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ABSTRACT: To further engineer dienones with optimal camalions of potency and bioavailability,
thirty-four asymmetric 1,5-diarylpenta-1,4-dien-8es £5-58) have been designed and synthesized for
the evaluation of theiin vitro anti-proliferative activity in three human prostatancer cell lines and
one non-neoplastic prostate epithelial cell lindl. tAese asymmetric dienones are sufficiently more
potent than curcumin and their corresponding symmebunterparts. The optimal dienoB&, with

ICsp values in the range of 0.03-0.12 uM, is 636-, 28%d 454-fold more potent than curcumin in
three prostate cancer cell models. Dieno2®@sand 49 emerged as the most promising asymmetric
dienones that warrant further preclinical studiEise two lead compounds demonstrated substantially
improved potency in cell models and superior bidaldity in rats, while exhibiting no acute toxigi

in the animals at the dose of 10 mg/kg. Diend&8&and46 can induce PC-3 cell cycle regulation at the
Go/G; phase. However, dienor#8 induces PC-3 cell death in a different way frdfheven though
they share the same scaffold, indicating that teahieteroaromatic rings are critical to the actén
mechanism for each specific dienone.

Key words: 1,5-diheteroarylpenta-1,4-dien-3-one, prostate egreell proliferation, pharmacokinetic
study, cell apoptosis
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1. Introduction

Curcumin @), a pleiotropic diarylheptanoid, is the major chexh component contributing to the
diverse bioactivities of turmeric (the rhizomesircuma longal..) [1]. The potential of curcumin in
treating prostate cancer has been intensively tigaged since 2000 when its capability in suppregsi
prostate cancer cell proliferation was first reeglaby Dorai and co-workers [2-4]. To address itg ke
weaknesses as a drug candidate, a plethora ofchssféorts have been devoted to the development of
its analogues with improved potency and/or bioamlity [3,5]. Monoketone curcumin mimics, in
which the metabolically unstable diketone moietycimcumin is substituted with a monoketone, have
been demonstrated as a group of promising antiecaagents with 10-20 times improvéd vitro
potency relative to curcumin [3,5]. Our laborattygs systematically investigated the effect of @ntr
monoketone-containing linker and terminal ringstio@in vitro potency of the monoketone curcumin
mimics in prostate cancer cell models [6-9]. Owrvppus findings have revealed that terminal basic
nitrogen-containing heteroaromatic rings are obsipieneficial to the enhanced cytotoxic and anti-
proliferative potency and that the 1,5-dihetergaeyta-1,4-dien-3-one is the most promising class of
curcumin-based anti-prostate cancer agents, wehntbst potent compounds being over 100 folds
more potent than curcumin against prostate caretelirees [6,7]. Most monoketone curcumin mimics
are symmetric with two identical terminal aromatings, but a few of recent reports suggest that
asymmetric monoketone curcumin mimics might exhiiare desirable biological profile as compared
to the corresponding symmetric counterparts [10,1A]] 1,5-diheteroarylpenta-1,4-dien-3-ones
previously reported by us are symmetric with twoentical terminal nitrogen-containing
heteroaromatic rings [7]put we have noticed from our previous data thafecBht terminal
heteroaromatic rings can bring in varied benefitshie scaffold of 1,5-diheteroarylpenta-1,4-dien-3-
one. For example, 1l-alkylHkimidazol-2-yl moiety in analogues2-4 and 1-alkyl-H-
benzofllimidazole-2-yl moiety in analogues6 (Figure 1) are beneficial to the optimal potendy o
these compounds, whereas 1-alkii-itnidazol-2-yl moiety in analogu@ affords little enhancement in
its pharmacokinetic profile. On the other hand, &#ml-4-(trifluoromethyl)thiazol-5-yl bestows
analogue7 with an attractivein vivo pharmacokinetic profile but only with a moderaterease in
potency [7].These data prompted us to explore a new groupyofragtric 1,5-diheteroarylpenta-1,4-
dien-3-ones 25-58) with the hope of integrating optimal potency apldarmacokinetic profile by

incorporating two different heteroaromatic ring®ia single curcumin dienone mimic.



The standard of care for prostate cancer has bedrogen deprivation therapy (ADT) to block
androgen-dependent prostate cancer growth. Howefexr varying duration of progression free
period, most late stage prostate cancers eventpedlgress to castration-resistant tumors that are n
longer responsive to ADT. Further treatment withRIYAL inhibitors such as abiraterone or AR
antagonists such as enzalutamide has clinicallygorao prolong patient survival but the disease
remains incurable beyond this stage. Expressiomuoicated AR variant proteins via AR alternative
splicing emerged as an important mechanism of td@soae and enzalutamide resistance in prostate
cancer. Therefore, new anticancer agents that earcame resistance to current CRPC regimens are
highly desirable. To this end, we also evaluatedattivities of selected asymmetric curcumin mimics
in three prostate cancer cell lines that harbor gpRcing variants and are resistant to enzalutamide
treatment.
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Fig. 1. Structures, antiproliferative potency, and pharrkagstic profiles ofcurcumin and symmetric
1,5-diheteroarylpenta-1,4-dien-3-on@s/j [7]



2. Resultsand Discussion
2.1 Chemistry

The desired thirty-four asymmetric 1,5-diheteropeyita-1,4-dien-3-ones 2%-58) have been
synthesized through two sequential Horner-Wadswértitmons  reactions of 1,3-
bis(diethylphosphonato)aceton®) (with the appropriate aromatic carbadehy8g (Scheme 1). 1-
Alkyl-1H-imidazole-2-carbaldehydes and 1-alk{-benzo[d]imidazole-2-carbaldehydes were
synthesized according to the procedure illustratedthe literature [7,12]. All other aromatic
carbaldehydes were obtained from commercial soutnethe case of preparing fifteeB){diethyl(2-
0Xxo0-4-heteroaryl-but-3-en-1-yl)phosphonate$0-24) as the intermediates through the Horner-
Wadsworth-Emmons reaction, 1 equivalent of the @yppate carbaldehye was added slowly to the
reaction mixture of 1 equivalent of 1,3-bis(dietitypbsphonato)aceton8)(and potassium carbonate in
ethanol and water (0.1 M). This strategy was imgeted to reduce the formation of symmetric 1,5-
diheteroarylpenta-1,4-dien-3-ones.
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Note: BHR: Basic nitrogen containing heteroaromeitig.
For the structures of phosphonat€s24, refer to Table 1.

For the structures of dienon2s-58, refer to Table 2.

Scheme 1. Synthesis of asymmetric 1,5-diheteroarylpentaeief-3-onesZ5-58)



Tablel
Structures forK)-diethyl(2-oxo-4-heteroaryl-but-3-en-1-yl)phosplates10-24
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2.2 Antiproliferative Activity towards Prostate Candeell Lines

Thein vitro anti-proliferative activity of the thirty-four asymetric 1,5-diheteroarylpenta-1,4-dien-3-
ones R5-58) against both androgen-sensitive and androgemsitsee prostate cancer cell lines
(LNCaP, DU145, and PC-3) were assessed by WSTHL peeliferation assay according to the
procedure as described in the Experimental Secumcumin was used as a positive control for
comparison and the anti-proliferative potency afhetest dienone was represented ag V@lues. As
shown in Table 3, all the asymmetric dienones ekmiuch greater potency than curcumin in
suppressing prostate cancer cell proliferation.ifTi&s, values towards PC-3, DU145, and LNCaP
human prostate cancer cell line are in the ran§&s04-6.86 uM, 0.12-3.68 uM, and 0.03-4.05 uM,



respectively. The optimal dieno®8 with ICsy values in the range of 0.03-0.12 uM is 636-, 2h84g

454-fold more potent than curcumin in three prestaincer cell models.

The structure-antiproliferative activity relatiomgs of the asymmetric 1,5-diheteroarylpenta-1,4die

3-ones can be summarized as below:

— All thirty-four asymmetric 1,5-diheteroarylpentadidien-3-ones exhibit far greater potency
towards three human prostate cancer cell lines I€T&) than curcumin, implying that
asymmetric (E, 4E)-1,5-diheteroarylpenta-1,4-dien-3-one is an optistaffold for curcumin

mimics with substantially improved potency in initillg prostate cancer cell proliferation.

— Asymmetric 1,5-diheteroarylpenta-1,4-dien-3-on25-38) are significantly more potent than
their symmetric counterparts reported previouslyusy[7]. For example, B4E)-1,5-bis(1-
isopropyl-H-benzoflimidazol-2-yl)penta-1,4-dien-3-on®,(symmetric) is 30-111 times more
potent [7]and (E,4E)-1,5-di(pyridin-2-yl)penta-1,4-dien-3-one (symme}ris 15-60 folds
more potent [6] than curcumin towards three prestedncer cell lines; in contrast, the
asymmetric version (dienor8) with pyridine-2-yl and 1-isopropylH-benzoflimidazole-2-

yl moieties is 219-636 folds more potent than coricu

— The following four pairs of heteroaromatic ringsvee as the optimal combinations of the
terminal rings for the promising potency: i) 1igHiH-imidazol-2-yl and 2-methyl-4-
(trifluoromethyl)thiazol-5-yl moieties in dienor8, ii) 1-alkyl-1H-imidazol-2-yl and 1-alkyl-
1H-benzof]imidazole-2-yl moieties in dienonek-47, iii) 1-alkyl-1H-benzofllimidazole-2-yl
and 2-methyl-4-(trifluoromethyl)thiazol-5-yl moie8 in dienone49, and iv) 1l-alkyl-H-

benzofllimidazole-2-yl and pyridine-2-yl moieties in diames56-58.

Table3
Anti-proliferative activity of the asymmetric 1,5kh@teroarylpenta-1,4-dien-3-oneg5¢58) toward
three prostate cancer cell lines

ICs0 (LM)* ICso (curcumin)/IGo(dienone)
Compd
PC-2 DU14% LNCaP' PC-? DU145% LNCaP
Curcumin 25.43 +2.15 26.23+0.65 13.61+2.691 1 1
25 0.39 + 0.08 042+0.09 0.17+0.02 64 62 80



26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

45

46

47

0.33+0.02

0.31+0.03

0.23+0.02

0.37 £0.02

0.72+0.01

1.33+0.20

0.26 +0.02

0.55+0.05

0.30 +0.04

0.31+0.03

0.45+0.04

6.86 = 0.37

3.40+0.21

2.27+£0.12

0.80 +0.04

0.18 £0.01

0.24 +0.02

0.20+0.05

0.21 +0.04

0.14 £0.04

0.10+0.01

0.19 £0.04

0.28 +0.04

0.53+0.04

0.35+0.04

0.75+0.03

0.67 +0.02

0.85+0.04

0.29 +0.03

1.13+0.12

0.34 +0.05

0.50 +0.03

0.70+0.10

3.68 +0.08

2.55+0.23

1.32 +0.27

0.66 +0.16

0.13+0.10

0.35+0.05

0.37+£0.12

0.77 +£0.20

0.28 £0.04

0.22 +0.03

0.31+0.08

0.31+0.01

0.24 £0.04

0.22 +0.05

0.24 £0.04

0.66 +0.04

0.91+0.08

0.26 +0.02

0.45 +0.07

0.24 +0.02

0.22+0.01

0.31+0.11

4.05+0.76

2.17+£0.19

141 +0.13

0.54 +0.05

0.26 £0.07

0.33+0.05

0.56 +0.05

0.93+0.33

0.37+0.14

0.22+0.11

0.40 +0.03

76

82

110

69

35

19

98

46

85

82

57

11

32

141

106

127

121

182

254

134

94

50

75

35

39

31

90

23

77

53

38

10

20

40

138

75

71

34

94

119

85

15

44

57

62

57

21

52

30

57

62

44

10

25

52

41

24

41

37

62

34



48

0.48 + 0.02 0.78+0.06 0.34:+0.09 53 34 40
49 0.23 +0.00 0.50+0.02 0.25+0.03 110 53 54
50 0.55 +0.03 0.84+0.14 0.46+0.07 46 31 30
51 0.34 £0.05 0.57+£0.04 030%0.19 75 46 45
52 0.84 + 0.03 0.83+0.09 040%0.02 30 32 34
53 0.54 +0.04 0.63+0.06 0.30% 0.07 47 42 45
>4 1.70 £ 0.20 205+0.15 176+0.15 15 13 8
55 0.56 +0.05 0.68+0.27 0.18+0.04 45 39 76
56 0.23 +0.02 046+0.13 0.12+0.05 111 57 113
57 0.25 +0.02 0.32+£0.05 0.17+0.08 102 82 80
58 0.04 +0.01 0.12+0.05 0.03+001 636 219 454

#1Csp is the drug concentration effective in inhibiti&@% of the cell viability measured by WST-1 ceblferation assay (WST-1) after

3 days exposure. The data were presented as threingtandard derivation of the mean.

® Human androgen-insensitive prostate cancer ol li

¢ Human androgen-insensitive prostate cancer ol li

4 Human androgen-sensitive prostate cancer cell line

2.3 Antiproliferative Activity towards PWR-1E Non-neagiic Human Prostate Epithelial Cell Line

Fifteen dienone®b-28, 32, 34-35, 41, 45-46, 49, 51, and56-58) were selected as the representatives
of different subgroups for further evaluation okithability in inhibiting PWR-1E benign human
prostatic epithelial cell proliferatior25-28 are the optimal dienones with two different fivembered
heteroaromatic rings32, 34, and35 are the representatives of the dienones with eeniembered
and one six-membered heteroaromatic ringfs; 45-46, 49, and51 are those good examples with
bicyclic 1-alkyl-1H-benzofljimidazole-2-yl as one terminal ring and a five-nimred heteromatic as
another terminal ring; andb6-58 represent the subgroup having one bicyclic 1-allkjd
benzofllimidazole-2-yl as one terminal ring and one sixambered heteromatic as the other terminal
ring. PWR-1E human prostatic epithelial cell linepeesses prostate specific antigen (PSA) and

androgen receptor (AR) and mimics normal growth différentiation responses to androgen [T3je

10



PWR-1E cell line was originally isolated from a nawmrlignant prostate with mild hyperplasia and
immortalized by adenovirul 12/Simian 40. Curcumiasmused as a positive control as curcumin's
general human safety profile has been validatedlibycal trials [4,14] and animal studies [15]. The
apoptotic cell death pathway in both normal humamary prostate epithelial cells and androgen-
sensitive human prostate cancer cells could bgdregl by androgen deprivation [16].this study, we
observed the I§ values for curcumin are 8.55 uM for PWR-1E cefid 43.61 pM for LNCaP cells,
suggesting no differential responses to LNCaP aMiRRLE cells. This is reasonable considering that
curcumin can downregulate the expression and actiwiAR and PSA in LNCaP prostate cancer cells
[17] and that both LNCaP prostate cancer cells BWR-1E non-neoplastic prostate epithelial cell
lines express androgen receptor and androgen gpaniigen. As shown in Table 4, the asymmetric
dienones have 63- to 885-fold greater potency ippsessing PWR-1E benign prostate cell
proliferation, as compared with curcumin. The astrio 1,5-diheteroarylpenta-1,4-dien-3-ongs, (
26-28, 32, 34-35) having five-membered and six-membered heteroaiomags as their terminal rings
display approximately equivalent potency towards BWR-1E non-neoplastic prostate epithelial cell
line and the three human prostate cancer cell;liwbdle the asymmetric 1,5-diheteroarylpenta-1,4-
dien-3-ones41, 45-46, 49, 51, and56-58) possessing bicyclic 1-alkyl-H-benzofllimidazole-2-yl as
one terminal ring exhibit substantially higher gooliferative potency against the PWR-1E non-

neoplastic prostate epithelial cell line than thneenan prostate cancer cell lines.

Table4
Anti-proliferative activity of selected asymmetfi¢cs-diheteroarylpenta-1,4-dien-3-ones toward PWR-

1E prostate epithelial cells that express AR andl.PS

Compd 1Go (LM) ICs0 (curcumin)/IGo(dienone)
Curcumin 8.85+0.70 1
25 0.14 +0.03 63
26 0.14 +0.07 63
21 0.11 +0.03 81
28 0.11 +0.04 81
32 0.13 +0.01 68

11



34 0.17 + 0.01 52

35 0.10 +0.02 89
41 0.03 +0.01 293
45 0.04 +0.00 221
46 0.02 +0.01 443
49 0.08 +0.03 111
51 0.05 +0.01 177
56 0.04 +0.03 221
57 0.02 +0.03 443
58 0.01 +0.01 885

2.41n vitro cytotoxicity in enzalutimide-resistant gtate cancer cell models expressing AR splice

variants:

To test if the asymmetric curcumin mimics are dffecagainst ligand independent prostate cancer,
we treated three cell lines, LNCaP95, VCaP, andv22R8,19] with four potent compound23, 46,
49, and58. The IGy values, the concentrations for test compoundst@ftein suppressing 50% of the
cell viability, were measured by the trypan bluelegion assay after 5 days exposure. As shown in
Table 5, these four mimics also exhibited impressiytotoxicity against LNCaP95, VCaP, and 22Rv1

prostate cancer cell lines, withg@ralues ranging from 0.22 uM to 1.41 pM.

12



Table5
Cytotoxicity of selected asymmetric 1,5-diheterdpenta-1,4-dien-3-ones against three ligand
independent prostate cancer cell lines expresskgg@#lice variants.

Compc ICso (UM)

LNCaF9t  VCaP 22Rv]

28 0.37 0.3¢ 0.8¢
46 0.3t 1.1z 0.22
49 0.3¢ 1.41 0.2z
58 0.2¢ 0.64 0.4¢

2.5. In vivo pharmacokinetic studies and acutedioxin rat:

The overarching goal of this research is toiree®y curcumin mimics with improved potency and
bioavailability. To evaluate if the asymmetric aumin mimics with markedly improved anticancer
activities could also possess greater bioavaitgbilve chose four most promising mimi@8, 46, 49,
and 58, for pharmacokinetic studies. Among them, dienaz&and49 were highly expected to have
good bioavailability because they both contain 2hyle4-(trifluoromethyl)thizaol-5-yl moiety that lsa
been demonstrated by us to confer analagwéh an attractiven vivo pharmacokinetic profile in mice
[7]. In this study we sought to evaluate the pharma&tkinprofiles for these lead compounds in
Sprague Dawley rats, a species that are more doitdzioavailability study. The animals administtre
with 28, 46, 49, or 58, via oral gavage at a single dose of 10 mg/kg,ldadd samples were collected
at 1, 3, 6, and 24 hours after oral administratilasma was prepared from the blood samples and was
analyzed by HPLC-MS/MS for determination of drugncentrations as described in the Experimental
Section. Summarized in Table 6 are the plasma cdratens of28, 46, 49, and 58 at different
sampling time points, which lead to the concluditet, among the four dienones, compodfdjains
the least improvement in its bioavailability withet peak concentration at 280.9 ng/mL. The relativel
poor pharmacokinetic results of HHE)-1-(1-propyl-H-benzof]imidazole-2-yl)-5-(1-propyl-H-
imidazole-2-yl)penta-1,4-dien-3-ond6) are consistent with our previous reports wheig4#)-1,5-
bis(1-isopentyl-H-imidazol-2-yl)penta-1,4-dien-3-on&)(only showed very little improvement in its
peak concentration and AUC value as compared withuenin/ These data collectively suggest that

location of 1l-alkyl-H-imidazole-2-yl and/ or 1-alkylH-benzofljimidazole-2-yl to both terminal

13



rings of the dienones resulted in markedly improgaad-proliferative potency, but little enhancement

in bioavailability.

Conversely, assignment of a 1-alkid-imidazole-2-yl or 1-alkyl-H-benzofllimidazole-2-yl
moiety as one terminal ring and incorporation @-methyl-4-(trifluoromethyl)thiazol-5-yl or pyridin
2-yl moiety as the other terminal ring lead to texy promising dienone&8, 49, and 58 with
substantially improved bioavailability, in additiom the great potency. The peak concentrationdohe
of these three dienone88( 49, and58) is 1943.8 ng/mL (5.27 uM), 1225.1 ng/mL (3.25 (i Mipd
4264.1 ng/mL (13.45 uM), respectively, far excegdimeir IG values ranging from 0.03-0.50 uM in
three human prostate cancer cell lines. It is teasonable to conclude that the excellent biodvisitha
of 28, 49, and58, as demonstrated by their high peak plasma coratemt and AUC values, will

provide the therapeutic efficacy necessary to btaokor growth.

The acutén vivo toxicity in rats indicates that the animals welpgeao tolerate the dose of 10 mg/kg
of dienones28 and49 without observed toxicity. However, we noticedtttize rats died in about 48
hours and 72 hours, respectively, after orally gi¢é or 58 at 10 mg/kg. Therefore28 and49 are

more promising asymmetric dienones worthy for ferttievelopment.

-ZI-fl—lliﬁr mouse-plasma concentrations of curcu@8n46, 49, and58
Times Concentration in Plasma (ng/mL)
Curcumir? 28 46 49 58
30 min 0.04
1 hr 0.33 360.7 + 3.8 113.9+2.2 112.1+5.9 82262.1
2 hr 0.57
3hr 672.4+23.4 196.5+16.7 982.3+44.7 4264185.3
4 hr 0.13
6 hr 1943.8 +47.3 280.9+23.7 1225.1 +43.0 35615.2
1 day 0.03 230.3+5.6 86.0 £5.9 314115 18474
tmax(hrs) 2 6 6 6 3
Cax (ng/mL) 0.57 1943.8 £47.3 280.9 £23.7 1225.1%1 4264.1 +185.3
Area under curve 2.85 24704.65 4385.55 18314.35 17609.60
(AUC)
(ng/mL*h)

& The data for curcumin have been reported in owipus paper [7]
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Note: Single oral dose f@8, 46, 49, and58 is 10 mg/kg in rats.

Single oral dose for curcuminlisng/kg in mice.
2.6.Metabolic profiling of dienoné&8 and49

A preliminary metabolic transformation study wasdocted for dienone&8 and 49 by in vitro
microsomal incubation experiments to identify majoetabolites of these compounds. As shown in
Table 7, a total of three major metabolic produdtdienone28 were detected and identified based on
chromatographic and mass spectral data collectddthfee metabolites, assigned 28&MO1, 28-
MO2, and28-M O3 (Scheme 2), were monohydroxylation products. Tbkarly of the metabolites
with various oxidation sites is consistent with tieéention time indicatin@8-M OL1 is the most polar
metabolite followed by28-MO2 and 28-M O3. For dienone49, only two major metabolic products
were observe49-MO1 and49-MO2 (Scheme 3). While the assignment of hydroxylatid@ssmay
not be definitive with available analytical infortian, the mono-oxidation of both parent compounds

has been confirmed by their respective high resmiuhass spectra (Table 7).

Table7.
Analytical results of dienoneé8, 49, and their respective metabolic products.

Compound Retention MH™: Parent ion Mass Major Fragment ions
or time Theoretical (observed in error
metabolite (min) positive ion (ppm)
mode)
28 4.35min  370.1201 370.1195 1.6 121, 246, 314 (M-
CHCHzCH,CH3)+2H),
28-MO1  3.32min  386.1150  386.1145 1.3 314, 121, 294, 3BK, 179
28-M0O2  3.7min 386.1150  386.1145 1.3 151, 167, 332, 220
28-MO3  3.97min  386.1150  386.1145 1.3 330, 310, 151, 1817, 1
49 5.05min  392.1044  392.1039 1.3 199 (M-CHCEHEF:NS);
171 (M+H-CHCH-GH3F3NS-
CH,CHj3), 372, 325, 352
49-MO1 4.54min  408.0994 408.0988 15 215(M-CHCHEHGF;NS); 187
(M+H-CHCH-GsH3F3NS-
CH,CHjs), 136, 341, 388
49-M0O2  4.66min  408.0994  408.0988 1.5 199 (M-CHCEHEF:NS-0);

171 (M+H-CHCH-GH3FsNS-
CH,CHz-0), 388, 215, 171
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2.7.Cell cycle regulation and cell apoptosis.

Curcumin has been reported to arrest PC-3 cellecgtithe @S phase [20[The PC-3 cell cycle
regulations of dienone28 and46 were assessed using flow cytometry analysis witipigdium iodide
DNA staining. The data illustrated in Figure 2 sesfgthat both of them induce cell cycle arreshat t
Go/G;1 phase by accumulating PC-3 cell population inGos; phase, while fewer cells were observed
in the G phase. Specifically, dieno (4 uM) increases the population of PC-3 cells ia G/G;
phase from 51% and 59% (control cells) at 16 h aadh, respectively, to 78% and 76%. The
population of cells in the ohase decreases from 25% to 13% at 16 h, andZd8fin control cells
to 14% at 24 h. Similarly, treatment BC-3 cells with dienon28 (5 uM) led to 14% (at 16 h) and 4%
(at 24 h) higher cell population at the/G; phase and 10% (at 16 h) and 3% (at 24 h) lowdr cel

population at the gphase, as compared with their control cells.
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Fig. 2. Cell cycle analysis of PC-3 prostate cancer célS-3 cancer cells were untreated or treated
with 28 at 5 M andi6 at 4 uM, respectively. Cells were harvested &feh or 24 h, fixed, stained,

and analyzed for DNA content.

The growth suppression of PC-3 prostate caceks by curcumin has been demonstrated to be, at
least in part, associated with its cell apoptosisvation [2]. The violet excitable dye F2N12S can
detect membrane asymmetry changes during apo@ndiSYTOX AADVanced dead cell stain can
distinguish the cells with compromised membrange (poptotic and necrotic cells) from the viable
cells. The F2N12S and SYTOX AADVanced double stagjrassay in a flow cytometer was employed

for the discrimination between early apoptotic P€Cells and late apoptotic/necrotic PC-3 cells when
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treated with dienone®8 and 46 at the concentrations specified in Figures 3 antbr416 h.
Staurosporine, a known apoptotic inducer, was w@se@ositive apoptotic control in all experiments
(data not shown). As summarized in Figure 3, diedBican simultaneously activate apoptotic and
necrotic cell death in the androgen-insensitive3@ostate cancer cell line after a 16-hour treatme
Specifically, exposure of PC-3 cells 46 at 4 uM can lead to 22% of PC-3 cells in earlygehaf
apoptosis, as well as 23% late apoptotic/necratils,cas compared with control cells; treatmentwit
46 at 6-15 uM induces 43-52% early apoptotic celtgetber with 35-47% late apoptotic/necrotic cells.
It is worth noting tha8 induces PC-3 cell death in a different way frdéeven though they possess
same 1,5-diheteroarylpenta-1,4-dien-3-one scaffotticating that terminal heteroaromatic rings niigh
be very important to the action of mechanism focheapecific dienone. As shown in Figure 4,
incubation of the PC-3 cells with dienor28 for 16 h induced considerable levels of late
apoptotic/necrotic cells rather than early apoptoslls. For example, 5 uM of dienog@ can induce

39% late apoptotic/necrotic cells but only 11% yapoptotic cells.

o (I - [ ) Apoptotic Effect of46 toward PC-3 Cells

120
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“ 96 95 03
80
Control 2uM 60 55 49 52,
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o | e o ] e ns 223 2
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Control DMSO 2uM 4uM 6pM  8uM  10uM  15uM
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Fig. 3. Evolution of viable, apoptotic, and necrotic PCels populations in response4o.
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Fig. 4. Evolution of viable, apoptotic, and necrotic PCells populations in response®

3. Conclusion

To optimize monoketone curcumin mimics as antiqa@scancer agents, thirty-four asymmetric 1,5-
diheteroarylpenta-1,4-dien-3-onezb{58) have been designed and synthesized for the aiaiuaf
their in vitro antiproliferative activity in threeuman prostate cancer cell lines and one human non-
neoplastic prostate epithelial cell line. All thessymmetric dienones are sufficiently more potbant
curcumin and their corresponding symmetric courategp The optimal dienors8 with 1Cs values in

the range of 0.03-0.12 pM is 636-, 219-, and 43d-faore potent than curcumin in three prostate
cancer cell models. However, its in vivo acute ¢dyiin mice may limit the further development of
dienoneb8. Dienone8 and49 have been identified as more-promising asymmeienones based on
their substantially improved potency in cell modat&l excellent bioavailability in mice, as wellthe
lack of apparent acute toxicity in the animalsheg tiose of 10 mg/kg. Importantly, these asymmetric
curcumin mimics also demonstrate potent antipna@ifee activities against ligand independent, AR-V
harboring prostate cancer cells that are resistaall forms of hormonal therapy. Dienori2®&and46

can induce PC-3 cell cycle regulation at th#Gz phase, but dienor28 induces PC-3 cell death in a
different way fromd6 even though they possess the same 1,5-dihetgpeatgl1,4-dien-3-one scaffold,

suggesting that the terminal heteroaromatic ringy play a critical role in the underlying mechanism
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of action for each specific dienone. The furthardgt on anticancer mechanism of diend&is

ongoing.
4. Experimental

4.1 General Procedures

HRMS were obtained on an Orbitrap mass speetenwith electrospray ionization (ESI). NMR
spectra were obtained on a Bruker Fourier 300 spaeter in CDCGJ. The chemical shifts are given in
ppm referenced to the respective solvent peak,cangling constants are reported in Hz. Anhydrous
THF and dichloromethane were purified by PureSold M Solvent Purification System from
Innovative Technologies (MB-SPS-800). All other geats and solvents were purchased from
commercial sources and were used without furthefipation. Silica gel column chromatography was
performed using silica gel (32-63 um). Preparativie-layer chromatography (PTLC) separations
were carried out on thin layer chromatography glédaded with silica gel 60 GF254 (EMD Millipore
Corporation, MA, USA). Curcumin was synthesized ®kaisen-Schmidt condensation of aromatic
aldehyde with acetylacetone according to the pnoeeddescribed in the literature [21],3-
Bis(diethylphosphonato)acetone was synthesizedyubi@ procedure illustrated in the literature [22].
The purities of thirty-two out of thirty-four biotpcally tested compounds a#€95% as determined by
HPLC. Specifically, the major peak accounted f095% of the combined total peak area when
monitored by a Diode Array Detector (DAD) at 32380 nm. The HPLC analyses were performed on
an Agilent Hewlett Packard 1100 Series HPLC DADw&ysusing a 5 uM £ reversed phase column
(4.6 mm x 250 mm) and a Diode Array Detector. Thatp of two compounds37 and38, cannot be
measured using the above-mentioned conditions. M/@at further pursuit their purity because they

exhibited the poorest anti-proliferative potency.

4.2 General procedure for the synthesis of (E)hyi€R-oxo-4-aryl-but-3-en-1-yl)phosphonat&3-24
[8]

A solution of tetraethyl(2-oxopropane-1,3-dofy(phosphonate) (0.4 mmol, 1 equiv.) and potassium
carbonate (55 mg, 0.4 mmol, 1 equiv.) in ethanat (dL) and water (2.1 mL) was stirred 4€Cfor 30
min. The corresponding aromatic carbaldehyde (Gabml equiv.) was added dropwise to the soltion.
The subsequent mixture was stirred at@for 4-10 hours as determined by TLC prior to hein
quenched with agqueous ammonium chloride solutioh fiL). The mixture was extracted with

dichloromethane (10 mL x 3), and the combined dicdthethane layers were dried over anhydrous
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magnesium sulfate and concentrated under reduesgdyre. The crude product was subjected to PTLC
purification using DCM:MeOH (100:10, v/v) as eludatgive the respective phosphonate. The NMR
data of phosphonatdd and16-20 are in consistent with those reported in theditere [8]. The NMR
data for other phosphonatd®(12-15, and21-24) are listed in Supplementary Data.

4.3 General procedure for the synthesis of asymmgtE,4E)-1,5-diheteroarylpenta-1,4-dien-3-ones
(25-58) [8]

To a solution of the corresponding)-diethyl(2-oxo-4-aryl-but-3-en-1-yl)phosphonate.1(®2
mmolL, 1 equiv.) in ethanol (0.6 mL) and water (hR) was added potassium carbonate (16 mg, 0.122
mmol, 1 equiv.) and the corresponding aromatic adedhyde(0.122 mmol, 1 equiv.), and the mixture
was stirred at room temperature for 2-48 h as deted by TLC. The reaction was quenched with
brine (15 mL), and the subsequent mixture was etddawith dichloromethane (10 mL x 3). The
combined extracts were dried over anhydrous magmesulfate and concentrated in vacuum. The
residue was purified over preparative thin layer roaiatography, eluting with
dichloromethane/methanol (100:5-10, v/v) and/orylethcetate/methanol (100:5, v/v), to give the

respective product.

4.3.1 (1E,4E)-1-(1-(sec-Butyl)-1H-imidazol-2-yl#btazol-2-yl)penta-1,4-dien-3-ong)

Yellow oil, 82 % yield*H NMR (300 MHz, CDC}) §: 7.95 (1H, dJ = 3.3 Hz, thiazole H-4), 7.86
(1H, d,J = 15.9 Hz, vinyl H), 7.65 (1H, d] = 15.0 Hz, vinyl H), 7.59 (1H, dl = 15.0 Hz, vinyl H),
7.47 (1H, dJ = 3.3 Hz, thiazole H-5), 7.24 (1H, s, imidazolelq-7.23 (1H, d,) = 15.9 Hz, vinyl H),
7.11 (1H, s, imidazole H-5), 4.40 (1H, sexteét; 7.2 Hz,secbutyl CH), 1.88-1.72 (2H, msecbutyl
CH,CHs), 1.47 (3H, d,) = 6.6 Hz,secbutyl CHsCH), 0.84 (3H, t,J = 7.2 Hz,secbutyl CH,CHs). °C
NMR (75 MHz, CDC}) ¢: 188.1, 164.1, 145.2, 143.1, 134.4, 131.3, 1314@,5, 125.8, 121.9, 119.2,
53.6, 31.0, 22.0, 10.7. IR (film)ax 3106, 2969, 2930, 1651, 1615, 1589, 1505, 14879 tm*. HR-
MS (ESI)m/z calcd for GsH1gNsOS [M+H]": 288.1170; found 288.1166. HPLC purity 95.3% (30 m
run of 45-80% CHCN in H,O, with 15 min gradient, 1.0 mL/min).

4.3.2 (1E,4E)-1-(4-Bromo-1-methyl-1H-pyrazol-3§1-(sec-butyl)-1H-imidazol-2-yl)penta-1,4-
dien-3-one Z6)

Yellow oil, 69 % yield'H NMR (300 MHz, CDCY) §: 7.69 (1H, d,) = 16.2 Hz, vinyl H), 7.68 (1H,
d,J = 15.6 Hz, vinyl H), 7.62 (1H, dl = 15.0 Hz, vinyl H), 7.44 (1H, s, pyrazole H), Z.@H, d,J =
16.2 Hz, vinyl H), 7.28 (1H, s, imidazole H-4), T.11H, s, imidazole H-5), 4.43 (1H, sextét: 7.2
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Hz, secbutyl CH), 3.95 (3H, sN-CHg), 1.89-1.73 (2H, msecbutyl CH,CHjg), 1.49 (3H, d,J = 6.9 Hz,
secbutyl CH;CH), 0.86 (3H, tJ = 7.2 Hz,secbutyl CH,CHs). *C NMR (75 MHz, CDC}) &: 188.8,
145.3, 143.3, 132.3, 132.1, 131.1, 128.1, 126.8,3,2118.8, 96.2, 53.5, 40.2, 31.0, 22.0, 10.7. IR
(film) vmas 3116, 2971, 2933, 1669, 1623, 1507, 1489, 1488 tn'. HR-MS (ESI)m/z calcd for
Ci16H20BrN,O [M+H]": 363.0820, 365.0800; found 363.0817, 365.0796. GiPLrity 95.8% (30 min
run of 45-80% CHCN in H,O, with 15 min gradient, 1.0 mL/min).

4.3.3 (1E,4E)-1-(1-(sec-Butyl)-1H-imidazol-2-yly%-methylisoxazol-3-yl)penta-1,4-dien-3-02&)(
Yellow oil, 49 % yield*H NMR (300 MHz, CDC}) §: 7.69 (1H, d,J = 16.5 Hz, vinyl H), 7.65 (1H,

d,J = 16.2 Hz, vinyl H), 7.60 (1H, dl = 16.2 Hz, vinyl H), 7.25 (1H, s, imidazole H-#)12 (1H, s,

imidazole H-5), 6.93 (1H, d] = 16.5 Hz, vinyl H), 6.23 (1H, s, isoxazole H-4)44% (1H, sextet) =

6.9 Hz,secbutyl CH), 2.47 (3H, s, isoxazole 5-GH 1.87-1.83 (2H, msecbutyl CH,CHz), 1.48 (3H,

d, J = 6.6Hz,secbutyl CHsCH), 0.85 (3H, tJ = 7.2 Hz,secbutyl CH,CHs). **C NMR (75 MHz,

CDCl3) 0: 188.2, 170.5, 160.4, 143.1, 133.1, 131.4, 13127,8, 125.1, 119.2, 99.7, 53.7, 31.1, 22.0,

12.5, 10.7. IR (film)vmax 3128, 2970, 2931, 1657, 1630, 1599, 1458, 1268, ¢HiR-MS (ESI)m/z

calcd for GeHaoN3O, [M+H]*: 286.1556; found 286.1550. HPLC purity 98.7% (30 min of 45-80%

CHsCN in HO, with 15 min gradient, 1.0 mL/min).

4.3.4  (1E,4E)-1-(1-(sec-Butyl)-1H-imidazol-2-ylY:B-methyl-4-(trifluoromethyl)thiazol-5-yl)penta-
1,4-dien-3-oneZ8)

Yellow solid, mp 79-86C, 79 % yield."H NMR (300 MHz, CDC}) 6: 7.96 (1 H, dJ = 15.6 Hz,
vinyl H), 7.63 (1H, dJ = 17.4 Hz, vinyl H), 7.58 (1H, dl = 17.4 Hz, vinyl H), 7.27 (1H, s, imidazole
H-4), 7.12 (1H, dJ = 0.6 Hz, imidazole H-5), 6.72 (1H, d~15.6 Hz, vinyl H), 4.40 (1H, sextel=
6.9 Hz,secbutyl CH), 2.75 (3H, sthiazole 2-CH), 1.87-1.75 (2H, nsecbutyl CH,CHy), 1.48 (3H, d,
J = 6.6 Hz,secbutyl CHsCH), 0.84 (3H, tJ = 7.2 Hz,secbutyl CH,CHs). **C NMR (75 MHz, CDC})

0. 187.1, 167.7, 143.5){r = 35 Hz), 142.7, 136.5, 132.3, 130.4, 129.7, 12625.7, 120.8 Xr =
270.8 Hz), 119.3, 54.0, 31.0, 22.0, 19.8, 10.7(filR) vmax 3071, 1640, 1603, 1575, 1493, 1387'cm
HR-MS (ESI)m/z calcd for G/HigN3ORS [M+H]™: 370.1201; found 370.1198. HPLC purity 96.0%
(30 min run of 45-80% C}CN in H,O, with 15 min gradient, 1.0 mL/min).

4.3.5 (1E,4E)-1-(1-(sec-Butyl)-1H-imidazol-2-yly&methylisoxazol-4-yl)penta-1,4-dien-3-026)(
Yellow oil, 51 % yield™H NMR (300 MHz, CDCY) §: 7.71 (1H, d,) = 15.0 Hz, vinyl H), 7.59 (1H,

d,J = 15.0 Hz, vinyl H), 7.57 (1H, dl = 16.2 Hz, vinyl H), 7.28 (1H, s, imidazole H-#)12 (1H, s,

imidazole H-5), 7.07 (1H, d,=16.2 Hz, vinyl H), 6.38 (1H, s, isoxazole H-5)4% (1H, sextet) = 7.2
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Hz, secbutyl CH), 2.33 (3H, s, isoxazole 3-GH 1.87-1.74 (2H, msecbutyl CH,CHj3), 1.48 (3H, dJ

= 6.6 Hz,secbutyl CHsCH), 0.84 (3H, tJ = 7.5 Hz,secbutyl CH,CHs). **C NMR (75 MHz, CDC}))

0. 187.8, 165.9, 160.6, 142.8, 130.7, 130.5, 12628,.6, 126.4, 119.2, 107.9, 53.9, 31.0, 22.0, 11.5,
10.7. IR (film) vmax 2925, 1647, 1623, 1616, 1577, 1558, 1521, 1507. ¢HR-MS (ESI)m/z calcd

for CieH20N30, [M+H]™: 286.1555; found 286.1552. HPLC purity 95.8% (3 mun of 45-80%
CHsCN in HO, with 15 min gradient, 1.0 mL/min).

4.3.6 (1E,4E)-1-(1-(sec-Butyl)-1H-imidazol-2-yI&4,5-trimethoxyphenyl)penta-1,4-dien-3-086)

Yellow oil, 37 % yield'H NMR (300 MHz, CDC}) &: 8.19 (1H, d,) = 15.3 Hz, vinyl H), 7.94 (1H,
d,J = 16.2 Hz, vinyl H), 7.55 (1H, d] = 15.0 Hz, vinyl H), 7.35 (1H, s, imidazole H-Z)15 (1H, s,
imidazole H-5), 6.90 (2H, s, phenyl H-2, H-6), 6 @81, d,J = 16.2 Hz, vinyl H), 4.52-4.41 (1H, m,
secbutyl CH), 3.92 (6H, s, 2 x OC¥), 3.90 (3H, s, OCEJ, 1.93-1.76 (2H, nsecbutyl CH,CHg), 1.52
(3H, d,J = 6.6Hz,secbutyl CH;CH), 0.87 (3H, tJ = 7.5 Hz,secbutyl CH,CHs). *C NMR (75 MHz,
CDCl3) 0: 188.5, 153.6, 145.7, 142.7, 140.8, 130.3, 12®8,1, 126.7, 123.5, 118.8, 106.0, 61.2, 56.4,
54.5, 30.8, 21.8, 10.7. IR (film)nax 3071, 2927, 1647, 1616, 1581, 1504, 1456, 1419, ¢R-MS
(ESI)m/z calcd for GiH26N20,4 [M+H]™: 371.1971; found 371.1973. HPLC purity 95.3% (3@ nan
of 45-80% CHCN in H,O, with 15 min gradient, 1.0 mL/min).

4.3.7 (1E,4E)-1-(1-(sec-Butyl)-1H-imidazol-2-yI\&4-dimethoxyphenyl)penta-1,4-dien-3-088) (
Yellow oil, 19 % yield'H NMR (300 MHz, CDG}) d: 8.14 (1H, d,J = 15.0 Hz, vinyl H), 7.95 (1H,
d,J=16.2 Hz, vinyl H), 7.56 (1H, d} = 15.0 Hz, vinyl H), 7.34 (1H, s, imidazole H-Z)26 (1H, dd,
J =7.2, 1.8 Hz, phenyl H-6), 7.18 (1H, 8= 1.8 Hz, phenyl H-2), 7.14 (1H, s, imidazole H-6)91
(1H, d,J = 8.1 Hz, phenyl H-5), 6.85 (1H, d,= 16.2 Hz, vinyl H), 4.46 (1H, sextel,= 6.9 Hz,sec
butyl CH), 3.95 (3H, s, OCEHJ, 3.94 (3H, s, OC}}, 1.90-1.78 (2H, msecbutyl CH,CHs), 1.51 (3H, d,
J = 6.6 Hz,secbutyl CHzCH), 0.87 (3H, tJ = 7.2 Hz,secbutyl CH,CHs). **C NMR (75 MHz, CDCJ)
0: 188.5, 151.9, 149.5, 145.6, 142.9, 129.2, 12BR8,8, 125.5, 124.0, 123.9, 118.6, 111.3, 110.2,56
56.1, 54.4, 30.9, 21.9, 10.7. IR (filmya, 2966, 2934, 1645, 1615, 1582, 1508, 1458, 1421 ¢iR-
MS (ESI)m/z calcd for GoH2sN-O3 [M+H]™: 341.1865; found 341.1860. HPLC purity 97.6% (30 m
run of 45-80% CHCN in H,O, with 15 min gradient, 1.0 mL/min).

4.3.8 (1E,4E)-1-(1-(sec-Butyl)-1H-imidazol-2-yly&-methylpyridin-2-yl)penta-1,4-dien-3-oné2j

Yellow oil, 72 % yield™H NMR (300 MHz, CDCJ) §: 7.87 (1H, d,) = 15.3 Hz, vinyl H), 7.80 (1H,
d, J = 15.9 Hz, vinyl H), 7.60 (1H, §§ = 7.8 Hz, pyridine 4-H), 7.59 (1H, d,= 15.0 Hz, vinyl H),
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7.44 (1H, dJ = 15.9 Hz, vinyl H), 7.30 (1H, d = 7.8 Hz, pyridine 3-H), 7.27 (1H, s, imidazole, H)
7.13 (1H, dJ = 7.8 Hz, pyridine 5-H), 7.10 (1H, s, imidazole, ¥)41 (1H, sextet, J = 7.2 Hgec
butyl CH), 2.58 (3H, s, pyridine CH), 1.86-1.72 (2H, msecbutyl CH,CHs), 1.47 (3H, dJ = 6.9 Hz,
secbutyl CH;CH), 0.84 (3H, tJ = 7.5 Hz,secbutyl CH,CHs). **C NMR (75 MHz, CDC}) §: 189.1,
159.3, 152.6, 143.2, 143.0, 137.1, 130.2, 130.0,312125.8, 124.4, 122.4, 118.8, 53.9, 30.9, 24.8,
21.9, 10.7. IR (filmmax 2970, 2932, 1653, 1623, 1616, 1590, 1457.cAR-MS (ESI)m/z calcd for
C1gH2oN30 [M+H]™: 296.1763; found 296.1758. HPLC purity 97.7% (36 min of 45-80% CKCN in
H>0, with 15 min gradient, 1.0 mL/min).

4.3.9 (1E,4E)-1-(Pyridin-2-yl)-5-(thiazol-2-yl)pentl,4-dien-3-one33)

Yellow solid, mp 78-79C, 84 % yield.*H NMR (300 MHz, CDCJ) J: 8.70 (1H, d,J = 3.9 Hz,
pyridine H-6), 7.98 (1H, d] = 3.0 Hz, thiazole H-4), 7.89 (1H, di= 15.9 Hz, vinyl H), 7.80-7.73 (2H,
overlapped, vinyl H; pyridine H-4), 7.61 (1H, d,= 15.6 Hz, vinyl H), 7.51 (1H, d] = 7.2 Hz,
pyridine H-3), 7.49 (1H, d] = 2.7 Hz, thiazole H-5), 7.39 (1H, d= 15.9 Hz, vinyl H), 7.32 (1H, dd,

J = 8.4, 5.7 Hz, pyridine H-5}3C NMR (75 MHz, CDC}) J: 188.8, 164.2, 153.1, 150.4, 145.2, 142.5,
137.2, 134.7, 129.4, 129.5, 125.3, 124.8, 121.8(filR) vmax 3078, 1655, 1622, 1597, 1582, 1467,
1431, 1329 ci. HR-MS (ESI)m/z calcd for GaH11NoOS [M+H]": 243.0592; found 243.0587. HPLC
purity 98.5% (30 min run of 45-80% GEN in H,O, with 15 min gradient, 1.0 mL/min).

4.3.10 (1E,4E)-1-(1-(sec-Butyl)-1H-imidazol-2-yH®yridin-2-yl)penta-1,4-dien-3-on&4)

Yellow oil, 77 % yield*H NMR (300 MHz, CDC}) 4: 8.69 (1H, dJ = 4.5 Hz, pyridine H-6), 7.80
(1H, d,J = 15.6 Hz, vinyl H), 7.75-7.72 (2H, overlappecthwiH; pyridine H-4), 7.63 (1H, d] = 15.0
Hz, vinyl H), 7.50 (1H, dJ = 7.8 Hz, pyridine H-3), 7.47 (1H, d= 15.6 Hz, vinyl H), 7.31-7.27 (1H,
m, pyridine H-5), 7.27 (1H, s, imidazole H-4), 7.(H, d,J = 0.9 Hz, imidazole H-5), 4.43 (1H, sextet,
J = 6.9 Hz,sechutyl CH), 1.90-1.74 (2H, msecbutyl CH,CHs), 1.49 (3H, dJ = 6.6 Hz,secbutyl
CHsCH), 0.86 (3H, tJ = 7.2 Hz,secbutyl CH,CHz). *C NMR (75 MHz, CDC}) J: 189.1, 153.3,
150.4, 143.2, 142.3, 137.0, 131.0, 130.2, 127.6,312125.1, 124.5, 118.9, 5381.0, 22.0, 10.7. IR
(film) vmas 3105, 2970, 2932, 1651, 1622, 1585, 1503, 14881 tm'. HR-MS (ESI)m/z calcd for
C17H20N30 [M+H]™: 282.1606; found 282.1601. HPLC purity 96.0% (3@ ran of 45-80% CHKCN in
H>0, with 15 min gradient, 1.0 mL/min).

4.3.11 (1E,4E)-1-(4-Bromo-1-methyl-1H-pyrazol-38jpyridin-2-yl)penta-1,4-dien-3-on&%)
Yellow solid, mp 81-82C, 71 % vyield."H NMR (300 MHz, CDC}J) &: 8.67 (1H, dJ = 4.2 Hz,
pyridine H-6), 7.76 — 7.74 (1H, di,= 8.1, 1.8 Hz, pyridine H-4), 7.68 (1H, s, pyraz#él-5), 7.67 (dJ
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= 16.2 Hz, vinyl H), 7.56 (1H, d] = 15.9 Hz, vinyl H), 7.50-7.42 (2H, overlappedayliH; pyridine
H-3), 7.45 (1H, dJ = 16.2 Hz, vinyl H), 7.30-7.26 (1H, m, pyridine3)- 3.93 (3H, s, pyrazole 1-
CHs). *C NMR (75 MHz, CDCJ) 6: 189.4, 153.4, 150.2, 145.3, 141.7, 137.1, 13231, 129.1,
126.6, 125.0, 124.5, 96.1, 40.2. IR (film)a: 3123, 1654, 1628, 1599, 1507, 1466, 1323, 1309. cm
HR-MS (ESI)m/z calcd for G4H1sNsOBr [M+H]™: 318.0242, 320.0222; found 318.0239, 320.0218.
HPLC purity 96.4% (30 min run of 45-80% QEN in H,O, with 15 min gradient, 1.0 mL/min).

4.3.12 (1E,4E)-1-(5-Methylisoxazol-3-yl)-5-(pyrieryl)penta-1,4-dien-3-oneE)

Yellow solid, mp 77-78C, 89 % vyield."H NMR (300 MHz, CDCJ) §: 8.68 (1H, dJ = 4.0 Hz,
pyridine H-6), 7.78— 7.74 (1H, m, pyridine H-4)72Z.(1H, d,J = 16.2 Hz, vinyl H), 7.69 (1H, d] =
16.2 Hz, vinyl H), 7.62 (1H, d] = 15.6 Hz, vinyl H), 7.49 (1H, dl = 7.8 Hz, pyridine H-3), 7.33-7.29
(1H, m, pyridine H-5), 7.04 (1H, d = 16.2 Hz, vinyl H), 6.24 (1H, s, isoxazole H-2)47 (3H, s,
isoxazole 5-ChH). **C NMR (75 MHz, CDCJ) 4: 188.9, 170.6, 160.3, 153.0, 150.4, 142.8, 137.1,
132.1, 130.9, 127.6, 125.3, 124.8, 99.7, 12.5nal)vmax 3071, 1640, 1603, 1575, 1493, 1387'cm
IR (film) vmax 3051, 2927, 1680, 1660, 1634, 1603, 1463, 14834 tni". HR-MS (ESI)m/z calcd
for Ci4gH13N,O, [M+H]™: 241.0977; found 241.0972. HPLC purity 97.2% (30 mun of 45-80%
CHsCN in HO, with 15 min gradient, 1.0 mL/min).

4.3.13 (1E,4E)-1-(1-isopropyl-1H-imidazol-2-yl)-B-(pyrrolidin-1-yl)thiazol-5-yl)penta-1,4-dien-3-
one @7)

Brown oil, 28% vyield'H NMR (300 MHz, CDC}) §: 7.83 (1H, dJ = 15.0 Hz, vinyl H), 7.55 (2H,
S, 2 x vinyl H), 7.49 (1H, s, thiazole H-4), 7.18H s, imidazole H-4), 7.10 (1H, s, imidazole H-5),
6.28 (1H, dJ = 15.0 Hz, vinyl H), 4.75-4.60 (1H, m, isopropyH¥; 3.59-3.49 (4H, m, pyrrolidine 2 x
CH,), 2.13-2.04 (4H, m, pyrrolidine 2 x GH 1.53-1.41 (6H, broad peak, isopropyl 2 x {£HC
NMR (75 Hz, CDC})) ¢: 187.8, 169.4, 149.0, 143.1, 135.5, 130.7, 12628,5, 124.2, 122.9, 118.3,
50.0, 47.7, 25.8, 24.0. IR (neat)ax 2923, 2853, 1641, 1607, 1537, 1502, 1458, 1264. ¢iR-MS
(ESI)m/z calcd for GgH23N4OS [M+H]": 343.1593; found 343.1594.

4.3.14 (1E,4E)-1-(1-isopropyl-1H-imidazol-2-yl)-B-(piperidin-1-yl)thiazol-5-yl)penta-1,4-dien-3-one
(38)

Brown-red oil, 63% yield:*H NMR (300 MHz, CDCJ) ¢: 7.83 (1H, dJ = 15.3 Hz, vinyl H), 7.57
(1H, d,J = 15.3 Hz, vinyl H), 7.52 (1H, dl = 15.3 Hz, vinyl H), 7.45 (1H, s, thiazole H-4)19.(1H,
s, imidazole H-4), 7.11 (1H, s, imidazole H-5),6(2H, d,J = 15.3 Hz, vinyl H), 4.68 (1H, hepl,=
6.6 Hz, isopropyl CH), 3.58 (4H, br.s, piperidinexZH,), 1.70 (6H, br.s, piperidine 3 x G};1.48
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(6H, d,J = 6.6 Hz, isopropyl 2 x CH. 3C NMR (75 Hz, CDGJ) &: 187.8, 172.8, 148.6, 143.0, 135.3,
130.7, 126.7, 125.5, 124.2, 123.1, 118.3, 49.97,475.3, 24.2, 24.0. HR-MS (ESH/z calcd for
CioH2sN4OS [M+H]": 357.1749; found 357.1747.

4.3.15 (1E,4E)-1-(1-1sopropyl-1H-imidazol-2-yl)-B-fnorpholinothiazol-5-yl)penta-1,4-dien-3-one
(39)

Brown-red oil, 77% yield*H NMR (300 MHz, CDCJ) ¢: 7.82 (1H, dJ = 15.3 Hz, vinyl H), 7.59
(1H, d,J = 15.0 Hz, vinyl H), 7.53 (1H, dl = 15.0 Hz, vinyl H), 7.47 (1H, s, thiazole H-4)20 (1H,
s, imidazole H-4), 7.12 (1H, s, imidazole H-5),53H, d,J = 15.3 Hz, vinyl H), 4.69 (1H, hepl,=
6.6 Hz, isopropyl CH), 3.83 (4H, § = 4.8 Hz, morpholine 2 OCH,), 3.59 (4H, t,J = 4.8 Hz,
morpholine 2 xNCH,), 1.48 (6H, dJ = 6.6 Hz, isopropyl 2 x CH. *C NMR (75 Hz, CDG)) J:
187.8, 172.8, 147.8, 142.9, 134.8, 130.8, 126.5,912125.2, 124.1, 118.5, 66.2, 48.5, 47.7, 2&R0. |
(film) vmax 2937, 2855, 1640, 1608, 1529, 1504, 1461, 13087 tm'. HR-MS (ESI)m/z calcd for
Ci18H23N40,S [M+H]": 359.1542; found 359.1538. HPLC purity 98.2% (30 nn of 45-80% CHCN
in H,O, with 15 min gradient, 1.0 mL/min).

4.3.16 (1E,4E)-1-(1-1sopropyl-1H-imidazol-2-yl)-8-(nethyl-2-(pyridine-4-yl)thiazol-5-yl)penta-1,4-
dien-3-one 40)

Yellow oil, 55% yieldH NMR (300 MHz, CDCJ) §: 8.73 (2H, d,J = 6.0 Hz, pyridine 2-H & 6-H),
7.92 (1H, dJ = 15.3 Hz, vinyl H), 7.81 (2H, dl = 6.0 Hz, pyridine H-3 & H-5), 7.64 (2H, s, 2 i
H), 7.25 (1H, s, imidazole H-4), 7.16 (1H, s, inEdee H-5), 6.71 (1H, d) = 15.6 Hz, vinyl H), 4.77-
4.66 (1H, m, isopropyl CH), 2.65 (3H, s, thiazok€Hi3), 1.51 (6H, dJ = 6.6 Hz, isopropyl 2 x C§).
%C NMR (75MHz, CDCY) 6: 187.6, 164.7, 158.3, 150.9, 142.6, 139.8, 13233,.4, 131.1, 129.2,
127.5, 127.0, 120.5, 118.9, 47.8, 24.0, 16.1. iR )fvmax 2979, 2923, 1647, 1611, 1595, 1578, 1461,
1270 cnmi. HR-MS (ESl)m/z calcd for GoH2N4OS [M+H]": 365.1436; found 365.1431. HPLC
purity 96.0% (30 min run of 45-80% GEN in H,O, with 15 min gradient, 1.0 mL/min).

4.3.17 (1E,4E)-1-(1-Isopropyl-1H-benzo[d]imidaz@eA)-5-(1-isopropyl-1H-imidazole-2-yl)penta-
1,4-dien-3-one4l)

This compound was prepared in 43% yield adlaweil. *H NMR (300 MHz, CDC}) 6: 7.84 (1H,
d,J=15.2 Hz vinyl H), 7.82—7.75 (overlapped, 1H, benzoimidazole H})8{1H, d,J = 15.2 Hz
vinyl H), 7.68 (1H, dJ = 15.2 Hz vinyl H), 7.56-7.51 (1H, overlapped, benzoimidazole Hj47.
(1H, d,J = 15.2 Hz vinyl H), 7.31-7.26 (2H, m, 2 x benzoimidazole H), 7.24,(&, imidazole H-4),
7.15 (1H, s, imidazole H-5), 4.99 (1H, hept; 7.2 Hz isopropyl CH, 4.70 (1H, hept) = 6.9 Hz
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isopropyl CH, 1.69 (6H, dJ = 6.9 Hz isopropyl 2 x CH), 1.49 (6H, dJ = 6.6 Hz isopropyl 2 x
CHy). 3C NMR (75 MHz, CD{J) o: 188.0, 147.8, 144.0, 142.4, 134.5, 132.2, 13123,8, 127.6,
127.1, 123.7,123.2, 120.7, 119.0, 112.2, 48.8,£4.0, 22.0R (film) vmax 2978, 2935, 2878, 1651,
1619, 1589, 1460, 1383, 1266, 1100°crR-MS (ESI)m/z calcd for GH,sN,O [M+H]™:
349.2028; found 349.2027. HPLC purity 99.4% (30 noin of 45-80% CKCN in H,O, with

15 min gradient, 1.0 mL/min).

4.3.18 (1E,4E)-1-(1-(sec-Butyl)-1H-benzo[d]imidae@tyl)-5-(1-(sec-butyl)-1H-imidazole-2-yl)penta-
1,4-dien-3-one42)

This compound was prepared in 49% yield adlaweil. *H NMR (300 MHz, CDC}) 6: 7.83-7.81
(3H, m, 2 x vinyl H; 1 x benzoimidazole H), 7.6Hd, J = 15.3 Hz vinyl H), 7.60-7.50 (2H,
overlapped, 1x vinyl H; 1 x benzoimidazole H), #325 (3H, m, 2 x benzoimidazole H; imidazole
H-4), 7.13 (1H, s, imidazole H-5), 4.75-4.62 (1H,secbutyl CH), 4.48—4.38 (1H, nsecbutyl CH),
2.28-2.12 (1H, msecbutyl CH,CHgz ), 2.05-1.95 (1H, nsecbutyl CH,CH3), 1.88-1.75 (2H, nsec
butyl CH,CHj3), 1.70 (3H, dJ = 7.2 Hz secbutyl CHsCH), 1.49 (3H, dJ = 6.6 Hz,secbutyl CHs;CH),
0.86 (3H, tJ = 7.4 Hz,secbutyl CH,CHs), 0.80 (3H, t,J = 7.4 Hz,secbutyl CH,CHs). *C NMR (75
MHz, CDCk) ¢: 188.1, 148.5, 143.9, 143.0, 134.6, 132.2, 131.4,9,227.7, 127.2, 123.7, 123.2,
120.7,119.2, 112.2, 54.4, 53.6, 31.0, 28.7, 22014, 11.3, 10.7R (film) vmax 2969, 2934, 2877,
1651, 1620, 1457, 1384, 1290, 1178"ciR-MS (ESI)m/z calcd for GaH,gN,O [M+H]™:
377.2341; found 377.2337. HPLC purity 95.0% (30 noin of 45-80% CKCN in H,O, with

15 min gradient, 1.0 mL/min).

4.3.19 (1E,4E)-1-(1-Isobutyl-1H-benzo[d]imidazolgd?-5-(1-isobutyl-1H-imidazole-2-yl)penta-1,4-
dien-3-one 43)

This compound was prepared in 35% yield adlaweil. *H NMR (300 MHz, CDC}) : 7.81 (1H,
d,J=15.2 Hz vinyl H), 7.83-7.76 (1H, m, benzoimidazole H), 7.73 (1H] d 15.3 Hz vinyl H),
7.61 (1H, dJ = 15.3 Hz vinyl H), 7.49 (1H, d,J = 15.3 Hz vinyl H), 7.39-7.30 (3H, m, 3 x
benzoimidazole H), 7.23 (1H, d= 0.9 Hz, imidazole H-4), 7.04 (1H, = 0.9 Hz, imidazole H-5),
4.12 (2H, dJ = 7.5 Hz, isobutyl Ck), 3.89 (2H, d,J = 7.5 Hz, isobutyl Ch), 2.30—2.18 (1H, m,
isobutyl CH), 2.09—- 2.00 (1H, m, isobutyl gH.97 (6H, d,J = 6.6 Hz, isobutyl 2 x CJ, 0.95 (6H, d,
J = 6.6 Hz, isobutyl 2 x C§). 3¢ NMR (75 MHz, CDC)) ¢: 187.9, 148.6, 143.4, 136.3, 131.8, 131.0,
127.8, 127.5,127.2, 124.1, 123.7, 123.5, 120.6,5.53.8, 51.2, 30.8, 30.1, 20.4, 20R.(film) vmax
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3043, 2962, 2873, 1652, 1622, 1592, 1404, 1091 &iR-MS (ESI)m/z calcd for GzH,9N4O
[M+H]": 377.2341; found 377.2333. HPLC purity 95.0% (30 min of 45-80% CHCN in
H,O, with 15 min gradient, 1.0 mL/min).

4.3.20 (1E,4E)-1-(1-Isopentyl-1H-benzo[d]imidazalgt)-5-(1-isopentyl-1H-imidazole-2-yl)penta-
1,4-dien-3-one44)

This compound was prepared in 35% yield adlaweil. *H NMR (300 MHz, CDC}) : 7.81 (1H,
d,J=15.3 Hz vinyl H), 7.81-7.78 (1H, m, benzoimidazole H), 7.75 (1H] d 15.3 Hz vinyl H),
7.64 (1H, dJ = 15.0 Hz vinyl H), 7.50 (1H, d,J = 15.0 Hz vinyl H), 7.38=7.27 (3H, m, 3 x
benzoimidazole H), 7.23 (1H, s, imidazole H-4),77(0H, s, imidazole H-5), 4.31(2H,X~= 7.4 Hz,
isopentyIN-CH,), 4.10 (2H, tJ = 7.5 Hz, isopentyN-CH,), 1.71-1.60 (6H, m, 2 x isopentyt
CH,CH,CH), 1.01 (6H, dJ = 5.9 Hz, isopentyl CECHs),), 0.97 (6H, dJ = 6.2 Hz, isopentyl
CH(CHz3),). 3¢ NMR (75 MHz, CDC)) ¢: 187.9, 148.1, 143.5, 143.0, 135.9, 131.8, 13127,7,
127.24, 127.19, 124.2, 123.5, 123.1, 120.6, 1¥\@®, 42.4, 40.5, 39.6, 26.1, 25.8, 22.6, 2R5.
(film) vmax 2956, 2928, 2870, 1652, 1622, 1447, 1406, 1094 &tR-MS (ESI)m/z calcd for
CusH33N,O [M+H]": 405.2654; found 405.2648. HPLC purity 96.1% (36 nan of 45-80%
CHsCN in H,O, with 15 min gradient, 1.0 mL/min).

4.3.21 (1E,4E)-1-(1-(Pentan-2-yl)-1H-benzo[d]imid&z2-yl)-5-(1-(pentan-2-yl)-1H-imidazole-2-
yl)penta-1,4-dien-3-onelb)

This compound was prepared in 81% yield adlaweil. *H NMR (300 MHz, CDC}) 6: 7.84-7.78
(3H, m, 2 x vinyl H; 1 x benzoimidazole), 7.69 (1d4,) = 15.0 Hz vinyl H), 7.58-7.52 (2H, m, 1x
vinyl H; 1x benzoimidazole H), 7.34— 7.28 (3H, mx Benzoimidazole H; imidazole H-4), 7.13 (1H,
d,J = 0.9 Hz, imidazole H-5), 4.81-4.74 (1H, m, 1-(f@en2-yl) CH), 4.56-4.49 (1H, m, 1-(pentan-2-
yl) CH), 2.23-2.12 (2H, m, 1-(pentan-2-yl) CH,CH,CHj3), 1.97-1.89 (1H, m, 1-(pentan-2-yl)
CHCH,CH,CHg), 1.77 (2H, g, = 7.6 Hz, 1-(pentan-2-yl) CEH,CH,CHj), 1.70 (3H, d,J = 6.9 Hz, 1-
(pentan-2-yl)CHsCH), 1.49 (3H, dJ = 6.7 Hz, 1-(pentan-2-y{fH;CH), 1.28 — 1.15 (3H, m, 1-
(pentan-2-yl) CKLH,CH,CHj3), 0.91 (3H, tJ = 7.3 Hz, 1-(pentan-2-yl) CHGE&H,CHj3), 0.87 (3H, tJ
= 7.2 Hz, 1-(pentan-2-yl) CHGIEH,CHz). **C NMR (75 MHz, CDGJ) 6: 188.1, 148.4, 144.0, 143.0,
134.6, 132.2, 131.5, 127.9, 127.8, 127.2, 123.3,2220.8, 119.2, 112.2, 52.7, 52.0, 40.1, 3728,2
20.7,20.1, 19.5, 13.9, 13I8 (film) vmax 2959, 2932, 2873, 1651, 1619, 1455, 1382, 1175 &iR-
MS (ESI)m/z calcd for GsH3aN4O [M+H]™: 405.2654; found 405.2650. HPLC purity 97.9%

(30 min run of 45-80% C§CN in H,O, with 15 min gradient, 1.0 mL/min).
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4.3.22 (1E,4E)-1-(1-Propyl-1H-benzo[d]imidazole{2-%-(1-propyl-1H-imidazole-2-yl)penta-1,4-
dien-3-one 46)

This compound was prepared in 38% yield adlaweil. *H NMR (300 MHz, CDCJ) 6: 7.83 (1H,
d,J=15.2 Hz vinyl H), 7.84 —7.78 (1H, m, benzoimidazole H), 7.74 (tiH] = 15.2 Hz vinyl H),
7.63 (1H, dJ = 15.2 Hz vinyl H), 7.51 (1H, dJ = 15.2 Hz vinyl H), 7.42—-7.30 (3H, m, 3 x
benzoimidazole H), 7.23 (1H, d= 0.7 Hz, imidazole H-4), 7.08 (1H, = 1.0 Hz, imidazole H-5),
4.30 (2H, tJ = 7.2 Hz, propyNCHy), 4.08 (2H, tJ = 7.2 Hz, propyNCH,), 1.95-1.79 (4H, m, 2 x
CH,CH,CHs), 0.982 (3H, tJ = 7.5 Hz, propyl Ch), 0.977 (3H, tJ = 7.5 Hz, propyl Ch). *C NMR
(75 MHz, CDC¥) o: 187.9, 148.3, 143.4, 143.1, 136.0, 131.7, 13127,7, 127.2, 127.1, 124.1, 123.5,
123.3, 120.5, 110.2, 48.0, 45.4, 24.9, 24.0, M. IR (film)vmax 2966, 2932, 1652, 1624, 1597,
1446, 1408, 1096 cih HR-MS (ESI)m/z calcd for G;H,sN,O [M+H]™: 349.2028; found
349.2023. HPLC purity 95.9% (30 min run of 45-80%4:CN in H,O, with 15 min gradient,
1.0 mL/min).

4.3.23 (1E,4E)-1-(1-Butyl-1H-benzo[d]imidazole-2-§}(1-butyl-1H-imidazole-2-yl)penta-1,4-dien-3-
one @7)

This compound was prepared in 50% yield adlaweil. *H NMR (300 MHz, CDCJ) 6: 7.83 (1H,
d,J=15.3 Hz vinyl H), 7.83-7.80 (1H, m, benzoimidazole H), 7.75 (1H] d 15.3 Hz vinyl H),
7.64 (1H, dJ = 15.3 Hz vinyl H), 7.51 (1H, d,J = 15.3 Hz vinyl H), 7.40-7.30 (3H, m, 3 x
benzoimidazole H), 7.24 (1H, d= 0.7 Hz, imidazole H-4), 7.07 (1H, 3= 1.0 Hz, imidazole H-5),
4.33 (2H, tJ = 7.2 Hz, butyNCH,), 4.10 (2H, tJ = 7.2 Hz, butyNCH,), 1.87—1.74 (4H, m, 2 x butyl
NCH,CH), 1.39-1.32 (4H, m, 2 x butlNCH,CH,CHy), 0.97 (3H, tJ = 7.2 Hz, butyl CH), 0.96 (3H,
t,J = 7.2 Hz, butyl CH). *C NMR (75 MHz, CDC}) 6: 188.0, 148.3, 143.6, 143.1, 136.1, 131.9,
131.2,127.8,127.32, 127.25, 124.2, 123.6, 1226,6, 110.2, 46.4, 43.8, 33.7, 32.9, 20.4, 2(B19,1
13.8.IR (film) vmax 2960, 2931, 2874, 1653, 1624, 1446, 1408, 1264 &iR-MS (ESI)m/z calcd
for Co3Ho9N,O [M+H]": 377.2341; found 377.2336. HPLC purity 97.3% (3@ nan of 45-
80% CHCN in H,0, with 15 min gradient, 1.0 mL/min).

4.3.24 (1E,4E)-1-(1-Methyl-1H-benzo[d]imidazol-3-$t(2-methyl-4-(trifluoromethyl)thiazol-5-
yl)penta-1,4-dien-3-onel)

Yellow solid, mp 134-138C, 34 % yield*H NMR (300 MHz, CDC}) 6: 7.98 (1H, d,J = 15.6 Hz,
vinyl H), 7.77 (1H, d,J = 8.7 Hz, benzoimidazole H), 7.76 (2H, s, 2 x Vihl, 7.35-7.31 (3H,
overlapped, 3 x benzoimidazole H), 6.73 (1HJd& 15.6 Hz, vinyl H), 3.90 (3H, s, benzoimidazole
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CHs), 2.75 (3H, s, thiazole G **C NMR (75 MHz, CDCY) §: 186.7, 168.1, 148.2, 143.3-£ = 35.2
Hz), 143.2, 136.5, 136.3, 131.8, 130.3, 130.1, 82724.5, 123.8, 120.8)d = 270.8 Hz), 120.4,
110.0, 30.2, 19.8. IR (filmmax 2920, 1669, 1623, 1588, 1458, 1367, 1334, 11691 tm'. HR-MS
(ES) m/z calcd for GgH1sN3OSF [M+H]™: 378.0888; found 378.0878. HPLC purity 97.0% (30 m
run of 45-80% CHCN in H,O, with 15 min gradient, 1.0 mL/min).

4.3.25 (1E,4E)-1-(1-Ethyl-1H-benzo[d]imidazol-2-$)2-methyl-4-(trifluoromethyl)thiazol-5-
yl)penta-1,4-dien-3-onet)

Yellow solid, mp 133-13€, 89 % yield."H NMR (300 MHz, CDCJ) 6: 8.02 (1H, dJ = 15.9 Hz,
vinyl H), 7.93-7.82 (2H, m, 1 x vinyl H; 1 x benmudazole H), 7.76 (1H, d] = 15.0 Hz, vinyl H),
7.41-7.34 (3H, overlapped, 3 x benzoimidazole Hj8&1H, d,J = 15.6 Hz, vinyl H), 4.40 (2H, ¢} =
7.5 Hz, ethyl CH), 2.77 (3H, s, thiazole G 1.49 (3H, tJ = 7.5 Hz, ethyl Ch). **C NMR (75 MHz,
CDCly) o: 186.7, 168.1, 147.5, 143.7 (&r = 35.3 Hz), 143.4, 136.3, 135.5, 131.9, 130.3,.2.30
127.7, 124.4, 123.8, 120.8 (@r = 270.8 Hz), 120.5, 110.0, 38.8, 19.8, 16.0. IRn{f vmax 2980,
1653, 1621, 1540, 1409, 1363 ¢nHR-MS (ESI)m/z calcd for GoH1/N3OSK [M+H]*: 392.1044;
found 392.1037. HPLC purity 97.1% (30 min run of8®%6 CHCN in H,O, with 15 min gradient, 1.0

mL/min).

4.3.26 (1E,4E)-1-(2-Methyl-4-(trifluoromethyl)th@zs-yl)-5-(1-propyl-1H-benzo[d]imidazol-2-
yl)penta-1,4-dien-3-oneQ)

Yellow solid, mp 145-148C, 59 % yield*H NMR (300 MHz, CDCJ) 6: 7.99 (1H, d,J = 15.6 Hz,
vinyl H), 7.81 (1H, dJ = 15.0 Hz, vinyl H), 7.79 (1H, = 4.2 Hz, benzoimidazole H), 7.73 (1H,Jd,
= 15.0 Hz, vinyl H), 7.40-7.28 (3H, overlapped, Benzoimidazole H), 6.76 (1H, d= 15.6 Hz, vinyl
H), 4.27 (2H, tJ = 7.2 Hz, propyIN-CH,), 2.72 (3H, s, thiazole Gj{ 1.93-1.83 (2H, m, propy\-
CH,CHy), 0.95 (3H, tJ = 7.2 Hz, propyl CH). **C NMR (75 MHz, CDC}) §: 186.7, 168.1, 147.9,
143.7 (q,Jcr = 36 Hz), 143.3, 136.3, 136.0, 131.9, 130.3, 1302r.9, 124.4, 123.7, 120.8 (@ =
270.8 Hz), 120.5, 110.3, 45.5, 24.1, 19.8, 11.5({ilR) vmax 2968, 1699, 1622, 1507, 1472, 1363tm
HR-MS (ESI)m/z calcd for GoH1gNsOSR [M+H]™: 406.1201; found 406.1194. HPLC purity 96.2%
(30 min run of 45-80% C}CN in H,O, with 15 min gradient, 1.0 mL/min).

4.3.27 (1E,4E)-1-(1-1sopropyl-1H-benzo[d]imidazei-5-(2-methyl-4-(trifluoromethyl)thiazol-5-
yl)penta-1,4-dien-3-one])

Yellow syrup, 54 % vyield‘H NMR (300 MHz, CDC}J) ¢: 8.00 (1H, dJ = 15.9 Hz, vinyl H), 7.87-
7.7.75 (3H, overlapped, 2 x vinyl H; 1 x benzoinzidie H), 7.57-7.54 (1H, m, benzoimidazole H),
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7.31-7.26 (2H, overlapped, 2 x benzoimidazole Hj6q1H, d,J = 15.6 Hz, vinyl H), 4.99-4.92 (1H,
m, isopropyl CH), 2.74 (3H, s, thiazole @H1.69 (6H, dJ = 7.2 Hz, isopropyl 2 x CH. IR (film)
vmax 2980, 1653, 1618, 1488, 1386, 1165 tHR-MS (ESI)m/z calcd for GoHioN3OSK [M+H]™:
406.1201; found 406.1197. HPLC purity 95.0% (30 min of 45-80% CHCN in H,O, with 15 min
gradient, 1.0 mL/min).

4.3.28 (1E,4E)-1-(Pyridin-2-yl)-5-(3,4,5-trimethghenyl)penta-1,4-dien-3-onB2)

Yellow oil, 42 % yield'H NMR (300 MHz, CDC}) 6: 8.70 (1H, d,J = 4.8 Hz, pyridine H-6), 7.80-
7.71 (4H, overlapped, 3 x vinyl H; pyridine H-4)5T (1H, d,J = 7.7 Hz, pyridine H-3), 7.32 (1H, dd,
J=7.1, 5.2 Hz, pyridine H-5), 6.99 (1H, @l 16.0 Hz, vinyl H), 6.86, (2H, s, phenyl H-2, hi-8.93
(6H, s, phenyl 3-OCk} 5-OCH;), 3.91 (3H, s, phenyl 4-OGH *C NMR (75 MHz, CDC}) J: 189.2,
153.7, 153.3, 150.1, 144.3, 141.2, 140.6, 137.8,31328.5, 125.6, 125.4, 124.6, 105.8, 61.2, 9R& 3.
(film) vmax 3071, 2939, 2839, 1653, 1623, 1579, 1503, 1483111419, 1320 cth HR-MS (ESI)
m/z calcd for GoH20NO4 [M+H]™: 326.1392; found 326.1387. HPLC purity 98.4% (3@ nun of 45-
80% CHCN in H,O, with 15 min gradient, 1.0 mL/min).

4.3.29 (1E,4E)-1-(6-Methylpyridin-2-yl)-5-(pyrid2wyl)penta-1,4-dien-3-on&g)

Brown solid, mp 43-44C, 80 % yield.'*H NMR (300 MHz, CDC}) §: 8.68 (1H, dJ = 4.5 Hz,
pyridine H-6), 7.79-7.72 (3H, overlapped, 2 x vityjl pyridine H-4), 7.67-7.58 (3H, overlapped, 2 x
vinyl H, methylpyridine H-4), 7.51 (1H, d] = 7.8 Hz, pyridine H-3), 7.34-7.27 (2H, overlapped
pyridine H-5, methylpyridine H-3), 7.16 (1H, d, = 7.7 Hz, methylpyridine H-5), 2.62 (3H, s,
methylpyridine CH). **C NMR (75 MHz, CDC}) &: 189.8, 159.2, 153.4, 152.6, 150.3, 142.5, 142.2,
137.2, 137.0, 129.0, 128.8, 125.0, 124.5, 124.83,2124.5. IR (film)vmax 3054, 1655, 1628, 1603,
1582, 1451, 1331 cm HR-MS (ESI)m/z calcd for GeH1sN,O [M+H]*: 251.1184; found 251.1179.
HPLC purity 95.2% (30 min run of 45-80% QEN in H,O, with 15 min gradient, 1.0 mL/min).

4.3.30 (1E,4E)-1-(3,4-Dimethoxyphenyl)-5-(pyridiuyPpenta-1,4-dien-3-oné4)

Yellow oil, 21 % yield'H NMR (300 MHz, CDCJ) §: 8.71 (1H, dJ = 4.7 Hz, pyridine H-6), 7.82—
7.72 (4H, overlapped, 3 x vinyl H, pyridine H-4)5Z (1H, d,J = 7.8 Hz, pyridine H-3), 7.34 (1H, dd,
J = 7.2, 5.1 Hz, pyridine H-5), 7.23 (1H, d#i= 8.3, 1.8 Hz, phenyl H-6), 7.16 (1H, 3= 1.8 Hz,
phenyl H-2), 6.97 (1H, d) = 16.2 Hz, vinyl H), 6.91 (1H, d] = 8.4 Hz, phenyl H-5), 3.95 (3H, s,
OCHa), 3.94 (3H, s, OCH. IR (film) vmax 2925, 1651, 1623, 1588, 1265 tnHR-MS (ESI)m/z
calcd for GgH1gNO3 [M+H]™: 296.1287; found 296.1281. HPLC purity 96.3% (3@ nun of 45-80%
CHsCN in H,O, with 15 min gradient, 1.0 mL/min).
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4.3.31 (1E,4E)-1-(1-Methyl-1H-benzo[d]imidazol-3-$t(pyridin-2-yl)penta-1,4-dien-3-0n&g)

Yellow solid, mp 65-6%&, 52 % yield."H NMR (300 MHz, CDCJ) §: 8.70 (1H, d,J = 4.2 Hz,
pyridine H-6), 8.02 (1H, d) = 15.0 Hz, vinyl H), 7.85 (1H, dl = 15.9 Hz, vinyl H), 7.81 (1H, dl =
15.3 Hz, vinyl H), 7.85-7.75 (2H, overlapped, pymel H-4; 1 x benzoimidazole H), 7.53 (1HHF
15.0 Hz, vinyl H), 7.51 (1H, d] = 8.1 Hz, pyridine H-3), 7.39-7.29 (4H, overlapppdridine H-5; 3 x
benzoimidazole H), 3.95 (3H, s, @H**C NMR (75 MHz, CDCJ) §: 188.7, 153.2, 150.5, 148.6,
143.2, 137.1, 136.5, 130.7, 130.0, 127.0, 125.3,8,224.4, 123.8, 120.4, 110.0, 30.3. IR (fitlx
3053, 2928, 1655, 1615, 1471, 1330 cHR-MS (ESI)m/z calcd for GgHigNzO [M+H]*: 290.1293;
found 290.1287. HPLC purity 98.5% (30 min run of8®% CHCN in H,O, with 15 min gradient, 1.0

mL/min).

4.3.32 (1E,4E)-1-(1-Ethyl-1H-benzo[d]imidazol-2-$H(pyridin-2-yl)penta-1,4-dien-3-on&g)

Yellow oil, 34 % yield*H NMR (300 MHz, CDC}) §: 8.69 (1H, dJ = 3.9 Hz, pyridine H-6), 7.99
(1H, d, J = 15.3 Hz, vinyl H), 7.85-7.77 (4H, overlapped, X2 vinyl H; pyridine H-4; 1 x
benzoimidazole H), 7.51 (1H, d~= 15.9 Hz, vinyl H), 7.50 (1H, d,= 8.1 H, pyridine H-3), 7.42-7.26
(4H, overlapped, pyridine H-5; 3 x benzoimidazole 438 (2H, g,) = 7.5 Hz, ethyl CH), 1.48 (3H, t,

J = 7.2 Hz, ethyl Ch). **C NMR (75 MHz, CDCJ) ¢: 188.6, 153.1, 150.4, 147.8, 143.4, 143.0, 136.9,
135.5, 130.4, 129.9, 127.1, 125.1, 124.6, 124.8,5,2120.4, 109.9, 38.7, 16.0. IR (film}ax 3058,
2976, 1655, 1627, 1601, 1564, 1470, 1326'chR-MS (ESI)m/z calcd for GeH1gNzO [M+H]™:
304.1450; found 304.1444. HPLC purity 99.0% (30 min of 45-80% CHCN in H,O, with 15 min
gradient, 1.0 mL/min).

4.3.33 (1E,4E)-1-(1-Propyl-1H-benzo[d]imidazol-2-$+(pyridin-2-yl)penta-1,4-dien-3-oné&Y)

Brown syrup, 39 % yieldH NMR (300 MHz, CDC}) J: 8.69 (1H, dJ = 4.5 Hz, pyridine H-6),
8.02 (1H, d,J = 15.3 Hz, vinyl H), 7.86-7.73 (4H, overlapped,x2vinyl H; pyridine H-4; 1 x
benzoimidazole H), 7.51 (1H, d,= 9.9 Hz, pyridine H-3), 7.50 (1H, d,= 15.6 Hz, vinyl H), 7.42-
7.28 (4H, overlapped, pyridine H-5; 3 x benzoimmlazH), 4.30 (2H, t,J = 7.2 Hz, propyN-CH,),
1.89 (2H, sextet) = 7.2 Hz, propyN-CH,CH,), 0.98 (3H, tJ = 7.2 Hz, propyl Ch). *C NMR (75
MHz, CDCk) ¢: 188.7, 153.2, 150.5, 148.3, 143.4, 143.0, 13¥Y38.0, 130.4, 130.1, 127.3, 125.1,
124.7, 124.1, 123.5, 120.5, 110.2, 45.4, 24.1, AR Ffilm) vmax 3069, 2964, 2930, 1655, 1627, 1599,
1465, 1407, 1326 cm HR-MS (ESI)m/z calcd for GoH2oN3O [M+H]*: 318.1606; found 318.1601.
HPLC purity 96.3% (30 min run of 45-80% @EN in H,O, with 15 min gradient, 1.0 mL/min).

4.3.34 (1E,4E)-1-(1-Isopropyl-1H-benzo[d]imidazeid-5-(pyridin-2-yl)penta-1,4-dien-3-oné&g)
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Brown oil, 79 % yield'H NMR (300 MHz, CDC}) J: 8.67 (1H, dJ = 4.5 Hz, pyridine H-6), 7.98
(1H, d, J = 15 Hz, vinyl H), 7.85 (1H, dJ = 15.0 Hz, vinyl H), 7.823 (1H, tJ = 5.7 Hz,
benzoimidazole H), 7.817 (1H, d,= 15.3 Hz, vinyl H), 7.71 (1H, ] = 7.5 Hz, pyridine H-4), 7.58-
7.47 (3H, overlapped, 1 x vinyl H; pyridine H-3xIbenzoimidazole H ), 7.30-7.26 (3H, overlapped, 2
x benzoimidazole H; pyridine H-5), 4.99 (1H, sepdet 6.9 Hz, isopropyl CH), 1.69 (6H, d,= 6.9
Hz, isopropyl 2 x Ch). **C NMR (75 MHz, CDC}) 6: 188.7, 153.1, 150.4, 147.7, 143.8, 142.9, 136.9,
134.4, 130.7, 129.9, 127.9, 125.1, 124.6, 123.3,112120.6, 112.1, 48.2, 22.0. IR (film}ax 3052,
2977, 2933, 1654, 1624, 1596, 1564, 1462, 1383] t82". HR-MS (ESI)m/z calcd for GoH2NzO
[M+H]": 318.1606; found 318.1603. HPLC purity 95.0% (3 nun of 45-80% CHKCN in H,O, with
15 min gradient, 1.0 mL/min).

4.4 Cell culture

All cell lines were initially purchased from Aarican Type Culture Collection (ATCC). The PC-3
and LNCaP prostate cancer cell lines were routicelyured in RPMI-1640 medium supplemented
with 10% FBS and 1% penicillin/streptomycin. Cuéisir were maintained in a high humidity
environment supplemented with 5% carbon dioxida &mperature of 3. The DU-145 prostate
cancer cells were routinely cultured in Eagle’s Mioam Essential Medium (EMEM) supplemented
with 10% FBS and 1% penicillin/ streptomycin. LNG&PVCaP, and 22Rv1 cells were maintained in
Dr. Yan Dong's laboratory at Tulane School of Méakc and have been previously characterized
[18,19].

4.5 WST-1 cell proliferation assay

PC-3, DU-145, or LNCaP were plated in 96-well ptat¢ a density of 3,200 each well in 200 pL of
culture medium. PWR-1E was plated in 96-well plaaeés density of 5,000 each well in 200 pL of
culture medium. The cells were then treated withcwonin, or synthesized analogues separately at
different doses for 3 days, while equal treatmatimes of DMSO were used as vehicle control. The
cells were cultured in a GQncubator at 37C for three days. 10 pL of the premixed WST-1 cell
proliferation reagent (Clontech) was added to eaehl. After mixing gently for one minute on an
orbital shaker, the cells were incubated for addal 3 hours at 37C. To ensure homogeneous
distribution of color, it is important to mix geptbn an orbital shaker for one minute. The absarean

of each well was measured using a microplate-re¢shanergy HT, BioTek) at a wavelength of 430
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nm. The IGo value is the concentration of each compound titabits cell proliferation by 50% under
the experimental conditions and is the average figplicate determinations that were reproducible
and statistically significant. For calculating th&;, values, a linear proliferative inhibition was made

based on at least five dosages for each compound.
4.6 Cell cycle analysis

PC-3 cells were plated in 24-well plates ateasity of 200,000 each well in 400 uL of culture
medium. After 3 h of cell attachment, the cells evthren treated with dieno@8 at 5 UM and dienone
46 at 4 uM, while equal treatment volumes of DMSO avased as vehicle control. The cells were
cultured in CQ incubator at 37°C for 16 h. Both attached and floating cells weotlected in a
centrifuge tube by centrifugation at rcf 450 g fomin. After discarding the supernatant, the ceddc
cells were re-suspended with 500 pL 80% cold ethianfix for 30 min in 4°C. The fixed cells could
be stored at -20C for one week. After fixation, the ethanol was osed after centrifuging and the
cells were washed with PBS. The cells were thesuspended with 100 pL of 100 mg/mL
ribonuclease and were cultured at°87for 30 min to degrade all RNA. The cells werdrstd with
200 pL of 50 pg/mL propidium iodide (Pl) stock sm for 30 min at -20°C, and then the
fluorescence intensity of Pl was detected in irdinal PC-3 cells using an Attune flow cytometer éLif

Technologies) within 0.5-1 h after staining.
4.7 F2N12S and CYTOX AADvanced double stainingyassa

PC-3 cells were plated in 24-well plates ateasity of 200,000 each well in 400 pL of culture
medium. After 3 h of cell attachment, the cells evédren treated with the test compound at different
concentrations and cultured in g@cubator at 37C for 16 h, while equal treatment volumes of
DMSO were used as vehicle control. Both attachedl feoating cells were collected in a centrifuge
tube by centrifugation at rcf value of 450 g fomin. The collected cells were re-suspended with 500
pL HBSS to remove proteins which may affect flognsil and centrifuged again. After discarding the
supernatant, the collected cells were re-suspemdtd 300 pL HBSS and stained with 0.3 pL of
F2N12S for 3-5 min followed by 0.3 pL SYTOX AADvadt for an additional 5 min. The
fluorescence intensity of the two probes was furtheasured in individual PC-3 cells using an Attune

flow cytometer (Life Technologies) within 0.5-1 fiea staining.

4.8 Pharmacokinetic Study (Sampling and Analy€8) [
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Male Sprague-Dawley rats, weighing between &5@ 300y (Charles River Laboratories, Portage,
MI) were used for the pharmacokinetic study of commls28, 46, 49, and58. Rats (n = 4) were given
oral gavage containing 5% dimethyl sulfoxide (DMS@)% polyethylene glycol 400, 55% saline-
dissolved28, 46, 49, and58 at a single dose of 10 mg/kg. After oral admimistm, blood samples
were collected from the lateral tail vein of thésrat 1, 3, 6, and 24 h. Rat blood was collectat wi
capillary into 1.5 mL microcentrifuge tubes contagn0.01 mL of 10% EDTA anticoagulant. Plasma
was then separated from red cells by centrifugaticm refrigerated centrifuge at 4 °C and transierr
to a separate tube. The plasma samples were feaze80 °C untilanalysis. All procedures involving
these animals were conducted in compliance withe séad federal laws, standards of the U.S.
Department of Health and Human Services, and guieelestablished by Xavier University Animal
Care and Use Committee. The facilities and laboyatmimals program of Xavier University are

accredited by the Association for the Assessmethtfarcreditation of Laboratory Animal Care.

4.9 High Performance Liquid Chromatography-Tandenassl Spectrometry (HPLC-MS/MS) for

Drug Analysis in Plasma Samples

Plasma samples were extracted with chlorofoetifanol (2:1) using traditional Folch method for
lipid extraction. Methanol (1mL) and chloroform if2.) were added to each plasma sample followed
by addition of 5 ng of trans-tamoxiféfic2°N to each sample as the internal standard. Theuneixt
were stored at —20 °C overnight. Next the samplesevgonicated for 5 min and centrifuged with a
Thermo Scientific Heraeus Megafugel16 centrifugee Tp layer was transferred to another test tube.
The bottom layer was washed with 1 mL of chlorofom@thanol (2:1), centrifuged, and the top layer
was transferred and combined with the previouslagpr. Eight-tenth of a milliliter of HPLC grade
water was added to the extracts. After vortexihg, mixture was centrifuged. The bottom layer was
dried out with nitrogen and re-suspended in {D@f HPLC grade acetonitrile. An aliquot of 10 of
sample was injected onto a Hypersil Gold column ifi@ x 2.1 mm; particle size 1im, Thermo
Scientific) on a Dionex Ultimate 3000 UPLC systequipped with a TSQ Vantage triple quadrupole
mass spectrometer for analysis. A binary mobilesphéA, water with 0.05% formic acid; B,
acetonitrile with 0.05% formic acid) was used tdiage the gradient of initial 30% B for 1 min and
then to 80% B at 8 min, to 100% B at 9 min, andimezd to 30% B for 4 min. The flow rate was
controlled at 0.6 mL/min. The settings of HESI smumwere as follows: spray voltage (3200 V);

vaporizer temperature (365 °C); sheath gas preg46resi); auxiliary gas pressure (10 psi); capyilla
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temperature (330 °C). Nitrogen was used as thetlsly=es and auxiliary gas. Argon was used as the

collision gas.
4.10 . Incubation of compour28 (or 49) with rat liver microsomes (Total 300 pL)

The pre-incubation solution was prepared by ad@dgquL of potassium phosphate buffer (pH 7.4;
10X), 241.5 pL water, 15 pL of NADPH solution A3 of NADPH solution B, 7.5 pyL pooled
human liver microsomes from Corning Gentest inth.m mL microcentrifuge. The mixtures were
incubated at 37C for 5 min in an incubator. Then 3 pL of 10 n#8 (or 49) was added, mixed, and
incubated at 37C for 60 min in the incubator. After incubation)@BuL MeOH was added to
terminate the reaction. The final mixture was tleentrifuged at 10,000 x g for 4 min at@. The
supernatant was analyzed on a high resolution rspsstrometer Q-Exactive from Thermo Fisher
Scientific connected with a UHPLC ultimate 3000nfr®ionex.

4.11 Statistical analysis

All data are represented as the mean + standewdhtion (S.D.) for the number of experiments
indicated. Other differences between treated amdralogroups were analyzed using the Student’s t-

test. A p-value < 0.05 was considered statisticsiliyificant.
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Highlights:

* 34 New asymmetric dienones were evaluated in prostate epithelial cell models.

* The asymmetric dienones are more potent than the corresponding symmetric ones.
* Theoptimal trienoneis 219- to 636-fold more potent than curcumin.

¢ Two promising compounds exhibit improved potency and bioavailability.

* Four dienones show cytotoxicity in enzalutamide-resistant prostate cancer cells.



