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ABSTRACT: A series of 7-azaindenoisoquinoline topoisome-
rase I (Topl) inhibitors have been prepared to investigate the
effect of increased electron affinity of the aromatic system on the
ability to stabilize the Topl—DNA cleavage complex. Ab initio
calculations suggest that introduction of nitrogen into the
aromatic system of the indenoisoquinolines would facilitate
charge transfer complex formation with DNA, thus improving

R4/R; = H or Ry/R; = OCHj; or Ry = HIR;=NO,

the ;T—r stacking interactions. The present study shows that 7-azaindenoisoquinolines demonstrate improved water solubility
without any decrease in Top1 inhibitory activity or cytotoxicity. Analysis of the biological results reveals that smaller lactam ring
substituents enable intercalation into both free DNA and Topl—DNA cleavage complex, whereas larger substituents only allow
binding to the cleavage complex but not free DNA. Free DNA binding suppresses Top1l-catalyzed DNA cleavage at high drug
concentrations, whereas DNA cleavage and inhibition of religation occurs at low drug concentration.

B INTRODUCTION

Human topoisomerase type I (Topl) is a ubiquitous cellular
enzyme. It is a member of the topoisomerase family of enzymes
that solve DNA topological problems associated with super-
coiling."”> DNA supercoiling occurs during a number of vital
cellular processes such as replication, transcription, and DNA
repair. Topl relaxes DNA by producing reversible single-strand
DNA cuts. The generally accepted mechanism of Topl action
involves formation of a covalent link between the catalytic
tyrosine 723 residue of Topl and the 3’-end of the cut DNA
strand in the Topl—DNA cleavage complex (Topl-DNAcc).
The rotation of the $'-end around the intact strand allows for
relaxation of the supercoils.® Once the tension caused by super-
coiling has been removed, the backbone of the cut strand is
religated and Top1 released. This mechanism has been substan-
tiated by crystallography of a stable form of the Top1-DNAcc.*

The dependency of living organisms on topoisomerases in
processes like DNA replication during cell division has made
topoisomerases attractive drug targets for anticancer chemother-
apy. The search for Top1 inhibitors was eventually rewarded with
the isolation of camptothecin (1) in 1966 from an extract of the
Chinese tree Camptotheca acuminata (Figure 1).3 It was found
that 1 was capable of inducing DNA cleavage in the presence of
Topl. The ability of 1 to bind to and stabilize the Top1-DNAcc
by forming a drug—Topl—DNA ternary complex lies at the
heart of its mechanism of action. Further development of 1 as an
anticancer drug was hindered by its poor water solubility.®
Screening of a number of synthetic analogues of 1 led to the
clinically used Top1 inhibitors, topotecan and irinotecan, which
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Figure 1. Representative Top1 inhibitors.

possess basic functionality and thus improved water solubility
and bioavailability. Unfortunately, the derivatives of 1 have
limitations in their clinical use. The lactone form is in equilibrium
with its carboxylate form at physiological pH, which has reduced
bioavailability due to plasma protein binding. Additionally, the
treatment with derivatives of 1 requires long infusion times due
to quick reversibility of the Top1-DNAcc."”
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Figure 2. Binding mode of 1 within 1—Topl1—DNA ternary complex:
hydrogen bonds to Topl1 residues (top) and 77— stacking with flanking
DNA base pairs (bottom). The sulfur atom originated from the
phosphorothiolate duplex oligonucleotide substrate used in the crystal-
lography studies.”

Crystallography of the 1—Topl—DNA ternary complex
revealed that 1 is capable of stabilizing the Topl-DNAcc by
binding to it at the site of cleavage.” The described binding mode
showed an extended region of —sm stacking between the
polycyclic core of 1 and the DNA base pairs, as well as a number
of polar interactions formed between 1 and Topl residues
(Figure 2). The intercalation of 1 into the Topl-DNAcc
increases the distance between ends of the broken DNA strand
and prevents religation, resulting in prolonged covalent attach-
ment of Topl to the DNA.

A new class of Topl inhibitors, the indenoisoquinolines,
emerged with the isolation of 2 (NSC 314622) as a byproduct
of nitidine chloride synthesis (Figure 1).*> A COMPARE
analysis revealed similar cytotoxicity profiles between 1 and
2."° However, observed differences in DNA cleavage site speci-
ficity between camptothecins and indenoisoquinolines suggested
that different genes might be targeted more specifically with
indenoisoquinolines.® Also and in contrast to 1, the Topl-
DNAcc trapped by 2 was more persistent in both cell- and
enzyme-based assays.® Moreover, a structural comparison of the
indenoisoquinolines and the camptothecins suggested that in-
denoisoquinolines would likely have enhanced chemical stability
relative to that of the camptothecins. Further structure optimiza-
tion of 2 and biological assessment of synthesized analogues led
to the discovery of a number of potent Top1 inhibitors [e.g., MJ-
I11-65 (3a), NSC 724998 (NSC 743400, LMP400, 3b), and NSC
725776 (LMP776, 3c), Figure 1].""'> The morpholinopropyl
and imidazolylpropyl analogues 3b and 3c'>'* have been pro-
moted to phase I clinical trials at National Cancer Institute."

Scheme 1
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Replacement of the methyl group on the lactam B-ring of 2
with aminoalkyl chains was found to improve To}l)l inhibitory
activity and cytotoxicity of indenoisoquinolines.'®'® Evaluation
of a number of analogues with diverse substituents on the A- and
D-rings also improved the anticancer properties of the indenoiso-
quinolines.u’19 In particular, the most studied substituents on
the D-ring were the electron-donating alkoxy groups. Only a very
limited number of electron-withdrawing groups on the D-ring have
been evaluated.”® The present report describes a series of indenoi-
soquinolines containing an electron-deficient pyridine D-ring.

The goal of this project was to investigate the abilities of
indenoisoquinolines to form charge-transfer complexes and to
correlate this with their inhibitory potencies against Topl by
preparing and evaluating a series of 7-azaindenoisoquinoline
derivatives, the SH-pyrido[3',2':4,5]cyclopenta[ 1,2-c]isoquinoline-
5-11(6H)-diones (Schemes 1 and 2). One approach to the
modulation of the electron-attracting abilities of the indenoiso-
quinolines was to incorporate additional nitrogen atoms in the
heterocyclic ring system itself. The incorporation of nitrogen into
an aromatic ring system would be expected to increase electron
afﬁnity.21 Thus, indenoisoquinolines containing additional nitro-
gen atoms should have greater capacities for charge-transfer com-
plex formation with neighboring bases in the ternary complex.

B CHEMISTRY

To date, the most frequently used synthetic approach to
various indenoisoquinolines substituted on the indenone D-ring
has been the condensation of homophthalic anhydrides (e.g,, 5—7,
Scheme 1) with various Schiff bases, followed by cyclization of the
resulting cis-isoquinolonic acids 8a into indenoisoquinolinediones
9a via intramolecular acylation, forming the central C-ring%*'¢~*®

In the case of 7-azaindenoisoquinolines 9b, a 2-pyridyl Schiff
base would have to be used as a precursor for the D-ring of a new
molecule. Because of extremely low reactivity of pyridines in
reactions of electrophilic aromatic substitution, cyclization of 8b
into 9b would be very difficult (Scheme 1). Therefore, an alter-
native protocol has been followed.** According to this pathway,
the commercially available 2-cyano-3-picoline 10 was treated
with N-bromosuccinimide (NBS) in refluxing 1,2-dichlor-
oethane in the presence of the radical initiator AIBN. Crude
bromide 11 was subsequently treated with homophthalic anhy-
dride (5), 4,5-dimethoxyhomophthalic anhydride (6),* or
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“ Reagents and conditions: (a) NBS, AIBN, 1,2-dichloroethane, reflux,
2 h; (b) § (for 12), 6 (for 13) or 7 (for 14), triethylamine, acetonitrile,
reflux 10 h (12 31%, 13 39%, 14 12%); (c) selenium dioxide, 1,4-dioxane,
reflux 16 h (15 89%, 16 26%, 14 59%); (d) DIAD, triphenylphosphine,
3-dimethylamino-1-propanol, THF, 23 °C, 3 days (18 59%, 19 76%, 20
62%).

4-nitrohomophthalic anhydride (7)** to provide 12, 13, or 14,
respectively (Scheme 2). Treatment of 12—14 with selenium
dioxide in refluxing 1,4-dioxane provided indenoisoquinolines
15—17.

It was previously shown that addition of the aminoalkyl chain
to the sixth position of the indenoisoquinolines increases Top1
inhibitory activity.'' Treatment of compounds 15, 16, and 17
with 3-dimethylamino-1-propanol, triphenylphosphine, and
DIAD in tetrahydrofuran (Mitsunobu reaction) yielded com-
pounds 18, 19, and 20 (Scheme 2). The overall yields for the
syntheses of 18, 19, and 20 are modest at best (4—16% from 10)
but are comparable to those that could be achieved for most
indenoisoquinoline systems via the Schiff base/homophthalic
anhydride condensation and Friedel —Crafts acylation sequence
(7—20% from benzaldehydes)."'

A number of analogues of 2 with the lactam nitrogen bearing
various aminopropyl substituents were previously prepared and
evaluated as Top1 inhibitors and antiproliferative agents.'"'¢~'®
Use of such substituents as aminopropyl, ethanolaminopropyl,
morpholinopropyl, and imidazolylpropyl was shown to improve
both cytotoxicity and inhibitory potency of indenoisoquinolines.
The optimization of the aminopropyl group ultimately led to the
identification of 3b and 3¢ that were advanced to clinical trials."®
It was our intention to explore these aminopropyl substituents in
the context of the 7-azaindenoisoquinoline system. For this
purpose Mitsunobu reaction with 4-(3-hydroxypropyl)morpho-
line was used in order to prepare morpholinopropyl analogues
21—23 (Scheme 3). Compounds 19 and 20 were also prepared
in an alternative two-step sequence. Treatment of 15 and 16 with
excess of 1,3-dibromopropane in the presence of sodium hydride,

Scheme 3“

15R1=R2=H
16 R1=R2=OCH3
17R1=H;R2=N02

21 R1=R2=H
22 R1 =R2=OCH3
23R1=H, R2=NO2
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24R1=Ry=H 26R{=R,=H

25R, = R, = OCH3 27 Ry =R, = OCHs
“Reagents and conditions: (a) DIAD, triphenylphosphine, 4-(3-hydro-
xypropyl)morpholine, THF, 23 °C, 3 days (21 62%, 22 68%, 23 30%);
(b) NaH, DMF, —S to 23 °C, 3 h, 1,3-dibromopropane, —S5 to 23 °C,
12 h; (c) morpholine, 1,4-dioxane, reflux, 6 h (21 15%, 22 17%, 24
13—50%, 25 21—35%).

Scheme 4°

a (28, 29)

R
b (30, 31)
or
c(32)

15R1=R2=H
16 R1=R2=OCH3

28 Ry = R, = H; R = 1-imidazolyl

29 Ry = R, = OCHj3; R = 1-imidazolyl
30 Ry = R, = H; R = NH(CH,),OH

31 Ry =R, = OCHjs; R = NH(CH,),OH
32 R1 = R2 = OCH3, R= NH2

? Reagents and conditions: (a) (1) NaH, DMF, —S to 23 °C, 3 h, 1,3-
dibromopropane, —S to 23 °C, 12 h, (2) imidazole, 1,4-dioxane, reflux,
6h (28 17%,29 17%); (b) (1) NaH, DMF, —5 to 23 °C, 3 h, 1,3-
dibromopropane, —$ to 23 °C, 12 h, (2) 2-ethanolamine, 1,4-dioxane,
reflux, 6 h (30 16%, 31 20%); (c) (1) NaH, DMF, —5t0 23 °C, 3 h, 1,3-
dibromopropane, —S to 23 °C, 12 h, (2) NaN;, DMF, 23 °C, 12 h; (3)
P(OC,Hs);, benzene, reflux, 6 h; (4) HCI, H,O, reflux, 3 h (32 18%).

followed by reaction with morpholine, yielded 21 and 22,
respectively. Allyl-substituted indenoisoquinolines 24 and 25
were isolated as minor products along with their morpholino-
propyl analogues 21 and 22. It was noticed that the chromato-
graphic separation of the allyl analogues 24 and 25 was much
easier after the intermediate bromides 26 and 27 were converted
to corresponding morpholine analogues 21 and 22. Therefore,
the conversion of 15 and 16 into their respective aminopropyl
derivatives was carried out without isolation of the intermediate
bromides 26 and 27.

The second approach also provides an easy access to the
aminoalkyl analogues that are difficult to obtain via Mitsunobu
reaction because of the presence of multiple hydroxyl or amino
groups or commercial unavailability of the starting amino alcohols.
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Table 1. Topl Inhibitory and Antiproliferative Activity of 7-Azaindenoisoquinolines

cytotoxicity Glso, #uM*

lung colon
compd Topl cleavage* MGM’ HOP-62 HCT-116

1 ++++ 0.04 0.01 0.03
2 ++ 8.51 2.82 11.48
18 +++ 1.78 1.51 0.41
19 +++ 4.50 3.392 1.58
20 +++(+) 1.86 2.349 0.44
21 +(+) 15.49 3548 1.86
22 ++ 0.30 0.30 0.22
23 +++
28 ++ 7.24 7.24 1.20
29 ++
30 + 1.29 1.41 0.30
31 +(+) 029 030 0.15
32 +(+) 2.09 3.02 038
33 +++ 1.86 1.74 0.58
34 ++(+) 6.17 1148 245
35 +++ 9.77 5.62 6.46

CNS melanoma ovarian renal prostate breast
SF-539 UACC-62 OVCAR-3 SN12C DU-145 MCF7
0.01 0.01 022 0.02 0.01 0.013
1.66 0.56 22.39 25.70 4.79 191
191 2.69 2.57 0.81 135 0.25
4.07 13.18 3.55 3.16 1.70 0.44
2.69 3.31 2.29 1.0 0.93 0.36
5.62 >100 28.18 5.37 3.55 2.75
0.29 0.095 0.37 0.52 0.31 0.052
5.13 35.48 8.71 3.72 2.88 3.39
0.87 3.09 1.55 0.76 0.41 0.48
0.26 0.12 0.34 0.23 0.32 0.074
2.19 8.13 1.58 2.88 1.62 49
1.86 0.51 1.66 091 1.32 0.55
6.17 6.61 5.89 10.96 447 6.17
7.08 3236 4.17 5.62 0.24

“ The relative Top1 inhibitory potencies of the compounds are presented as follows: 0, no detectable activity; +, weak activity; ++, activity similar to that
of 2; +++ and ++++, greater activity than that of 2; ++++, activity similar to that of 1 #M 1. ® Mean graph midpoint for growth inhibition of all human
cancer cell lines successfully tested. “ The cytotoxicity G5, values listed are the concentrations corresponding to 50% growth inhibition and are the result

of single determinations.

Examples of such analogues 28—32 are presented in Scheme 4.
According to this method, reaction of intermediate bromides 26
and 27 with imidazole yielded 28 and 29, respectively. Similarly,
ethanolamine analogues 30 and 31 were isolated after reaction of
26 and 27 with 2-ethanolamine. The reaction of 27 with sodium
azide followed by treatment with triethyl phosphite yielded
amine 32.

l BIOLOGICAL RESULTS AND DISCUSSION

All of the target compounds were tested for induction of DNA
damage in Topl-mediated DNA cleavage assays.”> For this
purpose, a **P 3'-end-labeled 117-bp DNA fragment was in-
cubated with human recombinant Top1 and increasing concen-
tration of a tested compound. The DNA fragments were
separated on a denaturing gel. The Topl inhibitory activity
was assigned based on the visual inspection of the number and
intensities of the DNA cleavage bands and expressed in semi-
quantitative fashion relative to the Top1 inhibitory activities of
compounds 1 and 2: 0, no detectable activity; +, weak activity;
++, activity similar to that of 2; +++, activity greater than that of
2; ++++, equipotent to 1 (Table 1).

The antiproliferative activity of each compound was deter-
mined in the National Cancer Institute (NCI) screen.® 2 Cells
of approximately 60 different human cancer cell lines were
incubated for 48 h with five 10-fold dilutions of the tested
compounds starting from 100 #M and then treated with sulfor-
hodamine B dye. The ratios of recorded optical densities relative
to that of the control were plotted as a function of the common
logarithm of the tested compound concentrations. The inter-
polation between the points located above and below the 50%
percentage growth provided respective 50% growth inhibition
(Glso) values. The Glso and the mean graph midpoint (MGM)

6109
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Figure 3. Representative indenoisoquinolines.

values of the prepared indenoisoquinolines in selected cell lines
are presented in Table 1.

The Topl inhibitory activities were compared to the pre-
viously prepared indenoisoquinolines 33—35 (Figure 3).*° The
results clearly show that azaindenoisoquinolines 18—20 are
equipotent or more potent against Topl than corresponding
indenoisoquinolines 33—3$ (Table 1). A preservation of the
level of cyctotoxicity in the 7-azaindenoisoquinoline compounds
was also observed relative to the corresponding indenoisoqui-
nolines 33—35. A slight increase in cytotoxicity was observed in
ethanolaminopropyl 30, 31, and aminopropyl 32 analogues.
Interestingly, the increase in cytotoxicity coincided with the
decrease of Top1 activity and suggested an additional mechanism
of action responsible for the increased cytotoxicity.

In some cases, the intensities of the cleavage bands were
reduced at the highest tested concentration of the drug, 100 M.
This result can be attributed to the ability of these indenoiso-
quinolines to intercalate into free DNA, preventing DNA cleavage
by Topl. Interestingly, when analogues 19, 22, 29, 31, and 32
were compared side-by-side (Figure 4), it was observed that
ethanolaminopropyl and aminopropyl derivatives 31 and 32
behave similarly to 19. One possible reason for the decrease in
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Figure 4. Lanes1,9,17,25,33: DNA alone. Lanes 2, 10, 18,26, 34: Top1 alone. Lanes 3, 11, 19,27, 35: Topl + 1 (1uM). Lane 4: Topl +2 (100 UM).
Lanes 12,20, 28, 36: Topl + 3a (1 #M). Lanes S—8: Topl + 19at 0.1, 1, 10, 100 #M. Lanes 13—16: Top1 + 22 at 0.1, 1, 10, 100 #M. Lanes 21—24: Top1
+29at0.1, 1, 10, 100 #M. Lanes 29—32: Top1 + 31 at 0.1, 1, 10, 100 #M. Lanes 37—40: Topl + 32 at 0.1, 1, 10, 100 #M. Numbers on right and arrows

show the cleavage site positions.
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Figure 5. DNA unwinding and Top1 inhibition by 19 and 22. Lane 1:
DNA alone. Lanes 2 and 8 were DNA + Topl. Lanes 3—7: DNA + Topl
+19at 1, 3,10, 30, 100 #M. Lanes 9—13: DNA + Topl + 22 at 1, 3, 10,
30, 100 uM.

DNA cleavage at high drug concentration is that intercalation of
these indenoisoquinolines into DNA makes it a poorer enzyme
substrate. In contrast, the morpholinopropyl and imidazolylpro-
pyl analogues 22 and 29 express concentration-dependent
increase of intensity of DNA cleavage bands, and therefore,
Topl inhibitory activity, up to 100 (M.

DNA unwinding assays have been performed in order to test
the DNA intercalation hypothesis for the observed decrease in
DNA cleavage at high drug concentration. Two compounds have
been tested and compared in this assay: dimethylaminopropyl
analogue 19 and morpholinopropyl compound 22 (Figure S).
DNA unwmdmg reactions were performed in two steps as
described.>" First, SV40 DNA was reacted with excess of Top1l
for 15 min at 37 °C in the absence of drug to fully relax the DNA.
The relaxed DNA was then further incubated for 30 min at 37 °C
in the presence of increasing concentrations of drugs (Figure S).
Additional incubation of the DNA and Top1 for 30 min at 37 °C
in the absence of drug was performed as a control. The results of
the DNA unwinding assay demonstrated the ability of 19 to
unwind DNA at concentrations above 3 4M in a concentration-
dependent manner, hence showing the ability of 19 to intercalate

into free DNA. At its highest tested concentration, 100 uM,
compound 19 completely inhibits the Topl-mediated DNA
relaxation, as demonstrated by the fact that there is no more
detectable relaxation by Topl after addition of the drug. The
results of the experiment with compound 22, on the other hand,
show its inability to unwind/intercalate into DNA in the range of
tested concentrations, 1—100 M. These results can presumably
be extrapolated to other aminopropyl derivatives presented in
this work.

This observation might also explain the lack of correlation
between Topl1 inhibitory activity and cytotoxicity in the series of
compounds. The ability to intercalate into free DNA can
potentially serve as an off-target effect of the drug, increasing
its cytotoxicity. On the other hand, the Top1 inhibitory activity as
observed in Topl-mediated DNA cleavage assays can decrease as
the ability to intercalate into free DNA increases.

Most azaindenoisoquinolines retained the activity of the
“classical” indenoisoquinolines. Introduction of the pyridine
nitrogen (a strong hydrogen bond acceptor) into the core of
the indenoisoquinoline structure should also improve aqueous
solubility. To test this hypothesis, the solubilities of two 7-azain-
denoisoquinolines were assessed and compared to that of closely
related “classical” indenoisoquinolines (Flgure 6). Aqueous
solubility was determined by an HPLC method.** For this test,
the samples of four different indenoisoquinolines (Figure 6)
were shaken with 1 M Tris buffer (pH 7.5) solution. The aliquots
of the supernatants were injected into the HPLC system after
24 h. In order to determine the concentration of the sample, one
point calibration was done against standards with known con-
centrations of the sample compounds. The estimation of the
solubility demonstrated that the introduction of a pyridine ring
into the indenoisoquinoline system led to a significant increase of
the water solubility. Interestingly, the increase in solubility of the
drug did not compromise the Topl inhibitory activity or
cytotoxicity of the drugs (Figure 6, Table 1). A similar result
was observed when an extra nitrogen was introduced into the
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Figure 6. Solubility of indenoisoquinolines.
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Figure 7. Structure of 14-azacamptothecin.

polycyclic system of 1, resulting in 14-azacamptothecin (36,
Figure 7), Wthh possessed greater water solubility compared to
the parent 1.>

Crystallography of the ternary complexes of indenoisoquino-
lines revealed that only one major polar interaction between drug
and the Topl -DNAcc is present, which is a hydrogen bond to the
Arg364.” It was therefore hypothesized that 77— stacking inter-
actions play a major role in complex stabilization and that these
interactions determine the orientations of the drugs within ternary
complexes. This hypothesis was supported by a series of high level
ab initio calculations on a number of diverse Top1 inhibitors.*> >’
Thus, drug binding orientations and DNA site spec1ﬁc1tles were
calculated correctly for a number of different ligands.> >’

To investigate the effect of the introduction of nitrogen into
the aromatic systems of indenoisoquinolines on their abilities to
form strong ;T—r stacking interactions, a series of hypothetical
indenoisoquinoline structures were modeled and subjected to
MP2 single point energy calculations. In order to derive a model
for such calculations, an inhibitor and adjacent base pairs were
taken from the X-ray structure of 4—Topl—DNA ternary
complex (PDB entry 1SC7).” The deoxyribose rings of the
DNA bases and the carboxypropyl chain of 4 were replaced with
methyl groups, similar to the previously described model.>” The
geometry optimizations and frequency calculation at the HF/
6-31G** level were performed on the indenoisoquinoline mole-
cule, as well as A—T and G—C base pairs using the Gaussian 09**
software package. The original complex was then replaced with
the geometry-optimized parts (Figure 8). The MP2 single point
energy calculation with the 6-31G* basis set was done with the
resulting complex.

Arg364 minor groove

A major groove B

Figure 8. Derivation of indenoisoquinoline—DNA “sandwich” com-
plex models for quantum mechanical calculations.

Table 2. 77— Staking Interaction Energies of Models
Aand B

JE— Bl Ecomr charge transfer
model  (kcal/mol)®  (kcal/mol)®  (kcal/mol)” (e7)"
A —6.95 —18.17 —26.0284 0.0115
B —7.99 —18.57 —25.7899 0.0126

“Ein is derived from MP2/6-31G* single point energy calculations.
Ecorr = EineMp2/6-31G%) — Eint(tir/6-316+)- - The magnitude of the charge
transfer as estimated by NBO analysis at HF/6-31G** level.

The CH group in position 7 of the D-ring of the inhibitor was
replaced with nitrogen to produce the 7-azaindenoisoquinoline
model (Figure 8). Before fitting of azaindenoisoquinolines into
their corresponding complexes with DNA base pairs, geometry
optimizations were performed. After the complexes were as-
sembled, MP2/6-31G* single point energy calculations were
performed. The basis set superposition error (BSSE) for each
complex was calculated, specifying two fragments: the first was
two flanking DNA base pairs, and the second was the intercalat-
ing indenoisoquinoline inhibitor. The in vacuo 77— stacking
interaction energy was then calculated as Eingvac = Ecomplexvac —
Eliga.nd,vac - Ebp,vac + BSSE} where Ecomplex,vac) Eliga.nd,vac) and Ebp,vac
are the corresponding MP2/6-31G* calculated energies of com-
plex, ligand, and DNA base pairs at their normal distance in the
absence of intercalator (Table 2). Similarly, the energy of the
sr—7 staking interaction was also calculated in water (Eim’aq)
using the polarized continuum model. The dispersion and charge
transfer interaction components of the 77— staking have also
been determined. The dispersion (electron correlation) interac-
tion (E.or) was defined as the difference of energy calculated by
MP2 and HF methods at the 6-31G* level, ECorr = Eine(mp2) —

Eine(ur) (Table 2). Natural bond orbital (NBO) analyses have
been performed at the HF/6-31G** level of theory to determine
the charge transfer component (Table 2). The results of these
calculations showed that the slight decrease in the dispersion
force was outweighed by the increased charge transfer, leading to an
overall greater 71— stacking interaction energy for the 7-azainde-
noiusoquinoline (model B, Figure 8) vs the indenoisoquinoline
(model A, Figure 8) both in vacuo (Ejygyac) and in water (Eipeoq)-

In conclusion, a series of novel azaindenoisoquinolines have
been prepared. Two alternative derivatization pathways have
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been explored, and the established protocols were then used to
synthesize diverse products. All synthesized compounds were
evaluated in Topl-mediated DNA cleavage reactions in order to
establish the extent of their abilities to stabilize Top1-DNAcc and
hence their Topl inhibitory activities. The NCI screening for
antiproliferative activity demonstrated a slight but consistent
improvement of the cytotoxic properties of the azaindenoiso-
quinoline series over identically substituted, previously described
indenoisoquinolines. The role of the aminopropyl chain was also
investigated and demonstrated to play a crucial role in biological
activity, consistent with prior results for indenoisoquinolines.
The results of the DNA unwinding assay presented in this work
unambiguously show the effect this group has on the ability of the
drug to intercalate into both free DNA and Topl-DNAcc.
Smaller amines (e.g, 17) allow intercalation into DNA in the
absence of Topl, while larger ones (e.g, 20) do not. This
explains why indenoisoquinolines with smaller amines suppress
DNA cleavage by Topl1 at high drug concentrations.

B EXPERIMENTAL SECTION

General. Melting points were determined using capillary tubes with
a Mel-Temp apparatus and are uncorrected. The nuclear magnetic
resonance spectra ("H and *C NMR) were recorded using ARX300 300
MHz and DRXS500 500 MHz Bruker NMR spectrometers. IR spectra
were recorded using a Perkin-Elmer 1600 series FTIR spectrometer.
Purity of all tested compounds was >95%, as established by combustion
analysis. Combustion microanalyses were performed at the Purdue
University Microanalysis Laboratory or Galbraith Laboratories Inc.,
and the reported values were within 0.4% of the calculated values.
HPLC analyses were performed on a Waters 1525 binary HPLC pump/
Waters 2487 dual A absorbance detector system. Analytical thin-layer
chromatography was carried out on Baker-flex silica gel IB2-F plates, and
compounds were visualized with short wavelength UV light. Silica gel
flash chromatography was performed using 230—400 mesh silica gel.

General Procedure for the Preparation of 7-Aza-5,6-dihy-
dro-5-oxo-11H-indeno[1,2-clisoquinolines 12—14. 3-Methyl-
picolonitrile (10, 3.0—4.0 g, 25.4—33.9 mmol, 1 equiv), NBS (6.78—
9.04 g, 38.1—50.8 mmol, 1.5 equiv), and AIBN (0.42—0.56 g, 2.5—3.4
mmol, 0.1 equiv) were diluted with 1,2-dichloroethane (80—100 mL),
and the reaction mixture was heated at reflux for 2 h. The reaction
mixture was concentrated to half its original volume, filtered, and the
filtrate was concentrated to dryness to provide crude 11. Compound 11
was diluted with acetonitrile (100—12S mL). The appropriate homo-
phthalic anhydride (5, 6, or 7, 6.8—12.4 g, 41.9—55.9 mmol, 1.65 equiv)
was added, followed by triethylamine (18—24 mL, 127.0—169.5 mmol,
S equiv), and the solution was heated at reflux for 10 h. The solution was
allowed to cool to room temperature and the precipitate was filtered and
washed with hot acetonitrile (2 x 35 mL) to provide the desired
compound.

General Procedure for the Preparation of 7-Aza-5,6-dihy-
dro-5,11-dioxo-11H-indeno[1,2-clisoquinolines 15—17. The
appropriate  7-aza-5,6-dihydro-S-oxo-11H-indeno[1,2-c]isoquinoline
(12—14, 0.50—1.0 g 1.8—4.27 mmol, 1 equiv) and SeO, (0.4—
095 g 3.6—8.54 mmol, 2 equiv) were diluted with 1,4-dioxane
(125—250 mL) and heated at reflux for 16 h. The reaction mixture
was filtered, the filtrate was concentrated, and the precipitate was washed
with MeOH (2 x 50 mL) to provide the desired product.

General Procedure for the Preparation of 7-Azaindenoi-
soquinolines 18—23. The appropriate 7-aza-S,6-dihydro-5,11-di-
oxo-11H-indeno[1,2-cJisoquinoline (15—17, 94—248 mg, 0.31—1.0
mmol, 1 equiv) and triphenylphosphine (262—786 mg, 1.0—3.0 mmol,
3 equiv) were diluted in THF (16—50 mL). The appropriate alcohol

[3-dimethylamino-1-propanol (0.17—0.21 mL, 1.46—1.82 mmol,
3 equiv) or 3-morpholinopropan-1-ol (145—43S mg, 1.0—3.0 mmol,
3 equiv)] was added, followed by DIAD (202—606 mg, 1.0—3.0 mmol,
3 equiv). The solution was stirred at room temperature for 64 h. As the
reaction reached completion, all of the solid material dissolved. The
reaction mixture was concentrated to dryness. The solid was purified by
flash column chromatography (SiO,), eluting with 1% MeOH in
CHCI;, to provide a dark-orange solid. The solid was further purified
by treating it with 3 M HCI in methanol (15 mL) for 2 h at room
temperature with stirring. The solution was concentrated to dryness.
The orange solid was diluted in ethyl ether (50 mL). The hydrochloride salt
of the product precipitated and was collected using vacuum filtration,
washing with ethyl ether (3 X 15 mL), to provide an orange solid.
General Procedure for the Preparation of 7-Azaindenoi-
soquinolines 21—25 and 29—31. Sodium hydride (95%, S0 mg,
2 mmol, 2 equiv) was added to a mixture of the appropriate 7-aza-5,6-
dihydro-5,11-dioxo-11H-indenol[ 1,2-cisoquinoline (15, 243 mg, 1 mmol,
1 equiv, or 16,308 mg, 1 mmol, 1 equiv) and DMF (6 mL) at —5 °C, and
the resulting mixture was allowed to warm to room temperature over 3 h.
The resulting clear dark red solution was cooled to —5 °C, and 1,3-
dibromopropane (788 mg, 4 mmol, 4 equiv) was added. The solution
was stirred at room temperature for 12 h. The reaction mixture was
quenched with water (S0 mL). The products were extracted with
chloroform (3 x 10 mL). The combined extracts were washed with
water (3 X 10 mL), brine (10 mL), dried with sodium sulfate, and
concentrated under reduced pressure. The residue was subjected to flash
column chromatography (silica gel, CHCl;). The appropriate amine
(140.3—200 mg, 2.3 mmol, 2.3 equiv) was added to a solution of crude
intermediate in 1,4-dioxane (10 mL). The resulting mixture was heated
to reflux for 6 h. The solvent was evaporated under reduced pressure,
and the residue was redissolved in chloroform (30 mL). The chloroform
solution was washed with water (3 X 5