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The rise of the resistance of the malaria parasite to the currently approved therapy urges the discovery
and development of new efficient agents. Previously we have demonstrated that harmicines, hybrid
compounds composed from b-carboline alkaloid harmine and cinnamic acid derivatives, linked via either
triazole or amide bond, exert significant antiplasmodial activity. In this paper, we report synthesis,
antiplasmodial activity and cytotoxicity of expanded series of novel triazole- and amide-type harmicines.
Structure-activity relationship analysis revealed that amide-type harmicines 27, prepared at N-9 of the b-
carboline core, exhibit superior potency against both erythrocytic stage of P. falciparum and hepatic
stages of P. berghei. Notably, harmicine 27a, m-(trifluoromethyl)cinnamic acid derivative, exhibited the
most favourable selectivity index (SI ¼ 1105). Molecular dynamics simulations revealed the ATP binding
site of P. falciparum heat shock protein 90 as a druggable binding location, confirmed the usefulness of
the harmine's N-9 substitution and identified favourable NeH … p interactions involving Lys45 and the
aromatic phenyl unit in the attached cinnamic acid fragment as crucial for the enhanced biological ac-
tivity. Thus, those compounds were identified as promising and valuable leads for further derivatization
in the search of novel, more efficient antiplasmodial agents.

© 2021 Elsevier Masson SAS. All rights reserved.
1. Introduction

Malaria is the deadliest human protozoan infectious disease
widely spread in the tropical and subtropical areas of the world.
Five identified species of the parasite responsible for causing hu-
manmalaria are Plasmodium falciparum, P. vivax, P. ovale, P. malariae
and P. knowlesi. Of these, P. falciparum and P. vivax are responsible
for more than 95% ofmalaria cases in theworld [1e3]. Despite years
of continuous efforts, it is still a major cause of morbidity and
mortality (229 million cases and 409 000 deaths in 2019), espe-
cially among young children and pregnant women [3]. As existing
served.
antimalarial drugs are becoming less effective due to the emer-
gence of resistant strains of P. falciparum, there is an urgent need for
novel and effective agents to combat malaria [2].

One of the widely employed approaches to find novel antima-
larial chemotherapeutic agents is the design of hybrid molecules
[4e8]. Hybrids represent chemical entities in which at least two
pharmacological agents, acting on the same disease, are covalently
linked in a single molecule. Ideally, the novel molecule should have
greater activity than the sum of its parts and reduce the risk of drug
resistance, drug-drug interactions and adverse effects. In the anti-
malarial field, hybrids comprised of agents belonging to the most of
the known antimalarial drug classes have shown enhanced activity
in vitro and in vivo [5]. Among those compounds, conjugates with
cinnamic acid and its derivatives (CADs) have been extensively
explored by us and others [9e13] and recently reviewed by Gomes
and co-workers [14].
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In our previous work, we presented harmicines, hybrid com-
pounds derived from harmine, a b-carboline alkaloid with anti-
plasmodial properties, and CADs [10,15]. The reported harmicines
differ in 1) the type of the linker between two moieties, which is
either a triazole ring or an amide bond, 2) the position of the
substitution on the harmine's b-carboline core, which is either O-7
or N-9, and 3) type of CAD. Harmicines exerted remarkable anti-
plasmodial activity against erythrocytic and hepatic stages of the
Plasmodium infection, while molecular dynamics (MD) simulations
confirmed binding of the most active compounds within the ATP
binding site of P. falciparum heat shock protein 90 (PfHsp90), crucial
for the intraerythrocytic development of Plasmodium [16,17].

To further extend our knowledge of the harmicines structure-
activity relationship, we decided to derivatize the harmine scaf-
fold at C-1, C-3, O-6 and N-9 of the b-carboline core and combine it
with different CADs (Fig. 1). Both triazole-type (TT) and amide-type
(AT) harmicines were prepared. As a continuation of our research,
we investigated their antiplasmodial activity against both eryth-
rocytic and hepatic stages of the Plasmodium parasite, as well as
cytotoxicity against human liver hepatocellular carcinoma cell line
(HepG2). We also report computational analysis of their binding to
PfHsp90 using MD simulations.
2. Results and discussion

2.1. Chemistry

The synthetic part of this work could be divided into two parts:
1) synthesis of TT harmicines and 2) synthesis of AT harmicines,
with a general synthetic scheme shown in Fig. 2, while the detailed
reactions and conditions are given in Schemes 1e4.

TT harmicines (5a-e,14a-e,15a-e, 20a-e) were prepared by Cu(I)
catalysed azide-alkyne cycloaddition (CuAAC). Different reagents
and reaction conditions were used depending on the position of the
b-carboline ring functionalization. Harmine-based azides 3 or 10
and CAD-based alkynes 4a-e served as building blocks for the
synthesis of TT harmicines at C-1 (5a-e) or C-3 (15a-e), respectively.
Fig. 1. Novel h
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CuAAC was performed with CuSO4 � 5H2O in the presence of so-
dium ascorbate, as a source of Cu(I) ions, in t-BuOH/H2O 1:1
mixture. On the contrary, the starting compounds for the synthesis
of TT harmicines at O-6 (20a-e) and N-9 (14a-e) were harmine-
based alkynes 12 or 19 and cinnamyl azides 13a-e. In this case,
the reaction was carried out in MeOH, with Cu(II) acetate (MeOH
acts as a reducing agent to generate Cu(I)).

To obtain the required starting compounds for CuAAC, synthetic
routes to alkynes and azides were developed. Harmine-based
azides 3 and 10 were generated in several steps: 1) synthesis of
substituted b-carbolines 1 and 8 at positions 1 and 3 [18,19], 2)
synthesis of the corresponding alcohols 2 and 9 [20], and 3) con-
version of alcohols to azides 3 and 10 via 2-azido-1,3-
dimethylimidazolinium hexafluorophosphate (ADMP) and 1,8-
diazabicyclo(5.4.0)undec-7-ene (DBU) [21]. Alcohol 9 was also
alkylated at N-9 with propargyl bromide in the presence of Cs2CO3,
to obtain alkyne 12. Next, we have prepared b-carboline 17,
substituted with a methoxy group at C-6, a starting compound for
harmicines 20a-e and 23a-h. Subsequent demethylation yielded
phenol 18, which was further propargylated to yield alkyne 19.
CADs were efficiently transformed to CAD-based alkynes 4a-e and
cinnamyl azides 13a-e. Alkynes 4a-ewere successfully prepared by
the reaction of CAD with propargyl bromide, in the presence of
K2CO3, while the synthesis of cinnamyl azides 13a-e involved
several steps: esterification of CADs, reduction to the correspond-
ing alcohols, and conversion to azides via ADMP/DBU, as described
previously [10].

On the other hand, synthesis of AT harmicines (7a-h,16a-h, 23a-
h, 27a,b) was straightforward and involved two steps: 1) synthesis
of harmine-based primary amines 6, 11, 22 and 26 and 2) coupling
reactions with different CADs. The above listed primary amines
were obtained by either the reduction of azides 3 and 10 by cata-
lytic hydrogenation or the O-6 alkylation of phenol 18/N-9 alkyl-
ation of harmine with 2-(Boc-amino)ethyl bromide, followed by
the removal of the Boc-protecting group under acidic conditions
[15]. Coupling reactions were efficiently performed by activating
CADs with 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo
armicines.



Fig. 2. Synthesis of triazole-type (TT) and amide-type (AT) harmicines.

Scheme 1. Synthesis of TT harmicines 5a-e and AT harmicines 7a-h.
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[4,5-b]pyridinium-3-oxide hexafluorophosphate (HATU), in the
presence of N,N-diisopropylethylamine (DIEA), followed by the
addition of an appropriate harmine-based amine. The reactions
proceeded smoothly, in dichloromethane at room temperature for
1 h.

Altogether, we have obtained 45 new compounds in high purity,
as determined by HPLC-ESI/MS analysis (>95%) or CHN analysis
(values for C, H, and N within 0.4% of the calculated values for the
proposed formula). Spectroscopic and spectrometric methods (1H
and 13C NMR, IR, MS) were used to confirm the proposed structures.
The data obtained are provided in short in the Materials and
Methods section, and in detail in the Supplementary Material. The
evaluation of the drug-like properties, i.e. relevant physicochemical
parameters included in the Lipinski's rule and Gelovani's rules,
using Chemicalize.org software [22] disclosed that both TT and AT
harmicines are in complete agreement with both sets of rules,
respectively (Table S15).
3

2.2. Biological evaluations

2.2.1. In vitro antiplasmodial activity and SAR analysis
The ability of novel harmicines to inhibit the erythrocytic stage

of P. falciparum infection (chloroquine-sensitive (Pf3D7) and
chloroquine-resistant (PfDd2) strains), as well as infection of the
human hepatoma cell line (Huh7) by P. berghei parasites, was
evaluated as described previously [23e27]. The diversity of the
harmicines allowed us to explore the significance of certain struc-
tural features for the activity: 1) position of the substitution at the
b-carboline ring, 2) linker between b-carboline and CAD, and 3)
position and the type of substituent on the phenyl ring in CAD.

The results of the in vitro screening of blood schizonticidal ac-
tivity indicated significant differences in antiplasmodial activities
between harmicines prepared at the different positions of the b-
carboline ring (Table 1). In general, the activity decreased according
to the pattern: N-9 > O-6 > C-3 > C-1, except for TT harmicines 14



Scheme 2. Synthesis of TT harmicines 14a-e, 15a-e and AT harmicines 16a-h.

Scheme 3. Synthesis of TT harmicines 20a-e and AT harmicines 23a-h.
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(substitution at N-9), which were among the least active
compounds.

The most active compounds, AT harmicines 27a,b, hybrids
comprised of harmine-based amine at N-9 (compound 26) and m-
or p-(trifluoromethyl)cinnamic acid, displayed at least two orders
of magnitude stronger activities than the parent compound, har-
mine, in nanomolar (Pf3D7) and submicromolar concentrations
(PfDd2). These results are in agreement with IC50 values obtained
previously for the series of AT harmicines, in which the derivative
with p-chloro substituent (trifluoromethyl isostere) in the cinnamic
scaffold exerted the highest activity [15]. Interestingly, harmicines
14, also hybrids at N-9, with triazole linker and an additional
hydroxymethyl substituent at C-3, exerted lower activity than
harmine, with the exception of compound 14c, m-bromocinnamic
acid derivative. It is noteworthy that the analogues TT harmicines
reported by Perkovi�c et al., without C-3 hydroxymethyl substituent,
4

exhibited activities in submicromolar concentrations, suggesting
that such substitution results in the loss of activity [10].

Harmicines 20 and 23, both bearing substituents at O-6, showed
similar activities in submicromolar andmicromolar concentrations,
regardless of the type of the linker. Comparison of the anti-
plasmodial activities within the series of TT harmicines 20 showed
that the substituent R1 on cinnamic moiety had a minor effect on
the activity. Compound 20c, a m-bromocinnamic acid derivative,
exerted on average 2.2-fold higher activity than the other com-
pounds. Among the AT harmicines, compounds 23d and 23h, m-
and p-(trifluoromethyl)cinnamic acid derivatives, exhibited the
highest antiplasmodial activities, which were still 2 to 3-fold lower
than the activities of analogous compounds 27a and 27b.

On the other hand, considering the antiplasmodial activities of
the ATand TT harmicines 16 and 15, hybrids at C-3, two conclusions
could be drawn. First, the IC50 values were in the micromolar range.



Scheme 4. Synthesis of harmicines 27.

Table 1
In vitro antiplasmodial activity of harmicines 5, 7, 14e16, 20, 23 and 27 against the erythrocytic stage of P. falciparum (Pf3D7 and PfDd2 strains).

TT harmicines b-carboline substitution IC50a (mM) AT harmicines IC50 (mM)

Pf3D7 PfDd2 Pf3D7 PfDd2

5a C-1 >27.78b >20.25 7a >27.99 >55.56
5b >17.32 >20.07 7b >27.78 >27.78
5c >13.24 >19.07 7c >27.78 >27.78

7d >27.78 >27.78
7e >13.89 >13.89

5d >55.56 >55.56 7f >27.78 >27.78
5e >55.56 39.20 ± 0.25 7g >27.78 >27.78

7h >55.56 >55.56
15a C-3 >20.04 >27.78 16a 5.78 ± 1.05 10.18 ± 1.68
15b >27.78 >27.78 16b 5.74 ± 0.33 12.71 ± 1.76
15c 16.41 ± 3.35 11.14 ± 2.76 16c 3.23 ± 0.32 1.48 ± 035

16d 2.01 ± 0.09 7.40 ± 0.74
16e 4.13 ± 0.61 13.30 ± 7.41

15d 21.44 ± 2.27 >27.78 16f 2.92 ± 0.03 8.38 ± 3.16
15e >27.78 >27.78 16g 6.50 ± 0.29 10.72 ± 3.18

16h 2.30 ± 0.41 5.97 ± 1.33
20a O-6 0.61 ± 0.09 2.12 ± 0.40 23a 1.55 ± 0.45 2.47 ± 0.25
20b 0.55 ± 0.08 2.28 ± 0.33 23b 1.11 ± 0.14 1.30 ± 0.09
20c 0.26 ± 0.17 0.73 ± 0.40 23c 0.19 ± 0.02 0.63 ± 0.22

23d 0.12 ± 0.02 0.32 ± 0.08
23e 0.95 ± 0.06 1.67 ± 0.06

20d 0.57 ± 0.06 0.95 ± 0.16 23f 0.36 ± 0.02 0.92 ± 0.06
20e 0.60 ± 0.03 1.81 ± 0.04 23g 1.17 ± 0.03 2.86 ± 0.52

23h 0.12 ± 0.02 0.35 ± 0.06
14a N-9 >27.78 >19.78
14c 6.28 ± 1.04 18.41 ± 2.42
14d >19.92 >23.60
14e 18.19 >16.93

27a 0.06 ± 0.02 0.33 ± 0.06
27b 0.04 ± 0.003 0.17 ± 0.01

CQd 0.003 ± 0.002 0.20 ± 0.10 HARe 8.25 ± 2.83 >27.7

c Results represent mean ± SD, n ˃ 2.
a IC50, the concentration of the tested compound necessary for 50% growth inhibition.
b The exact IC50 could not be obtained, as activity could only be detected at the highest tested concentration.
d CQ, chloroquine;e HAR, harmine.
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This result, together with those obtained for harmicines 14, indicate
that the position 3 of the b-carboline ring is not optimal for sub-
stitution. Secondly, there is a marked difference in the anti-
plasmodial activities of harmicines 15 and 16. AT harmicines 16
were significantly more potent than their triazole-linker counter-
parts, compounds 15. Comparison of the activities of the homolo-
gous compounds from the series 16 and 15 revealed at least a 3.5-
fold (16a vs 15a) increase in the activity. The most pronounced
effect was observed for harmicines 16g and 15d (a 7.3-fold increase
5

in the activity). Remarkably, the comparison of IC50 values of AT and
TT harmicines, hybrids at N-9 of the b-carboline, reported earlier,
revealed the same tendency [10,15].

Harmicines 5 and 7, prepared at C-1of the b-carboline core, were
inactive against the erythrocytic stage of P. falciparum, at the
highest concentration tested, regardless of the type of the linker
and CAD used for conjugation.

As a continuation of our research, screening of in vitro activities
of harmicines 5, 7,14,15,16, 20, 23 and 27 against the hepatic stages
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of Plasmodium parasite was performed. Both AT and TT harmicines
were initially tested at two concentrations, 1 and 10 mM. The results
obtained have shown that the potency of harmicines against the
hepatic stages followed a similar pattern as against the erythrocytic
stage of Plasmodium infection (Fig. 3). The most pronounced ac-
tivitywas observed for harmicines 27 and 14, prepared at N-9 of the
b-carboline ring, followed by 20 and 23 (O-6), 15 and 16 (C-3) and
finally harmicines 5 and 7 (C-1), which were mostly inactive. In
general, AT harmicines exhibited better activity, i.e. 27> 14, 23 > 20,
16 > 15. In view of those results, compound 27a, m-(tri-
fluoromethyl)cinnamic acid derivative, was selected as the most
promising for IC50 determination (Fig. S1). The obtained IC50 value
was 4.3-fold lower than IC50 of the reference drug primaquine
(1.94 ± 0.68 mM vs 8.4 ± 3.4 mM) [28].
Fig. 3. In vitro activity of harmicines against P. berghei liver stages: a) 5a-e and 7a-h, b) 15a-e
Total parasite load (infection scale, bars) and cell viability (cell confluency scale, dots) are s
mean ± SD, n ¼ 1 (PQ, primaquine; HAR, harmine).

6

2.2.2. In vitro cytotoxicity screening and selectivity
Cytotoxicity of the harmicines active against the erythrocytic

stage of P. falciparum was evaluated against HepG2, as described
previously [29] (Table 2). In addition, the selectivity index (SI) for
each harmicine was calculated as the fractional ratio between the
IC50s for HepG2 and P. falciparum Pf3D7 strain (Table 2).

To our delight, the most active compounds against Pf3D7, 27a,b,
exhibited favourable SIs. Remarkably, the most selective compound
of all prepared harmicines was 27a (SI¼ 1105). A comparison of the
IC50 values obtained for harmicines prepared at O-6 revealed that,
in general, TT harmicines 20 were more cytotoxic to HepG2 cells
than AT harmicines 23 (IC50 ( 10 mM, with the exception of the
compound 20e). It is worthmentioning that harmicines 23e-gwere
not cytotoxic at all at the highest concentration tested.
and 16a-h, c) 20a-e and 23a-h and d) 14a,c-d and 27a,b at 1 and 10 mM concentrations.
hown. Results were normalized to the negative control, DMSO, and are represented as



Fig. 3. (continued).

Table 2
In vitro cytotoxicity screening of harmicines against HepG2 and calculated selectivity
indices.

Compd. IC50
a (mM) SIb Compd. IC50

a (mM) SIb

14c >125c 19.90 20d 3.95 ± 0.83 6.93
15c 110.19 ± 56.92 6.71 20e 88.01 ± 50.81 146.68
15d 70.50 ± 25.64 3.29 23a 12.02 ± 4.95 7.75
16a 7.05 ± 0.11 1.29 23b 37.57 ± 3.10 33.85
16b 15.83 ± 3.23 2.76 23c 7.57 ± 2.56 39.84
16c 9.64 ± 4.71 2.98 23d 6.14 ± 0.11 51.17
16d 9.37 ± 4.90 4.66 23e >250 263.16
16e 12.46 ± 5.26 2.99 23f >250 694.44
16f 11.33 ± 0.65 3.88 23g >250 213.68
16g 10.38 ± 4.15 1.60 23h 3.59 ± 1.26 29.92
16h 33.26 ± 1.66 14.46 27a 66.32 ± 3.79 1105.33
20a 10.13 ± 3.50 16.61 27b 5.84 ± 1.67 146
20b 10.51 ± 5.39 19.11 HARd >250 30
20c 6.13 ± 2.71 23.58

a IC50, the concentration of the tested compound necessary for 50% growth
inhibition.

b SI, selectivity index, the ratio between IC50 (HepG2) and IC50 (Pf3D7).
c The exact IC50 could not be obtained, as activity could only be detected at the

highest tested concentration.
d HAR, harmine.
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Cytotoxicity of other tested harmicines did not differ much from
their antiplasmodial activities against erythrocytic stages (in most
cases their SI was below 7). Therefore, those compounds can't be
considered for future development as antimalarial agents. How-
ever, those results open the window for their repurposing as
anticancer agents, which will be explored in our future
investigations.

2.3. Molecular dynamics simulations

Given a very large number of compounds evaluated in this work,
we utilized MD simulations on a representative set of systems,
selected to feature the most potent derivative 27b, together with
7b, 16a and 23h, which should provide enough structural and
electronic information to discriminate among various substitution
patterns and their biological activities, while offering guidelines
how to focus subsequent synthetic efforts towards even more
effective analogues based on the employed organic framework.

The calculated binding free energies (DGBIND) for the studied
systems are given in Table 3, together with their decomposition
into contributions from individual residues. The residues consid-
ered for the analysis include those identified as responsible for the
7



Table 3
Total binding free energies (DGBIND) and their decomposition on a per-residue basis
following the MM-GBSA analysis of the obtained molecular dynamics trajectories.a.

System 7b 16a 23h 27b HARb

Total DGBIND �21.3 �25.8 �22.9 �30.0 �7.5
Lys44 �0.13 �1.41 �0.51 �1.89 0.00
Arg98 �1.63 0.04 �1.71 �1.67 0.00
Asn37 �2.25 �2.17 �1.80 �1.40 0.00
Met84 �0.89 �1.63 �2.06 �1.26 0.00
Ala41 �0.58 �1.51 �1.59 �1.02 0.00
Tyr47 0.01 �0.02 0.01 �0.68 0.00
Phe124 �0.78 �0.73 �0.74 �0.68 0.00
Ile82 �0.10 �0.98 �1.30 �0.64 0.00
Asp40 0.14 �0.79 �0.48 �0.63 0.00
Leu93 �0.61 �0.61 �0.58 �0.47 0.00
Ile173 �0.21 �0.66 �0.56 �0.43 �0.01
Thr171 �0.37 �1.03 �0.75 �0.37 0.00
Leu34 �0.13 �0.48 �0.19 �0.31 0.00
Ala38 �0.15 �0.82 �0.69 �0.23 0.00
Lys102 0.01 0.01 0.01 0.03 �0.34
Asp52 0.01 0.01 0.01 0.04 0.00
Thr95 0.02 0.03 0.03 0.04 0.00
Arg167 0.03 0.04 0.02 0.05 0.00
Glu48 0.03 0.06 0.08 0.13 0.00
Asp43 0.05 0.04 0.04 0.20 0.00
Asp79 0.23 1.51 1.62 0.31 0.00

a Residues are selected to list those belonging to the ATP binding pocket (Asn37,
Asp79, Arg98, Phe124, in bold) and all of those with contributions higher than�0.20
and lower than 0.03 kcal mol�1 for the most potent 27b. All values are in kcal mol�1.

b HAR, harmine.

Fig. 5. Specific interactions governing the binding of the most potent 27b within the
ATP binding site of the PfHsp90 protein.
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binding of ATP within the ATP binding pocket of PfHsp90 (Asn37,
Asp79, Arg98, Phe124) [30,31] and all those with contributions
higher than �0.20 and lower than 0.03 kcal mol�1 for the most
potent 27b.

It turns out that all compounds are associated with negative
DGBIND values, implying that their binding is exergonic and
favourable. All four systems are clearly positioned within the ATP
binding site of PfHsp90 (Fig. 4), as they form significant interactions
with residues that define that site, which underlines the impor-
tance of this structural element as a druggable target. Still, their
orientations and specific ligand-protein interactions are largely
different, thus resulting in diverse affinities.

The binding of 27b is the most exergonic,
DGBIND(27b) ¼ �30.0 kcal mol�1, thus confirming its highest bio-
logical activity measured here. Its harmine fragment enters deeper
within the binding site, where it uses its aromatic framework to
interact with Asn37 (NeH … p interactions) and Met84 (CeH … p
interactions), evidenced in their significant individual contributions
Fig. 4. Position of the investigated ligands within

8

of �1.40 and �1.26 kcal mol�1, respectively (Fig. 5), or its attached
eOMe group to form CeH … p interactions with Phe124
(�0.68 kcal mol�1). The mentioned three residues already
contribute around 11% of the total binding energy, which is signifi-
cant. In addition, the introduced N-9 amide functionality further
promotes the binding, first by allowing Arg98 to stack above the
amide linker (�1.67 kcal mol�1), and second, even more signifi-
cantly, to facilitate positive NeH… p contacts between the cationic
Lys44 residue and the terminal p-CF3-phenyl unit, being persistent
during simulations (Fig. S2). The latter promotes Lys44 as the most
dominant PfHsp90 residue in binding 27b, related with the indi-
vidual contribution of �1.89 kcal mol�1. Taken together, indicated
five residues already account for 23% of the total binding energy,
suggesting that 27b is ratherwell positionedwithin the binding site.
All of this clearly confirms the suitability of the N-9 substitution as a
useful strategy in designing effective compounds and justifies
placing an aromatic unit at an appropriate distance from the har-
mine N-9 site to benefit the binding, where the amide linker seems
to be optimal and well-tuned for the purpose. In addition, knowing
that the p-CF3 group exerts an electron-withdrawing effect on the
attached phenyl ring, which likely diminishes the mentioned NeH
… p interactions with Lys44, it would be useful to consider replac-
ing p-CF3 with different electron-donating groups, which will be
tackled in the subsequent synthetic work. Having said that, among
others, p-OMe does not appear suitable as such a derivative pos-
sesses reduced activity [15], albeit lower toxicity, so other sub-
stituents would have to be evaluated.

The effect of the anionic Asp79 is also interesting and worth dis-
cussing. This is a significant residue, since it is also identifiedaspartof
the ATP binding motif, yet its interactions with 27b are strongly
the ATP binding site of the PfHsp90 protein.
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disfavouring the binding, as Asp79 is associated with a positive
contribution of þ0.31 kcal mol�1, being the highest endergonic
among all residues. The underlying reason is that Asp79 is located in
the vicinity of the harmine's pyridine unit without any notable
favourable contacts that could counterbalance a negative steric and
electronic interference from the anionic carboxylate. This suggests
that despite itsmostly optimal design, 27b could further benefit from
modifying its pyridine unit with something that could revert this
fragment into a favourable pairing with Asp79. Yet, this is not ach-
ieved in16a, as the binding affinityof this C-3 derivative is reducedby
4.2 kcalmol�1 toDGBIND(16a)¼�25.8 kcalmol�1, suggesting that the
introduced amide-linked cinnamic acid moiety is likely too large for
this purpose. There, the unfavourable interactionwith Asp79 is even
enhanced (Fig. S3), as its individual contribution rises from þ0.31 in
27b to þ1.51 kcal mol�1. Such structural modification even changes
the binding orientation so that, for example, the entire positive
contribution fromArg98, observed in 27b, is lost here, which leads to
a reduced affinity, being in line with experiments. An even less
favourable outcome is seen in 7b, where an analogous structural
modification occurs on the other part of the pyridine ring, the C-1
atom, where the resulting binding affinity is further reduced to
DGBIND(7b) ¼ �21.3 kcal mol�1, being the lowest among considered
systems, thus confirming its low activity observed experimentally.
Even though 7b seems to be able to compensate the unfavourable
contribution from Asp79 down to þ0.23 kcal mol�1, its position
within the ATP binding site disfavours favourable contributions from
several significant residues, including Lys44, which is diminished to
only �0.13 kcal mol�1, despite, for example, improving the contri-
bution of Asn37 up to �2.25 kcal mol�1 due to positive NeH … p
interactions.

In general, all considered systems, selected to correspond to
different substitution patterns, show much more exergonic binding
affinities than the parent harmine, which justifies the utilized syn-
thetic strategy. The calculated value of DGBIND(harmine) ¼
�7.5 kcal mol�1, demonstrates its poor binding features, being
consistentwith its elevated IC50valueof8.25mM(Table1). Inaddition,
although the relationship between IC50 and DGBIND values is not so
straightforward in absolute terms, their relative ratio is connected
through the Cheng-Prusoff equation [32]. In this context, harmine's
IC50 value roughly translates to the bindingenergy of�6.9 kcalmol�1,
thus placing our calculations in close agreement with experiments,
and confirming the validity of the employed computational setup.
Harmine seems like a good reference, since it was identified as a se-
lective inhibitor of PfHsp90, which is essential for the erythrocytic
development of Plasmodium [16,33] and our calculations show it
predominantly binds outside the ATP binding site (Table 3). Hence,
the approach to structurally modify harmine is likely to lead to more
efficient compounds, although, in some cases evaluated here, the
introduced amide/triazole-linked cinnamic acid unit, despite being
placed at right positions on the harmine's scaffold, appears as too
bulky or electronically less optimized to maximize the effect. Never-
theless, computations confirm the substitution at the N-9 position as
themost promising route in this respect, which likely opens the door
towards further improvements in the desired biological activities.

3. Conclusions

In conclusion, we have successfully prepared and characterized
45 novel harmicines of the triazole- and amide-type in the posi-
tions 1, 3, 6 and 9 of the b-carboline ring. Further, we evaluated
their antiplasmodial activities against erythrocytic and hepatic
stages of the Plasmodium infection and cytotoxicity against HepG2.
The results clearly showed remarkable blood shizontocidal activity
in nanomolar concentrations, as well as selectivity of amide-type
harmicines 27, in comparison to other compounds. Harmicines 27
9

were also the most active against hepatic stages of P. berghei (4.3-
fold more active than the reference drug primaquine). Molecular
dynamics simulations revealed that all investigated compounds
bind within the ATP binding site and confirmed 27b as the most
potent derivative. In addition, Lys44was identified as crucial for the
enhanced activity, evident in favourable NeH … p contacts with
the phenyl ring within the attached cinnamic acid unit, particularly
when the latter is introduced at the harmine's N-9 position, being
in line with the experiments. Lastly, computations underlined the
unfavourable contribution from the ATP binding site residue Asp79,
seen in the steric and electronic interference with the bound li-
gands, which defines a promising route to advance the developed
synthetic methodology towards even more efficient compounds
based on the employed organic framework. Taken together with
previously obtained results, this study revealed amide-type har-
micines at N-9 of the b-carboline ring as the best performers
against Plasmodium. Our ongoing work focuses on establishing a
reliable quantitative structure-activity relationship model, with the
final goal of identifying lead compounds for further development.

4. Materials and Methods

4.1. Chemistry

4.1.1. General information
Melting points were determined on a Stuart Melting Point

Apparatus (Barloworld Scientific, UK) in open capillaries and were
uncorrected. FTIR-ATR spectra were recorded using a Fourier-
Transform Infrared Attenuated Total Reflection UATR Two spec-
trometer (PerkinElmer, Waltham, MA, USA) in the range from 450
to 4000 cm�1. 1H and 13C NMR spectra were recorded on a Bruker
Avance III HD operating at 300, 400 or 600 MHz for the 1H and 75,
101 or 151 MHz for the 13C nuclei (Bruker, Billerica, MA, USA).
Samples were measured in DMSO‑d6 solutions at 20 �C in 5 mm
NMR tubes. Chemical shifts (d) are reported in parts per million
(ppm) using tetramethylsilane (TMS) as a reference in the 1H and
DMSO residual peak as a reference in the 13C spectra (39.52 ppm).
Coupling constants (J) are reported in hertz (Hz). Mass spectra were
recorded on Agilent 1200 Series HPLC coupled with Agilent 6410
Triple Quad (Agilent Technologies, St. Clara, CA, USA). The mobile
phase consisted of Milli Q water as component A and MeOH (HPLC
grade, J. T. Baker) as component B, and as the stationary phase,
Zorbax XDC C18 column (4.6 � 75 mm, 3.5 mm) was used. Gradient
elution was used at a flow rate of 0.5 mL/min, and 5 mL of analyte
solution was injected per analysis. The starting conditions and
gradient steepness were adjusted according to the analyte polarity.
Diode array detector was utilized, while the data were presented as
a total wavelength chromatogram (TWC). Mass spectrometry con-
ditions were as follows: electrospray ionization (ESI) in positive and
negative mode was used. Capillary voltage and current were set to
4.0 kV and 20 nA, respectively. Nebulizer pressure was set to 15 psi,
while the drying gas (nitrogen) temperature and flow were 300 �C
and 11 L/min. For the MS data analysis, Agilent MassHunter soft-
ware (Agilent Technologies, St. Clara, CA, USA) was used. Elemental
analyses were performed on a CHNS LECO analyser (LECO Corpo-
ration, St. Joseph, MI, USA). Analyses indicated by the symbols of
the elements were within ±0.4% of their theoretical values.
Microwave-assisted reactions were performed in a microwave
reactor CEM Discover (CEM, USA) in a glass reaction vessel. All
compounds were routinely checked by TLC with silica gel 60F-254
glass plates (Merck, Germany) using DCM/MeOH 8:1, 85:15, 95:5,
97:3, cyclohexane/EtOAc/MeOH 1:1:0.5 and cyclohexane/EtOAc
2:1, 9:1 as the solvent systems. Spots were visualized by UV light
(l ¼ 254 nm; 365 nm) and iodine vapour. Column chromatography
was performed on silica gel 0.063e0.200 mm (Sigma-Aldrich, USA)
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with the same eluents used for TLC, with an additional Al2O3 layer
to remove Cu-salts (compounds 5a-e, 14a,c-d, 15a-e, 20a-e). All
chemicals and solvents were of analytical grade and purchased
from commercial sources. CADs were purchased as predominantly
trans stereoisomers (�99%).

Harmine, acetic acid, hydrochloric acid, cinnamic acid, m-fluo-
rocinnamic acid, p-fluorocinnamic acid, p-methoxycinnamic acid,
p-chlorocinnamic acid, m-(trifluoromethyl)cinnamic acid, p-(tri-
fluoromethyl)cinnamic acid, t-BuOH, acetaldehyde dimethyl acetal,
2,2-dimethoxyacetaldehyde, DBU, lithium aluminium hydride,
toluene, lithium carbonate, 10% palladium on activated charcoal
were purchased from Sigma-Aldrich (USA). Caesium carbonate, 2-
(tert-butoxycarbonylamino)ethyl bromide, tryptamine, 5-
methoxytryptamine, L-tryptophan methyl ester hydrochloride,
tetrabutylammonium hydrogensulfate, ADMP, HATU, m-bromo-
cinnamic acid, propargyl bromide and DMF were purchased from
TCI Chemicals (Japan). Hydrobromic acid (47%), dry tetrahydrofuran
and aluminium oxide were purchased from Merck (Germany),
DIEA, copper(II) acetate and TEA from Alfa Aesar (USA), 1 M hy-
drochloric acid in EtOAc, trifluoroacetic acid, DCM and dry diethyl
ether from Thermo Fischer Scientific (USA), diethyl ether from ITW
Reagents (Germany), cyclohexane, EtOAc, MeOH, absolute EtOH
and petroleum ether from Honeywell (USA), acetonitrile from
CARLO ERBA Reagents (France), DMF, sodium hydroxide, sodium
bicarbonate and potassium carbonate from Kemika (Croatia),
anhydrous sodium sulphate, potassium permanganate, ammonium
chloride and sodium chloride from Gram-Mol (Croatia), thionyl
chloride from Fluka (Switzerland), sodium ascorbate from Acros
Organics (Belgium), copper(II) sulphate pentahydrate from Zorka
�Sabac (Serbia).

b-carbolines 1, 8, 17 and alcohol 9 were prepared according to
the literature procedures [18e20,34]. Alcohol 2 is a known com-
pound, but prepared by alternative methods [35,36]. Phenol 18was
prepared according to the modified literature procedure from b-
carboline 17 using HBr/glacial acetic acid mixture, under the MW
irradiation [37]. Among alkynes 4, only 4c is a new compound.
Nevertheless, the established synthetic method for their prepara-
tion differs from the one described in the literature [38]. Although
amine 6 is commercially available, we have included its synthesis
and characterization, since those data are not available. Cinnamyl
azides 13a-e, as well as compounds 25 and 26 were prepared ac-
cording to our published methods [10,15].

4.1.2. Synthesis of (9H-pyrido [3,4]-b]indol-1-yl)methanol (2)
A solution of b-carboline 1 (0.700 g, 2.889 mmol), AcOH

(3.63 mL) and H2O (5.45 mL) was refluxed for 1 h at 100 �C. After
cooling to rt, pH was adjusted to 9 with 5% NaOH and the reaction
mixture extracted with EtOAc (3 � 50 mL). The collected organic
layers were filtered through phase separator and solvent evapo-
rated under the reduced pressure. Obtained yellow crude (0.453 g,
2.309 mmol) was suspended in dry THF (6 mL). Afterwards LiAlH4
(0.175 g, 4.618 mmol) was added in small portions, and the reaction
mixture was stirred under argon atmosphere for 1 h at rt. The re-
action was quenched with H2O (20 mL), pH adjusted to 8 with 1%
HCl, and the resulting solution extracted with EtOAc (4 � 50 mL).
The collected organic layers were filtered through phase separator
and solvent evaporated under the reduced pressure. The crude
product was trituratedwith diethyl ether, to obtain alcohol 2. Yield:
0.417 g (91%).

4.1.3. General procedure for the synthesis of azides 3 and 10
To a solution of 2 or 9 (1.447 mmol) in dry THF (5 mL), ADMP

(1.032 g, 3.618mmol) and DBU (0.584mL, 3.907mmol) were added
at 0 �C. The reaction was stirred at 0 �C for 0.5 h, diluted with
saturated NH4Cl solution (40 mL) and extracted with DCM
10
(2� 30 mL). Organic layers were collected and extracted with brine
(2 � 30 mL) and H2O (1 � 20 mL), filtered through phase separator
and solvent evaporated under the reduced pressure. The crude
product (brownish oil) was purified by column chromatography
(cyclohexane/EtOAc/MeOH 1:1:0.5).

4.1.3.1. 1-(azidomethyl)-9H-pyrido[3,4-b]indole (3). Alcohol 2:
0.287 g. Yield: 0.236 g (73%); oil; IR (ATR, n/cm�1) 3663, 3451, 3288,
3059, 2937, 2855, 2105, 1730, 1631, 1566, 1493, 1428, 1371, 1321,
1248,1118,1052, 971, 938, 873, 824, 751, 718, 620, 579, 432; 1H NMR
(DMSO‑d6) d 11.78 (s, 1H), 8.36 (d, 1H, J¼ 5.2 Hz), 8.29-8.23 (m, 1H),
8.13 (d, 1H, J ¼ 5.2 Hz), 7.64 (dt, 1H, J ¼ 8.3, 0.9 Hz), 7.60-7.57 (m,
1H), 7.29-7.26 (m, 1H), 4.89 (s, 2H); 13C NMR (DMSO‑d6) d 140.58,
139.19, 137.75, 133.86, 128.50, 128.44, 121.87, 120.74, 119.57, 114.77,
112.02, 51.59.

4.1.3.2. 3-(azidomethyl)-1-methyl-9H-pyrido[3,4-b]indole (10).
Alcohol 9: 0.307 g. Yield: 0.261 g (76%); oil; IR (ATR, n/cm�1) 3671,
3451, 3239, 3051, 2937, 2863, 2447, 2325, 2104, 1689, 1631, 1566,
1509, 1452, 1403, 1354, 1264, 1085, 1036, 971, 848, 759, 718, 644,
579, 431; 1H NMR (DMSO‑d6) d 11.66 (s, 1H), 8.20 (d, 1H, J ¼ 7.9 Hz),
8.00 (s, 1H), 7.62-7.60 (m, 1H), 7.57-7.53 (m, 1H), 7.26-7.23 (m, 1H),
4.57 (s, 2H), 2.78 (s, 3H); 13C NMR (DMSO‑d6) d 143.23, 142.12,
140.74, 133.94, 128.02, 127.56, 121.74, 121.01, 119.39, 112.07, 111.72,
55.30, 20.41.

4.1.4. General procedure for the synthesis of alkynes 4a-e
An appropriate CAD (3.375 mmol) and K2CO3 (0.653 g,

4.725 mmol) were suspended in dry DMF (5 mL). Under the argon
atmosphere, propargyl bromide (0.601 mL, 5.4 mmol, 80% solution
in toluene) was added dropwise, and the reaction was stirred at rt
for 48 h. Upon completion, the reaction mixture was diluted with
H2O (50 mL) and extracted with EtOAc (3 � 40 mL). The collected
organic layers were washed with H2O (2 � 100 mL), dried over
anhydrous sodium sulphate and solvent evaporated under the
reduced pressure. The crude product (oil) was purified by column
chromatography (cyclohexane/EtOAc/MeOH 1:1:0.5).

4.1.4.1. Prop-2-yn-1-yl cinnamate (4a). CAD: 0.500 g of trans-cin-
namic acid; yield: 0.584 g (93%).

4.1.4.2. Prop-2-yn-1-yl (E)-3-(3-fluorophenyl)acrylate (4b).
CAD: 0.561 g of m-fluorocinnamic acid; yield: 0.648 g (94%).

4.1.4.3. Prop-2-yn-1-yl (E)-3-(3-bromophenyl)acrylate (4c).
CAD: 0.766 g of m-bromocinnamic acid; yield: 0.779 g (87%); mp
79.0e81.0 �C; IR (ATR, n/cm�1) 3416, 3279, 3060, 3042, 2940, 2132,
1716, 1637, 1561, 1479, 1419, 1360, 1295, 1201, 1169, 1073, 991, 965,
851, 780, 754, 696, 665, 632, 554; 1H NMR (DMSO‑d6) d 8.02 (t, 1H,
J¼ 1.8 Hz), 7.78 (dt, 1H, J¼ 7.7, 1.4 Hz), 7.69 (d, 1H, J¼ 16.1 Hz), 7.64-
7.62 (m, 1H), 7.39 (t, 1H, J ¼ 7.9 Hz), 6.79 (d, 1H, J ¼ 16.1 Hz), 4.84 (d,
2H, J¼ 2.4 Hz), 3.59 (t, 1H, J¼ 2.5 Hz); 13C NMR (DMSO‑d6) d 165.21,
143.81, 136.38, 133.17, 130.99, 130.97, 127.45, 122.32, 118.90, 77.80,
51.93; ESI-MS: decomposition.

4.1.4.4. Prop-2-yn-1-yl (E)-3-(4-chlorophenyl)acrylate (4d).
CAD: 0.616 g of p-chlorocinnamic acid; yield: 0.7 g, (94%).

4.1.4.5. Prop-2-yn-1-yl (E)-3-(4-methoxyphenyl)acrylate (4e).
CAD: 0.601 g of p-methoxycinnamic acid; yield: 0.540 g, (74%).

4.1.5. General procedure for the synthesis of harmicines 5a-e
Azide 3 (0.04 g, 0.179 mmol) and a corresponding alkyne 4a-e

(0.197mmol) were suspended in 5mL of a 1:1H2O/t-BuOHmixture.
Sodium ascorbate (0.2 mmol, 200 mL of freshly prepared 1 M
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solution in H2O) was added, followed by CuSO4� 5H2O (0.02mmol,
20 mL of 1 M solution in H2O). Themixturewas stirred at rt for 0.5 h,
diluted with 5 mL of ice-cold H2O and filtered. A yellow precipitate
was washed with H2O (3 � 2 mL), dried under vacuum, purified by
column chromatography (mobile phase DCM/MeOH 95:5). The
crude product was triturated with diethyl ether/petroleum ether
mixture/recrystallized from EtOH.

4.1.5.1. (1-((9H-pyrido[3,4-b]indol-1-yl)methyl)-1H-1,2,3-triazol-4-
yl)methyl cinnamate (5a). Alkyne 4a: 0.037 g; purification: tritu-
ration with diethyl ether/petroleum ether mixture; yield: 0.036 g
(49%); mp 181.5e183.5 �C; IR (ATR, n/cm�1) 3220, 3168, 3093, 3059,
3029, 2994, 2961, 2898, 2877, 2798, 2776, 1713, 1637, 1567, 1505,
1452, 1432, 1402, 1370, 1346, 1325, 1307, 1281, 1243, 1203, 1167,
1066, 1038, 1003, 972, 859, 820, 804, 764, 739, 707, 682, 641, 605,
593, 573, 547, 525, 483; 1H NMR (DMSO‑d6) d 11.98 (s, 1H), 8.32 (s,
1H), 8.30 (d, 1H, J ¼ 5.2 Hz), 8.27 (d, 1H, J ¼ 7.9 Hz), 8.13 (d, 1H,
J ¼ 5.2 Hz), 7.73-7.66 (m, 4H), 7.62-7.58 (m, 1H), 7.44-7.38 (m, 3H),
7.31-7.26 (m, 1H), 6.66 (d, 1H, J ¼ 16.0 Hz), 6.11 (s, 2H), 5.28 (s, 2H);
13C NMR (DMSO‑d6) d 165.93, 145.03, 141.79, 140.70, 137.98, 137.88,
133.92, 133.84, 130.57, 128.91, 128.74, 128.57, 128.42, 125.73, 121.92,
120.74, 119.66, 117.65, 114.87, 112.07, 57.29, 51.21; ESI-MS:m/z 410.1
(Mþ1)þ; Anal. Calcd. for C24H19N5O2: C, 70.40; H, 4.68; N, 17.10;
found: C, 70.27; H, 4.47; N, 17.35.

4.1.5.2. (1-((9H-pyrido[3,4-b]indol-1-yl)methyl)-1H-1,2,3-triazol-4-
yl)methyl (E)-3-(3-fluorophenyl)acrylate (5b). Alkyne 4b: 0.040 g;
purification: trituration with diethyl ether/petroleum ether
mixture; yield: 0.043 g (56%); mp 185.5e187.5 �C; IR (ATR, n/cm�1)
3311, 3230, 3198, 3147, 3105, 3063, 3019, 2998, 2973, 1715, 1639,
1585, 1569, 1502, 1485, 1472, 1449, 1429, 1403, 1390, 1349, 1323,
1272, 1234, 1190, 1168, 1147, 1122, 1075, 1060, 1035, 983, 954, 939,
874, 858, 837, 819, 780, 728, 671, 643, 605, 582, 562, 534, 521; 1H
NMR (DMSO‑d6) d 11.98 (s, 1H), 8.32 (s, 1H), 8.30 (d, 1H, J ¼ 5.2 Hz),
8.27 (d, 1H, J ¼ 7.9 Hz), 8.13 (d, 1H, J ¼ 5.2 Hz), 7.69-7.63 (m, 3H),
7.61-7.59 (m, 1H), 7.56 (dt, 1H, J ¼ 7.8, 1.2 Hz), 7.47-7.43 (m, 1H),
7.30-7.24 (m, 2H), 6.75 (d, 1H, J ¼ 16.1 Hz), 6.11 (s, 2H), 5.28 (s, 2H);
13C NMR (DMSO‑d6) d 165.75, 162.40 (d, J ¼ 243.8 Hz), 143.66,
141.71,140.71,137.99,137.89,136.49 (d, J¼ 8.1 Hz),133.85,130.87 (d,
J ¼ 8.4 Hz), 128.75, 128.59, 125.78, 124.94 (d, J ¼ 2.5 Hz), 121.94,
120.75, 119.68, 119.30, 117.26 (d, J ¼ 21.4 Hz), 114.89, 114.58 (d,
J ¼ 22.1 Hz), 112.08, 57.40, 51.22; ESI-MS: m/z 428.1 (Mþ1)þ; Anal.
Calcd. for C24H18FN5O2: C, 67.44; H, 4.24; N, 16.38; found: C, 67.40;
H, 4.49; N, 16.21.

4.1.5.3. (1-((9H-pyrido[3,4-b]indol-1-yl)methyl)-1H-1,2,3-triazol-4-
yl)methyl (E)-3-(3-bromophenyl)acrylate (5c). Alkyne 4c: 0.052 g;
purification: recrystallisation from EtOH; yield: 0.032 g (37%); mp
184.0e186.0 �C; IR (ATR, n/cm�1) 3311, 3223, 3194, 3147, 3102, 3060,
2997, 2971, 1715, 1640, 1607, 1564, 1501, 1472, 1457, 1428, 1404,
1389, 1347, 1308, 1276, 1234, 1189, 1168, 1122, 1090, 1060, 1036, 984,
860, 830, 812, 777, 735, 670, 643, 605, 578, 542; 1H NMR (DMSO‑d6)
d 11.97 (s, 1H), 8.32 (s, 1H), 8.30 (d, 1H, J ¼ 5.2 Hz), 8.26 (d, 1H,
J¼ 7.8 Hz), 8.13 (d,1H, J¼ 5.2 Hz), 7.98 (t, 1H, J¼ 1.8 Hz), 7.73 (dt,1H,
J ¼ 7.8, 1.3 Hz), 7.69-7.57 (m, 4H), 7.36 (t, 1H, J ¼ 7.9 Hz), 7.31-7.27
(m, 1H), 6.75 (d, 1H, J ¼ 16.0 Hz), 6.11 (s, 2H), 5.28 (s, 2H); 13C NMR
(DMSO‑d6) d 165.68, 143.33, 141.71, 140.69, 137.97, 137.87, 136.45,
133.83, 133.03, 130.93, 128.74, 128.57, 127.32, 125.74, 122.28, 121.92,
120.73, 119.66, 119.37,114.87, 112.07, 57.40, 51.21; ESI-MS:m/z 488.0
(Mþ1)þ, 489.9 (Mþ1)þ; Anal. Calcd. for C24H18BrN5O2: C, 59.03; H,
3.72; N, 14.34; found: C, 59.19; H, 3.94; N, 14.52.

4.1.5.4. (1-((9H-pyrido[3,4-b]indol-1-yl)methyl)-1H-1,2,3-triazol-4-
yl)methyl (E)-3-(4-chlorophenyl)acrylate (5d). Alkyne 4d: 0.043 g;
purification: trituration with diethyl ether/petroleum ether
11
mixture; yield: 0.02 g (25%); mp 201.0e203.5 �C; IR (ATR, n/cm�1)
3227, 3192, 3096, 3061, 2993, 2965, 2926, 2894, 2872, 1713, 1642,
1594, 1568, 1503, 1490, 1468, 1453, 1431, 1404, 1370, 1346, 1308,
1271, 1242, 1201, 1171, 1148, 1087, 1068, 1038, 1012, 972, 868, 818,
775, 737, 695, 683, 669, 637, 593, 560, 547, 529, 491, 455; 1H NMR
(DMSO‑d6) d 11.97 (s, 1H), 8.31 (s, 1H), 8.30 (d, 1H, J ¼ 5.3 Hz), 8.27
(d, 1H, J ¼ 7.9 Hz), 8.13 (d, 1H, J ¼ 5.2 Hz), 7.77-7.74 (m, 2H), 7.70-
7.64 (m, 2H), 7.62-7.58 (m, 1H), 7.50-7.45 (m, 2H), 7.31-7.26 (m, 1H),
6.69 (d, 1H, J ¼ 16.1 Hz), 6.11 (s, 2H), 5.28 (s, 2H); 13C NMR
(DMSO‑d6) d 165.79, 143.60, 141.74, 140.69, 137.97, 137.87, 135.08,
133.83, 132.91, 130.15, 128.94, 128.74, 128.57, 125.73, 121.92, 120.73,
119.66, 118.49, 114.87, 112.07, 57.35, 51.21; ESI-MS: m/z 444.0
(Mþ1)þ; Anal. Calcd. for C24H18ClN5O2: C, 64.94; H, 4.09; N, 15.78;
found: C, 64.75; H, 4.27; N, 15.93.

4.1.5.5. (1-((9H-pyrido[3,4-b]indol-1-yl)methyl)-1H-1,2,3-triazol-4-
yl)methyl (E)-3-(4-methoxyphenyl)acrylate (5e). Alkyne 4e: 0.043 g;
purification: trituration with diethyl ether/petroleum ether
mixture; yield: 0.032 g (41%); mp 155.0e157.5 �C; IR (ATR, n/cm�1)
3223, 3170, 3131, 3094, 3082, 2996, 2965, 2934, 2900, 2837, 1712,
1636, 1607, 1573, 1513, 1455, 1429, 1402, 1375, 1322, 1308, 1287,
1258, 1240, 1202, 1163, 1065, 1037, 1002, 971, 867, 852, 824, 774,
734, 592, 547, 527, 513; 1H NMR (DMSO‑d6) d 11.98 (s, 1H), 8.32-8.29
(m, 2H), 8.27 (d, 1H, J¼ 7.9 Hz), 8.12 (d, 1H, J¼ 5.2 Hz), 7.69-7.59 (m,
5H), 7.28 (t, 1H, J ¼ 7.5 Hz), 6.96 (d, 2H, J ¼ 8.4 Hz), 6.50 (d, 1H,
J ¼ 16.0 Hz), 6.11 (s, 2H), 5.25 (s, 2H), 3.79 (s, 3H); 13C NMR
(DMSO‑d6) d 166.22, 161.24, 144.85, 141.92, 140.71, 138.01, 137.88,
133.85, 130.26, 128.74, 128.58, 126.56, 125.70, 121.94, 120.75, 119.67,
114.88, 114.38, 112.09, 57.11, 55.34, 51.21; ESI-MS: m/z 440.1
(Mþ1)þ; Anal. Calcd. for C25H21N5O3: C, 68.33; H, 4.82; N, 15.94;
found: C, 68.27; H, 4.99; N, 15.68.

4.1.6. General procedure for the synthesis of amines 6 and 11
A suspension of 3 or 10 (0.856 mmol) and 10% Pd/C (0.041 g) in

MeOH (5 mL) was stirred at rt under hydrogen atmosphere for 18 h
(compound 6) or 2 h (compound 11). Upon completion, the reaction
mixture was filtered through celite, and the solvent was removed
under the reduced pressure. The crude product was triturated with
diethyl ether/petroleum ether mixture.

4.1.6.1. (9H-pyrido[3,4-b]indol-1-yl)methanamine (6). Azide 3:
0.191 g; yield: 0.120 g (71%); IR (ATR, n/cm�1) 3347, 3282, 3120,
3051, 2955, 2856, 2776, 1625, 1600, 1562, 1501, 1477, 1460, 1430,
1355, 1327, 1316, 1240, 1212, 1163, 1127, 1108, 1071, 960, 896, 848,
829, 772, 747, 671, 595, 564, 516; 1H NMR (DMSO‑d6) d 8.26 (d, 1H,
J ¼ 5.2 Hz), 8.21 (dt, 1H, J ¼ 7.8, 1.0 Hz), 7.97 (d, 1H, J ¼ 5.2 Hz), 7.63-
7.62 (m, 1H), 7.55-7.52 (m, 1H), 7.24-7.22 (m, 1H), 4.19 (s, 2H); 13C
NMR (DMSO‑d6) d 146.51, 140.35, 137.18, 133.23, 127.82, 127.42,
121.60, 120.88, 119.15, 113.19, 112.01, 44.59; ESI-MS: m/z 196.0
(M � 1)e.

4.1.6.2. (1-methyl-9H-pyrido[3,4-b]indol-3-yl)methanamine (11).
Azide 10: 0.203 g; yield: 0.110 g (61%); IR (ATR, n/cm�1) 3338, 3239,
3130, 3057, 2978, 2940, 2914, 2882, 2850, 2783, 2737, 2690, 2637,
1626, 1606, 1566, 1503, 1453, 1401, 1374, 1344, 1317, 1284, 1250,
1176, 1147, 1103, 1083, 1009, 970, 945, 891, 838, 813, 775, 734, 643,
588, 545; 1H NMR (DMSO‑d6) d 11.42 (s, 1H), 8.14 (d, 1H, J ¼ 7.6 Hz),
7.91 (s, 1H), 7.57-7.47 (m, 2H), 7.20 (t, 1H, J ¼ 6.9 Hz), 3.89 (s, 2H),
2.73 (s, 3H); 13C NMR (DMSO‑d6) d 151.13, 140.89, 140.74, 133.29,
127.76, 127.62, 121.53, 121.19, 118.98, 111.89, 109.01, 47.59, 20.38;
ESI-MS: m/z 210.0 (M � 1)e.

4.1.7. General procedure for the synthesis of harmicines 7a-h
A solution of a corresponding CAD (0.212 mmol), DIEA

(0.073 mL, 0.424 mmol) and HATU (0.081 g, 0.212 mmol) in DCM
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(4 mL) was stirred at rt for 20 min, followed by the addition of
amine 6 (0.038 g, 0.193 mmol). The reaction mixture was stirred at
rt for 1 h. The formed precipitate was filtered off. After purification
by column chromatography (DCM/MeOH 8:1) and trituration with
diethyl ether, compounds 7a-h were obtained.

4.1.7.1. N-((9H-pyrido[3,4-b]indol-1-yl)methyl)cinnamamide (7a).
CAD: 0.031 g of trans-cinnamic acid; yield: 0.033 g (52%); mp
225.0e227.0 �C; IR (ATR, n/cm�1) 3375, 3328, 3226, 3195, 3101,
3060, 2901,1661,1623,1576,1514,1435,1404,1325,1243,1205, 994,
914, 811, 767, 731, 718, 706, 620, 565, 490, 478; 1H NMR (DMSO‑d6)
d 11.64 (s, 1H), 8.79 (t, 1H, J¼ 5.4 Hz), 8.33 (d,1H, J¼ 5.2 Hz), 8.25 (d,
1H, J ¼ 7.9 Hz), 8.08 (d, 1H, J ¼ 5.3 Hz), 7.67-7.64 (m, 1H), 7.61-7.50
(m, 4H), 7.46-7.35 (m, 3H), 7.29-7.24 (m, 1H), 6.88 (d, 1H,
J ¼ 15.8 Hz), 4.92 (d, 2H, J ¼ 5.3 Hz); 13C NMR (DMSO‑d6) d 165.43,
141.41, 140.45, 139.04, 137.34, 134.92, 133.52, 129.49, 128.94, 128.17,
127.82, 127.58, 122.10, 121.76, 120.87, 119.45, 113.96, 112.08, 41.65;
ESI-MS: m/z 328.1 (Mþ1)þ; HPLC purity > 99.5%.

4.1.7.2. (E)-N-((9H-pyrido[3,4-b]indol-1-yl)methyl)-3-(3-
fluorophenyl)acrylamide (7b). CAD: 0.035 g of m-fluorocinnamic
acid; yield: 0.034 g (51%); mp 224.5e225.5 �C; IR (ATR, n/cm�1)
3350, 3217, 3149, 3080, 2995, 2905, 2814, 1672, 1627, 1586, 1516,
1448, 1409, 1325, 1273, 1239, 1225, 1146, 1011, 968, 878, 851, 807,
784, 728, 611, 564, 521; 1H NMR (DMSO‑d6) d 11.63 (s, 1H), 8.78 (t,
1H, J ¼ 5.4 Hz), 8.32 (d, 1H, J ¼ 5.2 Hz), 8.24 (d, 1H, J ¼ 7.8 Hz), 8.07
(d, 1H, J¼ 5.2 Hz), 7.64 (d,1H, J¼ 8.2 Hz), 7.57 (t, 1H, J¼ 7.6 Hz), 7.52
(d, 1H, J ¼ 15.8 Hz), 7.49-7.43 (m, 3H), 7.26 (t, 1H, J ¼ 7.4 Hz), 7.23-
7.20 (m, 1H), 6.94 (d, 1H, J ¼ 15.8 Hz), 4.92 (d, 2H, J ¼ 5.3 Hz); 13C
NMR (DMSO‑d6) d 165.08, 162.46 (d, J ¼ 244.0 Hz), 141.26, 140.45,
137.71 (d, J ¼ 2.4 Hz), 137.58 (d, J ¼ 7.8 Hz), 137.37, 133.48, 130.90 (d,
J ¼ 8.4 Hz), 128.16, 127.80, 123.75 (d, J ¼ 2.5 Hz), 123.70, 121.76,
120.87, 119.44, 116.14 (d, J ¼ 21.2 Hz), 113.96 (d, J ¼ 21.8 Hz), 112.07,
41.65; ESI-MS: m/z 346.1 (Mþ1)þ; HPLC purity 98.2%.

4.1.7.3. (E)-N-((9H-pyrido[3,4-b]indol-1-yl)methyl)-3-(3-
bromophenyl)acrylamide (7c). CAD: 0.048 g of m-bromocinnamic
acid; yield: 0.056 g (72%); mp 236.5e239.0 �C; IR (ATR, n/cm�1)
3191, 3016,1671,1626,1564,1497,1471,1437,1392,1328,1222,1128,
1078, 971, 929, 820, 778, 722, 667, 584; 1H NMR (DMSO‑d6) d 11.62
(s, 1H), 8.74 (t, 1H, J ¼ 5.4 Hz), 8.31 (d, 1H, J ¼ 5.2 Hz), 8.23 (d, 1H,
J¼ 7.8 Hz), 8.06 (d,1H, J¼ 5.2 Hz), 7.80 (t, 1H, J¼ 1.9 Hz), 7.63 (d,1H,
J ¼ 8.2 Hz), 7.59 (d, 1H, J ¼ 7.8 Hz), 7.57-7.54 (m, 2H), 7.47 (d, 1H,
J¼ 15.8 Hz), 7.37 (t,1H, J¼ 7.9 Hz), 7.25 (t,1H, J¼ 7.4 Hz), 6.94 (d,1H,
J ¼ 15.8 Hz), 4.91 (d, 2H, J ¼ 5.3 Hz); 13C NMR (DMSO‑d6) d 165.01,
141.20, 140.46, 137.53, 137.34, 137.30, 133.46, 131.98, 131.02, 130.06,
128.17, 127.82, 126.49, 123.82, 122.26, 121.76, 120.85, 119.44, 113.96,
112.06, 41.62; ESI-MS: m/z 405.9 (Mþ1)þ, 407.9 (Mþ1)þ; HPLC
purity 99.4%.

4.1.7.4. (E)-N-((9H-pyrido[3,4-b]indol-1-yl)methyl)-3-(3-(tri-
fluoromethyl)phenyl)acrylamide (7d). CAD: 0.046 g of m-(tri-
fluoromethyl)cinnamic acid; yield: 0.040 g (52%); mp
225.5e226.5 �C; IR (ATR, n/cm�1) 3197, 3014,1669,1628,1560,1498,
1438, 1329, 1226, 1177, 1167, 1109, 1077, 972, 885, 804, 742, 721, 691,
581; 1H NMR (DMSO‑d6) d 11.65 (s, 1H), 8.78 (t, 1H, J ¼ 5.3 Hz), 8.33
(d, 1H, J ¼ 5.2 Hz), 8.24 (dt, 1H, J ¼ 7.9, 1.0 Hz), 8.07 (d, 1H,
J¼ 5.2 Hz), 7.96 (t, 1H, J¼ 2.0 Hz), 7.90 (d,1H, J¼ 7.8 Hz), 7.73 (d,1H,
J ¼ 7.8 Hz), 7.67-7.63 (m, 2H), 7.60 (d, 1H, J ¼ 15.8 Hz), 7.58-7.55 (m,
1H), 7.28-7.25 (m, 1H), 7.06 (d, 1H, J ¼ 15.9 Hz), 4.93 (d, 2H,
J ¼ 5.3 Hz); 13C NMR (DMSO‑d6) d 164.96, 141.19, 140.47, 137.35,
137.26, 136.19, 133.47, 131.37, 130.05, 129.74 (q, J ¼ 31.7 Hz), 128.15,
127.80, 125.72 (q, J¼ 2.7 Hz), 124.33,124.06 (q, J¼ 273.3 Hz), 123.92
(q, J ¼ 3.6 Hz), 121.75, 120.87, 119.44, 113.96, 112.07, 41.67; ESI-MS:
m/z 396.1 (Mþ1)þ; HPLC purity 97.3%.
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4.1.7.5. (E)-N-((9H-pyrido[3,4-b]indol-1-yl)methyl)-3-(4-
fluorophenyl)acrylamide (7e). CAD: 0.035 g of p-fluorocinnamic
acid; yield: 0.045 g (67%); mp 231.5e233.0 �C; IR (ATR, n/cm�1)
3380, 3244, 3147, 3075, 2989, 2900, 1655, 1616, 1599, 1556, 1505,
1430, 1426, 1413, 1354, 1325, 1239, 1220, 1161, 1128, 1098, 1010, 977,
828, 755, 734, 628, 508; 1H NMR (DMSO‑d6) d 11.62 (s, 1H), 8.75 (t,
1H, J ¼ 5.4 Hz), 8.32 (d, 1H, J ¼ 5.2 Hz), 8.24 (d, 1H, J ¼ 7.8 Hz), 8.06
(d, 1H, J ¼ 5.2 Hz), 7.66-7.63 (m, 3H), 7.56 (t, 1H, J ¼ 7.6 Hz), 7.51 (d,
1H, J ¼ 15.8 Hz), 7.27-7.24 (m, 3H), 6.83 (d, 1H, J ¼ 15.8 Hz), 4.91 (d,
2H, J ¼ 5.3 Hz); 13C NMR (DMSO‑d6) d 165.31, 162.69 (d,
J ¼ 247.0 Hz), 141.39, 140.42, 137.80, 137.35, 133.49, 131.56 (d,
J ¼ 3.0 Hz), 129.71 (d, J ¼ 8.4 Hz), 128.12, 127.77, 122.00 (d,
J ¼ 1.7 Hz), 121.73, 120.86, 119.41, 115.89 (d, J ¼ 21.8 Hz), 113.92,
112.05, 41.64; ESI-MS: m/z 346.1 (Mþ1)þ; Anal. Calcd. for
C21H16FN3O: C, 73.03; H, 4.67; N, 12.17; found: C, 73.15; H, 4.81; N,
12.29.

4.1.7.6. (E)-N-((9H-pyrido[3,4-b]indol-1-yl)methyl)-3-(4-
chlorophenyl)acrylamide (7f). CAD: 0.039 g of p-chlorocinnamic
acid; yield: 0.036 g (52%); mp 241.0e243.5 �C (decomp.); IR (ATR, n/
cm�1) 3384, 3275, 3053, 1671, 1627, 1532, 1505, 1494, 1457, 1435,
1405, 1323, 1237, 1219, 1094, 1028, 1013, 972, 819, 732, 609, 589,
573, 495; 1H NMR (DMSO‑d6) d 11.62 (s, 1H), 8.79 (t, 1H, J ¼ 5.4 Hz),
8.32 (d, 1H, J ¼ 5.2 Hz), 8.24 (d, 1H, J ¼ 7.8 Hz), 8.06 (d, 1H,
J ¼ 5.2 Hz), 7.65-7.61 (m, 3H), 7.58-7.55 (m, 1H), 7.52-7.48 (m, 3H),
7.26 (t, 1H, J ¼ 7.4 Hz), 6.89 (d, 1H, J ¼ 15.8 Hz), 4.91 (d, 2H,
J ¼ 5.4 Hz); 13C NMR (DMSO‑d6) d 165.20, 141.35, 140.45, 137.67,
137.38, 133.92, 133.51, 129.29, 128.99, 128.16, 127.80, 122.93, 121.77,
120.88, 119.45, 113.96, 112.08, 41.66; ESI-MS: m/z 362.1 (Mþ1)þ;
Anal. Calcd. for C21H16ClN3O: C, 69.71; H, 4.46; N, 11.61; found: C,
69.95; H, 4.31; N, 11.99.

4.1.7.7. (E)-N-((9H-pyrido[3,4-b]indol-1-yl)methyl)-3-(4-
methoxyphenyl)acrylamide (7g). CAD: 0.038 g of p-methoxycin-
namic acid; yield: 0.034 g (49%); mp 230.5e232.0 �C; IR (ATR, n/
cm�1) 3350, 3173, 3097, 3006, 1662, 1624, 1603, 1511, 1432, 1366,
1325, 1254, 1240, 1174, 1029, 981, 914, 818, 791, 733, 596, 528, 506;
1H NMR (DMSO‑d6) d 11.58 (s, 1H), 8.66 (t, 1H, J ¼ 5.5 Hz), 8.29 (d,
1H, J ¼ 5.3 Hz), 8.22 (d, 1H, J ¼ 7.8 Hz), 8.04 (d, 1H, J ¼ 4.7 Hz), 7.62
(d, 1H, J¼ 8.2 Hz), 7.56-7.51 (m, 3H), 7.44 (d, 1H, J¼ 15.7 Hz), 7.24 (t,
1H, J¼ 7.5 Hz), 6.96 (d, 2H, J¼ 8.2 Hz), 6.69 (d, 1H, J¼ 15.7 Hz), 4.88
(d, 2H, J¼ 5.5 Hz), 3.77 (s, 3H); 13C NMR (DMSO‑d6) d 165.82,160.39,
141.57, 140.46, 138.83, 137.34, 133.54, 129.20, 128.20, 127.85, 127.49,
121.78, 120.90, 119.57, 119.48, 114.42, 113.98, 112.10, 55.28, 41.67;
ESI-MS: m/z 358.1 (Mþ1)þ; HPLC purity 99.0%.

4.1.7.8. (E)-N-((9H-pyrido[3,4-b]indol-1-yl)methyl)-3-(4-(tri-
fluoromethyl)phenyl)acrylamide (7h). CAD: 0.046 g of p-(tri-
fluoromethyl)cinnamic acid; yield: 0.050 g (65%); mp
262.5e265.0 �C; IR (ATR, n/cm�1) 3341, 3236, 1664, 1622, 1504,
1436, 1416, 1323, 1239, 1217, 1155, 1116, 1068, 1013, 988, 826, 755,
740, 572, 532, 494; 1H NMR (DMSO‑d6) d 11.65 (s, 1H), 8.87 (t, 1H,
J ¼ 5.4 Hz), 8.33 (d, 1H, J ¼ 5.3 Hz), 8.25 (d, 1H, J ¼ 7.9 Hz), 8.08 (d,
1H, J ¼ 5.3 Hz), 7.83-7.76 (m, 4H), 7.66-7.54 (m, 3H), 7.29-7.24 (m,
1H), 7.03 (d, 1H, J ¼ 15.8 Hz), 4.94 (d, 2H, J ¼ 5.3 Hz); 13C NMR
(DMSO‑d6) d 164.89, 141.23, 140.46, 139.04, 137.38, 137.32, 133.49,
129.21 (q, J ¼ 32.3 Hz), 128.20, 128.16, 127.81, 125.81 (q, J ¼ 3.0 Hz),
124.95,124.12 (q, J¼ 272.7 Hz),121.76,120.87,119.44,113.96,112.07,
41.66; ESI-MS: m/z 396.1 (Mþ1)þ; HPLC purity 99.4%.

4.1.8. Synthesis of (1-methyl-9-(prop-2-yn-1-yl)-9H-pyrido[3,4-b]
indol-3-yl)methanol (12)

Alcohol 9 (0.200 g, 0.942 mmol) was dissolved in dry DMF
(5 mL). Under argon atmosphere caesium carbonate (0.430 g,
1.319 mmol) was added, followed by dropwise addition of
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propargyl bromide (0.126 mL, 1.130 mmol, 80% solution in toluene).
The reaction mixture was stirred at rt for 5 h. Upon completion, the
reaction mixture was diluted with H2O (50 mL) and extracted with
EtOAc (3 � 40 mL). The collected organic layers were washed with
H2O (2 � 100 mL), dried over anhydrous sodium sulphate and the
solvent evaporated under the reduced pressure. After purification
by column chromatography (DCM/MeOH 95:5) and triturationwith
diethyl ether, alkyne 12 was obtained as a white solid.

Yield: 0.170 g (72%); mp 225.0e230.0 �C (decomp.); IR (ATR, n/
cm�1) 3154, 2929, 2823, 2109, 1621, 1561, 1475, 1453, 1360, 1333,
1283, 1206, 1139, 1063, 1040, 965, 933, 877, 744, 724, 641, 578; 1H
NMR (DMSO‑d6) d 8.25 (d, 1H, J ¼ 7.8 Hz), 8.03 (s, 1H), 7.78 (d, 1H,
J ¼ 8.3 Hz), 7.63-7.58 (m, 1H), 7.29 (t, 1H, J ¼ 7.4 Hz), 5.45 (d, 2H,
J¼ 2.4 Hz), 5.35 (t, 1H, J¼ 5.8 Hz), 4.68 (d, 2H, J¼ 5.8 Hz), 3.35 (t, 1H,
J¼ 2.4 Hz), 3.04 (s, 3H); 13C NMR (DMSO‑d6) d 150.83,141.27,140.52,
133.22, 129.53, 128.23, 121.52, 121.05, 120.04, 110.37, 109.11, 75.50,
64.34, 34.19, 22.45; ESI-MS: m/z 251.1 (Mþ1)þ.

4.1.9. General procedure for the synthesis of harmicines 14a-e
To a solution of alkyne 12 (0.040 g, 0.160 mmol) and the cor-

responding cinnamyl azide 13a-e (0.176 mmol) in MeOH (5 mL), a
catalytic amount of Cu(OAc)2 was added. The reaction mixture was
stirred at rt for 24 h. Upon completion of the reaction, the solvent
was removed under the reduced pressure. The residue was purified
by column chromatography with DCM/MeOH, cyclohexane/EtOAc/
MeOH or EtOAc/MeOH as a mobile phase. The crude product was
triturated with diethyl ether/petroleum ether to obtain harmicines
14a-e. Compound 14b was obtained, but decomposed quickly
at �20 �C.

4.1.9.1. (9-((1-cinnamyl-1H-1,2,3-triazol-4-yl)methyl)-1-methyl-9H-
pyrido[3,4-b]indol-3-yl)methanol (14a). 13a: 0.028 g; mobile phase:
cyclohexane/EtOAc/MeOH 3:1:0.5; yield: 0.032 g (49%); mp
197.0e200.0 �C; IR (ATR, n/cm�1) 3113, 3060, 2966, 2917, 2859,
1657, 1619, 1560, 1512, 1445, 1402, 1362, 1337, 1290, 1252, 1220,
1190, 1156, 1136, 1122, 1062, 1043, 962, 934, 860, 842, 813, 780, 748,
691, 638, 620, 577, 530, 511, 477, 463; 1H NMR (DMSO‑d6) d 8.23 (d,
1H, J¼ 7.7 Hz), 8.02 (s, 1H), 7.98 (s, 1H), 7.82 (d, 1H, J¼ 8.3 Hz), 7.59-
7.55 (m, 1H), 7.40-7.24 (m, 6H), 6.51 (d, 1H, J ¼ 15.9 Hz), 6.47-6.35
(m, 1H), 5.90 (s, 2H), 5.33 (t, 1H, J ¼ 5.7 Hz), 5.07 (d, 2H, J ¼ 6.0 Hz),
4.67 (d, 2H, J ¼ 5.7 Hz), 3.05 (s, 3H); 13C NMR (DMSO‑d6) d 150.27,
144.17, 141.35, 140.55, 135.63, 133.45, 133.41, 129.10, 128.66, 128.10,
128.06, 126.51, 123.66, 122.72, 121.41, 120.99, 119.71, 110.61, 109.07,
64.35, 51.27, 39.73, 23.15; ESI-MS: m/z 410.3 (Mþ1)þ; Anal. Calcd.
for C25H23N5O: C, 73.33; H, 5.66; N,17.10; found: C, 73.19; H, 5.39; N,
17.34.

4.1.9.2. (E)-(9-((1-(3-(3-bromophenyl)allyl)-1H-1,2,3-triazol-4-yl)
methyl)-1-methyl-9H-pyrido[3,4-b]indol-3-yl)methanol (14c).
13c: 0.042 g; mobile phase: DCM/MeOH 95:5; yield: 0.031 g, (39%);
mp 164.5e167.5 �C; IR (ATR, n/cm�1) 3117, 3060, 2959, 2922, 2861,
1619, 1592, 1560, 1471, 1460, 1445, 1380, 1358, 1336, 1290, 1252,
1222, 1199, 1154, 1120, 1095, 1062, 1044, 995, 965, 934, 875, 861,
829, 786, 747, 719, 685, 668, 636, 621, 577, 534, 492, 463; 1H NMR
(DMSO‑d6) d 8.23 (d, 1H, J¼ 7.7 Hz), 8.02 (s, 1H), 7.97 (s, 1H), 7.82 (d,
1H, J ¼ 8.3 Hz), 7.70 (t, 1H, J ¼ 2.2 Hz), 7.57 (t, 1H, J ¼ 8.0 Hz), 7.47-
7.42 (m, 2H), 7.30-7.24 (m, 2H), 6.67-6.60 (m, 2H), 5.93 (s, 2H), 5.32
(t, 1H, J ¼ 5.7 Hz), 5.07 (d, 2H, J ¼ 5.1 Hz), 4.67 (d, 2H, J ¼ 5.6 Hz),
3.08 (s, 3H); 13C NMR (DMSO‑d6) d 150.26, 144.16, 141.34, 140.54,
138.20,133.45,131.73,130.74,130.69,129.09,129.00,128.04,125.64,
125.56, 122.78, 122.12, 121.40, 120.99, 119.71, 110.60, 109.06, 64.34,
51.11, 39.72, 23.13; ESI-MS: m/z 488.1 (Mþ1)þ, 490.1 (Mþ1)þ; Anal.
Calcd. for C25H22BrN5O: C, 61.48; H, 4.54; N, 14.34; found: C, 61.78;
H, 4.59; N, 14.62.
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4.1.9.3. (E)-(9-((1-(3-(4-chlorophenyl)allyl)-1H-1,2,3-triazol-4-yl)
methyl)-1-methyl-9H-pyrido[3,4-b]indol-3-yl)methanol (14d).
13d: 0.034 g; mobile phase: EtOAc/MeOH 10:0.5; yield: 0.029 g,
(41%); mp 183.0e186.5 �C; IR (ATR, n/cm�1) 3111, 3064, 2971, 2918,
2858, 2822, 1727, 1658, 1619, 1592, 1559, 1489, 1471, 1447, 1405,
1361, 1336, 1292, 1254, 1221, 1192, 1158, 1121, 1085, 1041, 1014, 964,
938, 861, 837, 819, 799, 779, 748, 719, 685, 637, 577, 537, 502, 462;
1H NMR (DMSO‑d6) d 8.23 (d,1H, J¼ 7.8 Hz), 8.02 (s,1H), 7.97 (s,1H),
7.82 (d, 1H, J¼ 8.3 Hz), 7.57 (t, 1H, J¼ 7.5 Hz), 7.43-7.35 (m, 4H), 7.27
(t, 1H, J ¼ 7.4 Hz), 6.52-6.41 (m, 2H), 5.90 (s, 2H), 5.32 (t, 1H,
J ¼ 5.7 Hz), 5.07 (d, 2H, J ¼ 5.1 Hz), 4.67 (d, 2H, J ¼ 5.7 Hz), 3.05 (s,
3H); 13C NMR (DMSO‑d6) d 150.27, 144.18, 141.35, 140.55, 134.61,
133.44, 132.47, 132.05, 129.10, 128.64, 128.24, 128.06, 124.71, 122.76,
121.41, 120.99, 119.72, 110.60, 109.06, 64.35, 51.17, 39.73, 23.15; ESI-
MS: m/z 444.2 (Mþ1)þ; Anal. Calcd. for C25H22ClN5O: C, 67.64; H,
5.00; N, 15.78; found: C, 67.34; H, 5.16; N, 15.63.
4.1.9.4. (E)-(9-((1-(3-(4-methoxyphenyl)allyl)-1H-1,2,3-triazol-4-yl)
methyl)-1-methyl-9H-pyrido[3,4-b]indol-3-yl)methanol (14e).
13e: 0.033 g; mobile phase: DCM/MeOH 95:5; yield: 0.030 g, (43%);
mp 202.0e205.0 �C; IR (ATR, n/cm�1) 3180, 3119, 3067, 3024, 3002,
2945, 2923, 2869, 1622, 1563, 1488, 1462, 1441, 1379, 1364, 1333,
1298, 1254, 1222, 1203, 1160, 1135, 1122, 1067, 1037, 1003, 965, 915,
857, 771, 745, 696, 636, 582, 533, 509, 471, 454; 1H NMR (DMSO‑d6)
d 8.23 (d, 1H, J ¼ 7.8 Hz), 8.02 (s, 1H), 7.96 (s, 1H), 7.82 (d, 1H,
J ¼ 8.3 Hz), 7.57 (t, 1H, J ¼ 7.5 Hz), 7.34-7.30 (m, 2H), 7.26 (t, 1H,
J ¼ 7.5 Hz), 6.89-6.85 (m, 2H), 6.47 (d, 1H, J ¼ 15.8 Hz), 6.25 (dt, 1H,
J ¼ 15.8, 6.5 Hz), 5.90 (s, 2H), 5.33 (t, 1H, J ¼ 5.7 Hz), 5.03 (d, 2H,
J¼ 7.2 Hz), 4.67 (d, 2H, J¼ 5.7 Hz), 3.74 (s, 3H), 3.05 (s, 3H); 13C NMR
(DMSO‑d6) d 159.20, 150.26, 144.14, 141.35, 140.56, 133.45, 133.19,
129.09, 128.24, 128.05, 127.86, 122.61, 121.40, 121.05, 120.98, 119.71,
114.06, 110.60, 109.07, 64.35, 55.11, 51.41, 39.73, 23.15; ESI-MS: m/z
440.3 (Mþ1)þ; Anal. Calcd. for C26H25N5O2: C, 71.05; H, 5.73; N,
15.93; found: C, 71.27; H, 5.79; N, 15.72.
4.1.10. General procedure for the synthesis of harmicines 15a-e
To a suspension of azide 10 (0.04 g, 0.169 mmol) and a corre-

sponding alkyne 4a-e (0.186 mmol) in 5 mL of a 1:1H2O/t-BuOH
mixture, sodium ascorbate (0.2 mmol, 200 mL of freshly prepared
1 M solution in H2O) and CuSO4 � 5H2O (0.02 mmol, 20 mL of 1 M
solution in H2O) were added. The mixture was stirred at rt for 0.5 h,
diluted with 5 mL of ice-cold H2O and filtered. A yellow precipitate
was washed with H2O (3 � 2 mL) and dried under vacuum. After
purification by column chromatography (mobile phase DCM/MeOH
95:5) and trituration with diethyl ether/petroleum ether mixture,
compounds 15a-e were obtained as white solids.
4.1.10.1. (1-((1-methyl-9H-pyrido[3,4-b]indol-3-yl)methyl)-1H-1,2,3-
triazol-4-yl)methyl cinnamate (15a). Alkyne 4a: 0.035 g; yield:
0.026 g (36%); mp 194.5e195.5 �C; IR (ATR, n/cm�1) 3220, 3194,
3175, 3145, 3101, 3060, 3030, 2989, 2945, 1712, 1694, 1644, 1626,
1605, 1565, 1503, 1451, 1392, 1376, 1356, 1329, 1312, 1271, 1254,
1223,1202,1170,1116,1059,1037,1002, 972, 934, 898, 859, 843, 827,
804, 765, 752, 738, 708, 681, 642, 611, 587, 524, 480; 1H NMR
(DMSO‑d6) d 11.67 (s, 1H), 8.26 (s, 1H), 8.17 (d,1H, J¼ 7.9 Hz), 7.99 (s,
1H), 7.72-7.70 (m, 2H), 7.67 (d, 1H, J ¼ 16.0 Hz), 7.60 (dt, 1H, J ¼ 8.2,
1.0 Hz), 7.55-7.53 (m, 1H), 7.44-7.39 (m, 3H), 7.24-7.21 (m, 1H), 6.65
(d, 1H, J ¼ 16.1 Hz), 5.77 (s, 2H), 5.27 (s, 2H), 2.75 (s, 3H); 13C NMR
(DMSO‑d6) d 165.94, 145.02, 142.54, 142.16, 141.92, 140.78, 134.00,
133.93, 130.58, 128.91, 128.42, 128.10, 127.60, 125.13, 121.72, 120.91,
119.46, 117.66, 112.10, 112.05, 57.34, 55.25, 20.40; ESI-MS:m/z 424.0
(Mþ1)þ; Anal. Calcd. for C25H21N5O2: C, 70.91; H, 5.00; N, 16.54;
found: C, 70.83; H, 5.17; N, 16.69.



M. Marinovi�c, G. Poje, I. Perkovi�c et al. European Journal of Medicinal Chemistry 224 (2021) 113687
4.1.10.2. (1-((1-methyl-9H-pyrido[3,4-b]indol-3-yl)methyl)-1H-
1,2,3-triazol-4-yl)methyl (E)-3-(3-fluorophenyl)acrylate (15b).
Alkyne 4b: 0.038 g, yield: 0.045 g (60%); mp 197.0e198.5 �C; IR
(ATR, n/cm�1) 3223, 3198, 3166, 3104, 3067, 3043, 3012, 2970, 2895,
1707, 1627, 1608, 1583, 1568, 1506, 1483, 1449, 1387, 1355, 1320,
1271, 1252, 1213, 1151, 1115, 1084, 1057, 1036, 1008, 980, 942, 911,
898, 864, 832, 788, 766, 738, 693, 675, 649, 609, 586, 555, 537, 520,
480; 1H NMR (DMSO‑d6) d 11.67 (s, 1H), 8.26 (s, 1H), 8.18 (d, 1H,
J ¼ 7.9 Hz), 8.00 (s, 1H), 7.67 (d, 1H, J ¼ 16.1 Hz), 7.65-7.62 (m, 1H),
7.61-7.59 (m,1H), 7.56-7.53 (m, 2H), 7.46-7.43 (m,1H), 7.27-7.22 (m,
2H), 6.74 (d, 1H, J ¼ 16.0 Hz), 5.77 (s, 2H), 5.28 (s, 2H), 2.75 (s, 3H);
13C NMR (DMSO‑d6) d 165.73, 162.39 (d, J ¼ 243.8 Hz), 143.61,
142.52, 142.16, 141.83, 140.77, 136.47 (d, J ¼ 8.1 Hz), 134.00, 130.84
(d, J ¼ 8.4 Hz), 128.09, 127.60, 125.14, 124.91 (d, J ¼ 2.5 Hz), 121.71,
120.90, 119.44, 119.29, 117.23 (d, J ¼ 21.3 Hz), 114.56 (d, J ¼ 22.1 Hz),
112.09,112.06, 57.43, 55.25, 20.40; ESI-MS:m/z 442.1 (Mþ1)þ; HPLC
purity 97.6%.

4.1.10.3. (1-((1-methyl-9H-pyrido[3,4-b]indol-3-yl)methyl)-1H-
1,2,3-triazol-4-yl)methyl (E)-3-(3-bromophenyl)acrylate (15c).
Alkyne 4c: 0.049 g; yield: 0.045 g (53%); mp 204.5e205.5 �C; IR
(ATR, n/cm�1) 3347, 3281, 3170, 3080, 3054, 3023, 2970, 2950, 1708,
1684, 1638, 1592, 1569, 1498, 1474, 1455, 1423, 1383, 1354, 1341,
1313,1290,1272,1247,1231, 1188, 1146, 1110,1073, 1053,1032,1009,
980, 928, 899, 872, 829, 791, 766, 731, 697, 666, 649, 623, 586, 563,
549, 527; 1H NMR (DMSO‑d6) d 11.67 (s, 1H), 8.26 (s, 1H), 8.17 (d, 1H,
J¼ 7.9 Hz), 7.99 (s, 1H), 7.97 (t, 1H, J¼ 1.8 Hz), 7.75-7.71 (m,1H), 7.64
(d, 1H, J ¼ 16.0 Hz), 7.62-7.58 (m, 2H), 7.56-7.52 (m, 1H), 7.36 (t, 1H,
J ¼ 7.9 Hz), 7.25-7.21 (m, 1H), 6.74 (d, 1H, J ¼ 16.1 Hz), 5.77 (s, 2H),
5.28 (s, 2H), 2.75 (s, 3H); 13C NMR (DMSO‑d6) d 165.67, 143.31,
142.52, 142.14, 141.84, 140.77, 136.44, 133.99, 133.01, 130.91, 128.08,
127.59, 127.29, 125.11, 122.27, 121.70, 120.90, 119.43, 119.38, 112.08,
112.03, 57.44, 55.24, 20.39; ESI-MS: m/z 501.9 (Mþ1)þ, 503.9
(Mþ1)þ; HPLC purity 97.4%.

4.1.10.4. (1-((1-methyl-9H-pyrido[3,4-b]indol-3-yl)methyl)-1H-
1,2,3-triazol-4-yl)methyl (E)-3-(4-chlorophenyl)acrylate (15d).
Alkyne 4d: 0.041 g; yield: 0.044 g (57%); mp 209.0e211.0 �C; IR
(ATR, n/cm�1) 3250, 3157, 3103, 3086, 3067, 3052, 1703, 1633, 1592,
1566, 1493, 1475, 1456, 1428, 1408, 1388, 1356, 1305, 1278, 1251,
1222, 1204, 1182, 1160, 1117, 1089, 1058, 1036, 1004, 964, 899, 865,
840, 823, 805, 753, 739, 719, 702, 646, 605, 586, 550, 524, 501, 456;
1H NMR (DMSO‑d6) d 11.67 (s, 1H), 8.26 (s, 1H), 8.18 (d, 1H,
J ¼ 7.9 Hz), 8.00 (s, 1H), 7.76-7.73 (m, 2H), 7.66 (d, 1H, J ¼ 16.0 Hz),
7.60 (dt, 1H, J ¼ 8.3, 1.0 Hz), 7.56-7.53 (m, 1H), 7.48-7.45 (m, 2H),
7.24-7.22 (m, 1H), 6.68 (d, 1H, J ¼ 16.1 Hz), 5.77 (s, 2H), 5.28 (s, 2H),
2.75 (s, 3H); 13C NMR (DMSO‑d6) d 165.80, 143.60, 142.53, 142.17,
141.88, 140.78, 135.09, 134.01, 132.92, 130.15, 128.94, 128.11, 127.61,
125.13, 121.72, 120.91, 119.46, 118.51, 112.10, 112.07, 57.40, 55.26,
20.41; ESI-MS: m/z 458.0 (Mþ1)þ; HPLC purity 98.3%.

4.1.10.5. (1-((1-methyl-9H-pyrido[3,4-b]indol-3-yl)methyl)-1H-
1,2,3-triazol-4-yl)methyl (E)-3-(4-methoxyphenyl)acrylate (15e).
Alkyne 4e: 0.040 g; yield: 0.048 g (62%); mp 240.5e243.0 �C; IR
(ATR, n/cm�1) 3236, 3201, 3165, 3103, 3068, 3036, 3007, 2965, 2940,
2911, 2839,1699,1626,1601,1574,1514,1456,1426,1389,1357,1307,
1290, 1252, 1223, 1207, 1179, 1155, 1115, 1056, 1023, 1009, 992, 971,
937, 898, 868, 830, 810, 776, 751, 735, 710, 693, 663, 652, 637, 608,
586, 555, 521; 1H NMR (DMSO‑d6) d 11.67 (s, 1H), 8.25 (s, 1H), 8.18
(d, 1H, J ¼ 7.9 Hz), 7.99 (s, 1H), 7.68-7.64 (m, 2H), 7.64-7.59 (m, 2H),
7.55-7.53 (m, 1H), 7.24-7.22 (m, 1H), 6.97-6.94 (m, 2H), 6.49 (d, 1H,
J ¼ 16.0 Hz), 5.77 (s, 2H), 5.25 (s, 2H), 3.79 (s, 3H), 2.75 (s, 3H); 13C
NMR (DMSO‑d6) d 166.19, 161.20, 144.80, 142.53, 142.14, 142.03,
140.76, 133.99, 130.22,128.08,127.59,126.54,125.05,121.70, 120.90,
119.44, 114.88, 114.35, 112.08, 112.04, 57.14, 55.32, 55.23, 20.39; ESI-
14
MS: m/z 454.1 (Mþ1)þ; HPLC purity 98.6%.

4.1.11. General procedure for the synthesis of harmicines 16a-h
A solution of a corresponding CAD (0.162 mmol), DIEA

(0.056 mL, 0.324 mmol) and HATU (0.062 g, 0.162 mmol) in DCM
(4 mL) was stirred at rt for 20 min, followed by the addition of
amine 11 (0.031 g, 0.147 mmol). The resulting solution was stirred
at rt for 1 h. Purification was performed by either Method A or
Method B.

Method A: The resulting precipitate was filtered off, purified by
column chromatography (DCM/MeOH 8:1) and triturated with
diethyl ether/petroleum ether mixture.

Method B: After completion of the reaction, the solvent was
evaporated and EtOAc (10 mL) was added. The formed precipitate
was filtered off, purified by column chromatography (DCM/MeOH
8:1) and triturated with diethyl ether/petroleum ether mixture.

4.1.11.1. N-((1-methyl-9H-pyrido[3,4-b]indol-3-yl)methyl)cinnama-
mide (16a). CAD: 0.024 g of trans-cinnamic acid; purification:
Method A; yield: 0.032 g (64%); mp 207.0e208.0; IR (ATR, n/cm�1)
3352, 3284, 3089, 3048, 2896, 2851, 1659, 1621, 1568, 1510, 1451,
1388, 1354, 1319, 1284, 1246, 1206, 1176, 1075, 1015, 973, 899, 871,
741, 714, 643, 612, 587, 557, 487; 1H NMR (DMSO‑d6) d 11.54 (s, 1H),
8.69 (t, 1H, J ¼ 5.7 Hz), 8.19 (d, 1H, J ¼ 7.8 Hz), 7.88 (s, 1H), 7.60-7.58
(m, 3H), 7.53-7.49 (m, 2H), 7.44-7.41 (m, 2H), 7.39-7.37 (m, 1H), 7.21
(t, 1H, J ¼ 7.4 Hz), 6.81 (d, 1H, J ¼ 15.8 Hz), 4.62 (d, 2H, J ¼ 5.8 Hz),
2.78 (s, 3H); 13C NMR (DMSO‑d6) d 164.89, 146.07, 141.27, 140.79,
138.77, 134.98, 133.55, 129.41, 128.92, 127.86, 127.79, 127.52, 122.38,
121.70, 120.99, 119.17, 111.93, 110.08, 44.64, 20.26; ESI-MS: m/z
342.4 (Mþ1)þ; HPLC purity 97.1%.

4.1.11.2. (E)-3-(3-fluorophenyl)-N-((1-methyl-9H-pyrido[3,4-b]
indol-3-yl)methyl)acrylamide (16b). CAD: 0.027 g of m-fluorocin-
namic acid; purification: Method A; yield: 0.022 g (41%); mp
118.0e119.0 �C; IR (ATR, n/cm�1) 3242, 3080, 2972, 2907, 2783,
1658, 1620, 1571, 1501, 1451, 1420, 1341, 1247, 1144, 1032, 983, 899,
859, 779, 740, 632, 561, 517; 1H NMR (DMSO‑d6) d 11.52 (s, 1H), 8.69
(t, 1H, J ¼ 5.5 Hz), 8.18 (d, 1H, J ¼ 7.4 Hz), 7.87 (s, 1H), 7.59-7.42 (m,
6H), 7.24-7.19 (m, 2H), 6.85 (d, 1H, J ¼ 15.7 Hz), 4.61 (d, 2H,
J ¼ 4.3 Hz), 2.77 (s, 3H); 13C NMR (DMSO‑d6) d 164.59, 162.46 (d,
J ¼ 243.9 Hz), 146.03, 141.35, 140.75, 137.63 (d, J ¼ 7.9 Hz), 137.47,
133.57, 130.89 (d, J ¼ 8.3 Hz), 127.83, 127.73, 123.97, 123.67, 121.68,
121.00, 119.15, 116.07 (d, J ¼ 21.4 Hz), 113.92 (d, J ¼ 21.8 Hz), 111.94,
110.07, 44.73, 20.34; ESI-MS: m/z 360.3 (Mþ1)þ; Anal. Calcd. for
C22H18FN3O: C, 73.52; H, 5.05; N, 11.69; found: C, 73.35; H, 5.27; N,
11.83.

4.1.11.3. (E)-3-(3-bromophenyl)-N-((1-methyl-9H-pyrido[3,4-b]
indol-3-yl)methyl)acrylamide (16c). CAD: 0.037 g of m-bromocin-
namic acid; purification: Method A; yield: 0.018 g (28%); mp
121.5e123.5 �C; IR (ATR, n/cm�1) 3243, 3082, 1743, 1725, 1655, 1617,
1562, 1501, 1452, 1419, 1470, 1396, 1340, 1248, 1234, 1150, 1069,
1029, 984, 899, 863, 779, 741, 697, 666, 638, 609, 561; 1H NMR
(DMSO‑d6) d 11.54 (s, 1H), 8.68 (t, 1H, J ¼ 5.8 Hz), 8.18 (d, 1H,
J¼ 7.9 Hz), 7.87 (s,1H), 7.80 (t, 1H, J¼ 1.8 Hz), 7.61-7.56 (m, 3H), 7.52
(t, 1H, J¼ 7.4 Hz), 7.47 (d,1H, J¼ 15.8 Hz), 7.39 (t, 1H, J¼ 7.9 Hz), 7.21
(t, 1H, J ¼ 7.4 Hz), 6.87 (d, 1H, J ¼ 15.8 Hz), 4.62 (d, 2H, J ¼ 5.8 Hz),
2.78 (s, 3H); 13C NMR (DMSO‑d6) d 164.53, 146.00, 141.36, 140.76,
137.60, 137.12, 133.58, 131.93, 131.03, 130.03, 127.83, 127.73, 126.42,
124.09, 122.26, 121.68, 121.00, 119.15, 111.94, 110.06, 44.73, 20.34;
ESI-MS: m/z 420.0 (Mþ1)þ, 422.0 (Mþ1)þ; HPLC purity 98.3%.

4.1.11.4. (E)-N-((1-methyl-9H-pyrido[3,4-b]indol-3-yl)methyl)-3-(3-
(trifluoromethyl)phenyl)acrylamide (16d). CAD: 0.035 g of m-(tri-
fluoromethyl)cinnamic acid; purification: Method B; yield: 0.023 g
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(39%); mp 235.5e237.0 �C (decomp.); IR (ATR, n/cm�1) 3339, 3251,
3084, 2992, 2950, 2893, 2855, 2786, 1664, 1622, 1570, 1517, 1470,
1451, 1396, 1331, 1284, 1249, 1229, 1165, 1122, 1095, 1072, 1020, 969,
937, 899, 864, 803, 777, 738, 695, 657, 596, 559, 524, 507; 1H NMR
(DMSO‑d6) d 11.53 (s, 1H), 8.70 (t, 1H, J ¼ 5.8 Hz), 8.18 (d, 1H,
J¼ 7.9 Hz), 7.95 (t, 1H, J¼ 2.0 Hz), 7.90 (d,1H, J¼ 7.8 Hz), 7.88 (s, 1H),
7.74 (d,1H, J¼ 7.8 Hz), 7.67 (t,1H, J¼ 7.8 Hz), 7.61-7.58 (m, 2H), 7.54-
7.51 (m, 1H), 7.22-7.20 (m, 1H), 6.96 (d, 1H, J ¼ 15.9 Hz), 4.63 (d, 2H,
J¼ 5.8 Hz), 2.78 (s, 3H); 13C NMR (DMSO‑d6) d 164.49,145.97,141.37,
140.77, 137.06, 136.23, 133.58, 131.31, 130.07, 129.73 (q, J ¼ 31.7 Hz),
127.85,127.75,125.69 (q, J¼ 3.5 Hz),124.06 (q, J¼ 272.8 Hz),124.56,
123.88 (q, J ¼ 3.5 Hz), 121.69, 121.01, 119.16, 111.95, 110.07, 44.74,
20.34; ESI-MS: m/z 410.1 (Mþ1)þ; HPLC purity 98.4%.

4.1.11.5. E)-3-(4-fluorophenyl)-N-((1-methyl-9H-pyrido[3,4-b]indol-
3-yl)methyl)acrylamide (16e). CAD: 0.027 g of p-fluorocinnamic
acid; purification: Method A; yield: 0.018 g (34%); mp
217.5e219.5 �C (decomp.); IR (ATR, n/cm�1) 3243, 3077, 2993, 2950,
2913, 2890, 2851, 2785, 1655, 1620, 1597, 1571, 1553, 1507, 1451,
1416,1394,1341,1318,1282,1249,1226,1156,1124,1094,1033,1011,
984, 933, 899, 859, 830, 788, 739, 693, 643, 608, 591, 565, 506, 462;
1H NMR (DMSO‑d6) d 11.52 (s, 1H), 8.67 (t, 1H, J¼ 5.1 Hz), 8.18 (d,1H,
J ¼ 7.8 Hz), 7.87 (s, 1H), 7.67-7.63 (m, 2H), 7.59-7.48 (m, 3H), 7.26 (t,
2H, J ¼ 8.7 Hz), 7.20 (t, 1H, J ¼ 7.4 Hz), 6.75 (d, 1H, J ¼ 15.8 Hz), 4.61
(d, 2H, J¼ 5.5 Hz), 2.77 (s, 3H); 13C NMR (DMSO‑d6) d 164.81, 162.66
(d, J ¼ 246.9 Hz), 146.14, 141.32, 140.75, 137.57, 133.56, 131.62 (d,
J ¼ 3.2 Hz), 129.66 (d, J ¼ 8.4 Hz), 127.82, 127.72, 122.28, 121.68,
121.00, 119.14, 115.90 (d, J ¼ 21.7 Hz), 111.93, 110.04, 44.70, 20.33;
ESI-MS: m/z 360.1 (Mþ1)þ; HPLC purity 98.8%.

4.1.11.6. (E)-3-(4-chlorophenyl)-N-((1-methyl-9H-pyrido[3,4-b]
indol-3-yl)methyl)acrylamide (16f). CAD: 0.030 g of p-chlorocin-
namic acid; purification: Method A; yield: 0.012 g (21%); mp
255.0e257.5 �C (decomp.); IR (ATR, n/cm�1) 3649, 3239, 3055, 2918,
2874, 2798, 1982, 1925, 1897, 1662, 1624, 1551, 1502, 1454, 1404,
1318, 1283, 1251, 1220, 1176, 1088, 1044, 1011, 976, 902, 867, 815,
735, 646, 590, 550, 497; 1H NMR (DMSO‑d6) d 11.53 (s, 1H), 8.70 (t,
1H, J¼ 5.8 Hz), 8.18 (d,1H, J¼ 7.9 Hz), 7.87 (s, 1H), 7.63-7.56 (m, 3H),
7.54-7.46 (m, 4H), 7.23-7.18 (m,1H), 6.81 (d,1H, J¼ 15.8 Hz), 4.61 (d,
2H, J ¼ 5.7 Hz), 2.77 (s, 3H); 13C NMR (DMSO‑d6) d 164.67, 146.08,
141.33, 140.75, 137.41, 133.96, 133.82, 133.56, 129.22, 128.97, 127.82,
127.72, 123.19, 121.68, 121.00, 119.14, 111.93, 110.06, 44.72, 20.33;
ESI-MS: m/z 374.0 (M � 1)e; Anal. Calcd. for C22H18ClN3O: C, 70.30;
H, 4.83; N, 11.18; found: C, 70.39; H, 4.65; N, 11.37.

4.1.11.7. (E)-3-(4-methoxyphenyl)-N-((1-methyl-9H-pyrido[3,4-b]
indol-3-yl)methyl)acrylamide (16g). CAD: 0.029 g of p-methox-
ycinnamic acid; purification: Method A; yield: 0.028 g (51%); mp
263.0e264.0 �C (decomp.); IR (ATR, n/cm�1) 3249, 3162, 3079,
2964, 2910, 2835, 2787, 2684, 1652, 1603, 1555, 1512, 1454, 1419,
1345, 1287, 1251, 1175, 1109, 1026, 987, 932, 900, 873, 827, 778, 744,
592, 549, 520; 1H NMR (DMSO‑d6) d 11.54 (s, 1H), 8.59 (t, 1H,
J ¼ 5.6 Hz), 8.18 (d, 1H, J ¼ 7.9 Hz), 7.87 (s, 1H), 7.59-7.50 (m, 4H),
7.45 (d, 1H, J ¼ 15.8 Hz), 7.20 (t, 1H, J ¼ 7.5 Hz), 6.98 (d, 2H,
J ¼ 8.2 Hz), 6.66 (d, 1H, J ¼ 15.8 Hz), 4.61 (d, 2H, J ¼ 5.9 Hz), 3.79 (s,
3H), 2.78 (s, 3H); 13C NMR (DMSO‑d6) d 165.20, 160.29, 146.31,
141.29, 140.75, 138.47, 133.54, 129.09, 127.81, 127.73, 127.55, 121.68,
121.01,119.89,119.14,114.38,111.93,109.98, 55.25, 44.66, 20.33; ESI-
MS: m/z 372.3 (Mþ1)þ; Anal. Calcd. for C23H21N3O2: C, 74.37; H,
5.70; N, 11.31; found: C, 74.19; H, 5.93; N, 11.54.

4.1.11.8. (E)-N-((1-methyl-9H-pyrido[3,4-b]indol-3-yl)methyl)-3-(4-
(trifluoromethyl)phenyl)acrylamide (16h). CAD: 0.035 g of p-(tri-
fluoromethyl)cinnamic acid; purification: Method A; yield: 0.026 g
(43%); mp 264.5e266.5 �C; IR (ATR, n/cm�1) 3339, 3263, 3058,
15
2920, 1666, 1626, 1575, 1496, 1452, 1413, 1324, 1248, 1164, 1120,
1065,1012, 972, 900, 858, 822, 778, 737, 702, 586, 522, 491; 1H NMR
(DMSO‑d6) d 11.54 (s, 1H), 8.79 (t, 1H, J ¼ 5.8 Hz), 8.18 (d, 1H,
J ¼ 7.9 Hz), 7.88 (s, 1H), 7.82-7.76 (m, 4H), 7.59-7.49 (m, 3H), 7.23-
7.18 (m,1H), 6.94 (d, 1H, J¼ 15.8 Hz), 4.63 (d, 2H, J¼ 5.7 Hz), 2.77 (s,
3H); 13C NMR (DMSO‑d6) d 164.43, 145.97, 141.38, 140.77, 139.09,
137.12, 133.59, 129.17 (q, J ¼ 31.8 Hz), 128.16, 127.84, 127.74, 125.81
(q, J ¼ 3.9 Hz), 125.20, 124.13 (q, J ¼ 272.0 Hz), 121.70, 121.01, 119.16,
111.95, 110.14, 44.78, 20.34; ESI-MS:m/z 410.1 (Mþ1)þ; HPLC purity
97.3%.

4.1.12. Synthesis of 1-methyl-6-(prop-2-yn-1-yloxy)-9H-pyrido
[3,4-b]indole (19)

To a solution of compound 18 (0.200 g, 1.009 mmol) in dry DMF
(5 mL), under argon atmosphere caesium carbonate (0.460 g,
1.413 mmol) was added, followed by the dropwise addition of
propargyl bromide (0.135 mL, 1.211 mmol, 80% solution in toluene).
The reaction mixture was stirred at rt for 6 h. Upon completion,
reaction mixture was diluted with H2O (50 mL) and extracted with
EtOAc (3 � 40 mL). The collected organic layers were washed with
H2O (2 � 100 mL), dried over anhydrous sodium sulphate and the
solvent was evaporated under the reduced pressure. After purifi-
cation by column chromatography (DCM/MeOH ¼ 97:3 / 95:5)
and trituration with diethyl ether, 19was obtained as a white solid.
Yield: 0.122 g (51%); mp 175.5e177.5 �C; IR (ATR, n/cm�1) 3292,
3122, 3054, 2950, 2860, 2766, 2716, 2366, 2330, 2128, 2058, 1866,
1764, 1736, 1606, 1570, 1506, 1476, 1448, 1412, 1380, 1334, 1292,
1260, 1200, 1120, 1068, 1030, 986, 944, 914, 886, 818, 758, 646, 524;
1H NMR (DMSO‑d6) d 11.42 (s, 1H), 8.17 (d, 1H, J ¼ 5.4 Hz), 7.88 (d,
1H, J ¼ 5.3 Hz), 7.81 (d, 1H, J ¼ 2.5 Hz), 7.53 (d, 1H, J ¼ 8.9 Hz), 7.23
(dd, 1H, J ¼ 8.8, 2.5 Hz), 4.88 (d, 2H, J ¼ 2.4 Hz), 3.56 (t, 1H,
J¼ 2.4 Hz), 2.75 (s, 3H); 13C NMR (DMSO‑d6) d 151.09,142.26,137.03,
135.67, 135.12, 126.63, 121.27, 118.34, 112.72, 112.62, 105.62, 78.04,
56.26, 20.40; ESI-MS: m/z 237.1 (Mþ1)þ.

4.1.13. General procedure for the synthesis of harmicines 20a-e
To a solution of alkyne 19 (0.050 g, 0.212 mmol) and the cor-

responding cinnamyl azide 13a-e (0.254 mmol) in MeOH (5 mL),
catalytic amount of Cu(OAc)2 was added. The reaction mixture was
stirred at rt for 24 h. Upon completion of the reaction, the solvent
was removed under the reduced pressure. The residue was purified
by column chromatography with DCM/MeOH or cyclohexane/
EtOAc/MeOH as a mobile phase. The crude product was triturated
with diethyl ether/petroleum ether mixture to obtain harmicines
20a-e.

4.1.13.1. 6-((1-Cinnamyl-1H-1,2,3-triazol-4-yl)methoxy)-1-methyl-
9H-pyrido[3,4-b]indole (20a). 13a:0.040 g; mobile phase: DCM/
MeOH 8:1; yield: 0.059 g (70%); mp 205.0e206.5 �C; IR (ATR, n/
cm�1) 3136, 3120, 3030, 2945, 2856, 2760, 2693, 2676, 1632, 1604,
1579, 1565, 1504, 1481, 1460, 1412, 1389, 1361, 1335, 1289, 1237,
1202, 1123, 1054, 1034, 1002, 967, 888, 858, 817, 780, 755, 725, 705,
694, 625, 584, 520, 502; 1H NMR (DMSO‑d6) d 11.39 (s, 1H), 8.30 (s,
1H), 8.16 (d,1H, J¼ 5.3 Hz), 7.91-7.89 (m, 2H), 7.51 (d,1H, J¼ 8.8 Hz),
7.45-7.22 (m, 6H), 6.65-6.49 (m, 2H), 5.26 (s, 2H), 5.21 (d, 2H,
J¼ 6.3 Hz), 2.74 (s, 3H); 13C NMR (DMSO‑d6) d 151.94,143.26,142.22,
136.98, 135.70, 135.42, 135.10, 133.62, 128.68, 128.14, 126.70,126.56,
124.43, 123.72, 121.36, 118.35, 112.76, 112.69, 105.12, 61.89, 51.34,
20.42; ESI-MS: m/z 396.3 (Mþ1)þ; Anal. Calcd. for C24H21N5O: C,
72.89; H, 5.35; N, 17.71; found: C, 72.74; H, 5.52; N, 17.56.

4.1.13.2. (E)-6-((1-(3-(3-fluorophenyl)allyl)-1H-1,2,3-triazol-4-yl)
methoxy)-1-methyl-9H-pyrido[3,4-b]indole (20b). 13b: 0.045 g;
mobile phase: cyclohexane/EtOAc/MeOH 1:1:0.5 and DCM/MeOH
9:1; yield: 0.039 g (44%); mp 145.0e147.0 �C; IR (ATR, n/cm�1) 3357,
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3293, 3166, 3071, 3052, 2975, 2937, 2900, 2866, 1601, 1583, 1568,
1493, 1473, 1459, 1404, 1379, 1365, 1330, 1286, 1262, 1207, 1149,
1120, 1067, 1054, 1039, 976, 938, 884, 847, 812, 792, 776, 752, 736,
715, 675, 641, 620, 593, 561, 528, 493, 456; 1H NMR (DMSO‑d6)
d 11.41 (s, 1H), 8.31 (s, 1H), 8.17 (d, 1H, J¼ 5.4 Hz), 7.91-7.89 (m, 2H),
7.52 (d, 1H, J ¼ 8.8 Hz), 7.39-7.32 (m, 2H), 7.27-7.23 (m, 2H), 7.13-
7.08 (m, 1H), 6.64-6.62 (m, 2H), 5.26 (s, 2H), 5.23-5.21 (m, 2H), 2.75
(s, 3H); 13C NMR (DMSO‑d6) d 162.49 (d, J ¼ 243.3 Hz), 151.97,
143.26, 142.16, 138.36 (d, J ¼ 7.9 Hz), 136.80, 135.48, 135.07, 132.34,
130.58 (d, J ¼ 8.5 Hz), 126.78, 125.50, 124.47, 130.00 (d, J ¼ 1.7 Hz),
121.34, 118.42, 114.81 (d, J ¼ 21.3 Hz), 112.80 (d, J ¼ 17.4 Hz), 112.77,
112.67, 105.11, 61.89, 51.16, 20.32; ESI-MS: m/z 414.2 (Mþ1)þ; Anal.
Calcd. for C24H20FN5O: C, 69.72; H, 4.88; N, 16.94; found: C, 69.47;
H, 4.61; N, 17.15.

4.1.13.3. (E)-6-((1-(3-(3-bromophenyl)allyl)-1H-1,2,3-triazol-4-yl)
methoxy)-1-methyl-9H-pyrido[3,4-b]indole (20c). 13c: 0.060 g;
mobile phase: cyclohexane/EtOAc/MeOH 3:1:0.75; yield: 0.051 g
(50%); mp 181.5e183.0 �C; IR (ATR, n/cm�1) 3252, 3198, 3151, 3089,
3064, 3039, 3015, 2965, 2945, 2916, 2892, 1601, 1584, 1566, 1495,
1475, 1422, 1400, 1373, 1350, 1337, 1289, 1256, 1233, 1217, 1199,
1129, 1095, 1066, 1052, 1033,1008, 977, 944, 882, 857, 807, 782, 738,
707, 674, 620, 589, 563, 542, 479; 1H NMR (DMSO‑d6) d 11.40 (s, 1H),
8.31 (s, 1H), 8.16 (d, 1H, J ¼ 5.4 Hz), 7.92-7.89 (m, 2H), 7.71 (t, 1H,
J ¼ 2.0 Hz), 7.51 (d, 1H, J ¼ 8.8 Hz), 7.48-7.43 (m, 2H), 7.30 (t, 1H,
J ¼ 7.8 Hz), 7.24 (dd, 1H, J ¼ 8.8, 2.5 Hz), 6.68-6.58 (m, 2H), 5.26 (s,
2H), 5.21 (d, 2H, J ¼ 4.6 Hz), 2.74 (s, 3H); 13C NMR (DMSO‑d6)
d 151.98, 143.28, 142.20, 138.30, 136.89, 135.46, 135.09, 132.03,
130.77, 129.05, 126.75, 125.67, 124.47, 122.17, 121.36, 118.40, 112.78,
112.71, 105.10, 61.91, 51.20, 20.37; ESI-MS: m/z 474.2 (Mþ1)þ, 476.2
(Mþ1)þ. Anal. Calcd. for C24H20BrN5O: C, 60.77; H, 4.25; N, 14.76; C,
60.92; H, 4.43; N, 14.56.

4.1.13.4. (E)-6-((1-(3-(4-chlorophenyl)allyl)-1H-1,2,3-triazol-4-yl)
methoxy)-1-methyl-9H-pyrido[3,4-b]indole (20d). 13d: 0.049 g;
mobile phase: cyclohexane/EtOAc/MeOH 1:1:0.5; yield: 0.046 g
(51%); mp 195.0e196.5 �C; IR (ATR, n/cm�1) 3208, 3136, 3089, 3069,
2969, 2923, 2893, 2870, 2802, 1602, 1582, 1567, 1494, 1480, 1459,
1405, 1385, 1340, 1289, 1257, 1237, 1207, 1163, 1127, 1094, 1054,
1033,1015, 987, 971, 950, 884, 857, 843, 818, 742, 702, 687, 662, 623,
583, 563, 533, 487; 1H NMR (DMSO‑d6) d 11.39 (s, 1H), 8.30 (s, 1H),
8.16 (d, 1H, J ¼ 5.4 Hz), 7.91-7.89 (m, 2H), 7.51 (d, 1H, J ¼ 8.8 Hz),
7.47-7.44 (m, 2H), 7.39-7.36 (m, 2H), 7.23 (dd, 1H, J ¼ 8.9, 2.5 Hz),
6.62-6.51 (m, 2H), 5.26 (s, 2H), 5.21 (d, 2H, J ¼ 5.1 Hz), 2.74 (s, 3H);
13C NMR (DMSO‑d6) d 151.93, 143.27, 142.22, 136.98, 135.44, 135.10,
134.68, 132.51, 132.23, 128.65, 128.28, 126.71, 124.77, 124.48, 121.36,
118.38, 112.76, 112.69, 105.15, 61.89, 51.23, 20.41; ESI-MS:m/z 430.4
(Mþ1)þ; Anal. Calcd. for C24H20ClN5O: C, 67.05; H, 4.69; N, 16.29;
found: C, 67.22; H, 4.78; N, 16.31.

4.1.13.5. (E)-6-((1-(3-(4-methoxyphenyl)allyl)-1H-1,2,3-triazol-4-yl)
methoxy)-1-methyl-9H-pyrido[3,4-b]indole (20e). 13e: 0.048 g;
mobile phase: cyclohexane/EtOAc/MeOH 1:1:0.5; yield: 0.069 g
(77%); mp 200.0e203.0 �C; IR (ATR, n/cm�1) 3208, 3138, 3069,
2953, 2929, 2894, 2873, 2836, 2802, 1743, 1607, 1582, 1567, 1513,
1498, 1480, 1460, 1441, 1405, 1386, 1337, 1289, 1257, 1238, 1207,
1175, 1127, 1109, 1054, 1032, 1015, 987, 968, 884, 856, 819, 760, 741,
703, 666, 624, 582, 563, 529, 498, 477; 1H NMR (DMSO- d6) d 11.39
(s, 1H), 8.28 (s, 1H), 8.16 (d,1H, J¼ 5.4 Hz), 7.92-7.89 (m, 2H), 7.51 (d,
1H, J ¼ 8.8 Hz), 7.37 (d, 2H, J ¼ 8.2 Hz), 7.23 (d, 1H, J ¼ 8.9 Hz), 6.88
(d, 2H, J ¼ 8.2 Hz), 6.58 (d, 1H, J ¼ 15.8 Hz), 6.39-6.32 (m, 1H), 5.25
(s, 2H), 5.16 (d, 2H, J ¼ 6.5 Hz), 3.75 (s, 3H), 2.74 (s, 3H); 13C NMR
(DMSO‑d6) d 159.22, 151.94, 143.23, 142.21, 136.98, 135.42, 135.09,
133.36, 128.30, 127.89, 126.70, 124.31, 121.36, 121.11, 118.34, 114.06,
112.75, 112.68, 105.12, 61.89, 55.11, 51.46, 20.41; ESI-MS: m/z 426.3
16
(Mþ1)þ; Anal. Calcd. for C25H23N5O2: C, 70.57; H, 5.45; N, 16.46;
found: C, 70.72; H, 5.63; N, 16.65.

4.1.14. Tert-butyl (2-((1-methyl-9H-pyrido[3,4-b]indol-6-yl)oxy)
ethyl)carbamate (21)

To a stirred solution of 18 (0.647 g, 3.264 mmol) in dry DMF
(6 mL), under argon atmosphere, caesium carbonate (2.978 g,
9.139 mmol) and tetrabutylammonium hydrogensulphate (0.887 g,
2.611 mmol) was added. The resulting suspension was stirred at rt
for 20 min, followed by the addition of 2-(tert-butox-
ycarbonylamino)ethyl bromide (2.926 g, 13.056 mmol). The reac-
tion mixture was stirred at rt for 24 h, poured into H2O (50 mL) and
extractedwith EtOAc (3� 50mL). The collected organic layers were
washed with H2O, filtered through phase separator and evaporated
under the reduced pressure. After purification by column chro-
matography (DCM/MeOH 8:1) and trituration with diethyl ether/
petroleum ether mixture, compound 21 was obtained. Yield:
0.624 g (56%); 1H NMR (DMSO‑d6) d 11.42 (s, 1H), 8.16 (d, 1H,
J¼ 5.3 Hz), 7.92 (d,1H, J¼ 5.3 Hz), 7.77 (d,1H, J¼ 1.7 Hz), 7.51 (d,1H,
J ¼ 8.8 Hz), 7.18 (dd, 1H, J ¼ 8.8, 2.3 Hz), 7.06 (t, 1H, J ¼ 5.0 Hz), 4.05
(t, 2H, J ¼ 5.8 Hz), 3.39-3.34 (m, 2H), 2.75 (s, 3H), 1.40 (s, 9H); 13C
NMR (DMSO‑d6) d 155.73, 152.39, 142.04, 136.57, 135.41, 135.03,
126.88, 121.35, 118.42, 112.78, 112.75, 104.68, 77.76, 67.19, 39.61,
28.24, 20.23; ESI-MS: m/z 342.4 (Mþ1)þ.

4.1.15. 2-((1-Methyl-9H-pyrido[3,4-b]indol-6-yl)oxy)ethan-1-
amine (22)

A solution of the 21 (0.642 g, 1.880 mmol) and 4.7 mL 4 M HCl
(18.80 mmol) in EtOAc (6 mL) was stirred at 50 �C for 18 h. Upon
completion, solvent was removed under the reduced pressure. The
residue was dissolved in H2O (20 mL), basified to pH 11 with 5%
NaOH. The resulting precipitate was filtered off. After trituration
with diethyl ether, 0.313 g, (69%) of 22 was obtained; mp
170.5e172.0 �C; IR (ATR, n/cm�1) 3645, 3359, 3241, 3065, 2925,
2869, 1605, 1581, 1566, 1500, 1478, 1458, 1401, 1288, 1234, 1211,
1126,1071,1059, 992, 905, 884, 847, 825, 816, 741, 703, 632; 1H NMR
(DMSO‑d6) d 11.36 (s, 1H), 8.15 (d, 1H, J ¼ 5.3 Hz), 7.90 (d, 1H,
J ¼ 5.3 Hz), 7.74 (d, 1H, J ¼ 2.3 Hz), 7.50 (d, 1H, J ¼ 8.8 Hz), 7.19 (dd,
1H, J ¼ 8.8, 2.5 Hz), 4.02 (t, 2H, J ¼ 5.8 Hz), 2.94 (t, 2H, J ¼ 5.7 Hz),
2.74 (s, 3H); 13C NMR (DMSO‑d6) d 152.47, 141.87, 136.70, 135.19,
134.93, 126.54, 121.29, 117.98, 112.34, 112.18, 104.86, 71.06, 40.87,
19.97; ESI-MS: m/z 242.2 (Mþ1)þ.

4.1.16. General procedure for the synthesis of harmicines 23a-h
A solution of a corresponding CAD (0.249 mmol), DIEA

(0.086 mL, 0.498 mmol) and HATU (0.095 g, 0.249 mmol) in DCM
(4 mL) was stirred at rt for 20 min, followed by the addition of
amine 22 (0.050 g, 0.208 mmol). The resulting solution was stirred
at rt for 1 h. The formed precipitate was filtered off. After purifi-
cation by column chromatography (DCM/MeOH 8:1) and tritura-
tion with diethyl ether/petroleum ether mixture compounds 23a-h
were obtained.

4.1.16.1. N-(2-((1-methyl-9H-pyrido[3,4-b]indol-6-yl)oxy)ethyl)cin-
namamide (23a). CAD: 0.037 g of trans-cinnamic acid; yield:
0.045 g (58%); mp 128.0e129.5 �C; IR (ATR, n/cm�1) 3640, 3220,
3062, 2986, 2938, 2811, 2609, 1871, 1665, 1622, 1545, 1502, 1458,
1422, 1343, 1286, 1209, 1121, 1074, 970, 897, 808, 766, 714, 659, 630,
574, 512, 483; 1H NMR (DMSO‑d6) d 11.39 (s, 1H), 8.45 (t, 1H,
J¼ 5.6 Hz), 8.16 (d,1H, J¼ 5.3 Hz), 7.91 (d,1H, J¼ 5.3 Hz), 7.81 (d,1H,
J ¼ 2.5 Hz), 7.57 (d, 2H, J ¼ 7.3 Hz), 7.53-7.46 (m, 2H), 7.44-7.36 (m,
3H), 7.22 (dd,1H, J¼ 8.9, 2.6 Hz), 6.73 (d,1H, J¼ 15.9 Hz), 4.17 (t, 2H,
J¼ 5.6 Hz), 3.64 (q, 2H, J¼ 5.6 Hz), 2.74 (s, 3H); 13C NMR (DMSO‑d6)
d 165.27, 152.37, 142.04, 138.83, 136.54, 135.46, 135.03, 134.89,
129.45, 128.93, 127.52, 126.90, 122.07, 121.37, 118.43, 112.79, 112.77,
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104.73, 67.12, 38.67, 20.20; ESI-MS: m/z 372.0 (Mþ1)þ; HPLC
purity > 99.5%.

4.1.16.2. (E)-3-(3-fluorophenyl)-N-(2-((1-methyl-9H-pyrido[3,4-b]
indol-6-yl)oxy)ethyl)acrylamide (23b). CAD: 0.041 g of m-fluo-
rocinnamic acid; yield: 0.062 g (76%); mp 225.0e226.0 �C; IR (ATR,
n/cm�1) 3658, 3236, 3068, 2974, 2936, 2882, 2822, 2608,1871,1666,
1625, 1585, 1551, 1501, 1448, 1344, 1286, 1248, 1207, 1146, 1075,
1037, 974, 902, 856, 807, 738, 666, 630, 573, 519, 467; 1H NMR
(DMSO‑d6) d 11.38 (s, 1H), 8.46 (t, 1H, J ¼ 5.5 Hz), 8.16 (d, 1H
J¼ 5.4 Hz), 7.91 (d,1H, J¼ 5.3 Hz), 7.80 (d,1H, J¼ 2.4 Hz), 7.51 (d,1H,
J ¼ 8.9 Hz), 7.50-7.40 (m, 4H), 7.24-7.19 (m, 2H), 6.77 (d, 1H,
J ¼ 15.8 Hz), 4.17 (t, 2H, J ¼ 5.5 Hz), 3.64 (q, 2H, J ¼ 5.5 Hz), 2.74 (s,
3H); 13C NMR (DMSO‑d6) d 164.99, 162.45 (d, J ¼ 243.8 Hz), 152.32,
142.15, 137.54, 137.49, 136.83, 135.37, 135.07, 130.89 (d, J ¼ 8.4 Hz),
126.76, 123.65, 121.40, 118.29, 116.11 (d, J ¼ 21.2 Hz), 113.93 (d,
J ¼ 21.8 Hz), 112.74, 112.72, 104.73, 67.07, 38.71, 20.34; ESI-MS: m/z
390.4 (Mþ1)þ; HPLC purity > 99.5%.

4.1.16.3. (E)-3-(3-bromophenyl)-N-(2-((1-methyl-9H-pyrido[3,4-b]
indol-6-yl)oxy)ethyl)acrylamide (23c). CAD: 0.057 g of m-bromo-
cinnamic acid; yield: 0.062 g (77%); mp 230.5e232.5 �C; IR (ATR, n/
cm�1) 3646, 3171, 3062, 2975, 2939, 2879, 2792, 2613, 1664, 1620,
1566, 1501, 1460, 1384, 1345, 1287, 1199, 1110, 1072, 970, 856, 811,
781, 736, 667, 631, 561; 1H NMR (DMSO‑d6) d 11.40 (s, 1H), 8.43 (t,
1H, J ¼ 5.5 Hz), 8.16 (d, 1H, J ¼ 5.4 Hz), 7.92 (d, 1H, J ¼ 5.4 Hz), 7.81
(d, 1H, J ¼ 2.3 Hz), 7.79 (t, 1H, J ¼ 1.8 Hz), 7.59-7.56 (m, 2H), 7.52 (d,
1H, J ¼ 8.8 Hz), 7.45 (d, 1H, J ¼ 15.8 Hz), 7.38 (t, 1H, J ¼ 7.9 Hz), 7.22
(dd, 1H, J ¼ 8.8, 2.4 Hz), 6.78 (d, 1H, J ¼ 15.8 Hz), 4.17 (t, 2H,
J¼ 5.5 Hz), 3.64 (q, 2H, J¼ 5.4 Hz), 2.75 (s, 3H); 13C NMR (DMSO‑d6)
d 164.92, 152.33, 142.09, 137.50, 137.19, 136.68, 135.42, 135.05,
131.97, 131.02, 130.04, 126.83, 126.40, 123.76, 122.25, 121.38, 118.37,
112.76, 104.74, 67.08, 38.71, 20.27; ESI-MS: m/z 450.3 (Mþ1)þ, 452.3
(Mþ1)þ; HPLC purity > 99.5%.

4.1.16.4. (E)-N-(2-((1-methyl-9H-pyrido[3,4-b]indol-6-yl)oxy)ethyl)-
3-(3-(trifluoromethyl)phenyl)acrylamide (23d). CAD: 0.054 g of p-
(trifluoromethyl)cinnamic acid; yield: 0.058 g (64%); mp
216.5e218.0 �C; IR (ATR, n/cm�1) 3676, 3222, 3100, 3067, 2988,
2937, 2881, 2820, 2611, 1665, 1624, 1545, 1501, 1440, 1331, 1286,
1200, 1167, 1117, 1073, 1031, 971, 863, 805, 738, 691, 658, 630, 574,
465; 1H NMR (DMSO‑d6) d 11.41 (s, 1H), 8.46 (t, 1H, J ¼ 5.6 Hz), 8.16
(d, 1H, J ¼ 5.4 Hz), 7.93-7.88 (m, 3H), 7.81 (d, 1H, J ¼ 2.6 Hz), 7.73 (d,
1H, J ¼ 7.8 Hz), 7.66 (t, 1H, J ¼ 7.8 Hz), 7.57 (d, 1H, J ¼ 15.8 Hz), 7.52
(d, 1H, J ¼ 8.8 Hz), 7.22 (dd, 1H, J ¼ 8.8, 2.5 Hz), 6.88 (d, 1H,
J ¼ 15.9 Hz), 4.18 (t, 2H, J ¼ 5.5 Hz), 3.65 (q, 2H, J ¼ 5.6 Hz), 2.75 (s,
3H); 13C NMR (DMSO‑d6) d 164.88, 152.34, 142.10, 137.14, 136.69,
136.13, 135.43,135.06, 131.30,130.06, 129.73 (q, J¼ 32.3 Hz), 126.83,
125.73 (q, J ¼ 3.0 Hz), 124.23, 124.04 (q, J ¼ 273.7 Hz), 123.88 (q,
J ¼ 3.0 Hz), 121.38, 118.37, 112.76, 104.74, 67.09, 38.74, 20.27; ESI-
MS: m/z 440.1 (Mþ1)þ; Anal. Calcd. for C24H20F3N3O2: C, 65.60;
H, 4.59; N, 9.56; found C, 65.80; H, 4.37; N, 9.71.

4.1.16.5. (E)-3-(4-fluorophenyl)-N-(2-((1-methyl-9H-pyrido[3,4-b]
indol-6-yl)oxy)ethyl)acrylamide (23e). CAD: 0.041 g of p-fluorocin-
namic acid; yield: 0.065 g (80%); mp 226.5e227.5 �C; IR (ATR, n/
cm�1) 3659, 3311, 3225, 3099, 3045, 2990, 2938, 2165, 1870, 1667,
1625, 1542, 1502, 1422, 1347, 1286, 1208, 1160, 1122, 1074, 976, 897,
824, 740, 630, 576, 501, 459; 1H NMR (DMSO‑d6) d 11.40 (s, 1H), 8.43
(t, 1H, J¼ 5.4 Hz), 8.16 (d,1H, J¼ 5.4 Hz), 7.92 (d,1H, J¼ 5.3 Hz), 7.81
(d,1H, J¼ 2.2 Hz), 7.66-7.62 (m, 2H), 7.53-7.46 (m, 2H), 7.28-7.21 (m,
3H), 6.68 (d, 1H, J ¼ 15.8 Hz), 4.17 (t, 2H, J ¼ 5.5 Hz), 3.64 (q, 2H,
J ¼ 5.4 Hz), 2.75 (s, 3H); 13C NMR (DMSO‑d6) d 165.21, 162.68 (d,
J¼ 247.0 Hz), 152.35, 142.10, 137.65, 136.71, 135.41, 135.05, 131.53 (d,
J ¼ 2.6 Hz), 129.68 (d, J ¼ 8.4 Hz), 126.82, 121.97, 121.39, 118.36,
17
115.90 (d, J¼ 21.7 Hz),112.76,104.72, 67.11, 38.68, 20.28; ESI-MS:m/
z 390.4 (Mþ1)þ; HPLC purity > 99.5%.

4.1.16.6. (E)-3-(4-chlorophenyl)-N-(2-((1-methyl-9H-pyrido[3,4-b]
indol-6-yl)oxy)ethyl)acrylamide (23f). CAD: 0.045 g of p-chlor-
ocinnamic acid; yield: 0.071 g (84%); mp 228.5e229.5 �C; IR (ATR, n/
cm�1) 3642, 3231, 3066, 2989, 2939, 2164, 2113, 1872, 1665, 1621,
1548, 1502, 1406, 1342, 1288, 1208, 1075, 976, 938, 897, 809, 742,
630, 575, 490; 1H NMR (DMSO‑d6) d 11.40 (s, 1H), 8.46 (t, 1H,
J¼ 5.3 Hz), 8.16 (d,1H, J¼ 5.3 Hz), 7.91 (d,1H, J¼ 5.3 Hz), 7.80 (d,1H,
J ¼ 2.0 Hz), 7.60 (d, 2H, J ¼ 8.4 Hz), 7.51 (d, 1H, J ¼ 8.9 Hz), 7.49-7.45
(m, 3H), 7.22 (dd,1H, J¼ 8.8, 2.3 Hz), 6.73 (d,1H, J¼ 15.8 Hz), 4.17 (t,
2H, J ¼ 5.4 Hz), 3.64 (q, 2H, J ¼ 5.3 Hz), 2.74 (s, 3H); 13C NMR
(DMSO‑d6) d 165.08, 152.33, 142.11, 137.49, 136.72, 135.41, 135.05,
133.87, 129.22, 128.97, 126.81, 122.88, 121.39, 118.35, 112.76, 104.73,
67.09, 38.70, 20.29; ESI-MS: m/z 406.3 (Mþ1)þ; Anal. Calcd. for
C23H20ClN3O2: C, 68.06; H, 4.97; N,10.35; found C, 68.16; H, 4.78; N,
10.25.

4.1.16.7. (E)-3-(4-methoxyphenyl)-N-(2-((1-methyl-9H-pyrido[3,4-
b]indol-6-yl)oxy)ethyl)acrylamide (23g). CAD: 0.044 g of p-
methoxycinnamic acid; yield: 0.063g (75%); mp 241.5e242.5 �C; IR
(ATR, n/cm�1) 3210, 3133, 3058, 2971, 2941, 2873, 2775, 2601, 2164,
1983, 1886, 1651, 1602, 1554, 1514, 1461, 1425, 1353, 1284, 1230,
1205, 1175, 1125, 1064, 1033, 983, 862, 827, 761, 699, 624, 555, 521;
1H NMR (DMSO‑d6) d 11.39 (s,1H), 8.34 (t,1H, J¼ 5.5 Hz), 8.16 (d,1H,
J ¼ 5.4 Hz), 7.91 (d, 1H, J ¼ 5.3 Hz), 7.80 (d, 1H, J ¼ 2.4 Hz), 7.53-7.50
(m, 3H), 7.43 (d, 1H, J ¼ 15.8 Hz), 7.22 (dd, 1H, J ¼ 8.8, 2.5 Hz), 6.98
(d, 2H, J ¼ 8.8 Hz), 6.58 (d, 1H, J ¼ 15.8 Hz), 4.16 (t, 2H, J ¼ 5.6 Hz),
3.79 (s, 3H), 3.63 (q, 2H, J¼ 5.5 Hz), 2.74 (s, 3H); 13C NMR (DMSO‑d6)
d 165.59, 160.32, 152.35, 142.13, 138.54, 136.80, 135.37, 135.06,
129.09, 127.45, 126.77, 121.40, 119.58, 118.30, 114.38, 112.74, 104.71,
67.16, 55.24, 38.63, 20.33; ESI-MS: m/z 402.4 (Mþ1)þ; HPLC
purity > 99.5%.

4.1.16.8. (E)-N-(2-((1-methyl-9H-pyrido[3,4-b]indol-6-yl)oxy)ethyl)-
3-(4-(trifluoromethyl)phenyl)acrylamide (23h). CAD: 0.054 g of p-
(trifluoromethyl)cinnamic acid; yield: 0.057 g (62%); mp
231.5e233.5 �C; IR (ATR, n/cm�1) 3645, 3269, 3061, 2932, 2875,
1667,1628,1559,1501,1461,1417,1384,1328,1286,1234,1202,1166,
1119, 1067, 1016, 976, 953, 882, 829, 814, 728, 708, 614, 591, 562,
522, 495; 1H NMR (DMSO‑d6) d 11.41 (s, 1H), 8.54 (t, 1H, J ¼ 5.5 Hz),
8.16 (d, 1H, J ¼ 5.3 Hz), 7.92 (d, 1H, J ¼ 5.3 Hz), 7.81-7.76 (m, 5H),
7.57-7.51 (m, 2H), 7.22 (dd, 1H, J ¼ 8.9, 2.5 Hz), 6.86 (d, 1H,
J ¼ 15.8 Hz), 4.18 (t, 2H, J ¼ 5.5 Hz), 3.65 (q, 2H, J ¼ 5.4 Hz), 2.75 (s,
3H); 13C NMR (DMSO‑d6) d 164.82, 152.34, 142.09, 139.00, 137.19,
136.65, 135.44, 135.05, 129.20 (q, J¼ 32.3 Hz), 128.16, 126.85, 125.80
(q, J¼ 3.0 Hz), 124.87, 124.11 (q, J¼ 272.7 Hz), 121.38, 118.39, 112.78,
104.74, 67.06, 38.75, 20.25; MS: m/z 440.1 (Mþ1)þ; Anal. Calcd. for
C24H20F3N3O2: C, 65.60; H, 4.59; N, 9.56; found: C, 65.72; H, 4.37; N,
9.21.

4.1.17. General procedure for the synthesis of harmicines 27a,b
Harmicines 27a,b were prepared according to the published

procedure [26,27]. In short, a solution of a corresponding CAD
(0.182 mmol), DIEA (0.063 mL, 0.364 mmol) and HATU (0.069 g,
0.182mmol) in DCM (4mL) was stirred at rt for 20min, followed by
the addition of amine 26 (0.042 g, 0.165 mmol). The resulting so-
lution was stirred at rt for 1 h. The formed precipitate was filtered
off. After purification by column chromatography (DCM/MeOH 8:1)
and trituration with diethyl ether/petroleum ether mixture com-
pounds 27a,b were obtained.

4.1.17.1. (E)-N-(2-(7-methoxy-1-methyl-9H-pyrido[3,4-b]indol-9-yl)
ethyl)-3-(3-(trifluoromethyl)phenyl)acrylamide (27a). CAD: 0.039 g
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of m-(trifluoromethyl)cinnamic acid; yield: 0.033 g (44%); mp
220.5e222.5 �C; IR (ATR, n/cm�1) 3177, 2978, 2930, 1679, 1623,
1570, 1500, 1450, 1409, 1377, 1343, 1328, 1281, 1270, 1253, 1221,
1199, 1185, 1169, 1139, 1114, 1096, 1079, 1043, 1018, 991, 981, 803,
694, 659, 556, 530; 1H NMR (DMSO‑d6) d 8.42 (t, 1H, J¼ 6.0 Hz), 8.18
(d,1H, J¼ 5.2 Hz), 8.09 (d,1H, J¼ 8.5 Hz), 7.91-7.87 (m, 3H), 7.74 (dd,
1H, J ¼ 7.7, 1.6 Hz), 7.66 (t, 1H, J ¼ 7.8 Hz), 7.54 (d, 1H, J ¼ 15.8 Hz),
7.27 (d, 1H, J ¼ 2.2 Hz), 6.87 (dd, 1H, J ¼ 8.6, 2.2 Hz), 6.68 (d, 1H,
J ¼ 15.8 Hz), 4.68 (t, 2H, J ¼ 7.0 Hz), 3.90 (s, 3H), 3.61 (q, 2H,
J ¼ 6.6 Hz), 2.99 (s, 3H); 13C NMR (DMSO‑d6) d 165.35, 160.52,
142.92, 140.66, 137.87, 137.51, 135.98, 134.68, 131.26, 130.09, 129.76
(q, J ¼ 31.7 Hz), 128.51, 125.86 (q, J ¼ 3.6 Hz), 124.06 (q, J ¼ 3.6 Hz),
124.04 (q, J ¼ 272.5 Hz), 123.81, 122.41, 114.33, 112.29, 109.37, 93.57,
55.41, 43.37, 39.13, 23.10; ESI-MS: m/z 454.2 (Mþ1)þ; HPLC purity
98.2%.

4.1.17.2. (E)-N-(2-(7-methoxy-1-methyl-9H-pyrido[3,4-b]indol-9-yl)
ethyl)-3-(4-(trifluoromethyl)phenyl)acrylamide (27b). CAD: 0.039 g
of p-(trifluoromethyl)cinnamic acid; yield: 0.034 g (45%); mp
252.0e254.5 �C; IR (ATR, n/cm�1) 3188, 3005, 2962, 2844, 1680,
1633, 1569, 1445, 1412, 1321, 1253, 1199, 1165, 1108, 1066, 974, 831,
801, 597, 573; 1H NMR (DMSO‑d6) d 8.50 (t, 1H, J ¼ 6.0 Hz), 8.18 (d,
1H, J¼ 5.1 Hz), 8.09 (d,1H, J¼ 8.6 Hz), 7.89 (d,1H, J¼ 5.2 Hz), 7.78 (s,
4H), 7.53 (d, 1H, J ¼ 15.8 Hz), 7.27 (d, 1H, J ¼ 2.2 Hz), 6.87 (dd, 1H,
J ¼ 8.6, 2.2 Hz), 6.68 (d, 1H, J¼ 15.8 Hz), 4.68 (t, 2H, J¼ 6.9 Hz), 3.90
(s, 3H), 3.61 (q, 2H, J ¼ 6.7 Hz), 3.00 (s, 3H); 13C NMR (DMSO‑d6)
d 165.27, 160.52, 142.92, 140.62, 138.83, 137.83, 137.51, 134.64,
129.29 (q, J ¼ 31.8 Hz), 128.52, 128.21, 125.81 (q, J ¼ 3.5 Hz), 124.44,
124.09 (q, J ¼ 272.0 Hz), 122.40, 114.30, 112.28, 109.40, 93.51, 55.40,
43.32, 39.13, 23.06; ESI-MS: m/z 454.1 (Mþ1)þ; HPLC purity 99.1%.

4.2. In vitro drug sensitivity assay against P. falciparum erythrocytic
stages

Antiplasmodial activity of harmicines 5, 7,14e16, 20 and 23was
evaluated against two laboratory P. falciparum strains (3D7, CQ-
sensitive strain, and Dd2, CQ-resistant strain), as previously
described, using the histidine-rich protein 2 (HRP2) assay [23,24].
Briefly, 96-well plates were pre-coated with the tested compounds
in a three-fold dilution before ring-stage parasites were added in
complete culture medium at a haematocrit of 1.5% and a para-
sitaemia of 0.05%. After three days of incubation at 37 �C, 5% CO2
and 5% oxygen, plates were frozen until analysed by HRP2-ELISA.
All compounds were evaluated in duplicate in at least two inde-
pendent experiments. The IC50 was determined by nonlinear
regression analysis of log concentration-response curves using the
drc-package v0.9.0 of R v2.6.1 [25].

4.3. In vitro activity against P. berghei hepatic stages

In vitro activity of harmicines 5, 7, 14e16, 20 and 23 against the
liver stage of P. berghei infection was assessed as previously
described [26,27]. Briefly, Huh7 cells were routinely cultured in
1640 Roswell Park Memorial Institute (RPMI) medium supple-
mented with 10% (v/v) fetal bovine serum,1% (v/v) glutamine,1% (v/
v) penicillin/streptomycin, 1% non-essential amino acids, and
10 mM 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethane-1-sulphonic
acid (HEPES). For drug screening experiments, Huh7 cells were
seeded at 1 � 104 cell/well of a 96-well plate and incubated over-
night at 37 �C with 5% CO2. 10 mM stock solutions of test com-
pounds were prepared in DMSO and were serially diluted in
infection medium, i.e. culture medium supplemented with genta-
micin (50 mg/ml) and amphotericin B (0.8 mg/ml), to obtain the test
concentrations. On the day of the infection, the culture medium
was replaced by the serial dilutions of test compounds and
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incubated for 1 h at 37 �C with 5% CO2. Next, 1 � 104 firefly
luciferase-expressing P. berghei sporozoites, freshly isolated from
the salivary glands of female infected Anopheles stephensi mosqui-
toes, were added to the cultures, plates were centrifuged at 1800�g
for 5 min at room temperature and incubated at 37 �C with 5% CO2.
To assess the effect of each compound concentration on cell
viability, cultures were incubated with Alamar Blue (Invitrogen,
UK) at 46 h post infection (hpi), according to the manufacturer's
recommendations. Parasite load was then assessed by a biolumi-
nescence assay (Biotium, Fremont, CA, USA), using a multi-plate
reader Infinite M200 (Tecan, Switzerland). Nonlinear regression
analysis was employed to fit the normalized results of the dose-
response curves, and IC50 values were determined using Graph-
Pad Prism 6.0 (GraphPad software, La Jolla, CA, USA).

4.4. In vitro cytotoxicity assay

Cytotoxicity against a human cell line (HepG2) was evaluated
using the neutral red assay [29]. In brief, human cells were seeded
to a 96 well plate in a complete culture medium, before on the
following day a serial dilution of the respective compound was
added. After one day incubation, cytotoxicity was evaluated by the
addition of Neutral Red, subsequent lysis of cells and measurement
of absorbance in a plate reader. The IC50 was determined as for the
in vitro drug assay against P. falciparum. To assess the safety of a
compound, SI was calculated as the fractional ratio between the
IC50s for HepG2 and P. falciparum 3D7 strain.

4.5. Molecular dynamics simulations

MD simulations were performed on a PfHsp90 N-terminal
domain X-ray structure collected from the Protein Data Bank
(accession code 3K60). Ligands (ADP and SO4

2�) were removed from
the model and selected compounds were placed in the ATP binding
pocket, including harmine as a reference. Original crystal waters
were removed so that the water molecules from the bulk solvent
could diffuse into the protein during equilibration and production
MD runs. The investigated ligands were parameterized by per-
forming the geometry optimization and RESP charge calculations in
the Gaussian 16 program [39] at the HF/6e31G(d) level to be
consistent with the employed GAFF force field, while the PfHsp90
protein was modelled with the AMBER ff14SB force field. Such
protein complexes were solvated in a truncated octahedral box of
TIP3P water molecules (10 Å-thick buffer), neutralized by Naþ ions
and submitted to geometry optimization in the AMBER 16 program
[39] by employing periodic boundary conditions in all directions.
Optimized systems were gradually heated from 0 to 300 K and
equilibrated during 30 ps using NVT conditions, followed by pro-
ductive and unconstrained MD simulations of 300 ns by employing
a time step of 2 fs at a constant pressure (1 atm) and temperature
(300 K), with the latter held constant using a Langevin thermostat
with a collision frequency of 1 ps�1. Bonds involving hydrogen
atoms were constrained using the SHAKE algorithm [40] while the
long-range electrostatic interactions were calculated employing
the Particle Mesh Ewald method [41] The nonbonded interactions
were truncated at 10.0 Å.

The binding free energies, DGBIND, of each ligand within the
PfHsp90ATPbinding sitewere calculatedusing the establishedMM-
GBSA protocol [42,43] available in AmberTools16 [39], and in line
with our earlier reports [10,15,44,45]. For that purpose, 1000 snap-
shots collected from the last 30 ns of the corresponding MD trajec-
tories were utilized. The calculatedMM-GBSA binding free energies
were decomposed into specific residue contributions on a per-
residue basis according to the established procedure [46,47]. This
protocol calculates contributions to DGBIND arising from each amino
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acid residue and identifies the nature of the energy change in terms
of interaction and solvation energies or entropic contributions.
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Abbreviations

ADMP 2-azido-1,3-dimethylimidazolinium
hexafluorophosphate

AT amide-type
ATR attenuated total reflection
Boc tert-butyloxycarbonyl
CAD cinnamic acid derivative;
CQ chloroquine;
DBU 1,8-diazabicyclo(5.4.0)undec-7-ene
DCM dichloromethane
DIEA N,N-diisopropylethylamine;
DMF N,N-dimethylformamide;
ESI electrospray ionization
EtOAc ethyl acetate
EtOH ethanol
DGBIND binding free energies
HAR harmine
HATU 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo

[4,5-b]pyridinium-3-oxidhexafluorophosphate
HEPES 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethane-1-

sulphonic acid; hpi, hours post infection
HRP2 histidine-rich protein 2
HepG2 human liver hepatocellular carcinoma cell line;
IC50 the concentration of the tested compound necessary for

50% growth inhibition
MD molecular dynamics
MeOH methanol
Pf3D7 chloroquine-sensitive strain of P. falciparum
PfDd2 chloroquine-resistant strain of P. falciparum
PfHsp90 P. falciparum heat shock protein 90
PQ primaquine
SI selectivity index
t-BuOH t-buthanol
TEA triethylamine
TMS tetramethylsilane
TT triazole-type
TWC total wavelength chromatogram
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T. Silva, R. Ferraz, M. Salom�e Gomes, C. Teixeira, P. Gomes, F. Borges, J. Garrido,
T. Barros Silva, Cinnamic acid conjugates in the rescuing and repurposing of
classical antimalarial drugs, Molecules 25 (2020) 66, https://doi.org/10.3390/
molecules25010066.

[15] M. Marinovi�c, I. Perkovi�c, D. Fontinha, M. Prudêncio, J. Held, L.P. de Carvalho,
T. Tandari�c, R. Vianello, B. Zorc, Z. Raji�c, Novel harmicines with improved
potency against Plasmodium, Molecules 25 (2020) 4376, https://doi.org/
10.3390/molecules25194376.

[16] D. Shahinas, G. MacMullin, C. Benedict, I. Crandall, D.R. Pillaid, Harmine is a
potent antimalarial targeting Hsp90 and synergizes with chloroquine and
artemisinin, Antimicrob. Agents Chemother. 56 (2012) 4207e4213, https://
doi.org/10.1128/AAC.00328-12.

[17] T. Wang, P. M€aser, D. Picard, Inhibition of plasmodium falciparum Hsp90
contributes to the antimalarial activities of aminoalcohol-carbazoles, J. Med.
Chem. 59 (2016) 6344e6352, https://doi.org/10.1021/acs.jmedchem.6b00591.

[18] S. Eagon, M.O. Anderson, Microwave-assisted synthesis of tetrahydro-b-car-
bolines and b-carbolines, Eur. J. Org Chem. 2014 (2014) 1653e1665, https://
doi.org/10.1002/ejoc.201301580.

[19] N. Devi, D. Singh, Honey, S. Mor, S. Chaudhary, R.K. Rawal, V. Kumar,
A.K. Chowdhury, V. Singh, In(OTf)3 catalysed an expeditious synthesis of b-
carboline-imidazo[1,2-: A] pyridine and imidazo[1,2- a] pyrazine conjugates,
RSC Adv. 6 (2016) 43881e43891, https://doi.org/10.1039/c6ra04841b.

[20] D. Singh, C.K. Hazra, C.C. Malakar, S.K. Pandey, B.S. Kaith, V. Singh, Indium-
mediated domino allylation-lactonisation approach: diastereoselective syn-
thesis of b-carboline C-3 tethered a-methylene g-butyrolactones, Chemistry 3
(2018) 4859e4864, https://doi.org/10.1002/slct.201800006.

[21] M. Kitamura, T. Koga, M. Yano, T. Okauchi, Direct synthesis of organic azides
from alcohols using 2-azido-1,3- dimethylimidazolinium hexa-
fluorophosphate, Synlett 23 (2012) 1335e1338, https://doi.org/10.1055/s-
0031-1290958.

[22] Chemicalize ChemAxon. https://chemicalize.com/, 2018. (Accessed 20 July
2020).

[23] J. Held, T. Gebru, M. Kalesse, R. Jansen, K. Gerth, R. Müller, B. Mordmüller,
Antimalarial activity of the myxobacterial macrolide chlorotonil A, Anti-
microb. Agents Chemother. 58 (2014) 6378e6384, https://doi.org/10.1128/
AAC.03326-14.

[24] H. Noedl, J. Bronnert, K. Yingyuen, B. Attlmayr, H. Kollaritsch, M. Fukuda,

https://doi.org/10.1016/j.ejmech.2021.113687
https://doi.org/10.1016/j.ejmech.2016.11.025
http://refhub.elsevier.com/S0223-5234(21)00536-5/sref2
http://refhub.elsevier.com/S0223-5234(21)00536-5/sref2
http://refhub.elsevier.com/S0223-5234(21)00536-5/sref2
http://refhub.elsevier.com/S0223-5234(21)00536-5/sref2
http://refhub.elsevier.com/S0223-5234(21)00536-5/sref2
http://refhub.elsevier.com/S0223-5234(21)00536-5/sref2
http://refhub.elsevier.com/S0223-5234(21)00536-5/sref3
https://doi.org/10.2165/11597630-000000000-00000
https://doi.org/10.2165/11597630-000000000-00000
https://doi.org/10.1016/j.bmc.2015.04.017
https://doi.org/10.1016/j.bmc.2015.04.017
https://doi.org/10.1016/j.ejmech.2016.08.039
https://doi.org/10.1016/j.ejmech.2016.08.039
http://refhub.elsevier.com/S0223-5234(21)00536-5/sref7
http://refhub.elsevier.com/S0223-5234(21)00536-5/sref7
http://refhub.elsevier.com/S0223-5234(21)00536-5/sref7
https://doi.org/10.3390/molecules26030600
https://doi.org/10.1002/cmdc.201200257
https://doi.org/10.1016/j.ejmech.2019.111927
https://doi.org/10.1016/j.ejmech.2012.05.022
https://doi.org/10.1016/j.ejmech.2012.05.022
https://doi.org/10.1021/jm301654b
https://doi.org/10.1021/jm301654b
https://doi.org/10.1039/c2md20113e
https://doi.org/10.3390/molecules25010066
https://doi.org/10.3390/molecules25010066
https://doi.org/10.3390/molecules25194376
https://doi.org/10.3390/molecules25194376
https://doi.org/10.1128/AAC.00328-12
https://doi.org/10.1128/AAC.00328-12
https://doi.org/10.1021/acs.jmedchem.6b00591
https://doi.org/10.1002/ejoc.201301580
https://doi.org/10.1002/ejoc.201301580
https://doi.org/10.1039/c6ra04841b
https://doi.org/10.1002/slct.201800006
https://doi.org/10.1055/s-0031-1290958
https://doi.org/10.1055/s-0031-1290958
https://chemicalize.com/
https://doi.org/10.1128/AAC.03326-14
https://doi.org/10.1128/AAC.03326-14


M. Marinovi�c, G. Poje, I. Perkovi�c et al. European Journal of Medicinal Chemistry 224 (2021) 113687
Simple histidine-rich protein 2 double-site sandwich enzyme-linked immu-
nosorbent assay for use in malaria drug sensitivity testing, Antimicrob. Agents
Chemother. 49 (2005) 3575e3577, https://doi.org/10.1128/AAC.49.8.3575-
3577.2005.

[25] R Core Team, A Language and Environment for Statistical Computing, R
Foundation for Statistical Computing, Vienna, Austria, 2018. https://www.r-
project.org/. (Accessed 20 July 2020).

[26] M. Machado, M. Sanches-Vaz, J.P. Cruz, A.M. Mendes, M. Prudêncio, Inhibition
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