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A series of four indolo[2,3-elbenzazocines HL'=HL?* and two indolo[2,3-flbenzazonines HL® and HLS, as
well as their respective copper(i) complexes 1—6, were synthesized and characterized by *H and *C NMR
spectroscopy, ESI mass spectrometry, single crystal X-ray diffraction (SC-XRD) and combustion analysis
(C, H, N). SC-XRD studies of precursors Vd, Vla-0.5MeOH, of ligands HL* and HL®-DCM, and complexes
2-2DMF, 5-2DMF, 5'-PrOH-MeOH provided insights into the energetically favored conformations of eight-
and nine-membered heterocycles in the four-ring systems. In addition, proton dissociation constants
(pK,) of HLY, HL? and HL5, complexes 1, 2 and 5, overall stability constants (log §) of 1, 2 and 5 in 30% (v/v)
DMSO/H,0 at 298 K, as well as thermodynamic solubility of HL'=HL® and 1-6 in aqueous solution at pH
7.4 were determined by UV-vis spectroscopy. All compounds were tested for antiproliferative activity
against Colo320, Colo205 and MCF-7 cell lines and showed ICsq values in the low micromolar to sub-
micromolar concentration range, while some of them (HLY, HL® and HL®, 1, 2 and 6) showed remarkable
selectivity towards malignant cell lines. Ethidium bromide displacement studies provided evidence that
DNA is not the primary target for these drugs. Rather, inhibition of tubulin assembly is likely the underlying
mechanism responsible for their antiproliferative activity. Tubulin disassembly experiments showed that
HL! and 1 are effective microtubule destabilizing agents binding to the colchicine site. This was also
confirmed by molecular modelling investigations. To the best of our knowledge, complex 1 is the first
reported transition metal complex to effectively bind to the tubulin-colchicine pocket.

1 Introduction

Alkaloids, which are natural secondary metabolites found in
certain plants, animals and fungi, have attracted remarkable
attention in medicinal chemistry." Latonduines (structure A in
Chart 1) derived from alkaloids extracted from marine sponge
Stylissa carteri® and other multiring systems, such as indolo-
benzazepines, exhibit good antiproliferative activity.> All these
fused heterocycles contain the indole moiety, which is also
present in vinca alkaloids, and are potent inhibitors of tubulin
polymerization.* Strikingly, when this moiety is fused to
organic scaffolds, the resulting molecules have been found to
interfere with the mitotic spindle and thus inhibit cell prolifer-
ation, leading to apoptosis.’” Latonduines in their natural
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form are non-cytotoxic,” but increased cytotoxicity and high
affinity for microtubules occurred when the indole moiety was
condensed to the main latonduine core.*’ In contrast to laton-
duine derivatives and indolobenzazepines (see Chart 1, struc-
tures C and D), which have a bent structure, indoloquinolines
(see Chart 1, structure B) also contain the indole moiety and

This journal is © The Royal Society of Chemistry 2023


http://rsc.li/dalton
http://orcid.org/0000-0001-8736-3215
http://orcid.org/0000-0002-7425-3700
http://orcid.org/0000-0003-4174-9512
http://orcid.org/0000-0001-6533-3306
http://orcid.org/0000-0002-8058-8128
http://orcid.org/0000-0002-1895-6460
https://doi.org/10.1039/d3dt01632c
https://doi.org/10.1039/d3dt01632c
http://crossmark.crossref.org/dialog/?doi=10.1039/d3dt01632c&domain=pdf&date_stamp=2023-07-20
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3dt01632c
https://pubs.rsc.org/en/journals/journal/DT
https://pubs.rsc.org/en/journals/journal/DT?issueid=DT052029

Open Access Article. Published on 04 July 2023. Downloaded on 7/19/2025 9:13:03 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Dalton Transactions

View Article Online

Paper

NH,
7y (2 I ® ) v
R,/ NH

NH
| N ©O N
B,”o H H HO HO HO

R=H, CO,H
A B c

D E F

Chart 1 The frameworks of the naturally occurring latonduines (A) and of indolo[2,3-c]quinoline (B), indolo[3,2-d]benzazepine (paullone, C), indolo
[2,3-d]lbenzazepine (D), indolo[2,3-e]benzazocine (E) and indolo[2,3-f]lbenzazonine (F).

are flat heterocyclic systems.'®'" Apart from antimalarial pro-

perties, indoloquinolines were found to exhibit antibacterial,
antifungal, anti-inflammatory and anticancer effects.'*™"?
Indolobenzazepines, in contrast, have offered, so far, a far nar-
rower spectrum of activities, and, in particular, good cyto-
toxicity effects towards cancer cells. Their mode of action
seems to depend on the position of fusion of the indole
moiety to a benzazepine ring, i.e. [3,2-d] or [2,3-d]. While paul-
lones (indolo[3,2-d]benzazepines) are potent cyclin-dependent
kinase (Cdk), mitochondrial malate dehydrogenase (MDH),
sirtuin-1 (SIRT-1)- and glycogen-kinase synthase 3f (GSK3p)
inhibitors,"*® the isomeric indolo[2,3-d]benzazepines have
been reported as effective microtubule targeting agents (MTA)
binding in the colchicine site of the beta-subunit of
tubulin.®*'® Indolo[2,3-¢]benzazocine scaffolds (see Chart 1,
structure E), which contain an eight-membered azocine ring
instead of a seven-membered azepine ring, retain high cytotoxic
activity and maintain the same mode of action, while further
ring expansion to indolo[2,3-f]benzazonines (see Chart 1, struc-
ture F) was reported to result in reduced antiproliferative
activity.® Structural comparison of related four-ring systems,
namely indolo[2,3-c]quinoline, isomeric indolo[3,2-d]benzaze-
pine and indolo[2,3-d]benzazepine, as well as indolo[2,3-e]ben-
zazocine and indolo[2,3-f]benzazonine, is shown in Chart 1.

It is worth noting that many indole-containing drugs are
potent MTAs.>”” Microtubules play important roles in the cell
cycle and cell proliferation. They also are a major component
of the cell cytoskeleton and are required for cell motility and
vesicular transport.>**>' MTAs can be divided into micro-
tubule-stabilizing agents (MSA) and microtubule-destabilizing
agents (MDA). While MDAs hinder tubulin polymerization,
MSAs inhibit depolymerization, both events eventually leading
to apoptotic cell death.> > So far only a few Hg(n), Au(i) and
Ag(1) complexes have been reported as MTAs.>*>® Affinity for
microtubules with microtubule destabilization was recently
reported®® for functionalized indolobenzazepines and products
of their reactions with Ru(u)/Os(u)-arene complexes. It should
be noted that to the best of our knowledge, first-row transition
metal complexes as MDAs or MTAs have not been reported.

All the fourring core systems shown in Chart 1 are not
potentially chelating ligands, but they could be easily modified
to provide a suitable binding site for a first-row transition
metal. Previous research showed that indolobenzazepines and

This journal is © The Royal Society of Chemistry 2023

indoloquinolines had respectable antiproliferative activity.>°~*

The potentially tridentate ligands (see Chart 2) allowed for the
preparation of complexes with remarkable thermodynamic
stability and that were resistant to hydrolysis.>%3?3

The chemical modifications of the proligands had little
effect on the cytotoxicity and the mode of action of these com-
pounds. However, upon complex formation the pharmacological
profile can be enhanced, often resulting in increased cytotoxicity,
as has been reported for indolo[2,3-c]quinolines and indolo[2,3-
d]benzazepines.>*?"**3° By taking advantage of the availability
of fourring systems incorporating eight-membered and nine-
membered rings and our recently developed procedure for cre-
ation of a potentially tridentate binding site, we aimed at extend-
ing the variety of heterocyclic systems in a search for new biologi-
cally active ligands.***' Moreover, given the same type of struc-
tural changes in organic scaffolds compared to indolobenzaze-
pines, new structure-activity relationships were envisioned.

Copper(u) was chosen for complex formation, as complexes
of this metal with this type of ligand usually exhibit an
enhanced antiproliferative activity and pharmacological profile
compared to their metal-free counterparts.>*=>*3*37 It is worth
noting that copper plays a pivotal role in cancer development.
Due to enhanced cell growth and proliferation of malignant
cells, the need for this essential trace metal is elevated in
cancer tissues.*®™*?
been observed for the Cu(i)/Cu(u) redox pair generating reactive
oxygen species (ROS), which can also harm malignant cells.**~*!**

Herein, we report the synthesis and characterization of six
potential ligands HL'-HL®, four indolobenzazocines and two

In addition, Fenton-like reactions have

RO Y os T
N N-N  N= N -N N=
H N\ H 2\

Ry =H, Br
R2 = H, CH3

Chart 2 Structural relationship between previously reported indoloqui-
noline and indolobenzazepine tridentate ligands.
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indolobenzazonines, and their respective copper(u) complexes
1-6 (Chart 3). These new materials were comprehensively
characterized by standard spectroscopic methods (‘H NMR,
2D NMR and UV-vis), ESI mass spectrometry and X-ray crystal-
lography. Their purity was confirmed by HPLC-HR-MS and
elemental analysis. Furthermore, speciation in aqueous solu-
tion was conducted, their antiproliferative activity assessed,
and the mode of action investigated.

2 Results and discussion

2.1 Synthesis and characterization of organic ligands

The synthesis of the indolo[2,3-e]benzazocine and indolo[2,3-f]
benzazonine cores was performed by adapting literature pro-
cedures.” As can be seen from Scheme 1, different amines

! NH
R4
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were used for the synthesis of indolobenzazocines Va and Vb.
An amide coupling reaction starting from Ia/Ib and 2-(2-bro-
mophenyl)ethan-1-amine or 2-(2-iodophenyl)ethan-1-amine
afforded Ia/IIb, respectively, in almost quantitative yields
(>90%). Boc protection of the amide nitrogen in Ha/Ilb
resulted in isolation of IIIa/Illb with similar yields. The Pd-
mediated cyclization of Br-substituted derivative IIla into IVa
was slightly less efficient than the cyclization of IIIa analogue
with n = 2, R; = H, X = L. However, the cyclization of the IIIb
analogue with n = 2, R; = Br, X = Br into IVb was realized in
low yield and accompanied by the formation of several side
products. A likely reason for the formation of side products
might be intermolecular interactions due to similar reactivity
of the brominated sites. In contrast, cyclization of the iodo pre-
cursor IIIb into IVb occurred cleanly without formation of any
side products. Only a small amount of unreacted starting

N/C” ol g
N A
— NN

L
R4

Ri=R,=H (HLY) Ri=H,R,=CH; (HL)
Ri=H,Ry=CHs (HL?) Ry=Br,Ry=CHs (HLE)
Ri=Br,Ry=H  (HLY
Ri=Br,R;=CH; (HL%)

=Ry = (1) R1=H,Ry;=CH; (8)
R1 =H, R2 =CH; (2) Ri=Br,R,=CH; (6)
R;=Br,Ry,=H 3)
Ri=Br,Ry,=CH; (4)

Chart 3 Indolo[2,3-e]benzazocine and indolo[2,3-f]benzazonine ligands
lined numbers indicate compounds studied by SC-XRD.

and their respective copper(i) complexes synthesized in this work; under-

(ii)
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Scheme 1 Synthesis of indolobenzazocines Va, Vb and indolobenzazoni
ethanamine/3-(2-iodophenyl)propanamine, EDCI-HCl, DMAP, DCM,,, 0

Ag>COsz, DMFy,y, 110 °C/140 °C, 2 h; (iv) HClconc, dioxane, 80 °C, 2 h/EtOH :
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n (iv)
NH -
o
(Va) n=2,Ry=H (IVa)
(Vb) n=2,R;=Br (IVb)
(Ve) n=3R;=H (V)
(vd) n=3R;=Br (IVd)

nes Vc, Vd. Reagents and conditions: (i) 2-(2-bromophenyl/2-iodophenyl)
°C - RT, 18 h; (ii) Boc;O, DMAP, MeCNyy, RT, 18 h; (iii) Pd(OAc),, PPhs,
HCleonc 4:1, 1 h.

This journal is © The Royal Society of Chemistry 2023
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material was identified. Deprotection of IVa and IVb to give Va
and Vb, respectively, was conducted in dioxane/1 M HCI at
80 °C, and pure products were isolated following recrystalliza-
tion from methanol.

The amide coupling of 3-(2-iodophenyl)propanamine with
carboxylic acids Ia and Ib resulted in high purity products Ilc
and IId with lower isolated yields compared to Ila and IIb.
Boc-protection occurred smoothly and delivered high yields of
IlIc and IIId as was the case for IIIa and IIIb. Cyclization of Illc
and IIId into indolobenzazonines IVe and IVd could be accom-
plished under harsher conditions (heating at 140 °C for at
least 2 h) than for indolobenzazocines IVa and IVb. The pro-
ducts were isolated in moderate yields after column chromato-
graphy, while some starting materials were also recovered.
Deprotection of IVe was conducted in dioxane/t M HCI at
80 °C to give Ve in moderate yield after column chromato-
graphy, since deprotection was incomplete under these con-
ditions. Only Boc-deprotection of IVd occurred under the same
conditions with isolation of the ethoxymethyl (EOM)-protected
derivative. Therefore, increasing the acidity of the deprotection
conditions to EtOH : HCl.on. 4 : 1 at 100 °C was attempted.

Even though the literature suggested the opening of the
lactam moiety by increasing the concentration of HCl,” short-
ening the reaction time initially from 4 to 1 h resulted in a
mixture of Vd, EOM-protected species and the derivative with
an opened lactam. After basic workup and resuspension in
acetone, Vd and its EOM-protected derivative were isolated as
a mixture. Single crystals of X-ray diffraction quality were
obtained from acetone and revealed the presence of both
species in the asymmetric unit (Scheme 2).

For the synthesis of the ligands starting from reported
species Va and Ve® and novel compounds Vb and Vd estab-
lished protocols®**?"** had to be adapted (vide infra).

Thionation of the carbonyl function in Va-vd with P,S;¢/
Al,O; did not result in thiolactams VIa-VId. However, by using
Lawesson’s reagent in dry dioxane, pure compounds were
obtained in moderate to good yields (40-70%) after stirring at
115 °C under an argon atmosphere for 4 h, followed by
workup and column chromatography. Moreover, the EOM-pro-
tected species could be easily separated from the deprotected
product VId. Substitution of sulfur with hydrazine was

Ry O \ NH )
N ¢}
H
n=2,Ry=H (Va) n=2,Ri=H (Vla)
n=2,R;=Br (Vb) n=2,R;=Br (Vlb)
n=3 Ri=H (Vc) n=3,Ri=H (Vlc)
n=3,R{=Br (Vd) n=3,Ry=Br (VId)

View Article Online

Paper

achieved in chloroform when excess hydrazine monohydrate
was used. Quantitative yields of clean products were obtained
after reflux for up to 3 h. The use of neat hydrazine monohy-
drate for this transformation failed, resulting in unidentified
products independently of reaction time. Schiff-base conden-
sation, however, was performed under the same conditions as
reported previously for indolobenzazepine systems.>®~3'43

For ligands HL'-HL?, only one tautomeric form was evident
in solution, according to 'H NMR spectra (for NMR atom num-
bering see Scheme S1 in the ESIT). Analysis of 2D NMR spectra
indicated that the typical triplet in the region of
7.80-7.85 ppm can be attributed to protons H’ and H®.
Furthermore, protons attached to aliphatic carbons C*> and C°
in indolobenzazocines show a peak splitting pattern between 3
and 4 ppm, providing further evidence for only one tautomeric
species in solution. Differences between the brominated and
unsubstituted species can only be elucidated from the total
number of protons, since H'*> and H"?, respectively, are within
resonances of aromatic protons overlapping with them.
Distinct differences can be observed between HL' and HL?
and HL? and HL*, respectively. Chemical shifts of H'® and H*?
are at 8.3 and 2.4 ppm, respectively. ">*C NMR spectra of HL?
and HL* show an additional peak at ca. 13 ppm. For indolo-
benzazonine derived ligands HL® and HL®, only one methylene
carbon from the heterocyclic ring system was present in the
3C NMR spectra. However, '"H NMR spectra indicated the
identity of the protons attached to this carbon atom (shifts at
~1.7 ppm, ~2.5 ppm and ~3 ppm, respectively). No correlation
in the HMBC NMR spectra could be detected, even though
X-ray diffraction structures (vide infra) confirmed the presence
of these aliphatic carbons. Typical '"H and C shifts of H**
and C** for HL® were in the same region as for H** and C**
resonances of HL* and HL*, respectively.

The purity of HL'-HL* (>95%) was confirmed by elemental
analysis. This was further supported by 'H and *C NMR
spectra, which were measured after drying the samples at
50 °C in vacuo. A typical singlet at 5.75 ppm and resonance
signal at 54.84 ppm in the 'H and '*C NMR spectra, respect-
ively, could serve as diagnostic signals. The amounts of
residual solvent estimated from "H NMR spectra were in good
agreement with elemental of the

analyses complexes.

! Jn
Rq N NH
L~
B N

n=2,Ri=H (
n=2,Ry=Br (Vib) n=2,R1=R;=H (HLY)
n=3Ry=H (Vic) n=2,R{=H Ry;=CH; (HL?
n=3,Ry=Br (Viid) n=2R{=Br,Ry=H (HL?)
n=2,R{=Br,R;=CH;z (HL%
n=3,Ry=H,Ry;=CHz (HL5)
n=3,R;=Br,R;=CH; (HL%)

Scheme 2 Synthesis of ligands HL'-HL® derived from indolo[2,3-elbenzazocines and indolo[2,3-flbenzazonines. Reagents and conditions: (i)
Lawesson’s reagent, 1,4-dioxaneqy, 4 h, 115 °C; (ii) HoN-NH»>'H>O, CHClg, reflux, 3 h; (iii) 2-acetylpyridine/2-formylpyridine, anoxic EtOH, 85 °C, 16 h.
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HPLC-HR-MS and ESI-MS measurements in MeCN/H,O pro-
vided further evidence for the formation of ligands HL'-HL®
and their purity. Peaks at m/z 366.1732, 380.1872, 444.0827,
458.0989, 394.20 and 474.17 for HL'-HLS, respectively, were
attributed to [M + H]" species for each ligand.

2.2 Synthesis and characterization of 1-6

Copper(u) complexes 1-6 were synthesized by reaction of
CuCl,-2H,0 with the corresponding ligand in alcohol on
heating with yields ranging from 65% (2) to 92% (3) (see
Experimental). HPLC-HR-MS characterization of complexes
1-4 in MeCN/MeOH and ESI mass spectra of 5 and 6 con-
firmed their formation. The peaks with m/z 427.08, 441.10,
506.99, 521.01, 491.16 and 571.01 for 1-6 were attributed [M —
HCI — Cl]" (1-4) and [M — CI]" (5 and 6). The isotopic distri-
butions were in very good agreement with calculated isotopic
patterns. However, complexes 1-4 were at least in part disso-
ciated upon HPLC-HR-MS measurements, as indicated by the
appearance of peaks with m/z attributable to the free ligand(s).
The purity (>95%) required for biological assays was confirmed
by elemental analysis. The thermodynamic stability and
kinetic inertness of copper(u) complexes will be discussed in
more detail in section 2.4 (vide infra).

2.3 X-ray crystallography

The results of SC-XRD studies of HL* and HL®-DCM, are
shown in Fig. 1, while those of 2:2DMF, 5-2DMF,
5'PrOH-MeOH and 3 in Fig. 2 and 3, respectively. The struc-
tures of precursors Illa, Vd, VIa-0.5MeOH are presented in
Fig. S1-S3 in the ESLt Pertinent bond distances (A), bond
angles and torsion angles (deg) are quoted in the captions to
the figures.

The benzazocine HL* and benzazonine HL®DCM crystal-
lized in the orthorhombic space group Pna2; and in the tri-
clinic centrosymmetric space group P1, respectively, while the
copper(i1) complexes 2-2DMF, 5-2DMF and 3-2'PrOH-H,0, as
well as 5"'PrOH-CH,OH in the triclinic space group P1, mono-
clinic centrosymmetric space groups C2/c and P2,/c, and in the
triclinic space group P1, respectively.

The complexes 2, 3 and 5 are five-coordinate close to
square-pyramidal®® with 75 = 0.13, 0.13 and 0.17, respectively,
while 5' is square-planar. All ligands act as tridentate and
either neutral (2, 3 and 5) or monoanionic (5).

The coordination number (4 or 5) is achieved via binding of
one or two chlorido co-ligands. Comparison of bond lengths
in complex 2 with an eight-membered benzazocine ring-based
ligand with those in 5 with a nine-membered benzazonine
ring-based ligand revealed that three bonds in the coordi-
nation polyhedron of 2 (Cu-N7, Cu-N18 and Cu-Cl2) were
markedly longer, while the other two bonds (Cu-N15 and Cu-
Cl1) were significantly shorter than the corresponding bonds
in 5, due to different steric flexibility of the two organic
ligands. The coordination bonds in five-coordinate complex 5
are generally longer than those in square-planar complex 5'
due to stronger interatomic repulsions in the former com-
pound in accord with VSEPR theory.

9968 | Dalton Trans., 2023, 52, 9964-9982
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Fig. 1 ORTEP views of (a) HL* and (b) HL® with thermal ellipsoids at
50% probability level.

Of particular note is the conformation of the nine-mem-
bered azonine ring in HL?, precursor Vd and complexes 5 and
5'. The relevance of three idealized conformers of Cg local sym-
metry for cyclononane, namely the boat-chair (BC), the chair-
boat (CB), and the chair-chair (CC) was reported (Scheme 3),
while the boat-boat (BB) conformation was disregarded due to
its very high energy.*”

Calculations indicated that all three forms are located at
the saddle points on the energy surface. However, when
twisted (T) they reach energy minima corresponding to TBC,
TCB and TCC conformers.*”*® Electron diffraction*® and low-
temperature NMR data®®”" revealed that cyclononane exists in
gas phase or in solution as a mixture of only two main confor-
mers, namely TCB and TBC. Moreover, SC-XRD data revealed
that cyclononanol-1-(dimethyl phosphonate) and 1,4-dioxas-
piro[4.8]tridecane crystallized as TBC conformers,”>* while
the cyclononanone in the complex with HgCl, adopted the
TCB conformation.>*

For cyclooctane three main conformers, namely crown, BC
and BB (Scheme 4) were first analyzed by Hendrickson.*’

Cyclooctane was further studied by gas-phase electron diffr-
action in combination with NMR spectra and molecular mech-
anics calculations by various research groups to elucidate the
most favored energetic conformation of this highly flexible
structure. It was concluded that the BC conformer was the pre-
dominant and most stable species.>* ®® More recent findings
proved the existence of twisted forms, which show reduced
strains and are energetically most favored.*”°">

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 ORTEP views of the complexes: (a) 2 with thermal ellipsoids at
50% probability level, (b) 5 with thermal ellipsoids at 40% probability
level and 5 with thermal ellipsoids at 50% probability level. Selected
bond distances (A), bond angles (deg) and torsion angles (deg) (a) in 2:
Cu-N7 2.0375(17), Cu—-N15 1.9571(16), Cu—-N18 2.0554(17), Cu-Cl
2.4940(5), Cu-Cl2 2.2325(5), N7-C8 1.291(2), C8-N14 1.385(3), N14-
N15 1.368(2), N15-C16 1.277(3), C16—C17 1.483(3), C17-N18 1.362(3);
N7-Cu-N15 79.40(7), N15—-Cu—N18 78.04(7), Ocaa-C5-C6-N7 66.3(3); 5
= 0.13; (b) in 5: Cu—N8 1.999(5), Cu—-N16 1.994(5), Cu—N19 2.044(5),
Cu-Cl1 2.2684(17), Cu-CI2 2.4002(16); N8—-C9 1.308(7), C9—N15 1.395
(7), N15-N16 1.331(7), N16—C17 1.300(7), C17-C18 1.458(8), C18—-N19
1.363(8); N8-Cu-N16 78.8(2), N16—Cu—N19 78.47(19); Ocaa-cs-ce-c7
—85.1(7), Ocs-ce-c7-ng 84.9(7); 5 = 0.13; (c) in 5: Cu—N8 1.9511(16),
Cu—N16 1.9460(16), Cu—N19 2.0249(17), Cu—Cl 2.2006(6), N8—-C9 1.319
(3), C9-N15 1.357(2), N15-N16 1.365(2), N16—-C17 1.297(3), C17-C18
1.475(3), C18-N19 1.359(3); N8—Cu—N16 80.23(7), N16—-Cu—N19 80.39
(7); Ocaa—cs-ce-c7 —84.0(2), Ocs_ce-c7-ng 89.4(2).

Inspection of indolobenzazonine derived structures Vd,
HLS, 5 and 5' indicated that the nine-membered ring in these
compounds adopts the CB conformation (see Fig. 4), which is
in good accordance with theoretical and experimental findings
for substituted benzazonines,*»** and also in agreement with

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 ORTEP view of the complex 3 with thermal ellipsoids at 50%
probability level. Selected bond distances (A), bond angles (deg) and
torsion angles (deg): Cu-N7 2.0120(16), Cu—N15 1.9676(15), Cu-N18
2.0279(16), Cu-Cl1 2.4341(7), Cu-ClI2 2.2802(7); N7-C8 1.289(2), C8-
N14 1.388(2), N14-N15 1.365(2), N15-C16 1.279(2), C16—C17 1.478(3),
C17-N18 1.363(2); N7-Cu-N15 79.49(7), N15-Cu-N18 78.29(6),
Ocaa—cs-ce-n7 —48.6(2); 75 = 0.17.

o A AN

Scheme 3 The three most stable conformers of cyclononane reported
by Hendrickson.*”

v @y

crown BC BB

Scheme 4 Main conformers  of

Hendrickson.*”

cyclooctane according to

the favored CB conformation for substituted
cyclononanes.?””*® The respective torsion angles are quoted in
Table 1.

In contrast to the cyclooctane with the most energetically
favored BC conformation,?”>> the eight-membered ring in the
benzazocine derivatives investigated here adopt the twisted
boat conformation (see Fig. 5). The respective torsion angles
are summarized in Table S1 in the ESL}

One reason for the different least-energy conformers for
indolobenzazocines (CB) and for cyclooctane (TBC) might be
the distinct substitution patterns. Substituted cyclooctane
derivatives have been shown to adopt conformers other than
BC as energetically most favored.®>°®

The conformations of 8- and 9-membered rings in the
SC-XRD structures of Vd, VIa, HL* HL® 2, 4 and 5 are in
agreement  with reported
compounds.®3667:68

most

those for other related
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Fig. 4 Conformation of the indolobenzazonine ring in Vd (a), HL® (b) and 5 (c).

Table 1 Torsional angles in nine-membered azonine ring(s) in
Vd-0.5MeOH, HLS, 5 and 5'

Torsional angles ~ Vd-0.5MeOH  HL® 5 5'
Ocr-ce-cs-Caa 80.7(6) 80.8(6) 85.0(7) 84.0(2)
Oce-C5-Caa-Clac -98.2(7) -97.6(6) —94.9(7) —91.4(2)
Ocs-caa-Clac-C4b 9.4(9) 7.1(8) 1.9(9) 2.5(3)
Ocaa-Clac-C14b-Coa 74.1(9) 76.2(7) 75.1(8) 82.6(3)
Oc14c-C14b-C9a-C9 4.9(10) 4.2(9) 4.0(9) -6.0(3)
Oc14b-Coa-Co-N8 -77.2(8) -72.8(8) -73.4(8) —68.9(3)
Ocoa_co-Ns-C7 -15.2(9) —22.0(8) -15.7(9) —12.8(3)
Oco-Ns-Cr-Cé 103.4(7) 109.1(6)  103.8(7)  105.2(2)
Ons-cr-Co-C5 -80.2(6) -79.8(6) —84.9(7) —89.4(2)

Fig. 5 Conformation of the indolobenzazocine ring in Vla (a), HL* (b)
and 2 (c) with the indole moiety removed for better visualization.

2.4 Solution behavior: proton dissociation, stability and
solubility

The thermodynamic solubility (S) of ligands HL'-HL® and
complexes 1-6 in aqueous solution at physiological pH was
assessed by determination of the concentration of the satu-
rated solutions at 298 K by UV-vis spectrophotometric analysis
(Table 2).

9970 | Dalton Trans., 2023, 52, 9964-9982

Table 2 Thermodynamic solubility (S) of the ligands and their Cuf(i)
complexes at pH 7.4 (20 mM HEPES) in aqueous solution {T = 298 K; | =
0.10 M (KCL)}

S7.4/uM S7.4/uM
HL' 8 1 2
HL? 9 2 4
HL? <1 3 <1
HL* <1 4 <1
HL® <1 5 <1
HL® <1 6 <1

The obtained S, , values indicated fairly limited solubility
of both the ligands and complexes, in accord with their strong
lipophilic character, especially for the bromo-substituted com-
pounds. As a consequence, the proton dissociation processes
of the selected ligands were monitored in 30% (v/v) DMSO/
H,O0 at a low concentration (10 puM) via UV-vis titrations. In
the case of indolobenzazocines with an eight-membered
azocine ring, HL' and HL> were chosen, while, as an indolo-
benzazonine containing a nine-membered azonine ring, HL?
was selected for these studies.

From the pH-dependent spectral changes {Fig. 6a (for HL")
and Fig. S4a in the ESIf (for HL?)} two pK, values could be
determined (Table 3), as was also the case for the indolo[2,3-d]
benzazepine (HL'(;))*' and indolo[2,3-c]quinoline (HL?§))*°
(subscript denotes the size of the central scaffold ring if not 8
or 9) reported recently. The first deprotonation step is assigned
to the pyridinium nitrogen and accompanied by a blue shift
(Fig. 6¢ and Fig. S4c in the ESI}), while the deprotonation of
the benzazocinium (HL') or benzazoninium (HL’) nitrogen
results in a slight increase of the A,.x value and decrease of
the absorbance (for the dissociation steps see Scheme 5). The
methyl substituent increases the pK, of the pyridinium nitro-
gen due to its electron donating effect (¢f. data of HL' and
HL?) and does not affect the pK, of the benzazepinium nitro-
gen. It is worth noting that the increase of the main ring size
(¢f. data of HL> and HL’) results in somewhat lower pK; and
higher pK, values. These pK, values do not differ significantly
from those of the structurally related indolo[2,3-d]benzazepine
(see data for HL';;) in Table 3) and indolo[2,3-c]quinoline

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 (a) UV—vis spectra of HL! measured at various pH values. (b) The ligand in its diprotonated form. (c) Molar absorbance spectra computed for
selected ligand species in the various protonation states. (d) Concentration distribution curves and the absorbance values measured at 332 nm (x)
together with the fitted line {cyy = 10 uM, T =298 K, [ = 5cm, | = 0.10 M (KCL), 30% (v/v) DMSO/H,0}.

Table 3 Proton dissociation constants (pK,) of HLY, HL?, HL® and HLY;,
overall stability constants (log )7 and pK, values of their Cu(i) complexes
determined by UV-vis titrations in 30:70% (v/v) DMSO/H,O solvent
mixture {T = 298 K; / = 0.10 M (KCL)}

HL' HL? HL® HL'(;*
pKa Hp(HLY® 2,07 +0.01 2.64+0.01 2.41+0.01 2.32+0.01
pKax H(HL)" 5.04 £0.02 4.97 +0.02 5.55+0.01 4.75+0.01
log f[Cu(HL)" 8.55+0.02 9.17+0.02 9.57+0.01 8.33 +0.01
log B [Cu(L)] 4.14£0.02 4.06£0.02 4.31£0.01 4.01+0.01
pK, [Cu(HL)"  4.41 5.11 5.26 4.32
pK, [Cu(L)] >8 >8 >8 7.09
logk [Cu(L)]'? -2.97 -3.55 -3.65 -3.06

“The given error is originated from the fitting of the calculated and
the experimental absorbance values in the wavelength range between
260 and 560 nm. ” K’ refers to the following equilibrium: H,(HL)*" +
Cu** = [Cu(L)]" + 3H".

@ Kar Ca Ka2 O \ tal
O " o O N I:N—N N O ) I:N—N N O
NH HN_NL@ NH \\—O NH \\—Q

Ho(HL)2* H(HL)*

ligands with a six-membered pyridine-like ring.>**> Based on

the pK, values, these compounds (and presumably also the
bromo-derivatives) are present in their neutral form (HL) at pH
7.4. It is worth noting that the HL form can exist in two tauto-
meric forms as displayed in Scheme 5.

To determine the overall stability constants (f) of the com-
plexes formed in solution, UV-vis spectra for the Cu(u) — HL'/
HL® systems at various pH values were measured (see Fig. 7
and Fig. S5 in the ESIf).

The decrease of the absorbance values due to the appear-
ance of small amount of precipitate in the solution at pH >
7 hindered the accurate determination of the overall stability
constants for the complexes formed in the basic pH range. As
for indolo[2,3-d]benzazepine (HL'(;),’® the formation of
mono-ligand complexes [Cu(HL)]** and [Cu(L)]" was found for

»

N NH

\
NH N*N\ N=
U

utomerism
—_—

HL

Scheme 5 Stepwise proton dissociation processes for HL! and its tautomeric forms.
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Fig. 7 (a) UV-vis spectra for the Cu()—HL" system at various pH values. (b) Molar absorbance spectra computed for selected complex species in
the various protonation states {cy 1 = 10 M, ccyqny = 10 pM, T =298 K, [ =5 cm, | = 0.10 M (KCl), 30% (v/v) DMSO/H,0}.

indolo[2,3-e]benzazocine and indolo[2,3-f]benzazonine deriva-
tives (Table 3). In these species the tridentate coordination via
nitrogen atoms is suggested in solution. However, in the
copper() complex with the monoanionic ligand [Cu(L)]", the
deprotonation of the hydrazinic nitrogen not involved in
coordination to copper(un) was likely. The formation of this
complex was accompanied by a significant red shift of the
absorption band (Fig. 7b and Fig. S5b in the ESI}). This
species was present at physiological pH together with a mixed
hydroxido complex, i.e. [Cu(L)(OH)] (see pK, values of the com-
plexes in Table 3). The calculated overall stability constants
indicated the formation of complexes with high thermo-
dynamic stability in solution with absence or minor effect of
the studied structural modifications on stability. Given the
different basicities of the ligands, for comparison of the stabi-
lity of the copper(u) complexes with monoanionic ligands [Cu
(L)', derived (K) equilibrium constants were calculated
(Table 3). Inspection of these values revealed that the presence
of the methyl substituent somewhat decreased stability (cf:
HL' and HL?), whereas the size of the aza-containing ring had
no impact on stability (¢f. HL' and HL'(;;, and HL? and HL®).
Comparison of the pK, values of the complexes revealed that
the methyl substituent increased the pK, [Cu(HL)]**, while the
monoaza ring size had no effect on the pH range of the depro-
tonation of the complex.

2.5 Invitro cytotoxicity

The in vitro cytotoxic activity of the Cu(u) complexes 1-6 and
their respective ligands was investigated in the Colo205 and
doxorubicin-resistant Colo320 human colon adenocarcinoma
cell lines, MCF-7 breast cancer cells, and normal human
embryonal lung fibroblast cells (MRC-5) by MTT assay, as
detailed in the Experimental section. The ICs, values are
shown in Table 4.

Data in Table 4 show that the Cu(n) complexes 1-4 are
clearly more cytotoxic than their corresponding ligands in the
Colo205 cells, while the IC5, values are mixed and closer for
the complex-ligand pairs for the other two cancer cell lines. In
general, the Colo320 and MCF-7 cells were somewhat more
sensitive to the compounds than the Colo205 cells.

9972 | Dalton Trans., 2023, 52, 9964-9982

Table 4 ICsq values (uM) of the tested ligands and their Cu(i) complex-
es? on three human cancer cell lines (Colo205, Colo320, MCF-7) after a
72 h incubation, and in normal (MRC-5) cells. IC5¢ values of CuCl, and
doxorubicin (as positive control) are also shown for comparison

ICs0/pM Col0205 C010320 MCF-7 MRC-5
HL! 30+2 5.6+ 0.1 1.3 0.1 40+1

1 2.5+0.2 3.4+0.1 6.2+ 0.6 7.4+0.3
HL> 2.2+0.2 9.4+0.4 1.2+ 0.3 0.9+ 0.1

2 0.62+0.03 0.19+0.02 0.94+0.04 0.24+0.01
HL® 29 +2 0.64+0.04 0.44+0.04 0.55+0.04
3 4.4+0.2 1.7+ 0.2 2.5+0.1 1.2+0.1
HL* 54+2 0.57+0.02  0.60+0.03 1.2+0.1

4 1.7+0.1 0.37+0.02 0.73+0.2  0.35+0.04
HL’ 0.06 +0.01 0.25+0.02 054+0.09 1.1+0.1

5 0.08+0.01 0.21+0.02 2.2+0.4 0.37 + 0.02
HL® 0.11+0.01 0.36+0.01 0.11+0.03 1.10.2

6 0.16 +0.01  0.38+0.01 0.69+0.05 0.48 +0.04
cucl, 33+1 20 +2 32+3 40+1
Doxorubicin ~ 0.82+0.02  3.3+0.1 0.21+0.03  1.16 +0.11

“The presented results are the average of four replicates with ICs, and
standard deviations.

The data collected in Table 5 indicated remarkable selecti-
vity of proligands HL' for cancer cell lines Colo320 and MCF-7,
HL® for Colo205, and HL® for Colo205 and MCF-7 with selecti-
vity factors (SF) varying from 3.14 to 31.03. Among the
copper(u1) complexes, the highest cell specific selectivity factors
were achieved for 1, 5 and 6 against Colo205 cells with SF in
the range from 3.03 to 4.78.

The bromo-substituent on the indole ring did not signifi-
cantly affect the cytotoxicity of the complexes, unlike the
methylation that enhanced markedly the cytotoxicity, similar
to data described for related morpholine-indolo|[2,3-c]quino-
line and latonduine derivatives.>®*" It should be noted that
the ICs, values of all Cu(u) complexes in the tested human
cancer cell lines fall into the low micromolar concentration
range. It was reported previously that the indolo[2,3-d]benzaze-
pine derivatives are generally less cytotoxic than the analogous
indolo[2,3-c]quinoline compounds,*® most probably due to the
stronger DNA binding ability of the complexes with the flat
indoloquinoline ring system in comparison to the folded

This journal is © The Royal Society of Chemistry 2023
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Table 5 Selectivity index (SI)? is the ratio of the ICso values measured
on the normal cells and the cancer cells (based on the data listed in
Table 2). SF (Colo205) = IC5g MRC-5/1Cs5q Colo205, SF (Colo320) = ICsq
MRC-5/IC5¢ Colo320, SF (MCF-7) = ICs9 MRC-5/1C5q MCF-7

SF (Colo205) SF (Colo320) SF (MCF-7)
HL' 1.37 7.26 31.03
1 3.03 2.16 1.19
HL? 0.40 0.10 0.75
2 0.38 1.28 0.26
HL? 0.02 0.86 1.25
3 0.27 0.71 0.47
HL* 0.02 2.10 2.02
4 0.20 0.95 0.48
HL® 17.6 4.27 1.98
5 4.78 1.83 0.17
HL® 10.1 3.14 10.18
6 3.03 1.27 0.69

“strongly selective compounds (SI > 6)°° are highlighted.

indolo[2,3-d]benzazepine. The compounds studied here with
the eight-membered benzazocine ring were found to be even
weaker DNA binders than the seven- or six membered analogs
(vide infra), which might be responsible for their decreased
cytotoxicity compared to the corresponding benzazepine and
quinoline derivatives.

Submicromolar to nanomolar ICs, values in combination
with some selectivity of several compounds studied for cancer
cells prompted us to gain an insight into their mode of action.
As the complexes reported previously showed ability to interca-
late into DNA, we monitored their interaction with this macro-
molecule for comparative purposes. We also performed
various tests to find out whether there was a difference in the
ability to bind to DNA between metal-free ligands HL'-HL®
and Cu(u) complexes 1-6.

2.6 Interaction with ct-DNA

The DNA binding of complexes (1, 2, 4-6) and ligands (HL',
HL?, HL®, HL®) was investigated in ethidium (cationic dye used
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as bromide salt) displacement studies by spectrofluorimetry.
The complexes 4() and 4() were also studied as the indolo[2,3-
c]quinoline and indolo[2,3-d]benzazepine analogues of 4,
respectively, for comparison. Measurements were performed at
highly diluted conditions (0.5 pM ct-DNA and 0.25 pM ethi-
dium) to avoid precipitate formation. Fig. 8a shows the fluo-
rescence spectrum of the ct-DNA-intercalated ethidium
system. The intensity decreased gradually by the addition of
complex 4), and the final spectrum recorded at the highest
excess of the complex was similar to that of free ethidium
(dashed red spectrum).

A similar tendency was found for the Cu(u) complexes 4(),
1, 2, 4 and 6 (Fig. 8b), the titration curves saturated to the
intensity of the free ethidium ion. This finding strongly sup-
ports, that virtual displacement of intercalated ethidium took
place (and not only quenching of the fluorescence of bound
ethidium occurred). This means that these metal complexes
displaced ethidium completely from ct-DNA. Complex 5,
however, could only slightly displace ethidium, and, moreover,
the ligands barely affected the fluorescence of the system
(Fig. 9). The capability of replacing intercalated ethidium
varied significantly among the complexes. Fig. 9 shows which
concentrations of complexes were needed to reduce fluo-
rescence in the ct-DNA-ethidium system by 50%. This efficacy
followed the order 4,) > 1 > 47 > 4 > 2 > 6 > 5. Among the
complexes with the eight-membered benzazocine ring, the
non-substituted derivative 1 possessed the strongest ability to
displace the ethidium cation. Decreasing the ring size clearly
increased the binding of the complexes to ct-DNA.

On the one hand, 4 displayed comparable affinity towards
ct-DNA as its morpholine-substituted derivative HLg).** On
the other hand, the ligands HL', HL? HL® and HL®, similarly
to their formerly investigated morpholine-functionalized
derivatives,*® could not displace the intercalated ethidium
cation (Fig. 10). It should also be noted that the apparent solu-
bility of all the studied complexes was higher in the presence
of ct-DNA in comparison to the determined thermodynamic
solubility values (vide supra).

(®) 100

® =
< 75
£ 5

E
254 _____° .ﬁ_._Ag Agd ;Z;;i:;tt—_ S
0 , ; ;
0 10 20 30

Ceo mpound / Cethidium

(a) Fluorescence emission spectra of the ct-DNA—ethidium system in the presence of an increasing amount of 4, with the spectrum of free

ethidium (red dashed line) plotted as well. (b) Fluorescence intensity values of the ct-DNA-ethidium in the presence of different compounds,
symbols denote 4 (@), 47 (#), 1 (A), 2 (x), 4 (+), 5 (®), 6 (W), and HL* (A), red dashed line denotes the emission signal of free ethidium. At the indi-
cated ratios, precipitate formation was not observed {cpna = 0.5 UM, Cethidium = 0.25 UM; Aex = 510 nm, gm = 610 nm; T = 298 K; 10 mM HEPES,

pH = 7.40}.
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Fig. 9 The complex concentration needed to result in 50% decrease in
the fluorescence intensity of the ct-DNA-ethidium system. {cpna =
0.5 UM, Cethidium = 0.25 pM; Aex = 510 nm, Agm = 610 nm; T = 298 K;
10 mM HEPES, pH = 7.40}.
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Fig. 10 Fluorescence intensity values of the ct-DNA-ethidium of
various ligand systems, symbols denote HL* (A), HL? (x), HL® (©) and HL®
(0), while red dashed line denotes the emission signal of free ethidium.
At the indicated ratios precipitate formation was not observed. {cpna =
0.5 UM, Cethidium = 0.25 pM; Aex = 510 nm, Agm = 610 nm; T = 298 K;
10 mM HEPES, pH = 7.40}.

2.7 Interference with tubulin polymerization

Intrigued by the low micromolar to submicromolar ICs, values
and the ability of previously reported indolo[2,3-d]benzaze-
pines to act as tubulin targeting agents, we decided to find out
whether either the ligands HL'-HL® or the copper(n) com-
plexes 1-6 interact with the microtubule system. Research on
metal complexes as inhibitors of tubulin is limited to a few Ag
(1), Au(1) and Hg()-carbene complexes,>”*® as well as to Hg(i)-
complexes that solely exploit the affinity of Hg(u) for that
protein.>® A single copper(n) complex has been reported to
interfere with tubulin dynamics, but the evidence for this
activity was missing.”® All compounds were evaluated for their
ability to inhibit the polymerization of purified tubulin. As a
reference for comparison, combretastatin A-4 (CA-4) was used.
As shown in Table 6, significant inhibition was only observed
with the proligand HL" and its copper(u) complex 1 (ICso, 4.8
and 3.6 pM, respectively), while all the other compounds
tested showed ICs, values >20 uM. This compares with an ICs,

9974 | Dalton Trans., 2023, 52, 9964-9982
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Table 6 Inhibition of tubulin polymerization and colchicine binding by
compounds HLY, 1 and CA-4°

Inhibition of
tubulin
assembly

Inhibition of colchicine binding

% inhibition + SD

0.5 M 5 UM 25 UM
Compound ICs0 + SD (uM) inhibitor inhibitor inhibitor
CA-4 0.91 + 0.1 81+4 98 + 0.9

HL' 4.8+0.03 18+5 46 +5

1 3.6+ 0.5 18+2 40+5

“Each experiment was performed 2-3 times, and SD’s are presented.

value of 0.9 pM for CA-4. The active proligand-complex pair
was further investigated for their abilities to inhibit the
binding of [*H]colchicine to tubulin at two different concen-
trations (5 and 25 pM), with tubulin and colchicine at 0.5 and
5 puM concentrations, respectively (Table 6).”"7> The data
obtained show that these two compounds are equipotent in
their ability to inhibit the binding of [*H]colchicine to tubulin,
but are 5-fold less potent than CA-4 at the 5 pM concentration.

Nevertheless, comparison of the ICs, values for antiproli-
ferative activity of HL' and 1 in cancer cells and inhibition of
pure tubulin shows that all are in the low micromolar concen-
tration range (compare Table 4 and Table 6). This might indi-
cate that the main mode of action of these two compounds is
inhibition of tubulin assembly. Interestingly, complex for-
mation with Cu(u) did not result in significant differences
regarding the ability to inhibit tubulin or bind to the colchi-
cine site. These results are in good accord with a previous
organometallic indolobenzazepine Ru(u)-arene complex, which
also showed potent inhibition of tubulin polymerization.>’

The data suggest that compounds HL' and 1 can be used
for further optimization by fine-tuning of their electronic and
steric properties by decoration of the ligand scaffold with
various substituents in order to produce more potent inhibi-
tors of the binding of [*H]colchicine to tubulin.

2.8 Molecular docking of HL'-HL® and 1-6 into the colchi-
cine site

Six ligands (HL'-HL®) and their copper(i)) complexes 1-6 were
docked into the colchicine site of the p-subunit of tubulin
(PDB ID: 1SA0, resolution 3.58 A).”> The co-crystallized
N-deacetyl-N-(2-mercaptoacetyl)-colchicine ~ (DAMA-C)  was
removed and re-docked into the binding site to test the robust-
ness of the scoring functions of GoldScore (GS),”* ChemScore
(CS)”>7® ChemPLP (Piecewise Linear Potential)’” and ASP
(Astex Statistical Potential)’”® embedded in the GOLD
(v2020.2.0) docking algorithm. The predicted poses were over-
layed with the co-crystallized DAMA-C, and the root-mean-
square deviation (RMSD) for the heavy atoms was calculated;
the results are quoted in Table S2 in the ESIf with ChemPLP
giving the best result of 1.1 A, i.e., a very good overlap.

The binding scores are given in Table S2 in the ESL{ All the
ligands and copper(u) complexes showed good scores, indicat-
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ing reasonable binding. Only GS were run for the copper(u)
complexes as the other scoring functions are not parametrised
for metals. The copper(u) complexes and their ligands were
predicted to bind with similar affinity as the DAMA-C co-crys-
tallised ligand.

The modelling for the tubulin-colchicine pocket
revealed that the ligands have similar predicted binding
poses excluding GS. The predicted poses of HL' are
shown in Fig. 11a; these configurations have good overlap
with DAMA-C, where the 8 membered ring and sp>-hybri-
dized systems of HL' occupy the same space as the
7-membered rings in DAMA-C. The configuration of HL" is
shown in Fig. 11b, where numerous interactions are pre-
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dicted with side chain residues of the tubulin-colchicine
pocket.

The predicted pose of 1 is shown in Fig. 12a. Good overlap
with DAMA-C was observed, where the copper(u) ion and chlor-
ido co-ligands are pointing into the active site, suggesting
good binding. In Fig. 12b, it can be seen that two potential
groups can replace the chlorido co-ligands in the complex: the
backbone carbonyls in pLeu255 and pPLys352 are at 5.8 A and
5.1 A distance, respectively, from the bound copper(i). The
backbone carbonyls tend to be fixed in place, making them
good candidates for copper(u) binding.

The calculated molecular descriptors MW (molecular
weight), log P (water-octanol partition coefficient), HD (hydro-

(b)

b 7

//

Fig. 11 (a) The docked poses of HL! in the tubulin binding site, the co-crystalised ligand DAMA-C is shown in stick format, its hydrogen atoms were
omitted for clarity. The configuration of the GS prediction is shown in blue, and the ASP pose is green, both are shown as lines. The blue color
depicts regions with a partial positive charge on the protein surface, while red and grey indicate regions with a partial negative charge and neutral
areas, respectively. (b) The ASP predicted binding of HL!, the amino acids interacting with the substrate are shown as continuous lines. Dashed
purple lines are used for illustration of the hydrophobic contacts, while dashed grey lines for representaton of the weak hydrogen bonding.

(b)

— |

Leu255

Fig. 12 (a) The docked pose of 1 in the tubulin binding site, the co-crystalised ligand DAMA-C is shown in stick format, its hydrogen atoms were
omitted for clarity. The configuration of the GS prediction is shown as blue lines. The blue color depicts regions with a partial positive charge on the
protein surface, while red and grey colors indicate regions with a partial negative charge and neutral areas, respectively. (b) The predicted binding
interactions of complex 1 with amino acids within 3.5 A radius are illustrated in line format, while the potentially chelating amino acid residues
BLeu255 and PLys352 are depicted in stick format. The distance between the oxygen atoms of fLeu255 and pLys352 to the copper(i) ion (black solid
line) are of 5.8 and 5.1 A, respectively.
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gen bond donors), HA (hydrogen bond acceptors), PSA (polar
surface area) and RB (rotatable bonds) by using the QikProp®
software are summarized in Table S3 in the ESI.f As QikProp
is not parameterised for metal complexes, Scigress®> was
exploited instead with the available MW, log P, HD, and HA
descriptors (Table S4 in the ESI).

The values for the HL'-HL® ligands are mainly within drug-
like chemical space. HD is in lead-like chemical space, while
the log P values are quite high in Drug-like chemical space and
beyond in KDS. As for the complexes, their MWs are obviously
higher than those of their counterpart ligands, with all the
values in KDS. The HD are all in lead-like space and HA in
drug-like space. Finally, the log P values are hovering around
the 5 mark both in drug-like space and KDS (for the definition
of lead-like, drug-like and KDS regions see ref. 79 and Table S5
in the ESI{).

The Known Drug Indexes (KDIs) for the ligands were calcu-
lated to estimate the balance of the molecular descriptors
(MW, log P, HD, HA, PSA and RB). Both the summation of the
indexes (KDI,,) and multiplication (KDI,,) methods were
used® as shown for KDI,, in eqn (1) and for KDI,;, in eqn (2);
the numerical results are quoted in Table S3 in the ESL

KDLy = Imw + liog p + Iup + Ina + Ir + Ipsa (1)
KDLy = Imw X Ilog p X Iup X Ina X Irp X Ipsa (2)

The KDI,, values for the ligands are from 4.60 to 5.41 with
a theoretical maximum of 6 and the average of 4.08 (+1.27) for
known drugs. The KDI,;, values are from 0.14 to 0.52, with a
theoretical maximum of 1 and with KDS average of 0.18
(+0.20). Overall these values indicate good biocompatibility,
with excellent one for HL' with KDI,, of 5.41 and KDI,;, of
0.52.

3 Conclusion

A new series of medium-size ring systems as potential ligands
for transition metals has been prepared via multistep syn-
thesis. High purity of indolo[2,3-¢]benzazocine ligands HL'-
HL*, indolo[2,3-f]benzazonine ligands HL> and HL®, and of
copper(i) complexes 1-6 was confirmed by HPLC-HR-MS, 'H
and *C NMR, and elemental analysis.

Crystallization of several precursors, metal-free ligands and
complexes allowed for the elucidation of the solid-state pre-
ferred conformers. For indolobenzazonines the CB confor-
mation was the most preferred as was also the case for cyclono-
nane and derivatives, while for indolobenzazocines the twisted
boat (TB) conformation was adopted in the solid state, which
is different from that for cyclooctane, but similar to substi-
tuted heterocyclic cyclooctane derivatives.

The tridentate ligands HL'-HL® with both an 8-membered
benzazocine central ring and a 9-membered benzazonine ring
efficiently bound Cu(n). HL', HL®, HL®, 1, 5 and 6 showed
remarkable selectivity towards several cancer cell lines, with
IC5, values in the low micromolar to sub-micromolar concen-
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tration range. The cell lines examined were Colo205, doxo-
rubicin resistant Colo320 and MCF-7. The copper(i) complexes
1-6 were more effective than their metal-free ligands in
Colo205 cells, while in MCF-7 breast cancer cells and doxo-
rubicin resistant Colo320 cells, the ligands exceeded in most
cases the antiproliferative activity of the copper(u) complexes.
Insight into the mechanism of action provided evidence that
DNA was not a primary target for the Cu(u) complexes.
However, inhibition of tubulin assembly might be the main
mode of action for some particular motifs, i.e., HL' and 1,
with little effect on activity occurring with complex formation.
This was also supported by molecular docking calculations.
Complex 1 is the first reported transition metal complex that
binds to tubulin in the colchicine site.

4 Experimental section
4.1 Chemicals

N-(2-Hydroxyethyl)piperazine-N'-(2-ethanesulfonic acid) (HEPES),
calf thymus DNA (ct-DNA, type I, fibers) and ethidium
bromide (referred to as ethidium hereafter) were purchased
from Sigma-Aldrich. DMSO, KCl, KOH, HCIl, EDTA and
potassium hydrogen phthalate were obtained from VWR
International (Hungary) and used without further purification.
CuCl, stock solution was prepared by the dissolution of anhy-
drous CuCl, in water, and its concentration was determined by
complexometric titration with EDTA. Milli-Q water was used
for the preparation of all solutions.

2-lodophenylacetonitrile and 5-bromo-ethyl-1H-indole-car-
boxylate were purchased from ABCR. Borane solution (1 M in
THF), di-tert-butyl-dicarbonate (Boc,O), dry DMF, dimethyl-
aminopyridine (DMAP), dry acetonitrile, sodium bicarbonate,
palladium(u) acetate, Lawesson’s reagent, 2-acetylpyridine and
2-formylpyridine were obtained from Fisher/Acros Organics.
Ethoxy-methyl chloride was obtained from TCI. Lithium
hydroxide monohydrate and triphenylphosphine were pur-
chased from Alfa Aesar, while sodium hydride, Celite, hydra-
zine monohydrate and methyl iodide were from Sigma Aldrich.
1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide-hydrochloride
was from IRIS Biotech. Silver(i) carbonate was purchased from
Merck. 2-lodophenylethylamine and 2-bromophenylethyl-
amine were prepared by a published method.® Synthesis of 3-
(2-iodophenyl)propan-1-amine (X4) is described in the ESI, see
also Scheme S2.7

4.2 Synthesis of ligands HL'-HL®

The isolated yields and analytical data for ligands HL'-HL® are
collected in Tables S6 and S7 in the ESI.{ Experimental CHN
contents providing evidence for >95% purity and are within +
0.4% of those calculated.

4.2.1 HL“0.2C,Hs0-0.2H,0. To a solution of VIIa (156 mg,
0.56 mmol) in anoxic ethanol (1.5 mL), 2-formylpyridine
(53.4 pL, 0.62 mmol) was added, and the resulting solution
was stirred at 85 °C overnight. To the cooled solution, water
(10 mL) was added, and the suspension was redissolved with

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3dt01632c

Open Access Article. Published on 04 July 2023. Downloaded on 7/19/2025 9:13:03 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Dalton Transactions

ethanol (7 mL). The organic solvent was slowly removed, the
resulting precipitate was isolated by filtration and washed with
EtOH/H,O 1/1 (2 mL). The dried product was obtained as a
yellow solid. Yield: 173 mg, 84%. "H NMR (600 MHz, DMSO-
dg) 5 11.74 (s, 1H, H®), 8.58 (d, J = 4.7 Hz, 1H, H'®), 8.35 (s, 1H,
H'%), 8.32 (d, J = 8.0 Hz, 1H, H*®), 7.84 (td, J = 7.9, 1.4 Hz, 1H,
H*Y, 7.52 (d, /] = 8.2 Hz, 1H, H"), 7.48 (d, J = 8.0 Hz, 1H, H'?),
7.42 (t, J = 8.1 Hz, 2H, H*, H"), 7.40-7.29 (m, 4H, H?, H? H’,
H?), 7.24 (t, ] = 7.6 Hz, 1H, H'?), 7.08 (t,J = 7.5 Hz, 1H, H'"),
3.61 (d, J = 30.0 Hz, 2H, H®), 2.97 (d, J = 85.0 Hz, 2H, H’). **C
NMR (151 MHz, DMSO-d,) § 157.82 (Cq, C®), 154.12 (CH, C'°),
154.11 (Cq, C"), 149.31 (CH, C'°), 137.88 (Cq, C**), 136.49 (Cq,
Cc™¥), 136.35 (CH, C*"), 134.10 (Cq, C**°), 129.97 (CH, C"),
129.76 (CH, C*), 128.67 (Cq, C*), 126.95 (CH, C%), 126.43 (Cq,
C%), 126.15 (CH, C?), 124.14 (CH, C*°), 123.30 (CH, C'),
120.99 (CH, C*?), 119.92 (CH, C'), 119.39 (CH, C'), 116.54
(Cq, C**"), 112.16 (CH, C*), 46.14 (CH,, C°), 33.44 (CH,, C°).
ESI-MS (acetonitrile/methanol + 1% water), positive: m/z
366.17 [M + H]" (caled m/z for [C,3H,0N5]" 366.17).

4.2.2 HL?>0.3C,H¢O. To a solution of VIla (152 mg,
0.55 mmol) in anoxic ethanol (1.5 mkL), 2-acetylpyridine
(67.8 pL, 0.60 mmol) was added, and the resulting solution
was stirred at 85 °C overnight. To the cooled solution, water
(10 mL) was added, and the suspension was redissolved with
ethanol (7 mL). The organic solvent was slowly removed, the
resulting precipitate was filtered and washed with EtOH/H,0O
1/1 (2 mL). The dried product was obtained as a yellow solid.
Yield: 170 mg, 81%. 'H NMR (600 MHz, DMSO-d) § 11.62 (s,
1H, H°), 8.58 (ddd, J = 4.8, 1.8, 0.9 Hz, 1H, H'®), 8.43-8.39 (m,
1H, H*?), 7.82-7.76 (m, 1H, H*"), 7.53 (d, J = 8.2 Hz, 1H, H"?),
7.49 (t, J = 6.3 Hz, 1H, H'), 7.42 (d, J = 7.5 Hz, 2H, H', H?),
7.38-7.29 (m, 3H, H?, H?, H*°), 7.24 (ddd, J = 8.1, 7.0, 1.1 Hz,
1H, H'?), 7.08 (ddd, J = 7.0, 5.0, 0.9 Hz, 2H, H’, H'"), 3.60 (s,
2H, H®), 2.97 (d, J = 83.7 Hz, 2H, H”), 2.45 (s, 3H, H*®). *C
NMR (151 MHz, DMSO-d¢) § 160.04 (Cq, C'°), 156.14 (Cq, C"7),
155.58 (Cq, C®), 148.46 (CH, C'°), 137.95 (Cq, C**), 136.38 (Cq,
C%), 136.01 (CH, C*'), 134.20 (Cq, C"¢), 129.93 (CH, C"),
129.74 (CH, C*), 129.34 (Cq, C*), 126.87 (CH, C%), 126.57 (Cq,
Cc"¥), 126.10 (CH, C%), 123.78 (CH, C*°), 123.16 (CH, C'),
120.95 (CH, C*?), 119.86 (CH, C'"), 119.34 (CH, C'°), 116.06
(Cq, C**"), 112.14 (CH, C*), 46.11 (CH,, C°), 33.49 (CH,, C°),
13.37 (CH;, C*%). ESI-MS (acetonitrile/methanol + 1% water),
positive: m/z 380.19 [M + H]' (caled m/z for [Cy4H,oNs]"
380.19).

4.2.3 HL?.0.2C,HcO. To a solution of VIIb (199 mg,
0.56 mmol) in anoxic ethanol (3 mL), 2-formylpyridine
(53.4 pL, 0.62 mmol) was added, and the resulting solution
was stirred at 85 °C overnight. The cooled suspension was fil-
tered, and the solid washed with EtOH/H,O 1/1 (2 mL). The
dried product was obtained as a yellow solid. Yield: 178 mg,
71%. '"H NMR (600 MHz, DMSO-d) § 11.98 (s, 1H, H’), 8.58
(ddd,J = 4.8, 1.6, 1.0 Hz, 1H, H'®), 8.35 (s, 1H, H'®), 8.32 (d, ] =
8.0 Hz, 1H, H*?), 7.84 (td, J = 7.5, 1.2 Hz, 1H, H*"), 7.56 (d, J =
1.8 Hz, 1H, H'®), 7.48 (d, J = 8.6 Hz, 1H, H'®), 7.44 (dd, J = 7.3,
1.4 Hz, 1H, H*), 7.43-7.36 (m, 4H, H', H’, H"', H*°), 7.36-7.32
(m, 2H, H?, H?), 3.59 (d, J = 36.2 Hz, 2H, H°), 2.96 (d, J = 66.5
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Hz, 2H, H’). *C NMR (151 MHz, DMSO-d¢) § 157.32 (Cq, C?),
154.49 (CH, C'®), 154.02 (Cq, C"7), 149.34 (CH, C'°), 137.93
(Cq, C*), 136.38 (CH, C*"), 135.10 (Cq, C*?), 133.34 (Cq, C**°),
130.14 (Cq, C®), 129.86 (CH, C'; CH, C%), 128.11 (Cq, C"*¥),
127.28 (CH, C?), 126.37 (CH, C?), 125.85 (CH, C'"), 124.23 (CH,
C*%), 121.37 (CH, C“), 121.06 (CH, C>%), 115.93 (Cq, C"*"),
114.28 (CH, C'%), 112.47 (Cq, C'?), 46.06 (CH,, C°), 33.32 (CH,,
C®). ESI-MS (acetonitrile/methanol + 1% water), positive: m/z
444.08 [M + H]" (caled m/z for [C,3H;oBrNs]" 444.08).

4.2.4 HL*.0.4C,H¢O. To a solution of VIIb (199 mg,
0.56 mmol) in anoxic ethanol (3.5 mL), 2-acetylpyridine
(69.1 pL, 0.62 mmol) was added, and the resulting solution
was stirred at 85 °C overnight. To the cooled solution, water
(10 mL) was added, and the suspension was redissolved with
ethanol (7 mL). The organic solvent was slowly removed, the
resulting precipitate was isolated by filtration and washed with
EtOH/H,0O 1/1 (2 mL). The dried product was obtained as a
dark-yellow solid. Yield: 150 mg, 58%. 'H NMR (600 MHz,
DMSO-d,) 6 11.86 (s, 1H, H), 8.58 (ddd, J = 4.8, 1.7, 0.9 Hz,
1H, H'), 8.43-8.40 (m, 1H, H*?), 7.82-7.77 (m, 1H, H*"), 7.56
(d,J = 1.9 Hz, 1H, H"), 7.50 (d, J = 8.7 Hz, 1H, H'?), 7.45-7.40
(m, 2H, H', HY), 7.39-7.31 (m, 4H, H?, H?, H", H*°), 7.10 (s,
1H, H’), 3.58 (d, J = 22.4 Hz, 2H, H®), 2.95 (d, J = 64.2 Hz, 2H,
H®), 2.44 (s, 3H, H**). >C NMR (151 MHz, DMSO-d;) § 160.40
(Cq, C*), 156.03 (Cq, C), 155.05 (Cq, C®), 148.47 (H, C'),
137.98 (Cq, C*?), 136.03 (CH, C*"), 135.00 (Cq, C*?), 133.41 (Cq,
Cc"*%), 130.78 (Cq, C*), 129.84 (CH, C*), 129.82 (CH, C"), 128.26
(Cq, C**%), 127.20 (CH, C%), 126.31 (CH, C?), 125.69 (CH, C'),
123.86 (CH, C*°), 121.30 (CH, C"), 121.01 (CH, C*?), 115.46
(Cq, C**?), 114.25 (CH, C*°), 112.38 (Cq, C'?), 46.00 (CH,, C6),
33.36 (CH,, C°), 13.40 (CH3, C**). ESI-MS (acetonitrile/metha-
nol + 1% water), positive: m/z 458.09 [M + H]" (caled m/z for
[C24H,1BrN;]" 458.09).

4.2.5 HL’-0.75CH,Cl,. Under argon atmosphere, to a sus-
pension of VIIc (138 mg, 0.47 mmol) in anoxic ethanol
(1.8 mL), 2-acetylpyridine (59 pL, 0.53 mmol) was added, and
the resulting mixture was stirred at 85 °C for 18 h. The solvent
was removed under reduced pressure, and the crude solid was
purified on silica using hexane : THF 3: 7 as eluent. After evap-
oration of the solvent, the crude oil was dissolved in DCM
(10 mL), and hexane (5 mL) was added. DCM was slowly evap-
orated, and the resulting solid was isolated by filtration,
washed with hexane (2 mL) and dried at 50 °C in vacuo. Yield:
86 mg, 46%. '"H NMR (600 MHz, DMSO-d) & 11.74 (s, 1H,
H'), 8.55 (d, ] = 4.2 Hz, 1H, H*), 8.37 (d,J = 8.1 Hz, 1H, H>),
7.75 (td, J = 7.9, 1.7 Hz, 1H, H*?), 7.47 (d, ] = 8.2 Hz, 1H, H'),
7.35-7.31 (m, 2H, H*', H"), 7.29 (td, J = 7.5, 1.2 Hz, 1H, H%),
7.25 (t,J = 7.1 Hz, 14, H®), 7.23-7.19 (m, 1H, H*), 7.17 (dd, J =
11.6, 4.5 Hz, 2H, H>, H'), 7.06 (d, J = 6.9 Hz, 1H, H"), 7.03 (¢,
J = 7.7 Hz, 1H, H'?), 3.60-2.90 (s, broad, 2H, H’, overlapped
with water), 2.80-2.20 (d, broad, 2H, H’, overlapped with
DMSO0), 2.27 (d, ] = 6.9 Hz, 3H, H**), 1.76 (s, 2H, H®). "*C NMR
(151 MHz, DMSO-ds) § 158.98 (Cq, C'), 156.16 (Cq, C'®),
155.58 (Cq, C°), 148.36 (CH, C*°), 143.61 (Cq, C**), 135.85 (CH,
C*?), 135.19 (Cq, C'*), 133.33 (Cq, C'*), 131.07 (CH, C"),
130.70 (Cq, C*), 129.23 (CH, C"), 127.69 (Cq, C'*), 127.67
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(CcH, C%, 125.11 (CH, C'), 123.62 (CH, C*"), 122.34 (CH, C*),
120.86 (CH, C**), 119.56 (CH, C'?), 119.03 (CH, C?), 116.33
(Cq, C**?), 111.70 (CH, C'*), 33.32 (CH,, C°), 13.04 (CH;, C**).
Carbon resonances for C*> and C’ could not be seen. ESI-MS
(acetonitrile/methanol + 1% water), positive: m/z 394.22
[M + H]" (caled m/z for [C,5Hp4N5]" 394.20).

4.2.6 HL®CH,Cl,. Under argon atmosphere, to a suspen-
sion of VIId (352 mg, 0.95 mmol) in anoxic ethanol (4 mL),
2-acetylpyridine (118 pL, 1.05 mmol) was added, and the
resulting mixture was stirred at 85 °C for 18 h. The solvent was
removed under reduced pressure, and the crude solid was puri-
fied on silica using hexane: THF 3:7 as eluent. After evapor-
ation of the solvent, the crude oil was dissolved in DCM
(10 mL), and hexane (5 mL) was added. DCM was slowly evap-
orated, and the resulting crystals were isolated by filtration,
washed with hexane (2 mL) and dried at 50 °C in vacuo. Yield:
86 mg. 41%. "H NMR (600 MHz, DMSO-dg) § 12.00 (s, 1H,
H'), 8.55 (ddd, J = 4.8, 1.7, 0.9 Hz, 1H, H>°), 8.36 (dd, J = 5.0,
4.1 Hz, 1H, H>®), 7.75 (ddd, J = 8.0, 7.5, 1.8 Hz, 1H, H*?), 7.45
(t, J = 7.0 Hz, 1H, H'), 7.36-7.29 (m, 4H, H*!, H'?, H*, H?),
7.27 (t, J = 7.2 Hz, 1H, H®), 7.23 (d, J = 1.9 Hz, 1H, H""), 7.18
(td, J = 7.3, 1.9 Hz, 1H, H?), 7.08-7.05 (m, 1H, H"), 3.40-2.80
(d, broad, 2H, H’, overlapped with water), 2.75-2.10 (d, broad,
2H, H®, overlapped with DMSO), 2.30-2.25 (m, 3H, H**), 1.77
(d, J = 13.8 Hz, 2H, H®. *C NMR (151 MHz, DMSO-d,)
§ 159.80 (Cq, C"), 156.57 (Cq, C'®), 155.43 (Cq, C°), 148.87
(CH, C*°), 144.18 (Cq, C**), 136.37 (CH, C*?), 134.37 (Cq, C'*),
132.92 (Cq, C**), 132.77 (Cq, C**), 131.52 (CH, C"), 129.85 (Cq,
C'*), 129.83 (CH, C%), 128.49 (CH, C?), 125.77 (CH, C?), 125.39
(CH, C"), 124.19 (CH, C*"), 121.48 (CH, C"), 121.40 (CH, C**),
116.36 (Cq, C'*?), 114.39 (CH, C'), 112.50 (Cq, C"%), 33.73
(CH,, C®), 13.55 (CH3, C**). Carbon resonances for C*> and C’
could not be seen. ESI-MS (acetonitrile/methanol + 1% water),
positive: m/z 474.17 [M + H]" (caled m/z for [Cy5H,3BrNs]"
477.11).

Single crystals of X-ray diffraction quality of HL* and HL®
were generated by slow diffusion of the solvent of a diluted
solution of ligands in DCM into methylcyclohexane.

4.3 Synthesis of copper(un) complexes 1-6

The isolated yields and analytical data for Cu(u) complexes 1-6
are collected in Tables S7 and S8 in the ESIL.{ Experimental
CHN contents provide evidence for >95% purity and are within
+ 0.4% of those calculated.

4.3.1 Complex 1. To a solution of HL' (67 mg, 0.18 mmol)
in isopropanol (10 mL) at 70 °C a solution of CuCl,-2H,0
(31 mg, 0.18 mmol) in methanol (100 pL) was added. The
mixture was refluxed for 30 min and cooled to 4 °C. After
2 days the precipitate was isolated by filtration, washed with
isopropanol (1 mL) and dried in vacuo to give a green-brownish
solid. Yield: 55.7 mg, 70%. ESI-MS (acetonitrile/methanol +
1% water), positive: m/z 427.08 [M — HCI — CI]" (caled m/z for
[C,3H,5CuN;]" 427.08).

4.3.2 Complex 2. To a solution of HL? (62 mg, 0.16 mmol)
in isopropanol (20 mL) at 70 °C a solution of CuCl,-2H,0
(28 mg, 0.16 mmol) in methanol (100 pL) was added. The
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dark-red solution was refluxed for 30 min. The solution was
concentrated by one half, and the product was precipitated
with diethyl ether (40 mL). The product was isolated by fil-
tration, washed with diethyl ether (2 mL) and dried in vacuo to
give a bright green solid. Yield: 47 mg, 56%. ESI-MS (aceto-
nitrile/methanol + 1% water), positive: m/z 441.10 [M — HCI —
Cl]" (caled m/z for [Cp4H,0CuN;|" 441.10).

4.3.3 Complex 3-0.2C,H0-0.3H,0. To a solution of HL?
(60 mg, 0.14 mmol) in isopropanol (60 mL) at 70 °C a solution
of CuCl,-2H,0 (23 mg, 0.14 mmol) in methanol (100 pL) was
added. The mixture was refluxed for 30 min. The solution was
concentrated to ~15 mL and cooled to 4 °C overnight. The
product was isolated by filtration, washed with diethyl ether
(2 mL) and dried in vacuo to give a green solid. Yield: 72 mg,
92%. ESI-MS (acetonitrile/methanol + 1% water), positive: m/z
506.99 [M — HCI — Cl]" (caled m/z for [C,3H;,BrCuN;|" 507.00).

4.3.4 Complex 4-0.9C3HgO. To a solution of HL* (61 mg,
0.13 mmol) in isopropanol (10 mL) at 70 °C a solution of
CuCl,-2H,0 (23 mg, 0.13 mmol) in methanol (100 pL) was
added. The mixture was refluxed for 30 min and cooled to 4 °C
overnight. The dark-green precipitate was isolated by filtration,
washed with diethyl ether (2 mL) and dried in vacuo to give a
green solid. Yield: 65 mg, 81%. ESI-MS (acetonitrile/methanol
+ 1% water), positive: m/z 521.01 [M — HCI — CI]" (caled m/z
for [C,4H;oBrCuN;]|" 521.01).

4.3.5 Complex 5-1.75H,0. To a solution of HL> (85 mg,
0.22 mmol) in isopropanol (15 mL) at 60 °C a solution of
CuCl,-2H,0 (37 mg, 0.22 mmol) in methanol (100 pL) was
added. The mixture was refluxed for 30 min and cooled to 4 °C
overnight. The bright-green precipitate was isolated by fil-
tration, washed with methanol (2 mL) and dried in vacuo to
give a bright-green solid. Yield: 66 mg, 58%. ESI-MS (aceto-
nitrile/methanol + 1% water), positive: m/z 491.16 [M — CI]
(caled m/z for [CysH,3CICUN;]" 491.10).

4.3.6 Complex 6-C;Hg0-0.75H,0. To a solution of HL®
(38 mg, 0.08 mmol) in isopropanol (7 mL) at 60 °C a solution
of CuCl,-2H,0 (13.5 mg, 0.08 mmol) in methanol (100 pL) was
added. The mixture was refluxed for 30 min and cooled to 4 °C
overnight. The bright-green precipitate was isolated by fil-
tration, washed with methanol (2 mL) and dried in vacuo to
give a green-brownish solid. Yield: 35 mg, 73%. ESI-MS (aceto-
nitrile/methanol + 1% water), positive: m/z 571.01 [M — CI]"
(caled m/z for [Cy5H,,BrCICuN;]" 571.01).

UV-vis kinetic measurements for 1-6 over 72 h are shown
in Fig. S6-511 in the ESL{

Single crystals of X-ray diffraction quality of 2, 4 and 5 were
grown by slow vapor diffusion of diethyl ether into a concen-
trated solution of complexes in DMF. Single crystals of X-ray
diffraction quality of 5’ were grown by slow evaporation of the
solvent of a diluted solution of 5 in a mixture of isopropanol
and methanol.

4.3.7 Crystallographic structure determination. The
measurements were performed on Bruker X8 APEXII CCD
(VIa-0.5MeOH, 5'-2DMF), Bruker D8 Venture (HL®, 2-2DMF)
and STOE STADIVARI (Ila, Vd-vd“°™, HL®.DCM, 4-2DMF-H,0,
5-2DMF) diffractometers. Crystal data, data collection para-
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meters, and structure refinement details are given in Tables S9
and S10 in the ESLf The structures were solved by direct
methods and refined by full matrix least-squares techniques.
Non-H atoms were refined with anisotropic displacement para-
meters. H atoms were inserted in calculated positions and
refined with a riding model. The following computer programs
and hardware were used: structure solution, SHELXS-2014 and
refinement, SHELXL-2014;*" molecular diagrams, ORTEP;*>
computer, IntelCoreDuo. CCDC 2261958-2261966.

4.4 Spectrophotometric titrations and solubility tests

The UV-vis spectra were recorded on an Agilent Cary 8454
diode array spectrophotometer between 200 and 800 nm.
Spectrophotometric titrations were carried out on samples
containing the ligand (HL', HL?, HL® or HL'(;)) or the ligand
and Cu(u) ions together at different ligand-to-metal ratios
(1:1,1.5:1, 2:1) by a KOH solution in a DMSO : water 30: 70
(v/v) mixture as solvent at 25.0 + 0.1 °C in the pH range from
1.7 to 12.7 using 0.1 M KCl ionic strength. The concentration
of ligands was 10 uM. The path length was 5 cm. For pH
measurements and titrations, an Orion 710A pH-meter
equipped with a Metrohm combined electrode (type
6.0234.100) and a Metrohm 665 Dosimat burette was used.
Blank titrations (HCI vs. KOH) were performed similarly to the
method proposed by Irving et al. for pure aqueous solutions to
calibrate the electrode system to the pH = —log[H+] scale in the
DMSO-water solvent mixture.®® The water ionization constant
(pKw) was determined to be 14.52 + 0.05 on average, which is
in line with the literature data.®* During the titrations argon
was passed over the solutions. The computer program
PSEQUAD was used to calculate the proton dissociation con-
stants (pK,) of the ligands, the overall stability constants
(log p) of the Cu(u) complexes and the individual spectra of the
various species present in solution.®® In the general equili-
brium pM + gL + rH = M,L,H, the stability constants is
defined as f(M,L,H,) = [M,L H,]/[MF[L][H], where M denotes
the Cu(u) ion and L the completely deprotonated ligand. The
calculations were always performed from experimental data
where no precipitation was observed during titration.

The thermodynamic solubility (S) of the studied com-
pounds was determined in saturated solutions at pH 7.40
(20 mM HEPES buffer) in the absence of DMSO at 25.0 +
0.1 °C. UV-vis spectrophotometry was applied to determine
the concentration of the compounds using calibrating samples
of the compounds of known concentrations dissolved in 100%
DMSO and 50% (v/v) DMSO/buffered aqueous solutions.

4.5 ct-DNA binding studies

Fluorescence measurements were carried out on a Fluoromax
(Horiba Jobin Yvon) fluorimeter. Stock solutions of the com-
plexes and ligands were prepared in pure DMSO (¢ = 1 or
0.5 mM). Stock solution of ct-DNA was prepared as described
recently.*® The sample volume was 20.0 mL and contained
0.5 pM ct-DNA expressed in base pairs, 0.25 pM ethidium and
different concentrations of complexes 1, 2, 4, 5, 6, 4(), 4(7) Or
ligands (HL', HL? HL®, HL®) in 10 mM HEPES buffer (pH

This journal is © The Royal Society of Chemistry 2023
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7.40). DMSO content of the samples varied between 0 and 1%
(v/v). The excitation wavelength was 510 nm, and the fluo-
rescence emission was measured in the range of 530-750 nm.
Corrections for self-absorbance and inner filter effect were per-
formed as described previously.?”

4.6 Cell lines

Four cell lines were used in this study: the doxorubicin-sensi-
tive Colo205 (CCL-222, ATCC, Manassas, VA, USA) human
colon adenocarcinoma cell line; the doxorubicin-resistant
Colo320/MDR-LRP expressing P-glycoprotein (P-gp, ABCB1)
(MDR1)-LRP (CCL-220.1, ATCC) human colon adenocarcinoma
cell line; the hormone-responsive MCF-7 breast cancer cell line
and the normal MRC-5 human embryonal lung fibroblast cell
line (CCL-171, ATCC). The human cancer cell lines were pur-
chased from LGC Promochem (Teddington, UK), and the
MRC-5 cell line is a Sigma-Aldrich (Merck KGaA, Darmstadlt,
Germany) product. The Colo205 and Colo320 cell lines were
cultured in RPMI 1640 medium supplemented with 10% fetal
bovine serum (FBS), 2 mM r-glutamine, 1 mM Na-pyruvate and
10 mM HEPES. The MCF-7 and MRC-5 cells were cultured in
Eagle’s Minimal Essential Medium (EMEM) containing
4.5 g L' of glucose and supplemented with a non-essential
amino acid mixture, a selection of vitamins and 10% FBS. All
cell lines were incubated at 37 °C, 5% CO,, 95% air atmo-
sphere. The cells were detached with Trypsin-Versene (EDTA)
solution for 5 min at 37 °C.

4.7 Invitro assay for cytotoxic effect

Prior to the cytotoxicity assays 10 mM stock solutions of the
tested compounds were prepared in DMSO. These stock solu-
tions were diluted with the culture medium (EMEM or RPMI
1640), and twofold serial dilutions of the compounds were pre-
pared in 100 pL of the appropriate medium. The final DMSO
concentration did not exceed 1% (v/v) in the medium and no
inhibition of cell viability was observed at this DMSO concen-
tration. The positive control was doxorubicin (Merck), and
CuCl, was also tested. All cancer cells were treated with
Trypsin-Versene (EDTA) solution. A cell density of 1 x 10* cells
was adjusted for the colon adenocarcinoma cells in 100 pL of
RPMI 1640 medium and were added to each well, except for
the medium control wells. The final volume was 200 pL in the
wells containing compounds and cells. The MCF-7 and MRC-5
cells were seeded overnight prior to the assay. The following
day, the serial dilution of the compounds were made in separ-
ate plates and added to the cells. The culture plates were incu-
bated at 37 °C for 72 h; and at the end of the incubation
period, 20 pL of 5 mg mL™" 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) solution was added to
each well and incubated for 4 h at 37 °C. The plates were
further incubated at 37 °C overnight following the addition of
100 pL of sodium dodecyl sulfate (SDS) solution (10% in 0.01
M HCI). The optical density (OD) was measured at 450 nm (ref.
620 nm) with a Multiscan EX ELISA reader to follow the cell
growth. Inhibition of cell growth (expressed as ICs: inhibitory
concentration that reduces by 50% the growth of the cells

Dalton Trans., 2023, 52, 9964-9982 | 9979


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3dt01632c

Open Access Article. Published on 04 July 2023. Downloaded on 7/19/2025 9:13:03 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

exposed to the tested compounds) was determined from the
sigmoid curve, where 100 — ((ODgampie = ODmedium control)/
(ODeent control = ODmedium control)) X 100 values were plotted
against the logarithm of compound concentrations. The sig-
moidal dose-response model (comparing variable and fixed
slopes) of the GraphPad Prism software®® was used to fit the
curves. The IC;, values are averages from at least 3 indepen-
dent experiments.

4.8 Molecular modelling

The ligands and copper(u) complexes were docked against the
crystal structure of tubulin-2-mercapto-N-[1,2,3,10-tetra-
methoxy-9-oxo-5,6,7,9-tetrahydro-benzo[A]heptalene-7-ylJacet-
amide (DAMA-C) (PDB ID: 1SA0, resolution 3.58 A),”® which
was obtained from the Protein Data Bank (PDB).*>° The
GOLD (v2020.2.0) software suite was used to prepare the
crystal structures for docking, as reported recently.>® The
docking centre for the binding pocket was defined as the posi-
tion of the co-crystallised compounds with a 10 A radius. The
implemented in GoldScore(GS)”* and ChemScore(CS)”>”®
ChemPLP(Piecewise Linear Potential)’” and ASP(Astex
Statistical Potential)’® scoring functions were used to predict
the binding modes and relative energies of the compounds
using the GOLD (v2020.2.0) software suite. The GOLD docking
algorithm was already shown to be an excellent modelling
tool.”™*% The crystal structures of HL?, HL*, HL®, 2, 4, and 5
were used for docking and the structures of HL', HL?, HL’, 1,
3, and 6 were modified in Discovery Studio directly from them.

The QikProp v6.2°% software package was used to calculate
the molecular descriptors of the molecules. The reliability of
QikProp was established for the calculated descriptors.®*
Furthermore, the Scigress version FJ 2.6 program®’ was used to
calculate the molecular descriptors for the complexes. The
Known Drug Indexes (KDI) were calculated from the molecular
descriptors as described by Eurtivong and Reynisson.®® For
application in Excel, columns for each property were created
and the following equations used do derive the KDI numbers
for each descriptor: KDI MW = EXP(—((MW — 371.76)%)/(2*
(112.76))), KDI log P = EXP(-((log P — 2.82)%)/(2*(2.21%))), KDI
HD = EXP(-((HD — 1.88)*)/(2*(1.7%))), KDI HA = EXP(-((HA -
5.72)%)/(2%(2.86%))), KDI RB = EXP(-((RB — 4.44)%)/(2%(3.55%))),
and KDI PSA = EXP(-((PSA — 79.4)%)/(2%(54.16%))). These
equations could simply be copied into Excel and the descriptor
name (e.g., MW) substituted with the value in the relevant
column. To derive KDI,,, this equation was used = (KDI MW +
KDI logP + KDI HD + KDI HA + KDI RB + KDI PSA) and for
KDL,; = (KDI MW x KDI log P x KDI HD x KDI HA x KDI RB x
KDI PSA).

4.9 Tubulin assays

The methods used to determine the ICs, values for tubulin
assembly and inhibition of [*H]colchicine binding were
recently described in detail.”® In brief, for the assembly assay,
0.25 mL reaction mixtures contained 1.0 mg mL™" (10 pM)
tubulin, 0.8 M monosodium glutamate (pH 6.6 with HCI in
2.0 M stock solution), 4% (v/v) DMSO (compound solvent),
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varying compound concentrations, and 100 uM GTP. All com-
ponents except GTP were preincubated at 30 °C for 15 min in a
0.24 mL volume. Reaction mixtures were then placed on ice,
and the GTP was added in a 10 pL volume. Assembly was
monitored in Beckman DU7400/7500 spectrophotometers
equipped with electronic temperature controllers and driven
by a custom program. The samples were transferred to cuvettes
held at 0 °C, and the temperature was jumped to 30 °C over
about 30 s. Change in turbidity was measured for 20 min at
350 nm, and the IC;, was defined as the compound concen-
tration that reduced the extent of reaction by 50%. For the col-
chicine binding assay, reaction mixtures contained 0.05 mg
mL™" (0.5 uM) tubulin, 5.0 pM [*H]colchicine, 5% (v/v) DMSO
(compound solvent), compound as indicated, and components
found to stabilize the colchicine binding activity of tubulin.
Incubation was for 10 min at 37 °C, at which time the amount
of colchicine bound to the tubulin is 40-60% of maximum.
Each reaction mixture was diluted with 2.0 mL of ice cold
water and poured onto a single Whatman DEAE-cellulose filter
(tubulin binds tightly to the filter, and unbound colchicine
passes through). Gravity filtration was used for the samples,
and the filters were then washed with three 2.0 mL aliquots of
ice cold water (vacuum aspiration). The filters were counted in a
Beckman scintillation counter, with correction for the amount
of radiolabel bound to filters in the absence of tubulin.
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