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A family of six phosphane Cu(l) complexes bearing NN, NO and NS bidentate ligands was synthesized. All the compounds
were fully characterized by classical analytical and spectroscopic methods and five of them were also characterized by X-ray

diffraction studies. All the compounds exhibit high cytotoxicity against the human breast cancer cell line MCF7 with I1Cso

values far lower than those found for cisplatin, a current chemotherapeutic in clinical use. Compounds 1 and 3 induce cell

cycle arrest in G2/M phase and cell death by apoptosis. The cytotoxic and cytostatic effect of these compounds on MCF7

cells suggest that they are suitable for further in vivo studies with breast cancer models.

Introduction

Copper is an essential micronutrient involved in fundamental life
processes. It readily cycles between Cu(l) and Cu(ll), which makes it
redox active in biological systems. This redox-cycling ability is vital for
cooper to act as a key component of many important
metalloenzymes and metalloproteins with important roles in
biological functions such as enzyme activity, cell signalling and
oxygen transport®3,

Copper has been recognized as a controlling factor for a variety of
processes related to cancer development and progression,
particularly in cancer growth, angiogenesis and metastasis* >.

Elevated levels of copper and oxidative stress have been found in
cancer conditions, thus providing an opportunity to exploit these
differences for the development of cancer treatment strategies®.
Additionally, altered copper metabolism can also constitute a
promising target for cancer therapy’.

The vast array of information on copper properties and mode of
action in several biological systems, together with the assumption
that endogenous metals may be less toxic, led to the development of
a novel generation of copper coordination compounds for cancer
therapy with properties generally determined by the nature of
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ligands and donor atoms bound to the metal ion®2°, In this frame,
several classes of copper complexes containing phosphanes,
imidazoles, thiosemicarbazones and carbenes have been identified
as potential anticancer agents® 117,

Some of these promising copper complexes can be effective
anticancer agents as much as platinum-based drugs, with the
advantage of reduced toxicity toward normal cells and can even
potentially overcome resistance associated with platinum drugs. For
this particular process of chemoresistance, copper transporters play
a central role. Certain copper coordination compounds can modulate
the copper homeostasis across the copper transporters and hence
re-sensitize cancer cells to platinum drugs & 18-20,

Despite the different classes of copper coordination compounds
synthesized and characterized, few data are available concerning the
mechanisms underlying their anticancer activity. Nevertheless, the
reported data suggest that copper compounds display mechanisms
of action mainly based on the ability to induce apoptosis, oxidative
stress, inhibition of proteasome activity and non-apoptotic forms of
programmed cell death® 22>

In the scope of copper coordination compounds we recently
reported our studies on a family of copper(l)-phosphane complexes
of general formula [Cu(dppe)L][BF4], where dppe = 1.2-
bis(diphenylphosphino)ethane and L represents a bidentate
heteroaromatic ligand with N-donor atoms. These complexes
bearing dppe phosphane ligands showed marked cytotoxic activity
against A2780 and MCF7 cancer cells at submicromolar
concentrations 2,

Our ongoing research interest on this field led us to keep on the
exploitation of related copper(l) compounds in a systematic fashion,
focusing on the design and synthesis of new complexes involving
coordination of various ligands to a similar metal-phosphane
fragment so as to assess the effect of individual structural changes
on the cytotoxic properties of the compounds. Thus, in this paper we
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Scheme 1 Reaction scheme for the synthe5|s of the [Cu(PPhs),(L)][BF4] compounds
#L— pbt, 1; bopy, 2; dpk, 3; dpp, 4; 2,2’bipy, 5 and dcbipy, 6). ngands are numbered
or NMR spectraTa55|gnments

report the synthesis and characterization of new Cu(l) complexes of
general formula [Cu(PPhs),L][BF4] where L represents different NN,
NO or NS bidentate systems. The cytotoxic activity, the ability to
induce apoptosis and cell cycle arrest was also evaluated in MCF7
breast human cell line.

Results and discussion

Synthesis and Characterization of Cu(l) compounds

Six new Cu(l) complexes of general formula [Cu(PPhs),(L)][BF4] were
prepared in high yields (82-92 %), through substitution of the labile
acetonitrile ligands on the parent complex [Cu(PPhs),(NCMe),][BF4]
by bidentate ligands L, namely 2-(2-pyridyl)benzo[b]thiophene (pbt),
1, 2- benzoylpyridine (bopy), 2, di(2-pyridyl)ketone (dpk), 3, 2,3
bis(2-pyridyl)pyrazine (dpp), 4, 2,2’-bipyridine (2,2’-bipy), 5 and 2,2'-
bipyridine-4,4'-dicarboxylic acid (dcbipy), 6. The reactions were
carried out in THF, dichloromethane or methanol solutions at room
temperature (Scheme 1). The compounds were recrystallized, at
room temperature, by slow diffusion of diethyl ether in
dichloromethane solutions of the compounds.

The new complexes were fully characterized by FTIR and NMR
spectroscopic methods (*H, 13C{*H}, 3'P{*H}). The elemental analyses
were in accordance with the proposed formulations. Compounds 1,
2,3,4 and 5 were also characterized by single crystal X-ray diffraction
techniques. The FTIR spectra of all the compounds in KBr pellets
present the characteristic ve.n bands of aromatic rings in the region
3040 - 3100 cm, the vc-c vibrations appear at 1400 — 1590 cm™ and
the 8¢ vibrations in the 690 - 700 cm™ range. The vgr vibrations of
the BF; anion were observed at 1095-1057 cm™ (very strong and
broad bands) and ~690 cm™. Compounds 2, 3 and 6 also presented
the vc-o vibrations in the range 1626 — 1720 cm™ as expected.

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

NMR Spectroscopic studies
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NMR characterization of all complexes was carried out i)y record5|

1H, 13C{*H}, 3'P{*H} and 2D experiments (COSY, HSQC and HMBC). The
IH and 3C NMR spectra of complexes 1-3 and 5 and 6 in acetone-d6
or CDCl3 at room temperature displayed well resolved resonances
which were fully assigned (see Experimental section and atom
labelling given in Scheme 1) using those 2D methods.

In contrast, the *H NMR signals of complex 4 were very broad in the
dpp domain at room temperature. This observation is in accordance
with our previous results which showed that the dpp ligand, (2,3-
bis(2,3-pyridyl)pyrazine), is quite flexible when coordinated to
copper(l), even if the other N,N moiety is chelated to a second metal
fragment such as {RuCp(PPh3)}?¢ and prompted us to undertake a VT-
NMR study of this compound to assess its fluxional behavior. The
effect of cooling an acetone-d® solution of 4 is shown in Figure S1 in
Supplementary Information. As the temperature was lowered, the
dpp region in the 'H NMR spectra became more resolved, showing
that one conformer was dominant. The set of 1D and 2D experiments
performed at -502C permitted full assignment of the *H and 3C
resonances of the major conformer (see Experimental section). A
second set of signals was also detected, with much lower intensity
than the dominant peaks (~0.08:1.0), indicating that one
conformation is clearly favored for this compound. Evidence of the
presence of two conformers in similar ratio proportions, detected by
VT-NMR studies of Cu(l) complexes with flexible ligands, has already
been reported?® 27,

The well-defined proton signals observed for all the compounds also
confirm that no oxidation to Cu(ll) occurred under the experimental
conditions.

The 3'P{*H} spectra of the new Cu(l) complexes show the usual broad
signal (v1/2= 26-330 Hz) in the range 3.0 — 1.1 ppm, downfield from
the parent compound [Cu(PPhs3),(NCMe),][BF4], (6 -0.9 ppm)
reflecting a decrease of electron density in the phosphorus atoms as
the NCMe ligands are replaced by better acceptor ones.

3.00E+03
2.00E+03

1.00E+03

330 380 430 480 530

E (M1lem?l)
I 1]

535 635 735 835
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Figure 1 Electronic spectra of [Cu(PPhs),(2,2’- blpy 1[BF4) 'H) ),
dichloromethane, compared to the uncoordinated ligand 2,2’-bipyridine ( -——=
and [Cu(PPhs), (NCMe)Z][BF4] (----). Inset: detail of the charge transfer band.
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max (nm max (nm

Compound ::: M'lc(m'l)) Compound z; M'ltfm*;
[Cu(PPhs)(NCMe),][BF4] 259 (sh)

279 (sh)
[Cu(PPhs)2(pbt)][BF4] (1) 258 (sh) pbt -

279 (sh) 262 (sh)

319 (22200) 315 (40200)

333 (sh) 328 (sh)
[Cu(PPhs),(bopy)][BF4] (2) 272 (38800) bopy 266 (14300)

417 (3300) 354 (225)
[Cu(PPhs),(dpk)][BF4] (3) - dpk 244 (11900)

270 (35000) 277 (11200)

426 (2120) 360 (206)
[Cu(PPhs),(dpp)][BF4] (4) 265 (30700) dpp 252 (20900)

326 (sh) 288 (27900)

385 (3310) -
[Cu(PPhs3),(2,2”-bipy)][BF4] (5) 283 (sh) 2,2"-bipy 244 (15730)

367 (3310) 282 (22104)
[Cu(PPhs),(dcbipy)][BF4] (6) 256 (sh) dcbipy insoluble

311 (9100)

405 (2810)

These 3!P resonances are similar to previously reported values for
other Cu(l)-(PPhs) complexes'’, and show a slight shift to higher
frequencies relatively to the Cu(l) dppe analogues that we previously
reported?®.

Electronic absorption spectroscopy

The electronic absorption spectra of the six new synthesized copper
complexes were recorded in ~10* to 10® M solutions of
dichloromethane and the corresponding maximum absorption bands
are indicated in Table 1. For comparison, also the electronic spectra
of the free ligands were obtained in the same experimental
conditions.

All the studied Cu(l) complexes showed intense absorption bands in
the UV region, in the range of 230 — 330 nm, attributed to m-mt*
electronic transitions occurring in the coordinated ligands of the
inorganic fragment {Cu(PPhs),}*. In addition to these transitions, one
metal to ligand charge transfer (MLCT) band was found, for
complexes 2 - 6, placed in the visible region between 360 and 430
nm. These high values of energy found for MLCT bands were also
observed in other Cu(l) compounds with dppe and N,N
heteroaromatic rings?®. The absorption spectra found for compound
5is in agreement with those published by Andrés-Tomé et al. for the
same compound?®. Figure 1 typifies the behavior of this set of
compounds.

Stability studies in DMSO and DMSO/DMEM

The stability of the complexes in DMSO-d6 (deuterated form of the
co-solvent used in the biological assays) was studied by 'H and 3'P
NMR spectroscopy over 24 h. In both, *H and 3P NMR spectra, no

This journal is © The Royal Society of Chemistry 20xx

changes were observed either on the number of peaks displayed or
on their 6 values (Figure S2 in Supplementary Information).

The stability of the new complexes in 1%DMSO/DMEM + GlutaMAX-
I™ cellular medium was also evaluated by UV-vis spectroscopy.
Changes observed in UV—vis spectrum of the complexes over 24 h
were insignificant, indicating that these complexes are air-stable in
this solution (Figure S3 in Supplementary Information).

Crystal structures of complexes 1,2, 3,4 and 5

Single crystals of complexes 1, 2, 3, 4 and 5 suitable for SCXRD were
obtained by slow diffusion of diethyl ether in dichloromethane
solution of the corresponding complexes. The X-ray single crystal
data of all compounds were analyzed in the temperature range 160
— 150 K to prevent disorder of the molecules. The molecular
structures of the compounds are presented in Figure 2 and selected
bond lengths and angles are displayed in Table 2.

The five compounds crystallize in triclinic crystal system, space group
P -1, with a cationic complex molecule and a BF,4 as a counter anion
in the asymmetric unit; complex 2 co-crystalizes with CH,Cl,. The
copper(l) ion presents two coordinated triphenylphosphanes and the
bidentate ligand L in a highly distorted tetrahedral geometry. This
distortion arises from the “bite” of the bidentate ligand, N(1)-Cu(1)-
S(1) 77.76(5)° for 1, N(1)-Cu(1)-O(1) 76.55(9)° in 2 and N(1)-Cu(1)-
N(2) 92.17(11)°, 79.18(15)°, 79.64(9)° for 3, 4 and 5 respectively,
much smaller than the angle of the perfect tetrahedron, 109.4°.
However, the bite angle of the dpk ligand, in compound 3, is larger
than the others as it forms a six-membered ring with the metal
center while the others form a five membered metallacycle. Also the
P(1)-Cu(1)-P(2) angles (129.37(2)°, 125.96(4)°, 123.14(3)°, 123.76(5)°
and 124.91(3)°), for complexes 1, 2, 3, 4, and 5, respectively) are
larger due to the steric effects caused by the bulky PPh; ligands.

J. Name., 2013, 00, 1-3 | 3
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Table 2 Selected Bonds (A) and Bonds Angles (°) of the cations [Cu(PPhs),(L)]* (L= pbt, 1; bopy, 2; dpk, 3; dpp, 4; 2,2’bipy, 5).

Compound 1 2 3 4 5

Bond lengths (A)

Cu(1) - N(1) 2.0303(17) 2.050(3) 2.076(3) 2.078(4) 2.099(2)
Cu(1) - X 2.6902(6) 2.211(2) 2.099(3) 2.104(4) 2.055(2)
Cu(1) - P(1) 2.2507(6) 2.2423(11) 2.2796(9) 2.2474(14) 2.2569(8)
cu(1) - P(2) 2.2509(6) 2.2442(11) 2.2836(9) 2.2459(14) 2.2593(7)
Angles (°)

X — Cu(1) = N(1) 77.76(5) 76.55(9) 92.17(11) 79.18(15) 79.64(9)
P(2) - Cu(1) - P(1) 129.37(2) 125.96(4) 123.14(3) 123.76(5) 124.91(3)
N(1) - Cu(1) - P(1) 116.39(5) 116.53(8) 115.06(3) 117.33(12) 113.19(6)
N(1) - Cu(1) - P(2) 113.17(5) 112.17(8) 103.38(8) 109.34(12) 107.90(6)
P(1) - Cu(1) - X 106.55(2) 105.06(7) 105.53(8) 104.33(11) 109.64(7)
P(2) - Cu(1) - X 93.08(2) 107.66(6) 113.43(8) 113.93(11) 112.53(6)

Nevertheless these angles along with the bond lengths involving the
copper atom are in the range of values found for this family of cations
[Cu(1)(PPh3),L]* (where L is a bidentate ligand)?® 2. The pbt ligand in
complex 1, is not planar; the plane of the pyridyl ring and the plane
of the benzothiophenyl rings form an angle of 28°, while the free
ligand is almost planar with an angle of 7.7°%. In compound 2, the
non-planarity of the bidentante ligand is caused by distortion of the
phenyl ring attached to the O=C bond making an angle of 47.3°
between the two rings, while in the free ligand the same dihedral
ligand is much larger, ca 61°. This is due to complexation of the ligand
to the copper that restrains stereochemically the ligand. The two six
membered rings in the bidentate ligand of compound 3 make an
angle of 17° and the carbonyl group that binds the two rings is almost
coplanar with the ring that contains the N1 atom. In this case, the
angle between the two rings is much smaller than the one in the free
ligand (55.8°). The cation of complex 4 also presents a non-planar
bidentate ligand (dpp) bonded to the copper center. In this ligand,
the planes of the rings linked by the C5-C6 bond have an angle of
35.9°, and the planes of the two pyridyl rings make an angle of 44°.
The non-planarity of the ligand in the cation of complex 4 is slightly
smaller than that in the free ligand were the dihedral angles between
the three rings are all equal with a value of 42.2°. However, in the
cation of the similar complex with a bidentate phosphine,
[Cu(dppe)(dpp)1BF4]?%, the dihedral angles between the planes of the
rings joined by C5-C6 bond are even smaller (24.8°) and the mean
plane of the two rings joined by C5-C6 bond with the aromatic ring
that is linked by C9-C10 bond form an angle of 59.8°. In complex 5,
the angle between the rings of the bidentate ligand is ca. 17°,
although in the free ligand the two rings are totally coplanar. This
difference in the angles between the two planes of the N,N
coordinated ligand and the one of the free ligands is due to the
stereochemical restraint imposed by the two bulky phosphines

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

coordinated to metal centre. The structure of this cation with the
[NO,]" anion was already described by Navarro et al.3%, no significant
differences being observed in the bond lengths and angles of the
complexes with the two counter-ions.

In the packing of these compounds, the intermolecular interactions
found are of the type C-H---F and C-H---n. Compounds 2, 3 and 4 form
chains of cations through C-H---7mt interactions between phenyl —
phenyl rings of the phosphines and phenyl and pyridyl of the
bidentate ligand (C-H---x range of 3.1 —3.5 A). These cations are also
surrounded by 3, 5 and 5 anions, respectively, that form interactions
C-H--F ranging from 2.4 A in compound 4 to 2.9 A in compound 3.
Compound 3 has an additional interaction of the type C-H---0 (2.6 A)
between the carbonyl group and a phenyl of the phosphine.

Each cation of compound 1 has five other cations and five BFs anions
in its environment. The cations interact with each other via C-H--w
interactions (3.2 A) between two bidentate ligands and among a
bidentate ligand and a phenyl group of the phosphine. A C-H:1t
interaction between two phenyl rings of the phosphine (3.1 A) has
also been detected.

The anions of 1 display C-H--F interactions with the cations with
intermolecular distances in the range of 2.4 to 2.6 A.

The packing of compound 5 comprises one cation surrounded by 4
other cations and 5 anions. C-H--- interactions are evident between
a pyridyl ring of the bidentate ligand and a phenyl ring of PPh; and
also between two phenyl rings of the phosphines (3.2 and 3.4 A). The
interactions of the cations with the anions (C-H---F) are in the range
of 2.4t02.6 A.

Compounds 1 and 5 had a more planar ligand than the other three
compounds, leading to a more freely stereochemical environment
around the cation, assembling more molecules around each other.

This journal is © The Royal Society of Chemistry 20xx
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Figure 2 Molecular diagrams depicting the cationic moieties for [Cu(PPhs)2(L)]* complexes (L= pbt, 1; bopy, 2; dpk, 3; dpp, 4; 2,2’bipy, 5). Hydrogen atoms were

omitted for clarity.

Biological studies in human tumor cells
Cytotoxicity

The cytotoxic potential of compounds 1 - 6 and their precursor in
MCF7 adenocarcinoma cells lines was evaluated by the MTT assay to
assess cell viability and survival. As observed in Table 3 all complexes
including the precursor [Cu(PPhs);(NCMe),][BF4] are active in the
breast adenocarcinoma cancer cells at 24h incubation with 1Cso
values varying from 6.6 to 18 uM.

The activity of the free ligands was also evaluated using the same
experimental conditions in MCF7 cells at 24 h incubation. Within the
concentration range of 1 - 200 uM the free ligands were not active
with the exception of pbt that displayed an ICs value of 55 + 7.7 uM.
The cytotoxic effect of the triphenylphosphane (PPhs) was also
assessed and found negligible. With exception of complexes 1, 3 and
5 the substitution of the acetonitrile ligands on the parent complex
by the bidentate ligands did not result in any considerable
improvement of activity. Comparing compounds 5 and 6 the
introduction of two carboxylic groups in the 2,2’-bipy ligand resulted
in a less active compound. This difference in the activity could be
related to the fact that in solution compound 6 has a double negative
charge in the carboxylic groups which could hinder the cellular
uptake3l. With the same experimental conditions, all the compounds
are much more active than cisplatin, the antitumor drug in clinical
use. The ICsg values found for the compounds here presented are of

This journal is © The Royal Society of Chemistry 20xx

the same magnitude order as those found for other copper(l)-
triphenylphosphane complexes with heteroaromatic ligands for the
same cells'” 32,

Since the free ligands did not show cytotoxic effect it is possible to
conclude that the cytotoxicity of these complexes was in part due to
the coordinated triphenylphosphine coligands. Despite this, by
substituting the phosphane fragment PPh; by dppe in this
complexes, as we previously reported, a remarkable improvement of
about ten times in the cytotoxic activity was found?®.

Apoptosis evaluation

To understand if the decrease of MCF7 tumor cells viability in the
presence of the compounds is due to the induction of apoptosis, cells
were treated with the 1Cso concentration (Table 3) of the precursor,
compounds 1, 3 and 5 and respective solvent (DMSO) as vehicle
control and DNA staining with Hoechst 33258 was accessed via
fluorescence microscopy. Compounds 1, 3 and 5 were chosen due to
their lower relative 1Cspin MCF7 cells compared to the precursor and
compounds 2 and 4. Staining the cell nuclear DNA with Hoechst
allows to infer the presence of apoptotic events, including
condensation of the chromatin, fragmentation of the nucleus and
the presence of the so called apoptotic vesicle33. Hoechst staining
revealed an increased number of nucleus with condensed chromatin

J. Name., 2013, 00, 1-3 | 5
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Table 3 ICs values found for compounds (1 — 6), precursor and cisplatin in the breast
adenocarcinoma MCF7 cells (24 h, 37 °C).

Compound ICs0 (UM)
[Cu(PPhs),(NCMe),][BF4] 13.4+53
[Cu(PPh3),(pbt)][BF4] (1) 6.6+ 2.2
[Cu(PPhs),(bopy)][BFa] (2) 11.6+3.9
[Cu(PPhs),(dpk)][BF4] (3) 7.6+3.2
[Cu(PPhs),(dpp)][BFa] (4) 17.7+55
[Cu(PPhs),(2,2’-bipy)][BF4] (5) 6.7+2.5
[Cu(PPhs),(dcbipy)][BF4] (6) 13.9+5.0
Cisplatin 59.0+12.0

and the presence of apoptotic vesicles in cells exposed to compounds
1, 3 and 5 relative to the vehicle control and precursor (Figures 3A
and 3B). These results suggest that the substitution of NCMe groups
by pbt, dpk and 2,2’-bipy ligands in [Cu(PPhs),(L)]* result in an
increase of MCF7 apoptosis (Figure 3B). The similar cytotoxicity of
compounds 1, 3 and 5 (Table 3) agrees with the apoptosis results.
However, these results do not exclude that other non-apoptotic cell
death mechanisms might also occur.

Cell cycle analysis

The cytostatic potential of the compounds was inferred via
propidium iodide (P1) staining after MCF7 cells synchronization and
incubation for 6h, 12h and 24h in the presence of the precursor and
compounds 1, 3 and 5 at their 1Cso. DMSO was used as vehicle
control, and Doxorubicin was used as positive control of cell cycle
arrest on G2/M phase®’. While treatment of samples with
doxorubicin (DOXO) resulted in cell cycle arrest after 12h incubation,

a careful examination of the cell cycle progression of,compoungls.1
and 3 shows a slight increase of the % cells iRGR /MLfroH- 8RR tE524R
with subsequent decrease of the % cells in S and GO/G1 phases
(Figure 4). These results suggest that treatment of MCF7 breast
adenocarcinoma cancer cells with precursor and compounds 1 and 3
result in similar a cell cycle profiles, with a delay in cell cycle
progression over time and, arrest in G2/M phase. Unlike the others,
compound 5 shows a high cytostatic effect, causing cell cycle arrest
after 24h, where 91% of the cells are at S phase. The cytotoxic (at low
micromolar range) and the cytostatic capability of these compounds,
particularly of compound 5, suggest that they can be suitable for
further in vivo studies aiming their potential translation towards
breast cancer therapy.

Experimental Section
General procedures

All starting reagents and solvents were obtained from standard
chemical suppliers. All manipulations involving air-free syntheses
were carried out under dinitrogen atmosphere using Schlenk
techniques and the solvents used were dried by standard methods3®.
Starting materials [Cu(NCMe)4][BFs] and [Cu(NCMe),(PPhs),][BF4]
were prepared following the methods described in the literature3®
37, NMR spectra were recorded on a Bruker Avance 400 spectrometer
(*H NMR at 400.13 MHz, *3C NMR at 100.6 MHz, 3'P NMR at 161.97
MHz) at room temperature except when stated otherwise. Chemical
shifts (3) are reported in parts per million (ppm) using CD3CN, CDCl3
or (CD3),CO as solvent. *H and 3C chemical shifts were measured
relative to solvent peaks considering internal Me,Si (0 ppm) and the
31p NMR was externally referenced to 85% H3PO,. Abbreviations: s =
singlet, d = doublet, t = triplet, m = multiplet, q = quartet, sept =
septet, m = multiplet, ¢ = complex, br = broad, J = coupling constant.

Cells in apoptosis (%)

*
50
40
30
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0 i .

Control Precursor 1

* %k
I |
3 5

Figure 3 Morphological changes in the nucleus of MCF7 cells exposed to the precursor [Cu(PPhs)2(NCMe).][BF4] and compounds 1, 3 and 5. A) Nucleus of MCF7
stained with Hoechst 33258 for visualization of apoptotic events, including chromatin condensation and nucleus fragmentation (white arrows). Cells were
stained after 6h treatment with culture medium (DMEM supplemented with 10 % FBS, antibiotics and non-essential amino-acids) supplemented with A1: 0.3%
(v/v) DMSO (vehicle control), A2: precursor [Cu(PPhs)2(NCMe).][BF4] (at the ICso), A3: compound 1 (at the ICso), A4: compound 3 (at the ICso), A5: compound 5
(at the 1Cso). Images were obtained using an AXIO Scope (Carl Zeiss. Oberkochen Germany) and respective software. B) % of apoptotic MCF7 cells after 6h
treatment with vehicle control, precursor and compounds 1, 3 and 5. Three random fields with at least 30 nuclei were selected for analysis. * p-Value < 0.05
relative to apoptosis events in MCF7 cells treated with vehicle control (DMSO). *** p-Value < 0.05 relative to apoptosis events in MCF7 treated with precursor.
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Figure 4 Cell cycle evaluation of MCF7 cells exposed to the precursor
[Cu(PPhs3),(NCMe),][BF;] and compounds 1, 3 and 5. After two periods of
synchronization at G1/S phase with thymidine, MCF7 cells werefrown for A) 6 h,
B\g 12 h or C) 24 h in culture medium (DMEM supplemented with 10% FBS,
antibiotics and non-essential amino-acids) with 0.3% (v/v) DMSO (Control), 1 pM
doxorubicin  (DOXO), the precursor Cu(PPhg)ZSNCMe)Z][BFa] (at the ICSD},
com?ound 1 (at the ICso), compound 3 (at the ICso) or compound 5 (at the ICsp).
The fluorescence levels of propidium iodide were determined by flow cytometry.
Represented results are the mean + SEM of three independent experiments.

2D NMR experiments (COSY, HSQC, HMBC) were used for specific
assighments. Infrared spectra (4000-250 cm™) were recorded in a
Thermo Nicolet 6700 spectrophotometer with KBr, only significant
bands being cited in the text. Elemental analyses were obtained at
our laboratories (Laboratério de Andlises, at Instituto Superior
Técnico), using a Fisons Instruments EA1108 system. Data

This journal is © The Royal Society of Chemistry 20xx

ARTICLE

acquisition, integration and handling were performed ysing a RCwith
the software package EAGER-200 (Carl$O!Efbe3IHsBrurAETits).
Electronic spectra (range 220-900 nm) were recorded at room
temperature on a Jasco V-660 spectrometer.

Syntheses of Cu(l) complexes[Cu(PPhs),(L)][BF4] (1 - 6):
General procedure

The Cu(l) complex salts 1 - 6 were prepared according to the
following general synthetic procedure: the desired ligand (0.5 mmol)
was added to a stirred solution of [Cu(PPhs)(NCMe),][BF4] (0.5
mmol) in acetonitrile or THF or methanol (20 mL) and the mixture
was stirred overnight at room temperature. After evaporation of the
solvent under vacuum, the products were washed with n-hexane
(2x10 mL) and recrystallized from dichloromethane/diethyl ether,
affording crystalline products.

Data for [Cu(PPhs)2(pbt)][BF4] (1): solvent: THF; white crystals;
yield: 85%.

14 NMR [CDCls, 400.13 MHz] 8/ppm: 8.30 (d, 5.2 Hz, 1H, H-1), 8.13
(t, 7.6 Hz, 1H, H-3), 8.05 (d, 8.0 Hz, 1H, H-4), 7.81 (d, 6.6 Hz, 1H, H-9),
7.54 (s, 1H, H-7), 7.48 - 7.45 (m*, 1H, H-2), 7.43 (s br*, 3H, H-10, H-
11, H-12), 7.40 (t, 7.5 Hz, 6H, H-p PPhs), 7.20 (t, 7.5 Hz, 12H, H-m
PPhs), 7.01 (s br, 12H, H-0 PPhs). 3C{*H} NMR [CDCls, 100.61 MHz]
8/ppm: 151.9 (C-5), 149.3 (C-1), 141.1 (C-8), 140.5 (C-6), 140.3 (C-3),
137.7 (C-13), 133.2 (C-0 PPhs), 130.9 (C-p PPhs), 130.5 (t, Ycp=19.0
Hz, C-ipso PPhs), 129.3 (C-m PPhs), 126.8 and 126.4 (C-10 and C-11),
125.8 (C-9), 125.4 (C-7), 125.3 (C-2), 123.9 (C-4) 122.7 (C-12). 31P{*H}
NMR [CDCl; 161.97 MHz] &/ppm: 1.1 (br). FT-IR[KBr, cm™]: 3100-
3040 cm™ (vey, phenyl rings), 1590-1450 cm™ (vcen, Ve=c, phenyl
rings), 1057 and 690 cm™ (vg.f, BF4), 700-690 cm™ (8¢, phenyl rings).
Elemental analysis (%) found: C, 66.5; H, 4.5; N, 1.5; S, 4.0; Calc. for
C49CuH39NSP,BF, (886.20): C, 66.41; H, 4.44; N, 1.58; S, 3.62. * Partial
overlap

Data for [Cu(PPhs)2(bopy)][BF4] (2): solvent: THF; red crystals;
yield:89%.

14 NMR [CDCls, 400.13 MHz] §/ppm: 8.56 (d, 4.8 Hz, 1H, H-1), 8.30
(t, 7.6 Hz, 1H, H-3), 8.12 (d, 7.8 Hz, 1H, H-4), 7.88 — 7.85 (m, 1H, H-2),
7.69 (t, 7.3 Hz, 1H, H-10), 7.62 (d, 7.7 Hz, 2H, H-8 and H-12), 7.54 (t,
7.8 Hz, 2H, H-9 and H-11), 7.38 (t, 7.3 Hz, 6H, H-p PPhs), 7.23 (t, 7.6
Hz, 12H, H-m PPhs), 7.15 (s br, 12H, H-o PPhs). 3C{*H} NMR [CDCl5,
100.61 MHz] /ppm: 195.3 (C-6), 150.7 (C-1), 148.2 (C-5), 139.9 (C-
3), 134.6 (C-7), 134.4 (C-10), 133.3 (t, 2cp =6.1 Hz, C-0 PPhs), 131.1
(t, Ycp =17.4 Hz, C-ipso PPhs), 130.7 (C-p PPhs + C-2 + C-4), 130.3 (C-
8+C-12),129.2 (br, C-m PPh3), 129.1 (C-9 + C-11). 3P{1H} NMR [CDCl5
161.97 MHz] &/ppm: 1.8 (br). FT-IR [KBr, cm™]: 1626 cm™ (vco),
3100-3040 cm™ (vcu, phenyl rings), 1500-1420 cm™ (veen, Ve=c,
phenyl rings), 1094 and 699 cm™ (vg.¢, BF4), 700-690 cm™ (8c.4, phenyl
rings). Elemental analysis (%) found: C, 66.9; H, 4.6; N, 1.6; Calc. for
C4sCuH39NOP,BF, (858.13): C, 67.18; H, 4.58; N, 1.63.
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Data for [Cu(PPhs),(dpk)][BF4] (3): solvent: THF; brown crystals;
yield: 82%.

1H NMR [(CD3),CO, 400.13 MHz] 5/ppm: 8.65 (d, 4.6 Hz, 2H, H-1), 8.52
(d, 8.0 Hz, 2H, H-4), 8.22 (td, 7.8 and 1.4 Hz, 2H, H-3), 7.72 (m, 2H, H-
2), 7.47 (t, 7.4 Hz, 6H, H-p PPhs), 7.33 (t, 7.5 Hz, 12H, H-m PPhs), 7.25
(t, 8.5 Hz, 12H, H-0 PPhs). 3C{IH} NMR [(CD3),CO, 100.61 MHz]
§/ppm: 189.1 C-6), 153.0 (C-5), 151.0 (C-1), 139.9 (C-3), 134.1 (d, e
»=14.1 Hz, C-0 PPh3), 132.4 (d, Yc.p =31.8 Hz, C-ipso PPhs), 131.4 (C-p
PPhs), 130.0 (d, Jcp =8.6 Hz, C-m PPh3), 129.8 (C-2), 129.5 (C-4).
31p{1} NMR [(CD3),CO, 161.97 MHz] 5/ppm: 1.0 (br). FT-IR [KBr, cm’
1: 1667 cm™ (ve=o), 3100-3040 cm™ (vcy, phenyl rings), 1500-1400
cm™? (veee, phenyl rings), 1312 cm™ (vcoy), 1058 and 698 cm™ (vaf,
BF,), 700-690 cm™ (8c.4, phenyl rings). Elemental analysis (%) found:
C, 65.5; H, 4.6; N, 2.9; Calc. for C47CuH3gN,0P,BF, (859.11): C, 65.71;
H, 4.46; N, 3.26.

Data for [Cu(PPhs),(dpp)][BF4] (4): solvent: THF; yellow crystals;
yield: 91%.

14 NMR [(CD3),CO, 400.13 MHz], T= -50 °C, 8/ppm: 8.89 (d, 4.8 Hz,
1H, H-1), 8.76 (s br, 1H, H-7), 8.68 (d, 2.3 Hz, 1H, H-8), 8.53 (d, 4.0 Hz,
1H, H-14), 8.23 (s br, 2H, H-11 and H-12), 7.85 (t, 7.8 Hz, 1H, H-3),
7.68 —7.65 (m, 1H, H-13), 7.46 — 7.40 (c, 7H, H-2 and H-p PPhs), 7.38
(d, 8.1 Hz, 1H, H-4), 7.30 (t, 7.5 Hz, 12H, H-m PPhs), 7.19 — 7.15 (m,
12H, , H-0 PPhs). 13C NMR [(CD3)2CO, 100.61 MHz], T=-50 °C, §/ppm:
156.5 (C-10), 155.0 (C-9), 152.7 (C-5), 150.8 (C-1), 150.1 (C-14), 147.6
(C-6), 145.2 (C-8), 142.5 (C-7), 139.0 (C-12), 137.9 (C-3), 133.7 (t, Ycr
=7.6 Hz, C-0 PPhs), 132.5 (t, YUcp = 17.4 Hz, C-ipso PPhs), 131.1 (C-p
PPhs), 129.7 (t, 3Jc.p = 4.7 Hz, C-m PPhs), 128.8 (C-4), 126.8 (C-2), 126.0
(C-13), 125.3 (C-11). 3'P{*H} NMR [(CD3),CO, 161.97 MHz], T= -50
°C, §/ppm: 2.2 (br). FT-IR [KBr, cm™]: 3100-3040 cm™ (vc.y, phenyl
rings), 1588-1435 cm™ (vc=c, phenyl rings), 1398 cm™ (vcy), 1095 and
690 cm™ (vgr, BFs), 700-690 cm™ (8¢, phenyl rings). Elemental
analysis (%) found: C, 61.7; H, 4.2; N, 5.5; Calc. for
C49CuH40N4P,BF4-0.8CH,Cl; (965.11): C, 61.98; H, 4.34; N, 5.81.

Data for [Cu(PPhs),(2,2’-bipy)][BF4] (5): solvent: acetonitrile; red
crystals; yield: 92%.

H NMR [(CD3),CO, 400.13 MHz] 8/ppm: 8.62 (s br, 2H, H-1), 8.62 (d
br, 7.6 Hz, 2H, H-4), 8.19 (t br, 2H, H-3), 7.44 (tt, 7.4 and 7.1 Hz, 6H,
H-p PPhs), 7.30 (t, 7.7 Hz, 12H, H-m PPhs), 7.18 (d br, 7.0 Hz, 12H, H-
0 PPh3). 13C NMR [(CD3),CO, 100.61 MHz] 8/ppm: 152.9 (C-5), 150.9
(C-1), 140.0 (C-3), 134.0 (C-0 PPhs), 133.0 (br, C-ipso PPhs), 131.1 (C-
p PPhs), 129.8 (br, C-m PPh3), 127.2 (C-2), 123.9 (C-4). 31P{1H} NMR
[(CD3)2CO, 161.97 MHz] 8/ppm: 2.1 (br). FT-IR [KBr, cm!]: 3100-3040
cm? (vey, phenyl rings), 1589-1435 cm™ (ve-c, phenyl rings), 1315
cm? (veay), 1049 and 694 cm™ (vgf, BF4), 700-690 cm™ (8c.4, phenyl
rings). Elemental analysis (%) found: C, 66.4; H, 4.5; N, 3.3; Calc. for
C46CuH3gN,P,BF4 (831.1): C, 66.48; H, 4.61; N, 3.37.

Data for [Cu(PPhs),(dcbipy)][BF4] (6): solvent: methanol; yellow
crystals; yield: 87%.

1H NMR [CDCls, 400.13 MHz] 8/ppm: 9.34 (s br, 2H, H-4), 8.45 (d, 5.2
Hz, 2H, H-1), 8.00 (d, 2H, H-2), 7.37 (t, 7.4 Hz, 6H, H-p PPhs), 7.21 (t,
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7.5 Hz, 12H, H-m PPhs), 7.07 (s br, 12H, H-0 PPh3), 4.08 {s,bx, QH), 1€
NMR [CDCl;, 100.61 MHz] 8/ppm: 165.8 (C-6)192.30(C/5)8A50L05(¢:
1), 141.1 (C-3), 133.1 (C-0 PPhs), 131.6 (br, C-ipso PPhs), 130.7 (br, C-
p PPhs), 129.2 (br, C-m PPhs), 126.3 (C-2), 123.4 (C-4). 3'P{1H} NMR
[CDCls, 161.97 MHz] 8/ppm: 3.1 (br). FT-IR [KBr, cm™]: 3100-3040 cm-
1 (ven, phenyl rings), 1720 cm™ (ve-o), 1580-1430 cm™ (vcec, phenyl
rings), 1380 cm™ (vc=n), 1056 and 694 cm™ (v, BF4), 700-690 cm!
(8c-n, phenyl rings). Elemental analysis (%) found: C, 63.1; H, 4.1; N,
3.0; Calc. for C43CuH3sN,04P,BF4 (919.12): C, 62.72; H, 4.17; N, 3.05.

X-ray crystallography

Crystals of 1, 2, 3, 4 and 5, suitable for X-ray diffraction study were
mounted on a loop with Fomblin© protective oil. X-ray diffraction
data were collected on a Bruker AXS-KAPPA APEX Il diffractometer
with graphite-monochromated radiation (Mo Ka, A = 0.71073 A) at
150 K. Crystals of compound 4 had poor quality and diffracting
power, resulting in a low theta full value. The X-ray generator was
operated at 50 kV and 30 mA, and the X-ray data collection was
monitored by the APEX238 program. Empirical absorption correction
using SADABS3® was applied and data reduction was done with
SMART and SAINT programs®, Data collection and refinements
details are listed in Table 4. SHELXS* were used for structure
solution, and SHELXL*? was used for full matrix least-squares
refinement on F2. Both programs are included in the package of
programs WINGX-Version 2014.1*3. Non-hydrogen atoms were
refined anisotropically. All the hydrogen atoms were inserted in
calculated positions and allowed to refine in the parent carbon atom.
The hydrogen bonds and intermolecular interactions were calculated
by PLATON*. The graphical representations were prepared using
MERCURY 3.8,

Biological assays
Cell lines and culture conditions

Human MCF7 (breast) cancer cells were grown in 25 cm? culture
flasks as adherent monolayers in complete culture medium DMEM +
GlutaMax | containing 10% heat-inactivated fetal bovine serum (FBS)
and 1% antibiotics. Cultures were maintained at 37°C, 5% CO, in a
humidified atmosphere using a CO; incubator (Heraeus, Germany).
Cell media and supplements, phosphate buffer saline (PBS) and
tripsin-EDTA were obtained from Gibco, Invitrogen (Thermo Fisher
Scientific, USA).

MTT assay

Cytotoxicity was measured by the MTT assay?®. Briefly, cells were
cultured until approx. 80% confluence in culture flasks and were
detached by trypsin. Then 20000 cells/well were seeded into 96-well
plates with culture medium and incubated for 24 h. Compounds
were first solubilized in DMSO (5 mM) and then in medium through
serial dilutions from 50 uM to 0.01 uM. After treatment with the
compounds the cell medium was replaced by 200 uL (0.5 mg/ml) of
an MTT solution (MTT = 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) in PBS and further incubated for 3 h at
37 °C. The resulting formazan product were solubilized in DMSO and

This journal is © The Royal Society of Chemistry 20xx
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absorbance measured at 575 nm. Each experiment was repeated at
least twice, and each concentration tested with at least six replicates.

The ICso values were calculated from concentration—-response cufryes
using the GraphPad Prism software (vs. 5.0).DO!: 10.1039/C8DT01653D

Table 4 Data collection and structure refinement parameters for [Cu(PPhs),(pbt)][BF4] (1), [Cu(PPhs)2(bopy)][BFs] (2), [Cu(PPhs),(dpk)][BF4] (3), [Cu(PPhs),(dpp)][BF.] (4) and

[Cu(PPh3),(2,2"-bipy)][BF] ()

Compound 1 2 3 4 5
Empirical formula CasH3sBCUFsNP,S  CagH3BCUFsNOP,  CazH3sBCUF4N,OP; CSO'SGH“’ZE:SL”C“F“N Ca7H40BCl,CUF4N,P;
Formula Weight 886.16 858.09 859.08 994.07 916.00
T (K) 160(2) 150(2) 150(2) 150(2) 150(2)
Wavelength (A) 0.71073 0.71073 0.71073 0.71073 0.71073
Crystal System Triclinic Triclinic Triclinic Triclinic Triclinic
Space Group P-1 P-1 P-1 P-1 P-1
a(A) 10.8372(5) 10.987(5) 11.1690(7) 11.952(2) 10.5640(14)
b (A) 11.9688(6) 13.145(6) 13.8156(9) 13.949(2) 12.4697(16)
c(A) 17.1523(7) 16.023(7) 15.0939(9) 14.710(3) 17.463(2)
a(°) 90.664(2) 96.187(19) 83.627(2) 100.285(8) 102.070(6)
B(°) 105.748(2) 94.340(19) 69.883(2) 98.437(9) 97.123(6)
v (%) 101.455(2) 106.60(2) 71.108(2) 95.128(8) 103.401(6)
Volume (A3) 2093.57(17) 2191.0(18) 2069.2(2) 2370.1(7) 2152.0(5)
z 2 2 2 2 2
Calculated density (Mgm3) 1.406 1.301 1.379 1.393 1.414
Absorption Coefficient (mm™) 0.702 0.624 0.662 0.697 0.760
F (000) 912 884 884 1020 940
0 Range for data collection (°) 3.122 t0 26.425 2.450 to 25.697 2.855 t0 26.765 1.494 to 25.753 1.213 t0 26.201
Limiting indices 13<h<13 -13<h<13 -14<h<14 -14<h<14 -13<h<12
-14<k<14 -15<k<15 -17 <k <14 -17<k<17 -15<k<15
-21<1<20 -19<1<19 19<1<19 -17<1<17 -20<1<21
Reflections collected, unique 28011 / 8536 28081 / 8005 27745 / 8765 29051 /8451 26721 /8186
[R(int) = 0.0391] [R(int) = 0.0356] [R(int) = 0.0703] [R(int) = 0.0385] [R(int) = 0.0276]
Completeness to 0 99.7% 97.2% 99.6 % 93.8% 95.9%
Data/ restraints/ parameters 8536/0/532 8004/ 0/ 463 8765/0/523 8451 /31 /542 8186/0/532
Goodness-on-fit on F2 1.080 1.144 1.035 1.025 0.991
Final R indices [1>25(1)] R1=0.0396, R1=0.0670, R1=0.0574, R1=0.0861, R1=0.0432,
wR2 = 0.1039 WR2 = 0.1944 wR2 = 0.1362 wR2 = 0.2325 wR2 = 0.1288
Rindices (all data) R1=0.0482, R1=0.1019, R1 = 0.0840, R1=0.1155, R1=0.0571,
wR2 =0.1078 wR2 =0.2119 wR2 = 0.1528 wR2 = 0.2478 wR2 =0.1413

Largest diff. peak and hole (eA)3

0.906 and -0.624

1.357 and -1.058

0.790 and -0.551

2.182 and -1.176

1.605 and -0.658

Apoptosis evaluation by Hoechst 33258 labelling

MCF7 cells were plated in 24-wells plate containing a sterilized
coverslip at 50,000 cells/well. Culture medium was removed 24 h
after platting and replaced with 500 uL of fresh medium containing
[Cu(PPhs3),(NCMe),][BF4] or derived compounds 1, 3 or 5 at ICso
concentration (Table 3), or 0.3% (v/v) DMSO (vehicle control). After
6h incubation at 37°C, 5% (v/v) CO, and 99% (v/v) relative humidity,
the medium was removed and cells washed twice with phosphate
buffer saline (PBS). Cell DNA was then stained for 15 min at 37°C with

This journal is © The Royal Society of Chemistry 20xx

7.5ug/mL Hoechst 33258 (LifeTechnologies). Cells were washed 3
times with PBS, fixed for 20 min with Formaldehyde 4%, washed
again 3 times with PBS, and placed on top of a glycerol drop in a
microscope slide. At least five images with 30 cells were obtained and
analyzed using the Axiolmager D2 fluorescence microscope (Zeiss)
and corresponding software. Results are represented as mean + SEM
of three independent experiments. Statistical analysis consisting in
one-way ANOVA and t-test analysis, was performed using GraphPad
Prism software version 6.01.
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Cell cycle analysis

Cells were seeded in a 6-well plate at 200,000 cells/well and
synchronized in early S-phase using a thymidine double block, as
previously described*®. After the second block, the medium was
replaced with fresh medium containing each compound, 1 uM
Doxorubicin (control of cell cycle arrest) or 0.3 % (v/v) DMSO (vehicle
control). Cells were collected by trypsinization with Tryple Express
(LifeTechnologies) after 0 h, 6 h, 12 h and 24 h incubation at 37°C, 5
% (v/v) CO, and 99 % (v/v) relative humidity. After a centrifugation at
650 xg for 5 min at 4 °C, pelleted cells were washed with 1 mL cold
PBS and centrifuged at 3,000 xg for 5 min at 4 °C. Cells were then
suspended in 100 pL cold PBS, submitted to an up-and-down
pipetting to assure complete cell disaggregation and added drop by
drop in a 1 mL cold ethanol solution 80 % (v/v). After at least 12 h
incubation at 4 °C, cell suspension was centrifuged at 5,000 xg for 10
min at 4 °C, ethanol was completely removed, cells were treated for
30 min with an RNase 50 pg/mL solution at 37 °C, and propidium
iodide was then added to a final concentration of 25 ug/mL. Data was
collected using an Attune acoustic focusing cytometer (ThermoFisher
Scientific) and analyzed using FCS express flow cytometry vs 6 (De
Novo Software).

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.

Conclusions

A family of copper(l) complexes with N,N-, N,O- and N,S-bidentate
heteroaromatic ligands have been synthesized and fully
characterized.

All the compounds were active in vitro against MCF7 human breast
adenocarcinoma cancer cells with ICso values in the micromolar
range. Interestingly, all the compounds are far more active in the
breast cancer cells than the metallodrug cisplatin. The introduction
of two carboxyl substituents in the 2,2’-bipy ligand resulted in a loss
of activity that can be related to the double negative charge acquired
by the compound in solution which could hinder the cellular uptake.
Compounds 1 and 3 induces MCF7 apoptotic cell death and a cell
cycle arrest in G2/M phase. Compound 5, unlike the others, showed
a high cytostatic effect, causing cell cycle arrest at the S phase. The
cytotoxic and cytostatic effects exhibited by these compounds
suggest that additional in vivo studies should be performed in order
to validate their potential action as anticancer agents towards breast
cancer.
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