Open Access Article. Published on 24 August 2023. Downloaded on 12/4/2025 7:42:23 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Organic &

Biomolecular Chemistry

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal | View Issue

{ '.) Check for updates ‘

Cite this: Org. Biomol. Chem., 2023,
21,7382

Received 13th July 2023,
Accepted 23rd August 2023

DOI: 10.1039/d30b01122d

rsc.li/obc

“Education Mega Center, Guangdong University of Technology, School of Chemical
Engineering and Light Industry, No. 100 Waihuan Xi Road, Guangzhou, P. R. China.

E-mail: yanliu@gdut.edu.cn

bLaboratoire de Chimie de Coordination du CNRS, 205 route de Narbonne, BP
44099, 31077 Toulouse Cedex 4, France. E-mail: anne.robert@lcc-toulouse.fr,

bernard.meunier@Icc-toulouse.fr

Hybrid molecules based on an emodin scaffold.
Synthesis and activity against SARS-CoV-2 and
Plasmodium+

Youzhi Li,**€ Franck Touret, Xavier de Lamballerie,® Michel Nguyen,b‘C

Marion Laurent,” Francoise Benoit-Vical,”“ Anne Robert, (2 **< Yan Liu
Bernard Meunier*®¢

*3 and

Since the Covid-19 epidemic, it has been clear that the availability of small and affordable drugs that are
able to efficiently control viral infections in humans is still a challenge in medicinal chemistry. The syn-
thesis and biological activities of a series of hybrid molecules that combine an emodin moiety and other
structural moieties expected to act as possible synergistic pharmacophores in a single molecule were
studied. Emodin has been reported to block the entry of the SARS-CoV-2 virus into human cells and
might also inhibit cytokine production, resulting in the reduction of pulmonary injury induced by
SARS-CoV-2. The pharmacophore associated with emodin was either a polyamine residue (emodin-PA
series), a choice driven by the fact that a natural alkyl PA like spermine and spermidine play regulatory
roles in immune cell functions, or a diphenylmethylpiperazine derivative of the norchlorcyclizine series
(emoxyzine series). In fact, diphenylmethylpiperazine antagonists of the H1 histamine receptor display
activity against several viruses by multiple interrelated mechanisms. In the emoxyzine series, the most
potent drug against SARS-CoV-2 was (R)-emoxyzine-2, with an ECsg value = 1.9 uM, which is in the same
range as that of the reference drug remdesivir. However, the selectivity index was rather low, indicating
that the dissociation of antiviral potency and cytotoxicity remains a challenge. In addition, since emodin
was also reported to be a relatively high-affinity inhibitor of the virulence regulator FIKK kinase from the
malaria parasite Plasmodium vivax, the antimalarial activity of the synthesized hybrid compounds has
been evaluated. However, these molecules cannot efficiently compete with the currently used antimalar-
jal drugs.

Introduction

Scientific and medical context of antiviral drugs. Drug targets
to fight SARS-CoV-2

In the absence of an efficient vaccine, the therapeutic arsenal
to fight the AIDS virus is based on a large spectrum of nearly
thirty different drugs that are able to control the disease. At
the beginning of this century, several drugs were approved
against the hepatitis C flavivirus (HCV) that infected more
than 70 million people in the world in 2015, including the
efficient sofosbuvir.! In both cases, these efficient drugs,
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TElectronic supplementary information (ESI) available: Analytical data and
spectra. (1) Chiral HPLC of (R)-norchlorcyclizine and (R,S)-norchlorcyclizine, (2)
retention of configuration of (R)-norchlorcyclizine after reaction in DMF/Et;N,
80 °C, (3) chiral HPLC of (R)-emoxyzine-2 and (R,S)-emoxyzine-2, (4) 'H and **C
NMR spectra of emodin-PA and emoxyzine derivatives, (5) mass spectra of
emodin derivatives. See DOI: https://doi.org/10.1039/d30b01122d
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based on modified nucleosides, demonstrate that innovative
medicinal chemistry is needed to create antiviral drugs to
complement other treatments (vaccines or antibodies) or offer
a therapeutic solution when they are not available as preven-
tive or curative tools.

Despite alerts on epidemics due to the Ebola virus in West
Africa in 2013-2016 or to coronaviruses, SARS-CoV-1 in 2003
and MERS in 2012, limited attention has been paid to the
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search for efficient antivirals to treat these emerging viruses.
When SARS-CoV-2 became a pandemic in early 2020, no antiviral
agent was available to control infection in humans. The spike gly-
coprotein (S) of SARS-CoV-2 mediates the entry of the virus into
host cells by binding to the host cellular receptor angiotensin-
converting enzyme 2 (ACE2) which is present on the surface of
vascular endothelial cells lining the entire circulatory system,
from the heart to the smallest capillaries.>® The entry of the
virus, by fusion at the plasma membrane surface, is facilitated by
the proteolytic cleavage of the S protein, mediated by human
transmembrane serine protease (TMPRSS2). So, molecules that
are able to block the protein S mediated entry of the virus by pre-
venting the S-ACE2 interaction or by inhibiting human
TMPRSS2 might be potentially active against SARS-CoV-2. The
high affinity interaction of the spike protein S and ACE2 involves
polar amino acids from both proteins; so, synthetic oligopeptides
were proposed as potential inhibitors of the S-ACE2 interaction.”
However, smaller and more druggable molecules are expected to
be more suitable to inhibit the entry of SARS-CoV-2 into host
cells.

Emodin (6-methyl-1,3,8-trihydroxyanthraquinone,
Scheme 1), a natural product isolated from rhubarb, is a poss-
ible candidate among the “small molecules” exhibiting some
capacity to block the entry of the SARS-CoV-2 virus into human
cells.” In fact, the activity of this anthraquinone derivative
against SARS-CoV-1 was evidenced in 2003.° Inhibition of the
binding of the S-protein to ACE2 by emodin is dose-dependent
(ICs0 = 200 pM].6 Emodin also inhibits a transmembrane ion-
channel of SARS-CoV-1 that is essential for the release of the
virus from the infected cell.” Emodin has a significant inhibitory
effect on the entry, the replication, or the nuclease activity of
several viruses, suggesting that it might be a potent antiviral drug
with a broad spectrum.” In addition, emodin reduces pulmonary
inflammation in rats with acute lung injury, by inhibiting the
mTOR/HIF-1a/VEGF signaling pathway.® It also exerts an immu-
nosuppressive activity that might be mediated by the inhibition
of cytokine production.” Therefore, emodin has three major
advantages as a potential broad antiviral agent: (i) inhibition of
the virus entry into host cells; (ii) inhibition of the ion channel
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Scheme 1 Emoxyzine and emodin-PA hybrid molecules containing
emodin and norchlorcyclizine, or emodin and polyamine pharmaco-
phores, respectively. The structures of the clinically used hydroxyzine
and cetirizine are given for comparison.
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involved in virus release from cells; and (iii) reduction of pulmon-
ary inflammation in lung injuries. Unfortunately, emodin exhibits
poor intestinal absorption, low bioavailability and fast elimin-
ation due to an active hydroxylation and/or glucuronidation
metabolism, which are the main limitations for its development
as a drug candidate.” In vitro, emodin disturbs glutathione and
fatty acid metabolism in human liver cells, a feature that suggests
potential toxic effects of the drug.*®

Design of hybrid molecules potentially active against
SARS-CoV-2

Taking into consideration all these different aspects, we
designed new emodin-based hybrid molecules modified by the
attachment of a second molecular entity that is able to
improve the pharmacokinetics of emodin and/or to enhance
its pharmacological activity in order to enlarge its safety
window. We previously developed the strategy of hybrid mole-
cules for the preparation of antimalarial agents with a dual
mode of action."

Diphenylmethylpiperazine derivatives of the norchlorcycli-
zine series (Scheme 1) are the first-generation histamine recep-
tor (H1) antagonists belonging to the benzylpiperazine class.
Chlorcyclizine (Scheme 1) was shown to have virucidal activity
against HIV and several other RNA or DNA viruses, and also in
a mouse model of HCV infection.">"? In this series, hydroxyzine,
a derivative bearing an ethoxyethanol side chain, was also found
to be active against hepatitis C virus (HCV) infection in cell
culture and was able to inhibit a SARS coronavirus proteinase
in vitro.*»"> Moreover, in a multicenter observational study of
patients hospitalized with Covid-19, the use of hydroxyzine was
associated with decreased mortality,'® an effect that may be
mediated by the anti-inflammatory properties of H1 antihista-
mines but remains to be firmly established in a random clinical
trial.'® Besides other antihistamine drugs, hydroxyzine was
reported to exhibit direct antiviral activity against SARS-CoV-2
in vitro by multiple interrelated mechanisms, especially the on-
target effects of antihistamines inhibiting inflammatory
responses that increase mortality. It also inhibits the acid sphin-
gomyelinase (ASM) that is activated by pro-inflammatory
cytokines.'”'® Alternatively, hydroxyzine exhibits off-target ACE2
inhibitory activity and consequently has the potential to disrupt
the interaction of the SARS-CoV-2 spike glycoprotein S with ACE2,
thus preventing cell infection."

For all these reasons, we decided to synthesize hybrid small
molecules named emoxyzines that combine norchlorcyclizine,
which is the pharmacophore of diphenylmethylpiperazine
anti-histamine drugs, and emodin structures connected
through a potentially active linker (Scheme 1) connected at the
C3 of the emodin residue. Hybrid molecules may combine in
defined chemical entities two or more structural domains
having complementary biological functions and activities,
thus acting as possibly synergistic pharmacophores.'* As a
linker between emodin and norchlorcyclizine moieties, we
have considered ethoxyethyl linkers closely related to the struc-
ture of hydroxyzine (emoxyzine-1, -2, and -3 Scheme 2). We
also synthesized a series of emodin-polyamine conjugates
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Scheme 2 General scheme for the synthesis of emoxyzine derivatives bearing a linker at the C3 of emodin moiety. (a) K,COz, DMF, 60 °C, 6 h. (b)
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100 °C, overnight. (d) HClin H,O/CH3zOH, 60 °C, 1.5 h. (e) Dimethylamine hydrochloride, EtzN, DMF, 80 °C, 6 h; then HCl in Et,O, RT, 30 min.

(named emodin-PA) having the polyamine (PA) residue linked
at the C4 of the emodin cycle (Scheme 3), a choice driven by
the fact that natural alkyl PA like spermine and spermidine
play regulatory roles in immune cell functions.>>*! Spermine
inhibits proinflammatory cytokine synthesis in human mono-
nuclear cells and downregulates the monocyte proinflamma-
tory cytokine response.>” In fact, during SARS-CoV-2 infection,
the T cell response may provide early control of the cytokine
storm triggered by acute viral infection.>*** In addition, we
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Scheme 3 General scheme for the synthesis of emodin-PA derivatives
bearing a polyamine substituent at C4 of the emodin residue. (a) NBS in
THF, overnight. (b) Ethylenediamine or N,N-dimethylethylenediamine or
N,N-dimethyldipropylenetriamine, RT, 5-24 h. (c) Ac,0, H,SO, in pyri-
dine, reflux, 2.5 h. (d) N,N-dimethylethylenediamine or N,N-dimethyldi-
propylenetriamine, RT, overnight. Comparisons of the structures of
emodin-PA-n are emphasized by blue labels.

7384 | Org. Biomol. Chem., 2023, 21, 7382-7394

also considered an emoxyzine derivative having an alkyldia-
mine (piperazine) linker (emoxyzine-7, Scheme 2).

Due to their different antiviral targets, these pharmaco-
phores might provide synergistic antiviral effects when associ-
ated in such hybrid compounds. The polyamine linkers may
have a combined activity with emodin and norchlorcyclizine
due to their own activity on the immune system. In addition,
substitution of the linker at the C4 of emodin is expected to
slow down the P450 mediated metabolism of the emodin frag-
ment and, consequently, should optimize the pharmacological
activity of these hybrid molecules.

The potential anti-Covid-19 activity of these hybrid mole-
cules was evaluated on VeroE6 cells expressing the transmem-
brane serine protease TMPRSS2, infected with the SARS-CoV-2
strain BavPat1.>*">’

In addition, emodin was also reported to be a relatively
high-affinity inhibitor of FIKK kinase from the malaria para-
site Plasmodium vivax (ICs, value of emodin against PvFIKK =
1.9 pM).”® So the activity of emodin, emoxyzine and emodin-
PA hybrids has been evaluated against the major human
malaria parasite Plasmodium falciparum, as potential lead com-
pounds for the development of antimalarial drugs targeting
the parasite FIKK kinase, without interfering with host kinases
since FIKK kinases are found exclusively in Apicomplexa.>® In
fact, Plasmodium FIKK kinases play a species-specific role in
the virulence of the parasite by controlling the rigidity and
cyto-adhesion of host erythrocytes.>°

Results and discussion

Syntheses of emoxyzine derivatives (substitution at the C3 of
emodin)

Hybrid compounds containing emodin and norchlorcyclizine
moieties bound by ethoxyethyl tethers of variable lengths (emoxy-
zine-1, -2 and -3, respectively) were prepared by substitution of

This journal is © The Royal Society of Chemistry 2023
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the w-brominated side chain of emodin-link-n intermediates by
the secondary amine norchlorcyclizine in DMF/triethylamine at
80 °C. After protonation by hydrochloric acid, these emoxyzines
were obtained as hydrochloride salts in high yields (>95%,
Scheme 2, step b). The putative role of the tether for biological
activity was investigated by preparing emoxyzine-7, a compound
whose linker contained a protonable piperazinyl residue. This
hybrid compound was synthesized by the reaction of emodin-
link-1 with (R)-norchlorcyclizine-link-1, which was itself prepared
by the functionalization of (R)-norchlorcyclizine with a piperazinyl
residue (Scheme 2, steps c and d).

It is noteworthy that although the norchlorcyclizine deriva-
tives cetirizine and hydroxyzine are used as racemates in clini-
cal practice, their antihistaminic properties are attributable to
the R configuration of the benzylic chiral carbon.*' Then, in
order to evaluate the putative role of the chiral center in the
biological activity of these molecules, we synthesized the
racemic derivatives (R,S)-emoxyzine-1 and (R,S)-emoxyzine-2
using (R,S)-norchlorcyclizine as the starting material. We also
checked that the chiral center of the (R)-norchlorcyclizine
residue did not undergo racemization under the basic con-
ditions of the coupling reaction between emodin and norchlor-
cyclizine moieties. For this purpose, (R)-norchlorcyclizine was
incubated in DMF/triethylamine at 80 °C overnight. After
work-up, the (R)-norchlorcyclizine was detected as a single
peak by chiral HPLC (R, = 4.8 min), while the (S)-norchlorcycli-
zine expected at 4.3 min was not detected [analysis of (R,S)-
norchlorcyclizine showed 2 peaks at 4.3 and 4.8 min in a 50/50
ratio, ESI, S21]. In addition, when deuterated water was added
after heating of (R)-norchlorcyclizine in DMF/triethylamine at
80 °C, the 'H NMR spectrum of the product was the same as
that of the starting (R)-norchlorcyclizine, with the benzylic
proton detected at 4.21 ppm (integral = 1H) (ESI, S371). This
confirms that triethylamine in DMF at 80 °C was inefficient to
abstract this proton, a pathway required for the racemization
of the chiral center. Similarly, chiral HPLC of (R)-emoxyzine-2
synthesized from (R)-norchlorcyclizine exhibited a single peak
at R, = 11.2 min, while the analysis of its racemic analogue (R,
S)-emoxyzine-2 synthesized using (R,S)-norchlorcyclizine
exhibited two peaks at 9.6 min and 11.1 min (50/50), thus con-
firming the stability of the chiral center under these experi-
mental conditions (ESI, S47).

Emoxyzines were stable upon storage in the solid state at
room temperature under air for at least six months, and at
60 °C under air for at least four months, without any detect-
able change in NMR analyses. Emoxyzines were also stable
after two weeks in solution in DMSO at room temperature. The
solubility of emoxyzines-1-3 was in the range of 41-44 mg
mL~" in DMSO at room temperature. The solubility of emoxy-
zine-7 was 28 mg mL™" under the same conditions. All these
hybrid compounds were almost insoluble in pure water.

Syntheses of emodin-PA derivatives (substitution at the C4 of
emodin)

Emodin-polyamine conjugates were synthesized by substi-
tution of a polyamine side chain at the C4 of 2-bromoemodin

This journal is © The Royal Society of Chemistry 2023
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(emodin-PA-n, with n = 1-4, Scheme 3) or 1,3,8-triacetylemodin
(emodin-PA-5 and emodin-PA-6). 2-Bromoemodin and 1,3,8-
triacetylemodin were preliminarily synthesized by the reaction
of emodin with N-bromosuccinimide in THF or with acetic
anhydride in pyridine, respectively. The reaction of 1,2-ethyl-
ene diamine with 2-bromoemodin at room temperature
afforded the monosubstituted derivative at C4, emodin-PA-1,
in 70% yield after purification. Under the same conditions but
for a longer time (overnight), nucleophilic substitution of the
distal primary amine of the side chain onto C3-OH afforded
the cyclic 3,4-diethylaminoemodin derivative emodin-PA-2 in
37% yield (Scheme 3). The reaction of N,N-dimethyl-
ethylenediamine or N,N-dimethyldipropylenetriamine with
2-bromoemodin afforded emodin-PA-3 and emodin-PA-4
(90-96% yield), respectively, thus allowing the investigation of
(i) the role of the distal amine substitution pattern (emodin-
PA-1 vs. emodin-PA-3) and (ii) the role of the length and the
number of amine functions of the side chain (emodin-PA-3 vs.
emodin-PA-4). Starting from 1,3,8-triacetylemodin, the substi-
tution of N,N-dimethylethylenediamine or N,N-dimethyldi-
propylenetriamine afforded emodin-PA-5 (97% yield) and
emodin-PA-6 (85% yield), respectively. These compounds are
the non-brominated counterparts of emodin-PA-3 and emodin-
PA-4, respectively. It is noteworthy that whether C2 was bromi-
nated or not, the substitution of the primary amine occurred
selectively at C4. Conversely, the C3-OH position was substi-
tuted as the secondary site only under the drastic conditions
of the synthesis of emodin-PA-2.

The stability of emodin-PA derivatives in solution in DMSO
was evaluated by NMR. Emodin-PA-2 was found to be stable at
75 °C for at least one day, and it was stable when exposed to
daylight at room temperature for at least one week. Conversely,
all other emodin-PAs exhibited significant degradation in
DMSO solution after one week at room temperature under day
light. Under these conditions, the product loss was
52-54 mol% (emodin-PA-3 and -5) or 30-35 mol% (emodin-
PA-4 and -6). At 4 °C in DMSO in the dark, for one week, degra-
dation was 12% or 17% for emodin-PA-3 and -4, respectively,
while it was below 5% for emodin-PA-5 and -6. All emodin-PAs
were found to be stable when stored at 4 °C for 5 months in
the solid state.

Anti-SARS-CoV-2 activity of emodin-PA and emoxyzine dual
molecules

The antiviral activity of emodin-based dual molecules was eval-
uated using VeroE6 TMPRSS2 cells infected with SARS-CoV-2,
as previously described.>®*> We applied a standardised meth-
odology for evaluating antiviral compounds against RNA
viruses, based on RNA yield reduction. This assay is based on
gRT-PCR quantification to determine the concentration of the
molecule that is able to inhibit the concentration of the viral
RNA in the supernatant by 50% (ECs). The monophosphate
adenosine analogue remdesivir was used as the positive
control and the reference compound.’®*® In addition, this
assay uses a cell line expressing TMPSS2 to avoid identifying
compounds with antiviral activity linked to the endosomal
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replication pathway®! or inducing phospholipidosis.*® The
results are reported in Table 1 and Fig. 1. Under these con-
ditions, (R)-emoxyzine-1 and all emodin-PA derivatives showed
no antiviral activity with concentrations that inhibit viral RNA
replication (ECso values) higher than 10 pM, about five times
higher than the ECj, value of remdesivir (ECso = 2.6 pM).
Emodin itself exhibited a slightly lower ECs, value of 6.3 pM,
but its cytotoxicity (CCs,) on VeroE6 TMPSSR2 cells, under the
same culture conditions but without viral infection, was
13.5 pM, resulting in a poor selectivity index (SI = CCs0/ECso)
of 2.1, consistent with the reported cytotoxicity of this anthra-
quinone drug. Interestingly, the CCs, values of emodin-PA-2,
emodin-PA-3 and emodin-PA-5 on VeroE6 TMPSSR2 cells were
higher than 50 pM, ie. higher than that of emodin itself
(13.5 pM), indicating that simple substitutions of the anthra-
quinone structure may be efficient to decrease the cytotoxicity
of this basic drug skeleton and, possibly, to increase the
selectivity indexes of emodin derivatives.

Among the compounds with promising antiviral activity, i.e.
with ECj;, values lower than 5 pM, (R)-emoxyzine-2 inhibited
SARS-CoV-2 replication with ECs5, of 1.9 pM (Table 1), which is
in the same range as the ECs, value of remdesivir (2.6 pM).
The cytotoxicity CCs, of (R)-emoxyzine-2 was 12.9 uM, resulting
in a selectivity index (SI = CCs¢/ECs0) of 6.8. In addition, the
inhibition of viral RNA replication higher than 90% was
obtained with an (R)-emoxyzine-2 concentration of 6.25 pM.
Inhibition of SARS-CoV-2 replication by the racemic analogue (R,
S)-emoxyzine-2 was also evaluated. Its ECs, value was 12.2 uM, 6
times higher than that of the optically active (R)-emoxyzine-2, and
its SI value was lower than 3. These results indicate that (i) both
emodin and (R)-norchlorcyclizine fragments are required to opti-
mize CCs, and SI values and (ii) a longer link between the two
pharmacophores allowed to drastically decrease the ECs, values
[1.9 uM for (R)-emoxyzine-2 compared to 14.8 pM for (R)-emoxy-
zine-1]. So, we decided to synthesize and evaluate emoxyzine
derivatives with a longer ethoxyethyl linker [(R)-emoxyzine-3,
Scheme 2] or with a linker containing additional amine functions

Table 1 Antiviral activity of emodin based dual molecules against
SARS-CoV-2 and cytotoxicity on VeroE6 TMPSSR2 cells

ECso (1M) CCs, (1M) (VeroE6

Molecule (SARS-CoV-2) TMPSSR2) SI®
(R)-Emoxyzine-1 14.8 >50 >3.4
(R)-Emoxyzine-2 1.9 12.9 6.8
(R,S)-Emoxyzine-2  12.2 35.2 2.9
(R)-Emoxyzine-3 5.0 16.9 3.4
(R)-Emoxyzine-7 2.9 4.3 1.5
Emodin-PA-2 10.9 >50 4.6
Emodin-PA-3 49.6 >50 >1
Emodin-PA-4 12.5 14.7 >1.2
Emodin-PA-5 46.3 >50 >1
Emodin 6.3 13.5 2.1
(R)- 12.3 14.7 1.2
Norchlorcyclizine

(R,S)-Hydroxyzine  31.7 61.6 1.9
Remdesivir 2.6 >20° >8

“Selectivity index = CC;0/ECs. © Ref. 27.
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Fig. 1 SARS-CoV-2 RNA inhibition (red traces) and VeroE6 TMPSSR2
cell viability (blue traces) in the presence of (R)-emoxyzine-1 or (R)-
emoxyzine-2, or emodin-PA-2.

[(R)-emoxyzine-7, Scheme 2]. However, since these compounds
exhibited a rather low value of selectivity index, it appears that
dissociation of antiviral potency and cytotoxic activity remains a
challenge.

Antimalarial activity of emodin-PA and emoxyzine dual
molecules

The antimalarial activity of hybrid drugs based on the emodin
skeleton has been evaluated in vitro against the artemisinin
resistant strain F32-ART of Plasmodium falciparum. The results are
reported in Table 2. All the tested emodin-PA and emoxyzine
derivatives exhibited ICs, values in the micromolar range, the
lowest being those of (R)-emoxyzine-7 and emodin-PA-6,
measured at 1.0 and 1.2 pM, respectively. However, these mole-

This journal is © The Royal Society of Chemistry 2023
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Table 2 Antimalarial activity of emodin based hybrid molecules against
the artemisinin resistant strain F32-ART of Plasmodium falciparum, and
cytotoxicity on Vero cells. Values correspond to the mean of 2 to 4 inde-
pendent experiments + SEM

ICso (MM) = SEM CCs (1M)

Molecule (P. falciparum) (Vero) SI¢
(R)-Emoxyzine-1 28+ 1.5 >50 >1.8
(R,S)-Emoxyzine-1 27 +6 >50 >1.9
(R)-Emoxyzine-2 12+ 0.5 >50 >4.2
(R,S)-Emoxyzine-2 13+0.5 >50 >3.8
(R)-Emoxyzine-3 7.5+0.6 >50 >7
(R)-Emoxyzine-7 1.0 £0.1 16 16
Emodin-PA-1 2.5+0.1 >50 >20
Emodin-PA-2” >50 5 0.1
Emodin-PA-3 4+0.1 >50 >12
Emodin-PA-4 5+0.5 24 5
Emodin-PA-5 4.0£0 >50 >12
Emodin-PA-6 1.2+0.2 23 19
Emodin >50 34 <0.7
Emodin-link-5 4.8+0.5 Nd° —
(R,S)-Hydroxyzine 33 >50 >1.5
Atovaquone 0.001 0.45 450

“Selectivity index calculated as CCs, (Vero)/ICs, (Plasmodium). ® The
rather poor solubility of emodin-PA-2 might be responsible for erratic
results. ° Not determined.

cules were largely less potent by three orders of magnitude com-
pared to the clinically used antimalarial drugs such as atova-
quone, here used as the reference drug control on this
Plasmodium strain [the ICs, value of atovaquone routinely tested
was found to be 1 nM]. In addition, the compound emodin-link-5
(Scheme 2), a derivative of emodin functionalized by a short di-
ethylamine chain at C3, exhibited an ICs, value of 4.8 pM. So, it
appears that the norchlorcyclizine moiety was not required to get
IC5, values in the range of 1-10 pM.

It is noteworthy that the cytotoxicity of these hybrid mole-
cules against Vero cells was low, with CCs, values higher than
50 pM, in most cases (SI ranging from 0.1 to >20), contrary to
emodin itself which exhibited a lower antimalarial activity
compared to its cytotoxicity [ICs, (Plasmodium) > 50 pM, CCs,
(Vero cells) = 34 pM, SI < 0.7]. These results indicated that the
selectivity of emodin derivatives can be modulated to some
extent by the substitution pattern of the anthraquinone entity.
Moreover, it is to be noted that the emodin activity revealed on
the protein kinase PvFIKK?® is not found against the parasite
P. falciparum. One should note that the standard assay used to
determine the capacity of these compounds to inhibit the pro-
liferation of the P. falciparum parasite is probably not an appro-
priate way to evaluate the potential benefit of these molecules.
In fact, Plasmodium FIKK inhibitors are expected to decrease
virulence factors, contributing to a better adaptability of the
parasite to survive in the circulation of the human host.*°

Conclusion

Two series of hybrid molecules based on an emodin skeleton
covalently linked to a diphenylmethylpiperazine moiety or an

This journal is © The Royal Society of Chemistry 2023
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alkyl polyamine were synthesized and their activity against
both SARS-CoV-2 and P. falciparum was evaluated. In these
series, (R)-emoxyzine-2 was as potent as remdesivir in inhibit-
ing SARS-CoV-2 replication with a selectivity index for the virus
of 6.8. However, the dissociation of antiviral activity and cyto-
toxicity is still a challenge for these hybrid molecules.

Emoxyzine and emodin-PA hybrid molecules, exhibiting
ICs, values equal or higher than 1 yuM on P. falciparum, cannot
be considered as efficient antimalarial drugs to target
P. falciparum parasite proliferation.

Nevertheless, the results showed that combining two or
more pharmacophores into a single hybrid molecule may
provide modulation or significant improvement of biological
properties.

Experimental
Materials and equipment

All solvents and commercially available reagents were pur-
chased from Sigma-Aldrich, Fluka, Acros, TCI, or BLD
Pharmatech and were used without further purification. EST'-
mass spectra were obtained using a Thermo Fisher or an Xevo
G2 QTOF (Waters) instrument. The characterization of all
hybrid compounds was based on the consistency of high
resolution 'H- and ">C-NMR 2D correlations and mass spec-
trometry analyses. The consistency of elemental analyses and
the absence of detected impurities in the NMR spectra indi-
cated a purity higher than 98%. Purity below 98% was evalu-
ated on the basis of 'H NMR analysis. 'H- and "C-NMR
spectra were recorded on Brucker Avance Neo 600 or Bruker
Avance 400 and Avance 300 spectrometers, at 298 K unless
otherwise stated. Chemical shift values are given in ppm,
using tetramethylsilane (TMS) as the external standard. The
NMR spectra of final products have been completely assigned
using 2D COSY, HMQC, HMBC and NOESY correlations
(600 MHz for 'H and 151 MHz for *>C). The spectra of inter-
mediate compounds were recorded at 400 MHz for "H NMR
and at 100 MHz for >C NMR, and the assignment is a propo-
sal based on comparison with the established spectra/assign-
ment of final products. Chiral HPLC analyses of norchlorcycli-
zine and emoxyzine-2 were performed using an Acquity UPC
equipment (Waters) with a Chiralpack IJ column (3 pm,
4.6 mm x 100 mm, Daicel chiral technologies), flow rate was
2 mL, UV detection at A = 210 nm. Elution was carried out with
the following gradient: (A) = supercritical CO,, (B) = diethyl-
amine 0.1 vol% in CH;OH. Gradient for norchlorcyclizine: A/B
=95/5 for 1 min, then from A/B = 95/5 to A/B = 60/40 at 6 min,
then A/B = 60/40 for 2 min; gradient for emoxyzine-2: from
initial A/B = 85/15 to A/B = 50/50 at 10 min, followed by A/B =
50/50 for 4 min.

Syntheses and characterization of emodin-PA derivatives

1,3,8-Triacetylemodin. 6-Methyl-9,10-dioxo-9,10-dihydroan-
thracene-1,3,8-triyl triacetate. To a mixture of emodin (1.0 g,
3.85 mmol, 1.0 equiv.) and acetic anhydride (19 mL), 20 pL of
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96% H,SO, was added dropwise under stirring. The reaction
mixture was refluxed for 2.5 h. The resulting yellow solution
was added to 1 L of cold water and the yellow precipitate was
filtered, washed with water and dried under reduced pressure
to yield 1,3,8-triacetylemodin as a yellow solid (1.42 g, 97%).
"H NMR (300 MHz, CDCl,): & = 8.04 (q, J = 0.6 Hz, 1H), 7.97 (d,
J=2.4 Hz, 1H), 7.27 (d, ] = 2.4 Hz, 1H), 7.24 (q, ] = 0.6 Hz, 1H),
2.52 (s, 3H), 2.46 (s, 3H), 2.46 (s, 3H), 2.38 ppm (s, 3H).

2-Bromoemodin.  2-Bromo-1,3,8-trihydroxy-6-methyl-4a,9a-
dihydroanthracene-9,10-dione. To a solution of emodin
(30 mg, 0.11 mmol, 1.0 equiv.) in tetrahydrofuran (1.5 mL),
N-bromosuccinimide (23.7 mg, 0.13 mmol, 1.2 equiv.) was
added at 0 °C. The reaction mixture was stirred at room temp-
erature overnight. The mixture reaction was quenched with
water, then extracted with dichloromethane (3 x 20 mL). The
organic layer was dried over anhydrous Na,SO,, filtered and
concentrated. The crude product was purified by column
chromatography (100% acetone) to give 2-bromoemodin as an
orange-red solid (23 mg, 60%). "H NMR (400 MHz, acetone-ds):
5 = 12.39 (brs, 1H), 7.52 (s, 1H), 7.29 (s, 1H), 7.09 (s, 1H),
2.45 ppm (s, 3H).

Emodin-PA-1. A solution of 2-bromoemodin (80 mg,
0.23 mmol, 1.0 equiv.) in ethylenediamine (4.6 mL,
68.77 mmol, 300.0 equiv.) was stirred for 5 h at room tempera-
ture. The resulting solution was poured into cool water and 12
M HCI was added to adjust the pH to 3-4. The mixture was
neutralized with saturated NaHCO; and extracted with ethyl
acetate (3 x 50 mL). The organic layer was washed with water
(5 x 100 mL), dried over anhydrous Na,SO,, filtered and con-
centrated. The crude product was purified by column chrom-
atography (100% acetone) to give emodin-PA-1 as a violet solid
(65 mg, 70%). "H NMR (600 MHz, DMF-d5, 297 K): § = 16.10
(1H, HO-C1), 7.63 (1H, H5), 2.43 (3H, H;C-C6), 6.91 (1H, H7),
13.30 ppm (1H, HO-C8), 12.20 (1H, HN-C4), 4.32 (2H, CH,-
NH-C4), 3.36 (2H, CH,~CH,-NH-C4). "*C NMR (151 MHz,
DMF-d,, 297 K): 6§ = 164.9 (C1), 100.4 (C2), 170.8 (C3), 147.7
(C4), 106.8.0 (C4a), 180.2 (C10), 135.3 (C10a), 117.7 (C5), 143.3
(C6), 21.3 (H3C-C6), 119.8 (C7), 161.0 (C8), 119.9 (C8a), 174.6
(C9), 101.8 ppm (C9a), 43.2 (CH,-NH-C4), 41.7 (CH,-CH,-
NH-C4). HMBC correlations were detected between HN-C4
(12.20 ppm) and C4a (106.8 ppm); H5 (7.63 ppm) and C10
(180.2 ppm); and H7 (6.91 ppm) and C8 (161.0 ppm). COSY
correlations were detected between HN-C4 (12.20 ppm) and
CH,-HN-C4 (4.32 ppm). ESI"-MS: m/z (relative abundance) =
407.0 (100), 408.0 (18), 409.0 (98), 410.0 (18), 411.0 (3) [M +
H]". Elemental analysis caled (%) for
C17H;5BrN,05-2.0HBr-0.5H,0-0.85CH,Cl, (apparent MW =
650.24): C 32.97, H 3.05, N 4.31, found: C 32.90, H 2.97, N
4.41. Purity 94%.

Emodin-PA-2. A solution of 2-bromoemodin (60 mg,
0.17 mmol, 1.0 equiv.) in ethylenediamine (3.4 mL,
51.58 mmol, 300.0 equiv.) was stirred overnight at room temp-
erature. The resulting solution was poured into cool water and
12 M HCI was added to adjust the pH to 3-4. The mixture was
then neutralized with saturated NaHCO;, and extracted with
ethyl acetate (3 x 50 mL). The organic layer was washed with
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water (5 x 100 mL), dried over anhydrous Na,SO,, filtered and
concentrated. The crude product was purified by column
chromatography (100% acetone) to give emodin-PA-2 as a
violet solid (24 mg, 37%). 'H NMR (600 MHz, DMSO-d,
373 K): § = 14.77 (1H, HO-C1), 7.58 (1H, H5), 2.44 (3H, H;C-
C6), 7.07 (1H, H7), 12.34 ppm (1H, HO-C8), 7.58 (1H, HN-C3),
3.63 (2H, CH,-NH-C3), 3.60 (2H, CH,-NH-C4), 10.68 (1H,
HN-C4). "*C NMR (151 MHz, DMSO-dg, 373 K): & = 158.6 (C1),
96.9 (C2), 138.0 (C3), 38.8 (CH,-NH-C3), 39.9 (CH,-NH-C4),
144.1 (C4), 181.0 (C10), 142.6 (C10a), 119.0 (C5), 147.0 (C6),
22.3 (H3C-C6), 121.8 (C7), 161.6 (C8), 114.4 (C8a), 184.0 (C9),
103.7 ppm (C9a). C4a was not detected. HMBC correlations
were detected between HO-C1 (14.77 ppm) and C2 (96.9 ppm)
on the one hand and C9a (103.7 ppm) on the other hand;
CH,-NH-C3 (3.63 ppm) and C3 (138.0 ppm); CH,-NH-C4
(3.60 ppm) and C4 (144.1 ppm); H5 (7.58 ppm) and C10
(181.0 ppm) on the one hand and C9 (184.0 ppm) on the other
hand; H;C-C6 (2.44 ppm) and C10a (142.6 ppm) on the one
hand and C8 (161.6 ppm) on the other hand; H7 (7.03 ppm)
and C9 (184.0 ppm); HO-C1 and C8a (114.4 ppm). ESI"-MS:
m/z (relative abundance) = 387.0 (100), 388.0 (18), 389.0 (98),
390.0 (18), 391.0 (3) [M — H']". Elemental analysis caled (%)
for C;7H;3BrN,0,4:0.1CH,Cl,-0.1C¢H;, (apparent MW =
406.11): C 52.35, H 3.57, N 6.90, found: C 52.60, H 3.08, N
6.99. Purity 95%.

Emodin-PA-3. A solution of 2-bromoemodin (60 mg,
0.17 mmol, 1.0 equiv.) in N,N-dimethylethylenediamine
(5.6 mL, 51.58 mmol, 300.0 equiv.) was stirred overnight at
room temperature. The resulting solution was poured into
cold water and 12 M HCI was added to adjust the pH to 3-4.
The mixture was neutralized with saturated NaHCO; and
extracted with dichloromethane (3 x 50 mL). The organic layer
was washed with water (5 x 100 mL), dried over anhydrous
Na,S0,, filtered and concentrated. The crude product was puri-
fied by column chromatography (100% acetone) to give emodin-
PA-3 as a violet solid (72 mg, 96%). "H NMR (600 MHz, DMSO-dg,
297 K): 5 = 15.98 (1H, HO-C1), 7.53 (1H, H5), 2.38 (3H, H;C-C6),
6.88 (1H, H7), 13.17 ppm (1H, HO-C8), 12.09 (1H, HN-C4), 4.27
(2H, CH,-NH-C4), 3.27 (2H, CH,~CH,-NH-C4), 2.76 [6H, (CH3),~
N]. *C NMR (151 MHz, DMSO-ds, 297 K): § = 164.6 (C1), 100.3
(C2), 170.8 (C3), 147.4 (C4), 106.7 (C4a), 180.1 (C10), 135.2 (C10a),
117.9 (C5), 143.5 (C6), 22.1 (H;C-C6), 120.3 (C7), 160.9 (C8), 119.9
(C8a), 174.0 (C9), 101.9 ppm (C9a), 40.5 (CH,-NH-C4), 59.2
(CH,-CH,-NH-C4), 43.9 [(CH;),N]. HMBC correlations were
detected between HO-C1 (15.98 ppm) and C2 (100.3 ppm) on the
one hand and C3 (170.8 ppm) and C9 (174.0 ppm) and C9a
(101.9 ppm) on the other hand; CH,-NH-C4 (4.27 ppm) and C4
(147.4 ppm); H5 (7.53 ppm) and C10 (180.1 ppm); HO-C8
(13.17 ppm) and C6 (143.5 ppm). DCI-CH,-MS: m/z (relative
abundance) = 435.06 (100), 436.06 (43), 437.06 (98), 438.06 (20),
439.07 (3) [M + H]. Elemental analysis caled (%) for
C1oH;9BrN,05:0.5H,0:0.2 CH,Cl,-0.1C¢H,;, (apparent MW =
469.68): C 50.63, H 4.64, N 5.96, found: C 50.64, H 4.40, N 6.01.
Purity 97%.

Emodin-PA-4. A solution of 2-bromoemodin (15 mg,
0.035 mmol, 1.0 equiv.) in N,N-dimethyldipropylenetriamine

This journal is © The Royal Society of Chemistry 2023
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(2.3 mL, 10.51 mmol, 300.0 equiv.) was stirred overnight at
room temperature. The resulting solution was poured into
cold water and 12 M HCI was added to adjust the pH to 3-4.
The mixture was neutralized with saturated NaHCO; and
extracted with dichloromethane (3 x 30 mL). The organic layer
was washed with water (5 x 90 mL), dried over anhydrous
Na,SO,, filtered and concentrated. The crude product was crys-
tallized from a mixture of dichloromethane/cyclohexane to
give emodin-PA-4 as a violet solid (19.5 mg, 90%). 'H NMR
(600 MHz, DMSO-de, 298 K): § = 16.11 (1H, HO-C1), 7.53 (1H,
H5), 2.39 (3H, H;C-C6), 6.87 (1H, H7), 13.18 ppm (1H, HO-
C8), 12.30 (1H, HN-C4), 4.14 (2H, CH,-NH-C4), 1.95 (2H,
CH,~CH,-NH-C4), 2.99 [2H, CH,~(CH,),-NH-C4], 2.94 [2H,
CH,-NH-(CH,);-NH-C4], 1.73 [2H, CH,~CH,-NH-(CH,);-NH~-
C4], 2.39 [2H, CH,~(CH,),-NH—(CH,);-NH-C4], 2.19 [6H,
(CH3),-N]. >C NMR (151 MHz, DMSO-dg, 298 K): § = 165.0
(C1), 100.4 (C2), 170.8 (C3), 148.2 (C4), 106.1 (C4a), 179.3
(C10), 135.4 (C10a), 117.8 (C5), 143.3 (C6), 22.1 (H;C-C6),
119.9 (C7), 160.7 (C8), 115.9 (C8a), 173.4 (C9), 101.9 ppm
(C9a), 42.0 (CH,-NH-C4), 28.5 (CH,~CH,~-NH-C4), 45.1 [CH,~
(CH,),-NH-C4], 46.3 [CH,~-NH-(CH,);-NH-C4], 23.7 [CH,~
CH,-NH-(CH,);-NH-C4], 56.6 [CH,~(CH,),~NH-(CH,);-NH-
C4], 45.2 [(CH3),~N]. NH-(CH,);-NH-C4 was not detected.
HMBC correlations were detected between HO-C1 (16.11 ppm)
and C2 (100.4 ppm) on the one hand and C9a (101.9 ppm) on
the other hand; NH-C4 (12.30 ppm) and C3 (170.8 ppm); CH,—
NH-C4 (4.14 ppm) and C4 (148.2 ppm); H5 (7.53 ppm) and
C10 (179.3 ppm). ESI'-HRMS: m/z (relative abundance) =
506.1291 (100), 507.1243 (25), 508.1273 (98), 509.1307 (25) [M
+ H]". Elemental analysis caled (%) for
C,3H,gBrN;05-1.1H,0-0.3C¢H;, (apparent MW = 551.46): C
54.02, H 6.18, N 7.62, found: C 50.09, H 6.14, N 7.57. Purity
97%.

Emodin-PA-5. A solution of 1,3,8-triacetylemodin (40 mg,
0.10 mmol, 1.0 equiv.) in N,N-dimethylethylenediamine
(3.3 mL, 30.3 mmol, 300.0 equiv.) was stirred overnight at
room temperature. The resulting solution was poured into
cold water and 12 M HCI was added to adjust the pH to 3-4.
The mixture was neutralized with saturated NaHCO; and
extracted with ethyl acetate (3 x 30 mL). The organic layer was
washed with water (5 x 90 mL), dried over anhydrous Na,SO,,
filtered and concentrated. The crude product was crystallized
from a mixture of dichloromethane/cyclohexane to give
emodin-PA-5 as a violet solid (35 mg, 97%). 'H NMR
(600 MHz, DMSO-dg, 297 K): 6 = 14.92 (1H, HO-C1), 5.50 (1H,
H2), 7.50 (1H, H5), 2.37 (3H, H3;C-C6), 6.80 (1H, H7),
13.66 ppm (1H, HO-C8), 12.31 (1H, HN-C4), 4.20 (2H, CH,~-NH~-
C4), 2.82 (2H, CH,-CH,-NH-C4), 2.46 [6H, (CH;),-N]. °C NMR
(151 MHz, DMSO-dg, 297 K): § = 160.8 (C1), 105.3 (C2), 168.4 (C3),
149.1 (C4), 179.2 (C10), 135.3 (C10a), 117.8 (C5), 142.4 (C6), 22.1
(H,C-C6), 119.9 (C7), 160.9 (C8), 116.6 (C8a), 176.7 (C9),
100.4 ppm (C9a), 42.4 (CH,-NH-C4), 60.1 (CH,~CH,-NH-C4),
451 [(CH;3),~N]. C4a was not detected. HMBC correlations
detected between H2 (5.50 ppm) and C3 (168.4 ppm) on the one
hand and C4 (149.1 ppm) and C9a (100.4 ppm) on the other
hand; H5 (7.50 ppm) and C10 (179.2 ppm); HO-C8 (13.66 ppm)
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and C8a (116.6 ppm). ESI'-MS: m/z (relative abundance) = 357.1
(100), 358.1 (22) [M + H]". Elemental analysis caled (%) for
C19H,0N,05-2.0H,0-0.1CH,Cl, (apparent MW = 400.82): C 58.73,
H 6.43, N 6.99, found: C 58.87, H 5.70, N 6.72. Purity 97%.

Emodin-PA-6. A solution of 1,3,8-triacetylemodin (85 mg,
0.22 mmol, 1.0 equiv.) in N,N-dimethyldipropylenetriamine
(11.4 mL, 64.40 mmol, 300.0 equiv.) was stirred overnight at
room temperature. The resulting solution was poured into
cold water and 12 M HCI was added to adjust the pH to 3-4.
The mixture was neutralized with saturated NaHCO; and
extracted with dichloromethane (3 x 50 mL). The organic layer
was washed with water (5 x 100 mL), dried over anhydrous
Na,SO0,, filtered and concentrated. The crude product was crys-
tallized from a mixture of dichloromethane/hexane to give
emodin-PA-6 as a violet solid (77 mg, 85%). 'H NMR
(600 MHz, DMSO-d, 298 K): § = 14.87 (1H, HO-C1), 5.56 (1H,
H2), 7.50 (1H, H5), 2.37 (3H, H,C-C6), 6.83 (1H, H7),
13.57 ppm (1H, HO-C8), 12.25 (1H, HN-C4), 4.15 (2H, CH,~
NH-C4), 1.93 (2H, CH,-CH,-NH-C4), 3.00 (2H, CH,~(CH,),-
NH-C4), 2.94 [2H, CH,~-NH-(CH,);-NH-C4], 1.73 [2H, CH,~
CH,-NH-(CH,);-NH-C4], 2.39 [2H, CH,~(CH,),-NH~(CH,);~
NH-C4], 2.20 [6H, (CH;),-N]. "*C NMR (151 MHz, DMSO-ds,
298 K): § = 168.3 (C1), 105.9 (C2), 176.5 (C3), 149.6 (C4), 107.64
(C4a), 179.5 (C10), 119.8 (C10a), 117.6 (C5), 142.9 (C6), 22.1
(H;C-C6), 119.6 (C7), 160.9 (C8), 116.4 (C8a), 173.7 (C9),
100.6 ppm (C9a), 41.3 (CH,~NH-C4), 28.4 (CH,~CH,-NH-C4),
44.7 [CH,~(CH,),-NH-C4], 45.9 [CH,-NH-(CH,);-NH-C4],
23.6 [CH,~CH,-NH-(CH,);-NH-C4], 56.4 [CH,~(CH,),-NH-
(CH,);-NH-C4], 45.0 [(CH;),-N]. NH-(CH,);-NH-C4 was not
detected. HMBC correlations detected between HO-C1
(14.87 ppm) and C9 (173.7 ppm); NH-C4 (12.25 ppm) and C3
(176.5 ppm) on the one hand and C4a (107.6 ppm) on the
other hand; H5 (7.50 ppm) and C10 (179.5 ppm). ESI'-MS: m/z
(relative abundance) = 428.2 (100), 429.2 (26), 430.2.0 (5) [M +
H]". Elemental analysis caled (%) for
C,3H,9N305-4.0H,0-0.3C¢H;, (apparent MW = 524.81): C
56.76, H 7.80, N 8.01, found: C 56.71, H 7.07, N 8.01. Purity
97%.

Syntheses of emoxyzine derivatives

Emodin-link-1.  3-(2-Bromoethoxy)-1,8-dihydroxy-6-methyl-
anthracene-9,10-dione. To a solution of 1,2-dibromoethane
(0.59 ml, 6.66 mmol, 1.5 equiv.) and K,CO; (1.1 g, 7.96 mmol,
1.8 equiv.) in DMF (10 mL) was added dropwise a suspension
of emodin (1.2 g, 4.44 mmol, 1.0 equiv.) in DMF (55 mL) at
room temperature. The reaction mixture was heated up to
60 °C for 6 h. After that, it was cooled at RT, diluted with
water, and extracted with ethyl acetate. The organic layer was
washed with water until DMF was removed, dried over anhy-
drous Na,SO,, filtered and concentrated. The crude residue
was purified by column chromatography (dichloromethane/
hexane, v/v, 1/4) to obtain emodin-link-1 as a yellow solid
(593 mg, 36%). "H NMR (300 MHz, CDCl;): 6 = 12.31 and 12.10
(2 x s, 2 x 1H, C1-OH and C8-OH), 6.72 (d, “Js13; = 2.7 Hz, 1H,
H2), 7.40 (d, YJuw = 2.7 Hz, 1H, H4), 7.11 (q, u_cu, = 1.2 Hz,
1H, H5), 2.45 ppm (t, 3H, H;C-C6, YJou 1 = 1.2 Hz), 7.66 (q,
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Yi-cu, = 1.2 Hz, 1H, H7), 4.45 (t, *Jun = 6.3 Hz, 2H, O-CH,),
3.71 (t, *Juy = 6.3 Hz, 2H, CH,Br).

Emodin-link-5. To a solution of dimethylamine hydro-
chloride (17 mg, 0.21 mmol, 1.2 equiv.) in DMF (2 mL), tri-
ethylamine (96 pL, 0.69 mmol, 4.0 equiv.) was added and the
reaction mixture was stirred at room temperature for 30 min. A
solution of emodin-linker-1 (65 mg, 0.17 mmol, 1.0 equiv.) in
DMF (2 mL) was then added. The reaction mixture was stirred
overnight at 80 °C. The resulting mixture was poured into ethyl
acetate (150 mL) and washed with water (5 x 125 mL). The
organic layer was dried over anhydrous Na,SO,, filtered and
concentrated. The crude residue was purified by column
chromatography (dichloromethane/methanol, v/v, 40/1) to
yield emodin-link-5 as a free base. The product was dissolved
in dichloromethane (4 mL) and then HCI (2.0 M in diethyl
ether, 2.6 mL, 30 equiv.) was added dropwise over 15 min in
an ice bath. The mixture was stirred at room temperature for
30 min. The resulting precipitate was filtered to provide
emodin-link-5 as a yellow solid (13 mg, 20%). '"H NMR
(600 MHz, DMSO-d, 298 K): 6 = 12.21 (1H, HO-C1), 6.98 (1H,
H2), 4.55 (2H, CH,~0-C3), 3.56 (2H, CH,~CH,-0-C3), 10.08
[1H, HN'(CHj),], 2.86 [HN'(CHs),], 7.29 (1H, H4), 7.55 (1H,
H5), 2.44 (3H, H;C-C6), 7.23 (1H, H7), 11.97 (1H, HO-C8). *C
NMR (151 MHz, DMSO-dg, 298 K): § = 164.9 (C1), 107.9 (C2),
164.7 (C3), 63.6 (CH,-0-C3), 55.5 (CH,-CH,-O-C3), 43.2
(HN'(CH,),), 108.8 (C4), 135.4 (C4a,), 121.2 (C5), 149.2 (C6),
22.0 (CH;-C6), 124.8 (C7), 162.0 (C8), 114.0 (C8a), 190.5 (C9),
110.8 (C9a), 181.8 (C10), 133.3 (C10a). HMBC correlations were
detected between HO-C1 (12.21) and C2 (107.9 ppm) and C9a
(110.8 ppm); H2 (6.98 ppm) and C3 (164.7 ppm); H4
(7.29 ppm) and C3 (164.7 ppm); H5 (7.56 ppm) and C10
(181.8 ppm); H7 (7.24 ppm) and C8 (162.0); HO-C8
(11.97 ppm) and C7 (124.8 ppm) and C8a (114.0 ppm). ESI'-
MS: m/z (relative intensity) = 342.1 (100), 343.1 (22), 344.1 (3)
[M + H]. Elemental analysis caled (%) for
C10H;oNO5-1.0HCI-0.4H,0 (apparent MW = 385.03): C 59.27, H
5.45, N 3.64, found: C 59.25, H 5.86, N 3.57, purity 98%.

(R)-Emoxyzine-1. A solution of (R)-1-((4-chlorophenyl)
(phenyl)methyl)piperazine [(R)-norchlorcyclizine, 93 mg,
0.32 mmol, 1.0 equiv.] in DMF (2 mL) was added dropwise to a
mixture of emodin-link-1 (150 mg, 0.40 mmol, 1.2 equiv.) and
triethylamine (165 pL, 1.20 mmol, 3.6 equiv.) in DMF (4 mL).
The reaction mixture was stirred at 80 °C overnight. The result-
ing mixture was poured into ethyl acetate (150 mL), washed
with water (5 x 125 mL), and concentrated to under vacuum to
a volume of 10-15 mL. HCI (2.0 M in diethyl ether, 9.6 ml,
9.60 mmol, 30 equiv.) was added dropwise over 15 min in an
ice bath. The mixture was stirred at room temperature for
30 min and concentrated under reduce pressure until its
volume was ca. 20 mL. The obtained suspension was centri-
fuged. The precipitate was washed with cold ethyl acetate (2 x
20 mL) and dried under vacuum to provide (R)-emoxyzine-1 as
a yellow solid (213 mg, 93%). "H NMR (600 MHz, pyridine-ds,
298 K): § = 12.48 (1H, HO-C1), 7.02 (1H, H2), 7.54 (1H, H4),
7.67 (1H, H5), 2.22 (3H, H;C-C6), 7.12 (1H, H7), 12.30 (1H,
HO-C8), 4.67 (2H, CH,-0-C3), 3.36 (2H, CH,~CH,-0-C3), 3.16
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(4H, -N-CH,-CH,~Npiperazin)y 2.78 (4H, -N-CH,~CH,~
Npiperazin)y 4.35 (1H, piperazin-CH), 7.50 (2H, o-Ph), 7.33 (2H,
m-Ph), 7.23 (1H, p-Ph), 7.46 (2H, o-PhCl), 7.32 ppm (2H,
m-PhCl). *C NMR (151 MHz, pyridine-ds, 298 K): § = 165.3
(C1), 107.4 (C2), 165.3 (C3), 108.7 (C4), 135.0 (C4a,), 121.1 (C5),
148.6 (C6), 21.6 (CH;-C6), 124.5 (C7), 162.5 (C8), 113.9 (C8a),
190.7 (C9), 110.7 (C9a), 181.5 (C10), 133.4 (C10a), 65.8 (CH,-
0-C3), 56.0 (CH,~CH,-0-C3), 53.2 (-N-CH,~CH,~Npiperazin)s
50.3 (-N-CH,-CH,~Npiperazin), 74.8 (piperazin-CH), 142.2
(Cipso~Ph), 128.0 (0-Ph), 129.0 (m-Ph), 127.6 (p-Ph), 141.6
(Cipso~PhCl), 129.5 (0-PhCl), 129.0 (m-PhCl), 132.6 ppm
(p-PhCl). HMBC correlations were detected between H2
(7.02 ppm) and C9 (190.7 ppm); H4 (7.54 ppm) and C9
(190.7 ppm); H4 and C10 (181.5 ppm); H5 (7.67 ppm) and C6-
CH; (21.6 ppm); H5 and C9 (190.7 ppm); H5 and C10
(181.5 ppm); C6-CHj; (2.22 ppm) and C10a (133.4 ppm); H7
(7.12 ppm) and C9 (190.7 ppm); H7 and C6-CH; (21.6 ppm);
C3-0-CH, (4.67 ppm) and C3 (165.3 ppm); C3-O-CH,-CH,
(3.36 ppm) and N-CH,-CH,Npiperazin (53.2 ppm); piperazin-
CH (4.29 ppm) and N-CH,-CH,~Npiperazin (50.3 ppm). ESI™-MS:
mj/z (relative intensity) = 583.3 (100), 584.2 (38), 585.2 (40),
586.2 (14), 587.2 (3) [M + H]'. Elemental analysis caled (%) for
C34H;,CIN,05-2.0HCI-1.1H,0 (apparent MW = 675.81): C
60.43, H 5.25, N 4.15, found: C 60.41, H 5.43, N 4.16. Purity >
98%.

(R,S)-Emoxyzine-1 was prepared exactly in the same way as
(R)-emoxyzine-1, but using the racemate (R,S)-norchlorcyclizine
as the starting material. The yield was 99%. NMR analysis pro-
vided the same result as for (R)-emoxyzine-1 within experi-
mental error (<0.04 ppm in "H). ESI'-MS: m/z (relative inten-
sity) = 583.3 (100), 584.2 (38), 585.2 (40), 586.2 (14), 587.2 (3)
[M + H]". Elemental analysis caled (%) for
C34H3,CIN,05-2.0HCI-4.3H,0 (apparent MW = 742.27): C
55.68, H 5.72, N 3.82, found: C 55.56, H 4.97, N 3.83. Purity >
98%.

Emodin-link-2. 3-(2-(2-Bromoethoxy)ethoxy)-1,8-dihydroxy-6-
methylanthracene-9,10-dione. A solution of emodin (1.0 g,
3.70 mmol, 1.0 equiv.) in DMF (45 mL) was added dropwise at
room temperature to a solution of bis(2-bromoethyl)ether
(0.7 ml, 5.56 mmol, 1.5 equiv.) and K,CO; (1.1 g, 7.79 mmol,
1.5 equiv.) in DMF (10 mL). The reaction mixture was heated at
60 °C for 6 h. It was then cooled to RT, diluted with water and
extracted three times with ethyl acetate. The combined organic
layer was washed with water until complete DMF removal,
dried over anhydrous Na,SO,, filtered and concentrated. The
crude residue was purified by column chromatography
(CH,Cl,/hexane, 1/2, v/v) to provide emodin-link-2 as a yellow
solid (542 mg, 35%). "H NMR (300 MHz, CDCl,): & = 12.45 and
12.30 (2 x s, 2 x 1H, C8-OH and C1-OH), 6.74 (d, *Juy = 2.4
Hz, 1H, H2), 7.42 (d, *Jun = 2.4 Hz, 1H, H4), 7.11 (q, Yucn, =
0.9 Hz, 1H, H5), 2.47 ppm (t, 3H, H;C6), 7.66 (q, Ju-cnu, = 0.9
Hz, 1H, H7), 4.30 (m, 2H, C3-O-CH,), 3.95 (m, 2H, C3-O-
CH,-CH,-0), 3.92 (t, *Jyy = 6.3 Hz, 2H, O-CH,~CH,-Br), 3.53
(t, *Jun = 6.3 Hz, 2H, CH,~Br).

(R)-Emoxyzine-2. A solution of (R)-norchlorcyclizine (91 mg,
0.32 mmol, 1.0 equiv.) in DMF (2 mL) was added dropwise to a
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mixture of emodin-link-2 (160 mg, 0.38 mmol, 1.2 equiv.) and
triethylamine (160 pL, 1.14 mmol, 3.6 equiv.) in DMF (4 mL).
The reaction mixture was stirred overnight at 80 °C. The result-
ing mixture was poured into ethyl acetate (150 mL) and
washed with water (5 x 125 mL) and was concentrated to a
volume of 10-15 mL. Hydrochloric acid (1.25 M in methanol,
7.6 mL, 9.53 mmol, 30 equiv.) was then added dropwise over
15 min in an ice bath. The mixture was stirred at room temp-
erature for 30 min and concentrated under reduced pressure.
The resulting suspension was centrifuged, and the precipitate
was washed with cold ethyl acetate (2 x 20 mL) to afford (R)-
emoxyzine-2 as a yellow solid (214 mg, 96%). '"H NMR
(600 MHz, pyridine-ds, 298 K): § = 12.45 (1H, HO-C1), 7.00
(1H, H2), 7.54 (1H, H4), 7.69 (1H, H5), 2.23 (3H, H,C-C6), 7.13
(1H, H7), 12.30 (1H, HO-C8), 4.32 (2H, C3-0O-CH,), 3.85 (2H,
C3-0-CH,—CH,), 4.22 (2H, C3-O-CH,-CH,-0-CH,), 3.36 (2H,
CH,~Npiperazin)y 3:31-3.39 (4H, N-CH,~CH,~Npiperazin)y 2.87
(4H, N-CH,~CHy~Npiperazin), 4.29 (1H, piperazin-CH), 7.42 (2H,
0-Ph), 7.29 (2H, m-Ph), 7.19 (1H, p-Ph), 7.38 (2H, o-PhCl),
7.28 ppm (2H, m-PhCl). *C NMR (151 MHz, pyridine-ds,
298 K): 6 = 165.3 (C1), 107.5 (C2), 165.9 (C3), 108.6 (C4), 135.0
(C4a), 121.1 (C5), 148.7 (C6), 21.6 (CH;-C6), 124.5 (C7), 162.5
(C8), 113.9 (C8a), 190.7 (C9), 110.6 (C9a), 181.5 (C10), 133.4
(C10a), 68.4 (C3-O-CH,), 69.1 (C3-O-CH,-CH,), 66.5 (C3-O-
CH,~CH,-O-CH,), 56.3 (CHyNpiperazin), 52.9 (N-CH,~CHp—
Npiperazin)y, 49.0 (N-CH,~CH,~Npiperazin)y 74.4 (piperazin-CH),
142.1 (ipso-Ph), 127.8 (0-Ph), 129.0 (m-Ph), 127.6 (p-Ph), 141.3
(ipso-PhCl), 129.3 (0-PhCl), 129.0 (m-PhCl), 132.6 ppm
(p-PhCl). HMBC correlations were detected between H4
(7.54 ppm) and C10 (181.5 ppm); H5 (7.69 ppm) and C9
(190.7 ppm); H5 and C10 (181.5 ppm); H7 (7.13 ppm) and C8
(162.5 ppm); H7 and C9 (190.7 ppm); H7 and C10a
(133.4 ppm); C3-O-CH, (4.32 ppm) and C3 (165.9 ppm); and
piperazin-CH (429 ppm) and N-CH,-CH,~Npiperazin
(49.0 ppm). NOESY correlations were detected between C3-O-
CH, (4.32 ppm) and C2 (107.5 ppm) and C3-O-CH, and C4
(108.6 ppm). ESI'-MS: m/z (relative intensity) = 627.2 (100),
628.2 (40), 629.2 (39), 630.2 (16), 631.2 (2) [M + H]". Elemental
analysis caled (%) for C;6H;35CIN,O6-2.0HCI-3.1H,0 (apparent
MW = 755.90): C 57.20, H 5.76, N 3.71, found: C 57.10, H 5.28,
N 3.67. Purity > 98%. HPLC (Chiralpack IJ): 11.2 min (100%).

(R,S)-Emoxyzine-2 was prepared exactly in the same way as
(R)-emoxyzine-2, but using the racemate (R,S)-norchlorcyclizine
as the starting material. The yield was 91%. NMR analysis pro-
vided the same result as for (R)-emoxyzine-2 within experi-
mental error (<0.02 ppm in 'H). ESI"-MS: m/z (relative inten-
sity) = 583.3 (100), 584.2 (38), 585.2 (40), 586.2 (14), 587.2 (3)
[M + H]. Elemental analysis caled (%) for
C34H;3,CIN,05-2.0HCI1-4.3H,0 (apparent MW = 742.27): C
55.68, H 5. 72, N 3.82, found: C 55.56, H 4.97, N 3.83. Purity >
98%. HPLC (Chiralpack IJ): 9.6 min (S enantiomer, 50%),
11.1 min (R enantiomer, 50%).

Emodin-link-3.  3-(2-(2-(2-Bromoethoxy)ethoxy)ethoxy)-1,8-
dihydroxy-6-methylanthracene-9,10-dione. To a solution of 1,2-
bis(2-bromoethoxy)ethane (234 pL, 1.42 mmol, 1.2 equiv.) and
K,CO; (245 mg, 1.78 mmol, 1.5 equiv.) in DMF (2 mL), a sus-
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pension of emodin (320 mg, 1.18 mmol, 1.0 equiv.) in DMF
(7 mL) at room temperature was added dropwise. The reaction
mixture was heated up to 60 °C for 5 h. After that, it was
extracted with ethyl acetate. The combined organic layer was
washed with water until DMF was removed, dried over anhy-
drous Na,SO,, filtered and concentrated. The crude residue
was purified by column chromatography (dichloromethane/
hexane, 4/1, v/v) to provide emodin-link-3 as a yellow solid
(150 mg, 27%). 'H NMR (400 MHz, CDCl3): & = 12.32 (s, 1H),
12.14 (s, 1H), 7.66 (s, 1H), 7.42 (d, J = 2.8 Hz, 1H), 7.11 (s, 1H),
6.73 (d, J = 2.8 Hz, 1H), 4.30 (t, J = 4.8 Hz, 2H), 3.94 (t, ] = 4.8
Hz, 2H), 3.85 (t, J = 6.4 Hz, 2H), 3.77 (m, 2H), 3.73 (m, 2H),
3.50 (t,J = 6.4 Hz, 2H), 2.47 ppm (s, 3H).

(R)-Emoxyzine-3. To a mixture of emodin-link-3 (116 mg,
0.25 mmol, 1.2 equiv.) and triethylamine (104 pL, 0.75 mmol,
3.6 equiv.) in DMF (4 mL), a solution of (R)-norchlorcyclizine
(61 mg, 0.21 mmol, 1.0 equiv.) in DMF (2 mL) was added drop-
wise. The reaction mixture was stirred at 80 °C overnight. The
resulting mixture was poured into ethyl acetate (150 mL) and
washed with water (5 x 125 mL) and was concentrated to the
volume of 10-15 ml; then HCI (2 M in diethyl ether, 3.19 ml,
6.38 mmol, 30 equiv.) was added dropwise over 15 min in an
ice bath. The mixture reaction was stirred at room temperature
for 30 min and the suspension was centrifuged and the pre-
cipitate was washed with ethyl acetate (2 x 20 mL) and dried to
provide a yellow solid (156 mg, 98%). "H NMR (600 MHz, pyri-
dine-ds, 298 K): 6 = 12.48 (1H, HO-C1), 6.97 (1H, H2), 7.51 (1H,
H4), 7.68 (1H, H5), 2.21 (3H, H;C-C6), 7.11 (1H, H7), 12.32
(1H, HO-C8), 4.28 (2H, CH,-0-C3), 3.86 (2H, CH,~CH,~0-C3),
3.71 (2H, CH,-O-CH,-CH,-O-C3), 3.64 (2H, CH,-CH,-O-
CH,-CH,-0-C3), 4.14 (2H, CH,-O-CH,-CH,-O-CH,~CH,-O-
C3), 3.29 (2H, CH,-CH,-O-CH,~CH,-O-CH,-CH,-0-C3),
3.20-3.40 (4H, -N-CH,-CH,-Npiperazin), 2.86 (4H, -N-CH,-
CH,~Npiperazin), 4.28 (1H, piperazin-CH), 7.40 (2H, o-Ph), 7.28
(2H, m-Ph), 7.19 (1H, p-Ph), 7.36 (2H, 0-PhCl), 7.26 ppm (2H,
m-PhCl). *C NMR (151 MHz, pyridine-ds, 298 K): § = 165.3
(C1), 107.3 (C2), 166.0 (C3), 108.8 (C4), 135.6 (C4a,), 121.1 (C5),
148.6 (C6), 21.5 (CH;-C6), 124.5 (C7), 162.5 (C8), 113.9 (C8a),
190.7 (C9), 110.4 (C9a), 181.6 (C10), 133.4 (C10a), 68.8 (CH,-
0-C3), 69.1 (CH,~CH,-0-C3), 70.4 (CH,~O-CH,-CH,-0-C3),
70.2 (CH,-CH,-O-CH,-CH,-0-C3), 66.2 (CH,-O-CH,~CH,-
O-CH,-CH,-0-C3), 56.4 (CH,~CH,-O-CH,-CH,-O-CH,-CH,-
0-C3), 52.9 (-N-CH,~CH,~Npiperazin), 48.9 (-N-CH,~CH,-
Npiperazin), 74.4 (piperazin-CH), 142.0 (Cjys,—Ph), 127.8 (0-Ph),
129.0 (m-Ph), 127.6 (p-Ph), 141.3 (Cjps,~PhCl), 129.3 (0-PhCl),
129.0 (m-PhCl), 132.7 ppm (p-PhCl). HMBC correlations were
detected between H4 (7.51 ppm) and C3 (166.0 ppm) and C10
(181.6 ppm) and C4a (135.6 ppm); CH3;-C6 (2.21 ppm) and
C10a (133.4 ppm); H7 (7.11 ppm) and C8 (162.5 ppm) and C9
(190.7 ppm); CH,-O-C3 (4.28 ppm) and C3 (166.0 ppm); CH,-
O-CH,-CH,-O-C3 (3.71 ppm) and CH,-CH,-O-C3
(69.1 ppm); CH,-CH,-O-CH,—-CH,-0-C3 (3.64 ppm) and CH,-
O-CH,-CH,-O-CH,-CH,-0-C3 (66.2 ppm); piperazin-CH
(4.28 ppm) and -N-CH,-CH,~N—piperazin (48.9 ppm); m-Ph
(7.40 ppm) and piperazin-CH (74.4 ppm); m-PhCl (7.36 ppm)
and piperazin-CH (74.4 ppm). NOESY correlations were
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detected between CH,-O-C3 (4.28 ppm) and C2 (107.3 ppm)
and C4 (108.8 ppm). ESI'-MS: m/z (relative abundance) = 671.3
(100), 672.3 (43), 673.3 (43), 674.3 (18), 675.3 (5) [M + H]".
Elemental analysis caled (%) for C3gH39CIN,0,-2.0HC1-0.6H,0
(apparent MW = 754.91): C 60.46, H 5. 36, N 3.71, found: C
60.51, H 6.00, N 3.84. Purity > 98%.

(R)-Emoxyzine-7. To a mixture of 1-bromo-2-chlorethane
(145 pL, 1.74 mmol, 1.0 equiv.) and triethylamine (291 pL,
2.09 mmol, 1.2 equiv.) in DMF (8 mL) (R)-norchlorcyclizine
was added (500 mg, 1.74 mmol, 1.0 equiv.). The mixture was
stirred at 80 °C for 6 h with TLC monitoring. After the com-
pletion of the reaction, 1-Boc-piperazine (1.6 g, 8.56 mmol, 5.0
equiv.) and triethylamine (484 pL, 3.48 mmol, 2 equiv.) were
added, and the reaction mixture was stirred overnight at
100 °C. It was then poured into water (75 mL) and extracted
with ethyl acetate (3 x 75 mL). The organic phase was washed
with water (4 x 75 mL) and evaporated under reduced pressure.
A mixture of conc. HCI (37%)/water/methanol (10 mL/10 mL/
20 mL) was added to the crude product. The mixture was
heated at 60 °C for 1.5 h, water was added (50 mL) and the
mixture was washed with dichloromethane (2 x 50 mL). The
aqueous phase was recovered and its pH was adjusted to 10-11
with 6 M aqueous NaOH, and it was extracted with dichloro-
methane (2 x 75 mL). The organic phase was evaporated to get
the crude intermediate (R)-norchlorcyclizine-link-1 (235 mg).
To this intermediate used without further purification
(235 mg), DMF (7 mL), triethylamine (203 pL, 1.46 mmol, 0.85
equiv.) and emodin-link-1 (110 mg, 0.29 mmol, 0.17 equiv.)
were added. The mixture was heated at 80 °C overnight. The
reaction mixture was then poured into ethyl acetate (150 mL)
and washed with water (5 x 50 mL). The organic layer was con-
centrated and purified by column chromatography (dichloro-
methane/methanol/NH; 2 M in methanol, 500/10/1.5, v/v/v) to
obtain the emoxyzine-7 free base as a yellow oil (81 mg, 41%).
This free base (81 mg, 0.12 mmol) was dissolved in dichloro-
methane (5 mL) and HCl (2 M in diethyl ether, 3.5 mL,
7.0 mmol) was added dropwise over 15 min in an ice bath. The
mixture was stirred at room temperature for 30 min and con-
centrated under reduced pressure, the solution was then
added into dichloromethane (20 mL), and the resulting sus-
pension was centrifuged. The precipitate was washed with di-
chloromethane (2 x 20 mL) to give a yellow solid (83 mg, 85%).
'H NMR (600 MHz, DMSO-ds, 378 K): 6 = 12.11 (1H, HO-C1),
6.94 (1H, H2), 7.31 (1H, H4), 7.58 (1H, H5), 2.47 (3H, H;C-C6),
7.21 (1H, H7), 11.88 ppm (1H, HO-C8), 4.64 (2H, CH,-0O-C3),
3.48 (2H, CH,-CH,-0-C3), 3.35 (4H, -N-CH,~CH,~N—jinker
piperazin)y 3.05 (4H7 _N_CHZ_CHZ_N_Iinker piperazin); 3.05 (ZH;
Niinker piperazin_CHZ_CHZ_Npiperazin)7 3.27 (ZHy Niinker piperazin™
CH,~CH,~Npiperazin)y 3-35 (4H, N-CH,~CH,~Npiperazin), 3.84
(4H, -N-CH,-CH,Npiperazin)y 4.80 (1H, piperazin-CH), 7.54
(2H, 0-Ph), 7.36 (2H, m-Ph), 7.27 (1H, p-Ph), 7.56 (2H, 0-PhCl),
7.39 ppm (2H, m-PhCl). >C NMR (151 MHz, DMSO-d, 378 K):
5 = 164.8 (C1), 108.2 (C2), 165.1 (C3), 108.6 (C4), 135.7 (C4a),
121.1 (C5), 149.2 (C6), 22.0 (CH3-C6), 124.7 (C7), 162.2 (C8),
114.3 (C8a), 190.6 (C9), 111.1 (C9a), 181.7 (C10), 133.6 (C10a),
64.6 (CH,~0O-C3), 54.9 (CH,~CH,-0-C3), 51.5 (broad, -N-CH,~
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CHZ_N_linker piperazin)y ~49.7 (broad; _N_CHZ_CHZ_Nlinker
piperazin); ~51.2 (broad1 N]inker piperazin_CHZ_CHz_Npiperazin)7
52.0 (Nlinker piperazin_CHZ_CHZ_Npiperazin)7 51.5 (_N_CHZ_CHZ_
Npiperazin), 48.4 (-N-CH,~CH,~Npinerazin), 73.3 (piperazin-CH),
~140.0 (broad, Cjg-Ph), 128.2 (0-Ph), 120.2 (m-Ph), 128.3
(p-Ph), ~140.0 (broad, Cj,s-PhCl), 130.1 (0-PhCl), 129.1
(m-PhCl), 132.6 ppm (p-PhCl). HMBC correlations were
detected between HO-C1 (12.11 ppm) and C2 (108.2 ppm);
CH,-0-C3 (4.64 ppm) and C3 (165.1 ppm); H4 (7.31 ppm) and
C9a (111.1 ppm) and C10 (181.7 ppm); H5 (7.58 ppm) and C10
(181.7 ppm) and C9 (190.6 ppm) and C8a (114.3 ppm), CH;-C6
(2.47 ppm) and C7 (7.21 ppm); H7 (7.21 ppm) and C8
(162.2 ppm) and C9 (190.6 ppm). NOESY correlations were
detected between CH,-O-C3 (4.64 ppm) and -N-CH,-CH,-
Niinker piperazin (51.5 ppm); piperazin-CH (4.80 ppm) and -N-
CH,-CH,~Npiperazin (48.4 ppm) and o-Ph (128.2 ppm) and
0-PhCl (130.1 ppm); -N-CH,-CH,Npiperazin (3.84 ppm) and
0-Ph (128.2 ppm) and o0-PhCl (130.1 ppm). ESI'-MS: m/z (rela-
tive abundance) = 695.30 (100), 696.30 (44), 697.30 (42), 698.30
(17), 699.30 (3) [M + H]'. Elemental analysis caled (%) for
C,40H43CIN,O5-4.0HCI-1.5H,0-0.2C3H,NO  (apparent MW =
882.73): C 55.24, H 5.87, N 6.66, found: C 55.19, H 5.86, N
6.85. Purity > 98%.

Stability of the chiral center of (R)-norchlorcyclyzine

To a solution of (R)-norchlorcyclizine (60 mg, 0.21 mmol, 1.0
equiv.) in dry DMF (2 mL), triethylamine was added (64 mg,
0.63 mmol, 3.0 equiv.). The reaction mixture was stirred at
80 °C overnight under argon. Deuteroxide was then added and
the mixture was stirred for 30 min at room temperature. The
resulting solution was poured into ethyl acetate (60 mL). The
organic layer was washed with water (5 x 30 mL), dried over
Na,S0,, filtered, and concentrated under reduced pressure.
The crude product was obtained as a colorless oil (59 mg) and
analyzed by '"H NMR in CDCl;. 'H NMR analysis of the
product was the same as that of the starting (R)-norchlorcycli-
zine, with the benzylic proton detected at 4.21 ppm (1H) (ESI,

$31).

Anti-SARS-CoV-2 assays

Antiviral assays were carried out according to ref. 26. Briefly,
one day prior to infection, 5 x 10* VeroE6 TMPRSS2 cells per
well were seeded in 100 puL assay medium (containing 2.5%
FCS) in 96 well culture plates. The next day, eight 2-fold serial
dilutions of compounds (from 0.39 pM to 50 uM in triplicate
were added to the cells (25 pL per well, in assay medium). Four
virus control wells were supplemented with 25 pL of assay
medium. After 15 min, 25 pL of a virus mix diluted in medium
was added. The amount of virus working stock used was cali-
brated prior to the assay, based on a replication kinetics, so
that the viral replication was still in the exponential growth
phase for the readout. On each culture plate, a control com-
pound (Remdesivir, BLD pharm) was added in duplicate with
eight 2-fold serial dilutions (0.08 pM to 10 pM). Plates were
incubated for 2 days at 37 °C prior to quantification of the
viral genome by real-time RT-PCR. To do so, 100 pL of viral

This journal is © The Royal Society of Chemistry 2023
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supernatant was collected in S-Block (Qiagen) previously
loaded with VXL lysis buffer containing proteinase K and RNA
carrier. RNA extraction was performed using the Qiacube HT
automat and the QIAamp 96 DNA kit HT following manufac-
turer instructions. Viral RNA was quantified by real-time RT-
gPCR (GoTaq 1-step gRT-PCR, Promega) using 3.8 upL of
extracted RNA and 6.2 pL of RT-qPCR mix and standard fast
cycling parameters, i.e., 10 min at 50 °C, 2 min at 95 °C, and
40 amplification cycles (95 °C for 3 s followed by 30 s at 60 °C).
Quantification was provided by four 2 log serial dilutions of an
appropriate T7-generated synthetic RNA standard of known
quantities (10* to 10® copies per reaction). RT-qPCR reactions
were performed on QuantStudio 12K Flex Real-Time PCR
System (Applied Biosystems) and analyzed using QuantStudio
12K Flex Applied Biosystems software v1.2.3. Primers and
probe sequences, which target SARS-CoV-2 N gene, were: Fw:
GGCCGCAAATTGCACAAT; rev: CCAATGCGCGACATTCC; probe:
FAM-CCCCCAGCGCTTCAGCGTTCT-BHQ1. For the evaluation
of the 50% cytotoxic concentrations (CCsp), the same culture
conditions as for the determination of the ECs;, were used,
without addition of the virus, and cell viability was measured
using CellTiter Blue® (Promega) following manufacturer’s
instructions. The 50% effective and cytotoxic concentrations
ECso and CCs, were determined using logarithmic interp-
olation as previously described.*® All data obtained were ana-
lyzed using GraphPad Prism 9 software (Graphpad software).

Antimalarial and cytotoxicity assays

Antimalarial proliferative assay (ICs, evaluation) and cyto-
toxicity assay (CCs, evaluation) were performed as previously
described.’” Briefly, for each experiment, extemporaneous
solutions of compounds were prepared in DMSO. The antima-
larial activity of compounds was evaluated on the F32-ART
artemisinin-resistant strain of P. falciparum. Parasites were
treated with doses of compounds ranging from 50 nM to
50 uM (with 0.5 vol% of final DMSO concentration) and their
viability, related with DNA degradation, was measured using
the SYBR Green fluorescence-based method after 48 h of incu-
bation at 37 °C. The molecule concentration able to inhibit the
parasite growth by 50% (ICs, value) was determined from the
dose-inhibition curves drawn with GraphPad Prism software.
All assays were performed in triplicate in 2 to 4 independent
experiments. The cytotoxicity of the hybrid molecules was eval-
uated on regular Vero cells using the MTT method to quantify
cell metabolic activity [MTT = 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide]. Vero cells were firstly plated
for 24 h, then exposed for 48 h at 37 °C to compounds with
doses tested in duplicate from 5 nM to 50 uM, with 0.5 vol% of
final DMSO concentration. Cytotoxicity assays were carried out
in one or two independent experiments. The CCs, values were
determined in the same way as for the antimalarial experi-
ments [cell growth inhibition = f(log compound concen-
tration)]. For antimalarial and cytotoxicity assays, atovaquone
was introduced as the comparative reference drug, and the
selectivity index (SI) was calculated from the cytotoxicity/anti-
malarial activity ratio.

This journal is © The Royal Society of Chemistry 2023
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