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Graphical abstract:

Novel di-carbonyl analogs of curcumin (DACs) were designed, synthesized and evaluated for

anti-inflammatory activities for the treatment of ALI.
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Abstract

A novel series of di-carbonyl analogs of curcumin (DACsyevprepared and evaluated for
their anti-inflammatory properties. Preliminary utts showed that a vast majority of compounds
tested in this study could effectively suppress Hitfiiced overproduction of tumor necrosis
factor (TNF)e. and interleukin (IL)-6. Structure-activity relatiships of the compounds were
discussed. Compoundm27 and 5a28 showed the most potent anti-inflammatory actisitend
had higher structural stability and orally bioaghility than curcumirin vitro. Mechanistically,
they inhibited the activation of macrophages via ltkockade of mitogen-activated protein kinase

(MAPK) signaling and nuclear translocation of NB- In vivo, 5a27 and 5a28 markedly
alleviated lipopolysaccharid¢sPS)-induced acute lung injury (ALI). The wet/dmtio of lungs
was significantly normalized by the active compasinslhich was consistent with the suppression
of neutrophil infiltration and production of prolammatory cytokines. Collectively, these results

present a new series of curcumin analogs as prognaiti-inflammatory agents for treatment of

ALI.

Key words: Di-carbonyl analogs of curcumin; Structural staipijliAcute lung injury;

Anti-inflammation.
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1. Introduction

Acute lung injury (ALI) is a severe clinical symne of hypoxemic respiratory failure with
substantial morbidity and mortality [1]. Even swais of ALI have their long-term quality of life
compromised owing to a lack of effective therapewtpproaches [2, 3]. Recent advances in
unveiling the pathogenesis of ALI have identifidtk tblockade of excessively inflammatory
cascades as an effective strategy to attenuatdanjurg [4]. Despite some encouraging preclinical
evidence for potential pharmacological treatmethies,phase 11l clinical trials of most of the drug
candidates, such as glucocorticoids, surfactaripescysteine, were not successful. There is thus
an unmet need for effective anti-inflammatory drtmreat patients with ALI [5].

Bacterial infection is one of the most commomises of ALI [6]. Release of endotoxins,
especially lipopolysaccharide (LPS), is the leadoantributor. This is a potent activator of
toll-like receptor 4 (TLR4), which triggers the near translocation of the nuclear factdd
(NF«B), thereby promoting the transduction of proinffaatory molecules, such as cytokines
interleukin 6 (IL-6), IL-B and tumor necrosis facter (TNF-o) [7]. Therefore, suppression of
inflammatory responses by blocking activation of-RB-could be a potential strategy of treating
ALL

Natural products and their plant-derived analags expected to play a crucial role in the
design of novel anti-inflammatory agents [8, 9. reZumin,
[(1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiehB-dione)], is a phenolic compound
originally isolated from the rhizome @furcuma longa. Its anti-inflammatory [10-12], antioxidant
[13] and antitumor activities [14, 15] have attettmuch attention along with its favorable
toxicity profile. However, the clinical developmeat curcumin is limited by its instability and
poor solubility in water, resulting in limited orbloavailability which fails to reach the minimum
effective therapeutic concentration [16, 17]. Poesi studies have demonstrated that the active
methylene group of th@-diketone moiety in the structure of curcumin coblkl related to its
instability under physiological conditions, induginapid degradation and metabolism [18-20]. In
another study, curcumin was incubated in buffeatsmis of pH 7.2 at 37 °C, and about 90%

degraded within 30 min.Trans-6-(4'-hydroxy-3'-methoxyphenyl)-2,4-dioxo-5-hexénavas
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predicted as the key degradation product and wanfierulic acid and feruloyl methane were

identified as minor degradation products [21] (Fiy. Numerous curcumin analogs have been
designed and synthesized in an attempt to overcbese limitations and improve the chemical

instability.

Recently, our research group has synthesizexhal pf mono-carbonyl analogues of curcumin
(MACs), by modifying the centraB-diketone moiety to a mono ketone group. These MACs
exhibited greater metabolic stability and bioatyivthan the parent molecule [22, 23]. For
example, we incorporated the active methylene gioigpana, B-unsaturated cyclohexanone, and
changed the substituted benzene rings into 3,dyetinoxyphenyl rings, to furnish a structurally
symmetrical MAC C03. Pleasingly, a higher anti-inflammatory activityda stability were
observed withC03 than that of curcumin. Additionally, in our onggirsearch for similar
functional groups that are able to replace the alnstB-diketone moiety in curcumin, we
investigated a new chemical entity containing amdénmoiety. Isolated from the plant long
pepper (Piper longum), piperlongumine (Rlonstitutes twar, p-unsaturated imides and exhibits
highly selective anticancer activities and remal&abnti-inflammatory properties [24, 25].
Interestingly, the structure of PL also contains active 3,4,5-trimethoxyphenyl group.
Encouraged by these findings, we introduced pipedone and 3,4,5-trimethoxyphenyl moieties
into the curcumin skeleton to afford a series ofatali-carbonyl analogs of curcumin (DACSs)

whose biological activities were then evaluated.

Pleaseinsert the Figure 1

2. Results and discussion

2.1. Chemistry
The syntheses and structures of the DA&01—6a2) are illustrated in Scheme 1. Briefly,
treatment of commercially available or previougpthesized cinnamic aciqsa01-24, 1a26-27,

1a29 with oxalyl chloride and a catalytic amount of BNdrovided the corresponding cinnamoyl
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chlorides2a01-24 2a26—27and2a29 After simple work-up to remove most of the solyehe
crude products were used directly for the next stipout further purification. Alternatively, the
other key intermediatdef-3-(3,4,5-trimethoxybenzylidene) piperidin-2-ork as prepared from
commercially available 3,4,5-trimethoxybenzaldehyde (3) with tert-butyl
2-oxopiperidine-1-carboxylate in the presence dfiwo hydride. The title amideSa01-5a24
5a26-5a27and5a29were furnished in satisfactory yields via couplofgntermediate4 and the
previously synthesized cinnamoyl chlorides. Furane, after catalytic removal of the acetyl
protecting group in 20% NaHGQ5a24 and 5a27 were successfully converted into desired
compound$a25and5a28 respectively. The structures of all new DACs wieitly characterized
by proton nuclear magnetic resonantt¢ IMR), carbon nuclear magnetic resonaric€ (\MR)

and electrospray ionization mass spectrometry (&S)-

Please insert the Scheme 1

2.2 Structure-activity relationship (SAR) and cytobxic evaluation

Lipopolysaccharide (LPS) is a major biologicallyiae component of Gram-negative bacteria
and plays an important role in the developmentystesnic inflammation responses, especially in
the expression of several inflammatory cytokineshsas TNFe and IL-6 [26, 27]. Furthermore,
these two cytokines activate an inflammatory-induéé.| reaction process [28]. To explore the
inhibitory effects of the new DACs, LPS induced ¢wotion of TNFe and IL-6 was determined
in mouse primary macrophages (MPMs). Following staldished procedure [29], all the newly
synthesized compounds were tested far vitro anti-inflammatory activity through an
enzyme-linked immunosorbant assay (ELIS#AR single concentration of U®/ (Fig.2A and B).

Our initial biological screening indicated that theajority of DACs exhibited effective
inhibition (39.6—99.5%nhibitory rates) againghe LPS-stimulated production of both TFand
IL-6. Compounds5a01-5a07 with mono-halogen substituents in thbeenyl ring, had weak

potency in inhibiting release of either IL-6 or TNRinhibitory rates <85.3%), relative to the
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positive control of curcumin or PL. However, the DAa08with a strong electron-withdrawing
nitro group at thg@ara-position of the phenyl ring, demonstrated markddhitory activities (94.1%
and 38.6% for IL-6 and TNE; respectively).For further enhancement of anti-inflammatory
activity, di-substituted compoundsa09-5al16 bearing di-halogens or 2-fluoro atoms at the
phenyl ring, were evaluated. 3,4-Difluoro, 2,6-dicb and 2-fluoro-4-methoxy substituted
compoundsba09 5al2 and 5a16 showed comparabla vitro activities to that of curcumin.
Conversely, introduction of 2,5-difluord410, 2,4-dichloro $all), 2-fluoro-6-chloro $al3,
2-chloro-4-fluoro $al4 and 2-fluoro-5-methoxy5@l5 substituents to the phenyl ring afforded
significantly reduced potencies, with inhibitiortag ranging from 38.5% to 53.4% (for TNJ-
and 46.8% to 68.2% (for IL-6).

Incorporation of a methoxy group at different piosis of the phenyl ring yielded compounds
5al17-5a22 Except compounda2Q which had a 2,3-dimethoxyphenyl ring, these coumols
exhibited significant inhibition on the producti@i IL-6 and TNFe. Changing from the two
fluoro groups inbal0to the methyl groups iBa23gave a similar potency with slightly increased
inhibition of TNF-o production. With the phenyl ring in place, we néxtorporated hydroxy
groups or acetoxy groups at tbetho-, meta- or para- position, yielding compoundsa24-5a29
which provided higher IL-6 inhibition than that ofircumin. Notably, greater activity occurred
when the methoxy group was located atrtieta-position 6al8 5a22 5a27and5a28), indicating
that the position of the methoxy group might playieportant role in the activity. Importantly,
compoundsba27 and 5a28 with a hydroxyl or acetoxy substituent at thera- position of the
phenyl ring displayed the greatest effects in redutPS-induced TNF- and IL-6 production,
with their inhibitory rates reaching 90.9-92.5% r(foNF-«) and 99.3-99.7% (for IL-6),
respectively. These findings support the anti-imfiaatory effects of the novel di-carbonyl

analogs of curcumin.

Pleaseinsert the Figure 2

Before further studies, the cytotoxicity and safetythese synthetic DACs were evaluated in
6
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MPMs by MTT assays at concentration of 10 uM. Asvah in Fig. 2C, almost all of the
compounds exhibited no significant effects on patliferation, supporting their reasonable safety.
What's more, no significant differences were obedrwhile comparing DACs to PL and

curcumin.

2.3 Dose-dependent inhibition of LPS-induced releaof cytokines

DACs effectively inhibited the production of pnlammatory cytokines without significant
cytotoxicity. To further investigate the anti-inftenatory activities of the active compounds, two
of the most potent compoundsa27and5a28 were selected. As shown in Fig.3A and5&27
and5a28exhibited dose-dependent inhibition of LPS-inducaldase of TNFr and IL-6 in active
RAW 264.7 mouse macrophages, within the dose rahgeb to 20 uM. The potency of DACs in
suppressing TN-and IL-6 production is much higher than curcumifie 1G, values oba27
and5a28were at the low pM level$§27:2.33 £ 0.78 uM and 2.40 £ 0.44 uM for TNFand
IL-6 respectively;5a28:3.69 + 1.34 uM and 3.68 + 0.59 uM for TNFand IL-6 respectively),

rendering these compounds promising anti-inflamnyaigents.

Pleaseinsert the Figure 3

2.4 Chemical stability and orally bioavailability

In view of the limited clinical application of curmin resulting from its instability and poor
metabolism, we designed and synthesized these chlynmodified DACs. Among them, the
most active analogSa27 and 5a28 were chosen for stability test in phosphate buffgt 7.4)
using ultraviolet-visible (UV-visible) spectroscogys shown in Fig. 4A, the optical density (OD)
values of the maximal absorption peak of curcungaorédased quickly within 25 min, consistent
with those of previous reports. Of interest, theo thACs 5a27 and 5a28 only slightly
decomposedduring incubation, demonstrating remarkable stmattgtability under the same
condition (Fig.4B and C). This result suggests thase modified active DACs aohemically

more stable than curcumin vitro.
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Poor bioavailability is another dramatical probléimat hinder the application of curcumin.
Therefore, the most active DAGa27, was chosen to determine the orally bioavailghifts Fig.
4D shown, there were two absorption peaks afteagaistric administration. So, it's probably

following liver and intestinal circulation. The pinaacokinetic parameters were determined and

AUC p.o xDose i.v

shown in Table 1. According to formula= _
AUC i.v XDose p.o

, orally bioavailability of5a27was

figured out, which is 26.62 %. However, the bio&lzility of curcumin was reported to be 1 %
previously [30]. The data proved that the bioavaiiy of DACs was dramatically improved

compared to Curcumin.

Please insert the Figure 4 and Table 1

2.5 Mechanism of suppression of inflammatory respaes

Having shown thaba27 and 5a28 potently inhibited LPS-induced macrophage actbratind
presented higher stability than curcumin, we exaorthe underlying mechanism of the
anti-inflammatory effects by studying the MAPK saynpathway. Mitogen-activated protein
kinases (MAPKs), a family of serine/threonine pit&inases, are widely known to mediate
fundamental biological processes of inflammatorgposses [31]. By activation of the MAPK
signaling pathway, especially p38 and ERK, inflartiova mediators can be regulated at the
transcription and translation levels. Thus, the NkA$ignaling pathway carries potential targets
for anti-inflammatory therapeutics. Furthermoreattithe pathway has been recognized as the
mechanistic target of curcumin lends further suppmrthe notion. Therefore, we evaluated the
effects of5a27and5a28on the MAPK signaling pathway. RAW 264.7 mouse ropbhages were
pretreated with the compounds for half of an hdalpwed by stimulation with LPS for 30
minutes. The cell lysates were harvested and imimotted. As shown in Fig. 5/5a27and5a28
markedly inhibited P-P38 and P-ERK, indicating shuppression of MAPK signaling. However,
the potency of inhibiting P-P38 Ba28was lower compared t®a27and curcumin.

Nuclear factokB (NF«B) is a protein complex that controls the trangwip of cytokines,

e.g. TNFe and ILs, and is regulated downstream by MAPK. @&test with the inhibition of
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MAPK signaling cascadesgB (inhibitor of NF«xB) was significantly down-regulated tBa27
and5a28(Fig.5A). Meanwhile, the translocation of P65,@nponent of NReB activation, was
significantly attenuated by treatment with theaettompounds (Fig. 5B). Given that inactivation
of NF«B would block transcription of proinflammatory ciioes, we further determined the
effects of the active DACs on the RNA level of mftammatory factors. As shown in Fig. 5C-G,
5a27 and 5a28 significantly inhibited the transcription of TNE-IL-6, IL-1B, ICAM-1 and
VCAM-1 compared with LPS alone. These data solidljicated thatta27 and 5a28 potently

inhibited inflammation through blocking MAPK sigrnahnsduction and inactivation of N@B.

Pleaseinsert the Figure 5

2.6 Alleviation of LPS-induced acute lung injury

The active compounds were evaluated in a ALI $eomodel over a week. ThEa27, 56a28
andcurcumin were administered to C57/BL6 mice at 10kadntraperitoneallyand sacrificed 6
hours later. ALl is characterized by rapid-onsefpmatory failure following direct and indirect
insults to the lung parenchyma and vasculaturetiéefore investigated the wet/dry weight ratio
of the mice lungs, which was dramatically increabgd_PS and significantly reduced Ba27
and 5a28 (Fig. 6A). These results indicated that cell infiltration im¢ tissues was suppressed
after treatment with the DACs. Examination of briooalveolar lavage fluid (BALF) revealed that
the DACs normalized total cell count and neutromloiint in BALF (Fig. 6B-C). Histological
evaluation of the mice lungs revealed typical hpatbological alterations in ALl In the LPS
group, interstitial edema, pulmonary congestionickdned alveolar septa, inflammatory
infiltration and lung tissue destruction were obser (Fig. 6D).5a27 and 5a28 however,
dramatically improved the pathological lesions cameg with the LPS group. Besides, positive
staining of biomarkers of lymphocytes and macroglagvas significantly attenuated after

treatment (Fig.6D).

Pleaseinsert the Figure 6
9
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Proinflammatory factors, TNé&-and IL-6 play a critical role in driving inflammah in the
early phase of ALI. As shown in Fig. 6E—H, releas@NF-a and IL-6 was obviously inhibited
compared with the LPS group either in serum or BABreover, challenge of LPS increased the
MRNA expression of inflammatory cytokines and adire$actors, such as TN&- IL-6, IL-1B,
VACM-1 and ICAM-1. However, their expressions wenarkedly suppressed after treatment with
DACs (Fig.7 A-E). Collectively, these results iratied thaba27and5a28could potently protect
against pulmonary inflammatiom vivo, and this novel chemical scaffold could potengidie

used for treating ALI and other inflammatory injsire

Please insert the Figure 7

3. Conclusion

In summary, we have synthesized a series di-cattaratogs of curcumin (DACSs) and their
anti-inflammatory activity was evaluated. The miyjorof synthetic DACs were effective in
inhibiting LPS-induced production of TNé&-and IL-6 in MPMs. Key preliminary SAR findings
included that 1) mono-halogen substituent inghenyl ring decreased the anti-inflammation, but
a strong electron-withdrawing (such as nitro groap)the para-position of the phenyl ring,
resulted in a significant increase in activitiey;The position and number of methoxy group in
phenyl ring was crucial for the inhibitory activitfhe most potent DACSa27 and5a28showed
higher chemical stability than curcumin in the bgital medium. Mechanistical study found that
DACs significantly inhibit inflammation via blockinMAPK signaling pathway and activation of
NF«B. Furthermore, pretreatment with these two aatimmpounds attenuated LPS-induced ALI
in mice via reducing the production of inflammatamgtokines, the W/D ratio, and inflammatory
cell infiltration into lung tissue. Overall, thigusly supports the notion that anti-inflammatory

DACs could be a promising strategy for the treatn@nALI. Continued medicinal chemistry

10



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

efforts should be made to obtain potent and dikeyDACs for potential use in clinic.

4. Experimental

4.1 General methods

All reagents and solvents of analytical grade warechased fronfocal suppliers and were
used without further purification while followingpscial instructions. All reactions were
performed in a dry nitrogen atmosphere unless wilernoted. The progress of reactions was
monitored by silica gel thin layer chromatograpB$qu silica gel 60 b4 glass plates) and the
spots were detected under UV light (254 nm). Coluwhromatography was performed using
Merck silica gel 60 (200-300 mesh ASTM) (Merck KGaBarmstadt, GermanyfH and**C
NMR spectra were recorded by a Bruker instrumentu¢Ber AVANCE DRX-500) with
tetramethylsilane (TMS) as an internal standard (8z for *H, 125 MHz for**C). The'H or
¥C NMR spectra of target anti-inflammatory compoumre provided in the Supplementary
data. Melting points were obtained on a Fisher-§oimelting apparatus and were uncorrected.
Electron-spray ionization mass spectroscopy (ES)-Wa were collected in positive mode using

a Bruker Esquire 3000t spectrometer.

4.2 General procedures for the synthesis of cinnamgbchlorides (2a01-24, 2a26-27, 2a29)

To a solution of cinnamic acid401-24, 1a26-27, 1a291.0 mmol) in dry CHCl, was added
oxalyl chloride (5.0 equiv) and a catalytic amoohDMF (0.01 equiv). The reaction mixture was
stirred at room temperature for 5 h before theestlwas removed. The residue was dried under

high vacuum and used in the next step without &srfurification

4.2 Synthesis of E)-3-(3,4,5-trimethoxybenzylidene)piperidin-2-one (%

A solution of NaH (0.376 g, 12.55 mmol) in dry FK2 mL) was stirred at 0 °C for 10 min, and
then a solution oftert-butyl 2-oxopiperidine-1-carboxylatg0.50 g, 2.51 mmol) and
3,4,5-trimethoxybenzaldehyd8) (0.54 g, 2.76 mmol) in dry THF (2 mL) was addedndjo The

reaction mixture was stirred at room temperatune 4oh. The resulting solution was then

11
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guenched with saturated NWEl solution (40 mL) and extracted with EtOAc (3x&f). The
combined organic layers were washed with water (h0§) brine (100 mL), dried over anhydrous
MgSQ,, filtered and concentrated vacuo. The residue was purified by column chromatography
on silica gel providing the desired compouh(D.20 g, 28.7%) as a white powdet.NMR (500
MHz, CDCk) & (ppm): 7.72 (s, 1H), 6.89 (s, 1H), 6.62 (s, 2H353(s, 10H), 3.43 (s, 2H), 2.83 (t,

J=5.5Hz, 2H), 1.95 — 1.80 (m, 2H).

4.3 General procedures for the synthesis of DACs 82-5a29

A 1.6 M solution oin-BuLi in hexane (0.26 mL, 0.43 mmol) was added drigp to a solution
of (E)-3-(3,4,5-trimethoxybenzylidene)piperidin-2-or (0.36 mmol) in anhydrous THF (4 mL)
at —78 °C under nitrogen. After 2 h, a solutiorcioihamoyl chlorides2a01-24, 2a26-27, 2ap9
(2.0 mmol) in dry THF (2 mL) wad added dropwiseeTrieaction solution was stirred for 10 min
and then allowed to warm up to room temperature2ftr The resulting mixture was quenched
with saturated NECI solution (10 mL), and the mixture was extractdgth ACOEt (3x25 mL).
The organic layers were dried over MgSfdd concentrated at reduced pressure. The resiasie

purified by column chromatography on silica gelyiding the target compound®01-5a29

4.3.1 (E)-1-[(E)-3-(2-Fluorophenyl)acryloyl]-3-(3,4,5-trimethoxybenzylidene)piperidin-2-one
(5a01).

Yellow powder, 36.3% vield, m.p: 135.8-138@3. 'H NMR (500 MHz, CDCJ) & (ppm): 7.86 (d,
J=16.1 Hz, 2H), 7.68 — 7.63 (m, 2H), 7.34 (dds 13.3, 6.8 Hz, 1H), 7.15 (3,= 7.5 Hz, 1H),
7.12 — 7.06 (m, 1H), 6.69 (s, 2H), 3.92 — 3.89 14Hl), 2.90 (tJ = 5.6 Hz, 2H), 2.00 — 1.94 (m,
2H). **C NMR (125 MHz, CDG)) & (ppm): 169.7, 167.8, 153.1, 139.5, 139.0, 13531,4, 130.8,
129.6, 128.9, 124.7, 124.2, 116.1, 115.9, 107.79,656.2, 44.1, 26.4, 22.4. ESI-MS m/z: 426.26

()",

4.3.2(E)-1-[(E)-3-(3-Fluorophenylacryloyl)]-3-(3,4,5-trimethoxybenzylidene)piperidin-2-one
(5a02). Yellow powder, 38.7% yield, m.p: 97.1-98G. *H NMR (500 MHz, CDCJ) & (ppm):

7.87 (s, 1H), 7.65 (dl = 15.52 Hz, 1H), 7.58 ( d = 15.58 Hz, 1H), 7.35 (s, 1H), 7.34 (=
12
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11.32 Hz, 1H), 7.30 ( dl = 10.06 Hz, 1H), 7.06 ( f = 6.29 Hz, 1H), 6.69 (s, 2H), 3.93-3.91 (m,
2H), 3.89 (s, 3H), 3.88 ( s, 6H), 2.93 — 2.88 (M), 2.01 — 1.94 ( m, 2H}’C NMR (125 MHz,
CDCL) 5 (ppm): 169.5, 167.9, 153.1, 141.3, 139.6, 13(88,2, 130.2, 129.6, 124.2, 123.8, 116.7,

116.6, 114.4, 114.2, 107.9, 60.9, 56.2, 44.0, ZR4. ESI-MS m/z: 426.13 (M)

4.3.3 (E)-1-[(E)-3-(4-Fluorophenyl)acryloyl]-3-(3,4,5-trimethoxybenzylidene)piperidin-2-one
(5a03).

Yellow powder, 38.5% yield, m.p: 131.4-133@. 'H NMR (500 MHz, CDC}) & (ppm):7.87 (s,
1H), 7.69 (dJ = 15.6 Hz, 1H), 7.59 (dd, = 8.3, 5.6 Hz, 2H), 7.54 (d,= 15.6 Hz, 1H), 7.07 (1]

= 8.5 Hz, 2H), 6.69 (s, 2H), 3.92 — 3.89 (m, 11R1R0 (t,J = 5.7 Hz, 2H), 2.00 — 1.94 (m, 2H).
¥%C NMR (125 MHz, CDGCJ) 5 (ppm): 169.7, 167.9, 153.1, 141.7, 139.5, 13930.4, 130.1,

129.7,122.1, 115.9, 115.7, 107.7, 60.9, 56.2,,4604, 22.4. ESI-MS m/z: 426.19 (M)

4.3.4 (E)-1-[(E)-3-(2-Chlorophenyl)acryloyl]-3-(3,4,5-trimethoxybenzylidene)piperidin-2-one
(5a04).

Yellow powder, 41.5% yield, m.p: 134.1-135@. 'H NMR (500 MHz, CDC}) § (ppm): 8.10 ( d,
J=15.6 Hz, 1H), 7.86 (s, 1H), 7.74 (3= 7.00 Hz, 1H), 7.58 ( d = 15.5 Hz, 1H), 7.40 (d =
7.19 Hz, 1H), 7.30 — 7.27 ( m, 2H), 6.68 (s, 2H®23( t,J = 5.82 Hz, 2H), 3.89 (s, 3H), 3.88 (s,
6H), 2.90 (tJ = 5.67 Hz, 2H), 1.99 — 1.94 ( m, 2HJC NMR (125 MHz, CDCI3}5 (ppm): 169.4,
167.9, 153.1, 139.6, 139.1, 138.4, 135.0, 133.5,8,3.30.6, 130.0, 129.6, 127.9, 126.9, 124.9,

107.7, 60.9, 56.2, 44.0, 26.4, 22.4. ESI-MS m/2.2¢ (M)

4.3.5 (E)-1-[(E)-3-(3-Bromophenyl)acryloyl]-3-(3,4,5-trimethoxyberzylidene)piperidin-2-one
(5a05).

Yellow powder, 42.3% yield, m.p: 113.8-116@'H NMR (500 MHz, CDC}) 5 (ppm): 7.87 ( s,
1H), 7.75 (s, 1H), 7.62 ( d,= 15.61 Hz, 1H), 7.57 (d,= 15.61 Hz, 1H), 7.49 (] = 7.66 Hz,
2H), 7.24 (dJ = 7.81 Hz, 1H), 6.99 ( s, 2H), 3.92 — 3.90 ( M), 28190 (s, 3H), 3.88 ( s, 6H),
2.90 (t,J = 7.32 Hz, 2H), 1.99 — 1.94 ( m, 2HYC NMR (125 MHz, CDG)) & (ppm): 169.5,

167.9, 153.1, 141.0, 139.7, 139.2, 137.4, 132.9,8.3130.6, 130.2, 129.6, 127.0, 123.9, 122.9,
13
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107.9, 60.9, 56.3, 44.1, 26.4, 22.5. ESI-MS m/£.28 (M)

4.3.6 (E)-1-[(E)-3-(4-Bromophenyl)acryloyl]-3-(3,4,5-trimethoxyberzylidene)piperidin-2-one
(5a06).

Yellow powder, 45.8% yield, m.p: 126.9-1286. *H NMR (500 MHz, CDC}) & (ppm): 7.87 (s,
1H), 7.65 (dJ = 15.63 Hz, 1H), 7.59 ( d,= 15.62 Hz, 1H), 7.51 ( d,= 8.54 Hz, 1H), 7.46 ( d,
J=8.53 Hz, 1H), 6.69 (s, 2H), 3.92-3.90 ( m, 28RO (s, 3H), 3.89 ( s, 6H), 2.91 Jt= 7.69

Hz, 2H), 2.00-1.94 ( m, 2H}2C NMR (125 MHz, CDGJ) & (ppm): 169.6, 167.9, 153.1, 141.5,
139.6, 139.1, 134.2, 131.9, 130.8, 129.6, 124.3,00.207.7, 106.8, 60.98, 56.2, 44.1, 26.4, 22.4.

ESI-MS m/z: 486.19 (M)

4.3.7 (E)-1-{(E)-3-[2-(Trifluoromethyl)phenyl]acryloyl}-3-(3,4,5-t rimethoxybenzylidene)
piperidin-2-one (5a07).

Yellow powder, 34.8% yield, m.p: 101.1-102®. *H NMR (500 MHz, CDC}) & (ppm): 8.05 (dd,
J=15.4, 2.1 Hz, 1H), 7.87 (s, 1H), 7.85Jck 7.9 Hz, 1H), 7.70 (d] = 7.8 Hz, 1H), 7.58 — 7.54
(m, 2H), 7.46 (tJ = 7.6 Hz, 1H), 6.68 (s, 2H), 3.94 — 3.89 (m, 11M93 — 2.88 (m, 2H), 1.97 (dt,
J=12.3, 6.2 Hz, 2H)*C NMR (125 MHz, CDG)) 5 (ppm): 169.1, 167.9, 153.1, 139.6 (s), 139.1
(s), 137.7 (s), 134.2, 131.9, 130.8, 129.5, 128,22, 126.5, 126.0, 107.7, 60.9, 56.2, 44.0, 26.4,

22.4. ESI-MS m/z: 476.31 (W)

4.3.8 E)-1-[(E)-3-(4-Nnitrophenyl)acryloyl]-3-(3,4,5-trimethoxybenzylidene)piperidin-2-one
(5a08).

Yellow powder, 34.5% vyield, m.p: 180.1-1823. 'H NMR (500 MHz, CDC}) & (ppm): H
NMR (500 MHz, CDCY) & 8.22 (d,J = 8.7 Hz, 2H), 7.86 (s, 1H), 7.71 (= 8.7 Hz, 2H), 7.66 (s,
2H), 6.67 (s, 2H), 3.92 — 3.89 (m, 2H), 3.88 (s),33487 (s, 6H), 2.90 (i = 5.5 Hz, 2H), 2.00 —
1.93 (m, 2H)."*C NMR (125 MHz, CDG)) & (ppm): 169.1, 168.0, 153.1, 148.2, 141.5, 140.0,
139.1, 130.6, 129.3, 128.7, 126.7, 124.0, 107.R,@5.2, 44.2, 26.4, 22.4. ESI-MS m/z: 453.21

(M)".
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4.3.9

(E)-1-[(E)-3-(3,4-Difluorophenyl)acryloyl]-3-(3,4,5-trimethoxybenzylidene)piperidin-2-one
(5a09).

Yellow powder, 39.8% vyield, m.p: 149.8-152®. *H NMR (500 MHz, CDCJ) & (ppm): 7.85 ( s,
1H), 7.79 (dJ = 15.97 Hz, 1H), 7.68 ( d,= 16.00 Hz, 1H), 7.35 ( d, = 8.07 Hz, 1H), 7.35 ( s,
1H), 7.18 (tJ = 8.04 Hz, 1H), 6.67 ( s, 2H), 3.94 0t 5.80 Hz, 2H), 3.89 (s, 3H), 3.88 ( s, 6H),
2.91 (t,J = 7.23 Hz, 2H), 2.00 — 1.94 ( m, 2HJC NMR (125 MHz, CDG)) 5 (ppm): 169.2,
167.7, 153.0, 139.6, 139.0, 136.6, 135.9, 135.2,8,3130.8, 130.5, 129.5, 129.4, 128.7, 107.7,

60.9, 56.2, 44.1, 26.4, 22.4. ESI-MS m/z: 444.19"(M

4.3.10
(E)-1-[(E)-3-(2,5-Difluorophenyl)acryloyl]-3-(3,4,5-trimethaxybenzylidene)piperidin-2-one
(5a10).

Yellow powder, 36.2% vyield, m.p: 134.8-136@. *H NMR (500 MHz, CDCJ) & (ppm): 7.88 ( s,
1H), 7.77 (dJ) = 15.80 Hz, 1H), 7.60 ( d,= 15.77 Hz, 1H), 7.36 — 7.32 (m, 1H), 7.09 — §.99,
2H), 6.69 (s, 2H), 3.94 — 3.91 (m, 2H), 3.90 8H), 3.89 ( s, 6H), 2.91 (J,= 7.37 Hz, 2H), 2.00
—1.94 (m, 2H)*C NMR (125 MHz, CDG)) 5 (ppm): 169.4, 167.9, 153.1, 139.8, 133.5, 130.8,
129.5, 125.9, 125.8, 117.7, 117.5, 117.2, 117.8,511114.3, 107.8, 60.9, 56.2, 44.1, 26.4, 22.4.

ESI-MS m/z: 444.19 (M)

4311 (E)-1-[(E)-3-(2,4-Dichlorophenyl)acryloyl]-3-(3,4,5-trimethokybenzylidene)
piperidin-2-one (5all).

Yellow powder, 43.5% yield, m.p: 161.4-163. "H NMR (500 MHz, CDC}) & (ppm): 8.00 (d,

J =15.6 Hz, 1H), 7.86 ( s, 1H), 7.67 (M= 8.48 Hz, 1H), 7.55 (d] = 15.60 Hz, 1H), 7.43 ( s,
1H), 7.25 (tJ = 6.61 Hz, 1H), 6.68 ( s, 2H), 3.91 (0t 5.82 Hz, 2H), 3.89 ( s, 3H), 3.88 (s, 6H),
2.90 (t,J = 5.63 Hz, 2H), 1.99 — 1.94 ( m, 2HYC NMR (125 MHz, CDCI3)5 (ppm): 169.2,
167.9, 153.1, 139.7, 139.2, 137.0, 135.8, 135.2,11.3130.7, 129.8, 129.5, 128.6, 127.4, 125.3,

107.8, 60.9, 56.2, 44.1, 26.4, 22.4. ESI-MS m/£.23 (M)
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4.3.12 (E)-1-[(E)-3-(2,6-Dichlorophenyl)acryloyl]-3-(3,4,5-trimethaxybenzylidene)
piperidin-2-one (5al13.

Yellow powder, 46.3% vyield, m.p: 124.0-128@. *H NMR (500 MHz, CDCJ) & (ppm): 7.85 ( s,
1H), 7.79 (dJ = 15.97 Hz, 1H), 7.68 (d,= 16.02 Hz, 1H), 7.35 ( &,= 8.15 Hz, 2H), 7.17 (1

= 7.85 Hz, 1H), 6.67 (s, 2H), 3.94 Jt= 5.32 Hz, 2H), 3.89 (s, 3H), 3.88 (s, 6H,), 2(30J =
6.16 Hz, 2H), 2.00 — 1.94 ( m,2HYC NMR (125 MHz, CDGJ) & (ppm): 169.2, 167.7, 153.1,
139.6, 139.1, 136.5, 135.9, 135.1, 132.8, 130.8,51329.5, 129.4, 128.7, 107.8, 60.9, 56.2, 44.1,

26.4, 22.4. ESI-MS m/z: 476.18 (M)

4.3.13 (E)-1-[(E)-3-(2-Chloro-6-fluorophenyl)acryloyl]-3-(3,4,5-trimethoxybenzylidene)
piperidin-2-one (5al13).

Yellow powder, 45.6% vyield, m.p: 129.8-13£®. *H NMR (500 MHz, CDCJ) & (ppm): 7.88 ( s,
1H), 7.86 (dJ) = 15.71 Hz, 1H), 7.76 ( d,= 15.99 Hz, 1H), 7.26 — 7.20 ( m, 2H), 7.06 — 704,
1H), 6.68 ( s, 2H), 3.93 (J,= 5.84 Hz, 2H), 3.90 ( s, 3H), 3.88 ( s, 6H), 2(91] = 7.58 Hz, 2H),
2.00 — 1.94 ( m, 2H)**C NMR (125 MHz, CDGJ) & (ppm): 169.9, 167.7, 153.0, 139.6, 139.0,
132.2, 130.8, 130.2, 130.1, 129.5, 129.4, 129.8,81214.8, 114.7, 107.7, 60.9, 56.2, 44.1, 26.4,

22.4. ESI-MS m/z: 460.22 (M)

4.3.14 (E)-1-[(E)-3-(2-Chloro-4-fluorophenyl)acryloyl]-3-(3,4,5-trimethoxybenzylidene)
piperidin-2-one (5al4).

Yellow powder, 46.4% yield, m.p: 148.7-150@. '"H NMR (500 MHz, CDC})  (ppm): 8.03 ( d,

J =15.62 Hz, 1H), 7.86 ( s, 1H), 7.76 — 7.72 (m),1H53 ( d,J = 15.59 Hz, 1H), 7.17 (d =
8.40 Hz, 1H), 7.02 — 6.98 (m, 1H), 6.68 (s, 293 — 3.91 ( m, 2H), 3.90 (s, 3H), 3.89 ( s, 6H),
2.91 (t,J = 7.41 Hz, 2H), 2.00 — 1.92 ( m, 2HJC NMR (125 MHz, CDG)) & (ppm): 169.3,
167.9, 162.0, 153.1, 139.6, 137.2, 130.8, 129.6,212129.2, 124.8, 117.4, 117.2, 114.7, 114.5,

107.8, 60.9, 56.2, 44.1, 26.4, 22.4. ESI-MS m/2.@6 (M)

4.3.15 E)-1-[(E)-3-(2-Fluoro-5-methoxyphenyl)acryloyl]-3-(3,4,5-titmethoxybenzylidene)

piperidin-2-one (5al5).
16
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Yellow powder, 37.5% vyield, m.p: 105.7-107@. *H NMR (500 MHz, CDCJ) & (ppm): 7.87 ( s,
1H), 7.81 (dJ = 15.77 Hz, 1H), 7.62 (d,= 15.77 Hz, 1H), 7.12— 7.09 ( m, 1H), 7.02J % 9.33
Hz, 1H), 7.88 — 7.84 ( m, 1H), 6.69 ( s, 2H), 33226 ( m, 2H), 3.90 ( s, 3H), 3.89 (s, 6H), 3.82.
¥C NMR (125 MHz, CDG)) 5 (ppm): 169.7, 167.8, 157.0, 155.7, 155.0, 15338.8, 135.2,
130.9, 129.7, 124.8, 117.0, 116.7, 116.5, 112.8,81®0.9, 56.2, 55.9, 44.1, 26.4, 22.51. ESI-MS

m/z: 456.23 (M).

4.3.16 E)-1-[(E)-3-(2-Fluoro-4-methoxyphenyl)acryloyl]-3-(3,4,5-trmethoxybenzylidene)
piperidin-2-one (5a16).

Yellow powder, 37.2% yield, m.p: 100.1-10£@G. *H NMR (500 MHz, CDC}) & (ppm): 7.87 (s,
1H), 7.83 (dJ = 15.76 Hz, 1H), 7.58 ( d,= 7.67 Hz,1H), 7.57 ( d] = 15.89 Hz, 1H), 6.68 ( s,
2H), 6.71 (d, J = 8.72 Hz, 1H), 6.64 F 12.35 Hz, 1H), 3.92 — 3.90 ( m, 2H), 3.90 (H),3
3.89 (s, 6H), 3.83 (s, 3H), 2.90 (t= 7.50 Hz, 2H), 1.98 — 1.93 ( m, 2HJC NMR (125 MHz,
CDCl;) 3 (ppm): 169.9, 167.8, 163.4, 162.3, 153.1, 13933,4, 130.9, 129.8, 122.0, 122.0, 116.0,

110.7, 107.8, 101.8, 101.6, 60.9, 56.2, 55.7, 6@, 22.5. ESI-MS m/z: 456.23 (M)

4.3.17
(E)-1-[(E)-3-(2-Methoxyphenyl)acryloyl]-3-(3,4,5-trimethoxytkenzylidene)piperidin-2-one
(5a17).

Yellow powder, 36.2% yield, m.p: 130.1-132@. 'H NMR (500 MHz, CDC}) & (ppm): 8.10 (d,
J=15.79 Hz, 1H), 7.86 (s, 1H), 7.64 (Jds 15.76 Hz, 1H), 7.64 (d,= 7.76 Hz, 1H), 7.34 (t,
J=28.61 Hz, 1H), 6.96 (= 7.49 Hz, 1H), 6.91 ( dl = 8.28 Hz, 1H), 6.68 ( s, 2H), 3.92 — 3.90
('m, 2H), 3.90 ( s, 6H), 3.88 (s, 6H), 2.90 § & 7.57 Hz, 2H), 1.98 — 1.92 ( m, 2HJC NMR
(125 MHz, CDC}) 3 (ppm): 170.2, 167.8, 158.3, 153.1, 139.1, 13938,4, 131.1, 131.0, 130.0,
128.5, 124.3, 122.5, 120.6, 111.1, 107.8, 60.2,566.5, 44.0, 26.5, 22.5. ESI-MS m/z: 438.17

(M)

4.3.18

(E)-1-[(E)-3-(3-Methoxyphenyl)acryloyl]-3-(3,4,5-trimethoxytenzylidene)piperidin-2-one
17
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(5a18).
Yellow powder, 35.3% yield, m.p: 137.6-139®. *H NMR (500 MHz, CDC}) & (ppm): 7.87 (s,
1H), 7.70 (dJ = 15.59 Hz, 1H), 7.59 ( d,= 15.59 Hz, 1H), 7.30 (1 = 7.87 Hz, 1H), 7.12 (s,
1H), 6.92 (dJ = 8.13 Hz, 1H), 6.69 ( s, 2H), 3.92 — 3.90 ( m)2B90 ( s, 3H), 3.89 (s, 6H),
3.84 (s, 3H), 2.90 (1) = 7.31 Hz, 2H), 1.98 — 1.93 ( m, 2HJC NMR (125 MHz, CDG)) §
(ppm): 169.8, 167.8, 159.9, 153.1, 143.0, 139.8,2,3136.6, 130.9, 129.8, 129.7, 122.7, 120.9,

115.8, 113.3, 107.8, 60.9, 56.2, 55.3, 44.0, ZR4%. ESI-MS m/z: 438.24 (M)

4.3.19 (E)-1-[(E)-3-(2,4-Dimethoxyphenyl)acryloyl]-3-(3,4,5-trimettoxybenzylidene)
piperidin-2-one (5a19).

Yellow powder, 32.5% vyield, m.p: 143.3-145C. *H NMR (500 MHz, CDCJ)) & (ppm): *H
NMR (500 MHz, CDC}) & (ppm): 8.05 (dJ) = 15.7 Hz, 1H), 7.85 (s, 1H), 7.58 (s, 1H), 7.86)(

= 7.1 Hz, 1H), 6.68 (s, 2H), 6.49 (d#i= 8.5, 2.1 Hz, 1H), 6.44 (d,= 2.0 Hz, 1H), 3.88 (§) =
5.1 Hz, 15H), 3.83 (s, 2H), 2.88 (= 5.4 Hz, 2H), 2.03 — 1.86 (m, 2HC NMR (125 MHz,
CDCl; ) & (ppm): 165.2, 162.5, 157.3, 154.6, 147.8, 13338.3, 125.8, 124.8, 114.6, 112.2,

102.4,99.9, 93.0, 55.7, 50.9, 50.2, 38.7, 21.3.17SI-MS m/z: 468.33 (M)

4.3.20 E)-1-[(E)-3-(2,3-Dimethoxyphenyl)acryloyl]-3-(3,4,5-trimetltoxybenzylidene)
piperidin-2-one (5a20).

Yellow powder, 31.3% yield, m.p: 118.9-120@3. 'H NMR (500 MHz, CDC}) & (ppm): 8.05 (d,
J=15.8 Hz, 1H), 7.86 (s, 1H), 7.63 (M= 15.7 Hz, 1H), 7.30 — 7.26 (m, 1H), 7.05)& 8.0 Hz,
1H), 6.93 (dJ = 8.1 Hz, 1H), 6.68 (s, 2H), 3.94 — 3.83 (m, 17MB9 (t,J = 6.2 Hz, 2H), 2.00 —
1.92 (m, 2H).**C NMR ( 125 MHz, CDGJ) & (ppm): 170.0, 167.8, 153.1, 148.6, 139.3, 139.1,
137.6, 130.9, 129.9, 129.5, 124.0, 123.5, 119.8,7.1107.8, 61.4, 60.9, 56.2, 55.9, 44.0, 26.5,

22.5. ESI-MS m/z: 468.26 (M)

4.3.21 (E)-3-(3,4,5-Trimethoxybenzylidene)-1-[E)-3-(2,4,5-trimethoxyphenyl)acryloyl]
piperidin-2-one (5a21).

Yellow powder, 38.3% yield, m.p: 158.4-159®. 'H NMR (500 MHz, CDC}) 5 (ppm): 8.11 (d,
18
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J=15.7 Hz, 1H), 7.85 (s, 1H), 7.54 @z 15.7 Hz, 1H), 7.13 (s, 1H), 6.68 (s, 2H), 6.501H),
3.93 (s, 3H), 3.91 — 3.87 (m, 17H), 2.91 — 2.87Zht), 1.99 — 1.92 (m, 2H}*C NMR (125 MHz,
CDCl; ) & (ppm): 170.3, 167.8, 154.1, 153.0, 152.1, 14339.4, 138.5, 131.0, 130.1, 119.7,

116.0, 111.0, 107.7, 97.0, 60.9, 56.5, 56.2, 5640), 26.5, 22.5. ESI-MS m/z: 498.22 (M)

4.3.22 E)-3-(3,4,5-Trimethoxybenzylidene)-1-[E)-3-(3,4,5-trimethoxyphenyl)acryloyl]
piperidin-2-one (5a22).

Yellow powder, 32.3% vyield, m.p: 176.4-178a. 'H NMR (500 MHz, DMSOdg) & (ppm): &
7.76 (s, 1H), 7.54 (d] = 15.6 Hz, 1H), 7.39 (dl = 15.6 Hz, 1H), 6.99 (s, 2H), 6.84 (s, 2H), 3.82
(d,J=3.3Hz, 12H), 3.79 — 3.77 (m, 2H), 3.70Jd; 2.8 Hz, 6H), 2.89 (1} = 5.5 Hz, 2H), 1.90 —
1.84 (m, 2H).13C NMR (125 MHz, CDGl) é (ppm): 169.7, 167.9, 153.4, 153.1, 143.4, 140.1,
139.4, 139.1, 130.8, 130.8, 129.8, 121.6, 107.8,61060.9, 56.2, 44.0, 26.4, 22.5. ESI-MS m/z:

498.22 (MJ.

4.3.23
(E)-1-[(E)-3-(2,5-Dimethylphenyl)acryloyl]-3-(3,4,5-trimethaybenzylidene)piperidin-2-one
(5a23).

Yellow powder, 32.6% yield, m.p: 118.1-119®. 'H NMR (500 MHz, CDC}) & (ppm): 8.01 (d,
J=15.5 Hz, 1H), 7.88 (s, 1H), 7.51 (M= 15.5 Hz, 1H), 7.49 (s, 1H), 7.08 (s, 2H), 6.692H),
3.89 (d,J = 5.8 Hz, 9H), 2.92 — 2.88 (m, 2H), 2.42 (s, 3HRR(Ss, 3H), 1.97 (dj = 12.2, 6.3 Hz,
2H). °C NMR (125 MHz, CDGJ) 5 (ppm): 170.0, 167.9, 153.1, 141.0, 139.4, 1396,4, 134.8,
133.8, 130.9, 130.6, 129.8, 127.1, 122.9, 107.Q,65.2, 44.0, 26.5, 22.5, 20.9, 19.3. ESI-MS

m/z: 436.27 (M).

4.3.24
2-{(E)-3-Ox0-3-[(E)-2-0x0-3-(3,4,5-trimethoxybenzylidene)piperidin-1yl]prop-1-en-1-yl}phe
nyl acetate (5a24).

Yellow powder, 31.4% vyield, m.p: 134.8-136@. *H NMR (500 MHz, CDC}) & (ppm): 7.86 ( s,

1H), 7.78 (dJ = 15.73 Hz, 1H), 7.74 (d,= 7.77 Hz, 1H), 7.64 (dl = 15.71 Hz, 1H), 7.39 (8=
19
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8.20 Hz, 1H), 7.26 () =7.32 Hz, 1H), 7.13 (dJ = 8.12 Hz,1H), 6.68 (s, 2H), 3.92 — 3.90 (m,
2H), 3.90 (s, 3H), 3.89 (s, 6H), 2.90 Jt= 7.22 Hz, 2H), 2.41 (s, 3H), 1.99 — 1.93 (m, 28%.
NMR (125 MHz, CDCY) & (ppm): 169.5, 169.2, 167.8, 153.1, 149.4, 13939,2, 136.4, 130.8,
130.6, 129.7, 128.2, 127.9, 126.2, 124.4, 123.0,8,(60.9, 56.2, 44.0, 26.4, 22.4, 21.0. ESI-MS

m/z: 466.24 (M).

4.3.25

(E)-1-[(E)-3-(2-Hydroxyphenyl)acryloyl]-3-(3,4,5-trimethoxybenzylidene)piperidin-2-one
(5a25).

Yellow powder, 32.5% yield, m.p: 134.8-136@. '"H NMR (500 MHz, CDC}) & (ppm): 7.94 ( d,
J=14.76 Hz, 1H), 7.87 (s, 1H), 7.60 (I 15.14 Hz, 1H), 7.50 ( s, 1H), 7.20 (s, 1H), 6(30
2H), 6.67 ('s, 2H), 3.93 — 3.90 (m, 2H), 3.89 8H), 3.87 (s, 6H), 2.93 — 2.88 ( m, 2H), 2.01 —
1.94 (' m, 2H).*C NMR (125 MHz, CDGJ) & (ppm): 170.5, 168.0, 155.3, 153.1, 139.7, 139.1,
138.3, 131.0, 130.8, 129.6, 129.3, 123.6, 122.8,6216.6, 107.9, 60.9, 56.3, 44.1, 26.5, 22.5.

ESI-MS m/z: 424.24 (M)

4.3.26
3-{(E)-3-ox0-3-[(E)-2-0x0-3-(3,4,5-trimethoxybenzydlene)piperidin-1-yl]prop-1-en-1-yl}phen

yl acetate (5a26)

Yellow powder, 47.6% yield, m.p: 129.4.-131°6. '"H NMR (500 MHz, DMSOds) & (ppm):
7.82 (s, 1H), 7.66 (d] = 12.5 Hz, 1H), 7.61 — 7.47 (m, 3H), 7.08 (s, 261F5 (s, 2H), 3.85 (s,
12H), 3.79 (s, 1H), 2.86 (s, 2H), 2.27 (s, 3H)31(8, 2H).”*C NMR (125 MHz, CDG)) 5 (ppm):
169.6, 167.8, 153.1, 151.8, 141.8, 139.4, 132.9,8,3129.7, 129.2, 122.6, 121.9, 107.9, 60.8,

56.2, 44.0, 26.4, 22.4, 21.0. ESI-MS m/z: 465.5F (M

4.3.27
2-Methoxy-4-{(E)-3-oxo0-3-[E)-2-0x0-3-(3,4,5-trimethoxybenzylidene)piperidin-1yl]prop-1-e
n-1-yl}phenyl acetate (5a27)

Yellow powder, 38.4% vyield, m.p: 134.8-136@. *H NMR (500 MHz, CDC}) & (ppm): 7.86 ( s,
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1H), 7.69 (dJ) = 15.52 Hz, 1H), 7.52 ( d,= 15.58 Hz, 1H), 7.21 ( d, = 7.98 Hz, 1H), 7.17 (s,
1H), 7.05 ( d,J = 8.13 Hz, 1H), 6.69 (s, 2H), 3.93 — 3.90 ( m, 28190 ( s, 3H), 3.88 ( s, 9H),
2.90 (t, 2H), 2.32 (s, 3H), 1.99 — 1.93 ( m, 2HLC NMR (125 MHz, CDGJ) 5 (ppm): 164.4,
163.5, 162.6, 147.8, 146.0, 137.2, 135.9, 134.3,8,3129.0, 125.6, 124.5, 117.8, 117.3, 116.0,

106.4, 102.5, 55.7, 51.0, 50.7, 38.8, 21.2, 1524.JESI-MS m/z: 496.27 (M)

4.3.28 (E)-1-[(E)-3-(4-Hydroxy-3-methoxyphenyl)acryloyl]-3-(3,4,5-timethoxybenzylidene)
piperidin-2-one (5a28).

Yellow powder, 31.6% vyield, m.p: 134.8-136@. *H NMR (500 MHz, CDCJ) & (ppm): 7.86 ( s,
1H), 7.70 ( dJ = 15.51 Hz,1H), 7.50 ( dl = 15.50 Hz, 1H), 7.16 ( d,= 8.23 Hz, 1H), 7.10 (s,
1H), 6.92 ( dJ = 8.19 Hz, 1H), 6.69 ( s, 2H), 5.86 ( s, 1H), 3(%& 3H), 3.92 — 3.90 (m, 2H),
3.90 (s, 3H), 3.89 ('s, 6H), 2.89 (t= 5.89 Hz, 2H), 1.99 — 1.93 ( m, 2HJC NMR (125 MHz,
CDCly) 5 (ppm): 169.9, 167.9, 153.1, 147.8, 146.7, 14338,2, 130.9, 130.0, 128.1, 127.9, 123.2,

119.8, 114.6, 109.8, 107.9, 60.9, 56.2, 56.0, 2604, 22.5. ESI-MS m/z: 454.20 (M)

4.3.29
2-Methoxy-5-{(E)-3-oxo0-3-[E)-2-0x0-3-(3,4,5-trimethoxybenzylidene)piperidin-1yl]prop-1-e
n-1-yl}phenyl acetate (5a29)

Yellow powder, 38.3% yield, m.p: 134.8-136@. *H NMR (500 MHz, CDC}) § (ppm): 7.86 (s,
1H), 7.68 (dJ = 15.51 Hz, 1H), 7.51 ( d, = 15.53 Hz, 1H), 7.43 (d = 8.32 Hz, 1H), 7.35 ( s,
1H), 6.95 ( dJ = 8.44 Hz, 1H), 6.69 ( s, 2H), 3.91 — 3.89 ( m),2B190 ( s, 3H), 3.89 (s, 6H),
3.86 (s, 3H), 2.89 (s, 2H), 2.32 ('s, 3H), 1.99.921( m, 2H).*C NMR (125 MHz, CDG)) &
(ppm): 169.6, 168.6, 167.8, 153.1, 142.3, 142.9,14139.3, 130.9, 129.9, 128.5, 127.9, 122.0,

120.9, 112.2, 107.9, 60.9, 56.2, 55.9, 44.0, 2824, 20.5. ESI-MS m/z: 496.27 (M)

4.4 Cells and Reagents
The final concentration of DMSO in assays did ngtesd 0.1%. All other reagents not
mentioned were obtained from Sigma unless otherspgeified. Mouse peritoneal macrophages

(MPMs) were prepared as described previously [Bijefly, ICR mice of 2825 g were
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intraperitoneally injected with 6% thioglycollat®lgtion [beef extract (0.3 g), tryptone (1 g),
sodium chloride (0.5 g) and soluble starch (6 gl® mL water]. 3 days later, the mice were
sacrificed. The peritoneal cavity was washed witmI8 of PBS, and centrifuged at 4 °C, 1000
rom. The supernatant was discarded, the precipiesigspended with RPMI-1640 (Gibco/BRL
life Technologies, Eggenstein, Germany) contairiigo (v/v) FBS (Hyclone, Logan, UT, USA),

100 U/mL penicillin G and 100 mg/mL streptomycireliS were incubated at 37 °C under a 5%

CO,atmosphere.

4.5 Immunofluorescence and immunoblotting

Raw 264.7 cells were seeded into 6-well platespatteated with compounds for 0.5 hour,
followed by incubation with LPS for another 40 niiest Thereafter, cells were fixed and
permeabilized with 4% paraformaldehyde and 100%hameil, respectively. Cells were washed
twice with PBS containing 1% BSA, then incubatedhwirimary antibodies of P65 (1:200) at
4 °C overnight. Samples were subsequently incubatdd PE-conjugated secondary antibodies
(1:200) for 2 hours. Finally, cells were counterstd with DAPI, and viewed with a Nikon
fluorescence microscope (Nikon, Japan).

For immunoblotting assays, cells or lung tissuesidit of 30-50 mg) were lysed (Boster
Biological Technology, USA). Protein concentratiwas measured using a Bio-Rad protein assay
kit (Bio-rad, USA). Samples were loaded and sepdrat 10% or 12% SDS-PAGE gels. The gel
was electro-transferred to a nitrocellulose memérand blocked in Tris-buffered saline at pH 7.6
containing 0.05% Tween 20 and 5% non-fat milk. $Hjeantibodies were incubated for
biomarkers. Immuno-reactive bands were detectednbybating with secondary antibodies
conjugated with horseradish peroxidase, and vigedliusing enhanced chemiluminescence
reagents (Bio-Rad, Hercules, CA).

P-P38, P38, P-ERK, ERK, P6%Bo and GAPDH antibodies were purchased from Cell
Signaling Technology (Danvers, MA, USA). TNFantibodies were obtained from Abcam
(Abcam, USA). Secondary antibodies were purchasech fyeasen Biotechnology (Shanghai,

China).
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4.6 Determination of concentrations of TNFe and IL-6

2 TNF-o and IL-6 concentrations in culture medium or anisamples were determined by
3  ELISA according to the manufacturer’s instructigBsoscience, San Diego, CA). The amount of
4  TNF-o or IL-6 was normalized to the protein concentratid each sample.
5
6 4.7 Real-time quantitative PCR
7 Total RNA was extracted using TRIZOL (Life Techngiles, Carlsbad, CA). Reverse
8 transcription and quantitative PCR (RT-gPCR) weteup using M-MLV Platinum RT-gPCR Kit
9 (Life Technologies). Real-time qPCR was carried oatan Eppendorf Realplex 4 instrument
10  (Eppendorf, Hamburg, Germany). Primers for genes {iNFe, IL-6 andp-actin) were obtained
11 from Life Technologies. The primer sequences usedlaown in Table 2. The relative amount of
12 each gene was normalizedp@ctin.
13
14  Table 2.Primers used for real-time qPCR assay
Gene Species Forward (5’-3") Reverse (5'-3")
TNF-a Mouse | TGATCCGCGACGTGGAA ACCGCCTGGAGTTCTGGAA
IL-6 Mouse | GAGGATACCACTCCCAACAGACC | AAGTGCATCATCGTTGTCATACA
B-actin Mouse | CCGTGAAAAGATGACCCAGA TACGACCAGAGGCATARG
15
16 4.8 Mouse models
17 Male C57BL/6 mice of 20-25 g were obtained from Amémal Centre of Wenzhou Medical
18  University (Wenzhou, China). Mice were housed atstant room temperature with a 12:12 h
19 light—dark cycle, fed a standard rodent diet andewand acclimatized to the laboratory for at
20 least 3 days before use. All animal care and ewperial procedures were approved by the
21 Wenzhou Medical College Animal Policy and Welfaren@nittee.
22 LPS-induced ALI. The mice were randomly divided into groups al¥es$: control (eight mice
23  received vehicle of 0.9% saline), LPS (eight mieeeived LPS alone), curcumiba27 or 5a28
24  (each of the three compounds was administeredytowp of eight mice at 10 mg/kg). The active
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compounds were given daily via intraperitoneal étign consecutively for one week. The mice
were euthanized with chloral hydrate 6 hours affténatracheal injection of LPS at 5 mg/kg.

Broncho alveolar lavage fluid (BALF), blood and dutissues were collected for further analysis.

4.9 Histomorphological and immunohistochemical examation

Lung tissues were routinely fixed and embeddedaraffin. Paraffin blocks were sectioned
into slices of 5 um thick. Thereafter, the slicemravstained with Hematoxylin and Eosin (H&E
assay kit, Beyotime, Shanghai, China).

For immunohistochemistry, rehydrated slices welgesied to antigen retrieval in 0.01 mol/L
citrate buffer (pH 6.0) by microwaving, and theaghg in 3% hydrogen peroxide in methanol at
room temperature for 30 min. Sections were incubat¢h primary antibodies at 4 °C overnight,
followed by secondary antibodies (1:200; Santa Ck@A). The slices were visualized by
3,3-diaminobenzidine (DAB) (ZSGB-Bio, Beijing, Clai)y counterstained with hematoxylin, and

viewed under the microscope (Nikon, Japan).

4.10 Pharmacokinetic study of 5a27

Male SD rats, weight 250 + 20 g, were starved mgt before the experiment. Tap water
was availablead libitum. Intragastric or intravenously administration @23 with the dose of 20
mg/kg, 5 mg/kg respectively (n = 5). Blood samgtes tail were collected 0.083, 0.25, 0.5, 1, 2,
4, 6,9, 12, 24 hours after dosing. They were degid at 12000 rpm for 10 minutes. Remove
supernatants to 1.5 mL tube and add 2-fold volufacetonitrile. The mixtures were vortexed
and centrifuged at 12000 rpm for 10 minutes. Tlpesatants were analyzed by UHPLC-MS/MS.

The pharmacokinetic parameters were determineciog WDAS software (Version 3.0).

4.11 Statistical analysis

All data were shown as meahSEM, by averaging values from three independent
experiments. Statistical analyses were performayuSraphPad Pro. Prism 5.0 (GraphPad, San
Diego, CA). One-way ANOVA followed by multiple corapsons test with Bonferroni correction

were used to analyze the differences between &dta
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Figure Legends

Table 1. The pharmacokinetic parameters of 5a27 imats.

Figure 1. Structures of curcumin, C03, piperlongumine and theconceptual design of DACs.

Figure 2. Active DACs effectively inhibit the prodwction of proinflammatory cytokines
without cytotoxicity. A—B) MPMs were pretreated with compounds (10 uM) fds @our,
followed by incubation with LPS for another 24 hauHarvest conditions and determination of
concentrations of TNle-and IL-6 using ELISA assay are described in “Md#ioC) MPMs were
treated with compounds for 24 h. Cell viability wagasured by MTT assay, and presented as a
percentage of that in the control (DMSO). The datae shown as mean + SEM, n=3. 5*< 0.01;

1< 0.001ys. LPS.

Figure 3. Active DACs dose-dependently inhibited tb production of TNF-a and IL-6 in
activated MPMs. MPMs were pretreated with the indicated doseSa#7and5a28.Cells were
incubated with LPS for 24 hours. ELISA assay wagpleged to detect the release of TMRnd
IL-6 in the culture medium. The data were displagsdmean + SEM, n=3. ***p < 0.001,vs.

LPS.

Figure 4. The stability and bioavailability of actve DACs were improved compared to
curcumin. UV-visible absorption spectra of curcumin (Ag27 (B) and5a28(C) in phosphate
buffer (pH 7.4). D)5a27 was administrated to rats through orally and irdreously, n= 5. The
blood samples were collected from tail. After saaspbreparation, the concentrationbe7was

determined by UHPLC-MS/MS. The time-concentratiarve was plotted.

Figure 5. 5a27 and 5a28 potently suppressed LPS-induced action of macrophages
through blocking MAPK signaling and NF-kB activation. A) RAW 264.7 mouse macrophages

were pretreated with compounds for 0.5 hour, foldvby incubation with LPS for 30 min. The
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cell lysates were subjected to immunoblotting assap-p38, p38, p-erk, erk, ikB and GAPDH.
The representative images were shoBNnRAW 264.7 cells were pretreated with compounds fo
0.5 hour. Thereatfter, cells were stimulated witfSLBr 45 minutes. Immunofluorescence assay
was used to detect p65 (Red), with nuclei stainid BAPI (Blue).C-G) RAW 264.7 cells were
activated as aforementioned. Total RNA was extrthatel subjected to real time-qPCR for ThlF-
IL-6, IL-1pB, ICAM-1 and VCAM-1. The values were normalizedaittin, and compared with the

LPS group. *p < 0.05; * p< 0.01; **, p<0.001yvs. LPS.

Figure 6. Active DACs improved LPS-induced ALI by inhibiting inflammation. C57BL/6
mice were pretreated with curcumin (cusp27 and5a28at 10 mg/kg for 30 min, followed by
intra-tracheal injection of LPS at 5 mg/kg. 6 holater, BALF, serum and lung samples were
collected and analyzed. The wet/dry ratio of luAg, total cell countB) and neutrophil count))

in BALF were determined) Lung tissues were subjected to immunohistochdragsays. H&E,
LY-6G and F4/80 were detecteH:F) Concentrations of TNk-and IL-6 were determined by
ELISA assay in serum and BALF samples. Data weogvslas mean + SEM, n=6. p,< 0.05; **,

p <0.01lvs. LPS alone.

Figure 7. Active DACs significantly suppressed theroduction of inflammatory cytokines
and adhesion factors.Lung samples were collected and subjected to i@al-Q-PCR assay.
MRNA expressions of TNE-(A), IL-6 (B), IL-1p (C), VCAM-1 (D) and ICAM-1 E) were

determined. Data were shown as mean + SEM<0.05; **, p < 0.01; ***, p<0.001ys. LPS.

Scheme 1. Synthetic route of di-carbonyl analogs @urcumin (DACs) 5a01-5a29 Reagents
and conditions: (a) Oxalyl chloride, DMF, G@GEl,, rt, 5h; (b) tert-butyl
2-oxopiperidine-1-carboxylate, NaH, THF O-rt, 4h; (c)n-BuLi, THF, -78°C, 4h; (d) 20% (w/v)

NaHCQ;, MeOH/THF, rt, overnight.
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Table 1.

AUC(0-1) AUC(0-») MRT(0-) MRT(0-w) t1/2  Tmax CLzIF VzIF Cmax
(Hg/L*h) (Hg/L*h) (h) (h) (h) (h) (L/h/kg) (L/kg) (Hg/L)

Administration

p.o 50mg/kg 231.2+332.7 325.6+310.7 7.8%x45 I35 6.7+7.73.3+4.25062.6+5506.827.1 +1314.3113.3 +152.4
i.v5mg/kg 344 +£41.7 122.4+745 11.3+£33.9+7502+0.10.1+0.1 404.4+113.7 595+479 164+19.7
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Highlights

» 29 nove di-carbonyl analogs of curcumin (DACs) were synthesized and

evaluated for anti-inflammatory activity.

» Active DACs 5a27 and 5a28 exhibited better structural stability and
anti-inflammatory activity than curcumin.

» Compound 5a27 and 5a28 could be lead compounds as an ALI therapeutic agent.



