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Benzylation of isopulegol furnished O-benzyl-protected isopulegol, which was transformed into
aminodiols via epoxidation followed by ring opening of the corresponding epoxides and subsequent
hydrogenolysis. On the other hand, (—)-isopulegol was oxidised to a diol, which was then converted into
dibenzyl-protected diol derivatives. The products were then transformed into aminotriols by using
a similar method. The antiproliferative activity of aminodiol and aminotriol derivatives was examined. In
addition, structure—activity relationships were also explored from the aspects of substituent effects and
stereochemistry on the aminodiol and aminotriol systems. The drug-likeness of the compounds was
assessed by in silico and experimental physicochemical characterisations, completed by kinetic aqueous
solubility and in vitro intestinal-specific parallel artificial membrane permeability assay (PAMPA-GI)
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1 Introduction

Optically active aminodiols are of interest for the chiral pool
and as partial structures of biologically active compounds.'™
For example, their motif is found in the backbone of many
bioactive molecules®® including pactamycin (antitumor),*®
myriocin (antibiotic),’* the proteasome inhibitor TMC-95A*
and imino sugars,”® many of which are potent glycosidase
inhibitors, just as miglustat and miglitol, which are in clinical
development. In addition, the aminodiol subunit is present in
several aza-sugars, polyhydroxylated indolizidine and pyrrolizi-
dine alkaloids, many of which have interesting biological
properties.****

Furthermore, 2-amino-1,3-diol derivatives are common
structural motifs present in nature. Relevant members of this
family are sphingoid bases,'® sphinganines and clavaminol
derivatives,”*® which play important roles in physiological
processes. In particular, sphingolipids,'*** components of the
cell membrane in living organisms, have been reported to be
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involved in cell recognition and signal transduction,”** and
they show antitumor,”?** immune-modulatory*® and immuno-
suppressive activities.>**”

Besides pharmacological interests, aromatic and aliphatic
aminodiols bearing a 1,2- or a 1,3-aminoalcohol moiety have
proven to be useful building blocks materials in the stereo-
selective synthesis of compounds with pharmacological
interest.>*°

Besides their synthetic importance, aminodiols can also be
applied as chiral ligands and auxiliaries in enantioselective
transformation.*** In this regard, the asymmetric addition of
organometallic reagents to aldehydes has become a highly
investigated model reaction, applying chiral promoters such as
1,2- or 1,3-difunctionalised ligands.**>¢

Several chemical methods exist to produce 3-amino-1,2-
diols, starting from chiral pool materials such as serine®*°
and glucose.” These include Sharpless asymmetric dihydrox-
ylation with subsequent regioselective azide substitution,**>
nucleophilic attack of a,B-epoxy carboxylic esters with azide
followed by azide and ester reduction,*® nonenzymatic one-pot
synthesis of a,o’-dihydroxyketones via a mimetic of the trans-
ketolase reaction* and two-step stereoselective biocatalytic
synthesis using a transketolase (TK) and a transaminase
(TAm).** However, the most popular approaches to these motifs
often employ the chiral pools utilising the stereospecific (e.g.
Sharpless) epoxidation**>> followed by C-3 regioselective ring-
opening of 2,3-epoxy alcohols with amines.>**® In the last
decade, a metal- and solvent-free protocol, * involving C-3
selective ring-opening of 2,3-epoxy alcohols with amines cata-
lysed by W-salts,”® B-cyclodextrin,*® MgCl,,”* or the tungsten/
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bis(hydroxamic acid) system” as well as a two-step combined
epoxidation/ring-opening methodology” shown to
generate virtually enantiopure functionalised 3-amino-1,2-
diols. The ring-opening of chiral epoxy alcohols with
nucleophiles™® provides direct access to versatile chiral
building blocks for the synthesis of natural products and
synthetic analogues with promising biological activities,***
such as cardiovascular,®® antibacterial®®®” and sedative effects.%®

were

As a continuation of our research in structural modification
of (—)-isopulegol for the development of anticancer agents,* we
herein report the preparation of a new library of isopulegol-
based chiral aminodiols and, as an extension, aminotriols via
asymmetric epoxidation and aminolysis, starting from
commercially available natural (—)-isopulegol. We have also
carried out a preliminary study investigating the effect of
stereochemistry and substitution level of the amine and
hydroxyl functions on the antiproliferative activity on multiple
human cancer cell lines. In addition to exploring the pharma-
cological effect, the medicinal properties of novel (—)-isopulegol
derivatives have also been examined using in silico medchem-
related parameters and early-stage in vitro screening assays on
a panel of human cancer cells.

2 Results and discussion

2.1. Chemistry

Benzylation of isopulegol 1 produced O-benzyl isopulegol 2a,
which was subjected to epoxidation with m-CPBA to provide
a 1:1 diastereomeric mixture of epoxides 3a and 3b in good
yields. After chromatographic separation, ring opening of
epoxide 3a with different primary amines in the presence of
LiClO, as catalyst delivered O-benzyl derivatives 6a-13a in
moderate to good yields. LiClO, shows enhanced reactivity for
the ring-opening of epoxides through the coordination of Li*
with the epoxide oxygen, rendering the epoxide more suscep-
tible to nucleophilic attack by amines and, therefore, dramati-
cally reducing reaction times and improving yields.?® Although
ClO,™ can serve as an oxidative reagent, there is no oxidation
under the applied condition. In addition to amines, the azole-
mediated ring-opening of 3a with a variety of azoles was also
performed. In a similar fashion, the oxirane ring could only be
opened in the presence of K,CO; owing to the lower reactivity of
N-containing heterocycles. A possible reaction pathway through
K,CO;-promoted azole nucleophilicity and subsequent nucleo-
philic addition to epoxide 3a afforded derivatives 14a and 15a.”*
Debenzylation of 6a by hydrogenolysis over Pd/C in MeOH
resulted in primary aminodiol 28a in moderate yields. The other
epoxide 3b underwent similar reactions. Interestingly, the
oxirane ring-opening with azoles was successfully achieved,
while aminolysis with primary amines did not take place under
the applied conditions. This is probably due to steric hindrance
exerted by both the benzyl and the methyl group at the « posi-
tion in epoxide 3b.*” The azole-based aminoalcohol adducts 14b
and 15b were obtained with moderate yields (Scheme 1).

The literature revealed that various substituents of the
benzyl group resulted in a significantly increased anticancer
activity.” Therefore, benzylations were performed by utilising p-
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6a: R=H,R'=Benzyl 16a: R=F, R' =Benzyl

7a: R =H, R" = p-Fluorobenzyl 17a: R=F, R’ = p-Fluorobenzyl
8a: R =H, R' = m-Fluorobenzyl 18a: R=F, R' = p-Methoxybenzyl
9a: R =H, R = o-Fluorobenzyl 19a: R=F, R’ = 1-Naphthylmethyl
10a: R =H, R = p-Methoxybenzyl 20a-b:R=F, R' = Imidazole

11a: R =H, R! = m-Methoxybenzyl 21a-b:R=F,  R'=Benzimidazole
12a: R =H, R = o-Methoxybenzyl 22a: R =0OCH;, R' = Benzyl

13a: R =H, R = 1-Naphthylmethyl 23a: R =OCHj, R = p-Fluorobenzyl
14a-b: R = H, R" = Imidazole 24a: R =0CHs, R' = p-Methoxybenzyl
15a-b: R = H, R! = Benzimidazole 25a; R =O0CHa, R = 1-Naphthylmethyl

26a-b: R = OCHj, R" = Imidazole
27a-b: R = OCHj3, R' = Benzimidazole

Scheme 1 Isopulegol-based chiral aminodiol derivatives. Reagents
and conditions: (i) NaH (1.0 eq.), substituted BnBr (1.5 eq.), Kl (1.0 eq.),
dry THF, 60 °C, 12 h, 70-88%; (ii) m-CPBA (2 eq.), Na,HPO4-12H,0 (3
eq.), CH,Cly, 25 °C, 2 h, 25-47%; (i) R'"NH, (2 eq.), LiClO4 (1 eq.),
CH=CN, 70-80 °C, 20 h, 55-92%; (iv) imidazole or benzimidazole (3
eq.), K2COs (5 eq.), dry DMF, 70-80 °C, 96 h, 25-71%; (v) 5% Pd/C, Hx (1
atm), CHsOH, 25 °C, 24 h, 67-87%.

fluoro- and p-methoxybenzyl bromides as reagents. Benzyl-
protected isopulegol 2b and 2¢ were formed in good yields. In
the same manner, 2b and 2c¢ afforded aminodiol derivatives 16-
21 and 22-27 by the method described in Scheme 1. Aminodiols
16a and 22a were then transformed into primary aminodiol 28a
by hydrogenolysis over Pd/C. It has been reported that ami-
nolysis and subsequent debenzylation gave the corresponding
aminodiol with the same stereochemical configuration at the
carbon atoms as that of the original moiety.”> The stereo-
chemical structures of aminodiol 28a is well-known in the
literature,®* therefore, the absolute configuration of epoxide 3a-
5a could also be determined (Scheme 1).

Since the presence of the di-O-benzyl group could improve
lipophilic properties leading to enhanced antiproliferative
activity, derivative 30a was synthesised.” However, the
synthesis of 30a starting from 2a failed. Fortunately, we realised
that it could be achieved starting from 29, prepared from 1 by
a three-step sequence including acetylation with Ac,O/pyridine,
followed by oxidation using SeO,/t-BuOOH (TBHP) as oxidant
and subsequent reduction with LiAlH,.°> Diol 29 smoothly
transformed into di-O-benzyl derivative 30a with an acceptable
yield. Epoxidation of 30a with m-CPBA produced a 1 : 1 mixture
of epoxides 31a and 31b. After purification, ring opening of
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oxirane 31a was accomplished with different primary amines as
well as azoles resulting in a library of aminoalcohols 34a-41a
and azole-based products 42a and 43a, respectively. Following
this procedure, diastereoisomeric aminotriols 34b-41b and
42b-43b were prepared by ring opening of 31b with primary
amines and azoles. Primary aminotriols 56a and 56b was ob-
tained by debenzylation of the corresponding aminotriols 34a
and 34b by hydrogenation in the presence of a Pd/C catalyst
under standard conditions (Scheme 2).

In order to study the effects of substituents of the benzyl
group on antiproliferative properties, substituted di-O-benzyl
derivatives with either electron-withdrawing or electron-
donating substituents were obtained. When diol 29 were
treated with either p-fluorobenzyl bromide or p-methoxybenzyl
bromide in the presence of a catalytic amount of KI under reflux
condition, product 30b formed rapidly (24 h) in good yield,
whereas longer reaction time (72 h) was required in the case of
30c. The probable reason is steric hindrance exerted by the p-
methoxybenzyl group of 30c at the « position, which prevents
the approach to the other hydroxyl group of the cyclohexyl ring.
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34a-b: R=H, R" = Benzyl 44a-b:R=F, R = Benzyl

35a-b: R = H, R = p-Fluorobenzyl 45a-b: R =F, R' = p-Fluorobenzyl
36a-b: R = H, R! = m-Fluorobenzyl 46a-b:R=F, R' = p-Methoxybenzyl
37a-b: R = H, R = o-Fluorobenzyl 47a-b:R=F, R = 1-Naphthylmethy!
38a-b: R = H, R" = p-Methoxybenzyl 48a-b:R=F,  R'=Imidazole

39a-b: R = H, R" = m-Methoxybenzyl 49a-b:R=F,  R'=Benzimidazole

50a-b: R = OCHs, R' = Benzyl

51a-b: R = OCHs, R" = p-Fluorobenzy!
52a-b: R = OCH3, R' = p-Methoxybenzyl
53a-b: R = OCHj, R' = 1-Naphthylmethyl
54a-b: R = OCH,, R' = Imidazole
55a-b: R = OCHj, R" = Benzimidazole

40a-b: R = H, R" = o-Methoxybenzy!
#1a-b: R = H, R" = 1-Naphthylmethy!
42a-b: R = H, R = Imidazole
43a-b: R = H, R" = Benzimidazole

Scheme 2 Isopulegol-based chiral aminotriol derivatives. Reagents
and conditions: (i) (a) (CHzCO),0O (2 eq.), dry pyridine (1 eq.), 25 °C,
24 h, 95%, (b) SeO, (0.24 eq.), 70% t-BuOOH (4 eq.), CHCls, 60 °C,
20 h, (c) LiAlH,4 (3 eq.), dry (CHsCH,),0, 0 °C, 6 h, 60%; (ii) NaH (1.0 eq.),
substituted BnBr (1.5 eq.), KI (1.0 eq.), dry THF, 60 °C, 24-72 h, 60—
887%; (iii) m-CPBA (2 eq.), Na,HPO4-12H,0 (3 eq.), CH,Cl,, 25 °C, 2 h,
28-48%; (iv) RINH, (2 eq.), LIClO4 (1 eq.), CHsCN, 70-80 °C, 8 h, 60—
92%; (v) imidazole or benzimidazole (3 eq.), K;COs (5 eq.), dry DMF,
70-80 °C, 48 h, 45-84%; (vi) 5% Pd/C, H, (1 atm), CH3zOH, 25 °C, 24 h,
75-93%.
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Di-O-benzyl derivatives 30b-c were transformed into amino-
alcohols 44-49 and 50-55 in the same manner described in
Scheme 2. Debenzylation via hydrogenolysis of compounds 44a,
50a as well as 44b, 50b over Pd/C resulted in primary aminotriol
56a and 56b in good yields, respectively. Since neither ami-
nolysis of oxiranes 31a-b, 32a-b and 33a-b in alkaline condi-
tion nor the hydrogenolysis of N-benzyl analogues 33a-b, 44a-
b and 50a-b had any effect on the absolute configuration, the
relative configuration of the chiral centers of 56a-b is known to
be the same as that of epoxides 31a-b, 32a-b and 33a-b.*> The
stereochemical structure of aminotriols 56a-b is well-known in
the literature,” therefore, the absolute configuration of di-O-
benzyl oxiranes 31a-b, 32a-b and 33a-b could also be deter-
mined (Scheme 2).

2.2. Antiproliferative activity

The in vitro antiproliferative activities of the synthesised ami-
nodiols and aminotriols against a panel of different human
cancer cell lines, including cervical (HeLa), breast (MCF7 and
MDA-MB-231) and ovary (A2780) cancers, were assayed by the
MTT method. Cisplatin, a clinically applied anticancer agent,
was used as a positive control, and the results are summarised
in Fig. 1 and Table S1 in the ESL

Our results indicated that compounds 10a and 11a were found
to be inhibiting MCF-7 cell proliferation in a selective manner
with ICs, values of 1.93 and 1.95 pM, respectively. In particular,
N-benzyl-substituted di-O-benzyl derivatives exhibited remark-
able antiproliferation of all tested cancer cell lines. Compounds
34a-b, 35a-b, 36a-b, 37a-b, 38a-b, 39a-b and 40a-b containing
secondary amino function were the most active antiproliferative
agents among the tested derivatives, while imidazole- or
benzimidazole-derived congeners (42a-b, 43a-b) were ineffective.
In the analysis of each individual cell line, HeLa cells were shown
to be potently inhibited by compounds 34b, 37a, 38a-b and 40a
with ICs, values in the range of 2.0-2.3 uM, in comparison with
the positive control (cisplatin IC5, = 12.43 pM). Furthermore,
compounds 34a, 37a, 38a-b and 40a-b could effectively inhibit
MCF7 cells, with ICs, values around 2.0 pM, compared with
cisplatin (IC5, = 5.78 uM). MDA-MB-231 cells were strongly
inhibited by compounds 40a and 40b with ICs, values of 2.4 and
2.0 uM, respectively, in comparison with cisplatin (IC5, = 3.74
uM). Moreover, A2780 cells were highly susceptible to
compounds 38a, 40a and 40b with ICs, values of 2.5, 2.2 and 2.0
uM, respectively, compared with cisplatin (ICs, = 1.3 uM).

2.3. In silico physicochemical characterisation and in vitro
results

The characterisation for pre-screening of the novel isopulegol
derivatives was primarily performed by mapping the in silico
physicochemical properties and in vitro early ADME parameters
that determine the drug-likeness (Table 1). Based on the over-
view of the in silico data, it can be seen that the starting struc-
tural element in O-benzyl isopulegol derivatives (2a-c) already
carries an increased lipophilicity, which is one of the funda-
mental problems of medicinal chemists, that is, a unique
approach to the lead optimisation process of the chemical space

© 2024 The Author(s). Published by the Royal Society of Chemistry
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46a
46b
52a
52b

cisplatin*

Cancer cell growth inhibition: 20% or less
Cancer cell growth inhibition: 100%

—

Fig. 1 Antiproliferative activities of the O,N-functionalised (—)-iso-
pulegol analogues against cancer cells. *: data from reference.®®

beyond the classical Lipinski rule of five (bRo5).>” However, it is
worth noting that in natural product-based drug research pro-
grammes it is not unusual to exploit the bRo5 space.?® This, in
our case, becomes particularly pronounced with N-benzyl O-
benzyl aminodiol (6a-30c) and di-O-benzyl aminotriol (34a-
52b) derivatives. The relationship between elevated lipophilicity
and early ADME data can also be influenced by the basicity of
the secondary amine moiety formed in the novel aminodiol-
aminotriol derivatives, which can be identified on the basis of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the pK, pase values and log P — log D, , differences. In our case,
the unique behaviour of the bRo5-coupled physicochemical
space is well reflected in the comparison of in silico parameters
and in vitro characteristics. Regarding the lipophilicity values
for neutral and ionic forms and the pK, values describing the
basic nature, no correlation can be drawn based on the kinetic
aqueous solubility (kin.sol.) measured in a buffered system
(PBS, pH 7.4) or the apparent permeability values (P,) obtained
in the phosphatidylcholine:cholesterol-based artificial lipid
system (PAMPA, pHgonor/acceptor 7-4), Which could be clearly
interpreted. Thus, in contrast to weak kin.sol. and P, values,
identified in the case of derivatives with favourable physico-
chemical parameters (e.g. 6a, 7a, 14a-b), several representatives
of bRo5 also provided medium-high in vitro early ADME
parameters (e.g. 8a, 15a-b, 39a-b). In the latter case, the N-
benzyl di-O-benzyl derivative group 44a-52b should be
mentioned as highlighted examples, where, in addition to the
violation of the classic Ro5 (M,, and log P),*® the Veber's rule'®
(number of rotatable bond: nRot <10 for good drug absorption)
is also infringed, despite the fact that the kin.sol. and P, values
of these compounds are particularly high among all tested
isopulegol derivatives.

Regarding the increased lipophilicity and general bRo5 nature
of the tested isopulegol derivatives, it is also necessary to inves-
tigate separately their promiscuity risk and selectivity for indi-
vidual cancer cell lines. In accordance, the compounds with an
ICs, value less than 10 uM were evaluated and classified sepa-
rately, according to their lipophilicity efficiency (LipE), which
guides drug research programmes towards drug candidates that
provide excellent in vivo efficacy and safety.* As can be seen in
Table 2, the 4-level classification system for both ICs, and LipE
values proved to be sufficiently strict to identify selective and
promiscuous isopulegol derivatives. Thus, it is particularly
important to highlight compounds of our study that selectively
provided a LipE value that was emphasised as a decreased (LipE
>0.0) or moderate (—0.5 < LipE = 0.0) promiscuity risk. These
criteria are met by two compounds of high potency (10a, 11a) and
one of low potency (15a) with high MCF-7 selectivity, which were
identified as primary in vivo preclinical candidates. Compounds
12a and 15b showing HeLa and MCF-7 selectivity and compounds
36b and 39a-b, indicating MCF-7 and A2780 selectivity, were
identified as secondary candidates with narrower selectivity and
less favourable LipE values. Considering that several of the iso-
pulegol derivatives showing selectivity also contain a methox-
ybenzyl moiety (10a, 11a, 39a), among the non-selective
compounds with a high promiscuity risk, partial MCF-7 selectivity
and sub-micromolar effect (IC5, < 1 uM), compounds 45a and 46a
can be used for more detailed investigation as follow-up lead
candidates. With a similar consideration, the partial selectivity of
molecule 50b for the A2780 cell line can be highlighted as an
alternative candidate for further preclinical investigations.

2.4. Structure-activity relationship

The SARs of these novel derivatives were analysed and summar-
ised. Compounds 34a-b containing an N-benzyl-substituted
aminoalcohol moiety showed enhanced antiproliferative activity

RSC Adv, 2024, 14,18508-18518 | 18511
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Table 1 Summary and classification for predicted physicochemical parameters and experimental early ADME data of isopulegol derivatives

In silico parameters"’b In vitro early ADMEdata’
Cem oLk c Kinetic aqueous PAMPA 6
My PKapase | logP/logDs 4 nRot solubility(uM) permeablht\ﬁPal x10
cms )
2a 244 — 5.2/5.2 4 1.14+0.01 ND*
2b 262 - 5.3/5.3 4 90+4.8 50.7+4.7
2c 274 — 5.2/5.2 5 24742.8 26.1+5.4
6a 368 8.62 55/4.1 8 3.31+0.01 ND*
7a 386 8.58 5.3/4.0 8 2.510.1 ND*
8a 386 8.26 53/4.3 8 31.841.0 9.84+1.2
9a 386 7.92 53/4.6 8 1.4+0.02 ND*
10a 398 9.01 5.4/3.7 9 25.741.0 20.6+1.4
11a 398 8.52 5.4/4.2 9 82+2.2 1.840.5
12a 398 8.57 54/4.1 9 270421 49.2+4.0
13a 418 8.28 6.3/5.3 8 2.11+0.1 ND*
14a 328 6.93 39/3.7 6 4.1+0.7 ND*
14b 328 6.93 39/3.7 6 3.710.7 ND*
15a 379 5.42 5.1/5.1 6 38.7+2.0 39.3+4.2
15b 379 5.42 5.1/5.1 6 34.611.1 26.314.6
30a 350 — 6.4/6.4 8 40.81+5.0 ND*
30b 386 — 6.7/6.7 8 17.61+0.6 ND*
30c 411 — 6.1/6.1 10 31.5+1.3 ND*
34a 474 8.16 6.8/5.8 12 2.840.2 ND*
34b 474 8.16 6.8/5.8 12 8.0+1.0 ND*
35a 492 8.12 6.8/5.9 12 1.140.1 ND*
35b 492 8.12 6.8/5.9 12 1.440.1 ND*
36a 492 7.79 6.8/6.2 12 20.94+1.7 ND*
36b 492 7.79 6.8/6.2 12 31.841.8 ND*
37a 492 7.46 6.8/6.4 12 2.61+0.2 ND*
37b 492 7.46 6.8/6.4 12 0.6+0.1 ND*
38a 504 8.55 6.6 /5.3 13 3.210.1 ND*
38b 504 8.55 6.6 /5.3 13 6.1+0.3 ND*
39a 504 8.06 6.6/5.8 13 40.9+1.7 7.510.3
39 504 8.06 6.6 /5.8 13 68.417.7 24.5+6.5

“ All in silico parameters were calculated by ACD/Labs Percepta: release 2023.1.1 (Build 3666, accessed on 4 Jul 2023, https://www.acdlabs.com/
products/percepta-platform/). ? Classification system for in silico parameters: orange and red coloring indicates moderate and high violations of
drug-likeness using Lipinski's® and Veber's'® rules. ° nRot - number of rotatable bonds. ¢ Classification for experimental data: red - poor:
kin.sol. =10 puM, P,: *ND (non-detectable compound at the acceptor site) — practically non-permeable; orange - moderate: 10 uM < kin.sol. =< 50
uM or P, (-107° em s~ ') =< 10; light green - high: 50 uM < kin.sol. = 100 uM or 10 < P, (-10"° em s~ ') =< 30; green - increased: kin.sol. >100
UM or P, (-10-6 cm s ') >30.
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Table 1 (contd.)
In silico parameters"’b In vitro early ADMEdata’
el ¢ Kinetic aqueous PA_MPA 6
My PKapase | logP/logD74 nRot solubility(uM) permeabmtﬂpa1 %10
cms )
40a 504 8.11 6.6 /5.7 13 6.510.3 ND*
40b 504 8.11 6.6 /5.7 13 1.61+0.1 ND*
41a 524 7.82 7.9/7.2 12 1.04+0.03 ND*
41b 524 7.82 79/7.2 12 0.51+0.01 ND*
42a 435 6.77 5.7/5.6 10 7.71£0.7 ND*
42b 435 6.77 5.7/5.6 10 5.240.3 ND*
43a 485 5.26 6.9/6.9 10 2.210.01 ND*
43b 485 5.26 6.9/6.9 10 1.6+0.1 ND*
44a 510 8.13 6.7/5.7 12 16311.6 28.81+2.9
44b 510 8.13 6.7 /5.7 12 9742.8 23.242.7
45a 528 8.10 6.8/5.9 12 12244.5 33.313.0
45b 528 8.10 6.8/5.9 12 197423 22.740.8
46a 540 8.53 6.9/5.7 13 8840.9 29.51+3.6
46b 540 8.53 6.9 /5.7 13 172+3.4 27.41+1.6
50a 534 8.14 6.7/5.6 14 202+1.0 32.447.6
50b 534 8.14 6.7 /5.7 14 9240.9 34.0£4.0
51a 552 8.11 6.6 /5.8 14 259+1.3 19.71+1.6
51b 552 8.11 6.6 /5.8 14 12445.9 33.243.3
52a 564 8.53 6.3/5.0 15 1074+2.6 23.743.8
52b 564 8.53 6.3/5.0 15 11742.9 37.4143.5

compared with parent compound 30a. This observation further
confirms that the secondary amino scaffold seems to be needed
for the pronounced activity, since analogues without these
elements are considerably less effective. Introduction of substit-
uents with electron-donating effect (OCHj3) into the N-benzyl ring
could significantly improve the antiproliferative activity against
most of the tested cancer cell lines (compared 34a-b with 38a-b),
while compounds 35a-b with electron-withdrawing character (F)
at the N-benzyl ring showed slightly diminished antiproliferative
effect compared with 34a-b. This suggests that introduction of
electron-donating substituents into the N-benzyl ring is beneficial
and it improved in vitro antiproliferative activity. Compounds
39a-b, where the benzene ring has a methoxy group in the meta
position, was slightly better than analogues 40a-b with the
methoxy moiety at the ortho position. In contrast, switching the
position of the methoxy substituent from the ortho to the para
position (see compounds 38a-b) reduced the inhibitory effect
compared with 40a-b, implying that the order of the activity was
ranked as meta > ortho > para. Overall, electron-donating
substituents at the meta position in the N-benzyl ring enhance
activity. Replacement of the benzyl group (34a-b) by either
a naphthylmethyl (41a-b) or an imidazole substituent (42a-b)

© 2024 The Author(s). Published by the Royal Society of Chemistry

was detrimental for inhibitory activity against all tested cancer
cell lines. Modification of the imidazole moiety in 42a-b to
benzimidazole (compounds 43a-b) gave more potent but not
outstanding molecules. Furthermore, there is no substantial
difference in activity between 34a and 34b with different stereo-
chemistry of the hydroxyl group on the alkyl chain. This
demonstrates that the stereochemistry of the hydroxyl group in
the aminodiol and aminotriol function has no influence on the
antiproliferative effect. Introduction of the O-benzyl moiety with
fluoro or methoxy substituent in compounds 46a-b and 52a-b,
respectively, contributes to improve the antiproliferative effect
compared to compounds 38a-b, where R is hydrogen. However,
compounds 46a-b with a fluoro substituent in the para position
of the O-benzyl rings were more potent than compounds 52a-b,
where the O-benzyl ring is p-methoxy-substituted. Taken
together, these results demonstrate that the presence of electron-
withdrawing R substituents of the O-benzyl moiety is beneficial
and it improves in vitro antiproliferative activity. By contrast,
replacing benzyl moieties in both 44a-b and 50a-b by either p-
fluorobenzyl substituents (see 45a-b and 51a-b) or p-methox-
ybenzyl groups (see 45a-b and 51a-b) had no advantageous
effects.

RSC Adv, 2024, 14, 18508-18518 | 18513
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Compounds’ ICso(itM)?/Lipophilic efficiency (LipE = plCsp — logP)*

Hela MCF-7 MDA-MB-231 A2780
6a 2.8/0.09 2.3/0.18 3.4/0.01 2.6/0.12
7a
8a 5.2 /0.00 3.5/0.17 9.9/-0.28 9.3/-0.25
9a 6.5/ —0.09 8.6/-0.21
10a 4.3 /-0.03 1.9/0.32 5.7 /-0.15 7.3/-0.25
11a 6.3/-0.19 2.0/0.32 — —
12a 4.6/-0.05 4.2/-0.01 — 7.4/-0.26
13a 5.4 /-1.04 4.3 /-0.94
14a
14b
15a 7.0/0.02
15b 6.5/0.06 9.4 /-0.10
30a
30b
30c
34a 2.6 /-1.16 2.0/-1.05 4.0/-1.35 4.1/-1.36
34b 2.3/-1.11 3.7/-1.32 3.4/-1.28 3.3/-1.26
35a 7.2/-1.66 —
35b 2.5/-1.21 2.6/-1.22 3.8/-1.39 4.3/-1.44
36a 2.8/-1.25 1.1/-0.85 3.9/-1.40 1.4 / -0.96
36b 2.3/-1.18 0.74 / —0.68 4.2 /-1.43 0.91/-0.77
37a 2.4 /-1.19 1.8/-1.07 2.9/-1.28 3.0 /-1.29
37b 2.6 /-1.22 5.1/-1.52 6.0 /—-1.59 4.0/-1.41
38a 2.4 /-0.97 1.5/-0.78 3.2/-1.11 2.5 /-1.00
38b 2.4 [/ -0.98 2.1/-0.93 3.2/-1.10 3.8/-1.18
39a 1.6 / —0.80 0.68/-0.43 1.9 /-0.88 0.85/-0.53
39b 4.6 [ —-1.27 1.5/-0.77 - 1.4/-0.74
40a 2.1/ —0.91 1.8/-0.85 2.5/-0.99 2.2 /-0.94

40b 2.6/-1.02 1.6/-0.81 2.0/-0.90 2.0/-0.90
41a 2.6/-2.28 5.9/-2.64 3.6/-2.42 5.0 /—2.57
41b 2.5/-2.27 5.7 /-2.62 2.6 /-2.28 4.1/ -2.48
43a 6.9/-1.69 7.5/-1.72 - 5.3/-1.58
43b 4.0/-1.45 5.7 /—1.60 5.0 /-1.55 4.3 /-1.49
44a 1.3/-0.78 0.88 / —0.59 1.5/-0.81 2.2 /-1.00
44b 3.0/-1.12 0.96 / —0.63 2.7 /-1.08 2.1/-0.97
45a 2.9/-1.23 0.84 / —0.69 1.8 /-1.02 2.3/-1.12
45b 2.7/-1.20 0.91/-0.73 1.9/-1.05 1.4 /-0.92
46a 2.5/-1.33 0.90 /-0.89 1.9/-1.22 1.5/-1.12
46b 1.6/-1.14 0.90 /-0.89 1.8/-1.19 1.4 /-1.08
50a 3.7/-1.23 1.4/-0.83 2.2/-1.01 1.6 /—-0.88
50b 3.1/-1.16 1.5/-0.84 2.1/-1.00 0.93/-0.64
51a 2.8/-1.08 1.6 /-0.84 1.9/-0.91 1.5/-0.80
51b 3.6 /-1.19 1.3 /-0.75 3.2/-1.13 1.9/-0.91
52a 2.0/-0.57 1.4/-0.43 1.7 /—-0.50 1.3 /-0.40
52b 3.5/-0.83 1.6/-0.48 2.8/-0.73 1.5/-0.46

“ Levels of in vivo preclinical candidate: green - primary candidates, orange - secondary candidates, red - representants of non-selective
compounds. ® Classification for antiproliferative effectivity: grey - non-/poorly effective at 30 and 10 uM test concentration or ICs, > 10 pM; red
- low: 6 uM = IC5o = 10 pM; orange — moderate: 3 ptM = IC;5o < 6 uM; light green - high: 1 pM = 1C5, < 3 pM; green - very-high: IC5o < 1 uM.
¢ Classification for LipE/promiscuity risk: purple — extreme risk: LipE = —1.0, red - high risk: —1.0 < LipE = —0.5, orange — moderate risk: —0.5

< LipE = 0.0, light green - decreased risk: LipE > 0.0.

3 Experimental section

3.1. Chemistry

Commercially available solvents were used as obtained from
suppliers (Molar Chemicals Ltd, Halasztelek, Hungary; Merck

18514 | RSC Adv, 2024, 14, 18508-18518

Ltd, Budapest, Hungary and VWR International Ltd, Debrecen,
Hungary), while applied solvents were dried according to stan-
dard procedures. Optical rotations were measured in MeOH at

20 °C with a PerkinElmer 341 polarimeter (PerkinElmer Inc.,
Shelton, CT, USA). Chromatographic separations and monitoring

© 2024 The Author(s). Published by the Royal Society of Chemistry
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of reactions were carried out on Merck Kieselgel 60 (Merck Ltd,
Budapest, Hungary). Elemental analyses for all prepared
compounds were performed on a PerkinElmer 2400 Elemental
Analyzer (PerkinElmer Inc., Waltham, MA, USA). GC measure-
ments for direct separation of commercially available enantio-
mers of isopulegol to determine the enantiomeric purity of
starting material 1 and separation of O-acetyl derivatives of
enantiomers were performed on a Chirasil-DEX CB column (2500
x 0.25 mm L.D.) on a PerkinElmer Autosystem XL GC consisting
of a Flame Ionization Detector (PerkinElmer Corporation, Nor-
walk, CT, USA) and a Turbochrom Workstation data system
(PerkinElmer Corp., Norwalk, CT, USA). Melting points were
determined on a Kofler apparatus (Nagema, Dresden, Germany)
and are uncorrected. 'H- and *C JMOD NMR were recorded
on Brucker Avance DRX 500 spectrometer [500 MHz (*H) and
125 MHz (*°C), 6 = 0 (TMS)]. Chemical shifts are expressed
in ppm (6) relative to TMS as the internal reference. J values are
given by Hz.

(—)-Isopulegol 1 is available commercially from Merck Co
with ee = 95%. Diol 27 were prepared according to literature
procedures, and all spectroscopic data were similar to those
described therein.*>'*

The detailed experimental process, physical and chemical
characterisation and all spectroscopic data (‘H and *C NMR
together with HRMS) of new compounds can be found in the ESL{

3.2. Physicochemical characterisation

t-o-Phosphatidylcholine (PC), cholesterol, phosphate buffered
saline (PBS) powder and analytical grade solvents like DMSO,
acetonitrile (AcN), dodecane, hexane and chloroform were
purchased from Sigma Aldrich (Merck kGaA, Darmstadt, Ger-
many). Phosphate buffered saline (PBS, pH 7.4) solutions were
prepared by dissolving one bag of PBS powder in 1 L distilled
water (provided by a Millipore Milli-Q® 140 Gradient Water
Purification System). Donor buffer (pH 6.5) was made by mixing
0.01 M monosodium phosphate solution (0.01 M NaH,PO,,
0.0027 M KCl, 0.138 M NaCl) and 0.01 M disodium phosphate
solution (0.01 M Na,HPO,, 0.0027 M KCl, 0.138 M NaCl)ina 3:
1 ratio, and adjusting the pH with HCIL.

3.2.1. Determination of kinetic aqueous solubility. Stock
solutions were prepared from each compound in DMSO with the
concentration of 10 mM. On a 96-well plate (Greiner PP) 15 pL
stock solution was pipetted into 285 uL PBS (pH 7.4) to make
kinetic solubility samples with the target concentration of 500
uM. The plate was shaken for 2 hours at room temperature. After
that the samples were transferred to a filter plate (MSSLBPC,
Millipore, Merck KGaA, Darmstadt, Germany) and filtered by
a vacuum-manifold (MultiScreen®HTS, Millipore, Merck KGaA,
Darmstadt, Germany). Finally, the samples were diluted with AcN
to prevent any precipitation. The samples were transferred to an
UV-vis microplate (Greiner UV Star, Greiner Bio-One Hungary Kft,
Budapest, Hungary) and absorbance data were collected on
a wavelength range of 250-500 nm (1 nm stepsize) by a Multiskan
Sky UV-vis plate reader (ThermoFisher Scientific Inc., Waltham,
USA). Concentrations were calculated using a 3-point calibration
at Amax (absorbance maximum) for each compound.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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3.2.2. Determination of intestinal-specific permeability by
PAMPA. For the PAMPA assay, initial solutions were prepared
with a nominal concentration of 500 uM by mixing 15 pL stock
solution and 285 pL donor buffer (pH 6.5) together. Each well of
the acceptor plate (MSSACCEPTOR, resuable PTFE plate, Milli-
pore, Merck KGaA, Darmstadt, Germany) were filled with 300 pL
acceptor buffer containing 5% DMSO (the same amount as in the
donor phase). To prepare the artificial membrane, 16 mg v-o-
phosphatidylcholine and 8 mg cholesterol were dissolved in 600
uL solvent mixture (5 v/v% chloroform, 25 v/v% dodecane, 70 v/v%
hexane) aided by sonication at 0 °C (Bandelin Sonorex Digitec,
Bandelin electronic GmbH & Co. KG, Berlin, Germany). 5 uL lipid
solution was pipetted on each well of the donor plate (Multiscreen
IP Filter plate, 0.54 um, Millipore, Merck KGaA, Darmstadt, Ger-
many), then the plate was fitted into the prepared acceptor plate.
After that, 150 pLs of the initial solutions were transferred to the
wells of the donor plate. Finally, the plate sandwich was covered
with a wet tissue paper and a plate lid to avoid evaporation of the
solvent and incubated at 37 °C for 4 hours (Titramax1000, Hei-
dolph Instruments GmbH & Co. KG, Schwabach, Germany).
Finally, acceptor samples were transferred to an UV-vis microplate
(Greiner UV Star, Greiner Bio-One Hungary Kft, Budapest, Hun-
gary) and absorbance data were collected on a wavelength range of
250-500 nm (1 nm stepsize) by a Multiskan Sky UV-vis plate reader
(ThermoFisher Scientific Inc., Waltham, USA).

For calculating the apparent permeability based on absor-
bance data, the following equation was used, described by
Wohnsland and Faller.'”*

VD X VA

P= —
(VD+VA)XAXI

x In(1 —r) (1)

where P, is the apparent permeability coefficient (cm s™), Vp
and V, are the volumes in the donor (0.15 cm®) and acceptor
phase (0.30 cm?), A is the filter area (0.24 cm?), ¢ is the incu-
[Abs]Acceptor
[Abs]Equlibrium’
the absorbance (at Apay) of acceptor and equilibrium solutions.
Equilibrium solutions were prepared by mixing 50 pL initial
solution and 100 pL acceptor buffer together.

bation time (14 400 s) and r = where [Abs] is

3.3. Determination of antiproliferative effect

The growth-inhibitory effects of the presented heterocyclic
compounds were determined by a standard MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay on
a panel of human adherent cancer cell lines of gynecological
origin containing HeLa (cervical cancers), A2780 (ovarian cancer),
MCF7 and MDA-MB-231 (breast cancer) cells.* All cell lines were
purchased from the European Collection of Cell Cultures (Salis-
bury, UK). The cells were cultivated in minimal essential medium
(MEM) supplemented with fetal bovine serum (10%), non-
essential amino acids, and penicillin-streptomycin (1% each) at
37 °C in a humidified atmosphere containing 5% CO,. All media
and supplements were obtained from Lonza Group Ltd (Basel,
Switzerland). Cancer cells were plated into 96-well plates at 5000
cells per well density. After overnight incubation, the test
compound was added in two concentrations (10 uM and 30 uM)

RSC Adv, 2024, 14, 18508-18518 | 18515
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and incubated for 72 h under cell-culturing conditions. Then, MTT
solution (5 mg mL ™", 20 pL) was added to each well and incubated
for four hours. Finally, the medium was removed, and the
precipitated formazan was dissolved in DMSO during 60 min of
shaking at 37 °C. The absorbance was measured at 545 nm using
a microplate reader (SpectoStarNano, BMG Labtech, Ortenberg,
Germany). Two independent experiments were carried out with
five wells for each condition. In the case of the agents eliciting
more than 50% cancer cell growth inhibition at 10 uM the assays
were repeated with a broad range of concentration (0.1-30 pM) to
obtain their ICs, values. The clinically used anticancer agent
cisplatin (Ebewe GmbH, Unterach, Austria) was included as
a positive control. Calculations were performed using GraphPad
Prism 5.01 software (GraphPad Software Inc., San Diego, CA, USA).

4 Conclusions

A new library of isopulegol-based chiral aminodiols and ami-
notriols was developed from commercially available (—)-iso-
pulegol. Di-O-benzyl aminotriols have shown significant
antiproliferative effectiveness in all tested cancer cell lines.
Among these derivatives, N-benzyl-substituted di-O-benzyl
aminodiol derivatives exert outstanding antiproliferative prop-
erties with low, typically micromolar ICs, values.

Furthermore, in vitro studies have clearly shown that substi-
tution of the N-benzyl ring with electron-donating groups could
enhance antiproliferative activity, whereas the stereochemistry of
hydroxyl substituent in the aminodiol and aminotriol function
has no influence on the antiproliferative effect. Through SAR
study, we also found that electron-withdrawing substituents on
the O-benzyl moiety increase the in vitro antiproliferative potency.

The in vitro values demonstrated that compound 11a has the
potential to be developed into a clinically important therapeutic
choice for the treatment of breast cancer.
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