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ABSTRACT

Curcumin (Cur) is a natural polyphenol with a wide spectrum of biological activities and appealing therapeutic potential. Herein, it has
been delivered by electrospray ionization as gaseous protonated species, [Cur + H]", and as a Cu(u) complex, [Cu(Cur — H)]*, a promising
antioxidant and radical scavenger. The gas phase structures were assayed by infrared multiple photon dissociation (IRMPD) spectroscopy
in both the fingerprint (800-2000 cm™") and hydrogen stretching (3100-3750 cm™") ranges. Comparison between the experimental features
and linear IR spectra of the lowest energy structures computed at the B3LYP/6-311+G(d,p) level reveals that bare [Cu(Cur — H)]"* exists in a
fully planar and symmetric arrangement, where the metal interacts with the two oxygens of the syn-enolate functionality of deprotonated Cur
and both OCH3 groups are engaged in H-bonding with the ortho OH. The effect of protonation on the energetic and geometric determinants
of Cur has been explored as well, revealing that bare [Cur + H]* may exist as a mixture of two close-lying isomers associated with the most
stable binding motifs. The additional proton is bound to either the diketo or the keto-enol configuration of Cur, in a bent or nearly planar
arrangement, respectively.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5086666

I. INTRODUCTION

Curcumin (Cur) is a naturally occurring, polyphenolic yellow
pigment found in turmeric. Chemically, Cur corresponds to a bis-
a,B-unsaturated -diketone of two feruloyl units joined by a methy-
lene group. The B-diketone moiety is responsible for keto-enol tau-
tomerism in Cur and makes it a Michael acceptor able to react with
relevant thiols such as glutathione. For centuries, turmeric has been
largely employed as a popular spice in food and as a traditional
medicinal herb. Numerous clinical and preclinical studies on Cur
and its derivatives (curcuminoids) have revealed multiple beneficial
effects, including antioxidant/ neuroprotec‘[ive,l anti—inﬂammatory,l
antiseptic,j‘ and antiangiogenic properties. ‘

Recently, promising applications of Cur compounds as a novel
drug in the prevention and treatment of cancer’ and neurodegen-
erative diseases such as Alzheimer’s dementia (AD)® have emerged
in (pre)clinical studies and attracted great attention. The anticancer
activity is primarily related to the inhibition and targeting of tran-
scription factor NFkB, cytokines, so inducing antiproliferative and
apoptotic effects. The dual hydrophobic and hydrophilic behavior
due to the presence of polar groups (an enol group and two phenolic
sites) linked by hydrophobic bridges with a set of conjugated bonds
bestows Cur the ability to pass the blood-brain barrier, destabilize
B-amyloid fibrils, and strongly bind Cu(u) and Zn(u) ions, paving
the way for prevention or cure of AD. Restraint of unbalanced con-
centration of free metals, responsible for inducing oxidative damage
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in neurodegenerative and inflammatory disorders, bears correlation
also with the cytoprotective, antiviral, and antirheumatic properties
of Cur. In addition, a thoroughly characterized mononuclear Cu(i)-
Cur complex has been reported as attractive superoxide dismutase
(SOD) mimics, with excellent ability to scavenge free radicals in free
cell solution.” As a consequence of the metal binding through the
keto-enol functionality, the phenolic OH groups are intact, wherein
the 1:1 Cu(u)-Cur complex retains its therapeutic potential as a free
radical scavenger.’ However, the limited solubility and fast degrada-
tion in water of Cur has led to the development of several formula-
tions to improve its low bioavailability and stability, including com-
plexation with cyclodextrins,k amino acids,'’ use of absorption fac-
tors (e.g., alkaloid plperme) and of polymeric, ceramic, and liposo-
mal nanoparticles, con)ugatlon with biopolymers,'” and synthesis
of new curcumin analogs.”

Curcumin tautomeric equilibrium is influenced by the pH and
the polarity of the solvent, with the p-diketo group prevailing in
acidic or neutral pH, while the hydrogen-bond stabilized keto-enol
tautomer is favored in alkaline pH and nonpolar solvents. In the
crystal structure, Cur exists in the keto-enol configuration. In the
monoanionic form, Cur ligand and derivatives can be conveniently
engaged in binding to a metal ion, particularly iron, ruthenium,
copper, and zinc, suggesting the option to employ metalation for
enhancing chemical stability, bioavailability, and anticancer activ-
ity.'"” Notably, a water-soluble curcumin-modified Ru(m) arene
complex has been recently reported with superior in vitro cytotox-
icity and selectivity index in comparison with cisplatin.'”

Attention has also been focused on the development of Cur
complexes of radioactive metals, including Technetium-99m'’ and
Gallium-68”" labeled radiopharmaceuticals, as new potential radio-
tracers for diagnosis of cancer and AD.

Another important treatment modality based on vanadium(iv)
complexes of Cur and curcuminoids has been described for pho-
todynamic therapy, showing significant DNA cleavage activity and
photocytotoxicity in the visible light of 400-700 nm.”’

Due to the significant effect that acid/base and metal chela-
tion properties may exert on the biochemical activity of Cur, the
present study is aimed to approach the event of protonation and
Cu()-curcumin interaction at different binding sites, including the
oxygen atoms of the diketo/keto-enol and the phenolic -OH group
on the A or B ring at a molecular level (Scheme 1). To this end,
we have examined the intrinsic chemical properties of protonated
and copper(u) complexed Cur, [Cur + H]" and [Cu(Cur — H)]*,
respectively, envisioned as significant intermediates in relevant
biomolecular mechanisms.

The sampled ions, prepared in solution and analyzed as
bare species, devoid of any external perturbation by electrospray
ionization (ESI) mass spectrometry (MS), have been assayed by

olll ol

SCHEME 1. Schematic representation of curcumin (in  diketo form).
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collision induced dissociation (CID) experiments and infrared mul-
tiple photon dissociation (IRMPD) spectroscopy, in combination
with quantum chemical calculations.” ”* Based on a photofragmen-
tation process triggered by the sequential absorption of resonant
IR photons,” in recent years, IRMPD spectroscopy has become a
pivotal tool to shed light on molecular features and binding interac-
tions of a variety of (de)protonated (in)organic ions,”**’ metal- and
halide-bound adducts of (modlﬁed) amino acids and peptides,”
nucleobases and nucleotides,” *’ saccharides,” ** metabolites,”
and cofactors."””” This tool is employed here to expand our infor-
mation on curcumin’s scavenging of neurotoxic Cu(u) metal ions in
the prospect to relate direct structural features to biological activity.

Il. EXPERIMENTAL AND THEORETICAL METHODS
A. Materials

All reagents used in this work, including curcumin (Cz1 H20Os),
International Union of Pure and Applied Chemists (IUPAC)
name (1E,6E)-1,7-bis-(4-hydroxy-3-methoxyphenyl)-1,6-heptadien-
3,5-dione, also named diferuloylmethane; CAS number 458-37-7),
were purchased from Sigma-Aldrich S.r.l. (Milan, Italy) and used as
supplied. The ions of interest [Cur + H]" (m/z 369) and [Cu(Cur
— H)]" (m/z 430) were generated by ESI of a 2 uM curcumin and a
4 yM curcumin/CuSOj (1:3 molar ratio) solution in water/methanol
(1:1 v/v), respectively. All solutions were directly infused through a
fused silica capillary to the ESI source with a syringe pump at a flow
rate of 2 ul min™".

B. MS and IRMPD experiments

Energy-variable CID experiments were conducted using a com-
mercial hybrid triple quadrupole linear ion trap mass spectrometer
(2000 Q TRAP, Applied Biosystems), with a Q1q2Qrrr configura-
tion (QI, first mass analyzing quadrupole; q2, nitrogen-filled colli-
sion cell; and Quir, linear ion trap). The electrosprayed ions were
desolvated in the first region (QO0), mass selected by Q1, and then
allowed to collide with N, (2.4-4.0 x 107° mbar) in g2 at variable
collision energies (Ej,, = 5-50 V) for CID experiments. The dissocia-
tion pattern was monitored by scanning Qrir by using the enhanced
mode of operation where the fragments are trapped in Qurr for 35
accumulations in order to increase resolution and signal intensity.

Quantitative threshold information is not directly accessible.”’
However, for comparative purposes among competitive dissociation
pathways, phenomenological threshold energies (TE) for various
fragmentation channels may be derived from linear extrapolation
of the rise of breakdown curves obtained by converting the colli-
sion energies to the center-of-mass frame Ecy = [m/(m + M)]Ejp,
where m and M are the masses of the collision gas and of the ion,
respectively.””

Each fragmentation channel was confirmed by MS’ experi-
ments carried out on peaks deriving from the first dissociation
step.

The IRMPD spectra of mass-selected ions were recorded by
using two experimental platforms with different laser sources, while
the mass spectrometer units are equipped with an ESI source of
similar functioning. The mid-IR range (800-2000 cm™') has been
explored employing the bright IR radiation of a tunable (5-25 ym)
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free electron laser (FEL) beamline at the Centre Laser Infrarouge
d’Orsay (CLIO)™ coupled to a modified hybrid Fourier trans-
form ion-cyclotron resonance (FT-ICR) tandem mass spectrom-
eter (Apex-Qe Bruker Daltonics), equipped with a 7.0 T actively
shielded magnet.”” The FEL electron energy was set at 42.1 and 44.4
MeV in two separate runs to obtain a fairly constant laser power of
approximately 1 W in the frequency region of interest. The FEL out-
put delivers 9 us long trains of macropulses at a repetition rate of
25 Hz. Typical macropulse energies were 40 m]J. In this setup, pro-
tonated curcumin, [Cur + H]" (m/z 369), was mass selected in the
quadrupole mass filter stage and subsequently accumulated in an rf
hexapole trap for 1 s, whereas the copper complex, [Cu(Cur — H)]"
(m/z 430), was isolated in the ICR cell. All assayed ions were irradi-
ated for 150-500 ms with the IR FEL light, and the photofragmen-
tation products were mass analyzed. In order to reduce saturation
of the most pronounced bands, IRMPD spectra of the copper com-
plex were registered by using 2-4 attenuators, each decreasing the
irradiation power by a factor of three.

The XH (X=C, N, O) stretching region (3100-3750 cm™!) was
investigated using an apparatus assembled at the Universita di Roma
“La Sapienza,” consisting of a tabletop optical parametric oscil-
lator/amplifier (OPO/OPA; LaserVision, Bellevue, WA) laser sys-
tem whose radiation output is admitted into a modified Paul type
quadrupole ion trap mass spectrometer (Esquire 6000+, Bruker Dal-
tonics).” The parametric converter is pumped by a Nd:YAG laser
(Continuum Surelite IT) operating at 9 Hz repetition rate and deliv-
ering pulses of 4-6 ns duration. The typical output energy of the
OPO/OPA was 14-16 m] pulse™ in the investigated spectral range,
with a spectral bandwidth of about 3-4 cm™. In the trap, ions were
accumulated for 3-10 ms and then mass-selected prior to being
submitted to IR irradiation for 0.5-2 s. The laser wavelength was
uniformly changed at a speed of 0.1 cm™" 57!

When the IR light is resonant with an active vibrational mode
of the mass-selected ion, the stepwise absorption of multiple IR pho-
tons, associated with intramolecular vibrational energy redistribu-
tion, can result in an “action spectroscopy” based on a wavelength-
dependent photofragmentation process.”

IRMPD spectra are therefore collected by recording the
photofragmentation yield R, defined as R = —In(Iparent/(Iparent +
> Ifragments))> Where Iparent and Ifagments are the abundances of the
parent ion and the fragment ions, respectively, as a function of the
laser frequency.”” At each selected wavenumber, four mass spectra
were recorded and averaged. In all the acquired spectra, a quantita-
tive accord is found between the depletion of the parent ion signal
and the rise of the product ion signals.

C. Computational details

A conformational search of both [Cur + H]* and [Cu(Cur —
H)]" ions was run using the Merck molecular force field (MMFF)
molecular mechanics model using the Spartan’l6 software pack-
age.”’ The lowest energy structures were used as starting geometries
for hybrid density functional theory (DFT) calculations. While there
is no guarantee that the global minimum will actually be identified,
we note that good agreement is found with the curcumin geometries
displayed earlier in the literature.”” *' Several isomers, envisioned
by varying the tautomeric form, either keto-enol or diketo, the site
of (de)protonation and copper chelation, have originated sets of
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conformers differing for bond and torsional angles. In particu-
lar, curcumin allows rotation around C1’-C1, C7-C1”, C2-C3, and
C5-C6 (but also C3-C4/C4-C5 in the neutral diketo form) bonds
generating up to 24 rotational conformers.

According to several previously reported studies, the B3LYP
functional is able to reproduce adequately the experimental vibra-
tional peaks requiring less computational expense than other meth-
ods. In addition, in a recent comparison between B3LYP and MP2,
no significant differences in equilibrium geometries and relative
energies regarding the closely related Zn(ir)-curcumin complex were
found.”"

This is expected since B3LYP has been shown to provide the
same accuracy of MP2 in the determination of vibrational frequen-
cies once a proper scaling factor is applied.”” In addition, since the
molecule is isolated, and given its bonding pattern, we expect dis-
persion corrections to play only a minor role. Furthermore, the
charge in these systems is fairly localized, and a functional such as
B3LYP (which has only a minor portion of Hartree-Fock exchange)
is expected to provide an accurate description of the electronic
density.

Therefore, the authors have chosen to perform structure opti-
mization and harmonic frequency calculations by using the hybrid
density functional B3LYP and the 6-311+G(d,p) basis set as imple-
mented in the software suite Spartan’16 (Wavefunction, Inc., Irvine,
CA),” thus keeping the computational cost reasonable. However, in
the case of [Cur + H]", the relative enthalpies and Gibbs free ener-
gies have also been obtained by a combination of the single-point
MP2 electronic energies with thermal corrections (298 K) from the
B3LYP/6-311+G(d,p) calculations. Harmonic vibrational frequency
analyses were only performed at the B3LYP/6-311+G(d,p) level to
characterize the stationary points as local minima or saddle points
and to obtain linear IR spectra and thermodynamic data. The rela-
tive energies at 0 K, enthalpies, and Gibbs free energies at 298 K of
the low-lying structures were obtained by applying zero-point and
thermal energy corrections.

Mode assignment was attained by comparison of the experi-
mental IRMPD spectra with the calculated IR spectra, scaled by a
factor of 0.978 (0.958) in the fingerprint [X-H (X=C, N, O) stretch]
region.

A Lorentzian profile, with an associated width (FWHM) of
15 cm™ in the fingerprint range and 5 cm™ in the X-H stretching
range, was adopted for consistency with experimental spectral res-
olution. In order to investigate the effect of anharmonicity, proton
transfer, and finite temperature effects, molecular dynamics (MD)
simulations have been performed using the SCC-DFTB semiempir-
ical model.®” In particular, we have used the DFTB3 method with
the 3ob:freq parameters’*® that includes both a third order expan-
sion” and a long-range correction.”” The calculations have been
performed using the DFTB+ code.”

The protonated isolated curcumin molecule was simulated in
both the keto and enol forms using, as stating points, two conform-
ers each corresponding to Hix_1, Hi_5 for the ketonic forms, and
to Hg_1 and Hg_5 for the enolic ones (see Fig. S9). The dynamical
interconversion between Hx_1 and Hg_5 (as well as between Hg_1
and Hg_5) is forbidden due to the high rotational barriers around
the relevant C-C bonds which are part of a conjugate system. A short
MD of 5 ps with a Berendsen thermostat has been used to equilibrate
the initial structure to 300 K. Then, a constant-energy MD trajectory
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has been propagated for 500 ps for each of the 4 structures. The tra-
jectory time step has been set to 1 fs, and a snapshot of the trajectory
has been saved every 2 fs. Some of the analyses have been performed
using the Travis program”’ and others using “in house” codes.

Ill. RESULTS AND DISCUSSION
A. Photodissociation and CID mass spectra

Several studies have addressed the characterization of curcumin
metal complexes with Cu(i), Zn(ir), Ga(ur), Al(ur), and Fe(in) using
solution and solid state nuclear magnetic resonance (NMR) spec-
troscopy, mass spectrometry, infrared (IR) and ultraviolet (UV)
spectroscopy, cyclic voltammetry, and electron paramagnetic reso-
nance (EPR).”""*

Previous mass spectrometric evidence reported on adducts of
amino acids with various heavy metal cations, which were shown to
contain the conjugate base of the amino acid.”" "~ Similarly, when
an aqueous methanol solution of curcumin and CuSOy (1:3 molar
ratio) is electrosprayed in the positive ion mode, a prominent adduct
identified as [Cu(Cur — H)]* between copper and deprotonated cur-
cumin is produced, indicative of a significant affinity of Cu(ir) ions
for the conjugate base of curcumin. The high resolution mass spec-
trum of Fig. S1 shows the characteristic pattern of [Cu(Cur — H)]*,
which reflects the natural abundances of Cu isotopes, and the exact
mass of the monoisotopic peak at m/z 430.04571. A smaller signal is
assigned to protonated curcumin [Cur + H]" at m/z 369.13476.

The fragmentation behavior of the [Cu(Cur — H)]" adduct
has been examined by CID at variable energy in a hybrid triple
quadrupole linear ion trap mass spectrometer. As evident from
Fig. 1, which illustrates the dependence of the relative abundances
of precursor and product ions over a range of collision ener-
gies reported in the center-of-mass frame (Ecm), the fragmenta-
tion of [Cu(Cur — H)]" ion (m/z 430) occurs along multiple dis-
sociation channels, leading to primary ions at m/z 415, by loss of
a methyl radical, m/z 402, by elimination of CO, and m/z 177,
[Ci10HoO3]", and by cleavage of the aliphatic chain and release of
[C11H19O3Cu].

100—--0-00--...... ,
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FIG. 1. Relative abundances of mass selected [Cu(Cur — H)]* ions (black filled cir-
cle, m/z 430) and product ions (blue empty diamond, m/z 402, green open square
m/z 415, and red empty nabla, m/z 177) as a function of collision energy (center
of mass) during CID assay.

ARTICLE scitation.org/journalljcp

At higher collision energies, additional fragments appear fol-
lowing the primary loss of CO, as verified by MS® experiments,
namely, ions at m/z 212 and 252, which in turn yield m/z 149 and
237, and ions at m/z 371 and 387. In the energy-dependent CID of
[Cu(Cur - H)]", the abundances of these secondary products are
clustered together with their respective precursor at m/z 402 (Fig. 1).

Linear extrapolation of the rise of the breakdown curves pro-
vides phenomenological threshold energies (TE) of 0.67 + 0.20 eV
(64.6 + 19k mol™"),0.71 + 0.20 eV (68.4 + 19 k] mol '), and 1.29 +
0.20 eV (124.3 + 19kJ mol ™) for the appearance of m/z 402,415, and
177 ions, respectively. This treatment by no means affords a direct,
absolute measure of the threshold energy for dissociation; however,
it indicates that the dissociation channel prevailing at lower collision
energy involves a decarbonylation process.

A comparable fragmentation behavior, with formation of pri-
mary fragments at m/z 415, 402, and 177, and a similar branching
ratio, is also observed when the parent ion (m/z 430) is assayed
by resonant IR excitation to disclose vibrational and structural fea-
tures by using both the IR-FEL at CLIO (800-2000 cm™') and
the OPO\OPA laser source (3100-3750 cm™). Figure S2 illus-
trates exemplary mass spectra of mass-selected [Cu(Cur — H)]" ions
recorded before and after irradiation with the CLIO FEL light tuned
at 1550 cm ™.

The dissociation of [Cu(Cur — H)]* follows the lowest energy
path,” which involves CO loss, in agreement with the slow and mild
heating provided by the sampled activation methods. According to
the 65 + 19 kJ mol~! TE value, this fragmentation channel entails the
absorption of multiple (more than 3) photons in the 800-2000 cm ™
wavenumber range where the photon energy is 10-24 kJ mol™".

In this mid-IR domain, which includes structurally informa-
tive modes,”® the spectrum of [Cu(Cur — H)]* exhibits numerous
pronounced absorbances, including the partly resolved couples of
bands at 1150 and 1190 cm™" and at 1505 and 1557 cm™", the strong
absorbance at 1285 cm ™, and a less intense band at 1380 cm ™.
Shoulders are observed on the mentioned features at 1230, 1437, and
1590 cm™". Conversely, the higher photon energy range, where the
CH/NH/OH stretching transitions can be explored, presents only
one intense band in the free O-H stretching region at 3569 cm ™"

[Fig. 2(a)].
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FIG. 2. Experimental IRMPD spectra of mass-selected [Cu(Cur — H)]* (a) and
[Cur + HJ* (b) ions in the fingerprint and NH/OH stretching ranges. The spectral
region between 1350 and 1600 cm~" (blue profile) has also been recorded with
an attenuated laser beam (-3 dB).
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In parallel, free curcumin in its protonated form, [Cur + H]",
has been assayed to compare the influence of protonation/metalation
on the geometric and spectroscopic features of this natural anti-
cancer drug candidate.

The fragmentation of electrosprayed [Cur + H]" ions at m/z
369 under both CID at variable energy and resonant IR excita-
tion proceeds by multiple parallel and consecutive channels releas-
ing product ions at m/z 285, [Ci7H1704]* by loss of a 84 Da unit,
[C4H40,], at m/z 245, [C14H1304]" by elimination of o-guaiacol, at
m/z 177, feruloyl ion [C10Hs03]", and at 175, [C11H;1 0], by loss
of [C11H1203] and [C19H1004], respectively. The dependence of the
relative abundance of the parent ion and the sum of all fragments as
a function of Ecy is shown in Fig. S3. In-source CID of [Cur + H]*
ions performed in the FT-ICR mass spectrometer has allowed the
formation of fragment ions and acquiring of high resolution mass
spectra, enabling the assignment of their elemental formulas. On
this basis, a complete fragmentation scheme obtained by MS" exper-
iments is reported in Fig. S4. An exemplary mass spectrum recorded
when [Cur + H]" ions are exposed to IR FEL light tuned at
1490 cm™ is displayed in Fig. S5.

The IRMPD spectrum of mass-selected [Cur + H]" ions pre-
sented in Fig. 2(b) exhibits evident differences with respect to the
one of [Cu(Cur — H)]* [Fig. 2(a)], although several features appear at
similar positions. The major absorptions in the mid-IR region are a
rather broad band (FWHM =54 cm™') at 1147 cm ™! with a shoulder
at 1203 cm™!, a sharper peak at 1294 cm™!, which finds a counter-
part in the band at 1285 cm™" in the IRMPD spectrum of [Cu(Cur
— H)]", and an envelope of intense bands, whose (partial) resolu-
tion in peaks centered at 1382, 1433, 1487, 1540, and 1582 cm ™" has
been improved by the use of attenuators. In correspondence with
this cluster of bands, two strong absorptions appear in the spectrum
of [Cu(Cur — H)]*.

In the NH/OH stretching range, the IRMPD spectrum of [Cur
+ H]* is dominated by a strong, sharp transition at 3558 cm,
which matches very closely the one reported at 3569 cm™ for
[Cu(Cur - H)]*.

B. Computational survey
1. Static calculations

To aid in the interpretation of the observed IRMPD spectrum,
which mainly reveals the absorption of the first resonant IR pho-
ton, an extensive exploration was undertaken aimed at identifying
the most stable structures of [Cu(Cur — H)]" by computations at
the B3LYP/6-311+G(d,p) level of theory. Several potential candi-
dates where the metal may interact either with the O-atoms of the
mid diketo/keto-enol moiety or with the O-atoms of the periph-
eral aryl groups were examined in a number of conformational
variants arising from systematic stepwise rotation of the main tor-
sional angles in the skeleton of the curcumin ligand. The most stable
structures treated here benefit from the presence of intramolecu-
lar hydrogen bond(s) between the ortho phenolic OH and OCH3
groups.”” Table IS summarizes the relevant thermodynamic data,
including the relative enthalpy (AH®,) and free energy (AG®.)
values at 298 K kJ mol™'. The values of some dihedral angles
are listed in Table IIS. Selected structures are presented in Fig. 3
(Cu_l1, Cu_11), while a more extended set is illustrated in Figs. S6
and S7.
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FIG. 3. Optimized geometries of [Cu(Cur — H)]* structures Cu_1 and Cu_11 cal-
culated at the B3LYP/6-311+G(d,p) level. Relative free energies and enthalpies (in
brackets) at the same level of theory at 298 K are reported in kJ mol~". Selected

distances are given in A.

A number of studies have shown that the enol form of cur-
cumin predominates in solution, where the lowest pKa is assigned
to the dissociation of enolic protons.”

In agreement with previous reports on curcumin in neutra
and transition metal complexes,2 our theoretical results confirm that
the favored forms for [Cu(Cur — H)]" complexes may be consid-
ered to derive from a deprotonated keto-enol tautomer, resulting in
extensive conjugation over the entire ligand.

Three most stable copper-enolate rotational conformers (Cu_1,
Cu_2, and Cu_3) have been identified, which are included in a 5.5 k]
mol ™" free energy window. They all arise by coordination of Cu(i)
with the O-atoms of the deprotonated mid diketo/keto-enol moiety
and exhibit a planar structure, with a £ C2C3C4C5 dihedral angle of
ca. 180° that allows extensive molecular conjugation.

The minimum energy conformer (Cu_1) adopts a fully planar
and symmetric arrangement. The metal ion is placed about mid-
way (rcu...0 = 1.955 A) between the O-atoms, both bearing a charge
of —0.787 (natural population analysis). Both OCH3 substituents on
the peripheral aryl groups are engaged in H-bonding with the ortho
phenolic OH (rCH3o, ..HO = 2.098 A)

All geometries of Cu_1-3 present an extended shape of the
alkenyl chain linking the terminal aryl groups differing for the rota-
tion around the C1-C1’ (or C1”-C7) whose energy barrier in neutral
curcumin has been estimated to be about 30 k] mol™'.”” The emerg-
ing different orientation of the terminal aryl groups bears, thus, little
influence on relative energies. A substantial contribution is instead
due to the CH30---HO hydrogen bond on the aryl groups, which
can be estimated by the relative energy of Cu_8, at 22.2 kJ mol~! rel-
ative to Cu_l. Isomer Cu_8 is in everything similar to Cu_1, except
for a 180° rotation around one of the C-OH bonds, disrupting the
H-bond interaction.

Rotation around C2-C3 (and/or C5-C6) results in somewhat
folded geometries. When the 180° rotation involves just one of the
two bonds, the so-obtained Cu_4, Cu_5, Cu_6, and Cu_7 rotamers
lie at 10.6, 13.4, 14.4, and 14.4 kJ mol™! above Cu_l1, respectively.
Rotation around both C2-C3 and C5-C6 bonds yields geometries

l(»{),(ul
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such as Cu_9 and Cu_10 even more destabilized, lying at 24.6 and
30.1 kJ mol™", respectively. Copper coordination at a deprotonated
phenol site has also been considered, allowing to identify a less stable
isomer where Cu(u) interacts with phenate and methoxyl oxygens,
Cu_11, while the rest of the molecule displays an extended planar
keto-enolic structure. Another phenate conformer (Cu_12) which
resembles Cu_2 arrangement was also investigated, resulting in a
slightly less stable structure lying at 36.9 k] mol™. Cu_11 and the
closely related Cu_12 rotamer are relatively high in energy, though,
at 34.6 and 36.9 kJ mol ™, respectively.

Notably, the C-O bond distances of the two sites sharing the
hydrogen bond within the keto (rc.o = 1.259 A) and enol (rc-on
= 1.320 A) portion of Cu_11 well agree with those of neutral
Cur, which benefits from a similar stabilizing interaction.”” These
bonds are instead perfectly equivalent (rc.o = 1.274 A) in Cu_1
as a consequence of the symmetric chelation with the metal, where
charge donation from the ligand and back donation from Cu(m) are
operative.

The significantly lower stability of Cu_11, located at 34.6 k]
mol ™" above the global minimum, may be related to the lower pK,
value for the keto-enol group vs phenol deprotonation.”””’

Calculations were also performed considering the presence
of diketo structures which have been found to exist only in
anti-configuration, possibly due to a strong electrostatic repulsion
between the two carbonyl groups, at variance with the syn-keto-
enol forms stabilized by H-bonding. The lowest energy diketo struc-
ture, Cu_13, with a copper-phenate contact, lies at 77.0 kJ mol ™!
above Cu_l, thus discarding any significant contribution to the sam-
pled ion population. A relevant feature of the anti-diketo frame-
work (Cu_13) regards the obvious lack of the stabilizing H-bond
of the keto-enol tautomer (e.g., see Cu_12) and a twisted structure,
whereby two planar halves adopt a « C3C4C5C6 dihedral angle of
60°, in sharp contrast with the planar keto-enol forms (e.g., Cu_11
and Cu_12) (Table IIS). As a consequence, m-electron conjugation is
distributed over the entire ligand (i.e., dienic and aromatic portions)
in the keto-enol form, while it is localized on each half molecule in
the diketo structure.”

In order to probe the structural changes induced by copper
chelation of the deprotonated ligand, a targeted exploration of the
conjugate base of Cur, [Cur — H]", has also been performed at
the B3LYP/6-311+G(d,p) level. Isomeric structures for [Cur — H]~
present different deprotonation sites, either the mid diketo/keto-
enol group or a hydroxyl group on an aromatic ring. The resulting
most stable geometries correspond to phenate isomers because they
are stabilized by the hydrogen bond within the keto-enol group. This
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configuration of free [Cur — H]™ is very different from the arrange-
ment of the [Cur — H]™ ligand forming the chelate Cu(r) complex,
[Cu(Cur - H)]".

When deprotonation affects the mid diketo/keto-enol func-
tionality, yielding a structure lying at 109 k] mol™" relative energy,
geometry optimization brings the two keto groups to adopt an anti-
orientation that likely relieves electrostatic repulsion (Fig. S8). As
a whole, comparison with the [Cur — H]™ anion is not expected
to aid in the interpretation of the observed [Cu(Cur — H)]" spec-
trum, where instead the two oxygen atoms of the syn-enolate group
are engaged in Cu(u) chelation. Thus, it was rather considered that
conferring a proton on Cur would impart a positively charged site
inducing a folded arrangement in a better simulation of the [Cu(Cur
— H)]* structure.

Therefore, the [Cur + H]" species has been studied. Different
isomers have been examined, deriving from protonation at a car-
bonyl group in either diketo or keto-enol forms, also conceiving both
trans and cis configuration of the dienyl bridge and rotation of the
aromatic substituents around the Cyry1~Cchain bond (i.e., C1’-Cl and
C1”-C7). All structures are stabilized by the OH---OCH; hydrogen
bonds on the two aryl groups. The relevant thermodynamic data and
dihedral angles are reported in Tables IIIS and IVS, respectively. The
most stable structures pertaining to either the diketo or keto-enol
forms are shown in Fig. 4, while the remaining ones are displayed in
Figs. 89, §10, and S11.

From protonation of the diketo tautomer, a most stable geom-
etry (Hk_1) has been obtained and stabilized by an intramolecular
hydrogen bond forming a six-membered ring between the charged
C(O1H)" site and the carbonyl oxygen(roin+ . ..02c = 1.447 A). The
2C3C4C5C6 dihedral angle equal to +160° bestows a moderate
bend on Hk_1, which is illustrated in Fig. 4 in the view shown on
the right. This is a common trait in all optimized low-lying rotamers
involving protonation of the diketo form (see Fig. S9 including
Hx_2,Hk_3, and Hk_4, lying at 3.2, 3.6, and 4.2 kJ mol ! relative to
Hxk_1, respectively).

In analogy with copper complexes, other diketo-derived species
involving rotation around either or both C2-C3 and C5-Cé6 bonds
yield species higher in energy (Table IIIS and Figs. S10 and S11).

Alternatively, protonation at the enol form may be conceived,
leading to a family of low-lying rotamers, including Hg_1, Hg_2,
Hg 3, and Hg 4 at 3.0, 5.3, 6.9, and 7.2 k] mol™" above Hx 1,
respectively. Common facets to these forms are an intramolecu-
lar H bond at the protonation site (roin+...02n = 1.824 A) and a
2 C3C4C5C6 dihedral angle close to 180° that allows ring A and
the dienyl chain to be fully coplanar, whereas the «C6C7C1”C2"

FIG. 4. Optimized geometries of [Cur + H]* structures Hk_1
and He_1 calculated at the B3LYP/6-311+G(d,p) level. Rel-
ative free energies and enthalpies (in brackets) at the same
level of theory at 298 K are reported in kJ mol~". Selected
distances are given in A.
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dihedral angle of 173.5° forces ring B slightly out of plane, as shown a variation of the two angles reported in Fig. 4. In the diketo form,

in the view on the right side in Fig. 4. Besides, a keto-enol species the angle formed by the C2-C4-C6 atoms varies between 130° and
bearing a protonated methoxy group (Hg_8) that interacts with the 170°, thus indicating that the entire structure is “flipping” through

adjacent phenol oxygen (rosu+...0an = 1.984 A) and the keto-enol the planar configuration. The keto-enol structure is more rigid with
hydrogen bond (roz2n. ..01c = 1.615 A), is strongly unfavored, lying the same angle staying fairly localized around 170° so confirming
at 174.1 k J mol ™", the findings shown by the minima in Fig. 4. The C2-C4-C6 angleasa
Single point MP2 calculations have confirmed the two most sta- function of simulation time is reported in Fig. 5, as computed for the
ble species (Hk_1 and Hg_1) of [Cur + H]*, while the free energy Hxk_1 and Hg_1 structures. The deviation from planarity is marked
ordering of higher energy species shows usually modest changes for the ketonic form and is due to the mentioned “butterfly” motion
(Table IIIS). around the diketonic center. The enol configuration is instead char-
Notably, in the gas phase, the most stable structure of proto- acterized by a more rigid structure due to the conjugation that
nated Cur is predicted to formally derive from protonation of the extends along the entire carbon structure.
diketo form (Hx_1), slightly favored over the ion obtained by pro- Another source of additional flexibility in the ketonic form is
tonation of the keto-enol tautomer (Hg_1) by ca. 3.0 kJ mol™}, at due to the motion of the proton shared by the two carbonyl termi-
variance with neutral Cur where the keto-enol configuration is more ~ nals. This motion is peculiar to the ketonic form and does not take
stable than the diketo form by ca. 20 k] mol™".”” place in the enolic one where the two protons attached to the two

carbonyl terminals have been found to keep their positions along the

2. Molecular dynamics entire dynamics. The situation is illustrated in Fig. 6 where we report

From the structural point of view, protonated curcumin is a a “top” and a “side” view of the protonated curcumin molecule in
fairly rigid molecule. Apart from the obvious vibrational modes and both ketonic (Hk_1, top panels) and enolic (Hg_1, bottom panels)
CH3 rotations, we have found that the dynamics of the entire struc- forms. In order to grasp the dynamic motion of the protons, we have
ture is dominated by a set of low energy modes which consists in computed their density as an average over the entire trajectory. The

FIG. 6. Left: “Top” view of a reference structure for the
keto (top) and enol (bottom) forms superimposed to the
average proton density obtained from the entire 5 ps tra-
jectory. Right: “Side” view as before, but the conformational
mobility of the curcumin skeleton is now illustrated by plot-
ting a superposition of several structures during the entire
trajectory (one every 400 fs).
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result is presented in Fig. 6 where the average position of the pro-
tons is rendered as a purple isosurface. As shown, the proton in the
ketonic form is almost perfectly shared between the two symmetric
C=O0 terminals, while the two protons of the enolic form remain
fairly localized without any sign of exchange. In the right panels
of Fig. 6, we have also tried to render the peculiar motions of the
chemical skeleton of curcumin by superimposing various snapshots
of the trajectory. Again, we clearly see how flexible the ketonic form
is when compared to the enolic one.

The behavior of the protons is also illustrated in terms of radial
distribution functions in Fig. S12. In the ketonic form, the (C=0)-
H* distance shows a large amplitude motion and is seen to vary
between 1 and 2 A with two maxima, one at 1.1 A and another at
1.5 A. These two maxima identify the most stable positions of the
proton with respect to each oxygen: the short range one is due to
the proton being directly attached to the oxygen and the long range
one corresponds to the situation where the proton has migrated onto
the other oxygen. In Fig. S12, we also report the radial distribution
function for the (C=0)-H" distance in the enolic form: only one
peak can be seen that corresponds to both protons being attached to
each oxygen.

C. Spectral assignment

The IRMPD spectrum of gaseous [Cu(Cur — H)]* covering
both the IR fingerprint and NH/OH stretching ranges is compared
in Fig. 7 with the calculated IR spectra of Cu_1 and Cu_11, the most
stable species among those obtained from chelation of copper at
either chain or ring binding sites of deprotonated Cur. In addition,
a comprehensive presentation of the IR spectra of other identified
structures is provided in Figs. S13 and S14.

The main experimental bands can be adequately explained
by the calculated IR modes of the lowest energy structure,
Cu_l1, although the Cu_2-Cu_7 members of the chain family of

(© Cu_11
34.6(32.9)
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0.0 (0.0)
2.5" ’ I I l ' ‘ ‘ ‘ ‘ ‘ ’ I I ( ’ '* 0.6
20- (A)

R1s- [04R
1.0- f02
0.5-

0T, T 0
800 1000 1200 1400 1600 1800 2000 3200 3400 3600
Wavenumber (cm™)

FIG. 7. The IRMPD spectrum of [Cu(Cur — H)]* (a) compared with the linear IR

spectra of optimized structures Cu_1 (b) and Cu_11 (c) calculated at the B3LYP/6-

311+G(d,p) level of theory. Relative free energies and enthalpies (in brackets)
calculated at the same level of theory at 298 K are reported in kJ mol=". The
scale of the y-axis is the same for all theoretical IR spectra.
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Cu-binding found within 15 kJ mol™" present very similar IR fea-
tures, with only some minor differences. As a result, their combined
contributions as kinetically trapped conformers cannot be excluded
in the gas-phase.”’

The positions and intensities of the main IRMPD absorptions
of [Cu(Cur-H)]" along with the computed IR bands of the global
minimum Cu_1 are listed in Table I together with a brief mode
description.

Most bands in the fingerprint range result from extensive mode
mixing and calculated spectra of Cu_1 predict fairly well the posi-
tions and (partially) the intensities of [Cu(Cur — H)]* absorptions
in both the explored ranges.

Among the most intense bands in the fingerprint range, the
partially resolved features at 1150 and 1190 cm™' encompass in
plane CH and phenol OH bending vibrations together with methyl
wagging and a ring deformation mode; the envelope of peaks cen-
tered at 1285 cm™" comprises phenol C-OH stretching, CH and phe-
nol O4H bending, and ring deformation, besides chain and ring CC
stretching modes. At higher frequencies, the prominent and quite
broad band (FWHM = 80 cm™) recorded at 1505 cm™' embraces
methyl scissoring, bending of the CH junction, and two strongly
active modes with a predominantly mixed character of symmetric
enol CC and C-O stretches, CH bending, and ring deformation. On
the blue side, the poorly resolved absorption observed at 1557 cm™
can be attributed to chain and ring C-C stretches coupled with
phenolic OH bending. Also, the weak shoulders at 1230, 1437, and
1590 cm ™' are in good agreement with the computed IR vibrations
for C-OCHj3 stretch, CH bending, CH3 umbrella and scissoring
modes, and chain CC stretch, respectively, while the small band at
1380 cm™" is due to bending of OH and C4H groups mixed with CC
stretches of the chelating group.

In the high frequency part of the IRMPD spectrum, the strong
absorbance at 3569 cm™ is actually composed of two merged peaks
well matched by the phenolic OH stretches, thus excluding the
involvement of ring OH in copper chelation. The deletion of the
hydrogen bond between the phenolic and the methoxyl groups
in Cu_8 results in a blueshift of the phenolic OH stretch by ca.
70 cm™Y, as previously observed in protonated tyrosine,%'f““ in con-
trast with the experimental evidence. In addition, one can exclude
any appreciable contribution of the phenate Cu_11 isomer based on
the absence in the IRMPD spectrum of the highly active C4H bend-
ing, phenol and enol C—OH stretching modes expected at 1093,
1319, and 1430 cm ™}, respectively.

For the higher energy Cu_13 tautomer, signatures of the diketo
form are the peaks predicted at 1098 cm™, attached to the rocking
of the methylene group coupled with the C3C4C5 stretching, and at
1658 and 1696 cm ™!, associated with the C=0 vibrations, which are
by no means observed in the experimental spectrum.

Overall, the most stable complex Cu_1 with the likely contri-
bution of low-lying rotamers Cu_2 and Cu_3, or kinetically trapped
Cu_4 -Cu_7 rotamers where copper ion is bound to the O-atoms of
curcumin deprotonated at the mid diketo functionality, well inter-
prets the main IRMPD features of the bare [Cu(Cur — H)]* ion.
Interestingly, these results confirm the metal coordination by the
keto-enol moiety”'>*’ and are consistent with previous evidence
in condensed phase (in solid state and in different solvents) on
mononuclear Cu(ir)-curcumin complexes bearing acetate and water
ligands where the involvement of phenolic OH group in metal
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TABLE I. Observed IRMPD resonances of the [Cu(Cur — H)]* complex and calculated vibrational frequencies of the Cu_1

isomer.
IRMPD* Calculated IR""* Vibrational mode’
Cu_l1l
925 924 (714) ringap def
1150 1145 (795) C4H P, CH; P,
1165 (1041) OH B, CH; By, C5'H B, C5"H B
1190 1187 (2374) OH B, CH; By, C2'H B, C2"H B
1192 (518) CHs Bw, CHp
1230 (shoulder) 1242 (659) C—OCHs3 o, chain CH f

1285 1295 (890)
1301 (4368)
1321 (2285)

C1H B, C7H B, C6'H B, C6"H B
ringa s def, C1'Cl 0, C7C1” 0, CH
C—04H 6, C—O6H o, C1H B, C7H B

1380 1368 (2256) C4H B, C-OH B, C3-C4-C5 ¢
1437 (shoulder) 1453 (169) CHj3 umbrella
1505 1468 (505) C8"Hs; Bs
1476 (384) C4-Hp
1493 (851) CO1 6, CO2 6, CIH B, C7H p
1502 (4353) CH B, ringa, def
1557 1554 (1322) CC 6, COH p
1561 (889) C1C2 6, C6C7 o, C1H p, C2H p, C6H B, C7H p
1590 (shoulder) 1599 (583) C1C2 6, C6C7 g, ringa-p def
3569" 3642 (2395) OH ¢ asymm
3643 (161) OH o0 symm
*Inem !

® The calculated intensities (in parentheses) are in km mol . Bands with an intensity lower than 50 km mol " are not included.
¢ All calculated IR frequencies in the 800-2000 cm ! (3100-3700 cm ™ Y) range are scaled by a factor of 0.978 (0.958).
4 g = stretch; B = bend; B, = scissoring; B, = wagging; B, = rocking, def = deformation.

complexation is excluded,”’ thus preserving the antioxidant prop-
erty of Cur.

The IRMPD spectrum of the [Cur + H]* ion is presented
together with the calculated IR spectra of the lowest-lying diketo
(Hk_1) and keto-enol (Hg_1) species for comparison purposes
(Fig. 8). The linear IR spectra of the other assayed structures are
provided in Figs. S15, S16, and S17. Because other structures includ-
ing Hx_2-Hk_5 and Hg_2-Hg_5 are found within 8.5 and 9.6 kJ
mol ™}, respectively, and present very similar IR spectra matching
the experimental IRMPD spectrum, their contribution cannot be
discarded.

It is clear that the experimental spectrum does not conform
to the calculated IR spectrum for either Hx_1 or Hg_1 isomer,
whose features appear rather complementary in the 1200-1600 cm ™
range. Indeed, the combined contribution by these structures to the
gaseous sampled ions is compatible with their close free energy val-
ues (within 3.0 k] mol™). Moreover, given the significant keto-enol
isomerization barrier,”” the sampled population of electrosprayed
ions might well reflect the ion distribution formed by protonation
in solution where neutral Cur exists only in the keto-enol config-
uration, while a measurable amount of the diketo form has been
revealed merely in nonpolar CCly.”* Keto-enol Cur protonation
at the carbonyl oxygen yields Hg_1 while protonation at the enol
CH leads to Hk_1. However, the latter process is rather kinetically

disfavored due to the high barriers known to be involved in proton
transfers at carbon.””"*

Indeed, several cases where the relative amount of isomers
extracted from solution by ESI does not adhere to the corresponding
gas phase stabilities have been already discussed.” "%

The thermally averaged spectra weighted according to the rela-
tive AG values of each species presented in Fig. S18 support a joint
presence of Hk_1 and He_1. However, the best agreement is found
when the contribution of Hx_1 and Hg_1 species in 1:3 ratio is
considered to build up the averaged spectrum of Fig. 8(b).

Herein, features belonging to Hx_1 and Hg_1, as a representa-
tive of low lying protonated diketo and keto-enol forms, respectively,
and the ones endowed with the best matching profiles are described
in Table VS. In the fingerprint range, the intense band centered at
1147 cm™" mainly arises from OH bending, CC stretching, and chain
CH bending, predicted at 1138 and 1150 cm™! (Hg_1) and from
CH, wagging and either protonated carbonyl OH or phenol OH
bendings, calculated at 1106, 1108, 1118, and 1160 cm™" (Hg_1).

The absorption at 1294 cm™ is in good agreement with the
main contributions of the O1H bending, chain CC, CO2, and CO6
stretching modes, and ring deformation, calculated at 1282 and
1305 cm ™" for Hg_1 and at 1269 cm™' for Hk_1 together with
the phenol OH bending coupled with the bending modes of the
alkenyl chain CH at 1309 cm™" and ring deformation, O1H bending
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FIG. 8. The IRMPD spectrum of [Cur + H]* (a) compared with the linear IR
spectra of optimized structures Hk_1 (c) and Hg_1 (d) calculated at the B3LYP/6-
311+G(d,p) level of theory. Panel (b) reports a theoretical spectrum averaged from
Hk_1 and He_1 in 1:3 ratio, respectively, showing the plausible contribution of
the two isomers to the sampled gas-phase population. Relative free energies and
enthalpies (in brackets) calculated at the same level of theory at 298 K are reported
in kJ mol~". The scale of the y-axis is the same for all theoretical IR spectra.

and CO1 stretch expected at 1339 cm™' (Hk_1). Also, the enve-
lope of poorly resolved peaks between 1380 and 1600 cm™" agrees
with an admixture of contributing protonated diketo and keto-
enol tautomers. The first peak centered at 1382 cm™ encompasses
the CO2 stretching and C4H, phenol OH, and CH chain bending
modes, predicted at 1373 and 1389 cm™! (Hg_1); the second band
at 1433 cm™' comprises COI stretch coupled with CH; umbrella
and deformation of ring A, calculated at 1414 em™! (Hg_1) and
ring A deformation, and CH, wagging and C9H; umbrella, pre-
dicted at 1429 and 1448 cm™! (Hk_1), respectively. Also, the third
band at 1487 cm™' is due to contributions by Hk_1, with C9H3
umbrella at 1466 cm™'; CH, wagging, C2C3, and CH3 scissoring at
1479 cm™'; COL1 stretch coupled with O1H bending at 1494 cm™;
ring B breathing at 1514 cm™", and by (Hg_1), with CHj scissoring
at 1470 cm™'; O1H bending and C3C4C5 stretching at 1488 cm™"
and ring breathing, mixed with CH bending at 1509 cm™". The last
bands at 1540 and 1582 cm™" are mainly due to ring deformation,
CH, O1H, and O2H bendings predicted at 1543 cm™}, and ring OH
bending at 1580 cm”! (Hg_1), together with CC stretch of ring A
at 1567 cm ™" and coupled O1H bending with the C6C7 stretching
mode at 1594 cm™! (Hg_1).

In the fingerprint range, a relevant presence of higher energy
species, including protonated diketo (Hg_5-11) and keto-enol
(Hg_5-7) conformers, which do not ensure an improved agreement
with the experimental spectrum, can be ruled out on energetic basis.
Also, high energy phenate isomers (Hg_8), showing intense bands
at 1368, 1445, and 1630 cm™! corresponding to the C301 stretch,
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the C9Hj3 bending coupled with the O1H one and the O1H bend-
ing coupled with the CC stretches of the alkyl chain, are inconsistent
with experimental evidence.

In the OH stretch spectral region, the prominent IRMPD fea-
ture at 3558 cm ™' is the one less satisfactorily matched with the
phenol OH stretches of rings A and B calculated for Hx_1 as two
partially resolved peaks at 3561 and 3577 cm™'. These modes are
instead predicted as merged bands at 3578 and 3581 cm”! for Hg_1,
which, however, presents two additional small peaks in the explored
range, i.e., the H-bonded O1H and the free O2H stretches, expected
at 3507 and 3648 cm ™!, where [Cur + H]" presents hardly any vibra-
tional activity. In Hx_1, the O1H stretch engaged in strong H bond
is dramatically redshifted at 2317 cm ™', which is out of the explored
range.

The simultaneous presence of the lowest energy protonated
diketo and keto-enol tautomers in the sampled [Cur + H]* ion pop-
ulation is confirmed by comparing their averaged IR spectrum with
the experimental one. It is noteworthy that the contribution in a 1:3
ratio of Hk_1 and Hg_1, exposed in Fig. 8(b), shows the closest cor-
respondence in the fingerprint range and may also be compatible
with the presence of a single prominent band in the XH stretching
region. Indeed, according to previous evidence, the absence of the
bands predicted at 3507 and 3648 cm! (Hg_1) may be ascribed to
the significant redshift and broadening of the absorption frequen-
cies that affect stretching modes involved in strong H-bond™*’ and
to an intensity too weak to exceed the threshold limit for detection,
respectively.

As described in previous instances,”””" a possible cause for the
inadequacy of harmonic DFT calculations to describe this part of the
IRMPD spectrum may be related to anharmonic effects that emerge
when the proton is shared between comparably basic sites, such as
the two equivalent carbonyl oxygens in the curcumin diketo tau-
tomer. Indeed, MD calculations are apt to describe anharmonicity
and temperature effects in vibrational spectra. However, a compre-
hensive MD evaluation on the assayed relatively large molecular
systems is presently beyond the scope of the available computational
resources.

IV. CONCLUSIONS

The protective influence of curcumin against metal-induced
oxidative damage, besides the improved stability and cytotoxic activ-
ity of curcumin copper complex, is a promising domain of explo-
ration. Here, a detailed description of [Cu(Cur — H)]" and [Cur +
H)]"* ions as naked species has been addressed by a combination
of IRMPD spectroscopy, CID experiments, and quantum chemical
calculations as a biophysical tool to unveil curcumin’s binding site,
explore the influence of metalation/protonation on the geometric
determinants of the electrosprayed species, and identify diagnostic
features of these interactions.

The highly symmetrical structure of curcumin presents a
central keto-enol/diketo functionality flanked by two peripheral
aryl groups, each bearing hydroxyl and methoxyl substituents in
ortho relationship. The gathered evidence reveals the central keto-
enol/diketo functionality as the main actor both in carrying an added
proton and in coordinating a biologically active metal such as Cu(r).
While both central and peripheral O-containing groups are suit-
able for establishing hydrogen bonds and chelation interactions, it
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is clearly the beta-diketo linker to be favored. Deprotonation at this
site yields a highly delocalized anion which may present increased
electron density at the ligating O-atoms due to conjugative electron
donation from the hydroxyl group in para position to the chain link.
Thus, in the Cu(u) complex, the two Cu-O symmetrical bonds of
structure Cu_1 present significantly polar character associated with a
net charge of 0.89 on the metal and of —0.79 on each ligated O-atom.
The bonding framework and peculiar electron density distribution is
likely bound to the recognized biological roles of curcumin. Further
studies are aimed to integrate this assay of the vibrational features
of Cu(i)-curcumin complexes by sampling the stretching mode of
the most interesting Cu-O bond expected to be IRMPD active in the
400-500 cm ™ range.”

A mixture of two close-lying isomers is found to contribute to
the IRMPD spectrum of [Cur + H]*, which may present the added
proton attached to either a diketo (Hkg_1) or keto-enol tautomer
(Hg_1) and a bent or nearly planar geometry, respectively. Although
Hx_1 is the predicted lowest energy structure, spectral evidence is
consistent with a predominant contribution of Hg_1 in the ion pop-
ulation delivered in the gas phase by ESI, a likely reflection of the
Cur tautomeric equilibrium in solution. It may be underlined that
the present study has succeeded in unveiling the early 1:1 Cu(i)
curcumin complex, previously unnoticed in solution. While the gas
phase characterization obviously refers to an isolated species which
has no direct counterpart in curcumin chemistry in biological media,
still it is interesting to note that the assayed complex retains the free
phenol active sites that are held responsible for radical scavenging
activity.

SUPPLEMENTARY MATERIAL

See supplementary material for EST FT-ICR mass spectrum of
CuSO4/curcumin solution (Fig. S1); photodissociation mass spectra
(Figs. S2 and S5); CID assay and fragmentation pathway of [Cur
+ H]" (Figs. S3 and S4); optimized geometries of [Cu(Cur — H)]*
(Figs. S6 and S7), [Cur — H]~ (Fig. S8) and [Cur + H]* (Figs. S9,
S10, and S11); radial distribution functions for the O-H(+) dis-
tances (Fig. S12); comparison between experimental IRMPD and
computed IR spectra of [Cu(Cur — H)]" (Figs. S13 and S14) and
[Cur + H]* (Figs. S15, S16, S17, and S18); thermodynamic data
for [Cu(Cur — H)]* (Table IS) and for [Cur + H]* (Table IIIS);
selected dihedral angles for [Cu(Cur — H)]* (Table IIS) and for [Cur
+ H]" (Table IVS); and experimental IRMPD bands and calculated
vibrational frequencies for [Cur + H]" (Table VS). Any additional
computational detail and material (Cartesian coordinate xyz files,
calculated vibrational frequencies for all structures, etc.) is available
upon request.
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