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The complexes of Cu() and Ag() with 1,3,5-triaza-7-phosphadamantane (PTA) are currently studied for
their potential clinical use as anticancer agents, given the cytotoxicity they exhibited in vitro towards a
panel of several human tumor cell lines. These metallodrugs are prepared in the form of [M(PTA)4*
(M = Cu™, Ag*) compounds and dissolved in physiological solution for their administration. However, the
nature of the species involved in the cytotoxic activity of the compounds is often unknown. In the present
work, the thermodynamics of formation of the complexes of Cu() and Ag() with PTA in aqueous solution
is investigated by means of potentiometric, spectrophotometric and microcalorimetric methods. The
results show that both metal(l) ions form up to four successive complexes with PTA. The formation of
Ag(1) complexes is studied at 298.15 K in 0.1 M NaNOs3z whereas the formation of the Cu(l) one is studied in
1 M NaCl, where Cu() is stabilized by the formation of three successive chloro-complexes. Therefore, for
this latter system, conditional stability constants and thermodynamic data are obtained. To estimate the
affinity of Cu() for PTA in the absence of chloride, Density Functional Theory (DFT) calculations have been
done to obtain the stoichiometry and the relative stability of the possible Cu/PTA/Cl species. Results indi-
cate that one chloride ion is involved in the formation of the first two complexes of Cu(l) ((CuCl(PTA)] and
[CUCI(PTA),]) whereas it is absent in the successive ones ([Cu(PTA)s]* and [Cu(PTA)4l*). The combination
of DFT results and thermodynamic experimental data has been used to estimate the stability constants of
the four [Cu(PTA),l* (n = 1-4) complexes in an ideal non-complexing medium. The calculated stability
constants are higher than the corresponding conditional values and show that PTA prefers Cu(l) to the
Ag(l) ion. The approach used here to estimate the hidden role of chloride on the conditional stability
constants of Cu(l) complexes may be applied to any Cu()/ligand system, provided that the stoichiometry
of the species in NaCl solution is known. The speciation for the two systems shows that the [M(PTA)4l*
(M = Cu*, Ag") complexes present in the metallodrugs are dissociated into lower stoichiometry species
when diluted to the micromolar concentration range, typical of the in vitro biological testing. Accordingly,
[Cu(PTA)I*, [Cu(PTA)s]" and [Ag(PTA),I* are predicted to be the species actually involved in the cytotoxic
activity of these compounds.

Introduction

The interest in copper-based metallodrugs is due to the fact
that copper, unlike platinum which is often employed in
cancer chemotherapy, is an ubiquitous bioelement involved in
several processes of metabolic enzymes in living organisms."
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In addition, altered levels of intracellular copper are related to
both some genetic disorders and other serious pathologies
such as prostate and lung cancer.” On the basis of these pieces
of evidence, several therapies based on the administration of
copper salts in the presence of chelating agents capable of
transporting this bioelement have recently been developed.
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Intracellular copper intake in the human body is strictly regu-
lated by a complex membrane protein system (hCTR1) with an
active transport function.>” These proteins contain histidine-
rich and methionine-rich amino acidic sequences, which are
putative binding sites for Cu(1).®” In fact, several studies,
based on in vitro and competition experiments between these
substrates and monovalent Cu(r) and Ag(1) and divalent Cu(u)
and Zn(u), demonstrated that these sites show a specific
affinity for Cu(i) rather than for the Cu(u) ion.**'° Despite
these pieces of evidence, most of the research on copper com-
pounds with potential anti-tumor activity mainly focused on
Cu(u) derivatives®> and only little attention has been paid to
Cu(1) compounds."’ A new class of Cu(i) compounds with
hydrophilic phosphines (Scheme 1), characterized by both
high thermodynamic stability and good solubility in aqueous
solution, has recently been proposed.’*** Among these com-
pounds, species including mono-dentate phosphine exhibit
good to moderate cytotoxic activity in vitro, whereas the activity
of complexes comprising chelate phosphines is negligible."?
The cytotoxic activity of these Cu(r)-based metallodrugs is con-
sidered to be linked to the complex abilities of binding biologi-
cal substrates after dissociation of one or more phosphines. In
agreement with this suggestion, ESI-MS experiments showed
that the chelate complex (1) retains its tetracoordination at the
high dilutions required by in vitro and MS experiments
(107°-107° mol L"), while the complexes containing mono-
dentate phosphines, (2) and (3), are partially dissociated.'*"*
Therefore, the nature and stability of the species of these Cu(1)-
based compounds seems to be of fundamental importance for
their biological activity.

In this work, solution equilibria for the formation of Cu(i)
and Ag(1) complexes with the phosphine 1,3,5 triaza-7-phos-
phadamantane (PTA, Scheme 1) are reported. While coordi-
nation compounds of Cu(1) and Ag(i) with PTA are known and
well-characterized in the solid state'®™* little is known about
their speciation in concentrated chloride solutions. In the
present study we used potentiometric, microcalorimetric, and
spectrophotometric techniques to determine the complete set
of conditional thermodynamic functions (AG;, AH;, AS;, j =
1-4) for the complexation of Cu(i) and Ag() with PTA.
Experiments on the Cu(i)/PTA system were carried out in the
complexing medium 1 M NaCl, where Cu(i) is stabilized by the

+
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formation of three successive chloro-complexes.”® The study
has been also extended to the complexation of Ag(r) by PTA
since the Ag(1)/PTA complexes have also already been tested for
their cytotoxicity."' Density Functional Theory (DFT) calcu-
lations have been employed to assess the nature and stoichio-
metry of the prevailing Cu(1) species in solution in the pres-
ence and absence of PTA. This computational approach has
been successfully employed to obtain reliable structural and
thermochemical data for metal complex formation in the gas
phase and aqueous solution.>** The combined results from
the thermodynamic studies and DFT calculations are used to
propose a relationship between the stability in solution of the
[M(PTA),][X] compounds (X = BF,~, PFs", Fig. 1) and their cyto-
toxic activity.

Volume added, mL

Fig. 1 Potentiometric titrations for the Ag()—H—PTA system: symbols:
experimental values, dotted lines: calculated potentials. (m) Tit. 1,
[Ag*lp = 1.8 X 107 M, [H*]p = 0.99 x 107* M, [PTAly, = 0.010 M, [H*]y =
1.0 x 107° M; (O) Tit. 2, [Ag*lo = 0.95 x 107> M, [H*]p = 1.0 x 1073 M,
[PTAli: = 0.010 M, [H*]g = 1.0 x 1073 M; (%) Tit. 3, [Ag*]o = 0.49 x 107> M,
[PTAly = 0.010 M; (@) Tit. 4, [Ag*lo = 1.0 X 10~° M, [PTAly = 0.010 M;
(W) Tit. 5, [Ag*ly = 2.0 x 107> M, [PTAls = 0.010 M; (V) Tit 6 [Ag*l, =
0.26 x 107> M, [PTAly = 0.010 M (analytical concentrations of the
species are reported in Table S31). Some experimental points were
omitted for clarity.
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Scheme 1 The Cu(l) and Ag(l) complexes with hydrophilic phosphines recently synthesized as perspective antitumor agents.
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Experimental
Chemicals

1,3,5-Triaza-7-phosphadamantane (PTA) was prepared accord-
ing to ref. 35. The crude product, once dried under vacuum,
was dissolved in CHCI; in order to remove NaCl, formed as a
byproduct. Chloroform was then evaporated under vacuum
and replaced by methanol to eliminate insoluble PTA oxidation
products. Finally, PTA was recovered by solvent removal and
purified by recrystallization from water at room temperature.
Copper(u) chloride dihydrate (Aldrich, >99.99%), AgNO;
(Aldrich, >99%) and NaNO; (Aldrich, >99.99%) were used as
received. NaCl (Aldrich, 99.0%) was purified by recrystalliza-
tion from milliQ water before its use. Copper(1) chloride was
prepared by comproportionation of Cu(u) and metallic copper
in a chloride medium. All other reagents were purified and
standardized according to common analytical procedures.*®”

Stock solutions of Cu(1) and Ag(i) (~0.05 M) were prepared
by dissolving appropriate amounts of salts (AgNO; or CuCl) in
ionic media adjusted to 0.1 M (Na/Ag)NO; or 1.0 M (Na/Cu)Cl,
respectively. In the same way, the stock solutions of PTA (0.05
or 0.10 M) were prepared by dissolving solid PTA in 0.1 M
NaNO; or 1.0 M NaCl. MilliQ-grade water used for the prepa-
ration of the stock solutions was freshly boiled and degassed
under an argon stream. Solutions were prepared, handled and
stored in a nitrogen glovebox, in order to avoid oxygen
contamination.

Thermodynamic studies

The formation of the Ag(1)-PTA species was studied in 0.1 M
NaNO; while that of the Cu(i) complexes was studied in 1.0 M
NaCl, to prevent the disproportionation of Cu(r), otherwise
spontaneously occurring in aqueous solution. In 1.0 M
chloride medium Cu(i) is stabilized by the formation of three
successive complexes with the general formula [CuCl,] ™
(m = 1-3).>>37% According to the stability constants of these
speciesi and under anoxic conditions, [CuCl,]” (~66%) and
[CuCl;]*~ (~34%) are the main Cu() species present in solu-
tions with 1.0 M NacCl. A better representation of the complexa-
tion equilibria of Cu(i) with PTA in 1.0 M NaCl should
therefore consider the simultaneous occurrence of reactions
(1) and (2) where the phosphine complexes result from a total
or partial substitution of chloride in the coordination sphere
of the metal ion.

[CuCl,]™ 4 nPTA 2 [Cu(PTA),ClL,]" ™ + (2 —m) Cl- (1)
[CuCly]*” + nPTA 2 [Cu(PTA),Cl,]" ™ + (3 —m) Cl- (2)

Hence, the stability constants and thermodynamic func-
tions provided by the present experiments according to
general eqn (3), must be considered conditional when M =
Cu(1), whereas they reflect the true affinity of the metal ion for

ilog py = 2.68, log f, = 5.07, log f; = 4.78, calculated at x = 1.0 M NaCl, according
to the Pitzer parameters in ref. 23.

This journal is © The Royal Society of Chemistry 2017
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the phosphine in the non-complexing medium 0.1 M NaNOj,
when M = Ag(1).

M* + nPTA 2 M(PTA),*; B, = [M(PTA), 7] [M*] " - [PTA] " (3)

Experimental techniques

Cyclic voltammetry (CV). In order to gain insights into the
redox properties of PTA and its Cu(r) and Cu(u) complexes,
some preliminary cyclic voltammetry (CV) experiments were
carried out, prior to thermodynamic studies, with a Metrohm
Autolab instrument, in a thermostated cell at 298.15 + 0.10 K.
Platinum working counter electrodes and a saturated calomel
electrode, SCE, as the reference, were used. CV curves were
collected and processed with the GPES software provided by the
manufacturer. Solutions of CuCl or CuCl, (from 1.0 x 107> to
0.010 M in 1.0 M NaCl) were prepared directly in the measuring
cell. Increasing amounts of PTA were then added to the cell
solution and CV curves were collected. In all experiments, the
solution was thoroughly degassed and maintained under argon
in order to avoid atmospheric oxygen contamination.

Potentiometry. Potentiometry was used to evaluate the proto-
nation constant of PTA and the complexation reactions in
the Ag(1)-PTA system. In both cases, the electrode potential
(E, mV) was measured with an Amel 2335 digital pH meter.

A series of acid-base volumetric titrations were carried out
in the appropriate ionic medium (1 M NaCl or 0.1 M NaNOj;)
to study the protonation of PTA, occurring at one of its aminic
functions.”” A combined glass electrode (Metrohm Unitrode
6.0259.100) was used to monitor pHy (—log[H']) changes
during the experiments. Prior to each titration, acid-base
neutralizations with standard HCI or HNO; and NaOH solu-
tions were done to calibrate the electrode chain and obtain the
hydrogen ion concentration.

The formation of Ag(1)-PTA complexes was studied with a
series of volumetric titrations where solutions of 0.010 M PTA
were added to solutions of AgNO; (0.25 x 107°~1.8 x 107> M) in
0.1 M NaNO; at 298.15 + 0.10 K (ESI, Table S1}). A silver
electrode (Metrohm Combined Ag-ring, model 6.0350.100) was
used to determine the changes of the concentration of Ag(i).
The Nernstian behavior of the electrode was checked with
appropriate blank titrations. Typically, experiments were
designed to study the complex formation under conditions of
neutral or slightly alkaline pH values, where only complexes
with the neutral PTA are formed. However, some titrations
were also run at pH ~ 3-5 to determine the stability constants
of Ag(1) with H(PTA)", a less relevant species in the context of
this study.

The experimental data were processed with the least-
squares minimization program Hyperquad2006.**

UV-Vis spectrophotometry. Spectrophotometry is widely
used to study reaction equilibria.”>** In the present work, it
was used as the first experimental technique to determine the
formation constants of Cu(1)-PTA complexes in 1.0 M NaCl.
A series of batch solutions of Cu(i) (50 x 107°-0.045 M) con-
taining increasing molar ratios of PTA/Cu(i) (R, = from 0 to 10)
were prepared in 1.0 M NaCl. Near-neutral or slightly alkaline

Dalton Trans., 2017, 46, 1455-1466 | 1457
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conditions were used, to limit the study to the formation of
the sole complexes [Cu(PTA),]" (eqn (1) and (2)). During the
experiments, the cell temperature was maintained at 298.0 +
0.1 K with a dedicated Peltier thermostat. Absorbance spectra
of these solutions were collected with a Varian Cary 4000
spectrophotometer in the wavelength range 210-340 nm,
where the characteristic charge-transfer bands for the phos-
phine (210-220 nm) and those for the [Cu(PTA),]" complexes
(220-300 nm) appear. Experimental data were processed with
the HypSpec 2008 program®' (analytical data summarized in
the ESI, Table S27).

Microcalorimetry. An independent determination of the for-
mation constants and the related reaction enthalpies of the
Cu(1)-PTA complexes was obtained by microcalorimetry. A series
of titrations were carried out with a TAM II (Thermometric)
isothermal microcalorimeter (analytical details are given in the
ESI, Table S37). In a typical experiment, designed to obtain the
thermodynamic formation parameters (AG and AH) of the
first two successive Cu-PTA complexes, increasing volumes of
a PTA solution (0.03-0.05 M) were added to solutions of Cu(1)
(0.2 x 107°-0.5 x 107> M). Further titrations were also carried
out to obtain accurate values of the formation enthalpies of
the more substituted complexes [Cu(PTA);]" and [Cu(PTA),]".
In this case, solutions of PTA 0.5 x 10™® to 0.010 M in the
calorimeter cell were titrated with increasing volumes of Cul(i)
solutions (0.010 M). In order to minimize the risk of
reagent contamination by atmospheric oxygen, the calorimeter
cell, together with the syringe containing the titrant, was
assembled in a N, glovebox. For each titration run, n experi-
mental values of the heat produced in the calorimeter vessel
(Qex,j»J = 1, 2, ..., n) were collected. These values were corrected
for the heat of dilution of the titrant (Quj,;), determined in
separate runs. The net reaction heats, Qgbs,j = Qex,; — Quil,j
were then used as input data for the data fitting
program (LetaCalPd),***® which minimizes the quantity

Z (Qobsj - Qcalcj)z-

n

system Ag(1)-PTA/HPTA" were carried out in 0.1 NaNO; at
298.15 K according to the same procedure described above
(see the ESI, Table S17 for analytical details).

DFT calculations. Density functional theory (DFT) calcu-
lations on Cu(1)-PTA complexes were carried out using the
three-parameter hybrid functional B3LYP,*®"” which was
previously shown to produce reliable structural and thermo-
chemical parameters for monovalent d*° complexes.>**”**

The Stuttgart-Dresden effective core potential (ECP)*® was
employed for copper, while other elements were treated using
a 6-311++G(2d,p) Gaussian-type basis set. Geometry optimi-
zations, carried out in vacuum, produced minimum structures,
since no imaginary frequencies were found. Reactant and
product free energies in the gas phase (G;as) were computed by
adding to the electronic energy the zero point energy and
thermal corrections calculated using the rigid rotor and
harmonic oscillator approximations. Solvation free energies
(AG,,,) have been calculated by using the polarizable conti-
nuum model (PCM)* for which the cavity has been con-

The microcalorimetric titrations on the
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structed using the UFF radii for the spheres centered on each
atom of the solute. It also has to be taken into account that the
gas-phase free energies (G;as) are calculated with the standard
state of an ideal gas at 1 atm, but the solvation free energies
are computed for a 1 M standard state.”® Thus, the free
energy in water (G,,.) has to be calculated including
the term correcting for the change of the standard state:
Guater = Ggas — RTIN(V™') + AGy,,, where V is the molar
volume of an ideal gas at a temperature 7 and R is the uni-
versal ideal gas constant. At 298.15 K this correction increases
Ghater DY 7.91 kJ mol ™. For water an additional correction has
to be applied (9.96 k] mol™), to go from the 1 M standard
state to the “pure liquid” (55.34 M) state. All calculations have

been carried out with Gaussian09.>!

Results and discussion
Thermodynamic studies

The thermodynamic data for the formation of Ag(1)- and Cu(1)-
PTA complexes are shown in Table 1, together with the relative
data for the protonation of PTA in the two media. In general,
the formation thermodynamics of these species are driven by
the negative reaction enthalpies, in agreement with the
general HSAB theory for interactions involving metals and
ligands with a soft character.*

Data from the potentiometric titrations obtained for the Ag(i)-
PTA complexes are shown in Fig. 1 and representative results of
microcalorimetric titrations are reported in Fig. 2. Under neutral
to slightly alkaline conditions, Ag(r) forms four mononuclear
successive complexes with PTA. The other three species contain
the protonated phosphine form in the acidic pH region (pH < 5).

The first Ag/PTA complex is considerably stronger that the
second. A comparison of the thermodynamic data for the for-
mation of these species (10g Ky ag > 108 K ag; —AH; pg > —AH, pg;
TAS; ag ® TAS, 55) suggests that this can be due to the particu-
lar nature of the silver aquo-ion in solution. An EXAFS study
showed that the Ag(1) aquo-ion is tetra-coordinated with a dis-
torted tetrahedral geometry.”>® In particular, it was found that
Ag(1) coordinates strongly to two solvent molecules with a sig-
nificant covalent contribution, leading to a linear structure
and two other molecules, with a weak electrostatic interaction,
which significantly alters the structure toward a distorted tetra-
hedron.>® The comparison between the stepwise enthalpies for
the formation of the first two complexes (—AH; g > —AH, 55)
suggests that the coordination of the first PTA occurs with a
relatively modest energy demand, compatible with the removal
of the two weakly-bound water molecules.

The stepwise reaction entropy for the formation of
[Ag(PTA),]", TAS, a,, unfavorable as TAS; a,, also suggests that
the major desolvation of the metal ion begins in the second
step, involving the replacement of the more tightly bonded
water molecules. Perhaps, this also partially occurs in the for-
mation of the third complex, even if at this stage® the severe
conformational demands might play a negative effect on the
complex formation (log Ky ag > 10g K3 ag; —AH, pg > —AHj g

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 The overall experimental heat vs. the titrant volume for some
representative titrations: (0) Tit. 1, [PTAlp = 5.1 x 107> M, [Ag*]y = 0.10 M;
(A) Tit. 2, [PTAlp = 1.0 x 1073 M, [Ag*lye = 0.020 M; (x) Tit. 3, [Ag™]p =
1.0 x 107 M, [PTAl = 0.051 M, [H*]o = 0.05 x 107> M; (@) Tit. 4 [Ag™]o =
1.0 x 1073 M, [PTAlg = 0.050 M, [H*]o = 0.9 x 10~ M (analytical concen-
trations of the species are reported in Table S31). Symbols: experimental
Q™% dashed lines: calculated Q™. Some experimental points were
omitted for clarity.

—TAS oy < —TAS; 5g). The value of TAS, 4, becomes extremely
negative (about twice TAS; »,) Whereas —AH, 5y > —AH; 5ot this
is compatible with a change in the coordinative structure at
the metal center, from trigonal to tetrahedral without the dis-
placement of water molecules from the solvation sphere of the
metal ion.

A comparison between the stepwise thermodynamic data
for the formation of [Ag(PTA)]" and [Ag(HPTA)]”" or [Ag(PTA),]"
and [Ag(HPTA),]*" shows that the protonated complexes are
less stable than the corresponding unprotonated ones, mainly
due to the less favorable complexation enthalpy. This result
can be explained by the electrostatic repulsion between the
metal cation and the positively charged ligand.

The system Cu(1)-PTA was first investigated by cyclic voltam-
metry to check whether both Cu(1) and Cu(u) form stable com-
plexes with PTA and, if possible, determine their redox poten-
tials. The voltammetric analysis was performed in 1.0 M NaCl
solutions, where both Cu(r) and Cu(u) form complexes of the
general formula [CuCl,]"™™ and [CuCl,]>™™, respectively.
Fig. 3 shows voltammetric curves recorded for Cu(i) (black
line) and PTA (dotted line) separately, and for the Cu(i)-PTA
mixtures at 298 K. PTA shows an irreversible oxidation peak at
0.78 V, whereas Cu(i) exhibits a reversible peak couple due to
the one electron oxidation of [CuCl,,]'™™ to [CuCl,]*~™. The
standard potential of the Cu(u)/Cu(1) couple was estimated as
the half-sum between the anodic (Ep,) and cathodic (E,.) peak
potentials: E° = (E,, + Epc)/2 = 0.22 V vs. SCE. The progressive
addition of PTA resulted in a decrease of the anodic peak of
[CuCl,,]'~™ and the appearance of a new irreversible oxidation
peak at E,, = 0.46 V (Fig. 3, blue and green traces). Further
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Fig. 3 Cyclic voltammetry of 4 mM PTA (dotted line) and 1 mM CuCl in
1.0 M NaCl solution in the absence (black line) and in the presence of
PTA at a ligand to metal ratio of 0.1 (blue line) or 0.2 (green line); scan
rate = 0.2 Vst

addition of PTA up to a four-fold excess over Cu(i) led to a com-
plete disappearance of the [CuCl,]" ™™ peak and a positive
shift of the new anodic peak to 0.53 V (Fig. S1f). The new
anodic peaks at 0.46 and 0.53 V can be assigned to Cu(1)-PTA
complexes, the first to a 1:1 complex and the second to
[Cu(PTA)4]". Note that both peaks are irreversible, clearly indi-
cating that Cu(u)-PTA is not stable (see the ESIf for further
details on the stability of Cu(u) in the presence of PTA).
Species with 1:2 and 1:3 Cu(1)/PTA stoichiometries could not
be observed because of solubility reasons. The irreversibility of
the oxidation peaks precluded the possibility of determining

View Article Online

Dalton Transactions

the standard potentials, but the peak potentials provide a clear
indication that PTA stabilizes Cu(r) through the formation of
different complexes by the sequential addition of a metal ion.

Overall, the results indicate that: (i) the redox system of the
couple Cu(1)/Cu(u) is reversible; (ii) Cu(1) is stabilized with
respect to Cu(u) in 1.0 M NaCl (shift of E° from +0.153 V in
water® to +0.22 V in 1 M NaCl, respectively); (iii) Cu(1)-PTA
complexes are more stable towards oxidation than the copper
chloride complexes, CuCl,,"™; (iv) Cu(u) does not form stable
complexes with PTA.

Results of the UV-vis study on the Cu(1)/PTA system show
that the formation of Cu(1)-phosphine complexes significantly
increases the system absorbance in the region 210-260 nm
(Fig. S1 in the ESI, analytical data in Table S27). The best fit
between the calculated and experimental absorbances was
obtained by assuming the formation of four consecutive com-
plexes ([Cu(PTA),]", n = 1-4), whose formation constants were
determined (Table 1). Fig. 4 shows the good consistency of the
calculated and experimental absorbances.

Symbols in Fig. 5 show the cumulative reaction heats of
some of the microcalorimetric titrations. The values of the
formation constants for the first three successive [Cu(PTA),]"
complexes (n = 1-3) obtained from the refinement of the
microcalorimetric data are in very good agreement with the
corresponding one determined from the spectroscopic ones
(Table 1); log 4 (UV-Vis) is, instead, about one order of magni-
tude higher than log 8, (microcal). We selected the set of stabi-
lity constant values determined by the treatment of the micro-
calorimetric data, since the minimization of spectroscopic
data revealed a high statistical correlation between the values
of log 5 and log f,.

The stepwise enthalpies of formation of the first two com-
plexes of Cu(i) are more favourable than those of the third and
fourth ones, while the corresponding entropic terms (TAScy, ;)
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Fig. 4 Left: the fitting of spectrophotometric data: (O0) calculated absorbance, (+) experimental absorbance at 4 = 250 nm, collected for the
spectrophotometric study (analytical details in Table S2, spectra in Figure S1, ESIf). Right: experimental (solid line) and calculated (black dots) spectra
of a solution of [Cu*] = 0.05 mM, [PTA] = 0.10 mM (batch 38 in Table S2, ESI; some of the points were skipped for clarity). Lines represent the indi-
vidual spectral contribution of the four phosphine complexes: [Cu(PTA)I*, solid black; [Cu(PTA)l;*, solid red; [Cu(PTA)ls*, dotted red; [Cu(PTA)l,*,

solid green.
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Fig. 5 Overall experimental heat (Q™") vs. R.. (x) Tit. 1, [Cu*ly =
0.20 mM, [H*], = 0.02 mM; (O) Tit. 2, [Cu*lyg = 0.30 mM, [H'], =
0.03 mM; (¢) Tit. 3, [Cu*ly = 0.50 mM, [H*], = 0.05 mM; (V) Tit. 7,
[Cu*lg = 0.20 mM, [H*]p = 2.0 mM, (A); Tit. 8 [Cu*]p = 0.30 mM, [H¥]o =
1.8 mM, (analytical data also in the ESI, Table S3+). Dots: experimental
Q'; dashed lines: Q" calculated with AH; and log f; in Table 1. For the
sake of clarity, some experimental points are omitted.

follow a swinging trend. The enthalpy of formation of the third
complex is about 19 kJ mol™" less favourable than that of the
second, while TASc,; is 18 k] mol™' more favourable (less
negative) than TASc,,. Apparently, the reaction for the for-
mation of the third complex is the one that entails major
changes in the system state. Although the enthalpy contri-
butions are similar in the third and fourth steps (AHcgu4 =
—40 k] mol™" and AHg,s = —38 k] mol™"), TAS¢, 4 is about
13 kJ mol™" more unfavourable than TAScy,3- This makes K,
about two orders of magnitude smaller than K;.

These data are difficult to rationalize, but it should be con-
sidered that thermodynamic data in Table 1 refer to a 1.0 M
chloride medium (i.e. to formation equilibria (1) and (2) where
the phosphine complexes result from a total or partial substi-
tution of chloride ions in the coordination sphere of the
copper ion).

Therefore, the interpretation of the trend in thermo-
dynamic data must take into account the role of the chloride
ion. For this reason, a detailed DFT study on the stoichiometry
and the relative stabilities of the complexes in equilibria (1)
and (2) has been carried out.

DFT calculations

Among the possible starting structures considered for geome-
try optimizations within the DFT calculations (Tables S4 and
S51), several complexes dissociate releasing one or more
ligands, leading to a limited number of stable final products.
The structures of the stable complexes are shown in Fig. 6 and
relevant bond lengths are reported in Table 2. Differently from
our previous approach, where the stepwise formation para-

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Optimized structures of the [Cu (PTA),(Cl)(H,0)]*"™ complexes.

Table 2 Cu-Cl, Cu-O and Cu-P calculated bond lengths (A). Available
experimental values in parentheses

Complex T'cu-cl T'cu-p T'cu-0
CuCl,]~ 2.156(2.13)° — —
CuCl,*~ 2.384(2.235)° — —
Cu(H,0)Cl] 2.085 — 1.966
Cu(PTA)C]] 2.115 2.177
Cu(H,0)(PTA)]" — 2.184(2.149)° 1.967
Cu(PTA)CL]™ 2.335/2.236 2.279
Cu(PTA),]" — 2.244 —
Cu(PTA),Cl] 2.237 2.267 —
Cu(PTA),CL,]~ 2.436 2.268(2.228)" —
Cu(PTA);Cl] 2.411 2.307(2.226)° —
Cu(PTA);]" — 2.311 —
Cu(PTA),]" — 2.364 (2.298) —

“Ref. 60. ” Ref. 61. “Ref. 62. ? Ref. 63. ¢ [Cu(PTA),I] ref. 64.
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meters for each complex were reported,®®® here we focus on
the relative stability of each [Cu(PTA),Cl,(H,0);]'"™" (n = 0-4;
m = 0-2; n + m = 1-4) complex. The free energies for the reac-
tions reported in Table 3 were calculated to compare the rela-
tive stability of pairs of Cu'-CI"-PTA species and predict the
most likely stoichiometry and structure of the species existing
in solution.

The optimization of the [CuCl,,(H,O),]'™™ (m, I < 4) struc-
tures produced only three stable final products [CuCl,],
[CuCl;]*", [CuCl(H,0)] (Fig. 6), due to the dissociation of
either two chlorides or water molecules from the other com-
plexes considered (Table 3). In all structures the calculated
Cu-Cl bond lengths are slightly overestimated with respect to
the available experimental values (Table 2), as is often
observed for geometry optimizations with CGA DFT
methods.?’*® The calculated Cu-Cl distance for the linear
[CuCl,]” complex is 2.156 A, in good agreement with the
experimental value of 2.13 A.°° Notably, the Cu-Cl distance in
the planar trigonal [CuCl;]>~ complex calculated in this work
(2.384 A) is significantly larger than that obtained by the
fitting of XANES spectra (2.235 A).°" Tt is interesting to note
that, according to the results of the present study, the fitting of
XANES spectra by Brugger et al.®" is not compatible with the
presence of the complex [CuCl,]>” in solution even at high
chloride concentrations.

Three stable 1:1 Cu:PTA complexes have been obtained: in
two of them ([Cu(PTA)Cl] and [Cu(PTA)(H,0)]") the copper ion
is linearly coordinated, while the third complex ([Cu(PTA)CL,]7)
has a trigonal distorted geometry (Fig. 6). The calculated Cu-P
bond distances in these complexes (2.177-2.189 A) are in good
agreement with the value found in the crystal structure of the
only available 1: 1 Cu/PTA complex (2.149 A).%* Attempts to opti-
mize [Cu(PTA)Cl,,,(H,0);]" ™ (m = 0-2, [ = 1-2) complexes always
resulted in the dissociation of water molecule(s) (Table S47).

The thermodynamic parameters in Table 3 show that
[Cu(PTA)Cl] is much more stable than [Cu(PTA)ClL,]” and
[Cu(PTA)(H,0)]" since the Gibbs free energies of reactions
(a) and (b) in water are markedly positive. It is remarkable that
the higher stability of [Cu(PTA)Cl] than [Cu(PTA)CL,]” in water is
largely due to the introduction of solvation, since [Cu(PTA)Cl,]~
is the more stable complex in the gas phase. In conclusion, DFT
calculations are compatible with the fact that in chloride solu-
tion the actual 1: 1 Cu: PTA complex should be [Cu(PTA)CI].

Calculations on structures with a 1:2 Cu: PTA stoichiometry
demonstrated that three stable complexes [Cu(PTA),Cl,]" ™™

Table 3 Thermodynamic quantities (kJ mol™) of reactions of the
Cu*-Cl -PTA system calculated in vacuum and in PCM water

AG;;as AG:vater
(a)  [Cu(PTA)CI]+Cl~ — [Cu(PTA)CL,]” —82.0 19.7
(b)  [Cu(PTA)CI] + H,0 — [Cu(PTA)(H,O)]" + CI~ 484.5  54.1
(¢)  [Cu(PTA),Cl] + CI~ - [Cu(PTA),CL,]~ -79.9 32.7
(d)  [Cu(PTA),Cl] = [Cu(PTA),]" + CI~ 418.4  18.4
(e)  [Cu(PTA);]" + CI~ — [Cu(PTA);Cl] —382.4 13.8
(f)  [Cu(PTA);]" + PTA — [Cu(PTA),]" 5.9 289
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can be formed. In this case, the copper ion can assume a
linear, trigonal or distorted tetrahedral coordination geometry
when m = 0, 1, 2 respectively (Fig. 6). Also in this case our
calculations perform reasonably well in predicting the geome-
tries of the complexes (Table 2).°> Attempts to optimize
[Cu(PTA),Cl,,(H,0);]' ™ (m = 0-2, [ = 1-2) resulted in the dis-
sociation of the water molecule(s) (Table S47).

The free energies of the reactions (c) and (d) in Table 3
show that [Cu(PTA),Cl] is the most stable complex among
those considered. However, the relatively small AG® in reaction
(d) suggests that a considerable fraction of [Cu(PTA),]" should
be present in equilibrium with [Cu(PTA),Cl].

The optimization of [Cu(PTA);Cl,]'™™ (m = 0, 1) structures
shows that both complexes, where Cu(1) has respectively, a tri-
gonal planar or pyramidal geometry, are thermodynamically
stable in water. In this case, the Cu-P bond lengths (Table 2)
are in good agreement with those found in the isostructural
compound [Cu(PTA);1].°* According to the AG® of the reaction
(e), the most stable of these species in water is [Cu(PTA);]",
while the opposite is found in the gas phase.

Finally, the optimization of [Cu(PTA),]" resulted in a dis-
torted tetrahedral structure with the Cu-P bond slightly longer
than that experimentally determined.®® The positive AG® for
the reaction (f) in water suggests that [Cu(PTA),]" is less stable
than [Cu(PTA);]", hence its formation in solution should occur
only at very high PTA/Cu molar ratios.

On the basis of the results of DFT calculations it was
possible to sort out the stoichiometry of the different
[CuCl,,(PTA),]'™™ species estimated to be more stable in
aqueous solution. The stepwise formation reactions (4)—(8) can
be therefore proposed, where the hidden role of chloride is
revealed:

[CuCly]” + PTA = Cu(PTA)Cl + CI~ (4)
[CuCl;)*~ + PTA = Cu(PTA)CI + 2C1~ (5)
Cu(PTA)Cl + PTA = Cu(PTA),Cl (6)
Cu(PTA),Cl + PTA = [Cu(PTA),|" + CI” (7)
[Cu(PTA),]" + PTA = [Cu(PTA),]* (8)

In agreement with the DFT calculations the most likely stoi-
chiometry of the first Cu/PTA complex is [Cu(PTA)Cl](aq)
bearing a linear structure (Fig. 6). The formation of this
species involves the displacement of one (eqn (4)) and two
(eqn (5)) chloride ions from [CuCl,]” and [CuCl;]*~, respect-
ively. This could explain the higher formation entropy of the
first complex, relative to the second, also compatible with the
removal of one or two negative ions from the coordination
sphere of the metal cation.

The positive free energy changes of reactions (c) and (d) in
Table 3 and the structures in Fig. 6 indicate that the complex
with a Cu/PTA = 1:2 stoichiometry is [Cu(PTA)Cl](aq), formed
without the removal of chloride from the acceptor (eqn (6))
and involving a structure change from linear to planar

This journal is © The Royal Society of Chemistry 2017
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Table 4 The overall and stepwise conditional formation constants of
Cu()—PTA complexes (obs) in 1.0 M NaCl and the corresponding esti-
mated values (est) in a non-complexing ionic medium compared with
the values for Ag(l) complexes in 0.1 M NaNOs. T = 298 K. L = PTA. More
details available in the ESI

M=cCu" M = Ag’
Overall logﬁj,obs log ﬁj,est (6) logﬁj,obs
M+L=ML 6.3 8.9(3) 8.19
M + 2L = ML, 12.1 15.9(12) 13.67
M + 3L = ML, 17.7 22.7(1) 17.67
M +4L =ML, 21.4 26.4(1) 20.35
Stepwise log Kj,obs log Kj st log Kj obs
M +L=ML 6.3 8.9 8.19
ML + L =ML, 5.8 8.5 5.48
ML, + L = MLs 5.6 5.3 4.00
ML; + L =ML, 3.7 3.7 2.68

trigonal. This supports the more favourable stepwise enthalpy
and the trend in entropy of formation.

[Cu(PTA);]" forms according to eqn (7). The reaction occurs
without structural changes but with the removal of one chloride
ion from the acceptor. The enthalpy decrease passing from the
second to the third complex may be a consequence of the
energy demand due to the removal of one chloride from the
coordination sphere of the metal. Conversely, the remarkable
increase of the corresponding reaction entropy (TAScy,, = —24,
TAS¢y 3 = —6 k] mol™") may suggest both a dwindling solvation
of the complex and a corresponding entropy gain that occurs
when a PTA molecule substitutes a chloride ion into the co-
ordination sphere of the metal, without coordination changes.

Eqn (8) indicates that the formation of [Cu(PTA),]" occurs
with a transition of the coordinative geometry of the metal
core, from a trigonal arrangement in [Cu(PTA);]" to the tetra-
hedral one in [Cu(PTA),]". The large decrease in entropy for
the formation of [Cu(PTA),]" can be connected with the severe
losses in the ligand conformational entropies.

Based on the combined indications from DFT calculations
and thermodynamic data, we estimated the affinity of PTA for
Cu(i) in the absence of chloride. The values of the formation
constants of the successive species Cu(i)-PTA, accordingly
corrected, are listed in Table 4. The values of the log fcy,, of
[Cu(PTA);]" and [Cu(PTA), were increased by 5.0 log units, an
average value accounting for the quantitative removal of chlor-
ide from Cu(i), initially existing as CuCl(aq), CuCl,” and
CuCl;>~ (logﬂCucln ~ 0.03 X 2.68 + 0.660 x 5.07 + 0.337 X 4.78 »
5.0).§ The values of the 10g fcy,, of [Cu(PTA)]" and [Cu(PTA),]"
were increased by ~2.6 and ~3.8 log units, to reflect the

§Note that in 1968 Raymond and Bjerrum®® suggested a different approach to
evaluate the correction factor on log f5; and log f, of a couple of Cu(i) phosphine
complexes, based on the relative concentration of the Cu(i) aqua ion in 1 M CI~
solution.®® The value of the correction factor obtained with Bjerrum’s approach
is near to the one we have calculated (5.2 vs. 5.0) but the applicability of the
approach appears to be more limited.

This journal is © The Royal Society of Chemistry 2017
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formation of the mixed Cu(1)/PTA/Cl” complexes [Cu(PTA)CI]
(aq) and [Cu(PTA),Cl](aq).

Cu(1) and Ag(1) complexes with PTA in a non-complexing medium

In Table 4 the estimated values of the overall and stepwise
conditional formation constants of Cu(r)-PTA complexes in a
non-complexing ionic medium are compared with the corres-
ponding values for Ag(1) complexes in 0.1 M NaNO;. We
consider the comparison reasonable, even if the stability data
of Ag(1) and Cu(r) refer to different ionic medium concen-
trations, because the difference in logfs in the two ionic
media is within the mean error we attribute to the estimated
values of the stability constants of Cu(r) complexes (+0.3-1.0
log units).

As expected according to the HSAB theory,”” the formation
of Cu(1)-PTA complexes is favored with respect to that of Ag(i)
in all the consecutive complexation steps. However, the ratios
between the consecutive formation constants are very different
for the two metal ions (Ky/K,, K»/K3, K3/K, = 2.5, 1549, 400 and
513, 30, 21 for Cu(1) and Ag(i), respectively). Apparently,
[Cu(PTA),]" and [Ag(PTA)]" are the complexes with the largest
range of existence under these conditions. Speciation plots in
Fig. 7 reflect these findings. The figure shows the relative
abundance of Cu(i) and Ag(i) complexes at different ligand to
metal molar ratios, in aqueous solutions at pH 7.3, close to
that of biological systems. The two distributions refer to a
total concentration of Cu' or Ag" of 107> M, close to those
used by Tisato et al.®® in the mass spectrometry study on
[M(PTA),][PF] solutions. The distribution of the species when
the solid compounds are dissolved in solution (i.e. when
[PTA}[M'] = 4), indicates that both the copper and silver
compounds are partially dissociated, in agreement with the

100

:Cu - PTA . Ag - PTA

+

804

604 %
404 [

204

% formation relative to total M

Fig. 7 Percentage distribution of the Cu()-PTA (left) and Ag()-PTA
species (right) as a function of npta/nm (M = Cu, Ag), in solutions with a
total concentration of [Cu*], [Ag*] = 107> M; pHwm = 7.3; | = 1.0 M NaCl
(Cu()-PTA) or 0.1 M NaNOs (Ag()-PTA). Formation constants of the
species listed in Table 4 (log f}j st for Cu()—PTA complexes and log f3; ops
for Ag()-PTA ones). In the diagrams: dotted black: M*; solid black:
M(PTA)*; dotted red: M(PTA),"; solid red: M(PTA);*; solid green:
M(PTA),*; dashed grey vertical line: in-solution distribution of the
different species predicted by the p.w. when the solid compounds
M(PTA)4IX] (M* = Cu*, Ag*; X~ = BF4~, PFs ) are dissolved in solution,
with a concentration 1075 M.
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evidence from mass spectrometry.®> However, according to our
results, [Cu(PTA);]" is the most abundant species in solution.
The previous MS characterization’® conversely indicated
[Cu(PTA),]" as the most abundant species. It is difficult to
rationalize the disagreement in the speciation of Cu(1)
predicted by the two techniques. This could be attributed to
an enhanced signal of the [Cu(PTA),]" species in the ESI-MS
experiments, which has been reported to depend on the instru-
mental parameters chosen, such as the potential applied to
generate the electrospray.®®®” The same difference could be
attributed to an incorrect estimation of 1og f}j s (Table 4) for
the successive Cu-PTA species, used to trace the distribution
diagrams in Fig. 7 (left). It is worth noticing that a similar dis-
tribution of the different Cu-PTA species is obtained using the
values experimentally determined (log fj,ns, Table 4). Also in
the latter case, [Cu(PTA);]" is predicted to be the most
abundant species at ca. 10~> M. On the basis of the present
findings and the previous indications from the MS study, we
therefore suggest [Cu(PTA),]", [Cu(PTA);]" and [Ag(PTA),]" as
the species mainly involved in the cytotoxic activity of the tetra-
coordinated compounds M(PTA),[X] (M = Cu, Ag; X = BF,, PF).

Conclusions

The formation equilibria of a series of Cu(i) and Ag(i) com-
plexes with PTA in aqueous solution were studied by means of
microcalorimetric, potentiometric and spectrophotometric
techniques to provide accurate values of the thermodynamic
functions concerning the formation of the [M(PTA),]" com-
plexes (n = 1-4) with M = Cu(1), Ag(1). A new experimental
approach which combines anoxic conditions and 1.0 M NacCl
solutions is proposed to study the Cu(i)-PTA complex for-
mation. The background electrolyte is also a complexing
medium for Cu(i) stabilizing this monovalent cation.

Thermodynamic data in solution have been combined with
the results of DFT calculations to obtain a better insight about
the nature and stoichiometry of the complex formation.
Theoretical data show that only a limited number of the
[Cu(PTA),Cl,,(H,0),]""™ complexes (n = 0-4; m = 0-4; [ = 1, 2)
can be obtained, since in several cases the dissociation of one
ligand occurs during the geometry optimization. The most
stable 1:1 Cu(1)/PTA complex retains one chloride in the first
coordination sphere in the 1:1 species. A different result is
found for the 1:2 Cu/PTA complex where [Cu(PTA),Cl] and
[Cu(PTA),]" are predicted to have a similar stability. In the 1: 3
Cu-PTA species, the most stable complex is [Cu(PTA);]",
suggesting that only at this stage Cl~ is completely released
from copper.

On the basis of theoretical and thermodynamic data, new
values of the “true” stability constants for the Cu(1)-PTA com-
plexes have been estimated. This allows a direct comparison
with the analogous Ag(1) systems studied in a non-complexing
medium. The speciation obtained shows that both the silver
and the copper complexes are tetracoordinated species in the
solid state and in solution at relatively high concentrations

1464 | Dalton Trans., 2017, 46, 1455-1466
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(>107> M). However, they are dissociated to lower stoichiometry
species when diluted in the micromolar range typical of
in vitro biological testing.

The approach employed in this work is a general-purpose
method to account for the hidden role of chloride ions and
thus to evaluate the “true” affinity of Cu(r) for any ligand in a
non-complexing medium.
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