Open Access Article. Published on 02 January 2019. Downloaded on 3/8/2026 9:14:25 AM.

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

(cc)

RSC Advances

W) Check for updates ‘

Cite this: RSC Adv., 2019, 9, 287

AA"?
| ROYAL SOCIETY
OF CHEMISTRY

Experimental and theoretical investigation of
cyclometallated platinum(i) complex containing

adamantanemethylcyanamide and 1,4-
naphthoquinone derivative as ligands: synthesis,
characterization, interacting with guanine and
cytotoxic activityt
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A new cyclometallated platinum(i) complex with 1-adamantanemethylcyanamide (1-ADpcydH) and 2-

[amino(2-phenylpyridine)]-1,4-naphthoquinone (1,4-NQ) ligands with the formula cis-Pt(1,4-NQ)(1-
ADpcyd)(H,O) was synthesized and fully characterized. Cellular uptake, DNA platination, and cytotoxicity
against human MCF-7 breast, HepG-2 liver hepatocellular carcinoma, and HT-29 colon cancer cell lines
were evaluated. The interaction of guanine (G) with cis-Pt(1,4-NQ)(1-ADpcyd)(H,0) was studied by **°Pt
NMR and mass spectroscopy. Furthermore, DFT calculations were performed on the complexes cis-

Pt(1,4-NQ)(1-ADpcyd)(H,0)
Received 22nd October 2018

Accepted 11th December 2018

1 and cis-Pt(1,4-NQ)(1-ADpcyd)(G) 2 using the BP86-D and B3LYP
functionals, in order to gain deeper insights into the molecular and electronic structures. Decomposition

energy analysis gave a clear understanding of the bonding within both complexes, showing that the
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1. Introduction

Recently, cyclometallated platinum complexes containing N-
donor ligands have been the object of much research atten-
tion due to interest in their biological activities."® The anti-
tumor activity of different platinum(i) complexes is associated
with the platination of DNA, generally through binding to
guanine. Hence, anticancer platinum(n) complexes have been
investigated with guanine derivatives in theoretical and exper-
imental studies and they have shown a high selectivity for
binding to N7 of guanine.'**

1,4-Naphthoquinone and its derivatives are attracting great
attention as they show important properties that would be
useful in many Dbiological processes.”>?*”  Recently,
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interactions were governed by two-third ionic and one-third covalent characters, which were stronger
between the guanine and the Pt(i) center than those between water and the Pt().

naphthoquinone-platinum(u) complexes were studied as anti-
cancer drugs and showed significant biological activity and
DNA-binding as a result of coordination of the quinone to
Pt(u).>®

Adamantane derivatives are usually regarded as a ‘lipophilic
bullet’ for improving the lipophilicity in biological activities
with potential anticancer activity.”*** Recently, we focused
attention on the development of Ni(u), Co(1r), Ru(1r), Ir(mr), Pt(i),
Pd(u), and triorganotin(iv) complexes containing phenyl-
cyanamide derivatives as monodentate ligands with biological
properties.**** Specifically, we synthesized and used 1-ada-
mantanemethylcyanamide (1-ADpcydH) as a monodentate
ligand for a platinum(u) complex.

We here report the synthesis and characterization of a new
cyclometallated platinum(i) complex of 1-ada-
mantanemethylcyanamide (1-ADpcydH) and 2-[amino(2-
phenylpyridine)]-1,4-naphthoquinone (1,4-NQ) ligands with
the formula cis-Pt(1,4-NQ)(1-ADpcyd)(H,O). The cellular uptake,
DNA platination, and cytotoxicity against human MCF-7 breast,
HepG-2 liver hepatocellular carcinoma, and HT-29 colon cancer
cell lines were evaluated. Moreover, this complex was studied by
theoretical calculations and in an experimental evaluation for
its interaction with guanine. The theoretical study was per-
formed on both complexes cis-Pt(1,4-NQ)(1-ADpcyd)(H,0), 1,
and cis-Pt(1,4-NQ)(1-ADpcyd)(G), 2, in order to obtain
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information about their molecular structures by analyzing their
molecular orbitals, electronic structures, natural charges,
Wiberg bond indices (WBI), and interaction energies using the
BP86-D and B3LYP methods,**> which have proved their reli-
ability for metallic complexes in many previous studies. We
endeavor herein to compare our results with those available
experimentally in the literature of related systems.

2. Experimental

2.1. Materials and methods

All reagents and solvents were commercially available and used
without further purification. The 1-adamantanemethylcyanamide
(1-ADpcydH) ligand was synthesized as previously reported.” Cis-
Pt(DMSO),Cl, was purchased from Sigma-Aldrich and used
without further purification. "H, **C {'"H} nuclear magnetic reso-
nance (NMR) spectra were recorded on a Bruker-400 MHz spec-
trometer at ambient temperature in DMSO-dg. “*>Pt NMR spectra
were recorded on a Varian 500 AR spectrometer in DMF-d,. ESI
mass spectra were recorded on a Waters LCT Premier XE spec-
trometer in positive- or negative-ion mode using MeOH/H,O as the
solvent. Elemental analyses were performed with an EA 3000
CHNS. Fourier transform infrared spectra were recorded on a FT-
IR JASCO FT-IR Jasco 680 Plus spectrometer in the region of 4000-
400 cm " using KBr pellets. pH measurements were made using
a Corning 240 pH meter equipped with an Aldrich micro-
combination electrode calibrated with Aldrich standard buffer
solutions of pH 4, 7, and 10.

2.2. Synthesis of the ligand 1-adamantanemethylcyanamide
(1-ADpcydH)

The 1-adamantanemethylcyanamide (1-ADpcydH) ligand was
synthesized from 1-adamantanemethylamine as previously re-
ported.*® The pure compound was obtained via re-crystallization
from an acetonitrile: pentane (2 : 5, volume ratio) solution as
yellow needles (0.138 g, 72.63% yield, and 1 mmol). Anal. calc.
(%) for C1,H N, (190.2847): C, 75.74; H, 9.53; N, 14.72; found
(%): C, 75.69; H, 9.51; N, 14.73. TOF-MS: 191.2927 [M + H]". FT-
IR: v 2238 (m, NCNH) cm . "H NMR (DMSO-dq): 6 5.59 (s, 1H,
H-NCNH), 2.93 (d, 2H, H-1, ] 7.2), 1.99 (broad, 3H, H-5), 1.78
(q, 6H, H-3, %/ 7.2), 1.41 (d, 6H, H-2, ] 7.2). >C NMR (DMSO-d,):
6 28.5 (C-5), 33.0 (C-4), 35.8 (C-3), 41.1 (C-2), 50.9 (C-1), 94.5
(HNCN).

2.3. Synthesis of the ligand 2-{amino(2-phenylpyridine)]-1,4-
naphthoquinone (1,4-NQ)

A solution of 2-phenyl-pyridin-4-ylamine (0.171 g, 1 mmol) and
triethylamine (697 pL, 5 mmol) in 20 mL tetrahydrofuran was
added dropwise to a solution of 2-bromo-1,4-naphthoquinone
(0.237 g, 1 mmol) in 20 mL tetrahydrofuran. The orange solu-
tion was stirred for 24 h at room temperature. The resulting
precipitate was removed by filtration and washed with dieth-
ylether. The resulting material was purified by silica gel column
chromatography (1% methanol/dichloromethane) to provide
the product as orange solids (0.221 g, 67.78% yield, and 1
mmol). Anal. calc. (%) for C,;H,4N,0, (326.3481): C, 77.29; H,
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4.32; N, 8.58; found (%): C, 77.22; H, 4.30; N, 8.54. TOF-MS:
327.1134 [M + HJ'. FT-IR: v 1712, 1656 (C=O stretch) cm™".
"H NMR (DMSO-dg): 6 9.99 (s, 1H, NH), 8.30 (d, 1H, H-b, */ = 7.2
Hz), 7.94-8.00 (m, 4H, H-h,i,e), 7.81 (t, 1H, H-k, *] = 7.2 Hz), 7.74
(t, 1H, H+j, *] = 7.2 Hz), 7.44-7.50 (m, 3H, H-d,f), 6.97 (s, 1H, H-
a), 6.45 (d, 1H, H-c, *] = 7.2 Hz), 5.83 (s, 1H, H-g). >*C NMR
(DMSO-dq): 6 182.0 (C=0), 180.0 (C=0), 158.0 (Ar), 153.5 (Ar),
149.9 (Ar), 138.0 (Ar), 134.5 (Ar), 132.1 (Ar), 128.9 (Ar), 126.8 (Ar),
124.9 (Ar), 123.0 (Ar), 108.8 (C-b), 106.0 (C-e), 102.5 (C-g).

2.4. Synthesis of the complex 1, cis-Pt(1,4-NQ)(1-ADpcyd)(H,O)

The ligands of 1-ADpcydH (190 mg, 1 mmol) and 1,4-NQ
(326 mg, 1 mmol) in 20 mL ethanol/water (1 : 1, volume ratio)
were added to a stirred solution of cis-[PtCl,(DMSO),] (423 mg, 1
mmol) in 10 mL ethanol. A saturated solution of KOH in water
was added dropwise to the solution until the pH value was 8.5.
The resulting solution was stirred for 72 h at room temperature.
Then, the reaction mixture was filtered and the resulting solu-
tion was evaporated under reduced pressure and dissolved in
acetonitrile (10 mL). The addition of n-pentane (40 mL) caused
the precipitation of a brown solid. The solid was washed with
diethyl ether (3 x 10 mL) and dried under vacuum (0.409 g,
56.31% yield, and 1 mmol). Anal. calc. (%) for C33H3,N,O3Pt
(727.7162): C, 54.47; H, 4.43; N, 7.70; found (%): C, 54.43; H,
4.41; N, 7.66. TOF-MS: 750.7059 [M + Na]". FT-IR: » 1689, 1632
(C=0 stretch), 2146 (m, NCN) cm . "H NMR (DMSO-d): 6 9.89
(s, 1H, NH), 8.49 (d, 1H, H-c, }] = 7.2 Hz), 8.20 (d, 1H, H-b, ] =
7.2 Hz), 8.00-8.09 (m, 4H, H-h,i,e), 7.75-7.80 (m, 2H, H-k,j),
7.24-7.29 (m, 2H, H-d,f), 6.81 (s, 1H, H-a), 5.79 (s, 1H, H-g),
3.64 (coordinated water), 2.79 (d, 2H, H-1, ] 7.2), 1.91 (broad,
3H, H-5), 1.67 (q, 6H, H-3, % 7.2), 1.13 (d, 6H, H-2, ] 7.2). **C
NMR (DMSO-ds): 6 181.1 (C=0), 179.9 (C=0), 158.1 (Ar), 153.4
(Ar), 150.0 (Ar), 138.5 (Ar), 135.0 (Ar), 132.9 (Ar), 130.0 (Ar), 127.0
(Ar), 124.0 (Ar), 122.0 (Ar), 112.0 (NCN), 109.9 (C-b), 105.8 (C-¢),
103.2 (C-g), 47.91 (C-1), 40.9 (C-2), 34.1 (C-3), 31.0 (C-4), 27.0 (C-
5). *°Pt{"H} NMR (107.6 MHz, DMF-d-): 6 —2794 ppm.

2.5. Synthesis of the complex 2, cis-Pt(1,4-NQ)(1-ADpcyd)(G):
interaction of cis-Pt(u) complex 1 with guanine

Complex 1 (1 mmol) and guanine (5 mmol) were dissolved in
5 mL DMF and stirred at 40 °C for 24 h. The reaction was fol-
lowed by °°Pt NMR spectroscopy. The ***Pt NMR spectra were
recorded in DMF with an insert D,O tube. The pH of the reac-
tion mixtures was monitored during the reaction and varied
from 6.4 to 7.2. After 24 h, the unreacted guanine was removed
by filtration. The solution was rotary-evaporated to dryness to
give the crude product. The residue was dissolved in acetonitrile
(10 mL) and n-hexane (50 mL) was added to produce the
precipitation of light brown solids (0.754 g, 87.65% yield, and 1
mmol). Anal. calc. (%) for C33H35NoO5Pt (860.8270): C, 53.02; H,
4.10; N, 14.64; found (%): C, 52.98; H, 4.08; N, 14.61. TOF-MS:
883.8168 [M + Na]'. "H NMR (DMSO-dq): 6 11.29 (s, 1H, NH1),
10.90 (s, 1H, NH9), 9.89 (s, 1H, NH), 8.49 (d, 1H, H-c, *] = 7.2
Hz), 8.34 (s, 1H, H-8), 8.20 (d, 1H, H-b, 3] = 7.2 Hz), 8.00-8.09
(m, 4H, H-h,i,e), 7.75-7.80 (m, 2H, H-k,j), 7.24-7.29 (m, 2H, H-
d,f), 6.92 (s, 2H, H-NH,), 6.81 (s, 1H, H-a), 5.79 (s, 1H, H-g), 2.79

This journal is © The Royal Society of Chemistry 2019
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(d, 2H, H-1, ] 7.2), 1.91 (broad, 3H, H-5), 1.67 (q, 6H, H-3, ] 7.2),
1.13 (d, 6H, H-2, %] 7.2). *C NMR (DMSO-dq): 6 181.0 (C=0),
178.6 (C=0), 158.0 (Ar), 156.1, 154.0 (Ar), 151.9 (Ar), 149.9 (Ar),
138.6 (Ar), 136.6 (Ar), 134.9 (Ar), 132.1 (Ar), 129.9 (Ar), 126.6 (Ar),
123.5 (Ar), 122.0 (Ar), 112.1 (NCN), 109.9 (C-b), 107.2, 105.5 (C-
e), 102.9 (C-g), 48.0 (C-1), 41.0 (C-2), 34.2 (C-3), 31.0 (C-4), 27.1
(C-5). *°Pt{'"H} NMR (107.6 MHz, DMF-d): § —3229 ppm.

2.6. Stability tests

The stability of complex 1 was tested by dissolving it in PBS
buffer/0.5% DMSO and keeping for 72 h at 37 °C. Briefly, 10 puL
of the solution was injected into an HPLC system (Thermo, USA)
connected to a UV/Vis spectrophotometer. A Hypersil Gold Dim
(100 x 2.1 mm, Thermo, USA) reversed-phase column was used

at a flow rate of 0.7 mL min .

2.7. Cell culture

Human MCF-7 breast, HepG-2 liver hepatocellular carcinoma,
and HT-29 colon cancer cell lines were obtained from the
American Type Culture Collection (ATCC, USA). All reagents and
cell culture media were purchased from Gibco Company (Ger-
many). The cells were maintained in Dulbecco's Modified Eagle
Medium (DMEM) supplemented with 10% FBS, 100 IU mL ™" of
penicillin, 100 pg mL " of streptomycin, and 2 mM of Glutamax
at 37 °C in a humidified incubator at 5% CO,. The adherent
cultures were grown as monolayers and were passaged once in
4-5 days by trypsinizing them with 0.25% trypsin-EDTA.

2.8. Cytotoxicity

The growth inhibitory effect toward tumor cells was evaluated by
means of the MTT  (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) tetrazolium reduction assay.**
Stock solutions of free ligands and complex 1 were prepared by
dissolving the compounds in DMSO (0.008 mM) that for cisplatin
was prepared by dissolving in RPMI-1640 medium. The stocks
were further diluted with the respective medium containing 10%
FBS (0.02-10 uM) before addition to the cells. Cells were trypsi-
nized with 0.25% trypsin-EDTA and counted with 0.4% trypan
blue. The cells were seeded at a concentration of 7500 cells/100
uL per well and grown for 24 h at 37 °C in a humidified incu-
bator. After 24 h, the medium was removed and replaced with
fresh medium containing the compound to be studied at the
appropriate concentration. Triplicate cultures were established
for each treatment. After 72 h, each well was treated with 10 pL of
a 5 mg mL~' MTT saline solution, and, following 5 h of incu-
bation, 100 pL of a sodium dodecylsulfate solution in HCI (0.01
M) was added. The optical absorbance of each well (96-well
plates) was quantified using EnVision multilabel plate readers
(PerkinElmer, Waltham, MA, USA) at 450 nm wavelength. The
mean absorbance values were then calculated and exported to
Graphpad Prism version 6.0 for Windows and plotted in the
logarithmic form to determine the ICs, values. The ICs, value was
calculated as the concentration reducing the proliferation of the
cells by 50% and is presented herein as the mean (+SE) of three
independent experiments each with triplicates. P < 0.05 was
considered to be statistically significant.

This journal is © The Royal Society of Chemistry 2019
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2.9. Cellular platinum accumulation

Cellular accumulation of complex 1 and cisplatin was measured
in HT-29 cells. 1 x 10° cells were seeded in 60 mm tissue culture
dishes. After incubation overnight at 37 °C, the cells were
treated with complex 1 or cisplatin for 1 h at a final concen-
tration of 10 uM at 0.5% DMSO. The cell monolayers at the end
of the incubation with complex 1 or cisplatin were washed twice
with PBS (phosphate buffered saline), trypsinized, and har-
vested into appropriate media. Cell suspensions were centri-
fuged, the pellets were digested with 12 M HCI, and the
platinum content was analyzed by ICP-MS. All the experiments
were performed in triplicate.

2.10. DNA platination

DNA platination was performed by using complex 1 and
cisplatin (10 pM) in HT-29 cells as previously reported.*

2.11. Computational details

Density functional theory (DFT) calculations were carried out
using the 2014.01 version of the Amsterdam Density Functional
(ADF) program® developed by Baerends and co-workers.>**°
Electron correlation was treated within the local density
approximation (LDA) in the Vosko-Wilk-Nusair parametriza-
tion.** The DFT-D method consisting of BP86-D*> was used for
all calculations to compensate for the incapacity of the gener-
alized gradient approximation BP86 (ref. 63-66) functional to
describe the dispersion effects correctly besides the hybrid-type
B3LYP.®”*® The atom electronic configurations were described
by a triple-{ Slater-type orbital (STO) basis set for H 1s, C 2s and
2p, N 2s and 2p, O 2s and 2p augmented with a 3d single-{
polarization for C, N, and O atoms and with a 2p single-{
polarization for H atoms. A triple-{ STO basis set was used for
the Pt 5d and 6s augmented with a single-{ 6p polarization
function for Pt. For the heavy Pt atom, the scalar relativistic
zero-order regular approximation (ZORA) was used, with the
associated optimized valence basis set. The BP86-D calculations
were performed assuming the frozen-core approximation up to
1s for C, 3p for the first-row metals, and 4f for Pt.***° Full
geometry optimizations were carried out using the analytical
gradient method implemented by Versluis and Ziegler.®
Vibrational frequency calculations were performed on all the
optimized geometries to verify that these structures were true
minima on the potential energy surface.”®”* All the energy
values reported in the ESIT include zero-point energy correction.
Representations of the orbitals and of the molecular structures
were done by using the ADF-GUI*® and the MOLEKEL4
programs,”® respectively. The natural population-based and
Wiberg bond indices (NPAI and WBI, respectively)”® were ob-
tained from calculations implemented in the NBO 6.0
program.””>

3. Results and discussion
3.1. Synthesis and characterization

Complex 1 was prepared in high yield by the 1-ADpcydH and
1,4-NQ ligands and complex cis-[Pt{(DMSO),Cl,] in ethanol at pH

RSC Adv., 2019, 9, 287-300 | 289
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~8.5 (Scheme 1). The cis-Pt(u) complex 1 was a brown solid and
was soluble in acetonitrile, ethanol, chloroform, acetone, DMF,
and DMSO.

The 1-ADpcydH and 1,4-NQ ligands and cis-Pt(i1) complex 1
were characterized by elemental analyses, and IR, multinuclear
NMR (*H, *C, and '°°Pt), and mass spectrometry. The ESI-TOF
MS spectra of 1-ADpcydH and 1,4-NQ showed peaks centered at
mlz = 191.2927 and 327.1134, corresponding to [M + HJ".

(@) 1,4-NQ

h

/
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Furthermore, the ESI-TOF MS spectra of cis-Pt(u) complex 1
showed peaks centered at m/z = 727.7162 with the typical
platinum isotope pattern, corresponding to [M + Na]" (Fig. S1-
S3%).

The v (NCN) band of 1-ADpcydH ligand was observed at
2238 cm™ ', which was shifted to lower frequency, 2146 cm ™,
upon the coordination of cyanamide through the cyano

nitrogen to Pt(u) in the cis-Pt(i) complex 1. Deprotonation of the

5
2
o 3
/ -
1

iii

Complex 1
C//N
N
\Pt/ O

1
NH
2
=
N

NH,

Complex 2

Scheme1l Synthetic pathways of the ligand 1,4-NQ and the complex 1. Reagents and conditions: (i) triethylamine, THF, 0 °C to rt, 24 h. (ii) 1-AD-
pcydH, cis-[PtCl,(DMSO),], ethanol/water (1 : 1, volume ratio), KOH (pH = 8.5), rt, 72 h. (iii) guanine, 24 h, DMF, 40 °C.
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cyanamide group shifted » (NCN) to lower frequencies, such as
carbodiimides, meaning form B was the main involvement with
the cyanamide anion group. The resonance form A had a nitrile
stretching frequency similar to the neutral cyanamide (Scheme
2).** Complex 1 showed »(OH) and y(H,O) bands at 3446 and
1141 em ™', respectively, due to the coordinated water.”®

The "HNMR spectra of the free ligands and cis-Pt(i) complex
1 are shown in Fig. S4-S6.1 The NH proton of 1-ADpcydH ligand
at 5.59 ppm disappeared in the cis-Pt(n) complex 1 due to the
coordination of the cyanamide group to Pt(n) in complex 1. The
proton H-C of 1,4-NQ resonances underwent the largest shift
from 6.45 ppm in the free ligand 1,4-NQ to 8.49 ppm in Pt(u)
complex 1, indicating a strong relationship with the geometry of
the molecule. Such a quite large downfield shift originated from
the shielding exerted on H-C by the N=C=N bond of 1-ADp-
cydH and this was possible only in the cis isomer (Scheme 1).
Therefore, the cis configuration of the Pt(u) complex 1 could be
carefully inferred. In the "HNMR spectrum of the cis-Pt(u)
complex 1, the other signals were shifted, with respect to the
free ligands, which confirmed the formation of Pt(un) complex.

In the "*C spectra of the cis-Pt(u) complex 1, the signals were
shifted compare to the free ligands (Fig. S7-S97).

The Pt NMR of cis-Pt(i) complex 1 revealed a singlet at
—2794 ppm, indicating the presence of a single solution
species, and this deduction was individually confirmed by "H
and "C NMR spectroscopy. Moreover, this chemical shift range
was assignable to the platinum(u) complexes having N*N*C~O
as ligands (Fig. S107).””

3.2. Interaction cis-Pt(u) complex 1 with guanine (G)

The activity of cisplatin is mostly, in terms of DNA damage,
affected through its ability to bind to the N7 position of guanine
bases. Therefore, the reaction of complex 1 at micromolar
concentrations with 5 equiv. of guanine was studied. During the
reaction, the pH of the unbuffered reaction mixtures differed
between 6.4 and 7.2, approximately close to physiological
conditions. The reaction was followed by '°’Pt NMR spectros-
copy (Fig. 1). Comparison of the '>Pt NMR spectra obtained

View Article Online
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during the reaction with that at ¢ = 0 confirmed the binding of
the Pt(n) complex 1 to the N7 guanine. At ¢ = 0, the '°>Pt NMR
spectra of 1 revealed one peak at —2796 ppm, indicating the
presence of a single solution species. As the reaction proceeded,
195pt NMR of reaction showed two solution species at —2796
and —3230 ppm, where the signal at —2796 ppm decreased and
the new signal at —3230 ppm increased in intensity. Further-
more, the signal at —3230 ppm could be assigned to the
chemical shift range of platinum(u) complexes having
N”N"N”C as ligands.” The chemical shift was consistent with
substitution of O of H,O with N7 of guanine. After 24 h, the final
product showed only one signal at —3230 ppm. The final
product, cis-Pt(1,4-NQ)(1-ADpcyd)(G), 2, was also confirmed by
mass (Fig. 2) and 'H and >C NMR spectra (Fig. S11 and S127).
The mass spectrum exhibited peaks centered at m/z = 883.8168
with the typical platinum isotope pattern corresponding to [M +
Na]". The 'H spectrum of complex 2 revealed one major
aromatic H8 guanine as a singlet at 8.34 ppm and two singlets at
10.90 and 11.29 ppm for NH9 and NH1 guanine, respectively.
The Pt NMR of cis-Pt(n) complex 2 revealed a singlet at
—3229 ppm (Fig. S1371).

3.3. Stability of complex 1

The stability of the cis-Pt(u) complex 1 in PBS/DMSO (0.5%)
solution was studied by HPLC-UV at 37 °C. The results
confirmed that complex 1 was stable in physiological conditions
over 72 h (Fig. S14t).

3.4. Invitro cytotoxicity studies

The effect of the free ligands 1-ADpcydH and 1,4-NQ and also
complex 1 on a panel of human cancer cell lines, including
MCF-7 breast, HepG-2 liver hepatocellular carcinoma, and HT-
29 colon adenocarcinoma, was examined using the MTT
assay. The cytotoxicity parameters, in terms of ICs, obtained
after 72 h exposure, are presented in Table 1 and Fig. S15.F
Complex 1 exhibited lower ICs, values (ICso 0.56-7.25 uM)
against MCF-7, HepG-2, and HT-29 than the corresponding 1-
ADpcydH and 1,4-NQ ligands and also than -cisplatin.

H
(2) N
a
C
Néf?
(b) N N
) //,// C : " . C/{/
N # _ /7/

A

Scheme 2
anionic form.
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(a) The structure of 1-adamantanemethylcyanamide (1-ADpcydH). (b) Resonance structures of the 1-adamantanemethylcyanamide
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Fig. 1 Reaction of cis-Pt() complex 1 with guanine as followed by '°>Pt NMR spectroscopy (conditions as mentioned in the Experimental

section).

Remarkably, the lowest ICs, value for complex 1 against HT-29
was 0.56 uM, which displayed approximately a 4.5-fold increase
compared with cisplatin, thus indicating its higher potency. The
cytotoxicity of complex 1 against the HepG-2 was higher than
that of the platinum(ur) complexes with 8-hydroxyquinoline (IC,
7.79-18.54 pM).”

3.5. Intracellular platinum accumulation in HT-29 cells

The cellular accumulation of the cis-Pt(u) complex 1 was studied
and compared to that of cisplatin. The amount of Pt associated
was determined using ICP-MS with HT-29 cells incubated after
1 h with complex 1 or cisplatin. It was found that complex 1 was
highly accumulated when compared to cisplatin in HT-29 cell
lines. The accumulation of complex 1 in HT-29 cells was 12.25 +
0.10 fmol of Pt(u), which was greater than that of cisplatin,
containing 0.26 + 0.05 fmol of Pt(u).

3.6. DNA platination

As the main target for the Pt(i1) complexes within the cell is the
nuclear DNA, so the DNA binding of complex 1 in HT-29 cell line
was studied and compared with cisplatin (Fig. 3). In effect,
complex 1 showed a high degree of DNA platination in the HT-
29 cell line compared with cisplatin, which was in agreement
with the accumulation data.

292 | RSC Adv., 2019, 9, 287-300

Overall, the high levels of complex 1 bound to the DNA in
HT-29 cell and interaction with guanine suggest that the direct
attack of nucleotides on cis-Pt(u) complex 1 may be of impor-
tance in the mechanism of action for this Pt(ir) complex.

3.7. Theoretical investigation

3.7.1. Geometry optimizations. The cis-Pt(1,4-NQ)(1-
ADpcyd)(L) (L = H,0, guanine) complexes (Scheme 3) were
synthesized in aqueous solution as discussed earlier and labeled
1 and 2 complexes for H,O and guanine, respectively. In both
complexes 1 and 2, the Pt(u) cation was surrounded by two N, one
C, and one O atom in the case of the H,O ligand and by three N
and one C atom in the case of the guanine ligand as demon-
strated in Fig. 4.

The full geometry optimizations without symmetry
constraints were carried out on the neutral 1 and 2 complexes
having 16-MVE (metal valence electrons) in their singlet and
triplet spin state to complement the experimental studies. The
triplet structures were higher in energy than their corresponding
singlet structures by about 40 kcal mol'; thus they are not dis-
cussed within this study. The Pt-N(1), Pt-N(2) and Pt-C(1) bond
distances in both investigated complexes were comparable (Table
2). Indeed, for complex 1, the Pt-O(H,0) bond length of 2.253
(BP86-D) or 2.124 A (B3LYP), respectively, was nearly similar to
the experimental ones of 2.149 A, while the Pt-N(1), Pt-N(2) and

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Mass spectrum of cis-Pt(1,4-NQ)(1-ADpcyd)(G).

Table 1 [n vitro antitumor activity®

Compounds

HepG-2 HT-29 MCF-7 ICso (UM)

>100
>100
7.25 £ 0.05
8.32 £ 0.08

>100
>100
0.56 & 0.03
2.52 £+ 0.05

>100 1-ADpcydH
>100 1,4-NQ
1.52 + 0.05 1

7.35 + 0.07 Cisplatin

“ The compounds were dissolved in 0.1% of DMSO and diluted with
water, while cisplatin was dissolved in water. Cells were treated for
72 h with increasing concentrations of the tested compounds. ICs,
values were calculated as mean values obtained from three
independent experiments and presented with their standard deviations.

Pt-C(1) were 2.108, 2.286, and 2.059 A (BP86-D) or 2.003, 2.223,
and 1.995 A (B3LYP), which were longer (BP86-D) and compa-
rable (B3LYP) to those of the experimental values of related Pt(xu)
systems.*®* For complex 2, the Pt-N(7) bond length was 2.146
(BP86-D) or 2.052 A, where the B3LYP value was comparable to
the experimental ones reported in the literature, inversely to the
case of the BP86-D one, which was calculated to be longer.** For
both structures, the C(1)-Pt-N(2) (174°) and N(1)-Pt-N(7) (178°) or
N(1)-Pt-O (177°) bond angles were quite linear around the Pt(n)
center. The computed geometric parameters place emphasis on

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Intracellular DNA platination of cisplatin and complex 1 in the
HT-29 cell line after 1 h incubation at 10 pM final concentration.
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Fig. 4 The lowest BP86-optimized structures for complexes 1 and 2 of the singlet state.

a slightly deformed square planar ML, geometry having the 16-
MVE configuration, as witnessed by the N(1)-N(2)-O-C(1) and
N(1)-N(2)-N(7)-C(1) dihedral angles of about 0° for complexes 1
and 2, respectively. Relatively, the deformation around the metal
cation of complex 1 was more marked than that of complex 2.

AMulliken population analysis of the MO plots for complex 2
showed that the two highest HOMO and HOMO-1 were metal-
ligand based with a small metallic contribution as presented in
Fig. 5. However, the HOMO was purely metallic. The LUMO was
chiefly a ligand orbital, thus the reduction should not affect its
molecular structure. Furthermore, the HOMO-3 and the HOMO-
4 showed o and 7 Pt-C(1) bonding, respectively.

For complex 1, the HOMO was principally a ligand orbital,
while the HOMO-1 was purely metallic and the LUMO was
principally orbital, as sketched out in Fig. 5. It is worth noting
that there was no participation of the water molecules in these
crucial orbitals. Accordingly, oxidation and reduction of the
neutral should not affect the molecular structure.

3.7.2. NBO analysis. The NBO analysis revealed a natural
charge of +0.662 and +0.679 (BP86-D) or 0.728 and +0.744
(B3LYP) for Pt(u) cations in 1 and 2, respectively, putting
emphasis on strong interactions between the metal center and
its surrounding ligands. The charge was weakly influenced by
the ligand change. It is worth noting that the Pt(u) charges for
complexes 1 and 2 obtained by B3LYP were more important
than those obtained by BP86-D. Stronger electron density was
localized on the oxygen atom in 1 than that localized on the
nitrogen one of guanine in 2 as illustrated by the difference
between their negative charges of —0.898 and —0.413 (BP86-D)
or —0.917 and —0.421 (B3LYP), respectively.
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The Pt(u) charges in both complexes 1 and 2 were comparable
to that computed in previous works, particularly those obtained
by B3LYP.*** There was an increase in negative charge at the
nitrogen N(7) atom of guanine from —0.39 (free guanine) to
—0.42 (complex 2), corresponding to an increase in electron
density at this nitrogen center contained in complex 2. This
electron density enhancement was in accord with the electron
transfer from the Pt metal occupied orbitals responsible for the
backdonation into the vacant w* antibonding orbital of guanine
as illustrated by the orbital occupations in Table 2. Whereas,
there was an important decrease in negative charge at the oxygen
atom of H,0 encountered in complex 1 from —0.96 (BP86-D) to
—0.89, corresponding to a slight decrease in electron density at
this center in agreement with the o-donor character of the H,O
ligand as illustrated by the o-donation (Table 2), where the lone
pair localized on the oxygen has lost 0.13e (its occupation is 1.87
after interaction as shown in Table 2). The natural electronic
configuration of the Pt center (Table 2) obtained by both BP86-D
and B3LYP methods showed that the major electronic transfers
arose from back-donation from the occupied 5d orbitals of the Pt,
which were significantly depopulated compared to the donation
from the o lone pair of the oxygen in 1 and the lone pair of
nitrogen in 2 to the Pt 6s orbital. As a result, the Pt(center) NAO
configuration exhibited significant 5d depopulation (Table 2)
stemming essentially from the 5d,, orbital, which was more
responsible for the major back-donation to the vacant t* orbitals
of the neighboring ligands, displaying a loss of 0.82¢e and 0.84e in
1 and 2, respectively, leading to a significant positive atomic
charge of +0.662 and 0.728 (BP86-D). Furthermore, the Wiberg
bond indices (WBI) gathered in Table 2 provide an in-depth look

This journal is © The Royal Society of Chemistry 2019
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Table2 Selected parameters obtained for complexes 1 and 2 in their singlet state. Bond distances are given in (A) and HOMO-LUMO gaps in (eV)

1 2

BP86-D B3LYP BP86-D B3LYP
HOMO-LUMO gap 0.59 2.31 0.23 1.94
Pt-N(1) 2.108 2.003 2.123 2.028
Pt-C(1) 2.059 1.995 2.077 2.012
Pt-N(2) 2.286 2.223 2.209 2.134
Pt-O 2.253 2.124 — —
Pt-N(7) — — 2.146 2.052
Dihedral angle (°)
N(1)-N(2)-N(7)-C(1) 2.0 4.0
N(1)-N(2)-0-C(1) 3.0 1.0 — —
WBI (Wiberg bond index)
Pt-N(1) 0.481 0.488 0.432 0.432
Pt-C(1) 0.720 0.727 0.674 0.676
Pt-N(2) 0.238 0.235 0.288 0.290
Pt-N(7) — — 0.367 0.378
Pt-O 0.278 0.279 — —
Natural charge (NBO)
Pt 0.662 0.728 0.679 0.744
N(1) —-0.371 —0.401 —0.385 —0.415
C(1) —0.127 —0.149 —0.128 —0.156
N(2) —0.668 —0.714 —0.739 —0.770
N(7) — — —0.413 —0.421
O —0.898 -0.917 — —
Natural electronic configuration
Pt 680.555d8.786p0 680.535d8.736p0 650.555d8.776p0 650.525d8.726p0
Frontier orbital occupations of H,O and guanine
c 1.87 1.85 1.91 1.92
T* 0.0 0.0 0.07 0.06

into the bonding between the Pt(u) center and its surrounding
atoms. Indeed, the large Pt-C(1) WBI values of 0.720 and 0.674
(BP86-D) or 0.727 and 0.676 (B3LYP) for 1 and 2, respectively,
correspond to double bonding, while the different WBI of Pt-N
values of 0.481 and 0.488 (BP86-D) or 0.432 and 0.432 (B3LYP) for
1 and 2, respectively, are comparable describing a dative o-
bonding. The Pt-O WBI of 0.278 (BP86-D) or 0.279 (B3LYP) also
describe a dative o-bond between the oxygen lone pair and they
are somewhat weaker than those between the Pt center and the
different nitrogen atoms.

3.7.3. Energy decomposition analysis. The energy decom-
position scheme based on the supermolecular method proposed
by Kitaura-Morokuma®***” and developed by Ziegler-Rauk® can
be performed easily and now it is conventionally referred to as
energy decomposition analysis (EDA). This method has turned
out to be extremely useful for treating noncovalent interactions.
In this scheme, the total interaction energy AE;,, was decom-
posed into a number of physically meaningful components
(without the dispersion term eqn (1) for B3LYP and including the
dispersion term eqn (2) for BP86-D):

AEvim = AE‘pauli + AEelstat + AEorb (1)

This journal is © The Royal Society of Chemistry 2019

AEint = AEpauli + AEelslal + AE‘orb + AEdisp (2)
Here, AE 5ot gives the electrostatic interaction energy between
the fragments calculated with the electron density distribution
in the complex. AEp,,; denotes the repulsive interactions
between the fragments, which are caused by the fact that two
electrons with the same spin cannot occupy the same region in
space. AE,,, accounts for the stabilizing orbital interaction
energy as a result of the inter-atomic orbital overlapping.
AEqis, measures the dispersion energy of intra-molecular
interaction. An essential advantage of the EDA method is
that it provides a complete energy description of a complex,
not only the intermolecular interactions but also the intra-
molecular interactions. Therefore, we qualified EDA to be
a good and promising method for the data collection and
analysis.

The bonding was stronger in the guanine case than in the water
one. Hence, the energy decomposition analysis showed an
important interaction energy amount of 52.1 (BP86-D) or
45.9 keal mol ™' (B3LYP) for Pt-N(7) (guanine) compared to that for
Pt-O (H,0) of 38.5 (BP86-D) or 37.8 kecal mol " (B3LYP) (Table 3).
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Fig. 5 MO plots showing the localizations on Pt and different ligands for complexes 1 and 2.

Table 4 shows that the values of AE.jg, Wwere more impor- The interactions within the complex 2 were governed by
tant than those of AE,,;, in both the water and guanine cases, one-third covalent (32% BP86-D or 33% B3LYP) and two-
where the AE.g.: corresponds to two-thirds of the stabiliza- thirds electrostatic characters (68% BP86-D or 67% B3LYP),
tion contributions to the attractive interaction energy (AE.sac  giving rise to a more pronounced ionic character than cova-
+ AEop). lent one; while for the water case, the covalent character
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Table 3 Energy decomposition in (eV) obtained by BP86-D and
B3LYP. Values between parentheses are in kcal mol™

Energy decomposition

AEint AEpauli AEelec AEorb AEclisp
Complex 1
BP86-D —1.67(—38.5) 3.73 —2.93 —2.09 —0.38
B3LYP -1.64(-37.8)  3.81 —-3.41 -2.10  —
Complex 2
BP86-D —2.26(—52.1) 4.89 —4.13 —1.94 —1.08
B3LYP —1.99(—45.9) 5.20 —4.86 —2.39 —

Table 4 Topological parameters in atomic units (a.u.) of electron
density p(r) and the Laplacian of the electron density V2p(r) at the bond
critical points (BCP)

1 2

BP86-D B3LYP BP86-D B3LYP

pt) V() o) VP(r) p(r) V() p(r)  Vp(r)
Pt-N(1) 0.103 0.015 0.131 0.037 0.099 0.014 0.098 0.015
Pt-C(1) 0.129 0.004 0.146 0.007 0.125 0.004 0.125 0.005
Pt-N(2) 0.066 0.004 0.076 0.007 0.078 0.007 0.077 0.007
PN(7) — —  —  — 0091 0.013 0.089 0.013
Pt-O 0.065 0.006 0.084 0.016 — e e —

increase depends on the ionic one. Indeed for complexes 1
and 2, the ionic character makes a greater contribution than
the covalent character in the stabilization contributions to
the attractive interaction energy (AEciscar + AEorp)-

The variation of the ionic character is correlated to the NAO
charges calculated for the anionic fragment gathered in Table 2,
which shows the progressive enhancement of the positive
charges of the Pt(u) center of +0.662 (BP86) or +0.728 (B3LYP)
(water) and of +0.679 (BP86) or +0.744 (B3LYP) for (guanine), in
agreement with the strengthening of the AE... electrostatic
contribution according to the following order: H,O < guanine
(Table 3).

Furthermore, the donor-acceptor strength of the different
ligands were classified according with their relative amounts of
o-donation and m-backdonation occurring between the ligand L
and the residual fragment, where the decreasing orders of o-
donation and -backdonation were established as follows,
respectively: H,O > guanine. With respect to the electronic
transfers, the H,O ligand can be considered as the strongest o-
donor.

The H,O is only an o-donor with an c-donation amount of
0.13 (BP86-D), and is considered as a relatively strong o-donor
compared to the guanine amount of 0.09 (BP96-D). The guanine
ligand was revealed to be an o-donor rather than a w-acceptor
(0.07) with BP86-D, in agreement with its interaction with metal
fragments (Table 3). For the guanine case, the m-acceptor
character was more important than the o one, in agreement
with the o-donation and m-accepting amounts.

This journal is © The Royal Society of Chemistry 2019
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3.7.4. QTAIM calculations. The electronic density analysis
using Bader's quantum theory of atoms in molecules (QTAIM),*
as implemented in ADF2017,> was used in order to characterize
the chemical bonds between atoms in the molecules.*

The values of the charge density p(r) distribution and the
corresponding Laplacian V?p(r) at the bond critical point (BCP)
allowed this characterization as defined in the literature,?°">
and provided information about the bonding schemes, as
illustrated in Scheme 1. It is clear from the results on model
systems that QTAIM is a very useful tool to characterize the
nature of bonding. Both BP86 and B3LYP gave comparable
values of p(r) and V?p(r) as illustrated in Table 4. These values
were indicative of an intermediate chemical bonding between
the ionic and covalent characters, confirming the same trend
obtained within the energy decomposition.

4. Conclusions

A new platinum(un) complex cis-Pt(1,4-NQ)(1-ADpcyd)(H,0), (1-
ADpcydH: 1-Adamantanemethylcyanamide, 1,4-NQ: 2-[amino(2-
phenylpyridine)]-1,4-naphthoquinone), was synthesized and
characterized. Structural characterization by FT-IR, elemental
analyses, multinuclear NMR (*H, °C, and '°°Pt), and mass
spectrometry showed that the ligands 1-ADpcydH, 1,4-NQ, and
one H,0 molecules were coordinated to the Pt(u) center in a cis-
arranged form around the Pt(u) center. Interaction of the cis-Pt(u)
complex 1 with guanine was followed by **>Pt NMR spectroscopy
and the final product, cis-Pt(1,4-NQ)(1-ADpcyd)(G), was
confirmed by its mass spectrum. Both '°’Pt NMR and the mass
spectrum confirmed the binding of the Pt(i) complex 1 to the N7
guanine. The free ligands 1-ADpcydH and 1,4-NQ and complex 1
on MCF-7, HepG-2, and HT-29 cancer cell lines were tested. Here,
complex 1 was more active than free ligands and cisplatin in the
three cancer cell lines. The lowest ICs, value for complex 1
against HT-29 was a 4.5-fold increase compared with cisplatin.
Complex 1 showed a higher level of bonding to the DNA in HT-29
cell compared to cisplatin. Both DNA platination and interaction
with guanine suggested the importance of the direct attack of
nucleotides on cis-Pt(i) complex 1 in the mechanism of action for
the Pt(u) complex. DFT calculations showed that both complexes
1 and 2, cis-Pt(1,4-NQ)(1-ADpcyd)(L) (L = H,O (1), guanine (2)),
adopted a square planar geometry, in agreement with the 16-MVE
configuration of the Pt(u) cation. The decomposition energy
analysis revealed an important interaction energy amount for Pt-
N(7) (guanine) compared to that for Pt-O(H,O). For both
complexes 1 and 2, the electrostatic interactions were more
important than those stemming from the orbital ones due to the
polarity between the Pt(u) positive charge and its surrounding
atoms negative charge. The present experimental and computa-
tional studies may hopefully contribute an important effort
toward the development of DNA-targeted Pt(u) metallodrugs.
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Abbreviations

1,4-NQ 2-[Amino(2-phenylpyridine)]-1,4-naphthoquinone
1-ADpcydH 1-Adamantanemethylcyanamide

G Guanine

DMSO Dimethyl sulfoxide

MeOH Methanol

THF Tetrahydrofuran

NMR Nuclear magnetic resonance

FT-IR Fourier-transform infrared

MVE Metal valence electrons

ADF Amsterdam Density Functional

DFT Density functional theory

STO Slater-type orbital

ZORA Zero-order regular approximation
LDA Local density approximation

NAO Natural atomic orbital

HOMO Highest occupied molecular orbital
LUMO Lowest unoccupied molecular orbital
NBO Natural bond orbital

EDA Energy decomposition analysis
QTAIM Quantum theory of atoms in molecules
BCP Bond critical point
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