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ABSTRACT

The therapeutic potential of 3H-pyrrolo[2,3-c]quinolines—the main core of Marinoquinoline natural
products—has been explored for the development of new anti-TB agents. The chemical modification of
various positions in this scaffold has led to the discovery of two pyrroloquinolines (compounds 50 and
54) with good in vitro activity against virulent strains of Mycobacterium tuberculosis (H37Rv,
MIC = 4.1 uM and 4.2 uM, respectively). Enzymatic assays showed that both derivatives are inhibitors of
glutamate-5-kinase (G5K, encoded by proB gene), an essential enzyme for this pathogen involved in the
first step of the proline biosynthesis pathway. G5K catalyzes the phosphoryl-transference of the vy-
phosphate group of ATP to L-glutamate to provide L-glutamyl-5-phosphate and ADP, and also regulates
the synthesis of L-proline. The results of various molecular dynamics simulation studies revealed that the
inhibition of G5K would be caused by allosteric interaction of these compounds with the interface be-
tween enzyme domains, against different pockets and with distinct recognition patterns. The binding of
compound 54 promotes long-distance conformational changes at the L-glutamate binding site that
would prevent it from anchoring for catalysis, while compound 50 alters the ATP binding site archi-
tecture for recognition. Enzyme assays revealed that compound 50 caused a substancial increase in the
KZPP for ATP, while no significant effect was observed for derivative 54. This work also demonstrates the
potential of the G5K enzyme as a biological target for the development of new anti-TB drugs.
© 2022 The Authors. Published by Elsevier Masson SAS. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

leading causes of death worldwide, and its causative agent, Myco-
bacterium tuberculosis, ranks second (after SARS-CoV-2) as the

According to the World Health Organization (WHO), and despite
widespread efforts to promote vaccination, early diagnosis and
treatments, tuberculosis (TB) continues to be among the top 10
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microorganism causing most deaths in the world [1—4]. As such, it
remains a global health priority. It has been estimated that about
25% of the world's population is infected with M. tuberculosis, and
about 10% of people may develop this illness at some point in their
lives [5]. The incidence of TB among immunocompromised in-
dividuals, such as those infected with HIV, suffering from diabetes
or undernutrition, is of great concern, especially its multidrug-
resistant form (MDR-TB) [6,7]. Thus, the WHO reported that
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about 1.4 million people died from TB in 2019, which includes
208,000 people with HIV, and about 78% of new cases were resis-
tant to isoniazid and rifampicin, the most effective first-line TB-
drugs [8,9]. Although TB is curable with a combination of 4—5
drugs, the increasing worldwide incidence of extremely resistant
strains (XDR-TB), for which no treatment options are available in
some cases, is a major concern in many clinical settings [10,11].
Research breakthroughs are therefore urgently needed to reduce TB
incidence worldwide [12].

Throughout the history of medicine, natural products have
played a crucial role in the discovery and development of new
drugs, in particular anticancer and antibacterial agents [13—16].
Nature has been an amazing source of bioactive compounds, as well
as highly diverse chemical entities and novel scaffolds that have
allowed many natural products or naturally inspired semi-
synthetic/synthetic compounds to enter into clinical use [17—19].
An analysis of drugs approved by the FDA (Food and Drug
Administration) between 1981 and 2019 showed that almost 80% of
new antibacterial drugs were inspired by natural products [20].
Rifampicin, which is one of the first-line TB drugs, is a good
example of this. [21] In recent years, the interest in natural products
as a “chemical space” source in drug discovery is re-emerging
[22,23]. In this context, we became interested in exploring the
therapeutic potential of Marinoquinolines for the identification of
novel chemical entities with anti-TB activity. These compounds,
which were isolated from diverse bacterial sources and have been
largely ignored since, are 3H-pyrrolo[2,3-c]quinoline derivatives
mainly substituted at the 4-position with: (i) an alkyl group, such as
Marinoquinolines A (R = Me, 1), B(R = iBu, 2), C(R=Bn, 3),and D
(R = CH3-4-(OH)phenyl, 4); (ii) an 1H-indol-3-yl group, Mar-
inoquinoline E (5); or (iii) an 1H-indol-3-ylcarbonyl, Mar-
inoquinoline F (6) (Fig. 1A) [24—26]. These compounds were found
to exhibit promising antiprotozoal activity against the chloroquine-
resistant strain of Plasmodium falciparum (K1, ICs50: 1.7—15 pM), and
also revealed to be acetylcholinesterase inhibitors (ICso values
range = 3.6—8.1 uM) for the treatment of Alzheimer's disease [27].
In addition, the structurally related pyrroloquinoline alkaloid
aplidiopsamine A (7) also proved to have promising anti-
plasmodial  activity against chloroquine-resistant (Dd2,
ICsp = 1.65 puM) and chloroquine-sensitive strains (3D7,
ICs5p = 1.47 uM) of P. falciparum [28]. Remarkably, modifications at
the 4- and 7-positions in the marinoquinoline core (compounds
8—40) allowed the anti-plasmodial activity to be improved up to
the nanomolar range (Fig. 1B) [29]. Thus, the most relevant
example, compound 40 ['R = OMe; °R = 4-(NHBoc)phenyl], was
found to have an ICsp value of 39 nM against chloroquine-sensitive
P. falciparum strains (3D7) and good in vivo activity.

Although the antibacterial activity of Marinoquinolines A—F
(1-6) against pathogenic bacteria such as Escherichia coli and
Staphylococcus aureus was shown to be weak (MIC >190 uM) [24],
the success achieved with compound 40 resulting from modification
of the 3H-pyrrolo[2,3-c]quinoline scaffold encouraged us to explore
the anti-TB therapeutic potential of marinoquinoline-inspired
compounds. Our interest in this scaffold was supported by the
good anti-TB activity of compounds bearing a pyrrol [30] or quino-
line derivative such as bedaquiline—the second-line TB-drug for the
treatment of MDR-TB [1,31] and compound 41 (Fig. 1C). The latter
quinoline derivative, which exhibits a MIC value of 5.5 pM against
M. tuberculosis H37Rv and good pharmacological properties, was
identified by Pitta et al. [32] by high throughput phenotypic
screening of a small molecule library followed by optimization.
Recently, Makafe et al. [33] identified two pyrroloquinoline de-
rivatives, namely Z0933 and Z0930, that exhibited MIC values
against M. tuberculosis H37Rv of 6.1 uM and 13.7 pM, respectively
(Fig. 1D), by way of a whole-cell screening of an in-house chemical
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library of pyrroloquinoline compounds. By screening spontaneous
resistant M. tuberculosis mutants in the presence of these com-
pounds, the authors identified glutamate-5-kinase (G5K, 2.7.2.11),
an essential enzyme in M. tuberculosis bacteria and involved in the
proline biosynthesis pathway, as its biological target. Herein we
report the synthesis of a small marinoquinoline-inspired molecule
library (compounds 42—64), in which positions 1, 3, 4 and 7 of the
3H-pyrrolo[2,3-c]quinoline core have been investigated, and their
in vitro activity against M. tuberculosis H37Rv (Fig. 2). The structural
similarity between the hit compounds identified in this study and
compounds Z0933 and Z0930 led us to explore whether G5K may
also be the biological target. It was found that these compounds are
allosteric inhibitors of G5K. The binding modes of the most relevant
compounds identified (analogs 50 and 54), which were found to
have MIC values of 4.1 and 4.2 uM, respectively, were studied by
docking and then further validated by molecular dynamics (MD)
simulation studies.

2. Results and discussion
2.1. Initial screening

Initially, the in vitro antibacterial activity of the natural mar-
inoquinolines A (1), B (2), C(3) and E (5), as well as the previously
reported synthetic marinoquinoline analogs 8—40 [29], was
assayed by determining the minimum inhibitory concentration
(MIC) against M. tuberculosis H37Rv using the Alamar Blue assay
(Table S1) [34]. This chemical library comprised two series of
compounds (series I and II), with either no substituent ('R = H) or a
methoxy group ('R = OMe) at position 4 in the 3H-pyrrolo[2,3-c]
quinoline core, respectively (Fig. 3A). Compound series I contained
those ligands substituted with an aliphatic group (methyl, isobutyl,
benzyl, and ethyl), whereas series II included those compounds
substituted with an indole group or a phenyl moiety substituted
with electron-donating (OMe, NH,, NMe,, Me) or electron-
withdrawing groups (Cl, Br, CF3, CO,H, CO,Me, NHCOMe, NHBoc).
The most relevant compounds in this screening were the natural
marinoquinoline B (2) and compound 19, which have isobutyl
(MIC = 22.6 uM) and 4-chlorophenyl (MIC = 17.9 pM) groups at
position 4 in the 3H-pyrrolo[2,3-c]quinoline core, respectively
(Fig. 3A). The in vitro antibacterial activity of compound 10, which
has benzyl and methoxy groups at positions 4 and 7, respectively,
was also found to be remarkable (MIC = 34.7 uM). On the other
hand, the in vitro activity results also revealed that the substitution
of a methoxy group (electron-donating group) at position 7 in 19
decreases the antibacterial activity (MIC = 64.8 pM, Table S1), and
that among the aryl groups explored in position 4, the p-chlor-
ophenyl group was found to give rise to more favorable results.

These initial promising results led us to explore the possible
improvement of the antibacterial activity obtained with com-
pounds 2, 10 and 19 by analyzing the effect of: (i) replacing the
isobutyl group in 2 with an ethylenephenyl group, other branched
groups (methyl-c-propyl) or a longer aliphatic chain (n-octyl); (ii)
introducing electron-withdrawing groups (F, CF3, Cl, CO,Me) or less
bulky groups (Me) in position 7 in 19 and in derivatives such as 2;
and (iii) functionalizing the 1-position in the 3H-pyrrolo [2,3-c]
quinoline core (Cl, Br, aryl group) (Fig. 3B). In addition, the need for
a free NH group in the marinoquinoline-inspired scaffold was also
explored. To this end, compounds 42—64 were synthesized, as
discussed below.

2.2. Synthesis of compounds 42—64

Compounds 42—50 and 52—56, which contain a free NH group,
were prepared as outlined in Scheme 1. Synthesis was achieved in
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Z = Cl, Br, Me, NO,, NH,, NMe,, OMe,
CO,H, CO,Me, NHAc, NHBoc

70930
MIC (Mt H37Rv) = 13.7 uM

Fig. 1. (A) Natural 3H-pyrrolo[2,3-c]quinolines. (B) Marinoquinoline-inspired derivatives 8—40 obtained by synthesis that led to the identification of a potent and fast-acting
P. falciparum inhibitor with in vivo activity. (C) Selected quinoline-based compounds active against M. tuberculosis H37Rv. (D) Identified 11H-indolo[2,3-c]quinoline derivatives
Z0933 and Z0930 that kill M. tuberculosis H37Rv by activation of glutamate-5-kinase enzyme.

three steps from commercially available 3-(4,4,5,5-tetramethyl
[1—-3]dioxaborolan-2-yl)-1-(triisopropylsilanyl)-1H-pyrrole  (65),
as reported previously on a large scale [29,35—37]. The first step
consisted of the Suzuki—Miyaura cross-coupling reaction between
pyrrole boronate ester 65 and the corresponding bromoaniline
derivatives using catalytic amounts of Pd(OAc), and SPhos and in
the presence of KyCOs. This led to pyrroloanilines 66—71, with
isolated yields ranging from 68% to 93%. Secondly, deprotection of
the TIPS groups in 66—71 with TBAF efficiently afforded pyrroloa-
nilines 72—77. Finally, the Pictet—Spengler cyclization of pyrroloa-
nilines 72—77 and previously reported compound 78 [29] using the

corresponding aliphatic and aromatic aldehydes (1.2 equiv.) and
trifluoroacetic acid (1 equiv.) gave the desired marinoquinoline-
inspired analogs 42—50 and 52—56 with isolated yields ranging
from 23% to 78%.

The amino moiety of compounds 19, 54, 57 and 50 was then
functionalized with a methyl or a methylcyclopropyl group
(Scheme 2). The new analogs (compounds 58—61 and 51) were
synthesized by treatment of compounds 19, 54, 57 and 50 with
sodium hydride, followed by reaction with iodomethane or (iodo-
methyl)cyclopropane (yields ranged from 39% to 75%). Further-
more, regioselective chlorination of position 1 in 19 was achieved
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42 G = H; W = n-octyl 48 G=Y=H
43 G = F; W = n-octyl 49 G=F;Y=H

44 G = Me; W = n-octyl
45 G = OMe; W = n-octyl
46 G =H; W = c-Pr

47 G = Me; W = ¢c-Pr

50 G=0OMe; Y =H
51 G = OMe; Y = Me

53G=CF3Y=H
54G=F;Y=H
55G=Cl;Y=H

56 G = CO,Me; Y =H
57G=Me;Y=H

58 G=H;Y =Me
59G=F;Y=Me

60 G =F;Y = CHyc-Pr
61G =Y =Me

62 X = ClI
63 X = Br,
64 X = 3-F-phenyl

Fig. 2. Synthetic 3H-pyrrolo[2,3-c]quinoline derivatives 42—64 explored for the
identification of new anti-TB compounds.

by treatment with N-chlorosuccinimide at high temperature to give
compound 62 in 64% isolated yield. Similarly, bromide 63 was
prepared from 19 in 79% isolated yield using N-bromosuccinimide
at room temperature. Finally, a Suzuki cross-coupling reaction be-
tween bromide 63 and (3-fluorophenyl)boronic acid in the pres-
ence of KoCO3 and Pd(PPhs)4 as catalyst gave compound 64 in 42%
isolated yield.

2.3. In vitro anti-tuberculosis activity of compounds 42—64

The in vitro antibacterial activity of compounds 42—64 against
M. tuberculosis H37Rv was then measured; the MIC values obtained
are summarized in Table 1. The results with compounds 2 and 10
(series 1) and 19 (series II) from the aforementioned initial
screening are also included in Table 1 for comparison.

The results obtained with derivatives from series I (compounds
42-51), which possess an aliphatic chain in the 4-position of the
pyrroloquinoline scaffold (Table 1, entries 3—12), revealed that, in
general, substitution of the position 7 by a methoxy group
enhanced the antibacterial activity. In addition, the replacement of
the isobutyl group in marinoquinoline B (2, MIC = 22.6 uM; Table 1,
entry 1) by an n-octyl group (compounds 42—45) improved the
antibacterial activity slightly, irrespective of whether the substit-
uent at the 7-position was an electron-withdrawing or electron-
donating group (MICs values ranged between 16.1 and 17.8 uM)
(Table 1, entries 3—6), and no significant enhancement was
observed in those compounds bearing a cPr group (compounds
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(A)
series |
5 N7 MeO N7 |
| b |
! 2 10 !
| MIC=226uM MIC =347 uM |

_— Relevance of the
free amino group

* Longer alkyl moieties
Branched short chains
Alkylaryl groups

42 — 64

Electron-withdrawing groups
Less bulky groups

Fig. 3. A. Most active natural and previously reported synthetic 3H-pyrrolo[2,3-c]
quinoline derivatives against M. tuberculosis H37Rv identified in the first screening. B.
Positions of the 3H-pyrrolo[2,3-c]quinoline scaffold explored for optimization (com-
pounds 42—64).

46-47; Table 1, entries 1 vs entries 7 and 8). In contrast, a
remarkable positive effect was obtained upon replacement of the
benzyl group in 10 by an ethylenephenyl group (compound 50),
which led to a nine-fold improvement in the in vitro activity
(MIC = 4.1 uM; Table 1, entries 2 vs 11). Finally, the presence of the
methoxy group in the ethylenephenyl pyrroloquinoline 50 proved
to be relevant for increasing in vitro activity, since a lack of the latter
group or its substitution by a fluoride [compounds 48
(MIC = 36.7 uM) and 49 (MIC = 34.4 uM)] resulted in a marked loss
of activity (Table 1, entries 9 and 10 vs 11).

On the other hand, the results obtained with the new derivatives
in series Il functionalized with an aryl group at the 4-position of the
pyrroloquinoline scaffold (compounds 52—64; Table 1, entries
14—26) suggested a distinct trend from compounds derived from
series L. The introduction of a fluoride or a methyl group at position
7 in the tricyclic system, instead of a methoxy group, proved to be
key to improving the in vitro activity. Thus, compounds 54 and 57
provided the best results, showing MIC values of 4.2 and 8.5 uM,
respectively (Table 1, entries 16 and 19).

Moreover, in general, alkylation of the NH group caused a
reduction in the in vitro activity of between two- and three-fold.
Thus, the introduction of a cPr group at the NH group in 54 (com-
pound 60) and a methyl group in ethylenephenyl pyrroloquinoline
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W = n-octyl, c-Pr, 4-tolyl, CH,CH,Ph, 4-CI-CgHy,4, 4-(1,1'-biphenyl)

Scheme 1. Synthesis of compounds 42—50, 52—56. Reagents and conditions: (a) corresponding bromoaniline, Pd(OAc); (cat), SPhos, K3PO4, nBuOH/H-0, 80 °C. (b) TBAF, THF, RT. (c)

RCHO, TFA, CHyCl,, RT.

19G=H 58 G =H, Y = Me; 50%
54G=F 59G=F;Y =Me;57%
57 G = Me 60 G =F;Y = CHyc-Pr; 75%
61 G =Y = Me; 39%
N-
N Y
—
MeO N Ph

19 X =H
62X=C|)c,79%
63 X =Br

b, 64% C_

Scheme 2. Synthesis of compounds 58—64. Reagents and conditions: (a) 1. NaH, THF,
0 °C. 2. Mel or (iodomethyl)cyclopropane, RT. (b) NCS, DMF, A. (c) NBS, THF/H,0, RT. (d)
(3-fluorophenyl)boronic acid, Pd(PPhs),, K,CO3, dioxane/H,0, 90 °C.

50 (compound 51) resulted in an increase in the MIC values from
4.2 to 14.2 uM and from 4.1 to 7.9 uM, respectively (Table 1, entries
22 and 12 vs 16 and 11). Despite this increase, the values achieved
are lower than those obtained for many of the compounds with a
free NH group, such as Marinoquinoline B (2, MIC = 22.6 uM).
Furthermore, while the introduction of a halide (Cl, Br) at po-
sition 1 in 19 (MIC = 17.9 uM) had a positive impact on the in vitro
activity (compound 62, MIC = 16.0 uM; compound 63,
MIC = 14.0 uM, Table 1, entries 13 vs 24 and 25), the incorporation

of an aromatic group at the same position resulted in a decrease in
the in vitro activity (compound 64, MIC = 26.8 uM, Table 1, entries
26 vs 25). In summary, we have identified two compounds based on
the natural marinoquinoline scaffold, namely analogs 50 and 54,
with good in vitro activity against M. tuberculosis H37Rv (MIC values
of 41 and 4.2 uM, respectively).

2.4. Enzymatic assays

Makafe et al. [33] identified two pyrroloquinoline derivatives,
namely Z0933 and Z0930 (Fig. 1), that exhibit in vitro activity
against M. tuberculosis H37Rv with MIC values of 6.1 and 13.7 uM,
respectively, by inhibition of G5K enzyme. G5K is an essential
enzyme for M. tuberculosis, encoded by the Rv2439c gene (also
named proB), that is involved in the first step of the proline
biosynthesis pathway [38—42]. G5K catalyzes the phosphoryl-
transference of the y-phosphate group of ATP to L-glutamate (L-
Glu) to provide L-glutamyl-5-phosphate and ADP, and also regu-
lates the synthesis of L-proline (L-Pro), which is involved in pro-
tecting the cell against osmotic stress, by feed-back inhibition by L-
Pro [43,44] Z0933 and Z0930 appeared to cause an allosteric acti-
vation of G5K, which results in an increase in L-Pro levels, thus
causing a redox imbalance and an accelerated production of reac-
tive oxygen species that finally kill the bacterium. The pyrroloqui-
noline core and the phenyl substituent at the 6-position of Z0933
and Z0930 were found to be essential for enhancing the activity of
G5K. The authors suggested that these compounds may interact
with M. tuberculosis G5K (Mt-G5K) in the vicinity of residue Ala266,
which is located on the amino acid kinase (AAK) domain (residues
1—264). However, details of the binding mode of compounds Z0933
and Z0930 at an atomic level, as well as how this allosteric acti-
vation is achieved, were not provided.

The structural similarity between the hit compounds identified
in this study and compounds Z0933 and Z0930 led us to explore
whether Mt-G5K may also be the biological target for the com-
pounds 50 and 54. To this end, the enzymatic activity of Escherichia
coli G5K (Ec-G5K) was evaluated in the presence of compounds 50
and 54, which proved to have lower in vitro activity against this
pathogen (eight-fold). Enzyme assays at fixed substrate and
enzyme concentrations in the absence and presence of various
concentrations of compounds 50, 54 and L-Pro, which is its natural
inhibitor, were performed. Analogs 50 and 54 were found to inhibit
Ec-G5K. At 10 mM concentration of both substrates (ATP, L-Glu), the
estimated Ip5 values were 22.1 + 0.7 and 33 + 12 pM, respectively,
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Table 1
Minimum inhibitory concentration (MIC) of compounds 42—64 against M. tuberculosis H37Rv".
Series Entry Compd. w G X Y MIC (uM)
1 1 2 i-Bu H H H 22.6
I 2 10 Bn OMe H H 34.7
1 3 42 % H H H 17.8
1 4 43 %’)/ F H H 16.8
7
1 5 44 iﬂ/ Me H H 17.0
7
1 6 45 %’)/ MeO H H 16.1
7
1 7 46 . H H H 24.0
I 8 47 4 Me H H 45.0
1 9 48 . H H H 36.7
/\/\Ph
I 10 49 % F H H 344
,\/\Ph
I 11 50 g MeO H H 4.1
S pn
I 12 51 G MeO H Me 7.9
'\/\Ph
I 13 19 . H H H 17.9
11 14 52 , H H H 31.2
;—< >7Ph
11 15 53 , CF3 H H 144
O
11 16 54 , F H H 4.2
11 17 55 , Cl H H 16.0
11 18 56 , CO,Me H H >500
11 19 57 , Me H H 8.5
11 20 58 , H H Me 171
11 21 59 , F H Me ND
11 22 60 F H 14.2
O A
11 23 61 , Me H Me 16.3
11 24 62 ) H Cl H 16.0
11 25 63 , H Br H 14.0
11 26 64 ) : H F H 26.8

5

@ MIC value for the reference drug moxifloxacin = 0.15 pM.
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where Ips is the concentration causing 50% inhibition (Fig. 4A).
Under the same assay conditions, the calculated Ig 5 value for L-Pro
was 2.5 + 0.3 pM. Unlike L-Pro and compound 50, derivative 54
proved to inhibit only partially the enzyme, thus suggesting that
this compound produces a partially active complex. By extrapola-
tion of the remaining activity at co concentration of compound 50,
the residual enzyme activity was estimated to be of 41%. Moreover,
the two analogs 50 and 54 were found not to compete for the L-Pro
binding site as the inhibitory capacity of L-Pro was not altered by
the presence of compounds 50 (50 uM) and 54 (40 uM) (Fig. 4B).
These results suggest that G5K may also be the target for com-
pounds 50 and 54. At 10 mM concentration of L-Glu and ATP, g5
values for L-Pro, compounds 50 and 54 were 2.5 + 0.3 uM,
221 + 0.7 uM and 33 + 12 pM, respectively.

The effects on the KPP and ViPh for ATP at constant concen-
trations of L-Glu (150 mM, 300 mM and 600 mM) and ATP (10 mM)
in the presence and absence of compounds 50 (120 uM) and 54
(120 pM) were then studied. For these assays, higher concentra-
tions of L-Glu were employed because at the previously concen-
tration used (10 mM) the kinetic data for ATP was adjusted to a
sigmoid with a very high slope, which made it difficult to quantify
the effect of the inhibitors on kinetic parameters (Fig. S1A). Fortu-
nately, under these assay conditions, the kinetic data for ATP was
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Fig. 4. (A) Activity of Ec-G5K in the presence of increasing concentration of com-
pounds 50, 54 and L-Pro. (B) Effect on the inhibition of Ec-G5K by L-Pro in the presence
of compounds 50 (50 pM) and 54 (40 uM). Assay results are given as the means + S.E.
of at least three determinations.
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fitted to a hyperbole with more suitable values for quantifying the
plausible changes in KPP and Vi values. As before, L-Pro and
compound 50 caused the total inhibition of the Ec-G5K enzyme,
while partial inhibition (~40%) was obtained with compound 54
(Fig. S1B). For all cases, higher Iy 5 values were observed. The results
revealed that compound 50 caused a substantial increase in the
K3FP for ATP, while no significant effect was identified for derivative
54 (Fig. 5A). For compound 50, no relevant effects on the ViP% for
ATP were identified, while these velocities were somewhat lower in
the presence of derivative 54 (Fig. 5B). The effect on the K3P for ATP
caused by compound 50 explains the inhibition obtained in the
assays using 150 mM of L-Glu and 10 mM of ATP (Fig. S1B), since the
activity observed in the presence of 50 (68% of the activity without
inhibitor) is very similar to that expected for the observed increase
in KPP for ATP from 2.2 to 8.4 mM (66% of the expected relative
activity). It is worth highlighting that while the active site of G5K
enzyme is highly conserved, there are significant differences in the
amino acid sequence between homologous enzymes (Fig. S2).
Therefore, differences in the binding affinity of the reported com-
pounds against Mt-G5K and Ec-G5K are expected. Taken together,
these outcomes suggest that the inhibition of the G5K enzyme by
compound 50 is due to the reduction of the binding affinity of ATP
for catalysis. In contrast, compound 54 would inhibit this enzyme
by preventing the binding of L-Glu, which would be discussed
below.

2.5. Cytotoxicity assays

The cytotoxicity of inhibitors 50 and 54 in the HepG2 cell line
(human hepatocellular carcinoma) was evaluated using the MTT [3-
(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide]
assay by calculating the percentage of inhibition of cell growth
induced by various concentrations (5 pM, 10 uM and 20 pM) of
compounds 50 and 54. The results showed that no relevant cyto-
toxicity was exhibited by both compounds (Table 2).

2.6. Molecular dynamics simulation studies

2.6.1. Compounds binding mode

To gain an insight into how the hit compounds identified in this
study may inhibit G5K enzyme at the molecular level, computa-
tional studies were carried out with the two homologous enzymes,
Ec-G5K and Mt-G5K. For Ec-G5K, the available crystal structures
PDB ID 2J5T, which has L-Glu and sulfate in the active site, and PDB
ID 2J5V, which is in complex with L-glutamyl-5-phosphate and
pyroglutamic acid, were employed [45]. Unsolved residues were
modelled using the web-based ModLoop server [46]. For the
M. tuberculosis enzyme, as no three-dimensional structure of Mt-
G5K is available, a homology model was constructed using the
homology modelling web-based Phyre2 server and further vali-
dated by MD simulation studies [47]. The constructed three-
dimensional structure of Mt-G5K showed to be very stable as Ec-
G5K. Thus, the analysis of the root-mean-square deviation (rmsd)
for the whole protein backbone (C,, C, N and O atoms) calculated in
the unbound form of Mt-G5K and Ec-G5K enzymes obtained from
MD simulations studies revealed that it varies relatively low
(Fig. S3). For the AAK domain, average values of 3.45 A (Mt-G5K)
and 2.06 A (Ec-G5K) were obtained, while for the PUA domain,
values of 2.70 A (Mt-G5K) and 0.83 A (Ec-G5K) were identified.
Remarkably, for Mt-G5K, the protein region close to the ATP binding
site is more flexible than for Ec-G5K.

With both three-dimensional structures in hands, the binding
mode of compounds 50 and 54 was explored by molecular docking
using GOLD [48] version 2020.2.0 and further studied by MD
simulation studies. These types of computational studies, in which
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Fig. 5. Variation of the KifP (A) and Vit (B) for ATP in the reaction catalyzed by Ec-
G5K at three L-Glu concentrations (150 mM, 300 mM, and 600 mM) in the presence
and absence of compounds 50 (0.12 mM) and 54 (0.12 mM). Assay results are given as
the means + S.E. of at least three determinations.

both the ligand and the macromolecule are considered flexible, are
complementary tools widely used in drug discovery and drug-
design programs to explore and/or validate potential binding
modes and are usually obtained via molecular docking studies in
which the macromolecule is considered as a rigid template (lock-
key model) [49,50]. As a result, the outcomes of these docking
studies will be driven by the target conformation employed, which
is commonly obtained from available three-dimensional struc-
ture(s) or homology models constructed from the latter. However,
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Table 2
Cytotoxicity data of compounds 50 and 54 on HepG2 cells.”.

Compound Concentration (puM) % cell growth inhibition
50 5 1+1

10 3+£2

20 17 +3
54 5 1+2

10 1+2

20 2+2

2 Cisplatin (control): ICsg = 6.3 + 0.1 uM, % inhibition = 63 + 2.

the enzyme conformation is generally induced by the ligand/sub-
strate that it recognizes, thereby maximizing the ligand—enzyme
interactions (induced-fit model), and may be markedly different
from that adopted with the compounds used for crystallization, or
in the unbound form. Indeed, the biological function of an enzyme
depends on both its three-dimensional structure and its intrinsic-
shape motion for turnover, that is, on its “conformational state”.
As a result, the ligand-binding mode proposed by docking studies
using unrealistic enzyme conformations may be an artifact, or quite
different from the real ligand@enzyme complex, since the plasticity
of the macromolecule has not been considered. This fact is partic-
ularly relevant for allosteric interactions that usually promote new
arrangements across the protein backbone to achieve long-distance
conformational changes that modify the intrinsic catalytic activity.
Hence, a study of the ligand@enzyme complexes obtained by
docking using dynamic simulations allows false binding modes, in
which case the ligand would escape from the pocket (unstable), to
be ruled out, and a more realistic picture of the effects caused by
the ligand on an atomic scale to be obtained.

G5K enzyme has two domains: AAK (amino acid kinase, residues
1-264 in Mt-G5K), which contains the catalytically active site
(catalysis and pathway modulation), and PUA (pseudouridine
synthase and archaeosine transglycosylase, residues 281—376 in
Mt-G5K), the function of which is still unclear. Although the PUA
domain is not required for substrate binding, catalysis, or regula-
tion, it seems to play some role in modulating the properties of the
enzyme [45]. Based on the structural similarity between com-
pounds 50 and 54 and Z0933 and Z0930, we hypothesized that the
compounds reported herein may interact in the same enzyme re-
gion, i.e. the interdomain interface, which was selected for docking.
The 50@G5K and 54@G5K enzyme complexes obtained by docking
were inmersed in a truncated octahedron box of water molecules
and then subjected to 100 ns (200 ns in some cases) of dynamic
simulation for validation using the molecular mechanics force field
AMBER ff14SB and GAFF. The results of these studies showed that
both compounds interact with the interface between enzyme do-
mains, but in different pockets, as expected for aromatic com-
pounds with markedly different electron densities and overall
architectures. Thus, while analog 50 is an electron-rich pyrrolo-
quinoline containing apolar and conformationally flexible sub-
stituents, compound 54 is an electron-deficient system containing
electronegative substituents and a phenyl group.

Compound 54 binds in the allosteric site close to the L-Glu
binding site. For the Mt-G5K enzyme, this pocket is formed by helix
oE, oG and aH of the AAK domain and helix o] of the linker that
joins the two enzyme domains (Fig. 6A). Compound 54 establishes
two main polar interactions with the enzyme: (i) a hydrogen-
bonding interaction between the guanidinium group of residue
R159 and the quinoline nitrogen atom of the ligand and (ii) a
cation-7 interaction between the guanidinium group of R159 and
the 4-chlorophenyl moiety. In addition, diverse lipophilic contacts,
such as halogen-CH interactions with residues A113, F154 and
A226, and CH-m interactions with residues L163 and L230, were
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Fig. 6. Binding mode of compound 54 against Mt-G5K (A) and Ec-G5K (B) obtained by MD simulation studies. Overall and detailed views are provided. Snapshots taken after 90 ns
and 100 ns of simulation, respectively. The AAK and PUA domains and the interdomain interfaces are shown in gray, green, and yellow, respectively. In the surface representation,
the positions of the L-Glu and ATP binding sites are highlighted in red. Relevant side-chain residues are shown and labeled. Hydrogen bonding (red) and cation-7 stacking and/or

halogen-CH (black) interactions are shown as dashed lines.

identified. For Ec-G5K enzyme, a similar arrangement of compound
54 was observed (Fig. 6B). In this case, the inhibitor interacts with
the linker through the residues 1269, F270, P273 and P274, with the
AAK domain via the residues V223 and N219, and with the PUA
domain with the residues H325 and I365. For both G5K enzymes,
compound 54 proved to be stable within the pocket as no relevant
changes were observed during the whole simulation, either in the
location of the ligand (Fig. S4) nor the overall enzyme complex
(Fig. S5).

Although compound 50 also interacts with the interface be-
tween domains, the targeting allosteric site is located close to the
ATP binding site (Fig. 7). For the Mt-G5K enzyme, compound 50
interacts with the pocket created by helix H (AAK domain) and o]
(linker) and B-sheets 6, 7 and B9 (AAK domain). This is an
arginine-rich region (R212, R262) that captures the electron-rich
pyrroloquinoline ring of 50 by forming cation-m interactions be-
tween both faces of this ring and the guanidinium groups. Com-
pound 50 is further anchored within the pocket via numerous
lipophilic interactions with the apolar residues in the vicinity,
specifically residues V209, A210, L229, L230, A226 and A232. For
the Ec-G5K enzyme, although the targeting allosteric site is the
same, the arrangement of the ligand within the pocket is slightly
different, mainly caused by the differences in both the length and
folding of this flexible region of both homologous enzymes.

Specifically, compound 50 would bind to the pocket created by
helix «F and aG, as well as the loop that connects them (AAK
domain), and the loop that joins the B-sheets 14 and 16 (PUA
domain). This allosteric inhibitor would be anchored to this site by
two strong polar interactions, thus a strong cation-m interaction
between the tricyclic system and the guanidinium group of R321
and a hydrogen bonding interaction between the NH moiety and
the main-chain carbonyl group of E319. Compound 50 would be
further stabilized in the pocket thanks to numerous lipophilic in-
teractions with residues 1194, L198, 1218, L209, as well as the car-
bon side-chains of D195 and N219. In any case, as for compound 54,
the stability of compound 50 within this allosteric site close to the
ATP binding site of both enzymes is remarkable as no relevant
changes were observed during the whole simulation (Figs. S4 and
S5).

2.6.2. Allosteric control

To determine the long-distance conformational changes
induced by the interaction of compounds 50 and 54 at the interface
between domains of the G5K enzyme on the enzyme active site,
and the impact thereof on enzymatic activity, binding of the natural
substrates (L-Glu, ATP-Mg>") in the absence (Michaelis complex)
and in presence of these inhibitors was explored in silico. To this
end, the dynamic behaviour of: (i) the Glu + ATP-Mg?*@G5K
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Fig. 7. Binding mode of compound 54 against Mt-G5K (A) and Ec-G5K (B) obtained by MD simulation studies. Overall and detailed views are provided. Snapshots taken after 190 ns
and 100 ns of simulation, respectively. The AAK and PUA domains and the interdomain interfaces are shown in gray, green, and yellow, respectively. In the surface representation,
the positions of the L-Glu and ATP binding sites are highlighted in red. Relevant side-chain residues are shown and labeled. Hydrogen bonding (red) and cation-7 stacking and/or

halogen-CH (black) interactions are shown as dashed lines.

tertiary enzyme complexes; and (ii) the enzyme complexes ob-
tained after addition of the natural substrates to the aforemen-
tioned 50@G5K and 54@G5K binary complexes, was studied, which
is discussed below.

Generating the G5K Michaelis complex model did not turn out
to be an easy task, due to the lack of information in atomic detail
about the bioactive conformation of ATP, which is its magnesium
chelate, ATP-Mg?*. Although the binding modes of L-Glu and ADP
(product) are available in the crystal structures of Ec-G5K (PDB ID
2J5T, 2.9 A, [45]) and the AAK domain of G5K from Campylobacter
jejuni (PDB ID 2AKO, 2.2 A, [51]), respectively, the identification of
the disposition of the y-phosphate of ATP and its coordination with
Mg?* was not obvious. All attempts made using the predominant
geometries for ATP-Mg?™" in the PDB, in which Mg?* is coordinated
by both the - and y-phosphates or by all three phosphate groups
concurrently, failed [52]. Our studies revealed that for G5K Mg?* is
coordinated by both the a- and y-phosphates of ATP, which is also
observed in some ATP-dependent enzymes (see for example PDB ID
5026, [53]).

These computational studies revealed that glutamate binds at
the active site of Mt-G5K by forming direct and indirect contacts
with several conserved residues, mainly via the side chains, the
main NH groups of these residues, and a network of water mole-
cules (Fig. 8A). Specifically, the amino group in the substrate
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establishes three hydrogen-bonding interactions with three
conserved residues (motif NEND): one with the carbonyl group of
the side chain of N142, and two with the terminal carboxylate
group of E143 and of D145 via two water molecules. The carbox-
ylate group close to the amino group in L-Glu establishes four
hydrogen bonds with four conserved residues: three with the main
NH groups of residues A60, 161, and A62 (motif SGAIA), and another
with the NH; group of the side-chain in residue N142. Remarkably,
the binding of L-Glu freezes the arrangement of this conserved
motif, probably to fix the conformation of L-Glu at the active site to
enhance the phosphoryl-transfer reaction by ATP. Finally, the ter-
minal carboxylate group interacts by hydrogen-bonding with the
main NH group of the conserved residue N157, as well as with
diverse residues via a network of water molecules. A similar
arrangement of L-Glu was also observed in the Ec-G5K Michaelis
complex, which is also coincident with the observed in PDB ID 2J5T
(Fig. 8B).

For both enzymes, ATP-Mg?>™* is anchored in the ATP binding site
through numerous electrostatic and hydrogen-bonding in-
teractions with diverse conserved residues, many of them involving
the triphosphate moiety. Specifically, the triphosphate group in
ATP, in addition to the chelation with Mg?*, interacts with the
bottom part of the active site through the residues K18/K10, K224/
K217, S58/S50, and D158/D150 (in Mt-G5K and Ec-G5K,
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Fig. 8. Michaelis complexes from Mt-G5K (A) and Ec-G5K (B) complex obtained by MD simulation studies. Overall and detailed views are provided. Snapshots taken after 80 ns and
20 ns of simulation, respectively. The relevant residues, side chains, and water molecules involved in the substrates (L-Gu, ATP) binding are shown and labeled. Hydrogen-bonding
and electrostatic interactions are indicated as red dashed lines. Mg?* is shown as a green sphere.

respectively), as well as with the residues T21/T13 and T22/S14 (in
Mt-G5K and Ec-G5K, respectively), which are located on one site of
the active site (Fig. 8). The position of the ribose ring in ATP is fixed
thanks to hydrogen-bonding interactions between its hydroxyl
groups and the side chains of the conserved residues D186/D178
and R188/R180 (in Mt-G5K and Ec-G5K, respectively), as well as
diverse contacts with a network of water molecules. Finally, the
adenine moiety binds at the active site through hydrogen-bonding
interactions between its amino group and the main carbonyl group
of Y183/Y175 (in Mt-G5K and Ec-G5K, respectively) and either the
side chain of H215 (Mt-G5K) or the main carbonyl group of 1201 (Ec-
G5K). Under this arrangement, both Michaelis complexes proved to
be stable. Thus, the analysis of the root-mean-square deviation
(rmsd) for the ligand(s) calculated in both complexes, as well as the
variation of the relative distance between the atoms involved in the
most relevant interactions, revealed that the substrates are well
anchored in the active site during the whole simulation (Figs. S6
and S7).

Once the active conformation of G5K was determined, as well as
the L-Glu and ATP-Mg?* binding modes, the possible conforma-
tional changes of the active site induced by the binding of com-
pounds 50 and 54, their effects on the binding of L-Glu and ATP and
therefore on the ability of the enzyme to catalyze the phosphoryl-
transfer reaction, were studied. To this end, the binding of the
substrates to the 50@G5K and 54@G5K binary complexes was
explored, and the dynamic behaviour of the resulting complexes
analyzed. The results showed that these compounds have different
effects on the enzyme conformation and shape-motion, as

1

expected from ligands binding to separate sites, which are close to
distinct catalytic sites of the target. Thus, the binding of compound
54 promotes marked conformational changes in the L-Glu binding
site, while ATP (as well as 54) is stable in its corresponding pocket.
This results in destabilization of the L-Glu in the active site, which is
expelled from the active site while ATP remains stable (Fig. 9A). For
the Ec-G5K, this process was observed almost at the beginning of
the simulation. Taken together, the binding of compound 54 ap-
pears to induce relevant conformational changes at the L-Glu
binding site that would prevent it from binding and catalysis,
without relevant impact in the recognition of ATP.

In contrast, the results of the MD simulations with the G5K
enzyme complexes resulted from the addition of the substrates to
the 50@G5K binary complex indicated that both compounds (in-
hibitor 54 and L-Glu) are stable in their corresponding pockets
during the simulation. However, significant differences were
observed at the ATP binding site, which is spatially closer to the
inhibitor binding site (Fig. 9B). Thus, the binding of inhibitor 50
triggers an alternative folding of the enzyme region that fixes the
adenosine moiety of ATP in the active site, specifically residues
194—214 (Ec-G5K) and 211—221 (Mt-G5K) which contains the res-
idues H215 (Mt-G5K), and 1201 (Ec-G5K). An opening of up to 11.6 A
is observed. This is also visualized by the analysis of the most
relevant contacts of the adenosine group during the simulation. For
the E. coli enzyme, the average distance between the N6 atom in
ATP and oxygen atom of the main carbonyl group in 1201 was
increased from 3.2 A in the Michaelis complex to 8.2 A in presence
of inhibitor 50, and the interaction between the hydroxyl group (02
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Fig. 9. Impact of the allosteric interaction of compounds 54 (A) and 50 (B) on the ability of the G5K enzymes to bind the natural substrates obtained by MD simulation studies. (A)
Snapshots from the 100 ns MD simulation of the enzyme complex resulted from the addition of substrates (Glu, ATP-Mg?*) to the 54@G5K binary complex. Note how compound 54
(red) and ATP-Mg?* (blue) are stable in the enzyme pocket during the simulation, whereas glutamate (yellow) is expelled from the catalytic site. (B) Comparison of the enzyme
arrangement obtained after 100 ns of simulation of the enzyme complex resulted from the addition of ATP-Mg?* to the 50@G5K binary complex and the Michaelis complex.
Detailed view of the motion of the ATP binding site in both complexes obtained by examination of the vibrational modes are also shown. Note the more reduced flexibility of the
ATP recognition pocket in the 50@G5K binary complex and the more open conformation of this enzyme region induced by 50. Displacement of up to 11.6 A are observed (black
dashed lines). Hydrogen-bonding and electrostatic interactions are indicated as red dashed lines. Mg?" is shown as a green sphere.

atom) in ATP and the carboxylate group (OD1 and OD2 atoms) in
D178 also grew from 3.0 A to 3.5 A (OD2 atom) and from 4.1 A to
4.8 A (OD1 atom) (Fig. S6 vs S8). For the M. tuberculosis enzyme, a
similar scenario was observed. Thus, the average distance between
the N7 atom in ATP and: (i) the nitrogen atom of the main carbonyl
group in T218; and (ii) the NE2 atom of the side chain in H215; was
increased from 4.1 A and 5.3 A in the Michaelis complex to 9.1 A and
14.9 A, respectively, in the presence of 50 (Fig. S7 vs S8). The same
occurred with the contact between the hydroxyl group (02 atom)
in ATP and the carboxylate group (OD1 and OD2 atoms) in D178
that changed from 3.0 A to 3.5 A (OD2 atom) and from 4.1 A to 4.8 A
(OD1 atom). Furthermore, an examination of the vibrational modes
for the 50@G5K binary complexes and those resulting from adding
the natural substrates to the above, calculated by PCA (principal
component analysis), as implemented in AMBER, also showed a
significant reduction on the intrinsic shape-motion of the afore-
mentioned enzyme regions compared with the Michaelis com-
plexes (Fig. 9B). The binding free energies of ATP in these
complexes were calculated using the MM/PBSA approach in explicit
water (generalized Born, GB) as implemented in Amber (Table 3).
The results revealed the significant lost of affinity of ATP for the
enzyme upon compound 50 binding, with calculated binding en-
ergy differences over 100 kcal mol~!, which agrees with the
experimentally observed increase in the KZPP for ATP caused by this

12

inhibitor. Taken together, these outcomes suggest that the inhibi-
tory capacity of compound 50 against G5K could arise due to the
long-distance conformational changes caused in the ATP binding
site, which destabilize the binding of ATP for catalysis.

3. Conclusions

Chemical modification of positions 1, 3, 4 and 7 of the Mar-
inoquinoline scaffold has led to the discovery of two new pyrro-
loquinolines (compounds 50 and 54) with good in vitro activity
against virulent strains of M. tuberculosis (H37Rv). These com-
pounds, which were found to have MIC values of 4.1 and 4.2 uM,

Table 3
Calculated binding free energies (kcal mol~!) of ATP in several enzyme complexes
using MM/GBSA method.”.

Enzyme complex Energy Relative Energy Difference
ATP-Mg?*@Mt-G5K -2380+05° 0

50+ATP—Mg2+@Mt—G5K —126.7 +05°  +111.3

Glu + ATP-Mg?*@Ec-G5K -2323+08" 0

50 + Glu + ATP-Mg?>*@Ec-G5K ~ —127.5 + 0.4°  +104.8

2 Only the last 80 ns of the whole simulation were considered for the calculations.
b Standard error of mean.
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respectively, were synthesized in three steps from commercially
available 3-(4,4,5,5-tetramethyl [1—3]dioxaborolan-2-yl)-1-(triiso-
propylsilanyl)-1H-pyrrole (65) in a reaction involving a
Suzuki—Miyaura cross-coupling reaction and cyclization as key
steps.

The reported compounds showed to be allosteric inhibitors of
glutamate-5-kinase (G5K), which is an essential enzyme for this
pathogen involved in the proline biosynthesis pathway, as
demonstrated by the inhibition assays carried out with the isolated
enzyme. Both compounds 50 and 54 were also found not to
compete with L-Pro, which is the natural inhibitor.

The results of the MD simulation studies carried out for the
ligand@G5K enzyme complexes revealed that compounds 50 and
54 bind at the interface between enzyme domains, but in different
pockets and with different recognition patterns. Specifically, com-
pound 54 would bind in the allosteric pocket close to the L-Glu
catalytic site, while inhibitor 50 would target the pocket nearby to
the ATP adenosine group recognition pocket. The computational
studies performed with the Michaelis complexes of G5K, as well as
the those resulted from the addition of substrates (L-Glu, ATP-
Mg?*) to ligand@G5K showed that the inhibitory capacity of
compound 50 may arise due to long-distance conformational
changes caused in the ATP binding site that hinder the binding of
ATP for catalysis. The latter is in accordance with the enzyme assays
results revealing that the binding of compound 50 causes the in-
crease of the KPP for ATP. In contrast, the allosteric inhibition of
compound 54 appears to be caused by conformational changes in
the L-Glu catalytic site, avoiding the anchoring of L-Glu for catalysis.
In contrast to compound 50, the allosteric binding of 54 showed to
cause no significant effect on the ATP recognition, as found in
enzyme assays and in silico studies. The results of the studies
described herein have allowed us to identify two promising scaf-
folds for the design of allosteric inhibitors of the G5K enzyme and
reinforce the therapeutic potential of this biological target for the
development of new anti-TB drugs.

4. Experimental
4.1. General methods

All starting materials and reagents were commercially available
and were used without further purification. Column chromatog-
raphy was generally performed using silica gel (230—400 mesh).
Thin layer chromatography was performed employing Merck®
Silica gel 60 F254 plates, using UV fluorescence and/or staining
with: vanillin in methanolic sulfuric acid and cerium sulfate in
aqueous sulfuric acid. 'TH NMR spectra (300 and 500 MHz), *C NMR
spectra (75 and 125 MHz), and '°F NMR spectra (282 MHz) were
measured in deuterated solvents. J values are given in hertz. NMR
assignments were carried out by a combination of 1 D, and DEPT-
135 experiments. Melting points were measured in a Biichi
M — 560 apparatus. Electrospray (ESI) mass spectra were recorded
on a Bruker BIOTOF Il mass spectrometer. The purity of the reported
compounds was analyzed by HPLC and by NMR. HPLC was per-
formed on a Thermo Dionex UltiMate 3000 apparatus having a
Brucker amazon SL mass spectrometry detector, using a Phenom-
enex kinetex XB-C18 column (particle size = 1.7 um; dimensions:
50 mm x 2.1 mm, pore size = 100 A), and eluting at a flow rate of
0.35 mL min~! with a gradient of 5-75% B in 10 min [A = Milli-Q
water + 0.1% TFA; B = acetonitrile + 0.1% TFA]. All tested com-
pounds have a purity >95%. The HPLC traces and NMR spectra are
included in the supporting information. Compounds 8—40 were
prepared as previously reported [29].
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4.2. General Suzuki-Miyaura cross-coupling procedure for the
preparation of compounds 66—71

A suspension of Pd(OAc); (43 mg, 0.19 mmol), SPhos (157 mg,
0.38 mmol), K3PO4 (2 g, 9.54 mmol), 3-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-1-(triisopropylsilyl)-1H-pyrrole (65) [30,36]
(2 g 579 mmol), and the corresponding bromoanilines
(5.26 mmol), in a mixture of n-BuOH (6.8 mL) and water (2.7 mL)
was heated at 80 °C for 12 h. After cooling to room temperature, the
reaction mixture was diluted with water and ethyl acetate. The
organic layer was separated, and the aqueous layer was extracted
with ethyl acetate ( x 2, 20 mL). The combined organic extracts
were washed with brine, dried (anh. NaySQ4), filtered and
concentrated under reduced pressure. The crude product was pu-
rified by flash chromatography to give the corresponding aryl
pyrroles 66—71.

4.2.1. 2-(1-(Triisopropylsilyl)-1H-pyrrol-3-yl)aniline (66, G = H)

It was prepared using the general Suzuki-Miyaura cross-
coupling procedure and 2-bromoaniline. Eluent for chromatog-
raphy: gradient of ethyl acetate/hexane 1) (3:97); 2) (5:95).
R = 0.42 [(5:95) ethyl acetate/hexane]. Yield = 1.53 g (93%). Yellow
oil. The spectroscopic data agreed with previously described [29].
TH NMR (300 MHz, CDCl3) 3: 7.25 (dd, J = 7.5 and 1.4 Hz, 1H, CH),
7.03 (td,J = 7.7 and 1.5 Hz, 1H, CH), 6.96 (dd, ] = 2.0 and 2.0 Hz, 1H,
CH),6.85(dd,]J=2.4and 2.4 Hz,1H, CH), 6.78 (dd,] = 7.6 and 1.6 Hz,
1H, CH), 6.72 (dd, J = 7.6 and 1.6 Hz, 1H, CH), 6.51 (dd, J = 2.5 and
1.4 Hz, 1H, CH), 3.86 (br s, 2H, NH,), 1.47 (sept, ] = 7.5 Hz, 3H,
3 x CH), and 1.12 (d, J = 7.5 Hz, 18H, 6 x CH3) ppm. MS (ESI) m/
z =315 (MH™"). HRMS calcd for C19H31N2Si (MH™): 315.2251; found,
315.2252.

4.2.2. 5-(Trifluoromethyl)-2-(1-(triisopropylsilyl)-1H-pyrrol-3-yl)
aniline (67, G = CF3)

It was prepared using the general Suzuki-Miyaura cross-
coupling procedure and 2-bromo-5-(trifluoromethyl)aniline.
Eluent for chromatography: gradient of ethyl acetate/hexane 1)
(3:97); 2) (5:95). Rf 0.47 [(5:95) ethyl acetate/hexane].
Yield = 1.40 g (71%). Orange oil. 'H NMR (300 MHz, CDCl3) 3: 7.32
(d,J = 7.8 Hz, 1H, CH), 7.01 (dd, J = 8.4 and J = 2.4 Hz, 1H, CH), 6.99
(t,J] = 2.4 Hz, 1H, CH), 6.96 (d, ] = 1.3 Hz, 1H, CH), 6.87 (dd, ] = 8.2
and J = 2.1 Hz, 1H, CH), 6.52 (dd, ] = 2.7 and = 1.4 Hz, 1H, CH), 4.12
(br s, 3H, NHy), 1.50 (sept, ] = 7.5 Hz, 3H, 3 x CH), and 1.14 (d,
J=17.5Hz,18H, 6 x CH3) ppm. 13C NMR (75 MHz, CDCl3) 3: 143.8 (C),
129.8 (CH),128.8 (q, Jc-r = 32 Hz, C),124.4(q, Jc.r = 270 Hz, C), 125.8
(C), 125.2 (CH), 122.8 (C), 122.7 (CH), 115.0 (CH), 111.8 (CH), 110.5
(CH), 17.8 (6 x CH3), and 11.7 (3 x CH) ppm. '°F NMR (282 MHz,
CDCl3) &: 62.6 (s, 3F, CF3) ppm. MS (ESI) m/z = 383 (MH"). HRMS
calcd for CogH3pF3N,Si (MH™): 383.2125; found, 383.2125.

4.2.3. 5-Fluoro-2-(1-(triisopropylsilyl)-1H-pyrrol-3-yl )aniline (68,
G=F)

It was prepared using the general Suzuki-Miyaura cross-
coupling procedure and 2-bromo-5-fluoroaniline. Eluent for chro-
matography: gradient of ethyl acetate/hexane 1) (3:97); 2) (5:95).
Rf = 0.58 [(5:95) ethyl acetate/hexane]. Yield = 1.52 g (87%). Pale
orange oil. "H NMR (300 MHz, CDCl3) 3: 7.16 (t, ] = 2.4 Hz, 1H, CH),
6.89(t,J = 1.7 Hz, 1H, CH), 6.85 (t, ] = 2.4 Hz, 1H, CH), 6.50—6.43 (m,
3H, 3 x CH), 4.05 (s, 2H, NHj), 1.48 (sept,J = 7.5 Hz, 3H, 3 x CH), 1.14
(d,J = 7.5 Hz, 18H, 6 x CH3) ppm. >C NMR (75 MHz, CDCl3) 5: 162.4
(d, Je-r = 242 Hz, €), 145.3 (d, Jc.r = 11 Hz, C), 130.9 (d, Jc.r = 10 Hz,
CH), 125.0 (CH), 123.1 (C), 122.3 (CH), 118.6 (C), 110.8 (CH), 105.0 (d,
Jc-F=21Hz, CH), 102.0 (d, Jc.r = 24 Hz, CH), and 18.0 (6 x CH3), and
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1179 (3 x CH) ppm. °F NMR (282 MHz, CDCl3) 3: 116.4 (q,
J = 7.6 Hz, 1F, CF) ppm. MS (ESI) m/z = 333 (MH™). HRMS calcd for
C19H30FN,Si (MH™): 333.2157; found, 333.2155.

4.2.4. 5-Chloro-2-(1-(triisopropylsilyl)-1H-pyrrol-3-yl)aniline (69,
G=0a)

It was prepared using the general Suzuki-Miyaura cross-
coupling procedure and 2-bromo-5-chloroaniline. Eluent for
chromatography: (5:95) ethyl acetate/hexane. Rf = 0.38 [(5:95)
ethyl acetate/hexane]. Yield = 1.27 g (69%). Pale yellow solid. Mp:
65—66 °C. 'H NMR (300 MHz, CDCl3) 8: 7.16 (d, J = 8.1 Hz, 1H, CH),
6.93 (br's, 1H, CH), 6.83 (br s, 1H, CH), 6.78 (m, 2H, 2 x CH), 6.47 (m,
1H, CH), 3.98 (br s, 2H, NH>), 1.45 (sept, ] = 7.5 Hz, 3H, 3 x CH), and
112 (d, J = 7.4 Hz, 18H, 6 x CH3) ppm. '*C NMR (75 MHz, CDCl5) §:
144.9 (C), 132.2 (C), 130.8 (CH), 125.1 (CH), 123.0 (C), 122.4 (CH),
121.2 (C), 118.5 (CH), 115.1 (CH), 110.7 (CH), 18.0 (6 x CH3), and 11.8
(3 x CH) ppm. MS (ESI) m/z = 349 (MH"). HRMS calcd for
C19H30CIN,Si (MH™): 349.1861; found, 349.1862.

4.2.5. Methyl 3-amino-4-(1-(triisopropylsilyl)-1H-pyrrol-3-yl)
benzoate (70, G = CO,Me)

It was prepared using the general Suzuki-Miyaura cross-
coupling procedure and methyl 3-amino-4-bromobenzoate. Eluent
for chromatography: gradient of ethyl acetate/hexane 1) (5:95); 2)
(15:85). Rf = 0.36 [(5:95) ethyl acetate/hexane]. Yield = 132 g
(68%). Pale yellow solid. Mp: 96—97 °C. 'H NMR (300 MHz, CDCl3) §:
746 (dd, J = 8.4 and J = 2.6 Hz, 1H, CH), 7.44 (s, 1H, CH), 7.32 (d,
J=28.5Hz,1H, CH), 7.04 (t,] = 1.6 Hz, 1H, CH), 6.87 (t,] = 2.4 Hz, 1H,
CH), 6.55 (dd, J = 2.5 and J = 1.5 Hz, 1H, CH), 4.04 (br s, 2H, NH5),
3.88 (s, 3H, CH3), 1.48 (sept, ] = 7.5 Hz, 3H, 3 x CH), and 1.14 (d,
J=75Hz,18H, 6 x CH3) ppm. *C NMR (75 MHz, CDCl3) 3: 167.4 (C),
143.6 (C),129.3 (CH), 128.2 (C), 127.3 (C), 125.2 (CH), 123.3 (C), 122.8
(CH),119.9 (CH), 116.5 (CH), 110.6 (CH), 51.9 (CH), 17.9 (6 x CH3), and
11.7 (3 x CH) ppm. MS (ESI) m/z = 373 (MH"). HRMS calcd for
C21H33N,0,Si (MH™): 373.2306; found, 373.2306.

4.2.6. 5-Methyl-2-(1-(triisopropylsilyl)-1H-pyrrol-3-yl)aniline (71,
G = Me)

It was prepared using the general Suzuki-Miyaura cross-
coupling procedure and 2-bromo-5-methylaniline. Eluent for
chromatography: gradient of ethyl acetate/hexane 1) (3:97); 2)
(6:94). Rf = 0.38 [(5:95) ethyl acetate/hexane]. Yield = 1.54 g (92%).
Orange oil. '"H NMR (300 MHz, CDCl3) 8: 7.23 (d, J = 8.1 Hz, 1H, CH),
7.01 (s, 1H, CH), 6.91 (dd, | = 8.6 and J = 2.6 Hz, 1H, CH), 6.68 (d,
J = 6.8, 1H, CH), 6.61 (s, 1H, CH), 6.48 (dd, ] = 2.5 and ] = 1.3 Hz, 1H,
CH), 3.87 (br s, 2H, NH,), 2.29 (s, 3H, CH3), 1.55 (sept, ] = 7.5 Hz, 3H,
3 x CH), and 1.21 (d, J = 7.5 Hz, 18H, 6 x CH3) ppm. °C NMR
(75 MHz, CDCl3) §: 143.6 (C), 136.7 (C), 129.6 (CH), 124.6 (CH), 123.9
(C), 122.2 (CH), 119.9 (C), 119.5 (CH), 116.2 (CH), 110.9 (CH), 21.2
(CH3), 17.9 (6 x CH3), and 11.8 (3 x CH) ppm. MS (ESI) m/z = 329
(MHT). HRMS calcd for CpoH33N,Si (MH'): 329.2408; found,
329.2406.

4.3. Preparation of compounds 72—77

4.3.1. 2-(1H-pyrrol-3-yl)aniline (72, G = H)

A solution of compound 66 (1.46 g, 4.64 mmol) in dry THF
(4.6 mL), under argon and at room temperature, was treated with
tetrabutylammonium fluoride (5.1 mL, 5.10 mmol, ca 1 M in THF).
The resultant mixture was stirred for 15 min. Water and dichloro-
methane were added, the organic layer was separated and the
aqueous layer was extracted with dichloromethane ( x 2). The
combined organic extracts were washed with brine, dried (anh.
Na,yS0,4), filtered and concentrated under reduced pressure. The
resulting residue was purified by flash chromatography, eluting

14

European Journal of Medicinal Chemistry 232 (2022) 114206

with a gradient of ethyl acetate/hexane: 1) (20:80); 2) (50:50), to
give the compound 72 (646 mg, 89%), as a pale yellow oil. Rf = 0.39
[(30:70) ethyl acetate/hexane]. The spectroscopic data agreed with
previously described [29]. TH NMR (300 MHz, CDCl3) &: 8.35 (br s,
1H, NH), 7.25 (d, ] = 6.9 Hz, 1H, CH), 7.06 (t, ] = 7.0 Hz, 1H, CH), 6.80
(d,J=7.9Hz,2H, 2 x CH), 6.69 (d, ] = 8.1 Hz, 2H, 2 x CH), 6.38 (s, 1H,
CH), and 3.82 (s, 2H, NH) ppm. MS (ESI) m/z = 159 (MH*). HRMS
caled for C1gH11Nz (MH™): 159.0917; found, 159.0917.

4.3.2. 2-(1H-pyrrol-3-yl)-5-(trifluoromethyl)aniline (73, G = CF3)

It was prepared according to the procedure described for com-
pound 72 using: ether 67 (1.10 g, 2.87 mmol), tetrabutylammonium
fluoride (3.16 mL, 3.16 mmol, ca 1 M in THF). Eluent for chroma-
tography: (30:70) ethyl acetate/hexane. Rf = 0.50 [(30:70) ethyl
acetate/hexane]. Yield = 604 mg (93%). White solid. Mp: 92—93 °C.
TH NMR (300 MHz, CDCl3) 3: 8.43 (br's, 1H, NH), 7.34 (d, ] = 7.9 Hz,
1H, CH), 7.07—6.96 (m, 3H, 3 x CH), 6.90 (dd, ] = 4.7 and ] = 2.6 Hz,
1H, CH), 6.48 (dd, ] = 4.2 and | = 2.6 Hz, 1H, CH), and 4.13 (s, 2H,
NH,) ppm. >C NMR (75 MHz, CDCl3) 8: 144.1 (C), 130.1 (CH), 128.8
(q, Je-r = 32 Hz, C), 1244 (q, Jc.r = 270 Hz, C), 125.6 (C), 119.0 (CH),
120.9 (C), 116.7 (CH), 115.1 (CH), 111.9 (CH), and 108.6 (CH) ppm. °F
NMR (282 MHz, CDCl3) 3: 62.5 (s, 3F, CF3) ppm. MS (ESI) m/z = 227
(MHT). HRMS calcd for CqiHioF3sNp (MH™): 227.0791; found,
227.0791.

4.3.3. 5-Fluoro-2-(1H-pyrrol-3-yl)aniline (74, G = F)

It was prepared according to the procedure described for com-
pound 72 using: ether 68 (1.48 g, 4.45 mmol), tetrabutylammonium
fluoride (4.9 mL, 4.90 mmol, ca 1 M in THF). Eluent for chroma-
tography: (30:70) ethyl acetate/hexane. Rf = 0.47 [(30:70) ethyl
acetate/hexane]. Yield = 768 mg (98%). White solid. Mp: 67—68 °C.
TH NMR (300 MHz, CDCl5) 3: 8.39 (br's, 1H, NH), 7.19 (dd, ] = 8.1 and
J=6.7 Hz,1H, CH), 6.92 (dd, ] = 4.0 and J = 2.0 Hz, 1H, CH), 6.87 (dd,
J=45and] = 2.3 Hz, 1H, CH), 6.55—6.44 (m, 2H, 2 x CH), 6.41 (dd,
J =41 and ] = 2.3 Hz, 1H, CH), and 3.98 (br s, 2H, NH) ppm. 1>C
NMR (75 MHz, CDCl3) 8: 162.4 (d, Jc.r = 242 Hz, C), 145.4 (d, Jc.
= 11.0 Hz, C),131.0 (d, Jc.r = 9.6 Hz, CH), 121.0 (C), 118.7 (CH), 118.3
(C), 116.1 (CH), 108.6 (CH), 105.0 (d, Jr = 21 Hz, CH), and 102.0 (d,
Je.r = 25 Hz, CH) ppm. '°F NMR (282 MHz, CDCl3) 8: 116.4 (s, 1F, CF)
ppm. MS (ESI) m/z = 177 (MH™). HRMS calcd for C1oH19FN, (MH™):
227.0791; found, 177.0823.

4.3.4. 5-Chloro-2-(1H-pyrrol-3-yl)aniline (75, G = cl)

It was prepared according to the procedure described for com-
pound 72 using: ether 69 (1.19 g, 3.41 mmol), tetrabutylammonium
fluoride (3.75 mL, 3.75 mmol, ca 1 M in THF). Eluent for chroma-
tography: (30:70) ethyl acetate/hexane. Rf = 0.45 [(30:70) ethyl
acetate/hexane]. Yield = 525 mg (80%). White solid. Mp: 93—94 °C.
TH NMR (300 MHz, CDCl3) 3: 8.37 (br s, 1H, NH), 7.14 (d, ] = 8.7 Hz,
1H, CH), 6.98—6.93 (m, 1H, CH), 6.88 (dd, ] = 4.8 and J = 2.5 Hz, 1H,
CH), 6.77—6.72 (m, 2H, 2 x CH), 6.41 (dd,J = 4.1 and J = 2.3 Hz, 1H,
CH), and 4.01 (br's, 2H, NH5) ppm. 13C NMR (75 MHz, CDCl3) 5: 144.9
(C),132.4 (C), 130.8 (CH), 120.9 (C),120.8 (C), 118.8 (CH), 118.4 (CH),
116.2 (CH), 115.1 (CH), and 108.5 (CH) ppm. MS (ESI) m/z = 193
(MH"). HRMS calcd for CygHyoCIN, (MH™): 193.0527; found,
193.0526.

4.3.5. Methyl 3-amino-4-(1H-pyrrol-3-yl)benzoate (76,
G = CO,Me)

It was prepared according to the procedure described for com-
pound 72 using: ether 70 (1.22 g, 3.30 mmol), tetrabutylammonium
fluoride (3.60 mL, 3.60 mmol, ca 1 M in THF). Eluent for chroma-
tography: (30:70) ethyl acetate/hexane. Rf = 0.54 [(30:70) ethyl
acetate/hexane]. Yield = 634 mg (89%). Pale yellow solid. Mp:
117—118 °C. 'H NMR (300 MHz, CDCl3) 3: 8.65 (br s, 1H, NH), 7.46
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(dd,J = 7.9 and 1.7 Hz, 1H, CH), 7.43 (d, J = 1.4 Hz, 1H, CH), 7.31 (d,
J = 7.8 Hz, 1H, CH), 7.06 (dd, J = 4.2 and 1.8 Hz, 1H, CH), 6.89 (dd,
J=4.7 and 2.6 Hz, 1H, CH), 6.49 (dd, ] = 4.2 and 2.6 Hz, 1H, CH), 4.15
(brs, 2H, NH3), and 3.90 (s, 3H, CH3) ppm. *C NMR (75 MHz, CDCl3)
d: 167.6 (C), 143.7 (C), 129.5 (CH), 128.4 (C), 127.1 (C), 121.2 (C), 120.0
(CH), 119.0 (CH), 116.8 (CH), 116.5 (CH), 108.5 (CH), and 52.1 (s, CH3)
ppm. MS (ESI) m/z = 217 (MH*). HRMS calcd for C12H13N202 (MH™):
217.0972; found, 217.0972.

4.3.6. 5-Methyl-2-(1H-pyrrol-3-yl)aniline (77, G = Me)

It was prepared according to the procedure described for com-
pound 72 using: ether 71 (1.54 g, 4.70 mmol), tetrabutylammonium
fluoride (5.16 mL, 5.16 mmol, ca 1 M in THF). Eluent for chroma-
tography: (30:70) ethyl acetate/hexane. Ry = 0.63 [(30:70) ethyl
acetate/hexane]. Yield = 712 mg (88%). Pale yellow solid. Mp:
84—85 °C. 'H NMR (300 MHz, CDCl3) 3: 8.44 (br s, 1H, NH), 7.24 (d,
J =177 Hz, 1H, CH), 6.93 (dd, ] = 7.9 and 1.7 Hz, 1H, CH), 6.85 (dd,
J=4.9and 2.4 Hz, 1H, CH), 6.72 (dd,J = 7.6 and 1.5 Hz, 1H, CH), 6.67
(s, 1H, CH), 6.48 (dd, J = 4.2 and 2.6 Hz, 1H, CH), 3.90 (s, 2H, NH5),
and 2.37 (s, 3H, CH3) ppm. 3C NMR (75 MHz, CDCl3) &: 143.5 (C),
137.0(C), 129.8 (CH), 121.6 (C), 119.6 (C + CH), 118.5 (CH), 116.4 (CH),
116.1 (CH), 108.5 (CH), and 21.2 (CH3) ppm. MS (ESI) m/z = 173
(MH™). HRMS calcd for C11Hq3Np (MH™): 173.1073; found, 173.1074.

4.4. Preparation of compounds 42—50 and 52—57

4.4.1. 4-n-Octyl-3H-pyrrolo [2,3-c]quinoline (42)

A solution of aniline 72 (100 mg, 0.63 mmol) and pelargo-
naldehyde (130 pL, 0.76 mmol) in dichloromethane (2 mL) at room
temperature was treated with TFA (48 pL, 0.63 mmol) and stirred
for 1 h. The solvent was then removed under reduced pressure. The
resulting residue was basified with aq. NaHCOs3 and then extracted
with ethyl acetate (3 x ). The combined organic extracts were
washed with brine, dried (anh. NaySOy,), filtered and concentrated
under reduced pressure. The crude was purified by flash chroma-
tography, eluting with (30:70) ethyl acetate/hexane, to give com-
pound 42 (103 mg, 58%), as a brown solid. Rf = 0.38 [(30:70) ethyl
acetate/hexane]. Mp: 91-93 °C. 'H NMR (500 MHz, CDCl3) §: 10.79
(br s, 1H, NH), 8.23—8.19 (m, 1H, CH), 8.18—8.13 (m, 1H, CH),
7.58—7.52 (m, 2H, CH), 7.50 (d, ] = 3.0 Hz, 1H, CH), 7.10 (d, ] = 3.0 Hz,
1H, CH), 3.06 (t, ] = 8.0 Hz, 2H, CH;), 1.73 (dt,] = 15.7 and | = 7.9 Hz,
2H, CHy), 1.22—1.13 (m, 2H, CH;), 1.05 (m, 8H, 4 x CH>), and 0.82 (t,
J = 7.3 Hz, 3H, CH3) ppm. 3C NMR (125 MHz, CDCl3) 3: 150.3 (C),
142.4 (C), 128.8 (C), 128.4 (C), 128.3 (CH), 126.5 (CH), 126.1 (CH),
125.4 (CH), 123.2 (C), 123.2 (CH), 102.0 (CH), 35.2 (CH>), 31.9 (CHy),
29.9 (CHy), 29.5 (2 x CHy), 29.2 (CHy), 22.7 (CHy), and 14.2 (CH3)
ppm. MS (ESI) m/z = 281 (MH™). HRMS calcd for C1gH»s5Ny (MH™):
281.2012; found, 281.2014.

4.4.2. 7-Fluoro-4-n-octyl-3H-pyrrolo [2,3-c]quinoline (43)

It was prepared according to the procedure described for com-
pound 42 using: aniline 74 (70 mg, 0.40 mmol), pelargonaldehyde
(82 pL, 0.48 mmol). Eluent for chromatography: (15:85) ethyl ace-
tate/hexane. Rf 0.60 [(30:70) ethyl acetate/hexane].
Yield = 55 mg (46%). Pale yellow solid. Mp: 105—106 °C. "H NMR
(300 MHz, CDCl3) 3: 10.21 (br s, 1H, NH), 8.15 (dd, /] = 8.6 and
J=6.3Hz, 1H, CH), 7.78 (dd, ] = 10.5 and ] = 1.5 Hz, 1H, CH), 7.49 (d,
J=21Hz,1H, CH), 7.37—7.27 (m, 1H, CH), 7.05 (d, ] = 2.5 Hz, 1H, CH),
3.08(t,J] =8.0 Hz, 2H, CH;), 1.77 (dt,] = 15.7 and ] = 7.9 Hz, 2H, CH5),
111 (m, 10H, 5 x CHy), and 0.82 (t, ] = 6.9 Hz, 3H, CH3) ppm. 13C
NMR (75 MHz, CDCl3) 8: 161.2 (d, Jc.F = 244 Hz, C—F),151.2(C), 143.4
(d, Jer = 12 Hz, C), 128.8 (C), 128.1 (C), 126.7 (CH), 124.7 (d, Jc.
F = 10 Hz, CH), 119.9 (C), 114.9 (d, Jc.r = 24 Hz, CH), 112.8 (d, Jc-
r = 21 Hz, CH), 101.9 (CH), 35.2 (CH3), 31.9 (CH;), 30.0 (CHy), 29.5
(CH3), 29.3 (CHy), 29.3 (CHy), 22.7 (CHy), and 14.2 (CH3) ppm. '°F
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NMR (282 MHz, CDCls) 3: 115.5 (s, 1F, CF) ppm. MS (ESI) m/z — 299
(MHT). HRMS calcd for CijgHp4FN, (MH™): 299.1918; found,
299.1918.

4.4.3. 7-Methyl-4-n-octyl-3H-pyrrolo [2,3-c]quinoline (44)

It was prepared according to the procedure described for com-
pound 42 using: aniline 77 (70 mg, 0.41 mmol), pelargonaldehyde
(84 pL, 0.49 mmol). Eluent for chromatography: (30:70) ethyl ac-
etate/hexane. Rf 0.37 [(30:70) ethyl acetate/hexane].
Yield = 63 mg (52%). Pale brown solid. Mp: 111112 °C. '"H NMR
(300 MHz, CDCl3) d: 10.70 (br s, 1H, NH), 8.10 (d, ] = 8.2 Hz, 1H, CH),
7.95 (s, 1H, CH), 7.48 (d, J = 2.9 Hz, 1H, CH), 7.38 (d, J = 8.2 Hz, 1H,
CH), 7.05 (d, ] = 2.9 Hz, 1H, CH), 3.08—2.94 (m, 2H, CH>), 2.53 (s, 3H,
CH3), 1.71 (s, 2H, CHy), 1.26—0.97 (m, 10H, 5 x CH,), and 0.82 (t,
J = 7.1 Hz, 3H, CH3) ppm. C NMR (125 MHz, CDCl3) 3: 150.2 (C),
142.7 (C), 135.8 (C), 128.7 (C), 128.2 (C), 127.9 (CH), 127.3 (CH), 126.3
(CH), 122.9 (CH), 120.9 (C), 101.7 (CH), 35.2 (CH,), 31.9 (CH>), 29.9
(CH3), 29.5 (CHy), 29.5 (CHy), 29.3 (CHy), 22.7 (CHy), 21.8 (CHs), and
14.2 (CH3) ppm. MS (ESI) m/z = 295 (MH'). HRMS calcd for
CooHp7N, (MH™): 295.2168; found, 295.2172.

4.4.4. 7-Methoxy-4-n-octyl-3H-pyrrolo [2,3-c]quinoline (45)

It was prepared according to the procedure described for com-
pound 42 using: 5-methoxy-2-(1H-pyrrol-3-yl)aniline (78) [29]
(70 mg, 0.37 mmol), pelargonaldehyde (77 pL, 0.45 mmol). Eluent
for chromatography: (40:60) ethyl acetate/hexane. Rf = 0.51
[(50:50) ethyl acetate/hexane]. Yield = 41 mg (36%). Brown oil. 'H
NMR (300 MHz, CDCls) 3: 9.42 (s, 1H, NH), 8.06 (d, J = 8.9 Hz, 1H,
ArH), 7.55 (d,J = 2.5 Hz, 1H, ArH), 7.41 (d, ] = 3.0 Hz, 1H, ArH), 7.20
(dd,J=2.6 and 8.9 Hz, 1H, ArH), 6.99 (d, ] = 3.0 Hz, 1H, ArH), 3.91 (s,
3H, OCH3), 3.11 (t, ] = 8.0 Hz, 2H, CH;), 1.86 (q, ] = 7.7 Hz, 2H, CH>),
1.37—1.19 (m, 10H, 5 x CH;) and 0.84 (t, ] = 6.8 Hz, 3H, CH3) ppm.
13C NMR (75 MHz, CDCl3) 3: 158.3 (C), 150.1 (C), 144.0 (C), 129.0 (C),
127.7 (C), 126.3 (CH), 124.1 (CH), 117.5 (C), 117.1 (CH), 108.3 (CH),
101.5 (CH), 55.5 (OCH3), 35.4 (CH;), 31.9 (CH3), 30.0 (CHy), 29.6
(CHy), 29.4 (CHy), 29.3 (CHy), 22.7 (CH3) and 14.2 (CH3) ppm. MS
(ESI) m/z =293 (MH™). HRMS calcd for CooHp7N20 (MH™T): 311.2118;
found, 311.2118.

4.4.5. 4-Cyclopropyl-3H-pyrrolo [2,3-c]quinoline (46)

It was prepared according to the procedure described for com-
pound 42 using: aniline 72 (100 mg, 0.63 mmol), cyclo-
propanecarbaldehyde (57 pL, 0.76 mmol). Eluent for
chromatography: (30:70) ethyl acetate/hexane. R = 0.40 [(30:70)
ethyl acetate/hexane]. Yield = 92 mg (70%). Brown solid. Mp:
130—132 °C. 'TH NMR (500 MHz, CDCl3) : 9.26 (br s, 1H, NH), 8.15
(dd,J = 7.8 and J = 1.5 Hz, 1H, CH), 8.09 (d, ] = 8.0 Hz, 1H, CH), 7.52
(m, 1H, 2 x CH), 743 (d, ] = 3.0 Hz, 1H, CH), 7.07 (d, ] = 2.9 Hz, 1H,
CH), 2.37 (m, 1H, CH), 1.43—1.38 (m, 1H, CH3), and 1.12—1.07 (m, 1H,
CH>) ppm. *C NMR (125 MHz, CDCl3) 3: 149.5 (C), 142.5 (C), 128.9
(C), 128.7 (CH), 127.7 (C), 125.9 (CH), 125.6 (CH), 125.0 (CH), 122.8
(CH), 122.8 (C), 102.1 (CH), 13.5 (CH), and 8.1 (2 x CHy) ppm. MS
(ESI) mjz = 281 (MH™). HRMS calcd for C14H13N, (MH™): 209.1073;
found, 209.1074.

4.4.6. 4-Cyclopropyl-7-methyl-3H-pyrrolo [2,3-c]quinoline (47)

It was prepared according to the procedure described for com-
pound 42 using: aniline 77 (70 mg, 0.41 mmol), cyclo-
propanecarbaldehyde (36 pL, 049 mmol). Eluent for
chromatography: (40:60) ethyl acetate/hexane. Rf = 0.35 [(30:70)
ethyl acetate/hexane]. Yield = 51 mg (57%). Pale brown solid. Mp:
127—129 °C. '"H NMR (300 MHz, CDCl3) : 9.51 (br s, 1H, NH), 8.05
(d,J = 8.2 Hz, 1H, CH), 7.89 (s, 1H, CH), 7.42—7.29 (m, 2H, CH), 7.02
(d, J = 2.9 Hz, 1H, CH), 2.52 (s, 3H, CH3), 2.29—2.19 (m, 1H, CH),
1.37—1.29 (m, 2H, CHy), and 0.97 (m, 2H, CH,) ppm. >C NMR
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(75 MHz, CDCl3) 3: 149.6 (C), 142.9 (C), 135.6 (C), 128.8 (C), 128.2
(CH), 127.6 (C), 126.8 (CH), 125.6 (CH), 122.6 (CH), 120.6 (C), 101.6
(CH), 21.6 (CHs), 13.5 (CH), and 8.0 (2 x CH5) ppm. MS (ESI) m/
z =223 (MH™). HRMS calcd for C15HisNy (MH™): 223.1229; found,
223.1229.

4.4.7. 4-Phenethyl-3H-pyrrolo [2,3-c]quinoline (48)

It was prepared according to the procedure described for com-
pound 42 using: aniline 72 (50 mg, 0.32 mmol), hydro-
cinnamaldehyde (50 pL, 0.38 mmol). Eluent for chromatography:
(40:60) ethyl acetate/hexane. Rf = 0.51 [(40:60) ethyl acetate/
hexane]. Yield = 43 mg (50%). Brown solid. Mp: 135—136 °C. 'H
NMR (300 MHz, CDCl3) &: 8.83 (br s, 1H, NH), 8.22—8.15 (m, 2H,
2 x CH), 7.64—7.51 (m, 2H, 2 x CH), 7.28—7.07 (m, 6H, 6 x CH), 7.03
(d, J = 2.6 Hz, 1H, CH), 343 (t, ] = 7.8 Hz, 2H, CH>), and 3.23 (t,
J = 7.7 Hz, 2H, CH,) ppm. 3C NMR (125 MHz, CDCl3) 3: 148.7 (C),
148.6 (C), 142.8 (C), 141.8 (C), 141.8 (C), 128.9 (CH), 128.7 (2 x CH),
128.6 (C), 128.5 (2 x CH), 126.3 (CH), 126.2 (CH), 125.6 (CH), 123.2
(C),123.1 (CH), 101.9 (CH), 37.2 (CH>), and 35.1 (CH;) ppm. MS (ESI)
mjz = 273 (MH"). HRMS calcd for CigHy7N; (MHT): 273.1386;
found, 273.1385.

4.4.8. 7-Fluoro-4-phenethyl-3H-pyrrolo [2,3-c]quinoline (49)

It was prepared according to the procedure described for com-
pound 42 using: aniline 74 (50 mg, 0.28 mmol), hydro-
cinnamaldehyde (45 pL, 0.34 mmol). Eluent for chromatography:
(30:70) ethyl acetate/hexane. R = 0.41 [(40:60) ethyl acetate/
hexane]. Yield = 29 mg (35%). Yellow solid. Mp: 129—131 °C. 'H
NMR (300 MHz, CDCl3) 3: 8.67 (br s, 1H, NH), 8.15 (dd, J = 8.9 and
J=6.1Hz,1H, CH), 7.83(dd,J = 10.7 and ] = 2.5 Hz, 1H, CH), 7.34 (td,
J=8.7 and ] = 2.6 Hz, 1H, CH), 7.30—7.26 (m, 1H, CH), 7.25—7.18 (m,
3H, 3 x CH), 714 (d, ] = 7.6 Hz, 2H, 2 x CH), 6.99 (d, ] = 2.9 Hz, 1H,
CH), 3.44 (t, ] = 7.7 Hz, 2H, CH>), and 3.25 (t, ] = 7.7 Hz, 2H, CH>)
ppm. 3C NMR (125 MHz, CDCl3) 8: 161.1 (d, Jc.F = 244 Hz, C), 149.4
(C), 143.6 (d, Jer = | = 12 Hz, C), 141.7 (C), 128.6 (2 x CH), 128.4
(2 x CH), 128.4 (C), 128.1 (C), 126.2 (2 x CH), 124.4 (d, Jc.r = 10 Hz,
CH), 119.7 (C), 114.8 (d, Jc_r = 24 Hz, CH), 113.0 (d, Jc.r = 20 Hz, CH),
101.7 (CH), 37.0 (CHy), and 34.7 (CHy) ppm. '°F NMR (282 MHz,
CDCl3) &: 115.5 (s, 1F, CF) ppm. MS (ESI) m/z = 291 (MH*). HRMS
calcd for C1gH16FN> (MH™): 291.1292; found, 291.1291.

4.4.9. 7-Methoxy-4-phenethyl-3H-pyrrolo [2,3-c]quinoline (50)

It was prepared according to the procedure described for com-
pound 42 using: 5-methoxy-2-(1H-pyrrol-3-yl)aniline (78) [29]
(100 mg, 0.53 mmol), hydrocinnamaldehyde (84 pL, 0.64 mmol).
Eluent for chromatography: (50:50) ethyl acetate/hexane. Rf = 0.43
[(50:50) ethyl acetate/hexane]. Yield = 54 mg (34%). Pale yellow
solid. Mp: 167—168 °C. 'H NMR (500 MHz, CDCl3) &: 8.52 (br s, 1H,
NH), 8.06 (d, ] = 8.8 Hz, 1H, CH), 7.58 (d, ] = 2.6 Hz, 1H, CH),
7.25—7.18 (m, 5H, 5 x CH), 7.14 (d, ] = 6.8 Hz, 2H, 2 x CH), 6.94 (d,
J=3.0Hz,1H, CH), 3.95 (s, 3H, CH3), 3.42 (t,] = 7.8 Hz, 2H, CH>), and
3.24(t,] = 7.8 Hz, 2H, CH,) ppm. >C NMR (125 MHz, CDCl3) 3: 158.2
(C), 148.4 (C), 144.1 (C), 141.8 (C), 128.7 (C), 128.6 (2 x CH), 128.4
(2 x CH),127.8 (C),126.2 (CH), 126.1 (CH), 124.0 (CH), 117.4 (C), 117.3
(CH), 108.3 (CH), 101.3 (CH), 55.5 (CH3), 37.2 (CHy), and 35.1 (CH>)
ppm. MS (ESI) m/z = 303 (MH™). HRMS calcd for CogH1gN20 (MH™):
303.1492; found, 303.1489.

4.4.10. 4-([1,1'-biphenyl]-4-yl)-3H-pyrrolo [2,3-c]quinoline (52)

It was prepared according to the procedure described for com-
pound 42 using: aniline 72 (50 mg, 0.32 mmol), [1,1’-biphenyl]-4-
carbaldehyde (69 mg, 0.38 mmol). Eluent for chromatography:
(30:70) ethyl acetate/hexane. Ry = 0.46 [(30:70) ethyl acetate/
hexane]. Yield = 44 mg (43%). White solid. Mp: 172—175 °C. 'H
NMR (300 MHz, CDCl3) 3: 9.43 (br s, 1H, NH), 8.27—8.22 (m, 2H,
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2 x CH), 7.96 (d, J = 8.2 Hz, 2H, 2 x CH), 7.67 (d, J = 8.1 Hz, 2H,
2 x CH), 7.64—7.54 (m, 4H, 4 x CH), 7.49—7.43 (m, 3H, 3 x CH),
7.41-7.35 (m, 1H, CH), and 7.15—7.12 (m, 1H, CH) ppm. >C NMR
(75 MHz, CDCl3) §: 146.5 (C), 143.0 (C), 142.0 (C), 140.4 (C), 137.2 (C),
129.7 (CH), 129.3 (C), 128.9 (2 x CH),128.7 (2 x CH),127.8 (2 x CH),
127.7 (CH), 127.5 (C), 127.1 (2 x CH), 126.4 (CH), 126.3 (CH), 125.9
(C),123.2 (CH), 122.9 (CH), and 102.1 (CH) ppm. MS (ESI) m/z = 321
(MH™). HRMS calcd for Ca3H17N, (MH™): 321.1386; found, 321.1387.

4.4.11. 4-(4-Chlorophenyl)-7-(trifluoromethyl)-3H-pyrrolo [2,3-c]
quinoline (53)

It was prepared according to the procedure described for com-
pound 42 wusing: aniline 73 (70 mg, 031 mmol), 4-
chlorobenzaldehyde (52 mg, 0.37 mmol). Eluent for chromatog-
raphy: (5:95) ethyl acetate/dichloromethane. Rf = 0.47 [(5:95) ethyl
acetate/dichloromethane]. Yield = 25 mg (23%). Pale yellow solid.
Mp: 170—172 °C. "H NMR (500 MHz, CDCl3) 8: 9.22 (s, 1H, NH), 8.50
(s, 1H, CH), 8.31 (d, J = 8.4 Hz, 1H, CH), 7.87 (d, J = 8.3 Hz, 2H,
2 x CH), 7.77 (d, ] = 8.4 Hz, 1H, CH), 7.54—7.45 (m, 3H, 3 x CH), and
719 (s, 1H, CH) ppm. 13C NMR (125 MHz, CDCl3) 8: 146.7 (C), 142.0
(C), 136.3 (C), 135.9 (C), 129.5 (2 x CH), 129.5 (2 x CH), 129.0 (C),
128.3 (q, Jc.r = 32 Hz, C),127.9 (C), 127.4 (d, Jc.r = 4 Hz, CH), 127.0
(CH), 125.2 (C), 124.4 (q, Je.r = 272 Hz, C), 124.0 (CH), 121.8 (d, Jc.
F = 3 Hz, CH), and 102.8 (CH) ppm. '°F NMR (282 MHz, CDCl3) 3:
62.0 (s, 3F, CF3) ppm. MS (ESI) m/z = 347 (MH™). HRMS calcd for
C18H11C1F3N2 (MH+)Z 347.0557; found, 347.0558.

4.4.12. 4-(4-Chlorophenyl)-7-fluoro-3H-pyrrolo [2,3-c]quinoline
(54)

It was prepared according to the procedure described for com-
pound 42 using: aniline 74 (70 mg, 040 mmol), 4-
chlorobenzaldehyde (67 mg, 0.48 mmol). Eluent for chromatog-
raphy: (5:95) ethyl acetate/dichloromethane. R = 0.32 [(5:95) ethyl
acetate/dichloromethane]. Yield = 34 mg (29%). White solid. Mp:
146—147 °C. 'H NMR (300 MHz, CDCl3) §: 9.37 (s, 1H, NH), 8.19 (dd,
J=89andJ = 6.1 Hz, 1H, CH), 7.84—7.75 (m, 3H, 3 x CH), 7.45 (t,
J=2.8Hz,1H, CH), 7.43—7.31 (m, 3H, 3 x CH), and 7.10 (t,] = 2.4 Hz,
1H, CH) ppm. 3C NMR (125 MHz, CDCl3) 8: 161.3 (d, Jc.r = 244 Hz,
C), 146.4 (C), 143.7 (d, Jo.r = 12 Hz, C), 136.5 (C), 135.5 (C), 129.7 (C),
129.5 (2 x CH), 129.3 (2 x CH), 127.1 (CH), 126.9 (C), 124.6 (d, Jc.
¢ = 10 Hz, CH), 120.0 (C), 115.6 (d, Jcr = 25 Hz, CH), 113.5 (d, Jc.
¢ = 20 Hz, CH), and 102.1 (CH) ppm. '°F NMR (282 MHz, CDCl3) 5:
114.8 (s, 1F, CF) ppm. MS (ESI) m/z = 297 (MH*). HRMS calcd for
C17H11CIFN, (MH™): 297.0589; found, 297.0590.

4.4.13. 7-Chloro-4-(4-chlorophenyl)-3H-pyrrolo [2,3-c]quinoline
(55)

It was prepared according to the procedure described for com-
pound 42 using: aniline 75 (50 mg, 0.26 mmol), 4-
chlorobenzaldehyde (40 mg, 0.29 mmol). Eluent for chromatog-
raphy: (30:70) ethyl acetate/hexane. R = 0.60 [(30:70) ethyl ace-
tate/hexane]. Yield = 59 mg (72%). White solid. Mp: 177—179 °C. 'H
NMR (300 MHz, CDCl3) 3: 9.26 (br s, 1H, NH), 8.16 (s, 1H, CH), 8.14 (d,
J=8.6Hz, 1H, CH), 782 (d, ] = 7.1 Hz, 2H, 2 x CH), 7.53 (dd, ] = 8.6
and J = 1.8 Hz, 1H, CH), 7.47—7.42 (m, 3H, 3 x CH), and 7.11 (s, 1H,
CH) ppm. 3C NMR (125 MHz, CDCl3) 3: 146.5 (C), 143.6 (C), 136.6
(C),135.8 (€),131.9(C), 129.7 (2 x CH),129.5 (2 x CH, C), 128.8 (CH),
127.4(C),127.1 (CH),126.8 (CH), 124.4 (CH), 121.7 (C), and 102.5 (CH)
ppm. MS (ESI) m/z = 313 (MH"). HRMS calcd for Ci7H11CIhN;
(MH™): 313.0293; found, 313.0296.

4.4.14. Methyl 4-(4-chlorophenyl)-3H-pyrrolo [2,3-c]quinoline-7-
carboxylate (56)

It was prepared according to the procedure described for com-
pound 42 using: aniline 76 (100 mg, 0.46 mmol), 4-



M. Panciera, E. Lence, A. Rodriguez et al.

chlorobenzaldehyde (78 mg, 0.56 mmol). Eluent for chromatog-
raphy: (5:95) ethyl acetate/dichloromethane. Ry = 0.64 [(10:90)
ethyl acetate/dichloromethane]. Yield = 94 mg (60%). White solid.
Mp: 197—198 °C. 'H NMR (500 MHz, DMSO-dg) 3: 12.16 (br s, 1H,
NH), 8.68 (d, J = 1.5 Hz, 1H, CH), 8.46 (d, ] = 8.5 Hz, 1H, CH),
8.12—8.04 (m, 3H, 3 x CH), 7.74 (t,] = 2.8 Hz, 1H, CH), 7.69 (m, 2H,
2 x CH), 7.35 (dd, J = 2.7 and J = 1.6 Hz, 1H, CH), and 3.94 (s, 3H,
CH3) ppm. °C NMR (125 MHz, DMSO-dg) 3: 166.4 (C), 146.3 (C),
141.1 (C), 136.4 (C), 134.2 (C), 131.2 (CH), 130.5 (2 x CH), 129.1 (CH),
128.7 (2 x CH), 128.6 (C), 127.2 (C), 126.8 (C), 126.1 (C), 124.9 (CH),
123.7 (CH), 102.0 (CH), and 52.1 (CH3) ppm. MS (ESI) m/z = 337
(MH™). HRMS calcd for CigH14CIN;O, (MH™): 337.0738; found,
337.0738.

4.4.15. 4-(4-Chlorophenyl)-7-methyl-3H-pyrrolo [2,3-c]quinoline
(57)

It was prepared according to the procedure described for com-
pound 42 using: aniline 77 (100 mg, 0.58 mmol), 4-
chlorobenzaldehyde (98 mg, 0.70 mmol). Eluent for chromatog-
raphy: gradient of ethyl acetate/hexane 1) (20:80), 2) (30:70).
Rf = 0.35 [(30:70) ethyl acetate/hexane]. Yield = 133 mg (78%).
White solid. Mp: 239—242 °C. "H NMR (500 MHz, CDCl3) 8: 9.35 (br
s, 1H, NH), 8.12 (d, ] = 8.2 Hz, 1H, CH), 7.98 (s, 1H, CH), 7.79 (dd,
J=81andJ = 13 Hz, 2H, 2 x CH), 7.45—7.35 (m, 4H, 4 x CH), 7.10
(dd,J = 2.9 and J = 1.7 Hz, 1H, CH), and 2.56 (s, 3H, CH3) ppm. 3C
NMR (125 MHz, CDCl3) 3: 145.3 (C), 143.1 (C), 136.8 (C), 136.2 (C),
135.2(C),129.6 (C), 129.5 (2 x CH), 129.2 (2 x CH), 128.8 (CH), 128.1
(CH),127.0(C),126.6 (CH), 122.7 (CH), 120.9 (C), 102.0 (CH), and 21.7
(CH3) ppm. MS (ESI) m/z = 293 (MH™). HRMS calcd for C1gH14CIN;
(MH™): 293.0840; found, 293.0840.

4.5. Preparation of compounds 51 and 58—64

4.5.1. 7-Methoxy-3-methyl-4-phenethyl-3H-pyrrolo [2,3-c]
quinoline (51)

A solution of compound 50 (35 mg, 0.12 mmol) in dry THF
(1.2 mL), at 0 °C and under argon, was treated with NaH (29 mg,
0.72 mmol, ca 60% in mineral oil) and stirred for 30 min. lodo-
methane (45 pL, 0.72 mmol) was added and the resulting mixture
was stirred at room temperature for 14 h. Water was added and THF
was removed under reduced pressure. The resulting aqueous so-
lution was acidified with HCI (10%) until pH 3, and then extracted
with dichloromethane (3 x ). The combined organic extracts were
dried (anh. NapSOg4), filtered and concentrated under reduced
pressure. The reaction crude was purified by flash column chro-
matography, eluting with (10:90) ethyl acetate/hexane, to give
compound 51 (27 mg, 73%), as a pale yellow solid. R = 0.52 [(10:90)
ethyl acetate/dichloromethane]. Mp: 111-112 °C. 'H NMR
(300 MHz, CDCl3) 3: 8.04 (d, ] = 8.8 Hz, 1H, CH), 7.54 (d, ] = 2.2 Hz,
1H, CH), 7.31 (d, J = 4.1 Hz, 4H, 4 x CH), 7.26 (s, 1H, CH), 7.22—7.18
(m, 1H, CH), 713 (d, ] = 2.9 Hz, 1H, CH), 6.88 (t, ] = 4.5 Hz, 1H, CH),
4.08 (s, 3H, CH3), 3.98 (s, 3H, CH3), 3.68—3.62 (m, 2H, CH>), and
3.31-3.25 (m, 2H, CH,) ppm. 3C NMR (75 MHz, CDCl3) : 158.4 (C),
148.8 (C), 143.5 (C), 141.7 (C), 132.7 (CH), 131.2 (C), 128.7 (2 x CH),
128.6 (2 x CH),128.0(C), 126.3 (CH), 123.7 (CH), 117.5 (C), 117.5 (CH),
108.0 (CH), 99.5 (CH), 55.6 (CH3), 37.9 (CHy), 37.5 (CHy), and 36.2
(CH3) ppm. MS (ESI) m/z = 317 (MH™). HRMS calcd for C21H21N20
(MH™): 317.1648; found, 317.1650.

4.5.2. 4-(4-Chlorophenyl)-3-methyl-3H-pyrrolo [2,3-c]quinoline
(58)

It was prepared according to the procedure described for com-
pound 51 using: compound 19 [29] (42 mg, 0.15 mmol), iodo-
methane (56 pL, 0.90 mmol). Eluent for chromatography: 20:80)
ethyl acetate/hexane. Yield = 22 mg (50%). White solid. Rf = 0.51
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[(20:80) ethyl acetate/hexane]. Mp: 215—217 °C. 'H NMR (300 MHz,
CDCl3) 3: 8.24—8.18 (m, 2H, 2 x CH), 7.64—7.55 (m, 4H, 4 x CH),
7.53—7.49 (m, 2H, 2 x CH), 7.21 (d, J = 2.9 Hz, 1H, CH), 7.07 (d,
J = 2.9 Hz, 1H, CH), and 3.47 (s, 3H, CHs) ppm. 13C NMR (75 MHz,
CDCl3) §: 146.8 (C), 142.0 (C), 138.5 (C), 135.0 (C), 132.9 (CH), 130.9
(€),130.9 (2 x CH), 129.7 (CH), 128.6 (2 x CH), 128.2 (C), 126.5 (CH),
126.2 (CH), 123.3 (C), 122.7 (CH), 100.5 (CH), and 37.4 (CH3) ppm.
MS (ESI) m/z = 293 (MH™). HRMS calcd for CigH14CIN, (MH™):
293.0840; found, 293.0838.

4.5.3. 4-(4-Chlorophenyl)-7-fluoro-3-methyl-3H-pyrrolo [2,3-c]
quinoline (59)

It was prepared according to the procedure described for com-
pound 51 using: compound 54 (35 mg, 0.12 mmol), iodomethane
(44 pL, 0.71 mmol). Eluent for chromatography: (20:80) ethyl ac-
etate/hexane. Rf 0.40 [(20:80) ethyl acetate/hexane].
Yield = 21 mg (57%). Pale yellow solid. Mp: 223—225 °C. 'H NMR
(300 MHz, CDCl3) d: 8.19 (dd, J = 8.8 and J = 6.1 Hz, 1H, CH), 7.81
(dd,J = 10.6 and J = 2.3 Hz, 1H, CH), 7.60—7.48 (m, 4H, 4 x CH), 7.36
(td,] = 8.5 and J = 2.2 Hz, 1H, CH), 7.26 (s, 1H, CH), 7.02 (d, ] = 2.8 Hz,
1H, CH), and 3.47 (s, 3H, CH3) ppm. 3C NMR (75 MHz, CDCl3) §:
1614 (d, Je.r = 245 Hz, CF), 147.8 (C), 142.8 (C), 135.2 (C), 133.5 (CH),
131.1(C), 130.8 (2 x CH), 128.9(C),128.7 (2 x CH), 127.9(C), 124.4 (d,
Jer = 9 Hz, CH), 120.1 (C), 115.8 (d, Jc.r = 24 Hz, CH), 113.6 (d, Jc.
F =21 Hz, CH), 100.3 (CH), and 37.5 (CHs) ppm. '°F NMR (282 MHz,
CDCl3) 3: 115.0 (q,J = 7.6 Hz, 1F, CF) ppm. MS (ESI) m/z = 311 (MH™).
HRMS calcd for C1gH13CIFN, (MH™): 311.0744; found, 311.0745.

4.5.4. 4-(4-Chlorophenyl)-3-(cyclopropylmethyl)-7-fluoro-3H-
pyrrolo [2,3-c]quinoline (60)

It was prepared according to the procedure described for com-
pound 51 using: compound 54 (35 mg, 0.12 mmol), (iodomethyl)
cyclopropane (84 uL, 0.71 mmol). Eluent for chromatography:
gradient of ethyl acetate/hexane: 1) (5:95), 1) (15:85). Rf = 0.51
[(10:90) ethyl acetate/hexane]. Yield = 31 mg (75%). White solid.
Mp: 114—116 °C. '"H NMR (500 MHz, CDCl3) : 8.19 (dd, J = 8.9 and
J = 6.0 Hz, 1H, CH), 7.82 (dd, J = 10.5 and J = 2.5 Hz, 1H, CH),
7.59—7.55 (m, 2H, 2 x CH), 7.53—7.49 (m, 2H, 2 x CH), 7.49 (d,
J=3.0Hz, 1H, CH), 7.36 (td, ] = 8.6 and J = 2.6 Hz, 1H, CH), 7.07 (d,
J=3.0Hz, 1H, CH), 3.66 (d, ] = 6.9 Hz, 2H, CH,), 0.96—0.81 (m, 1H,
CH), 0.52—0.41 (m, 2H, CH3), and 0.15—0.06 (m, 2H, CH;) ppm. 3C
NMR (125 MHz, CDCl3) 3: 161.4 (d, Jc.r = 244 Hz, CF), 147.7 (C), 142.8
(d, Je.r = 12 Hz, C), 138.5 (C), 135.1 (C), 131.8 (CH), 131.4 (C), 130.6
(2 x CH), 128.8 (2 x CH), 127.4 (C), 124.4 (d, Jc.r = 9 Hz, CH), 120.0
(C),115.7 (d, Jc.r = 25 Hz, CH), 113.5 (d, Jc.r = 20 Hz, CH), 100.5 (CH),
53.4 (CHy), 11.8 (CH), and 4.2 (2 x CH3) ppm. '°F NMR (282 MHz,
CDCl3) 8: 115.1 (q,J = 7.9 Hz, 1F, CF) ppm. MS (ESI) m/z = 351 (MH™).
HRMS calcd for Co1Hq7CIFN; (MH'): 351.1058; found, 351.1062.

4.5.5. 4-(4-Chlorophenyl)-3,7-dimethyl-3H-pyrrolo [2,3-c]
quinoline (61)

It was prepared according to the procedure described for com-
pound 51 using: compound 57 (35 mg, 0.12 mmol), iodomethane
(45 pL, 0.72 mmol). Eluent for chromatography: (20:80) ethyl ac-
etate/hexane. Rf 0.37 [(20:80) ethyl acetate/hexane].
Yield = 15 mg (39%). Pale yellow solid. Mp: 112—113 °C. '"H NMR
(500 MHz, CDCl3) d: 8.11 (d,]J = 8.2 Hz, 1H, CH), 8.02 (s, 1H, CH), 7.57
(m, 2H, 2 x CH), 7.50 (m, 2H, 2 x CH), 743 (d, ] = 8.2 Hz, 1H, CH),
7.21 (d,] = 2.6 Hz, 1H, CH), 7.03 (d, ] = 2.7 Hz, 1H, CH), 3.47 (s, 3H,
CH3), and 2.57 (s, 3H, CH3) ppm. >C NMR (125 MHz, CDCl3) 5: 146.6
(C), 142.0 (C), 138.5 (C), 136.4 (C), 135.0 (C), 133.1 (CH), 131.0 (C),
130.9 (2 x CH), 128.8 (CH), 128.6 (2 x CH), 128.2 (CH), 128.0 (C),
122.5 (CH),121.0(C), 100.2 (CH), 37.5 (CH3), and 21.8 (CH3) ppm. MS
(ESI) m/z 307 (MH™'). HRMS calcd for CigH16CINy (MH™):
307.0996; found, 307.0993.
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4.5.6. 1-Chloro-4-(4-chlorophenyl)-3H-pyrrolo [2,3-c]quinoline
(62)

A solution of compound 19 [29] (41 mg, 0.15 mmol) in DMF
(150 upL) at room temperature was treated with N-chlor-
osuccinimide (20 mg, 0.15 mmol) and the resulting mixture was
heated at reflux for 3 h. After cooling to room temperature, the DMF
was removed under reduced pressure and the resulting residue was
dissolved with ethyl acetate, and then washed with brine (3 x ). The
organic extract was dried (anh. NaySOy), filtered and concentrated
under reduced pressure. The reaction crude was purified by flash
column chromatography on silica gel, eluting with (20:80) ethyl
acetate/hexane, to give compound 62 (30 mg, 64%), as a pale yellow
solid. Rf = 0.50 [(20:80) ethyl acetate/hexane]. Mp: 146—148 °C. 'H
NMR (300 MHz, (CD3),CO0) d: 8.94 (m, 1H, CH), 8.17 (m, 1H, CH), 8.07
(m, 2H, 2 x CH), 7.74 (s, 1H, CH), and 7.72—7.59 (m, 4H, 4 x CH) ppm.
13C NMR (75 MHz, (CD3),C0) 3: 146.5 (C), 144.2 (C), 137.7 (C), 135.8
(C),131.3 (2 x CH),130.9 (CH), 129.8 (2 x CH), 127.3 (CH), 127.0 (CH),
126.0 (CH), 125.8 (C), 124.5 (C), 123.6 (C), 123.1 (CH), and 107.8 (C)
ppm. MS (ESI) m/z = 313 (MH"'). HRMS calcd for Cy7Hq1Cl2N;
(MH™): 313.0294; found, 313.0292.

4.5.7. 1-Bromo-4-(4-chlorophenyl)-3H-pyrrolo [2,3-c]quinoline
(63)

A solution of compound 19 [29] (100 mg, 0.36 mmol) in (80:20)
THF/H20 (12 mL) at room temperature was treated with N-bro-
mosuccinimide (64 mg, 0.36 mmol) and the resulting mixture was
stirred vigorously for 15 min. The reaction mixture was diluted with
water (6 mL) and extracted with ethyl acetate (3 x ). The combined
organic extracts were dried (anh. NaySO4), filtered and concen-
trated under reduced pressure. The reaction crude was purified by
flash column chromatography on silica gel, eluting with (20:80)
ethyl acetate/hexane, to give compound 63 (102 mg, 79%), as a pale
yellow solid. Rf = 0.52 [(20:80) ethyl acetate/hexane]. Mp:
174—176 °C. 'TH NMR (300 MHz, (CD3);CO) &: 11.42 (br s, 1H, NH),
9.12 (m, 1H, CH), 8.18 (m, 1H, CH), 8.07 (m, 2H, 2 x CH), 7.78 (s, 1H,
CH), and 7.73-7.59 (m, 4H, 4 x CH) ppm. 3C NMR (75 MHz,
(CD3),C0) d: 162.3 (C), 144.1 (C), 137.6 (C), 135.7 (C), 131.3 (2 x CH),
130.9 (CH), 129.8 (2 x CH), 128.7 (CH), 128.5 (C), 127.3 (CH), 126.8
(CH), 125.4 (C), 123.7 (C), 122.5 (CH), and 91.2 (C) ppm. MS (ESI) m/
z = 357 and 359 (MH™). HRMS calcd for Ci7H{$BrCIN, (MH™):
356.9789; found, 356.9787.

4.5.8. 4-(4-Chlorophenyl)-1-(3-fluorophenyl)-3H-pyrrolo [2,3-c]
quinoline (64)

A suspension of bromide 63 (30 mg, 84 pmol), Pd(PPhs)4 (10 mg,
8 umol), (3-fluorophenyl)boronic acid (18 mg, 0.13 mmol), and
K>CO3 (27 mg, 0.13 mmol) in a mixture of (80:20) dioxane/water
(0.5 mL) was heated at 90 °C for 14 h. After cooling to room tem-
perature, the reaction mixture was diluted with water and ethyl
acetate. The aqueous layer was separated, and the organic layer was
washed with brine, dried (anh. Na;SOy), filtered and concentrated
under reduced pressure. The reaction crude was purified by flash
column chromatography on silica gel, eluting with a gradient of
ethyl acetate/hexane: 1) (15:85); 2) (20:80), to give compound 64
(13 mg, 42%), as a white solid. R = 0.47 [(20:80) ethyl acetate/
hexane]. Mp: 98—100 °C. "H NMR (500 MHz, CDCl3) 3: 9.16 (br s, 1H,
NH), 8.22 (d,J = 8.3 Hz, 1H, CH), 8.10 (d, ] = 8.2 Hz, 1H, CH), 7.89 (d,
J=8.2Hz,2H, 2 x CH), 7.58 (t,] = 7.6 Hz, 1H, CH), 7.53 (d, ] = 8.2 Hz,
2H, 2 x CH), 7.51-7.45 (m, 1H, CH), 7.44—7.28 (m, 4H, 4 x CH), and
7.16 (td, J = 8.5 and J = 2.6 Hz, 1H, CH) ppm. 13C NMR (125 MHz,
CDCl3) 3: 163.0 (d, Jc.r = 247 Hz, C), 145.9 (C), 143.7 (C), 137.9 (d, J-
r = 7 Hz, C), 136.7 (C), 135.7 (C), 130.2 (CH), 130.0 (CH), 129.8
(2 x CH), 129.6 (2 x CH), 127.7 (C), 126.6 (CH), 126.0 (CH), 125.9
(CH), 125.8 (C), 125.5 (CH), 123.5 (C), 123.1 (CH), 120.5 (C), 117.0 (d,
Jer = 21 Hz, CH), and 114.5 (d, Jc.r = 21 Hz, CH) ppm. '°F NMR

18

European Journal of Medicinal Chemistry 232 (2022) 114206

(282 MHz, CDCl3) 3: 109.5 (q, / = 7.1 Hz, 1F, CF) ppm. MS (ESI) m/
z = 373 (MH"). HRMS calcd for Cy3H;5CIFN, (MH™): 373.0902;
found, 373.0901.

4.6. In vitro studies

The in vitro antibacterial activity of natural marinoquinoline A
(1), B(2), C(3) and E (5) as well as compounds 8—40 and 42—64
was studied by determining their minimum inhibitory concen-
trations (MIC) against M. tuberculosis H37Rv. Mycobacterial
strains were cultured in Middlebook 7H9 broth, supplemented
with 0.5% glycerol and 10% ADC (albumin, dextrose, catalase), and
incubated at 37 °C. For susceptibility tests, cultures were diluted
to 10° cells/mL and assayed against a series of 2-fold concen-
trations of compounds, from 160 to 1.25 pg/mL; growth was
recorded by using the Alamar Blue Assay after eight days [34].
MIC values were defined as the lowest concentration at which
bacterial growth was no longer evident. All assays were done in
duplicate. MIC value of the reference drug moxifloxacin was also
determined for comparison.

4.7. Enzymatic assays with glutamate 5-kinase

G5K from E. coli was purified as described previously [54]. For
assays, aliquots of the enzyme stock solutions of 0.15 mg/mL con-
centration were prepared by dilution from the stock in Tris.HCI
(50 mM, pH 7.0), imidazole (100 mM, pH 7.0), ammonium sulfate
(12 mM), dithiothreitol (1 mM) and bovine serum albumin (0.9 mg/
mL) and stored on ice. Enzyme activity was measured at 37 °C by
monitoring the oxidation of NADH to NAD in a coupled assay
format wherein ADP produced was detected using pyruvate kinase
(PK) and lactate dehydrogenase (LDH) enzymes [55]. To this end,
the decrease in absorbance at 340 nm in the UV spectrum due to
NADH (¢/M~! cm~! 6220) was monitored. Standard assay condi-
tions for G5K were Tris.HCI (50 mM, pH 7.0), dithiothreitol (1 mM),
MgCl, (70 mM), ATP (10 mM), sodium L-glutamate (10 mM),
phosphoenolpyruvate monopotassium salt (5 mM), NADH
(0.25 mM), bovine serum albumin (1 mg/mL), PK (from rabbit
muscle, 80 pg/mL), and LDH (from rabbit muscle, 30 pg/mL). Each
assay was initiated by addition of aliquots of G5K. Solutions of ATP
and NADH were calibrated by measuring the absorbance at 259 nm
and 340 nm in the UV spectrum, respectively.

For inhibition assays, aliquots of stock solutions of compounds
50 and 54 in DMSO (20 mM) were employed. At the maximum
concentrations used, DMSO, L-proline, 50 or 54 did not inhibit the
coupled PK/LDH enzymatic system as no significant changes in
activity were observed when adding extra quantities of the coupled
enzymes. At the maximal concentrations used (0.6%), DMSO did not
affect G5K activity. The initial rates at fixed enzyme and substrate
concentrations were measured in the absence and in the presence
of various compounds concentrations. Compounds 50 and 54 and
the natural inhibitor L-Pro were employed.

The program GraphPad Prism (GraphPad Software, San Diego,
CA) was used for data fitting. The inhibition data was adjusted to
sigmoidal inhibition (equation (1)):

Ulinh] = Y[inhj=co T (V[Inhj=0 — V[inhj=c0) X (1

— (Inh]/ (15 +[Inh]™))) (1)
where ujinn) is the velocity at a given concentration of the inhibitor,
Ulinh]=0 and U[inh]—c are the activities in the absence and at infinite
concentration of the inhibitor, N is the Hill coefficient, [Inh] is the
inhibitor concentration, Iy 5 is the concentration of the inhibitor at
which Ujinh] = Y[inh]=e + (U[Inh]=0 = Y[inh]=c0)/2.
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For convenience, activities are expressed as percentage of the
activity in the absence of inhibitors. Assay results are given as the
means =+ S.E. of at least three determinations.

For 10 mM concentration of L-Glu and ATP, Ip5 values for L-
proline, compound 50 and compound 54 were 2.5 + 0.3 uM,
22.1 + 0.7 uM and 33 + 12 uM, respectively. For all three inhibitors
the sigmoidicity of the concentration-activity curves was modest,
showing N values of 1.39 + 0.24, 140 + 0.05 and 14 + 0.7,
respectively.

4.8. Cytotoxicity assays

These studies were performed on HepG2 cell line (human he-
patocellular carcinoma cells), which were grown on culture me-
dium EMEM (Eagle's Minimum Essential Medium) supplemented
with 10% FBS (Fetal Bovine Serum) in an atmosphere of 95% air and
5% CO, at 37 °C. The inhibition of cell growth induced by com-
pounds 50 and 54 was evaluated using the MTT [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay.
The cells were seeded in a sterile 96-well plate at a density of
10.000 cells/well and incubated for 24 h in growth medium. A so-
lution of compounds 50 and 54 in DMSO, at 5 uM, 10 uM and 20 pM
concentration, was added to the cells maintaining the same pro-
portion of solvent in each well. After 48 h of incubation in an at-
mosphere of 95% air and 5% CO, at 37 °C, 10 pL of a solution of MTT
(5 mg/mL) in PBS (136 mM Nacl, 1.47 mM KH;,PO4, 8 mM NaH,PO4
and 2.68 mM KCl) was added to each well and the cell plate was
incubated for another 4 h. Next, 100 pL of 10% SDS prepared in
10 mM HCl was added and cell plate was incubated for 12—14 h
under the same experimental conditions. Finally, absorbance of the
cell plate was measured at a wavelength of 595 nm in a Tecan
M1000 infinite Pro microplate reader. All experiments were per-
formed by triplicate. The absorbance measurement range was
assessed between 1 value (average of triplicate points) containing
10.000 cells in EMEM and in the absence of growth factors, which
determine the stable cell concentration, and another value (average
of triplicate points) containing the usual growth medium, which
allows to stablish the maximum cell growth at 48 h. Controls with
DMSO at the same proportion in which the compounds were dis-
solved were also performed. These controls showed an inhibition of
cell growth of 6—8% relative to the control in which the cells were
grown in the usual growth medium.

The percentage of inhibition was calculated using the equation

(2)
% inhibition = 100 — (AO x 100/AT) (2)
where AO is the absorbance observed in the wells in the presence of
compound 50 or 54 and AT is the absorbance obtained in the wells
with DMSO controls. As a control, the inhibitory potency of
cisplatin was measured by calculation the concentration-% inhibi-
tion curve, which was adjusted to the equation (3):
Y =Emax [ 1+ (ICsp [ X)" (3)
were y is the observed effect at a concentration X, Epax corresponds
to the maximum effect, ICs5g is the concentration at which a 50%
growth inhibition is obtained, and n is the slope of the curve. The
program GraphPad Prism was used for data fitting. For the evalu-
ation of cisplatin, two parameters were used: the inhibitory po-
tency (1/ICsp) and efficacy (expressed as maximum % inhibition
reached by the compound). Under these experimental conditions,
the values obtained for cisplatin were Epax (%) = 63 + 2 and ICsg
(uM) = 6.3 + 0.1

19

European Journal of Medicinal Chemistry 232 (2022) 114206
4.9. Computational studies

4.9.1. MD simulations studies of G5K enzymes in the unbound form

For the E. coli enzyme, the available three-dimensional structure
of Ec-G5K in complex with glutamate (PDB 2]5T, 2.9 A; chain E) was
employed [45]. Computation of the protonation state of titratable
groups at pH 7.0 was carried out using the H™" Web server [56]. As
a result of this analysis: His27, His39, His43, His59, His97, His256,
His325, His341, His342, and His360 were protonated in e position.
Cysteine residues Cys35, Cys225 and Cys316 were considered in the
free form. To model the three-dimensional structure of Mt-G5K, the
web-based homology modelling Phyre2 server was used [47]. In
this case, the histidine residues His114, His122, His136, His166,
His215, and His361, were protonated in e position, and the cysteine
residues Cys185 and Cys313 were considered in the free form.

Next, the minimization of the enzyme models and MD simula-
tion of the resulting minimized structures were carried out
following our previously described protocol [57]. 100 ns simula-
tions were performed. The cpptraj module in AMBER 17 was used to
analyze the trajectories and to calculate the rmsd of the protein
during the simulation (Fig. S8) [58]. The molecular graphics pro-
gram PyMOL [59] was employed for visualization and depicting
enzyme structures.

4.9.2. Building of the Ligand@G5K binary complexes

(1) Ligand preparation. The ligand geometries were minimized
using a restricted Hartree-Fock (RHF) method and a 6-31G(d)
basis set, as implemented in the ab initio program Gaussian
09 [60]. Partial charges were derived by quantum mechanical
calculations using Gaussian 09, as implemented in the R.E.D.
Server (version 3.0) [61—63], according to the RESP [64]
model. The missing bonded and nonbonded parameters
were assigned, by analogy or through interpolation, from
those already present in the AMBER database (GAFF) [65,66].

(2) Docking studies: The binding mode of compounds 50 and 54
were first explored by docking using program GOLD 2020.2.0
[48] and the coordinates of both G5K enzymes in the un-
bound form. The snapshot after 90 ns of simulation was
selected as no relevant changes in the AAK domain and the
linker region was observed. The ligand geometries previ-
ously minimized were used as MOL2 files. Each ligand was
docked in 25 independent genetic algorithm (GA) runs, and
for each of these, a maximum number of 100,000 GA oper-
ations were performed on a single population of 50 in-
dividuals. Operator weights for crossover, mutation, and
migration in the entry box were used as default parameters
(95, 95, and 10, respectively) as well as the hydrogen bonding
(4.0 A) and van der Waals (2.5 A) parameters. The position of
Ala226 was used to define the active site, and the radius was
set to 6 A. The GOLD scoring function was used.

4.9.3. MD simulations studies of Ligand@G5K binary complexes

(1) Minimization of the ligand@G5K binary complexes: Ligand
coordinates obtained by docking were employed as starting
point for MD simulations of the corresponding binary com-
plexes. The complexes immersed in a truncated octahedron
of TIP3P water molecules and sodium ions were minimized
in four stages: (1) initial minimization of the ligands (1000
steps, first half using steepest descent and the rest using
conjugate gradient); steps (2), (3) and (4) were performed as
steps (a), (b) and (c) in the minimization of the unbound
form. A positional restraint force of 50 kcal mol~! A=2 was
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applied to those unminimized atoms during the first three
stages (1-3).

(2) Simulations of the ligand(s)@G5K enzyme complexes: MD
simulations of the binary complexes [50@G5K, 54@G5K],
Michaelis complexes [Glu + ATP + Mg?*@G5K] and quater-
nary complexes [50 + Glu + ATP + Mg?>t@G5K,
54 + Glu + ATP + Mg?*@G5K] were performed as indicated
for the unbound protein form during 100 ns.

4.9.4. Vibrational modes calculations

The vibrational modes for: (i) G5K in the unbound form; (ii)
Michaelis complexes; (iii) ligand@ G5K binary enzyme complexes;
were calculated from the corresponding MD trajectories by prin-
cipal component analysis using the cpptraj module [67].

4.9.5. Binding free energies calculations

The binding free energy for ATP was calculated by the MM/PBSA
approach implemented in Amber Tools 1.5 [68]. ante-MMPBSA.py
module was used to create topology files for the complex,
enzyme and ligands and binding free energies were calculated with
the MMPBSA.py module. A single trajectory approach was used to
calculate binding free energies considering only the last 80 ns of the
100 ns MD trajectories. The Poisson-Boltzmann (PB) and General-
ized Born (GB) implicit solvation models were employed. Both
models provided similar results.
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G5K glutamate-5-kinase
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MD Molecular Dynamics

MDR multidrug-resistant
TB tuberculosis
XDR extensively drug-resistant
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