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Introduction

In recent years,

terpyridine (terpy) and 4'-substituted terpy ligands have been
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Spectroscopy, electrochemistry and antiproliferative properties of
Au(ll), Pt(l1) and Cu(ll) complexes bearing modified 2,2':6',2"'-
terpyridine ligands. Impact of metal center and substituent
incorporated into terpy framework

Anna Maron?, Katarzyna Czerwirska®, Barbara Machura®*, Luis Raposob, Catarina Roma-
Rodriguesb, Alexandra R. Fernandesb’*, Jan G. Matecki®, Agata Szlapa-Kula®, Slawomir Kulad,
Stanistaw Krompiec*

Structural, spectroscopic and electrochemical properties of six complexes [AuCI(LY)](PFe)2:CHCN (1), [AuCI(L})](PFe) (2),
[PtCI(LY)](BPh4)-CH5CN (3), [PtCI(L*)](SOsCFs3) (4), [CuCly(LY)] (5) and [CuCl,(L*)]-CHsCN (6) with modified 2,2':6',2"-terpyridine
ligands, 4'-(4-methoxyphenyl)-2,2":6',2"'-terpyridine (L*) and 4'-(4-methoxynaphthalen-1-yl)-2,2":6,2"-terpyridine (L%,
were thoroughly investigated and significant role of the substituent (4-methoxyphenyl or 4-methoxynaphthalen-1-yl) and
metal center was demonstrated. The naphthyl-based substituent was found to increase the emission quantum vyield of
luminescent Au(lll) and Pt(ll) complexes. Furthermore, the antiproliferative potential of the reported complexes was
examined towards human colorectal (HCT116) and ovarian (A2780) carcinoma cell lines as well as towards normal human
fibroblasts. Au(Ill) complex 2 and Cu(ll) complex 5 were found to have a higher antiproliferative effect in HCT116 colorectal
and A2780 ovarian carcinoma cells when compared with the Pt(ll) complex with the same ligand (4). The order of
cytotoxicity in both cell lines is 2 >6 > 1 >3 > 4. Complex 2 seems to be the more cytotoxic towards HCT116 and A2780
cancer cell lines with ICso values 300x and 130x higher in normal human fibroblasts compared to the respective cancer
cells. The viability loss induced by the complexes agrees with Hoechst 33258 staining and the typical morphological
apoptotic characteristics like chromatin condensation and nuclear fragmentation and flow cytometry assay. The induction
of apoptosis correlate with the induction of reactive oxygen species (ROS). Fluorescence microscopy analysis indicate that
after a 3 h incubation, complexes 1-4 are localized inside HCT116 cells and the high levels of internalization correlate with
their cytotoxicity.

has been devoted to the Pt(ll)- and Cu(ll)-terpyridine
complexes. Penta-coordinated polypyridyl copper(ll)
coordination complexes have been reported to efficiently
cleave DNA,ZS' 39746 \while square planar Pt—terpyridine
complexes have been found to be very good G-quadruplex

complexes based on 2,2:6',2"-

extensively investigated due to numerous remarkable 4754
N . . . . . . 1-8 binders. The studies revealed also crucial role of structural
applications in various fields, including catalysis,”~ molecular
. 9-13 ] 14-18 modification of 2,2":6,2"-terpyridine for the cytotoxicity of
electronics, supramolecular chemistry and . . o .
chemotherapy.19_38 metal-drugs against cancer-cell lines. The possibility of tuning

In the field of anticancer drug design, a great deal of attention
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the antitumor behaviour of the gold(lll)-terpyridine complexes
by attaching suitable substituent to the central pyridine ring of
2,2":6',2"-terpyridine has been demonstrated for the square-
planar [AuCI(4’-R-terpy)](PFG)Z.36 In this case, the use of
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multidentate ligand (4'-R-terpy) allowed also to overcome the
problem of relatively poor stability profile of gold(lll)
complexes under physiological conditions, which hampers the
development of gold(lll) complexes as cytotoxic and antitumor
agents.””>®

Herein, we present the synthesis, characterization and
antiproliferative activity of six complexes incorporating
2,2":6',2"-terpyridine ligand framework (Scheme 1).
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Scheme 1 Ligands used in the synthesis of the complexes. L' = 4’-(4-methoxyphenyl)-
2,2:6',2""-terpyridine, L>= 4’-(4-methoxynaphthalen-1-yl)-2,2":6',2""-terpyridine

The main aim of this work was to investigate the effect of the
coordinated 2,2":6',2"-terpyridine ligand on the cytotoxicity of
the complex as well as to compare the biological activity
depending on metal centre. From structural point of view,

KAUCI,

KoPtCly

DMSO

PtCI,(PhCN),

AgCF;S0;5

CUCIQ

Scheme 2 Synthetic strategy of complexes 1-6.

2| J. Name., 2012, 00, 1-3

comparison of [PtCl(4’-R-terpy)]” and [AuC|(4’—R—terpy)]2+
seems to be especially interesting. The Au(lll) coordination
center is isoelectronic with Pt(ll) and the complexes of both
metals adopt a square-planar geometry.ss_58

Results and discussion

Synthesis and general characterization of the complexes

The synthetic strategy of [AuCI(Ll)](PFG)Z‘CH3CN (1),
[AUCI(L*)](PFe), (2), [PtCI(L")](BPh,)-CH;CN (3),
[PtCI(L})1(SOsCF3) (4) [CuCly(LY)] (5) and [CuCl,(L%)]-CHCN (6) is
presented in Scheme 2. Reaction of KAuCl, with an
equimolecular amount of 2,2’;6’,2"-terpyridine derivative L' or
L2 (see Scheme 1) in methanol, followed by treatment with
aqueous ammonium hexafluorophosphate afforded 1 and 2,
respectively. Syntheses of the platinum(ll) complexes 3 and 4
were performed by Annibale’s® and Dhara’s®® methods using
[PtCl,((CH3),S0),] and [PtCl,(PhCN),] as precursors,
respectively. The copper(ll) complexes (5 and 6) were isolated
from the reaction of L with CuCl, 2H,0 in methanol.

Cly (PFe)2

NaBPh,
BPh,
_ L 5 B
R:
O/CHa
CF5S0;

1,3and 5

O/CH:s
OO 2,4and 6
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The IR spectra (see ESI Figure S1) of the ligands show
characteristic bands in the range of 1600-1540 cm™ assigned
to v(C=N) and v(C=C) stretching vibrations. For all the metal
complexes, these vibrations are only slightly shifted in
comparison with those reported for the free ligand. Intense
bands near 840 cm ™" and 558 cm™ in the IR spectra of 1 and 2
are indicative of the presence of PFg group.61 Absorptions
assignable to SO; part of SO;CF; anion in 4 occur at 1268 cm™
(v4(SO3)), 1029 cm™ (v,(SO3)) and 638 cm™ (5,(S03)).%* The
coordination of the terpyridine ligand in 1-4 is also evidenced
by "H NMR, **C NMR using COSY, HMBC and HMQC techniques
(see Experimental and ESI Figures S2-S5). Expectedly, due to

(c)3

(e) 6

ARTICLE

the impact of the metal-ligand bond, the signals assigned to
the protons Al, A2 and A3 showed downfield shifts relative to
the free ligand (see ESI Figures S6-S7 and Table S8). Also,
distinctive singlets attributed to the methyl protons of the —
OCH; group of 2 (4.15 ppm) and 4 (4.10 ppm) are shifted
downfield with respect to 1 (3.97 ppm) and 3 (3.92 ppm). It is
consistent with more extended n delocalization in the ligand

LZ

Molecular structures

Perspective views of the asymmetric units of 1-4 and 6 are
shown in Figure 1 (a-e), and the selected bond distances and

(f)

Figure 1 Molecular structures of 1-4 and 6 (a-e) together with the atom numbering. Displacement ellipsoids are drawn at 50% probability level. (f) Herringbone arrangement

of the cations [PtCI(L%)]" in 4.

This journal is © The Royal Society of Chemistry 20xx
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bond angles were included in Table 1. Noteworthy, despite
many attempts, we were unable to successfully isolate the
copper(ll) complex with L'in crystalline form.

The metal atom in the cations [AuCI(L")]** and [PtCI(L")]" (n = 1
or 2) displays a distorted square planar coordination defined
by three nitrogen atoms of the 4'-substituted 2,2';6’,2"-
terpyridine ligand (L1 or LZ) and chloride ligand. To evaluate the
distortion from square planar, two parameters t, and ', were
calculated:®> *

f-a  180°-p
360°—6 ' 180°—6

Ty =

Journal Name

B—a 180°—p

A —_—
T+~ 360°_0 " 180°— 6

where a and B are two greatest valence angles, a < B, and
0 = cos™1(—1/3) =~ 109.5°. For ideal square planar and
tetrahedral structures, the t, and 7', are 0 and 1, respectively. The
distortion from square planar geometry increases in the order
[AuCI(LY1*" (z, = 0.1335 and 7, = 0.0820) < [PtCI(LY)]" (t, = 0.1378
and ', = 0.0838) < [AuC(L*)]** (t; = 0.1378 and 7, = 0.0883) <
[PtCI(L*)]" (t, = 0.1481 and 7', = 0.1038).

In 6, the Cu(ll) centre is penta-coordinated by the three N
donor atoms of L2 ligand and two chloride ions. The angular

Figure 2 Hirshfeld surface mapped with dnom () and 2D fingerprint plots (b) for 1-4 and 6.

m cl-c/c-al
u Cl-H/H-Cl
® O-H/H-0
B N-C/C-N
= N-H/H-N
mCC

m C-H/H-C
B CF/F-C
" H-H

o H-F/F-H

m other
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Figure 3 Relative contributions of various intermolecular interactions to the Hirshfeld surfaces for 1-4 and 6.
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Table 1 The selected bond lengths [A] and angles [°] for 1-4 and 6.

1(M=Au) 2(M=Au) 3(M=Pt) 4(M=Pt) 6 (M=Cu)

Bond lengths [A]
M(1)-N(1) 2.024(6) 2.007(5) 2.015(4) 2.006(6) 2.044(2)
M(1)-N(2) 1.945(5)  1.954(5) 1.943(4) 1.927(5) 1.956(2)
M(1)-N(3) 2.021(6) 2.030(5) 2.017(4) 2.004(6) 2.040(2)
M(1)-CI(1) 2.249(2) 2.2490(16) 2.3010(14) 2.2906(18) 2.2405(8)
M(1)-Cl(2) - - - - 2.4704(9)

Bond angles [°]
N(1)-M(1)-N(2)  81.5(2) 81.5(2) 80.70(15) 80.7(2) 78.55(9)
N(1)-M(1)-N(3) 162.3(2) 162.3(2) 161.54(17) 162.4(2) 155.72(9)
N(2)-M(1)-N(3)  81.0(2) 80.9(2) 80.94(15) 81.7(2) 79.05(9)
N(1)-M(1)-Cl(1) 97.94(18) 98.65(16) 98.63(12) 99.02(17) 98.01(7)
N(2)-M(1)-Cl(1) 178.89(18) 178.27(16) 179.01(11 176.71(17) 155.21(8)
N(3)-M(1)-Cl(1) 99.55(17) 99.01(15) 99.70(12) 98.58(17) 98.38(7)
N(1)-M(1)-CI(2) - - - - 98.14(8)
N(2)-M(1)-CI(2) - - - - 98.96(7)
N(3)-M(1)-CI(2) - - - - 94.47(7)

structural index parameter 1565, expressed as the difference
between the two largest angles divided by 60°, has a value of
0.085. Compared with the ideal values of 1 for a trigonal
bipyramid and O for a square pyramid, the T = 0.085 indicates
that the geometry of the metal centre in 6 may be described
as a slightly distorted square-pyramid.

The angular distortion from the idealized square planar
geometry in cations [AuCI(L?)]*" and [PtCI(L?)]" and square-
pyramid in the neutral [CuCIz(Lz)] may be attributed to
geometrical constraints issued from the occurrence of two
fused five-member chelate rings of the tridentate 4'-
substituted terpyridyl ligand, resulting in N(1)-M(1)-N(2) and
N(2)-M(1)-N(3) (M = Au, Pt) angles of 81.5(2)° and 81.0(2)° for
1 and 81.5(2)° and 80.9(2)° for 2, 80.70(15)° and 80.94(15)° for
3, 80.7(2)° and 81.7(2)° for 4 and 78.55(9)° and 79.05(9)° for 6,
respectively (Table 1).

In the complexes 1-4 and 6, the terpy framework shows good
planarity, the dihedral angles between the inner and outer
pyridyl rings are 3.5(4)° and 5.4(4)° for 1, 4.8(5)° and 7.0(4)°
for 2, 2.0(5)° and 2.0(9)° for 3, 2.5(2)° and 3.3(4)° for 4 and
7.0(2)° and 8.3(7)° for 6. The most striking difference between
L' and L2 ligand concerns the twist angle for the substituent
ring with respect to the central ring of the terpy framework.
While the 4-methoxyphenyl in 1 and 3 retains near coplanar
with the central pyridine plane, 7.0(8)° in 1 and 8.3(8)° in 3,
the angle between the naphthyl plane and that of the central
pyridyl ring is 46.2(7)° in 2, 39.7(9)° in 4 and 30.0(2)° in 6.

In all the examined complexes, the M—N bond of the central
pyridyl ring of ligand is shorter than those of the outer pyridyl
rings, which may be attributed to the constrained bite of the
terpyridyl-based ligand. Typically for the square-pyramidal
configuration, due to Jahn Teller distortionss, the Cu—Cl apical
bond in 5 is longer than the Cu—Cl basal bond. To some extent,
however, an elongation of the Cu(1)-Cl(2) bond in 6 may be
also caused by the participation of the CI(2) atom in the
formation of weak C—H---Cl interactions C(4)—H(4)---Cl(2),
C(7)—H(7)---ClI(2), C(13)—H(13)---Cl(2) and C(17)—H(17)---Cl(2)
(D---A distances = 3.570(3)A, 3.661(3)A, 3.489(3)A and

This journal is © The Royal Society of Chemistry 20xx
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3.561(3)A respectively, with D—H---A angles =
150.60°, 151.60° and 154.60°, see Figure S17, ESI)
A summary of the intermolecular contacts in 1-4 and 6

165.00°,

crystal structures is provided in ESI, Tables S1-S3 as well as in
spots of Hirshfeld surfaces® mapped with d,om and in two-
dimensional (2D) fingerprint plots (Figure 2). The relative
contributions of various intermolecular interactions to the
Hirshfeld surfaces are illustrated in Figure 3. As shown in
Figures 2 and 3, weak hydrogen bonds C—H---F, C—H:--N or C—
H---O together with m-stacking interactions occur in the
examined crystal structures. The strongest m---m contacts
were revealed for 4 (Cg(N(1)/C(1)/C(2)/C(3)/C(4)/C(5))---

Cg(C(20)/C(21)/C(22)/C(23)/C(24)/C(25)) [symmetry code: x,
1/2-y,  1/2+z];  Cg(N(2)/C(6)/C(7)/C(8)/C(9)/C(10))

Cg(N(3)/C(11)/C(12)/C(13)/C(14)/C(15)) [symmetry code: -x, -
y, -zl and (Cg(C(20)/C(21)/C(22)/C(23)/C(24)/C(25))

Cg(C(20)/C(21)/C(2)/C(23)/C(24)/C(25)) [symmetry code: -x, -
y, -1-z]). The cations [PtCI(Lz)]+ in 4 adopts herringbone
arrangement and form antiparallel chains as shown in Figure
1 (f). The distances Pt---Pt of 4.773 A and 8.266 A give

evidence of no significant metallophilic interactions in the
crystal. In the structure 3, the cations [PtCI(Ll)]+ form dimers
through Cl--m
Cl(1)---Cg(N(1)/C(1)/C(2)/C(3)/C(4)/C(5)) [symmetry code: 1-x,
1-y,-z] and Pt(1)-Cl(1)---Cg(N(3)/C(11)/C(12)/C(13)/C(14)/C(15))
[symmetry code: 2-x,1-y,-z]) and stack in a head-to-tail fashion
forming chain motifs with altering Pt---Pt distances of 3.499 A
and 4.549 A (Figure S16, ESI). This crystal packing motif has
been commonly seen in related Pt-terpy complexes7o. The
smaller Pt---Pt distance is indicative of weak metal-metal
interaction. The value of ca. 3.5 A is usually taken as the upper
limit for a significant dzzmdz2
platinum atoms.
in 1 and 8.075 A in 2) are too long to indicate any significant
attraction between individual metal centre (Figures S14 and
S15, ESI).

interactions (Pt(1)-

interaction between two

7172 The shortest Au---Au distances (8.341 A

Electronic absorption spectra and stability of gold(lll) complexes
Absorption spectra of 1-6 in CH3CN (c = 5" 10®° M) are shown in
ESI, Figure S9, and the spectroscopic data are summarized in
Table 2. For all the complexes, the vibronically structured high-
energy absorption bands (between 250 and 350 nm) are
attributed to m—=n* and n—n* intraligand (IL) transitions
associated with the coordinated terpyridyl ligand (see Figure

Table 2 The absorption maxima and molar extinction coefficient values for the free
ligands (L1 and Lz) and complexes 1-6 in acetonitrile.

Complex A/nm (10° &/ dm*mol™-em™)

264 (1.86), 275 (1.84), 287 (1.84), 296 (2.52), 353 (1.06), 382(1.33),
419 (1.72)

1

263 (1.25), 298 (2.07), 347 (0.99), 367 (0.78), 493 (0.76)

270 (0.85), 312 (0.57), 378 (0.38)

253 (2.4), 283 (2.67), 302 (1.71), 315 (1.62), 338 (1.33), 423 (0.85)

257(1.29), 288 (1.19), 339 (1.33), 708 (0.13)

o (s |Ww (N

257 (2.11), 289 (1.60), 324 (1.66), 369 (0.85), 761 (0.13)

-

195 (4.44), 226 (2.34), 255 (2.11), 284 (3.70)

N =

209 (1.72), 236 (1.58), 289 (0.87), 326 (0.55)

J. Name., 2013, 00, 1-3 | 5
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Figure 4 UV-Vis absorption spectra of 1 in CH3CN (a), PBS buffer (pH 7.4, 130 mM NaCl) (b), CH3OH:CH3sCH,0H (1:4 v/v) (c), PBS upon addition of stoichiometric amount of
glutathione (d), PBS upon addition of excess of glutathione (e) and PBS in the presence of sodium ascorbate (f). Spectra were recorded once every two or four hours for 8 or 24 h.

S10 in ESI).73 With reference to the previous studies of

Au(lll)m_80 and Pt(II)81_87 complexes, the absorptions at lower
energy (350-600 nm) are tentatively assigned to ligand-to-
metal charge-transfer (LMCT) in 1 and 2 and metal-to-ligand
charge-transfer (MLCT) in 3 and 4. The broad and weak band in
the visible region (with maximum at 761 nm) in the spectrum
of 5 is attributed to overlapping dxy—>dx2_y2, dyz,dxz—>dx2_y2 and
d22—>dx2_y2 transitions between d orbitals of the coordinated
copper(ll) ion.28° The electron donating properties of the 4-
methoxy-1-phenyl and 4-methoxy-1-naphthyl substituents
may facilitate also intraligand charge transfer transitions
(ILCT).

It is noteworthy that the CT absorptions of Au(lll) and Pt(ll)
complexes are remarkably sensitive to the substituent at 4'-
position of terpy ligand. With regard to [AuCI(terpy)](PFG)z36
(373 nm) and [PtCI(terpy)](503CF3)86 (391 nm), the lowest
energy absorption band of the examined complexes is red-
shifted. What is more, introduction of the larger aryl
substituent (2 and 4) induces a further substantial shift to
longer wavelength. As shown in Table 2 and ESI Figure S9, the
low-energy band of 2 and 4 appeared at 74 and 45 nm longer
in wavelength than that for 1 and 2, respectively. The origin of
the absorption bands of 1-4 was also considered with the aid
of DFT and TD-DFT calculations. The energies and characters of
the selected singlet electronic transitions, together with
assighnment to the experimental absorption bands are
presented in Figure 5 as well as Tables S4-S7 and Figure S20 in
ESI. For the complexes 1 and 2, dominant contribution to the
longest wavelength band is attributed to one-electron
excitation HOMO—LUMO+1 with large value of oscillator
strength, shifted in the direction of lower energies in relation
to the maximum of the experimental band. It is a substituent-
to-terpyridine charge transfer transition, YILCT. The HOMO is

6 | J. Name., 2012, 00, 1-3
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Figure 5. (a) Experimental absorption spectrum (red line) with calculated
transitions (navy blue); (b) Graphical representations of selected MOs and their
TD-DFT energies for 1.
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predominately constituted by 7 orbitals of 4-methoxy-1-phenyl
or 4-methoxy-1-naphthyl substituent, while LUMO+1 was
found to be distributed primarily over 2,2:6',2"-terpyridine
skeleton. As demonstrated by DFT calculations, 4-methoxy-1-
naphthyl substituent destabilizes the HOMO orbital, stabilizes
the LUMO, while the LUMO+1 energy remains almost
unchanged (Figure S20 (a-b), ESI), which is manifested as a red-
shift in absorption spectra upon replacement of 4-methoxy-1-
phenyl (in 1) for 4-methoxy-1-naphthyl (in 2). For both Au(lll)
complexes, the LUMO presents significant 5dxz,y2 gold
character and contribution of HOMO—LUMO transition is
negligible in the lowest energy band. Absorptions in the range
300-400 nm are attributed to the overlapping transitions of
LMCT, ILCT, 'LLCT and Terpy—T *terpy (LE, locally excited) in
nature.

For the complexes 3 and 4, the low energy absorption band is
dominated by the excitation HOMO—LUMO assigned to
'MLCT and ILcT (Figure S20 (c-d) and Table S6-S7, ESI). The
LUMO of 3 and 4 is delocalized over 2,2":6',2"-terpyridine
skeleton, with participation of m*,, of 79% for 3 and 80% for
4, while the HOMO is contributed by m orbitals of the
substituent R (57% for 3 and 75% for 4) along with
contributions from 5d, platinum (17% for 3 and 5% for 4) and
7 (5% for 3 and 1% for 4) components.

In analogy to the Au(lll) complexes, naphthyl substituent
destabilizes the HOMO orbital, which is manifested in the
bathochromic shift of the lowest energy absorption of 4 in
relation to 3. Furthermore, replacement of 4-methoxy-1-
phenyl by 4-methoxy-1-naphthyl leads to decrease in
contribution of Pt(ll) d orbitals in the HOMO, resulting in
predominant ILCT character of the lowest energy absorption
for 4. Higher energy absorption bands of 3 and 4 are
attributable to lMLCT, YLeT and 1(1‘Cterpy—>1t*terpy) excited
states.

Taken into consideration that Au(lll) complexes are sensitive to
hydrolysis, solutions of 1 and 2 in in acetonitrile and phosphate
buffered saline (PBS buffer) were examined
spectrophotometrically over 24 hours. As shown in Figures 4
and S11 (ESI), the intensity of the absorptions bands was

Table 3 Photoluminescence properties of complexes.

View Article Online
DOI: 10.1039/C8DT0O0558C

almost at the same level during 24 h indicating stability of
Au(lll) complexes in CH3;CN and PBS solutions, and in this last
case, indicating that further biological studies can be pursuit.
Slight spectral changes were observed for 24 h in PBS buffer
following addition of stoichiometric amount of the biologically
important reducing agent glutathione. In contrast, sodium
ascorbate and excess of glutathione were found to cause rapid
reduction of both 1 and 2, accompanied by disappearance of
the LMCT band (Figures 4(e-f) and S11(e-f) ESI). As there was
no increase in absorbance between 500 and 600 nm, typical
for colloidal gold(0), conversion from gold(lll) to gold(l) can be
postulated for 1 and 2 in PBS upon exposure of sodium
ascorbate.”™*

Photoluminescence

The photoluminescence properties of the complexes 1-5 and
corresponding Iigands73 were investigated in acetonitrile
solutions at ambient conditions as well as in rigid matrices at
77 K (Table 3 and Figure 6). The emission of the free ligands is
strongly affected by changes in solvent polarity (Figure S13,
ESI). No vibronic structure and significant red-shift of the
fluorescence on passing from non-polar to polar solvent may
indicate a charge-transfer character of the excited state in the
case of L' and L% Considering the molecular structure of L and
L2, the ILCT process occurs when an electron is transferred
from the electron-rich 4-methoxy-1-phenyl or 4-methoxy-1-
naphthyl substituent to the terpy moiety.

To examine the CT character of the excited state of the free
ligands, the difference between the excited and ground state
dipole moments (Au=u.—p,) was estimated using the Lippert—
Mataga equation (eqn (1)), where AEq c.em is Stokes shift (cm'l),
h is the Planck’s constant, c is the speed of light in vacuum, a is
the Onsager cavity radius, and Af is the orientation
polarizability of the solvent, which measures both electron
mobility and dipole moment of the solvent molecule. Af was
calculated using equation (2), where € is the dielectric constant
of the solvent, n — the optical refractive index of the solvent.
Onsager cavity radii (a) were calculated theoretically with use
of the Gaussian09”>.

Complex Medium Ape [nm] A [nm] Op [%] Tett [NS] [Tn [ns] (weight, %)] X
1 CH;CN 315, 388 515 1.12 4.18 [4.41 (94.84%), 0.05 (5.16%)] 1.157
CH;0H:C,HsOH 342 457, 485, 503 — 520 [184.4 (96.58%), 10000 (3.42%)] 1.067
CHsCN 334, 361 (sh), 391 626 5.64 1.60 [1.33 (81.05%), 2.77 (18.95%)] 1.097
2 CH;0H:C,HsOH 324,338,371 I: 441 — I: 4.79 [5.28 (90.67%), 0.02 (9.33%)] 1.251
I1: 513, 557 I1: 1079 [340 (84.20%); 5010 (15,80%)] 1.115
3 CH;CN 334,394 567 4.27 20.12 [28.11 (71.37%), 0.22 (28.63%)] 0.900
CH30H:C,HsOH 343,423 560, 600, 650 (sh) — 45718 [59980 (54.23%), 28820 (45.77%)] 1.112
s CH;CN 366, 465 688 5.94 103.39 [119.39 (86.08%), 4.45 (13.92%)] 0.955
CH;0H:C,HsOH 302, 317, 340, 428 567, 607 (sh) — 90129 [63654 (60.86%), 131295 (39.14%)] 1.217
CH;CN 253, 281, 293 385 25.10 2.15 [2.15 (100%)] 1.079
L CH30H:C,HsOH 254, 276, 294 I: 338, 355, 372 - I: 3.56 [3.56 (100%)] 1.068
I1: 442, 472, 503 I1: 21987 [79.90 (79.54%), 107154 (20.46%)] 1.194
CH;CN 259, 342 432 12.00 4.14[4.14 (100%))] 1.129
27 CH30H:C,HsOH 323 1:375 — I: 1.82 [2.13 (84.51%), 0.10 (15.43)] 1.088
I1: 507, 542, 582 I1: 6089 [192.88 (90.79%), 64212 (9.21)] 1.182

This journal is © The Royal Society of Chemistry 20xx
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2
ABer—om = 2kl npiconse. (1)

Af — &1 _n?a1 (2)

2e+1  2n2+1

The calculated values of Ay are 14.77 D and 16.56 D for L' and
Lz, respectively. The higher Au value obtained for L is
indicative of greater ILCT character in the excited state.

Except for 5 and 6, all the studied complexes were luminescent
(see Figure S12, ESI). In acetonitrile solutions, structureless
emission bands were observed at A, = 515, 626, 567 and 688
nm for 1-4, respectively (Figure 6 (a)). The emission lifetimes
fall in the nanosecond time regime and the luminescence
quantum vyields are in the range 1.12-5.94 %. Most
interestingly, upon replacement 4'-(4-methoxyphenyl)-
2,2":6',2""-terpyridine (Ll) by 4'-(4-methoxy-naphthalen-1-yl)-
2,2":6',2""-terpyridine (Lz), the emission shifts to lower energies
(from 515 nm for 1 to 626 nm for 2 and from 567 nm for 3 to
688 nm for 4), attributable to the increased extent of m-
delocalization in the larger aromatic system of L2582 9795 1t s
consistent with the trends observed for the free ligands L' and
[

For both Au(lll) and Pt(ll) complexes, the red shift is
accompanied by an increase in luminescence quantum yield.sz_
83, 9% |1 line with previous findings’™ 83,86, 96, 997100 th o rather
broad and structureless emission bands of 1-4 in acetonitrile
may be indicative of the excited state with significant CT
character. Such assignment is supported by the theoretical
calculations revealing significant contribution of the ILCT
excited states, especially for Au(lll) complexes. Owing to low
solubility of 1-4, however, it was impossible to investigate
solvent effects on the emission. The nanosecond range of
lifetimes supports fluorescent nature of these emissions. It
should be also noted that 1 and 2 are very rare examples of
non-cyclometalated gold(lll) complexes that are emissive in
fluid solution at room temperature.92

In a rigid glass at 77 K, the emission bands of 1-4 display
appearance of partial vibronic coupling features and they are
generally shifted to higher energies compared to acetonitrile
solutions. Considering the large Stokes and long emission
lifetimes, the emissions of the Pt(Il) complexes (3 and 4) could
be attributed to phosphorescence. With reference to earlier
reports and theoretical calculations, it can be assumed that the
luminescence of 3 and 4 originates from 3MLCT and 3LC excited
states.

The photophysical behaviour of the complex 2 is strikingly
different from that of 1. The compound 2 is a rare example of
coordination complex with 5d metal centre, in which
intersystem crossing (ISC) is not fast enough to eliminate the
fluorescence. It displayed both fluorescence (441 nm, T =
4.79 ns) and phosphorescence (499 nm, 550 nm; T = 1079
ns), while the emission of 1, with maxima at 457 nm, 485 nm,
503 nm and effective emission lifetime of 520 ns, is assigned to
phosphorescence. The higher-energy band of 2 is suggested to
be of singlet origin and ILCT character. Compared to the free
ligand Lz, the band is red-shifted by 66 nm, which is attributed
to the impact of metal center (Figure 6 (c)). The structured
bands of 1 and 2, at lower energy and associated with a longer
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Figure 6 Emission spectra of complexes in CH3CN (a) and in
CH30H:CH3CH,0H (1:4 v/v) rigid matrices (b and c).

lifetime, are proposed to be of 3(1t—>rr*) character. They fall in
the same energetic region as that for the free ligands (Figure 6
(b-c)). The possibility of emissive impurities in the samples was
excluded on the basis of stability studies of 1 and 2 in
CH30H:C,Hs0H (1:4 v/v) (Figure 4), indicating no dissociation
of the coordinated terpyridine ligand.

The fluorescent/phosphorescent emission in 4d/5d transition
metal complexes are of great fundamental interest."** ™% Due
to strong spin-orbit coupling which facilitates intersystem
crossing (ISC) from the singlet to the triplet state, these
phenomena are rarely observed in organometallic and
coordination complexes with heavy transition-metal centres.”®
Recently, Chi and Chou and co-workers performed a detailed
study of dual emission in a series of osmium complexes,mg_104
showing the impact of m-conjugated aromatic system
appended to pB-diketonate ligand on the proportion of

This journal is © The Royal Society of Chemistry 20xx
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Table 4 Electrochemical properties of complexes.
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complex Eredl [V] Eredz [V] Eredlunset EredZonset EA [eV]a Euxl [V] Euxz [V] Eux3 [V] Euxlunse& [V] onZunset [V] on3onset [V] IP [ev]a Eg [EV]
vl vl
1 -0.48 -1.10 -0.19 -1.00 -4.91 1.07 1.67 - 0.90 1.49 — -6.00 1.09
2 -0.32 -1.11 -0.20 -1.00 -4.90 1.18 - - 1.07 - - -6.17 1.27
(0.19)
3 -1.32 -1.76 -1.11 -1.72 -3.99 0.38 1.17 - 0.35 0.99 - -5.45 1.46
(0.23)  (0.13)° (0.25)
4 -1.22 -1.77 -1.12 -1.71 -3.98 1.14 - - 1.08 - - -6.18 2.20
(0.14)°  (0.08)° (0.11)°
5 -0.57 -1.18 -0.44 -0.96 -4.66 0.98 - - 0.74 - - -5.84 1.18
(0.07)
6 -0.63 -1.30 -0.41 -1.02 -4.69 0.92 1.19 — 0.77 1.08 — -5.87 1.18
(0.06)
L -2.51 — -2.36 — 2.74 1.27 1.43 1.57 1.17 1.34 1.49 -6.27 3.53
(0.30)°
L, -2.46 — -2.32 — -2.78 1.16 — — 0.96 — — -6.06 3.28
(0.09)°

? obtained using following equation EA = -5.1 — Eregionset; IP = -5.1 - Eoxtonset; b (Epc-Epa [V])

fluorescence to phosphorescence. In turn, fluorescence has

been well documented for transition-metal complexes
containing fused aromatic systems such as perylene, perylene
diimide, pyrene and tetracene.’®®™°  Lack of the
phosphorescence in these systems suggests that the rate of
intersystem crossing to the triplet state is much slower than

the radiative rate of fluorescence.

Electrochemistry

The redox behaviour of 1-6 was investigated using the cyclic
voltammetry (CV) methods. The electrochemical data,
together with the calculated electron affinity and ionization
potential and band gap, are gathered in Table 4. Moreover,
Figures S18 and S19 in ESI show cyclic voltammograms
(reductive and oxidative scans) of the studied complexes. The
energy of the frontier molecular orbitals was calculated using
the ferrocene (Fc) ionization potential value of -5.1 eV as the
standard. The Au(lll) complexes (1 and 2) show two
irreversible reduction processes in acetonitrile solution. With
the references to the previous studies,”® ! they can be
attributed to the gold(lll)—gold(l) and gold(l)—gold(0)
processes, expected in non-aqueous solutions. L' and L?
ligands are electroactive at potentials close to -2.5 V, which

fall far away from the processes observed herein (see Table 4
and 73). Furthermore, Au(lll)—>Au(l)—Au(0)
reduction was also confirmed by the presence of a gold
deposit on the electrode surface after the electrolysis (see

reference

Figure S18 in ESI). As the complex 2 is reduced at more positive
potential, it can be assumed that the ligand L' stabilized the
Au(lll) oxidation state against reduction slightly better than L
The oxidation processes in 1 and 2 can be assigned as the
ligand-centred oxidation.”
potential for complex 2 is slightly anodic shifted compared to
1, which is consistent with the extended nt-delocalization of L
(in 2) compared to L (in 1).

Typical of Pt(ll) terpyridyl complexes the cyclic
voltammograms of 3 and 4 exhibit a pair of reversible ligand-

Noteworthy, the first oxidation

12, 82, 84, 94, 112-114

This journal is © The Royal Society of Chemistry 20xx

based reduction waves, appearing at much positive potentials
compared to the free ligands L' and L% Noteworthy, the redox
potentials of 3 (-1.32 V, -1.76 V) and 4 (-1.22 V, -1.77 V) are
similar, which may suggest that electron changes upon
electroreduction occur at wt-deficient terpyridine core.’® What
is more, these values are very close to those reported for the
related Pt(ll) terpyridine complexes, [Pt(terpy)CI]SO3CF3,112
[Pt(terpy)CI]TFPB,®*  [Pt(4’-SCHs-terpy)CIJTFPB,®*  [Pt(4’-CHs-
terpy)CIITFPB,%* [Pt(4’-Ph-terpy)(CN)]SbFs, '
[Pt(terpy)(C=CC¢H,NO,)]PFs, [Pt(4’-Ph-terpy)CI]TFPB,*
[Pt(4’-Np1-terpy)ClIPFs,®*  [Pt(4’-Np2-terpy)ClIPFs,%>  [Pt(4’-
Phe9—terpy)C|]PF6,82 [Pt(Ll’—Pyrel—terpy)CI]PFG82 (where TFPB —
tetrakis[3,5-bis(trifluoromethyl)phenyl]lborate, Npl - 1-
naphthyl, Np2 — 2-naphthyl, Phe9 — 9-phenanthrenyl, Pyrel —
1-pyrenyl). On the contrary to Au(lll) complexes 1 and 2, these
potentials are not influenced by R substituent attached to the
terpy at 4-position. In line with the above mentioned reports,
it can anticipated that the delocalization onto the 7 system of
the substituent counteracts its electron-donating effect, which
results in the same reduction potential for 3 and 4. The anodic
peak observed at 0.35 V in the cyclic voltammogram of 3 is
ascribed to the counterion [BPh,]” 18 The oxidation potential
at 1.17 V for 3 and 1.14 V for 4 are relatively close to the
potentials observed for one electron oxidation of the L' (1.27
V) and L (1.14 V) ligands, therefore they can be assigned to
the metal-perturbed ligand-centred oxidation (see Table 4 and
reference ). Compared to literature data on platinum
complexes,ns' 118-119 however, metal-centred oxidation from
Pt(Il) to Pt(Ill) assignment can be also taken into consideration.
For complexes 5-6, reversible (-0.57 V for 5 and -0.63 V for 6)
and irreversible (-1.18V for 5 and -1.30 V for 6) reduction
waves are associated with Cu(ll)—Cu(l) and Cu(l)—Cu(0)
processes. With reference to literature® the ligand-based
reduction processes are expected to appear at much more
negative potentials in Cu(ll) terpyridyl complexes.

115
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Cytotoxic potential of terpyridine derivatives and metal
complexes

The dose response curves obtained for the terpyridine derivatives
Ll, L% and the metal complexes 1-6 in HCT116 and A2780 cancer cell
lines and in normal fibroblasts (Figure 7 and Figure 8) enabled the
determination of the ICs, a measure of the in vitro cytotoxicity
expressed as the concentration of complex that inhibits
proliferation of cells by 50% as compared with controls (ICsp; UM)
(Table 5). As observed in Figures 7 and 8 both free ligands t'and L
display a very high cytotoxic activity with a very low ICs
(particularly <1 uM) in all the tested cell lines including normal
human fibroblasts (Table 5). This very high cytotoxicity in normal
cells reduce their applicability in cancer therapy. However, when
bound to the metal centres these cytotoxic effects in normal cells is

Page 10 of 20
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Table 5 Relative ICs, (48h) of ligands L* and L and metal complexes 1-5 for cancer cell
lines HCT116 and A2780 and normal human fibroblasts.

CellLines L' L 1 2 3 4 5 6
werize 049 018 045 027 162 294 102 040
+0.07 #0.04 +0.08 +0.06 +0.05 +0.03 #0.04 +0.06
A2780 112 097 178 064 969 1612 254 0.5
+0.06 $0.03 +0.05 +0.18 +0.04 +0.07 #0.05 +0.05
. 9.03 0.95 30.33 8524 60.11 32.78
Fibroblasts >100 <0.3
+0.08 $0.08 #0.11 +0.10 +0.06 +0.06

Ll
__100%
IS
< 80%
>
% o WHCT116
2 ao% A2780
3 20%
0%
n - n wun o I B n o
c‘ ‘\i ~ N un ~N o
Concentration (uM)
120% - 1
& 100% 1 *I I
2 80% 1 BWHCT116
5 60% 1 A2780
S 40% o
8 20% -
0%
n n « 1n O n O n o
= Concentration (uM)
1204 [ I . 3 5
& 100% - I
Z 80% 1 BHCT116
S 60% - A2780
2 40% A
3
© 20% -
0%

- 1n o ! o
— N un N

100

wn
o

Concentration (pM)

120%
100%

reversed except for complex 5 (Figure 8 and Table 5). Indeed, this
very high cytotoxicity of complex 5 in normal cells (higher than in
A2780 and HCT116 cancer cells - Table 5) was a reason for not
pursuing additional biological tests with this complex. Remarkably,
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Figure 7 Cytotoxicity of ligands L* and L® and metallic complexes 1-5 in HCT116, and A2780 cell lines. Cells were incubated with increasing concentrations of complexes for 48 h and cell
viability percentage was determined by the MTS assay, using cells incubated with 0.1% (v/v) DMSO as control. Results of complex 5 are not shown. The results shown are expressed as the

mean * SD from three independent assays. The symbol * means that the results are statistically significant with a p < 0.05 (as compared to control for each cell line).
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Figure 8 Cytotoxicity of ligands L* and L and metallic complexes 1-6 in normal fibroblasts. As in Figure 7, cells were incubated with increasing concentrations of complexes for 48 h

and cell viability percentage was determined by the MTS assay, using cells incubated with 0.1% (v/v) DMSO as control. The results shown are expressed as the mean + SD from

three independent assays. The symbol * means that the results are statistically significant with a p < 0.05 (as compared to control).

complexes 1-4, 6 displayed a marked decrease in cytotoxicity when
compared to the respective ligand has shown by the raise of the
ICso of normal fibroblasts (Table 5).

The Au(lll) complex 2 presents a ICs, 300x and 130x higher in
normal fibroblasts compared to HCT116 and A2780 cells
respectively. Complex 2 presents the lowest I1Cs, for both cancer cell
lines. Indeed, the ICs, cytotoxicity order is 2 > 6 > 1 > 3 > 4.
Comparing both Au(lll) complexes their cytotoxicity follows their
respective ligand cytotoxicity (L2>L1). The neutral Cu(ll) complex 6
with L is more cytotoxic compared to both Pt(ll) complexes.
Interestingly, Cu(ll) and Au(lll) complexes are more cytotoxic
compared to Pt(ll) complexes (Table 5). This higher cytotoxicity
agrees with the above results concerning their redox potential and
lower stability in PBS (for Au(lll) complexes) or biological reducing
environments*?. This different cytotoxicity may also be due to
different internalization rates and/or different mechanisms of
action within cellular compartments. It is well known the effect of
Cu(ll) as a DNA cleaving agent.ao’ *tis interestingly to note that in
the same experimental conditions all the complexes display a
higher cytotoxic activity in HCT116 cells compared to cisplatin, the
common antitumor drug in clinical practice (ICs; = 15.20 + 0.55
uM).122 Additionally, to further validate these results, cell viability
was also accessed by the trypan blue exclusion method in HCT116
and A2780 cells which also confirmed the metal complexes
cytotoxicity (Figure S21).

The reduction of cell viability promoted by the complexes 1-4,
6 in HCT116 cells (Figure 7) prompted us to evaluate the
underlined mechanisms of cell death. Apoptosis analysis was
initially performed by staining with Hoechst 33258 dye due to
its high affinity for DNA allowing the detection of nuclear
alterations like chromatin condensation and nuclear
fragmentation, typical features of apoptotic cells.® Hoechst
33258 staining of HCT116 cells after 48 h of exposure to the
ICsy of each complex allowed us to observe a reduction in the
number of stained cells compared to control cells and the
nuclear condensation and fragmentation characteristic of

This journal is © The Royal Society of Chemistry 20xx

apoptosis (arrows in Figure S22). Induction of apoptosis was
further confirmed by the Annexin V-FITC and propidium iodide
(PI) assay using flow cytometry. With this method it was
possible to more accurately quantify an induction of apoptosis
in cells exposed for 48 h to the complexes (Figure 9).

As expected all complexes at their ICsq concentration induce
high levels of apoptosis (between 35 % for complex 4 to 18 %
for complex 3) when compared with control cells (4 %) and
even when compared to doxorubicin, a common antitumor
agent (Figure 9). There is also a slight increase in the levels of
necrosis comparing to control cells (Figure 9). As such, these
results clearly indicate that the loss of HCT116 cell viability
presented in Figure 7 can be due to the induction of apoptosis.
To further comprehend the trigger for complexes-induced cell
death via apoptosis the production of reactive oxygen species
(ROS) was also evaluated in HCT116 cells exposed to ICsy
concentrations of the complexes (Figure S23, ESI). It was
possible to observe that all compounds can induce the
production of ROS (Figure S23, ESI). These results agree with
previous published data®® ' and the ability of metal

complexes to disturb the cellular redox homeostasis of cancer

cells as an attractive and promising approach for cancer
124

therapy.
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Figure 9 Induction of apoptosis and necrosis in HCT116 cells incubated with ICso
concentrations of metallic complexes 1-4 and 6 for 48 h measured by the Annexin V-FITC/PI
assay. Doxorubicin was used as positive control. The results shown are expressed as the
mean * SD from three independent assays.

J. Name., 2013, 00, 1-3 | 11

Please do not adjust margins

= Normal cells


http://dx.doi.org/10.1039/c8dt00558c

Published on 04 April 2018. Downloaded by Fudan University on 04/04/2018 08:52:59.

Dalton Transactions

(a)

Figure 10 (a) Representative images of HCT116 cells incubated for 3h in the absence (C, control vehicle 0.1% (v/v) DMSO) or presence of 10x ICsy concentrations of complexes 1-4.
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The lower panel represents the merge of both upper panels to more clearly observe the intracellular fluorescence in HCT116 cells exposed to all complexes. (b) Fluorescence
intensity ratio calculated based on the mean of the total HCT116 cell fluorescence after 3h incubation with complexes 1-4 normalized to the mean of the total HCT116 cell

fluorescence incubated for the same period with the control vehicle 0.1% (v/v) DMSO. The results shown are expressed as the mean * SD from three independent assays. At least

10 different images per assay were used to calculate the mean of the total fluorescence. **p-value < 0.003 and *p-value < 0.05 relative to control.

To understand if complexes 1-4 do internalize HCT116 cells,
fluorescence microscopy was used. As observed in Figure 10
after 3h of incubation of HCT116 cells in the presence or
absence of each complex a blue fluorescent staining was co-
localized within cells. Despite additional studies might be
performed using cell fractioning and ICP-MS analysis,
complexes 1, 4 seems to be more co-localized within the
nucleus, with complexes 2 and 3 also distributed through the
cell (Figure 10). Interestingly, in complexes 1-4, the terpy
framework shows good planarity, which positively correlate
with co-localization within the cell. The high levels of
fluorescence of complexes 1 and 2 correlates with their higher
cytotoxicity compared to complexes 3 and 4 (Figure 10 and
Table 5). Considering the redox properties and stability of
Au(lll) complexes in biological media, we cannot exclude
intracellular reduction of Au(lll) to Au(l) and it is well known
that the effective spin—orbit coupling for Au(l) systems is much
larger than that for the Au(lll) counterparts, thus resulting in the
poor intersystem crossing efficiency for the former.'®

Conclusions

This work demonstrates spectroscopy, electrochemistry and
antiproliferative potential of Au(lll), Pt(ll) and Cu(ll) complexes
bearing 4'-substituted 2,2':6',2"-terpyridine ligand, 4'-(4-
methoxyphenyl)-2,2’:6’,2""-terpyridine (Ll) or 4'-(4-
methoxynaphthalen-1-yl)-2,2':6’,2" -terpyridine (Lz). Attention
has been paid to investigation of the impact of the substituent
introduced into 2,2":6’,2"-terpyridine moiety on photophysical
and biological properties of the reported transition metal
complexes. Remarkably, the complex [AuCI(LZ)](PFs)Z showed
IC5o values 300x and 130x higher in normal human fibroblasts
compared to the respective values in HCT116 and A2780
cancer cells. What is more, all the complexes display a higher
cytotoxic activity in HCT116 cells compared to cisplatin in the

12 | J. Name., 2012, 00, 1-3

same experimental conditions and this loss of cell viability is
due to an increase of the apoptosis levels compared to control
cells and the induction of ROS. Complexes 1-4 can internalize
HCT116 cells and the high cytotoxicity of complexes 1 and 2
compared with complexes 3 and 4 might be correlated with
their high internalization levels. The high cytotoxicity of
complexes 1, 2 and 6 (ICsg < 1 uM; 30x higher than common
antitumor drug cisplatin) in HCT116 colorectal carcinoma cells
and their very low cytotoxic activity towards fibroblasts
healthy cells is of interest and a positive feature for further
developments.

Experimental

Materials

The reagents (KAuCl,, Pt(PhCN),Cl,, CuCl,2H,0, NH,4PFg,
NaBPh,, Ag(CF;05S)) used to the synthesis were commercially
available and were used without further purification.
2,2':6',2"-terpyridine  derivatives = were  obtained by
condensation of 2-acetylpyridine with the corresponding
aldehyde (4-methoxybenzaldehyde for L' and 4-methoxy-1-
naphthaldehyde for Lz)125—127 according to literature
methods.”> & 12 K,PtCl, was prepared as described in the
literature.”® All solvents for synthesis were of reagent grade
and they were used as received. For spectroscopy studies
spectroscopy grade solvents were used.

Preparation of [AuCI(L")](PF),*CHsCN (1), [AuCI(L})](PFe), (2)

KAuCl, (0.19 g, 0.5 mmol) was refluxed with appropriate ligand
Lt (0.17 g, 0.5 mmol) or L2 (0.19 g, 0.5 mmol) in a CH30H/H,0
mixed solvent (1:4 v/v) (50 cm3) for ca. 2h. Then an excess of
aqueous solution of NH,PFs was added. The mixture was
refluxed for another 2 h. The resulting dark orange solution
was allowed to evaporate in a hood at room temperature.

This journal is © The Royal Society of Chemistry 20xx
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Brown microcrystalline precipitate of 1 and 2 formed after few
days was collected by filtration and air-dried. X-ray quality
crystals of 1 and 2 were grown by recrystallization from
acetonitrile.

[AuCI{L")](PFs),-CH3CN (1): Yield 70%. IR (KBr, cm™): 1589 (s),
1524 (w), 1488 (m), 1464 (m), 1418 (m), 1367 (m), 1291 (m),
1243 (m), 1190 (m), 1128 (w), 1117 (w), 1041 (m), 1014 (m),
842 (s), 782 (m), 740 (w), 606 (w), 558 (s). '"H NMR (400 MHz,
CDsCN) 6 9.16 (d, J = 5.9 Hz, 2H, H*'), 8.73 — 8.69 (m, 6H, H®®
A3, A% 816 (d, J = 8.9 Hz, 2H, H?), 8.10 (dt, J = 6.2, 2.8 Hz, 2H,
H*?), 7.28 (d, J = 8.8 Hz, 2H, H®), 3.97 (s, 3H, H®). *C NMR
(100 MHz, CDsCN) & 165.42 (C*%), 159.76 (c®'), 159.58 (C*),
153.19 (c*), 153.00 (c*®), 147.96 (c*?), 132.05 (c*?), 131.78
(€, 129.82 (™), 126.72 (CY), 124.15 (C*?), 116.49 (CZ),
56.68 (CCS). UV-Vis (CH3CN, Amax NM (g, dm3~mol'1‘cm'1)): 264
(18600), 275 (18400), 287 (18400), 296 (25200), 353 (10600),
382 (13300), 419 (17200).

[AuC{L®)](PFs), (2): Yield 51%. IR (KBr, cm™): 1607 (m), 1572
(s), 1513 (m), 1488 (m), 1459 (w), 1421 (w), 1360 (m), 1328
(m), 1298 (w), 1240 (m), 1104 (w), 1085 (m), 1041 (w), 902 (w),
840 (s), 779 (m), 739 (w), 717 (w), 621 (w), 558 (s), 'H NMR
(400 MHz, CD;CN) & 9.19 (d, J = 5.8 Hz, 2H, H*), 8.71 (s, 2H,
H®2), 8.67 (d, J = 7.8 Hz, 2H, H"®), 8.60 (d, J = 7.9 Hz, 2H, H*),
8.46 — 8.43 (m, 1H, H®®), 8.14 — 8.07 (m, 3H, H* and H®), 7.84
(d, J = 8.1 Hz, 1H, H®®), 7.74 = 7.70 (m, 2H, H® and HY), 7.23 (d,
J = 8.2 Hz, 1H, H®), 4.15 (s, 3H, H*'). 3C NMR (100 MHz,
CD;CN) 6 161.48 (C*?), 159.87 (C**), 159.69 (C*°), 153.28 (c™),
153.05 (€®), 147.96 (c*®), 132.31 (€?), 132.14 (c*?), 131.60
(C°), 130.08 (c*), 129.92 (¢ ™ %), 128.71 (€*?), 127.76
(c%), 126.58 (%), 124.82 (C*®), 123.80 (C*°), 105.35 (CZ),
56.97 (Ccu). UV-Vis (CH3CN, Ao NM (g, dm3~mol'1~cm'1)): 263
(12500), 298 (20700), 347 (9900), 367 (7800), 493 (7600).
Preparation of [PtCI(Ll)](BPh4)-CH3CN (3)

K,PtCl, (0.21 g, 0.5 mmol) was added to DMSO (30 cm3) at 50
°C. The mixture was stirred up to all amount of precursor
dissolved in DMSO. Then a solution of ligand L (0.17 g, 0.5
mmol) in DMSO (30 cm3) was added dropwise, and the
resulting mixture was stirred for 15 h to yield a deep orange
solution. Then an excess of NaBPh, (as an aqueous/methanol
solution) was added dropwise. The resultant orange/brown
precipitate of [PtCI(Ll)]BPh4 was isolated by filtration and re-
crystallized by vapor diffusion of diethyl ether into an
acetonitrile solution of the crude product to afford crystals
suitable for X-ray crystal analysis.

[PtCI(L")1(BPh,)-CH;CN (3): Yield 58%. IR (KBr, cm™): 1597 (s),
1578 (m), 1520 (m), 1479 (m), 1463 (m), 1413 (m), 1361 (w),
1309 (m), 1260 (m), 1241 (m), 1185 (m), 1032 ( 1018 (w),
842 (m), 831 (m), 785 (m), 736 (m), 707 (m), 613 (m), 524 (w),
442 (w). *H NMR (400 MHz, CD;SOCD5) & 8.80 (s, 2H, H??), 8.76
—8.72 (m, 4H, H* ™ "%) 8.44 (dt, J = 7.9, 0.9 Hz, 2H, H"®), 8.14
(d, J = 8.8 Hz, 2H, H®®), 7.84 (t, J = 6.7 Hz, 2H, H*?), 7.21 - 7.15
(m, 10H, H** ™) 6.92 (t, J = 7.4 Hz, 8H, H??), 6.78 (t, J = 7.2
Hz, 4H, H®3), 3.92 (s, 3H, H®). **C NMR (100 MHz, (CD5),SO) &
164.07 (€™), 162.32 (C**), 158.16 (C**), 154.05 (c®'), 152.02
(c®), 151.08 (c*), 142.37 (c*®), 135.50 (c®), 129.63 (C),
129.03 (€*?), 126.53 (€Y, 125.90 (c*), 125.27 (€?), 121.47

m),
m),
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(c®?), 120.00 (€?), 114.88 (C), 55.67 (C=°). UV-Vis (CHsCN,
Amaw NM (e, dm>mol™-cm™)): 270 (8500), 312 (5700), 378
(3800).

Preparation of [PtCI(Lz)](SO3CF3) (4)

A suspension of [Pt(PhCN),Cl,] (0.24 g, 0.5 mmol) in
acetonitrile (30 cm3) was treated with an equimolar amount of
Ag(CF;05S) (0.13 g, 0.5 mmol) dissolved in acetonitrile (10
cm3). The reaction mixture was heated under reflux for 16 h,
the AgCl precipitate removed by filtration and one equivalent
of ligand added to the filtrate. The reaction mixture was
heated in a solvatothermal reactor under atmospheric
pressure for an additional 24 h and then gradually cooled by
another 24h. The crystals suitable for X-ray analysis were
obtained directly from mother liquor.

[PtCI(L*)](SO5CF;) (4): Yield 68%. IR (KBr, cm™): 1608 (m), 1575
(s), 1514 (m), 1479 (m), 1458 (m), 1432 (w), 1418 (m), 1390
(w), 1372 (w), 1354 (m), 1324 (m), 1268 (s), 1232 (s), 1160 (s),
1099 (m), 1083 (m), 1059 (w), 1029 (s), 997 (w), 887 (w), 814
(w), 793 (m), 771 (m), 753 (w), 714 (w), 653 (w), 638 (s), 620
(w), 573 (w), 517 (m), 466 (w), 442 (w). '"H NMR (400 MHz,
CD5SOCDs) 6 8.84 (d, J = 5.6 Hz, 2H, H*"), 8.82 (s, 2H, H®%), 8.70
(d, J = 8.0 Hz, 2H, H*), 8.44 (dt, J = 7.9, 1.1 Hz, 2H, H*®), 8.37 —
8.34 (m, 1H, H®®), 8.04 — 8.00 (m, 1H, H®), 7.89 (t, J = 6.5 Hz,
2H, H*), 7.73 (d, J = 8.0 Hz, 1H, H?), 7.68 — 7.64 (m, 2H, H *™
€8),7.23 (d, J = 8.1 Hz, 1H, H®®), 4.10 (s, 3H, H'"). **C NMR (100
MHz, (CDs),SO) & 158.41 (C*), 156.57 (C*%), 154.07 (c®Y),
153.91 (%), 151.11 (c*), 142.57 (c*®), 130.62 (€**), 129.11
(c*), 128.97 (€%, 128.05 (C€), 127.29 (C*"), 126.20 (C¥),
126.00 (%), 125.51 (€®?), 124.97 (C®), 124.62 (C°), 122.22
(€), 104.24 (C®), 56.12 (C*™). UV-Vis (CH5CN, Apap NM (€,
dm®*molt-cm™)): 253 (24000), 283 (26700), 302 (17100), 315
(16200), 338 (13300), 423 (8500).

Preparation of [CuCIz(Ll)] (5) and [CuCIz(LZ)]-(CH3CN) (6)

Compounds 5 and 6 were prepared according to the method
given in the literature.” CuCl,-2H,0 (0.08 g, 1 mmol) dissolved
in methanol (10 cmg) was added dropwise to a hot methanolic
solution of ligand L (0.17 g, 0.5 mmol) or 2 (0.19 g, 0.5 mmol).
The resulting solution was stirred at room temperature for 2 h
and then allowed to evaporate in a hood at room
temperature. After a few days green precipitate was isolated
by filtration and re-crystallized from acetonitrile.

[CuCL(L?)] (5): Yield 74%. IR (KBr, cm™): 1597 (s), 1579 (m),
1555 (m), 1555 (m), 1524 (s), 1476 (s), 1436 (m), 1412 (m),
1369 (w), 1313 (w), 1286 (m), 1243 (s), 1191 (s), 1066 (m),
1041 (w), 1021 (m), 1009 (m), 895 (w), 835 (m), 792 (s), 750
(m), 725 (w), 657 (w), 646 (m), 585 (m), 516 (w), 417 (w). UV-
Vis (CHsCN, Amme nM (g, dm*>mol™-cm™)): 226 (19700), 257
(21900), 265 (12900), 288 (11900), 339 (13300), 707 (1300).
[CuCl,(L?)]-(CHsCN) (6): Yield 90%. IR (KBr, cm™): 1607 (s), 1579
(s), 1551 (m), 1514 (s), 1475 (s), 1430 (m), 1417 (m), 1394 (m),
1362 (m), 1325 (m), 1292 (m), 1246 (m), 1235 (s), 1161 (m),
1115 (m), 1092 (s), 1048 (m), 1037 (m), 1019 (m), 999 (w), 955
(m), 882 (w), 843 (w), 802 (m), 788 (m), 766 (m), 742 (m), 713
(w), 662 (m), 655 (M), 645 (m), 611 (m), 516 (w), 417 (w). UV-
Vis (CHsCN, Amae nM (g, dm*mol™-cm™)): 257 (21100), 289
(16000), 324 (16600), 369 (8500), 761 (1300).
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Physical measurements

IR spectra were recorded on a Nicolet iS5 spectrophotometer
in the spectral range 4000-400 cm™ with the samples in form
of KBr pellets. The NMR spectra were recorded on a Bruker
Avance 400 MHz spectrometer by using dimethyl sulfoxide-dg
((CD3),S0O) or acetonitrile-d; (CDsCN) as solvent. Chemical
shifts (8) are reported in parts per million (ppm) and
referenced to residual solvent peak ((CDs3),SO: 'y & =250
ppm, Bc & =39.52 ppm, CD5CN: 'H6 =194 ppm, Bcs =
118.26 ppm). Coupling constants (J) are reported in Hz. The
peak multiplicity is designated by a singlet (s), doublet (d),
triplet (t), doublet of triplets (dt), and multiplet (m). The labels
A, B and C refer to the central pyridine ring, peripheral
pyridine ring and substituent ring/rings, respectively.
Homonuclear correlation spectroscopy was performed using
2D COSY experiments, while heteronuclear correlation
spectroscopy was done on the basis of HMQC or HMBC (long-
range) experiments.

The electronic spectra were measured on spectrophotometer
Nicolet Evolution 220 in the range 240-1000 nm in acetonitrile
(c=5" 107 M). UV-Vis spectroscopy was also used to study of
stability of the gold(lll) complexes in acetonitrile, phosphate
buffered saline (PBS, pH 7.4, 130 mM NacCl) and PBS buffer in
the presence of equimolar amount of sodium ascorbate (SA) or
reduced glutathione (GSH). The concentration of the gold(lll)
complexes in the final samples was 5 [ 10®° M. For the stability
in PBS buffer, Au(llll) complexes were dissolved in a minimum
amount of DMSO, and then diluted in phosphate buffered
saline to a final concentration of 5 - 10° M. The resulting
solutions were monitored by collecting spectrum once every
four hours over 24 h at room temperature.

The photoluminescence spectra (PL) were undertaken on the
FLS-980 spectrophotometer equipped with a 450 W Xe lamp
and a high-gain photomultiplier PMT + 500 nm (Hamamatsu,
R928P) detector. The spectra were prepared in acetonitrile
solutions (5 [ 10 M) at ambient condition as well as in
methanol:ethanol (1:4 v/v) frozen-glass matrix at temperature
of liquid nitrogen with Dewar assemble. The quantum yields
were examined in acetonitrile solutions using integrating
sphere direct method. The solvent and Spectralon® reference
standards were used as blanks, respectively in the case of
diluted solutions and powder samples. The complexes were
excited with wavelength in each case corresponding to the
obtained excitation bands. The FLS-980 software was used to
designate the quantum vyield values. The time-resolved
measurement was carried out using the time correlated single
photon counting methods (TCSPC) on the FLS-980
spectrophotometer. Excitation wavelength was obtained using
the set of picosecond pulsed diodes (EPLED—280 nm, EPL-375
nm, EPL-405 nm) or microsecond lamp as light sources and
high-gain photomultiplier PMT+500 nm (Hamamatsu, R928P)
in cooled housing as a detector. The system was aligned at the
emission wavelengths. Additionally, for the analysis of a
fluorescence decay, an instrument response function (IRF) was
obtained. The IRF contains the information about the time
response of the overall optical and electronic system. The IRF

14 | J. Name., 2012, 00, 1-3

Page 14 of 20

View Article Online
DOI: 10.1039/C8DT00558C

was designated using ludox solution as a standard at excitation
wavelengths. The decay curves were bi-exponentially fitted
using reconvolution/tail fit analysis included in FLS-980
software.

Cyclic voltammetry (CV) measurements were carried out on
the Autolab potentiostat (Eco Chemie). A three-electrode one-
compartment cell was used to contain the solution of
complexes and supporting electrolyte in CH;CN. Deaeration of
the solution was achieved by argon bubbling through the
solution for about 10 min before measurement. The
complexes and supporting electrolyte (n-BuyNPF)
concentrations were equal to 1 [ 10° M and 0.1 M,
respectively. The scan rate was equal to 0.1 V/s. A glassy
carbon disk working electrode (3 mm diam.), and an Ag/Ag’
reference electrodes were used. All electrochemical
experiments were carried out under ambient conditions.

Crystal structure determination and refinement

The X-ray diffraction data was collected on single crystals by
means of an Oxford Diffraction four-circle diffractometer
Gemini A Ultra with Atlas CCD detector using graphite
monochromated MoKa radiation (A = 0.71073 A) at room
temperature. Diffraction data collection, cell refinement and
data reduction were performed using the CrysAIisPro
software.® The structures were solved by the direct methods
using SHELXS and refined by full-matrix least-squares on F
using SHELXL-2014."% All the non-hydrogen atoms were
refined anisotropically, and hydrogen atoms were placed in
calculated positions refined using idealized geometries (riding
model) and assigned fixed isotropic displacement parameters,
d(C-H) =0.93 A, Uo(H) = 1.2 Uq(C) (for aromatic) and d(C—H) =
0.96 A, Ui,o(H) = 1.5 Ugq(C) (for methyl and water). The methyl
groups were allowed to rotate about their local threefold axis.
Details of the crystallographic data collection, structural
determination, and refinement for 1-5 are given in Table 6.
CCDC 1823066, 1823065, 1509477, 1823063 and 1823064
contain the supplementary crystallographic data for 1-5. The
data can be obtained free of charge from The Cambridge
Crystallographic Data Centre at
www.ccdc.cam.ac.uk/getstructures.

Powder X-ray diffraction (PXRD) measurements were
performed on a PANalytical Empyrean X-ray diffractometer
using Cu-Ka radiation (A = 1.5418 A), in which the X-ray tube
was operated at 40 kV and 30 mA ranging from 5 to 90°. The
experimental and calculated powder X-ray diffraction (PXRD)
patterns for all the complexes show a great coincidence of the
positions of all peaks expected, each pattern confirming that
the obtained structure from the single crystal is equal to the
one of the bulk (Figure S8, ESI).

Biological assays

Cell culture

Human colorectal (HCT116) and ovarian carcinoma (A2780)
cell lines were grown in Dulbecco’s modified Eagle’s medium
(DMEM) (Invitrogen Corp., Grand Island, NY, USA)
supplemented with 10% foetal bovine serum and 1%
antibiotic/antimycotic  solution (Invitrogen Corp.) and
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1 2 3 4 6
Empirical formula Cy4H20AuCIF12N,OP, Cy6H15AUCIF1oN;0P, CagHaoPtCIN,OB Cy7H19PtCIF3N30,4S Cy5H2,ClL,CuN,O
Formula weight 902.80 911.80 930.19 769.05 564.93
Temperature [K] 295.0(2) 295.0(2) 295.0(2) 295.0(2) 295.0(2)
Wavelength [A] 0.71073 0.71073 0.71073 0.71073 0.71073
Crystal system monoclinic monoclinic triclinic monoclinic triclinic
Space group P2./c P2./c P-1 P2./c P-1
Unit cell dimensions [A, °] a=15.2102(8) a=8.0750(3) a=7.8085(3) a=11.8647(7) a= 7.2767(3)
b =12.3174(5) b =21.7655(9) b = 15.6671(7) b = 14.5225(8) b= 12.0071(7)
c=17.3958(6) c=17.4149(6) c=17.1368(5) c=15.1167(7) c= 14.7218(6)
a=90 a=90 o =77.338(3) a=90 o= 83.765(4)
B =109.289(5) B=93.847(3) B =89.736(3) B =94.526(5) B= 88.612(3)
vy =90 y =90 Y =76.579(4) y =90 y = 81.976(4)
Volume [A%] 3076.2(2) 3053.9(2) 1987.24(14) 2596.6(2) 1266.09(11)
z 4 4 2 4 2
Density (calculated) [mg/m3] 1.949 1.983 1.555 1.967 1.482
Absorption coefficient [mm™] 5.073 5.111 3.640 5.650 1.103
F(000) 1736 1752 928 1488 578
Crystal size [mm)] 0.19x0.10x 0.07 0.25x0.10x 0.06 0.30x 0.08 x 0.06 0.08 x 0.07 x 0.04 0.12x0.10x 0.07
0 range for data collection [°] 3.31t029.47 3.42t029.39 3.35t029.51 3.29t029.34 3.31t029.42
Index ranges -18<h<20 -10<sh<10 -10sh<10 -16<h<11 -8<h<9
-17<k<11 -21<k<29 -19<k<21 -19<k<17 -14<k<16
-23<1<22 -22<1<22 -23<1<22 -20<1<18 -19<1<18
Reflections collected 17342 19911 23654 14217 11592
Independent reflections 5433 (R = 0.035) 7412 (R = 0.042) 9487 (R = 0.050) 6152 (R = 0.084) 5914 (Ri,x = 0.0395)
Completeness to 26=50° [%] 99.7 99.7 99.8 99.4 99.8
Max. and min. transmission 0.502 and 1.000 0.575 and 1.000 0.375 and 1.000 0.0271 and 1.000 0.763 and 1.000
Data / restraints / parameters 5433 /0/ 408 7412/0/ 416 9487 /0 /544 6152/0/362 5914 /0/ 327
Goodness-of-fit on F* 1.011 1.029 1.016 0.900 1.049
Final R indices [1>26(1)] R1=0.0494 R1=0.0515 R1=0.0459 R1=0.0506 R1 = 0.0497
wR2=0.1189 wR2 =0.1091 wR2 =0.0949 wR2 =0.0717 wR2 = 0.0911
R indices (all data) R1=0.0811 R1=0.0871 R1=0.0664 R1=0.1173 R1= 0.0864
wR2 =0.1359 wR2 =0.1248 wR2 =0.1061 wR2 =0.0875 wR2 = 0.1074
Largest diff. peak and hole 1.17 and -1.15 0.98 and -0.76 1.96 and -1.37 1.67 and -1.29 0.49 and -0.46
le A7)
CCDC number 1823066 1823065 1509477 1823063 1823464
maintained at 37 °C in a humidified atmosphere of 5% (v/v) homogeneous, colorimetric method for determining the

CO, Normal Human fibroblasts were grown in the same
conditions, supplemented with 1% MEM non-essential amino
acids (Invitrogen Corp.). All cell lines were purchased from
ATCC (www.atcc.org) with the exception of A2780 that was
purchased from Sigma-Aldrich (www. sigmaaldrich.com).
Complexes exposure for dose-response curves

Cells were plated at 5000 cells/well in 96-well plates. Media
was removed 24 h after platting and replaced with fresh media
containing: 0.1-150 uM of complexes 1-6 or Ligands L' and L?
or 0.1% (v/v) DMSO (vehicle control). All the previous solutions
were prepared from concentrated stock solutions (in DMSO) of
the complexes 1-5 and ligands.

Viability assays

After 48 h of cell incubation in the presence or absence of
complexes 1-6, ligands L' and L® or vehicle control, cell
viability was evaluated with CellTiter 96® AQueous Non-
Radioactive Cell Proliferation Assay (Promega, Madison, WI,
USA), using 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium,
inner salt (MTS) as previously described.? In brief, this is a

This journal is © The Royal Society of Chemistry 20xx

number of viable cells in proliferation, cytotoxicity or chemo-
sensitivity assays. The CellTiter 96® AQueous Assay is
composed of solutions of MTS and an electron coupling
reagent (phenazinemethosulfate, PMS). MTS is bio-reduced by
cells into a formazan product that is soluble in tissue culture
medium. The absorbance of the formazan product at 490 nm
can be measured directly from 96-well assay plates without
additional processing. The conversion of MTS into the aqueous
soluble formazan product is accomplished by dehydrogenase
enzymes found in metabolically active cells. The quantity of
formazan product was measured in a Bio-Rad microplate
reader Model 680 (Bio-Rad, Hercules, CA, USA) at 490 nm, as
absorbance is directly proportional to the number of viable
cells in culture. The interference in the MTS assay by ligands or
metal complexes per se was also evaluated by incubating the
molecules in DMEM medium with the MTS reagent and
without cells. This value was subtracted from the absorbance
in vehicle control cells. HCT116 and A2780 Cell viability was
also evaluated by trypan blue exclusion method using 0.5x 1Cs,
IC5 and 2x ICs concentrations of each complex or ligand. After
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48 h incubation, cells were trypsinised and stained with 0.2%
(v/v) trypan blue and counted in a Neubauer improved
haemocytometer (Marienfeld Superior).

Assessment of apoptosis through Hoechst 33258 staining

HCT116 cells grown as described above were plated at 7500
cells/mL and incubated for 48 h in culture medium containing
the complexes 1-4, 6 (at their 1C5o) or 0.1% (v/v) DMSO
(vehicle control). Hoechst staining (excitation and fluorescence
emission 352 and 461 nm, respectively) was used to detect
apoptotic nuclei as previously described.? Briefly, medium was
removed, cells were washed with phosphate-buffered saline
1X (PBS) (Invitrogen), fixed with 4% (v/v) paraformaldehyde in
PBS 1X (10 min in the dark) and incubated with Hoechst dye
33258 (Sigma, Missouri, USA; 5 ug/mL in PBS 1X) for another
10 min. After washed with PBS 1X, cells were mounted using
20 pL of PBS:glicerol (3:1; v/v) solution. Fluorescent nuclei
were sort out per the chromatin condensation degree and
characteristics. Normal nuclei showed non-condensed
chromatin uniformly distributed over the entire nucleus.
Apoptotic nuclei showed condensate or fragmented
chromatin. Some cells formed apoptotic bodies. Plates were
photographed in an AXIO Scope (Carl Zeiss, Oberkochen
Germany), and three random microscopic fields per sample
with ca. 50 nuclei were counted. Mean values were expressed
as the percentage of apoptotic nuclei.?

Assessment of apoptosis through Annexin V-FITC/PI Dead Cell
Apoptosis assay

HCT116 cells were grown as previously described and plated at
7500 cell/mL in 6-well plates and incubated for 48 h with ICs,
concentrations of each complex or ligand. The Annexin V-
FITC/PI Dead Cell Apoptosis kit (ThermoFisher Scientific) was
then used according to the manufacturer’s instructions.
Briefly, cells were detached with trypsin, washed thrice with
PBS and incubated with Annexin V conjugated with FITC
fluorophore and/or 10 pg/mL propidium iodide (Pl). After an
incubation of 15 min. cells were analysed in an Attune acoustic
focusing cytometer (ThermoFisher Scientific) using the Attune
Cytometric Software, vs 2.1. Doxorobucin, a common
antitumor drug was used as positive control (0.4 uM).
Information was presented as the average of cells (in
percentage) in apoptosis, necrosis or in a normal physiological
state.

Production of Reactive Oxygen Species (ROS) in HCT116 cells
HCT116 cells were incubated with ICsy; concentrations of each
complex or ligand for 48 h. Cells were then collected and
washed twice in PBS and then incubated for 30 min at 37 °C
with 10 uM 2’,7’-dichlorodihydrofluorescein diacetate (H,DCF-
DA) (ThermoFisher Scientific). Upon internalization in cells,
cellular esterases remove acetate groups and in the presence
of ROS, the dye is oxidized, with an increase of the
fluorescence of the compound. Cells were then analysed in an
Attune acoustic focusing cytometer (ThermoFisher Scientific)
with the corresponding software (Attune Cytometric Software,
vs 2.1). Hydrogen Peroxide (H,0,) was used as positive control
(25 uM). Information was presented as the mean fluorescence
intensity of each sample normalized to the fluorescence
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intensity of control cells exposed to 0.1% (v/v) DMSO (vehicle
control).

Internalization of complexes 1-4 by fluorescence microscopy
HCT116 cells were seeded at a density of 200000 cells per ml
in 96-well plates and incubated for 3 h in supplemented
DMEM culture medium containing complexes 1-4 at 10x the
respective 1Csq or 0.1% (v/v) DMSO (vehicle control). The
culture medium was removed, and cells were washed with
phosphate-buffered saline 1x (PBS) (Invitrogen) and observed
in a Ti-U Eclipse inverted fluorescence microscope (Nikon,
Tokyo, Japan) with a DAPI fluorescence filter cube with an
excitation filter of 340-380 nm, a dichroic mirror at 400 nm
and a barrier filter at 435-485 nm (Nikon) and images
captured using NIS Elements Basic software (Nikon). The
corrected total cell fluorescence was calculated by measuring
the intensity of cell fluorescence and subtracting the
background fluorescence. At least 10 different random
microscopic fields were observed for each condition/complex.
Acquisition times were set equal in all fluorescence images.
Mean values were expressed as fluorescence ratio (complexes
versus control). Image measurements were made with Image)
v1.51s.

Statistical analysis

All data were expressed as mean + SEM from at least three
independent experiments. Statistical significance was
evaluated using the Student’s t-test; p < 0.05 was considered
statistically significant. Statistical analysis was performed using
GraphPad Prism v6.01 (GraphPad Software, La Jolla, CA, USA).
Computational details

The calculations have been performed using the GAUSSIAN-09
program pat:kage.93 The geometries of the singlet ground state
(Sg) of 1-4 were fully optimized without any symmetry
restrictions at the DFT level with the PBE1PBE hybrid
exchange-correlation functional’®™**. The calculations were
performed using the def2-TZVP basis set for carbon, oxygen,
nitrogen, chlorine and hydrogen atoms, while for gold
Stuttgart Relativisticc, Small Core ECP Basis Set with
corresponding pseudopotentials.lgs_139 The starting point for
geometry optimization was taken from X-ray structure, and all
the subsequent calculations were performed based on the
optimized geometries. Vibrational frequencies were calculated
on the basis of the optimized geometry to verify that each of
the geometries is a minimum on the potential energy surface.
Furthermore, on the basis of the optimized ground state
geometries, the absorption properties in acetonitrile (CH;CN)
media were calculated by TD-DFT at the PBE1PBE hybrid
functional level and with the polarized continuum model
(PCM).”O"142 The predicted bond lengths and angles for the
ground state are within the range of error expected for DFT
calculations and the general trends observed in the
experimental data are well reproduced in the calculations,
providing confidence on the reliability of the chosen method
to reproduce the geometry of the studied complex.
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Spectroscopy, electrochemistry and antiproliferative properties of Au(IIl), Pt(II) and Cu(Il)
complexes bearing modified 2,2":6’,2"-terpyridine ligands have been investigated and impact
of metal center and substituent incorporated into terpy framework have been demonstrated.
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