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In connection with an ongoing investigation of indenoisoquinoline topoisomerase | (Topl) inhibitors as
potential therapeutic agents, the pharmacophore possessing di(methoxy) and methylenedioxy substituents
was held constant, and new derivatives were synthesized with nitrogen heterocycles appended to the lactam
side chain. Compounds were evaluated for Topl inhibition and for cytotoxicity in the National Cancer
Institute’s human cancer cell screen. Some of the more potent derivatives were also screened for in vivo
activity in a hollow fiber assay. The results of these studies indicate that lactam substituents possessing
nitrogen heterocycles can provide highly cytotoxic compounds with potent Topl inhibition. Molecular
modeling of these compounds in complex with DNA and Top1 suggests that some of the lactam substituents
are capable of interacting with the DNA base pairs above and below the site of intercalation and/or with
Topl amino acid residues, resulting in increased biological activity.

Introduction

In the 1990s, the National Cancer Institute (NCI) developed
a COMPARE algorithm to facilitate the prediction of biological
targets from data generated by the 60-cell human cancer screen.
Utilizing the COMPARE algorithm, it was predicted that
indenoisoquinolinel (NSC 314622, Figure 1) would be a
topoisomerase | (Top1) inhibitdrSubsequent in vitro testing
confirmed this prediction, and more potent derivatives (such as
2) have been developé&d?

Irinotecan B8) and topotecan4) are the only current Topl
inhibitors approved by the Food and Drug Administration (FDA)
for the treatment of cancer, and they validate Topl as a
therapeutic target for anticancer drug development. However,
these camptothecin derivatives are not ideal drug molecules.
Camptothecins are compromised by the reversibility of the
Topl—DNA cleavage complex, which necessitates long infusion
times for maximum activity? and they are inherently unstable
and suffer from lactone ring opening to form a hydroxy acid
that has a high affinity for human serum alburitAs a result Figure 1. Representative indenoisoquinoline and camptothecin Topl
of the pharmacokinetic problems of the camptothecins, there is inhibitors.
great interest in the development of noncamptothecin Topl
inhibitors as anticancer agents. Top1l inhibitors such as the that different Topl inhibitors will display different spectra of
indenoisoquinolines are not limited by the same pharmacokinetic anticancer activity as wetf
problems that limit the camptothecins. Some of the more potent The present investigation was undertaken to explore novel
indenoisoquinolines stabilize the TopDNA cleavage complex  functionalities appended to the lactam side chain of the
to a greater extent than camptothecin, they are more stableindenoisoquinolines, specifically focusing on incorporation of
chemically, and the in vitro biological activities of certain heterocyclic ring systems. Previous work with an indenoiso-
derivatives are comparablé? Furthermore, it is known that  quinoline system lacking substituents on the aromatic rings
clinically useful topoisomerase Il (Top2) inhibitors have demonstrated that potent biological activity (cytotoxicity and
preferential activity for different cancers, and it can be expected Top1 inhibition) could be achievédHowever, the research
demonstrated a small and consistent benefit to having the di-
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biological activity with respect to compounds lacking these Scheme %

nitrogenous substituents:® To explain this enhancement, o 0
hypotheses such as increased aqueous solubility, DNA targeting, O O ?) 0 O g
transporter hijacking, and hydrogen bonding of the side chain |, -, Q H,CO Q
amines with amino acid residues in the ternary cleavage complex ¢ O ab,_
have been proposed and may indeed be involved for some ,co No~B ¢ heo N A
molecules:” 0 o}
Several recent developments have occurred that allow further 5

speculation and necessitate a reinvestigation of indenoisoquino- 6 R §—N/iN' 2 Hel (cond. a)
lines bearing heterocyclic lactam side chains. The crystal
structures of complexes have been reported with small molecule 7:R= E—N\\/ (cond. b)
inhibitors such as topotecafcamptothecirt® an indolocarba- N

. ) S i . e /=N
zole!® an indenoisoquinolin& and a norindenoisoquinoliké? 8R= §—N__) HCI (cond. b)
intercalated within duplex DNA bound to human Topl. Using N
these structures, models of various indenoisoquinolines in 9:R= §—HN— :l'2 HCl  (cond.a)
ternary complex with Topl and cleaved duplex DNA have been /—\N
generated and suggest incorporating ammonium cations and 10:R= §_N\_,NH'2 HCI (cond. a)
heterocycles on the lactam side chain. If the models are credible, /\
then appropriate functionalities may be capable of increasing 1:R= §—N\_/o (cond. a)
Top1l inhibition, and ultimately cellular cytotoxicity, by interact- A- §—N/_\s (cond. a)
ing with amino acid residues and/or the DNA base pairs at the 12R= /
site of intercalation. Thus, the present investigation represents 13:R= FN “Hal (cond. a)
a new effort toward the development of indenoisoquinoline Topl
inhibitors where the di(methoxy) and methylenedioxy substit- ,—OH
uents on the aromatic nucleus are combined with previously 14:R= §—NuN—CH3-2HCI (cond. a)
utilized and novel heterocyclic lactam side chains in an effort
to improve the anticancer activity of the indenoisoquinolines. 15:R= N NH; 2HCI~ (cond. a)
Chemistry 16: R = §———NQ\NH.2 HCI  (cond.a)

Indenoisoquinoline$—18 were prepared according to the — OH

methods summarized in Scheme 1. Utilizing compo&Hdas 17:R= §—N\_/NJ\ (cond. a)
a key advanced intermediate, nucleophilic displacement of the H
alkyl bromide. functionglity Wi_th a variety of primary and 18:R= §/N\/\N/\ (cond. a)
secondary amines readily provided the corresponding analogues o]

possg_ssing _h_e_terocyclic _Iactam substit_uents. _In general, the aReagents and conditions: (a) amineQQs, 1,4-dioxane, 100C; (b)
conditions utilizing potassium carbonate in 1,4-dioxane to effect amine, NaH, DMF, 60C; (c) 2 M HCI in ether, CHG.

displacement were readily amenable to most of the analogues
synthesized (compoundsand 8 being the only exceptions).  similar activity as the parent compoutd+++ and+++-+,

However, treatment of the heterocyclic precursorg &nd8 greater activity than the parent compotnénd-++-++, similar
with sodium hydride in dimethylformamide readily effected the or greater activity than M camptothecin.
desired transformation. Ultimately, compoun@s8—10, and An increase in the biological activity of indenoisoquinolines

13-16 were treated with a solution of hydrochloric acid in  resulting from an aminoalkyl chain attached to the lactam
diethyl ether to provide the corresponding hydrochloride salts. nitrogen has been identified previougl}” As the next logical
This was found to both aid purification and provide an improved step, it seemed prudent to investigate the effects of replacing
solubility profile for the biological assays. the amino group with various nitrogen heterocycles (Scheme
. ) ) . 1, 6—18) by evaluating the cytotoxicity and Top1 inhibition of
Biological Results and Discussion the newly synthesized analogues (Table 1). With multiple
The indenoisoquinolines were examined for antiproliferative heteroatoms present in these newly synthesized analogues, along
activity against the human cancer cell lines in the National with a flexible three-carbon linker, the development of an
Cancer Institute screen in which the activity of each compound adequate hypothetical structural model that rationalized all of
was evaluated in approximately 55 different cancer cell lines the biological activity results proved difficult. Depending on
of diverse tumor origins. The GI50 values obtained in selected the nature of the heterocyclic side chain, molecular modeling
cell lines, along with the mean graph midpoint (MGM) values, indicated it could be capable of interacting with the DNA base
are summarized in Table 1. The MGM is based on a calculation pairs and Topl amino acid residues in several different
of the average GI50 for all of the cell lines tested (approximately orientations within the ternary complex. This variability made
55) in which GI50 values below and above the test range¥(10 the rationalization of biological activities resulting from minor
to 104 molar) are taken as the minimum (£molar) and changes in the structure of the heterocycle increasingly difficult.
maximum (10“ molar) drug concentrations used in the screen- However, the results listed in Table 1 indicate that heterocycles
ing test. For comparison purposes, the activities of the previously possessing a heteroatom capable of serving as a hydrogen-bond
reported lead compourty? its more potent derivativg,” and acceptor at physiological pH generally provide the best results
previously reported imidazole-appended analodi9$20,° and regarding Top1 inhibition and cytotoxicity (compour@ls, 9,
219 are also included in the table. The relative potencies of the 11, and13). Attempts to rationalize this trend using molecular
compounds toward the production of topoisomerase I-mediatedmodeling were generally unsuccessful due to the abundance of
DNA cleavage are also listed in the table. The potencies are both hydrogen-bond donors and acceptors surrounding the drug
expressed semiquantitatively as follows; weak activity;++, intercalation site and lactam side chain in the ternary complex.
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Table 1. Cytotoxicities and Topoisomerase | Inhibitory Activities of Indenoisoquinoline Analogues
cytotoxicity (GI50 inuM)?2

lung colon CNS melanoma ovarian renal prostate breast Top 1l
compd HOP-62 HCT-116 SF-539 UACC-62 OVCAR-3 SN12C DU-145 MDA-MB-435 MGMP cleavageé
1 1.30 35.0 41.0 4.20 73.0 68.0 37.0 96.0 20.0 ++
2 0.06 0.13 0.26 0.25 0.31 0.31 0.04 121 046.02 +++
6 <0.010 <0.010 0.037 <0.010 0.085 <0.010 <0.010 0.020 0.07%0.023  ++++
7 0.447 1.99 0.398 0.269 56.2 0.316 0.363 7.08 21B24 ++
8 0.079 191 0.288 <0.010 61.7 0.085 0.085 >100 3.55 +++
9 <0.010 <0.010 <0.010 0.014 0.041 <0.010 <0.010 <0.010 0.112£ 0.066  ++++
10 <0.005 0.575 <0.005 1.20 2.04 0.091 0.015 4,57 0.38D.119 ++
11 1.78 1.15 0.040 0.030 74.1 0.813 0.155 67.6 4:68.25 ++++
12 26.3 72.4 18.2 37.2 34.7 NT >100 >100 50.1 ++
13 <0.005 <0.005 <0.005 5.01 5.75 0.126 <0.005 0.977 0.2430.088  +++
14 18.2 1.48 17.8 15.1 15.1 115 10.7 >100 12.0 +
15 0.427 0.120 0.100 1.29 0.832 0.257 0.182 1.74 0F#@6254 +
16 <0.005 0.214 0.145 0.457 5.01 0.145 0.081 2.63 0#1B335 +++
17 9.77 2.34 1.44 1.23 15.1 >100 0.275 >100 7.86+ 0.27 ++
18 <0.005 <0.005 0.550 0.162 0.525 1.48 0.603 1.95 1420.84 +++
19 2.69 1.41 2.34 0.79 1.66 1.66 141 2.75 1.86 ++++
20 <0.010 <o0.010 <0.010 <0.010 <0.010 <0.010 <0.010 0.014 0.05%0.026  +++
21 0.19 0.274 0.016 0.012 0.864 0.015 0.017 2.17 0371028 ++++

aThe cytotoxicity Gko values are the concentrations corresponding to 50% growth inhibidean graph midpoint for growth inhibition of all human
cancer cell lines successfully tested. Compounds with standard deviations listed for the MGM values were tested twice, while those withale\@tztiatesd
for the MGM values were tested onceThe compounds were tested at concentrations ranging up tdviLlOrhe activity of the compounds to produce
Topl-mediated DNA cleavage was expressed semiquantitatively as follbyweieak activity;++, similar activity as the parent compoudd+-++ and
++++, greater activity than the parent compouhdand ++++, similar activity as 1uM camptothecin.

o) o) in the minor groove with Arg364 and on the scissile side of the
. QO Q DNA with Asn722, have been previously reported for inde-
O =N O =N _-HCl noisoquinoline analoguéds16 However, the model indicates
R N\/\/N\) ON N\/\/N\/) a potential hydrogen bond between the 3-position nitrogen of
the lactam heterocycle in compour@ and Lys436. This
19R=H 21 hydrogen bond provides a rationale for the low Top1l inhibition
20 R = OCHg of 7, which does not have an appropriately placed heteroatom
Figure 2. Previously synthesized heterocyclic indenoisoquinoline in the heterocycle for hydrogen bonding. The model also
derivatives. explains the Top1 activity &, which has the 4-position nitrogen

of the 1,2,4-tetrazole motif oriented in a similar position to

With regard to compound6—9, each of which possess a accept a hydrogen bond from Lys436. The slight decrease in
five-membered heterocycle appended to the lactam side chainthe Top1 inhibitory activity of8 (Topl +++) compared tdb
the biological results suggest that the types of ring systems (Topl ++++) could be due to a decrease in the basicity of
involved still confer significant activity. Compour@ with its the 4-position nitrogen of the 1,2,4-triazole motif and a
imidazole motif, was the most potent compound synthesized in subsequent decrease in patrticipation as a hydrogen-bond ac-
the present investigation with an MGM of 0.04® and Topl ceptor with Lys436. An additional 1,3-nitrogen-substituted
inhibition of ++++, making it comparable to M camp- analogue9 (MGM 0.112 uM, Topl ++++) with unshared
tothecin in the assay. This outcome could be expected with theelectron density between the 1,3-related nitrogen atoms (exo-
activities of compound49, 20, and21 serving as a precedent  cyclic and endocyclic) also provided a potent analogue. These
(Table 1). These previously reported compounds are potent Toplresults led to the realization that a 1,3 relationship between
inhibitors that display unusually potent cytotoxicity, with the hydrogen-bond donors/acceptors appears to be optimal for
exception of unsubstituted compout@®° As mentioned above,  biological activity in five-membered heterocyclic ring systems.
there is a small, yet consistent benefit to possessing dimethoxy-  Six-membered heterocyclic rings were also investigated
and methylenedioxy-substituted isoquinoline and indenone (Table 1, compound$0—15, 17, and18), with potent biological
rings? Gratifyingly, incorporating this substitution pattern in  activity still observed for some of the compounds. For these
the present study produced an analo§tieat retained the potent  ring systems, however, a 1,4-relationship between heteroatoms
Topl inhibition seen with compoundl9, but improved the  capable of donating and accepting hydrogen bonds was observed
cytotoxicity, making it similar to compound0 and21 (Figure to be necessary for optimal biological activity. Compouir
2). (MGM 0.382uM, Topl ++), with a pyrazine ring serving as

Altering the 1,3 nitrogen relationship of imidazole énto its appended heterocycle, showed potent cytotoxicity, but poor
the 1,2 relationship present in compoufdresulted in a Topl inhibition. However, replacing the 4-position nitrogen
significant loss of biological activity. Inclusion of an additional atom in the heterocycle with an oxygen atom (thereby providing
nitrogen heteroatom (as foB) resulted in a decrease in  morpholine derivativd 1) reversed the biological activity profile
cytotoxicity, but still maintained significant Top1l inhibition. A to provide a potent Topl inhibitor{+-++), but a poorly
hypothetical model of6 in ternary complex highlights the  cytotoxic molecule (MGM 4.64M). Incorporation of a sulfur
importance of the 1,3 nitrogen atom relationship regarding Topl atom, which forms weaker hydrogen bonds than oxygen or
inhibition that is illustrated by compounds 7, and8 (Figure nitrogen, in place of the aforementioned heteroatoms in the
3). The hypothetical model illustrated in Figure 3 was developed 4-position, provided compount®. This compound was a poor
utilizing the previously reported crystal structure of an inde- Topl inhibitor 4-+) and a weakly cytotoxic molecule (MGM
noisoquinoline in complex with DNA and Top#>16 |t 50.1 uM). Thus, compoundl2 emphasizes that a 4-position
postulates that compoun@l has the potential to make three heteroatom capable of strong hydrogen bonding is important
hydrogen-bonding contacts with Topl. The first two contacts, for biological activity, but there is an imperfect correlation
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Figure 3. Stereoview of compoun€ (red) in ternary complex with DNA and Topl. The lactam side chain is pointing into the major groove, and
potential hydrogen bonds are indicated in yellow. The diagram is programmed for wall-eyed (relaxed) viewing.

between cytotoxicity and Topl inhibition in this series of results being compared toiM camptothecin. Differences in
compounds. Compoundk3 and 14 further demonstrate the cleavage sites and band intensities between camptothecin and
importance of the 4-position and further support a specific the indenoisoquinolines in Figure 4 are noteworthy. For
hydrogen-bonding role for atoms in the 4-position. Compound example, the camptothecin band at site 37 was not prominent
13 (MGM 0.243uM, Topl +++), with an exocyclic alcohol, in the indenoisoquinoline assays (the exception beshg
demonstrated potent cytotoxicity and good Topl inhibition. Conversely, the cleavage site at 44 was intense for most of the
Thus, by comparing its activity withOand11, it can be inferred indenoisoquinolines. As a result of different cleavage site
that the 4-position heteroatom needs to be capable of servingspecificities, it may be possible to target different cancer cell
as a hydrogen-bond donor to attain potent cytotoxicity (the ether genes selectively using a camptothecin or an indenoisoquinoline.
motif present inl1can only serve as a hydrogen-bond acceptor). Figure 4 also indicates that several cleavage sites are conserved
However, Topl inhibition was enhanced by having a 4-position between camptothecin and the indenoisoquinolines. Cleavage
heteroatom capable of serving as a hydrogen-bond accédiftor ( sites 70, 92, 97, and 119 were prominent for camptothecin and
is doubly protonated at physiological pH and can only serve as most of the indenoisoquinolines, especially compoutijs.9,

a hydrogen-bond donor). The exocyclic alcoholliBican act and21. It is also worth highlighting the fact that several cleavage
as both a hydrogen-bond acceptor and a hydrogen-bond donorpands were more prominent at intermediate drug concentrations
and compoundl3 performed well in both assays, while as opposed to high drug concentrations, especially for com-
compoundlL2 was inactive in both assays. Extending the length pounds8 and9. This could be due to inhibition of Top1 cleavage

of the lactam side chain had no significant effect on the role of activity at higher drug concentrations due to a direct effect on
the 4-position of the heterocycle. Compoub® (MGM 1.27 the enzyme, or alternatively, to DNA intercalation, which could
uM, Topl+-++), with its pendant morpholine ring, would be  result in DNA unwinding to render it a poorer substrate for
expected to act better as a Topl inhibitor than as a cytotoxic Top1l.

agent, according to the rationale mentioned above, and itindeed Several of the active analoguei®(11, 13, 16, and17) were

supported the general trend. evaluated as anticancer agents in an in vivo animal model in
Alkylation of the 4-position of the heterocycle was found to  which polyvinylidene fluoride hollow fibers containing various
be detrimental to biological activity, with compounid and cancer cell cultures were implanted intraperitoneally (IP) and

17 being relatively inactive in the assays when compared to subcutaneously (SC) into mice, and the compounds were
several of the other molecules. The cytotoxicities of these administered by the IP route. The effects of the compounds on
molecules were rather interesting because they would have beernhe reduction of viable cancer cell mass compared to those of
expected to be more active in light of the 4-position being a controls were determined. Each compound was tested in the
hydrogen-bond donor at physiological pH. hollow fiber assay against a panel of twelve human tumor cell
The relationship between the 4-position of the heterocycle lines as described previous§The compounds were solubilized
and its effect on biological activity was further investigated with in 10% DMSO in saline/Tween-80R and administered IP once
analogued 5 and16. Expanding the size of the heterocycle by daily for a total of four doses at each of two dose levels. The
a single carbon atom to afford compoub®@(MGM 0.715uM, two doses were selected based on single dose toxicity studies
Topl-+++) provided a moderately active Topl inhibitor and for each derivative. A score of 2 was assigned each time the
cytotoxic molecule. Comparing the biological activities of compound produced a 50% or greater reduction in viable cell
analogued 6 and 10, whose lactam side chains are a homopy- mass compared to vehicle-treated controls. The score for each
razine ring and a pyrazine ring, respectively, a 2-fold loss in compound was summed for the intraperitoneal fibers and the
cytotoxicity was observed for the ring-expanded analogue. subcutaneous fibers to provide the total score for each derivative
However, the loss in cytotoxicity was accompanied by a slight (Table 2). For comparative purposes, the performances of
increase in Topl inhibition. Compourid (MGM 0.766 uM, compoundsl and?2 are included in Table 2. Three of the five
Topl+) was a moderately cytotoxic analogue and a poor Topl newly tested analogues (indenoisoquinoliBgs0, and16) were
inhibitor. According to the structureactivity relationships for more potent than lead compourdd All of the newly tested
the studied analogues, this result was consistent because theompounds were more active at the IP implant site than at the
exocyclic primary amine present itb would be expected to ~ SC implant site. This could imply problems with absorption,
be protonated at physiological pH and, thereby, serve only as adistribution, or metabolism of these compounds. None of the

hydrogen-bond donor. newly synthesized compounds were more potent thabut

All of the newly synthesized compounds were examined for compound6 is currently undergoing hollow fiber testing and
induction of DNA cleavage in the'@nd-labeled Pvull/Hindlll  Xenograft studies at the National Cancer Institute.
fragment of pBluescript SKf) phagemid DNA in the presence In conclusion, several potent indenoisoquinolines have been

of Top12 The resulting cleavage patterns of some of the more synthesized with lactam side chains containing nitrogen het-
potent indenoisoquinolines are displayed in Figure 4, with the erocycles. Several structural motifs have been found to increase
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Figure 4. Comparison of the Topl-mediated DNA cleavages at different drug concentrations. The DNA used correspondsetodtitebaled
Pvull/Hindlll fragment of pBluescript SK-) phagemid DNA. Topl was present in all reaction mixtures except Lane 1. Lane 1, DNA; Lane 2,
DNA + Topl; Lane 3, tM camptothecin; Lanes-47, inhibitor concentrations of 0.1, 1.0, 10, and 104, respectively. The figure is comprised

of five gels that are placed side by side to facilitate comparison.

Table 2. Hollow Fiber Activities of Indenoisoquinoline Analogues with short wavelength UV light. Silica gel flash chromatography
compd IP score SC scoreé total score cell kit was performed using 238100 mesh S|.Ilca gel. ) o
1 > 6 8 v General Proceplure for t_he Syn_the5|_s of_lndenmsoqumollnes
> 16 4 20 N 6 and 9-18. A mixture of indenoisoquinolin&!’ (0.500 g, 1.06
10 16 2 18 N mmol), amine (2.11 mmol), and anhydrousGOs (0.584 g, 4.23
11 4 2 6 N mmol) in anhydrous 1,4-dioxane (30 mL) was heated at 400
13 6 0 6 N for 4 h. The reaction mixture was cooled and then concentrated.
ig 1§ (2) 1; l'\\‘l The residue was diluted with water (50 mL), extracted with CHCI

(2 x 50 mL), washed with 1% aq HCI (50 mL), water (50 mL),
2The IP and SC scores listed are the sums of all the IP and SC scoresand satd NaCl (50 mL), and dried over #8&;,. The crude product
for each compound A net cell kill at one or more implant sites is indicated  \yas purified by flash column chromatography (8i@luting with
with a Y. a 0-5% gradient of methanol in chloroform, to provide the pure
indenoisoquinoline.
the potency of Top1 inhibition with imidazole and morpholine 3 (imidazolyl-1-propyl)-5,6-dihydro-2,3-dimethoxy-8,9-meth-
substituents the most active in this aspect of biological evalu- ylenedioxy-5,11-dioxo-1H-indeno[1,2<clisoquinoline Hydro-
ation. Furthermore, a hypothetical model has been constructedchloride (6). The desired analogue was obtained as a dark purple
that rationalizes the Topl inhibitory activity of the imidazole, solid (245 mg, 63%): mp 316318°C.H NMR (CDCl) ¢ 8.01
pyrazole, and 1,2,4-tetrazole substituted analogues. It was(s, 1 H), 7.63 (s, 1 H), 7.60 (s, 1 H), 7.14 (s, 1 H), 7.04 (s, 2 H),
observed that heteroatom placement within the lactam side chain6.40 (s, 1 H), 6.07 (s, 2 H), 4.45 @,= 5.8 Hz, 2 H), 4.20 (t) =
has a significant impact on both Top1 inhibition and cytotox- 6-6 Hz, 2H), 4.03 (s, 3 H), 3.98 (s, 3 H), 2.33Jt= 6.9 Hz, 2 H);
icity, with 3- and 4-position heteroatoms providing optimal ES! MS vz (rel intensity) 460 (MH, 100). Anal. (GsHaiNsOs:
activity for 5- and six-membered heterocyclic ring systems, ?hé ;brgéti:tl;'n ’(\:‘hl-gr‘ce)fgﬁ“(’gglm_d)e :‘gg V;’ﬁsafr?lf]r;;g:g géﬁﬁglc\)lrl]ngf
{)espgctlvely. Furthermore, the ability to participate as a hydrogen-2 M HCI in diethyl ether (15 mL, 30.0 mmol) was added @
onding donor or acceptor at the 4-position was found to

aiff . lecul h th Topl inhibi The reaction mixture was stirred at room temperature for 6 h, and
Ifferentiate molecules that were either potent Topl inhibitors e precipitated product was filtered and washed with chloroform

or highly cytotoxic agents. (50 mL) and methanol (20 mL), and dried ovexCR for 24 h to
. . afford the product as a dark purple solid (170 mg, 79%): mp-270
Experimental Section 272°C.'H NMR (DMSO-dg—CD50D, 2:1)6 9.07 (s, 1 H), 7.78

Melting points were determined in capillary tubes and are (S, 2 H), 7.60 (s, 1 H), 7.42 (s, 1 H), 7.14 (s, 1 H), 6.96 (s, 1 H),
uncorrected. Infrared spectra were obtained using Gl€lthe 6.13 (s, 2 H), 4.41 (t) = 6.6 Hz, 2 H), 4.36 (] = 7.3 Hz, 2 H),
solvent (unless otherwise specified) and were recorded using a3.86 (s, 3 H), 3.82 (s, 3 H), 2.35 @,= 6.1 Hz, 2 H); ESI MSn/z
Perkin-Elmer 1600 series FTIR. Except where nofédl, NMR (rel intensity) 494 (MH, 100). Anal. (GsH22N3O6Cl) C, H, N.
spectra were obtained using CRGIs solvent and the residual 6-[3-Pyrazolyl-1-propyl]-5,6-dihydro-2,3-dimethoxy-8,9-me-
solvent peak as an internal standdHiNMR spectra were recorded  thylenedioxy-5,11-dioxo-1H-indeno[1,2<c]isoquinoline (7). In-
on an ARX300 300 MHz Bruker NMR spectrometer. Electrospray denoisoquinoliné!” (0.2113 g, 0.448 mmol) was added to sodium
mass spectra were determined using a FinniganMATT LCQ hydride (86.8 mg of a 60% suspension in mineral oil, 2.17 mmol)
(Thermoquest Corp., San Jose, CA) instrument at the Purdueand pyrazole (0.1749 g, 2.57 mmol) in DMF (50 mL), and the
Campus-Wide Mass Spectrometry Center. Microanalyses werereaction mixture was heated at 80 for 4 h. The reaction mixture
performed at the Purdue University Microanalysis Laboratory. was diluted with water (200 mL) and extracted with chloroform
Analytical thin-layer chromatography was carried out on Analtech (200 mL). The organic layer was washed with watex(200 mL)
silica gel GF 1000-micron glass plates. Compounds were visualized and concentrated. Benzene was added @D mL), and the mixture
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was concentrated again. The residue was dissolved in chloroform2.09 (br s, 2 H); ESI MSwz (rel intensity) 495 (MH, 100). Anal.

(4 mL), and diethyl ether (50 mL) was added. The precipitate was
washed with diethyl ether (100 mL), and a dark red solid (118.5
mg, 57.6%) was obtained: mp 26264 °C (dec). IR (film) 3462,

(C25H26N2068‘0‘3 Hzo) C, H, N
6-[3-(3-Hydroxypiperidinyl)-1-propyl]-5,6-dihydro-2,3-
dimethoxy-8,9-methylenedioxy-5,11-dioxo-1H-indeno[1,2<]i-

3104, 2918, 1693, 1640, 1557, 1495, 1488, 1430, 1394, 1308, 1284 soquinoline Hydrochloride (13).The product (220 mg, 0.45 mmol,

1251, 1205, 868, 785, 769 crh 'H NMR (DMSO-dg) 6 7.97 (s,
1H), 7.65(dJ=1.5Hz, 1 H), 7.61 (s, 1 H), 6.57 (s, 1 H), 6.97
(s, 1 H), 6.68 (s, 1 H), 6.33 (s, 1 H), 6.05 (s, 2 H), 4.40 (m, 4 H),
4.01 (s, 3H), 3.96 (s, 3H), 2.45 (m, 2 H); ESI M¥z (rel intensity)
460 (MH", 100). Anal. (GsH2:1N306:0.75 H,0) C, H, N.

6+ 3-[2-(1,2,4)]-Triazolyl-1-propyl} -5,6-dihydro-2,3-dimethoxy-
8,9-methylenedioxy-5,11-dioxo-1H-indeno[1,2<€]isoquinoline Hy-
drochloride (8). Indenoisoquinolines!” (0.2538 g, 0.538 mmol)

was added to sodium hydride (124.8 mg of a 60% suspension in

mineral oil, 3.12 mmol) and 1,2,4-triazole (0.2673 g, 0.566 mol)
in DMF (50 mL), and the reaction mixture was heated at@G@or
3 h. The reaction mixture was diluted with water (200 mL), and

70%) was treated wit2 M HCI in diethyl ether (4.0 mL, 6.69
mmol) in chloroform at room temperature to afford the desired
analogue as a purple solid (210 mg, 89%): mp-2880 °C. 'H
NMR (D,0) 6 6.54 (br s, 1 H), 6.41 (s, 1 H), 6.29 (br s, 1 H), 6.06
(s, 1 H), 588 (s, 2 H), 3.82 (br s, 2 H), 3.45 (s, 3 H), 3.37 (br s,
7 H), 3.15 (br s, 3 H), 1.99 (br s, 4 H), 1.68 (br s, 2 H); ESI MS
m/z (rel intensity) 493 (MH, 100). Anal. (G/H29CIN,O7+1.4 H,O)
C, H, N.
3-[(1-Methylpiperazinyl)-1-propyl]-5,6-dihydro-2,3-dimethoxy-
8,9-methylenedioxy-5,11-dioxo-1-indeno[1,2<€lisoquinoline (14).
The desired analogue was isolated as a dark purple solid (160 mg,
51%): mp 254-256 °C. *H NMR (CDCl3) ¢ 7.99 (s, 1 H), 7.60

the precipitate was separated by filtration and washed with water (s, 1 H), 7.30 (s, 1 H), 7.03 (s, 1 H), 6.08 (s, 2 H), 4.470@# 6.0

(50 mL). The precipitate was partially dissolved in methanol

chloroform 1:1 (200 mL). Diethyl ether (100 mL) was added, and
the precipitate was separated by filtration and washed with
additional diethyl ether (100 mL) to provide the product as the free

Hz, 2 H), 4.02 (s, 3 H), 3.96 (s, 3 H), 2.55 (br s, 10 H), 2.30 (s, 3

H), 1.99 (br s, 2 H); ESI MSz (rel intensity) 492 (MH, 100).

Anal. (G7H29N306+0.5 CHCE) C, H, N.
6-[3-(4-Aminopiperidinyl)-1-propyl]-5,6-dihydro-2,3-dimethoxy-

base. The residue was dissolved in trifluoroacetic acid (2 mL), and 8,9-methylenedioxy-5,11-dioxo-1H-indeno[1,2¢]isoquinoline Di-

hydrochloric acid (4 mL ba 2 M solution in diethyl ether) was
added, followed by more diethyl ether (30 mL). The product was
collected as a dark red solid (159.5 mg, 57%): mR40°C. IR

(KBr) 3429, 1694, 1647, 1553, 1500, 1487, 1431, 1394, 1311, 1254,

1207, 1032, 928, 873, 800, 786, 722, 617 émMH NMR (DMSO-
ds) 0 8.56 (s, 1 H), 7.99 (s, 1 H), 7.90 (s, 1 H), 7.52 (s, 1 H), 7.15
(s, 1H),7.10 (s, 1 H), 6.19 (s, 2 H), 444.38 (m, 4 H), 3.90 (s,
3 H), 3.86 (s, 3 H), 2.25 (m, 2 H); ESI M&/z (rel intensity) 461
(MH™, 53), 392 (MH — C,;N3zHz, 100). High-resolution ESI MS
nvz (rel intensity) 461.1464 (100, MH calculated mass 461.1461).
6-(3-Thiazolylamino-1-propyl)-5,6-dihydro-2,3-dimethoxy-
8,9-methylenedioxy-5,11-dioxo-1H-indeno[1,2]isoquinoline Di-
hydrochloride (9). The product (213 mg, 41%) was dissolved in
chloroform (50 mL) and treated with an anhydrous solution of 2
M HCI in diethyl ether (15 mL, 30.0 mmol) at 8. The reaction

hydrochloride (15). The product (205 mg, 66%) was dissolved in
chloroform (30 mL) and treated viit2 M HCI in diethyl ether
(5.2 mL, 10.40 mmol) at room temperature for 8 h. The precipitate
was filtered and washed with chloroform (30 mL) to provide the
desired analogue as a dark purple solid (165 mg, 85%): mp-262
264°C (dec).'H NMR (D0) ¢ 6.62 (s, 1 H), 6.50 (s, 1 H), 6.44
(s, 1 H), 6.17 (s, 1 H), 5.92 (s, 2 H), 3.92 (br s, 2 H), 3.64 (br s,
2 H), 3.50 (s, 4 H), 3.45 (s, 3 H), 3.23 (br s, 2 H), 3.08 (br s, 2 H),
2.25 (m, 2 H), 2.06 (br s, 2 H), 1.90 (m, 2 H); ESI M8z (rel
intensity) 492 (MH, 70).
6-(3-Homopiperazinyl-1-propyl)-5,6-dihydro-2,3-dimethoxy-
8,9-methylenedioxy-5,11-dioxo-14-indeno[1,2¢lisoquinoline Di-
hydrochloride (16). The obtained product (390 mg, 0.66 mmol,
69%) was dissolved in chloroform and treatedhw& M HCI in
diethyl ether (10.0 mL, 19.8 mmol) to afford the desired analogue

mixture was stirred at room temperature for 6 h, and the precipitated as a purple solid (305 mg, 82%): mp 26266 °C (dec).H NMR

product was filtered, washed with chloroform (50 mL) and methanol
(20 mL), and dried over J®s to provide the desired analogue as a
pale purple solid (140 mg, 61%): mp 29800°C (dec).H NMR
(DMSO-dg) 6 7.82 (s, 1 H), 7.44 (s, 1 H), 7.38 (s, 1 H), 7.04 (s, 1
H), 6.18 (s, 2 H), 4.42 (br s, 2 H), 4.07 (br s, 2 H), 3.88 (s, 3 H),
3.83 (s, 3 H), 3.76 (br s, 4 H), 2.07 (br s, 2 H); ESI M# (rel
intensity) 494 (MH, 100). Anal. (GsH25N30sSCh0.6 CHC}) C,
H, N.
6-(3-Piperazinyl-1-propyl)-5,6-dihydro-2,3-dimethoxy-8,9-me-
thylenedioxy-5,11-dioxo-1H-indeno[1,2c]isoquinoline Dihydro-
chloride (10). The product (350 mg, 72%) was dissolved in
chloroform and treated wit2 M HCI in diethyl ether (9.0 mL,

(D,0) 6 6.71 (br s, 1 H), 6.56 (brs, 2 H), 6.21 (br s, 1 H), 5.92 (s,
2 H), 3.98 (br s, 2 H), 3.633.57 (br s, 6 H), 3.55 (s, 3 H), 3.50 (s,
3 H), 3.36-3.25 (br s, 4 H), 2.19 (br s, 2 H), 2.09 (br s, 2 H); ESI
MS mvz (rel intensity) 492 (MH, 100). Anal. (G7H3:CI,N30g+0.7
H.,O) C, H, N.
3-[(1-Hydroxyethyl-piperazine)-1-propyl]-5,6-dihydro-2,3-
dimethoxy-8,9-methylenedioxy-5,11-dioxo-1H-indeno[1,2<]i-
soquinoline (17).The desired analogue was isolated as a dark
brown solid (258 mg, 47%): mp 26264 °C. *H NMR (CDCl;)
0 8.00 (s, 1 H), 7.60 (s, 1 H), 7.32 (s, 1 H), 7.04 (s, 1 H), 6.06 (s,
2 H), 4.52 (brs, 2 H), 4.03 (s, 3H), 3.96 (s, 3 H), 3.22 (br s, 4 H),
3.13 (br s, 6 H), 2.84 (br s, 2 H), 2.68 (br s, 2 H), 1.73 (br s, 4 H),

18.2 mmol) at room temperature to afford the desired analogue as1.63 (br s, 4 H), 1.43 (s, 18 H), 1.41 (s, 9 H); ESI M%z (rel

a pale purple solid (280 mg, 84%): mp 27878 °C (dec).'H
NMR (D20) 6 6.63 (br s, 1 H), 6.53 (s, 1 H), 6.47 (br s, 1 H), 6.18
(s, 1 H), 5.91 (s, 2 H), 3.90 (br s, 2 H), 3.51 (s, 3 H), 3.46 (br s,
11 H), 3.20 (br s, 2 H), 2.02 (br s, 2 H); ESI M8z (rel intensity)
478 (MH", 100). Anal. (GeH29CloN306-2.3 H,0) C, H, N.
3-[(Morpholinyl)-1-propyl]-5,6-dihydro-2,3-dimethoxy-8,9-
methylenedioxy-5,11-dioxo-1H-indeno[1,2clisoquinoline (11).
The product was isolated as a dark purple solid (0.220 g, 72%):
mp 290-292°C. H NMR (CDClg) 6 7.98 (s, 1 H), 7.59 (s, 1 H),
7.36 (s, 1 H), 7.02 (s, 1 H), 6.07 (s, 2 H), 4.48J%= 7.39 Hz, 2
H), 4.02 (s, 3 H), 3.95 (s, 3 H), 3.76 (br s, 4 H), 2.54 (br s, 6 H),
2.01 (br s, 2 H); ESI MSn/z (rel intensity) 479 (MH, 100). Anal.
(Ca6H26N2070.2 HO) C, H, N.
3-[(Thiomorpholinyl)-1-propyl]-5,6-dihydro-2,3-dimethoxy-
8,9-methylenedioxy-5,11-dioxo-1H-indeno[1,2<¢]isoquinoline (12).
The product was isolated as a dark purple solid (275 mg, 53%):
mp 306-308°C. 'H NMR (CDCls) 6 7.80 (s, 1 H), 7.60 (s, 1 H),
7.33(s,1H),7.04(s,1H),6.08 (s, 2 H), 4.48)& 6.4 Hz, 2 H),
4.02 (s, 3H),3.96 (s, 3H), 2.82.78 (br s, 8 H), 2.67 (br s, 2 H),

intensity) 522 (MH, 100). Anal. (GgH31N307:0.8 H,0) C, H, N.

6-[(3-Morpholylethylamino)-1-propyl]-5,6-dihydro-2,3-
dimethoxy-8,9-methylenedioxy-5,11-dioxo-1H-indeno[1,2<]i-
soquinoline (18).The desired analogue was isolated as a pale purple
solid (245 mg, 59%): mp 215217 °C.*H NMR (CDCl) ¢ 8.01
(s, 1 H), 7.62 (s, 1H),7.42 (s, 1 H), 7.05 (s, 1 H), 6.06 (s, 2 H),
4.52 (brs, 2 H), 4.03 (s, 3H), 3.97 (s, 3H), 3.70 (br s, 4 H), 2.81
(brs, 2 H), 2.73 (br s, 2 H), 2.53 (br s, 2 H), 2.46 (br s, 4 H), 2.02
(br s, 2 H); ESI MSnv/z (rel intensity) 522 (MH, 100). Anal.
(C28H31N30721.0 H,0) C, H, N.

Topl-Mediated DNA Cleavage Reactiondduman recombinant
Topl was purified from Baculovirus, as described previolskhe
161 bp fragment from pBluescript SKj phagemid DNA (Strat-
agene, La Jolla, CA) was cleaved with the restriction endonuclease
Pvu 1l and Hind Il (New England Biolabs, Beverly, MA) in
supplied NE buffer 2 (5QuL reactions) fo 1 h at 37°C and
separated by electrophoresis in a 1% agarose gel made in 1X TBE
buffer. The 161 bp fragment was eluted from the gel slice using
the QIAEX II kit (QIAGEN Inc., Valencia, CA). Approximately
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200 ng of the fragment was-8nd labeled at the Hind lll site by
fill-in reaction with [alpha3?P]-dGTP and 0.5 mM dATP, dCTP,
and dTTP, in React 2 buffer (50 mM Tris-HCI, pH 8.0, 100 mM
MgCl,, 50 mM NacCl) with 0.5 units of DNA polymerase | (Klenow
fragment). Unincorporated?P-dGTP was removed using mini
Quick Spin DNA columns (Roche, Indianapolis, IN), and the eluate
containing the 3end-labeled 161 bp fragment was collected.
Aliquots (approximately 50 000 dpm/reaction) were incubated with
Topl at 22°C for 30 min in the presence of the tested drug.
Reactions were terminated by adding SDS (0.5% final concentra-
tion). The samples (106L) were mixed with 3Q.L of loading buffer
(80% formamide, 10 mM sodium hydroxide, 1 mM sodium EDTA,
0.1% xylene cyanol, and 0.1% bromophenol blue, pH 8.0). Aliquots
were separated in denaturing gels (16% polyacrylanmdé urea).
Gels were dried and visualized by using a Phosphoimager and
ImageQuant software (Molecular Dynamics, Sunnyvale, CA).

Molecular Modeling. The structure of the ternary complex,
containing topoisomerase |, DNA, and an indenoisoquinoline, was
utilized as followst® All of the atoms were fixed according to Sybyl
atom types, and hydrogens were added and minimized using the
MMFF94s force field and MMFF94 charges. The structure of the
indenoisoquinolines, constructed in Sybyl and energy minimized
with the Tripos force field and MMFF94 charges, was overlapped
with the structure of the crystallized indenoisoquinoline according
to structural similarities of the aromatic rings in the ternary complex,
and the structure of the crystallized indenoisoquinoline was then
deleted. The new whole complex was subsequently subjected to
energy minimization using the MMFF94s force field with MMFF94
charges. During energy minimization, the structure of the inde-
noisoquinoline was allowed to move while the structures of the
protein and nucleic acids were frozen. The energy minimization
was performed using the Powell method with a 0.05 kcal/Aol
energy gradient convergence criterion and a distance-dependent
dielectric constant.
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