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/Abstract: A versatile one-step two-component cyclization to
build new tetracyclic nitrogen heterocycles is described.
Ortho-methylhetarenecarbonitrile components were con-
densed with aldehydes to access a large library of differently
substituted ring systems. The heterocyclic core can be easily
modified by variation of the position of the endocyclic nitro-
gen atom in the o-methylhetarenecarbonitrile substrate. The
manner of the nucleophilic attack that leads to the conden-
sation can be triggered by different electron-density distri-
bution in the molecule induced by the position of the nitro-

N

gen atom. Taking this into account, there is an electronic
preference that leads to either pyridophenanthrolines or the
corresponding pyridoazacarbazoles as the main products.
We demonstrate the high antitumor potential of some of
our synthesized heterocycles, which is strongly dependent
on the substitution pattern introduced through the alde-
hyde component. The position and number of endocyclic ni-
trogen atoms play an important role regarding cytotoxicity
of the studied compounds.

/

Introduction

With 8.2 million deaths worldwide caused by a cancer burden
in 2012, malignant tumor diseases are one of the leading
causes of mortality. The number of individuals suffering from
cancer is predicted to rise by about 70% in the next 20 years,
thus therapy of malignancies becomes more and more impor-
tant, in addition to prevention.! Research in the field of new
antitumor agents is gaining a growing relevance in medicinal
chemistry. Widely studied classes of compounds include sub-
stances that possess a benzo[c]phenanthridine core, which is
known for its broad pharmacological activity. Besides antimi-
crobial and antiviral properties, antitumor activity has also
been described for compounds with this structural element.”
Naturally occurring compounds with the benzo[c]phenanthri-
dine skeleton, including fagaronine (5) and nitidine (6), extract-
ed from plants of the Rutaceae family, are among the most-
commonly isolated and characterized alkaloids with respect to
their antitumor activity. These two natural alkaloids are espe-
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cially known for their anticancer activity based on inhibition of
enzymes from the topoisomerase family and their DNA interca-
lation abilities.*” The fact that 74% of all antitumor drugs ap-
proved between 1981 and 2002 were natural products or natu-
ral product-derived/inspired® in combination with their broad
spectrum of pharmacological activity™ reveals the importance
of synthetic access to benzo[c]phenanthridine derivatives.

In 2005 we reported a surprisingly simple one-step synthetic
procedure that involved condensation of o-tolunitrile (1;
2 equiv) with an aldehyde component 2 to give the complex
11-substituted  6-amino-11,12-dihydrobenzo[c]phenanthridine

heterocyclic structure 3. The corresponding fully aromatized

structures 4 were accessible by subsequent oxidation with 2,3-
[10]

dichloro-5,6-dicyano-p-benzoquinone (DDQ) (Scheme 1).

Scheme 1. One-step synthesis of 11-substituted 6-amino-11,12-dihydroben-
zo[c]phenanthridines 3 with subsequent dehydrogenation to the fully conju-
gated systems 4."” DMPU = 1,3-dimethyl-3,4,5,6-tetrahydropyrimidine-2-
(1H)-one.

Investigations concerning the antitumor activity of the syn-
thesized derivatives 3 and 4 at the U.S. National Cancer Insti-
tute (NCI) revealed promising results: the activities of 3 and 4
partially surpassed the cytotoxic activity of 5.%" Due to the
poor water solubility and high lipophilicity (logP>5) of this
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class of compounds application as potential pharmaceutical
product was very unlikely. To overcome these disadvantages
aza-analogues of the benzo[clphenanthridine class were syn-
thesized by substitution of o-tolunitrile with heterofunctional-
ized 4-methyl-3-cyanopyridine (7) in the established condensa-
tion reaction to give 11-substituted 6-amino-pyrido[3,4-c]
[1,9]phenanthrolines (8). Dehydrogenation provided the fully
aromatic ring systems. A remarkable decrease in lipophilicity
relative to the corresponding benzo[c]phenanthridine deriva-
tives 3 and 4 and an improvement in solubility was also dem-
onstrated."? The cytotoxic effect of this newly derived sub-
stance class could be maintained through the introduction of
two additional endocyclic nitrogen atoms."? Recently, we dem-
onstrated that the directional selectivity of the ring-closing re-
action that leads to four-membered heterocyclic systems can
be triggered by the position of the endocyclic nitrogen atom
in the o-methylhetarenecarbonitrile substrate. A new class of
nitrogen heterocycle, 6-substituted 5,6-dihydro-11H-pyrido[3,2-
-1-azacarbazoles (10), were accessible from 3-methyl-2-cyano-
pyridine (9) after optimization of the reaction conditions.
Again, preliminary investigations concerning the cytotoxic ac-
tivity of pyridoazacarbazoles 10 showed very promising re-
sults."™™ A schematic of the natural-product-inspired develop-
ment of heterocyclic structures based on the benzo[c]phenan-
thridine ring system is shown in Scheme 2.
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Scheme 2. a) Natural-product-inspired development of a one-step synthesis
of benzo[c]phenanthridine derivatives 3 and 4."% b) Access to two different
nitrogen heterocycles, pyrido[3,4-c][1,9]phenanthrolines 8 and pyrido[3,2-i-
1-azacarbazoles 10, by the established synthetic route.'>'?

Results and Discussion
Chemistry

A common way to optimize the absorption, distribution, me-
tabolism, excretion, and toxicity (ADMET) features of a com-
pound whilst maintaining biological activity is “scaffold hop-
ping”. One possibility to realize the change required in the
scaffold is isosteric replacement of certain atoms in the struc-
tural core.™ This strategy has been successful for the develop-
ment of new topoisomerase | (Top I) inhibitors as potential an-
-8308
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ticancer agents by optimization of the binding to the Top I-
DNA covalent complex, as well as for marketed drugs, for ex-
ample, identification of Vardenafil by scaffold hopping from Sil-
denafil.">"” One of the most-popular isosteric pairs, especially
in compounds that possess a heterocyclic scaffold, are CH and
N.'>1618 This replacement is often linked to improved solubili-
ty and reduced lipophilicity, which we have already shown for
the pyrido[3,4-c][1,9]phenanthrolines 8."*'" Additionally, pyri-
dine and pyrimidine rings are common motifs in the structures
of approved drugs."? The advantages regarding drug design
and the possibility to trigger the direction of the nucleophilic
attack and access new unknown heterocyclic classes with inter-
esting chemical properties encouraged us to investigate the
synthetic potential of our straightforward synthetic procedure.

A hitherto unreported heterocyclic class, 11-substituted
11,12-dihydropyrido[3,2-c][1,7]phenanthrolines (12) could be
obtained from 2-methylnicotinonitrile (11) by using our one-
step cyclization method (Scheme 3).

N KOtBu
DMPU
2 S . OYH
= 3hrt
CN R

1"

Scheme 3. Isosteric replacement of 1 by 11 leads to the unknown heterocy-
clic class of pyrido[3,2-c][1,7]phenanthrolines 12.

When 3-methyl-4-cyanopyridine (13) was used as the o-
methylhetarenecarbonitrile substrate a coincident synthesis of
two new heterocyclic structures, 11-substituted 11,12-dihydro-
pyrido[4,3-c][1,8]phenanthrolines (14) and 6-substituted 5,6-di-
hydro-11H-pyrido[3,4-]-3-azacarbazoles (15), was realized
(Scheme 4). The two compound classes could be separated
easily by column chromatographic purification. Though separa-
tion could be realized, complete purification of byproducts 15
was not successful. Nevertheless, detailed NMR spectroscopic
investigations proved the structures without any doubt.

ZT
\

Scheme 4. Cyclization of 13 with aldehydes 2 leads to two new heterocyclic
systems, pyrido[4,3-c][1,8]phenanthrolines 14 and 11H-pyrido[3,4-]-3-azacar-
bazoles 15.

To investigate the applicability of our one-step synthetic pro-
cedure with pyrimidine moieties, 4-methyl-5-cyanopyrimidine
(16) was condensed with different aldehydes 2. Again, a hither-
to unreported substance class with two additional nitrogen
atoms in the scaffold could be obtained, namely 11-substituted
1-aza-11,12-dihydropyrimidol[5,4-c][1,9]phenanthrolines 17;
Scheme 5).
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Scheme 5. The introduction of two additional nitrogen atoms into the scaf-
fold was possible by utilizing substrate 16 in a straightforward cyclization re-
action to afford 1-aza-11,12-dihydropyrimidol[5,4-c][1,9]phenanthrolines 17.

Mechanism of formation

The formation of either pyridoazacarbazoles 15, pyridophenan-
throlines 12 and 14, or azapyrimidophenanthrolines 17 is
strongly dependent on the o-methylhetarenecarbonitrile sub-
strate. Two alternate nucleophilic attacks lead to the different
heterocyclic classes, therefore the formation of each can be
triggered by the position of the endocyclic nitrogen atom in
the o-methylhetarenecarbonitrile substrate (Scheme 6).

Under the strongly basic reaction conditions deprotonation
of the methyl group of the o-methylhetarenecarbonitrile com-
ponent results in carbanion 1a. Nucleophilic attack at the car-
bonyl group of aldehyde 2 forms alcoholate 18, which is sub-

-KOtBu
-H,0

‘ + HOtBu

W=N W=Z=CH
X=z=CH X=N

W=Z=N
X=CH

+H0
- K*‘
-OH
12 W=N 44 W=Z=CH 47 W=Z=N 2
X=Z=CH X=N X=CH

Scheme 6. Postulated mechanism for the formation of pyrido[3,2-c][1,7]phe-
nanthrolines 12, pyrido[3,4-c][1,8]phenanthrolines 14, 1-azapyrimidol[5,4-c]
[1,9]phenanthrolines 17, or pyrido[3,4-1-3-azacarbazoles 15.
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sequently converted into the corresponding aza-analogous stil-
bene 19. Next, a vinologous Michael reaction that comprises
addition of a second molecule of carbanion 1a to the stilbene
double bond gives gives intermediates 20 which are represent-
ed by the mesomeric structures 20a and 20b. A 6-exo-dig in-
tramolecular ring-closing reaction gives iminonitrile 21 a, which
tautomerizes to provide enaminonitrile 21b. Enaminonitrile
21b is the key structure and directs the preference for either
a subsequent 6-exo-dig reaction to afford pyridophenanthro-
lines 12 and 14 and azapyrimidophenanthroline 17 or a 5-exo-
trig cyclization reaction to form pyridoazacarbazole 15. Accord-
ing to Baldwin® both ring-closing reactions are kinetically fa-
vored. Therefore, the formation of distinct heterocyclic systems
is determined solely by the charge distribution in the o-meth-
ylhetarenecarbonitrile substrate, which can be altered by differ-
ent positions of the endocyclic nitrogen atom(s). Regarding
the pyrido[3,2-c][1,7]phenanthrolines 12 and 1-aza-pyrimi-
do[5,4-c][1,9]phenanthrolines 17 only the 6-exo-dig cyclization
is observed due to negative polarization of the aromatic
carbon atom next to the nitrile group. The 6-exo-dig ring clo-
sure is observed for pyrido[3,4-c][1,8]phenanthrolines 14, the
partial positive charge also favors the concurring 5-exo-trig cyc-
lization, forming concomitantly the 11H-pyrido[3,4-i-3-azacar-
bazoles 15 under elimination of cyanide. In contrast, we re-
cently reported a postulated reaction mechanism for the for-
mation of pyrido[3,2-]-1-azacarbazoles 10. The 5-exo-trig cycli-
zation was strongly favored in this case. The corresponding 6-
exo-dig cyclization leading to the pyridophenanthroline skele-
ton was only observed in very small amounts."” In a simplistic
mechanistic picture, the influence of the ortho-nitrogen atom
in enhancing the electrophilic character of the endocyclic
carbon atom by polarization is much stronger for the
pyrido[3,2-i-1-azacarbazoles 10. This explains the isolation of
both 14 and 15 when the nitrogen atom is in a para position.
To reinforce the dependency of the manner of the nucleo-
philic attack on the position of the endocyclic nitrogen, Hiickel
analysis of the Hickel molecular orbital (HMO) electron densi-
ties for compounds 21b was accomplished by using the Mar-
vinSketch 6.0.6 programme. Indeed, for the pyrido[3,2-c]
[1,7lphenanthrolines 12 and 1-azapyrimido[5,4-c][1,9]phenan-
throlines 17 comparably high charge densities (1.07 and 1.08)
were calculated for the carbon atom next to the nitrile group,
which confirmed the low electrophilic character of this atom.
For heterocyclic classes 14 and 15 the charge density of the
carbon atom next to the nitrile group is remarkably lower
(1.04), which enhances its electrophilic character and is there-
fore responsible for the coincident formation of pyridophenan-
throlines 14 and pyridoazacarbazoles 15. In contrast, azacarba-
zole 10 was obtained almost exclusively when methylpyridine
9 was used."” This can be verified by the charge density of the
carbon atom next to the nitrile group (1.02), which is the
lowest in the considered series. The negative charge calculated
for the nitrile carbon atom in 21b is always 0.82 and is inde-
pendent of the nitrogen atom position in this simple model.
To investigate the influence of the number of nitrogen
atoms and their different positions in the diverse heterocyclic
scaffolds, but also to examine the impact of the substitution
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Compound R

Table 1. Yields of 11-substituted pyridophenanthrolines 12 and 14, azapyrimidophenanthrolines 17, and 6-substituted pyridoazacarbazoles 15 synthesized
by a one-pot two-step cyclization route (logD,, values are given in parentheses).
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- 14% (2.94) -
- 14% (3.48) -l

[a] Could not be obtained. [b] Not synthesized.

pattern at the C11 carbon atom, on the antitumor activity of
these new compounds, we synthesized a library of about 30
heterocycles (Table 1).

No general trend concerning the nitrogen atom position
was observed when the yields of the products obtained from
o-methylhetarenecarbonitrile substrates with differing numbers
and positions of nitrogen atoms in the one-step cyclization re-
action with various aldehydes 2 were compared. Higher water
solubility, strongly dependent on the C11 substituent, limited
the product yields by impeding isolation after the hydrolysis.
Therefore, compounds that possessed higher lipophilicity, for
example compounds with a 3,4-dichlorophenyl residue (12e,
14e, 17 e, 15e) were isolated in higher yields.

To investigate the influence of the different number and po-
sition of the nitrogen atoms on lipophilicity, logD,, values
were determined by HPLC analysis (Table 1). The C11- and C6
substituents had more influence on lipophility than the hetero-
cyclic core. The lipophilicities of the new aza-analogues 12, 14,
17, and 15 (logD,,=2.23-4.12) are similar to the lipophilicities
of pyrido[3,4-c][1,9]phenanthrolines 8. Therefore, the isosteric
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nitrogen heterocycles described herein showed a remarkable
decrease in lipophilicity relative to the benzo[clphenanthri-
dines 4.?

The potential of our versatile synthetic procedure is not lim-
ited to the broad range of substituents introduced via alde-
hyde 2 and the possibility to exchange the heterocyclic core, it
also provides a way to further functionalize key structural ele-
ments.

To increase the planarity of the scaffold, the C1THR—C12H,
moiety was dehydrogenated, a procedure that has already
been shown to enhance the antitumor activity of aminopyri-
do[3,4-c][1,9]phenanthrolines 8."? For this substance class we
developed two dehydrogenation methods depending on the
C11 substituent. In the presence of a halophenyl substituent
dehydrogenation was carried out with sodium hydride by
using an altered method described by Capra and Le Gall,*"
whereas derivatives that bore no halogen atom on the C11
substituent were dehydrogenated by treatment with palladium
on activated charcoal by utilizing a modified method described
by Meier et al."? After optimization of the reaction conditions
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23 W=N 5, W=Z=CH p5 W=Z=N
X=z=CH ~~  X=N X=CH

R = 3-chloropheny! for 23d, 24d and 25d
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1h
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23 W=N 24 W=CH
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R = 3,4,5-trimethoxyphenyl for 23¢ and 24¢

Scheme 7. Dehydrogenation of the 11,12-position increases the planarity of
the heterocyclic scaffolds of 23d, 24d, 25d, 23, and 24c¢, obtained from
three distinct cores 12, 14, and 17.

the two dehydrogenation methods were applied to the new
heterocyclic systems (Scheme 7).
The 11-unsubstituted 1-aza-11,12-dihydropyrimido[5,4-c]

[1,9]phenanthroline 26, the completely conjugated analogue
of series 25, was accessed in moderate yield by ipso protona-
tion and subsequent elimination of the C11 substituent of 17g
by using a method described by Li etal. (Scheme 8).22 We
have already showed the versatility of this concept in our syn-

thesis of the completely conjugated system of the 11H-[3,2-i-
13]

1-azacarbazoles 10.!

Scheme 8. Completely conjugated ring system 26 was accessible by elimina-
tion of the C11 substituent.

To investigate the influence of the C6 substituent on the cy-
totoxic effect of the newly derived substance classes 12 and
14 we transformed the 6-amino substituent into a 6-oxo sub-
stituent, which generated a lactam functional group. Conse-
quently, a hydrogen-bond acceptor replaced a hydrogen-bond
donor. We used a diazotization method that was reported by
Kornblum™! and modified by Meier et al.”” (Scheme 9). The
corresponding 6-oxo-functionalized structures were accessible
in yields between 22 and 83% and were strongly dependent
on the heterocyclic core and the C11 substituent.

In compounds 28¢, 28d, and 30d the C6 carbonyl moiety
could be further linked via the oxygen atom. To reach a maxi-
mum scaffold planarity to improve possible DNA intercalation
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12,14, 23, 24 27,28, 29, 30

Scheme 9. Synthetic access to the 6-oxo structures of two different hetero-
cyclic systems with various C11 substituents. 12, 23, 27, 28: W=N, X=CH,
14, 24, 29, 30: W=CH, X=N, 12 and 14: 11,12-dihydro, 23 and 24: 11,12-
dehydro, 27 and 29: 11, 12-dihydro, 28 and 30: 11,12-dehydro, 12¢, 14c¢,

23 c: R=3,4,5-trimethoxyphenyl, 14g: R=2,3,4-trimethoxyphenyl, 23d, 24d:
R=3-chlorophenyl, 27 ¢, 28 ¢, 29 c: R=3,4,5-trimethoxyphenyl, 29g:
R=2,3,4-trimethoxyphenyl, 28d, 30d: R=3-chlorophenyl.

only the 11,12-dehydrogenated derivatives were functionalized
further.

Enhancement of the cytotoxicity by introduction of an ami-
noalkyl sidechain has been reported for non-camptothecin
four-membered heterocycles.”?” The phenanthroline Topo-
vale (ARC-111) showed promising anticancer activity in human
tumor xenografts and its monomethyl sidechain analogue
Genz-644282 is currently being investigated in phase | clinical
trials.?®?% Structurally related indenoisoquinolines LMP400 (in-
dotecan) and LMP776 (indimitecan) are presently undergoing
phase | clinical trials. The presence of an aminoalkyl sidechain
in all the above-mentioned drug candidates combined with
the first successful potentiation of antitumor activity through
sidechain connection allowed us to apply this promising con-
cept to our new heterocyclic classes.?®?

To realize a structural approach to Topovale (ARC-111) a di-
methylaminoethyl sidechain was linked to the lactam oxygen
atom of 28¢, 28d, and 30d by a Mitsunobu reaction sequence
reported by Kiselev et al. (Scheme 10)."® The C6-functionalized
derivatives 31 and 32 were obtained in yields between 34 and
95% depending on the heterocyclic structure and the C11 sub-
stituent.

Dimethylaminoethanol

DIAD

THF
72h,rt

28, 30 31,32

Scheme 10. Synthesis of the 6-dimethylaminoethoxy derivatives 31¢, 31d,
and 32d. TPP =triphenylphosphane, DIAD = diisopropyl azodicarboxylate.
28,31: W=N, X=CH, 30, 32: W=CH, X=N, 28c: R=3,4,5-trimethoxyphen-
yl, 28d, 30d: R=3-chlorophenyl, 31 c: R=3,4,5-trimethoxyphenyl, 31d,
32d: R=3-chlorophenyl.

Antitumor activity

To investigate the antitumor activity of the new heterocyclic
classes and to determine structure-activity relationships re-
garding the position of the nitrogen atom and the C11- and
C6-substitution patterns, the cytotoxic effect on 60 human
tumor cell lines was determined at the U.S. NCI. The antitumor
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activity of each compound was evaluated in the NCI
60 in vitro cell line screening assay that comprises 60
cell lines derived from 9 different solid human tumor
types.®? In preliminary one-dose testing all com-
pounds were screened at a concentration of 10 um,
which provided a mean-growth percent averaged
over all 60 cell lines. Promising compounds (a mean-
growth value typically below 60%) were selected for
testing at five different concentrations. For each
tested cell line a dose-response curve was obtained,
which enabled calculation of the Glg, value, as well as
other parameters. The Gls, value represents the con-
centration required to result in 50% growth inhibi-
tion for each cell line, and can be averaged over the
whole cell line panel to gain a highly comparable
quantity for the tested compounds, namely, the
mean-graph midpoint (MGM) Gls,. In situations in
which the Gly, value is greater than 107*m (maximum
testing concentration) or less than 1078 m (minimum
testing concentration), the Glg, values are recorded
and replaced as 107*m and 1078 m.B"32

Regarding the 11,12-dihydro derivatives of the het-
erocyclic classes 12, 14, and 17 a strong dependency
of the antitumor activity on the C11 substituent is
clear (Table 2). For all three heterocyclic classes
a bromo- or chloro-phenyl moiety at C11 (12b, 12d,
14b, 14d, 17b, and 17d) is required for promising
antitumor activity. Structural elements possessing
a high-electron-density substituent (e.g., methoxy-
phenyl compound 17 h) proved to be less potent. A
strong influence of the number of endocyclic nitro-
gen atoms and their positions on cytotoxicity is also
clear from the data in Table 2. The 11,12-dihydropyri-
do[3,2-c][1,7]lphenanthrolines 12 and the slightly less
potent 1-aza-11,12-dihydropyrimido[5,4-c][1,9]phe-
nanthrolines 17 possess MGM Gls, values in the
range of the natural products 5 and 6 (9.48 um and
1.75 um, respectively).”™ However, the 11,12-dihydro-
pyrido[4,3-c][1,8]phenanthrolines 14 surpassed these
MGM Gls, values by one order of magnitude. For the
1-aza-11,12-dihydropyrimidol[5,4-c][1,9]phenanthro-
lines 17 the introduction of two additional nitrogen
atoms seems to reduce antitumor potency. Prelimina-
ry investigations concerning the antitumor activity of
the 5,6-dihydro-11H-pyrido[3,4-i-3-azacarbazoles 15
were less promising because none of the tested de-
rivatives showed sufficient cell-growth inhibition in
the NCI one-dose assay to enable selection for five-
dose testing.

For the completely conjugated derivatives a con-
verse dependency of the antitumor activity on the
C11 substituent was observed for a few derivatives
compared with their 11,12-dihydro analogues
(Table 3). A 3,4,5-trimethoxyphenyl residue revealed
the highest cytotoxic potential (23¢) with an MGM
Glg, value of 0.58 um. Consequently the 11,12-dehy-
drogenation transformation resulted in a high in-
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Table 2. NCI MGM Gls, values of 11-substituted 11,12-dihydropyridophenanthrolines
12 and 14 and 11,12-dihydroazapyrimidophenanthrolines 17.°

Compound R

73% at 10 uyM®  nt® 96% at 10 uM®

1.18 UM 051 uM 4.90 uM
OMe
MeO
c :@\ 95% at 10 uM®  84% at 10 uM® 101 % at 10 uM®
MeO
cl
d @\ 234 uM 0.47 uM 4.68 uM
Cl
Cl [al
e 3.72 M 0.66 UM 95% at 10 uM
9
f o n.t. n.tl 102% at 10 Mm@
OMe
M M:
g e0\©/\0 © 99% at 10 uM®  99% at 10 uM®  70% at 10 uM®
OMe
h ©\ - - 88% at 10 pM™
F
i @\ _ld _[d n.t.[‘]

4.90 UM

[a] Not selected for five-dose testing due to insufficient inhibition of cell growth in
preliminary one-dose testing at 10 um. [b] Not tested. [c] Not selected for testing.
[d] Not synthesized.

Table 3. NCI MGM Gls, values of 11-substituted pyridophenanthrolines 23 and 24 and
azapyrimidophenanthrolines 25.°¥ (logD, , values are given in parentheses).

SN
N 7
Compound R AN
NH,
24
OMe
MeO 41% at 10 pM™ o1
c 0.58 uM (3.16) (3.59) -
MeO
Cl
d 60% at 10 pM®’  36% at 10 uM® 84 % at 10 uM™
(4.19) (4.33) (2.63)
26 -H o o 96% at 10 uM™

(2.38)

[a] Not selected for five-dose testing due to insufficient inhibition of cell growth in
preliminary one-dose testing at 10 um. [b] Not synthesized.
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crease of antitumor activity for this compound. In
contrast 11,12-dehydro derivatives that bore a 3-
chlorophenyl substituent (23d, 24d, and 25d) were
less potent than their 11,12-dihydro analogues (12d,
14d, and 17d). In the case of the 1-aza-11,12-dihy-
dropyrimido[5,4-c][1,9]phenanthrolines 17 the influ-
ence of a completely unsubstituted and fully aromat-
ic system 26 on the cytotoxic potency was investigat-
ed. The growth-inhibitory effects of this compound
were not efficient enough to be tested at five con-
centrations. These findings demonstrate the necessity
of a bulky C11 substituent for antitumor properties
to be displayed.

To investigate the influence of the nature of the C6
substituent on antitumor activity derivatives 27 ¢ and
29c¢ were examined in the NCI 60 human tumor cell
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Table 5. NCI MGM Gls, values of 11-substituted 6-oxo-11,12-dehydrogenated pyrido-
phenanthrolines 28 and 30.%* (logD, , values are given in parentheses).
R N R SV
Ny ¥ N %
Compound R L LA NH
(e} (e}
28 30
OMe
MeO
c 1.12 uM (2.30) -
MeO
Cl
d 86% at 10 uM™ (4.20) 39.8 UM (3.82)
[a] Not synthesized. [b] Not selected for five-dose testing due to insufficient inhibition
of cell growth in preliminary one-dose testing at 10 um.

Table 4. NCI MGM Gly, values of 11-(3,4,5-trimethoxyphenyl)-substituted 11,12-dihy- lactam derivative 28d a slight decrease in antitumor
dropyridophenanthrolin-6-ones 27 ¢ and 29 ¢.*® (logD,, values are given in parenthe- activity was observed relative to the 6-amino ana-
ses) logue 23d, and the latter was less potent than the
R N R SN related 6-amino-11,12-dihydro derivative 12d.

Ny P N . A significant improvement of cytotoxicity by intro-

Compound R A w N NH duction of an aminoalkyl sidechain was not observed
o 0 (Table 6). The cytotoxicity of the new heterocyclic

7 2 structures depends on the distinct positions of the

OMe nitrogen atoms in combination with the C11 substitu-

c MeO 0.71 uM (2.33) 989% at 10 uM™ (2.05) ent, rather than on a single substitution pattern such
MeO as the aminoalkyl sidechain. Nevertheless derivatives

31c and 31d showed promising antitumor activit

[a] Not selected for five-dose testing due to insufficient inhibition of cell growth in ) K P 9 . Y
preliminary one-dose testing at 10 pm. with assumed higher water solubililty as a result of

line screening assay (Table 4). The results are contrary for the
two heterocyclic classes 27 and 29, which differ only in the po-
sition of their two endocyclic nitrogen atoms. In the case of 6-

oxo-pyridophenanthroline 27 ¢ a remarkable increase
in antitumor potency compared with its 6-amino ana-
logue 12c is produced by replacement of a hydro-
gen-bond donor by a hydrogen-bond acceptor; this
was not the case for 6-oxo-pyridophenanthroline
29c. These findings demonstrate a predominant in-
fluence of the heterocyclic core on cytotoxicity in the
case of 6-oxo functionalization, which is in contrast
to the 6-amino derivatives of the tetracyclic ring sys-
tems, for which the impact of the C11 substituent
seemed to dominate (Tables 2 and 3).

A slight decrease of antitumor activity was ob-
served for 11,12-dehydro derivative 28c relative to
the 11,12-dihydro analogue 27c (Table 4 and 5). In
the case of 11-chlorophenyl-substituted derivative
30d higher activity was observed relative to its 6-
amino analogue 24d, but 30d is still two orders of
magnitude less potent than the corresponding 6-
amino-11,12-dihydro derivative 14d. For the isosteric

Chem. Eur. J. 2016, 22, 8301 -8308 www.chemeurj.org

the basic sidechain.

The antitumor activity of the new aza-analogues
could be maintained by isosteric replacement. A simi-
lar, and partially even better, cytotoxic activity was observed
for the new heterocyclic series relative to the benzo[c]phenan-
thrindines 4 and pyrido[3,4-c][1,9]phenanthrolines 8.1

Table 6. NCI MGM Gl;, MGM values of 11-substituted 6-dimethylaminoethoxy-11,12-
dehydrogenated pyridophenanthrolines 31 and 32.%
R N
N Z
I
Compound R AN
O\/\N/
32 I
OMe
MeO
c 0.53 uM (3.70) -t
MeO
cl
d 1.48 UM (4.62) 26% at 10 uM™® (4.47)
[a] Not synthesized. [b] Not selected for five-dose testing due to insufficient inhibition
of cell growth in preliminary one-dose testing at 10 pm.
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Conclusion

The high applicability of a facile one-step synthesis to build
tetracyclic nitrogen heterocycles was demonstrated. With this
versatile synthetic tool it was possible to synthesize large libra-
ries of differently substituted heterocyclic systems. The high
variability of the substitution pattern, defined by the aldehyde
component 2, in addition to the ability to vary the position
and number of endocyclic nitrogen atoms, specified by the o-
methylhetarenecarbonitrile substrate, emphasize the practica-
bility of our synthetic route. The direction of the nucleophilic
attack of the cyclization reaction can now be easily predicted
and triggered by the electronic distribution in the o-methylhe-
tarenecarbonitrile substrate, which is determined by the posi-
tion of the endocyclic nitrogen atom(s). This results in either
pyridoazacarbazoles or pyridophenanthrolines and azapyrimi-
dophenanthrolines, which can be further functionalized. Very
promising antitumor activity was determined in the NCI 60
human tumor cell line screening assay for three of the hetero-
cyclic series: some of the derivatives were more active than
the naturally occurring derivatives 5 and 6. The anticancer ac-
tivity was strongly dependent on the C11 substituent, but also
varied with the number of endocyclic nitrogen atoms and their
position in the ring. We further demonstrated a distinct de-
crease in lipophilicity of the aza-analogues relative to the iso-
steric class of the benzo[c]phenanthridines.

The mechanism leading to the anticancer activity of these
new heterocyclic classes and possible differences in the mech-
anism of action depending on the heterocyclic scaffold is the
subject of future studies.
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