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The doctoral thesis entitled "Syntheses of new azaheterocycles with special properties”
comprises 216 pages, appendices (they contain the published scientific articles) and has the
following structure:

Table of contents

LiSt OF ADDIEVIATIONS ...ttt sbe e neenreas 5
1 ol [ Tox {[o] o PO ST U PP RPR PR ORI 7
. LIErature data ....cc.eoveieieiieieeece bbbt b et 11
I.1. Azaheterocycles. Importance and applicability ...........c.cooiiiiiiiiiii e, 12
1.2. Pyrrole and derivatives. Agents with biological activity.............cccccooviniiiineniiiicen, 15
[.2.1. Methods of synthesis of pyrrole deriVatives.............ccoveeiiiiieiieieie e 16
1.2.1.1. Industrial production of PYIrole.........ccooiiiiiiiie s 16
1.2.1.2. Classical methods of SyNthesiS...........cccceiiiiiiie i 16
1.2.2. Pyrrole derivatives with biological actiVity...........c.ccooiiiiiiiiiiie 17
1.3 Pyrazole and derivatives. Agents with biological activity.............ccccccevvveviiie i, 27
1.3.1. Methods of synthesis of pyrazole derivatives.............ccooeeieiiieniiieiee e 28

1.3.1.1. Synthesis of polysubstituted pyrazole derivatives by the reaction between various

hydrazines and o,f-unsaturated carbonyl derivatives...........cccocveveieieeicene s 28
1.3.1.2. 1,3-dipolar cycloaddition reactions ............cooerererinisienesie e 29
1.3.2. Pyrazole derivatives with biological aCtiVity...........ccccceiieiiiiiiiniie e 30
1.4. Pyridine and derivatives. Agents with biological activity..........c.cccccevveiieiiiiii i, 38
1.4.1. Methods of synthesis of pyridine derivatives .............cccovvevieieiiiesiee e 39

1.4.1.1. Synthesis of pyridine derivatives by means of the reaction between aldehydes or
KEtONES aNd AMIMONIA ......uveiieieiie ettt ste et e s s e sreeteeneesneenreas 39

1.4.1.2. Synthesis of pyridine derivatives via the reaction between aldehydes, ketones and

MAIONONIETIIE <. e e e e e e e e e e e e e e e e e e e eeeeeaeeeeeaaeaeees 39
1.4.2. Pyridine derivatives with biological aCtiVity ...........ccccceiiriiiiiiinnie e 40
1. Personal CONTIIDULIONS ......ooo et 47

I.1. Design, synthesis and biological evaluation of some pyrrole derivatives - Series 1 ....49

[1.1.1. SYNENESIS SIFALEGIES. ... c.veviiteiiieiieiete sttt 52



Syntheses of new azaheterocycles with special properties

D E————— ]

11.1.2. Biological eValUation............ccociiiiiiieiieciie st 64
I O o T [ [ 3 SRR 72

11.2. Design, synthesis and biological evaluation of some hydrazone derivatives - Series 11

............................................................................................................................................... 73
[1.2.1. SYNtNESIS SLFALEQIES ....eiivieiiecie ettt et et ae e ste e enes 73
11.2.2. Biological ValUBLION...........coiiiiiieiiec e 84
[1.2.3. COCIUSTONS ...ttt bbbt 99

............................................................................................................................................. 101
[1.3.1. SYNTNESIS SIFAtEQIES .. ecviiitieiie et e e e et e beenree s 103
11.3.2. Biological evaluation............cccoiiiiiiiiiiiiie e 108
[1.3.3. COCIUSIONS ...ttt 112
[1.4. General conclusions and PEIrSPECLIVES ..........coeieririririeie et 113
I EXPErimental PAIt ........cocoviiieieeie ettt re e 117
I11.1. Synthesis and characterization of pyrrole derivatives (Series I).......c.ccoccevvrrnennene. 119
I11.2. Synthesis and characterization of hydrazone derivatives (Series I1).........cc.cee..e. 167
111.3. Synthesis and characterization of pyridine derivatives (Series H1)...........cc.ceovnee. 200
BIDIIOGIaPNY ... 207
FaY o] 1= o [T USSP 217

The work is accompanied by 176 bibliographic references, and the summary includes a succinct
form of personal research, general conclusions and part of the bibliographic references. The
original numbering of the chapters, figures, reaction schemes and tables from the doctoral

thesis is preserved.



Syntheses of new azaheterocycles with special properties

D ———

Introduction

Cancer is currently a major cause of death worldwide. Antitumor agents used in the
treatment of cancer generally have cytostatic or cytotoxic activity by interfering with the
mechanisms responsible for cell division. Even though huge efforts have been made to find a
cure, cancer remains one of the most difficult diseases to treat, as most patients only achieve a
longer survival. Every year, the number of new cases of cancer increases, which is the main
reason why researchers turn their attention to the synthesis of new compounds with antitumor
action, with the aim of curing where possible or prolonging and improving the quality of life of
patients.

According to the World Health Organizationl, cancer is the second leading cause of
death worldwide, after cardiovascular diseases, causing approximately 10 million deaths in the
last year. In 2020%, the most common types of cancer were breast cancer, lung cancer, colon
cancer, prostate cancer, skin cancer (non-melanoma) and stomach cancer. Lung cancer, colon
cancer, liver cancer, stomach cancer and breast cancer were the most common causes of cancer
death in the same year. It is estimated that between 30-50% of cancer cases are currently
preventable by avoiding risk factors and that the burden of cancer can be reduced by early
detection, appropriate treatment and patient care.

Currently, oncology research has as its main strategy the targeting of certain enzymes,
such as tubulin, farnesyltransferase, kinase and topoisomerase, which have an important role in
cell division. Thus, the synthesis of compounds with potential biological activity, especially
anticancer, is achieved by using the studies and structures of compounds known as antitumor
agents. The new generation of antitumor compounds is often combined with classical cytotoxic
agents to achieve therapeutic effects. To avoid the resistance mechanisms developed by many
tumors to antitubulin agents, it is necessary to identify new compounds with different

mechanisms of action and improved pharmacodynamic properties.

Figure 1.1. Structure of colchicine.
An example of a compound with antitumor activity is colchicine? (compound 1, Figure
1.1), an alkaloid found in the autumn sorrel and used as a cytostatic (prevents cell division) only

in the final stages of the disease, with no other alternative.
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Starting with the structure of colchicine, analogues with antitumor action were
synthesized, for example combrestatin A-4® (CA-4), isocombrestatin® and fenstatin® (Figure
1.2).
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4
Phenstatin

Figure 1.2. Structures of colchicine analogues.

Tubulin plays an important role in a variety of essential cellular processes, such as
intracellular transport, the formation and maintenance of cell shape, thus, by inhibiting its
polymerization, cancer cells can no longer grow, drugs have either a cytostatic effect (they stop
the growth of cells cancerous), or cytotoxic effect (destroy cancer cells).

An inhibitor of tubulin polymerization is CA-4 which has as structural elements two
rings A and B of the 3,4,5-trimethoxyphenyl and 3-hydroxy-4-methoxyphenyl type,
respectively, connected by a double bond. There are two forms of CA-4, cis and trans, but only
the cis form exhibits antitumor activity. For this reason, modulations were made on the
structure, obtaining analogs like isocombrestatin and fenstatin.>*

Phenstatin is a benzophenone-type CA-4 analog, synthesized by Pettit et al.3, with a
carbonyl-type connector between the aromatic rings. It is equivalent to Combrestatin A-4 in its
interactions with tubulin, currently in clinical trials to evaluate antitumor activity.

The carbon atom belonging to the carbonyl group in phenstatin, sp? hybridized
constrains the cis orientation and often improves chemical stability and water solubility. This
has led to the synthesis of novel microtubule inhibitors exhibiting improved pharmacological
profiles (with antiproliferative activity at nanomolar concentrations against a panel of human
cancer cell lines).*

Phenstatin and its derivatives are potential anticancer candidates due to their inhibitory
properties on tubulin polymerization, cell growth, and antivascular activity.

Over time, various modulations have been made on the structure of Phenstatin, with the

aim of obtaining new compounds with biological activity. The A and B rings were alternately
6
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replaced, and the resulting compounds were tested for their anticancer activity. Figure 1.4
shows some examples of phenstatin analogs, with modified B cycle, which show activity on

the inhibition of tubulin polymerization.’8

IPT ICs= 2,4 + 0,2 uM IPTICsp= 1,1 uM
6 7

Figure 1.4. Phenstatin analogs with B ring modified.

IPT ICsy= 1,40 uM

IPT IC5y= 0,52 uM

8
9

Figure 1.5. Phenstatin analogs with A ring modified.

Replacing ring A and preserving ring B represented another modulation that led to the
synthesis of some compounds with activity on the inhibition of tubulin polymerization
(compounds 8 and 9, Figure 1.5).°

In this doctoral thesis, we proposed the synthesis and analysis of the biological
properties of new compounds that will be evaluated for the ability to inhibit enzymes such as
tubulin and/or farnesyltransferase. Thus, starting from the structure of Phenstatin, through
different modulations, it is desired to introduce nitrogen heterocycles into the structure,
because, as presented below, azaheterocycles represent a class of compounds of great

importance in medical chemistry.
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The main objectives

The aim of this doctoral thesis was the synthesis of new compounds, analogues of
phenstatin, which contain in their structure heterocycles with one or more nitrogen atoms,
because, as highlighted in the literature part of this work, nitrogen compounds arouse interest
scientists presenting numerous biological activities. Starting from the structure of fenstatin, we
made different modulations to synthesize new series of compounds and study their biological
activity.

The first step in the design of the new compounds was to preserve the ketone-type
connector and replace the B ring in the phenstatin structure with the pyrrole ring. The A ring
was varied by replacing it, either with differently substituted phenyl cores or with other
heterocycles. Another modulation was to modify the ketone-type linker so that it is alternately
replaced by heterocycles such as pyrazole and pyridine, and the A and B rings are varied, being
replaced by other differently substituted phenyl-type structures or other heterocycles (Figure
1.1).

Rings modification !
A and/or B

Figure 11.1. Pharmacomodulations made on the structure of fenstatin.

The molecular design was designed to obtain three series of new compounds, whose
structure contains the three azaheterocycles studied in the first chapter:
e Series I: analogues of phenstatin in the structure of which the ring B is replaced
by the pyrrolic ring;
e Series |l phenstatin analogues in which the linker is of the pyrazole type;

e Series I11: phenstatin analogues in which the linker is of the pyridinic type.
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I.1. Design, synthesis and biological evaluation of some pyrrole derivatives - Series |

Specialized studies have shown that the presence of a pyrrolic nucleus in the structure can
increase the biological potential of the synthesized structures. Thus, starting from the structure
of fenstatin, through different modulations, we synthesized a series of pyrrolic derivatives, in
order to study the biological activity. A first modulation was the introduction of the substituted
pyrrolic nucleus with cyano (-CN) and amino (-NH.) groups instead of the B ring in phenstatin
and its preservation in the structures of all the synthesized compounds. We then introduced the

ring (zone) C linked directly or through the methylene bridge (—CH>-) to the ring B.

X n=0, 1

A
0 )

: X n n=0,1
o A Y= COCH; CO,CH,CH

Series 1.3

Figure 11.3. General structures of synthesized pyrrolic derivatives.

Two series of compounds were obtained (Figure 11.3):
» Series 1.1: The fixed, pyrrole B ring and varying the A ring by replacing it with
a different substituted phenyl core and introducing the C ring, directly linked to
the B ring.
> Series 1.2: Ring B, fixed pyrrole type, varying ring A by replacing it with a
different substituted phenyl core and introducing ring C, linked to ring B by a
methylene linker.
The first step in obtaining the target compounds was the synthesis of -dicyano-enamine
intermediates by means of the reaction between 2-ethoxymethylene-malononitrile and

differently substituted anilines respectively differently substituted benzylamines (Scheme
| |.2).128’129

CN CN
X7 n"'NH, i X7TON TNT XY
u + — B —— e , H
A n=0,1 EtO CN o NC
R X=CH, N 2a-e

Scheme 11.2. Synthesis reaction of p-dicyano-enamine type intermediates. Reagents and
conditions: (i) EtOH, reflux, 6-8 h.
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Figure 11.6. Structures of compounds 1a-h and 2a-e.
To synthesize the pyrrolic derivatives of interest, the method described in the literature
was used'?812° the closing of the pyrrolic cycle is carried out by means of the reaction between
the intermediates of the p-dicyano-enamine type (series la-h and series 2a-e) synthesized

previously and different a-halogeno-ketones, in a basic environment (Scheme 11.3).

P
(0]
CN X
X7 X nﬂ N + Y. N . Ne
i
] P CN | x .
R/ //J
R,
n=0,1
X=CH, N
Y=CI, Br

Series 1.1: 3-41
Series 1.2: 42a-n

Scheme 11.3. Synthesis reaction of pyrrole derivatives. Reagents and conditions: (i) 3 equiv.
TEA, DMF, reflux, 12-24 hours.

Thus, 39 compounds were synthesized in the structure of which both the substituents of
the ring A and the substituents of the ring C were varied either with halogens (chlorine, bromine
or fluorine) or with other groups of the methoxy or methyl type.

In order to be able to compare the influence of the methylene-type connector between
the B and C rings, Series 1.2 of pyrroles was synthesized, using the same reaction (Scheme

11.3), obtaining 14 compounds whose structure is presented in Figure 11.13.
10
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Figure 11.13. The structures and yields of the pyrrole-type compounds of Series 1.2 with two

connectors, one of the ketone type and one of the methylene type.

The last series of pyrrolic derivatives synthesized (Series 1.3) according to Scheme 11.4,
is made up of compounds whose structure consists of two nuclei: ring A of different phenyl

type substituted, either with halogens or with methoxy groups, and ring B of pyrrole type.

CN
L e
CN v =
R// R Y NH,
n= 0,1 43a-1
X=Cl, Br
Y= COCH; CO,CH,CH;

Scheme 11.4. Synthesis reaction of pyrrole derivatives with two nuclei, Series 1.3. Reagents
and conditions: (i) 3 equiv. TEA, DMF, reflux, 12-24 hours.

To check whether the biological activity is influenced, the B ring is substituted
differently in the 5-position, either with the acetyl group or with the ethyl ester group. Another
modulation made was the presence of the connector between the two nuclei, thus in the structure

of compounds 43a-g the rings A and B are linked directly, and in the structure of compounds
12
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43h-1 the two rings are linked by the methylene type connector. The structures of the
synthesized compounds are shown in Figure 11.17.

@f S E O

43a, 89% 43b, 88% 43¢, 60% 43d, 91%

f f[ f

4 o
43e, 72% 43f, 69% 3e, 77%

0/
NN
wCN /ﬁj\N N\ —CN Ej/\l“ N\ —CN
b =
NH,
43h, 56%

43k, 60%

43j, 67%

431, 65%

43i, 75%

Figure 11.17. Structures and yields of pyrrole-type compounds in Series I.3.

The three series of pyrrole type compounds (Series 1.1, Series 1.2 and Series 1.3) were
proposed at the National Cancer Institute (NCI) to be studied for their anticancer activity
through the ability to inhibit cell growth on 60 cancer cell lines.

The percentage values of cell growth inhibition for the 12 active compounds are shown
in Table 11.3.

The most active compounds, among those tested for antiproliferative activity on 60
cancer cell lines, are 18 and 36. They belong to Series 1.1 of pyrrole derivatives, the C ring
being directly linked to the pyrrole B ring (n= 0, Figure 11.4). Another structural similarity is
represented by the fact that the C rings of the two compounds is substituted with a methoxy
group (meta-methoxy for compound 18 and ortho-methoxy for compound 36).

In the case of compound 18, ring A is also substituted with a methoxy group in the para
position, and in the case of compound 36, ring A is substituted with two chlorine atoms in the
ortho and para positions. Compound 18 showed cytotoxicity on 6 cancer cell lines, and
compound 36 on 9 cancer lines. The types of cancer on which the two compounds showed
cytotoxic action are: cancer of the central nervous system (cell lines SF-539 and SNB-75),
melanoma (line MDA-MB-435) and renal cancer (line A498).

13
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Table 11.3. Results of in vitro growth inhibition of human cancer cells for the compounds 5, 8, 13, 18, 19, 27, 36, 37, 42h, 42j, 42m and 43k.

Cell type Compound 5 8 13 18 19 27 36 37  42h  42j  42m 43k
Cell line Cell Growth Inhibition, GI%*" 10 uM
CCRF-CEM 23 31 0 81 80 14 92 88 11 55 0 15
HL-60(TB) 63 64 13 96  100% 43 98 97 50 79 11 39
eukemia K-562 79 79 60 85 86 71 87 85 75 84 11 75
MOLT-4 35 38 0 70 69 16 79 70 31 79 0 34
RPMI-8226 11 0 o 77 64 0 85 60 0 41 0 16
SR 76 50 53 72 83 50 88 86 65 8 11 73
AB49/ATCC 0 20 0 57 4 10 58 48 0 53 15 23
EKVX 13 14 11 61 5. 10 70 57 0 41 15 18
HOP-62 12 36 0 69 43 22 61 50 0 59 34 31
NO”'S“QZ'L;?" Lung HOP-92 0 nde 22 78 47 ndf 55 0 35 44 30 26
NCI-H23 0 2 0 50 67 10 84 8 20 45 12 15
NCI-H460 12 20 0 72 82 0 87 67 13 58 25 18
NCI-H522 77 51 33 96 1004k 36 1004" 92 0 1004 22 32
COLO 205 13 23 0 74 61 0 80 67 0 69 0 0
HTC-116 36 41 19 83 77 23 63 70 23 75 20 35
Colon Cancer HCT-15 63 64 31 80 73 52 75 78 41 73 10 51
HT29 47 55 16 92 93 26 1009%° 95 12 95 14 19
KM12 M 60 24 76 72 40 77 72 14 59 12 39
SW-620 59 61 0 90 79 47 75 73 23 68 0 55
SF-295 21 54 16 1009 91 25 80 71 23 60 22 19
SF-539 0 17 0 1004f 87 0 100% 74 21 52 36 26
CNS cancer SNB-19 30 28 0 73 70 22 69 54 16 44 63 31
SNB-75 37 25 17 1009 70 17 100949 1009* O 49 35 52
U251 0 33 10 66 65 20 83 75 0 73 47 35

14
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LOX IMVI 32 33 0 62 76 19 60 51 20 50 16 21
MALME-3M 40 57 0 59 58 40 62 49 15 57 37 14
M14 nd® nd® 16 89 nd® ndf 79 76 21 66 12 27
MDA-MB-435  100¢™ 96 61 10049 1004! 94 1004r 1004y 78 99 12 100%¢
Melanoma SK-MEL-2 21 29 0 71 54 20 1009s 1009w O 95 23 0
SK-MEL-28 25 30 0 54 40 26 42 40 14 45 0 0
SK-MEL-5 39 22 0 64 93 0 82 45 0 73 0 22
UACC-257 12 27 12 52 33 21 47 36 0 44 14 0
UACC-62 53 54 34 81 76 77 73 69 19 70 24 40
IGROV1 22 32 0 68 66 15 61 46 0 51 11 36
_ OVCAR-3 36 26 0 69 85 0 82 71 0 44 0 n.d.c
Ovarian Cancer OVCAR-8 0 0 0 66 44 0 65 31 0 66 44 0
NCI/ADR-RES 59 57 21 90 86 39 83 69 0 76 35 38
786-0 0 0 0 62 56 0 47 36 10 36 32 23
A498 42 39 13 100d¢h 92 25 1009t 71 0 13 0 26
ACHN 0 0 0 61 53 0 51 46 0 15 40 12
Renal cancer CAKI-1 n.d.c 31 32 69 n.d. 21 66 63 0 54 35 37
RXF 393 n.d.c 14 15 82 ndt 23 1009 44 0 58 42 36
SN12C 0 17 0 67 54 0 65 51 0 35 23 18
UO0-31 22 27 21 66 52 10 57 43 24 65 20 40
Renal cancer PC-3 42 36 0 66 63 25 81 62 0 34 33 28
DU-145 0 0 0 49 47 0 64 34 0 20 0 0
MCF7 67 66 18 82 86 48 83 83 27 72 0 40
MDA-MB
Breast cancer 23L/ATCE 31 20 0 60 51 0 53 35 0 39 18 56
HS 578T 25 21 0 88 86 14 1009v 61 0 54 32 36
BT-549 0 11 0 58 35 16 68 51 0 1004 0 18

15
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T-47D 11 39 12 84 67 17 71 57 0 64 0 21
MDA-MB-468 48 68 62  100% 68 53 84 80 39 97 19 54

@ Data from NCI's in vitro screening of human tumor cells for a single dose (10 uM concentration). ! Percent inhibition of cell growth. [ Not determined. [ A value of -x
means x% cancer cells lethality of preexisting cells (cytotoxic effect).
[e] percent inhibition of cell growth: -25%. [1 Percent inhibition of cell growth: -24%. 9 Percent inhibition of cell growth: -38%. (" Percent inhibition of cell growth: -2%. [l Percent
inhibition of cell growth: -4%. Ul Percent inhibition of cell growth: -7%. K Percent inhibition of cell growth: -1%. I Percent inhibition of cell growth: -27%. [™ Percent inhibition of
cell growth: -16%. [l Percent inhibition of cell growth: -55%. [°1 Percent inhibition of cell growth: -14%. P! Percent inhibition of cell growth: -1%. [9 Percent inhibition of cell growth:
-22%. 1 Percent inhibition of cell growth: -38%. 1 Percent inhibition of cell growth: -51%. [ Percent inhibition of cell growth: -1%. I Percent inhibition of cell growth: -8%. M
Percent inhibition of cell growth: -2%. X Percent inhibition of cell growth: -7%. M Percent inhibition of cell growth: -37%. [ Percent inhibition of cell growth: -27%. '] Percent

inhibition of cell growth: -29%. 1 Percent inhibition of cell growth: -86%. [¢ Percent inhibition of cell growth: -7%.

16
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The most active compounds of this step (testing at a single dose, 10 uM), 18 and 36,

were selected to proceed to the next step of testing, to determine the Glso (the concentration at

which cell growth is inhibited in proportion to 50%). The results are presented in Table 11.4.

Table 11.4. 5-Dose in vitro human cancer cell growth inhibition for compounds 18 and

36.
Cell Compound 18 36 Cell Compound 18 36
type Cellline  Glso*® (uM)  type Cell line Glso®® (uM)
CCRF-CEM 2.68 4.68 IGROV1 500 7.49
HL-60(TB) 2.01 3.15 OVCAR-3 2.87 3.86
K-562 0.70 3.63 OVCAR-4 18.0 8.96
Leukemia — \o 7.4 365 4.84 Ovarian  ovcAR5  7.36 9.71
RPMI-B226 294 939 " " oycars 530 21.0
SR 0.77 3.53 NCI/ADR-RES 2.35 3.55
A549/ATCC 5.68 7.39 SK-OV-3 409 3.36
EKVX 467 8.24 786-0 464 712
HOP-62 412 6.40 A498 273 720
NC(;?IEL”%' HOP-92 953 16.8 ACHN 652 7.79
Cancer NCI-H226 450 5.79 Renal CAKI-1 3.20 4.70
NCI-H23 561 7.55  cancer RXF 393 205 4.37
NCI-H460 3.41 4.66 SN12C 564 524
NCI-H522 199 1.87 TK-10 6.14 529
coLo205 3.01 5.70 Uo-31 542 7.87
HCC-2998 498 124 Prostate PC-3 3.75 5.60
HTC-116 350 4.02  cancer DU-145 470 9.73
Colon HCT-15 249 3.62 MCF7 3.07 394
Cancer MDA-MB-
HT29 264 3.8 sayaTce 180 9.05
KM12 417 3.90 Breast HS 578T 242 3.02
SW-620 2.85 3.98  cancer BT-549 441 341
SF-268 5.65 9.77 T-47D 3.72 453
SF-295 290 3.72 MDA-MB-468 1.12 2.48
CNS SF-539 241 3.37
cancer SNB-19 392 6.60
SNB-75 1.88 2.61
U251 3.45 4.45
LOXIMVI 460 4.89
MA3IRI/I\/IE- N.d D. 4.20
Melanoma M14 251 3.27
MDA-MB-
435 0.78 1.92
SK-MEL-2 4.58 2.69
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SK-MEL-28 49.8 7.58
SK-MEL-5 3.19 4.83
UACC-257 9.48 6.31

UACC-62 3.22 3.67
el Data obtained from NCI’s in vitro 60-cell 5-dose screen; [l Glsy is the molar concentration of synthetic

compound causing 50% growth inhibition of tumor cells; Il Bold values designate the best growth inhibition
activity (the lowest G150 values) obtained for the tested molecules [ Not determined.

Following the results received for the tests performed at 5 different concentrations,
compound 18 showed the best anticancer activity, having 3 cell lines with Glsp < 1.00 uM (for
leukemia on the K-562, SR lines and melanoma on the MDA-MB-435 line ).

11.2. Design, synthesis and biological evaluation of some hydrazone derivatives -

Series 11

Another modification made on the structure of phenstatin was the one in which the
ketone connector between the two substituted phenyl-type rings was replaced by a pyrazole-
type heterocycle, because the compounds that contain such a heterocycle in their structure are
known in the literature as having a wide spectrum of biological activities (for example

anticancer activity®® or anti-inflammatory activity'“°) (Figure 11.23).

The structure of the target
compounds

Figure 11.23. The general structure of the series of pyrazole derivatives.

To obtain this class of compounds, a synthesis method described in the literature'** was
used, by means of compounds of the 2-(Aryl(Het)methylene)-malononitrile type and a series
of differently substituted hydrazines. According to literature data, the closure of the pyrazole
cycle can take place in two ways:

e With the help of a cyano group (CN) and the double bond, present in the structure
of derivatives of type 2-(Aryl(Het)methylene)-malononitrile (path 1);

e via the two cyano groups (CN), (path 2), according to Scheme 11.5, obtaining
substituted dihydropyrazoles.
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mCN N I\
O R .

Scheme 11.5. General scheme for the synthesis of dihydropyrazole derivatives.

The first step in the design of the new structures was the synthesis of intermediates of
the benzylidenemalononitrile type, respectively Het-methylenemalononitrile by means of the
Knoevenagel type reaction, with the base, between different aldehydes and malononitrile
(Scheme 11.6).1*! The vyields and substituents of each compound in the 44a-j series are
presented in Table 11.5.

N Lo @E?
¢ R A\
CN : 44i

44 a-h

i

Knoevenagel
44 a-j

oy

44j

Scheme 11.6. The reaction to obtain intermediates of the Aryl(Het)-methylene malononitrile
type. Reagents and conditions: (i) piperidine, EtOH, reflux, 6-8 hours.

Table 11.5. Substituents and yields of Aryl(Het)-methylenemalononitrile intermediates.

Compound R Yields (%)
4431 3,4,5-triOCH3 90
44143 2,5-diOCH3 85
44c14 3-OCHz3 87
44dws NS 4-OCHg3 80
4414 N 4-Br 79
441147 4-NO; 87
44g18 4-N(CHs)2 85
44h# 4-OCH3-3-NO> 85

A4 @%‘ - 86
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|
44j0 @[‘j\jy - 72

The strategy for the synthesis of the target compounds was the reaction between the

previously synthesized intermediates 44a—j and various hydrazines. We performed the first
reactions starting from 3,4,5-trimethoxybenzylidenemalononitrile and various hydrazines, in
order to keep the A ring from phenstatin and to modify both the B ring and the ketone-type
connector, according to the general synthesis scheme presented previously, (Scheme 11.5) and
to obtain the target compounds from Figure 11.19. The compounds resulting from this reaction,
after purification, were not the expected ones because the pyrazole-type heterocycle was not

closed, eliminating the malononitrile according to Scheme 11.8, thus obtaining hydrazone-type

1 sau 2 NC NH: M Ry
_ R, ~
%’ N N a sau RM’N@
| N/ N
I/ P H,N

compounds (Figure 11.25).

1
: NN CN

44 a, 44e, 441
1! .
+
g N
U]
oy L ot
M [~ >3
R, - CHy(CN), K R,

46 a-o

Scheme 11.8. Scheme for obtaining hydrazone-type compounds. Reagents and conditions:
(i) EtOH, reflux, 4-8 hours.

OMe

H CFs H g Br
MeO \N_N\© MeO \NN\@ MeO Sy \©
MeO MeO MeO
OMe OMe OMe

463, 79% 46b, 71% 46¢, 79%
Me
cl cl H F H
H H
MeO. SN f MeO. sy N i Meoj@ﬁ\N N\©\ MeO. S i
MeO ; MeO ; Cl MeO F MeO
OMe OMe OMe OMe
46d, 71% 46¢, 79% 46f, 65% 46g, 88%
H u F u F H
MeO sy N MeO sy N i MeO. SN N F MeO Sy NS :
MeO C ~Cl MeO MeO F F MeO ; Br
OMe OMe OMe F OMe
46h, 79% 46i, 75% 46, 77% 46k, 73%

H H OMe H I](JI
wegshoWiNsah oIS a SO SR oM
MeO Me O,N Br Br Me

OMe

461, 55% 46m, 68% 46n, 61% 460, 69%

Figure 11.25. Structures and yields of hydrazone-type compounds.
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Compounds 46e and 46i were also analyzed by the single crystal X-ray diffraction
method, thus confirming the hydrazone-type structure.

a b

Scheme 11.9. The proposed mechanism for obtaining hydrazone-type structures 46a-o.

The reaction mechanism proposed to explain the formation of hydrazone-type
compounds 46a-o (Scheme 11.9) involves the following steps:
> the first step is represented by the classical nucleophilic attack of the marginal
nitrogen of hydrazine on the ethylene carbon of 2-cyano-3-aryl-acrylonitrile;
» the intermediate formed underwent a proton 1,3 migration and this allowed
elimination of the malononitrile and the formation of hydrazones.
Starting from the fact that hydrazones present a varied range of biological activities
(such as antibacterial*> or anticancer'®®) and to be able to complete the series of hydrazone-
type compounds obtained (Scheme 11.7), the direct reaction between different aromatic
aldehydes was also carried out as well as heteroaromatic with different aromatic or

heteroaromatic hydrazines (Scheme 11.9).
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H H
N N i XN
0 . H)N - . N
-H,0

47-73
H g N/B
o) s N Br > O,N N cl
- N N 2 , cl N
. U O Oy Qo O
0 ) 0, H H n H NR
S 47,84% 48,65 % 49,70 % 50,74 % 51,68 %
o
< e /ﬁ Qs Q
52,71 % 53,69% Cl 54,79 % 55, 81 %
~ N
4 @ J SN Q g
N\
CC ]@w X . Q A
H Cl1
56, 81% 57,75 % 58, 72% 59,73 %
QF W peely
HN ~N
O] QO b oy ({5
D
60 82 % 61 79 % 62,78 % 63,58 % 64 65 %
Cl [N
N= HN \ = ) NN\ /
N HN
wm{ﬁ@(( QO Cﬁ(o\@{
N
\ cl
65 72 % 66, 68 % Cl 67,54 % 68,76 % 69, 68 %
=N - N=
—0 =N N= Br. N\ /N Br. ’ENQ&
\ HN \ ) \ H \ \
N N
| H al H
70,70 % 71,72 % 72,71 % 73,68 %

Scheme 11.10. Reaction to obtain hydrazones 47-73. Reagents and conditions: (i) EtOH,
reflux, 4-8 hours.

From the direct condensation reaction between aldehydes and hydrazines (nucleophilic
addition and elimination of water) a series of 27 hydrazone-type compounds were obtained
which were characterized from a physico-chemical point of view and biologically evaluated.

The series of compounds 46a-0 was biologically tested for antifungal activity against 8
types of fungi: Candida albicans SC5314, Candida dubliniensis, Candida glabrata, Candida
parapsilosis, Candida albicans from cystic fibrosis patients (C. albicans (mucoviscidosis)),
Candida albicans resistant to echinocandins (C. albicans (R echinocandins)) and azole-resistant
Candida glabrata (C. glabrata (R azoles)).

Preliminary testing of cell growth inhibition at a single concentration of 32 pg/mL was
performed in triplicate. The Minimum Inhibitory Concentration (MIC) was thus determined.
The antifungal action was studied in collaboration with the Institut Pole de Biologie Pathologie

Génétique, Center Hospitalier Universitaire (CHU) in Lille, France. Five of the tested
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hydrazones 46c¢, 46d, 46i, 46k and 46l showed antifungal activity against Candida species with
MIC values between 16 and 32 pg/mL.

The results obtained are presented in Table 11.7, with Fluconazole as a reference. The
other synthesized hydrazones were less active, with MIC values > 32 pg/mL (data not shown).
Tabel 11.7. MIC values of active hydrazones 46c¢, 46d, 46i, 46k and 461 on Candida spp.

MIC values (ug/mL) on Candida spp. <l

C. albicans C. albicans

C. albicans C C C C S C. glabrata
Entry Compound L . .. (mucoviscidosi R
SC5314  dubliniensis glabrata parapsilosis tropicalis . . (R azoles)
s) echinocandins)
1 46¢ 32 >32lel 32 32 >32 >32 >32 32
2 46d 32 >32 16 >32 >32 >32 >32 32
3 461 32 >32 32 32 >32 >32 >32 32
4 46k 32 >32 16 32 32 >32 >32 >32
5 461 32 >32 16 32 32 >32 >32 32
6  Fluconazole 0.5 0.5 0.5 0.5 0.5 0.5 0.5 >32

@ In vitro inhibition percentage of pathogens. ®! Values represent mean of three experiments. [

Compounds were tested

Active hydrazones have as a common structural unit the ring A 3,4,5-trimethoxypheny|
and the ring B monosubstituted phenyl type. The best chemical modulation was the substitution
of the phenyl ring B in the ortho position with a halogen atom (Br, Cl and F) in hydrazones 46c,
46d and 46i. By comparison, compound 46d showed the highest activity, especially on C.
glabrata (MIC=16 ug/mL).

In addition to testing the antifungal activity against Candida species, the series of
hydrazones 46a-0 and 55 were also biologically tested for the evaluation of farnesyltransferase
inhibition activity, six compounds showing activity, and the results are presented in Table 11.8.

Table 11.8. In vitro FTase inhibitory activity for hydrazones 46b, 46i, 461, 46h, 46m

and 55.

Compound % FTI? ICso (uM)®  R%*
46b 94.9 20.93 0.8705
46i 22.7 - -

46l 38.9 - -

46h 28.7 - -

46m 98.8 0.27 0.8288
55 76.1 4.89 0.9929
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[el Inhibition of farnesyltransferase at a concentration of 100 uM. [’ Values represent the mean of two experiments.
[ The regression factor.

Among all the tested compounds, only three showed very good farnesyltransferase
inhibition activity (46b, 46m and 55). The most active is the hydrazone 46m, which is
structurally composed of a para-nitrophenyl nucleus and an ortho-methoxypheny! nucleus, its
inhibition percentage being 98.8% and the 1Cso value of 0.27 uM. The presence in the structure
of the 3,4,5-trimethoxyphenyl nucleus instead of the para-nitrophenyl nucleus led to a decrease
in activity until its complete reduction.

All synthesized hydrazones (series 46a-0 and series 47-73) were accepted at the
National Cancer Institute (NCI-USA) to be tested for cell growth inhibition potential on 60
cancer cell lines. The first step was testing at a concentration of 10 uM on all cell lines of the
experimental screening.

The hydrazones of the 46a-0 series showed moderate cell growth inhibition activity, the
most active hydrazones being 46k, 46g and 46f, and the results are presented in Table 11.9.

Table 11.9. In vitro human cancer cell growth inhibition results for hydrazones 46k,

469 and 46f.
Cell Compund 46k 469 _ 46f
type Cell line Cell Growth Inhibition,
G1%*° 10 uM
CCRF-CEM 68 31 49
HL-60(TB) 67 0 34
L eukemia K-562 90 53 81
MOLT-4 56 20 39
RPMI-8226 41 18 21
SR 31 11 16
AB49/ATCC 45 22 25
Nfﬂnzrg:fei” NCI-H460 68 0 0
NCI-H522 60 28 39
HCC-2998 54 0 0
HCT-15 81 46 42
Colon Cancer HT29 70 0 30
KM12 83 48 53
SW-620 53 0 25
SF-268 47 27 30
CNS cancer SF-295 39 60 12
LOX IMVI 86 51 60
MALME-3M 44 0 0
Melanoma M14 81 27 43
MDA-MB-435 60 19 28
UACC-62 63 71 71
Ovarian Cancer IGROV1 42 19 29
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OVCAR-4 49 16 20
OVCAR-8 45 13 29
NCI/ADR-RES 42 0 15
ACHN 68 21 42
Renal cancer CAKI-1 89 64 67
UO-31 65 38 35
MCF7 49 21 15
Breast cancer MDA-MB-231/ATCC 53 11 28
T-47D 69 24 46
MDA-MB-468 50 0 0

[ Data from NCI's in vitro screening of human tumor cells for a single dose (10 tM concentration). ¥l Percent inhibition of
cell growth. [ Not determined.

As can be seen in the table above, the most active structure is 46k structurally composed
of the 3,4,5-trimethoxyphenyl ring A and the para-bromophenyl ring B. The percentage of cell
growth inhibition is over 50% on 21 human cell lines, with the best activity on the K-562 line,
with a 90% percentage of cell growth inhibition. The structural changes on the B ring led to the
decrease of the activity or its total loss.

In order to study the anticancer activity, an intermediate, 44j, described in the literature
but untested, was proposed to the NCI. In the first stage of testing, it exhibited good anticancer
activity, with a percentage of G1% inhibition of 53 on the UACC-62 cell line (melanoma) and
G1% inhibition of 62 on the OVCAR-5 cell line (ovarian cancer). It also showed cytotoxic
activity on three cell lines: GI% inhibition of -32 on NCI-H226 (non-small cell lung cancer),
GI1% inhibition of -19 on A498 (renal cancer), and GI% inhibition of -24 on MDA-MB-468
(breast cancer).

Hydrazones from the 47-73 series were also tested at NCI on the 60 cell lines. The
results for the most active compounds are presented in Table 11.10.

Hydrazones 52, 53, 59, 62, 66, 69 and 71 show cytotoxic activity on most cell lines. The
structural similarity between the seven compounds is the presence in the structure instead of
the B ring of the 7-chloroquinoline ring.

The most active structure with the average cytotoxic activity on the 60 cell lines at -80
is hydrazone 62, which consists of a substituted indole heterocycle at position 5 with a methoxy
group, and a substituted quinoline heterocycle at position 7 with a chlorine atom. By comparing
the structures of the most active compounds, it is evident that the 7-chloroquinoline heterocycle
plays an extremely important role in enhancing the antiproliferative activity. Therefore, all

compounds containing such a nucleus in their structure exhibited cytotoxic effects.
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Tabel 11.10. In vitro single-dose human cancer cell growth inhibition results for hydrazones 47, 52, 53, 55, 58-66, 68, 69, 71.

Cell Compound 47 52 53 55 58 59 60 61 62 63 64 65 66 68 69 71
type Cell line Cell Growth Inhibition, G1%*° 10 uM

CCRF-CEM 53 -19d 90 26 43 -10 91 93 42 52 88 90  -35 51 -29 7

HL-60(TB) 56 -37d -44 42 32 -34 86 86 56 60 94 76 -60 43 -52 -74

Leukemia K-562 84 -52d .54 95 77 22 86 88 475 90 80 97 79 -48 .25
MOLT-4 54 -25d 13 61 23 .48 76 82 48 64 75 85 32 67 -49 -48

RPMI-8226 28 -37d -9 21 0 25 95 97 62 52 11 A4 41 52 42 -42

SR 76 -gd 23 57 66 87 86 97 27 54 96 82 25 72 22 -45

AB49/ATCC 31 a1 -82 42 0 24 47 62  -49 47 77 30 38 24 -69 98

EKVX 15 87 71 34 0 -79 67 75 96 50 77 55 -85 42 -8l -92

HOP-62 0 -42 .78 33 0o 75 53 63 56 ND 54 40 63 24 -8l .59

HOP-96 29 57 .74 32 o -8 -10 28 -91 -24 73 -68 57 -81 -69

Non-Small Cell NCI-H226 28 30 0 -68 15 52 49 64 -78 24 60 51 67 41 52 -64
Lung Cancer NCI-H23 29 A1 .41 23 0o -88 42 58 .91 32 63 3% -84 40 -80 -85
NCI-H322M 38 -64 -45 22 17 -89 34 52 -100 20 56 28 99 10 -95 -96

NCI-H460 48 -78 -63 71 0 -87 71 91 718 67 83 52 67 36 -79 90

NCI-H522 63 73 73 53 58 -77 83 75 62 71 61 72 68 25 -65 -66

COLO 205 0 -82 28 0 0 -85 62 51 56 19 62 42 59 32 -86 -44

HCC-2998 48 -39 -81 15 0 -92 69 1 89 58 89 60 -87 51 -86 -92

HTC-116 35 -89 -68 46 33 .91 76 93 50 53 91 62  -46 66 -82 -10

Colon Cancer HCT-15 47 -20 .58 15 28 -82 81 91 88 77 93 70 -2 71 -8 -80
HT29 49 -55 91 0 0 72 69 86  -42 40 76 39 -40 55 -44 3

KM12 66 -88 .53 83 47 77 90 9 77 86 1 78 -94 66 -78 -81

SW-620 66 -88 -30 72 42 74 47 79 71 25 80 20 -62 34 -76 97

SF-268 44 -64 .37 46 19  -58 80 78 60 44 79 67  -713 44 -67 -35

SF-295 40 53 -80 93 0 -85 50 74 100 41 82 52 -93 26 -84 -99

SF-539 31 -90 -84 42 0 -86 93 89  -100 29 81 73 -92 35 -8 -87

CNS cancer SNB-19 0 279 -24 19 0 -92 56 56 -100 20 48 38  -79 23 -68 -85
SNB-75 13 -88 -81 24 11 -9 84 73 94 33 56 38 -85 29 -1 .91

U251 33 -90 -87 36 17 -84 65 80  -83 44 79 42 49 43 -80 .25

LOX IMVI 71 235 -96 71 50  -92 82 2 92 69 92 71 -83 49 -78 77

MALME-3M 23 -78 -88 0 0 95 49 3B -97 0 36 23 82 29 -77 -83

M14 48 -84 -90 59 0 -89 56 85 79 48 91 50 -66 44 -71 -46

MDA-MB-435 53 -84 -85 82 37 92 80 69  -90 33 86 55  -83 89 -02 77

Melanoma SK-MEL-2 0 -88 0 0 0o -8 26 26 83 19 26 0 72 12 -80 -93
SK-MEL-28 19 -92 0 0 0 -9 20 3%  -100 16 38 0 8 0 -8 -98
SK-MEL-5 14 -93 -92 23 0 98 58 48 -100 16 78 3 98 28 -95 -100

UACC-257 13 -84 0 0 0 -91 32 29 -84 18 47 15 71 11 -84 -83
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UACC-62 59 -86 0 81 20 -61 44 45 -98 26 48 38 66 32 57 -85
IGROV1 27 59 -83 44 15  -87 -4 98 94 70 89 94 72 53 -8 41
OVCAR-3 N.D.° -92 N.D.° 22 ND° .66 -12 80 82  ND° 69 82 89 36 -80 -82
OVCAR-4 43 -60 -50 31 32 61 58 58  -100 32 46 40 76 39 -76 -78
Ovarian Cancer OVCAR-5 34 71 -5 46 17 g3 47 54  -100 26 44 22 -90 0 -87 -66
OVCAR-8 47 57 -95 34 34 67 59 55 -70 32 66 42 52 19 -66 -64
NCI/ADR-RES 46 99 97 20 25 7 -4 94 -60 33 92 77 79 63 71 77
SK-OV-3 0 0 0 12 0 -85 36 28 -95 34 34 0 -71 0 -89 -84
786-0 33 94 -87 11 16 -89 86 99 -92 47 -4 74 65 36 -81 54
A498 29 63 0 82 0 93 24 58 -98 36 49 0 -80 0 -89 77
ACHN 77 -99 -98 48 37 -98 55 72 -100 36 73 52 92 28 97 -90
CAKI-1 73 -83 -92 73 53  -97 64 73 -99 58 69 53 85 33 -92 -94
Renal cancer RXF 393 29 -58 -86 0 0 -87 N.D. N.D.c -100 39 N.D. N.D.¢ N.D.c N. -81 N.D.c
SN12C 25 -70 -64 20 0o -77 83 84 100 30 76 61 59 D° g1 -56
TK-10 0 -81 -69 0 0 91 28 40 96 0 46 0 72 30 g9 -67
U0-31 58 -89 -96 57 24 95 89 97 -100 62 89 66 -90 509 -89 -95
Prostate PC-3 57 24 61 56 51 -81 74 79 -86 66 87 64 51 41 -83 52
cancer DU-145 22 57 24 41 0 -90 51 62 -98 39 69 35 92 27 93 -79
MCF7 49 -12 72 67 28 71 82 90 -69 77 96 68 78 64 -80 -56
MDA.-
MB231/ATCC 43 71 74 15 19  -83 -1 25 93 32 93 96 90 48 -82 -90
Breast cancer HS 578T 12 53 -38 0 0 -47 71 48 -49 39 74 50 63 30 53 58
BT-549 0 -79 0 0 0 -89 96 2 91 41 -3 87 64 56 -76 -79
T-47D 62 -61 56 48 44 54 72 74 53 97 73 68 60 52 -64 54
MDA-MB-468 44 71 72 N.D.° 20 -75 -10 35 -80 59 -40 13 83 -1 -87 -94

[a] Data from NCI's in vitro screening of human tumor cells for a single dose (10 uM concentration). [b] Percent inhibition of cell growth. [c] Not determinated. [d] Cytotoxic effect:

cell growth percentage <0; total inhibition of cell prolifer
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The compounds in this series showed a strong antiproliferative activity. Hydrazones 52,
53, 59, 60, 61, 62, 64, 66, 69, 71 had an anticancer effect (cytostatic or cytotoxic) on almost all
cell lines tested, thus fulfilling the conditions to move to the next stage and to be tested to
determine the Glso (concentration at which cell growth is inhibited by 50%). Glso values
obtained from the NCI in vitro assay on 60 cell lines are shown in Table 11.11.
Table 11.11. Glso values from the NCI in vitro assay on 60 cell lines for the
compounds 52, 53, 59-62, 64, 66, 69, 71.

Cell Compound 52 53 59 60 61 62 64 66 69 71
type Cell line Glso® (uM)

CCRF-CEM 214 N.Df 032 0.30 0.83 0.31 0.46 0.28 0.25 0.20

HL-60(TB) 1.96 189 0.24 128 281 0.26 2.54 0.20 0.25 0.46

Leukemia K-562 249 1.63 0.24 194 405 0.30 2.94 0.20 0.19 0.20

MOLT-4 220 2.36 1.05 155 267 0.26 2.85 0.34 0.23 0.26

RPMI-8226 220 2.18 1.18 0.83 3.07 0.27 1.61 0.30 0.24 0.22

SR 0.70 1.90 025 293 228 0.12 4.80 0.25 0.15 0.28

AB49/ATCC 177 174 145 132 126 1.48 8.12 148 0.18 1.58

EKVX 1.73 174 1.45 197 444 1.69 2.71 126 143 1.16

Non-Small HOP-62 1.66 1.69 1.67 100 110 191 10.1 1.52 1.45 1.58

Cell Lung HOP-92 138 144 0.53 532 6.66 1.32 2.22 142 0.50 1.33

Cancer NCI-H226 180 1.79 1.89 165 378 1.86 2.02 150 1.93 1.47

NCI-H322M 1.72 172 1.73 11.4 >100 1.44 134 156 0.30 1.57

NCI-H460 2.04 2.05 1.72 115 141 2.02 7.68 0.50 0.19 0.37

NCI-H522 1.68 1.66 1.77 1.03 253 134 3.11 1.16 0.22 1.79

COLO 205 182 186 1.79 13.8 >100 0.25 15.7 121 035 0.35

HCC-2998 175 173 1.78 120 935 1.62 5.74 0.71 0.26 0.76

Colon HTC-116 1.69 192 0.33 121 132 0.19 5.97 0.19 0.16 0.19

Cancer HCT-15 162 178 0.37 8.10 919 0.18 4.46 0.29 0.17 0.18

HT29 153 181 0.35 150 294 0.21 8.77 0.18 0.17 0.27

KM12 2.08 2.39 1.79 9.78 3.68 1.65 2.71 1.65 0.18 1.80

SW-620 190 1.69 0.79 133 76.0 0.18 15.7 0.24 0.18 0.36

SF-268 1.90 2.00 1.76 299 415 186 5.23 1.72 1.55 1.70

SF-295 1.79 179 1.82 114 191 1.32 9.13 136 143 1.61

CNS cancer SF-539 1.80 1.75 1.72 147 470 0.18 2.65 0.18 0.21 1.66

SNB-19 193 197 1.67 127 114 117 20.7 165 0.36 154

SNB-75 155 167 1.38 0.14 0.38 158 0.28 036 1.23 1.07

U251 1.74 181 0.83 10.7 21.0 0.75 15.9 0.25 0.17 0.27

LOX IMVI 202 215 0.23 332 647 021 3.40 0.17 0.18 0.17

MALME-3M 190 1.87 1.76 7.33 >100 1.80 82.7 1.62 1.40 1.60

M14 180 1.76 1.73 119 785 154 7.27 157 057 1.69

MDA-MB-435 1.79 1.69 1.75 246 794 161 6.73 0.60 0.20 1.69

Melanoma SK-MEL-2 1.79 16.3 1.83 129 >100 1.83 21.4 1.60 174 1.79

SK-MEL-28 1.75 1.79 1.81 145 >100 1.69 29.1 159 184 1.59

SK-MEL-5 177 177 1.75 861 256 1.65 7.41 129 176 1.50

UACC-257 1.69 1.77 1.65 116 >100 1.82 25.1 1.52 1.82 1.58

UACC-62 1.76 171 1.77 103 373 1.63 8.45 150 1.75 1.66

IGROV1 191 185 1.54 137 163 0.30 0.63 1.64 0.17 1.65

OVCAR-3 1.88 241 N.Df 385 863 1.8 11.6 0.17 N.Df 1.66

Ovarian OVCAR-4 183 185 1.83 105 779 1.36 43.2 129 0.28 1.77

Cancer OVCAR-5 185 167 1.63 11.0 >100 1.17 4.17 159 0.19 1.53

OVCAR-8 209 202 1.68 8.12 263 0.40 20.8 1.63 0.20 1.80

NCI/ADR-RES 198 213 1.93 298 7.03 0.58 5.33 1.04 024 141

SK-OV-3 1.82 172 1.67 240 56.2 1.86 6.19 156 154 1.57

786-0 155 1.89 141 111 132 0.31 12.6 0.47 0.17 1.44

A498 1.72 18.9 1.51 187 352 1.49 205 2.07 1.73 1.87

Renal cancer ACHN 195 1.83 1.87 105 116 034 7.76 1.59 0.28 1.66

CAKI-1 1.68 1.66 1.68 223 435 154 3.01 1.30 1.58 1.46

RXF 393 1.75 1.75 1.47 284 250 140 2.09 1.48 1.54 1.42

SN12C 1.75 1.80 1.56 228 228 0.65 2.38 1.73 0.19 1.75
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TK-10 174 181 209 195 480 180 186 2.61 281 227
UOo-31 1.68 1.69 132 121 146 147 1.09 143 153 144
Prostate PC-3 164 166 155 298 483 053 255 115 024 131
cancer DU-145 195 190 153 130 205 046 133 130 019 092
MCF7 163 1.58 125 267 243 018 170 028 016 09

MDA-
Breast MB231/ATCC 193 2.05 165 137 220 025 193 019 017 124
cancer HS 578T 199 203 173 417 745 200 6.91 132 170 152
BT-549 154 175 155 024 017 176 0.17 162 195 148
T-47D 183 180 155 404 397 128 322 033 016 161

MDA-MB-468 1.76  1.65 1.01 1.89 188 0.80 1.74 0.27 0.22 1.24
[l Data from NCI in vitro assay on 60 cell lines for 5 doses. [ The Glso represents the molar concentration of the

compound that causes 50% of tumor cell growth inhibition. [I Bold values represent the best Glso values obtained for the
structures tested (Glso < 1.00 uM).

The obtained results show that hydrazone 69 is the most active, having 38 cell lines with
Glso < 1.00 uM. Structurally, this compound consists of an indole-type ring substituted in the
5-position with the methoxy group and at the nitrogen atom with the methyl group and the 7-
chloroquinoline-type ring.

Some of the tested hydrazones (59, 60, 62, 64, 66, 69, 71) show selective activity on
several cell lines: CCRF-CEM and HL-60(TB) for Leukemia, SNB-75 and U251 for nervous
system cancer central and LOX IMV1 for melanoma.

Hydrazones 47-73 and 2-(Aryl(Het)methylene)-malononitrile intermediates 44a—j were
tested at the Université de Brest, France, for their activity against rare prion diseases. The term
"prion” comes from "proteinaceous infectious particle” and refers to transmissible, abnormal,
acellular pathogens that are capable of producing errors in the process of forming specific
proteins, called prion proteins, which are found especially in brain tissue. 164

The main feature of prion diseases is rapidly progressive dementia. Considering the fact
that, until now, there are no therapies that lead to the reversal of the transformation process of
the modified protein into the normal protein or to limit the process of accumulation of these
proteins in the human body, the synthesis of new compounds with activity against the disease
is desired prion.1

The results obtained from the tests showed that 3 intermediates and 4 hydrazones
showed activity against prion disease, these being mirrored in Table 11.12, compounds with
high activity are marked with "+" and those with "+/-" are those with moderate action.

Table 11.12. Test results against prion diseases.

Compound Structure [PSI+]
N CN
44d m +/-
0.
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N CN
+
Ade Brm
H
48 R +
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Cl H
WA +
51 ) /@A NS

|
55 L T h +
72 Br@;@“@m +
H

According to the results obtained from the tests, 2 differently substituted

benzylidenemalononitrile intermediates (44d, 44e) and 4 hydrazone-type structures (48, 51, 55,
72) showed activity against prion disease. The meta-methoxy substituted intermediate (44d)
showed moderate activity, whereas the para-bromo substituted intermediate (44e) had high
activity. Regarding the activity of hydrazones, it was elevated in all 4 cases.

The structural similarity between the 4 active hydrazones is the presence of a
heterocycle, thus, hydrazones 48 and 51 have instead of the B ring, the 4,5-dihydro-1H-
imidazole-type ring, compound 55 has the phenothiazine-type ring A, and compound 72 has

ring A of the 5-bromoindole type and ring B of the 5-bromopyridine type.

11.3. Design, synthesis and biological evaluation of some pyridine derivatives -

Series 111

In the last sub-chapter of this doctoral thesis, a new series of pyridine-type
azaderivatives were synthesized by introducing the pyridine ring instead of the ketone-type
connector in phenstatin. Also, the two rings A and B were varied by replacing them, either with
other rings of a different substituted phenyl type, or with heterocycles that can increase the
biological activity of the final structures. The modulations made are shown in Figure 11.40.

The first step in the design of the new structures was to preserve the A, 3,4,5-
trimethoxyphenyl ring of phenstatin and replace the ketone-type linker with pyridine substituted

in the 2-position with the amino group and in the 3-position with the cyano group, and the B
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ring was replaced with 3,4-dimethoxyphenyl. The next step was to vary the rings A and B,
either by replacing them with either differently substituted phenyl or heterocycles.

Figure 11.40. Modulations of phenstatin to obtain series of pyridine derivatives.
To synthesize the desired compounds, the series of previously synthesized intermediates
44a-j was used (Scheme 11.6, Chapter 11.2). The thus synthesized intermediates reacted with
various commercially available ketones, closing the pyridinic ring and obtaining the desired

compound.t73174

CN NH
HC A NC 2
CN | N
S v (G cmcoown, - A
44 a-j
75a-k

Scheme 11.13. Synthesis reaction of pyridine derivatives. Reagents and conditions: (i)
EtOH, reflux, 7-12 h.
The reaction mechanism and the formation mode of the target pyridine-type compounds
is presented in Scheme 11.14.173
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NH
Hy,C O HyC
CH;COONH,
@ -H,0 @
-CH;COOH
— GG
NH
NC
NH

Scheme 11.14. Mechanism of formation of pyridine-type compounds.

By means of this reaction, a new series of 11 compounds, pyridine derivatives, whose

structure is presented in Figure 11.43.

NH, NH, NH,
| NC N YO SN Ne A
‘e e SN
- - 70
(|) ) (0] ) ) () Br o
7 752,68 % D asb70% 754,71 % O~

758, 76 % 75h, 69 %

NH,

NC | \n
7 O
o T
o~ S 75Kk, 55%
75§, 66 %

Figure 11.43. Structures and yields of compounds from Series Il , 75a-K.

=}

All synthesized compounds were proposed, accepted and tested in vitro at the National
Cancer Institute (NCI) to study their anticancer activity on 60 cancer cell lines, the first step
being testing at a concentration of 10 pM. Table 11.13 shows the cell growth inhibition

percentages for the most active 6 of the tested structures.
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Table 11.13. In vitro results of human cancer cell growth inhibition for pyridines 75c,

75e-I.

Cell )
type Compound  75c 75e 75f 75g 75h  75i
Cell line Cell Growth Inhibition, G1%*" 10 uM
CCRF-CEM 91 65 67 58 70 27
HL-60(TB) 100%h 71 63 51 79 39
Leukenmia K-562 91 81 77 76 82 69
MOLT-4 92 58 68 55 64 27
RPMI-8226 93 65 60 64 95 0
SR 91 74 83 81 90 69
A549/ATCC 78 57 57 56 74 28
EKVX 86 48 N.D° 34 38 0
HOP-62 9 57 37 25 64 31
Non-Small  HOP-92  100% 56 38 31 72 36
CellLung  NCI-226 86 39 24 20 37 0
Cancer NCI-H23 1004 48 22 17 45 15
NCI-H322M 75 32 0 20 30 0
NCI-H460 1009k 83 76 79 92 35
NCI-H522  1004' 89 65 64 97 27
COLO205 100%™ 48 37 0 77 18
HCC-2998 1009" 39 37 23 50 24
HTC-116  100%° 72 67 59 85 40
(:C;r:g;‘r HCT-15 100 83 82 76 88 68
HT29 100%P 72 60 55 88 49
KM12 ~ 100% 71 63 73 81 41
SW-620 93 72 52 52 78 42
SF-268 90 43 39 41 47 10
SF-295 10097 47 45 50 73 31
NS cancey _ SF539  100% 56 51 56 62 12
SNB-19 88 33 26 19 59 19
SNB-75 1009t 62 48 26 78 14
U251 1009 47 59 61 73 20
LOX IMVI 1004 71 70 61 88 22
M%';\AME' 100% 26 0 30 3B 11
M14 100%% 55 48 46 100% 26

MDA-MB- 0
Melanoma 135 1009y 100 72 66 86 88
SK-MEL-2 10042 60 29 0 100% 30
SK-MEL-28 95 40 27 24 40 10
SK-MEL-5 100%® 41 40 50 70 13
UACC257 77 0 21 0 40 0
UACC-62 100% 35 24 25 58 25
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IGROV1 84 65 45 38 57 21
OVCAR-3 100%¢ 32 31 27 42 N.D.C
OVCAR-4 77 25 33 19 30 0
Ovarian OVCAR-5 84 36 0 29 51 0
Cancer OVCAR-8 93 33 44 36 74 10

NC I/ADR' d,d’
RES 100 75 65 49 85 41

SK-OV-3 65 47 31 0 69 13
786-0 1004 20 48 59 82 11

A498 97 36 53 60 10099 21
ACHN 91 42 26 29 52 0
Renal CAKI-1 92 69 53 55 75 46
cancer RXF 393 N.D.c 74 52 49 97 31
SN12C 97 33 23 28 56 0
TK-10 62 0 21 0 27 0
U0-31 1004f 56 40 45 55 19
Prostate PC-3 86 44 48 32 62 23
cancer DU-145 87 30 34 50 50 0
MCF7 96 81 48 47 72 52
MDA-MB
231/ATCC 87 54 36 59 64 22
Breast HS578T  100%¢ 41 31 40 64 0
cancer BT-549 100¢0* 67 23 21 72 20
T-47D 100 70 34 39 60 41
MDA-MB-

d,i’
468 100 92 50 70 60 53

[a Data from NCI's in vitro screening of human tumor cells for a single dose (10 uM concentration). [l Percent
inhibition of cell growth. [ Not determinated. [ Cytotoxic effect: cell growth percentage <0; total inhibition of
cell proliferation and cell death. © Percent inhibition of cell growth: -27%. [ Percent inhibition of cell growth: -
1%. @ Percent inhibition of cell growth: -1%. " Percent inhibition of cell growth: -33%. [l Percent inhibition of
cell growth: -37%. U1 Percent inhibition of cell growth: -10%. [ Percent inhibition of cell growth: -43%. [ Percent
inhibition of cell growth: -6%. [™ Percent inhibition of cell growth: - 24%. ["l Percent inhibition of cell growth: -
38%. [ Percent inhibition of cell growth: -46%. [Pl Percent inhibition of cell growth: -13%. [ Percent inhibition of
cell growth: -28%. [ Percent inhibition of cell growth: -70%. I Percent inhibition of cell growth: -61%. [ Percent
inhibition of cell growth: -9%. I Percent inhibition of cell growth: -2%. ™ Percent inhibition of cell growth: -66%.
™ percent inhibition of cell growth: -4%. X Percent inhibition of cell growth: -9%. ¥ Percent inhibition of cell
growth: -6%. [ Percent inhibition of cell growth: -19%. (&1 Percent inhibition of cell growth: -85%. ' Percent
inhibition of cell growth: -9%. 7 Percent inhibition of cell growth: -24%. [ Percent inhibition of cell growth: -
35%. [¢1Percent inhibition of cell growth: -53%. 1 Percent inhibition of cell growth: -16%. (€1 Percent inhibition
of cell growth: -17%. (" Percent inhibition of cell growth:-26%. [l Percent inhibition of cell growth: -10%.

The most active compounds of the first stage of testing are 75¢ and 75h. These were
selected to go to the next stage and to be tested at 5 different doses, determining the Glso (the
concentration at which cell growth is inhibited by 50%). The results of the second stage of
testing the two structures, 75c¢ and 75h, at 5 different concentrations, are presented in Table
11.14.
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Table 11.14. Glso values from the NCI in vitro assay on 60 cell lines for the

compounds 75c¢ and 75h.

Cell Compound 75¢  75h Cell Compound 75¢c 75h
type Cell line Glso®® (uM) type Cell line Glso®® (uM)
CCRF-CEM 240 154 IGROV1 5.59 2.35
HL-60(TB) 242 1.79 OVCAR-3 2.94 N.D.
_ K-562 0.88 0.65 OVCAR-4 5.42 4.78
Leukemia MOLT-4 384 189  Ovarian OVCAR-5 5.94 3.17
RPMI-8226 195 195  cancer OVCAR-8 4.94 278
SR 053 041 NCI/ADR-RES 1.22 1.82
AG49/ATCC 374 1.92 SK-OV-3 3.63 2.05
EKVX 157 3.38 786-0 2.61 1.93
HOP-62 288 183 A498 8.86 1.78
'\'C‘;’I}Em?” HOP-92 130 2.14 ACHN 4.92 279
Cancerg NCI-H226 581 4.23 Renal CAKI-1 1.51 1.67
NCI-H23 282 313 cancer RXF 393 1.77 1.30
NCI-H460 158 1.06 SN12C 5.06 2.87
NCI-H522  0.73 0.44 TK-10 11.1 4.10
COLO205 281 211 Uo-31 3.90 1.88
HCC-2998 298 215 Prostate PC-3 1.93 2.79
HTC-116 242 1.60 cancer DU-145 8.20 3.45
Colon HCT-15 0.90 0.48 MCF7 0.13 1.51
Cancer MDA-MB-
HT29 274 172 PRUATCC 2.06 2.16
KM12 271 185 Breast HS 578T 2.17 2.08
SW-620 290 216 cancer BT-549 1.96 2.22
SF-268 363 3.89 T-47D 2.18 2.32
SF-295 343 186 MDA-MB-468 0.06 1.97
CNS SF-539 290 1.33
cancer SNB-19 5.47 2.97
SNB-75 1.30 1.84
U251 320 153
LOX IMVI 295 152
MALME-
M 325 1.72
M14 1.60 1.70
MDA-MB-
Melanoma 435 0.39 0.46
SK-MEL-28 3.46 1.79
SK-MEL-5 0.80 1.84
UACC-257 947 1.89
UACC-62 267 205

@ Data from NCI in vitro assay on 60 cell lines for 5 doses. [’ The Gls, represents the molar concentration of the compound that
causes 50% of tumor cell growth inhibition. ! Bold values represent the best GI50 values obtained for the tested compounds (Glsp < 1.00 uM).

[ Not determinated.
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Following the results received for the second test stage, it turned out that structure 75c
is the most active, having Glso value < 1.00 uM on 8 cell lines, and 75h on 5 cell lines. Both
structures also showed selective activity on certain cell lines: K-562 and SR for leukemia, NCI-
H522 and HCT-15 for colon cancer, and MDA-MB-435 for melanoma.

11.4. General conclusions and perspectives

The main objective of this PhD thesis was the design and synthesis of new compounds
with biological activity, especially anticancer.

The starting point of this study was the structure of phenstatin, on which various
modulations were made, thus obtaining 121 new compounds, not described in the specialized
literature, grouped into three series and characterized with the help of IR, *H-NMR spectra ,
13C-NMR and in some cases X-ray.

The modulations made on the structure of phenstatin consisted in replacing either the
ketone connector or the two aromatic rings, A and B. The compounds obtained were grouped

into three series, as follows:

Series I: 65 new pyrrolic compounds, grouped into three series, according to structural
features:
e Series 1.1: 39 compounds whose structure consists of 3 cycles, of which cycle B is
pyrrolic. It is directly related to the nucleus;
e Series 1.2: 14 pyrrole derivatives whose structure consists of three rings, and ring B, of
pyrrole type, is linked to ring C through a methylene type connector;
e Series 1.3: 12 compounds structurally composed of two rings (one of pyrrole type), the

two being linked directly or through a methylene type connector.

All the synthesized compounds were tested at the National Cancer Institute-USA, and
the results showed that the series showed good anticancer activity, two compounds being
selected to go to the next stage of testing, to determine the Glso (the concentration at which cell
growth is inhibited by 50%). The most active compound presented Glso < 1.00 uM on three
cancer cell lines (leukemia on the K-562, SR lines and melanoma on the MDA-MB-435 line).

Series I1: composed of 42 hydrazones divided into two miniseries (46a-o and 47-73),

depending on the method of synthesis:
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1. By the reaction of derivatives of the type 2-(Aryl(Het)methylene)-malononitrile and
various hydrazines;
2. Through the direct condensation reaction between aldehydes and hydrazines.
The compounds were obtained by performing the following structural modulations:

% The ketone connector in phenstatin has been replaced by the hydrazone type;

% The Aring has been replaced with either a differently substituted phenyl ring or
heterocycles such as thiophene, 10-methylphenothiazine and differently
substituted indole;

% The B ring has been replaced with either differently substituted phenyl or
nitrogen heterocycles such as quinoline, differently substituted pyridine,
benzothiazole and 4,5-dihydro-1H-imidazole.

The biological activity of the synthesized hydrazones varies, thus:

» The hydrazones 46a-0, obtained by the first synthesis method, showed good
antifungal activity, the most active structure (especially on C. glabrata, with
MIC=16 pg/mL) is the one in which B ring is ortho-chlorophenyl. The
anticancer activity of this series was moderate (testing was performed at the
National Cancer Institute-NCI-USA).

» The hydrazones 47-73 showed excellent anticancer activity (National Cancer
Institute-NCI-USA). In the first stage of testing, at a single dose (10 uM), 10
compounds were active on all cell lines, 7 of them showing cytotoxic activity on
all tested cell lines. The most active was the hydrazone 62 with the indole A ring
substituted in the 5-position with the methoxy group. It showed cytotoxic
activity on all cell lines tested, with an average activity of -80. The 10 active
hydrazones went to the second stage, on 5 doses, the most active was hydrazone
69, having 38 cell lines with Glso < 1.00 uM, with the indole-type ring A
substituted both in position 5 with the methoxy group and to the nitrogen atom
with the methyl group.

» 2 differently substituted benzylidenemalononitrile intermediates (44d, 44¢) and
4 hydrazone-type structures (48, 51, 55, 72) showed activity against prion
disease. and intermediate 44e and all 4 hydrazones showed high activity.

Series I11: the last series of this PhD work consists of 11 new pyridine-type compounds,

substituted in the 2-position with the amino group (NH2) and in the 3-position with the cyano
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group (CN). The A and B rings in phenstatin have been replaced, either with differently
substituted phenyl or with heterocycles (phenothiazine and indole) that have the ability to
increase the biological activity of the final structures.

Anticancer activity was studied at NCI-USA (National Cancer Institute) on 60 cell lines
for the ability to inhibit the growth of cancer cells.

Of the synthesized pyridine derivatives, six showed good anticancer activity, five of
them having selective activity on several cancer cell lines, the inhibition percentage being over
50%. The two most active compounds were selected to go to the next stage (testing at 5 doses)
and for which the Glso was calculated. The most active anticancer pyridine derivative had a

Glso < 1.00 uM on 8 cancer cell lines.

The anticancer activity, in vitro, of all synthesized compounds was studied at the
National Cancer Institute-USA by analyzing the ability to inhibit cell growth on 60 cancer cell
lines. In the case of the first stage, testing at a single dose (10 uM), the most active compounds
were hydrazones 52, 53, 59, 62, 66, 69, 71, which had cytotoxic activity on all cancer cell lines,
and pyridine 75c¢, which had cytotoxic activity on 28 cell lines. In the second test stage, at 5
doses, hydrazones 62, 66, 69 and 71 show very good anticancer activity, compound 69 having
38 lines with Glso value < 1.00 pM.

Antifungal activity was tested, in collaboration with the Institut Pole de Biologie
Pathologie Génétique, Center Hospitalier Universitaire (CHU) in Lille, France, for the series of
hydrazones 46a-0, and the most active compound was 46d (especially on C. glabrata , with
MIC=16 pg/mL).

Activity against prion diseases (rare diseases) was tested in collaboration with the
Université de Brest in France, and the most active were found to be hydrazones 48, 51, 55, 72.

Some of the obtained results were disseminated by presenting them at various

conferences:

Negru, G., Ghinet, A., Belei, D., Bicu, E., Synthesis and characterization of some
arylidenmalononitriles, Sesiunea de comunicari stiinsifice a studengilor, masteranzilor si

doctoranzilor, lasi, Romdnia, 20-21 lunie 2019.

Negru, G., Ghinet, A., Shova, S., Bicu, E.,Synthesis and characterization of some of
analogues of phenstatin, lasiChem 2019, Faculty of Chemistry Conference, lasi, Romdnia, 31
Octombrie-01 Noiembrie 20109.
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Negru, G., Ghinet, A., Bicu, E. Design,synthesis,chemical and biological
characterization of new compounds, pyrrole derivatives, Sesiunea de comunicari stiinyifice a

studenyilor, masteranzilor si doctoranzilor, lasi, Romdnia, 29-30 Octombrie 2020.

Negru, G., Kamus, L., Bicu, E., Shova, S., Sendid, B., Dubar, F., Ghinet, A., A new series
of hydrazones with antifungal activity against candida species, Sesiunea de comunicari

stiingifice a studenrilor, masteranzilor si doctoranzilor, lasi, Romdnia, 11-12 Noiembrie 2021.

Negru, G.,Zubas, A., Ghinet, A., Bicu, E., A new series of pyridine derivatives as
anticancer agents: design, synthesis and biological evaluation, Sesiunea de comunicari

stiingifice a studenrilor, masteranzilor si doctoranzilor, lasi, Romdnia, 28 Octombrie 2022.
By publishing articles:

Negru, G., Kamus, L., Bicu, E., Shova, S., Sendid, B., Dubar, F., Ghinet, A., Attempts to
access a series of pyrazoles lead to new hydrazones with antifungal potential against
Candida species including azole-resistant strains, Molecules, 26(19), 5861, 2021. DOI:
https://doi.org/10.3390/molecules26195861, Factor de impact 4.412.

Negru (Apostol), G.; Ghinet, A.; Bicu, E. 7-Chloroquinolinehydrazones as First-in-
Class Anticancer Experimental Drugs in the NCI-60 Screen among Different Investigated
Series of Aryl, Quinoline, Pyridine, Benzothiazole and Imidazolehydrazones!’®,
Pharmaceuticals 2023, 16(5), 691. DOI: https://doi.org/10.3390/ph16050691. Factor de
impact: 5.215.

During my doctoral internship, | was a member of two research projects:
POCU/380/6/13/123623 (Doctoral students and postdoctoral researchers prepared for the
labor market 2019-2020) and PN-I111-P4-1D-PCE-2020-0818/ 195/2021 (P2X7R Ligands
as Potential Therapeutic Tools for the Treatment of Inflammatory Bowel Disease and
Related Cancers 2021-2023).

| also benefited from 5 internships (research) at the Yncrea-Ecole des Hautes Etudes
d'Ingenieur institution, Universite Catolique de Lille, France, financed by the programs:
Erasmus+, project PCDS-19-04 (Collaboration agreement between Yncréa Hauts-de-
France - Lille, France and "Alexandru loan Cuza" University, lasi, Romania; Synthése et
¢évaluation biologique de nouveaux composés hétérocycliques pour combattre la progéria,

acronym HOPE), project UAIC-INOV-IMP2 (Supporting competitiveness in research -
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development and innovation through the development of the institutional capacity of the
"Alexandru loan Cuza" University in lasi) and the project PN-111-P4-1D-PCE-2020-
0818/195/2021 (P2X7R Ligands as Potential Therapeutic Tools for the Treatment of
Inflammatory Bowel Disease and Related Cancers 2021-2023).

Thank you to the CERNESIM Center, part of the Interdisciplinary Research Institute at
"Alexandru loan Cuza" University in lasi, for the infrastructure used in recording the NMR
experiments.
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