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Abstract

Cytochrome P450 1B1(CYP1B1) has been recognizexhasportant target for cancer
prevention and reversing drug-resistance. In amlebtain potent and selective CYP1B1
inhibitors, a series of forty-one-naphthoflavone (ANF) derivatives were synthesized,
characterized, and evaluated for CYP1B1, CYP1A1@¥iB1AZ2 inhibitory activities. A
closure look into the structure-activity relationstor the inhibitory effects against
CYP1B1 indicated that modification of the C ringAiNF would decrease the CYP1B1
inhibitory potency, while incorporation of subsetut(s) into the different positions of the
B ring yielded analogs with varying CYP1B1 inhibitocapacity. Among these
derivatives, compoundSe and 9] were identified as the most potent two selective
CYP1B1 inhibitors with 1G, values of 0.49 and 0.52 nM, which were 10-fold enor
potent than the lead compound ANF. In addition, égalar docking and a reasonable
3D-QSAR (three-dimensional quantitative structucevety relationship) study were
performed to provide a better understanding the dteyctural features influencing the
CYP1B1 inhibitory activity. The results achievedinis study would lay a foundation for
future development of selective, potent, low-toxind water-soluble CYP1B1 inhibitors.
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1. Introduction

Cytochrome P450 enzymes (CYPs) have been recogmaigzed large ubiquitous
super-family of hemoprotein monooxygenases thatrev@ved in a variety of reduction
and oxidation reactions on both endogenic and xetiobcompounds. Among them,
CYPL1 subfamily contains three membkm®wn as CYP1Al, CYP1A2, and CYP1B1.
They are expressed in a tissue-specific manner:18YRnd CYP1B1 are extrahepatic
enzymes, while CYP1A2 is an intrahepatic enzyme.eséh three isoenzymes,
particularly CYP1B1, are constitutively expresseaiwide variety of malignant tumors,
such as the majority of mammary tumors, lung, aoldn§l]. In fact, various planar
aromatic molecules including 2,3,7,8-tetrachloredimop-dioxin (TCDD) and
7,12-dimethylbenz[a]anthracene (DMBA) induce thermexpression of CYP1 enzymes
via binding to the aryl hydrocarbon receptor (AhR)ligand-activated transcription
factor[2-5].

CYP1B1 enzyme has been extensively studied beaafuge predominant role in



metabolizing xenobiotics and endogenous compountts c¢arcinogenic forms and
inducing drug resistance. A large number of praicagens such as exogenous
polycyclic aromatic hydrocarbons (PAHs), polyhaloged aromatic hydrocarbons
(PHAHS), aryl and heterocyclic aryl amines as wadl endogenous estrogens can be
converted into cytotoxic, mutagenic and carcinogecinemicals in presence of the
overexpressed CYPlenzymes[6]. Additionally, CYP1Btan catalyze the
4-hydroxylation of 1pB-estradiol (&) subsequently leading to the formation of mutageni
E>-3,4-quinone that binds covalently to DNA. In aast, CYP1Al1 and CYP1A2
mediate hydroxylation of Bfestradiol mainly to 2-hydroxyestradiol (2-OFJEwhile its
further-oxidized product £2,3-quinone is not considered carcinogenic[6]. &bwer, it
should be noted that CYP1B1 can also metabolidatgtivate a structurally diverse
array of anti-cancer drugs such as docetaxel, tdemgxand paclitaxel, leading to drug
resistance[7, 8]. All these findings suggest theickl importance of CYP1B1 inhibitors
In cancer prevention and treatment.

Recently, much emphasis has been on developingandwotent CYPL1 inhibitors,
and distinct families of chemicals containing flaeads, trans-stilbenes, coumarins,
alkaloids, and anthraquinone derivatives, have lobanacterized as CYP1 inhibitors[9,
10]. Among themg-naphthoflavone (ANF), also known as 7,8-benzoffeyas one of
the most potent CYPL1 inhibitors. It exhibits strondpibitory effects on recombinant
human CYP1B1l, CYP1A2, and CYP1Al with 5}Cvalues of 5, 6 and 60 nM,
respectively[11]. Evidence has accumulated durregpast several years that ANF not
only acts as a chemopreventive agent, but also neeba the sensitivity of
CYP1B1-expressing cells to some anticancer drugsutAfrom its excellent biological
activities, ANF also possesses a broad safetylprafid health benefits[12]. All these
promising properties indicate that ANF is an atixacanticancer drug for further study.
Nevertheless, its further development is stillniestd owing to its poor water solubility
and very limited selectivity toward CYP1B1 over CI¥R2.

To address these problems, researchers includingesearch group have made
great efforts to develop novel ANF derivativesthe best of our knowledge, however,
no such an ideal compound has ever been reportd@lFAccording to our previous
results, we found that (1) introduction of hydroptwand electron donor groups to the
naphthalene moiety is beneficial for CYP1 inhibjtpotency; (2) improvement of water
solubility by reducing the C2-C3 double bond of ABiFntroducing C3-hydroxyl group,
or cleavage of the C ring of ANF results in a soimaiMoss activity detrimental effect.
Bearing in mind the above considerations, we camdidat the B and C rings of ANF
can be served as two additional sites for furthexdifrcation and exploring the
structure-activity relationships (SARs). As partooir continuous search for more potent
and selective CYP1B1 inhibitors with improved wadetubility, we synthesized various
kinds of ANF derivatives.

2. Results and discussion
2.1 Chemistry
The synthetic routes adopted for the synthesisNiF Alerivatives are illustrated in



Scheme 1A. The starting ethyl benzoylacetate déves1l were synthesized from
benzoic acid and ethyl potassium malonate accordimgreported method[15].
Commercially available naphthalene-1-thi@) (vas treated with ethyl benzoylacetate
derivative 1 in the presence of polyphosphoric acid (PPA) at 220 to afford
2-substituted phenylH-benzop]thiochromen-4-one derivatives8a-e, which were
treated with 30% aqueous hydrogen peroxide soluhaime presence of acetic acid at
60 °C to provide the corresponding 2-substituted phéhitbenzop]thiochromen-4-one
1,1-dioxide derivativesda-b[17]; ANF derivatives 9a-w, 10a-h and 1la-c were
synthesized as illustrated in Scheme 1B. Usingshaarrangement reaction, acetylation
of available naphthalen-1-¢b) was carried out with acetic acid and Zn@i 120 °C to
afford 1-(1-hydroxynaphthalen-2-yl)ethan-1-or® (h good vyields[18]. Intermediaté
was further allowed to react with benzoic acid waive in the presence of
N-(3-dimethylaminopropylN'-ethylcarbodiimide hydrochloride (EDCI) and
4-(dimethylamino)pyridine (DMAP) to give ester dedive 7, which was treated with
NaH to undergo Baker-Venkataraman rearrangement toield
1-(1-hydroxynaphthalen-2-yl)-3-phenylpropane-1,8rdi derivative8. Intermediate8
was further cyclized in the presence gB&),-EtOH solution (10%) at 90 °C to generate
the 2-substituted phenyk4benzohlchromen-4-one derivativeda-w. The 2-substituted
phenyl-4H-benzoh]chromen-4-thione derivativelda-h were next obtained by refluxing
the corresponding flavone derivativea-w with Lawesson’s reagent in dry toluene.
Oximation of the corresponding 4-thioflavon&3a-h by hydroxylamine hydrochloride
in pyridine gave compoundda-c.




Scheme 1. Reagents and conditions: i) PPA, 120°C; ii) H,O,, HOAC; iii) ZnCl,, HOAC; iv) benzoic
acid derivative, EDCI, DMAP; v) NaH; vi) #$O:-EtOH, 90 °C; vii) Lawesson’s reagent, toluene,
reflux; viii) hydroxylamine hydrochloride, Py, reft. Seelables 1-3 for the R group.

2.1 CYP1 enzymeinhibition activities

The synthesized compounds in this study were exadior their inhibitory effects
on recombinant human CYP1 enzymes using the ERGENGXxyresorufin O-deethylase)
assay. Our previous study disclosed that replaceaf¢he “O” atom at position-1 on the
C-ring of ANF with a bioisosteric “NH” group causedmild potency loss, indicating
that a hydrophilic group would not be suitable tbis substitution. Considering that
sulfur atom is more lipophilic than oxygen atom, wenverted this “O” atom at
position-1 into a bioisosteric sulfur atom, intemglito get novel compounds with
modified biological behaviors. The results are pndsd inTable 1. Compounds3a-e
showed moderate inhibitory activity toward CYP1Bith decreased activity compared
with that of ANF. Surprisingly, all of them displeg selective inhibition of CYP1A1
over CYP1B1 and CYP1A2. To verify whether the dasesl inhibitory activities were
caused by the relatively less electronegativityswifur atom, further oxidation of two
potent CYP1B1 inhibitors 3a and 3d was carried out. However,
a further decrease in CYP1B1 inhibitory activitysa@bserved when a sulfone group was
introduced at the 1-position (compountdsand4b) in comparison to the corresponding
sulfur-substituted forms. Based on these data, ameconclude that the oxygen atom at
this site in ANF is very important for achievingghiaffinity for ligand binding, although
it does not appear to be making any interactiorth wny amino acid residue in the
crystal structure of ANF bound to CYP1B1.

Table 1 Inhibitory activities of sulfur substitutednaphthoflavones on CYP1 enzymes

ICsovalues (nM) IGoratio
Compd. —n R 1Bl 1AL 1A2 1A1/1B1 1A2/1B1
3a 0 H 57.0 326  >1000 0.6 >17.5
3b 0 o-F 103.6  84.6 5822 0.8 5.6
3c 0 o-Cl 890.7 458  >1000 0.5 >11.1
3d 0 mCl 405 136  295.8 0.3 7.3
3e 0 p-Cl 51.9 9.0 211.9 0.2 4.0
4a 2 H 2229 1292  169.6 0.6 0.8
4b 2 mCl 2504 >1000 698.7 >4.0 2.8




ICsovalues (nM) IGoratio
1B1 1A1 1A2 1A1/1B1 1A2/1B1

ANF - - 5.9 80.3 18.0 13.6 3.1

Compd. n R

Similarly, we turned our attention to the C4-pasitiof ANF to confirm whether
modification at this position could provide moraga CYP1B1 inhibitors. As a general
trend, replacement of the oxygen atom at C4-pesiobANF with a sulfur atom led to
compounds 10a-h, which exhibited more potent CYP1B1 inhibitory &ty in
comparison with that of substitution at 1- oxygdaona as shown inrable 2. Among
them, compound40a, 10c, 10d, 10e, and 10g possessed single digit nanomolagyC
values toward CYP1B1 (Kg values of 7.8, 5.0, 9.4, 9.1 and 1.6 nM, respebt)v Of
particular note, although most of them were idedifas potent CYP1B1 inhibitors, only
compoundl0g showed a 3-fold improvement the CYP1B1 biochemical assay when
compared with ANF. Therefore, we speculate thasstuition with a sulfur atom at this
site may has a very limited potential for improvi@yP1B1 inhibitory efficiency.

Next, compoundslla-c were designed by oximation of the corresponding
representative compound@a, 10d, and10g for the following reasons: (1) as a hydrogen
bond acceptor and donor, oxime group may form hyeindoond interactions with some
residues; (2) oxime group can be metabolized by 1IBAR indicating that
oxime-containing derivatives may have high affimity ligand binding; (3) hydrophilic
oxime group not only contributes to improving watlubility, but also provides
reaction site for further modification. We evaluhthe newly designed oxime-containing
derivativeslla-c and found that they still showed similar CYP1Bhibitory activities
with ICsg values ranging from 3.2 to 10.4 nM. In this respeasmpoundlla was slightly
more active than ANF in CYP1B1 inhibition, whiletioduction of a substituent to the
B-ring (compounddl1b andlic) diminished its CYPL1 inhibitory activity. Togethesth
these findings, it is implied that modification@4-position generally had a slight effect
in improving inhibitory efficiency toward CYP1B1, hereas had a most pronounced
effect in their selectivity. Compared with ANF, af these compounds displayed an
increased selectivity between CYP1Bland CYP1A2 abdécreased selectivity between
CYP1Bland CYP1ALl.

Table 2 Inhibitory activities of C4 sulfur/oxime substiaata-naphthoflavones on CYP1 enzymes

ICspvalues (nM) IGoratio
1B1 1A1 1A2 1A1/1B1 1A2/1B1
10a S H 7.8 65.4 179.0 8.4 22.9

Compd. R, R




ICspvalues (nM) IGoratio

Compd. Ry R 1Bl 1Al 1A2 1A1/1B1 1A2/1B1
10b S oF 10.6 319 51.8 3.0 4.9
10c S m-F 50 251 1341 5.0 26.8
10d S m-Cl 94 317  304.2 3.4 32.4
10e S mM-OCHs 91 728 3047 8.0 335
10f S p-F 133 123 42.8 0.9 3.2
10g S p-Cl 1.6 9.6 53.2 6.0 33.3
10h S 3,4,54i0CH;s 188 282  >1000 1.5 >53.2
1la  =N-OH H 32 321 74.6 10.0 23.3
11b  =N-OH m-Cl 104 949  803.6 9.1 77.3
1lc  =N-OH p-Cl 8.0 444 75.2 5.6 9.4

ANF - - 59 803 18.0 13.6 3.1

From the above observations, it can be reasonablgleded that oxygen atoms at
positions 1 and 4 of ANF are important for CYP1Bhibitory activity, so it seems to be
very hard to obtain a compound with significantigneased CYP1B1 inhibitory activity
by replacement of these two oxygen atoms. Analysthe crystal structure of CYP1B1
in complex with ANF showed that the phenyl ring jBg) of ANF comes into close
contact with heme[19]. As a result, introductionsobstituents to the phenyl ring may
affect the formation of the reactive heme iron-axtermediate during catalysis. Based
on this idea, we therefore turned our attentioth® phenyl ring of ANF. As shown in
Table 3, at the start of this study, synthesis and evanatf halogen- and methoxyl-
substituted ANF analogSa-h was intended to identify the optimum location om th
phenyl moiety. There was an increase in potencynag&€YP1B1 and CYP1Al,while a
decrease in potency against CYP1A2 for most of shbstituted derivatives when
compared to the unsubstituted parent compound ANparticular, a significant increase
in CYP1B1 inhibitory activity was observed whenhdotine atom was introduced at the
meta-position (compound®e). This compound showed ansfralue of 0.49 nM, which
was a 12-fold increase over lead compound ANEyWalue of 5.9 nM). Furthermor8ge
displayed a significantly increased selectivity &wdy CYP1B1 over CYP1A2 when
compared to ANF (150.9s 3.1). However, to our surprise, moving this chieriatom
from the meta- to ortho-position led to a significant loss in CYP1 inhdyg potency.
Analysis of the biological data of compour@tsc (F derivatives)9d-f (Cl derivatives)
and 9g-h (OCH; derivatives), we can preliminarily conclude tha¢ta-position was
optimal for substitution on the phenyl ring.

Next, meta-substitutedcompounds9i-k were synthesized in order to explore the
effect of hydrophilic/lipophilic groups on the CYRdhibitory activity. Among them,
compound9j bearing a lipophilic “CF group was identified as the most potent



CYP1B1 inhibitors with 1G, value of 0.52 nM, which was equipotent to the
meta-chlorine substituted derivati@. Dimethylamino substituted derivati®& showed

a similar level of CYP1B1 inhibitory activity t&\NF, while a hydrophilic group of
hydroxyl 9i resulted in a nearly 3-fold decrease in acti(is, = 14.8 nM), suggesting
that lipophilic group(s) may be beneficial for CYBAL inhibitory activity. Compared
with meta-fluorine substituted compour@ih, meta-trifluoromethyl substituted derivative
9y was found to be 4-fold more potent in blocking CBRlactivity. Based on this
observation, we hypothesized that introduction ofenlipophilic groups to the phenyl
ring may increase their inhibitory activity towa@YP1B1. Thus, compounddl-o
bearing lipophilic groups both ateta-position and other position(s) were synthesized.
However, it was found that, compared % or 9j, all of these multi-substituted
derivatives exhibited a slight decrease in CYPl1l@iikitory potency with IG, values
ranging from 3.2 to 5.6 nM. The positive correlatidbetween lipophilicity and
biochemical activity was not observed, indicatingatt steric hindrance may be an
important factor in blocking CYP1 enzymes. To t@st hypothesis, a larger naphthalene
ring was introduced to give compourfip. As expected, compared with ANF, a
significantly decreased potency in blockage of CBPAnd CYP1A2 was observed for
compounddp with 1Cso values of 48.4 and more than 1000 nM, respectigeigporting
our hypothesis.

As we all know, ANF has quite low water solubilipwing to its planar and
hydrophobic structure, which limits its applicatioang. Although our above results
pointed to the importance of lipophilicity on CYPLihhibitory activity, we still want to
introduce some hydrophilic functional groups to e its water solubility. Thus,
nitrogen-containing compound¥y-t were prepared since hydrophilic piperazine and
morpholine groups have been widely recognized asilgged scaffolds’ in medicinal
chemistry. Derivative9r incorporated with a 4-methyl-piperazin-1-yl group the
meta-position of phenyl ring showed more potent tipana-substituted analogu@g on
inhibition of CYP1B1 (IGy values of 24.6 and 63.8 nM, respectively), whishin
agreement with our previous results. Addition ahtorine atom to theneta-position of
Or affording analogu@s resulted in a 2-fold decrease insd@alue from 24.6 to 47.7 nM
for CYP1B1 inhibition, however, replacement of B¢4-methyl-piperazin-1-yl) group
of 9r with a 4-morpholinyl group giving analog@¢, led to a 12-fold increase in 4
value from 24.6 to 2.0 nM against CYP1Bherefore, we speculated that the enhanced
CYP1B1 inhibitory activity of compoun@t may be partly due to the reduced steric
hindrance. Of particular note, CYP1A2 enzyme appdarbe even more sensitive to
steric hindrance than CYP1B1 according to the imelahip between structural features
of compound®n-t and biological activities of CYP1A2 inhibition (¥¢values ranging
from submicromolar to micromolar levels$).may be ascribed to the smallest active site
cavity volume of CYP1A2 among CYP1 family membe&spil]. For the purpose of
improving its water solubility, physiologically aggtable salts of piperazine substituted
ANF derivative 9q were prepared by adding different kinds of acitis.our surprise,
the sulfate form of compoun8q exhibited a significantly increased water solupili
(more than 20 mg/ml). However, in the subsequepeement of reversing CYP1B1



induced drug-resistance, we found this compound alsplayed a remarkable
cytotoxicity towards MCF-breast cancer cells when compared with ANF. Wedptx
that its enhanced cytotoxicity may be associateth Wie piperazinyl group on the B
ring.

Given that an ideal ANF derivative with improved EMB1 inhibitory activity and
water solubility cannot be obtained by introductioh nitrogen-containing aliphatic
heterocycle to the phenyl ring of ANF, we attemptedeplace this phenyl ring with
alkaline pyridine ring (analogueéki-w), which can be used for further modification to
improve water solubility. To our surprise, composirél-w showed that pyridine
substitution was tolerated with slight increase amly minimal loss of CYP1B1
inhibitory activity as compared with ANF. With regato this series, 2-pyridine
derivative9u was found to be the most potent CYP1BL1 inhibitdhWCsy value of 3.5
nM, while 2- and 3-pyridine derivativeds and 9w were slightly less active at 6.2 and
9.3 nM, respectively, suggesting the importancehefposition of nitrogen atom in CYP1
inhibitory potency. It should be noted that companath ANF, these three compounds
also exhibited an enhanced inhibitory activity tosvaCYP1Al, but a decreased
inhibitory activity toward CYP1A2, which contribigeto improving the selectivity
between CYP1B1 and CYP1A2. Based on this findihgpuld be envisaged that some
other aromatic heterocycles may also be toleratad tiie B ring of ANF, and
significantly affect their inhibitory activity towd CYP1 isoenzymes. Moreover, their
cytotoxicity was not significantly augmented by lepng the phenyl ring with
nitrogen-containing aromatic heterocycle as congare ANF, suggestinghe great
potential of B ring in structural modification.

Table 3 Inhibitory activities of B ring modified-naphthoflavones against CYP1s

Icsoealues (nM) IGoratio
Compd. Ar 1Bl 1Al 1A2 1A1/1B1 1A2/1B1
ANF - 5.9 80.3 18.0 13.6 3.1
9a 2-fluorophenyl 3.3 12.2 23.7 3.7 7.2
9% 3-fluorophenyl 2.2 16.7 62.2 7.6 28.3
9c 4-fluorophenyl 2.7 6.7 12.1 2.5 4.5
aod 2-chlorophenyl 21.6 227.9 113.2 10.6 5.2
%e 3-chlorophenyl 0.49 5.2 73.6 10.6 150.2
of 4-chlorophenyl 4.2 4.3 10.6 1.0 2.5

9 3-methoxyphenyl 3.8 358 177.8 9.4 46.8




ICsovalues (nM) IGoratio

Compd. Ar 1B1 1Al 1A2 1A1/1B1 1A2/1B1
9h 4-methoxyphenyl 7.3 30.9 98.2 4.2 135
9i 3-hydroxyphenyl 14.8 53.1 91.5 3.6 6.2
9 3-(trifluoromethyl) 0.52 16.7 94.2 32.1 181.2
phenyl

9k 3-(dimethylamino) 4.1 9.6 183.3 2.3 44.7
phenyl

9 3,5-dichlorophenyl 4.2 25.5 156.9 6.1 37.4

9m 3,4-difluorophenyl 5.6 11.8 28.6 2.1 5.1

9n 3,4,5-trimethoxypheny 5.1 3.0 >1000 0.6 >196.1

I

9% 3-chloro-5-methoxyph 3.2 163.9 >1000 51.2 312.5
enyl

9% 2-naphthyl 48.4 46.4 >1000 1.0 >20.7

9q 4-(4-methyl-piperazin- 63.8 153.4 >1000 2.4 15.7

1-yl) phenyl
Or 3- 24.6 34.6 761.6 14 31.0
(4-methyl-piperazin-1-
9s 3-CI-5-(4-methyl-pipe 47.7 37.9 >1000 0.8 21.0
razin-1-yl) phenyl

ot 3-(4-morpholinyl) 2.0 30.9 318.5 15.5 159.3
phenyl

9u 2-pyridyl 3.5 37.9 25.1 10.8 7.2

v 3-pyridyl 6.2 25.3 23.2 4.1 3.7

ow 4-pyridyl 9.3 18.7 36.4 2.0 3.9

2.2 Molecular docking

To gain insight into the potential binding modedd amtionalize the observed
efficiency and selectivity of CYP1 inhibition byehmost potent CYP1B1 inhibit®e,
we performed a molecular docking study based orcity&tal structures of CYP1B1 or
CYP1A2 in complex with ANF (PDB IDs of 3PMO and ZHlIrespectively). As can be
seen from part A oFigure 1, similar to ANF, compoun@®e tightly fitted well into the
active sites of both CYP1B1 and CYP1A2, while ibptkd a different binding pose to
ANF within the corresponding ligand binding pock&NF forms only one hydrogen
bond to Asp326 of CYP1B1 with a distance of 2.8Hswever, the carbonyl group of
compound9e could form three hydrogen bonds to the amino ayafdxyl groups of
Ser131 as well as the carbonyl group of Asp326 witances of 3.5, 2.1 and 28
respectively, which may play an essential role nmprioving its binding affinity to
CYP1B1(Figure 1B). In addition to the commanr stacking interaction formed by
naphthalene part and phenyl ring of Phe231, théapad=-n stacking interaction
between the phenyl moiety provided an additionatlinig affinity. Also, compoun@e is



buried in hydrophobic contacts with the residueshsas Leu264, Phe268, Phel20,
Ala330 and Alal21. The presence oftdorine atom not only affected the binding pose
of 9ein CYP1B1, but also provide an extra hydrophobic conitath [1l€399. All of these
factors could contribute to the improvement inéneyme inhibition activity of CYP1B1.
However, in the case of compours® bound to CYP1A2 (Figure 1D), the most
significant difference betwee®e and ANF is that no hydrogen bond or water-mediated
hydrogen bond was formed between compo@edind CYP1A2 (ANF could form a
water-mediated hydrogen bond with Gly8¥5. As a result, the binding affinity &k for
CYP1A2 arises mainly from am=n-r stacking interaction with Phe226
and hydrophobic contacts with many hydrophobicdwss such as Val227, Phe226,
Phe260, Thr498, Leu382, 11e386, Thr321 and Ala3llis observation may provide a
reasonable explanation for a lower activity of connpd9e against CYP1A2.

B
L264 39
! 7 ‘I V/

Figure 1 The binding models of compou®é with CYP1B1(A) and CYP1A2 (C). (Hydrogen bonding
is depicted by yellow dashed linesn stacking interaction is depicted by green dashexs] T-shaped
n-n stacking interaction is depicted by red dasheéstirand, hydrophobic contacts is depicted by grey
dashed lines. In parts A and C, ANF was shown ancyhile9e was shown in yellow )

2.3 3D-QSAR study
In the current work, 3D-QSAR (three-dimensional mjitative structure-activity

relationship) models CoMFA (comparative moleculaldf analysis) and CoMSIA
(comparative molecular similarity indices analys)dies were undertaken to figure out
the effects of steric, electrostatic, hydrophohbitgd hydrogen bonding properties of these
compounds on CYP1BL1 inhibitory activity, and to abtreliable models to predict the
inhibitory activity of structurally similar compods on CYP1B1. Based on the variety
of activity and structure diversity, all the fortwo compounds were divided into a
training set comprising 33 compounds and an extetest set comprising nine



compounds: the test set consists of compodfds3b, 4b, 9a, 9e, 9k, 9m, 9w and ANF;
the remaining compounds were used as trainingvs@ecular alignment of compounds
Is a crucial step in the development of 3D-QSAR eto@ompoundj, one of the most
active molecule, was chosen as the template m@eud all the other molecules were
aligned to it using the database alignment methodSYBYL-X 2.0. The aligned
molecules are shown Kigure 2.

Figure 2 Database alignment superposition of training ssdufor 3D-QSAR analysis based on
compoundj.

Based on the molecular alignment, CoMFA and CoM&kke applied to derive a
correlation relationship between the CYP1B1 inleibibiological activity and the
structural propertiesA partial least squares (PLS) approach was usedetive the
3D-QSAR model. Initial COMFA PLS analysis with 8B compounds in the training set
afforded model with very low cross-validated vplue. After omitting four possible
outliers, compound$0g, 11b, 9i and9r, a better §value of 0.526 was obtained from a
training set of 29 compounds. Meanwhile, the cquoesling conventional correlation
coefficient £, standard error of the estimate (SEE), and thiavee ratio F(r=6, n=22)
were also calculated as 0.981, 0.094 and 191.88pectively. The I§ values of these
ANF derivatives were predicted to validate the itsgtand predictive ability of COMFA
model. As shown ifrigure 3 andTable 4, the predicted values were in good agreement
with the experimental data for the training setcatkd the reliability of CoMFA model.
Also, this figure shows a good agreement betweeeraxental and predicted values for
the test set within a statistically tolerable emamge.

Table 4 Experimental and predictive activities of COMFA fbe 38a-naphthoflavone analogues.

pICse Residu plCsq

Compd. Actual Predicted al Compd. Actual Predicted Residual
10a 8.108 8.105 0.003 7.666 7.923 -0.257
10b 7.975 7.902 0073 9% 9.31 8.872 0.438
10c 8.301 8.375  -0.074 f 8.377 8.32 0.057

10d” 8.027 8316  -0.289 99 8.42 8.498 -0.078



Compd. plGc Residu Compd. plICsq Residual

10e 8.041 8.091 -0.05 9h 8.137 8.179 -0.042
10f 7.876 7.912 -0.036 9 9.284 9.231 0.053
10h 7726 7771 0045 %K' 8387 8867 .0.48
1la 8.495 8.377 0.118 9l 8.377 8.313 0.064
1ic 8.097 8.165 0.068 9m" 8.252 8.597 -0.345
3a 7.244 7.273 -0.029 9n 8.292 8.229 0.063
3b" 6.985 7.209 -0.224 90 8.495 8.54 -0.045
3c 7.047 7.109 -0.062 9P 7.315 7.21 0.105
3d 7.393 7.339 0054 9 7.195 7.126 0.069
3e 7.285 7.282 0.003 9 7.321 7.294 0.027
4a 6.652 6.654 -0.002 &t 8.699 8.705 -0.006
4p" 6601  6.966  -0.365 U 8.456  8.329 0.127
9a 8.481 8.142 0339 W 8.208 8.338 -0.13
9 8.658 8.65 0.008 W’ 8.032 8.273 -0.241
9 8.569 8.468 0.101 ANF’  goog 8.24 -0.011

* represents the test set compounds
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Figure 3 Correlation plot of the predicted pJ&with the experimental pl§g values generated through
CoMFA .

CoMFA and CoMSIA contour maps can be applied tmnalize the regions in 3D
space around the molecules where changes in thieybar physicochemical properties
are predicted to increase or decrease the actimityeneral, the molecular force field of
the CoMFA model includes the steric and electrastatlds. However, in our CoMFA
study, no electrostatic contour map was found, anlg the steric contour map was
generated witl9) as a reference structurgiqure 4), indicating that the interaction of
steric field is extremely important for potencygtbontribution of steric is 100%). The
steric interaction is denoted by green and yellomaurs. A large green contour near the



meta-position of the benzene ring indicates thaulky substituent at this site would

increase the CYP1B1 inhibitory potency. This is sistent with the fact that most

compounds bearing substituents at meta positiaihebenzene ring generally showed
an enhanced CYP1B1 inhibitory activity. Inversady,small yellow contour near the

ortho-position of the benzene ring means that cstbrilk is unfavored at this site.

Consistent to our experimental results, ortho-suitet derivatives generally showed a
decreased CYP1B1 inhibitory activity when compavath meta- or para-substituted

analogs. Similarly, the presence of a yellow contmound the 1-position oxygen atom
of C ring indicates this site is a disfavored regior steric bulk and replacement of this
oxygen atom with other groups (such as sulfur aniise groups) should be avoided in
future design.

Figure 4 The steric contour map of CoMFA farnaphthoflavone analogues.

Considering that CoMSIA model, including five maléar force fields (steric,
electrostatic, hydrophobic, hydrogen bond donod Aydrogen bond acceptor fields),
could provide a more comprehensive understandintpefkey structural requirements
responsible for the biological activity. Using thienilar method mentioned above, we
also established a reasonable CoMSIA model withisfaatory statistical values
including d, r?, and SEE values (0.598, 0.937, and 0.179, respeégdti It should be
noted that the training set for CoMSIA model cotssief 34 compounds, and the
remaining eight compounds are test s€lg( 11a, 9e, 9i, 9u, 9v, 9w and ANF). The
relative field contributions of the hydrophobic, diggen bond acceptor, steric and
electrostatic fields were 27.4, 38.7, 8.6 and 25.2%spectively, suggesting that
hydrophobic, hydrogen bond acceptor and electiostaeractions play relatively more
important roles in the CYP1BL1 inhibitory activitfhe contour maps for CoMSIA are
depicted inFigure 5. A prominent magenta colored contour near theargrboxygen
atom indicates that a hydrogen bond acceptor isréavat this positionHjgure 5a). The
red contours present near l-position oxygen atoowshunfavorable activity for the
presence of a hydrogen bond acceptor groupgrijure 5b, the hug yellow contour
surrounding the phenyl ring reflects the increaseactivity found by introducing
hydrophobic group in this region. Seen fréigure 5c, the phenyl moiety is surrounded
by a large red contour, which means that electrithenawing increase the activity



substituent in this region is beneficial to thehagt A green contour centralizes on the
meta-position of the phenyl ring reveals aroung tieigion bulky substituent is favored
(Figure 5d), which is also in consistent with ti®ae mentioned CoMFA steric field. In
addition, a yellow contour was also found around tbhenyl ringsuggesting the
existence of multiple substituents at the phenwlgrs unfavorable for CYP1B1
inhibitory activity.

Figure 5 Contour maps of CoMSIA model: hydrogen-bond aamefield (A), hydrophobic field (B),
electrostatic field (C), and steric field (D).

3 Conclusion

In this study, structural modification of ANF gasmeseries of forty-one derivatives,
which exhibited varied levels of inhibitory poteesi on CYP1B1l, CYP1Al and
CYP1A2 enzymes. Among them, compou®dsand9jwere found to be the most potent
two CYP1B1 inhibitors with 16, values of 0.49 and 0.52 nM, which were 10-fold enor
potent than the lead compound ANF. Meanwhile, tihe®ecompounds also presented an
enhanced selectivity for inhibition of CYP1B1 ov&@YP1A2. To rationalize the
biological results and gain more information on biveding mode of these compounds, a
molecular docking study was performed and the tesukaled that the hydrogen bond
and hydrophobic interactions are two importantdestor increasing the binding affinity
at CYP1B1 active site. To get enough informatiom fmetter understanding the
structure-activity relationship and the key struatudeatures influencing the activity, a
3D-QSAR study on CYP1B1 inhibition was also conédctThe reasonable CoMFA and
CoMSIA models showed satisfactory correlations pretlictive abilitiesTheir contour
maps emphasized the importance of oxygen atonpasition, carbonyl oxygen atom at
4 position, as well as hydrophobic and electroir@iawing substituent at meta-position
of the phenyl ring for CYP1B1 inhibitory activityBased on the observation that



variation of the phenyl ring of ANF has a signiftampact on the CYP1 inhibitory
activity and aromatic heterocycles are also weleraied for this part, we have
successfully developed many derivatives with mayeeipt inhibition of CYP1B1, high

selectivity and improved aqueous solubility by engiag the phenyl and naphthyl, and
they will be reported in due course.

4. Experimental
4.1. Chemistry

All starting materials and reagents were eithernioled from commercial suppliers
or prepared according to literature reported pracesl All purchased chemicals and
solvents were used without further purificationasd otherwise indicated. All anhydrous
solvents were dried according to standard meth@itdumn chromatography was
conducted on silica gel (200-300 mesh) from Qing@aean Chemical Factory. Thed
and**C NMR spectra were obtained on a Varian Mercury-@@D MHz) spectrometer
using DMSOdsand CDC} as solvents and TMS as an internal standard. Adhgcal
shifts @) are given in ppm and coupling constants are giwelHz. Reactions progress
was monitored by thin-layer chromatography TLCi¢ailgel GF254) and visualized with
UV light (254 or 365 nm). Mass spectra were recdragh HRMS (ESI, Agilent 6540
QTOF).

411 General procedure for the preparation of  2-substituted
phenyl-4H-benzo[ h] thiochromen-4-one derivatives 3a-e

Ethyl benzoylacetate derivatidewas prepared according to reported methods[15].
A mixture of commercially available naphthalenehict (2, 1 equivalent), ethyl
benzoylacetate derivative (2 equivalents), and polyphosphoric acid (PPA % Wwaated
at 120 °C with stirring. After the reaction was qaeted, the mixture was cooled to
room temperature and neutralized with NaOH aqueblien, the resulting mixture was
extracted with EtOAc. The combined organic extragtse washed with saturated NaCl
aqueous, dried over B8O, and the solvent removed under vacuum. The crusidue
was subjected to silica gel column chromatographyite compound3a-e.

4.1.1.1 2-phenyl-4H-benzo[ h] thiochromen-4-one (3a). Pale white solid, yield: 58%;
'H NMR (400 MHz, DMSOs) § 8.54 (d,J = 7.2 Hz, 1H), 8.38 (d] = 8.7 Hz, 1H), 8.24
— 8.08 (m, 2H), 8.02 — 7.90 (m, 2H), 7.88 — 7.77 2id), 7.71 — 7.57 (m, 3H), 7.43 (s,
1H). *C NMR (101 MHz, CDG)) & 181.01, 151.13, 137.26, 136.67, 133.99, 130.77,
129.56, 129.46, 129.30, 128.99, 128.94, 127.94,3027127.12, 124.08, 123.78, 123.56.
HRMS (ESI) calcd for [&H1,SO + H] 289.0687, found 289.06861.

4.1.1.2 2-(2-fluorophenyl)-4H-benzo[ h] thiochromen-4-one (3b). Pale white solid,
yield: 55%;"H NMR (400 MHz, CDC}J) ¢ 8.47 (d,J = 8.5 Hz, 1H), 8.29 (d] = 7.9 Hz,
1H), 7.86 (tJ = 9.5 Hz, 2H), 7.69 — 7.51 (m, 3H), 7.43 (s, 1HPR9 — 7.18 (m, 3H):*C
NMR (101 MHz, CDC)) ¢ 180.65, 149.18, 145.08 (d,= 2.0 Hz), 137.63, 133.96,
132.16, 132.08, 130.28 (d,= 2.0 Hz), 129.48, 129.32, 129.00 {d+ 2.0 Hz), 128.02,
127.48 (dJ = 4.0 Hz), 127.32, 124.78 (d,= 4.0 Hz), 123.76, 123.52, 116.88, 116.66.
HRMS (ESI) calcd for [@H1;FSO + Hf 307.0593, found 307.05954.



4.1.1.3 2-(2-chlorophenyl)-4H-benzo[ h] thiochromen-4-one (3c). Pale white solid,
yield: 48%;"H NMR (400 MHz, CDCJ) ¢ 8.47 (d,J = 8.6 Hz, 1H), 8.23 (d] = 8.2 Hz,
1H), 7.84 (tJ = 8.4 Hz, 2H), 7.65 — 7.52 (m, 2H), 7.49 — 7.4Q 2H), 7.39 — 7.28 (m,
2H), 7.09 (s, 1H)"C NMR (101 MHz, CDGJ) § 180.53, 148.61, 137.85, 135.22, 133.95,
132.72, 131.17, 130.86, 130.47, 129.52, 129.28,0629.28.96, 128.03, 127.74, 127.33,
127.13, 123.76, 123.50. HRMS (ESI) calcd forgfG.CISO + H[ 323.0297, found
323.02967.

4.1.1.4 2-(3-chlorophenyl)-4H-benzo[ h] thiochromen-4-one (3d). Pale white solid,
yield: 52%;'"H NMR (400 MHz, CDC}) ¢ 8.44 (d,J = 8.8 Hz, 1H), 8.33 (d] = 7.9 Hz,
1H), 7.91 - 7.79 (m, 2H), 7.68 (s, 1H), 7.66 — A®3 3H), 7.49 — 7.35 (m, 2H), 7.25 (s,
1H). *C NMR (101 MHz, CDGJ) § 180.81, 149.36, 138.34, 136.94, 135.35, 134.01,
130.73, 130.56, 129.52, 129.37, 129.07, 129.02,182827.42, 127.23, 125.27, 124.52,
123.71, 123.52. HRMS (ESI) calcd for,f8,,CISO + HJ 323.0297, found 323.02927.

4.1.1.5 2-(4-chlorophenyl)-4H-benzo[ h] thiochromen-4-one (3e). Pale white solid,
yield: 45%;"H NMR (400 MHz, CDCJ) ¢ 8.43 (d,J = 8.8 Hz, 1H), 8.31 (d] = 6.9 Hz,
1H), 7.93 — 7.78 (m, 2H), 7.65 — 7.56 (m, 4H), 7(d3) = 8.1 Hz, 2H), 7.24 (s, 1H}*C
NMR (101 MHz, CDC}) ¢ 180.84, 149.70, 137.09, 136.93, 135.03, 134.00,512
129.46, 129.35, 129.04, 129.02, 128.32, 128.11,392724.12, 123.70, 123.50. HRMS
(ESI) calcd for [GoH1;:CISO + HJ 323.0297, found 323.029109.

412 General procedure for the preparation of  2-substituted
phenyl-4H-benzo[ h] thiochromen-4-one 1,1-dioxide derivatives 4a-b

To a solution of thio naphthoflavon8, @ mmol) in acetic acid (4 ml) was added 1g
of 30% aqueous hydrogen peroxide solution. The unéxivas heated for 10 hours at
60 °C. After cooling, the reaction mixture was paElimto an ice-water solution and then
resulting solid was filtered and washed with wakscrystallization from ethanol gave
compoundgla-b.

4.1.2.1 2-phenyl-4H-benzo[ h]thiochromen-4-one 1,1-dioxide (4a). yellow-green
solid, yield: 78%;'H NMR (400 MHz, CDC}) ¢ 8.87 (d,J = 7.9 Hz, 1H), 8.15 (d] =
8.7 Hz, 1H), 8.05 (dJ = 8.6 Hz, 1H), 7.96 — 7.81 (m, 3H), 7.76 — 7.61 PH), 7.58 —
7.41 (m, 3H), 6.82 (s, 1H)>C NMR (101 MHz, CDGJ) ¢ 178.59, 153.92, 138.06,
136.28, 133.52, 131.77, 129.86, 129.20, 129.11,082928.72, 127.96, 127.13, 126.46,
126.11, 122.14. HRMS (ESI) calcd for,[8,;CISO+ H] 323.0297, found 323.02919.
HRMS (ESI) calcd for [GH1,.SOs+ NaJ 343.0405, found 343.04019.

4.1.2.2 2-(3-chlorophenyl)-4H-benzo[ h] thiochromen-4-one  1,1-dioxide  (4b).
yellow-green solid, yield: 75%H NMR (400 MHz, CDCY)) ¢ 8.85 (d,J = 7.6 Hz, 1H),
8.14 (d,J = 8.3 Hz, 1H), 8.06 (d] = 8.4 Hz, 1H), 7.90 (d] = 6.7 Hz, 1H), 7.84 (s, 1H),
7.79 — 7.63 (m, 3H), 7.49 (d,= 7.9 Hz, 1H), 7.40 (t) = 7.6 Hz, 1H), 6.80 (s, 1H}°C
NMR (101 MHz, CDC}) ¢ 178.34, 152.52, 137.83, 136.31, 135.24, 133.67,823
130.45, 130.28, 130.00, 129.30, 129.12, 129.10,682827.33, 127.03, 126.39, 126.05,
122.13. HRMS (ESI) calcd for fgH,,CISOs+ NaJ 377.0015, found 377.00095.

413 General procedure for the preparation of 2-substituted
phenyl-4H-benzo[ h] chromen-4-one derivatives 9a-w

The 1-(1-hydroxynaphthalen-2-yl)ethan-1-oné) (as a key intermediate was



obtained from commercially available naphthalen-X%) according to the literature
procedure[18].

To a stirred solution of 1-(1-hydroxynaphthaleni&than-1-one (2 mmol) in dry
DMF (10 ml), benzoic acid derivative (2.2 mmol, aoercially available or prepared
according to the reported literature procedure)CEB mmol) and DMAP (3 mmol)
were added and the resultant solution stirred f@rmght at room temperature. After
completion of the reaction as indicated by TLC, taaction mixture was poured into an
ice-water solution. the resulting mixture was estied with EtOAc. The combined
organic extracts were washed with saturated NaQkaags, dried over N&Q,. the
solvent was removed under vacuum and the crudduesvas subjected to silica gel
column chromatography to give intermedidte

To a stirred solution of intermediatg 1mmol) in dry DMF (5 ml), NaH (10 mmol)
was added and the resultant solution stirred fdrobrs at room temperature. After
completion of the reaction as indicated by TLC, tbaction mixture was quenched with
saturated ammonium chloride ice water solutiontaedrecipitate obtained was filtered.
After drying, this crude produ@&can be used directly without further purification.

Intermediate8 (0.5 mmol) was dissolved in,B0O,-EtOH solution (10%, 25 ml).
The resultant solution was kept for stirring at°@till completion of the reaction (TLC
monitoring). Solvents were removed under vacuum #adresidue was purified by
column chromatography using silica gel to give comqs9a-w.

4.1.3.1 2-(2-fluorophenyl)-4H-benzo[ h] chromen-4-one (9a). Pale white solid, yield:
63%;'H NMR (400 MHz, CDCJ) § 8.43 (d,J = 7.1 Hz, 1H), 8.06 (d] = 8.6 Hz, 1H),
7.92 (tJ=7.3Hz, 1H), 7.82 (d1= 7.1 Hz, 1H), 7.67 (d] = 8.5 Hz, 1H), 7.63 — 7.52 (m,
2H), 7.46 (dJ = 5.7 Hz, 1H), 7.29 (1) = 7.4 Hz, 1H), 7.17 (d] = 9.9 Hz, 1H), 6.97 (s,
1H). **C NMR (101 MHz, CDGJ) ¢ 178.10, 160.46 (d] = 254.0 Hz), 158.25 (d,= 4.0
Hz), 153.66, 135.95, 132.90 (d@,= 9.0 Hz), 129.32, 128.94 (d,= 2.0 Hz), 128.17,
127.19, 125.39, 124.78 (d~= 3.0 Hz), 123.98, 122.32, 120.62, 120.33)(¢,10.0 Hz),
120.05, 117.12 (dJ = 22.0 Hz), 113.29 (dJ = 10.0 Hz). HRMS (ESI) calcd for
[C1oH1:FO, + H]T 291.0821, found 291.08226; calcd for,Jig;FO, + Na]* 313.0641,
found 313.06454.

4.1.3.2 2-(3-fluorophenyl)-4H-benzo[ h] chromen-4-one (9b). Pale white solid, yield:
67%;'H NMR (400 MHz, CDCJ) § 8.49 (d,J = 3.2 Hz, 1H), 8.08 (d] = 8.7 Hz, 1H),
7.86 (d,J=5.2 Hz, 1H), 7.71 (d] = 8.3 Hz, 2H), 7.64 (d] = 7.0 Hz, 3H), 7.48 (dd] =
14.2, 7.1 Hz, 1H), 7.19 (d,= 5.9 Hz, 1H), 6.87 (s, 1H)Y’C NMR (101 MHz, CDG)) §
178.03, 163.07 (d] = 246.0 Hz), 161.15 (d} = 3.0 Hz), 153.45, 136.04, 134.08 Jd;
8.0 Hz), 130.91 (dJ = 8.0 Hz), 129.40, 128.28, 127.30, 125.58, 123122.25, 121.93
(d,J =3.0 Hz), 120.64, 120.25, 118.48 Jd+ 21.0 Hz), 113.37 (dl = 24.0 Hz), 109.34.
HRMS (ESI) calcd for [@Hu1FO, + H]" 291.0821, found 291.08264; calcd for
[C1oH1:FO, + NaJ 313.0641, found 313.06429.

4.1.3.3 2-(4-fluorophenyl)-4H-benzo[ h] chromen-4-one (9c). Pale white solid, yield:
68%;'H NMR (400 MHz, CDCJ) § 8.45 (d,J = 6.9 Hz, 1H), 8.05 (d] = 8.6 Hz, 1H),
8.00 — 7.87 (m, 2H), 7.83 (d,= 5.4 Hz, 1H), 7.67 (d] = 8.7 Hz, 1H), 7.61 (d] = 6.8
Hz, 2H), 7.18 (tJ = 8.1 Hz, 2H), 6.81 (s, 1HYC NMR (101 MHz, CDGJ) ¢ 178.02,



164.68 (d,J = 252.0 Hz), 161.64, 153.39, 135.98, 129.29, 1P8¥8.32, 128.25,
128.07(d,J = 3.0 Hz), 127.20, 125.43, 123.95, 122.18, 12016%.08, 116.54, 116.32,
108.49. HRMS (ESI) calcd for [gH1,FO,+ H]" 291.0821, found 291.08240; calcd for
[C1oH1:FO,+ NaJ 313.0641, found 313.06420.

4.1.3.4 2-(2-chlorophenyl)-4H-benzo[ h] chromen-4-one (9d). Pale white solid, yield:
63%;'H NMR (400 MHz, CDC}) 6 8.46 (d,J = 8.0 Hz, 1H), 8.11 (d] = 8.7 Hz, 1H),
7.85 (d,J =7.8 Hz, 1H), 7.72 (d] = 8.6 Hz, 1H), 7.68 — 7.54 (m, 3H), 7.51 {ds 7.7
Hz, 1H), 7.45 — 7.33 (m, 2H), 6.75 (s, 1HC NMR (101 MHz, CDGJ) ¢ 177.99,
162.02, 154.04, 135.97, 132.93, 131.88, 131.82,9930.30.90, 129.39, 128.10, 127.27,
127.22, 125.47, 124.09, 122.51, 120.64, 120.09,.0614HRMS (ESI) calcd for
[C1oH1:CIO, + H]" 307.0526, found 307.05328; calcd forndd,,ClO,+ NaJ 329.0345,
found 329.03510.

4.1.3.5 2-(3-chlorophenyl)-4H-benzo[ h] chromen-4-one (9¢). Pale white solid, yield:
58%;'H NMR (400 MHz, DMSO¢g) J 8.71 — 8.58 (m, 1H), 8.29 — 8.17 (m, 2H), 8.14 —
8.05 (m, 1H), 7.98 (d] = 8.6 Hz, 1H), 7.92 (d] = 8.8 Hz, 1H), 7.82 (ddJ= 6.0, 3.1 Hz,
2H), 7.74 — 7.61 (m, 2H), 7.28 (s, 1HC NMR (101 MHz, DMSOdg) § 177.23, 160.78,
153.20, 135.90, 134.55, 133.78, 131.89, 131.53,0830.28.68, 128.21, 126.42, 125.99,
125.52, 123.83, 122.77, 120.33, 120.07, 109.47. BRHESI) calcd for [gH1;CIO, +
H]* 307.0526, found 307.05352; calcd for.J8,,ClO, + NaJ] 329.0345, found
329.03540.

4.1.3.6 2-(4-chlorophenyl)-4H-benzo[ h] chromen-4-one (9f). Pale white solid, yield:
59%;'H NMR (400 MHz, CDC}) ¢ 8.46 (s, 1H), 8.06 (d] = 7.0 Hz, 1H), 7.96 — 7.77
(m, 3H), 7.77 — 7.56 (m, 3H), 7.46 @= 6.8 Hz, 2H), 6.85 (s, 1H°C NMR (101 MHz,
CDCl) 6 177.97, 161.52, 153.44, 137.85, 136.03, 130.34.51p 129.35, 128.28,
127.43, 127.24, 125.52, 123.97, 122.19, 120.65,1720.08.83. HRMS (ESI) calcd for
[C1oH1:CIO,+ H]" 307.0526, found 307.05344; calcd fordd,,ClO,+ NaJ 329.0345,
found 329.03518.

4.1.3.7 2-(3-methoxyphenyl)-4H-benzo[ h] chromen-4-one (9g). Pale white solid,
yield: 75%;'H NMR (400 MHz, CDC}) § 8.42 (s, 1H), 8.03 (d} = 7.2 Hz, 1H), 7.79 (s,
1H), 7.64 (dJ = 8.0 Hz, 1H), 7.58 (s, 2H), 7.46 @z 6.5 Hz, 1H), 7.37 (d] = 7.4 Hz,
2H), 6.98 (dJ = 6.8 Hz, 1H), 6.82 (s, 1H), 3.81 (s, 3f)C NMR (101 MHz, CDG)) ¢
178.15, 162.30, 160.00, 153.40, 135.92, 133.14,2830.29.20, 128.15, 127.13, 125.29,
124.01, 122.25, 120.64, 120.18, 118.55, 116.76,8511108.89, 55.44. HRMS (ESI)
calcd for [GgH1405 + H]" 303.1021, found 303.10284; calcd for,§ig..0; + NaJ
325.0841, found 325.08477.

4.1.3.8 2-(4-methoxyphenyl)-4H-benzo[ h]chromen-4-one (9h). Pale white solid,
yield: 72%;'H NMR (400 MHz, CDC}J) 6 8.44 (s, 1H), 8.12 — 7.97 (m, 1H), 7.93 - 7.75
(m, 3H), 7.71 — 7.46 (m, 3H), 6.95 (s, 2H), 6.77J¢& 5.1 Hz, 1H), 3.80 (s, 3H}*C
NMR (101 MHz, CDC}) ¢ 178.12, 162.30, 153.35, 135.90, 129.09, 128.17,81
126.94, 125.12, 124.07, 122.24, 120.71, 120.06,5514107.25, 55.45. HRMS (ESI)
calcd for [GgH1405 + H]" 303.1021, found 303.10316; calcd for,§ig.0; + NaJ
325.0841, found 325.08477.

4.1.3.9 2-(3-hydroxyphenyl)-4H-benzo[ h] chromen-4-one (9i). Pale white solid, yield:



54%; 'H NMR (400 MHz, DMSOdg) d 9.91 (s, 1H), 8.59 (d] = 4.9 Hz, 1H), 8.14 —
8.04 (m, 1H), 7.97 (d] = 8.6 Hz, 1H), 7.90 (d] = 8.4 Hz, 1H), 7.80 (d] = 4.8 Hz, 2H),
7.67 — 7.56 (m, 8.8 Hz, 2H), 7.40 §t= 7.7 Hz, 1H), 7.05 (s, 1H), 7.01 (@= 7.8 Hz,
1H). °C NMR (101 MHz, DMSOdg) 6 177.26, 162.41, 158.44, 153.14, 135.91, 132.89,
130.85, 130.01, 128.77, 128.16, 125.81, 123.94.482220.46, 120.09, 119.23, 117.60,
113.19, 108.50. HRMS (ESI) calcd for,j8,,0;+ H]* 289.0865, found 289.08708.

4.1.3.10 2-(3-(trifluoromethyl)phenyl)-4H-benzo[ h] chromen-4-one (9j). Pale white
solid, yield: 52%;'*H NMR (400 MHz, CDCJ) § 8.44 (d,J = 3.4 Hz, 1H), 8.16 (s, 1H),
8.12 — 8.01 (m, 2H), 7.91 — 7.81 (m, 1H), 7.75)&, 7.6 Hz, 1H), 7.69 (d] = 8.9 Hz,
1H), 7.67 — 7.59 (m, 3H), 6.89 (s, 1HJC NMR (101 MHz, CDGJ) ¢ 177.81, 160.88,
153.47, 136.09, 132.89, 132.02, 131.69, 129.86,482929.31, 128.30, 127.98 @~
4.0 Hz), 127.38, 125.67, 123.94, 122.98)&,4.0 Hz), 122.13, 120.62, 120.28, 109.60.
HRMS (ESI) calcd for [GoH11F:0,+ H]" 341.0789, found 341.07987.

4.1.3.11 2-(3-(dimethylamino)phenyl)-4H-benzo[ h] chromen-4-one (9k). Pale white
solid, yield: 54%;H NMR (400 MHz, CDCJ) § 8.57 (s, 1H), 8.16 (dl = 8.6 Hz, 1H),
7.91 (s, 1H), 7.76 (dl = 8.5 Hz, 1H), 7.69 (s, 2H), 7.45 — 7.31 (m, 2ZHR5 — 7.19 (m,
1H), 7.01 — 6.85 (m, 2H), 3.06 (s, 6HJC NMR (101 MHz, CDGJ) ¢ 178.41, 163.65,
153.56, 150.61, 135.96, 132.69, 129.83, 129.15,212827.12, 125.22, 124.19, 122.33,
120.75, 120.25, 115.55, 114.56, 109.70, 108.7&040.

4.1.3.12 2-(3,5-dichlorophenyl)-4H-benzo[ h] chromen-4-one (91). Pale white solid,
yield: 60%;'H NMR (400 MHz, CDC}J) ¢ 8.47 (d,J = 5.2 Hz, 1H), 8.08 (d] = 8.6 Hz,
1H), 7.89 (dJ = 6.7 Hz, 1H), 7.79 (s, 2H), 7.73 @= 8.5 Hz, 1H), 7.70 — 7.65 (m, 2H),
7.49 (s, 1H), 6.84 (s, 1HYC NMR (101 MHz, CDGJ) 6 177.66, 159.72, 153.47, 136.14,
136.11, 134.95, 131.20, 129.52, 128.33, 127.44,802924.60, 123.90, 122.20, 120.61,
120.35, 110.02. HRMS (ESI) calcd for,j&,,Cl,0,+ H]" 341.0136, found 341.01366.

4.1.3.13 2-(3,4-difluorophenyl)-4H-benzo[ h] chromen-4-one (9m). Pale white solid,
yield: 47%;"H NMR (400 MHz, DMSO#ds) J 8.74 (d,J = 8.3 Hz, 1H), 8.42 — 8.31 (m,
1H), 8.21 — 8.09 (m, 2H), 7.98 (d,= 8.6 Hz, 2H), 7.86 — 7.80 (m, 2H), 7.70 (dds
18.3, 8.8 Hz, 1H), 7.29 (s, 1HY’C NMR (101 MHz, CDGJ) § 177.9, 160.4, 153.4,
152.34 (ddJ = 254.0 HzJ = 13.0 Hz), 150.75 (dd), = 250.0 HzJ = 13.0 Hz), 136.09,
129.46, 129.03, 128.34, 127.36, 125.69, 123.90,82@dd,J = 7.0 Hz,J = 4.0 Hz),
122.16, 120.63, 120.16, 118.37 Jds 18.0 Hz), 115.56 (d} = 20.0 Hz), 109.12. HRMS
(ESI) calcd for [GoH10F,0,+ H]" 309.0727, found 309.07285.

4.1.3.14 2-(3,4,5-trimethoxyphenyl)-4H-benzo[ h] chromen-4-one (9n). Pale white
solid, yield: 58%:'H NMR (400 MHz, CDC}) ¢ 8.38 (d,J = 6.9 Hz, 1H), 8.03 (dJ =
8.7 Hz, 1H), 7.82 (d) = 5.5 Hz, 1H), 7.65 (d] = 9.1 Hz, 1H), 7.62 — 7.54 (m, 2H), 7.09
(s, 2H), 6.78 (s, 1H), 3.91 (s, 6H), 3.88 (s, 3% NMR (101 MHz, CDGJ) § 177.99,
162.41, 153.60, 153.32, 141.10, 135.95, 129.17,282827.18, 127.02, 125.31, 123.96,
121.94, 120.64, 120.10, 108.43, 103.60, 61.04 568MS (ESI) calcd for [H1g05 +
H]* 363.1232, found 363.12361.

4.1.3.15 2-(3-chloro-5-methoxyphenyl)-4H-benzo[ h] chromen-4-one (90). Pale white
solid, yield: 61%;'H NMR (400 MHz, CDC}) ¢ 8.57 — 8.44 (m, 1H), 8.09 (d= 8.6 Hz,
1H), 7.87 (s, 1H), 7.72 (dl = 9.2 Hz, 1H), 7.68 — 7.59 (m, 2H), 7.51 (s, 1HB3 (s,



1H), 7.01 (s, 1H), 6.84 (s, 1H), 3.85 (s, 3HE NMR (101 MHz, CDG)) § 177.02,
160.14, 159.73, 152.53, 135.09, 135.03, 133.41,4P2827.29, 126.34, 124.61, 123.01,
121.30, 119.66, 119.30, 117.65, 115.81, 109.84,510&%4.82. HRMS (ESI) calcd for
[C20H15ClO; + H]* 337.0631, found 337.06357.

4.1.3.16 2-(naphthalen-2-yl)-4H-benzo[ h] chromen-4-one (9p). Pale white solid,
yield: 61%:'H NMR (400 MHz, CDCJ) ¢ 8.45 (d,J = 6.8 Hz, 1H), 8.31 (s, 1H), 8.02 (d,
J=28.6 Hz, 1H), 7.91 — 7.68 (m, 5H), 7.67 — 7.52 8id), 7.46 (dJ = 4.1 Hz, 2H), 6.90
(s, 1H).**C NMR (101 MHz, CDGJ) § 178.07, 162.36, 153.40, 135.92, 134.50, 132.80,
129.21, 129.01, 128.99, 128.85, 128.19, 127.97,782727.13, 127.07, 126.61, 125.28,
124.01, 122.31, 122.28, 120.66, 120.17, 108.88. BRESI) calcd for [GH140,+ H]"
323.1072, found 323.10747.

4.1.3.17 2-(4-(4-methylpiperazn-1-yl)phenyl)-4H-benzo[ h] chromen-4-one  (9q).
Pale yellow solid, yield: 69%-H NMR (400 MHz, DMSOdg) 6 8.69 — 8.59 (m, 1H),
8.16 — 8.05 (m, 3H), 7.97 (d,= 8.6 Hz, 1H), 7.90 (d] = 8.8 Hz, 1H), 7.83 — 7.76 (m,
2H), 7.17 (d,J = 8.7 Hz, 2H), 7.06 (s, 1H), 4.06 (brs, 2H), 3(#6s, 2H), 3.30 — 3.20
(brs, 2H), 3.15 (brs, 2H), 2.80 (s, 3H'C NMR (101 MHz, DMSOdg) § 177.06, 162.72,
153.00, 152.13, 135.82, 129.88, 128.74, 128.20,122825.61, 123.94, 122.63, 121.57,
120.53, 120.04, 115.49, 106.36, 52.16, 44.64, 4HBMS (ESI) calcd for [eH,N0;
+ H]" 371.1760, found 371.17762.

4.1.3.18 2-(3-(4-methylpiperazin-1-yl)phenyl)-4H-benzo[ h] chromen-4-one  (9r).
Pale white solid, yield: 66%6H NMR (400 MHz, CDCJ) 6 8.48 — 8.38 (m, 1H), 8.05 (d,
J=8.6 Hz, 1H), 7.87 — 7.73 (m, 1H), 7.65 Jd; 8.7 Hz, 1H), 7.62 — 7.55 (m, 2H), 7.42
—7.30 (m, 3H), 7.02 (d] = 7.8 Hz, 1H), 6.82 (s, 1H), 3.32 — 3.18 (m, 4B}[9 — 2.50
(m, 4H), 2.31 (s, 3H)**C NMR (101 MHz, CDG)) ¢ 178.24, 163.20, 153.47, 151.75,
135.93, 132.78, 129.88, 129.17, 128.19, 127.12,262924.09, 122.25, 120.70, 120.22,
119.15, 117.44, 113.20, 108.84, 54.94, 48.84, 46I{RMS (ESI) calcd for [H2N,0;
+ H]" 371.1760, found 371.17770.

4.1.3.19 2-(3-chloro-5-(4-methyl piperazin-1-yl)phenyl)-4H-benzo[ h] chromen-4-one
(9s). Pale white solid, yield: 64%H NMR (400 MHz, CDCJ) 6 8.55 — 8.44 (m, 1H),
8.09 (d,J = 8.7 Hz, 1H), 7.91 — 7.84 (m, 1H), 7.73 Jds 8.7 Hz, 1H), 7.69 — 7.62 (m,
2H), 7.38 (s, 1H), 7.25 (s, 1H), 6.99 (s, 1H), 6(841H), 3.33 — 3.20 (m, 4H), 2.64 —
2.52 (m, 4H), 2.33 (s, 3H)>C NMR (101 MHz, CDGJ) ¢ 178.09, 162.00, 153.54,
152.51, 136.05, 136.00, 134.16, 129.35, 128.29,312725.52, 124.05, 122.28, 120.68,
120.30, 118.32, 116.82, 111.34, 109.45, 54.72,74848.04. HRMS (ESI) calcd for
[C24H2:CIN,O, + H]" 405.1370, found 405.13835.

4.1.3.20 2-(3-mor pholinophenyl)-4H-benzo[ h] chromen-4-one (9t). Pale white solid,
yield: 69%;'H NMR (400 MHz, CDCJ) 6 8.52 — 8.40 (m, 1H), 8.07 (d,= 8.5 Hz, 1H),
7.88 — 7.79 (m, 1H), 7.68 (d,= 8.6 Hz, 1H), 7.64 — 7.57 (m, 2H), 7.45 Jds 7.4 Hz,
1H), 7.42 — 7.32 (m, 2H), 7.04 (d,= 7.7 Hz, 1H), 6.84 (s, 1H), 3.92 — 3.79 (m, 4H),
3.27 — 3.12 (m, 4H)**C NMR (101 MHz, CDGJ)) ¢ 178.21, 163.04, 153.50, 151.63,
135.97, 132.93, 130.01, 129.22, 128.24, 127.18,372924.10, 122.26, 120.72, 120.25,
118.86, 117.99, 113.02, 108.97, 66.73, 49.16. HRES) calcd for [GsH1gNOs+ H]J"
358.1443, found 358.14512.



4.1.3.21 2-(pyridin-2-yl)-4H-benzo[ h] chromen-4-one (9u). Pale white solid, yield:
43%;'H NMR (400 MHz, CDCJ) ¢ 8.70 (d,J = 4.2 Hz, 1H), 8.57 — 8.47 (m, 1H), 8.15
(d,J=7.8 Hz, 1H), 8.10 (d] = 8.7 Hz, 1H), 7.92 — 7.81 (m, 2H), 7.70 {ds 8.7 Hz,
1H), 7.63 (dd,) = 6.2, 3.2 Hz, 2H), 7.49 (s, 1H), 7.39 (d& 7.1, 4.8 Hz, 1H)°C NMR
(101 MHz, CDC}) ¢ 178.31, 160.79, 153.33, 150.16, 149.56, 148.07,21371.36.03,
129.29, 128.27, 127.18, 125.57, 125.47, 124.05,212220.88, 120.85, 110.09. HRMS
(ESI) calcd for [GgH12NO, + H]" 274.0868, found 274.08778.

4.1.3.22 2-(pyridin-3-yl)-4H-benzo[ h] chromen-4-one (9v). Pale white solid, yield:
55%;'™H NMR (400 MHz, CDCJ) ¢ 9.19 (s, 1H), 8.72 (s, 1H), 8.42 (s, 1H), 8.161(),
8.03 (d,J=7.9 Hz, 1H), 7.82 (s, 1H), 7.67 @= 8.3 Hz, 1H), 7.61 (s, 2H), 7.45 (s, 1H),
6.86 (s, 1H).*C NMR (101 MHz, CDGJ)) ¢ 177.60, 160.15, 153.44, 152.09, 147.37,
136.01, 133.39, 129.43, 128.25, 127.96, 127.32,642923.86, 123.81, 122.12, 120.57,
120.27, 109.59. HRMS (ESI) calcd for,f&::NO, + H]" 274.0868, found 274.08748.

4.1.3.23 2-(pyridin-4-yl)-4H-benzo[ h] chromen-4-one (9w). Pale white solid, yield:
59%;'H NMR (400 MHz, CDC}) ¢ 8.81 (d,J = 4.7 Hz, 2H), 8.59 — 8.46 (m, 1H), 8.10
(d,J =8.7 Hz, 1H), 7.97 — 7.88 (m, 1H), 7.82 Jd= 4.8 Hz, 2H), 7.75 (d] = 8.8 Hz,
1H), 7.71 — 7.64 (m, 2H), 6.99 (s, 1HJC NMR (101 MHz, CDGJ) 6 177.69, 159.79,
153.47, 150.94, 139.38, 136.19, 129.60, 128.384127125.89, 123.97, 122.19, 120.61,
120.54, 119.74, 110.60. HRMS (ESI) calcd forgfi;,NO, + H]" 274.0868, found
274.08763.

414 General procedure for the preparation of  2-substituted
phenyl-4H-benzo[ h] chromen-4-thione derivatives 10a-h

To a solution of compoun@ (1 equivalent) in dry toluene (20 ml), Lawesson's
reagent (2 equivalents) was added and the resudtdation was kept for stirring at
110 °C till completion of the reaction (TLC monitag). Solvents were removed under
vacuum and the residue was purified by column cltography using silica gel to give
compoundd.0a-h.

4.1.4.1 2-phenyl-4H-benzo[ h] chromene-4-thione (10a). Pale yellow solid, yield:
82%;™H NMR (400 MHz, DMSO#ds) 6 8.78 (s, 1H), 8.46 (dl = 7.9 Hz, 1H), 8.35 (d]
= 6.7 Hz, 2H), 8.11 (d] = 10.3 Hz, 2H), 8.00 (d = 8.4 Hz, 1H), 7.87 (s, 2H), 7.67 (@,
= 6.3 Hz, 3H)."®*C NMR (101 MHz, DMSOd,) J 200.16, 153.99, 148.47, 135.97,
132.53, 130.86, 130.52, 129.86, 128.67, 128.46,282126.87, 126.53, 123.90, 123.55,
123.43, 120.78. HRMS (ESI) calcd for,[8,,0S+ H]" 289.0687, found 289.06936.

4.1.4.2 2-(2-fluorophenyl)-4H-benzo[ h] chromene-4-thione (10b). Pale yellow solid,
yield: 74%;'H NMR (400 MHz, CDC}) 6 8.48 (d,J = 8.7 Hz, 2H), 8.02 — 7.94 (m, 1H),
7.89 (s, 1H), 7.82 (dl = 7.8 Hz, 1H), 7.68 (d] = 8.9 Hz, 1H), 7.62 (1) = 7.2 Hz, 2H),
7.52 — 7.42 (m, 1H), 7.31 @,= 7.5 Hz, 1H), 7.20 — 7.15 (m, 1HJC NMR (101 MHz,
CDCly) ¢ 201.18, 160.54 (dJ = 256.0 Hz), 149.67 (d] = 5.0 Hz), 148.65, 136.07,
133.09 (d,J = 9.0 Hz), 129.69, 129.08, 128.18, 127.46, 126126.33, 125.17 (d] =
11.0 Hz), 124.95 (d] = 4.0 Hz), 123.96 (d] = 18.0 Hz), 123.07, 119.86 (d= 10.0 Hz),
117.25 (d,J = 22.0 Hz), 109.99. HRMS (ESI) calcd for,fd,,;FOS+ H]" 307.0593,
found 307.05965.

4.1.4.3 2-(3-fluorophenyl)-4H-benzo[ h] chromene-4-thione (10c). Pale yellow solid,



yield: 73%;'H NMR (400 MHz, CDC}) 6 8.57 — 8.45 (m, 2H), 7.84 (d,= 5.7 Hz, 1H),
7.76 (d,J =12.0 Hz, 2H), 7.72 — 7.60 (m, 4H), 7.53 — 7.4¥% {H), 7.23 (dJ = 8.2 Hz,
1H). **C NMR (101 MHz, CDGJ) ¢ 200.98, 163.17 (d] = 246.0 Hz), 152.01 (d,= 2.0
Hz), 148.42, 136.15, 133.55 (d,= 8.0 Hz), 131.04 (dJ = 8.0 Hz), 129.77, 128.28,
127.56, 127.07, 126.47, 124.01, 123.86, 122.95,082@1,J = 3.0 Hz), 121.64, 118.64
(d, J = 21.0 Hz), 113.38 (dJ = 24.0 Hz). HRMS (ESI) calcd for [gH;FOS+ H]"
307.0593, found 307.05952.

4.1.4.4 2-(3-chlorophenyl)-4H-benzo[ h] chromene-4-thione (10d). Pale yellow solid,
yield: 78%;'"H NMR (400 MHz, DMSO#ds) J 8.78 — 8.70 (m, 1H), 8.43 (d,= 9.0 Hz,
1H), 8.35 (s, 1H), 8.31 (d,= 7.8 Hz, 1H), 8.17 — 8.08 (m, 2H), 7.99 Jd; 8.9 Hz, 1H),
7.92 — 7.81 (m, 2H), 7.74 (d,= 8.1 Hz, 1H), 7.68 (t) = 7.9 Hz, 1H).*C NMR (101
MHz, DMSOds) ¢ 200.53, 152.60, 148.58, 136.07, 134.75, 133.22,213 131.71,
130.69, 128.74, 128.61, 127.12, 126.81, 126.78,0126.23.92, 123.73, 123.38, 121.48.
HRMS (ESI) calcd for [GH.CIOS+ H]* 323.0297, found 323.03025.

4.1.4.5 2-(3-methoxyphenyl)-4H-benzo[ h] chromene-4-thione (10e). Pale yellow
solid, yield: 80%;'*H NMR (400 MHz, CDC})) § 8.59 — 8.23 (m, 2H), 7.84 — 7.65 (m,
2H), 7.65 — 7.43 (m, 4H), 7.41 — 7.22 (m, 2H), 7-08.93 (m, 1H), 3.80 (s, 3H)C
NMR (101 MHz, CDC}) ¢ 200.63, 160.09, 153.21, 148.35, 135.98, 132.40,353
129.58, 128.13, 127.39, 126.84, 126.18, 123.98,862322.91, 121.32, 118.79, 117.25,
111.69, 55.51. HRMS (ESI) calcd for{#l,,0,S+ H]" 319.0793, found 319.08003.

4.1.4.6 2-(4-fluorophenyl)-4H-benzo[ h] chromene-4-thione (10f). Pale yellow solid,
yield: 75%;'H NMR (400 MHz, CDC}) 6 8.46 (d,J = 8.7 Hz, 2H), 8.02 — 7.91 (m, 2H),
7.81 (d,J = 6.1 Hz, 1H), 7.73 (s, 1H), 7.70 — 7.55 (m, 3AR3 — 7.17 (m, 2H)*C
NMR (101 MHz, CDC}) ¢ 200.73, 163.17 (dJ = 253.0 Hz), 152.57, 148.36, 136.07,
129.65, 128.63, 128.54, 128.25, 127.56, 127.45,7%26.26.29, 123.98, 123.91, 122.86,
121.02, 116.76, 116.54. HRMS (ESI) calcd fonfG,FOS+ H]" 307.0593, found
307.05930.

4.1.4.7 2-(4-chlorophenyl)-4H-benzo[ h] chromene-4-thione (10g). Pale yellow solid,
yield: 64%;"H NMR (400 MHz, CDC}) § 8.54 (t,J = 7.9 Hz, 2H), 7.96 (d] = 8.1 Hz,
2H), 7.88 (dJ = 7.0 Hz, 1H), 7.82 (s, 1H), 7.73 @= 9.0 Hz, 1H), 7.71 — 7.64 (m, 2H),
7.50 (d,J = 8.4 Hz, 2H)°*C NMR (101 MHz, CDGJ) ¢ 201.39, 152.82, 148.44, 138.07,
136.15, 129.79, 129.74, 129.70, 128.32, 127.62,582726.97, 126.44, 124.04, 123.92,
122.93, 121.31. HRMS (ESI) calcd for;[8,;CIOS+ H]* 323.0297, found 323.02968.

4.1.4.8 2-(3,4,5-trimethoxyphenyl)-4H-benzo[ h] chromene-4-thione (10h). Pale
yellow solid, yield: 77%*H NMR (400 MHz, CD(CJ) ¢ 8.48 (ddJ = 16.2, 8.1 Hz, 2H),
7.85 (d,J = 6.7 Hz, 1H), 7.76 (s, 1H), 7.71 — 7.61 (m, 3AL8 (s, 2H), 3.94 (s, 6H),
3.90 (s, 3H).”*C NMR (101 MHz, CDGJ)) ¢ 200.39, 153.78, 153.56, 148.43, 141.49,
136.12, 129.59, 128.34, 127.49, 126.75, 126.29,262424.01, 122.66, 121.11, 103.87,
61.07, 56.44. HRMS (ES]) calcd for {81;50,S+ H]" 379.1004, found 379.10178.

415 General procedure for the preparation of 2-substituted
phenyl-4H-benzo[ h] chromen-4-thione derivatives 11a-c

To a solution of compountD (1 equivalent) in dry pyridine (20 ml), hydroxylameai
hydrochloride (2 equivalents) was added and theltee® solution was kept for stirring



at 120 °C till completion of the reaction (TLC mtmring). Solvents were removed
under vacuum and the residue was purified by colahmomatography using silica gel to
give compound4la-c.

4.1.5.1 (E)-2-phenyl-4H-benzo[ h] chromen-4-one oxime (1l1a). Pale white solid,
yield: 78%;'H NMR (400 MHz, DMSOdg) ¢ 11.05 (s, 1H), 8.48 (dl = 7.7 Hz, 1H),
8.11 (d,J = 6.8 Hz, 2H), 8.03 (d] = 7.7 Hz, 1H), 7.94 (d] = 8.5 Hz, 1H), 7.82 (d] =
8.7 Hz, 1H), 7.77 — 7.65 (m, 2H), 7.64 — 7.53 (#),37.27 (s, 1H)*°*C NMR (101 MHz,
DMSO-dg) 6 153.75, 146.77, 142.88, 134.28, 132.62, 130.94,5B2928.45, 128.12,
127.72, 125.85, 125.23, 124.02, 121.71, 119.61,66184.72. HRMS (ESI) calcd for
[C1oH1aNO, + H]" 288.1025, found 288.10357.

4.1.5.2 (E)-2-(3-chlorophenyl)-4H-benzo[ h] chromen-4-one oxime (11b). Pale white
solid, yield: 81%;"H NMR (400 MHz, DMSOds) ¢ 10.60 (s, 1H), 8.54 — 8.35 (m, 1H),
8.00 (s, 1H), 7.93 — 7.87 (m, 3H), 7.61 — 7.58 i), 7.57 (dJ = 6.2 Hz, 4H), 7.55 —
7.53 (m, 1H)*C NMR (101 MHz, DMSOd,) § 168.29, 161.77, 151.56, 135.34, 134.34,
131.54, 131.40, 130.44, 128.42, 128.11, 126.72,352825.78, 125.73, 123.94, 123.30,
120.77, 110.07, 101.64. HRMS (ESI) calcd forgfG,CINO, + H]" 322.0635, found
322.06382.

4.1.5.3 (E)-2-(4-chlorophenyl)-4H-benzo[ h] chromen-4-one oxime (11c). Pale white
solid, yield: 74%;H NMR (400 MHz, DMSOdg) J 10.64 (s, 1H), 8.46 (s, 1H), 8.01 (d,
J = 7.2 Hz, 2H), 7.93 (d] = 9.0 Hz, 2H), 7.75 — 7.57 (m, 5H), 7.53 (s, 1HE NMR
(101 MHz, DMSOsdg) 6 168.14, 161.90, 151.50, 135.31, 135.23, 129.68.8172 128.42,
128.20, 128.08, 126.35, 125.70, 123.91, 123.26,7720.10.08, 101.50. HRMS (ESI)
calcd for [GgH1.CINO, + H]" 322.0635, found 322.06414.

4.2 CYP1 enzymeinhibition assay

EROD (7-ethoxyresorufin O-deethylase) has been useddetermining the
inhibitory activity of these synthesized compouradminst recombinant human CYP1
enzymes, according to our previously reported moce{14, 16]. The recombinant
human CYP1l enzymes (CYP1B1, CYP1Al, and CYP1A2h eayuipped with P450
reductase (Supersomes)), were purchased from BD et&sn (Corning).
7-Ethoxyresorufin (7-ER) was available from Sigmiai#ch. Nicotinamide-adenine
dinucleotide phosphate (NADP  D-glucose-6-phosphate (G-6-P) and
glucose-6-phosphate dehydrogenase (G-6-PD) werainebt from the company of
Biosharp. Generally, a mixture with a final volunoé 200 ul containing different
concentrations (the final concentrations were 0,%, 10, 50, 100, 500 and 1000 nM,
respectively) of tested compounds (except posiame negative control wells), an
enzyme source (20 fmol CYP1B1, 10 fmol CYP1A1l orf6®l CYP1A2), substrate
(7-ER, 150 nM), a NADPH regeneration system coimgiNADP" (1.3 mM), G-6-P
(3.3 mM), G-6-PD (0.5 U/ml) and Mg&(3.3 mM) was incubated in a black 96-well
flat-bottomed microplate at 3T for varied time durations (incubation time for E¥B1,
CYP1Al, and CYP1A2 was 35, 15 and 50 min, respelgfiy Then, the reaction was
guenched by addition of 10Ql of pre-cooled methanol to all wells. Lastly, the
fluorescence intensity was measured by FlexStaBiompparatus with excitation and



emission filters at 544 and 590 nm, respectivelye€ replicates were used for each
concentration. The l§gvalue for each compound was calculated with thepkfPad
Prism Software (Version 5.0) using the non-lineagression formula, log (inhibitoxks.
normalized response-variable slope.

4.3 Molecular docking procedure

The X-ray structure coordinates of ANF bound witfRA.B1 (PDB ID 3PMO) or
CYP1A2 (PDB ID 2HI4) were downloaded from RCSB pint data bank
(http://www.rcsb.org/). The modelling experimensdebed in this study was performed
by using the docking program of MOE 2008 as ouripissly described[14]. All water
molecules in the crystal structure of CYP1B1 weameovedorior to docking. However,
in light of the importance of water molecules imniation of water-mediated hydrogen
bond, water molecules in the crystal structure 8PCA2 were retained for docking
study.

4.4 CoMFA and CoM SIA analysis

In this work, predictive 3D-QSAR models CoMFA andMSIA were performed
using SYBYL-X 2.0 software from Tripos, Inc. TheslGralues were transformed into
pICso (-log 10 (ICs5*10™%)) values and used as the dependent variable in RBokhd
CoMSIA analysis. The 3D structures of these CYPiribitors were constructed with
SYBYL/Sketch module and energy minimization weregl@mented using the Tripos
force field with convergence criterion of 0.005 K¢&: mol) and a maximum of 1000
iterations and Gasteiger-Hiickel charges. Basedervariety of activity and structure
diversity, all the forty-two ANF derivatives werévitled into training set and test set. As
one of the most active molecule, compo@pdvas chosen as a main template and the
other molecules were aligned to it. In CoMFA stualy,aligned molecules were located
at the center of grid box with a 3D regularly sphged of 2.0 A using an Spybridized
carbon atom as a probe with +1.0 charge to cakedtric and electrostatic fields. The
default cut-off energy value was set at 30 kcal/faoboth steric and electrostatic fields.
Partial least squares (PLS) analysis was usedaeary correlate CoMFA fields with the
activity values. Cross-validation was performedhgsihe leave-one-out(LOO) method.
CoMSIA similarity index descriptors were calculatesing a similar lattice box as in
CoMFA. For CoMSIA descriptors, five similarity ingefields (steric, electrostatic,
hydrophobic, hydrogen bond donand hydrogen bond acceptor) were calculated using
an sp carbon with a charge, hydrophobic interaction, &gdrogen-bond donor and
acceptor properties of +1.0 was used as a probeeay grid point to measure the five
above-mentioned fields. The default value of 0.3 waed as attenuation factor. All of
the contours represented the default 80% and 20% &ontributions for favored and
disfavored areas, respectively.
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Highlights

» Discovery of two potent CY P1B1 inhibitors with high selectivity;

» Provided comprehensive structure-activity relationships of a-naphthoflavone

derivatives as CY Pl inhibitors;
Expanding SAR with arange of phenyl ring replacements would lay a foundation for
development of ANF-based water-soluble CY P1B1 inhibitors.
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