [5, 25]. Therefore, based on the marine natural products piperafizine B and
ARB334, in this context, a small library of novel 2,5-DPKs were designed as following (Scheme 1): 1)
similar to compound 4m, the allyl group on the 1-nitrogen atom was retained, 2) the electron
withdrawing groups such as NOz, CN, CFs, Br, Cl, F on the phenyl group (series I), and the electron
donating group MeO on benzene or naphthlene were introduced, 3) a few electron-rich (e.g., furan
and thiophen), electron-deficient (e.g., pyridyl) heteroaromatic scaffolds or fused naphthyl, quinolyl
functions (series II) were employed. Thus fourteen novel 2,5-DPKs (1-2, 4-6, 8-16), along with two
known ones (3 and 7), were designed and synthesized, and their anticancer activities against two cell
lines A549 and Hela were evaluated aiming to the discovery of highly active anticancer agents.

Marine natural products
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Scheme 1. Designing of the 2,5-DPKs in this study.
2. Results and Discussion

2.1. Synthesis of compound

By following our previous reported procedure [26], the compounds were synthesized using a
one-pot operation (Scheme 2). For the synthesis of compounds 1-5, 8-16, after the completion of the
reaction of 2,5-diketopiperazine with aldehyde and allyl bromide under base condition at room
temperature, the second aldehyde was added directly and the reaction was subsequently heated until
the disappearance of the intermediate. The syntheses of compounds 6 and 7 were similar to the above
procedure whereas the aldehydes were added just for once in the first step. The solubility test
demonstrated that all the compounds could be soluble in common organic solvents such as dimethyl
sulfone (DMSO), N,N-dimethylformamide (DMF), ethyl acetate (EtOAc), dichloromethane (DCM),
chloroform and acetone with the solubilities > 1.0 mgemL- at room temperature.


https://doi.org/10.20944/preprints202304.1053.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 April 2023

intermediate
o O

0O O step_‘!“_.—«" Ar1’\\)LNJJ\Me e step 2
HJ\N)LMe Nj% Tta g
_ @]

Me\n/N\rH + Ar'CHO
0O O
4

> N Ar2
i 1) Cs,CO;4, 1t, DMF A
= 5 2) CSQCOg, 95 °C, DMF S (0]
A~Br + Ar<CHO one-pot e
Ar' Ar? Ar! Ar? Ar’ Ar? Ar' Ar?
OMe CF4 Q\ OMe OMe \rg
Yol o O TR e Y
1 5 ¥
s Nissa sl aloth e
OMe
OMe CN N CF;4 OMe NN CF, c
CF, %

CFy 5
58 L O Bl NG
3w 7 11 5 § 15 :

S T OMe OMe \§é 2 E ‘;55
4 by %Q 8 S M 12 el 7 16 ) O
-~ N02 /'??1 0 ‘
Br OMe

Scheme 2. Synthesis of derivatives 1-16.

2.2. Biological evaluation of derivatives

2.2.1. Inhibiting proliferation of cancer cells

First of all, we screened the antiproliferative effects of all compounds against cancer cell lines
A549 and Hela at a preliminary concentration of 10 uM. Those with the inhibition >50% were selected
for the further detailed evaluations and their ICso values were subsequently calculated and obtained
(Table 1). It was found that compounds 8-11 showed moderate to good inhibitory capacities against
cell line A549 (ICs0=1.2 - 7.3 uM), while compounds 6, 8-12, 15 showed moderate to good activities
against cell line Hela (ICso= 0.7 - 8.9 uM). It seemed that the active compounds had a little stronger
anticancer activity against Hela than A549. In comparison to compound 4m, the antiproliferative
activities of the active compounds were not obviously improved except compound 11, which had a
little stronger activity (ICso =1.2 uM) than compound 4m (ICso= 1.6 uM) against cell line A549, and
around 3-fold activity (ICso= 0.7 uM) stronger than compound 4m (ICso= 2.4 uM) against cell line
Hela. The results showed that the compounds with electron withdrawing groups, such as 3-NOz (1),
4-CN (2) or 2-Cl-5-CFs (3), on the phenyl group at the 3-position of 2,5-DPK ring had weak activities
(ICs0>10.0 uM). Similar to our previous study, replacing 2-MeO with 3-Br (4), 2-CFs (5), 3-CFs (6) or
4-CFs (7) on the phenyl group at the 6-position of 2,5-DPK ring, only compound 6 had moderate
inhibitory activity against Hela cells (ICso= 8.9 uM). Of note is that these compounds also contain
electron withdrawing groups including 3-NO: (4), 2,3-Cl (5), 3-CFs (6) or 4-CFs (7) on the phenyl
group at the 3-position of 2,5-DPK ring. These results imply that electron withdrawing groups might
be not suitable functions. Delightedly, using electron-rich heteroaromatic cycles such as furan (8) and

doi:10.20944/preprints202304.1053.v1
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thiophene (9) or electron-deficient pyridine (10) as the substituents on the 3-position of 2,5-DPK ring,
compounds had moderate to good activities against both cell lines A549 (ICs0=3.7 - 7.3 uM) and Hela
(ICs0 = 4.7 - 5.9 uM). Changing the substituent of 2-naphthalene (11) into 2-quinoline (12) or 6-
methoxy-3-naphthalene (13), compound 12 displayed only moderate activity against Hela cells (ICso
= 6.2 uM), while compound 13 showed no obvious activities to both of the cancer cells. Surprisingly,
compound 14, by taking place of the 2-MeO with 2-CFs on the phenyl group at 6-position of 2,5-DPK
ring, could also suppress the growth of cell line Hela with good activity (ICs = 3.9 uM). However,
moving of the 2-CFs from 2-position to 3-position (15) or replacing 2-MeO with 2-F (16), the activities
of the compounds were all loss. Collectively, in terms of the above results, although compound 14
with a 2-CFs moiety shows good activity, other examples (compounds 1-7) indicate that the electron
withdrawing functions on phenyl groups at both sites (3- and 6-positions) of the 2,5-DPK ring might
be not favorable. Besides the vital role of 2-MeO group, the substitutive motifs with suitable size or
skeleton at the 6-position of the 2,5-DPK ring, might be another critical factor for the 2,5-DPKs with
high anticancer activities. It should yet mention that multiple factors, like the skeleton, size, type
and/or position of the substituent, might give combined impacts on the anticancer properties of these
derivatives.

Table 1. ICso values of compounds against cancer cell lines A549 and Hela.

@
6 4
Ar1/\H5kNH
N\ﬁ)\/ArZ
1 3
J

0]
ICs0/uM 2
Compound A549 Hela

4m 1.6+0.2 24+0.2

1 >10 >10

2 >10 >10

3 >10 >10

4 >10 >10

5 >10 >10

6 >10 89+0.7

7 >10 >10

8 73+x1.2 59+1.6

9 3.7+04 48+14
10 56+1.0 47+28
11 1.2+0.1 0.7+0.2
12 >10 6.2+0.4
13 >10 >10
14 >10 39+0.2
15 >10 >10
16 >10 >10

Paclitaxol 0.004 +0.2 0.004 £ 0.8

2 All results were presented as mean + standard deviation (SD) from three parallel experiments.

The results also showed that compound 11 could inhibit the growth of both cell lines in dose-
dependent manners after treatment for 48 h, and this compound had a little stronger inhibitory
activity against Hela than A549 (Figure 3).
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Figure 3. Relationships between the inhibition and the concentration of compound 11. All results were
presented as mean + standard deviation (SD) from three parallel experiments.

2.2.2. Apoptosis in cancer cell lines induced by compound 11

The apoptosis in both cell lines induced by compound 11 was investigated by using flow
cytometry with Annexin V-FITC and PI dual staining. As shown in Figure 4, Compound 11 could
obviously induce apoptosis in both cells at 1 pM after the 48 h treatment [27]. The dose-dependent
effects of compound 11 inducing apoptosis in both cells were observed, especially for Hela cells,
indicating that Hela cells were more sensitive to this compound, which is consistent with the MTT
results that compound 11 had stronger inhibitory ability against Hela than A549.
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Figure 4. Compound 11 induced apoptosis in cancer cells A549 and Hela. All results were presented
as mean * standard deviation (SD). “ns” means no statistical differences, ** p < 0.01, *** p < 0.001,
student t-test.

2.2.3. Cell cycle arrest induced by compound 11.

The cell cycle arrest experiments were also preformed to investigate which phase of the cell cycle
progression was blocked by the compound 11. As shown in Figure 5, the results showed that both
cancer cells could be blocked at G2/M phase with the percentages of 85.87 (A549) and 90.37% (Hela),
respectively, at 1.0 uM after the treatment of 11 for 24 h. The results were similar to the cells blocked
by paclitaxel, indicating our derivative may have the same biological target as paclitaxel, while not
maintain the stability of the microtubule, but more probably similar to plinabulin, inhibit tubulin
polymerization and perturb the stability of microtubule, thus resulting in the apoptosis of cancer cells.
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Figure 5. Compound 11 significantly induced G2/M phase arrest in both cancer cell lines compared
to control. All results were presented as mean + standard deviation (SD). “ns” means no statistical

differences, ** p < 0.01, *** p <0.001, student t-test.
3. Materials and Methods

3.1. Chemicals

Solvents and chemicals are commercially available in analytical grade and used without further
purification. Analytical thin layer chromatography (TLC) analyses were performed on HSGF254
plates which were visualized using UV light (254 nm) or L2 staining. Flash column chromatography
was performed using silica gel (200-300 mesh). Melting points (m.p.) were determined by using a
SGW-X4 melting point instrument without correction. Mass spectrometry data were collected with a
Bruker amaZon SL instrument for low-resolution or a Bruker maXis/QTOF instrument for high-
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resolution both using ESI ionization. The NMR spectra were recorded on Bruker AC 500 or 700 NMR
spectrometer with TMS as an internal standard. The residual solvent peaks were used for the
chemical shifts as an internal reference (ppm): '"H (CDCls: & 7.26); 13C (CDCls: d 77.0).

3.1.1. Synthesis of compounds

General procedure for the synthesis of products 1-16

Into a 4 mL vial, 1,4-diacetyl-2,5-diketopiperazine (50 mg, 0.25 mmol, 1.0 equiv.) and the first
aldehydes (0.25 mmol, 1.0 equiv.) dissolved in 2 mL dry DMF were added, followed with allyl
bromide (54 pL, 0.63 mmol, 2.5 equiv.) and Cs2COs (205 mg, 0.63 mmol, 2.5 equiv.). The reaction was
stirred at room temperature until the completion of the 1st Aldol condensation and the alkylation of
allyl bromide, and then the second aldehydes (0.5 mmol, 2.0 equiv.) was added and the mixture was
heated at 95 °C for about 4 h. The reaction mixture was added into water (15 mL) and extracted with
EtOAc (5 mL x 3). The organic layer was dried over Na2SOy, filtered, and removed. The residues were
purified by flash column chromatography on silica to afford the target products 1-5 and 8-16. The
procedure for the synthesis of compounds 6 and 7 is similar to the above synthetic method, however,
the aldehydes (3.0 equiv.) were added just for once only in the first step. Compound 3 [28] and 7 [26]
are known and their analytic data are identical to the reported ones.

1-allyl-6-(2-methoxybenzylidene)-3-(3-nitrobenzylidene)piperazine-2,5-dione (1)

Following the general procedure, the product 1 was obtained in 51% yield as a slightly yellow
solid. mp =138 — 141 *C."H NMR (500 MHz, CDCls) 5 9.99 (s, 1H), 8.46 (s, 1H), 8.01 (d, ] =8.2 Hz, 1H),
7.77 (d, | =7.7 Hz, 1H), 7.55 (t, ] = 8.0 Hz, 1H), 7.36 (t, ] = 8.4 Hz, 1H), 7.18 (d, ] = 7.0 Hz, 1H), 7.06 (s,
1H), 6.98 (t, ] =7.4 Hz, 1H), 6.92 (d, ] = 8.5 Hz, 1H), 6.90 (s, 1H), 5.54 — 5.46 (m, 1H), 4.98 (d, ] =11.1 Hz,
1H), 4.72 (d, J=17.1 Hz, 1H), 4.19 (d, ] = 5.9 Hz, 2H), 3.84 (s, 3H). *C NMR (125 MHz, CDCls) d 161.4,
158.8, 157.2, 148.4, 135.0, 134.8, 131.2, 130.7, 130.3, 129.8, 128.1, 127.8, 123.7, 122.7, 122.3, 120.2, 118.8,
118.1, 114.9, 110.6, 55.4, 47.3 ppm. HRMS (ESI): m/z caled for C22H20N30s [M+H]* 406.1397, found
406.1390; for C21H19N30OsNa [M+Na]* 428.1217, found 428.1211.

4-((Z)-(4-allyl-5-((Z)-2-methoxybenzylidene)-3,6-dioxopiperazin-2-ylidene)methyl)benzonitrile (2)

Following the general procedure, the product 2 was obtained in 46% yield as a slightly yellow
solid. mp =175-178 *C. 'TH NMR (500 MHz, CDCls) 6 8.34 (s, 1H), 7.73 (d, ] =8.3 Hz, 2H), 7.56 (d, | =
8.2 Hz, 2H), 7.44 - 7.34 (m, 1H), 7.33 (s, 1H), 7.21 (d, ] = 6.8 Hz, 1H), 7.01 (d, ] =7.9 Hz, 1H), 6.99 (t, | =
7.4 Hz, 1H), 6.94 (d, ] =8.3 Hz, 1H), 5.54 (ddt, ] =16.3, 10.2, 6.0 Hz, 1H), 5.02 (dd, ] =10.2, 1.1 Hz, 1H),
4.77 (dd, J=17.1,1.2 Hz, 1H), 4.25 (d, ] = 6.0 Hz, 2H), 3.87 (s, 3H). 3C NMR (126 MHz, CDCls) d 160.3,
158.6, 157.4, 137.8, 132.9, 131.2, 130.9, 130.4, 129.3, 128.1, 127.8, 122.5, 120.3, 119.5, 118.4, 118.3, 114.6,
112.0, 110.7, 55.5, 47.5 ppm. HRMS (ESI): m/z calcd for C2sH20N30s [M+H]*386.1499, found 386.1498.

(3Z,6Z)-1-allyl-6-(3-bromobenzylidene)-3-(3-nitrobenzylidene)piperazine-2,5-dione (4)

Following the general procedure, the product 4 was obtained in 63% yield as a slightly yellow
solid. mp =182 - 185 °C. '"H NMR (500 MHz, CDCls)  9.61 (s, 1H), 8.48 (s, 1H), 8.09 (d, ] =8.1 Hz, 1H),
7.75(d, J=7.7 Hz, 1H), 7.61 (t, ] = 8.0 Hz, 1H), 7.51 (d, | = 8.0 Hz, 1H), 7.41 (s, 1H), 7.30 (t, ] = 7.8 Hz,
1H), 7.21 (d, J=7.7 Hz, 1H), 7.10 (s, 1H), 6.81 (s, 1H), 5.56 — 5.48 (m, 1H), 5.05 (d, ] = 10.2 Hz, 1H), 4.78
(d, J=17.1 Hz, 1H), 4.23 (d, ] = 5.8 Hz, 2H). 3C NMR (125 MHz, CDCls) d 160.7, 158.9, 148.6, 135.7,
135.1, 134.7, 132.0, 131.0, 130.1, 130.0, 128.8, 127.80, 127.78, 123.5, 123.0, 122.6, 120.5, 118.5, 115.6, 48.1
ppm. HRMS (ESI): m/z caled for C2iH7BrNsOs [M+H]* 454.0397, found 454.0400;

1-allyl-3-((Z)-2,3-dichlorobenzylidene)-6-((Z)-2-(trifluoromethyl)benzylidene)piperazine-2,5-dione
®)

Following the general procedure, the product 5 was obtained in 21% yield as a orange solid. mp
=109 — 111 "C. '"H NMR (700 MHz, CDCls) d 8.94 (s, 1H), 7.74 (d, ] =7.9 Hz, 1H), 7.57 (t, ] = 7.6 Hz,
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1H), 7.48 (t, ] = 7.7 Hz, 1H), 7.42 - 7.37 (m, 2H), 7.35 (d, ] = 7.6 Hz, 1H), 7.26 (t, ] = 7.9 Hz, 1H), 7.24 (s,
1H), 7.13 (s, 1H), 5.56 — 5.46 (m, 1H), 5.00 (dd, ] = 10.3, 1.1 Hz, 1H), 4.76 (dd, ] = 17.1, 1.1 Hz, 1H), 4.09
(d, ] = 7.0 Hz, 2H).5C NMR (176 MHz, CDCls) d 159.2, 158.4, 134.1, 133.3, 132.6, 132.5, 131.6, 130.9,
130.4 (d, Jor = 2.9 Hz), 129.8, 128.8, 128.6 (q, Jor = 30.3 Hz), 127.8, 127.6, 127.3, 126.3 (d, Jr = 4.6 Hz),
123.7 (q, Jer = 273.9 Hz), 117.9, 117.7, 114.8, 48.07 ppm. HRMS (ESI): m/z caled for C22HisCLFsN202
[M+H] 467.0538, found 467.0535.

1-allyl-3,6-bis((Z)-3-(trifluoromethyl)benzylidene)piperazine-2,5-dione (6)

Following the general procedure, the product 6 was obtained in 39% yield as a white solid. mp
=154 - 155 "C. 'TH NMR (500 MHz, CDCls) 8 8.97 (s, 1H), 7.71 (s, 1H), 7.63 (s, 2H), 7.60 = 7.51 (m, 4H),
747 (d, [ =72 Hz, 1H), 7.10 (d, ] =7.0 Hz, 2H), 5.55 - 5.44 (m, 1H), 5.03 (d, ] =10.2 Hz, 1H), 4.72 (d, |
=17.0 Hz, 1H), 4.23 (s, 2H). *C NMR (126 MHz, CDCls) 6 160.0, 159.0, 134.7, 133.7, 132.3, 131.9, 131.7
(q, Je¥r =372 Hz), 131.1 (q, Jcr =32.6 Hz), 131.0, 129.8, 129.3, 129.0, 126.9, 126.0 (d, Jcr = 3.6 Hz), 125.6
(d, J=3.7Hz), 125.4 (d, ] =3.5 Hz), 125.3 (d, ] = 3.5 Hz), 123.7 (q, Jcr =272.7 Hz), 123.7 (q, Jcr =272.6
Hz). 120.3, 118.4, 116.8, 48.0 ppm. HRMS (ESI): m/z calcd for C2sHizFsN202 [M+H]* 467.1189, found
467.1199.

1-allyl-3-(furan-2-ylmethylene)-6-(2-methoxybenzylidene)piperazine-2,5-dione (8)

Following the general procedure, the product 8 was obtained in 65% yield as a slightly yellow
oil. 'TH NMR (500 MHz, CDCls) 6 9.14 (s, 1H), 7.57 (s, 1H), 7.34 (s, 1H), 7.32 (d, | = 8.4 Hz, 1H), 7.18 (d,
J=7.3Hz, 1H), 6.95 (t, ]=7.4 Hz, 1H), 6.90 (d, ] = 8.3 Hz, 1H), 6.78 (s, 1H), 6.57 (d, ] = 3.4 Hz, 1H), 6.51
(dd, J=3.4,1.8 Hz, 1H), 5.56 - 5.49 (m, 1H), 4.98 (d, ] =11.2 Hz, 1H), 4.74 (d, J = 17.1 Hz, 1H), 4.23 (d,
J=5.9 Hz, 2H), 3.83 (s, 3H). *C NMR (125 MHz, CDCls) d 159.5, 158.9, 157.3, 150.8, 143.9, 131.4, 130.4,
130.3,128.3,123.7,123.0, 120.1, 118.1, 117.9, 114.2, 112.3, 110.5, 103.4, 55.4, 47.4 ppm.. HRMS (ESI): m/z
caled for C20H1oN204 [M+H]* 351.1339, found 351.1346.

1-allyl-6-(2-methoxybenzylidene)-3-(thiophen-2-ylmethylene)piperazine-2,5-dione (9)

Following the general procedure, the product 9 was obtained in 46% yield as a slightly yellow
oil. 'TH NMR (500 MHz, CDCls) d 8.06 (s, 1H), 7.45 (d, ] = 5.1 Hz, 1H), 7.35 - 7.32 (m, 2H), 7.28 (d, ] =
3.6 Hz, 1H), 7.20 (d, ] =5.0 Hz, 2H), 7.13 (dd, ] = 5.1, 3.7 Hz, 1H), 6.96 (t, ] = 7.5 Hz, 1H), 6.91 (d, ] = 8.2
Hz, 1H), 5.59 — 5.48 (m, 1H), 4.99 (d, ] = 11.3 Hz, 1H), 4.75 (d, ] = 17.1 Hz, 1H), 4.22 (d, ] = 6.0 Hz, 2H),
3.84 (s, 3H). 3C NMR (125 MHz, CDCls) d 159.9, 159.1, 157.3, 135.8, 131.4, 130.5, 130.3, 129.7, 128.3,
128.1, 127.6, 124.1, 122.7, 120.2, 118.4, 118.0, 110.6, 110.4, 55.4, 47.3 ppm. HRMS (ESI): m/z calcd for
C20H19N20sS [M+H]* 367.1111, found 367.1114.

(3Z,6Z)-1-allyl-6-(2-methoxybenzylidene)-3-(pyridin-2-ylmethylene) piperazine-2,5-dione (10)

Following the general procedure, the product 10 was obtained in 38% yield as a slightly yellow
oil. ZH NMR (500 MHz, CDCls)  12.66 (s, 1H), 8.63 (s, 1H), 7.71 (t, ] = 7.7 Hz, 1H), 7.38 (s, 1H), 7.33 (t,
J=79Hz, 2H),7.19 (d, ] =7.3 Hz, 2H), 6.96 (t, ] = 7.4 Hz, 1H), 6.90 (d, ] = 8.3 Hz, 1H), 6.79 (s, 1H), 5.58
-5.50 (m, 1H), 4.99 (d, ] =10.2 Hz, 1H), 4.75 (d, ] = 17.1 Hz, 1H), 4.26 (d, ] = 5.6 Hz, 2H), 3.84 (s, 3H).
13C NMR (125 MHz, CDCls) 6 159.5, 158.8, 157.2, 154.9, 148.4, 136.9, 131.4, 130.9, 130.35, 130.32, 128.6,
1259, 123.2, 122.0, 120.1, 118.2, 117.9, 110.6, 109.8, 55.4, 47.4 ppm. HRMS (ESI): m/z calcd for
C21H20N30s [M+H]* 362.1499, found 362.1507.

1-allyl-6-(2-methoxybenzylidene)-3-(naphthalen-1-ylmethylene)piperazine-2,5-dione (11)

Following the general procedure, the product 11 was obtained in 58% yield as a slightly yellow
solid. mp = 80 — 82 "C.'H NMR (500 MHz, CDCls)  8.02 - 7.98 (m, 2H), 7.90 - 7.86 (m, 2H), 7.56 — 7.50
(m, 5H), 7.36 (t, ] = 8.4 Hz, 1H), 7.32 (s, 1H), 7.25 (d, ] = 8.3 Hz, 1H), 7.00 (t, ] =7.3 Hz, 1H), 6.93 (d, ] =
8.3 Hz, 1H), 5.63 — 5.55 (m, 1H), 5.03 (d, ] = 11.2 Hz, 1H), 4.80 (d, ] = 15.9 Hz, 1H), 4.31 (d, ] = 6.0 Hz,
2H), 3.87 (s, 3H). C NMR (125 MHz, CDCls) 6 159.8, 158.9, 157.3, 133.8, 131.5, 131.4, 130.5, 130.4,
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129.8, 129.3, 128.7, 128.2, 127.6, 126.9, 126.6, 126.0, 125.5, 124.5, 122.9, 120.2, 118.5, 118.1, 115.3, 110.6,
55.4, 47.4 ppm. HRMS (ESI): m/z calcd for C26H23N20s [M+H]* 411.1703, found 411.1696.

1-allyl-6-(2-methoxybenzylidene)-3-(quinolin-2-ylmethylene)piperazine-2,5-dione (12)

Following the general procedure, the product 12 was obtained in 56% yield as a slightly yellow
solid. mp =170 - 173 *C."H NMR (500 MHz, CDCls) 6 13.23 (s, 1H), 8.18 — 8.14 (m, 2H), 7.78 (d, ] =8.1
Hz, 1H), 7.74 (t, | =7.1 Hz, 1H), 7.54 (t, ] = 7.5 Hz, 1H), 7.43 (t, ] = 5.1 Hz, 2H), 7.34 (t, ] = 7.8 Hz, 1H),
7.22(d, J=7.3 Hz, 1H), 6.97 (t, | = 7.4 Hz, 1H), 6.92 (d, ] = 10.4 Hz, 2H), 5.61 - 5.53 (m, 1H), 5.01 (d, ] =
11.2 Hz, 1H), 4.79 (d, ] =18.2 Hz, 1H), 4.30 (d, ] = 5.9 Hz, 2H), 3.86 (s, 3H). *C NMR (125 MHz, CDCls)
0 159.6, 158.6, 157.3, 155.1, 146.8, 136.8, 132.2, 131.4, 130.39, 130.37, 130.2, 128.8, 128.6, 127.5, 127.0,
126.7, 123.8, 123.2, 120.2, 118.4, 117.9, 110.6, 109.3, 55.4, 47.5 ppm. HRMS (ESI): m/z calcd for
C2sH2Ns0s [M+H]* 412.1656, found 412.1660.

(Z)-1-allyl-6-((Z)-2-methoxybenzylidene)-3-((6-methoxynaphthalen-2-yl)methylene)piperazine-2,5-
dione (13)

Following the general procedure, the product 13 was obtained in 45% yield as a slightly yellow
solid. mp =156 — 158 °C. '"H NMR (500 MHz, CDCls) d 8.24 (s, 1H), 7.86 (s, 1H), 7.77 (dd, ] = 15.0, 8.7
Hz, 2H), 7.48 (dd, ] = 8.5, 1.5 Hz, 1H), 7.40 - 7.33 (m, 1H), 7.32 (s, 1H), 7.23 (d, ] = 7.0 Hz, 1H), 7.21 -
7.16 (m, 2H), 7.12 (d, ] = 2.3 Hz, 1H), 6.98 (t, | = 7.4 Hz, 1H), 6.92 (d, ] = 8.3 Hz, 1H), 5.57 (ddt, ] = 16.3,
10.3, 6.0 Hz, 1H), 5.01 (dd, ] =10.2, 1.1 Hz, 1H), 4.78 (dd,  =17.1, 1.2 Hz, 1H), 4.26 (d, ] = 6.0 Hz, 2H),
3.93 (s, 3H), 3.86 (s, 3H). 3C NMR (126 MHz, CDCls) d 160.2, 159.4, 158.6, 157.4, 134.4, 131.5, 130.5,
130.4, 129.7, 128.8, 128.5, 128.2, 127.9, 127.9, 126.5, 125.6, 122.9, 120.2, 119.8, 118.3, 118.0, 117.7, 110.6,
105.8, 55.5, 55.4, 47.4 ppm. HRMS (ESI): m/z caled for C2zH2sN204 [M+H]* 441.1809, found 441.1815.

(Z)-1-allyl-3-(naphthalen-1-ylmethylene)-6-((Z)-2-(trifluoromethyl)benzylidene)piperazine-2,5-
dione (14)

Following the general procedure, the product 14 was obtained in 30% yield as a slightly yellow
solid. mp =98 - 101 °C. 'H NMR (700 MHz, CDCls) 5 8.52 (s, 1H), 8.04 - 7.94 (m, 1H), 7.83 (t, ] = 7.0
Hz, 2H), 7.74 (d, ] = 7.9 Hz, 1H), 7.59 (s, 1H), 7.58 - 7.55 (m, 2H), 7.55 — 7.50 (m, 3H), 7.48 (t, ] = 7.7 Hz,
1H), 7.38 (d, ] =7.6 Hz, 1H), 7.33 (s, 1H), 5.57 (ddd, ] = 22.7, 10.6, 5.6 Hz, 1H), 5.04 (dd, ] =10.3, 0.9 Hz,
1H), 4.81 (dd, J=17.1, 1.0 Hz, 1H), 4.15 (s, 2H).13C NMR (176 MHz, CDCls)  158.9, 158.8, 133.8, 133.0,
131.6, 131.5, 131.1, 130.6, 130.12, 129.6, 129.4, 128.7 (q, Jcr = 30.6 Hz), 128.7, 127.0, 126.9, 126.6, 126.4
(d, Jer=3.1 Hz), 125.5,124.5, 123.8 (q, Jcr=273.4 Hz), 121.5, 117.8, 117.3, 116.4, 48.1 ppm. HRMS (ESI):
m/z caled for CasH20FsN202 [M+H]* 449.1471, found 449.1480.

(Z)-1-allyl-3-(naphthalen-1-ylmethylene)-6-((Z)-3-(trifluoromethyl)benzylidene)piperazine-2,5-
dione (15)

Following the general procedure, the product 15 was obtained in 37% yield as a slightly yellow
solid. mp =111 - 113 °C. 'H NMR (700 MHz, CDCl) 6 8.32 (d, ] = 19.6 Hz, 1H), 8.02 - 7.97 (m, 1H),
7.87 (dd, J=11.7, 5.6 Hz, 2H), 7.62 (t, ] = 7.6 Hz, 1H), 7.60 (d, | = 9.1 Hz, 1H), 7.56 (dd, ] = 6.6, 1.3 Hz,
2H), 7.55 (dd, ] = 5.3, 2.3 Hz, 2H), 7.54 (s, 1H), 7.52 (t, ] = 6.3 Hz, 1H), 7.50 (t, | = 6.0 Hz, 1H), 7.15 (s,
1H), 5.54 (ddt, ] =16.1, 10.3, 5.8 Hz, 1H), 5.05 (dd, /] =10.2, 1.1 Hz, 1H), 4.75 (dd, J = 17.1, 1.1 Hz, 1H),
4.28 (d, ]=5.8 Hz, 2H).1*C NMR (176 MHz, CDCls)  159.2, 159.0, 135.0, 133.8, 132.3, 131.5, 131.1, 130.9
(q, Jer=32.8 Hz), 129.6,129.4,129.3,128.9, 128.6, 127.1, 126.9, 126.6, 126.2, 126.0 (d, Jcr = 2.4 Hz), 125.4,
125.2 (d, Jer = 2.4 Hz), 124.5, 123.5 (q, Jer = 272.6 Hz), 119.6, 118.2, 116.6, 48.0 ppm. HRMS (ESI): m/z
caled for C2sHz0FsN202[M+H]* 449.1471, found 449.1475.

(Z)-1-allyl-6-((Z)-2-fluorobenzylidene)-3-((6-methoxynaphthalen-2-yl)methylene)piperazine-2,5-
dione (16)

Following the general procedure, the product 16 was obtained in 67% yield as a bright yellow
solid. mp =152 - 155 °C. '"H NMR (500 MHz, CDCls) 8 8.71 (s, 1H), 7.87 (s, 1H), 7.77 (d, | = 8.5 Hz, 1H),
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7.74 (d, ] =9.0 Hz, 1H), 7.48 (dd, ] = 8.5, 1.5 Hz, 1H), 7.36 (td, | = 7.3, 1.5 Hz, 1H), 7.26 — 7.22 (m, 1H),
7.21 (s, 1H), 7.19 - 7.16 (m, 1H), 7.16 — 7.13 (m, 1H), 7.11 (t, ] =9.2 Hz, 1H), 7.07 (d, ] = 9.3 Hz, 2H), 5.53
(ddt, J=16.2,10.3, 5.9 Hz, 1H), 5.01 (dd, ] = 10.2, 1.0 Hz, 1H), 4.74 (dd, ] = 17.1, 1.1 Hz, 1H), 4.28 (d, ]
=5.9 Hz, 2H), 3.88 (s, 3H). 3C NMR (126 MHz, CDCls) 6 156.0 (d, Jcr = 251.1 Hz), 159.7, 159.3, 158.6,
134.4, 131.2, 130.7, 130.7, 126.0, 129.7, 128.7, 128.0, 128.0, 127.8, 126.5, 125.2, 123.9 (d, Jcr = 3.3 Hz),
122.2 (d, Jer=14.7 Hz), 119.7, 118.6, 118.2, 115.7 (d, Jcr = 21.3 Hz), 114.4, 105.7, 55.3, 47.2. HRMS (ESI):
m/z calcd for CasH22FN20s [M+H]* 429.1609 found 429.1601.

3.1.2. liposolubility tests

In a 1.5 mL vial each containing 1.0 mg of the synthetic compound, the solvent (DMAQO, DMF,
AcOEt, DCM, chloroform or acetone) was then added dropwise and the mixture was stirred
simultaneously at the room temperature until the complete dissolubility of the compound. The
liposolubilites for all compounds were estimated and calculated on the basis of the volume (less than
1.0 mL each) of the above solvents used.

3.2. Biological evaluations

3.2.1. Cytotoxicity bioassay

Cell viability was analyzed by 3-(4,5)-dimethylthiahiazo (-z-y1)-3,5-di-phenytetrazoliu mromide
(MTT) assay as previously described [29]. In brief, cells were seeded in a 96-well plate at a density of
3 x 10° per well treated with compounds (0.039, 0.078, 0.156, 0.312, 0.625, 1.25, 2.5, 5, 10 uM) in an
incubator (5% COz, 37°C) for 48 h. The ODsn values were measured using an ELISA Reader. The
experiment was independently repeated for three times.

3.2.2. Apoptosis and cell cycle assay

A549 and Hela cells were seeded and incubated in the six-well plate at a density of 2.0 x 10°
cells per well treated with DMSO (0.1 %, v/v), paclitaxel (1.0 uM) or compound 11 (0.25, 0.5, 1.0 uM),
respectively, for 48 h. The cells were then collected and stained with both annexin V-FITC and PI
solutions, by following the manufacturer’s protocol (BMS500FI-300, Thermo Fisher
Scientific, Waltham, MA, USA). Apoptotic rates and cell cycle distribution of both cells were
examined and analyzed by a flow cytometer (BD Fac SCanto II, USA). Three parallel experiments
were performed for each concentration.

4. Conclusion

Sixteen 2,5-DPKs with different functions substituted at the 3,6-positions of the 2,5-DPK ring
were designed, synthesized and investigated as anticancer agents against cell lines A549 and Hela. 2-
MeO on the phenyl group at the 6-position and the suitable size or skeleton substituents at the 3-
postion on 2,5-DPK ring might give combined impacts on the anticancer activities of derivatives. The
one-pot method for the synthesis of these derivatives is simple and operationally convenient, which
is also a guarantee of providing enough amounts of the active derivatives for the further druggability
assessments. The biological evaluation disclosed that the activities of most derivatives were not
obviously improved except compound 11, which is a promising skeleton for the further development
to explore high anticancer agents, and therefore our ongoing studies are now mainly focusing on this
compound.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org. Figure 51-528: the NMR spectra for all the derivatives.
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