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ABSTRACT: Gold(I) and gold(III) complexes derived from 2-(2'-pyridyl)-
benzimidazole (pbiH) were proven to be a promising class of in vitro antitumor
agents against A2780 human ovarian cancer cells. In this paper, a comparative
electrochemical, UV—vis absorption, and emission spectroscopic investigation is
reported on pbiH, the two mononuclear Au™ complexes [(pbi)AuX,] (X = CI (1),
AcO (2)), the four mononuclear Au' derivatives [(pbiH)AuCl] (3), [(pbiH)Au-
(PPh;)]PF, ((4)(PFs)), [(pbi)Au(PPh,)] (5), and [(pbi)Au(TPA)] (6), the three
mixed-valence Au™/Au' complexes [(u-pbi)Au,Cl;] (7), [(PhsP)Au(u-pbi)AuX,]PF,
(X = CI ((8")(PF47)), AcO ((9")(PF47))), and the binuclear Au'—Au' compound
[ (u-pbi)Au,(PPh,),]PF, ((107)(PF¢")). All complexes feature irreversible reduction
processes related to the Au'/Au' or Au'/Au’ processes and peculiar luminescent
emission at about 360—370 nm in CH,Cl,, with quantum yields that are remarkably
lower ((0.7—14.5) X 107?) in comparison to that determined for the free pbiH ligand
(31.5 X 107%) in the same solvent. The spectroscopic and electrochemical properties
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of all complexes were interpreted on the grounds of time-dependent PBEO/DFT calculations carried out both in the gas phase
and in CH,Cl, implicitly considered within the IEF-PCM SCREF approach. The electronic structure of the complexes, and in
particular the energy and composition of the Kohn—Sham LUMOs, can be related to the antiproliferative properties against the
A2780 ovarian carcinoma cell line, providing sound quantitative structure—activity relationships and shedding a light on the role
played by the global charge and nature of ancillary ligands in the effectiveness of Au-based antitumor drugs.

B INTRODUCTION

The wide clinical success of platinum compounds in the
medical treatments of cancer has prompted an increasing
interest toward other platinum and nonplatinum metallodrugs
that might exhibit comparable cytotoxic properties, hopefully
accompanied by a different pattern of antitumor specificities
and by a more favorable toxicological and/or pharmacological
profile. During the past three decades, several new classes of
metal compounds were intensely investigated as possible
anticancer agents based on a variety of metals,' includin§
ruthenium,” tin,> gallium,3 titanium,> palladium,4 gold,

copper,® and a few others.” Among these, gold compounds
are some of the most promising candidates in antitumor drug
development, and many examples of both gold(I) complexes
with various phosphinic,® thiolato’ and carbenic N-heterocyclic
ligands'® and gold(III) complexes with several polyamines,'"
polypyridines,'” porphyrins," and dithiocarbamato ligands'*
and cyclometalated compounds'® have been reported in the
literature with very favorable antiproliferative effects in vitro
and in vivo. Recent studies attested to the fact that these kinds
of derivatives display high activities against a series of cancer
cell lines, embracing those resistant to common platinum-based
chemotherapics, sometimes accompanied by a relevant pattern
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of selectivity, probably due to a different mechanism of action.
Although gold(II) is isoelectronic and isostructural with
platinum(Il), it has been found that the interaction with
DNA of most of the cytotoxic gold(Ill) compounds is
electrostatic in nature and reversible and only a few exceptions
were reported,'® thus suggesting a mechanism of cytotoxicity
different from that of cisplatin. Notably, strong inhibition of
specific enzymatic targets, such as thioredoxin reductase,
glutathione reductase, and peroxidase, and associated dereg-
ulation of mitochondrial functions and consequent proapop-
totic effects were clearly documented in selected cases.'® Other
studies, also carried out in vivo, have shown that also the
proteasome could be a primary target of gold complexes.'”
Furthermore, a number of gold complexes displayed potential
pharmacological properties also against different diseases'® such
as parasitic disease (malaria," leishmania,”® and trypanoso-
miasys>'), viral infections (HIV-1),* asthma,*® and recently
also against prions.”* During the past decade some of the
authors reported a series of gold(III) dinuclear oxo-bridged
compounds bearing a-diiminic ligands (variously substituted
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2,2'-bipyridine and 1,10-phenanthroline derivatives) with very
potent cytotoxic properties against a number of human tumor
cell lines.*® Initial correlations between structure and activity
were also evaluated on this class of compounds, suggesting that,
within a given series, the oxidizing power affects the antitumor
activity.”® Therefore, analysis of the electrochemical behavior
and the electronic—structural characterization could be, hope-
tully, a valid support to better understand the redox processes
involved in the transformations of the original species and the
mechanism of action of gold cytotoxic compounds.

Recently, some of the authors reported on the synthesis and
characterization of a series of novel mono- and binuclear gold
complexes bearing a 2-(2'-pyridyl)benzimidazole ligand
(pbiH).”” This is a very versatile multidonor ligand displaying
three potential donor atoms, one sp>- and two sp*hybridized
N-donors, and is particularly interesting in view of its own
pharmacological progerties as an antibacterial’”® and anti-
inflammatory agent.”” The series of pbi-based investigated
complexes (Chart 1) includes the two mononuclear Au™

Chart 1. Atom-Labeling Scheme of pbiH and the Gold
Complexes 1-3, 4*, 5—7, and 8'—10" “s
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“The atom N1 is protonated in complexes 3 and 4%. All cationic
complexes were prepared as PFy™ salts.

compounds [(pbi)AuX,] (X = Cl (1), AcO (2)), four
mononuclear Au' derivatives bearing chloride ([(pbiH)AuCl]
(3)) or phosphines as ancillary ligands ([(pbiH)Au(PPh;)]PF,
((4")(PFs7)) and [(pbi)AuL] (L = PPhy (S), 1,3,5-triaza-7-
phosphaadamantane (TPA) (6)), three novel mixed-valence
Au"—Au' complexes of the type [(u-pbi)Au,Cl;] (7) and
[(PhsP)Au(u-pbi)AuX,]PFs (X = Cl ((8")(PEs)), AcO
((9")(PFs7))), and the binuclear Au'—Au' compound [(u-
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pbi)Au,(PPh,),]PF, ((10*)(PFs7)). In complexes 3 and 4" the
ligand coordinates the metal center in its neutral form, pbiH,
while the remaining complexes feature the ligand in its
deprotonated form, pbi~.*”

All compounds were characterized, and the crystal structures
of compounds 6, 7, and (10")(PF,") were reported.”” The
stability of complexes 1-3, 4%, 5—7, and 8'—10" under
physiological-like conditions was evaluated spectroscopically,
and all compounds were quite stable even in the presence of 10
equiv of sodium ascorbate as reducing agent.”” Some of these
complexes displayed high cytotoxicity in vitro against human
ovarian carcinoma cell lines both sensitive (A2780/S) and
resistant (A2780/R) to cisplatin.””*

With the aim of developing relationships capable of
understanding and possibly predicting the structural features
determining the antiproliferative activity of gold complexes
deriving from the pbiH ligand, an insight into the electronic
structure of the complexes 1—10" is presented here, based on
electrochemical, UV—vis spectroscopic and fluorimetric meas-
urements, supported by theoretical calculations carried out at
Density Functional Theory (DFT) level.

B RESULTS AND DISCUSSION

The ligand pbiH was synthesized according to literature
methods®' through condensation of picolinic acid and 1,2-
phenylendiamine in polyphosphoric acid at 180 °C. The
synthesis of the complexes 1-3, 4%, 5—7, and 8" —10" has been
discussed previously in detail.”” Gold(III) adducts 1 and 2 were
obtained by the reaction of pbiH with an equimolar amount of
NaAuCl, in aqueous media and Au(AcO)j; in a refluxed AcOH
solution, respectively. Gold(I) derivatives 3 and (4")(PF4"),
which bear the ligand in its neutral form, were prepared by
reacting pbiH with [(THT)AuCl] and [(Ph;P)Au’](PF),
respectively, in dichloromethane solution. Deprotonation of
(4")(PF4~) with KOH in methyl alcohol solution afforded S,
while complex 6 was prepared by the one-pot reaction of
[(TPA)AuCl] with 1 mol of pbiH in the presence of KOH in a
MeCN/H,0 mixture. The binuclear compound 7 was
synthesized by the direct reaction of the mononuclear adduct
1 with [(THT)AuCl], while reaction of 1 and 2 with
[(Ph;P)Au*](PFs") afforded (8*)(PFs~) and (9%)(PFy),
respectively. Quite unusually,®> binuclear complexes 7—9*
display pbi~ as a py3-bridging ligand between two metal centers
in different formal oxidation states, Au' and Au™. Reaction of
[(Ph;P)Au*](PF,”) with an equimolar amount of pbiH in the
presence of a stoichiometric amount of KOH afforded the
dinuclear Au'—Au' compound (10%)(PF¢").>* The solubility
features of complexes 1—10* have been reported previously.”’
The spectrophotometric monitoring of dilute aqueous solutions
in phosphate buffer at room temperature and physiological pH
(7.4) over a period of 24 h showed that they are all stable
toward reduction of the metal center, and evidence of
formation of negligible amounts of colloidal gold was detected
in only a few cases. Similar results were found in a strongly
reducing environment (sodium ascorbate 10:1 molar ratio), in
which most of the compounds were found to be fairly stable,
with complex 6 being the most and compound 1 the least
stable.”’ Since the aim of this work is the investigation of the
electronic structure of complexes 1-3, 4", 5—7, and 8'—10%, all
measurements were carried out in CH,Cl,, which provides a
sufficient solubility for all compounds, is well suited for CV and
UV—vis spectroscopy, and whose solvation properties can be
accurately modeled theoretically.
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Electrochemistry. The pbiH ligand did not show electro-
activity in DMF solution,”” while in CH,Cl, solution two
reduction processes at E,, = —1.04 and —0.03 V vs SCE,
attributed to the pyridine and imidazoline fragments,
respectively, were reported.’* The electrochemical properties
of compounds 1-3, (4")(PFs”), 5—7, and (8")(PFs )—
(10")(PF,"), carried out in DMF, were reported previously.””
Cyclic voltammetry (CV) measurements were repeated in
CH,CI, solution, with tetrabutylammonium tetrafluoroborate
as a supporting electrolyte (Table 1), and overall confirm the
electrochemical properties determined in DMF.

Table 1. Cyclic Voltammetry” Data E (vs Fc*/Fc) Recorded
at a Platinum Electrode, Excitation and Emission
Wavelengths A, and A, and Quantum Yields @
Determined for 1-3, 4%, 5—7, and 8"—10" in CH,Cl,
Solution

E,/V E,/V  do/nm A, /nm 10720
1 —0.451, —0.894 310 370,410 087
2 —0.649, —0.922 310 360 349
3 —1.144° +0.135 320,370 360,450  14.5,% 5.6°
4<  —1410° 310 360 2.59
5 310 360 229
300 370 4.67
7 —0.642, —0.874  +0224 310,370 360,460  6.4,% 9.0"
8+« —0.624, —0.845 320 380% 0.7¢
9*<  —0.708, —0.895 200 280 nd”
10* ¢ 310 360 7.9

“Conditions: T = 298 K, supporting electrolyte tetrabutylammonium
tetrafluoroborate 0.1 M, scan rate 25 mV s, reference electrode }};
AgCl. "Recorded at 100 mV s, “Isolated as the PF¢~ salt. “2-
Aminopyridine standard (in aqueous H,SO, 0.1 N). “Anthracene
standard in ethyl alcohol solution. “Quinine sulfate monohydrate
standard (in aqueous H,SO, 1 N). #Resulting from two independent
components; see main text. "Not determined.

Gold(IlI) mononuclear complexes show two irreversible
reduction steps, occurring at —0.45 and —0.65 V vs Fc*/Fc and
at —0.89 and —0.92 V vs Fc'/Fc for 1 and 2, respectively. The
former step is ascribable to a Au'—Au' two-electron reduction,
while the latter, accompanied by the formation of a thin gold
film on the working electrode, is ascribable to a Au'—Au°
process. A two-step process for the reduction of Au™ to Au’,
especially in the case of m-acceptor ligands capable of stabilizing
gold(I) species,®® was displayed by analogous gold(III)
bipyridine adducts in nonaqueous media, the more negative
values of reduction potential for compound 2 as those for to 1
being due to the effect of the acetato ligand on the gold(III)
center.*® Gold(I) mononuclear compounds 3 and (4%)(PF;")
show a single cathodic process at —1.14 and —1.41 V vs Fc*/Fc,
respectively, associated, in the case of 3, with the deposition of
a gold film on the electrode surface. The negative value of the
reduction process of (4")(PFs”) in comparison with that
observed for 3 could be attributed to the stabilizing effect of
PPh, with respect to the chloride anion.””*® An anodic process
was detected only for compound 3 at +0.13 V vs Fc*/Fc, which
could be tentatively attributed to an irreversible Au'—Au'
oxidation. Conversely, neutral complexes S and 6, featuring
the ligand in the anionic pbi~ form, are not redox-active under
the experimental conditions. This suggests a stabilization effect
exerted both (i) by the phosphines PPhy and TPA, as observed
by the comparison of the potentials of the cathodic processes
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recorded for 3 and (4*)(PF,") discussed above, and (ii) by the
anionic charge on the pbi~ ligand, as suggested by the
comparison of the electrochemical properties of (4%)(PF")
and S. The electrochemical behavior of the neutral binuclear
mixed-valence compound 7 can be related to that of the
mononuclear complexes 1 and 3. CV measurements carried out
on 7 show two cathodic processes with E,. = —0.64 and —0.87
V vs Fc*/Fc (Au™—Au' and Au'—Au’ reductions, respectively).
An anodic peak was observed at +0.22 V vs Fc*/Fc, similar to
that discussed in the case of 3. In the case of the PF,~ salts of
the cationic complexes 8" and 97, bearing PPh; as an ancillary
ligand on Au', two cathodic peaks were observed at —0.62 and
—0.85 V vs Fc'/Fc for (8*)(PFs") and —0.71 and —0.90 V vs
Fc"/Fc for (9*)(PFs™). The less negative processes could be
ascribed to Au"—Au' reductions and show E,. values
comparable to those found for the precursor 1 and 2, while
the processes at —0.85 and —0.90 V vs Fc*/Fc can be attributed
to the reduction of Au' to Au’ and confirm the effect of the
substitution of chloride with acetate discussed above. Finally,
the gold(I) binuclear compound (10*)(PF4") is not redox-
active in the explored potential range, analogous to what was
reported above for S.

Absorption/Emission UV—Vis Spectroscopy. The ab-
sorption spectrum of pbiH in CH,CI, solution shows two
maxima falling at 230 and 312 nm (e = 12000 and 22500 M
cm™, respectively; Figure SI in the Supporting Information),
each featuring a shoulder at about 240 and 325 nm (& = 9800
and 17800 M™' cm™!, respectively).’”*® As previously
reported,® although pbiH is not emissive in the solid state, it
features remarkable fluorescence in solution, its intensity being
forcefully quenched in strongly polar solvents®® and depending
on the pH in aqueous solution.*”*' Excitation spectra collected
in CH,Cl, solution show a single intense fluorescent emission
(Aem 360 nm), whose spectral shape is independent of the
concentration (range 8 X 107°—=1.0 X 107> M) and the
excitation wavelength (range 230—340 nm). The highest
emission (quantum yield @ = 0.31) is achieved by exciting
the solution of the ligand in correspondence of the shoulder of
the most intense peak (A, 330 nm, inset in Figure S1).

Mononuclear Au™ complexes 1 and 2 show similar
absorption spectra (Figure 1 and Figure S2 (Supporting
Information), respectively), featuring three main maxima falling
at about 230, 310, 370 nm (& = 21500, 7700, 13100 M~ cm™!
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Figure 1. UV—vis absorption spectrum recorded for a CH,Cl, solution
of complex 1. C = 1.34 x 107* M.
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for 1; 12300, 9700, and 5500 M~ cm™ for 2). The position of
the second band corresponds to the excitation wavelength
providing the highest emission for both compounds (Table 1).
In dilute solution (C up to about 5 X 107> M), both 1 and 2
show an emission band centered at 360 nm, remarkably less
intense as compared to that of pbiH (® = 7.9 X 107 and 3.4 X
107 for 1 and 2, respectively). At higher concentrations,
compound 1 exhibits an additional emission band at 410 nm
(Figure 2), which could therefore be tentatively attributed to
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Figure 2. Superimposed normalized emission spectra recorded on
CH,Cl, solutions of 1 (1, 310 nm): (a) C = 5.36 X 1075 (b) C =
107 X 107% (c) C = 1.34 X 10~* M.

species formed through intermolecular interactions, possibly
prevented in the case of 2 by the hindrance of the acetate
ligands.

The UV-—vis absorption spectra of mononuclear Au'
complexes 3, (4")(PF¢"), S, and 6 (Figures S3—S6, Supporting
Information) show two intense groups of bands centered at
about 230 and 320 nm for all compounds with molar extinction
coefficients in the ranges 13000—28600 and 17500—25000 M~
cm™!, respectively. In the case of 3 a further very weak
absorption (¢ = 500 M~ cm™) can be observed at 370 nm.
Excitation spectra recorded for 3 are dependent on the
concentration of the CH,CI, solutions. Dilute solutions (C =
1.0 X 10™* M) show an emission band at 360 nm (® = 0.145)
achieved with A, in the range 220—320 nm. For C = 107> M,
the highest emission is recorded at 450 nm for A, 370 nm (®
0.056): i.e, in correspondence of the weakest peculiar
absorption band. Notably, aurophilic interactions could be
responsible for the emission band at the lowest energy, whose
intensity increases in concentrated solutions.

In the case of (4*)(PF,~) and § two emission processes were
observed, one with emission maxima at 360 nm (® = 0.025 and
0.022, respectively) and a very weak one at 460 nm, whose
intensity increases with the concentration. This notwithstand-
ing, the intensity of the visible emission is so weak that the
corresponding quantum yield could not be determined. Under
the hypothesis that aurophilic Au"--Au' interactions could be
responsible for such low-energy emission, the steric hindrance
of the ancillary Ph;P ligands could justify the very low intensity
in comparison to 3. It is worth noting that the deprotonation of
4" to give S does not affect significantly either the energy or the
intensity of the emission.

The neutral compound 6, bearing TPA instead of PPh,
displays a single emission band at 370 nm (4., 300 nm), with a
quantum yield value (P 0.046) almost double those
determined for (4")(PF,") and S (Figure S6, Supporting
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Information). When the concentration of the solution is
increased (in the range 7.0 X 107°~1.7 x 10™* M), the
fluorescence intensity is systematically quenched, but no further
emission at lower energy was observed.

Compound 7, bearing both the Au™Cl, and Au'Cl moieties
joined by a pbi~ unit, shows an UV—vis spectrum in CH,Cl,
solution recalling the spectral features of both 1 and 3, with
three main absorption bands centered at 230, 310, and 370 nm
(e = 23000, 21500, 6200 M~! cm™, respectively; Figure S7,
Supporting Information). In analogy with 3, solutions of 7 are
also fluorescent by the naked eye under a UV lamp. Two
emission bands were observed at 360 and 460 nm (/. 310 and
370 nm, respectively). The quantum yield measurements,
carried out independently on the two emission bands, show
values of the same order of magnitude (® = 6.4 X 107> and 9.0
X 107, respectively). The intensity of the two emission bands
shows a peculiar dependence on the concentration, partially
analogous to that discussed above for 3. When the
concentration is increased, the emission at 360 nm is quenched,
while that at 460 nm undergoes an increase up to about C = 1
mM and then a decrease. This might support the initial
formation of a dimer, emitting at 460 nm, held by aurophilic
interactions, followed by higher nonemitting aggregates at
higher concentrations.

The hexafluorophosphate salts of the complexes 8, 9%, and
10" show very similar UV—vis absorption spectra (Figures S8—
$10, Supporting Information), with two structured bands falling
at about 230 nm (& = 37980, 37000, and 51100 M~! cm™ for
(8%)(PF47), (97)(PF4™), and (10%)(PF,"), respectively) and in
the range 310—360 nm (¢ = 11940, 11700, and 19900 M
em™" for (8")(PF¢7), (9%)(PF¢™), and (10")(PF”), respec-
tively). Dilute solutions (C = 1.7 X 107 M) of (8")(PF4")
show an emission band at 380 nm (4., 320 nm). When the
concentration is increased, the maximum of the band is shifted
toward lower energies (A, 400 nm for C = 83 X 107° M,
corresponding to the solubility limit in CH,Cl,; Figure 3).

Such a shift is in agreement with the presence of two
emission bands, one centered at about 360 nm, similarly to
what was found for most complexes discussed above, and one
at lower energy, possibly due to intermolecular interactions
involving the Au' center. Accordingly, a spectral decom-
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Figure 3. Normalized emission spectra recorded on CH,Cl, solutions
of (8")(PFs") (dee 320 nm): (dotted line) C = 1.7 X 1075
(continuous line) C = 5.0 X 1075; (fine-dotted line) C = 8.3 X 107> M.
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position carried out with Specpeak 2.0** on three emission

spectra recorded on solutions featuring different solute
concentrations shows that all peaks can be decomposed into
four Gaussian component curves, centered at 1 373, 422, 484,
and 545 nm (full width at halfmaximum (fwhm) w = 79.3,
86.6, 94.6, and 30.4 nm, respectively). When the concentration
is increased, the first two peaks, corresponding to the emission
at higher energy, undergo a decrease in their heights, while the
last two, corresponding to the emission at lower energy, endure
a continuous increase, thus accounting for the progressive shift
of the resulting emission band toward lower energies.

While (9%)(PF4~) does not exhibit a well-defined emission
but only a very weak band at about 280 nm (4, 200 nm), the
binuclear Au'—Au' derivative (10%)(PFs”) shows a single
emission band at 360 nm (4. 310 nm; ® = 7.90-1072).

These results reveal the following.

(1) Almost all compounds in dilute CH,Cl, solution (5.0 X
10°°M < C < 1.0 X 107* M) show an emission band at about
360 nm: ie., at the same emission wavelength featured by the
uncoordinated pbiH ligand. This suggests that relaxation occurs
from excited states laying at similar energies for pbiH, 1-3, 47,
5—7, and 10*.

(2) The quantum vyield values of the emission at 360 nm
indicate that coordination to the metal center results in a
quenching of the emission, whatever the oxidation state of the
gold center.

(3) An emission at lower energy (410—460 nm) appears in
less dilute solutions (C > 1.0 X 10™* M) for complexes 1, 3, 7,
and 8": ie, those complexes featuring chloride ligands. This
effect might be tentatively related to the capability of these
complexes to establish intermolecular interactions, which would
be prevented by the more bulky acetato or phosphino ligands.
It is worth underlining that this low-energy emission is
independent of the oxidation state of the metal and hence of
the planarity of the ligand, which is forced only in Au™
complexes. Hence, it is unlikely that conformational relaxation,
involved in the emission processes of the dication (pbiH;)*" in
acidic media,*' plays a part in the emission process.

Theoretical Calculations. The availability of a complete
set of structural, spectroscopic, and electrochemical data for the
gold complexes discussed in this work provides a challenging
opportunity for an in-depth investigation on the electronic
features of this class of compounds by quantum-mechanics
calculations carried out in the framework of density functional
theory (DFT). In order to individuate a computational setup
suitable for the investigated complexes, three different func-
tionals have been tested: namely, the well-known hybrid three-
parameter B3LYP,* mPWI1PW,* and PBE0* (PBE1PBE)
functionals. It is largely acknowledged that relativistic effects
rule the behavior and reactivity of gold complexes.*® Hence,
four basis sets featuring relativistic effective core potentials
(RECPs) have been tested for the heaviest gold center: ie.,
CRENBL,*” LANLO08(f),*® SBKJC,* and Stuttgart RLC.>® All
12 combinations of functionals and basis sets (BSs) with
RECPs were tested on complex 7, which incorporates both a
Au' and Au™ center and whose crystal structure was resolved
recently.”” In agreement with recent results on different
compounds featuring emitting properties,51 a comparison
between the structural data and the corresponding bond
lengths and angles calculated with each computational setup
allowed us to conclude that the use of the PBEO hybrid
functional coupled to the LANLO8 triple-{ basis sets,
augmented with an f-type polarization function for valence
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electrons for the heavy Au atomic species, provides the more
convenient setup for modeling the gold environment and was
consequently extended to all of the investigated compounds
(Table S1, Supporting Information).

The geometries of all compounds were optimized both in the
gas phase and in the presence of CH,Cl, accounted for
implicitly by using the polarizable continuum model (PCM) in
its integral equation formalism variant (IEF-PCM).>

Complexes 2 and 9" were optimized with two different
orientations of the acetate ligands, one featuring the two groups
disposed on the same side and the other on opposite sides with
respect to the plane of the pbi~ ligand. Both orientations were
indeed shown to be isoenergetic (the energy difference being
less than 0.1 mkcal mol™), did not show negative vibrational
frequencies, and did not differ in their ground state (GS)
description. In the case of 3, the effect of the rotation of the
noncoordinating pyridine ligand has been investigated.

A scan of the potential energy surface described by the
rotation of the pyridine around the C7—C8 bond (Figure 4)

12 7

AE (Kcal mol™)

90 120 150 180

7(°)

60

Figure 4. Relative variation of the total electronic energy AE as a
function of the rotation of the pyridine ring in compound 3 (7 =
dihedral N1—-C7—C8—N3, Chart 1).

shows a modest rotational barrier. The most stable geometry
(adopted in the subsequent calculations) is that featuring the
pyridine laying on the plane of the benzimidazole moiety with
the N3 atom laying on the same side as the N1 atom (C; point
group; dihedral N1-C7—-C8-N3 7 0° Chart 1). The
opposite disposition (z = 180°) is higher in the total electronic
energy by about 9 kcal mol™', while the least stable
conformation is that displaying the pyridine ring perpendicular
to the benzimidazole moiety (AE = 11.0 kcal mol™).

Since emission spectroscopy suggested the presence of
dimers in solutions for 3, the geometry of the dimeric
compound (3), was also optimized. The dimer shows a
head-to-tail geometry with a calculated Au---Au distance of
3.630 A in CH,Cl, solution. The long interatomic Au--Au
distance, the Wiberg bond index™® (WBI) of 0.083 for the same
interaction, and the stabilization in the total electronic energy
of (3), by 5.83 kcal mol™" with respect to two independent
units of 3 clearly indicate that the dimer formation is only
moderately favored in CH,Cl, solution.

On the basis of the results obtained for complex 3, the
geometry optimizations of complexes 4* and § were carried out
starting from the conformation showing the pyridine ring
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disposed as in the case of 3, which led to a roughly planar
geometry for the pbiH ligand in the case of 4* (7 = 4.62°),
while in the case of § the rotational barrier is lowered further
and the pzrridine ligand is rotated by 42.44° at the optimized
geometry.”* The geometry of complex 6 was instead calculated
to be planar, in agreement with the crystal structure
determination (optimized 7 = 179.80°).”” This geometry
results in a short Aul—N3 distance (optimized value 2.702;
structural 2.70(1) A), largely below the sum of the relevant van
der Waals radii, indicating an interaction between the pyridine
lone pair and the gold(I) ion, as testified by the Wiberg bond
index®> (WBI,,_y = 0.102). Accordingly, a second-order
perturbation theory analysis of the Fock matrix in the NBO>®
basis shows that such an interaction involves 10.62 kcal mol™*
in the gas phase: ie., an amount large enough to overcome the
rotational barrier of the pyridine.

The geometries of the dinuclear complexes 7 and 8" are
forcedly defined by the coordination to the gold centers, while
in the case of the dinuclear Au' complex 10" the pyridine unit is
rotated by 22.10°, again in good agreement with the structural
values (18.2(4)°). As described above for complex 6, the
geometry of the complex 10" results in a short Aul—N3
contact (structural 2.691 A; optimized 2.798 A; WBI,,_y =
0.079; 8.67 kcal mol™).

Notably, in the case of 6, 7, and 10" optimized metric
parameters are in very good agreement with the structural data
reported previously.”” In Figure $ structural bond distances
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Figure S. Correlation between structural and optimized Au—X bond
distances in complexes 6, 7, and 10" (X = donor atom): (A) N bonds;
() N contacts; (O) Cl; () P. Structural values are taken from ref

27. Linear regression parameters: slope 1.09, intercept —0.182 AR =
0.98.

involving the gold ions in compounds 6, 7, and 10* are
compared with the corresponding optimized values. The
couples of data are finely correlated (R* = 0.98). A comparison
of the optimized bond distances and angles calculated in the gas
phase and those calculated in CH,CIl, solution (Table S2,
Supporting Information) shows that solvation only marginally
affects the geometries of the investigated compounds.

An insight into the electrochemical and spectroscopic
properties of the gold complexes 1-3, 4%, 5—7, and 8'—10"
can be achieved from the examination of the composition of the
Kohn—Sham molecular orbitals (KS—MOs).
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In Table 2 the eigenvalues ¢ calculated for KS-HOMO and
KS-LUMO both in the gas phase and in CH,Cl, solution are

Table 2. KS-HOMO and LUMO Eigenvalues £ Calculated
for pbiH and 1-3, 4%, 5—7, and 8'—10" in the Gas Phase and
in CH,Cl,

€nomo/eV eLumo/eV

gas CH,Cl, gas CH,Cl,

pbiH —6.297 —6.476 —1.561 —1.650
1 —6.611 —6.696 —3.426 —3471
2 —6.742 —6.744 —2.962 —2.810
3 —6.463 —6.899 —2.410 -2.176
4" —9.457 -7.315 —4.689 —2.484
S —5.471 —6.095 —1.531 —1.284
—5.541 —6.059 —1.146 —1.421

7 —6.750 —6.961 —4.045 —-3.749
8" —9.571 —7.473 —5.993 —3.984
9* —9.367 -7.516 —5.537 —3.282
10* —8.487 —6.899 —3.836 —2.078

given. As expected, cationic complexes feature a systematic
stabilization of both MOs with respect to neutral complexes,
independent of the oxidation state of gold or the nature of the
ancillary ligands, partially moderated by solvation.*® KS-LUMO
eigenvalues calculated for 1-3, 4%, 5—7, and 8°—10" at the IEF-
SCRF level can be compared with the reduction cathodic
potentials measured by CV (Table 1), although the changes in
the thermodynamic parameters involved in the redox process
leading to differently charged species are neglected.’”
Qualitatively, more negative &0 values indicate a higher
stabilization of the reduced species and hence an easier
reduction reflected in less negative E, values.

An examination of Figure 6 shows that indeed the reduction
potentials E,. of neutral and cationic complexes are, with the

4 O
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o. ‘ .
N ©
S Em
o, Z
o o
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- <
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o D\G\D\ﬂ/ﬁ—{>\ﬂ

1 2 3 4+ 7 8* 9*

Figure 6. Cathodic potential of the first reduction processes E,.
measured by CV in CH,Cl, solution ((J; Table 1) compared with the
KS-LUMO eigenvalues calculated at the IEF-SCRF DFT level in the
same solvent (O; Table 2) for 1-3, 4%, 7, 8%, and 9*.

only exception of 4", qualitatively related with the correspond-
ing e ymo values calculated within the SCRF approach of
solvation.

For all complexes in CH,CI, solution, KS-HOMO is an
antibonding 7 in nature MO localized on the benzimidazole
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moiety of the pbiH/pbi~ ligand, whose composition corre-
sponds in the case of 1-3, 4%, §, 6, and 10" to that of the KS-
HOMO of the free pbiH ligand calculated at the same level of
theory (Figure 7 for 1, 3, and 7). In the case of 7, 8*, and 9%,

(© (d)

©

Figure 7. KS-HOMO (left) and LUMO (right) isosurfaces calculated
for 1 (a, b), 3 (¢, d), and 7 (e, f) in CH,Cl, solution. Cutoff value
0.0Se.

KS-HOMOs show the ligand contributing with its HOMO-1.
Notably, only in the case of the complexes featuring Au'—Cl
moieties (3 and 7) does the metal participate in the HOMO
with its 5d,, atomic orbitals (AOs).

In the case of all Au™ complexes (1, 2, 7, 8%, and 9%), KS-
LUMOs are built up by the o-antibonding interaction between

the in-plane Sd,, AOs of the metal center interacting with the

four donor atoms (Figure 7 for 1, 3, and 7). In contrast, in the
case of Au' complexes, KS-LUMO is localized on the pbi~/
pbiH moiety, and its composition coincides with that of the
LUMO of pbiH with the only exception of complex §, featuring
the LUMO localized on the PPh; ligand.

Interestingly, the composition of the LUMO for Au'™
complexes 1 and 2 confirms that the first reduction should
be considered metal-centered. The antibonding nature of these
MOs is in agreement with the irreversibility of the first
reduction processes. On passing from X; =X, =Clin 1 to X, =
X, = AcO in 2, gy values confirm a destabilization of the
MO (by 0.47 and 0.66 €V in the gas phase and in CH,Cl,
solution, respectively), reflected in a shift of E, toward more
negative values. More intricate is the interpretation of the
electrochemical data recorded for Au' complexes. In fact, the
composition of LUMOs suggests that the reduction processes
of these complexes should be localized on the pbi~/pbiH
ligand. This notwithstanding, the energy of the LUMOs of
these complexes (Table 2) is dramatically affected not only by
the coordination to gold(I) but also by the nature of the
ancillary ligand X, for complexes 3, 4%, 5, and 6 and X, /X, for
complex 10* (Chart 1).>® Possibly, a subsequent CT process is
responsible for the reduction of gold, indicated by the
formation of a gold film at the cathode.

For mixed-valence Au'/Au™ complexes the first reduction
process is centered on the Au™ core, as suggested by the E,.
values discussed above.

Selected natural charges Q on the Au"™ center and on the
donor atoms are summarized in Table 3. Gold(III) complexes 1
and 2 show significantly different charges Q,, on the metal ion,
the most negative being achieved in 2, further confirming the
larger donor ability of acetate with respect to chloride. Gold(I)
mononuclear complexes 3—6 and the binuclear Au' complex
10" feature Q,, values strongly depending on the type of X;
ligand, phosphine donors resulting in more positive Q,, values.
In contrast to what was found in the case of the complex
[Au(bipy) (7*-CH,=CH,)]*,** featuring the Au' center in a
different coordination geometry, in the case of the gold(I)
complexes discussed here the positive natural charge on the
metal ion should not involve remarkable back-bonding to the
phosphine ligands. In fact, a second-order perturbation theory
analysis of the Fock matrix in the NBO basis does not show any
significant charge transfer from the metal to the phosphine
ligands, which carry a large net positive charge (0.456, 0.341,
and 0.322 for 4%, 5, and 6, respectively). Indeed, linearly
coordinated Au' complexes are considered not to be suitable to

Table 3. Selected Natural Charges Q (in e) Calculated on pbiH and Complexes 1-3, 4%, 5—7, and 8*—10" in the Gas Phase”

Qu Qu

pbiH —0.576 (—0.570) —0.525 (—0.552)
1 —0.563 (—0.560) —0.498 (—0.522)
2 —0.582 (—0.576) —0.495 (—0.522)
3 —0.555 (—0.544) —0.581 (—0.594)
4" —0.542 (—0.538) —0.635 (—0.632)
5 —0.511 (—0.560) —0.711 (—0.700)

—0.543 (—0.577) —0.677 (—0.675)
7 —0.546 (—0.539) —0.567 (—0.579)
8" —0.536 (—0.534) —0.627 (—0.614)
9* —0.550 (—0.552) —0.628 (—0.618)
10* —0.633 (—0.640) —0.659 (—0.656)

Qs
—0.513 (—0.519)
—0.491 (—0.481)
—0.506 (—0.495)
—0.516 (—0.516)
—0.507 (—0.512)
—0.455 (—0.491)
—0.509 (—0.512)
—0.488 (—0.477)
—0.487 (—0.476)
—0.497 (—0.488)
—0.495 (—0.500)

Qau Qaw
0.711 (—0.763)
1.107 (—1.152)
0.246 (—0.276)
0.321 (=0.356)
0.322 (—0.333)
0.302 (—0.300)
0.716 (=0.777)
0.713 (=0.779)
1.120 (—1.159)
0.330 (—0.340)

0.249 (—0.282)
0.318 (—0.340)
0.319 (—0.357)
0.320 (—0.346)

“The corresponding values calculated in CH,Cl, at the IEF-SCRF DFT level are reported in parentheses. Atom labeling is given as in Chart 1.
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participate in Chatt—Dewar—Duncanson-type bonding® due
to the energy mismatch between filled 5d orbitals on the metal
and empty antibonding MOs of 7-acid ligands.*®

On passing to binuclear mixed-valence gold compounds 7,
8%, and 9%, Q,, charges are clearly determined by the local
coordination of the metal ions. Accordingly, the natural charge
on the Au' center (Qu,) in 7 is very close to the value
calculated for 3, and analogously the Q,,; values in 8" and 9*
are very close to the corresponding values calculated for 4" and
S.

Time-dependent DFT (TD-DFT) calculations were per-
formed at the same level of theory discussed above on pbiH
and complexes 1-3, 4*, 5—7, and 8'—10" in their GS
optimized geometries both in the gas phase and in CH,Cl,.
In general, a comparison between experimental UV—vis spectra
and those calculated on the basis of vertical singlet excitation
energies Epppy and oscillator strengths f shows a very good
agreement, as a further confirmation of the choice of
computational setup and solvation model. A detailed analysis
of the TD-DFT data for all of the examined compounds is
beyond the scope of this work. Hence, only the data related to
the free pbiH ligand, the Au™ complex 1, the Au' complex 3,
and the Au'/Au™ mixed-valence complex 7 will be discussed.

The convolution of the main transitions (f > 0.015; Table S3,
Supporting Information) calculated for pbiH in CH,Cl, results
in a simulated spectrum showing two maxima, whose
wavelengths and intensity ratio (A, 206 and 297 nm;
oscillator strength ratio 2.6S, respectively) are in good
agreement with the experimental spectral data recorded in
the same solvent (Figures S1 and S11, Supporting Informa-
tion). The most intense transition (f = 0.846) is calculated to
fall at Epgpy = 4.167 €V (SO — S1, Figure 9c¢). This transition
largely involves a HOMO—LUMO monoelectronic excitation
and corresponds to a charge transfer from the benzimidazole to
the pyridine moiety of the ligand. Hence, the radiative
relaxation from S1 should be considered responsible for the
intense luminescence of pbiH at 360 nm.

In Tables S4—S6 (Supporting Information) the calculated
energies and wavelengths, the oscillator strengths, and the
singlet excited states involved in the main vertical transitions
calculated for 1, 3, and 7 are summarized. The corresponding
simulated absorption spectra based on IEF-PCM SCRF TD-
DEFT calculations are represented in Figure 8.

The absorption spectrum simulated for 1 in CH,Cl, (Figure
8a) shows three groups of bands, whose overlap determines
three maxima at 203, 287, and 355 nm, the energies of which
are slightly overestimated with respect to the corresponding
experimental values (Figure 1). The band at lower energy
(Epgro = 3493 eV) originates in several singlet transitions
(Figure 9a). An examination of the monoelectronic excitations
contributing to each electronic transition shows that the most
intense transition (S1 — S6; f = 0.223; Table S4, Supporting
Information) originates in HOMO — LUMO+1 and HOMO-1
— LUMO+1 excitations involving # in nature MOs entirely
localized on the pbi~ ligand. This notwithstanding, the SO — S7
transition, albeit less intense (f = 0.096), involves the HOMO-6
and LUMO (Figure 7b), which are 6-MOs partly localized on
the Au'! center, showing a remarkable contribution from the
5d,>_, and Sd,, AOs, respectively. The second weak absorption
band at about 4.320 eV is mainly determined by the SO — S10
transition (f = 0.131; Figure 9a), in turn due to a large
contribution of the HOMO — LUMO+2 excitation only
involving MOs localized on the ligand.
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Figure 8. Simulated UV—vis spectra (180—450 nm) for complexes 1
(a), 3 (b), and 7 (c) in CH,Cl, solution based on IEF-PCM SCRF
TD-DFT calculations. The main vertical singlet transitions contribu-
ting to the absorptions are indicated along with the resulting maxima
wavelengths. No further absorption is calculated beyond 450 nm.
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Figure 9. Diagram showing the relative energies of the singlet excited
states with respect to the ground states SO calculated for complexes 1
(a) and 3 (b) and for the free ligand pbiH (c) in CH,Cl, solution on
the basis of IEF-PCM SCRF TD-DFT calculations. The singlet excited
states with oscillator strength values f < 0.01S5 are represented as
dotted lines.

The most intense band of the simulated spectrum falls at
6.108 eV and is due to the overlap of several transitions, the
most intense of which implicate the singlet excited states
between S28 and S33 (Epggy = S5.816 and 6.180 eV,
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respectively). Interestingly, the SO — S30 and the SO — S32
transitions are contributed by the HOMO-13 — LUMO and
HOMO-5 — LUMO+2 excitations, respectively, which involve
MOs largely localized on the gold 5d AOs. In agreement with
the UV—vis spectroscopic data, the simulated absorption
spectrum of 3 (Figure 8b and Table SS (Supporting
Information)) closely recalls that calculated for pbiH (Figure
S11, Supporting Information) and features two groups of bands
centered at 4.189 and 6.199 eV, respectively. The band at the
lowest energy derives from the SO — S1 and SO — S2
transitions (Figure 9b; Epggy = 4.039 and 4.219 eV; f = 0.296
and 0.509, respectively), which are due to HOMO — LUMO
and HOMO-1 — LUMO monoelectronic excitations, showing
a MLCT nature. This notwithstanding, since KS-HOMO and
LUMO calculated for 3 show large contributions from the
HOMO and LUMO of the pbiH ligand, the energies of the
transitions in pbiH and 3 are very similar. The absorption at
about 200 nm mainly originates in the SO — S24 transition
(Epgpo = 6.250 €V, f = 0.182), in turn consisting of HOMO —
LUMO+3, HOMO-1 - LUMO+2, and HOMO-4 — LUMO
+2 excitations. LUMO+2 and LUMO+3 are 7-MOs localized
on the benzimidazole moiety of the pbiH ligand; therefore, this
transition should be considered partially MLCT in nature as
well.®!

In the simulated spectrum calculated for 7 (Figure 8c and
Table S6 (Supporting Information)) in CH,Cl, the absorption
at about 350 nm derives from the SO — S8 (Eppgo = 3.340 eV; f
= 0.104) and SO — SI1 (Epgs = 3.553 eV; f = 0.366)
transitions, corresponding to HOMO — LUMO+1 and
HOMO-1 — LUMO+1 monoelectronic excitations. The
electronic transition SO — S19 (Epgge = 4.526 eV; f = 0.091)
is the main component to the weak shoulder at about 275 nm
and has the same nature as the similar weak band calculated at
the very same energy for 1 (HOMO-1 — LUMO+2 excitation,
centered on the pbi~ ligand). The intense absorption calculated
at about 220 nm (5.714 eV) arises from three main transitions,
namely SO — S38 (Eppg = 5.626 eV, f = 0.144), SO — S39
(Epgeo = 5.684 eV, f= 0.226), and SO — $45 (Epggo = 5.842 eV,
f = 0225), each of which is contributed by several
monoelectronic MLCT excitations and involves both the Au'
(for example HOMO-12 — LUMO+1 contributes to the SO —
S$38 transition with an excitation from the Au' 5d,, to the
benzene ring of the pbi~ ligand) and Au™ centers.

A comparison between the calculated transition energies
Eppgo and the experimental absorption energies E,,, calculated
from absorption spectra recorded for 1, 3, and 7 (Table S7,
Supporting Information) shows that the sets of data can be
exploited for developing a simple linear correction scheme
(Figure S12 (Supporting Information), R* = 0.98) for IEF-
PCM SCRF TD-DFT transition energies calculated with the
PBEO functional (eq 1).

Ey . = 0485 + 0.811Epgg, (1)

By adoption of the corrected transition energies Ey., the
corresponding Ay, wavelengths calculated for 1, 3, and 7 show
a difference A with respect to the experimental values falling
in the range 1—12 nm (Table S7, Supporting Information).

The emission properties of complexes 1-3, 4%, 5—7, and
8°—107, at least in dilute solutions, can be investigated on the
basis of TD-DFT calculations. In this context, complexes 1 and
3 can be considered as models of all Au™ and Au' complexes,
respectively.
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It has been reported above that the maximum emission of
complex 1 is achieved when the complex undergoes excitation
at 310 nm (Table 1), ie. corresponding to the SO — S10 band
(Figures 8 and 9) that is calculated at 4.320 eV (corrected value
311 nm; Table S7, Supporting Information) and corresponds
to the excitation of ligand-centered MOs. Since ESs with
energies higher than S9 are all very close in energy (Figure 9a),
it is likely that relaxation from these states leads to the S9 state
through an internal conversion (IC) process. In contrast, the
energy difference between the S9 and S8 states (0.206 €V)
would prevent a fast IC, resulting in the fluorescent emission S9
— S0, whose energy would be similar to that featured by pbiH,
in apparent violation of Kasha’s rule.>

The gold(I) complex 3 features an emission at the same
energy (Table 1). The emission can be tentatively attributed to
the S1 — SO process (Figure 9b). Excitation to higher excited
states would result in an IC process to S1, followed by
fluorescent relaxation to SO.

TD-DFT calculations were extended to the pattern of triplet
excited states. As expected, all complexes feature a complex
pattern of triplet states featuring energies matching those of the
singlet excited states. In Figure 10 a Jablonski diagram
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Figure 10. Jablonski diagram (0.0—4.4 eV; uncorrected transition
energies) calculated for 1 in CH,Cl, by IEF-PCM SCRF TD-DFT
calculations. The singlet excited state transitions with oscillator
strength values f < 0.015 are represented as dotted lines.

representing singlet (S) and triplet (T) ESs calculated for 1
is depicted. The singlet ESs accessible from the GS with the
largest values of oscillator strengths f, and in particular S6, S9,
and S10, feature triplet ESs (T9 and T15—T17, respectively)
very close to each other in energy. The spin-forbidden ISC
process occurs through the interaction between the electronic
spin and orbital moments. Since the spin—orbit coupling
constant depends on the fourth power of the effective nuclear
charge,63 ISC is enhanced in systems containing heavy atoms.**
The rate of ISC strongly depends on the overlap between the
vibrational wave functions of the involved singlet and the triplet
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states; thus, pairs of singlet and triplet quasi-degenerate states
are good candidates to participate in ISC processes. Selection
rules for SO coupling operator require that the direct product
of the irreducible representation of 'y and %, the initial and
final states involved in the ISC process, respectively, must
contain the irreducible representation of at least one of the
three components of the orbital moment operator L. Since in
the C, point group all excited states belong to either the A’ or
A" representations, and therefore the direct product of their
representations contains necessarily one or two of the
components of L, all ISC processes are in all cases allowed
by orbital symmetry-based selection rules.®> Therefore,
although the measurement and calculation of ISC rates® are
outside the goals of this research, in agreement with the
fluorescence measurements discussed above (Table 1), ISC
may reasonably provide an alternative relaxation path with
respect to fluorescence, thus accounting for the lower quantum
yields determined for all complexes 1-3, 4%, 5—7, and 8*—10*
in comparison to that of the pbiH ligand.

B CONCLUSIONS

A combined experimental and theoretical approach has been
exploited to investigate the electronic structure of the series of
10 gold complexes 1-3, 4", 5—7, and 8'—10" deriving from
pbiH and different ancillary ligands and showing remarkable
antiproliferative properties toward A2780 human ovarian
carcinoma cells. Cyclic voltammetry measurements demon-
strate that the title complexes are stable toward reduction to
gold(0) over a large range of applied potentials. In dilute
solutions, all compounds but 9" show a peculiar emission at
about 360 nm, typical of the pbiH ligand, quenched with
respect to the free ligand. The emission at lower energies
(410—450 nm) shown by several complexes suggests that
intermolecular interactions possibly occur, although theoretical
calculations carried out on the dimer (3), indicate a very weak
Au'--Au' interaction.

A precise choice of the DFT computational setup, and in
particular of the functional and the basis set for the gold atom,
accounting for relativistic effects peculiar to this element, is
reflected in well-predicted metric parameters, also indicated by
the agreement between the potentials of the cathodic peaks and
KS-LUMO eigenvalues. TD-DFT calculations allow for an in-
depth understanding of the excitation processes determining
the UV—vis spectra. In particular, the pattern of singlet and
triplet excited states clarifies the nature of emission processes
and relaxation paths.

The accurate modeling of the electronic structure of the gold
complexes 1—-3, 4°, 5—7, and 8°—10" supports an attempt to
explain the antiproliferative effects shown against cisplatin-
sensitive (S) and -resistant (R) A2780 ovarian cancer cell lines
in light of DFT calculations. In Figure S13 (Supporting
Information) and Figure 11 (top), e ymo eigenvalues,
calculated in the gas phase (Table 2), are compared with
ICy, values determined for the A2780/S and A2780/R cell
lines, respectively, after 72 h of exposure to the title gold
complexes.”” With the only exception of §, a tentative
logarithmic correlation holds (Figure 11 bottom),*”%® the
largest antiproliferative effect (and hence the lowest ICy, value)
being shown by the compounds showing the lowest eigenvalues
calculated for KS-LUMO. In particular, the following can be
concluded.
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Figure 11. (top) Comparison between IC, values measured for the
A2780/R cell line and the KS-LUMO eigenvalues &) ;o calculated for
1-3, 4%, 6,7, and 8'*—10" in the gas phase (Table 2). (bottom) Least-
squares fit (slope —0.267 eV, intercept 1.610; R* = 0.95). Data for §
and 7 (unfilled circles) have been considered anomalies and are not
included in the fit. ICy, values are taken from ref 27.

(1) Cationic complexes show systematically lower &0
eigenvalues and lower ICy, values in comparison to those of
neutral complexes.

(2) Dinuclear mixed-valence Au'/Au"™ complexes show
lower epypo and ICg, values in comparison to those of the
corresponding mononuclear complexes. For example, complex
7 shows a stabilization of the LUMO as compared to Au'
complex 3 and Au™ complex 1, accompanied by a remarkable
decrease in the ICg, value. The LUMO stabilization does not
imply a communication between the two metal centers, as
proved by electrochemical measurements and DFT calcu-
lations.

(3) As previously observed, the presence of PPh; ancillary
ligands, and therefore the N—Au—PPh; moiety, results for all
compounds but § (the only complex in the series featuring the
LUMO not localized on pbi~) in a stabilization of the LUMO
energy and an increase in the cytotoxic properties.

(4) This effect should not be generalized to all phosphines.
In fact 6, featuring the TPA ligand, shows the highest IC;, and
e umo Vvalues. The relative LUMO instability suggests that the
high ICs, value should not be attributed to a role played by the
hindrance of TPA in the molecular mechanism of antitumor
action but rather to the effect of the ligand on the electronic
structure of the complex. Furthermore, TPA is known to confer
water solubility to metal-based compounds, while PPh; confers
a lipophilic character. Since the most cytotoxic compounds are
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those showing a lipophilic character,” this parameter could
contribute to the ICy, value along with electronic effects.

On the whole, the previous observations support a direct role
of the electronic structure of gold complexes derived from the
pbiH ligand in their cytotoxicity. Since the title gold complexes
proved to be remarkably stable to biologically relevant reducing
agents (sodium ascorbate),”” although no mechanistic con-
clusion can be drawn at this stage, the relationship between the
LUMO stabilization and the cytotoxic activity might support
the hypothesis that a charge transfer process, if not a reduction,
might be involved in the mechanism of action of 1-3, 47, 5—7,
and 8'—10" as antiproliferative agents. This would be in
agreement with the relationship between the oxidizing
character and the cytotoxic effects reported previously for a
series of binuclear y-oxo Au'! complexes.26

It is to be remarked that these preliminary findings concern
correlations between calculated parameters and the cytotoxicity
against only two selected cell lines, and hence caution has to be
applied, owing to the extreme complexity of the biological
actions of metal-based compounds. In this context, the
conclusions drawn here represent only a step which needs
further investigation on the cellular effects of these gold
compounds and their reactivity toward their expected
biomolecular targets (for example, oxidoreductases). This
notwithstanding, the quantitative structure—activity relation-
ships outlined here might represent useful guidelines for the
design of new potential anticancer drugs based on gold
complexes.

B EXPERIMENTAL SECTION

All reagents were purchased from Sigma-Aldrich and used as received
without further purifications. Solvents were dried prior to use
according to standard methods. 2-(2'-Pyridyl)benzimidazole (pbiH)
and complexes 1-3, (4")(PF¢"), 5—7, and (8")(PF4~)—(10%)(PF,")
were synthesized as previously reported.>” Analytical and spectroscopic
(FT-IR and 'H, *'P NMR) data obtained for all compounds are in
agreement with those reported in the literature. Cyclic voltammetry
experiments were recorded using a conventional three-electrode cell,
consisting of a combined platinum working and counter electrode and
a standard Ag/AgCl (in KCI 3.5 mol L™'; 0.2223 V at 25 °C) reference
electrode. The experiments were performed at room temperature
under an argon atmosphere in anhydrous CH,Cl, with Bu,NBF, (0.1
M) as supporting electrolyte, at a potential scan rate of 0.025 V s™".
Experiments were carried out on a computer-controlled Metrohm
Autolab PGSTAT 10 potentiostat—galvanostat using Model GPES
electrochemical analysis software. All potential values are referred to
the bis(cyclopentadienyl)iron(IIl)/-iron(I) couple (Fc*/Fc, E,), =
+0.60 V versus Ag/AgCl under experimental conditions). Absorption
spectra were recorded on a Thermo Nicolet Evolution 300
spectrophotometer (190—1100 nm) at room temperature using quartz
cuvettes with an optical path length of 10.0 mm. Emission and
excitation spectra were obtained at room temperature with a Varian
Cary Eclipse Fluorescence spectrophotometer (Xe lamp) using quartz
cuvettes with an optical path length of 10.0 mm. Spectra were
recorded on CH,Cl, solutions, and luminescence quantum yields were
determined for all emitting solutions using an appropriate standard as
a quantum yield reference.”® In particular, anthracene in ethyl alcohol
solution (®y = 0.27) was used for the visible emission of complex 3
and quinine sulfate hydrate in aqueous sulfuric acid 1 N (@ = 0.55)
was used for 7, while 2-aminopyridine in sulfuric acid 0.1 N aqueous
solution (@ = 0.60) was used in all the remaining cases (see Table 1).
The areas of all of the emission spectra were evaluated by using the
program Fytik.”' When the emission spectral shapes undergo
significant modification, depending on the concentration of the
analyte, a spectral decomposition was carried out by using the
Specpeak 2.0 program.** Quantum chemical DFT calculations were
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performed with the commercial suite of software Gaussian09 (rev.
A02)"? on the free ligand pbiH and the complexes 1-3, 4%, 5—7, and
8'—10" (Chart 1) at the density functional theory (DFT) level. The
computational setup was chosen by testing different functionals
(B3LYP, ¥ mPWIPW,** PBE0") and basis sets with relativistic
effective core potentials (RECPs: CRENBL,*” LANL08(f),** SBKJC,*
and Stuttgart RLC*®), as discussed above. Eventually all calculations
adopted the parameter-free PBEO functional*® (implemented as
PBE1PBE in Gaussian),”> combining the so-called PBE generalized
gradient functional with a predefinite amount of exact exchange. For
all atomic species Schifer et al. full-electron double-{ basis sets with
polarization functions were used,”* but for the heavier Au species, for
which the triple-{ LANLOS(f) basis set with relativistic effective core
potentials (RECPs)*® was preferred. Basis sets and RECPs were
obtained from the EMSL Basis Set Library through the Basis Set
Exchange (BSE) software.”> Geometry optimizations were performed
starting from structural data when available. Tight SCF convergence
criteria (SCF=tight keyword) and fine numerical integration grids
(Integral(FineGrid) keyword) were used, and the nature of the
minima of each optimized structure was verified by harmonic
frequency calculations (freq=Raman keyword). Natural®® and
Mulliken atomic charge distributions were calculated at the optimized
geometries at the same level of theory and electronic transition
energies and oscillator strengths were calculated at the TD-DFT level
(100 states). The electronic spectra were simulated by a convolution
of Gaussian functions centered at the calculated excitation energies
(half-bandwidth 20 nm). In order to account for the influence of the
solvent on the spectroscopic properties of the model compounds,
calculations were also carried out in the presence of CH,Cl,, implicitly
taken into account by means of the polarizable continuum model
(PCM) approach (linear response; nonequilibrium solvation) in its
integral equation formalism variant (IEF-PCM), which describes the
cavity of the solute within the reaction field (SCRF) through a set of
overlapping spheres.”> The program Molden 5.0 was used to
investigate the charge distributions and molecular orbital shapes.

B ASSOCIATED CONTENT

© Supporting Information

Figures and tables giving absorption and emission spectra for
pbiH and 1-3, (4*)(PFs"), 5-7, and (8")(PFs )—(10%)-
(PF47), a simulated absorption spectrum for pbiH, a correlation
between experimental and calculated transition energies, a
comparison between &0 and ICy, values, calculated metric
parameters at the DFT level, and details of TD-DFT
calculations. This material is available free of charge via the
Internet at http://pubs.acs.org.
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