Journal of

Medicinal Chemistry

Subscriber access provided by UNIV OF DURHAM

Synthesis and Biological Evaluation of
Calothrixins B and their Deoxygenated Analogues

Bose Muthu Ramalingam, Nachiappan Dhatchana Moorthy, Somenath Roy Chowdhury,
Thiyagarajan Mageshwaran, Elangovan Vellaichamy, Sourav Saha, Karthikeyan
Ganesan, B. Navin Rajesh, Saleem Igbal, Hemanta Kumar Majumder, Krishnasamy
Gunasekaran, Ramamoorthy Siva, and Arasambattu Kannan Mohanakrishnan

J. Med. Chem., Just Accepted Manuscript « DOI: 10.1021/acs.jmedchem.7b01797 « Publication Date (Web): 09 Jan 2018
Downloaded from http://pubs.acs.org on January 11, 2018

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a free service to the research community to expedite the
dissemination of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts
appear in full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been
fully peer reviewed, but should not be considered the official version of record. They are accessible to all
readers and citable by the Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered
to authors. Therefore, the “Just Accepted” Web site may not include all articles that will be published
in the journal. After a manuscript is technically edited and formatted, it will be removed from the “Just
Accepted” Web site and published as an ASAP article. Note that technical editing may introduce minor
changes to the manuscript text and/or graphics which could affect content, and all legal disclaimers
and ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors
or consequences arising from the use of information contained in these “Just Accepted” manuscripts.

Journal of Medicinal Chemistry is published by the American Chemical Society. 1155
Sixteenth Street N.W., Washington, DC 20036

Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course
of their duties.

N4 ACS Publications



Page 1 of 127 Journal of Medicinal Chemistry

Synthesis and Biological Evaluation of Calothrixins B and their

Deoxygenated Analogues

oNOYTULT D WN =

Authors List:

Bose Muthu Ramalingam,' Nachiappan Dhatchana Moorthy,”* Somenath Roy Chowdhury,’
14 Thiyagarajan Mageshwaran,' Elangovan Vellaichamy,” Sourav Saha,’ Karthikeyan Ganesan,’

16 B. Navin Rajesh,4 Saleem Iqball,5 Hemanta K. Majurnder,3 Krishnasamy Gunasekaran,5

18 Ramamoorthy Siva,6 and Arasambattu K. Mohanakrishnan'

21 ! Department of Organic Chemistry, University of Madras, Guindy Campus, Chennai 600 025,
23 India

2 Department of Biochemistry, University of Madras, Guindy Campus, Chennai 600 025, India
26 ? Division of Infectious Diseases & Immunology, Indian Institute of Chemical Biology, 4 Raja
28 S. C. Mullick Road, Jadavpur, Kolkata 700032, India.

30 4 Research and Development Centre, Orchid Pharma Ltd, Sholinganallur, Chennai 600 119,
31 India

33 > CAS in Crystallography & Biophysics, University of Madras, Chennai 600 025, India

35 % School of Bio Sciences and Technology, VIT University, Vellore 632 014, India

60 ACS Paragon Plus Environment



oNOYTULT D WN =

Journal of Medicinal Chemistry

Abstract

A series of calothrixin B (2) analogues bearing substituents at the ‘E’ ring and their
corresponding deoxygenated quinocarbazoles lacking quinone unit were synthesized. The
cytotoxicities of calothrixins 1, 2, 15b-p and quinocarbazole analogues were investigated
against nine cancer cell lines. The quinocarbazoles 21a and 25a inhibited the catalytic activity
of human topoisomerase II. The plasmid DNA cleavage abilities of calothrixins 1, 2, 15b-p
identified compound 15h causing DNA cleavage comparable to that of calothrixin A (1).
Calothrixin A (1), 3-fluorocalothrixin 15h and 4-fluoroquinocarbazole 21b induced extensive
DNA damage followed by apoptotic cell death. Spectral and plasmid unwinding studies
demonstrated an intercalative mode of binding for quinocarbazoles. We identified two
promising drug candidates, the 3-fluorocalothrixin B 15h with low toxicity in animal model and
its deoxygenated derivative 4-fluoroquinocarbazole 21b as having potent cytotoxicity against

NCI-H460 cell line with a Gl5g of 1 nM.
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Introduction

Quinones consist an important class of antitumor agents and are known to act as DNA
intercalators, reductive alkylators of biomolecules and also as generators of reactive oxygen
species.' The biological redox activity of these compounds is recognized to play a key role in
their cytotoxicity.2 However, the biological mode of action of quinones is highly dependent on
their structural motif. The structurally complex quinones such as doxorubicin are known to
exhibit cytotoxicity through polymodal action.’ Among indole based quinone alkaloids,
murrayaquinone A and mitomycin C are known to exhibit cytotoxicity.“’5 Calothrixin A (1) and
B 2 (Chart 1) are carbazole-1, 4-quinone alkaloids isolated from Calothrix cyanobacteria with
unique indolo [3,2-j] phenanthridine framework.’

Chart 1. Calothrixin A (1), Calothrixin B (2) and its Analogues 3-6
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Calothrixins inhibit the growth of human Hela cancer cells and chloroquine resistant strain of
Plasmodium falciparum within the nanomolar range.’ They inhibit the bacterial RNA
polymerase’ and also poisons the DNA topoisomerase 1.* In addition, calothrixin A (1) is also

known to induce the intracellular formation of reactive oxygen species.’
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Quinocarbazole 3 (Chart 1) was first synthesized from this laboratory via thermal
electrocyclization of 1-phenylsulfonyl-2,3-divinylindole as a key step.10 Five years later,
oxidized form of quinocarbazole, i.e. calothrixin A (1) and B (2) were isolated by Rickards and
coworkers.® To date, twenty different syntheses for calothrixin have been reported. In 2000,
Kelly et al reported the first synthesis of calothrixin B (2) involving double lithiation strategy
from N,N-diethyl-quinoline-4-carboxamide and N-MOM-protected indole-3-carboxaldehyde. "’
Chai and coworkers reported a simple and concise route to calothrixin B (2) via Friedel-Crafts
acylation followed by lithiation mediated cyclization.12 Hibino and coworkers employed an
allene-mediated electrocyclization as a key step for calothrixin B (2)."* The same group also
achieved the biomimetic synthesis of calothrixin B (2).'"* Syntheses of calothrixin were also
established using hetero Diels-Alder reaction' as well as radical cyclization protocols.16

Moody and coworkers reported the biomimetic synthesis of calothrixin from indolo[2,3-
alcarbazole.'” Synthesis of calothrixin B (2) was achieved by Abe et al'® as well as Kumar et
al," involving Pd-catalyzed tandem cyclization/cross coupling reactions. The Pd-mediated
cross coupling strategies for indolophenanthridine system were also achieved independently by
Kusurkar et al*® as well as Nagarajan and coworkers.*' A linear synthesis of calothrixin B and its
analogues were achieved from this laboratory involving thermal electrocyclization of 2-
nitroarylvinyl-3-phenylsulfonylvinyl indoles.” Total synthesis of calothrixins A (1) and B (2)
was achieved via Mn(OAc);-mediated oxidative radical reaction of cyclohexenone with amino-
phenanthridinedione.” Mal and coworkers outlined a short synthesis of calothrixin B unit via
anionic annulation of furoindolone with 4—bromoquinoline.24 Dethe and coworkers reported a

concise total synthesis of calothrixin B using LTA-mediated rearrangement as the key step.”
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Despite, several synthetic routes explored for calothrixins, there are only few reports on
cytotoxicity and antimalarial activity of these compounds. An assembly of three
pharmacophores in calothrixins namely indole, quinone and quinoline spanning five rings (A-E)
provides a unique possibility for structural modification so as to produce analogues of
calothrixin with better cytotoxic profile. Earlier attempts to study the contribution of different
structural features of calothrixins towards anti-cancer potency indicate that the introduction of
MOM group on the indole nitrogen (N-MOM-calothrixin B)* or methyl group to the D-ring
nitrogen (N-methycalothrixin B)® decrease the cytotoxic potency in HeLa and CEM leukemic
cell lines, respectively. The removal of D-ring nitrogen atom (indolophenanthrene—7,13—dione)27
or both the E and D rings (2—methylcalrbalzoledione)27 of calothrixin B (2) decreased anti-
proliferative potency in HeLa cells with the exception of ellipticine quinone which lack the E-
ring is equally potent as calothrixin B (2).” The quinones containing bi- and tricylic systems
(murrayaquinone, 2-methylcarbazoledione, and isoquinoline-5,8-dione) are less active than the
pentacyclic calothrixin B (2) in HeLa cells but not in case of murine P388 macrophage cancer

cells.”’

To date, the anti-cancer SAR studies carried out with calothrixin analogues highlight the
involvement of ring structure (A-E) and importance of indole or D-ring nitrogen atom on the
inhibitory action, mainly in HeLa cells. However, the contribution of the quinone unit to the
cytotoxicity of calothrixin in cancer cells is not studied. Most importantly, the spectrum of
anti-cancer activity of calothrixins in other cancer cell lines is not reported. The ring structure
of calothrixins might favor DNA intercalation which can result in cellular cytotoxicity, however
less is known about its interaction with DNA. The precise mechanism on the effect of

calothrixins on cell cycle is not clear. When administered at low concentration (0.1 uM) to p53
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proficient CEM leukemic cells, calothrixin B (2) but not calothrixin A (1) caused arrest of cells
in G1-phase. Whereas higher concentration of calothrixin A (1) and N-methyl calothrixin B
caused G2-M arrest although in a reversible manner.® The calothrixins A (1), B (2) and N-
methyl calothrixin B are shown to stabilize cleavable complexes of topo I-DNA, though at one
fifth of the potency of camptothecin.8 Along with the cell cycle arrest at G2-M phase,
calothrixin A (1) was observed to generate reactive oxygen species (ROS) and induce cell death
through apoptosis in Jurkat cell line.” Recently, Velu and coworkers reviewed the synthesis and

biological evaluation of calothrixin B (2).28

In the present study, we planned to address the above mentioned lacunae and to get further
insight on the biological effects of calothrixins. Another objective is to delineate the role of
quinone moiety towards cellular cytotoxicity by synthesizing quinocarbazole analogues which
lack the quinone unit of calothrixin. The quinocarbazole ring system is of interest because of its
close relationship with ellipticine, a well-known anti-cancer alkaloid.?” The presence of quinone
functionality in calothrixins may lead to the generation of toxicological intermediates in cellular
milieu which may result in variety of harmful effects in vivo, including acute cytotoxicity,
immuno and genotoxicity.*® On the other hand, the quinone lacking pyridocarbazole namely the
ellipticine being structurally related to calothrixin possess fewer adverse effects.”’ Thus the role
of quinone in mediating the adverse effects of calothrixin was investigated in an acute
toxicological study in mice following oral administration of promising calothrixin analogue. A

schematic view of overall research work carried out is represented in the form of a flow chart

(Fig. 1).
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Fig. 1. Schematic representation of synthetic and biological studies carried on calothrixin and

its analogues
Results and Discussion

Synthesis

Recently, a facile synthesis of calothrixin B and its analogues were achieved from this lab

involving FeCls-mediated domino reaction of enamines.* Among the various methodologies

reported for calothrixin,'' >

this method™ provides calothrixin B and its analogues in very good

overall yields involving minimum number of steps. Hence, we decided to explore the synthesis
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of diverse calothrixin analogues for biological screening using this FeCls-mediated domino

reaction strategy.

Scheme 1°
e} (0]
N Me N Me N Me
_,H H 9 SO,Ph
o) 8 o)
(c) Q{\Me (d) Me
_ \ - \\ PPhs
N CH,Br N
SO,Ph SO,Ph
10 1
(@) O COCH; RY 3
\
R¢ R3 N Y O i
OHC R2 SOPh ON - o4
13a-p
O,N 1
12a-p
13 R' R2 R3 R4 vield (%)
a H H H H 92
b OMeH H H 85
¢ H H OMe H 92
d H OMeOMe H 88
e H -OCH,0- H 90
f H Br H H 90
g H ¢c H H 94
h H F H H 93
i H H Br H 90
i H H ¢ H 91
k H H H C 80
Il ¢ H H H 89
m H F Br H 89
n H F ¢ H 90
o H ¢ c H 93
P CI H c H 90

@Reagents and conditions : (@) DMA, POCl3; (b) PhSO,CI, PTC, Benzene,
50% NaOH, rt,1 h; (c) NBS, AIBN, CCly, reflux, 3 h; (d)PPhs, THF, reflux, 2 h
followed by K,CO3; DCM rt, 12 h; (e) 12a-p, DCM/DCE, reflux, 6-12 h.

Our synthetic work began with acetylation of 2-methylindole 7 under Vilsmeier condition.

The resulting 3-acetylindole 8 upon protection of indole nitrogen by employing PTC conditions
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furnished the required 1-phenylsulfonyl-2-methyl-3-acetylindole 9. Subsequently, an allylic
bromination at 2-methyl position of 9 using NBS and a catalytic amount of AIBN in CCl, at
reflux led to the  corresponding  2-bromomethylindole 10.  Next, the
2-bromomethylindole 10 was then smoothly transformed into phosphorous ylide 11 as a stable
yellow solid. The ylide 11 underwent a facile Wittig reaction with 2-nitroarylaldehydes 12a-p
under refluxing conditions in DCM/1,2-DCE to afford the respective 2-nitroarylvinylindoles
13a-p in 80-94% yields (Scheme 1).

Scheme 2?

| |
SO,Ph OoN - g SO.Ph ON Rt

13a-p 14a-p
14 R" R? R® R* yield (%)
a H H H H g9
b OMe H H H 852
¢ H H OMe H 90?
d H OMe OMe H  o7°
¢ H -OCHO- H 852
f H B H H 96°
g9 H Cl H H 922
h H F H H 912
i H H Br H 922
i H H cC H o
k H H H ClI 882
I ¢ H H H 912
mH F Br H 892
nH F Cl H gs
© H ¢ ¢ H 882
P CI H Cl H 862

disolated yield, °Crude yield of enamine

@Reagents and conditions : (a) DMF.DMA, glycocyamine (50 mol %), 100 °C, 3-5 h.
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The 3-acetyl-2-nitroarylvinylindoles 13a-p upon heating with dimethylformamide dimethyl
acetal (DMF.DMA) in the presence of 50 mol% glycocyamine at 100 °C for 3-5 h produced
push-pull type enamines 14a-p (Scheme 2). Most of these enamines were isolated and well
characterized by 'H and BC NMR spectral studies. However, it should be noted that some of
the enamines 14d, 14f and 14j were used as such for next step without any further
characterization.

The enamines 14a-p upon refluxing with 3 equiv of anhydrous FeCl; in DMF underwent
electrocyclization, reductive cyclization and oxidation followed by cleavage of phenylsulfonyl
group to afford calothrixin B 2 and its analogues 15b-p in 45-67% yields (Scheme 3).

Scheme 3*

R* yield (%)
2 H H H H 65

b H H H OMe 45
15¢ H OMe H H 65
15d  H OMe OMe H 57
15e H -OCH,O- H 60
15f H H Br H 64
59 H H Cl H 67
15h H H F H 64
15i H Br H H 65
15j H ¢ H H 62
15k CI H H H 65
151 H H H cl 52
15m H pBr F H 63
15n H cC F H 62
%0 H CcI CI H 65
1p H CI H (¢ 65

8Reagents and conditions : (a) 3 equiv FeClz, DMF, reflux, 3 h.
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As expected calothrixin B 2 upon oxidation using m-CPBA in DCM at reflux furnished
calothrixin A 1. However, all our attempts to transform representative calothrixin B analogues

11,1
18 were found to be

into their respective calothrixin A analogues using reported conditions
unsuccessful (Scheme 4). The reason for failure to oxidize the calothrixin B analogues (15c,
15d, 15g and 15h) containing electron releasing as well as electron withdrawing substituents is

highly surprising. For some unclarified reasons, these calothrixin B analogues were found to be

highly resistant for oxidation.

Scheme 4°
) N o) N
Oy O
N o N o
2 1

@Reagents and conditions : (a) m-CPBA, DCM, reflux, 18 h. (b) oxone, acetone, K,CO3 rt

In order to understand the importance of quinone unit on structure activity relationship of
calothrixin B, synthesis of benzoellipticine analogues were planned. Accordingly, the known
phosphonate ester 16 was reacted with 2-nitroarylaldehydes 12a/12h/12g using K,CO; as a
base in DMF at room temperature for 12 h to afford 2,3-divinylindoles 17a-c. Refluxing, a
xylene solution of 2,3-divinylindoles 17a-c in the presence of 10% Pd/C underwent smooth
electrocyclization followed by aromatization to furnish the respective 2-nitroarylcarbazoles
18a-c. After several attempts, the chemo-selective reduction of ester group without affecting the

nitro group was carried out by DIBAL-H. Thus, the reduction of carbazoles 18a-c with DIBAL-
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H (20% in toluene) in dry DCM at 0 °C afforded the elusive benzylic alcohols 19a-c.
Transformation of benzylic alcohols 19a-c¢ into corresponding aldehydes 20a-¢ was performed
using PCC in dry DCM. Subsequent reductive cyclization of carbazole-3-carbaldehydes 20a-c¢
using Ra-Ni in THF at room temperature for 3 h followed by hydrolysis using 50% NaOH
afforded quinocarbazoles 21a-c in good yields.

Scheme 5%

CO,Et

_(I? (a) COQEt
\__P(OEY), o

o T,
SO,Ph O,N R SO,Ph
16 12a/12h/12g 17a-c RY
co CH,OH
b C
e O o O
\ d N ’
$0,PhO2N SO,Ph 2N
18a-c 19a-c
CHO =N
() (e)
@ { O T \
N " N a
SO,PhO2N . 21a-c
20a-c Compound R
17212 H
17216 F
1721c ¢

@Reagents and conditions : (a) K,CO5, DMF, rt, 12 h, 85-88%; (b)10% Pd-C, xylenes, reflux, 24 h,
80-85%:;(c) DIBAL-H, DCM, 0 °C, 30 min; (d) PCC, celite, DCM, 1t, 2 h, 77-80% (2 steps);
(e) i) Ra-Ni, THF, rt, 3 h; ii) 50% NaOH DMSO, rt, 6 h, 71-76% (2 steps)

Next, synthesis of the similar structural motiff of quinocarbazole having a methyl group at
4-position of carbazole was planned. As expected, reduction of ester unit of known carbazole
22a/22b* using DIBAL-H (20% in toluene) followed by the oxidation of crude carbazole-3-

methanol 23a/23b using PCC in dry DCM furnished corresponding aldehyde 24a/24b.
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Reductive cyclization of carbazole aldehydes 24a/24b employing Ra-Ni followed by cleavage

of the phenylsulfonyl unit using 50% NaOH afforded quinocarbazole 25a/25b.

Scheme 6*
HsC
HsG  co,cH, 3{  CH,OH
() = ()
N\ O R' N O R’
|
$0,PhON SO,PhO2N
22a/22b 23a/23b
G cho
(b) O (©
o O, o
|
S0,PhO2N 1
24a/24b Compound R 25a/25b
22-25a H
22-25b F

@Reagents and conditions : (a) DIBAL-H, DCM, 0 °C, 30 min; (b) PCC, celite, DCM, rt, 2 h,
73-75% (2 steps);(c) i) Ra-Ni, THF, rt, 3 h; i) 50% NaOH DMSO, rt, 6 h. 72-75% (2 steps)

Using the similar sequence of reactions, isomeric quinocarbazole 29 was smoothly prepared
from the corresponding 3-2"-nitrophenylcarbazole 26.%*

Scheme 7%

@Reagents and conditions : (&) DIBAL-H, DCM, 0 “C, 30 min; (b) PCC, celite, DCM, rt, 2 h,
76% (two steps); (c) i) Ra-Ni, THF, rt, 3 h; i) 50% NaOH DMSO, rt, 6 h, 75% (two steps).
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Towards enhancing the solubility of quinocarbazole, an incorporation of hydrophilic
substituent, amino group was planned (Scheme 8). Accordingly, Wittig reaction of aldehyde 30
with (cyanomethylene)triphenylphosphorane in xylenes at reflux afforded vinyl compound 31.
Benzylic bromination of 31 using NBS and a catalytic AIBN in CCly at reflux for 45 min
afforded bromo compound 32. Subsequent reaction of the bromo compound 32 with PPh;
followed by Wittig reaction of resulting phosphonium salt with 2-nitroaryl aldehydes

12a/12h/12g using K,CO;3 as a base in DCM at room temperature for 8§ h led to divinyl

compounds 33a-c.

Scheme §*
CN
C
% 2 7 < { e
N CH2Br
SOzPh SOZPh éOZPh
30
s \
w\’\R‘l R1 \ Q
S0,PhO2N So phO:2N
33a-c 34a-c 35a-c
Compound R!
33-35a H
33-35b |=
33-35¢c
CHs CH,Br
Q \S\ % Y /~en ——
cNT CN
N CHO N
3g SO2PN 37 SOZPh 38 SO,Ph

O,N O O,N O
N\ \/ CN —d>N\ oN O \

. |
"SO,Ph SO,Ph
39 40

@Reagents and conditions : (a) Ph3P=CHCN, xylenes, reflux, 8 h, 84-86%;(b) NBS, AIBN, CCly, reflux, 45 min, 89-91%;

(c) PPhs, THF, reflux, 3 h, followed by K,CO3 DCM rt, 8 h, 74-83%; (d) 10% Pd-C, xylenes, reflux, 24 h, 81-85%;
(e) i) Ra-Ni, THF, reflux, 30 min; ii) 50% NaOH DMSO, rt, 3 h, 74-78% (two steps).
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Thermal electrocyclization of the divinyl indoles 33a-c using 10% Pd/C in xylenes at reflux

furnished 3-cyanocarbazoles 34a-c. The reductive cyclization of the 3-cyanocarbazoles 34a-c

oNOYTULT D WN =

using Ra-Ni followed by cleavage of phenylsulfonyl group led to the expected
10 I-aminoquinocarbazoles 35a-c. By using the similar sequence of reactions, 3-methyl-2-indole
aldehyde 26 was smoothly transformed into an isomeric 1-aminoquinocarbazole 41 (Scheme 8).
15 Next, reductive cyclization of carbazole ester 18a with Ra-Ni followed by hydrolysis using
17 50% NaOH afforded amide compound 42. The amide 42 upon refluxing with POCI; furnished
1-chloroquinocarbazole 43, which upon refluxing with 3-(N,N-dimethylamino)-1-propylamine
22 furnished quinocarbazole 44 (Scheme 9).

24 Scheme 9?

32 18a

39 2Reagents and conditions : (a) i) Ra-Ni, THF, reflux, 4 h; ii) 50% NaOH DMSO, rt, 12 h, 78% (two steps);
41 (b) POCIs, reflux, 24 h, 79%; (c) NH5(CH,)sNMe,, reflux, 20 h, 75%.

43 Finally, the known 1-phenylsulfonyl napthocarbazole 45% upon hydrolysis using 50% NaOH
y p

45 afforded 12H-naphtho[1,2-b]carbazole 46.

P QOO = Q0

53 45
@Reagents and conditions : (&) 50% NaOH, DMSO, rt, 6 h, 84%
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Cell Proliferation Inhibitory Activities of calothrixins B and quinocarbazole analogues

In order to gain information about the structure-activity relationships of the different
calothrixin B and quinocarbazole analogues, chemosensitivity studies were performed and Gls
values were determined against nine different human cancer cell lines of diverse tumour origin.
The in vitro Glsp (growth inhibition) values of calothrixins against individual cell lines are
presented in Table 1, which also includes values of parent calothrixin A (1), calothrixin B (2)
and the cytotoxic quinoline alkaloid, camptothecin.

It should be noted that for the first time, antiproliferative potential of calothrixins 1, 2 and
15b-p were evaluated against various cancer cell lines. As observed earlier,® calothrixin A (1)
displayed comparatively better inhibitory effects than calothrixin B (2) against all the different
cell lines tested. The calothrixin 15Sb having a methoxy substituent at 4-position more or less
maintains the growth inhibitory potential with exception of Jurkat, SiHa, HCT116 p53-/- and
NCI-H460 cell lines. However, the presence of a 2-methoxy substituent on calothrixin B 15¢
diminishes growth inhibitory effect in most of the cell lines except HCT116. The calothrixins
15d and 15e containing dimethoxy and methylenedioxy substituent at the 2- and 3-positions
displayed negligible inhibitory effects in majority of the cell lines evaluated. However, these
compounds showed greatest selectivity with Glsy values of 0.36 uM and 0.11 uM, respectively,
against MCF-7 cancer cell line.

The presence of electron withdrawing halogen atoms at 3-position of calothrixin B (2)
maintains or even improve the Glsyp values. For 3-halo substituted calothrixins 15f-h, the
observed Glsg values are in the order of F > Cl > Br. Compared to the parent compound 2, the
presence of chlorine/bromine at the 2-position of calothrixin B 15i/15j enhances the Glsy values

in many cell lines. It should be noted that the presence of a chlorine or bromine atom at
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Table 1. In vitro cytotoxicity data for calothrixins 1, 2 and 15b-p against nine human tumor cell lines

GI;5) Average + S.D. (pM)a

Compound Jurkat HeLa SiHa MCF7 HCT116 HCT116 p53-/- MDA-MB 231 U251 NCI-H460
1 0.07 +0.01 0.08 000 005 +0.05 003 =£0.0 0.11 +0.05 0.08 =£001 0.04 =+£001 008 £0.01 0.22 +0.02
2 >4 047 +£0.09 350 071 026 £0.01 065 +0.07 255 +£092 0.16 +£0.02 225 +£035 >4
15b >4 039 +020 >4 060 +042 033 £006 >4 031 001 183 +032 >4
15¢ >4 >4 >4 >4 0.63 £0.11 >4 >4 >4 >4
15d >4 >4 >4 036 +£034 >4 >4 >4 >4 >4
15e >4 >4 >4 0.11 001 >4 >4 >4 >4 >4
15¢f 1.50 £0.57 021 +£0.13 >4 060 +028 150 +042 260 £057 1.00 +£0.00 2.00 +£042 1.27 +0.06
15g 355 +£064 007 £0.02 160 +£057 053 £038 150 028 260 +071 036 +£0.04 283 +0.29 1.40 +0.14
15h 1.15 +0.07 0.05 002 093 +0.12 085 =007 083 =+006 110 +0.14 030 +0.12 120 +0.22 1.18 +0.13
15i .50 +£0.71 029 +£0.05 140 +£0.14 022 £0.05 070 +£0.00 1.13 +0.15 027 £0.05 060 =+0.14 1.10 +0.14
15j 140 +0.28 050 +0.14 1.67 +0.19 035 =+022 042 =017 150 +042 0.17 £0.00 050 +0.00 0.70 +0.42
15k >4 >4 >4 0.80 +042 350 071 >4 >4 >4 >4
151 >4 >4 >4 >4 >4 >4 >4 >4 >4
15m >4 027 +0.11 >4 066 =076 >4 >4 0.4 +0.14 >4 2.25 +0.78
15n >4 200 +£0.00 >4 1.35 +£035 >4 >4 >4 >4 >4
150 >4 1.80 +0.00 >4 >4 >4 >4 1.80 +£0.28 >4 >4
15p 260 057 050 =+£000 180 +000 050 =+0.00 120 +0.14 200 =*000 0.2 +0.00 150 +028 0.73 +0.25
CPT 006 +0.01 0.19 003 055 000 006 =£000 0.05 =+0.01 0.195 =001 04 +0.01 0.0l 0.0071 0.0057 +0.0029

*Values represents mean from at least two independent experiment
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2-position has almost identical influence on its Glsy values. The 1-chlorocalothrixin B 15k as
well as 4-chlorocalothrixin B 151 displayed reduced antiproliferative potential when compared
to calothrixin B (2). In general, the mono-substitution of halogens at 3- or 2-positions of
calothrixin B maintains or even improve the Gls5) values whereas a similar substitution of
halogens at 1- or 4-position is detrimental. Among the seven mono halo-substituted calothrixins
15f-1, 3-fluorocalothrixin B 15h showed higher Glsy value which is better than the parent
calothrixin B (2) inhibition profile.

Addition of a second halogen atom (Br or Cl) at 2-position of highly active 3-fluoro
calothrixin B 15h greatly diminish the Glso values. The resulting analogues 15m and 15n did
not inhibit the growth of majority of cancer cell lines taken for the study with the exception of
HeLa and MCF7. The presence of chlorine atoms at 2- and 3-positions of calothrixin B 150 also
reduced its antiproliferative potential. However, the presence of chlorine atoms at
2- and 4-positions (15p) more or less maintains the growth inhibition potency in comparison to
the parent calothrixin B (2).

Calothrixin A (1) is more potent than calothrixin B (2) as well as its analogues 15b-p.
Calothrixin A (1) is equipotent in inhibiting the growth of all cell lines tested with the Glsg
values ranging in sub-nanomolar concentration (30-220 nM). Among the analogues of
calothrixin B 15b-p, the 3-fluoro derivative 15h is more potent followed by other 3- or 2-mono
halo substituted calothrixin B analogues 15f, 15¢g, 15i and 15j.

Next, the synthesized quinocarbazoles were evaluated for their cytotoxicity against different
human cancer cell lines and their in vitro Glsy (growth inhibition) values against individual cell

lines are presented in Table 2.
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Table 2. In vitro cytotoxicity data for quinocarbazoles 21a-¢, 25a, b and 29, naphthocarbazole 31 against ten human tumor cell lines

Journal of Medicinal Chemistry

GIs, Average + S.D. (uM)*

Name Jurkat HeLa SiHa MCF7 HCT116 MDA-MB 231 U251 NCI-H460 HEK?293 AS549
21a 4.00 +0.00 041 =*0.08 >4 >4 >4 11.5 +£0.07 >4 >4 5.5 +0.70 >4 >4
21b >4 0.02 +£0.01 >4 0.02 £0.01 6 +0.05 095 +£0.07 >4 0.0010 £0.0002 0.0052 +0.0021 >4
21c >4 043 +£0.18 >4 >4 >4 28  +£023 >4 >4 10 +0.00 >4 >4
25a >4 036 +£0.06 >4 >4 >4 15  +£0.00 >4 >4 10.5 +0.70 >4 >4
25b >4 0.05 =+£0.01 >4 027 +£0.02 30 +0.12 >4 >4 0.04 +0.04 >4 >4

29 >4 140 +0.14 >4 >4 >50 >4 >4 10 +0.05 >4 >4
46 >4 >4 >4 >4 >50 >4 >4 >50 >4 >4

*Values represents mean from at least two independent experiments

Table 3. In vitro cytotoxicity data for amino quinocarbazoles 35a-c, 41 and 44 against seven human tumor cell lines

GIs) Average + S.D. (uM)*

Name HeLa SiHa MCF7 HCT116 MDA-MB 231 U251 NCI-H460
35a 080 +0.14 105 007 100 =014 100 =x0.09 1.00 0.1 1.05 =£0.09 1.00 =+0.05
35b 001 =+0.008 135 =£021 0.13 =007 120 =00 125 035 120 =+£0.14 0.14 =+0.04
35¢ 053 010 1.10 £0.00 095 =£0.07 100 00 09 =£028 120 =000 1.05 =+0.07

41 140 +0.14 130 +028 1.00 +£000 105 =£007 1.10 =+£000 065 =+£021 105 #£0.12
44 1.10 +0.00 1.15 007 275 035 175 035 100 =+0.14 135 £021 150 £0.70

*Values represents mean from at least two independent experiments
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In the case of quinocarbazole 21a, which lacks the quinone unit of calothrixin B there is a
reduction in cytotoxic potential. However, introduction of the fluorine atom to the 4-position of
21a resulted in quinocarbazole 21b with greater enhancement of cytotoxicity with respect to
HelLa, MCF7, MDA-MB-231 and NCI-H460 cells. With a G5y value of 1 nM for NCI-H460
and 5 nM for transformed HEK293 cells, the compound 21b appears to be the most active
among the quinocarbazoles reported in this work. Also, 21b is more active than the naturally
occurring calothrixins or synthetic analogues of calothrixin B. However, the introduction of
chlorine atom at the 4-position of 21a produced only an inactive quinocarbazole 21c. The
introduction of electron releasing methyl group at 13-position (21a—25a) reduced its anti-
proliferative potential. But with simultaneous introduction of fluorine and methyl groups at 4-
and 13-positions (21a—25b) led to the marginal increase in cytotoxicity against three of the ten
cell lines taken for the study. Unlike NCI-H460 cells, the other lung adenocarcinoma cell line
A549 was insensitive to 21b. Both the isomeric quinocarbazole 29 and naphthocarbazole 31
were inactive confirming that the presence of nitrogen atom and also its position are essential
for the anticancer properties of quinocarbazoles. It is worth to mention that the introduction of
fluorine atom to the 4-position of quinocarbazole imparts favorable cytototoxic potency to 21b
and 25b which are otherwise less active (as in the case of 21a and 25a).

On the other hand, synthesized amino quinocarbazoles displayed significant cytotoxic profile
with the Glsp values ranging between 0.01 uM to 2.75 uM (Table 3), which is far superior to
the quinocarbazoles reported in this work (Table 2). Although, incremental benefit with respect
to cytotoxicity is not seen among the differently substituted (CI at 4™ or dimethyl propyl amino

at 1** position) amino quinocarbazoles, the presence of fluorine atom at the 4 position in 35b
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resulted in ten fold or greater increase in cytotoxicity in comparison to its parent compound 35a
in NCI-H460, MCF7 and HeLa cell lines.

Only minor differences in the growth inhibition pattern were observed between cell lines,
where the p53 gene is functionally active (MCF7, HCT116, NCI-H460), mutated (Jurkat,
MDA-MB 231 and U251), inactive (HeLa and SiHa due to Human Papilloma Viral (HPV)
proteins) or absent (HCT116 p53-/-). This clearly indicates that the cellular cytotoxicity of
calothrixins and its analogues/quinocarbazoles were not mediated by p53. Among the cell lines
tested, HeLLa (a HPV-18 positive cervical cancer cell line) is the more sensitive to calothrixin A
(1), calothrixin B (2) and its analogues 15b-p as well as quinocarbazoles or its amino
derivatives. However, another HPV positive cell line (SiHa) was found to be less sensitive to
calothrixin B and its analogues/quinocarbazoles in comparison to HeLa cells. Obviously, the
extreme sensitivity of HeLa cells to the above calothrixin B analogues/quinocarbazoles is not

attributed to HPV infection but rather by different mechanisms.

The cytotoxicity data indicate that the p-benzoquinone unit in calothrixin can be spared as
the corresponding quinocarbazoles too exhibited antiproliferative activity and elimination of the
quinoline nitrogen atom resulted in inactive analogues. Thus, the preliminary in vitro screening
of the synthesized analogues indicated that the calothrixin B/quinocarbazole with a fluoro
substituent to the E-ring of indolophenanthridine framework were highly potent against the cell
lines tested (Table 1 & 2), and these analogues 15h, 21b along with their parent compounds 2

and 21a were taken for further functional studies.
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Inhibition of clonogenic activity by E-ring fluoro analogue of calothrixin

B/quinocarbazole

The cytotoxicity data highlighted the fact that E-ring fluoro analogues of calothrixin
B/quinocarbazole were the most promising derivatives of the synthesized compounds tested in
this work. Therefore, it was used in clonogenic cell survival assay to assess the long term
effects of these analogues on colony forming properties of HCT116 and NCI-H460 cells and
the results were compared to natural calothrixins, parent quinocarbazole 21a and camptothecin.
As shown in Fig. 2, the clonal growth was inhibited by calothrixin A (1), calothrixins B (2),
15h and 21b in a dose dependent manner in both the cell lines tested. The quinocarbazole 21a
does not abolish colony formation even at the highest concentration (5 uM) taken for the study.
More importantly, the clonal potency of NCI-H460 cells were severely affected by treatment
with as low as 1 nM of 4-fluoroquinocarbazole 21b thus corroborating the findings from
cytotoxicity assay (Glso Value = 1 nM) and the other cell line HCT116 also shows extreme
sensitivity to 21b analogue where the clonogenic growth is inhibited above 0.1 uM although the
Glsp value from SRB assay was high at 6 uM. However, the colonies in the 21b treated plates
of HCT116 cells were smaller when compared to the control colonies indicating arrest in the
growth of surviving colonies. Consistent with their enhanced activity in preliminary cytotoxic
studies, the E-ring fluoro analogues of calothrixin B/quinocarbazole effectively attenuated the

clonogenic activity of HCT116 and NCI-H460 cells.
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Fig. 2. Effects of calothrixin Al, B2, 15h and Quinocarbazoles 21a, 21b on the clonogenic growth of colon
adenocarcinoma (HCT116) and Lung adenocarcinoma (NCI-H460) cell lines.

Cells were seeded in a six well plate and after over-night adherence, treated with different concentrations (0.1 — 5
uM) of calothrixin A1, B2, 15h and quinocarbazoles 21a, 21b (HCT116), 0.001 — 0.05 uM of quinocarbazole 21b
in case of NCI-H460 cells, for 48 h. After drug treatment, the cells were washed with Dulbecco’s phosphate
buffered saline and let grow up to 14 days in drug-free medium. Cell colonies were stained with crystal violet and
photographed.

Calothrixins and quninocarbazoles exhibits differential cell cycle effects in HCT116 cells
With the aim of investigating the cellular effects that are induced by
calothrixin/quinocarbazole analogues in terms of cell cycle modifications, a time-dependent
evaluation of the cell cycle profile was performed by FACS in HCT116 cancer cells treated
with these analogues (Fig. 3). The cell cycle analysis with 5 uM concentrations of calothrixins
1, 2, 15g and 15h for 20 h in HCT116 cells caused an accumulation of cells in GO/G1 phase and
S-phase in case of 2 and 1, 15h, respectively. However, 21b treatment to HCT116 cells caused

accumulation of cells in G2/M phase, whereas 21a treatment hardly caused any perturbation in
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cell cycle. In order to determine the population of cells which are most affected by the
calothrixins and maintenance of cell cycle arrest, nocodazole (a mitotic inhibitor which arrests
all the cycling cells at G2/M phase) was added following treatment with
calothrixins/quinocarbazoles. As seen in Fig. 3, calothrixin A (1) or 3-fluorocalothrixin B 15h
pre-treatment to HCT116 cells caused arrest of cells in S-phase which is maintained even after
the addition of the nocodazole. Whereas calothrixin B (2) was unable to maintain the arrest of
cells in G1 phase following nocodazole treatment, which pulled all the cells and arrests in
G2/M phase. In a striking difference, addition of nocodazole to 21b pre-treated cells reinforced
accumulation of cells in G2/M phase of cell cycle. In other words, following treatment with
nocodazole the cycling cells in G1-S phase adds on to the population of cells (G2/M) that were
truly arrested by 21b. The quinocarbazole 21a behaved similar to that of its oxygenated

congener, calothrixin B (2).

These results from cell cycle analysis clearly indicate that 15h causes G1-S phase arrest
whereas its corresponding quinocarbazole 21b arrests cells at G2/M phase of cell cycle. It can
be inferred that presence or absence of quinone functionality as in case of calothrixins or
quinocarbazoles determines differential cell cycle effects by targeting diverse cellular target.
The presence of fluorine atom at the 3-position of 15h or 4-position of 21b confers unique cell

cycle signature with better cytotoxicity compared to their counterpart calothrixin B (2) or

ACS Paragon Plus Environment

Page 24 of 127



Page 25 of 127

oNOYTULT D WN =

ocouuuuuuuuuuud,DdDDDBDDAMDMDMNDAEDANEDNWWWWWWWWWWNNNNNNNNNDN=S =2 @2 a@Qaaa0
VWO NOOCULLhAWN-_rOCVONOOCTULDWN—_,rOCVOONOOCULDDWN=—_,rOUOVUONOOCULPMNWN—_ODOVUONOUVPSD WN =0

Journal of Medicinal Chemistry

A

DMSO

0.3 uM Nocodazole 5 uM Calothrixin A 1

5 uM Calothrixin A 1 +
0.3 uM Nocodazole

5 puM Calothrixin B 2

5 uM Calothrixin B 2 +
0.3 uM Nocodazole

Poatise 2 ey U AR
Sub-G1 308 Sub-G1 o, M2 Sub-G1 147
161 a2 16
— S —

5 uM 4 -fluoro calothrixin B 15h

5 uM 4 -fluoro calothrixin B 15h +
0.3 uM Nocodazole 5 uM Quinocarbazole 21a

50 o581, 5 oy
et 472 1181 Gg
180
—

5 uM Quinocarbazole 21a +
0.3 uM Nocodazole

L l?n?i“ |?| o
o swor 222
256

—

5 uM Quinocarbazole 21b

itz O
But-o1 699
an

—

5 uM Quinocarbazole 21b +
0.3 uM Nocodazole

poo1, s 001, 8 Sub-Gi G001 8 oz
f oM — 1 oM
subor 504 (218 gp sbor | 1921243 oo 634 ar1 Faaad 224
729 647
— —

Bub-G1 ‘GO-G|. 8
waz=arz 1m0 Gon

sub01 o061 5
aas <334 8

G2-M
3.7

sub-o1 60-61. 8

5861141 288,027

487

156 206 o som e 156 200 ° 106 200 e o 100 200 6 o 106 200 200
g 2.5 uM Camptothecin +
2.5 uM Camptothecin
- P 0.3 uM Nocodazole
061 T 0-01, 8 gy
. e AR s W [l 170
186 161
— —
150 ) o |
1007 |
50} %0 7]
o] o]
o oM o sow  tge 150 200
B WSubGO MGOGL WS EG2M
=
2
i
H
s e —
a8 l
5uM + 0.3uM Noc
=
E
B
o —
=
=
suv (L e ——
=
£
B
-
]
£
3 s (L [ ==
[5]
-
2 sumsosumno (R [I— ——
]
E
3 s [I— —
8
2
g e —
] 0.3uM Noc
=z
e —
H o M I ===
8

% cell Population

ACS Paragon Plus Environment




oNOYTULT D WN =

Journal of Medicinal Chemistry Page 26 of 127

Fig. 3. Cell cycle effects of calothrixin and its analogues. Cell cycle perturbation by calothrixins (1, 2, and
15h) or Quinocarbazoles (21a and 21b) in the presence or absence of nocodazole. HCT116 cells were treated with
5 uM of calothrixin and its analogues for 20 h or 3 h pretreatment with 17 h in the presence of nocodazole (0.3
uM) followed by propidium iodide staining. Population of cells in different phases of cell cycle were analysed by
flow cytometry. Figure is representative of other two experiments. (B) Percentages of HCT116 cells in the
different phases of the cell cycle

quinocarbazole 21a. Similar results were obtained from experiments with 1 uM treatment of

calothrixins to HeLa cells followed by nocodazole treatment (SI: Fig. 1).
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Fig. 4. (A) Cell cycle analysis of human colon HCT116 cells treated with the calothrixins (1, 2, and 15h) or
quinocarbazoles (21a and 21b) for 48 h. (B) Lung NCI-H460 cells treated with increasing concentrations of
quinocarbazoles 21b for 48 h. Figures are representative of other two experiments. (C&D) Percentages of HCT116
(A) or NCI-H460 (B) cells in the different phases of the cell cycle
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Cell cycle analysis with HCT116 cells treated with calothrixin A (1) (2 uM), 3-
fluorocalothrixin B 15h (5 uM) for 48 h showed maintenance of G1-S phase arrest with
concomitant increase in sub-G1 population (Fig. 4 A, C). This indicates that these cells after
DNA damage gets arrested in G1-S phase, followed by cell death at later time point (48 h) due
to failure in the repair of damaged DNA and/or cellular stress. However, treatment with the
parent calothrixin B (2) for 48 h showed Gl arrest with a marginal increase in sub-Gl
population (cell death). Whereas quinocarbazole 21b (5 uM) treatment to HCT116 cells for 48
h showed profound G2-M arrest, which was not seen with the parent quinocarbazole 21a. In
contrast, the quinocarbazole 21b caused extensive cell death even with 0.1 uM treatment to
NCI-H460 cells (Fig. 4 B, D) with subsequent dose dependent accumulation of cells in G1

phase indicating altogether different mechanistic action of 21b in this cell line.
Calothrixins as weak topo I inhibitor and quinocarbazoles as catalytic topo II inhibitor

To elucidate the possible mechanistic action of calothrixin B/quinocarbazole analogues, topo
inhibition studies of these compounds are explored due to their structural similarities with the
natural calothrixins/ellipticine which were reported to possess topoisomerase inhibitory
activity.g’ S ) general, topoisomerase I (hTopl) generates transient single stranded break and
religates, thus relieving torsional stress, whereas topoisomerase II (hTopll) is able to cleave and
religate double-stranded DNA, allowing strand passage. The calothrixin A (1), calothrixins B
(2), 3-fluorocalothrixin B 15h and quinocarbazole analogues 21a, 21b and 25a were
investigated for hTopl and hTopll inhibition using a relaxation assay by simultaneous
incubation of supercoiled plasmid DNA, enzyme, and drug. The results from hTopl inhibition
studies (Fig. 5) showed that the tested analogues did not have any significant effect even at the

concentrations as high as 200 uM (Fig. S, lanes 5 -10). Next, the hToplI inhibition capacity of
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these selected calothrixin and quinocarbazole analogues were evaluated. The Fig. 6 shows the
relaxation of supercoiled pBS (SK+) plasmid DNA catalyzed by topo II (lane 2) and the effect
of calothrixin A (1), calothrixins B (2), 15h and quinocarbazole analogues (21a, 21b & 25a) at
a concentration of 200 uM. The hTopll inhibition by 25 uM of etoposide was used as a positive
control (Fig. 6, lane 4). Interestingly, among the quinone containing calothrixins, only
calothrixin A (1) (Fig. 6, lane 5) showed effective inhibition of hTopll whereas in case of
quinocarbazoles, only 21a and 25a showed complete inhibition (Fig. 6, lanes 8 and 10).
Subsequent dose-dependent relaxation studies with these three analogues revealed that
calothrixin A (1) could not inhibit the enzyme activity at a concentration <100 uM (data not
shown). However, quinocarbazoles 21a and 25a exhibited almost 97% and 98% inhibitions,
respectively, at 40 uM concentration (Fig. 7, 8). Their ICsy and ICyy values have been reported
in Table 4. It is surprising to note that the 4-fluoroquinocarbazole analogue 21b does not have
the capacity to interfere with the relaxation activity of hTopll which is seen with its congener

21a, although both these analogues intercalate with DNA.

RL/NM ~-~-~----‘ﬂ‘b-~~

& e g
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Fig. 5. Effects of calothrixin and quinocarbazole analogues on recombinant human topoisomerase I: Relaxation of
negatively supercoiled pBS (SK+) DNA with purified hTopl at a molar ratio of 3:1 in simultaneous assay
condition. Lane 1, 90 fmol of pBS (SK+) DNA; Lane 2, same as lane 1, but simultaneously incubated with 30 fmol
of hToplI for 30 mins at 37 °C; Lane 3, same as lane 2 but in presence of 2% v/v DMSO; Lane 4, same as lane 2 but
in presence of 25 uM camptothecin as positive control; Lanes 5-10, same as lane 2 but in presence of 200 uM
concentration of calothrixin A 1, calothrixins B 2, 15h, quinocarbazoles21a, 21b and 25a, respectively. Positions
of supercoiled monomer (SM) and relaxed and nicked monomer (RL/NM) are indicated.All results depicted were
performed three times and representative data are from one set of these experiments.

ACS Paragon Plus Environment

Page 28 of 127



Page 29 of 127

oNOYTULT D WN =

Journal of Medicinal Chemistry

RL/NM

SM

Fig. 6. Effects of calothrixin and quinocarbazole analogues on recombinant human topoisomerase II: Relaxation of
negatively supercoiled pBS (SK+) DNA with purified hTopll at a molar ratio of 3:1 in simultaneous assay
condition. Lane 1, 90 fmol of pBS (SK+) DNA; Lane 2, same as lane 1, but simultaneously incubated with 30 fmol
of hToplI for 30 mins at 37 °C; Lane 3, same as lane 2 but in presence of 2% v/v DMSO; Lane 4, same as lane 2
but in presence of 25 uM etoposide as positive control; Lanes 5-10, same as lane 2 but in presence of 200 uM
concentration of calothrixin A 1, calothrixins B 2, 15h, quinocarbazoles 21a, 21b and 25a, respectively. Positions
of supercoiled monomer (SM) and relaxed and nicked monomer (RL/NM) are indicated. All results depicted were
performed three times and representative data are from one set of these experiments.

RL/NM

Fig. 7. Dose-dependent inhibition of recombinant human topoisomerase II by quinocarbazole analogues 21a and
25a: Relaxation of negatively supercoiled pBS (SK+) DNA with purified hTopll at a molar ratio of 3:1 in
simultaneous assay condition. Lane 1, 90 fmol of pBS (SK+) DNA; Lane 2, same as lane 1, but simultaneously
incubated with 30 fmol of hTopII for 30 mins at 37 °C; Lane 3, same as lane 2 but in presence of 2% v/v DMSO;
Lane 4, same as lane 2 but in presence of 25 uM etoposide as positive control; Lanes 5-10, same as lane 2 but in
presence of increasing concentrations (10, 20, 30, 40, 50, and 60 uM) of quinocarbazole 21a and Lanes 11-16,
same as lane 2 but in presence of increasing concentrations(10, 20, 30, 40, 50, and 60 uM) of quinocarbazole 25a.
Positions of supercoiled monomer (SM) and relaxed and nicked monomer (RL/NM) are indicated. All results
depicted were performed three times and representative data are from one set of these experiments.
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Fig. 8. Quantitative representation of enzyme inhibition as a function of concentrations of quinocarbazoles
21a and 25a under standard relaxation condition. Data represent mean value + S.D. (n = 3).

Table 4. Inhibitory concentration of the compounds on human Topoisomerase 11

Name of compound ICs50uM=+ S.D. ICyouM=+ S.D.
Quinocarbazole 21a 23.361 £0.104 41.514 £ 0.104
Quinocarbazole 25a 19.086 + 0.099 28.798 £ 0.099

Human Topll inhibitors can either stabilize the covalent DNA topoisomerase II complex
(topoisomerase II poisons) or inhibit the catalytic activity of the enzyme (catalytic inhibitors).
To identify the mode of hTopll inhibition by quinocarbazoles 21a and 25a, hTopll-mediated
DNA cleavage assay was performed under equilibrium condition. The hToplI alone cleaved the
pPRYG DNA which resulted in the formation of nicked circular DNA (Form II) and linear DNA
(Form III) (Fig. 9, lane 2). The positive control etoposide converted closed circular DNA (Form
I) to linear DNA (Form III) by stabilization of the “cleavable complex” (Fig. 9, lanes 4 and 5)
and resulted in a drastic increase in Form III. When the cleavage assay was performed with
increasing concentrations of these quinocarbazoles, no remarkable linear products (Fig. 9, lanes
6-8 for 21a, lanes 9-11 for 25a) were observed. In addition, these quinocarbazoles could

abrogate etoposide-mediated cleavage complex formation thereby rescuing Form I (Fig. 9, lane
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12 for 21a and lane 13 for 25a) when they were preincubated (40 uM) with hTopllI prior to
etoposide (50 uM) addition. These results clearly established that 21a and 25a does not act as a
topoisomerase II poison instead they inhibit the binding of enzyme to substrate DNA and thus

inhibit etoposide mediated cleavable complex formation.

1 2 3 4 5 6 7 8 9 10 11 12 13

Form Il

Form lll

Form |

Fig. 9. Inhibition of etoposide-induced cleavage complex formation by quinocarbazole analogues was analyzed by
cleavage reaction and agarose gel electrophoresis. Lane 1, negatively supercoiled pRYG DNA; lane 2, pRYG
DNA with hTopllI alone; lane 3 same as lane 2 but in presence of proteinase k treatment; Lanes 4, 5 same as lane 2
but in presence of increasing concentration (25 and 50uM) of etoposide; Lanes 6-8 and 9-11 same as lane 2 but in
presence of increasing concentration (30, 40 and 50uM) of 21a and 25a, respectively; lane 12 and 13, hTopPII was
incubated with 40 uM of 21a and 21b, respectively, followed by the addition of 50 uM of etoposide and pRYG
DNA. Form I, closed circular DNA; Form II, nicked circular DNA; Form III, linear DNA. All results depicted
were performed three times and representative data are from one set of these experiments.

The results from topoisomerase inhibition studies revealed that calothrixin B (2) weakly
inhibit hTopl whereas its deoxygenated derivative quinocarbazole 21a selectively targets
human hTopll. The exception being N-oxide bearing calothrixin A (1) which inhibited both
these enzymes although at different potency. Thus, it appears that the quinone functionality in
calothrixin bestows topo I inhibition and the absence of such unit in quinocarbazoles favors
hTopll inhibition. Compounds 21a and 25a, which displayed the most significant catalytic
inhibition of topoisomerase II with their ICsy values falling below 23 uM, showed only

moderate cytotoxicity. Meanwhile, the other tested 4-fluoroquinocarbazole 21b had no effect
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on hTopll activity nevertheless showed promising cellular cytotoxicity suggesting that this
compound might target DNA or other proteins in cancer cells. Also, the disparity between the
observed cytotoxicity and hTopl inhibition profile among calothrixins, namely calothrixin A
(1), calothrixin B (2) and 4-fluorocalothrixin B 15h indicate that topo I not to be a target for

calothrixins.

Calothrixins are redox active and cleaves plasmid DNA

In order to gain insight into the effects on the DNA-damage profiles of the
calothrixin/quiniocarbazole analogues, nuclease assay of supercoiled plasmid DNA incubated
with these derivatives were qualitatively analyzed by agarose gel electrophoresis. The DNA
nuclease assay for the synthesized analogues was planned in the presence of a reducing agent
and ferric ion due to the redox active quinone functionality in calothrixins. The nuclease
activity of calothrixin A (1), calothrixin B (2), calothrixin B analogues 15b-p and
quinocarbazoles (21a-c, 25a, 25b and 29) in the presence as well as absence of reducing agent
dithiothreitol (DTT) has been investigated on pBluescript SK(+) supercoiled plasmid DNA by

agarose gel electrophoresis at 60 min incubation period at 37°C (Fig. 10 A&C).

The nuclease activity of calothrixin analogues are seen only in the presence of a reducing
agent (DTT) and metal ion (FeCls). Mono halo derivatives of calothrixin B (15f, 15g, 15i and
15k) show higher propensity of cleavage of super coiled (SC) form to closed circular (CC)
except for calothrxins (2) and 151 (Fig. 10A). The 3-fluoro derivative 15h of calothrixin B or
its quinocarbazole 21b shows complete degrading of SC form to CC and linear form which is

comparable to the nuclease activity of calothrixin A (1).
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Fig. 10. Cleavage of plasmid DNA by calothrixins and quinocarbazoles in a cell free system.

(A & C) Supercoiled plasmid DNA was incubated for 1 h with 250 uM of calothrixins or quinocarbazoles, 200 uM
of ferric chloride in the presence or absence of DTT (200 uM). Plasmid DNA was separated by agarose gel and
stained with ethidium bromide. Menadione (250 uM) was used as a positive control. (B) Dose dependent cleavage of
plasmid DNA by calothrixins. Different concentrations of calothrixin A (1), 15h and Calothrixin B (2) was incubated for 1 h
with supercoiled plasmid DNA in the presence of DTT (200 uM) and ferric chloride (200 uM).

As can be seen in Fig. 10A & 10C, there is a general reduction in band intensities with 250
uM of compound 15h or 21b, indicating a partial digestion of plasmid DNA, an effect which is
not seen with calothrixin A (1). Again the presence of fluorine atom at 3-position of calothrixin
B or 4-position of quinocarbazole imparts distinct cleavage pattern (linearization and partial
digestion of plasmid DNA) which should be highlighted in the context of higher cytotoxic
potencies of these analogues. Significant cleavage of plasmid DNA is seen only at higher
concentrations of calothrixin A (1) or B (2) (250 uM), whereas 4-fluoro calothrixin 15h causes
plasmid DNA cleavage even at low concentration of 25 uM (Fig. 10B). Although, calothrixin B

analogues with dichloro substitution (150 and 15p) or methylenedioxy unit (15e) at the E-ring
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cleave and linearise the plasmid DNA, they were inactive in cellular cytotoxicity assay. Similar
is the case with many quinocarbazole analogues reported in this paper where cleavage of
plasmid DNA is seen but with no cytotoxic activity. This might be due to the intrinsic ability of
DTT to cleave plasmid DNA in the presence of ferric ions (Fig. 10 B, last lane). One of the
most striking observations about dimethyl amino propyl quinocarbazole 44 was the complete
digestion of plasmid DNA even in the absence of DTT (Fig. 10C, lane 8).

E-ring fluoro analogues of calothrixins/quinocarbazoles shows enhanced DNA damage

compared to other derivatives

Accumulation of DNA damage might lead to arrest of cells at either G1-S or G2/M
checkpoints. In order to assess cellular DNA damage as a potential cause of cell cycle arrest by
4-fluoro analogues of calothrixin B 15h or quinocarbazole 21b, the ability of these analogues to
induce DNA damage was investigated by performing alkaline single-cell gel electrophoresis
(comet assay). This assay allows detection of DNA strand breaks, alkaline-labile DNA sites,

and cross-links in individual cells. Electrophoresis of cell possessing damaged or fragmented
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Fig. 11. Single-cell gel electrophoresis data (comet assay) in HCT116 cells (A) or NCI-H460 cells (B).
Representative images of HCT116 cells (A) treated for 48 h with 0.5 uM Calothrixin A 1 (b) ; 5 uM Calothrixin B
2(c);5uM15h (d); SuM2la(e); 5 uM 21b (f) and untreated cells (a). Representative images of NCI-H460
cells (B) treated with 5 uM 21a (b) ; 0.1 uM 21b (¢) and untreated cells (a)
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DNA appears as a comet following staining with an intercalating agent and the length and
fluorescence intensity of the comet tail represents the extent of the DNA damage. HCT116 and
NCI-H460 cells were incubated with calothrixins/quinocarbazoles for 48 h, cells were harvested
and the levels of DNA damage was quantified in single cells using the alkaline comet assay

(Fig. 11).

Treatment of HCT116 with 0.5 uM Calothrixin A (1) resulted in extensive DNA damage, as
reflected from the tail length of the comet after 48 h (Fig. 11 Ab). Similarly, the calothrixin B
(2) (5 uM) induced significant levels of DNA damage (Fig.11 Ac) whereas its 4-fluro analogue
15h at a low concentration of 3 uM for 48 h, (Fig. 11 Ad) caused a significant increase in DNA
strand breaks (tail length) as compared with untreated cells (Fig. 11 Aa). In the case of
quinocarbazoles under identical conditions, the fluoro analogue 21b treated cells were
considerably damaged (Fig. 11 Af) although its parent analogue 21a showed reduced amount of
DNA damage or fragmentation (Fig. 11 Ae). In contrast, the comet tail occurred (Fig. 11 Bc)
when NCI-H460 cells were treated with as low as 0.1 uM of 21b for 48 h and the tailing of
comet is more pronounced in a dose dependent manner (data not shown) while the
quinocarbazole 21a failed to induce DNA damage even at 5 uM treatment for 48 h to NCI-

H460 cells (Fig. 11 Bb).

Enhanced Apoptosis in E-ring fluoro analogues of calothrixin/quinocarbazole treated

HCT116 and NCI-H460 Cells

Cell fate in HCT116, NCI-H460 and HeLa cells following treatment with calothrixins and
quinocarbazoles at different time points were studied using fluorescence microscopy and by
western blotting. The effect of calothrixins and quinocarbazoles on the cellular morphology of

HCT116 and NCI-H460 cells was studied after of 48 h of treatment. Cells stained green
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(acridine orange positive) represent viable cells, whereas reddish staining (propidium iodide
positive) represents apoptotic cells. The results of acridine orange (AO)/propidium iodide (PI)
staining showed that the control cells of HCT 116 or NCI-H460 presented intact green
fluorescence (Fig. 12), showing the normal nuclear structures. Whereas calothrixin A (1) (2

uM) or 5 uM of calothrixin B (2), 15h treated cells revealed chromatin condensation and

Fig.12. HCT116 cells were stained with acridine orange/propidium iodide after 48 h of treatment with
calothrixins/quinocarbazoles. Cells were observed under fluorescence microscope (x100 magnification). Viable
cells show green fluorescence. Necrotic and apoptotic cells show orange and yellow fluorescence. (A & E)
Untreated HCT116 or NCI-H460 control cells, respectively. Cells were treated with 2 uM of calothrixin A1 (B) 5
uM of calothrixin B 2 (C), 5 uM of 3-fluorocalothrixin B 15h (D), 5 uM of quinocarbazole 21a (F), 0.5 uM of 3-
fluoroquinocarbazole 21b (G), 5 uM of quinocarbazole 25b.

nuclear fragmentation, as seen by the presence of nuclei stained with PI (red colour). The 3-
fluoroquinocarbazole 21b treated NCI-H460 cells at a low concentration of

0.5 uM showed significant apoptotic cell morphology.

As HeLa and NCI-H460 cells showed higher sensitivity to 3-fluorocalothrixin B 15h and 4-
fluoroquinocarbazole 21b, respectively in the preliminary cytotoxicity assay, these cell lines
were taken for mechanistic study. The proteolytic cleavage of poly (ADP-ribose) polymerase

(PARP) by caspases is considered to be a hallmark of apoptosis.37 Western blot analysis of cell
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A 4-fluoro quinocarbazole 21b
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Fig. 13. Induction of apoptosis by calothrixins/quinocarbazoles. Detection of cleaved PARP protein levels by
western blotting in the lysates from A. NCI-H460 cells treated with increasing concentrations (0.1, 0.5, 1, 2 and 5
uM) of 4-fluoroquinocarbazole 21b for 48 h B & C. HeLa cells treated with calothrixins for different time points
(1 uM  of calothrixin A 1 for 6, 12, and 24 h ; 10 uM of calothrixin B 2 for 6, 12, 24 and 48 h) and varying
concentrations (0.1, 0.25, 0.5 and 1 uM of 3-fluorocalothrixin B 15h ; 0.5, 1, 6 and 8 pM of calothrixin B 2 for 48
h) D. HCT116 or NCI-H460 cells treated with calothrixins/quinocarbazoles (5 puM in case of calothrixin B 2,
compounds 15h and 21b; 3 uM of calothrixin A 1, 0.5 uM of camptothecin) for 48 h. B-Actin staining was used
as loading control.

lysates from NCI-H460 cells treated with increasing concentrations of 4-fluoroquinocarbazole
21b for 48 h resulted in significant cleavage of PARP even at a lower dose of
1 uM (Fig. 13A). Immunoblot study with HeLa cells treated with 1 uM of calothrixin A (1) or
10 uM of calothrixin B (2) showed a time-dependent increase in the protein levels of cleaved
PARP (Fig. 13B). After exposure to varying concentrations of calothrixin B (2) or its 3-fluoro
analogue 15h, a dose-dependent activation of PARP was seen. However, the 3-fluorocalothrixin
B 15h is more potent in causing cell death at lower doses (= 0.25 uM) in comparison to its
parent compound calothrixin B (2) (Fig. 13C). Similar increase in the protein levels of cleaved

PARP were seen in NCI-H460 cells treated with calothrixins/quinocarbazoles but in case of
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HCT116 cells, there is a reduction in total PARP protein level after drug treatment without
appearance of cleaved PARP protein bands (Fig. 13D). These data suggest that the inhibition of

cell growth following drug treatment is mediated through apoptosis induction.
Quinocarbazoles interacts with DNA by intercalation

The mode of cytotoxicity of calothrixins/quinocarbazoles might be based on DNA damage,
such as intercalation into DNA as seen in the case of ellipticine.”® This has prompted us to
initiate an investigation of interactions with DNA. Compounds studied in this paper can be
divided into two groups, the quinone containing calothrixins and their deoxygenated
quinocarbazoles. Due to their structural difference, calothrixins or quinocarbazoles can interact
differently with the biological target. To better understand the structure and biological activity
relationship, DNA interaction studies of representative calothrixins 1, 2 and its analogue 15h,
quinocarbazoles 21a, 21b, 25a, 35a, 35c¢ and 44 with calf-thymus DNA (CT-DNA) were
carried out by UV-Vis spectroscopy (Fig. 14).

Addition of CT-DNA to quinocarbazoles 21a, 21b resulted in strong hypochromic effects
(30% at 299 nm for 21a and 46%, 41% at 258 nm, 302 nm respectively, for 21b) with red shift
(14 nm for 21b at 258nm) suggesting an intercalative mode of binding38 involving a stacking
interaction between an aromatic chromophore of 21a, 21b and the base pairs of DNA. Unlike
quinocarbazoles, titrations with CT-DNA induced no change or only minor changes (6.4%
hypochromism at 264 nm) in UV-Vis spectra of calothrixin B (2) and 3-fluorocalothrixin B
15h, respectively. One isosbestic point was observed for calothrixin A1 (333 nm) and 3-

fluorocalothrixin B 15h (330 nm), whereas quinocarbazoles exhibited two isosbestic points
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Fig. 14. Effects of increasing concentrations of CT-DNA on the UV-Vis absorption spectra of calothrixins or
quinocarbazoles. Conditions: Ceyothrixins or quinocarbazoless 3%107mol L™"; Cepna (x10™°mol L™); a—o: 0; 2; 5; 10; 15;
20; 25; 30; 35; 40; 45; 50; 60; 80; 100. The arrow shows the intensity changes in increasing CT-DNA
concentration

(~337 nm and ~390 nm for 21a, 21b and 25a) signifying additional binding modes between
quinocarbazoles and CT-DNA as against a single isosbestic point seen with ellipticine-DNA
complex.” However, it should be noted that a second, but minor, binding mode only
contributes marginally to the overall absorption spectrum and might not have a significant
influence on the isosbestic points. In contrast to quinocarbazole 21a, the corresponding
napthocarbazole 31 showed no change in UV-absorption spectra following addition of

increasing concentrations of CT-DNA (SI: Fig. 2), thus highlighting the requirement of
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quinoline nitrogen for DNA intercalation. In the case of amino quinocarbazoles, fluoro
derivative 35¢ showed strong hypochromism (38%) whereas the dimethyl amino propyl
substituent bearing amino quinocarbazole 44 showed hypochromic (40%) and bathochromic
shift (15 nm) following CT-DNA addition indicating stronger intercalative mode of interaction
with DNA.?® The 1-amino quinocarbazoles 35a and 35c¢ too exhibited two isosbestic points at
~328 nm and ~367 nm indicative of multiple binding modes, although their contribution is very
little. On the other hand, titration of calothrixin A (1) with CT-DNA showed little
hypochromism (13%) with hypsochromic shift (10 nm) at 284 nm and hyperchromic shift (12%
at 362 nm, 13% at 432 nm) indicating multimodal interaction, possibly both intercalation as
well as electrostatic groove binding.

To quantitatively compare the binding property of different analogues of calothrixin or
quinocarbazoles with CT-DNA, the intrinsic binding constants K}, for drug-DNA complexes
were determined using the linear fitting equation40, Eq (1).

[DNA/(Ex &) = [DNAI(E EDI+Ks(Ep- ] ...(1)

Where [DNA] is the concentration of CT-DNA, &, & and &, correspond to the extinction
coefficients of drug at a given CT-DNA concentration, the free drug in solution and the fully
bound drug with DNA, respectively. By plotting the [DNA]/(&,- &) versus [DNA], K, can be
obtained as the ratio of the slope to the intercept of the equation. Thus, the binding constants
obtained from UV-Vis titrations with CT-DNA revealed the binding affinity of the calothrixin

or quinocarbazole derivatives in the range of 10°-10° M

indicative of strong drug-DNA
interaction which is comparable to the intercalating drug, ethidium bromide (Table 5). Among

the calothrixins, the magnitude of DNA binding was greater for both the calothrixin A (1) and

3-fluorocalothrixin B 15h with Ky values of 4.77x10° M and 5.74x10° M, respectively.
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While with quinocarbazoles, the substituted derivatives 21b and 25a showed greater binding
strength to CT-DNA and the binding constants were 9.66x10° M and 9.68x10° M,
respectively, whereas the quinocarbazole 21a has comparatively lower K, value of 1.01x10° M~
!, With the introduction of amino group to 4-fluoroquinocarbazole as in 35c exhibit better
binding strength (K, = 6.11x10° M) than its parent amino quinocarbazole 35a signifying
additional bonding sites provided by the fluoro functionality to bind with DNA. However,
derivatisation of amino functionality of 35a to N, N-(dimethylamino)propyl group 44 resulted

in higher DNA binding strength (Ky = 3.70 x10° M) (SI:Fig. 3).

SI.No. Compound BI(I}?;I:E Eo;llitﬁ%ts
1 1 4.77 (£ 0.04) x 10°
o) 2 No interaction
3 15h 5.74 (£0.12) x 10°
4 21a 1.01 (£ 0.07) x 10°

1.36 (£ 0.13) x 10°
5 21b 9.66 (+0.11) x 10°
6 25a 9.68 (+0.20) x 10°
7 35a 1.12 (£ 0.34) x 10°
g 35¢ 6.11 (+0.24) x 10°
9 44 3.70 (£ 0.32) x 10°
10 | Ethidium bromide | 6.8 (+0.22)x 10’

Table 5. Binding constants (K, in L mol™) for the interaction of calothrixins or quinocarbazoles with CT-DNA at
298 K

Results from CT-DNA titration studies reveal strong intercalative binding to DNA by
quinocarbazoles which is contributed primarily by the quinoline nitrogen atom and the

introduction of p-quinone unit as is the case with calothrixin B 2/15h support weak non-
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intercalative binding to DNA. The exception being calothrixin A (1), which can interact with
DNA by both intercalation and electrostatic groove binding possibly due to the N-oxide unit.
Effects of calothrixins or quinocarbazoles on change in DNA morphology during drug-DNA
interaction was followed using circular dichroism (CD) spectroscopy (Fig. 15). The CD spectra
of CT-DNA in absence of drug exhibits a positive CD band at 275 nm for the nucleobase
stacking and a negative band at 246 nm for the B conformation. After the addition of
calothrixins or quinocarbazoles to CT-DNA, there were changes in either or both positive and
negative CD bands, suggesting perturbation in the DNA conformation. In the case of
calothrixins B (2) and 3-fluorocalothrixin B 15h, there is decrease in both the positive and
negative CD bands which indicate that calothrixins interact with CT-DNA by a groove binding
or electrostatic interaction. The decrease of negative CD band following DNA interaction is
more pronounced with the 3-fluoro analogue of calothrixin B 15h in comparison to calothrixin
B (2). The planar aromatic quinocarbazoles 21a and 21b were optically inactive but following
interaction with CT-DNA, it exhibits positive induced band which can be attributed to
intercalation within DNA base palirs.41 Optically asymmetric environment of DNA give rise to
induced CD bands in the absorption region of quinocarbazole whose intensity increase in a
concentration dependent manner. The induced CD of 21b is less intense in comparison to 21a
suggesting weaker intercalation of the former compound. However, there is a decrease in
positive and negative CD band indicating that the intercalation of quinocarbazoles into CT-
DNA due to relaxation of DNA winding angle and the base pairs separated resulting in change
in DNA conformation from the B-form to A-form. Results from CD studies with CT-DNA

support the findings from UV-Vis spectral studies that the interaction mechanism of calothrixin
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B (2) and its analogue 15h with DNA is by means of groove binding or electrostatic interaction

whereas quinocarbazoles 21a and 21b intercalate into the DNA base pairs.
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45 The ability of quinocarbazoles to intercalate within DNA was determined by a
47 topoisomerase I-catalysed unwinding assay, which is based on the ability of intercalating
49 compounds to unwind the DNA duplex and thereby change the DNA twist.** The hTopl relaxed

52 plasmid DNA substrate was purified as described in the materials and methods section and used

54 as a substrate for the unwinding assay. In the presence of a strong intercalative agent, such as
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ethidium bromide, supercoiling of the relaxed substrate DNA was induced at a concentration of
10 uM (Fig. 16, lane 3). On the contrary, no DNA unwinding was observed with the non-
intercalative drug etoposide even at 200 pM concentration (Fig. 16, lane 4). The
quinocarbazole 21b, induced a concentration dependent net negative supercoiling (Fig. 16,
lanes 5-8) similar to that of the intercalating drug ethidium bromide (Fig. 16, lane 3). A similar
concentration dependent effect on the topological state of DNA was seen with the
quinocarbazoles 21a and 25a (SI: Fig. 4). Thus, the above findings from DNA unwinding
assays strongly indicate that the quinocarbazoles intercalates into DNA which was also

supported by spectroscopic studies.

Fig. 16. Analysis of binding mode of quinocarbazole21b with DNA by agarose-gel electrophoresis. Lanel, relaxed
pBluescript (SK+) plasmid DNA generated by treatment of plasmid DNA with excess hTopl, followed by
phenol/chloroform extraction and ethanol precipitation; lane 2, relaxed plasmid DNA with hTopl; lane 3 and 4,
same as lane 2 but in presence of 10 uM EtBr or 200 uM Etoposide, respectively; lane 5-8, same as lane 2, but in
presence of increasing concentration (60, 70, 80, 90 and 100 uM) of quinocarbazole 21b. NM, nicked monomer;
RL, relaxed monomer; SM, supercoiled monomer.

Lowest conformational energy and DNA binding affinities of calothrixin/quinocarbazole
analogues

Molecular docking has become the promising computational technique to understand the

mode of interaction of ligand with the macromolecules. This technique has also become a blend
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with the experimental techniques and helps in reducing time and labour efforts. Molecular
docking interactions are elucidated in the terms of binding energy. Lower the binding energy
signifies higher the binding affinity and vice versa.*

In our study, the DNA binding mode of calothrixin A, B and its analogues, quinocarbazoles
were evaluated by docking studies with the 3D structure of 1DSC DNA. The binding
conformation for each calothrixins/quinocarbazoles into the 1DSC DNA is determined and the
one having lowest binding energy among the different conformations were generated. Among
the AutoDock proposed confirmations for calothrixin analogues, 2 and 15h were found to have
lower binding energy values whereas the quinocarbazoles 21a, 21b too have low binding
energy values. Among the calothrixins, 2 has highest binding affinity with 1DSC (binding
energy value = -7.2 kcal/mol), where as binding energy values for 3-chlorocalothrixin B 15g
and 3-fluorocalothrixin B 15h were -6.5 kcal/mol and -5.6 kcal/mol, respectively. In case of
quinocarbazoles, the compounds 21a and 21b have binding energy values lower than -6.5
kcal/mol and -6.8 kcal/mol, respectively. From the docking results, highest binding affinity was
observed in compound 2 with a least binding energy of -7.2 kcal/mol in comparison to other
compounds. Although there is little correlation between predicted DNA binding energy values
and the experimental cytotoxicity profile, all the calothrixin/quinocarbazoles analogues have
negative binding energies (SI: Fig. 5, Table 5) indicating that these compounds can bind with
DNA molecule.

Molecular docking studies of calothrixins with Topoisomerase I and 11

Calothrixins (1, 2 and 15h) and quinocarbazole derivatives (21a, 21b, 25a, and 25b) were

docked with topoisomerase I and II retrieved from protein data bank (PDB ID: 1T8I; PDB ID:

4LPB). Free energy of binding (AG) analysis for these derivatives docked to topo I indicated
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that calothrixins (1, 2 and 15h) docked with the lowest AG value (SI: Fig. 6, Table 6). Among
calothrixins and quinocarbazoles, the binding affinity of 3-fluorocalothrixin B 15h was found to
be higher (-53.38 kcal/mol) and comparable to that of the known topo I inhibitor camptothecin
(-50.04 kcal/mol). The binding affinity of rest of the compounds were found to be relatively
lower (-39.28 to -46.82 kcal/mol) than camptothecin. Binding of calothrixins to topo I
suggested that the quinone unit is essential in making hydrogen bond (H-bond length 2.81 A)
with Arg364 residue at the catalytic site as observed in the case of camptothecin. Interestingly,
mutation of the Arg364 to His resulted in topo I resistant to camptothecin.44 Thus, it might be
possible that the weak inhibition of topo I by calothrixins A (1) and B (2) seen in an in vitro
enzyme assay could be attributed to this key interaction. In case of quinocarbazoles, which lack

the quinone unit failed to interact with the Arg364 might indicate its inability to inhibit topo L.

Docking studies with ATPase binding domain of type II topoisomerase showed that
quinocarbazoles 21a, 21b, 3-fluorocalothrixin 15h and calothrixin A (1) interacted favorably
with target protein-topoisomerase (SI: Fig. 7, Table 7). Results of induced fit docking of these
compounds showed binding affinity of quinocarbazoles and topo II inhibition seen in in vitro

assays were comparable.
Drug-likeness of calothrixin and quinocarbazole analogues

Through a combination of in silico and experimental techniques,45 the physico-chemical
properties of some of the promising calothrixin or quinocarbazole analogues were evaluated.
The partition coefficient (P) is defined as the concentration of a compound in octanol over the
concentration of the same in water. The calothrixin A (1) was found to be more lipophilic at the
physiologic pH of 7.4 than calothrixin B (2) possibly due to the N-oxide unit. Partition

coefficient value of the calothrixin B (2) was considerably low in comparison to its fluoro
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1

2

Z substituted analogue 15h which has a logDgn74) value of -1.96 (Table 6). However, a
6 significant increase in lipophilicity (>1000 fold) was observed for fluoro-substituted
7

8 quinocarbazole 21b compared to the parent quinocarbazole 21a. The physico-chemical
9

10 parameters as shown in Table 6 were found to lie within acceptable range for “drug-like”
11

12

13 Compound Lipinski’s rule of five (highest permitted value) .

14 Experimental

s Calculated

16 Molecular Weight* | HBD” | HBA® ClogP? logP* logD'
}; (500) ) (10) (5) at pH7.4
19 1 314.3 1 5 2.352 1.32 1.02
2 2 2983 1 5 2418 -1.81 211
22 15h 316.3 1 5 2.651 -1.66 -1.96
iy 21a 2683 1 1 4.485 125 155
25 21b 286.3 1 1 4.754 1.91 1.61
26

>7 compounds.

28

29 Table 6. Evaluation of drug-likeness of selected calothrixin and quinocarbazole analogues with
2(1) respect to the Lipinski’s Rule of Five and experimentally determined logP and logD in an
32 octanol/water system.

33 * Molecular weights were calculated for nonionized calothrixin or quinocarbazole analogues. ” Calculated number
34 of hydrogen bond donor (HBD) groups. ¢ Calculated number of hydrogen bond acceptor (HBA) groups.
35 ¢ Calculated octanol-water partition coefficient ClogP of the neutral species of the compounds. ¢ Experimentally
36 determined logP values in an octanol/water system. ' Experimentally determined logD values in an octanol/buffer
37 system at physiological pH of 7.4. All predictions were calculated using the Schrodinger QikProp application
38 included in the Schrodinger’s Maestrosoftware v9.1.

39 Toxicological evaluation of 3-fluorocalothrixin B 15h

40

41 . . . . . o .

42 In general, the widely reported cytotoxic quinones being oxidant and electrophilic manifest
43

44 toxicological profile due to oxidative stress leading to the destruction of unsaturated lipids,
45

j? DNA, proteins, and other essential cellular molecules. However, the nature of substituents
48 . . . . . .
49 greatly determines the toxicology of quinone in particular, the presence of an electronegative
50

51 substituent (eg. halogen) confer stronger oxidant properties on the quinone and the
52

53 corresponding hydroquinone is less readily oxidized, thus preventing its subsequent re-
54

gg oxidation resulting in a safer pharmacological profile.* Accordingly, the potential toxicity of
57

58

59
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15h which bears a fluorine substituent on the E-ring of quinoid calothrixin B was evaluated in
an acute oral mice toxicity studies. In addition, the low growth inhibitory concentration of 15h
together with lethal concentration (LCsp) greater than 4 uM (SI: Table 2-4) indicate a wider
therapeutic index, thus motivating investigation of in vivo toxicological profile of 3-
fluorocalothrixin 15h in SCID mice at 4 log higher dose (i.e. 50mg/kg) of LCso. Pathological
evaluation was done on compound 15h treated SCID mice for the signs of acute toxicity. Thirty
six 6-week-old female SCID mice were randomized into four groups (n = 6) to receive 0

(vehicle only), 10, 30 and 50 mg/kg of 15h per orally every day for a period of seven days.

40-
354
£
2 304
> 254
=
- 201 =B= G1 Vehicle Control
©
3 15+ == G2 CAB5 (10mg/kg, p.o)
s 10- =¥= G3 CAB5 (30mg/kg, p.o)
= -~ G4 CABS5 (50mg/kg, p.o)
5
c L) ) L) L) L) L) L) 1]
0 1 2 3 4 5 6 7
Days

Fig. 17. No significant effect on body weight. Thirty six animals were randomized into four groups. The treated
animals were administered compound 15h at doses of 10, 30, and 50 mg/kg. The animals were dosed po daily for 7
days and were weighed daily for 1 week.
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Fig. 18. Histopathological examination of major organs for signs of toxicity. Formalin-fixed heart (1) kidney (2)
liver (3) lung (4) spleen (5) and stomach (6) from animals with oral administration of vehicle (A) or with 50 mg/kg
15h (B), were embedded in paraffin. Tissue sections were stained with hematoxyline and eosin (H&E). Stained
sections were evaluated histopathologically for signs of inflammatory cell infiltration or tissue degeneration. No
signs of toxicity in major organs following treatment with 50mg/kg.

Throughout the study period, no deaths or significant clinical findings were noted in control as
well as in 15h treated animal groups. Despite wine red coloration of the drug substance in the
dosing formulation the fecal matter from the entire drug treated animals were of normal shape
and color. All animals in the treated group showed no changes in water/ food consumption or
significant loss of body weight (Fig. 17) and were as healthy as the non-treated control animals.
Compared to the control group, there were no treatment-related changes on any of the
hematological (SI: Table 8) or clinical biochemistry parameters (data not shown). Gross
necropsy performed at the end of the study period revealed no significant macroscopic changes
between control and 15h treated groups. No other significant differences in absolute or relative
organ weights between the control and the treated groups were observed (SI: Table 9). The
histopathological findings in the tissues sections from the heart, liver, lung, stomach, kidney
and spleen from control and treated animals were not considered to be of toxicological
significance. Thus it can be concluded from these studies that 15h treated animals showed no
adverse effects on the key organs (Fig. 18) and the animals tolerated without any apparent
toxicity with 50 mg/kg of 15h. Highest dose of 50mg/kg was chosen for the acute toxicity study
because of the extreme in vitro potency of 15h, hence a likely effective dose would be 5 mg/kg

(1/10 MTD) and an intermediate dose of 10mg/kg.
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Conclusions

Using FeCls-mediated domino reaction of enamines as a key strategy, synthesis of sixteen
calothrixin B analogues containing different substituents on “E” ring was carried out. The
synthesis of quinocarbazoles lacking quinone unit were also achieved. The cytotoxicities of
calothrixins 1, 2, 15b-p and quinocarbazole analogues (21a-c, 25a, 25b, 35a-c, 44) were
evaluated against nine cancer cell lines. Among the analogues of calothrixin B 15b-p, the 3-
fluoro derivative 15h was found to be more potent than the parent calothrixin B (2). The
quinocarbazole analogues lacking quinone unit displayed cytotoxicity comparable to that of
calothrixin B and its analogues. Notably, 4-fluoroquinocarbazole 21b was as potent as that of 3-
fluorocalothrixin B 15h and far more potent than calothrixin B (2) in majority of the cell lines.
Further, the observed cytotoxicity of 1 nM and 5 nM for 4-fluoroquinocarbazole 21b in NCI-
H460 cells and HEK?293 cells, respectively indicate that these cell lines from different tissue of
origin might share common molecular mechanism of action. On the other hand, the relative
resistance of the lung adenocarcinoma cancer cell line A549 indicates that the observed potency
of 21b is not a general property to lung cancer cell lines. From the cytotoxicity data presented,
it appears that the quinone unit in calothrixin does not contribute to the anti-cancer property.

Data from cell cycle analysis, in vitro DNA cleavage experiments together with alkaline
COMET assay clearly indicate that calothrixin A (1) and the 3-fluorocalothrixin B 15h have
comparable effects in causing cellular DNA damage and arresting the cells in G1-S phase
which is maintained even in the presence of nocodazole. Unlike in Jurkat or CEM leukemia
cells, which after treatment with calothrixin A (1) resulted in accumulation of cells in S and
G2/M cell cycle phases,”® HCT116 and HeLa cells in our study showed arrest of cells in G1-S

phase boundary following treatment with 5 uM (for HCT116 cells) or 1 uM (for Hela cells) of
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calothrixin A (1) and 3-fluoro calothrixin B 15h. From our study, calothrixin A (1) caused
DNA cleavage in cells which resulted in cell cycle arrest in G1-S phase, such an effect was not
seen in calothrixin B (2) treated cells. On the other hand, the 4-fluoroquinocarbazole 21b
showed little cleavage of plasmid DNA, caused arrest of cells in G2-M phase in HCT116 cells.
Data from cytotoxicity studies and cell cycle analysis in cells differing in p53 gene activity
indicates that calothrixins act much downstream of this tumour suppressor and the cytotoxicity
or the G1-S phase arrest induced by calothrixins is not mediated by p53 functionality.

Given the ability to interact with DNA, calothrixin A (1) and the quinocarbazoles 21a, 25a
were found to interfere with the catalytic activity of human topoisomerases Il in a cell free
assay. While calothrixin A (1) showed moderate hTopll inhibition whereas, the
quinocarbazoles 21a and 25a with ICs value of ~20 uM closely resembling with their observed
Glsp values (5-15 uM) indicating that the cytotoxicities of these analogues might be mediated
through topo II inhibition. However, it is surprising to note the inability of 4-
fluoroquinocarbazole analogue 21b to inhibit topo II activity even though it showed potent
cytotoxicity profile and unique cell cycle effects whereas its parent analogue 21a inhibits topo
IT but with moderate cytotoxicity. It is therefore assumed that the DNA damage by 21b as
evident from COMET assay might be accountable for the observed cytotoxicity and cell cycle
effects in cancer cells.

The UV-Vis spectral properties of representative calothrixin and quinocarbazole analogues
in presence of CT-DNA indicated that the presence of quinone unit in calothrixins eliminates
intercalative mode of interaction with DNA, an effect which is seen with quinocarbazoles. The
exception being calothrixin A (1), which not only intercalates but also has electrostatic

interaction with CT-DNA. Owing to the shape and planar nature, it might be expected that the
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quinocarbazoles intercalates by stacking interactions with DNA base pairs and as a result there
might be unwinding and lengthening of DNA as evident from decrease in negative CD band.
Further, the quinoline nitrogen atom 1is very essential for DNA intercalation as the
napthocarbazole 31 failed to perturb changes in the UV-Vis spectra following addition of CT-
DNA.

Considering all our results it seems that the quinone unit of calothrixins might be less
important in comparison to the quinoline nitrogen atom with respect to their interaction with the
biological target. This work on the synthesis of calothrixin B (2) analogues and its
deoxygenated derivatives besides detailing the structural features of calothrixins on mechanistic
aspects of cellular cytotoxicity, identified two of the novel fluoro analogues namely, 3-
flurocalothrixin B 15h and 4-fluoroquinocarbazole 21b as having potent cytotoxicity and
unique cell cycle effects. The 4-fluoroquinocarbazole 21b is active on the lung carcinoma cell
line NCI-H460 with a Glsp of 1 nM with no clonal growth at this concentration. The profound
cytotoxic effect of compound 21b on certain cell lines taken in the study might be attributed to
the formation of covalent DNA adducts following metabolic activation as suggested for
ellipticine.”® The prominent in vitro anticancer profile with no adverse effects in animal
experiments together with acceptable physico-chemical properties indicate that compound 15h
might be a promising candidate for further preclinical development. Topo II inhibition by
compounds (calothrixin A (1), quinocarbazole 2l1a and 25a) might lead to the
development of novel topo inhibitors for cancer therapy. Further, the 4-fluoroquinocarbazole

21b with unique in vitro cytotoxicity has a potential that is worth pursuing.

ACS Paragon Plus Environment

Page 52 of 127



Page 53 of 127

oNOYTULT D WN =

Journal of Medicinal Chemistry

Experimental section

All melting points were uncorrected. Dry THF was prepared by refluxing with sodium. Dry
DCM/DCE was prepared by refluxing with P,Os. The progression of reaction was monitored by
TLC using mixture of hexane/ethyl acetate as an eluent. Column chromatography was carried
out on silica gel (230-400 mesh, Merck) by using increasing polarity. 'H, C and DEPT 135
spectra were recorded in CDCls using TMS as an internal standard on a 300 MHz spectrometer
at room temperature and Bruker 500 MHz at elevated temperature. Chemical shift values were
quoted in parts per million (ppm) and coupling constants (J) were quoted in hertz (Hz). IR
spectra were recorded on ABB MB3000 series FTIR spectrometers. High-resolution mass
spectra (HRMS) were recorded using Micro Qtof mass spectrometer (ESI), Waters-Q-Tof
premier-HAB 213 (ESI), JEOL GC Mate II (EI) and Varian FTMS (ESI). Purity of all final
compounds were determined by analytical HPLC using the following conditions: Agilent
Technologies with a Zorbax Rx-C18 column (250 mm x 4.6 mm, 5.0 um) eluted at 1 mL/min
with ammonium formate, acetonitrile and methanol as diluent. Column types and elution
methods are described in the Supporting Information section. The purity of all the biologically
evaluated compounds was determined to be >95% purity. Solvents used for HPLC analysis and
sample preparation were HPLC grade. The required phosphonium ylide 8 was prepared from
the published procedure.3 3 Experimental procedure and analytical data of 13a-p, 17a-c, 31, 32,
33a-c, 37, 38, 39 (see SI for details).

Calothrixin A 1

To a suspension of calothrixin B 2 (50 mg, 0.16 mmol) in dry DCM (80 mL), m-CPBA (250
mg, excess amount) was added. The reaction mixture was heated at reflux for 18 h (completion

of the reaction detected by TLC, EtOAc/hexanes 2:1). Removal of solvent followed by washing
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with 5 mL of methanol and 2 mL of DCM afforded calothrixin A 1 as a red solid. Yield: 40 mg
(75%); mp: >280 °C (dec); IR (film): 3441, 1659 cm™; 'H NMR (300 MHz, DMSO-dg): &
13.19 (s, 1 H, NH), 9.65 (d, /= 8.7 Hz, 1 H, ArH), 8.85 (s, 1 H, ArH), 8.60-8.56 (m, 1 H, ArH),
8.09 (d, J=7.8 Hz, 1 H, ArH), 7.98-7.95 (m, 2 H, ArH), 7.58 (d, J=7.8 Hz, 1 H, ArH), 7.43 (t,
J=74Hz, 1H, ArH), 7.35 (t, J = 7.4 Hz, 1 H, ArH); >*C NMR (75 MHz, DMSO-de): J 178.7,
178.2, 143.6 139.1, 138.6 132.4, 132.3, 132.2, 130.3, 128.6, 127.5, 127.3, 124.9, 123.9, 122.5,
122.3 119.6, 115.6, 114.5; DEPT 90: ¢ 131.9, 131.8, 131.7, 128.1, 127.0, 124.4, 122.0, 119.1,
114 ppm; HRMS (ESI-MS): m/z caled for CoH;1N,O; [M+H]": 315.0770; found 315.0765.
HPLC purity: 97.3%.

Calothrixin B (7H-indolo[3,2-j]phenanthridine-7,13(12H)-dione) 2

To a solution of enamine 14a (500 mg, 1 mmol) in dry DMF (20 mL), anhydrous FeCl; (490
mg, 3 mmol) was added and refluxed for 3 h under N, It was then poured over crushed ice (50
g) containing Conc. HCI (1 mL). The crude product was filtered and dried. The resulting
reddish brown solid was washed successively with 10 mL of chloroform and 4 mL of DCM.
The solid obtained was crystallised from THF to afford calothrixin B 2 (198 mg, 65%) as a red
solid. mp: > 300 °C; IR (film): 3441, 1659 cm™; "H NMR (300 MHz, DMSO-dg): § 13.06 (s, 1
H; NH), 9.51 (s, 1 H, ArH), 9.49 (d, J =8.4 Hz, 1 H, ArH), 8.08 (d, /= 8.1 Hz, 2 H, ArH), 7.88
(t,J=7.5Hz, 1 H, ArH), 7.81 (t, J/=7.5 Hz, 1 H, ArH), 7.54 (d, / = 8.4 Hz, 1 H, ArH), 7.39 (t,
J=7.5Hz, 1H, ArH), 7.31 (t, J = 7.5 Hz, 1 H, ArH); °C NMR (75 MHz, DMSO-d ): J 181.2,
180.7, 151.7, 147.9, 138.9, 138.4, 133.0, 132.0, 130.7, 130.3, 127.6 (2C), 125.2, 124.8, 123.8,
123.0, 122.8, 116.0, 114.4. DEPT 90: ¢ 147.4, 131.5, 130.1, 129.7, 127.1, 127.0, 124.2, 122.2,
113.8 ppm; HRMS (ESI-MS): m/z caled for CioH;;N>O, [M+H]": 299.0821; found: 299.0830.

HPLC purity: 96.6%.
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General procedure for the preparation of enamines 14a-p

A mixture of 3-acetyl-2-nitroarylvinylenes 13a-p (1 eq) and glycocyamine (50 mol%) in excess
of DMF-DMA (8 eq) was heated at 100 °C for 3-4 h under N,. After consumption of the
starting material (monitored by TLC), the reaction mass was poured over crushed ice (50 mL)
containing Conc. HCI (1 mL). The precipitated solid was filtered, washed with water and air
dried to obtain crude compound which was purified by trituration with cold methanol (10 mL)
to afford enamines as yellow/orange solid.
(E)-3-(Dimethylamino)-1-(2-(2-nitrostyryl)-1-(phenylsulfonyl)-1H-indol-3-yl)prop-2-en-1-
one 14a

The reaction of methyl ketone 13a (3 g, 6.72 mmol) with DMF-DMA (7.1 mL, 53.76 mmol) in
the presence of glycocyamine (0.39 g, 3.36 mmol) at 100 °C for 3 h followed by workup using
the above-mentioned procedure gave enamine 14a (3.0 g, 89%) as a yellow solid. mp: 198-200
°C; 'H NMR (300 MHz, CDCls): 6 8.23 (d, J = 8.1 Hz, 1 H, ArH), 7.99 (d, J = 8.1 Hz, 1 H,
ArH), 7.81-7.79 (m, 3 H, ArH), 7.69-7.61 (m, 3 H, ArH), 7.49 (d, J = 7.8 Hz, 2 H, ArH), 7.42-
7.36 (m, 5 H, ArH), 7.29-7.24 (m, 1 H, ArH), 5.29 (d, J = 12.6 Hz, 1 H, vinylic -CH), 3.03 (s, 3
H, -NCH3), 2.75 (s, 3H, -NCH3); °C NMR (75 MHz, CDCls): § 186.9, 148.0, 137.7, 136.3,
135.4, 134.1, 133.5, 132.6, 132.4, 129.5, 129.3, 129.1, 128.9, 126.9, 125.8, 124.7, 124.6, 122.8,
121.7, 114.9, 45.1, 37.2 ppm; HRMS (EI): m/z caled for C,;Hp;3N305S [M*]: 501.1358; found:
501.1356.
(E)-3-(Dimethylamino)-1-(2-(3-methoxy-2-nitrostyryl)-1-(phenylsulfonyl)-1H-indol-3-
yl)prop-2-en-1-one 14 b

The reaction of methyl ketone 13b (2 g, 4.20 mmol) with DMF-DMA (4.50 mL, 33.61 mmol)

in the presence of glycocyamine (0.25 g, 2.10 mmol) at 100 °C for 4 h followed by workup
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using the above-mentioned procedure gave enamine 14b (1.89 g, 85%) as a yellow solid. mp:
192-196 °C; '"H NMR (300 MHz, CDCl3): 6 8.22 (d, J = 8.4 Hz, 1 H, ArH), 7.76-7.70 (m, 4 H,
ArH), 7.52-7.46 (m, 3 H, ArH), 7.43-7.32 (m, 4 H, ArH), 7.28-7.23 (m, 1 H, ArH), 7.00 (d, J =
8.1 Hz, 1 H, ArH), 6.84 (d, J = 16.2 Hz, 1 H, vinylic CH), 5.25 (d, J = 12.6 Hz, 1 H, vinylic
CH), 3.91 (s, 3 H, -OMe), 3.05 (s, 3 H, -NCH3) 2.77 (s, 3 H, -NCH3); °C NMR (75 MHz,
CDCls): 6 186.7, 150.9, 140.4, 137.8, 136.4, 134.7, 134.1, 131.1, 130.5, 129.5, 129.3, 129.1,
126.8, 125.9, 124.6, 123.4, 121.4, 118.5, 114.9, 112.0, 56.5, 45.1, 37.2 ppm.
(E)-3-(Dimethylamino)-1-(2-(5-methoxy-2-nitrostyryl)-1-(phenylsulfonyl)-1H-indol-3-
yl)prop-2-en-1-one 14¢

The reaction of methyl ketone 13c¢ (2 g, 4.20 mmol) with DMF-DMA (4.50 mL, 33.61 mmol)
in the presence of glycocyamine (0.25 g, 2.10 mmol) at 100 °C for 4 h followed by workup
using the above-mentioned procedure gave enamine 14¢ (2.0 g, 90%) as an orange solid. mp:
188-192 °C; 'H NMR (300 MHz, CDCls): § 8.22 (d, J = 8.4 Hz, 1 H, ArH), 8.11 (d, J = 9.0 Hz,
1 H, ArH), 7.82-7.80 (m, 2 H, ArH), 7.69 (s, 1 H, ArH), 7.60-7.49 (m, 3 H, ArH), 7.42-7.28 (m,
4 H, ArH), 7.25 (d, J = 8.4 Hz, 1 H, ArH), 7.20 (d, J = 15.0 Hz, 1 H, vinylic -CH), 6.93 (d, J =
8.4 Hz, 1 H, ArH), 5.31 (d, J = 12.6 Hz, 1 H, vinylic -CH), 3.06 (s, 3 H, -NCHj3) 2.80 (s, 3 H, -
NCH3); *C NMR (75 MHz, CDCl3): d 163.5, 140.9, 137.7, 136.3, 135.8, 135.5, 134.1, 133.7,
129.5, 129.3, 127.6, 126.9, 125.8, 124.6, 122.7, 121.3, 114.9, 114.1, 113.8, 56.1, 45.1, 37.2
ppm; HRMS (EI): m/z calcd for CogH,5N306S [M']: 531.1464; found: 531.1460.
(E)-1-(2-(4,5-Dimethoxy-2-nitrostyryl)-1-(phenylsulfonyl)-1H-indol-3-yl)-3-
(dimethylamino)prop-2- en-1-one 14d

The reaction of methyl ketone 13d (3 g, 5.93 mmol) with DMF-DMA (6.3 mL, 47.42 mmoml)

in the presence of glycocyamine (0.35 g, 2.97 mmol) at 100 °C for 3 h followed by workup

ACS Paragon Plus Environment

Page 56 of 127



Page 57 of 127

oNOYTULT D WN =

Journal of Medicinal Chemistry

using the above-mentioned procedure gave enamine 14d (3.24 g) as a yellow solid. The crude
product was used as such for next step without any further characterization.
(E)-3-(Dimethylamino)-1-(2-((E)-2-(6-nitrobenzo[d][1,3]dioxol-5-yl)vinyl)-1-
(phenylsulfonyl)-1H-indol-3-yl)prop-2-en-1-one 14e

The reaction of methyl ketone 13e (3 g, 6.12 mmol) with DMF-DMA (6.5 mL, 4.90 mmol) in
the presence of glycocyamine (0.36 g, 3.06 mmol) at 100 °C for 3 h followed by workup using
the above-mentioned procedure gave enamine 14e (2.84 g, 85%) as a yellow solid. mp: 172-174
°C; 'H NMR (300 MHz, CDCls): 6 8.22 (d, J = 8.4 Hz, 1 H, ArH), 7.79 (d, J = 7.8 Hz, 2 H,
ArH), 7.68-7.67 (m, 1 H, ArH), 7.54-7.51 (m, 2 H, ArH), 7.48-7.47 (m, 1 H, ArH), 7.42-7.33
(m, 4 H, ArH), 7.28-7.14 (m, 2 H, ArH), 7.15 (s, 1 H, ArH), 6.16 (s, 2 H, ArH), 529 (d, J =
12.9 Hz, 1 H, vinylic CH), 3.04 (s, 3 H, -NCH3) 2.77 (s, 3 H, -NCHj3) ppm; HRMS (EI): m/z
caled for CasH»3N304S [MT]: 545.1257; found: 545.1260.
(E)-1-(2-(4-Bromo-2-nitrostyryl)-1-(phenylsulfonyl)-1H-indol-3-yl)-3-
(dimethylamino)prop-2-en-1-one 14f

The reaction of methyl ketone 13f (2 g) with DMF-DMA (4.0 mL) in the presence of
glycocyamine (0.22 g) at 100 °C for 4 h followed by workup using the above-mentioned
procedure gave enamine 14f as a yellow solid. The crude product was used as such for next step
without any further characterization. Yield: 2.12 g (96%).
(E)-1-(2-(4-Chloro-2-nitrostyryl)-1-(phenylsulfonyl)-1H-indol-3-yl)-3-
(dimethylamino)prop-2-en-1-one 14¢g

The reaction of methyl ketone 13g (3 g, 6.24 mmol) with DMF-DMA (6.6 mL, 50 mmol) in the
presence of glycocyamine (0.36 g, 3.12 mmol) at 100 °C for 3 h followed by workup using the

above-mentioned procedure gave enamine 14g (3.08 g, 92%) as an orange solid. mp: 166-168
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°C; 'H NMR (300 MHz, CDCls): 6 8.22 (d, J = 8.4 Hz, 1 H, ArH), 7.99 (s, 1 H, ArH), 7.78-
7.75 (m, 3 H, ArH), 7.66-7.61 (m, 3 H, ArH), 7.53-7.49 (m, 2 H, ArH), 7.41-7.34 (m, 4 H,
ArH), 7.29-7.24 (m, 1 H, ArH), 5.29 (d, J = 12.6 Hz, 1 H, vinylic -CH), 3.03 (s, 3 H, -NCH3),
2.75 (s, 3 H, -NCHs); *C NMR (75 MHz, CDCl3): § 186.6, 154.5, 148.0, 137.7, 136.3, 134.9,
134.5, 134.1, 133.5, 131.1, 130.8, 130.1, 129.4, 129.3, 126.8, 125.9, 124.8, 124.6, 123.4, 121.3,
114.9, 98.3, 45.1, 37.2 ppm; HRMS (EI): m/z calcd for C»7H,,CIN3OsS [M*]: 545.1257; found:
545.1260.
(E)-3-(Dimethylamino)-1-(2-(4-Fluoro-2-nitrostyryl)-1-(phenylsulfonyl)-1H-indol-3-
yl)prop-2-en-1-one 14h

The reaction of methyl ketone 13h (3 g, 6.47 mmol) with DMF-DMA (6.9 mL, 51.72 mmol) in
the presence of glycocyamine (0.38 g, 3.24 mmol) at 100 °C for 4 h followed by workup using
the above-mentioned procedure gave enamine 14h (3.05 g, 91%) as an orange solid. mp: 156-
158 °C; '"H NMR (300 MHz, CDCL): § 8.22 (d, J = 8.1 Hz, 1 H, ArH), 7.82-7.72 (m, 4 H,
ArH), 7.68-7.66 (m, 1 H, ArH), 7.58 (m, 2 H, ArH), 7.50 (d, J/ = 7.5 Hz, 1 H, ArH), 7.42-7.36
(m, 5 H, ArH), 7.33-7.29 (m, 1 H, ArH), 5.29 (d, /= 12.6 Hz, 1 H, vinylic -CH), 3.04 (s, 3 H, -
NCH3), 2.77 (s, 3 H, -NCH;); °C NMR (75 MHz, CDCly): 6 186.7, 161.7 (d, J = 247.5 Hz),
148.1 (d, J = 8.25 Hz), 137.7, 136.3, 135.1, 134.1, 132.1 (d, J = 10 Hz), 131.1, 130.8 (d, J =
7.8 Hz), 129.4, 129.3, 128.5 (d, J = 3.8 Hz), 126.8, 125.8, 124.6, 123.0, 121.3, 121.0 (d, J =
21.2 Hz), 1209, 114.9, 112.3 (d, J = 26.4 Hz), 45.1, 37.2 ppm; HRMS (EI): m/z calcd for
C»7H2FN305S [M]: 519.1264; found: 519.1250.
(E)-1-(2-(5-Bromo-2-nitrostyryl)-1-(phenylsulfonyl)-1H-indol-3-yl)-3-

(dimethylamino)prop-2-en-1-one 14i
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The reaction of methyl ketone 13i (2 g, 3.82 mmol) with DMF-DMA (4.0 mL, 30.53 mmol) in
the presence of glycocyamine (0.22 g, 1.91 mmol) at 100 °C for 5 h followed by workup using
the above-mentioned procedure gave enamine 14i (2.03 g, 92%); as a orange solid. mp: 198-
200 °C; 'H NMR (300 MHz, CDCly): 6 8.22 (d, J = 8.1 Hz, 1 H, ArH), 7.92-7.79 (m, 4 H,
ArH), 7.66-7.51 (m, 4 H, ArH), 7.44-7.30 (m, 6 H, ArH), 5.28 (d, J = 12.6 Hz, 1 H, vinylic -
CH), 3.06 (s, 3 H, -NCH3). 2.79 (s, 3H, -NCH3); ?C NMR (75 MHz, CDCl3): ¢ 185.7, 153.8,
145.5, 136.6, 135.3, 133.9, 133.5, 133.2, 131.1, 130.7, 130.2, 128.3, 127.3, 125.9, 125.3, 125.0,
123.6, 122.8, 120.3, 113.9, 97.2, 44.1, 36.2 ppm; HRMS (EI): m/z calcd for Cy7H2,BrN3;OsS
[M]: 579.0464; found: 574.0460.
(E)-1-(2-(5-Chloro-2-nitrostyryl)-1-(phenylsulfonyl)-1H-indol-3-yl)-3-
(dimethylamino)prop-2-en-1-one 14;j

The reaction of methyl ketone 13j (2 g) with DMF-DMA (4.0 mL) in the presence of
glycocyamine (0.22 g) at 100 °C for 3 h followed by workup using the above-mentioned
procedure gave enamine 14j as a yellow solid. The crude product was used as such for next step
without any further characterization. Yield: 2.12 g (96%).
(E)-1-(2-(2-Chloro-6-nitrostyryl)-1-(phenylsulfonyl)-1H-indol-3-yl)-3-
(dimethylamino)prop-2-en-1-one 14k

The reaction of methyl ketone 13k (2 g, 4.17 mmol) with DMF-DMA (4.4 mL, 33.33 mmoml)
in the presence of glycocyamine (0.24 g, 2.08 mmol) at 100 °C for 4 h followed by workup
using the above-mentioned procedure gave enamine 14k (1.96 g, 88%) as a yellow solid. mp:
180-184 °C; "H NMR (300 MHz, CDCls): 6 8.14 (d, J = 8.4 Hz, 1 H, ArH), 7.73-7.70 (m, 2 H,
ArH), 7.60-7.55 (m, 3 H, ArH), 7.46-7.41 (m, 3 H, ArH), 7.33-7.29 (m, 4 H, ArH), 7.16 (d, J =

7.5 Hz, 1 H, ArH), 6.95 (d, J = 16.2 Hz, 1 H, vinylic -CH), 5.30 (d, J = 12.3 Hz, 1 H, vinylic -

ACS Paragon Plus Environment



oNOYTULT D WN =

Journal of Medicinal Chemistry

CH), 2.97 (s, 3 H, -NCHj3), 2.77 (s, 3H, -NCH3); °C NMR (75 MHz, CDCl;): § 150.4, 137.6,
136.2, 135.3, 134.0, 133.5, 129.9, 129.5, 129.3, 128.7, 127.9, 126.9, 126.2, 125.9, 124.5, 122.4,
114.8, 45.2, 37.2 ppm; HRMS (EI): m/z calcd for C,7H»CIN3OsS [M*]: 535.0969; found:
535.0960.

(E)-1-(2-(3-Chloro-2-nitrostyryl)-1-(phenylsulfonyl)-1H-indol-3-yl)-3-
(dimethylamino)prop-2-en-1-one 141

The reaction of methyl ketone 131 (2 g, 4.17 mmol) with DMF-DMA (4.5 mL, 33.33 mmol) in
the presence of glycocyamine (0.24 g, 2.09 mmol) at 100 °C for 4 h followed by workup using
the above-mentioned procedure gave enamine 141 (2.01 g, 91%) as an orange solid. mp: 202-
204 °C; '"H NMR (300 MHz, CDCl3): d 8.22 (d, J = 8.4 Hz, 1 H, ArH), 7.80-7.70 (m, 5 H,
ArH), 7.55-7.45 (m, 3 H, ArH), 7.42-7.34 (m, 3 H, ArH), 7.29-7.24 (m, 2 H, ArH), 6.84 (d, J =
15.9 Hz, 1 H, vinylic -CH), 5.24 (d, J = 12.9 Hz, 1 H, vinylic -CH), 3.09 (s, 3 H, -NCH3) 2.18
(s, 3 H, -NCHj3); *C NMR (75 MHz, CDCls): 6 148.2, 137.7, 136.3, 134.1, 131.2, 131.0, 129.7,
129.3,129.2, 127.8, 126.6, 126.0, 125.4, 125.3, 124.6, 124.3, 121.3, 114.8, 45.1, 37.2 ppm.
(E)-1-(2-(5-Bromo-4-fluoro-2-nitrostyryl)-1-(phenylsulfonyl)-1H-indol-3-yl)-3-
(dimethylamino)prop-2-en-1-one 14m

The reaction of methyl ketone 13m (2 g, 3.69 mmol) with DMF-DMA (3.9 mL, 29.52 mmol) in
the presence of glycocyamine (0.22 g, 1.85 mmol) at 100 °C for 4 h followed by workup using
the above-mentioned procedure gave enamine 14m (1.96 g, 89%) as an orange solid. mp: 206-
210 °C; '"H NMR (300 MHz, CDCl3): d 8.21 (d, J = 8.4 Hz, 1 H, ArH), 7.94-7.90 (m, 1 H,
ArH), 7.84-7.77 (m, 3 H, ArH), 7.67-7.65 (m, 1 H, ArH), 7.56-7.50 (m, 2 H, ArH), 7.43-7.34
(m, 4 H, ArH), 7.29-7.24 (m, 2 H, ArH), 5.28 (d, /= 12.6 Hz, 1 H, vinylic -CH), 3.06 (s, 3 H, -

NCH3), 2.80 (s, 3 H, -NCH3); °C NMR (75 MHz, CDCls): 6 158.7 (d, J = 254.8 Hz), 146.6 (d,
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J =75 Hz), 137.7, 136.3, 134.8, 134.2, 134.1, 130.4 (2 C), 129.3, 129.2, 126.9, 126.5, 126.0,
124.6, 123.9, 121.3, 120.1, 115.9 (d, J = 48.0 Hz), 114.9, 113.1 (d, J = 10.8 Hz), 45.1, 37.2
ppm; HRMS (EI): m/z calcd for Co7H,,CIN3OsS [M*]: 597.0369; found: 597.0382.
(E)-1-(2-(5-Chloro-4-fluoro-2-nitrostyryl)-1-(phenylsulfonyl)-1H-indol-3-yl)-3-
(dimethylamino)prop-2-en-1-one 14n

The reaction of methyl ketone 13n (2 g, 4.01 mmol) with DMF-DMA (4.3 mL, 32.13 mmol) in
the presence of glycocyamine (0.23 g, 2.00 mmol) at 100 °C for 5 h followed by workup using
the above-mentioned procedure gave enamine 14n (1.96 g, 88%) as an orange solid. mp: 218-
220 °C; '"H NMR (300 MHz, CDCl;): 6 8.21 (d, J = 7.8 Hz, 1 H, ArH), 7.87 (d, J = 8.4 Hz, 1
H, ArH), 7.79-7.67 (m, 3 H, ArH), 7.67-7.65 (m, 1 H, ArH), 7.58-7.50 (m, 3 H, ArH), 7.43-7.37
(m, 4 H, ArH), 7.34-7.29 (m, 2 H, ArH), 5.28 (d, /= 12.6 Hz, 1 H, vinylic -CH), 3.05 (s, 3 H, -
NCH3), 2.79 (s, 3 H, -NCH;); °C NMR (75 MHz, CDCly): 6 186.6, 157.0 (d, J = 255.6 Hz),
145.9, 137.7, 136.3, 134.7, 134.2, 131.1, 130.3 (2 C), 129.3, 127.5 (d, J = 18.1 Hz), 126.9,
126.0, 124.6, 123.9, 121.3, 114.9, 113.5 (d, J = 26.4 Hz), 45.1, 37.2 ppm.
(E)-1-(2-(4,5-Dichloro-2-nitrostyryl)-1-(phenylsulfonyl)-1H-indol-3-yl)-3-
(dimethylamino)prop-2-en-1-one 140

The reaction of methyl ketone 130 (3 g, 5.84 mmol) with DMF-DMA (6.2 mL, 46.72 mmol) in
the presence of glycocyamine (0.37 g, 2.92 mmol) at 100 °C for 4 h followed by workup using
the above-mentioned procedure gave enamine 140 (2.94 g, 88%) as an orange solid. mp: 202-
204 °C; '"H NMR (300 MHz, CDCls): § 8.22 (d, J = 8.7 Hz, 1 H, ArH), 8.15 (s, | H, ArH), 7.83
(s, 1 H, ArH), 7.77 (d, J = 7.8 Hz, 2 H, ArH), 7.67-7.63 (m, 1 H, ArH), 7.58-7.50 (m, 2 H,
ArH), 7.43-7.35 (m, 4 H, ArH), 7.30-7.27 (m, 2 H, ArH), 5.27 (d, J = 12.3 Hz, 1 H, vinylic -

CH), 3.06 (s, 3 H, -NCH3), 2.79 (s, 3 H, -NCH3); >C NMR (75 MHz, CDCl;): 6 186.6, 154.6,
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145.8, 138.4, 137.7, 136.4, 134.6, 134.2, 132.7, 132.5, 130.5, 130.1, 129.3, 126.8, 126.7, 126.5,
126.1, 124.7, 124.3, 121.3, 114.9, 97.9, 45.1, 37.2; HRMS (EI): m/z calcd for Cy7H,;CI,N305S
[M*]: 569.0579; found: 569.0568.
(E)-1-(2-(3,5-Dichloro-2-nitrostyryl)-1-(phenylsulfonyl)-1H-indol-3-yl)-3-
(dimethylamino)prop-2-en-1-one 14p

The reaction of methyl ketone 13p (2 g, 3.89 mmol) with DMF-DMA (3.7 mL, 31.13 mmol) in
the presence of glycocyamine (0.23 g, 1.95 mmol) at 100 °C for 4 h followed by workup using
the above-mentioned procedure gave enamine 14p (1.90 g, 86%) as an orange solid. mp: 176-
178 °C; 'H NMR (300 MHz, CDCl3): 6 8.13 (d, J = 7.8 Hz, 1 H, ArH), 7.69-7.57 (m, 5 H,
ArH), 7.44-7.42 (m, 2 H, ArH), 7.37-7.59 (m, 5 H, ArH), 7.19 (s, 1 H, ArH), 6.75 (d, J = 15.9
Hz, 1 H, ArH), 5.16 (d, J = 12.3 Hz, 1 H, vinylic -CH), 2.99 (s, 3 H, -NCH3) 2.73 (s, 3 H, -
NCH3); °C NMR (75 MHz, CDCl3): J 186.4, 154.8, 146.8, 137.8, 136.8, 136.5, 134.2, 133.5,
132.6, 129.3, 126.7, 126.5, 126.2, 125.6, 125.5, 124.7, 121.4, 115.0, 98.0, 45.1, 37.2 ppm;
HRMS (EI): m/z caled for C»7H,CLN305S [M']: 569.0579; found: 569.0570.

General procedure for the preparation of calothrixin B analogues (15b-p)

To a solution of enamine 14b-p (1 eq) in dry DMF (20 mL), FeCls (3 eq) was added. The
reaction mixture was refluxed for 3 h under N, atmosphere. It was then poured over crushed ice
(50 g) containing Conc. HCI (1 mL). The crude product was filtered and dried. The resulting
reddish brown/black solid was washed successively with 10 mL of chloroform and 4 mL of
DCM. The solid obtained was crystallised from THF to afford calothrixin B and its analogues
as red/red-orange solids.

4-Methoxy-7H-indolo[3,2-j]phenanthridine-7,13(12H)-dione 15b
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The reaction of enamine 14b (1 g, 1.88 mmol) with FeCl; (0.91 g, 5.65 mmol) in dry DMF (30
mL) at reflux for 3 h under N, followed by workup using the above-mentioned procedure gave
15b (0.28 g, 45%); as a red solid. mp: > 300 °C ; IR (film): 3438, 1672 cm™'; '"H NMR (500
MHz, DMSO-ds, 100 °C) 6 9.61 (s, 1 H, ArH), 9.14 (d, J = 9.0 Hz, 1 H, ArH), 8.23 (d, /=9.0
Hz, 1 H, ArH), 7.78 (t, J = 7.5 Hz, 1 H, ArH), 7.67 (d, J = 7.0 Hz, 1 H, ArH), 7.50-7.47 (m, 1
H, ArH),7.41 (t, J= 8.5 Hz, 2 H, ArH, 4.10 (s, 3 H, -OMe); DEPT 135 (CDCI3+TFA-d (4:1)): 6
141.0, 134.9, 130.5, 127.0, 123.2, 120.0, 115.0, 113.7, 56.7 ppm; HRMS (EI): m/z calcd for
CaooH2N,05 [M™]: 328.0848 found: 328.0840. HPLC purity: 96.5%.
2-Methoxy-7H-indolo[3,2-j]phenanthridine-7,13(12H)-dione 15¢

The reaction of enamine 14¢ (1 g, 1.88 mmol) with FeCl; (0.91 g, 5.65 mmol) in dry DMF (30
mL) at reflux for 3 h under N, followed by workup using the above-mentioned procedure gave
15¢ (0.40 g, 65%) as a red solid. mp: > 300 °C; '"H NMR (300 MHz, DMSO-dg) 0 13.09 (s, 1 H,
NH), 9.44 (s, 1 H, ArH), 9.02 (s, 1 H, ArH), 8.18 (d, /= 7.2 Hz, 1 H, ArH), 8.07 (d,J =9.0 Hz,
1 H, ArH), 7.64-7.62 (m, 2 H, ArH), 7.48 (t,J =7.5 Hz, 1 H, ArH), 7.40 (t,J =7.5 Hz, 1 H,
ArH); °C NMR (75 MHz, CDCL+TFA-d (4:1)): § 177.8, 177.2, 164.6, 139.3, 138.5, 137.9,
137.5, 137.4, 131.9, 130.6, 129.2, 128.6, 127.1, 124.2, 123.7, 123.1, 118.1, 113.9, 106.0, 56.6;
DEPT 135: ¢ 138.1, 131.6, 130.2, 126.7, 123.3, 122.7, 113.6, 105.6, 56.2 ppm; HRMS (EI):
m/z calcd for Co0H2N>O3 [M*]: 328.0848 found: 328.0790. HPLC purity: 95.2%.

2, 3-Dimethoxy-7H-indolo[3,2-j]phenanthridine-7,13(12H)-dione 15d

The reaction of crude enamine 14d (500 mg, 0.89) with FeCl; (433 mg, 2.67 mmol) in dry DMF
(20 mL) at reflux for 3 h under N, atmosphere followed by workup using the above-mentioned
procedure furnished 15d (182 mg, 57%) as a red orange solid. mp: > 300 °C; IR(film): 3441,

1651, 1242 cm™'; "H NMR (500 MHz, DMSO-dg, 100 °C): 6 12.72 (s, 1 H, NH), 9.42 (s, 1 H,
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ArH), 9.03 (s, 1 H, ArH), 8.23 (d, / =7.5 Hz, 1 H, ArH), 7.60 (d, / = 8 Hz, 1 H, ArH), 7.53 (s,
1 H, ArH), 7.48 (t, J = 8.5 Hz, 1 H, ArH), 7.39 (t, /= 7.3 Hz, 1 H, ArH), 4.07 (s, 3 H, -OCH3),
4.05 (s, 3 H, -OCH3); *C NMR (75 MHz, CDCL3+TFA-d (4:1)) : 6 178.0, 177.6, 160.1, 156.3,
141.3, 139.3, 138.1, 137.6, 136.1, 130.5, 126.9, 126.4, 124.2, 124.0, 123.7, 118.4, 113.9, 105.5,
100.0, 57.6, 57.1; DEPT 135: ¢ 137.8, 130.3, 126.6, 123.5, 113.5, 105.1, 99.8, 57.2, 56.7 ppm;
HRMS (ESI-MS): m/z calcd for C,HisN>O4 [M+H]": 359.1032; found: 359.1037. HPLC
purity: 98.1%.

7H-[1,3]Dioxolo[4,5-b]indolo[3,2-j]phenanthridine-7,13(12H)-dione 15¢

The reaction of enamine 14e (500 mg, 0.92 mmol) with FeCl; (448 mg, 2.76 mmol) in dry
DMF (20 mL) at reflux for 3 h under N, atmosphere followed by workup using the above-
mentioned procedure furnished 15e (189 mg, 60%) as a red solid. mp: > 300 °C; IR (film):
3441, 1651, 1242, 1065, 1034 cm™'; '"H NMR (500 MHz, DMSO-dg 100 °C) 6 12.75 (bs, 1 H,
NH), 9.37 (s, 1 H, ArH), 8.91 (s, 1 H, ArH), 8.20 (d, /=8.0 Hz, 1 H, ArH), 7.64 (d, /=8 Hz, 1
H, ArH), 7.46 (m, 2 H, ArH), 7.38 (t, J = 7.5 Hz, 1 H, ArH), 6.30 (s, 2 H, -CH,); °C NMR (75
MHz, CDCI3+TFA-d (4:1)) : 6 177.8, 177.3, 158.2, 155.3, 142.7, 139.3, 138.5, 137.5, 137.2,
130.6, 126.9, 125.7, 124.2, 123.8, 118.4, 113.8, 105.6, 103.7, 98.5; DEPT 135: ¢ 138.5, 130.6,
126.9, 123.8, 113.8, 105.6, 103.6, 98.5 ppm; HRMS (ESI-MS): m/z calcd for Cy0H;1N,O4
[M+H]": 343.0713; found: 343.0718. HPLC purity: 97.0%.
3-Bromo-7H-indolo[3,2-j]phenanthridine-7,13(12H)-dione 15f

The reaction of enamine 14f (1 g, 1.73 mmol) with FeCl; (0.84 g, 5.18 mmol) in dry DMF (30
mL) at reflux for 3 h under N, followed by workup using the above-mentioned procedure gave
15f (0.43 g, 64% over two steps) as a red solid. mp: > 300 °C ; IR (film): 3438, 1665 cmﬁl; 'H

NMR (300 MHz, DMSO-d¢): ¢ 13.17 (s, 1 H, NH), 9.59 (s, 1 H, ArH), 9.46 (d, J =9.3 Hz, 1
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H, ArH), 8.37 (s, 1 H, ArH), 8.15 (d, / = 7.5 Hz, 1 H, ArH), 8.02 (d, / = 9.0 Hz, 1 H, ArH),
7.61 (d,J=8.1Hz, 1 H, ArH), 7.46 (t, J =7.2 Hz, 1 H, ArH), 7.38 (t, / = 7.2 Hz, 1 H, ArH);
C NMR (75 MHz, CDCl;+TFA-d (4:1)): § 177.1, 176.5, 144.1, 141.2, 140.9, 139.8, 138.3,
137.3, 1354, 131.1, 130.2, 128.5, 127.3, 124.9, 124.5, 124.4, 124.0, 118.5, 114.0; DEPT 135: 6
143.7, 137.9, 130.6, 129.7, 126.9, 124.1, 123.5, 113.5 ppm; HRMS (EI): m/z calcd for
C19HoBrN,O, [M]": 375.9847; found: 375.9840. HPLC purity: 97.4%.
3-Chloro-7H-indolo[3,2-j]phenanthridine-7,13(12H)-dione 15g

The reaction of enamine 14g (500 mg, 0.94 mmol) with FeCls (457 mg, 2.82 mmol) in dry
DMF (20 mL) at reflux for 3 h under N, followed by workup using the above-mentioned
procedure gave 15g (210 mg, 67%) as a red orange solid. mp: > 300 °C; IR (film): 3441, 1651
cm'; "H NMR (500 MHz, DMSO-ds, 100 °C): 6 12.84 (s, 1 H, NH), 9.64 (bs, 1 H, ArH), 9.55
(d, J=9.0 Hz, 1 H, ArH), 8.20-8.19 (m, 2 H, ArH), 7.87-7.85 (m, 1 H, ArH), 7.64 (d, J = 8.5
Hz, 1 H, ArH), 7.48-7.45 (m, 1 H, ArH), 7.38 (t, J = 7.0 Hz, 1 H, ArH); *C NMR (125 MHz,
DMSO-ds, 100 °C): & 180.7, 180.4, 152.2, 149.4, 139.3, 138.3, 137.0, 133.5, 130.9, 129.6,
128.9, 127.7, 125.7, 124.7, 124.0, 122.9, 121.8, 116.6, 114.4; DEPT 135: ¢ 143.0, 138.9, 131.0,
128.1, 127.3, 123.9, 123.2, 114.0 ppm; HRMS (ESI-MS): m/z calcd for C19H;(N>O,CI [M+H]":
333.0431, found 335.0443. HPLC purity: 97.7%.
3-Fluoro-7H-indolo[3,2-j]phenanthridine-7,13(12H)-dione 15h

The reaction of enamine 14h (500 mg, 0.96 mmol) with FeCl; (467 mg, 2.88 mmol.) in dry
DMF (20 mL) at reflux for 3 h under N, followed by workup using the above-mentioned
procedure gave 15h (195 mg, 64%) as a red solid. mp: > 300 °C IR (film): 3294, 1643 cm ' 'H
NMR (300 MHz, DMSO-ds): ¢ 13.2 (s, 1 H, NH), 9.61-9.56 (m, 2 H, ArH), 8.11 (d, J = 7.8

Hz, 1 H, ArH), 7.88-7.85 (m, 1 H, ArH), 7.83-7.77 (m, 1 H, ArH), 7.57 (d, J = 7.8 Hz, 1 H,
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ArH), 7.43 (t, J = 7.2 Hz, 1 H, ArH), 7.34 (t, J = 7.2 Hz, 1 H, ArH); °C NMR (75 MHz,
DMSO-dg): 6 180.3, 179.9, 163.2 (d, J =251.4 Hz), 152.5 (d, J = 12.7 Hz), 148.8, 138.3, 137.7,
132.7, 130.1 (d, J = 9.9 Hz), 127.1, 124.3, 124.2, 123.2, 122.2, 120.2 (d, J = 24.5 Hz), 119.6,
115.5, 113.8, 113.2 (d, J = 20.1 Hz); DEPT 90: ¢ 148.8, 130.2 (d, J = 9.3 Hz), 127.2, 124.3,
122.2, 120.3 (d, J = 24.2 Hz), 113.9, 113.2 (d, J = 19.7 Hz) ppm; HRMS (EI): m/z calcd for
C19HoF>N>0O, [M]: 316.0648; found: 316.0610. HPLC purity: 97.7%.
2-Bromo-7H-indolo[3,2-j]phenanthridine-7,13(12H)-dione 15i

The reaction of enamine 14i (1 g, 1.73 mmol) with FeCl; (0.84 g, 5.18 mmol) in dry DMF (30
mL) at reflux for 3 h under N, followed by workup using the above-mentioned procedure gave
15i (0.42 g, 65%) as a red solid. mp: > 300 °C ; IR (film): 3431, 1669 cm'; '"H NMR (300
MHz, DMSO-de): 6 13.15 (s, 1 H; NH), 9.74 (s, 1 H, ArH), 9.60 (s, 1 H, ArH), 8.14 (d, J=7.5
Hz, 1 H, ArH), 8.10-8.07 (m, 2 H, ArH), 7.60 (d, J/ = 7.8 Hz, 1 H, ArH), 7.46 (t, J =7.2 Hz, 1
H, ArH), 7.37 (t, J = 7.5 Hz, 1 H, ArH); °C NMR (75 MHz, CDCI;+TFA-d (4:1)): ¢ 176.8,
176.0, 143.1, 141.3, 139.6, 139.4, 138.8, 137.0, 131.3, 130.8, 130.3, 129.2, 127.1, 126.6, 124.2,
123.9, 123.1, 118.34, 113.8; DEPT 135: ¢ 142.7, 141.0, 131.0, 130.5, 126.8, 123.6, 122.7,
113.5 ppm; HRMS (EI): m/z calcd for C19HoBrN,O, [M]": 375.9847; found: 375.9840. HPLC
purity: 97.4%

2-Chloro-7H-indolo[3,2-j]phenanthridine-7,13(12H)-dione 15j

The reaction of enamine 14j (1 g, 1.87 mmol) with FeCl; (0.91 g, 5.61 mmol) in dry DMF (30
mL) at reflux for 3 h under N, followed by workup using the above-mentioned procedure gave
15j (0.41 mg, 62% over two steps) as a red solid. mp: > 300 °C; IR (film): 3441, 1657 cmﬁl; 'H
NMR (500 MHz, DMSO-dg, 100 °C): 6 12.86 (s, 1 H, NH), 9.65-9.61 (m, 2 H, ArH), 8.22 (d, J

=8.0 Hz, 1 H, ArH), 8.19 (d, /=8.5 Hz, 1 H, ArH), 7.94 (d, J=8.0 Hz, 1 H, ArH), 7.67 (d, J
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=8.0 Hz, 1 H, ArH), 7.49 (t, J = 7.5 Hz, 1 H, ArH), 7.41 (t, J = 7.5 Hz, 1 H, ArH); °*C NMR
(75 MHz, CDCI13+TFA-d (4:1)): 6 176.9, 176.3, 143.0, 142.3, 139.6, 139.5, 139.2, 138.9, 137.2,
130.9, 129.4, 128.1, 127.3, 126.6, 124.3, 123.9, 123.2, 118.3, 114.0; DEPT 135: 6 143.0, 138.9,
131.0, 128.1, 127.3, 123.9, 123.2, 114.0 ppm; HRMS (EI): m/z calcd for C;oHyCIN,O, [M]:
332.0353; found: 332.0350. HPLC purity: 98.6%
1-Chloro-7H-indolo[3,2-j]phenanthridine-7,13(12H)-dione 15k

The reaction of enamine 14k (1 g, 1.87 mmol) with FeCl; (0.91 g, 5.61 mmol) in dry DMF (30
mL) at reflux for 3 h under N, followed by workup using the above-mentioned procedure gave
15k (0.39 g, 65%) as a red solid. mp: > 300 °C; IR (film): 3426, 1667 cem™'; 'TH NMR (300
MHz, DMSO-dg): 0 13.38 (s, 1 H, NH), 9.58 (s, 1 H, ArH), 8.17 (t, / = 8.1 Hz, 2 H, ArH), 7.98-
791 (m, 2 H, ArH), 7.62 (d, J = 8.1 Hz, 1 H, ArH), 749 (t, J =7.8 Hz, 1 H, ArH), 7.41 (t, J =
8.1 Hz, 1 H, ArH). °C NMR (75 MHz, DMSO-d) : d 179.0, 178.0, 152.0, 147.9, 138.5, 138.3,
138.0, 132.0, 131.8, 130.7, 129.0, 127.1, 126.8, 124.4, 123.3, 122.1, 120.8, 115.8, 113.9; DEPT
135: 6 147.9, 132.0, 131.8, 129.0, 127.0, 124.3, 122.1, 113.9 ppm; HRMS (EI): m/z calcd for
C19HoCIN,O, [M]*: 332.0353; found: 332.0350. HPLC purity: 96.8%.
4-Chloro-7H-indolo[3,2-j]phenanthridine-7,13(12H)-dione 151

The reaction of enamine 141 (1 g, 1.87 mmol) with FeCl; (0.91 g, 5.61 mmol) in dry DMF (30
mL) at reflux for 3 h under N, followed by workup using the above-mentioned procedure gave
151 (0.32 g, 52%) as a red solid. mp: > 300 °C ; IR (film): 3448, 1652 cm'; '"H NMR (500
MHz, DMSO-dg, 100 °C): 6 9.75 (s, 1 H, ArH), 9.57 (d, J=8.5 Hz, 1 H, ArH), 8.23 (d, / = 8.0
Hz, 1 H, ArH), 8.12(d, J=7.0 Hz, 1 H, ArH), 7.84 (d, J=8.0 Hz, 1 H, ArH), 7.68 (d, J = 8.5
Hz, 1 H, ArH), 7.49 (t, J = 7.5 Hz, 1 H, ArH), 7.41 (t, J = 7.5 Hz, 1 H, ArH); °C NMR (75

MHz, CDCl3+TFA-d (4:1)): 6 176.9, 176.3, 143.0, 142.3, 139.6, 139.5, 139.2, 138.9, 137.2,
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130.9, 129.4, 128.1, 127.3, 126.6, 124.3, 123.9, 123.2, 118.3, 114.0; DEPT 135: 6 139.8, 133.1,
129.7, 126.3, 124.1, 122.8, 119.0, 109.5 ppm; HRMS (EI): m/z calcd for C;oHyCIN,O, [M]:
332.0353; found: 332.0350. HPLC purity: 95.0%.
2-Bromo-3-fluoro-7H-indolo[3,2-j]phenanthridine-7,13(12H)-dione 15m

The reaction of enamine 14m (1 g, 1.67 mmol) with FeCl; (0.82 g, 5.02 mmol) in dry DMF (30
mL) at reflux for 3 h under N, followed by workup using the above-mentioned procedure gave
15m (0.42 g, 63%) as a red solid. mp: > 300 °C ; IR (film): 3452, 1662 cem™'; '"H NMR (300
MHz, DMSO-de): 6 13.15 (s, 1 H, NH), 9.88 (d, J = 7.8 Hz, 1 H, ArH), 9.60 (s, 1 H, ArH),
8.14-8.07 (m, 2 H, ArH), 7.60 (d, J = 8.1 Hz, 1 H, ArH), 7.46 (t, /= 7.5 Hz, 1 H, ArH), 7.37 (t,
J=7.2Hz, 1 H, ArH). °C NMR (75 MHz, CDCls+TFA-d (4:1)): 0 176.8, 176.5, 163.4, 144.5,
142.1 (d, J = 12 Hz), 139.9, 139.3, 137.3, 135.3, 131.2, 128.8, 127.5, 124.5, 1239 (d, J = 11.3
Hz), 121.3, 121.0, 118.5, 114.1, 107.7 (d, J = 27.9 Hz); DEPT 135: ¢ 143.8, 134.6, 130.6,
126.9, 123.4, 113.5, 107.4 (d, J = 26.4 Hz) ppm; HRMS (EI): m/z calcd for C,;9HgBrFN,0O,
[M]: 393.9753; found: 393.9750. HPLC purity: 97.1%.
2-Chloro-3-fluoro-7H-indolo[3,2-j]phenanthridine-7,13(12H)-dione 15n

The reaction of enamine 14n (1 g, 1.67 mmol) with FeCl; (0.88 g, 5.42 mmol) in dry DMF (30
mL) at reflux for 3 h under N, followed by workup using the above-mentioned procedure gave
15n (0.39 g (62%); as a red solid. mp: > 300 °C ; IR (film): 3441, 1651 cm™'; '"TH NMR (300
MHz, DMSO-dg): 6 13.19 (s, 1 H, NH), 9.74 (d, J = 8.4 Hz, 1 H, ArH), 9.62 (s, 1 H, ArH),
8.18-8.15 (m, 2 H, ArH), 7.61 (d, J = 6.9 Hz, 1 H, ArH), 7.50-7.45 (m, 1 H, ArH), 7.39 (t, J =
8.1 Hz, 1 H, ArH). DEPT 135: ¢ 131.0, 130.6, 126.9, 123.6, 113.6, 108.1, 107.8 ppm; HRMS
(EI): m/z calcd for C19HgCIFN,O, [M*]: 350.0258; found: 350.0250. HPLC purity: 97.9%.

2, 3-Dichloro-7H-indolo[3,2-j]phenanthridine-7,13(12H)-dione 150
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2 The reaction of enamine 140 (500 mg, 0.88 mmol) with FeCl; (428 mg, 2.64 mmol) in dry
Z DMF (20 mL) at reflux for 3 h under N, atmosphere followed by workup using the above-
273 mentioned procedure furnished 150 (198 mg, 65%) as a red solid. mp: > 300 °C; IR (film):
?(1) 3294, 1643; '"H NMR (500 MHz, DMSO-ds 40 °C) § 13.10 (s, 1 H, NH), 9.71 (s, 1 H, ArH),
o 9.59 (s, 1 H, ArH), 8.40 (s, 1 H, ArH) 8.12 (d, J = 7 Hz, 1 H, ArH), 7.60 (d, ] = 8 Hz, 1 H,
E ArH), 7.46 (t, J = 7.0 Hz, 1 H, ArH), 7.37 (t, J = 7.3 Hz, 1 H, ArH); °C NMR (75 MHz,
EZ CDCIl:+TFA-d (4:1)) : 6 176.4, 175.8, 144.7, 144.2, 141.0, 139.4, 138.9, 136.8, 130.9, 129.5,
;g 128.7, 127.1, 124.5, 124.2, 123.9, 122.8, 118.2, 113.8; DEPT 90: 6 130.6, 129.2, 126.8, 123.6,
;; 122.5, 113.5 ppm; HRMS (EI): m/z calcd for C1oHgCILN,O, [M*]: 365.9963 found: 365.9950.
ng HPLC purity: 97.3%.

;? 2,4-Dichloro-7H-indolo[3,2-j]phenanthridine-7,13(12H)-dione 15p

;g The reaction of enamine 14p (1 g, 1.76 mmol) with FeCl; (0.86 g, 5.27 mmol) in dry DMF (30
2(1) mL) at reflux for 3 h under N, followed by workup using the above-mentioned procedure gave
gg 15p (0.42 g, 65%) as a red solid. mp: > 300 °C ; IR (film): 3438, 1656 cmﬁl; '"H NMR (300
22 MHz, DMSO-dg): 0 13.25 (s, 1 H, NH), 9.72 (s, 1 H, ArH), 9.63 (s, 1 H, ArH), 8.34 (s, 1 H,
;73 ArH), 8.19 (d, J=7.5 Hz, 1 H, ArH), 7.65 (d, J = 7.8 Hz, 1 H, ArH), 7.50 (t, J = 7.5 Hz, 1 H,
3(? ArH), 7.45-7.40 (m, 1 H, ArH); °C NMR (75 MHz, CDCL+TFA-d (4:1)): § 176.0, 175.5,
fé 144.7, 141.5, 139.8, 139.7, 137.8, 137.3, 136.2, 131.0, 130.2, 127.7, 127.4, 127.2, 124.3, 123.9,
jg 118.2, 114.0; DEPT 90: ¢ 144.3, 137.5, 130.7, 127.0, 126.9, 123.5, 113.7 ppm; HRMS (EID):
%Z m/z caled for CoHgCI,N,0, [M*]: 365.9963 found: 365.9900. HPLC purity: 97.1%.

gg Ethyl 2-(2-nitrophenyl)-9-(phenylsulfonyl)-9H-carbazole-3-carboxylate 18a

; A solution of divinyl compound 17a (3 g) in dry xylenes (100 mL), 10% Pd/C (0.5 g) was
ng added. The reaction mixture was refluxed for 24 h. It was then filtered through celite pad and
56

57

58

59
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washed with hot xylenes (3 x 20 mL). Then, the combined filtrate was concentrated under
vacuo and then triturated with MeOH (20 mL) to afford carbazole 18a (2.46 g, 85%)
as a pale yellow solid. mp: 200-202 °C. '"H NMR (300 MHz, CDCl5): ¢ 8.58 (s, 1 H, ArH), 8.30
(d,J=8.0Hz, 1 H, ArH), 7.83 (s, 1 H, ArH), 7.59 (d, /=7.2 Hz, 2 H, ArH), 7.54-7.46 (m, 5 H,
ArH), 7.44-7.32 (m, 5 H, ArH), 4.14 (q, J/ = 7.0 Hz, 2 H, -OCH,), 1.17 (t, J = 7.4 Hz, 3 H, -
CH3) ppm.

Ethyl 2-(4-fluoro-2-nitrophenyl)-9-(phenylsulfonyl)-9H-carbazole-3-carboxylate 18b

The thermal electrocyclization of divinyl compound 17b (3 g) using 10% Pd/C (0.5 g) in dry
xylenes (100 mL) following the same procedure as that of 18a afforded the compound 18b
(2.53g, 82%) as a pale yellow solid. mp: 228-230 °C; '"H NMR (300 MHz, DMSO-de): ¢ 8.78
(s, 1 H), 8.34-8.28 (m, 2 H), 8.17-8.14 (m, 2 H), 7.88 (d, /= 7.5 Hz, 2 H), 7.76 (t, /= 8.1 Hz, 1
H) 7.69-7.61 (m, 3 H), 7.53-7.48 (m, 3 H), 4.07 (q, / = 6.9 Hz, 2 H, -OCH,), 1.03 (t, / = 8.1 Hz,
3 H, -CH3) ppm; “C NMR (75 MHz, CDCL): J 165.9, 161.4 (d, J = 248 Hz), 149.1, 139.6,
138.6, 137.9, 136.5, 135.6, 133.9 (d, J = 8.3 Hz), 133.1 (d, J = 3.8 Hz), 130.3, 129.4, 126.7,
126.1, 125.4 (d, J = 9.8 Hz), 123.6, 122.0, 120.9 (d, / = 21 Hz), 116.6, 115.2, 112.0 (d, J =27.2
Hz), 61.3, 14.1 ppm. DEPT 135: 6 135.2, 1334 (d, J = 8.3 Hz), 133.4, 129.8, 128.9, 126.3,
125.0, 123.2, 120.4 (d, J = 21 Hz), 116.1, 114.7, 111.6 (d, J = 27.2 Hz), 60.6, 13.3 ppm; Anal.
Calcd for Co7H 9FN>OgS, C: 62.54; H: 3.69; N: 5.40 Found, C: 62.32; H: 3.89; N: 5.64.

Ethyl 2-(4-chloro-2-nitrophenyl)-9-(phenylsulfonyl)-9H-carbazole-3-carboxylate 18¢

The thermal electrocyclization of divinyl compound 17¢ (3 g) using 10% Pd/C (0.5 g) in dry
xylenes (100 mL) following the same procedure as that of 18a afforded the compound 18¢
(2.39 g, 80%) as a pale yellow solid. mp: 230-232 °C; '"H NMR (300 MHz, DMSO-dy): 6 8.57

(s, 1 H),827(d,J=8.4Hz, 1H, ArH), 8.14 (s, 1 H, ArH), 8.09 (s, 1 H, ArH), 7.93 (d, J =7.8
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Hz, 1 H, ArH), 7.70 (d, J/ = 7.5 Hz, 2 H, ArH), 7.60 (d, J = 8.1 Hz, 1 H, ArH), 7.50 (t, J=7.5
Hz, 1 H, ArH), 7.44-7.33 (m, 2H, ArH), 7.31-7.25 (m, 3 H), 4.08 (q, J/ = 6.3 Hz, 2 H, -OCH,),
1.09 (t, J = 8.1 Hz, 3 H, -CH3) ppm; °C NMR (75 MHz, CDCls): 6 165.9, 148.7, 140.2, 139.1,
137.8, 137.1, 136.1, 134.4, 134.2, 132.8, 132.6, 129.3, 128.5, 126.5, 126.4, 125.6, 124.9, 124.7,
124.3, 123.2, 120.6, 116.5, 115.4, 61.3, 14.0 ppm. Anal. Calcd for Cy7H;9CIN,O¢S, C: 60.62;
H: 3.58; N: 5.24 Found, C: 60.79; H: 3.80; N: 5.42.
(2-(2-Nitrophenyl)-9-(phenylsulfonyl)-9H-carbazol-3-yl)methanol 19a

To a solution of carbazole 18a (0.5 g, 1 mmol) in dry DCM (20 mL) kept at 0 °C for 10 min,
DIBAL-H (20 % in toluene) (1.8 mL, 2.5 mmol) was slowly added under nitrogen atmosphere
and stirred at the same temperature for 30 min. After the reaction was completed (monitored by
TLC), it was quenched using 3N HCIl (2 mL) and water (20 mL). The organic layer was
extracted with DCM (2 x 20 mL) and washed with brine solution (10 mL) and dried (Na,SOy).
Removal of solvent in vacuo afforded crude alcohol 19a (0.42 g, 90%) as a thick yellow paste.
The crude alcohol was used as such for the next step without further purification.
(2-(4-Fluoro-2-nitrophenyl)-9-(phenylsulfonyl)-9H-carbazol-3-yl)methanol 19b

The reduction of carbazole ester 18b (0.5 g, 1 mmol) using DIBAL-H (1.8 mL, 2.5 mmol) in
dry DCM (20 mL) following the same procedure as that of 19a afforded crude alcohol 19b
(0.42 g, 91%) as a yellow paste. The crude alcohol was used as such for the next step without
further purification.
(2-(4-Chloro-2-nitrophenyl)-9-(phenylsulfonyl)-9H-carbazol-3-yl)methanol 19¢

The reduction of carbazole ester 18¢ (0.5 g, 1 mmol) using DIBAL-H (1.7 mL, 2.5 mmol) in

dry DCM (20 mL) following the same procedure as that of 19a afforded crude alcohol 19¢
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(0.39 g, 85%) as a yellow paste. The crude alcohol was used as such for the next step without
further purification

2-(2-Nitrophenyl)-9-(phenylsulfonyl)-9H-carbazole-3-carbaldehyde 20a

A solution of crude benzyl alcohol 19a (0.42 g, 0.9 mmol) in dry DCM (15 mL), PCC (0.26 g,
12 mmol) and celite (1 g) were added and the reaction mixture was stirred at room temperature
for 2 h. Then, the reaction mixture upon filtration through celite followed by removal of solvent
and subsequent column chromatographic purification (silica gel, 80 % DCM in hexane) gave
aldehyde 20a (0.37 g, 79% over two steps) as a pale yellow solid. mp: 236-238 °C; '"H NMR
(300 MHz, DMSO-de): & 9.88 (s, 1 H, CHO), 8.84 (s, 1 H), 8.37-8.30 (m, 2 H), 825 (d, J
=7.8Hz, 1 H), 8.16 (s, 1 H), 7.91-7.89 (m, 3 H), 7.80 (t, J = 7.5 Hz, 1 H), 7.71-7.65 (m, 3 H),
7.57-7.50 (m, 3 H) ppm; “C NMR (75 MHz, CDCls): § 190.8, 148.6, 139.9, 138.9, 138.2,
136.0, 135.3, 133.5, 133.4, 132.5, 130.0, 129.9, 129.7, 129.0, 126.3, 125.8, 125.1, 124.9, 124.3,
124.1, 121.5, 115.6, 114.7. DEPT 135: 6 190.8, 135.3, 133.5, 132.5, 129.9, 129.7, 129.0, 126.3,
125.1, 124.3, 124.1, 121.5, 115.6, 114.7 ppm; Anal. Calcd for C2sH;6N»OsS, C: 65.78; H: 3.53;
N: 6.14 Found, C: 65.94; H: 3.73; N: 6.02.

2-(4-Fluoro-2-nitrophenyl)-9-(phenylsulfonyl)-9H-carbazole-3-carbaldehyde 20b

The oxidation of crude alcohol 19b (0.42 g, 0.9 mmol) using PCC (0.25 g, 11 mmol) in dry
DCM (15 mL), following the same procedure as that of 20a afforded the compound 20b (0.36
g, 78% over two steps) as a pale yellow solid. mp: 244-246 °C; '"H NMR (300 MHz, DMSO-
de): 09.89 (s, 1 H, CHO), 8.34 (s, 1 H), 8.33 (t, /=7.8 Hz, 2 H), 8.22-8.19 (m,2 H), 7.91 (d, J
=7.8 Hz, 2 H), 7.80 (t, J = 7.2 Hz, 1 H), 7.75-7.66 (m, 3 H), 7.56-7.54 (m, 3 H); °C NMR (75
MHz, CDCl3): 6 191.0, 161.4 (d, J = 248 Hz), 149.1(d, J = 7.5 Hz), 139.8, 138.2, 137.8, 136.0,
135.3, 1343 (d, J = 8.3 Hz), 130.1, 129.9, 129.0, 126.3, 125.9, 125.1, 124.8, 124.5, 121.5,

120.6 (d, J =22 Hz), 115.9, 114.7, 112.0 (d, J = 27.1 Hz); DEPT 135: 6 191.0, 135.2, 134.3 (d,
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J=8.3Hz), 129.9, 129.1, 126.3, 125.1, 124.5, 121.5, 120.6 (d, J = 22 Hz), 115.9, 114.7, 112.0
(d, J = 27.1 Hz) ppm; Anal. Calcd for C,5H;sFN,OsS, C: 63.29; H: 3.19; N: 5.90 Found, C:
63.46; H: 3.07; N: 6.16.

2-(4-Chloro-2-nitrophenyl)-9-(phenylsulfonyl)-9H-carbazole-3-carbaldehyde 20c

The oxidation of crude alcohol 19¢ (0.39 g, 0.8 mmol) using PCC (0.21 g, 1 mmol) in dry DCM
(15 mL), following the same procedure as that of 20a afforded the compound 20c (0.33 g, 73%
over two steps) as a pale yellow solid. mp: 248-250 °C; '"H NMR (300 MHz, CDCls): 6 9.83 (s,
1 H, CHO), 8.44 (s, 1 H, ArH), 8.29 (d, /= 8.1 Hz, 1 H), 8.15 (s, 1 H, ArH), 8.14 (s, 1 H, ArH),
8.10 (s, 1 H, ArH), 7.95 (d, J=7.2 Hz, 1 H, ArH), 7.73-7.70 (m, 2 H), 7.66-7.64 (m, 1 H), 7.55-
7.53 (m, 1 H), 7.50-7.42(m, 2H, ArH), 7.39-7.32 (m, 3 H); °*C NMR (75 MHz, CDCls): 6
190.1, 149.3, 140.9, 139.2, 138.0, 137.1, 135.3, 134.6, 133.6, 133.0, 132.8, 132.7, 129.9, 129.5,
128.9, 126.9, 126.5, 125.4, 124.9, 124.8, 123.4, 120.8, 116.2, 115.3; DEPT 135: 6 189.1, 133.5,
132.5, 131.9, 128.4, 127.8, 125.4, 123.7, 122.3, 119.7, 115.2, 114.2 ppm; Anal. Calcd for
CysH;5CIN,OsS, C: 61.16; H: 3.08; N: 5.71 Found, C: 61.39; H: 3.24; N: 5.82.

General procedure for preparation of quinocarbazoles 21a-c

To a solution of carbazole (I mmol) in dry THF (50 mL), Ra-Ni (3-4 g) was carefully added
and the reaction mixture was stirred at room temperature for 3 h. Then, the nickel residue was
carefully filtered and washed with hot THF (3 x 30 mL). The combined filtrate was evaporated.
To this, DMSO (20 mL) and 50% NaOH (3 mL) were added. The reaction mixture was stirred
at room temperature for 6 h and then poured over ice (50 g). The solution was slightly warmed
to avoid the emulsification, and the solid formed was filtered and dried (CaCl,). The crude

product was triturated with CHCl; to afford quinocarbazoles 21a-c.
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8H-Quino[4,3-b]carbazole 21a

Reductive cyclization of carbazole-3-carbaldehyde 20a (0.45g, 1 mmol) using Ra-Ni (3-4 g) in
THF (50 mL) adopting the above mentioned procedure afforded quinocarbazole 21a (0.20 g,
76% over two steps) as a pale yellow solid. mp: 276-278°C; 'H NMR (300 MHz, DMSO-dg): ¢
11.80 (s, 1 H, -NH), 9.43 (s, 1 H, ArH), 9.02 (s, 1 H, ArH), 8.85 (d, J=6.9 Hz, 1 H), 8.72 (s, 1
H, ArH), 8.36 (d, J = 7.5 Hz, 1 H), 8.09 (d, J = 7.2 Hz, 1 H, ArH), 7.79-7.71 (m, 2 H, ArH),
7.64 (d, J=7.8 Hz, 1 H, ArH), 7.56 (t, J = 7.5 Hz, 1 H, ArH), 7.32 (t, / = 7.2 Hz, 1 H, ArH);
BC NMR (75 MHz, CDCly): 154.2, 143.6, 142.3, 141.9, 130.2, 129.4, 128.1, 127.5, 126.5,
124.6, 124.1, 122.9, 122.0, 121.1, 120.9, 120.2, 119.5, 111.2, 101.2; DEPT 135: 0 154.2, 129.4,
128.2, 127.5, 126.5, 122.9, 121.1, 120.9, 119.5, 111.2, 101.2 ppm; HRMS (EI): m/z calcd for
C1oH 2N, [M*]: 268.1000 found: 268.1000. HPLC purity: 95.1%.

4-Fluoro-8H-quino[4,3-b]carbazole 21b

Reductive cyclization of carbazole-3-carbaldehyde 20b (0.45g, 1 mmol) using Ra-Ni (3-4 g) in
THF (50 mL) adopting the above mentioned procedure afforded quinocarbazole 21b (0.20 g,
73% over two steps) as a pale yellow solid. mp: 280-282 °C; 'H NMR (300 MHz, DMSO-de): &
11.90 (s, 1 H, -NH), 9.52 (s, 1 H, ArH), 9.09 (s, 1 H, ArH), 9.01-8.96 (m, 1 H, ArH), 8.76 (s, 1
H, ArH), 8.42 (d, J=7.8 Hz, 1 H), 7.90-7.87 (m, 1 H, ArH), 7.71-7.59 (m, 3 H, ArH), 7.38 (t, J
=7.5Hz, 1 H, ArH); ’C NMR (75 MHz, CDCls): 162.2 (d, J = 245 Hz), 156.2, 145.4 (d, J =9
Hz), 143.2, 142.5, 130.5, 128.8, 128.1, 126.0 (d, J = 9.8 Hz), 125.1, 122.5, 121.8, 121.7, 120.4,
120.2, 115.6 (d, J = 23.6 Hz), 114.3 (d, J = 20.4 Hz), 111.9, 101.8 ppm. DEPT 135: ¢ 155.6,
127.5, 125.4 (d, J = 9 Hz), 121.2, 121.1, 119.6, 115.0 (d, J = 22.6 Hz), 113.6 (d, J = 20.4 Hz),
111.3, 101.2 ppm; HRMS (EI): m/z caled for CioH;1FN,[M™]: 286.0906 found: 286.0906.

HPLC purity: 95.1%.
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4-Chloro-8H-quino[4,3-b]carbazole 21¢

Reductive cyclization of carbazole-3-carbaldehyde 20¢ (0.45g, 0.9 mmol) using Ra-Ni (3-4 g)
in THF (50 mL) adopting the above mentioned procedure afforded quinocarbazole 21¢ (0.20 g,
71% over two steps) as a pale yellow solid. mp: 272-274 °C; "H NMR (300 MHz, DMSO-dg): d
11.86 (s, 1 H, -NH), 9.45 (s, 1 H, ArH), 9.04 (s, 1 H, ArH), 8.88 (d, /=9.0 Hz, 1 H), 8.71 (s, 1
H, ArH), 8.36 (d, /J=7.8 Hz, 1 H), 8.10 (s, 1 H, ArH), 7.75 (d, J=8.7Hz, 1 H), 7.63 (d, J=7.8
Hz, 1 H, ArH), 7.57 (t, J = 7.5 Hz, 1 H, ArH), 7.32 (t, J = 7.8 Hz, 1 H, ArH); °C NMR (75
MHz, CDCl3): 155.7, 144.3, 142.5, 141.9, 132.4, 129.6, 128.1, 127.7, 126.5, 125.0, 124.8,
123.0, 121.9, 121.3 (2C), 120.1, 119.6, 111.3, 101.4 ppm; DEPT 135: ¢ 155.7, 128.1, 127.7,
126.5, 125.0, 121.2, 119.6, 111.3, 101.4 ppm; HRMS (EI): m/z caled for CioH;CIN,[M™]:

302.0611 found: 302.0610. HPLC purity: 97.8%.
(4-Methyl-2-(2-nitrophenyl)-9-(phenylsulfonyl)-9H-carbazol-3-yl)methanol 23a

The reduction of the known carbazole ester’> 22a (0.5 g, 1 mmol) using DIBAL-H (1.8 mL, 2.5
mmol) in dry DCM (20 mL) following the same procedure as that of 19a afforded crude alcohol
23a (0.4 g, 88%) as yellow paste. The crude alcohol was used as such for the next step without
further purification.
(2-(4-Fluoro-2-nitrophenyl)-4-methyl-9-(phenylsulfonyl)-9H-carbazol-3-yl)methanol 23b

Reduction of carbazole ester 22b (0.5 g, 1 mmol) using DIBAL-H (1.8 mL, 2.5 mmol) in dry
DCM (20 mL) following the same procedure as that of 19a afforded crude alcohol 23b (0.39 g,
86%) as a yellow paste. The crude compound was used as such for the next step without further

purification.

4-Methyl-2-(2-nitrophenyl)-9-(phenylsulfonyl)-9H-carbazole-3-carbaldehyde 24a
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Oxidation of crude alcohol 23a (0.40 g, 0.9 mmol) using PCC (0.24 g, 1.1 mmol) and celite (1
g) in dry DCM (15 mL), following the same procedure as that of 20a afforded the compound
24a (0.33 g, 74% over two steps) as a pale yellow solid. mp: 228-230 °C; 'H NMR (300 MHz,
DMSO-d¢): 6 10.23 (s, 1 H, CHO), 8.43 (d, J =8.4 Hz, 1 H), 8.36 (d, J =7.8 Hz, 1 H), 8.27 (d, J
=7.5 Hz, 1 H), 8.08 (s, 1 H), 7.90-7.87 (m, 3 H), 7.82 (d, J =7.5 Hz, 1 H), 7.73-7.70 (m, 2 H),
7.61-7.53 (m, 4 H), 3.11(s, 3 H, -CH3) ppm; °C NMR (75 MHz, CDCls): & 193.2, 149.4, 140.6,
140.0, 139.0, 138.3, 137.0, 136.2, 135.6, 134.3, 133.1, 130.8, 130.4, 129.9, 129.1, 127.1, 126 .4,
125.9, 125.8, 125.2, 124.8, 115.5, 114.2, 17.0; DEPT 135: 6 192.3, 135.3, 133.4, 132.2, 129.9,
129.5, 128.2, 126.2, 125.0, 124.3, 123.9, 114.6, 113.2, 16.1 ppm; Anal. Calcd for C,6H;3N>0OsS,
C:66.37; H: 3.86; N: 5.95 Found, C: 66.26; H: 3.69; N: 5.84.

2-(4-Fluoro-2-nitrophenyl)-4-methyl-9-(phenylsulfonyl)-9H-carbazole-3-carbaldehyde 24b

Oxidation of crude alcohol 23b (0.39 g, 0.8 mmol) using PCC (0.23 g, 1.1 mmol) and celite (1
g) in dry DCM (15 mL) following the same procedure as that of 20a afforded the compound
24b (0.32 g, 70% over two steps) as a pale yellow solid. mp: 240-242 °C; 'H NMR (300 MHz,
DMSO-de): 6 10.23 (s, 1 H, CHO), 8.40-8.32 (m, 2 H), 8.19 (d, J =8.4 Hz, 1 H), 8.05 (s, 1 H),
7.87 (d, J =7.8 Hz, 2 H), 7.79-7.34 (m, 1 H), 7.73-7.63 (m, 2 H), 7.60-7.58 (m, 1 H), 7.56-7.49
(m, 3 H), 3.08 (s, 3 H, -CH3) ppm; Anal. Calcd for C,6H;7FN,0sS, C: 63.93; H: 3.51; N: 5.73
Found, C: 64.11; H: 3.24; N: 5.56.

13-Methyl-8H-quino[4,3-b]carbazole 25a

Reductive cyclization of carbazole-3-carbaldehyde 24a (0.5 g, 1.1 mmol) using Ra-Ni (3-4 g) in
THF (50 mL) following the same procedure as that of 21a afforded quinocarbazole 25a (0.22 g,
75% over two steps) as a pale yellow solid. mp: 286-288 °C; 'H NMR (300 MHz, DMSO-de): 6

11.87 (s, 1 H, -NH), 9.80 (s, 1 H, ArH), 8.85 (d, /=7.2 Hz, 1 H), 8.62 (s, 1 H, ArH), 8.46 (d, J
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=7.5Hz, 1 H), 8.10(d, J=7.5 Hz, 1 H, ArH), 7.77-7.76 (m, 2 H, ArH), 7.65 (d, /= 7.8 Hz, 1
H, ArH), 7.57 (t, J = 7.2 Hz, 1 H, ArH), 7.33 (t, J = 7.2 Hz, | H, ArH, 2.51 (s, 3 H); °C NMR
(75 MHz, CDCls): 150.4, 142.7, 142.0, 141.9, 132.5, 130.6, 129.0, 128.2, 126.8, 126.5, 124.0,
123.4, 123.0, 122.9, 122.7, 119.5, 118.3, 111.0, 99.3, 14.9; DEPT 135: ¢ 150.4, 129.1, 128.2,
126.8, 126.5, 123.5, 123.0, 119.5, 111.0, 99.3, 14.9 ppm; HRMS (EI): m/z calcd for
CooH14No[M™]: 282.1157 found: 282.1154. HPLC purity: 95.0%.

4-Fluoro-13-methyl-8 H-quino[4,3-b]carbazole 25b

Reductive cyclization of carbazole-3-carbaldehyde 24b (0.5 g, 1 mmol) using Ra-Ni (3-4 g) in
THF (50 mL) following the same procedure as that of 21a afforded quinocarbazole 25b (0.22 g,
72% over two steps) as a pale yellow solid. mp: 274-276 °C; "H NMR (300 MHz, DMSO-dp):
012.21 (s, 1 H, -NH), 9.97 (s, 1 H, ArH), 9.02 (dd, J 1=9.0 Hz & J , = 5.7 Hz, 1 H), 8.65 (s, 1
H, ArH), 8.47 (d, J = 8.1 Hz, 1 H, ArH), 7.90 (d, J = 8.7 Hz, 1 H, ArH), 7.77-7.70 (m, 2 H,
ArH), 7.61 (t, J =7.5 Hz, 1 H, ArH), 7.38 (t, / = 7.5 Hz, 1 H, ArH), 2.51 (s, 3 H); DEPT 135: ¢
150.1, 127.5, 126.3 (d, J = 9.8 Hz), 123.7, 120.3, 116.3 (d, J = 23.4 Hz), 111.5, 109.8, 99.8,
15.2 ppm; HRMS (EI): m/z caled for CooH 3FN,[M*]: 300.1063 found: 300.1062. HPLC purity:

97.7%.

3-(2-Nitrophenyl)-9-(phenylsulfonyl)-9H-carbazol-2-yl)methanol 27

To a solution of carbazole 26 (0.5 g, 1 mmol) in dry DCM (20 mL) kept at 0 °C for 10 min,
DIBAL-H (20 % in toluene) (1.8 mL, 2.5 mmol) was slowly added under nitrogen atmosphere
and stirred at the same temperature for 30 min. After the reaction was completed (monitored by
TLC), it was quenched using 3N HCIl (2 mL) and water (20 mL). The organic layer was

extracted with DCM (2 x 20 mL) and washed with brine solution (10 mL) and dried (Na,SOy).
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Removal of solvent in vacuo afforded crude alcohol 27 (0.39 g, 86%) as a thick yellow paste.
The crude compound was used as such for the next step without further purification.

3-(2-Nitrophenyl)-9-(phenylsulfonyl)-9H-carbazole-2-carbaldehyde 28
Oxidation of crude alcohol 27 (0.39 g, 0.9 mmol) using PCC (0.22 g, 1 mmol) in dry DCM (15

mL), following the same procedure as that of 19¢ afforded the compound 28 (0.34, 76% over
steps) as a pale yellow solid. mp: 224-226; '"H NMR (300 MHz, CDCl3): 6 9.90 (s, 1 H, -CHO),
8.86 (s, 1 H), 8.31 (d, / =8.1 Hz, 1 H), 8.08 (d, J =7.8 Hz, 1 H), 7.86-7.83 (m, 3 H), 7.70 (s, 1
H), 7.63 (t, J =7.5 Hz, 1 H), 7.58-7.51 (m, 2 H), 7.46 (m, 1 H), 7.36-7.32 (m, 4 H); °C NMR
(75 MHz, CDCls): 6 190.6, 148.9, 140.0, 137.8, 137.6, 135.9, 134.3 (2C), 132.8, 130.3, 129.5,
129.4, 129.2, 126.6, 124.9, 124.5, 121.3, 121.2, 117.4, 115.2; DEPT 135: 6 190.6, 134.3, 132.9,
132.7, 129.5, 129.2, 126.6, 124.5, 121.3, 117.4, 115.2 ppm; Anal. Calcd for C,5H;6sN,OsS, C:
65.78; H: 3.53; N: 6.14 Found, C: 65.86; H: 3.74; N: 6.00.

12H-Quino[3,4-b]carbazole 29

Reductive cyclization of carbazole-2-carbaldehyde 28 (0.45 g, 1 mmol) using Ra-Ni (3-4 g) in
THF (50 mL) following the same procedure as that of 21a afforded quinocarbazole 29 (0.19 g,
74% over two steps) as a pale yellow solid. mp: > 300 °C; 'H NMR (300 MHz, DMSO-dg): ¢
12.25 (s, 1 H, -NH), 10.1 (s, 1 H, ArH), 9.98 (s, 1 H, ArH), 9.22 (d, / =7.8 Hz, 1 H), 8.68 (s, 1
H, ArH), 8.62 (d, J=7.8 Hz, 1 H), 8.32 (d, J=7.5Hz, 1 H), 8.02 (t, /=7.5Hz, 1 H), 7.95 (t, J
=7.4 Hz, 1 H, ArH), 7.71-7.70 (m, 2 H, ArH), 7.43-7.41 (m, 1 H, ArH); °C NMR (75 MHz,
DMSO-de): 0 151.0, 143.4, 139.7, 132.5, 131.6, 129.9, 129.3, 129.1, 125.6 (2C), 123.4, 122.7,
122.4,122.0, 121.2, 120.0, 114.3, 112.2, 111.7; DEPT 135: 6 151.0, 129.9, 129.3, 129.2, 123.4,
122.7, 122.3, 120.0, 114.3, 112.3, 111.7 ppm; HRMS (ESI-MS): m/z calcd for Ci9H;2N»

[M+H]": 269.1079; found: 269.1073. HPLC purity: 97.0%
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2-(2-Nitrophenyl)-9-(phenylsulfonyl)-9H-carbazole-3-carbonitrile 34a

Thermal electrocyclization of divinyl compound 33a (1 g, 2.2 mmol) using 10% Pd/C (0.1 g) in
dry xylenes (80 mL) following the same procedure as that of 18a afforded the compound 34a
(0.81 g, 81%) as a pale yellow solid. mp: 226-229 °C; '"H NMR (300 MHz, CDCls): ¢ 8.38-
8.36 (m, 2 H), 8.30 (s, 1 H), 8.20 (d, / =8.1 Hz, 1 H), 7.96 (d, J = 7.8 Hz, 1 H), 7.81-7.77 (m, 3
H), 7.70 (t, J = 7.8 Hz, 1 H), 7.63-7.51 (m, 3 H), 7.48-7.39 (m, 3 H); >*C-NMR (75 MHz,
DMSO-ds,): & 148.1, 140.2, 139.3, 138.1, 135.9, 135.4, 134.0, 132.6, 132.4, 130.7, 129.9,
129.4,126.3, 125.7, 125.2, 124.9, 124.0, 121.7, 117.5, 115.0, 114.6, 107.0 ppm; Anal. Calcd for
CusHisN304S, C, 66.22; H, 3.33; N, 9.27 Found, C: 66.09; H: 3.18; N: 9.48.

2-(4-Fluoro-2-nitrophenyl)-9-(phenylsulfonyl)-9H-carbazole-3-carbonitrile 34b

Thermal electrocyclization of divinyl compound 33b (0.8 g, 1.7 mmol) using 10% Pd/C (0.1 g)
in dry xylenes (80 mL) following the same procedure as that of 18a afforded the compound 34b
(0.66 g, 83%) as a pale yellow solid. mp: 262-264 °C; 'H NMR (300 MHz, CDCl): ¢ 8.38-8.31
(m, 3 H), 7.98-7.93 (m, 2 H), 7.81-7.74 (m, 2 H), 7.65-7.47 (m, 4 H), 7.44-7.39 (m, 3 H); "“C-
NMR (75 MHz, DMSO-de): 6 161.8 (d, J = 249.8 Hz), 148.9 (d, J = 9.8 Hz), 139.3, 139.2,
138.1, 135.9, 135.4, 134.7 (d, J = 8.3 Hz), 129.9, 129.7, 128.9 (d, J = 3 Hz), 126.2, 125.9,
125.2, 1239, 121.7, 121.1 (d, J = 21 Hz), 117.5, 115.3, 114.6, 112.7 (d, J = 27.8 Hz), 107.2
ppm; Anal. Calcd for CpsH4FN3O4S, C, 63.69; H, 2.99; N, 8.91 Found, C, 63.52; H, 2.84; N,
9.06.

2-(4-Chloro-2-nitrophenyl)-9-(phenylsulfonyl)-9H-carbazole-3-carbonitrile 34¢

Thermal electrocyclization of divinyl compound 33c (0.8 g, 1.6 mmol) using 10% Pd/C (0.1 g)
in dry xylenes (80 mL) following the same procedure as that of 18a afforded the compound 34¢

(0.68 g, 85%) as a pale yellow solid. mp: 276-278 °C; '"H NMR (300 MHz, CDCl3): ¢ 8.37 (d,
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J=84Hz,1H),832(d,/=75Hz,2H),820(d,/=15Hz, 1 H), 797 (d, J=7.8 Hz, 1 H),
7.80-7.76 (m, 3 H), 7.62 (t, J = 7.95 Hz, 1 H), 7.54-7.50 (m, 2 H), 7.47-7.39 (m, 3 H); C-
NMR (75 MHz, DMSO-de): 6 148.8, 139.2, 138.9, 138.1, 135.9, 135.4, 134.8, 134.2, 133.6,

131.2,129.9, 129.5, 126.4, 125.9, 125.2, 124.8, 123.9, 121.7, 117.4, 115.2, 114.6, 107.0 ppm.
General procedure for preparation of aminoquinocarbazoles 35a-c

To a solution of carbazole-3-carbonitrile 34a-¢ (1 mmol) in dry THF (30 mL), Ra-Ni (3-4 g)
was carefully added and the reaction mixture was refluxed for 30 min. After consumption of the
starting material (monitored by TLC), the nickel residue was carefully filtered and washed with
hot THF (3 x 20 mL). The combined filtrate was evaporated. To this, DMSO (20 mL) and 50%
NaOH (3 mL) were added. The reaction mixture was stirred at room temperature for 3 h and
then poured over ice (50 g). The solution was slightly warmed to avoid the emulsification, and
the solid formed was filtered and dried (CaCl,). The crude product was triturated with CH,Cl,
to afford aminoquinocarbazoles 35a-c.

1-Amino-8H-quino[4,3-b]carbazole 35a

Reductive cyclization of carbazole-3-carbonitrile 34a (0.5 g, 1.1 mmol) using Ra-Ni (3-4 g) in
THF (50 mL) adopting the above mentioned procedure afforded aminoquinocarbazole 35a
(0.24 g, 78% over two steps) as a pale yellow solid. mp: >310 °C; "H NMR (300 MHz, DMSO-
de): 0 13.49, (bs, 1 H, NH exchangeable with D,0), 12.18 (bs, 1 H, NH exchangeable with
D,0), 9.64 (s, 1 H), 8.70-8.68 (m, 2 H), 8.23 (d, J = 7.5 Hz, 1 H), 7.69-7.57 (m, 5 H), 7.38 (t, J
=7.35 Hz, 1 H); "C-NMR (75 MHz, DMSO-de): 6 154.7, 143.9, 141.9, 132.1, 131.0, 129.8,
128.0, 125.0, 124.5, 123.4, 121.7, 120.8, 120.3, 119.7, 119.5, 117.7, 111.8, 108.8, 103.3;
DEPT-135: 6 129.9, 128.1, 125.0, 123.5, 120.8, 120.5, 119.5, 117.8, 111.8, 103.4 ppm: HRMS

(EI): m/z calcd for C1oH3N3[M*]: 283.1109 found: 283.1109. HPLC purity: 97.1%

ACS Paragon Plus Environment

Page 80 of 127



Page 81 of 127

oNOYTULT D WN =

Journal of Medicinal Chemistry

1-Amino-4-fluoro-8H-quino[4,3-b]carbazole 35b

Reductive cyclization of carbazole-3-carbonitrile 34b (0.5 g, 1.06 mmol) using Ra-Ni (3-4 g) in
THF (50 mL) adopting the above mentioned procedure afforded aminoquinocarbazole 35b
(0.24 g, 76% over two steps) as a pale yellow solid. mp: >310 °C; "H NMR (300 MHz, DMSO-
de): 0 12.15 (s, 1 H, NH exchangeable with D,0), 9.64 (s, 1 H), 9.15 (bs, 2 H, NH exchangeable
with D,0), 8.72 (dd, J; = 8.85 Hz, J, = 6.3 Hz, 1 H), 8.59 (s, 1 H), 8.20 (d, J = 7.8 Hz, 1 H),
7.69-7.64 (m, 1 H), 7.58 (t, J = 7.5 Hz, 1 H), 7.50-7.47 (m, 1 H), 7.42-7.34 (m, 2 H); *C-NMR
(75 MHz, DMSO-de): 6 162.2 (d, J = 249 Hz), 155.2, 143.9, 141.9, 130.7, 128.0, 126.1 (d, J =
9.8 Hz), 124.3, 121.7, 120.8, 120.4, 119.5, 116.6, 112.6 (d, J =22.5 Hz), 111.8, 108.6, 104.2 (d,
J = 25.8 Hz), 103.2; DEPT-135: 6 128.0, 126.1, 120.8, 120.4, 119.5, 112.6 (d, J = 22.5 Hz),
111.8, 104.2 (d, J = 25.8 Hz), 103.2 ppm; HRMS (EI): m/z caled for C19H;,FN3[M]: 301.1015
found: 301.1040. HPLC purity: 97.1%.

1-Amino-4-chloro-8H-quino[4,3-b]carbazole 35¢

Reductive cyclization of carbazole-3-carbonitrile 34¢ (0.5g, 1.02 mmol) using Ra-Ni (3-4 g) in
THF (50 mL) adopting the above mentioned procedure afforded aminoquinocarbazole 35¢
(0.24 g, 74% over two steps) as a pale yellow solid. mp: >310 °C; "H NMR (500 MHz, DMSO-
de): 0 11.73 (s, 1 H, NH exchangeable with D,0), 9.28 (s, 1 H), 8.56-8.54 (m, 2 H), 8.20 (d, J =
7.5 Hz, 1 H), 7.60 (d, J = 8.5 Hz, 1 H), 7.54-7.52 (m, 4 H, NH exchangeable with D,0), 7.31
(d, J = 7.5 Hz, 2 H); "C-NMR (75 MHz, DMSO-ds): 6 157.0, 144.2, 142.1, 141.8, 132.5,
131.0, 127.3, 124.4, 123.9, 123.1, 122.2, 121.6, 120.5, 119.7, 119.5, 117.1, 111.4, 102.2;
DEPT-135: ¢ 127.3, 123.3, 121.6, 120.5, 119.5, 117.1, 111.4, 102.2 ppm; HRMS (EI): m/z

caled for CoH»CIN3[M™]: 317.0720 found: 317.0715. HPLC purity: 98.2%.
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3-(2-Nitrophenyl)-9-(phenylsulfonyl)-9H-carbazole-2-carbonitrile 40

Thermal electrocyclization of divinyl compound 39 (1 g, 2.2mmol) using 10% Pd/C (0.1 g) in
dry xylenes (80 mL) following the same procedure as that of 18a afforded the compound 40
(0.83 g, 83%) as a pale yellow solid. mp: 239-241 °C; '"H NMR (300 MHz, CDCls): § 8.76 (s, 1
H), 8.36 (d, /= 8.7 Hz, 1 H), 8.20 (d, J = 8.1 Hz, 1 H), 791 (d, J = 7.8 Hz, 3 H), 7.87 (s, 1 H),
7.78-7.74 (m, 1 H), 7.70-7.63 (m, 2 H), 7.60-7.52 (m, 2 H), 7.50-7.40 (m, 3 H); "C-NMR (75
MHz, CDCl3): ¢ 148.4, 139.6, 137.4, 137.3, 136.9, 134.5, 133.3, 133.2, 132.7, 130.0, 129.5,
126.6, 125.1, 124.7, 124.6, 121.1, 120.6, 119.5, 117.9, 115.2, 110.4 ppm.
1-Amino-12H-quino[3,4-b]carbazole 41

Reductive cyclization of carbazole-2-carbonitrile 40 (0.5g, 1.1 mmol) using Ra-Ni (3-4 g) in
THF (50 mL) following the same procedure as that of 35a afforded aminoquinocarbazole 41
(0.23 g, 75% over two steps) as a greenish yellow solid. mp: >310 °C; '"H NMR (300 MHz,
DMSO-dg): 0 13.74 (bs, 1 H, NH exchangeable with D,0), 12.13 (s, 1 H, NH exchangeable
with D,0), 9.68 (s, 1 H), 8.85 (d, /=7.8 Hz, 1 H), 8.81 (s, 1 H), 8.53 (d, /=7.8 Hz, 1 H), 7.77-
7.74 (m, 1 H), 7.71-7.63 (m, 3 H), 7.61-7.56 (m, 1 H), 7.36 (t, J = 6.15 Hz, 1 H); ’C-NMR (75
MHz, DMSO-de): 6 156.0, 143.1, 140.1, 129.2, 128.8, 128.5, 126.1, 124.3, 123.4, 123.0, 122.6,
122.3,121.9, 120.4, 116.9, 114.9, 112.1, 106.1; DEPT-135: 0 129.0, 128.8, 125.1, 123.0, 122.3,
119.8, 115.2, 111.7, 107.3 ppm; HRMS (EI): m/z calcd for CioH;3N3[M*]: 283.1109 found:

283.1109. HPLC purity: 96.0%.
8H-Quino[4,3-b]carbazol-1(2H)-one 42

To a solution of carbazole 18a (0.5 g, 1 mmol) in dry THF (50 mL), Ra-Ni (3-4 g) was
carefully added and the reaction mixture was refluxed for 4 h. After consumption of the starting

material (monitored by TLC), the nickel residue was carefully filtered and washed with hot
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THF (3 x 20 mL). The combined filtrate was evaporated. To this, DMSO (20 mL) and 50%
NaOH (3 mL) were added. The reaction mixture was stirred at room temperature for 3 h and
then poured over ice (50 g). The solution was slightly warmed to avoid the emulsification, and
the solid formed was filtered and dried (CaCl,). The crude product was recrystalized from
DMSO afforded amide compound 42 (0 .22 g, 78%) as a colourless solid. m.p: >310 °C; 'H
NMR (300 MHz, DMSO-dg): 0 11.73 (bs, 1 H, NH exchangeable with D,0), 11.48 (s, 1 H, NH
exchangeable with D,0), 9.13 (s, 1 H), 8.46-8.42 (m, 2H), 8.33 (d, /=7.5Hz, 1 H), 7.59 (d, J
=7.5Hz, 1 H), 7.52-7.44 (m, 2H), 7.37 (d, J =7.5 Hz, 1 H), 7.30-7.24 (m, 2H) ppm.

1 —Chloro-8H-quino[4,3-b]carbazole 43

To a suspension of amide 42 (0.2 g, 0.7 mmol) in distilled POC15 (30 mL) was refluxed under
N, atmosphere for 24 h. Then, the excess POC13; was removed in vacuo. To the cooled residue
was added saturated solution of NaHCOj3 (50 mL) and then the reaction mixture was allowed to
settle for 1 h. The chloroquinoline was filtered and dried (CaCl,). The crude product was
triturated with ethyl acetate to afford chloroquinocarbazole 43 (0 .17 g, 79%) as a colourless
solid. mp: >310 °C; "H NMR (300 MHz, DMSO-dg): 6 9.24 (s, 1 H, -NH), 8.86-8.83 (m, 1 H),
8.79 (s, 1 H), 8.48 (d, / =7.8 Hz, 1 H), 8.02-7.99 (m, 1 H), 7.81-7.74 (m, 2 H), 7.66 (d, J = 8.1
Hz, 1 H), 7.58 (t, J = 7.5 Hz, 1 H), 7.33 (t, J = 7.5 Hz, 1 H); *C NMR (75 MHz, DMSO-de): ¢
151.3, 142.6, 142.1 (2C), 132.2, 128.9, 128.5, 127.9, 127.2, 125.1, 124.2, 123.0, 121.9, 121.5,
119.8,119.2, 117.5, 111.4, 102.3 ppm.

1-[3’-(N,N-Dimethylamino)propyl]-8 Hquino[4,3-b]carbazole 44

A mixture of chloroquinoline 43 (0.15 g, 0.5 mmol) and 3-(N,N-dimethylamino)-1-propylamine
(20 mL) was refluxed under N, atmosphere for 20 h. The excess amine was then removed in

vacuo. The sticky residue was washed with aq. Na,COj3 solution and extracted with CHC13 (3 x
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50 mL) and dried (Na,SO4). The removal of solvent in vacuo afforded crude product, which
upon trituration with diethylether furnished aminoquinocarbazole 44 (0.14 g, 75%) as a
brownish yellow solid. mp: 92-94 °C; '"H NMR (300 MHz, CD3;0D): 6 8.94 (s, 1 H), 8.45 (s, 1
H), 8.22 (d,J=7.8 Hz, 1 H), 7.69 (d, J = 8.1 Hz, 1 H), 7.54-7.41 (m, 4 H), 7.31-7.25 (m, 2 H),
3.76 (t, J = 7.05 Hz, 2H), 2.57 (t, J = 7.35 Hz, 2H), 2.33 (s, 6H), 2.06 (p, J = 6.82 Hz, 2H); °C
NMR (75 MHz ,CD;0OD): 156.6, 145.5, 143.5 (2C), 129.2, 128.2, 126.6, 125.6, 124.2, 123.1
(20), 122.7,121.5, 120.5, 115.9, 114.3, 112.0, 102.9, 58.8, 45.5, 41.2, 27.9; DEPT-135 ¢ 129.2,
128.2, 126.6, 123.1 (2 C), 121.5, 120.5, 115.9, 112.0, 102.9, 58.8, 45.5, 41.2, 27.9 ppm. HRMS

(ED): m/z calcd for CosHpyN4[M™]: 368.2001 found: 368.2000. HPLC purity: 95.4%.

12H-Naphtho[1,2-b]carbazole 46

To a solution of known N-phenylsulfonyl napthocarbazole® 45 (0.3 g, 0.7 mmol) in DMSO (20
mL), 50% NaOH (3 mL) was added and the reaction mixture was stirred at room temperature
for 6 h and poured over crushed ice (50 g). The solution was slightly warmed to avoid the
emulsification, and the solid formed was filtered and dried (CaCl,). The crude product was
triturated with methanol to afford napthocarbazole 46 (0.16 g, 84%) as a pale yellow solid. mp:
268-270 °C; '"H NMR (300 MHz, DMSO-dg): § 11.45 (s, 1 H, -NH), 8.87 (d, J = 7.8 Hz, 1 H),
8.77-8.73 (m, 2 H), 8.28 (d, /= 7.5 Hz, 1 H), 7.98-7.95 (m, 2 H), 7.72-7.56 (m, 4 H,), 7.49 (t, J
=7.8 Hz, 1 H), 7.24 (t, J = 7.5 Hz, 1 H), °C NMR (75 MHz, CDCI3): § 141.8, 139.9, 131.5,
129.8, 128.6, 128.3, 127.8, 126.9, 126.4, 126.2, 125.2, 124.0, 123.2, 122.9, 122.0, 120.8, 119.4,
118.8, 110.9, 102.3 ppm. DEPT 135: ¢ 128.3, 127.8, 126.9, 126.4, 126.2, 123.2, 122.9, 120.9,
119.4, 118.8, 110.9, 102.3 ppm; HRMS (EI): m/z calcd for Co0H;3sN[M™]: 267.1048 found:

267.1057. HPLC purity: 95.9%.
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Cell lines and Cytotoxicity Assays

Human cancer cell lines, colon cancer (HCT116 p53 WT), lung cancer (NCI-H460, A549),
glioblastoma (U251), breast cancer (MCF7 and MDA-MB 231), leukemic (Jurkat), cervical
cancer (HelLa and SiHa) and human embryonic kidney (HEK) cells used in the study were
purchased from ATCC (Manassas, VA). The p53 double knock out of HCT116 (p53-/-) was
generously provided by Dr. Bert Vogelstein (John Hopkins, Baltimore, MD). The human tumor
cell lines were grown in DMEM medium containing 10% Fetal Bovine serum, 2mM L-
Glutamine and Pen-strep antibiotic solution media at 37 °C with 5% CO,. The leukemic cell
line Jurkat was grown as suspension in complete RPMI-1640 medium. For cytotoxicity assay,
cells are seeded into 96 well cell culture plates with seeding densities ranging from 1500 -3000
cells /well for adherent cells and 20,000 cells/well for Jurkat. Stock concentrations of
calothrixin analogues were prepared at 1 mM in DMSO (Sigma) and diluted to working
concentrations of 4 uM in culture media. Growth inhibition assays were performed in the
presence of different drug concentrations ranging from 4 uM to 0.2 nM for 48 hrs. The
cytotoxic effects of calothrixins on these tumor cell lines were measured using procedure
developed at NCI'" by Sulphorhodamine-B assay® or CCK-8 (Dojindo, Kumamoto, Japan) for
adherent and suspension cell lines, respectively. The half-Maximal growth inhibition (Glsg)
values which are the reduction in cell number by 50 % in comparison with that of vehicle
control were obtained and standard deviation from at least two independent experiments were

computed using Microsoft excel.
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Clonogenic cell survival assay

HCT116 and NCI-H460 cells were seeded at concentrations of 100 cells/well of a six well plate
(in triplicate), after overnight adherence the cells were treated with different concentrations of
calothrixins/quinocarbazoles in culture medium for 48 h and then washed with Dulbecco’s
Phosphate buffered saline followed by addition of fresh drug-free medium. Cells were
incubated for an additional 14 days, then the colonies in each well were stained and

photographed.
Flow cytometry studies

Cell cycle analysis was carried out to study the effect of calothrixins on cell cycle progression.
HCT116 and HeLa cells were treated with calothrixins alone (5 uM for HCT116 cells and 1
uM for HeLa cells) for 20 h or pre-treatment of cells with calothrixins for 3 h followed by
0.4uM nocodazole for additional 17 h. After drug treatments, the cells were collected by
trypsinisation, washed twice with phosphate-buffered saline (PBS) and fixed with 70% ethanol.
Before staining, cells were washed with PBS to remove ethanol. Fixed cells were stained with
propidium iodide (20ug/ml) in PBS containing Triton X-100 (0.1% v/v) and RNase A
(0.2mg/ml) for 1 h at room temperature. Cell cycle status was analysed using a Beckman-

Coulter flow cytometer.
Purification of recombinant human topoisomerase I

The wild-type human topoisomerase I (91 kDa) was purified from Sf-9 insect cells infected

with the recombinant baculovirus (a kind gift from Prof. J.J. Champoux). Approximately, 1

X 109 Sf-9 cells were infected with the recombinant virus, and cells were harvested after 48-h

infection. The cells were lysed and enzyme was purified as described.*’
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Plasmid relaxation assay

DNA topoisomerases were assayed by decreased mobility of the relaxed isomers of
supercoiled pBS (SK+) [pBluescript (SK+)] DNA in 1.2% agarose gel. For recombinant
human topoisomerase I (HTopl), the enzyme was purified as mentioned in preceding section
and relaxation assay was carried out in the relaxation buffer (25 mM Tris-HCI, pH 7.5, 5%
glycerol, 0.5 mM DTT, 10 mM MgCl,, 50 mM KCIl, 25 mM EDTA and 150 pg/mL
BSA).”*! For studies involving human topoisomerase II, the enzyme was purchased from
TopoGEN Inc. (Human Topo Ila, TopoGEN Inc.) and the assay was performed as per
manufacturer’s protocol. For all the experiments, the temperature of the DNA and buffer
mixture was raised to 37 °C before enzyme addition. The reactions were rapidly quenched
using stop solution and kept in ice. The gels were stained with ethidium bromide (EtBr) (0.5
pg/mL) and the amount of supercoiled monomer DNA band fluorescence was quantified by
integration using Gel Doc 2000 under UV illumination (Bio-Rad Quantity One Software).
Plasmid cleavage reaction

Cleavage reaction was performed as described previously.”” In brief, a 20 pl reaction mixture
(200 ng negatively supercoiled pRYG DNA, 10 mM Tris-HCI (pH 7.5), 100 mM KCI, 0.1 mM
EDTA, 5 mM MgCl,, 0.5 mM DTT, 30 ug BSA and 10 pmol of htopII) was incubated at 37 °C
for 30 min and terminated by the addition of 0.5% SDS and 10 mM EDTA. The mixture was
further incubated with 100 pg/ml proteinase K at 37 'C for 30 min and analyzed by 1% agarose
gel electrophoresis. To resolve the linear product (Form III) from the supercoiled molecule

(Form I), ethidium bromide at a final concentration of 0.5 pg/ml was included in the gel.
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DNA cleavage studies

The in vitro nuclease activity of calothrixins was evaluated using pBSK plasmid DNA in
presence of Dithiothreitol (DTT) and ferric chloride by agarose gel electrophoresis. The
oxidative cleavage of plasmid DNA (250 ng) was studied at pH 8.0 in 20mM Hepes buffered
solution containing varying concentrations of calothrixins, 200 uM DTT and 200 uM
FeCls.The reactions were carried out at 37°C for 1 hour and electrophoresed at 100V in Tris-
acetate-EDTA (TAE) buffer using 1.5% Agarose gel containing 0.5 ug/mL ethidium bromide

and photographed under UV light.
Alkaline COMET assay

A total of 10* cells were suspended in 150 pl pre-warmed low melting point (LMP) agarose
(0.5% PBS) and were rapidly spread on doubly-frosted microscope slides (Rohem, India) pre-
coated with normal melting (NMP) agarose (1%) and covered with a coverslip. After gelling for
10 min at 0 ‘C, the coverslip was gently removed and a third layer of 100 ul NMP agarose
(0.5% PBS) was added. Slides were then put in a tank filled with lysis solution (2.5 M NaCl,
0.1 M EDTA, 10 mM Tris—HCI pH 10, 10% DMSO and 1% Triton X-100 both freshly added)
for 1 h at room temperature. Slides were then removed from lysis solution and incubated in
fresh electrophoresis buffer (0.3 M NaOH and 1 mM EDTA, pH >13) for 40 min at room
temperature to allow unwinding of DNA. Electrophoresis was then carried out at room
temperature in fresh electrophoresis buffer for 24 min (0.7 V/cm; 300 mA). After
electrophoresis, slides were gently washed twice for 5 min in fresh neutralisation buffer (0.4 M
Tris—HCI pH 7.5). After drying overnight at 4 ‘C, slides were stained with 50 pl of ethidium
bromide solution (20 pg/ml), covered with a coverslip and photographed under a UV-

fluorescent microscope (magnification, x100; Nikon, Japan).
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Western blot analysis

HeLa cells after treatment with different concentration of calothrixins for 48 h were collected
by trypsinization, washed once with ice cold PBS, pelleted at 400 xg (rcf) for 10 minutes at 4
°C. The cell pellets were lysed in modified RIPA buffer (10 mM Tris-Cl (pH 8.0), 140 mM
NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% SDS) containing protease (Cat. No.539134,
Calbiochem, Merck-Millipore, CA) and phosphatase (Cat. N0.524627, Calbiochem, Merck-
Millipore, CA) inhibitor cocktail. Whole cell lysates were separated by SDS-PAGE and
transferred to nitrocellulose membrane (Bio-Rad Laboratories, CA). The membrane after
blocking with 5% nonfat dry milk (Fluka, Sigma-Aldrich) in 0.1% Tween-20 in TBS for 1 h
was incubated overnight at 4 °C with primary antibodies to either PARP (Cat. No. 9532, Cell
signaling technology) or cleaved PARP (Asp214) (Cat. No. 9541, Cell signaling technology) or
B-Actin, Clone AC-15 (Cat. No. A1978, Sigma). After incubation with the appropriate
horseradish peroxidase (HRP)-conjugated secondary antibody, a chemiluminence substrate kit

(Supersignal west pico, Thermo Scientific Pierce) was used for detection.
Fluorescence microscopy assay using acridine orange and propidium iodide staining

To detect the apoptotic properties of the treated HCT116 and NCI-H460 cells, a propidium
iodide (PI) and acridine orange (AQO) double staining assay was performed using a fluorescent
microscope (Nikon TiE attached with NIS-AR Software) according to the standard procedure.
HCT116 and NCI-H460 cells (10-50 x 10° cells/well) were grown on a 12 well plate and
cultured with different concentrations of calothrixins/quinocarbazoles for 48 h. After drug
treatment, cells were washed with PBS, and then stained with acridine orange (20 pg/mL in

PBS) and propidium iodide (40 pg/mL in PBS) for 10 min at room temperature in dark.
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Following staining, the cells were washed twice with PBS and observed under a UV-fluorescent

microscope (magnification, x100; Nikon, Japan).
DNA binding Studies

The preparation of CT-DNA stock solution was done as per the protocol of Ghosh et al.>> The
concentration of the CT-DNA solution was determined”* from the UV absorbance at 260 nm
using molar extinction coefficient &y = 6600 M~ cm™.. The absorbance at 260 and 280 nm
was recorded in order to purity of DNA solution. The Ajsp/Azgo ratio was found to be 1.85
depicting that the DNA was sufficiently free from protein. Various concentrations of DNA were

used to obtain a varied molar ratio of the DNA-compound adduct.

Absorbance values were recorded on a double beam UV-2250 UV-VIS spectrophotometer
(Shizmadju, Japan). Absorption titration experiments were conducted by keeping the
concentration of calothrixin/quinocarbazoles constant (3x 10~ mol L) while varying the CT-
DNA concentration from 0 to 1 x 10~ mol L', Absorbance values were recorded after each

successive addition of DNA solution.
CD studies

The CD measurements were made on a JASCO J715 spectropolarimeter (Tokyo, Japan) using a
I cm cell at 0.2 nm intervals, with 3 scans averaged for each CD spectrum in the range of 230—
350 nm. All CD measurements were performed in 1.3% DMSO solution by keeping the
concentration of DNA constant (1 x 10~ mol L") while varying the drug concentration from 0
to 26.6 x10™ mol L™, at room temperature and observed CD spectra were baseline subtracted
for blank. No alteration in the CD spectral shape or intensity of the CT-DNA was observed at
1.3% volume of DMSO in the final mixture. Hence, the observed changes in CD spectra were

attributed solely to calothrixins/quinocarbazoles-CT DNA interaction.
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DNA unwinding assay

Unwinding assay was performed using 50 fmol relaxed pBluscript (SK+) DNA in presence of
quinocarbazoles in a concentration-dependent regime.55 Relaxed DNA was prepared by
incubating supercoiled plasmid DNA with excess of htopl, followed by proteinase K digestion
at 37°C, phenol/chloroform extraction, and ethanol precipitation. The unwinding reaction was
carried out at 37°C for 15 min, terminated by the addition of prewarmed stop solution (5%

SDS, 15% Ficoll and 0.25% Bromophenol Blue) and electrophoresed on to 1% agarose gel.

In silico studies

DNA-drug molecular docking studies

The DNA target of our interest IDSC (an octamer complexed with actinomycin D) was selected
from the protein databank (PDB), co-crystallized ligands were identified and removed from the
structure of 1DSC and the nucleotide base pairs (5'-D(*GP*AP*AP*GP*CP*TP*TP*C)-3")
was used for the analysis. The receptor DNA (1DSC) and the selected calothrixins such as 2,
15b-p were taken for in silico docking studies. The structure of the calothrixins was drawn
using chemsketch.”® The energy minimization for each compound was performed by using
UCSF Chimera®’ for flexible conformations of the compounds during the docking. The flexible
docking study was carried out using Autodock v4.0. Essential hydrogen atoms, Kollman united
atom type charges and solvation parameters were added with the aid of Autodock tools.”® This
server integrates Lamarckian genetic algorithms. Each docking experiment was derived from
ten different conformations. The relative stabilities were evaluated using free energy
simulations and their binding affinities. The interaction analysis were calculated and visualised

through the PyMol.”
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Topoisomerase molecular docking studies

Docking Methods

Preparation of the Ligands and Protein:

The synthesized ligands were sketched using sketched module embedded in Schrodinger suite.
Synthesized ligands namely, calothrixins (1, 2 and 15h) and quinocarbazole derivatives (21a,
21b, 25a and 25b) were taken for minimization using Ligprep module of Schrodinger 09
(Ligpep 2.3, Schrédinger Suite 2009)°° where probable tautomeric and ionization states at pH =
7 = 1 followed by minimization with OPLS 2005 force field (Ligpep 2.3, Schrodinger Suite
2009).° The protein preparation of different targets viz Topoisomerase I and II with PDB
ID’s: 1T8I and 4LPB®' respectively was performed using Protein preparation wizard of
Schrodinger 09 where missing hydrogen, bond order was assigned followed by energy
minimization. The small molecules and all the water molecules were removed from coordinate
file. The resultant PDB co-ordinates were taken for docking studies.

Molecular Docking:

Docking has been carried out using Schrodinger’s Glide module. The receptor grid was
prepared keeping co-crystallised ligand of Topoisomerases I and II (PDB ID: 1T8I and 4LPB
respectively) at the centre of grid with 20A edges bearing catalytic site. Initially docking study
of the co-crystal was performed on prepared receptor grid for cross-validating the binding mode
with respect to X-ray crystal structure binding mode. Further, molecular docking of calothrixins
and quinocarbazole analogues were used as ligands against 1T8I and 4LPB using Glide XP

62, 63
5.8 programme.

The top analogues based on docking score as well as binding interaction
with catalytic residues were allowed for induced fit docking. The docked conformation

corresponding to the lowest free energy (or highest score) provided by Glide program was

selected as the most probable binding pose of top calothrixins and quinocarbazole derivatives.
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Visualisation of Docking Results

Once the docking was performed, best poses for hydrogen bonding, hydrophobic and n-n
interactions were analysed using Chimera Visualisation tool,” PyMol version 1.3 (The
PyMOL Molecular Graphics System;) and Glide ( Schrodinger, LLC, New York, NY, USA)
and LIGPLOT (Wallace AC et al) programs.

Pathological Evaluation of in vivo toxicity

Experiments were carried out using 6 weeks old female SCID (Severe Combined
Immunodeficient) mice taken from in-house breeding facility of Orchid Pharma Limited (OPL),
Chennai (India). Groups of six mice were housed in individually ventilated cages (IVC) at
constant temperature (22+3 °C) and humidity (50+20%) at OPL, Oncology animal facility.
Care of animals complied with the regulations of committee constituted for the purpose of
Control and Supervision of Experiments on Animals (CPCSEA), Government of India. The
study design was reviewed and approved by the Institutional Animal Ethics Committee of the
OPL (Protocol No. 06/TAEC- 02/CAN/2014) and was performed according to the institutional
guidelines. The animals were randomized into four group (n=6) to receive 0 (vehicle only), 10,
30 and 50 mg/kg of 3-fluorocalothrixin 15h orally every day for a period of seven days. The
body weights were taken daily prior to dosing and parameters such animal weight gain/loss and
daily clinical toxic symptoms were observed and recorded. At the end of the study period, all
the animals were euthanised by CO, and tissues from the heart, liver, lung, stomach, kidney and
spleen were weighed (data not shown). Tissues were fixed in 10% formalin and embedded in
paraffin. For histopathological examination, thin sections 3-5 um in thickness were prepared,

stained with hematoxylin and eosin (H&E) and were evaluated microscopically.

ACS Paragon Plus Environment



oNOYTULT D WN =

Journal of Medicinal Chemistry

Supporting Information: Copies of 'H, >*C NMR (except for 15b and 15n), DEPT 135 and
HRMS spectra (for selected compounds) for calothrixins 1, 2, 15b-p and quinocarbazoles. CSV
file containing molecular formula strings and the associated biological data. These materials are

available free of charge via the Internet at http://pubs.acs.org.
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ABBREVIATIONS USED

MOM, Methoxymethyl ether; LTA, Lead tetraacetic acid; SAR, Structure activity relationship;
PTC, Phase transfer catalyst; NBS, N-Bromosuccinimide; AIBN, Azabisisobutyronitrile;
DCM, Dichloromethane; DCE, Dichloroethane; DMF, N, N-Dimethylformamide; DMA, N, N-
Dimethylacetamide; DMFDMA, N, N-Dimethylformamide dimethyl acetal; m-CPBA, meta-

chloroperoxybenzoic acid; DIBAL-H, Diisobutylaluminum hydride; THF, Tetrahydrofuran;
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PCC, Pyridinium chlorochromate; DMSO, Dimethylsulphoxide; FT-IR, Fourier-transform
infrared spectroscopy; HRMS, High resolution mass spectrometry; FACS, Flow assisted cell
sorter; hTopl, Human topoisomerase I; hTopll, Human topoisomerase II; DTT, Dithiothreitol;
AO, Acridine orange; PI, Propidium Iodide; ADP-ribose, Adenosine diphosphate ribose; PARP,
Poly ADP-ribose polymerase; CT-DNA, Calf-thymus DNA; UV-Vis, Ultraviolet-Visible
spectroscopy; CD, Circular Dichroism; ATPase, Adenosine triphosphatase; clogP, Calculated
octanol-water partition coefficient; logP, Experimentally determined logP values in an
octanol/water system; logD, Experimentally determined logD values in an octanol/buffer
system at physiological pH of 7.4; HBD, Calculated number of hydrogen bond donor; HBA,
Calculated number of hydrogen bond acceptor; SCID mice, Severe combined immune
deficiency mice; MTD, Maximum tolerated dose; MCH, mean corpuscular hemoglobin;
MCHC, mean corpuscular hemoglobin concentration; MCV, mean corpuscular volume; H&E
stain, Haemotoxylin and Eosin stain.
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o 0}
Me (b) Me
\ — \
Me N Me

\
(C) (d)
PPh3
CH,Br
SOZPh SOzPh
10 1
COCH, R?
\
R O V4 e
OHC R2 SOzPh OoN
13a-p
O,N 1
2 12a-p
13 R' R2 R3 R4 vield (%)
a H H H H 92
b OMe H H H 85
¢ H H OMe H 92
d H OMe OMe H 88
e H -OCH,O- H 90
f H Br H H 90
g H ¢ H H 94
h H F H H 93
i H H Br H 90
i H H ¢ H 91
k H H H cC 80
Il ¢ H H H 89
m H F Br H 89
n H F c H 90
°o H <c ¢ H 93
P ¢ H <c H 90

8Reagents and conditions :

(a) DMA, POCIs; (b) PhSO,CI, PTC, Benzene,
50% NaOH, rt,1 h; (c) NBS, AIBN, CCly, reflux, 3 h; (d)PPhs, THF, reflux, 2 h
followed by K,CO3 DCM rt, 12 h; (e) 12a-p, DCM/DCE, reflux, 6-12 h.
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1

2 Scheme 22

3

4

5

6

7

8

9

10

11 14 R' R2 R® R4 vyield (%)
12 a H H H H 892
13 b OMe H H H 852
14 ¢ H H OMe H 902
15 d H OMe OMe H g7
16 e H -OCH,O- H 852
17 f H B H H 96
18 9 H Cl H H 922
19 h H F H H 912
20 i H H Br H goa
21 i H H ¢ H 96>
22 k H H H CI 882
23 I ¢ H H H 912
24 mH F Br H 892
25 nH F C H 882
26 © H ¢ C H g8
27 P CI H Cl H 862
;g gisolated yield, °Crude yield of enamine
30 #Reagents and conditions : (a) DMF.DMA, glycocyamine (50 mol %), 100 °C, 3-5 h.
31

32 Scheme 32

33

34

35 S =N R4

38 H O R! 2
39 R
2, 15b-p
40
41 R* yield (%)
42 2 H H H H 65
43 156 H H H  OMe 45
44 15¢ H OMe H H 65
45 15d  H OMe OMe H 57
46 15%¢ H -OCH,O- H 60
47 15f H H Br H 64
48 159 H H Cl H 67
49 15h H H F H 64
50 15 H B H H 65
51 15 H Cc H H 62
52 5k CI H H H 65
53 151 H H H cl 52
54 m H Br F H 63
55 %5n H ¢ F H 62
56 0 H cCcl CI H 65
57 p H C H ¢ 65
58
59 @Reagents and conditions : (a) 3 equiv FeCl3, DMF, reflux, 3 h.
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Scheme 42
+/(_)
% ~n Q5
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/
15¢/15d/15g/15h +» O O Q R3

H O R R2

@Reagents and conditions : (a) m-CPBA, DCM, reflux, 18 h. (b) oxone, acetone, K,CO3 rt

Scheme 52
CO,Et
{ e () CO,Et
POEY) “opc_
i L
SO,Ph O,N R’ éozph
16 12a/12h/12g 17ac R
CO,Et CH,OH
[+
O2N so PhO2N
SOzPh 2 N
18a-c 19a-c
=N
O s
R N
SOzPhoz
20a-c Compound R! 21a-c

17-21a H
17-21b F
17-21c cl

@Reagents and conditions : (a) K,CO3, DMF, rt, 12 h, 85-88%; (b)10% Pd-C, xylenes, reflux, 24 h,
80-85%;(c) DIBAL-H, DCM, 0 "C, 30 min; (d) PCC, celite, DCM, rt, 2 h, 77-80% (2 steps);
(e) i) Ra-Ni, THF, rt, 3 h; ii) 50% NaOH DMSO, rt, 6 h, 71-76% (2 steps)
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Scheme 62
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302 ph O2N SOzPhOZN
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\ O \ Q
1
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24a/24b Compound  R! 25a/25b
22-25a H
22-25b E

aReagents and conditions : (a) DIBAL-H, DCM, 0 "C, 30 min; (b) PCC, celite, DCM, rt, 2 h
73-75% (2 steps);(c) i) Ra-Ni, THF, rt, 3 h; ii) 50% NaOH, DMSO, rt, 6 h. 72-75% (2 steps)

Scheme 72

8Reagents and conditions : (a) DIBAL-H, DCM, 0 °C, 30 min; (b) PCC, celite, DCM, rt, 2 h,
76% (two steps);(c) i) Ra-Ni, THF, rt, 3 h; ii) 50% NaOH, DMSO, rt, 6 h, 75% (two steps).
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Scheme 82
CHO CN N
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O, O =0 =
N CH3 N CH, N CH,Br
| |
SO,Ph S0,Ph SO,Ph
30 31 32
CN CN HN
O3 QO
- OO0 O
N 1
SO,PhO2N SO,PhO2N H
33a-c 34a-c 35a-c
Compound R!
33-35a H
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N N
36 SOzPh a7 SOzPh 38 SO,Ph

O,N O O,N O
N\ \/ CN —d>N\ oN

. |
"SO,Ph SO,Ph
39 40

@Reagents and conditions : (a) PhsP=CHCN, xylenes, reflux, 8 h, 84-86%;(b) NBS, AIBN, CCly reflux, 45 min, 89-91%;

(c) PPhg, THF, reflux, 3 h, followed by K,CO3 DCM rt, 8 h, 74-83%; (d) 10% Pd-C, xylenes, reflux, 24 h, 81-85%;
() i) Ra-Ni, THF, reflux, 30 min; ii) 50% NaOH DMSO, rt, 3 h, 74-78% (two steps).

Scheme 92
COzEt
m “ a
$0,PhO:2N O \ Q
18a

/\/\NMez

QS G

dReagents and condltlons (a) i) Ra-Ni, THF, reflux, 4 h;ii) 50% NaOH DMSO, rt, 12 h, 78% (two steps);

(b) POClI3, reflux, 24 h, 79%; (c) NHo(CH,)sNMe,, reflux, 20 h, 75%.

aReagents and conditions : (@) 90% NaOH, DMSO, rt, 6 h, 84%
8
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Table 1. In vitro cytotoxicity data for calothrixins 1, 2 and 15b-p against nine human tumor cell lines

Glso Average + S.D. (uM)?

Compound Jurkat HelLa SiHa MCF7 HCT116 HCT116 p53-/- MDA-MB 231 U251 NCI-H460
1 0.07 +001 0.08 +000 0.05 =+005 003 =*0.0 011 +005 008 +001 004 +001 008 001 0.22 +0.02
2 >4 047 009 350 +071 026 =+001 065 =£007 255 +092 016 +£002 225 +035 >4
15b >4 039 *020 >4 060 +042 033 =006 >4 031 +£001 183 +032 >4
15c >4 >4 >4 >4 063 =011 >4 >4 >4 >4
15d >4 >4 >4 036 +034 >4 >4 >4 >4 >4
15e >4 >4 >4 011 £0.01 >4 >4 >4 >4 >4
15f 150 +£057 021 013 >4 060 +028 150 +042 260 +£057 100 +000 200 =042 127 +0.06
15g 355 064 007 x002 160 =+057 053 +038 150 =028 260 +071 036 +004 283 =029 140 +0.14
15h 115 +007 005 +002 093 =+012 085 =007 083 =*006 110 =*014 030 =*012 120 =022 118 +0.13
15i 150 *071 029 +005 140 =+014 022 =x005 070 =000 113 +015 027 =+005 060 =014 1.10 +0.14
15j 140 =+028 050 +014 167 =+019 035 =x022 042 =£017 150 =+042 017 =*000 050 =000 0.70 +042
15k >4 >4 >4 080 +042 350 =071 >4 >4 >4 >4
151 >4 >4 >4 >4 >4 >4 >4 >4 >4
15m >4 027 011 >4 066 =076 >4 >4 0.4 014 >4 2.25 +0.78
15n >4 200 000 >4 135 =035 >4 >4 >4 >4 >4
150 >4 1.80 £0.00 >4 >4 >4 >4 1.80 £028 >4 >4
15p 260 £057 050 +000 180 +£000 050 +0.00 120 +0.14 200 =+000 0.2 +000 150 +0.28 0.73 +0.25
CPT 006 +£001 019 +003 055 =+£000 0.06 +0.00 0.05 =001 0195 +001 04 +£0.01 0.01 +0.0071 0.0057 +0.0029

2Values represents mean from at least two independent experiment
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Table 2. In vitro cytotoxicity data for quinocarbazoles 21a-c, 25a, b and 29, naphthocarbazole 31 against ten human tumor cell lines

Glso Average + S.D. (uM)?

Name Jurkat HelLa SiHa MCF7 HCT116 MDA-MB 231 U251 NCI-H460 HEK?293 A549
21a 400 =000 041 +£0.08 >4 >4 >4 115 007 >4 >4 55 +0.70 >4 >4
21b >4 002 +001 >4 0.02 x0.01 6 +£0.05 095 +0.07 >4 0.0010 £0.0002 0.0052 +0.0021 >4
21c >4 043 +0.18 >4 >4 >4 28 +023 >4 >4 10 +0.00 >4 >4
25a >4 036 +006 >4 >4 >4 15 =000 >4 >4 10.5 +0.70 >4 >4
25b >4 0.05 =+001 >4 027 +£002 30 012 >4 >4 0.04 +0.04 >4 >4
29 >4 140 014 >4 >4 >50 >4 >4 10 +0.05 >4 >4
46 >4 >4 >4 >4 >50 >4 >4 >50 >4 >4

2Values represents mean from at least two independent experiments

Table 3. In vitro cytotoxicity data for amino quinocarbazoles 35a-c, 41 and 44 against seven human tumor cell lines

Glso Average + S.D. (UM)?

Name HelLa SiHa MCF7 HCT116 MDA-MB 231 U251 NCI-H460
3%a 080 =+014 105 =+£007 100 =014 100 =*009 100 01 105 =+0.09 100 =+0.05
3%b 001 +0008 135 =+021 013 =+£007 120 =00 125 035 120 014 014 =+0.04
3¢ 053 +010 110 000 095 =+007 100 =00 090 =+028 120 =000 1.05 =*0.07
41 140 =+014 130 =+028 100 =+000 105 =007 110 000 065 =021 105 =+£0.12
44 110 +£000 115 =+007 275 035 175 +035 100 014 135 =021 150 =+0.70

2Values represents mean from at least two independent experiments
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Fig. 2. Effects of calothrixin Al, B2, 15h and Quinocarbazoles 21a, 21b on the clonogenic growth of colon
adenocarcinoma (HCT116) and Lung adenocarcinoma (NCI-H460) cell lines.

Cells were seeded in a six well plate and after over-night adherence, treated with different concentrations (0.1 — 5 uM)
of calothrixin Al, B2, 15h and quinocarbazoles 21a, 21b (HCT116), 0.001 — 0.05 uM of quinocarbazole 21b in case of
NCI-H460 cells, for 48 h. After drug treatment, the cells were washed with Dulbecco’s phosphate buffered saline and
let grow up to 14 days in drug-free medium. Cell colonies were stained with crystal violet and photographed.
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Fig. 3. Cell cycle effects of calothrixin and its analogues. Cell cycle perturbation by calothrixins (1, 2, and 15h) or
Quinocarbazoles (21a and 21b) in the presence or absence of nocodazole. HCT116 cells were treated with 5 uM of
calothrixin and its analogues for 20 h or 3 h pretreatment with 17 h in the presence of nocodazole (0.3 uM) followed by
propidium iodide staining. Population of cells in different phases of cell cycle were analysed by flow cytometry. Figure
is representative of other two experiments. (B) Percentages of HCT116 cells in the different phases of the cell cycle
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47 Fig. 4. (A) Cell cycle analysis of human colon HCT116 cells treated with the calothrixins (1, 2, and 15h) or

48 quinocarbazoles (21a and 21b) for 48 h. (B) Lung NCI-H460 cells treated with increasing concentrations of

49 quinocarbazoles 21b for 48 h. Figures are representative of other two experiments. (C&D) Percentages of HCT116 (A)
50 or NCI-H460 (B) cells in the different phases of the cell cycle
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Fig. 5. Effects of calothrixin and quinocarbazole analogues on recombinant human topoisomerase I: Relaxation of
negatively supercoiled pBS (SK+) DNA with purified hTopl at a molar ratio of 3:1 in simultaneous assay condition.
Lane 1, 90 fmol of pBS (SK+) DNA; Lane 2, same as lane 1, but simultaneously incubated with 30 fmol of hTopl for
30 mins at 37 °C; Lane 3, same as lane 2 but in presence of 2% v/v DMSO; Lane 4, same as lane 2 but in presence of 25
MM camptothecin as positive control; Lanes 5-10, same as lane 2 but in presence of 200 uM concentration of
calothrixin A 1, calothrixins B 2, 15h, quinocarbazoles21a, 21b and 25a, respectively. Positions of supercoiled
monomer (SM) and relaxed and nicked monomer (RL/NM) are indicated.All results depicted were performed three
times and representative data are from one set of these experiments.

RL/NM

SM

Fig. 6. Effects of calothrixin and quinocarbazole analogues on recombinant human topoisomerase Il: Relaxation of
negatively supercoiled pBS (SK+) DNA with purified hTopll at a molar ratio of 3:1 in simultaneous assay condition.
Lane 1, 90 fmol of pBS (SK+) DNA,; Lane 2, same as lane 1, but simultaneously incubated with 30 fmol of hTopll for
30 mins at 37 °C; Lane 3, same as lane 2 but in presence of 2% v/v DMSO; Lane 4, same as lane 2 but in presence of 25
UM etoposide as positive control; Lanes 5-10, same as lane 2 but in presence of 200 uM concentration of calothrixin A
1, calothrixins B 2, 15h, quinocarbazoles 21a, 21b and 25a, respectively. Positions of supercoiled monomer (SM) and
relaxed and nicked monomer (RL/NM) are indicated. All results depicted were performed three times and
representative data are from one set of these experiments.
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RL/NM

Fig. 7. Dose-dependent inhibition of recombinant human topoisomerase Il by quinocarbazole analogues 21a and 25a:
Relaxation of negatively supercoiled pBS (SK+) DNA with purified hTopll at a molar ratio of 3:1 in simultaneous
assay condition. Lane 1, 90 fmol of pBS (SK+) DNA, Lane 2, same as lane 1, but simultaneously incubated with 30
fmol of hTopll for 30 mins at 37 °C; Lane 3, same as lane 2 but in presence of 2% v/v DMSO; Lane 4, same as lane 2
but in presence of 25 uM etoposide as positive control; Lanes 5-10, same as lane 2 but in presence of increasing
concentrations (10, 20, 30, 40, 50, and 60 uM) of quinocarbazole 21a and Lanes 11-16, same as lane 2 but in presence
of increasing concentrations(10, 20, 30, 40, 50, and 60 uM) of quinocarbazole 25a. Positions of supercoiled monomer
(SM) and relaxed and nicked monomer (RL/NM) are indicated. All results depicted were performed three times and

representative data are from one set of these experiments
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Fig. 8. Quantitative representation of enzyme inhibition as a function of concentrations of quinocarbazoles

21a and 25a under standard relaxation condition. Data represent mean value = S.D. (n = 3).

Table 4. Inhibitory concentration of the compounds on human Topoisomerase |1

Name of compound ICsopuM= S.D. ICoouM= S.D.
Quinocarbazole 21a 23.361 +0.104 41.514 +0.104
Quinocarbazole 25a 19.086 + 0.099 28.798 + 0.099
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Fig. 9. Inhibition of etoposide-induced cleavage complex formation by quinocarbazole analogues was analyzed by
cleavage reaction and agarose gel electrophoresis. Lane 1, negatively supercoiled pRYG DNA,; lane 2, pPRYG DNA
with hTopll alone; lane 3 same as lane 2 but in presence of proteinase k treatment; Lanes 4, 5 same as lane 2 but in
presence of increasing concentration (25 and 50uM) of etoposide; Lanes 6-8 and 9-11 same as lane 2 but in presence of
increasing concentration (30, 40 and 50uM) of 21a and 25a, respectively; lane 12 and 13, hTopPIl was incubated with
40 uM of 21a and 21b, respectively, followed by the addition of 50 uM of etoposide and pRYG DNA. Form I, closed
circular DNA; Form 11, nicked circular DNA; Form 111, linear DNA. All results depicted were performed three times
and representative data are from one set of these experiments.
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Fig. 10. Cleavage of plasmid DNA by calothrixins and quinocarbazoles in a cell free system.

(A & C) Supercoiled plasmid DNA was incubated for 1 h with 250 uM of calothrixins or quinocarbazoles, 200 uM of
ferric chloride in the presence or absence of DTT (200 uM). Plasmid DNA was separated by agarose gel and stained
with ethidium bromide. Menadione (250 pM) was used as a positive control. (B) Dose dependent cleavage of plasmid DNA

by calothrixins. Different concentrations of calothrixin A (1), 15h and Calothrixin B (2) was incubated for 1 h with supercoiled
plasmid DNA in the presence of DTT (200 pM) and ferric chloride (200 pM).

+DTT
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B o] c

17 Fig. 11. Single-cell gel electrophoresis data (comet assay) in HCT116 cells (A) or NCI-H460 cells (B). Representative
18 images of HCT116 cells (A) treated for 48 h with 0.5 pM Calothrixin A 1 (b) ; 5 uM Calothrixin B 2 (¢) ; 5 uM 15h (d)
19 ; S5uM2la(e); 5uM 21b (f) and untreated cells (a) Representative images of NCI-H460 cells (B) treated with 5

20 uM 21a (b) ; 0.1 uM 21b (c) and untreated cells (a)

°

} o Ve ' ’ . . : .':.- TR & ‘
31 g
32
33
34
35
36
37

Fig.12. HCT116 cells were stained with acridine orange/propidium iodide after 48 h of treatment with
calothrixins/quinocarbazoles. Cells were observed under fluorescence microscope (x100 magnification). Viable cells
42 show green fluorescence. Necrotic and apoptotic cells show orange and yellow fluorescence. (A & E) Untreated

43 HCT116 or NCI-H460 control cells, respectively. Cells were treated with 2 uM of calothrixin A 1 (B) 5 uM of

44 calothrixin B 2 (C), 5 uM of 3-fluorocalothrixin B 15h (D), 5 uM of quinocarbazole 21a (F), 0.5 uM of 3-

45 fluoroguinocarbazole 21b (G), 5 uM of quinocarbazole 25b.
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Fig. 13. Induction of apoptosis by calothrixins/quinocarbazoles. Detection of cleaved PARP protein levels by western
blotting in the lysates from A. NCI-H460 cells treated with increasing concentrations (0.1, 0.5, 1, 2 and 5 uM) of 4-
fluoroquinocarbazole 21b for 48 h B & C. HeLa cells treated with calothrixins for different time points (1 uM of
calothrixin A 1 for 6, 12, and 24 h ; 10 uM of calothrixin B 2 for 6, 12, 24 and 48 h) and varying concentrations (0.1,
0.25, 0.5 and 1 uM of 3-fluorocalothrixin B 15h ; 0.5, 1, 6 and 8 uM of calothrixin B 2 for 48 h) D. HCT116 or NCI-
H460 cells treated with calothrixins/quinocarbazoles (5 uM in case of calothrixin B 2, compounds 15h and 21b; 3 uM
of calothrixin A 1, 0.5 pM of camptothecin) for 48 h. B-Actin staining was used as loading control.
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Fig. 14. Effects of increasing concentrations of CT-DNA on the UV-Vis absorption spectra of calothrixins or
38 quinocarbazoles. Conditions: Ccaiothrixins or quinocarbazoles,3%X107°mol L™%; Cepna (x1078mol L), a—o: 0; 2; 5; 10; 15; 20; 25;
39 30; 35; 40; 45; 50; 60; 80; 100. The arrow shows the intensity changes in increasing CT-DNA concentration
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Table 5. Binding constants (Kp in L mol™) for the interaction of calothrixins or quinocarbazoles with CT-

DNA at 298 K

Journal of Medicinal Chemistry

Binding constants

SIL.No. Compound (Ko in L mol)
. . 4.77 (+ 0.04) x 10°
) 2 No interaction
, 15h 5.74 (+ 0.12) x 10°
) 21a 1.01 (+0.07) x 10°

1.36 (+ 0.13) x 10°
: 21b 9.66 (+ 0.11) x 106
; 25a 9.68 (+ 0.20) X 10°
, 35a 1.12 (+ 0.34) x 10°
o 35¢ 6.11 (+ 0.24) x 10°
o 44 3.70 (+ 0.32) x 105
10 Ethidium bromide | 6.8 (x0.22) x 10’
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34 Fig. 15. Circular dichroism spectra of CT-DNA (1 x10“mol L) in the presence of increasing amounts of calothrixin
35 or quinocarbazoles. Ccompounds (X10~°mol L™); a—e: 0; 6.6; 13.5; 20; 26.6. The arrow shows the intensity changes in
36 increasing compound concentration.

42 RL/NM

54 Fig. 16. Analysis of binding mode of quinocarbazole21b with DNA by agarose-gel electrophoresis. Lanel, relaxed

55 pBluescript (SK+) plasmid DNA generated by treatment of plasmid DNA with excess hTopl, followed by

56 phenol/chloroform extraction and ethanol precipitation; lane 2, relaxed plasmid DNA with hTopl; lane 3 and 4, same as
57 lane 2 but in presence of 10 pM EtBr or 200 uM Etoposide, respectively; lane 5-8, same as lane 2, but in presence of
58 increasing concentration (60, 70, 80, 90 and 100 uM) of quinocarbazole 21b. NM, nicked monomer; RL, relaxed
monomer; SM, supercoiled monomer.
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Fig. 17. No significant effect on body weight. Thirty six animals were randomized into four groups. The treated animals
were administered compound 15h at doses of 10, 30, and 50 mg/kg. The animals were dosed po daily for 7 days and
were weighed daily for 1 week.

Fig. 18. Histopathological examination of major organs for signs of toxicity. Formalin-fixed heart (1) kidney (2) liver
(3) lung (4) spleen (5) and stomach (6) from animals with oral administration of vehicle (A) or with 50 mg/kg 15h (B),
were embedded in paraffin. Tissue sections were stained with hematoxyline and eosin (H&E). Stained sections were
evaluated histopathologically for signs of inflammatory cell infiltration or tissue degeneration. No signs of toxicity in
major organs following treatment with 50mg/kg.
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Table 6. Evaluation of drug-likeness of selected calothrixin and quinocarbazole analogues with
respect to the Lipinski’s Rule of Five and experimentally determined logP and logD in an
octanol/water system.

oNOYTULT D WN =

Compound Lipinski’s rule of five (highest permitted value) Experimental

Calculated

Molecular Weight® | HBD | HBA® ClogP* logP® logDf

1‘51 (500) © (10 (5) at pH7.4

17 1 314.3 1 5) 2.352 1.32 1.02

19 2 298.3 1 5 2.418 -1.81 -2.11

21 15h 316.3 1 5 2.651 -1.66 -1.96

21a 268.3 1 1 4.485 -1.25 -1.55

26 21b 286.3 1 1 4.754 1.91 1.61

30 aMolecular weights were calculated for nonionized calothrixin or quinocarbazole analogues. ® Calculated number of
31 hydrogen bond donor (HBD) groups. ¢ Calculated number of hydrogen bond acceptor (HBA) groups.

32 d Calculated octanol-water partition coefficient ClogP of the neutral species of the compounds. ¢ Experimentally

33 determined logP values in an octanol/water system. fExperimentally determined logD values in an octanol/buffer

34 system at physiological pH of 7.4. All predictions were calculated using the Schrodinger QikProp application included
in the Schrodinger’s Maestrosoftware v9.1.
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