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INTRODUCTION

Over the years, azaheterocyclic compounds with condensed nuclei have received
increased attention due to their multiple applications in various fields such as: pharmaceutical,
industrial, or synthetic. The importance of these compounds in the pharmaceutical field is
highlighted by the presence of a heterocycle in the structure of various natural and synthetic
medicinal drugs. Of this category, the class of nitrogen heterocycles represents the most
significant class in nature as a structural unit.

These structures represent the basic skeleton of some categories of medicinal drugs,
plastics, dyes and even cosmetics. The presence in the same structural unit of two or more
heterocyclic structures could bring new properties. Considering the several aspects presented,
the topic chosen for the doctoral thesis was the synthesis, structural characterization, properties
and antimicrobial/anticancer testing of new quaternary salts with benzo[f]quinolinic skeleton.

Following the tradition of the research laboratory of Prof. univ. dr. Magda Petrovanu,
(where | did my doctoral training), | wanted to continue the research whose basis was laid by
Prof. univ. dr. Magda Petrovanu (it was a great honor for me to be my professor and a model
during the student years) and Prof.univ. dr. loan Zugravescu.

The synthesis of these cycloimonium salts was carried out starting from quaternized
benzo[f]lquinoline with different halogenated derivatives with increased reactivity, having
aliphatic residue or acetophenone skeleton.

An important concern consisted in elucidating the structure of new cycloadducts by
spectral analysis and testing them for antimicrobial and anticancer activity.

The doctoral thesis is entitled "AZAHETEROCYCLES WITH CONDENSED
NUCLEI. SYNTHESIS, STRUCTURE, PROPERTIES" and it is structured in two main
parts: literature study with reference to benzo[f]lquinoline, structure, synthesis methods,
physical and chemical properties, biological properties (antimicrobial, anticancer), optical
properties and the part of personal research that had as its main purpose the continuation and
deepening of research in the field of benzo[f]quinoline and derived ylides, both for studying
and elucidating some theoretical aspects, as well as for studying and finding some practical

applications, especially in the top field of synthetic drugs.



Azaheterocycles with condensed nuclel. Synthesis, structure,

1. PERSONAL RESEARCH

The objectives of the doctoral thesis

The doctoral thesis entitled "AZAHETEROCYCLES WITH CONDENSED NUCLEL.
SYNTHESIS, STRUCTURE, PROPERTIES ™ had as its main purpose the continuation and
deepening of research in the field of benzo[f]quinoline and derived ylides, both for the study
and elucidation of some theoretical aspects, as well as for the study and finding of practical
applications, especially in the top field of synthetic drugs. The research presented in this paper
focused on the following operational objectives:

> Synthesis and structural characterization of new quaternary salts with

benzo[f]quinoline skeleton (K-type);

> Study of dipolar [3+2] cycloaddition reactions of benzo[flquinolinium ylides to

symmetrically substituted activated alkenes. Aspects of stereochemistry;

> Study of dipolar [3+2] cycloaddition reactions of benzo[flquinolinium ylides to

symmetrically substituted activated alkynes;

> Study of dipolar [3+2] cycloaddition reactions of benzo[flquinolinium ylides to

unsymmetrically substituted activated alkynes. Aspects of regiochemistry;

> Obtaining new azaheterocyclic compounds with a condensed structure from the
class of benzoquinone-pyrrolo-benzo[f]quinoline (type L), pyrrolo-benzo[f]quinoline

(type M and M") and tetrahydropyrrolo-benzo[f]lquinoline ( type N);

> The structure of the new compounds obtained was proven by modern methods
of organic structural analysis: FT-IR, *H-NMR, *C-NMR, one- and two-dimensional
correlation spectra, high-resolution mass spectrometry (HRMS), X-ray analysis on

single crystal,

> The study of the biological properties of some of the new compounds obtained,

especially their antibacterial, antifungal, and anticancer activity.

The above objectives can be rationalized according to the scheme below, Figure 11.1.
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Figure 11.1. Logical scheme of the objectives of the doctoral thesis.

I1.1. Synthesis of quaternary benzo[flquinolinium salts

In a first stage of the research, the synthesis of new quaternary benzo[f]quinolinium salts
with an aliphatic or aromatic residue was carried out, adopting the salt method proposed by
Kronke*’, but also improving the methods described in the literature53%, Thus, a series of
quaternary benzo[f]lquinolinium salts (4a-d), (5a-i) were synthesized, starting from
benzo[f]quinoline (1) and halogenated derivatives with increased reactivity, having an aliphatic
residue (2a -d), respectively acetophenone skeleton (3a-i) (figure 11.2)%. The quaternization
reactions were carried out using acetone or acetonitrile mixture: toluene (1.5:1 v/v) as solvent,
the yields in the desired product being satisfactory (57%-87%).
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Figure 11.2. Synthesis of quaternary benzo[f]quinolinium salts with aliphatic residue (4a-d),

respectively aromatic skeleton (5a-i).

The quaternary salts with an aliphatic residue (4a-c), respectively the quaternary salt
with an aromatic residue (5¢) were previously reported in the literature®¢, but within this thesis
the efficiency of the chemical synthesis was achieved, which results from the increase in the
yield of the desired product, decreasing the amount of solvent used, as well as reducing the

working time.

As a representative of the series of quaternary salts with aliphatic residue (4a-d), the

benzo[f]lquinolinium salt (4d) with propargylic residue was chosen.

Thus, in the 'H-NMR spectrum of the quaternary salt with a propargylic residue, the
most unscreened signal is the one provided by the H-4 proton from the pyridine nucleus which
appears at the chemical shift of 10.22 ppm, in the form of a doublet, having a coupling constant
J = 8.5 Hz. The next signal is the one provided by the H-2 proton which appears at 6 = 9.68
ppm, this descreening being due to its existence in the vicinity of the quaternary nitrogen atom.
The correct assignment of these signals was achieved with the help of the HMBC correlation
(*H-13C distance correlation), so in this spectrum we can see the distance correlation between
the signal of H-2 proton and the C-11 carbon of the methylene residue. The signal of the H-13
acetylenic proton appears as a singlet at a characteristic chemical shift of 6 =4.07 ppm.

The 3C-NMR spectrum of the representatively chosen benzo[f]quinolinium salt (4d)
confirms the proposed structure, thus the most unscreened signal is that provided by the C-2
carbon of the pyridine nucleus (6 = 146.8 ppm), chemical shift which is due to its existence in

the vicinity of the quaternary nitrogen atom. The signal of the methylene carbon C-11 appears
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at characteristic chemical shifts (6 = 47.8 ppm). The carbon atoms in the triple bond C-12 and
C-13 provide signals characteristic of acetylenic carbon atoms (& = 75.8 ppm and & = 81.6 ppm,
respectively). The other remaining signals in the 'H-NMR and '*C-NMR spectra are also in
accordance with the proposed structure.

Table I1.1 shows the main absorption and deformation bands characteristic of the
representatively chosen quaternary benzo[f]quinolinium salt (4d). Thus, the most important
absorption bands are provided by the vibration of the alkyne C-H bond, as well as the vibration
of the alkyne bondC=C which appear at the wave numbers 3149 cm? and 2117 cm?,

respectively, and have an average intensity.

Table 11.1 The main vibration (v) and deformation (8) bands of the quaternary salt 4d.

Wave number (v) (cm™) Type of bonding/vibration

3149 vC-Haromatic, vC-Halkyne
2894 VC-Haliphatic
2117 ve=c

1602, 1511 VC=Caromatic; VC=Naromatic
1424 dCsp3-H

1346-1235 dCsp2-Haromatic

807, 750 dc-H
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From the series of nine quaternary benzo[flquinolinium salts with an aromatic skeleton
(5a-1), two cycloimonium salts (5f) having a nitro group as a substituent in para to the aromatic
nucleus, respectively (5g) having as substituent in para a halogen atom, namely bromine.

In the IR spectrum of the quaternary salt with a p-nitro residue (5f) (figure 11.10), the
most important absorption bands are provided by the vibration of the aromatic, respectively
aliphatic C-H bond that appear at the wave numbers 3032 cm* and 2963 cm-?, respectively.The
nitro group is highlighted by two characteristic bands that appear at wave numbers 1520 cm™!
(corresponding to the asymmetric valence vibration of the N-O bond (vN-Oasim)), respectively
1349 c¢cm? (vN-Osim). The band characteristic of the carbonyl group appears at 1717 cm?
(vC=0).

In the IR spectrum of the quaternary salt with p-bromo residue (5g) (figure 11.11) the
most important absorption bands are provided by the vibration of the carbonyl bond(1696cm™)

as well as the aromatic C-H bonds (3018 cm?), respectively aliphatic (2911 cm't).

0.45 -

0-4 ‘ -
i
8 e HO,
vV N-Os5im el
0.3 W M-O Bsim gf

LU

S PR R

Y AT —————

500 1000 1500 v {errl) 2000 2500 3000

Figure 11.10. IR spectrum of 1-(4-nitrophenacyl) benzo[flquinolinium bromide (5f).
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Figure 11.11. IR spectrum of 1-(4-bromophenacyl) benzo[flquinolinium bromide (5g).
Considering what is presented in this sub-chapter, the following conclusions can be

formulated:
e a series of quaternary benzo[f]quinolinium salts with an aliphatic residue (4
cycloimonium salts) and with aromatic skeleton (9 cycloimonium salts),

respectively were synthesized,;

11.2. Synthesis of new pyrrolo-benzo[f]lquinoline derivatives and
tetrahydropyrrolo-benzo[f]quinoline derivatives

11.2.1.1 Dipolar [3+2] cycloaddition reactions with 1,4-naphthoquinone

Part of the quaternary benzo[f]quinolinium salts, previously synthesized, were subjected
to dipolar [3+2] cycloaddition reactions to synthesize new compounds with pyrrolo-
benzo[f]quinolinic structure. Thus, by the reaction of quaternary salts with aliphatic residue
(4a-c) or with an aromatic residue respectively (5 d, h, i) with a symmetrically substituted cyclic
alkene dipolarophile, namely 1,4-naphthoquinone (6), in chloroform using triethylamine as a
base, the corresponding cycloadducts with pyrrolo-benzo[f]lquinoline structure (7a-f) were
obtained, with satisfactory product yields (42%-62%) (figure 11.13)
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1
@ Et3N/CHC13
Bre reflux

(4a-c/5d,h,1)

(4a,7a) R= -NH,
(4b,7b) R= -OMe
(4¢,7¢) R= -OEt
(5d,7d) R= -C(HsPh(p)
(5h,7¢) R= -C,HCl(p)
(5i, 7f) R= -C(HsF(p)

Figure 11.13. Synthesis of cycloadducts with pyrrolo-benzo[f]quinoline structure (7a-f).

The mechanism of these dipolar [3+2] cycloaddition reactions consists in the in situ
generation of ylides (8a-c/9d, h, i) in the presence of triethylamine from the corresponding
quaternary salts (4a-c/5d,h,i). They react in the form of dipole-1,3 (B) with 1,4-naphthoquinone
(6), used as a symmetrically substituted cyclic alkene, thus obtaining non-isolation
tetrahydropyrrolo-benzo[f]lquinolinic derivative intermediates (C) which, after an oxidative
dehydrogenation process, lead to the formation of stable cycloadducts (7a-f) with a fully

aromatized structure (figure 11.14).

Et;N

7
Br
Kg/R Et;N- HBr

(4a-c/5d,h,i)

dehidrogenare
oxidativa
~4[H]

- ©

Figure 11.14. Synthesis mechanism of pyrrolo-benzo[f]quinolinic cycloadducts (7a-f).

The structure of the new pyrrolo-benzo[f]quinolinic cycloadducts (7a-f) was proved by
nuclear magnetic resonance spectroscopy (*H-, 13C -NMR and two-dimensional 2D-COSY,
HMQC, HMBC spectra), infrared spectroscopy (FT-IR spectra), mass spectrometry (HRMS

spectra), as well as single crystal X-rays (for compound 7c).
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From the series of six new cycloadducts with pyrrolo-benzo[f]quinoline structure(7a-f),
the compound with p-phenyl residue (7d) was chosen as representative. The solubilization of
the compound for recording the NMR spectra was carried out in deuterated chloroform also
using a few drops of deuterated TFA (trifluoroacetic acid) because the compound is not totally
soluble in chloroform.

In the IR spectrum of the derivative with pyrrolo-benzo[flquinoline structure (7d), the
most important absorption bands are provided by the vibration of the aromatic and aliphatic C-
H bond respectively that appear at the wave numbers 2991 cm and 2889 cm™, respectively
(figure 11.18). The absorption band characteristic of the ketone carbonyl group (from the
acetophenonic residue) appears at 1661 cm™ (vc=oacetophene). Ketonic carbonyl groups from the
naphthoquinone residue appear at lower wave numbers 1633 cm™ and 1599 cm respectively
(vc=onaphto). In the range 1545-1464 cm there appear absorption bands characteristic of the
valence vibration of the aromatic C-C bond superimposed with the valence vibrations of the C-

N bonds in the pyridinic/pyrrolic nuclei (vc-carom, Ve pyridinicipyrrolic) (Figure 11.18).

0,5 -

0,45

0,4

v(C- Camm .
vC-N piridinicipirolic

0,35

20,3
= vC=0mafio
0,25 1 i’C‘O f

0,2 l

0,15 -

0,1 - | ]

vO-Hanr YC-Harom

0,05 - u ' B . 4/"’\,;

0

650 1150 1650 2150 2650 3150

v(cm™)

Figure 11.18. IR spectrum of 15-([1,1'-biphenyl]-4-carbonyl)benzo[f]benzo[5,6]isoindolo[2,1-
aJquinoline-9,14-dione (7d).

Single crystal X-ray studies revealed that the derivative with pyrrolo-benzo[f]quinoline
structure (7c) crystallizes in an anhydrous form, the asymmetric unit being represented by one
molecule (figure 11.19-a). The cell is described by a triclinic system with a P-1 symmetry
group, having the parameters a = 6.9814 A, b =11.3238 A, ¢ = 13.1202 A, o= 78.690°, B =
75.608°, y = 81.707°, occupying a total volume of 980.18 A3, specific for 2 compound

15
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molecules. Typical intermolecular interactions are not present for this compound. When packed

(figure 11.19-c), the array of molecules is distributed in a planar configuration with respect to

each other, except for the ethyl carboxylic group.

b-axis view

Figure 11.19. Asymmetric unit (a); elementary cell (b); packing of the molecules in the

c-axis view

2x2x2 crystal (c) for compound (7¢). *Hydrogen atoms are highlighted in figure (a) only.

The following table highlights the main structural information related to the X-ray

diffraction analysis of the cycloadduct (7c¢). Orange coloured single crystals were obtained by

slow crystallization using absolute ethanol. In Appendix 1, the data from checkCIF files of the

discussed cycloadduct (7c) are presented.

Table 11.2 Crystallographic data and refined structure information of ethyl 9,14—dioxo-9,14—

dihydrobenzo[f]benzo[5,6] isoindolo[2,1-a]quinoline—15—carboxylate ( 7c ).

Molecular formula C27H17NO4 Crystal size /mm3 0.04 x 0.06 x 0.78
Molecular mass 419.42 Radiation CuKa (A=
1.54184)
Temperature/K 293(2) 20 range for data 3.528 to 70.862
collection/°
The crystalline system triclinic Index ranges -5<h<-8,-13<
k<13,-16<1<
15
Space group P-1 Reflections collected 7201
Cell lengths (A ) a=6.9814(4) | Independent 3685 [Rint =
b= reflections 0.0149, Rsigma =
11.3238(8) 0.0253]
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c= 13.1202(9)
Cell angles /° a=78.690(6) | Data/restraints/param | 3685/6/290
B=75.608(6) | eters
v=81.707(5)
Cell volume /A3 980.18(12) Goodness-of-fiton F2 | 1.029
Z 2 Final R indexes R1 =0.0453,
[I>=26 (I)] wR; = 0.1193
Pcalcg/cm? 1.421 Final R indexes [all R1=0.0637,
data] WR2 = 0.1353
p/mmt 0.781 Largest diff. peak/hole | 0.219/-0.187
/e A
F(000) 436

11.2.1.2 Dipolar [3+2] cycloaddition reactions with N-phenylmaleinimide (NFMI) and
N-ethylmaleinimide (NEMI) respectively

To diversify the newly synthesized compounds with a benzo[flquinolinium skeleton,
new symmetrically substituted cyclic alkenes (NFMI and NEMI) were chosen, as well as in
order to study the [3+2] dipolar cycloaddition reactions of benzo[f]quinolinium ylides with
these alkenes, reactions involving aspects of stereochemistry.

In the first phase, to study the stereochemistry aspects mentioned above, we treated
quaternary benzo[f]quinolinium salts of type (4a-d and 5a-i) with N-ethylmaleinimide (NEMI)
(10) and N- phenylmaleimide (NFMI) respectively (11) into 1,2-butylene oxide (12).
Surprisingly, regardless of the conditions used, our attempts were not successful except for the
case of the reaction of the salt (5f), otherwise they led to non-isolable degradation products. To
date we do not have a coherent explanation for this, but our efforts will continue both to realize
these reactions and to find pertinent explanations where the reactions do not occur.

Thus, by treating the quaternary benzo[f]quinolinium salt with a p-nitro residue (5f)
with N-ethylmaleinimide (NEMI) (10) and N-phenylmaleinimide (NFMI) (11) in 1,2-butylene
oxide (12), used both as a solvent and as a base, cycloadducts with tetrahydro-

pyrrolobenzo[f]quinoline structure (13a-b) were obtained (figure 11.20).
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O (10) Z= -C,H;
(11) Z= -C4H; /
X
O = R’ /

(Sa-e, g-i)

= N02
Q@ o
Br n b4
(10) Z= -C,H;

(11) Z= -C4H,

(13a) Z= -C,H;
~Z (13b) Z=-C4H;

Figure 11.20. Synthesis of cycloadducts with tetrahydro-pyrrolo benzo[flquinoline
structure(13a-b).

Based on specialized literature®’, the mechanism of cycloaddition reactions involves, in a first
stage, the attack of the halide anion from the quaternary ammonium salt (5f) on a carbon atom
from the strained ring of 1,2-butylene oxide (12), with the opening of the ring and formation of
an alkoxide intermediate (14). It takes the proton from the methylene group of the quaternary
benzo[f]quinolinium salt (5f), thus generating the ylide, dipol-1,2 (A), and 2-bromobutan-1-ol
(15). The ylide thus generated in the form of dipole-1,3 (B) reacts through a concerted
mechanism with the dipolarophile (NEMI (10) or NFMI (11)), forming cycloadducts with the
structure tetrahydro-pyrrolo-benzo[f] quinoline (13a-b) (figure 11.21).

NO,

dipol 1,3 (B)
Figure 11.21. The proposed mechanism for the synthesis of cycloadducts with tetrahydro-

pyrrolo benzo[f]quinoline structure (13a-b).
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From the series of two new cycloadducts with tetrahydropyrrolo-benzo[f]lquinolinic
structure (13a-b), compound (13b) was chosen as representative.

Table 11.3 shows the main absorption and deformation bands characteristic of the
cycloadduct with benzo[f]quinoline skeleton as representative (13b). Thus, the most important
absorption bands are provided by the vibration of the carbonyl bonds from the acetophenone
residue and from the pyrrolidinone residue respectively that appear at wave numbers 1701cm™
(Vc=0acetophen) and 1597 cm (ve=opyrrolidinone) respectively. The nitro group is highlighted by two
characteristic bands that appear at wave numbers 1525 cm* (corresponding to the asymmetric
valence vibration of the N-O bond (vn-oasym)) respectively 1342 cm (vn-osym).

Table 11.3 The main vibration (v) and deformation (&) bands of cycloadduct 13b.

Wave number (v) (cm™) Type of bond/vibration

3105 VC-Haromatic
2930 VC-Halifatic
1701 VC=0acetofen
1597 VC=0pirolidinona
1525 VN-Oasim
1342 VN-Osim

1183-997 dCsp2-Haromatic

845, 743, 697 Sc-H

11.2.2 Dipolar [3+2] cycloaddition reactions of benzo[f]quinolinium ylides to

symmetrically/unsymmetrically substituted activated alkynes

According to literature data, a class of dipolarophiles often used in dipolar [3+2]
cycloaddition reactions is alkynes, since Z-substituted alkynes are dipolarophiles with increased
reactivity, especially when they are conjugated>+6361.66.67,

11.2.2.1 Dipolar [3+2] cycloaddition reactions of benzo[f]quinolinium ylides with

methyl acetylenedicarboxylate (DMAD)

According to the previously presented literature data (chapter 1.7 of the literature report),
the dipolar [3+2] cycloaddition reactions of benzo[f]quinolinium ylides with symmetrically
substituted activated alkynes constitute an excellent method for obtaining condensed
heterocycles with the structure of the pyrrolo-benzo[f]quinolinic type. According to data from

the literature, using DMAD (methyl acetylenedicarboxylate) as a symmetrically substituted
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activated alkyne, by reacting with benzo[flquinolinium ylides, more stable aromatic
cycloadducts of the pyrrolo-benzo[f]quinolinic®?6366.67 type are obtained.

Thus, by the reaction of quaternary benzo[f]quinolinium salts with an aliphatic residue
(4a-d) with methyl acetylenedicarboxylate (DMAD) (16), in 1,2-butylene oxide (12), used both
as a solvent and as an acceptor of HBr, the corresponding pyrrolo-benzo[f]quinoline structure
cycloadducts (17a-d) were obtained, with satisfactory yields (45%-70%) (figure 11.25)%°,

PN 0

@N/ + H;COOC—==—COOCH; (12)
16) f 0-CH
(da-d) @XKY ret.gx 3 (17a-d)

CH,

(4a,17a) X=1, Y=-CONH,  (4¢,17¢) X=Br, Y=-CO,C,H;
(4b,17b) X= Br, Y=-CO,CHj; (4d,17d) X= Br, Y= -C=CH

Figure 11.25. Synthesis of cycloadducts with pyrrolo-benzo[f]lquinoline structure (17a-d).

Studying the literature®” the mechanism of [3+2] dipolar cycloaddition reactions with
DMAD involves:

e attack of the halogenide anion of the quaternary ammonium salts (4a-d) on a
carbon atom of the strained 1,2-butyleneoxide ring (12), resulting in ring
opening and formation of an alkoxide intermediate (14");

¢ the intermediate (14) takes up the proton from the methylene gupylation of the
quaternary benzo[f]quinolinium salts (4a-d), thus generating the ilides, dipol-1,2
(A", and 2-bromobutan-1-ol (15) or 2-iodobutan-1-ol (15%);

e the ylides generated in situ, in the form of dipole-1,3 (B’) react through a
concerted mechanism with the dipolarophile DMAD (16), forming cycloadducts
with a dihydro-pyrrolo-benzo[f]quinoline structure (C) which are unstable and
through an oxidative dehydrogenation process will pass into fully flavored

compounds (17a-d) (figure 11.26).
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(14"
O dehidrogenare
0 CI; oxidativa
—H3
(o} -H,
O CH3
(17a-d) N

Figure 11.26. The proposed mechanism for the synthesis of cycloadducts with pyrrolo-
benzo[f]quinoline structure (17a-d).

From the new series of four cycloadducts with pyrrolo-benzo[f]quinoline structure (17a-
d) the compound with the Y carboethoxy residue was chosen as representative (17c).

In the IR spectrum of the derivative with pyrrolo-benzo[f]quinoline structure (17c), the
most important absorption bands are provided by the vibration of the three ester carbonyl groups
appearing at characteristic wave numbers 1736 cm™, 1716 cm™, 1693 cm™, respectively
(vc=oester) (figure 11.30). In the range 1543-1361 cm! absorption bands appear, which are
characteristic of the valence vibration of the aromatic C-C bond superimposed with the valence
vibrations of the C-N bonds in the pyridinic/pyrrolic nuclei (vc-carom, Ve-N pyridinic/pyrrolic). At wave
numbers 1217 cm and 1174 cm! respectively, absorption bands appear that are attributed to
the asymmetric and symmetric valence vibrations specific to C-O-C ester groups.

At high wave numbers, absorption bands of medium intensity appear that are characteristic of
aromatic C-H and aliphatic C-H bonds, respectively (3001 cm™, 2921 cm™, 2847 cm™?).

0,45 -
0.4 \/A\§
0.35 VOO Castor \If/ \[/ \kl ~o
, I n T T /4\
— s
0.3 it vC=Oester O = S
| ﬁ f’i()‘
0.25 m | 1 V- Clarom, L & R
= VC-N pirtamic ptrole <
=
= 0,2 | 4
or | A
l I | VC -Halir.
0,1 ] }
TTAIY .l
0.05
[e] T T T T T
650 1150 1650 wvm™y 2150 2650 3150

Figure 11.30. IR spectrum of 3-ethyl 1,2-dimethyl benzo[f]pyrrolo[1,2-a] quinoline-1,2,3-
tricarboxylate (17c).

21



Azaheterocycles withv condensed nucled. Syntresis, structure,
properties
11.2.2.2 Dipolar [3+2] cycloaddition reactions of benzo[f]quinolinium ylides with ethyl
propiolate. Aspects of regiochemistry
In the research presented in this thesis, the [3+2] dipolar cycloaddition reactions of

quaternary aliphatic-restricted benzo[f]quinolinium salts (4a-c) with ethyl propiolate (18) (non-
symmetrically substituted activated alkyne) were carried out, in 1,2-butyleneoxide (12), used
both as solvent and as HBr acceptor, when the corresponding pyrolo-benzo[flquinolinium
cycloadducts (19a-c) were obtained with satisfactory yields of the desired product (50%-68%)
(Figure 11. 33)%°. From a regiochemical point of view the meaning of the presented
cycloaddition reactions is dictated by the electron factors (pathway 1) obtaining a single
regioisomer of type A', intermediate generating a dihydro compound (C"), unstable, which by

oxidative dehydrogenation leads to stable fully aromatized compounds (19a-c), (figure 11.33)

D N
H—==—C00C,H;

soL

®
_ ) 18
o I el (1)
(15) X=Br - dipol-1,2 (A") dipol-1,3 (B")
15 X=1 a

dehidrogenare

oxidativa

H, 0—C,Hs (19a-c¢)

— — [(4a,19a) X=1, Y=-CONH,

(4b,19b) X= Br, Y=-CO,CH, #&19¢) X= Br, Y=-CO,C,Hs

Figure 11.33. Synthesis of cycloadducts with pyrrolo-benzo[f]lquinoline structure (19a-c).

Cycloadducts with pyrrolo-benzo[f]quinoline structure (19b,c) were previously
reported in the literature in 1977 when they were characterized only by infrared spectroscopy®,
likewise the compound 19a was previously reported in the literature®. In the framework of the
current research, the improvement of the working conditions was achieved, which consisted in
the use of 1,2-butylene oxide both as a solvent and as a collecting agent for HBr; formely the
reactions took place in chloroform using triethylamine as a base, reducing the working time,
also achieving an increase in the yield in the desired compound. As representative of the series
of three cycloadducts with pyrrolo-benzo[flquinoline structure (19a-c), the compound with

carbomethoxy residue Y (19b) was chosen.
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11.3. Biological properties of derivatives with benzo[f]quinoline skeleton

11.3.1. Antimicrobial properties of quaternary benzo[f]lquinolinium salts and of

some cycloadducts with pyrrolo-benzo[flquinolinium structure

The antimicrobial tests of some derivatives with a benzo[flquinolinic skeleton® were
carried out. Thus, the sensitivity of microorganisms to the investigated substances, quaternary
benzo[f]lquinolinium salts with aliphatic residues (4a-c) and aromatic residues (5a-i), as well as
some cycloadducts with pyrrolo-benzo[f]quinolinic structure (7a-f), was evaluated based on the
diameter of the zone of inhibition, using the Kirby-Bauer agar disk diffusion method, adopted
by the Institute for Clinical & Laboratory Standardization (CLSI M07-A11, 2018)%74 (figure
11.38).

X O N
—

O e. R=-C4H,(CN)p;
o® & X= I R= N, N |r R . R -CH,(NO,)p;
S R e ) b. R=-CH4(CHy)p; , g _ .

b. X= -Br, R= -OMe; o P (OCH,) g CeHy(Br)p;
¢. X= -Br, R= -OFEt Br 9 R o P h. R= -CcH,4(Cp;
4a- O - IR= 'C6H4(C6H5)Ps i R=-C.H (F)p
(4a-¢) (5a-i) 6llg
-1
a. R=-NH,
b. R=-OMe
c. R= -OEt

d. R= -C4H,Ph(p)
e. R=-C4H,Cl(p)
f. R=-C4H,F(p)

Figure 11.38. Structure of quaternary benzo[f]lquinolinium salts with aliphatic residue (4a-c)
and aromatic (5a-i) respectively, and some cycloadducts with pyrrolo-benzo[f]quinolinic
structure (7a-f) subjected to antimicrobial testing.

The antibacterial activity in vitro was evaluated against the Gram-positive bacterium
Staphylococcus aureus ATCC 25923 and the Gram-negative bacterium Escherichia coli
ATCC 25922. The antifungal activity in vitro was evaluated against the fungus Candida
albicans ATCC 10231. Penicillin (10 IU), carbenicillin (100 pg/mL) and nystatin (500,000 IU)
were used as a positive control (C+) for Staphylococcus aureus, Escherichia coli and Candida
albicans, respectively. The larger the diameter of the inhibition zones, the more active the
compounds are as antimicrobials and antifungals.

Some of the antimicrobial testing results are highlighted in figures 11.39 (tests against
Staphylococcus aureus ATCC 25923), figure 11.40 (tests against Escherichia coli ATCC
25922), and figure 11.41 (tests against Candida albicans ATCC 10231), respectively.
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Figure 11.39. Testing the antibacterial activity of quaternary salts 5d and 5f (figure a), 5e, 5h
(figure b), 5b, 5¢ (figure c), 4a (figure d) and cycloadducts 7f (figure b), 7b, 7c (figure c),
7a, 7d, 7e (figure d) against Staphylococcus aureus (C+: positive control, C-: negative

control).
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Figure 11.40. Testing the antibacterial activity of quaternary salts 5d and 5f (figure a), 5e, 5h
(figure b), 5b, 5¢ (figure c), 4a (figure d) and cycloadducts 7f (figure b), 7b, 7c (figure c),
7a, 7d, 7e (figure d) against Escherichia coli (C+: positive control, C-: negative control).
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Figure 11.41. Testing the antifungal activity of quaternary salts 5d and 5f (figure a), 5e, 5h

(figure b), 5b, 5¢ (figure c), 4a (figure d) and cycloadducts 7f (figure b), 7b, 7c (figure c),

7a, 7d, 7e (figure d) against Candida albicans (C+: positive control, C-: negative control).

The results of all compounds with benzo[f]quinoline skeleton subjected to antimicrobial

testing, expressed as diameters of inhibition zones (mm) are shown in table 11.5.

Table 11.5 Antibacterial and antifungal activity or quaternary benzo[f]quinolinium salts with

aliphatic residues (4a-c) and aromatic residues (5a-i), and some cycloadducts with pyrrolo-

benzo[f]quinoline structure (7a-f) subjected to antimicrobial testing.

Compus /R= “ The diameter of the inhibition zone (mm)
S. aureus ATCC E. coli ATCC C. albicans ATCC

25923 25922 10231
4a/-NH; 0 0 10.5+0.5
4b / -OMe 19.5£1.5 17+1.73 20+1.5
4c [ -OFEt 201 18.5+1.5 22+1.25
5a/-CsHs 18+1.5 13£1.5 20+1.8
5b / -CgHa(CHs)p 20.5+1.5 1742 21.5+1.8
5c / -CeHa(OCHs3)p 21.5+1.73 18+1.73 22+1
5d / -CgHa(CeHs)p 15+1.5 13+1.73 171
5e / -CeHa(CN)p 1542.5 12.5+1.25 15+1.73
5f / -CeHa(NO2)p 15£2 14+2.6 17+1
59 / -CsHa(Br)p 16£1.5 12+1.5 19+1.5
5h / -CsHa(Cl)p 21£1.5 18+1.32 22.5+1
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5i / -CoHa(F), 14=1.5 10.5+1.5 14205
7a/-NH; 0 0 0
7b / -OMe 0 0 0
7c / -OEt 0 0 0
7d / -CgHa(CeHs)p 0 0 0
7e [ -CeHa(Cl)p 0 0 0
7f 1 -CeHa(F)p 0 0 0
C+ 44+1 46+1.33 21«1

All values represented in the table represent the average of the results of five experiments performed separately.
Bold and underlined means very active, while underlined means active.

* Diameter of inhibition zone (mm); X + - SD, average of five measurements + - standard deviation. C +: Penicillin
10 1U for Staphylococcus aureus, carbenicillin 100 pg/mL for Escherichia coli, and nystatin 500,000 1U for
Candida albicans.

The best antibacterial activity against the Gram-positive bacterium Staphylococcus
aureus ATCC 25923 is shown by quaternary benzo[f]quinolinium salts with an aliphatic
residue (4c), aromatic substituted with p-methyl (5b), p-methoxy (5c), respectively p-chloro
(5h) respectively, the diameter of the inhibition zone being around 21 mm. The same salts show
good activity against the Gram-negative bacterium Escherichia coli ATCC 25922, the diameter
of the zone of inhibition being around 17 mm. The quaternary salts with an aliphatic residue
(4b,c), respectively with an aromatic residue (5a,b,c,h) show a very good antifungal activity
against the fungus Candida albicans ATCC 10231, the diameter of the inhibition zone being

around 22 mm.

In the next step of the antimicrobial testing, the MIC-minimum inhibitory concentration
(MIC) was determined for the most active quaternary benzo[f]quinolinium salts with both
aliphatic and aromatic residues, 4b,c and 5a,b,c,d,e,h respectively, using the standardised
microdilution test procedure’"8,The resulting MIC value is defined as the lowest concentration
of antimicrobial salts under investigation that prevents visible growth of the test microorganism.

The results obtained are listed in table 11.6.

Table 11.6 The minimum inhibitory concentration (MIC) for quaternary benzo[f]quinolinium

salts with aliphatic residue (4b, ¢) and aromatic residue (5a,b,c,d,e,h) (ug/mL).

Stem MIC (pg/mL)
C+ 4b | 4c 5a 5b 5c 5d 5e 5h
S. aureus ATCC 25923 0.5 156 | 0.39 | 0.195 | 0.195 | 0.00304 | 0.39 | 1.19 | 0.0975
E. coli ATCC 25922 0.25 | 156 |0.78 | 0.195 | 0.195 | 0.00152 | 0.78 | 1.39 | 0.195
C. albicans ATCC 10231 | 1.56 |3.12 | 0.78 | 0.139 | 0.195 | 0.0575 | 0.78 | 0.81 | 0.195

C +: Penicillin for Staphylococcus aureus, Carbenicillin for Escherichia coli and Nystatin for Candida

albicans. Bold and underlined means very active, while underlined means active. 57
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The inhibition zone diameter shown in Table I1.5, MIC data in Table 11.6 and Figures
11.39, 11.40, 11.41 reveal some interesting observations and correlations between the structures
of the tested compounds and their antimicrobial activity. The tested quaternary salts (4a-c) and
(5a-1), respectively, have an excellent quasi-non-selective antifungal activity against the fungus
C. albicans, a very good antibacterial activity against the Gram-positiv bacterium S. aureus and
they are less active against the Gram-negative E. coli. The antifungal activity is significantly
more pronounced in the aliphatic series (4a-c) compared to the aromatic one of the compounds
(5a-1), which demonstrates a certain influence on the activity of the aliphatic substituent of the
carbonyl group. In the aromatic series (5a-i), compounds 5h [R = -CgHa4(Cl)] and 5¢ [R = -
CeHas (OCH3)p] have the highest antifungal activity, which also indicates an influence of the
substituent (chloro or methoxy) on the para position of the phenyl ring.

The same SAR (structure activity relationship) considerations are highlighted by the
results obtained in antibacterial testing against S. aureus and E. coli bacteria. Finally, when
comparing the two series of compounds tested, the quaternary benzo[f]quinolinium salts (4a-
c) respectively (5a-i) and the cycloadducts with pyrolo-benzo[f]quinoline structure (7a-f), it
can be seen that only the quaternary salts have antimicrobial activity while the cycloadducts
tested are inactive, which means that to have antimicrobial activity it is better to have a
mobile substituent bound to the nitrogen atom (case of quaternary salts) instead of a newly

condensed ring (case of cycloadducts).

11.3.2. Anticancer properties of quaternary benzo[f]quinolinium salts and of some

cycloadducts with pyrrolo-benzo[f]quinolinium structure

Some compounds with a benzo[f]quinoline skeleton have been tested for their anticancer
properties. Thus, the anticancer activity of quaternary benzo[f]quinolinium salts with aliphatic
residues (4a-c) and aromatic residues (5b,c,d,h), as well as some cycloadducts with pyrrolo-
benzo[f]quinolinic structure (7a- e), (17a-c), (19a-c) was evaluated by the National Cancer
Institute (NCI), USA, through their screening programme for anticancer agents (figure 11.42)
69 The anticancer testing in vitro used NCI 60 cell line screening includes 60 different human
tumour cell lines representing different cancers such as leukaemia, melanoma and cancers of

the lung, colon, brain, ovary, breast, prostate and kidney®..
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o R |2 X=-L R=-NH;
b. X= -Br, R=-OMe;
c. X=-Br, R=-OEt

a. R=-NH,

b. R=-OMe

c. R=-OEt

d. R= -C4H,Ph(p)
e. R= -C4H,Cl(p)

X
@ b. R= -C4H,(CH;)p;

¢. R=-C4H,4(OCH;)p;
© R | d. R=-CgHy(CgHs)p;
h. R= -C¢H,(Cl)p

Br

(5b,c,d,h)

Figure 11.42. The structure of quaternary benzo[f]quinolinium salts with aliphatic residues

(4a-c) and aromatic residues (5 b,c,d,h) and of some cycloadducts with pyrrolo-

benzo[f]quinolinic structure (7a-e), (17a- c), (19a-c) subjected to anticancer testing.

The raw results for compounds 5d (benzo[f]quinolinium salt with p-phenyl substituted

aromatic residue) as well as the cycloadduct with pyrrolo-benzo[f]quinolinic structure 17a are

highlighted in the appendices: Annex 4 and Annex 5 respectively.

The results of the anticancer tests at a single concentration of quaternary

benzo[f]quinolinium salts with aliphatic residue (4a-c) and aromatic residue (5 b,c,d,h) are

presented in table 11.7.

Table 1.7 The percentage of growth inhibition (PGI %, uM) 2 of quaternary

benzo[f]quinolinium salts with aliphatic residue (4a-c) and aromatic (5 b,c,d,h) respectively

in the anticancer test at a single concentration, compared to 60 NCI human cancer cell lines.

Section A
Quaternary salts / Percentage of growth inhibition
Cell type (PG1%)?
4a | 4b | 4c | 50 | 5 | 5d |5h

Leukemia
CCRF-CEM 0 3 4 72 48 68 41
HL-60 (TB) 0 20 0 99 78 100(62)° | 70
K-562 0 34 5 92 84 100(26)" | 83
MOLT-4 0 33 0 86 68 100(3)" | 67
RPMI-8226 0 40 9 95 75 93 67
SR 4 40 | 15 98 66 100(28)" | 88
Non-small cell lung cancer
A549/ATCC 0 9 3 76 62 59 43
EKVX 11 | 10 | 12 71 57 59 43
HOP-62 0 0 4 64 56 56 28
HOP-92 0 15 0 100(8)® 88 93 87
NCI-H226 9 22 | 19 64 41 - 32
NCI-H23 2 29 3 73 72 56 41
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NCI-H322M 0 5 0 57 31 36 37
NCI-460 0 0 0 96 81 73 46
NCI-H522 0 11 4 78 71 64 25
Colon cancer
COLO 205 0 7 0 94 74 75 53
HCC-2998 1 0 0 83 52 88 54
HCT-116 0 48 1 88 70 85 81
HCT-15 0 0 0 43 13 47 23
HT29 0 0 0 88 80 87 79
KM12 0 15 5 74 65 72 23
SW-620 0 3 0 81 64 72 51
Central nervous system
cancer
SF-268 0 26 | 18 57 62 52 16
SF-295 0 5 0 77 70 66 53
SF-539 1 23 9 75 47 39 65
SNB-19 0 32 24 74 68 74 44
SNB-75 3 13 2 57 18 29 2
U251 3 40 | 28 82 72 70 46
Quaternary salts / Percentage of growth inhibition
Cell type (PG1%)?
4a | b | 4c | sb | 5 | 5d |5h
Leukemia
CCRF-CEM 0 3 4 72 48 68 41
HL-60 (TB) 0 20 0 99 78 100(62)" | 70
K-562 0 34 5 92 84 100(26)° | 83
MOLT-4 0 33 0 86 68 100(3)" | 67
RPMI-8226 0 40 9 95 75 93 67
SR 4 40 | 15 98 66 100(28)" | 88
Non-small cell lung cancer
A549/ATCC 0 9 3 76 62 59 43
EKVX 11 | 10 | 12 71 57 59 43
HOP-62 0 0 4 64 56 56 28
HOP-92 0 15 0 100(8)P 88 93 87
NCI-H226 9 22 | 19 64 41 - 32
NCI-H23 2 29 3 73 72 56 41
NCI-H322M 0 5 0 57 31 36 37
NCI-460 0 0 0 96 81 73 46
NCI-H522 0 11 4 78 71 64 25
Colon cancer

COLO 205 0 7 0 94 74 75 53
HCC-2998 1 0 0 83 52 88 54
HCT-116 0 48 1 88 70 85 81
HCT-15 0 0 0 43 13 47 23
HT29 0 0 0 88 80 87 79
KM12 0 15 5 74 65 72 23
SW-620 0 3 0 81 64 72 51
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Section B
Central nervous system Quaternary salts / Percentage of growth inhibition
Cell type (PG1%)?2
Melanoma

LOX IMVI 5 9 4 | 100(24)° 54 89 82
MALME-3M 6 32 4 87 66 57 35
M14 0 21 1 83 62 76 39
MDA-MB-435 0 33 0 87 63 61 38
SK-MEL-2 0 0 0 64 44 37 13
SK-MEL-28 0 6 0 56 33 26 21
SK-MEL-5 0 63 | 21 | 100(89)" | 100(32)" | 100(35)" | 62
UACC-257 0 8 0 95 85 47 48
UACC-62 1 43 8 68 44 34 36

Ovarian cancer
IGROV1 0 14 0 69 33 52 51
OVCAR-3 0 36 0 70 48 69 37
OVCAR-4 0 39 4 80 67 91 37
OVCAR-5 0 0 3 69 42 42 47
OVCAR-8 0 1 0 78 74 74 49
NCI/ADR-RES 0 0 0 19 2 14 13
SK-0OV-3 0 12 2 66 50 47 27

Kidney cancer
786-0 0 13 2 66 33 46 48
A498 0 0 0 25 0 0 0
ACHN 0 0 0 50 21 44 33
CAKI-1 10 | 12 4 47 21 67 27
RXF 393 1 0 0 94 44 68 46
SN12C 0 15 6 85 83 74 46
TK-10 0 0 0 59 27 31 35
Uu0o-31 21 | 16 | 16 70 44 71 68

Prostate cancer
PC-3 9 29 2 81 73 86 64
DU-145 0 0 0 64 44 58 32

Breast cancer

MCF7 4 39 | 13 88 82 90 61
MDA-MB-231/ATCC 0 21 0 76 60 58 48
HS 578T 0 12 1 73 41 56 32
BT-549 0 0 0 79 67 44 32
T-47D 0 10 3 56 62 64 35
MDA-MB-468 17 | 85 | 76 | 100(10)° 97 100(10)° | 69

apercent of growth inhibition (PGI) at a single dose of 10 uM against 60 cell lines; °Cytotoxic effect; the percentage

of lethality is represented in parentheses; the most active compounds are highlighted in bold and red

The results of anticancer tests at a single concentration of cycloadducts with pyrrolo-

benzo[f]quinoline structure (7a-e), (17a-c), (19a-c) are presented in table 11.8.
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Table 11.8 Growth inhibition percentage (PGI %, uM)? of cycloadducts with pyrrolo-

benzo[f]quinoline structure (7a-e), (17a-c), (19a-c) in the anticancer test, at a single

concentration, compared to 60 NCI human cancer cell lines.

Section A
Cell type Cycloadducts / Percentage of growth inhibition (PG1%)2
17a | 19a | 17b | 190 [17c [19c [ 7a | 7b | 7c | 7d |7e
Leukemia
CCRF-CEM 26 0 0 0 0 0 0 2 0 0 0
HL-60 (TB) 0 0 0 0 3 0 0 1 0 0 0
K-562 17 0 0 0 0 0 0 0 0 0 0
MOLT-4 10 0 0 3 0 0 0 0 0 0 0
RPMI-8226 33 0 0 13| 0 2 0 0 0 0 0
SR 28 | 24 5 20 | 20 | 5 4 9 6 0 0
Non-small cell
lung cancer
A549/ATCC 0 0 3 0 0 0 0 0 0 7 0
EKVX 8 0 3 20| O 0 3 3 0 0 3
HOP-62 0 0 0 20 | O 7 0 8 0 1 8
HOP-92 25 0 3 17 | 0O 0 0 0 0 0 1
NCI-H226 32 0 0 22 |13 120 | O 8 0 - 0
NCI-H23 26 0 0 17 | O 0 5 7 3 2 4
NCI-H322M 25 0 0 0 0 0 0 1 2 0 0
NCI-460 43 0 0 0 0 0 0 0 0 0 0
NCI-H522 6 0 0 1 1 0 0 4 0 0 7
Colon cancer
COLO 205 19 0 0 1 0 0 0 0 0 0 0
HCC-2998 0 0 0 0 0 0 0 0 0 4 0
HCT-116 19 0 2 11 | 0 8 0 0 0 0 0
HCT-15 23 0 2 0 0 0 0 0 0 0 0
HT29 5 0 0 1 0 0 0 0 0 0 0
KM12 8 0 0 1 0 0 0 1 0 0 0
SW-620 11 0 0 8 0 0 0 1 0 0 0
Central
nervous
system cancer
SF-268 11 0 0 0 0 0 0 0 0 0 0
SF-295 15 0 7 16 | 1 8 0 3 0 0 1
SF-539 30 0 1 3 0 8 2 9 0 0 12
SNB-19 17 0 19 (11 | O 5 1 10 0 0 4
SNB-75 29 0 4 20| O 3 0 4 0 0 13
U251 2 0 3 8 1 0 1 0 0 1 0
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Section B
Melanoma
LOX IMVI 25 0 0 9 0 6 5 5 2 0 10
MALME-3M 26 0 4 5 6 0 3 12 0 0 0
M14 12 0 0 0 0 0 0 6 0 4 0
MDA-MB- 7 0
435 0 1 1 0 0 0 0 0 0
SK-MEL-2 0 0 0 0 0 0 0 0 0 0 0
SK-MEL-28 10 0 0 0 0 0 0 0 0 0 0
SK-MEL-5 29 0 2 0 0 0 0 0 0 0 0
UACC-257 0 0 0 0 0 0 0 1 0 10 0
UACC-62 7 0 6 20 |17 | 10| O 8 0 2 3
Ovarian
cancer
IGROV1 24 0 0 19 0 1 0 0 14 0 0
OVCAR-3 5 0 24 0 0 9 0 0 0 0 0
OVCAR-4 36 0 0 34| 2 20| O 0 0 0 0
OVCAR-5 5 0 0 1 0 0 0 0 0 0 0
OVCAR-8 26 0 0 4 0 0 0 0 0 0 0
NCI/ADR- 21 4
RES 1 0 8 0 1 2 0 0 0
SK-OV-3 0 0 0 10 0 |12 | O 7 0 0 5
Kidney cancer
786-0 11 0 0 4 4 8 0 0 0 0 0
A498 0 0 0 0 0 0 0 0 0 0 0
ACHN 28 0 0 41 0 |17 | O 0 8 0 18
CAKI-1 9 0 0 38 0 |15 | 5 9 11 4 8
RXF 393 22 5 25 0 0 1 0 8 0 1 -
SN12C 17 0 4 22 0 0 1 0 0 4 0
TK-10 0 0 0 0 3 0 0 0 0 0 0
Uuo-31 37 8 12 | 45 | 21 | 33 | 18 | 26 26 10 30
Prostate
cancer
PC-3 23 0 1 19 5 3 9 0 11 0 5
DU-145 26 0 0 0 0 0 0 0 0 0 0
Breast cancer
MCF7 36 7 15 | 10 8 | 10 | 23 | 14 10 0 7
MDA-MB- 42 1
931/ATCC 0 0 11 0 6 4 5 0 10
HS 578T 9 0 7 19 0 6 0 2 0 1 7
BT-549 30 0 0 0 0 0 0 0 0 0 0
T-47D 21 0 6 3 19 | 1 0 10 0 7 0
MDA-MB- 29 0
468 0 10 0 7 2 2 0 5 0

dpercent growth inhibition (PGI) at a single dose of 10 uM against 60 cell lines.

Based on the results presented in Tables 1.7 and 11.8, it is observed that the most active

compounds are the benzo[f]quinolinium salts 5b and 5d, respectively, which are quaternary
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salts containing an aromatic chain. The compound 5b (substituted p-CH3) shows almost non-
selective activity against all types of cancer cells (except for one type of ovarian cancer cells
and one type of renal cancer cells), displaying excellent growth inhibition of 50-100% and
significant lethality against four different types of cancer cells (non-small cell lung cancer HOP-
92, (8%), melanoma LOX IMVI (24%), SK-MEL-5 (89%) and breast cancer MDA-MB-468
(10%)).

The quaternary salt 5d (substituted p-CsHs) demonstrates highly selective activity
against leukemia, showing 100% growth inhibition and cytotoxicity against four different cell
types: HL-60 (TB) (letalitate 62%); K-562 (letalitate 26%); MOLT-4 (letalitate 3%); SR (28%
letalitate). Another noteworthy activity is that of the quaternary salt 5¢ (substituted p-OCH3),
which exhibits a percent growth inhibition of 80-100% against nine different cell types
including leukemia K-562 (PGI = 84%), non-small cell lung cancer HOP-92 (PGI = 88%), non-
small cell lung cancer NCI-460 (PGI = 81%), colon cancer HT29 (PGI = 80%), melanoma SK-
MEL-5 (PGI = 100%, L = 32%), melanoma UACC- 257 (PGI = 85%), renal cancer SN12C
(PGI = 83%), breast cancer MCF7 (PGI = 82%) and breast cancer MDA-MB-468 (PGl = 97%).

Quaternary salt 4b (with methyl ester residue) is the most active of the aliphatic series,
showing good anticancer activity against breast cancer cell type MDA-MB-468 (PGI = 85%).
Among the pyrrolo-benzo[f]quinoline cycloadducts tested, the most promising results are
obtained by cycloadduct 17a (with amido residue), showing a PGI of about 10-40% against all
cancer cells.

The results in Tables 11.7 and 11.8 highlight the fact that the quaternary salts show better
anticancer activity compared to the tested cycloadducts. Considering the structure-activity
relationship (SAR), certain observations can be made regarding the tested compounds:

v' some compounds show high activity against several cancer cell lines, while
others have a more selective effect;

v’ quaternary salts with aromatic residue 5 b,c,d,h have better activity compared to
salts with aliphatic residue 4a-c;

v the major factor influencing the anticancer activity is the existence of the
substituent in the para position of the benzoyl fragment. Thus, compounds
containing a methyl or phenyl group show the greatest activity. Moreover, the
presence of a methoxy or chlorine moiety seems to have a favorable effect on
the activity;
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v’ the activity of the quaternary salts is superior to that of the cycloadducts tested,

an aspect that could be attributed to the presence of a positively charged nitrogen

atom in the molecule;

v’ cycloadducts with a pyrrolo-benzo[f]quinoline structure (17a-c, 19a-c) show

better activity compared to derivatives with an isoindolo-benzo[f]quinoline

structure (7a-e). This aspect suggests that a single fused cycle is preferable to

two for a superior anticancer activity.

The benzo[f]lquinolinium salt from aromatic series with p-phenyl moiety 5d was

selected for NCI 5-dose screening (stage two), which may provide valuable insight into its

potential efficacy as an anticancer agent®.

The results obtained in the second phase of the anticancer tests for benzo[f]quinolinium

quaternary salt 5d are given in Table 11.9 and Annex 5..

Table 11.9. 50% cell growth inhibition (Glso, uM)of 5d quaternary salt in anticancer assay at

five different concentrations (step 2) against 60 NCI human cancer cell lines.

Cell type Quaternary salt/ Cell type Quaternary salt/
50% cell growth 509% cell growth
inhibition (Glso) inhibition (Glso)
5d 5d
Leukemia Ovarian cancer
CCRF-CEM 3.28 IGROV1 8.36
HL-60 (TB) 1.72 OVCAR-3 4.85
K-562 2.25 OVCAR-4 2.99
MOLT-+4 3.37 OVCAR-5 8.17
RPMI-8226 2.66 OVCAR-8 4.06
SR 2.73 NCI/ADR-RES 1.66
Non-small cell lung SK-0OV-3 6.32
cancer
AB49/ATCC 4.49 Kidney cancer
EKVX 4.68 786-0 9.73
HOP-62 4.70 A498 1.47
HOP-92 - ACHN 1.03
NCI-H226 2.43 CAKI-1 3.34
NCI-H23 4.61 RXF 393 2.72
NCI-H322M 1.22 SN12C 3.13
NCI-460 4.62 TK-10 1.27
NCI-H522 4.14 UuOo-31 6.47
Colon cancer Prostate cancer
COLO 205 3.61 PC-3 2.50
HCC-2998 3.28 DU-145 7.23
HCT-116 3.85 Breast cancer
HCT-15 4.46 MCF7 2.96
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HT?29 3.26 MDA-MB-231/ATCC 4,55
KM12 4,15 HS 578T 1.06
SW-620 4.42 BT-549 5.03

Central nervous T-47D 3.56

system cancer

SF-268 9.97 MDA-MB-468 2.04
SF-295 3.58

SF-539 9.56 O
X
SOBYY
L
Br

(5d) l

Quaternary salt structure tested in stage 2

@ molar concentration of the test compound inhibiting 50% of tumour cell growth (Glso) at five different doses 100,
10, 1.0, 0.1 respectively 0.01 uM against 60 cell lines.

From the results presented in the above table it is evident that the quaternary salt of the
tested aromatic series 5d (substituted p-C6H5), shows Glsg values between 1.02-2.99 uM for
18 different cell lines. Thus, the best anticancer activity of inhibiting cell growth by 50% is
shown against renal cancer with Glso values for four different cell lines: A498 of 1.47 uM,
ACHN of 1.03 uM, RXF 393 of 2.72 uM respectively TK-10 of 1.27 uM. Also this quaternary
salt has a 50% satisfactory cell growth inhibition activity against leukaemia for four cell lines
(Glso = 1.72 uM for HL-60 (TB), Glso = 2.25 uM for K-562, Glsog= 2.66 uM for RPMI-8226
respectively Glso = 2.73 uM for SR). The best inhibition activity is against skin cancer
(melanoma) for the SK-MEL-2 cell line showing Glsp = 1.02 uM.
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CONCLUSIONS
> The results of the research carried out in the framework of the PhD thesis
"AZAHETEROCYCLES WITH CONDENSATED NUCLEES. SYNTHESIS,
STRUCTURE, PROPERTIES" can be concluded as follows:
> Eleven quaternary benzo[f]quinolinium salts were synthesized, 4 with aliphatic residue
(4a-d), and 9 with aromatic skeleton (5a-i), the salts with aliphatic residue (4a-c) respectively
the quaternary salt with aromatic residue (5¢) have been previously reported in the literature, in
this thesis an efficiency of the chemical synthesis was achieved (increased yield, reduced
amount of solvent, reduced working time).
> By reacting quaternary salts with aliphatic residue (4a-c) and aromatic residue (5d,h;i),
respectively, with a symmetrically substituted cyclic alkene dipolarophile, namely 1,4-
naphthoquinone, in chloroform using triethylamine as base, 6 cycloadducts with pyrolo-
benzo[f]quinoline structure (7a-f) were obtained, with yields in the product of interest ranging
from 42%-62%.
> Treating the quaternary benzo[f]quinolinium salt with p-nitro (5f) residue with NEMI
respectively NFMI in 1,2-butyleneoxide, used both as solvent and acceptor of hydrobromic
acid, 2 cycloadducts with tetrahydropyrrolo-benzo[f]quinolinic structure (13a-b) were
obtained.
> Starting from quaternary benzo[f]lquinolinium salts with aliphatic residue (4a-d), by
[3+2] dipolar cycloaddition reactions with symmetrically substituted activated alkynes
(DMAD), a series of 4 new cycloadducts with pyrolo-benzo[f]quinolinic structure (17a-d) was
obtained, using 1,2-butyleneoxide both as solvent and as HBr acceptor. Cycloadducts with
pyrolo-benzo[f]lquinolinic structure (17b,c) have been previously reported in the literature, in
this thesis we succeeded in improving the working conditions, using 1,2-butyleneoxide both as
solvent and as HBr acceptor, previously the reactions took place in chloroform using
triethylamine as base, as well as increasing the yield in the product of interest. Previously
cycloadducts (17b,c) were characterized only by infrared spectroscopy, in the current research
the spectral characterization of all cycloadducts with pyrolo-benzo[f]quinoline structure (17a-
d) was performed using nuclear magnetic resonance spectroscopy, infrared spectroscopy, high
resolution mass spectrometry, as well as single crystal X-ray (for compound 17b).
> The research also included [3+2] dipolar cycloaddition reactions of benzo[f]quinolinium
salts with aliphatic residue (4a-c) with ethyl propiolate (non-symmetrically substituted

activated alkyne) in 1,2-butyleneoxide, yielding 3 cycloadducts with pyrolo-benzo[f]quinolinic
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structure (19a-c) with yields in the product of interest (50%-68%). Cycloadducts with pyrolo-
benzo[f]quinolinic structure (19a-c) have been previously reported in the literature, in this thesis
it was possible to improve the working conditions, using 1,2-butyleneoxide both as solvent and
as HBr scavenger, previously the reactions took place in chloroform using triethylamine as
base, in this way reducing the working time and increasing the yield in the desired compound.
Also previously cycloadducts (19b,c) were characterized only by infrared spectroscopy, in the
current research spectral characterization of all cycloadducts (19a-c) was performed using
nuclear magnetic resonance spectroscopy, infrared spectroscopy, high resolution mass
spectrometry.
> Compounds with benzo[f]quinolinic skeleton were subsequently subjected to
antimicrobial and antifungal testing. The antimicrobial activity of quaternary
benzo[f]quinolinic salts with aliphatic (4a-c) as well as aromatic (5a, i) residues was found to
be clearly superior to the pyrolo-benzo[f]lquinolinic cycloadducts (7a-f) tested. The best
antibacterial activity against Staphylococcus aureus ATCC 25923 was shown by salt (4c) with
aliphatic residue and (5b, ¢, h) with aromatic residue, the diameter of the zone of inhibition
being around 21 mm. The same salts also show good activity against Gram-negative
Escherichia coli ATCC 25922. The salts with aliphatic residue (4b,c) and with aromatic residue
(5a,b,c,h) show very good antifungal activity against the fungus C. albicans ATCC 10231, the
diameter of the zone of inhibition being around 22 mm.
> The anticancer activity of quaternary benzo[f]quinolinium salts with aliphatic residue
(4a-d), respectively with aromatic skeleton (5 b,c,d,h), as well as some cycloadducts with
pyrolo-benzobenzo[f]quinolinic structure (7a-e), (17a-c), (19a-c) has been evaluated by (NCI),
USA, through their screening program for anticancer agents.
> The most active were found to be the benzo[f]quinolinium (5b,d) salts containing an
aromatic chain. Compound 5b (substituted p-CH3) shows almost non-selective activity against
all types of cancer cells (except one type of ovarian cancer cells and one type of renal cancer
cells), showing excellent growth inhibition of 50-100% and significant lethality against four
different cancer cell types (non-small cell lung cancer HOP-92, (8%), melanoma LOX IMVI
(24%), SK-MEL-5 (89%) and breast cancer MDA-MB-468 (10%)).
> Benzo[f]quinolinium 5d salt (substituted p-C6H5) shows highly selective activity
against leukaemia with 100% growth inhibition and cytotoxicity against four different cell
types: HL-60 (TB) (62% lethality); K-562 (26% lethality); MOLT-4 (3% lethality); SR (28%
lethality).
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> Another noteworthy activity is quaternary salt 5¢ (substituted p-OCH3), which shows
80-100% percent growth inhibition against nine different cell types, including leukemia K-562
(PGI = 84%), non-small cell lung cancer HOP-92 (PGl = 88%), non-small cell lung cancer
NCI-460 (PGl = 81%), colon cancer HT29 (PGI = 80%), melanoma SK-MEL-5 (PGl = 100%,
L = 32%), melanoma UACC- 257 (PGI = 85%), kidney cancer SN12C (PGI = 83%), breast
cancer MCF7 (PGI = 82%) and breast cancer MDA-MB-468 (PGl = 97%).
> Quaternary salt 4b (with methyl ester residue) is the most active of the aliphatic series,
showing good anticancer activity against the breast cancer cell type MDA-MB-468 (PGI =
85%). Of the cycloadducts with pyrolo-benzo[f]quinoline structure tested, the most promising
results are obtained by cycloadduct 17a (with amido residue), showing a PGI of about 10-40%
against all cancer cells.
e Benzo[f]lquinolinium 5d salt (substituted p-CsHs) has been selected for NCI screening with
5 doses (stage 2), which may provide valuable information on its potential efficacy as an
anticancer agent. The quaternary salt of the tested aromatic series 5d (substituted p-CeHs),
shows Glsp values ranging from 1.02-2.99 uM for 18 different cell lines. The best inhibitory
activity was against skin cancer (melanoma) for the SK-MEL-2 cell line.
. The results of the thesis "AZAHETEROCYCLES WITH CONDENSATED
NUCLEES. SYNTHESIS, STRUCTURE, PROPERTIES" have been published in two
scientific articles, in Web of Science journals with impact factor as well as in five papers
disseminated in the form of presentations (oral/poster) at conferences in the country and abroad.

(The list of personal contributions is attached at the end of the thesis).
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