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Abstract

Resveratrol is a polyphenolic compound produced by various plants and
present in dietary sources such as red wine. In recent years, its beneficial
effects for human health, including protection from heart diseases and can-
cer prevention, have attracted increasing interest. Resveratrol acts both
as an antioxidant and a prooxidant agent when works in vivo with Cu(II)
ions occurring naturally in living organisms. The aim of this work is to
study the gas phase reactivity of resveratrol in presence of copper and
iron ions, in order to more insights on the role of copper in the proposed
biological mechanism. By electrospray ionization (ESI) mass spectrome-
try we have produced and detected some resveratrol-copper complexes by
using a resveratrol/CuSO4 solution in acetonitrile/water, and their most
stable structures have been calculated at the B3LYP/6-311G(d) level of
theory. The formation of dehydrodimer product was also detected in
ESI-MS/MS experiments and its structure assigned with evidences for iso-
meric compounds from copper and iron reactions with resveratrol. Density
Functional Theory (DFT) calculations have been carried out to elucidate
reaction mechanisms. Finally, the crucial role of the para-OH group in
resveratrol structure has been demonstrated by investigating reactions
with copper sulfate of synthetic analogues, bearing different number and
position of OH groups.

Keywords: Resveratrol, ESI-Mass spectrometry, DFT calculations, Metal
complexes, Synthetic analogues
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Chapter 1

The molecule under investigation:
Resveratrol

1.1 Structure and biological activities

Resveratrol (=(E)-5-[2-(4-hydroxyphenyl) ethenyl] benzene-1,3-diol], Figure 1.1) is
a natural phenolic compound present in a broad variety of human food and plant
species including mulberries, peanuts, grapes, grapevines, legumes and red wine. It
has been first isolated from the roots of white hellebore lily Veratrum grandiflorum
in 1940 [1] and richest source is in the weed Polygonum cuspidatum, root extracts
of which are used in traditional Japanese and Chinese folk-medicines [2, 3]. This
compound is attracting increasing attention due to its activity against many diseases,
including heart diseases and cancer, and because of its low in vivo toxicity. It was
reported that resveratrol is responsible for the anti-inflammatory, anti-mutagenic and
anti-carcinogenesis properties attributable to red wine [4, 5].

Figure 1.1 – Chemical structure of resveratrol.

Interest in resveratrol starts in 1992 from the observation that a low incidence
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1.2: Antioxidant and prooxidant properties

of cardiovascular diseases may coexist with intake of a high-fat diet, a phenomenon
known as the ‘‘French paradox’’ [6, 7]. It is believed that in certain parts of France,
the death rate caused by coronary artery diseases is lower despite relatively high fat
consumption in the human diet. This fact is associated with the consumption of
red wine which contains resveratrol (1.5-3.0 mg/L of red wine), [8]. Hence, regular
consumption of red wine have been shown to reduce risks of chronic disease such
as atherosclerosis, inflammation and cardiovascular disease. In addition interesting
effects of this compound on the lifespan of yeasts and flies, implicating its potential as
an anti-aging agent in treating age-related human diseases [9,10], have been suggested.
A summary of health benefits of resveratrol is shown in figure 1.2. It represents an
example of the benefits given by nutraceuticals.

Figure 1.2 – Health benefits of resveratrol [11].

Scientific interest in resveratrol has continually increased in the last few years
as evident by 4375 published studies reported in PubMed and more than 13,000 in
Chemical Abstracts databases (Figure 1.3).

1.2 Antioxidant and prooxidant properties

Biological properties of resveratrol are linked to its potential of acting either as an an-
tioxidant or a prooxidant agent [13]. Similar to most polyphenols [14], resveratrol has
intrinsic antioxidant activity due to the direct quenching of reactive oxygen/nitrogen
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Chapter 1: The molecule under investigation: Resveratrol

Figure 1.3 – Annual count of resveratrol articles indexed on PubMed.The results
include articles with the term “resveratrol” in found in the title, abstract, or keywords
[12].

species (ROS/RON). Biological systems control oxidative stress via a variety of an-
tioxidative mechanisms that restrict the reactivity of oxidation catalysts and free
radicals [15]. The antioxidant activity might explain the role of resveratrol in can-
cer chemoprevention, due to scavenging of free radicals involved in the peroxidation
of membranes and oxidative damage of DNA [4]. Thus understanding the resvera-
trol chemistry may have relevant implications for more effective approaches to cancer
prevention, as well as for the design and development of new antitumoral agents.

Resveratrol has a potent antioxidant effect because of its ability to promote the
activities of a variety of antioxidative enzymes that could make major contributions
to its biological role. This resveratrol property is related to the presence of hydroxyl
groups in its molecular structure which can scavenge free radicals produced in vivo.
The most favorable mechanism for radical scavenging is through hydrogen atom do-
nation [16]. Theoretical studies on the antioxidant action have shown that hydrogen
abstraction from the OH group in para position is more favored than from meta
positions, leading to the formation of the phenoxide radical 2 (Figure 1.4) [17–20].
This reactive species undergoes a coupling reaction, followed by an intramolecular
nucleophillic attack, to produce the dehydrodimer 3 [21] (Figure 1.4).

3



1.2: Antioxidant and prooxidant properties

Figure 1.4 – Proposed antioxidant and prooxidant mechanisms of resveratrol, X·=
Free radicals.

Copper is an essential trace element present in living organisms, with the capabil-
ity of switching between Cu(II) and Cu(I) and interacting with several ligands [22,23].
On these properties is based its role in biochemical processes, with its involvement
in electron transfer processes in proteins and enzymes, as well as in redox reactions
producing free radicals. Beside copper, also other metal ions, such as iron (III), have
similar redox reaction with resveratrol [14,24,25].

Each antioxidant, including resveratrol, some vitamins, tannins and flavonoids, is
a redox species, protecting against free radicals in some circumstances and promoting
free radical generation in others [26–28]. Copper is one of the most redox-active metal
ions present in living cells. In the presence of Cu(II), resveratrol is able to become a
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Chapter 1: The molecule under investigation: Resveratrol

prooxidant producing reactive oxygen species (ROS), which in turn are able to damage
DNA. The prooxidant mechanism of resveratrol is based on the acidity of the phenol
group, involving a proton loss from the OH in para position, to give a phenoxide
anion which participates in a redox reaction gives a phenoxide radical 2 while Cu(II)
is reduced to Cu(I). Molecular oxygen is able to oxidize Cu(I) by conversion into a
superoxide anion, the latter being able to generate hydrogen peroxide, which induces
DNA damage directly or after conversion into a hydroxyl radical (Figure 1.4) [29,30].
Thus the resveratrol-copper system seems to play a relevant role and it has been shown
to be biologically active by bacteriophage inactivation tests [31] and by mutagenicity
in plasmid DNA [30]. The product of the last reaction is the phenoxide radical 2,
which gives the same final dehydrodimer 3 as in the antioxidant process (Figure
1.4) [21]. Later species has been isolated from plants where it is produced through
a metabolic sequence induced in response to biotic or abiotic stress [32–34]. It has
attracted intense interest for their intricate structures and diverse biological activities.

1.3 Mass spectrometric analysis of resveratrol

The biological interest of this natural product has stimulated the development of
various analytical methods for the identification and quantification of resveratrol and
related metabolites in red wine and plant extracts [34,35]. Organic solvent extraction,
solid-phase extraction (SPE) and direct injection techniques without sample prepara-
tion has been used for the analysis of resveratrol by gas chromatography (GC), high-
performance liquid chromatography (HPLC), capillary electrophoresis (CE) [7, 36].
Most of the analyses were performed by high performance liquid chromatography
(HPLC) coupled with UV detection, which is limited by its low selectivity and sensi-
tivity.

Metal complexes of natural phenolic compounds, as flavonoids, have been studied
by ESI-MS [37], whereas for resveratrol MS techniques have been so far limited to the
analysis of chemicals in red wine and grapes by liquid chromatography atmospheric
pressure photoionisation [38], fragmentation experiments, deuterium labeling and ac-
curate mass measurements in negative ion mode [39]. Recently, a Matrix Assisted
Laser Desorption Ionization (MALDI-MS) investigation has been reported [40].The
formation of Cu(II) ion complex of resveratrol has been studied by UV-visible spec-
troscopy in DNA breakage studies [29, 31].
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Chapter 2

Mass spectrometry

The search of analytical tools that can identify masses of particles, the unknown
compounds, and elucidate the small inorganic molecules to biological macromolecules,
had lead to the invention of the first mass spectrometry by J. J. Thomson in 1912
[41]. In the past 20 years, mass spectrometry has rapidly extended its applications
invading every discipline of the sciences [42, 43]. High detection sensitivity (order
of one part in 1012) of mass spectrometry in chemically complex mixture provides
valuable information to a wide range of applications starting from physics to life
sciences. The present chapter of the thesis describes different mass spectroscopy
techniques that have been used to investigate the oxidative coupling of resveratrol
induced by metal ions.

2.1 Principles

Mass spectrometry (MS) concerns systems that separate ionized particles, which are
then characterized by their mass to charge ration (m/z) and relative abundances.

MS consists of three basic modules. Ionization of chemical compounds, separation
of the generated charged molecules and recording of the ions according to their m/z
ratios [44]. In a typical MS process, the molecules of interest are introduced into the
ionization source as a gas or in condensed phase. In the later case, liquid or solid first
undergo vaporization and later get ionized to acquire positive or negative charges.
The analyzer uses electrical or magnetic fields, or combination of both, to separate
and transfer the ions from the region where they are produced to a detector, where
they produce a signal which is then amplified. The analyzer is operated under high
vacuum, so that the ions can travel to the detector. The final spectrum provides
information on the mass to charge ratio of the desired molecular species [44–46].

7



2.1: Principles

Structural information can be generated using different types of mass spectrom-
eters, usually those with multiple analyzers which are known as tandem mass spec-
trometers. This is achieved by fragmenting the sample inside the instrument and
analyzing the generated products. Schematic diagram of a mass spectrometer is
shown in figure 2.1.

The method of sample introduction to the ionization source often depends on the
ionization method being used, as well as the type and complexity of the sample. It
can be inserted directly into the ionization source, or can go through some type of
chromatography route before reaching the ionization source. The later method usu-
ally involves the mass spectrometer being coupled directly to high pressure liquid
chromatography (HPLC), liquid chromatography (LC), gas chromatography (GC) or
capillary electrophoresis (CE) separation column, and hence the sample is separated
into a series of components which then enter the ionization source of mass spectrom-
eter sequentially for individual analysis.

Figure 2.1 – Schematic diagram of a mass spectrometer.

Advantages

Apart from the mass spectroscopy, several other analytical techniques are available
such as X-ray crystallography,1H or 13C-Nuclear magnetic resonance spectroscopy,
infrared absorption etc which can be useful for structural characterization of metal
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Chapter 2: Mass spectrometry

complexes. Each technique has its own advantage and disadvantages. The advantages
of MS over the other existing techniques are:

• It does not require any particular sample pre-treatment other than the dissolu-
tion of the sample in a suitable solvent.

• The sample can be introduced either directly or after chromatographic or elec-
trophoretic separation.

• High sensitivity and speed of MS over other techniques, which enables to analyze
very low concentrated complex mixtures.

• Specificity is a critical advantage of MS.

• Stoichiometry of relevant metal complexes can be easily analyzed by MS, be-
cause of the molecular weight of the complex is directly measured.

• MS can be coupled with online separation methods such as HPLC and capillary
electrophoresis for the analysis of mixtures.

• MS is especially applicable to the identification of unknown molecule, because
of the possibility to carry out MS/MS experiments leading to structural infor-
mation.

• Dislike X-ray crystallography, MS do not demand the crystallization of high
mass complexes, which itself is a risky process.

• MS has undisputed advantages over NMR for studying proteins with poor solu-
bility and high molecular weight.NMR is limited to study proteins with molec-
ular weight less than 30 kDa, while MS has been used to study over 1000 kDa
protein-protein complexes [47].

• Sample purity is not important in MS.

MS has the following major disadvantages:

• Non-covalent complexes are often disrupted, except in a soft ionization system,
as ESI.

• It cannot distinguish stereo isomers.

• Expensive instrumentation.
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2.2: Ionization Source

Application

Mass spectroscopy gives both qualitative (structure) and quantitative (molecular mass
or concentration) information on the analyte molecules. Nowadays, MS extensively
used for:

• Biomolecules or Biochemistry: analysis of protein, peptides, oligonucleotides,
lipids, steroids, polysaccharides.

• Physical chemistry: studying fundamentals of gas phase ion chemistry, atomic
physics, reaction kinetics, inorganic chemical analysis, determination of ther-
modynamic parameters.

• Pharmaceutical: unknown drug discovery, combinational chemistry, pharma-
cokinetics and many others.

• Clinical: neonatal screening, diagnosis of diseases, hemoglobin analysis, drug
testing.

• Environmental: Polycyclic aromatic hydrocarbons (PAHs), Polychlorobiphenyls
(PCBs), water and air quality, food contamination, heavy metals (as well as
organic chemistry in general).

• Geological: isotopic composition, oil composition.

• Forensic: identification of unknown samples.

• Industry: monitoring of process streams.

2.2 Ionization Source

The role of the ion source is to convert neutral atoms or molecules into ions. This
is required because all mass spectrometers use electromagnetic fields to manipulate
atoms in the form of positive or negative ions. In addition to ionizing neutral atoms,
the ion source provides some degree of focusing, collimation, and acceleration to ions.
The choice of the ionization method depends upon the internal energy transferred
during the ionization process and on the physico-chemical properties of the analytes
that is to be ionized.

The ion sources usually employed can be divided into two main classes. The first
class concerns sources that operate at low pressure and includes the electron ionization

10



Chapter 2: Mass spectrometry

(EI) and the chemical ionization (CI) sources. In the EI technique, ions are produced
by the interaction of gas phase atoms or molecules with energetic electrons [48] and
in CI technique, they are produced through the collision of atoms or molecules with
the reagent gas that are present in the ion source chamber [49]. These two techniques
are suitable for gas-phase ionization, and thus their use is limited to compounds
sufficiently volatile and thermally stable [50]. Due to these limitations EI and CI
techniques are not suitable for phenolic compounds.

The second category exists under two types: liquid-phase ion source and solid-
phase ion sources. In liquid phase ion source, analyte is in the solution form. The
solution is introduced as droplets into the source, where ions are produced at at-
mospheric pressure and focused into the mass spectrometer through some vacuum
pumping stages. Atmospheric pressure chemical ionization (APCI) and electrospray
ionization (ESI) correspond to liquid phase ion source [51, 52]. APCI but especially
ESI techniques are suitable for charged, non polar - polar, non-covalent metal com-
plexes. In the present study we have used both APCI and ESI techniques due to the
polar nature of resveratrol compound.

In solid-phase ion sources, the analyte is in the form of non-volatile deposit. It is
obtained by various preparation methods which frequently involve the introduction of
a matrix that can be either a solid or a viscous fluid. This deposit is then irradiated
by energetic particles or photons that desorb ions. These ions can be extracted by
an electric field and focused towards the analyzer. Matrix-assisted laser desorption
[53], secondary ion mass spectrometry [54], plasma desorption and field desorption
[55]sources all use this strategy to produce ions.

2.2.1 Atmospheric Pressure Chemical Ionization (APCI)

It is an ionization technique, which takes place at atmospheric pressure and is analo-
gous to chemical ionization [49,51]. APCI generally produces protonated or deproto-
nated molecular ions from the sample via a proton transfer (positive ions) or proton
abstraction (negative ions) mechanism. It is most commonly used in connection with
high pressure liquid chromatography (HPLC) or other flow separation techniques.
APCI has its primary applications in the areas of ionization of low mass organic
compounds (unsuitable for the analysis of thermally labile compounds).

The first APCI source was developed in the 1970s by Horning et al. [56] at the
Baylor College of Medicine (Houston, TX). Initially, 63Ni foil was used as a source of
electrons to perform ionization, but later a corona discharge electrode was introduced.
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2.2: Ionization Source

This class of electrode became the model for modern, commercially available APCI
interfaces. Figure 2.2 shows the schematic diagram of a APCI instrument.

Figure 2.2 – A schematic figure of an APCI interface.

In APCI process, the solution of an analyte is passed through a heated capillary
(typical temperature in the range 300-400 0C) and sprayed with high-flow rates of
nitrogen coaxial to the capillary, which behaves as a vaporizer. The mixture of va-
porized solvent and analyte molecules flows towards the ion formation region where a
corona discharge initiates chemical ionization at atmospheric pressure using nitrogen
and/or the vaporized solvent as the reagent gas (Figure 2.2). The needle generates a
discharge current (~2-3 mA) which produces primary ions. These primary ions react
very rapidly, transferring their charge to solvent molecule to form secondary reactant
gas ions. These secondary reactant gas ions then undergo repeated collisions with the
analyte leading to the formation of analyte quasi molecular ions, by charge or proton
transfer reactions. Under these conditions, the formation of protonated [M+H]+ or
deprotonated [M-H]− molecules occurs. Once ions are formed, they enter the pumping
and focusing stage as the other atmospheric pressure ionization sources.

A potential advantage of APCI is that it is possible to use a non-polar solvent as
a mobile phase solution, instead of a polar solvent, because the non polar solvent and
molecules of interest are converted to the gaseous state before reaching the corona
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Chapter 2: Mass spectrometry

discharge pin. Typically, APCI is a less "soft" ionization technique than ESI, i.e. it
generates more fragment ions relative to the parent ion [57].

2.2.2 Electrospray Ionization (ESI)

ESI is a suitable technique for the analysis of thermally fragile and high-molecular-
weight material including proteins and polymers; recently there has been an increase
in applications involving coordination complexes. It is a very gentle ionization process
(involving transfer of solution ions to the gas phase), and therefore typically yields
molecular ions with little or no fragmentation. The spectra obtained by this technique
are more beneficial for easy interpretation. ESI was developed primarily by Fenn and
co-workers in the mid 1980s, an achievement for which Fenn won the Nobel Prize for
Chemistry in 2002 [58,59].

ESI process involves a complex series of events, all occurring during a few mi-
croseconds, including solvent electrolysis at the emitter tip, the establishment of
charge gradient, the charge separation, solvent evaporation, acid-base reactions, and
droplet fission [60, 61]. Furthermore, the physical and chemical properties (droplet
size, charge, ion pairing, surface activity) of the analytes, buffer, solvent and instru-
ment parameters are also important for the electrospray process. Electrospray ioniza-
tion mechanism can be divided into the following steps: a) the production of charged
droplets at the electrospray capillary tip; b) the evolution of charged droplets by
repeated droplets disintegration and formation of very small highly charged droplets
capable of producing gas phase ions; c) the actual mechanism, by which gas-phase
ions are produced.

Production of charged droplets

In the electrospray process, a dilute solution is sprayed from a metal capillary held
at a high voltage (2-5 kV) into a chamber which is at atmospheric pressure. Due to
the high voltage, very high electric field is created between the end of the capillary
tip and counter electrode. This leads to a partial separation of positive and negative
electrolyte ions in the solution. The repulsion of the ions at the surface due to pull
of the electric field overcomes the surface tension of the liquid and expands the liquid
into a cone identified as Taylor cone [62]. The tip of the Taylor cone, being the least
stable point, elongates into a liquid filament. This filament breaks up into individual
small charged droplets as shown in figure 2.3.
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2.2: Ionization Source

Figure 2.3 – Schematic of electrospray ionization.Ionization and nebulisation occurs
at the tip of the capillary, which is at a potential of several kilo volts.

Charged droplet Shrinkage

Solvent evaporation promoted by heat supply from the ambient air leads to the de-
crease of the droplet size at constant charge. The droplet shrinks until it reaches
the threshold point called Rayleigh limit where the Coulombic repulsion between the
charges overcomes the cohesive force of the surface tension [63]. This leads to the
Coulomb fission of the droplets. The radius of the generated droplets is about one-
tenth of the parent droplet radius (~1 mm) and carries 2% of the mass and 15% of the
charge of the parent droplets (Figure 2.4). The process of diffusion continues until
the radius of the droplets reaches to nanometer range. These droplets acquire few
elementary charges and ultimately lead to the precursors of the gas-phase ions. The
decomposition scheme is schematically shown in figure 2.4.

Formation of gas-phase ions from small and highly charged
droplets

Two basic mechanisms have been proposed for the formation of gas phase ions from
very small and highly charged droplets, the charge residue model (CRM) and the ion
evaporation model (IEM). The CRM mechanism was proposed by Dole et al. [64] for
the high molecular mass species such as proteins. According to this mechanism, when
small droplets are formed by droplet evolution, some of these droplets possibly contain
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Chapter 2: Mass spectrometry

one analyte molecule as well as the ionic charge on the surface of the droplet. Solvent
evaporation from such a droplet will lead to a gas-phase analyte ion, whose charge
originates from the charges at the surface of the vanished droplet. This assumption
is known as the charged residue model (CRM).

Figure 2.4 – Droplet evolution scheme due to solvent evaporation at constant charge
and Coulomb fissions at the Rayleigh limit. Figure in inset at the top right, illustrates
the fission of one such droplet.

The IEM model was proposed by Iribarne and Thomson [65,66] for small organic
molecules. It is based on a continuous ion-evaporation process. When the droplet
has reached a radius in the range of ~10-20 nm after solvent evaporation, the direct
emission of analyte ions into the gas-phase will occur. The relevant explanation is
that at this droplet radius a few charged molecules of the droplet experience a net
Coulombic repulsive force from the remaining molecules of the droplet. As a result
those charge molecules knock out of the droplet.This phenomenon is termed as ion
evaporation model.

Ions can then be subjected to fragmentation processes in order to yield structural
information. Collision induced dissociation (CID) can be easily achieved in most
commercial ESI-MS by acceleration of the ions by means of an applied cone voltage
(a potential difference applied across two cones which accelerates the ions, causing
collisions with gas and residual solvent molecules). The advantage of this approach
is that the degree of fragmentation can be carefully tuned. A singly charged parent
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2.3: Mass Analyzers

ion will often undergo loss of neutral ligand molecules in the initial stages, whereas a
multiply charged ion will typically fragment by loss of a charged species or gain of a
counter ion, to reduce the charge on the parent ion [67].

Energy-dependent electrospray ionization mass spectrometry (EDESI-MS) uses a
graph of cone voltage versus m/z ratio upon which ion intensity is plotted, which
provides a complete picture of the fragmentation pattern particularly suitable for the
structural analysis of mixtures.

Due to all these extensive features, ESI is a relevant and constructive technique for
a variety of biological applications. In addition, the ESI technique allows non-covalent
biomolecular complexes to be ionized intact, which expand the utility of MS to the
study of protein-protein, protein-drug complexes and generally any multi molecular
complexes [68]. In the present thesis, we have used ESI technique for,

• Identification of non-covalent interaction of resveratrol and its analogues with
metal ions.

• Study of oxidative products of resveratrol and its analogues.

2.3 Mass Analyzers

Once gas phase ions are produced, they need to be isolated for further detection. A
mass analyzer is the part of the instrument in which ions are separated based on
their m/z values. There are several different types of mass analyzers, all based on
the interaction of charged particles with electric or magnetic fields. The five main
features of an analyzer are:

• Mass range: it determines the m/z range in which measurements can be carried
out.

• Transmission: the ratio between the number of ions reaching the detector, and
the ions produced in the source.

• Analysis speed: the rate at which the analyzer measures over a particular mass
range.

• Mass accuracy: it indicates the accuracy of the m/z provided by the mass
analyzer.

• Resolving power: the ability to yield precise signals for two ions with a small
mass difference.
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Chapter 2: Mass spectrometry

Currently, four main analyzers are widely used in MS, namely quadrupole (Q),
quadrupole ion trap (QIT), time of flight (TOF), and Fourier Transform Ion Cyclotron
resonance (FT-ICR). These analyzers vary in terms of size, price, resolution, mass
range, and the ability to perform tandem mass spectrometry experiments (MS/MS).
The following sections will focus over details of the working principle of the Q and
QIT mass analyzers, which were used in our experiments.

2.3.1 Quadrupole Analyzer

The principle of the quadrupole mass analyzer was first described by the Noble prize
winning physicist, Paul Wolfgang [69] at the University of Bonn in 1953. This analyzer
consists of two pairs of metal rods with a circular cross section, as shown in figure
2.5. Opposing pairs are electrically connected. One pair is biased positive, while the
other pair is biased negative with respect to ground. RF voltages are applied between
the positive and negative pairs of rods. When a positive ion enters the quadrupole
midway between the four electrodes, it is repelled equally by both positive electrodes.
If the negative electrodes were not present, these ions would tend to oscillate slightly
between the two electrodes and remain in a stable condition independent of their
m/z ratios. However, in the presence of two negative electrodes, the positive ions
are instead swept towards whichever negative electrode happens to exert the greatest
attractive force. The applications of an RF voltage between the two pairs of rods
cause the ions to spiral between the four electrodes. The net result is a simultaneous
oscillation of ions between the two positive and two negative electrodes.

Positive ions having a smaller m/z ratio tend to respond more to the RF fields
than ions having larger m/z ratios. With each oscillation, the amplitude increases
and eventually the positive ions of smaller m/z ratio strike the positive electrodes
while the larger m/z ratio ions pass by them. Thus the positive electrodes work as a
high-pass mass filter. Due to the little effect of RF potentials on positive ions having a
larger m/z ratio, they tend to drift toward the negative electrodes, while positive ions
with smaller m/ z ratio tend to oscillate between these two electrodes. The resulting
oscillations tend to stabilize the smaller m/z ratio, positive ions long enough to pass
by the negative rods. The negative electrodes thus function as a low-pass mass filter
for positive ions.

The positive and negative pair of quadrupole electrodes function together as a
band-pass filter. In theory, the quadrupole mass filter has an infinitely sharp band-
pass and only ions of a single m/z ratio are allowed to pass through it. The limit
of the band-pass is determined by the ratio of the amplitude of the RF voltage (V)
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to that of the DC voltage (U). Similarly, the negative ions are also filtered in the
same manner as the positive ions, expect that those having a smaller m/z ratio tend
to drift toward the negative electrodes, while larger m/z ratio tend to drift toward
positive electrodes. Ions having the selected m/z ratio are able to pass through the
quadrupole. Finally, they are analyzed by the detector. This simplified illustration
of a quadrupole is based on a complicated second-order differential equation, known
as the Mathieu equation [70,71].

Figure 2.5 – Schematic diagram of a quadrupole mass filter.

The major advantages of quadrupole analyzers are low cost, relatively small size,
robustness, and ease of maintenance. A quadrupole possesses, however, limited capa-
bility in terms of mass range (usually <4000 Da), resolving power, and the ability to
perform MS/MS analysis. This drawback can be overcome by attaching a quadrupole
to other analyzers such as additional quadrupole (triple quadrupole instrument) or a
quadrupole linked to a TOF (Q-TOF).

Tandem Quadrupole System

In a typical tandem quadrupole system there are three quadrupoles arranged in a
linear fashion, often called "triplequad" (Figure 2.6). The analyte ion of interest is
mass-selected by the first quadrupole (Q1) and allowed to collide with a collision gas
(usually N2) in a second RF-only quadrupole collision cell (Q2), where the precursor
ions are activated by collision and undergo further fragmentation. This process is
known as collision-induced dissociation (CID). Daughter ions resulting from CID
are related to the molecular structure of the ions and can be monitored by the third
quadrupole mass analyzer (Q3) thus providing structural information of the molecular
ions [72].
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The following modes of data acquisition are commonly used in a tandem quadrupole
system:

• Product scan (daughter scan): Q1 is static allowing only one ion of specific m/z
ratio to pass through and Q3 scans the different CID product ions. This mode
can be used for studying molecular structure.

• Precursor scan (parent scan): Q1 scans over a range of possible precursor ions
and Q3 is static focusing on one unique product ion resulting from CID of a
class of precursor ions.

• Neutral loss: Both Q1 and Q3 scan together at a constant difference of m/z
ratio. This is used to monitor the loss of a neutral fragment for a class of
molecules from CID.

• Multiple reaction monitoring: Both Q1 and Q3 are static for a pre-determined
pair of precursor and product ions. This confers the highest specificity and
sensitivity and is commonly used in ESI-MS/MS quantification procedures.

Figure 2.6 – Schematic diagram of a triple quadrupole system. The first (Q1) and
third (Q3) are mass spectrometers and the center (Q2) is a collision cell.

2.3.2 Quadrupole Ion Trap Analyzer

The ion trap mass analyzer is essentially a 3- dimensional version of the quadrupole
mass filter [70]. Its basic principle, theory and operation is similar to Quadrupole
mass filter. The ion trap mass analyzer is a device that allows ions in the gas-
phase to be selectively trapped by strong electric fields. Ions with different masses
are present together inside the trap and are expelled according to their masses to
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obtain the spectrum within milliseconds. The successive fragmentation of the ions is
achieved by Collision Induced Dissociation (CID), the ability to isolate and fragment
the selected ions known as MSn. Due to this unique feature of QIT, deep insights
on the structure of the ions can be obtained. This is one of the reasons for which
the QIT mass spectrometer has been adopted for most of the work presented in this
thesis.

An ion trap is made up of a rotationally symmetrical ring electrode of hyperbolic
shape and two end cap electrodes of the same cross-section. Basic set-up of the ion
trap mass analyzer is shown in figure 2.7.

Figure 2.7 – Schematic diagram of a typical ion trap mass spectrometer.

Ions produced in the source travel through a capillary and are focused using a
series of skimmers and octopoles into an ion beam that enters into the trap through
an inlet at the end cap electrode; these ions are trapped within the system of three
electrodes (Figure 2.7). When a suitable potential is applied to the ring electrode
and the two end-cap electrodes are grounded, a quadrupolar field is generated in the
inner side of the trap, in which the ions oscillate. The force on the ions increases
linearly with the distance from the center of the trap. Therefore, all the ions are
pushed towards the center of the trap. The stability of the oscillating trajectory of
an ion within the trap is determined by the Mathieu equation. For detection of the
ions, the potentials are altered to destabilize the ion motion in the axial direction
resulting in ejection of the ions through the exit cap electrode. The ions are usually
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ejected in order of increasing m/z by a gradual change in the potentials. Finally, the
ions are received by a detector to produce the mass spectrum [73].

The "stability diagram" shows a theoretical region where radial and axial stability
overlaps. Depending upon the amplitude of the voltage placed on the ring electrode,
an ion of a given m/z will have az, qz values that will fall within the boundaries of
the stability diagram, and the ion will be trapped. If the az, qz values at that voltage
fall outside of the boundaries of the stability diagram, the ion will hit the electrodes
and be lost (Figure 2.8).

Figure 2.8 – Stability diagram in (az, qz) space for the region of stability in both r-
and z-directions near the origin for the three-dimensional quadrupole ion trap.

Further, the fragmentation can be induced by increasing the kinetic energy of ions
of a selected m/z ratio for a specific amount of time. This is achieved by applying a
small AC voltage to any of the electrodes at a frequency equal to the secular frequency
of the ions. The same AC voltage can be used to assist in destabilizing selected ions
and ejecting them from the trap.

Helium buffer gas is added to the trap to reduce the kinetic energy of the ions by
collisional ion cooling. The addition of helium greatly increases the trapping efficiency
of the ions.
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2.3.3 Fourier transform ion cyclotron resonance analyzer

In infrared multiphoton dissociation spectroscopy (IRMPD) selected ions are irradi-
ated by a tunable infrared laser at a particular frequency. If the laser frequency is in
resonance with a vibrational mode of the molecule, the ion absorbs the laser photon.
After absorption of an infrared photon by a particular normal mode of the ion, rapid
intramolecular vibrational relaxation distributes the initial photon’s energy to other
vibrational modes, and the initial absorbing mode returns to its ground state level.
This process is repeated with absorption of a second photon, subsequent distribution
of energy into other vibrational modes of the ion, and return to its ground level.
The process can be repeated with absorption of a third photon, etc. This continued
absorption by the ν = 0 level of a particular mode allows spectroscopic information
to be obtained from the IRMPD process. Ion fragmentation results when the ions
internal energy increases to a level above the dissociation threshold, after a sufficient
number of photons are absorbed, without excessive collisional or radiative relaxation.
The resulting dissociation of the ion leads to a change in the mass-to-charge ratio
(m/z) which is detected by a mass spectrometer [74]. The proportion of the ion
population that undergoes uni-molecular dissociation is related to the efficiency of
light absorption at that laser frequency. In other words, the photo dissociation yield
as a function of laser wavelength is related to the vibrational spectrum of the ion.
Vibrational spectra can be predicted by modern computational chemistry approaches
such as density functional theory (DFT). The comparison between the calculated and
experimental spectra allows in many cases the assignment of structures.

IRMPD is most often used in Fourier transform ion cyclotron resonance (FT-ICR)
mass spectrometry [75]. FT-ICR the charged particles move in a magnetic field, with
a component of their velocity perpendicular to the magnetic field axis. As a result, the
charged particles experience a net force. The resulting motion is known as ‘‘cyclotron
motion’’. The cyclotron frequency is related to the mass-to-charge ratio of the ion.
Detection of the ions occurs as the ion packets pass through two detector plates. As
the ion packets move close to these plates, charge moves within the detection circuit to
counteract the proximity of the ions. The voltage change between the detection plates
can be measured as a function of time and raw data are obtained. The magnitude
of the signal is proportional to the total charge and the proximity of the ions to the
detection plates (orbital radius), and is independent on the magnetic field strength.
The raw data represent the detection at the same time of all the ions, with their
different cyclotron frequencies. It is therefore necessary to extract data about the
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different ion packets. This is done by using the mathematical procedure known as a
‘‘Fourier transform’’ (FT).

When ions enter the FT-ICR analyzer cell, however, the radii of the cyclotron
orbits are too small to be detected. The ions must be excited to detectable radii and
this occurs by using a radio frequency (RF) potential applied to two excitation plates
at the resonant frequency (i.e. resonant with the cyclotron frequency) of the ions, and
the excitation additionally results in coherence of the ion packets. Figure 2.9 shows
a schematic representation of a cross section of an FTICR analyzer cell, where ions
are being excited by the RF potential applied to the excitation electrodes. Ions of
different m/z values are excited to orbits of the same radius, though their cyclotron
frequencies differ [76].

The FT-ICR analyzer cell (Figure 2.9) consists of the two excitation and two
detection plates. In order to restrain the ions motion along the axis of the magnetic
field, it is necessary to also include two trapping plates. A low potential (typically of
an order of 1 V) is applied to the trapping plates to restrain the ions within the FT-
ICR analyzer cell, so that they may be excited and detected.The schematic diagram
of FT-ICR analyzer is shown in the figure 2.9.

Figure 2.9 – Schematic representation of a cylindrical FT-ICR analyzer cell.

2.4 Detector

The ions passing through the mass analyzer are then detected and transformed into
a usable signal by a detector. Today a variety of detectors are available. Choice
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of detector depends on the design of the instrument and the analytical application.
Detection of ions is always based on their charge, mass and velocities. Some detectors
(Faraday cup) are based on the measurement of the direct charge current that is
produced when an ion hits a surface and is neutralized. Others (electron multipliers
or electro-optical ion detectors) are based on the kinetic energy transfer of the incident
ion by collision with a surface that in turn generates secondary electrons, which give
an electronic current. The number of ions leaving the mass analyzer at a particular
instant is generally quite small; hence the amplification is necessary to obtain a usable
signal.

Ion detectors can be divided into two classes. One class of detectors are made to
count ions of a single mass at a time and therefore they detect the arrival of all ions
sequentially at one point. Other detectors, such as photographic plates, image current
detectors or array detectors, have the ability to count multiple masses and detect the
arrival of all ions simultaneously along a plane (array collectors). The efficiency of
these detectors decreases with the mass of the ions. This limitation of high mass ion
detection leads to development of new detectors like charge or inductive detectors
and cryogenic detectors.
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Experimental

3.1 Chemicals and Materials

Resveratrol, CuCl, laccase (from Trametes versicolor, activity measures>20 Units/mg),
3,4dihydroxy benzaldehyde, 3,5dihydroxy benzaldehyde, tert-butyldimethylsilyl chlo-
ride, benzyl triphenyl phosphonium bromide, tert-butyl ammonium fluoride (1M so-
lution in THF), 1,8-diazabicycloundec-7-ene and galvinoxyl radical were supplied
by Sigma Aldrich (St.Louis, USA), CuSO4·5H2O, anhydrous CuSO4, CuBr, CuO,
FeSO4·7H2O, FeCl3, potassium carbonate, phenol, glacial acetic acid, sulphuric acid
and zinc were obtained from Carlo Erba (Milano, Italy). Chloral hydrate was obtained
from Acros Organics, 4-hydroxy benzaldehyde from Lancaster (Eastgate, Morecambe,
England), Pd/C from Engelhard (Roma). High purity LC-MS grade acetonitrile,
methanol, ethanol, isopropanol, ethyl acetate, tetrahydrofuran solvents were pur-
chased from Merck (Darmstadt, Germany). Sodium acetate buffer solution (20 mM,
pH 4.5) was prepared freshly and stored at room temperature. Deionized, double
distilled water was used for all solutions and eluent for chromatography. Silica gel for
chromatography (Si60 F254, 0.5 mm) was purchased from Merck (Germany). All the
chemicals and reagents were used without any purification.

3.2 Instrumentation

3.2.1 Mass Spectrometry

MS data and tandem fragmentation spectra (MSn) were recorded by using a API-
3000 (Applied Biosystems/MDS Sciex) triple quadrupole mass spectrometer and a
Bruker Esquire LCT M (Bruker Daltonics, Germany) ion trap mass spectrometer,
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equipped with atmospheric pressure chemical ionization (APCI) or electrospray ion-
ization (ESI) ion source operated in the positive or negative ion mode, the latter
instrument equipped with ESI source used for the most of the experiments. The fol-
lowing values of the experimental parameters were used: cone voltage 26 V; capillary
exit 96 V; spray capillary voltage 4 kV; source temperature 300ºC; flow rate of nitro-
gen as drying gas 6 L/min; nebulizer pressure 20 psi. The samples to be analyzed
were diluted in either 1:1 methanol/water or acetonitrile/water, the latter solvents
used for all the experiments. All the solutions were mixed at room temperature and
directly infused in the source using a syringe pump ( Harvard Apparatus, Holliston,
MA), with a flow rate of 5µl/min. Mass spectra were acquired by scanning in the
range m/z 50-600.

Possible ions of interest were identified by comparing spectra of the analyte to
spectra of the blank or the reactants. Fragmentation experiments were carried out
by using helium to collisionally activate the selected primary ions. When isotopic
clusters were selected at the center, a width of m/z 4 was used. The collision energy
was optimized for each MS/MS experiment. Spectra were collected and displayed
using data analysis version 3.0 software (Bruker Daltonics 4.1, Bremen, Germany).
MS and MS/MS instrument parameters for a particular ion were then optimized and
selected using Esquire 4.0 software.

3.2.2 Nuclear Magnetic Resonance
Principles

The phenomenon of magnetic resonance results from the interaction of the magnetic
moment of an atomic nucleus with an external magnetic field. It involves the change
of the spin state of a nuclear magnetic moment, when the nucleus absorbs electromag-
netic radiation in a strong magnetic field and re-emit electromagnetic radiation [77].
This energy is at a specific resonance frequency which depends on the strength of the
magnetic field and the magnetic properties of the isotope of the atoms.

The NMR spectrum can provide indications for different kinds of hydrogen nuclei,
depending from their environments in a molecular structure. Chemical shift depends
from the position of a specific nucleus in the chemical environment. The chemical
shift of a nucleus is the resonance frequency related to a standard, and its given as:

δ(ppm) = (n - nREF ) ×106 / nREF
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Where the reference is tetramethylsilane(TMS) having ν=0 for convenience.
Moreover, an NMR spectrum contains additional information than just the chem-

ical shift. Signals corresponding to the resonance frequencies of nuclei are often seen
as multiple lines (doublet, triplet, quartet), with splitting characteristic of their inter-
actions with other close nuclei with a spin-spin coupling (J in Hz) providing further
valuable indications about molecular structure.

NMR spectroscopy can be applied not only to 1H nucleus, but also to 13C nucleus
of carbon, which is much less abundant than 12C isotope (which has a spin quan-
tum number of zero and is not magnetically active), and requires a more sensitive
instrumentation or a longer acquisition time, possible by Fourier Transform (FT)
method.

Experimental details

1H NMR spectra were acquired by an Avance 400 Bruker spectrometer at 400 MHz,
in CDCl3 or acetone-d6 relative to the solvent residual signals at 7.26 or 2.05 ppm
respectively, and J values in Hz. Bidimentional Heteronuclear Multiple Bond Corre-
lation (HMBC) experiments were performed to obtain indications on C signals and
for long range 1H,13C correlations .

3.2.3 Ultraviolet–Visible Spectroscopy
Principles

UV-visible spectroscopy investigates the absorption of electromagnetic radiation in
the range of wavelength 190-780 nm by matter. In this wavelength range the absorp-
tion of the electromagnetic radiation is caused by the excitation (i.e. transition to a
higher energy level) of the bonding and non-bonding electrons of ions or molecules.
The measured spectrum is continuous, due to the fact that the different vibration
and rotation states of the molecules make the absorption band wider [78]. A graph
of absorbance against wavelength gives the sample’s absorption spectrum.

This spectroscopic technique is used for both qualitative and quantitative investi-
gations of samples, the latter ones based on Lambert-Beer’s Law described as follows:

A = εcl

where A = absorbance (defined as A = log10(I0/I), where I0 is the incident light
intensity and I is the light intensity after it passes through the sample), ε = molar
absorption coefficient (in dm3 mol−1 cm−1 units), c = concentration ( in molarity) of
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the compound in the solution (in mol dm−3 units), and l = path length of light in
the sample (in cm units).

Experimental details

UV spectra were performed at a room temperature with a Lambda 25 UV/Vis spec-
trophotometer (Perkin Elmer). In particular, for 4,4′-dihydroxy-(E)-stilbene an ace-
tonitrile solution (50 µM) was kept at room temperature, and the spectral tracing
was started by addition of CuSO4 (50 µM in water). The spectra were recorded every
5 min after addition of CuSO4 .

3.3 MS analysis of resveratrol-metal complexes

Regarding solvent conditions used to achieve the higher sensitivity, and for maintain-
ing the resveratrol metal complex intact, acetonitrile/water (1:1) was found to be
better than methanol/water (1:1), especially in providing signal for metal complexes.
The positive ion mode has been the best condition for the analysis of metal complex
system with following experimental parameters: cone voltage 26 V; capillary exit 96
V; spray capillary voltage 4 kV; source temperature 300 ºC.

3.4 Synthesis and structural characterization of resver-
atrol analogues

3.4.1 Dihydro-resveratrol

This compound was prepared as reported in figure 3.1.

Figure 3.1 – Conversion of resveratrol (1) into dihydro-resveratrol (2). Reagent and
conditions: (i) H2, Pd/C, ethanol, 1 h.
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Resveratrol (5 mg, 1) and Pd/C (1 mg) were mixed in ethanol (8 ml) and the
mixture was stirred under hydrogen atmosphere at room temperature. The reaction
was monitored by thin layer chromatography (TLC) and stopped after 1 h. The
mixture was filtered and evaporated in vacuum to obtain a residue, which was purified
by preparative TLC on silica gel eluting with dichloromethane/methanol (9:1), to give
pure dihydro-resveratrol 2. (80%).

1H NMR analysis gave a spectrum super imposable to the reported in data [79].

1H NMR ((CD3)2CO, 400 MHz): δ 2.73 (m, 4H), 6.19 (d, J = 2 Hz, 1H), 6.22 (d,
J = 2 Hz, 1H), 6.74 (d, J = 8 Hz, 2H), 7.03 (d, J = 8 Hz, 2H).

ESI (-) MS: m/z 229 (M-H)−; MS/MS (229): m/z 123

3.4.2 (Z)-Isomer of resveratrol

This compound was prepared by photoisomerization of natural resveratrol (Figure
3.2).

Figure 3.2 – Isomerization of natural (E)-resveratrol to (Z )-isomer 9. conditions: (i)
hν, 350 nm, ethanol.

A solution of resveratrol (1, 2 mg) in ethanol (0.8 mL), was degassed by using a
nitrogen in NMR tube [80–82]. The tube was then inserted in a photochemical reac-
tor (Applied Photophysics, Photochemical Reactors Ltd, UK) and irradiated at 350
nm over 2 h. At time intervals (every 10, 20, 40, 80 and 100 min), the NMR tube was
scanned directly by 1H NMR analysis.The obtained residue was purified by reversed
phase HPLC technique using a Merck HITACHI AC-220V system with UV-vis detec-
tor (UVIDEC-100V) at a flow rate of 1 mL/min. The stationary phase consisted of
a 7 µm Lichrosorb® C18 column and the mobile phase was water/methanol (40:60)
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with single UV detection at 254 nm. The purified compound 9 collected at tR = 40
min was characterized by 1H NMR and directly used for MS experiments [83].

1H NMR ( (CDCl3 , 400 MHz): δ 6.22 (t, J = 2.2 Hz, 1H), 6.29 (d, J = 2.2 Hz,
2H), 6.37 (d, J = 13.2 Hz, 1H), 6.41 (d, J = 13.2 Hz, 1H), 6.69 (d, J = 8.4 Hz, 2H),
7.13 (d, J = 8.4 Hz, 2H), 8.14 (s, 2H), 8.40 (s, 1H).

ESI (-) MS: m/z 227 (M-H)−; MS/MS (227): m/z 212, 199, 185, 183, 159, 157.

3.4.3 4,4′-Dihydroxy-(E)-stilbene

Synthesis of 4,4′-DHS (11) is reported in figure 3.3.

Figure 3.3 – Synthesis of 4,4′-DHS (11). Reagents and conditions: (i) chloral hydrate,
acetic acid, H2SO4; (ii) Zn, ethanol, reflux, 4 h; (iii) MW irradiation, 2 h.

The reaction is carried out as reported [84]. A solution of phenol (100 mg , 1.06
mmole) and chloral hydrate (351 mg , 2.12 mmol) in glacial acetic acid (10 mL) was
treated with 98% sulphuric acid (84 µL) under vigorous stirring at room temperature.
The reaction was monitored by TLC and stopped after 12 h. The mixture was poured
on to the crushed ice, the obtained precipitate was filtered, and taken to dryness.
The residue was crystallized to give a pure as a 4, 4′-(2,2,2-trichloroethane-1,1-diyl)
diphenol as a white crystalline solid. Its structure was confirmed by 1H NMR analysis:
((CD3)2CO, 400 MHz): δ 2.9 (s, 1H), 6.72 (d, J = 8 Hz, 4H), 7.04(d, J = 8 Hz, 4H).
Later it was used in the following step.

The latter product (16 mg , 0.05 mmol) in ethanol (0.6 mL), was added of zinc
powder (15 mg , 0.15 mmol), and the mixture refluxed for 3 h. The reaction was
monitored by TLC. After 4 h, the mixture was cooled and filtered. The residue
was washed 2-3 times with acetone and ethanol, and concentrated in vacuum to
obtain a residue, which was purified by preparative TLC on silica gel eluting with
n-hexane/ethyl acetate (6:4) to give an isomeric mixture of 4,4′-DHS (E/Z, 1:1),
characterized by 1H NMR analysis.
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This E/Z isomer was subjected to microwave irradiated for 2 h. The reaction was
monitored by 1H NMR analysis. After irradiation for 2 h, the residue was fractionated
by preparative TLC on silica gel eluting with n-hexane/ethyl acetate (6:4) to give pure
(E)-4,4′-DHS. It was characterized by MS and 1H NMR analysis and comparison with
reported data [85].

1H NMR ((CD3)2CO, 400 MHz): δ 6.83 (d, J = 8 Hz, 4H), 6.95 (s, 2H), 7.40 (d,
J = 8 Hz, 4H).

ESI (-) MS: m/z 211 (M-H)−; MS/MS (211): m/z 193, 183, 169, 155.

3.4.4 4-Hydroxy-(E)-stilbene, 3,4-dihydroxy-(E)-stilbene,
and 3,5-dihydroxy-(E)-stilbene

These resveratrol analogues were synthesized by Witting reaction as reported in figure
3.4.

Preparation of 4-hydroxy-(E)-stilbene (4-HS,10)

Figure 3.4 – Synthesis of stilbene analogues 10, 12, and 13. Reagents and conditions:
(i) tert-butyldimethylsilyl chloride, 1,8-diazabicycloundec-7-ene, dichloromethane, ii)
benzyl triphenyl phosphonium bromide, K2CO3, iso-propanol, reflux, 4 h; (ii) tert-
butyl ammonium fluoride (1M in THF), THF, 1 h.

To a solution of 4-hydroxy benzaldehyde (100 mg , 0.81 mmole) in dichloromethane
(10 mL), 1,8-diazabicycloundec-7-ene (0.16 mL, 1.06 mmole) was added followed by
t-butyl-dimethyl silyl chloride (185 mg, 1.23 mmole), and the mixture was taken
under vigorous stirring at room temperature. After stirring for 3 h, the reaction
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was monitored by showing complete conversion of aldehyde by TLC. The mixture
was concentrated, added to H2O (15 mL) and extracted with ethyl acetate (3×10
mL). The combined organic layers were washed with H2O, dried over anhydrous
Na2SO4 and concentrated to give the protected aldehyde, as characterized by 1H
NMR analysis.

1H NMR ((CDCl3, 400 MHz): δ 0.26 (s, 6H), 1.0 (s, 9H), 6.95 (d, J = 8.9 Hz,
2H), 7.79 (d, J = 8.9 Hz, 2H), 9.89 (s, 1H).

(E)-tert-butyldimethyl (4-styrylphenoxy) silane was prepared as reported [86]. To
a solution of (E)-tert-butyldimethyl (4-styrylphenoxy) silane (50 mg, 0.21 mmole) in
iso-propanol (5 mL), potassium carbonate (44 mg, 0.318 mmole) and benzyl triphenyl
phosphonium bromide (137 mg, 0.32 mmole) was added, and the mixture refluxed for
4 h monitoring by TLC. The reaction mixture was cooled, concentrated, added to H2O
(10 mL) and extracted with ethyl acetate (3×5 mL). The combined organic layers
were washed with H2O, dried over anhydrous Na2SO4 and evaporated to dryness to
obtain a residue, which was fractionated on a silica gel column using a gradient of
n-hexane/ethyl acetate as the eluent. Fraction eluted with n-hexane/ethyl acetate
(97:3) gave pure product as oily solid.

1H NMR ((CDCl3, 400 MHz): δ 0.26 (s, 6H), 1.0 (s, 9H), 6.84 (d, J = 8 Hz, 2H),
6.97, 7.07 (each 1H, d, J = 16.3 Hz), 7.35 (t, J = 6.7 Hz, 1H), 7.40 (d, J = 8.8 Hz,
4H), 7.49 (d, J = 7.16 Hz, 2H).

A t-butyl ammonium fluoride solution (0.72 mL, 0.072 mmole,1M in THF) was
added to a solution of (E)-tert-butyldimethyl (4-styrylphenoxy) silane (15 mg, 0.048
mmole) in tetrahydrofuran (1.5 mL) at 0ºC, and the mixture was stirred at room
temperature. After 1 h, the reaction mixture was taken to dryness, added of H2O (5
mL), neutralized with 0.1 N HCl and extracted with ethyl acetate (3× 5 mL). The
combined organic layers were washed with H2O, dried over anhydrous Na2SO4 and
concentrated to obtain a residue, which was fractionated by preparative TLC with
n-hexane/ethyl acetate (97:3), to give pure 4-HS (10). It was characterized by MS
and 1H NMR analysis and comparison with reported data [32].

1H NMR ( (CD3)2CO, 400 MHz): δ 6.76 (d, J = 8 Hz, 2H ), 6.94, 7.06 (d, J =
18 Hz,1H ), 7.17 ( td, J = 8, 2 Hz, 1H ), 7.29 ( t, J = 8 Hz, 2H ), 7.35 ( br d, J = 8
Hz, 2H ), 7.47 (d, J = 8 Hz, 2H ).
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ESI (-) MS: m/z 195 (M-H)−; MS/MS (195): m/z180, 165.

In order to synthesize 3,4-dihydroxy-(E)-stilbene (3,4-DHS, 12) and 3,5-dihydroxy-
(E)-stilbene (3,5-DHS, 13), reactions under the same conditions as for were car-
ried out but NMR spectra for the purified products were compared with reported
data [87,88].

Data for 3,4-DHS (12):
1H NMR ((CD3)2CO, 400 MHz): δ 6.79 (d, J = 8 Hz, 1H), 6.89 (dd, J = 8, 2 Hz,

1H), 6.98, 7.01 (d, J = 16.4 Hz, each 1H), 7.09 (d, J = 2 Hz, 1H), 7.19 (t, J = 7.4
Hz, 1H), 7.31 (t, J = 7.4 Hz, 2H), 7.51 (d, J = 7.4 Hz, 2H).

ESI (-) MS: m/z 211 (M-H)−; MS/MS (211): m/z 193, 183, 165, 155, 141, 115.

Data for 3,5-DHS (13):
1H NMR ((CD3)2CO, 400 MHz): δ 6.27 (t, J = 2.1 Hz, 1H), 6.56 (d, J = 2.1 Hz,

2H), 7.05, 7.07 (d, J = 16.6 Hz, each 1H), 7.22 (t, J = 7.3 Hz, 1H), 7.33 (t, J = 7.3
Hz, 2H), 7.53 (d, J = 7.3 Hz, 2H).

ESI (-) MS: m/z 211 (M-H)−

3.5 Synthesis and structural characterization of de-
hydrodimers

3.5.1 From resveratrol under different conditions

In the presence of copper(II)sulfate

Synthesis of dehydrodimer 3 is reported in figure 3.5.

Figure 3.5 – Synthesis of dehydrodimer 3. Reagent and condition (i) anhydrous
CuSO4, anhydrous acetonitrile, rt, 24h, Numbering is for convenience.
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A solution of resveratrol (5 mg, 0.021 mmole) and anhydrous copper sulfate (6
mg, 0.032 mmole) were mixed in anhydrous acetonitrile (2 mL) and stirred for 24 h at
room temperature, monitoring by TLC (n-hexane/ethyl acetate/methanol, 6:4:0.5).
The reaction mixture was concentrated, added H2O (2 mL) and extracted with ethyl
acetate (3×5 mL). The combined organic layers were dried over anhydrous Na2SO4

and concentrated to obtain a residue, which was subjected to preparative TLC with n-
hexane/ethyl acetate/methanol (6:4:0.5) to give the pure 3. Assignment of structure
3 and not the isomer one reported in figure 3.5 was established by NMR and HMBC
analysis.

1H NMR ((CD3)2CO, 400 MHz): δ 4.47 (d, J = 8 Hz, 1H, H-8), 5.45 (d, J = 8
Hz, 1H, H-7), 6.20 (d, J = 2.2 Hz, 2H, H-10,14), 6.26 (t, J = 2.1 Hz, 1H, H-12’), 6.29
(t, J = 2.2 Hz, 1H, H-12), 6.54 (d, J = 2.1 Hz, 2H, H-10’,14’), 6.85 (d, 2H, H-3,5),
6.87 (d, J = 8.3 Hz, 1H, H-3’), 6.90 (d, J = 16.3 Hz, 1H, H-8’), 7.06 (d, J = 16.3
Hz, 1H, H-7’), 7.24 (d, 2H, H-2,6), 7.26 (broad s, 1H, H-6’), 7.43 (dd, J = 8.3, 1.6
Hz, 1H, H-2’).

13C NMR deduced by HMBC experiment ((CD3)2CO, 400 MHz, numbering from
figure 3.5): δ58.5 (C-8), 94.72 (C-7), 106.86 (C-10,14), 101.79 (C-12), 102.12 (C-12′),
105.15 (C-10′ ,14′), 109.86 (C-3′), 115.62 (C-3,5), 123.44 (C-6′), 126.7 (C-8′), 128.09
(C-2,6), 128.60 (C-7′), 128.14 (C-2′), 131.26,131.67, and 132.05 (C-1,1′ ,5′), 140.28
(C-9′), 144.73 (C-9), 157.88 (C-4), 159.00 (C-11′ ,13′), 159.22 (C-11,13), 161.3 (C-4′).

ESI (-) MS: m/z 453 (M-H)−; MS/MS (453): m/z 435, 411, 369, 359, 347, 333.

ESI (+) MS: m/z 455 (M-H)+; MS/MS (455): m/z 437, 361.

Catalyzed by Laccase enzyme

Dehydrodimer 3 was obtained according to the procedure reported by Nicotra et
al. [89]. Resveratrol (5 mg, 0.021 mmole) was dissolved in ethyl acetate (0.4 mL),
while laccase (9 mg, 20 U) was dissolved in 20 mM acetate buffer, (pH 4.5, 0.4 mL).
The biphasic system was stirred at room temperature for 24 h. The organic solvent
was evaporated and the residue purified by preparative TLC (eluent: n-hexane/ethyl
acetate/methanol, 6:4:0.5) to give resveratrol dehydrodimer 3.1H NMR spectrum was
super imposable to the previously recorded for resveratrol/copper(II)sulfate product.
By using enzyme, an optically active product was obtained: [α]D= -280 (MeOH, c =
1.1 mg/mL).
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ESI (-) MS: m/z 453 (M-H)−; MS/MS (453): m/z 435, 411, 369, 359, 347, 333,
317.

ESI (+) MS: m/z 455 (M-H)+; MS/MS (455): m/z 437, 361.

In the presence of galvinoxyl radical

Resveratrol dehydrodimer was prepared according to the Shang et al. [21]. A galvi-
noxyl radical (37 mg, 0.09 mmole) was added to a solution of resveratrol (10 mg, 0.05
mmole) in ethanol (5 mL), and the mixture was vigorously stirred at room temper-
ature. The reaction mixture was monitored by TLC, stopped after 8 h. And then
concentrated, added of H2O (5 mL), and extracted with ethyl acetate (3×5 mL).
The combined organic layers were washed with H2O, dried over anhydrous Na2SO4

and concentrated on vacuum to obtain a residue, which was purified by preparative
TLC in reverse phase (methanol/water, 8:2) to give dehydrodimer 3, as established
by NMR analysis.

In the presence of iron(III)chloride

Synthesis and structure of dehydrodimer 4 are reported in figure 3.6.

Figure 3.6 – Synthesis of dehydrodimer 4. Reagent and condition: (i) FeCl3,
MeOH/H2O (1:1), rt, 49h.

The procedure reported by Chun-Suo et al. [90, 91] was followed. A solution of
FeCl3 (1.4 mg, 0.032 mmole) in water (0.5 mL) was added drop wise to resveratrol (5
mg, 0.021 mmole) in methanol (0.5 mL) under stirring. The mixture was stirred at
room temperature for 49 h. After removal of the methanol in vacuo, the residue was
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3.5: Synthesis and structural characterization of dehydrodimers

diluted with water and extracted with ethyl acetate (3×5 mL). Then the combined
organic layers were washed with H2O and evaporated to give a residue, which was
subjected to preparative TLC (n-hexane/ethyl acetate/methanol, 6:4:0.5) to give pure
4. The structure was characterized by MS and 1H NMR analysis and comparison with
reported data [92], establishing that it was regioisomer of 3.

1H NMR ((CD3)2CO, 400 MHz): δ 4.46 (d, J = 5.4 Hz,1H), 5.44 (d, J = 8 Hz,
1H), 6.24 (br s, 3H), 6.33 (d, J = 2 Hz, 1H), 6.71 (d, J = 16.3 Hz, 1H), 6.74 (d, J
= 7 Hz, 2H), 6.77 (d, J = 2 Hz, 2H), 6.83 (d, J = 7 Hz, 2H), 6.91 (d, J = 16.3 Hz,
2H), 7.19 (d, J = 7 Hz, 2H), 7.21 (d, J = 7 Hz , 2H).

ESI (-) MS: m/z 453 (M-H)−; MS/MS (453): m/z 435, 411, 369, 359, 347, 333.

3.5.2 From 4-HS in the presence of copper(II)sulfate

Synthesis of dehydrodimer 14 is reported in figure 3.7.

Figure 3.7 – Synthesis of dehydrodimer 14. Reagent and conditions: (i) anhydrous
CuSO4, dry acetonitrile, rt, 24h, Numbering is for convenience.

A copper sulfate (6 mg, 0.04 mmole) was added to a solution of 10 (5 mg, 0.03
mmole) in acetonitrile (2 mL), and the mixture was stirred at room temperature.
The reaction mixture was monitored by TLC. After 24 h the reaction mixture was
added of with H2O (5 mL), and extracted with ethyl acetate (3×5 mL). The combined
organic layers were dried over anhydrous sodium sulphate and taken to dryness. The
residue was purified by preparative TLC on silica gel eluting with n-hexane/ethyl
acetate/methanol (6:4:0.5), to give pure dehydrodimer. Structure 14 and not the
regioisomer structure reported in figure 3.7 was established by NMR and HMBC
analysis and comparison with reported data [91].
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1H NMR ((CD3)2CO, 400 MHz): δ 4.63 (d, J = 8.5 Hz, 1H), 5.49 (d, J = 8.5 Hz,
1H), 6.83 (d, J = 8 Hz, 2H), 6.88 (d, J = 8.4 Hz, 1H), 6.98, 7.13 (d, J = 16.4 Hz,
2H), 7.14 (t, d, J = 8 and 2 Hz, 1H), 7.16 ( d, J = 2 Hz, 1H), 7.19 ( d, J = 8 Hz,
1H), 7.19 ( d, J = 8.3 Hz, 2H), 7.21 ( t, J = 8 Hz, 1H), 7.21 (t, d, J = 8 and 1.5 Hz,
1H), 7.29 (t, d, J = 8 and 2 Hz, 2H), 7.34 (t, d, J = 8 and 1.5 Hz, 1H), 7.46 (d, J =
8.4 Hz, 1H), 7.49 (t, d, J = 8 and 2 Hz, 2H).

13C NMR deduced by HMBC experiment ((CD3)2CO, 400 MHz, numbering from
figure 3.7): δ57.1 (C-8), 94.2 (C-7), 107.3 (C-10,14), 102.2 (C-12), 110.1 (C-3′), 116.00
(C-3,5), 128.5 (C-6′), 128.5 (C-2,6), 123.6 (C-2′), 132.3,131.9, and 131.6 (C-1,1′ ,5′),
138.5 (C-9′), 142.5 (C-9), 158.3 (C-4), 142.5 (C-11,13), 160.5 (C-4′).

ESI (-) MS: m/z 389 (M-H)−; MS/MS (389): m/z 371, 295.

3.5.3 From 3,4-DHS in the presence of copper(II)sulfate

Synthesis of Diels Alder product 19a is reported in figure 3.8.

Figure 3.8 – Synthesis of 17a/17b and 19a/19b. Reagent and condition: (i) anhy-
drous CuSO4, dry acetonitrile, rt, 24h.

A copper sulphate (7 mg, 0.036 mmole) was added to a solution of 12 (5 mg, 0.023
mmole) in acetonitrile (2 mL), and the mixture was stirred at room temperature. The
reaction mixture was monitored by TLC and stopped after 24 h. The reaction mixture
was evaporated in vacuum obtaining a residue, which was purified by preparative TLC
on silica gel eluting with n-hexane/ethyl acetate/methanol (6:4:0.5), to give a pure
product. Its structure was established to be dioxane-like dimer 19a (and not 17a,
17b, or 19b) by MS analysis and NMR spectra compared to known data [21].
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1H NMR ((CD3)2CO, 400 MHz): δ 4.92 (d, J = 8 Hz, 1H), 5.05 (d, J = 8 Hz,
1H), 6.51 (d, J = 8 Hz, 1H), 6.68 (d, J = 8 Hz, 1H), 6.77 (d, J = 2 Hz, 1H), 6.97
(d, J = 8 Hz, 1H), 7.13, 7.19 (d, J = 16.4 Hz, 2H), 7.17 ( d, J = 8 Hz, 1H), 7.23
(m, 2H), 7.24 ( d, J = 7.8 Hz, 1H), 7.25 (m, 1H), 7.26 (m, 2H), 7.27 ( d, J = 2.4 Hz,
1H), 7.35 (d, J = 7.8, 2H), 7.57 (d, J = 7.8, 2H).

ESI (-) MS: m/z 421 (M-H)−; MS/MS (421): m/z 211.

3.6 Density functional theory calculations

Quantum chemical calculations on resveratrol-copper complexes (Section 4.1.2) were
performed by using the Gaussian 03W revision E.01 package [93]. Geometry opti-
mization and subsequent vibrational analysis were carried out at B3LYP/6-311G(d)
level of theory [94, 95]. Additional calculations by using the TZVP basis set were
performed by using the NWCHEM (Pacific North West National Laboratory, USA)
software [96].

For the dehydrodimers, all calculations were performed with the Jaguar 7.5 quan-
tum chemistry package [97] using density functional theory (DFT) with the B3LYP
hybrid functional [94, 98](Section 4.4), which is known to give a good description of
reaction profiles for organic compounds.

The 1s-3p core electrons of the copper and iron atoms were described with the
Hay and Wadt core-valence relativistic effective core-potential (ECP) leaving the
outer electrons to be treated explicitly by a basis set of double-ξ quality [99], whereas
all electrons were considered for the remaining atoms with the 6-31G** basis set
(denoted as LACVP** in Jaguar) [100]. For all the considered molecules, prelimi-
nary conformational search using a Monte Carlo Multiple Minimum approach at MM
level (using the MMFFs force field) was carried out. The most stable conformers
for each molecule were optimized in gas phase with this basis set and the B3LYP
functional. Frequency calculations were performed to verify the correct nature of the
stationary points and to estimate zero-point energy (ZPE) and thermal corrections
to thermodynamic properties.

The Poisson-Boltzmann (PB) continuum solvation model, as implemented in Jaguar
[101], was used to estimate the energetical and structural changes in aqueous solu-
tion, addressed by performing single point calculations on the gas phase optimized
geometries with a larger 6-311++G** basis set for the main group elements and
LACV3P+*, consisting of Hay and Wadt core-valence ECP basis set of triple-ξ qual-
ity plus one diffuse d function, for the metal atom [99,100].
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Results and discussion

4.1 Resveratrol-copper complexes

This section describes metal complexes of resveratrol produced as gas phase ions by
electrospray ionization mass spectrometry (ESI-MS). Mass spectrometry has been
extensively applied for investigating non-covalent metal complexes, mainly in the gas
phase [102] and sometimes in liquids [103]. It is worth noting that transition metal
chemistry is usually investigated in solution or solid state, whereas mass spectrometry
allows to study the gas phase, a situation in which interactions with the solvent
molecules are eliminated or strongly reduced, and ions may be present as bare species.
ESI-MS technique is used extensively in the analysis of metal ion complexes, also of
biological relevance, due to its capability to produce ions in the gas phase which are
strongly correlated to their solution structures [104].

4.1.1 Mass spectrometric analysis

After addition of an equimolar amount of copper(II)sulphate to a solution of resver-
atrol in acetonitrile/water(1:1), a clear change in the spectra was observed, in com-
parison to the MS spectrum recorded for resveratrol.

The positive ion mode full scan ESI spectrum of a water/acetonitrile (1:1) solution
of resveratrol and copper(II)sulfate is shown in figure 4.1. In addition to the [M+H]+

ion of resveratrol at m/z 229 and to the peak at m/z 455 imputable to its dehy-
drodimer, intense cluster signals indicating the presence of copper ions are observed.
Copper occurs as two stable natural isotopes,63Cu (69.15 %) of accurate mass 62.9296
Da and 65Cu (30.85 %) of accurate mass 64.9278 Da, that show a characteristic ~2:1
ratio. The peak at m/z 519 is assigned to a mono charged complex formed by two
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4.1: Resveratrol-copper complexes

resveratrol molecules and one copper ion, since its isotopic distribution is in agree-
ment with the simulated pattern for the molecular composition C28H24CuO6 (Figure
4.2).

Figure 4.1 – ESI (+) MS spectrum obtained by injection of a 1:1 resveratrol/CuSO4
solution in CH3CN/H2O (1:1).

As copper was present in the initial solution as Cu(II), a reduction has occurred
to Cu(I) ion as often reported in the case of ESI-MS of Cu-complexes [22, 104, 105].
Other peaks are observed at m/z 291 and m/z 309, attributable to [Resv+Cu]+ and
[Resv+Cu+H2O]+ respectively.

Figure 4.2 – Expanded region of the ESI(+)MS spectrum obtained by injection of a
1:1 resveratrol/CuSO4 solution in CH3CN/H2O (1:1) corresponding to cluster at m/z
= 519 for [2Resv+Cu]+ in the experimental (left) and simulated (right) cases.

Fragmentation experiments were carried out to gain insight into the structures
of the clusters. MS/MS experiments on the whole cluster centered at m/z 520 yield
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intense cluster peaks at m/z 291 and m/z 309 showing the contributions of both the
copper isotopes (Figure 4.3 (a)). The assignment is supported by MS/MS experiment
performed on precursors with different isotopic composition, with the selection of the
signal at m/z 519 producing the more abundant single peaks at m/z 309 and 291
corresponding to the presence of 63Cu isotope (Figure 4.3 (b)). The former peak
corresponds to the loss of one neutral resveratrol molecule, the latter results from the
addition of H2O present in trace in the ion trap, to the ion at m/z 291.

MS3 experiments performed on ions at m/z 309 give an intense signal at m/z 291,
attributable to the loss of one water molecule. We obtained the spectrum shown in
figure 4.4.

Figure 4.3 – Positive-ion MS/MS fragmentation on: (a) m/z 520±2 corresponding
to the selection of the whole cluster ascribed to [2Resv+Cu]+ ion and (b) m/z 519
corresponding to the most intense peak of the cluster due to the contribution of 63Cu
isotope.
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Figure 4.4 – MS3 experiment on the signal selected at m/z 309, corresponding to
[Resv + Cu + H2O]+ ion.

In figure 4.5 the ESI spectrum, for the complex formed at m/z 291 [Resv+Cu]+

is reported. By increasing the skimmer voltage from the standard 26 V value up to
50 V, the ratio of the ions at m/z 309 and 291 changes from 2.2/1 to 1/2.5. MS/MS
experiments on the m/z 291 ion produce intense fragments at m/z 228, 210 and 187,
all of them with a cluster showing the loss of copper.

The formation and stability of resveratrol/copper complexes have been investi-
gated also in solution phase, in order to verify if complexes are produced in solution
or in the gas phase. Experiments were performed by using 1H NMR analysis of
resveratrol in presence of an equimolar amount of copper salt. We observed no ev-
ident changes on the spectrum registered immediately after the addition of the salt
and one hour later (Figure 4.6). Moreover, no detectable alterations appeared in the
1H NMR spectrum of the preformed resveratrol-copper salt solution after one day.
These evidences indicate that metal complexes mainly formed in the ion source.
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Figure 4.5 – MS3 experiment on the signal selected at m/z 291, corresponding to
[Resv+Cu]+ ion.

Figure 4.6 – 1H NMR spectrum recorded in D2O in presence of CD3CN, for resveratrol
(a) and in the presence of anhydrous CuSO4 after 1h (b) in spectral range 7.7:6.2 ppm.

It has previously outlined that the observed complexes are monocharged cations.
As copper(I) was not present in the initial sample solution, a reduction process from
Cu(II) to Cu(I) has occurred in the gas phase. To further support this conclusion,
we carried out measurements by replacing CuSO4 with both Cu(I)Cl and Cu(I)Br
salt. We obtained similar spectra, although with a higher noise probably because of
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the extremely low solubility of copper(I)salt. In addition, fragmentation experiments
involving ions at m/z 519, 309 and 291 gave the same fragmentation patterns.

In order to evaluate how the molecular structure affects the interaction with
the copper ion, we have compared resveratrol with a derivative compound lack-
ing of the double bond between the two aromatic rings. To this purpose we pre-
pared the synthetic dihydro-resveratrol (DHResv) by hydrogenation of resveratrol
(Section 3.4.1). Its solution in acetonitrile/water added of an equimolar amount of
copper(II)sulfate was analyzed by ESI-MS technique. Only weak signals related to
copper complexes were observed. However, if acetonitrile is replaced by methanol
(2:1 DHResv/CuSO4 in MeOH/H2O,1:1), an intense peak appears at m/z 293, at-
tributable to the [DHResv+Cu]+ ion (Figure 4.7).

Figure 4.7 – ESI(+)MS spectrum obtained by injection of 1:1 dihydro-resveratrol
/CuSO4 solution in MeOH/H2O (1:1) with a zoom on the isotopic cluster at m/z
293/295.

In this experiment also a reduction of copper ion has occurred. The same signal
is detected by using CuCl instead of CuSO4. MS/MS experiments by selection of
the whole cluster at m/z 294±2 produce fragments at m/z 211 and m/z 187 (Figure
4.8(a)). The cluster pattern for the most intense peak at m/z 187 corresponds to the
loss of 4-methylenecyclohexa-2,5-dienone and points to the presence of Cu(I), sup-
ported by fragmentation experiments on the selected ion at m/z 295 which produced
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single signals both at m/z 211 and 189, the latter one corresponding to the presence
of 65Cu isotope (Figure 4.8(b)). The other daughter ion at m/z 211 as a single peak
indicates the absence of Cu(I) ion and corresponds to [DHResv-H2-H2O+H]+ ion.

Figure 4.8 – MS/MS experiment on : (a) m/z 294±2, corresponding to the selection
of the whole cluster ascribed to [DHResv+Cu]+ ion, and (b) on the signal selected at
m/z 295, due to the contribution of 65Cu isotope.
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4.1.2 Density functional theory calculations

Resveratrol was investigated by DFT calculations [17–19], however, structures of
resveratrol/copper complexes have not been reported so far. For this reason we have
carried out calculations at B3LYP/6-311G(d) level of theory with the aim to establish
geometries for the complexes experimentally detected.

The calculated structure of the [Resv+Cu]+ complex detected at m/z 291 is shown
in figure 4.9. Its binding energy, calculated with respect to the energies sum the of
the separated moieties (Resv and Cu+) is 3.3 eV. Interestingly, the Cu ion binds to
C(6), and not to the electronegative oxygen atoms of the resveratrol molecule. The
bond C(6)-Cu (length 1.93ºA) could have been predicted by the nucleophilic trait of
the C-atoms if the resonance forms are taken into account.

Figure 4.9 – Energy minimized structure of the [Resv+Cu]+ complex at B3LYP/6-
311G(d) level of theory.

It is worth noting that the preferential coordination of copper at carbon at first
seems unexpected, but coordination to the aromatic ring of copper ion is consistent
with metal ion coordination [106–108], and crystallographic evidences for coordination
of copper ion to arenes exists [109–111]. Our results for the structures and energetic
ordering of coordination of the Cu ion to the aromatic ring of resveratrol are in full
agreement with previous investigations. In fact, a similar behavior was described for
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[Phenol+Cu]+, in which case the most stable structure is that with the Cu ion bonded
to the carbon atom in para position [112,113].

The optimized structure of the [Resv+Cu+H2O]+ ion detected at m/z 309 is
shown in figure 4.10. Cu is bonded to C(6), with C(6)-Cu = 1.95 ºA and Cu-OH2=
1.91 ºA. The binding energy is 5.4 eV, with respect to the sum of the energies of
resveratrol, Cu+ and H2O.

Figure 4.10 – Energy minimized structure of the [Resv+Cu+H2O]+ complex at
B3LYP/6-311G(d) level of theory.

The [2Resv+Cu]+ complex at m/z 519 has the structure reported in figure 4.11
and its binding energy is 5.9 eV with respect to the sum of the energy of two free
resveratrol molecules and copper ion. Our results show that the Cu ion interacts with
the carbon atoms of the alkenyl bond in resveratrol, which have nucleophilic features
as clearly deduced by the Highest Occupied Molecular Orbitals (HOMO) map (Figure
4.12). In more details, the geometry of the complex in figure 4.11 shows a C(7)-Cu
bond distance of 2.05 ºA in the first resveratrol, and distances C(7)-Cu = 2.09 ºA
and C(8)-Cu = 2.09 ºA for the second resveratrol molecule.
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Figure 4.11 – Energy minimized structure of the [2Resv+Cu]+ complex at B3LYP/6-
311G(d) level of theory.

Figure 4.12 – HOMO map of resveratrol at B3LYP/6-311G(d) level of theory. Colors
near blue represent large positive values of the highest-occupied molecular orbital.

In the case of dihydro-resveratrol the Cu(I) complex corresponding to m/z 293
has an intramolecular sandwich structure with distances C(2)-Cu = 2.08 ºA and
C(11)-Cu = 2.07 ºA (Figure 4.13). This peculiar geometry arises from the lack of the
double bond connecting the two rings, which allows their rotation around the single
C-C bond, so that they eventually encapsulate the copper atom. The related steric
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constraints might explain the non formation of 3-particle clusters, as instead observed
in the case of resveratrol. The binding energy results to be 4.8 eV with respect to the
sum of energies of DHResv molecule and copper ion.

Figure 4.13 – Energy minimized structure of the [DHResv+Cu]+ complex at
B3LYP/6-311G(d) level of theory.

In conclusion B3LYP/6-311G(d) calculations have been carried out for the de-
tected complexes, with the aim to establish their geometries and energies. In resver-
atrol/copper complex system, the most stable structures are characterized by bonds
/interactions between the copper atom and the carbon atoms in the aromatic ring
and/or in the alkenyl group. For dihydro-resveratrol, the geometry indicates an in-
tramolecular sandwich structure, containing the metal ion between the two aromatic
rings.

4.1.3 Infrared multiple photon dissociation spectroscopy

The technique of IRMPD spectroscopy has shown its ability to determine the struc-
ture of gaseous ions. By using this technique, structures of small biologically relevant
molecules in the gas-phase were studied [114, 115]. In particular, the IRMPD spec-
trum of gaseous ion is related to the calculated vibrational spectrum, which can be
predicted by modern computational chemistry approaches. By comparing calculated
and experimental frequencies,it is possible to determine the molecular geometry of
the complexes.

By using this method, the [Resv+Cu]+ complex at m/z 291 is studied. Its exper-
imental and calculated frequencies in -OH stretch region with stable isomer is shown
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in figure 4.14. Our preliminary results shows that the Cu ion interacts with the car-
bon atoms of the alkenyl bond in resveratrol, which show nucleophillic features in
agreement with result indicated by the HOMO map (Figure 4.12). This study is in
progress.

Figure 4.14 – IRMPD spectra recorded in -OH stretch range for [Resv+Cu]+ ion;
experimental (black line) and calculated IR frequencies (red line) of most stable isomer.

4.2 Resveratrol dehydrodimer in the presence of
Cu(II) ions

Later we focused our attention on the formation of dehydrodimer 3 induced by copper
ions in the gas phase. MS spectra recorded in positive and negative ion modes, we
observed new signals corresponding to the pseudomolecular ion of dehydrodimer 3
(Figure 3.5).

In particular, ESI (+) MS spectrum recorded for resveratrol and copper(II)sulfate
in acetonitrile/water (1:1) solution (Figure 4.15(a)) shows [M+H]+ ion of resveratrol
at m/z 229, signals related to the described three Cu(I) complexes, and an intense
peak at m/z 455 [116]. The latter one can be assigned to [M+H]+ ion, where M is
for dehydrodimer 3. MS/MS experiments on this ion gave intense signals at m/z 437
and m/z 361, corresponding to the loss of water and phenol respectively (Figure 4.15
(b)).
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Figure 4.15 – (a)ESI(+)MS spectrum obtained by injection of a 1:1 resveratrol/CuSO4
solution in CH3CN/H2O (1:1); (b) MS/MS spectrum on [M+H]+ ion at m/z 455; M is
for the dehydrodimer 3.

MS3 experiments performed on ion at m/z 361 produced diagnostic fragments:
at m/z 343, due to the loss of a water molecule; at m/z 251 corresponding to the
loss of resorcinol (hydroxy phenol) moiety (C6H6O2); and an intense signal at m/z
237 corresponding to [M-C7H8O2]+. Similarly, MS3 experiments on ion at m/z 437,
produced fragments: at m/z 419 due to loss of a water molecule; m/z 343 due to
the loss of a phenol; m/z 327 corresponding to the loss of resorcinol moiety, and at
m/z 313 due to the loss of C7H8O2 group. These results indicate the presence of two
resorcinol units in the structure of compound corresponding to m/z 455, in agreement
with dehydrodimer 3. This is also in line with the involvement of the para OH group
in the formation of 3, as reported in the biological mechanism (Figure 1.4) [21].
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In ESI-MS spectrum recorded in the negative ion mode there is no evidence for
resveratrol-copper complexes, but it shows the presence of [Resv-H]− ion at m/z 227,
and the pseudomolecular ion at m/z 453 for product 3 (Figure 4.16(a)). In particular,
the negative ion mode resulted the best condition for analysis of this compound, due
to the easy loss of proton from a OH group in phenol, known to have acidic property.
MS/MS on m/z 453 produced peaks: at m/z 435 due to the loss of water; at m/z 359
due to the loss of a phenol; at m/z 347 due to the loss of 4-methylenecyclohexa-2,5-
dienone (C7H6O); at m/z 333 corresponding to [M-H-C7H6O2]−; at m/z 411 and m/z
369 related to the loss of one or two C2H2O groups respectively (Figure 4.16 (b)).

Figure 4.16 – (a) ESI(-)MS spectrum obtained by injection of a 1:1 resveratrol/CuSO4
solution in CH3CN/H2O (1:1); (b) MS/MS spectrum on [M-H]−ion at m/z 453, M is
for the dehydrodimer 3.
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MS3 experiments performed on ion at m/z 369 produced intense signals at m/z
285, 327 corresponding to the loss of one and two C2H2O, respectively (Figure 4.17).
In addition, MS3 experiments on ion at m/z 411 give an intense fragments at m/z
393 and 367 due to the loss of water and CO2 molecules, respectively.

Negative ion mode MS/MS experiments on m/z 227 corresponding to [Resv-H]−

gave ions at m/z 185 and 143, due to the loss of one and two C2H2O moieties, in
line with the fragment data reported by Stella et al. [117]. Hence, one could conclude
that fragment ion C2H2O is also obtained from the resorcinol ring in structure 3, as
already proposed for the identification of isomeric resveratrol dimers isolated from
wine grapes by HPLC/MSn analysis [118].

Figure 4.17 – MS3 experiment on the signal selected at m/z 369. M is for dehy-
drodimer 3.

In order to summarize MS data obtained for dehydrodimer 3 , a scheme of frag-
mentation pathway is reported in figure 4.18, in agreement with reported data [118].
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Figure 4.18 – Fragmentation pathway proposed for [M-H]− ion at m/z 453 of dehy-
drodimer 3.

As a confirm of dehydrodimer 3 structure, this compound was synthesized by
reaction of resveratrol with copper(II)sulfate (Section 3.5.1), characterized by NMR
analysis, and these data compared with the ones previously reported [21].

In figure 4.19 1H-NMR spectrum recorded in acetone-d6 for dehydrodimer 3 is
given. In details: i) the two doublets at 6.94 and 7.05 ppm, with coupling constant
J = 16.4 Hz are assigned to olefinic protons H-7’ and H-8’ respectively and the
corresponding constant J = 16.4 Hz supports their trans position ii) two doublets at
4.45 and 5.44 ppm, J = 8.0 Hz for the aliphatic protons H-7 and H-8, respectively.
These results are in agreement with those previously reported by Nicotra et al. [89]
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Figure 4.19 – Chemical structure of dehydrodimer 3 with indication of numbering
adopted for 1H NMR assignment (above) and 1H NMR spectrum, recorded in acetone-
d6, for dehydrodimer 3 in spectral range 7.5:4.5 ppm (below).

Additional structure assignments came from long range 1H, 13C correlations by
Heteronuclear Multiple Bond Correlation (HMBC) experiments. In details, we ob-
served i) the magnetically equivalent H-2/H-6 protons as multiplet with J = 8 Hz at
7.24 ppm showed correlation with C-7 at 94.72 ppm, ii) H-10/H-14 protons as singlet
J = 2.2 Hz at 6.20 ppm correlate with C-8 at 58.52 ppm. iii) the weak correlation
between proton H-7 at 5.45 ppm with C-4′at 161.3 ppm (Figure 4.20). These corre-
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lations allowed us to establish that aromatic ring with para-OH (phenol) is linked to
C-7 and with two meta-OH (resorcinol) is linked to C-8. Furthermore, the HMBC
data was found to be in agreement with the reported data. [34]

Figure 4.20 – Significant 1H,13C long range correlations by HMBC experiments of
synthetic dehydrodimer 3, recorded in acetone-d6.

The synthetic dehydrodimer established to have structure 3 by NMR analysis, it
was analyzed by MS analysis in order to compare its spectrum with that obtained for
the dehydrodimer produced directly in MS experiments starting from the injection of
a resveratrol/copper(II)sulfate solution.
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Mass spectrum carried out in negative ion mode for the synthetic product indi-
cated a pseudomolecular ion at m/z 453. MS/MS spectra showed the same fragmen-
tation as in the case of the dehydrodimer detected (Figure 4.16(b)) after injection
of resveratrol with copper(II)sulfate solution. From all above observations, we could
conclude that the product formed in the ESI-MS of a resveratrol/copper(II)sulfate
solution is likely to own the structure dehydrodimer 3 [119].

4.2.1 MS analysis under different instrumental conditions

ESI and APCI ionization techniques (Section 2.2.1 and 2.2.2) have different ranges
of applicability in terms of polarity and molecular mass of the analytes. ESI is a
soft method of ionization and it is the best ionization technique for complexes where
metal ions are bound through coordinate bonding (weak interaction) to protein and
biomolecules. For such a reason we choose to study the interaction of resveratrol (and
its analogues) with metal ions by ESI-MS analysis.

Figure 4.21 – APCI(+) (left) and ESI(+) (right) mass spectrum obtained by injection
of a 1:1 resveratrol/CuSO4 solution in CH3CN/H2O (1:1).

Positive ion APCI (Figure 4.21(a)) and ESI (Figure 4.21(b)) spectra show signals
for the pseudomolecular ion of resveratrol and the corresponding oxidative product,
the dehydrodimer (Figure 4.21(M)). The measured limit of detection indicates that
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ESI is significantly more efficient than APCI in the positive ion mode for the com-
pounds studied. On the other hand, MS/MS was found to be less sensitive, but more
reliable and simple than MS due to the absence of chemical noise.

4.2.2 Time dependent formation

An interesting aspect to be investigated is to verify if dehydrodimer 3 formation
occurs in solution before injection, or in gas phase after injection.

It is difficult and it was not possible to set up a technical system able to verify it.
By carrying out the laboratory reaction of resveratrol/copper(II)sulfate and monitor-
ing the conversion to product 3 by thin layer chromatography (TLC) and 1H NMR
analysis, it was evident that the kinetics of the reaction was not so fast, occurring in
hours (a good yield of product 3 was obtained after 24 hours). This evidence mainly
to the formation of 3 in gas phase, but it resulted difficult to be investigated more
deeply with our ESI-MS device.

ESI(+)-MS analysis was performed by injection of resveratrol/copper(II)sulfate
solution at different time monitoring spectra every 15 minutes. We observed and eval-
uated: i) the decreasing intensity of [M+H]+ peak at m/z 229 for resveratrol. ii) the
corresponding formation of metal complexes [Resv+Cu]+ atm/z 291, [Resv+Cu+H2O]+

at m/z 309, and [2Resv+Cu]+at m/z 519, iii) the relative intensity at different time
of dehydrodimer 3 and the copper-complexes (Figure 4.22).

In general these time dependent experiments indicate: i) decreasing of resver-
atrol concentration, ii) [2Resv+Cu]+as the most intense complex, iii) all the Cu-
complexes decrease their intensity in corresponding to an increasing concentration of
dehydrodimer 3, at least until 33 minutes after the mixing of resveratrol and copper
sulfate solution.

In negative ion mode detection, we have followed the slowly decreasing of intensity
of m/z 227 for [M-H]− ion of resveratrol and the formation of the peak at m/z 453 for
[M-H]− of dehydrodimer 3, whereas metal complex were not detected (Figure 4.23).
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Figure 4.22 – Abundance of i) resveratrol, ii) resveratrol-copper complexes and iii)
dehydrodimer 3 and all Cu-complexes by ESI(+)-MS spectra recorded in time range
by injection of 1:1 resveratrol/CuSO4 solution in CH3CN/H2O (1:1).
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Figure 4.23 – Abundance of resveratrol and oxidation products by ESI(-)-MS spectra
recorded in time range by injection of 1:1 resveratrol/CuSO4 solution in CH3CN/H2O
(1:1).

We obtained small difference, but practically the same behaviors by consider-
ing the dehydrodimer 3/resveratrol ratio over by chromatography and mass analysis
(Figure 4.24).

Figure 4.24 – ESI(-)-MS chromatography comparison spectra obtained by injection
of 1:1 resveratrol /CuSO4 solution in CH3CN/H2O (1:1).

In this MS study as a function of time the main evidence is the increasing formation
of the signal at m/z 471, having an intensity which becomes constant after about 2h
(Figure 4.25).
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Figure 4.25 – ESI(-)-MS spectrum showing the signal at m/z 471 obtained by injection
of 1:1 resveratrol/CuSO4 solution in CH3CN/H2O (1:1) after 125 minutes from the
mixing of the solution.

MS/MS experiments on m/z 471 show the fragment ion at m/z 377 attributable
to the loss of a phenolic group [M-H-C6H6O]−, the ion at m/z 349 corresponding to
the [M-H-C6H6O-CO]− ion and the most abundant peak at m/z 255 corresponding
to [M-H-C6H6O-CO–C6H6O]− ion (Figure 4.26).

Figure 4.26 – ESI(-) MS/MS spectrum on [M-H]− ion at m/z 471, obtained by in-
jection of 1:1 resveratrol/CuSO4 solution in CH3CN/H2O (1:1) after 125 minutes from
the mixing; M is for the new oxidized product.
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Regarding the structure of this product, the fragmentation pattern is in agree-
ment with data reported by J.Denis and co-workers for the natural products called
viniferenol by isolation from cell cultures of Vitis vinifera [120,121]. We can conclude
that product corresponding to m/z 471 is one of the two possible diastereoisomers of
the natural retrisol A or B (Figure 4.27).

Figure 4.27 – Chemical structure of the natural products retrisol A and B.

In conclusion, in negative ion mode an addition oxidative product was detected,
with the planar structure as retrisols or a regioisomer of them. Its formation increased
when resveratrol/CuSO4 solution was injected after some minutes or 1h later, after
the preparation of the solution.

4.2.3 In the presence of laccase enzyme

Laccase is an oxidoreductase enzyme containing four copper ions (Figure 4.28), all of
them being involved in redox processes via a radical cyclic mechanism [122]. Laccasse
is widely distributed in fungi and in higher plants, which are able to catalyze the oxi-
dation of various phenolic compounds at the expense of molecular oxygen. Further, it
shows an exceptional substrate versatility and therefore is a potentially suitable bio-
catalyst for the mild oxidation of several organic compounds [123,124]. This enzyme
was used to oxidize phenolic derivatives, such as estradiol and penicillin to give dimers
and higher oligomers [125]. However, the main disadvantage of these transformations
is the extensive polymerization in the oxidation process, with production of complex
mixtures of poly-phenolic oligomers.

When used to catalyze the oxidation of resveratrol, laccase has been provided
very selective giving quite pure optically active dehydrodimer 3 [89]. We decided to
investigate by ESI-MS analysis a resveratrol solution in buffered ethyl acetate in the
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presence of laccase. The same results were obtained by MS/MS experiments on [M-
H]− ion at m/z 453 for the product formed by injection of the previously described
solution and by the dehydrodimer 3 purified by the bench reaction. The latter one
was analyzed also by NMR analysis confirming its structure. It is noteworthy that
this dehydrodimer 3, presents the stereogenic centers at C-7 and C-8 positions, so
that when produced in the laccase catalyzed reaction is formed as optically active
(Section 3.5.1), as expected in the case of the involvement of a chiral catalyst.

Figure 4.28 – Crystal structure of laccase from Trametes versicolor , as reported in
Protein Data Bank ( PDB ID 3KW7) Four Cu ions present in the active site are
indicated in red.

Bi-dimensional Nuclear Overhauser Effect (NOESY) indicated no correlation be-
tween H-7 and H-8, supporting the trans position of H-7/H-8. By comparing the
negative value of optical activity observed for the laccase catalyzed reaction (Section
3.5.1) with the negative optical activity of the natural (-)(7S,8S)-δ-viniferin, we can
conclude that enzyme oxidation produces the same natural isomer [89].

In conclusion MS results show that the same dehydrodimer 3 is formed both with
copper(II)sulfate and laccase catalyzed reactions.

4.3 Resveratrol dehydrodimer in the presence of
Fe(III) ions

By replacing Cu(II) with Fe(III) ions in resveratrol solution, we detected the spectrum
reported in figure 4.29. Differently from the copper case, ESI(+)-MS analysis pro-
duced a more intense ion at m/z 228 attributable to the radical cation, together with
the protonated resveratrol at m/z 229 (Figure 4.29). The spectrum show also a peak
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at m/z 455. The formation of the radical cation in ESI-MS is in line with previously
reported data [126,127]. MS/MS experiments on this ion produced intense fragments
at m/z 437 and m/z 361, as in the case of copper(II)sulfate and a new minor fragment
at m/z 349, attributable to the loss of 4-methylenecyclohexa-2,5-dienone. Another
peculiarity of the iron system is that no metal complexes could be detected. This is
in line with previous report on the inability of resveratrol to chelate Fe (III) or Fe
(II) ions [128,129].

Figure 4.29 – (a) ESI(+)-MS spectrum obtained by injection of a 1:1 resveratrol/FeCl3
solution in CH3CN/H2O (1:1) ; (b) MS/MS spectrum on [M+H]+ ion at m/z 455, M
is for a dehydrodimer.
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MS3 experiments performed on fragment ion at m/z 361 produced intense signals
at m/z 343, 251 and 237, as in the case of copper(II)sulfate; and a new intense
fragment appears atm/z 267, corresponding to the loss of a phenol molecule (C6H6O).
In addition, MS3 experiments on fragment ion at m/z 349 (Figure 4.30), produced
more intense signals at m/z 255, attributable to the loss of a phenol and m/z 239 due
to the loss of a resorcinol moiety (C6H6O2). Based on these findings, we conclude
that the dehydrodimer structure formed in the presence of Fe(III) ions is different
from the dehydrodimer 3.

Figure 4.30 – MS3 experiment on the signal selected at m/z 349. M is for a dehy-
drodimer.

The negative ion mode ESI-MS spectrum showed the expected peaks at m/z 227
for resveratrol, and at m/z 453 for the dehydrodimer. MS/MS experiments on the
latter ion produced the same fragments as for the copper(II)sulfate case, but the
signal at m/z 359 is the most intense (Figure 4.31), whereas it was a minor fragment
in the MS analysis of resveratrol/copper(II)sulfate (Figure 4.16)
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Figure 4.31 – ESI (-) MS/MS spectrum by fragmentation experiment on the ion at
m/z 453, obtained by injection of 1:1 resveratrol/FeCl3 solution in CH3CN/H2O (1:1);
M is for the dehydrodimer.

MS3 experiments performed on ion at m/z 359 (Figure 4.32) gave fragment signals
at m/z 265, corresponding to the neutral loss of a phenol molecule. Interestingly, only
a dehydrodimer different from 3 can lose two phenolic groups and produce the signal
at m/z 265, as evident by comparison of the spectra reported in figures 4.32 and 4.17.

Figure 4.32 – MS3 experiment on the signal selected at m/z 359. M is for dehy-
drodimer.
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For assigning the structure of the dehydrodimer produced in presence of iron ions,
this product was synthesized by bench reaction of resveratrol with FeCl3 (Section
3.5.1), and characterized by NMR analysis, comparing the data with the one previ-
ously reported [91].

As expected, 1H NMR spectrum was different from the dehydrodimer 3. In details,
it showed : i) the presence of two doublets at 6.73 and 6.94 ppm with common coupling
constant J = 16.2 Hz, to be assigned to the two olefinic protons in trans position. ii)
two coupled aliphatic protons at 4.46 and 5.44 ppm with the coupling constant J =
5.1 Hz.

Mass measurements carried out in negative ion mode for this synthetic dehy-
drodimer showed a signal at m/z 453, whose MS/MS spectra corresponded to the
product formed in the gas phase in MS study of resveratrol/FeCl3 solution. All these
data support the structure 4 for this dehydrodimer (Figure 4.33).

Figure 4.33 – Structure of the dehydrodimer 4 obtained from resveratrol in the pres-
ence of FeCl3.

It is noteworthy that dehydrodimers 3 and 4 obtained in our experiments in
racemic form, have planar structure as for natural δ-viniferin [130] ((-), with 7S,8S,
absolute configuration) and ε-viniferin [131] with ((-), with 7R,8R configuration and
also as (+) enantiomer [92]), isolated from grapevine leaves (Figure 4.34).

In order to confirm the structure of dehydrodimers 3 and 4, MS/MS data of these
products were compared with those obtained from natural δ-viniferin and ε- viniferin
[132]. In particular, negative ion mode fragmentation spectra for δ-viniferin and ε-
viniferin are shown in figure 4.35. The results are in agreement with the fragments
obtained in our MS study for dehydrodimer 3 ( Figure 4.16 (b)) and dehydrodimer
4 (Figure 4.31).
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Figure 4.34 – Natural δ-viniferin (left) and (-)ε-viniferin (right) with indication of
absolute configuration.

It is worth nothing that both these molecules show two fragment ions at m/z 369
and 359, but their relative abundances are strongly different. It has been previously
observed that the ion at m/z 359 can be related to the loss of a phenolic group typical
for both viniferins, but as the most abundant in MS/MS spectrum of ε-viniferin. In
particular, the origin of the fragment ions at m/z 369, more abundant in the MS/MS
spectrum of δ-viniferin has been verified [132].

Figure 4.35 – Mass spectra from fragmentation experiments of natural δ-viniferin and
ε-viniferin obtained by HPLC-MS of P.viticola [132].
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4.3.1 Metal ion induced selectivity

Our studies established that dehydrodimer 3 is the oxidative product of resveratrol in
the presence of copper(II)sulfate, whereas the isomeric dehydrodimer 4 is selectively
obtained replacing Cu(II) with Fe(III) ions. An explanation for this selectivity can
be found by applying Hard and Soft Acids and Bases (HSAB) theory.

This theory is a qualitative concept to describe the stability of metal complexes
and the mechanisms of reactions where they are involved [25]. It has been also used
to help in understanding the predominant factors which derive chemical properties
and reactions. In general “Hard” is atomic centers of small ionic radius, net positive
charge, low electron affinity, high energy LUMO and are strongly solvated, and “Soft”
is large radius, has low positive charge, electron pairs in their valence shells, easy to
polarize and oxidize and low energy LUMO [133]. According to theory, a soft acid
reacts with a soft base and a hard acid with hard base. It is especially used in transi-
tion metal chemistry,where experiments has been done to determine the coordination
of ligands and transition metal ions in terms of their hardness and softness.

According to Pearson HSAB theory, we can say that in the system under inves-
tigation Fe and Cu ions have different behaviors, in particular Fe(III) is classified as
hard acid, Cu(I) as soft acid, and Cu(II) has a borderline effect [134].

The properties of metal ion would affect the electronic distribution over the resver-
atrol molecule and orientation of the reacting species. Copper (I) ion is a soft acid and
prefers to coordinate with soft base, because orbitals involved are close in energy, a
condition which allows the maximum overlap for a covalent bonding [135]. It has pre-
viously outlined that the observed complexes are coordinated with the olefinic bridge
of resveratrol (Section 4.1.2), which acts as a soft base [136]. As a result, it tends to
form stable quinone methide radical, which eventually gives the dehydrodimer 3 [24].

In contrast, Fe(III) ion is a hard acid and so prefers to coordinate with hard base
largely by electrostatic interactions [137]. Hard acids and bases have the HOMO of the
base and the LUMO of the acid far apart in energy. This leads to a more ionic bond
with low overlap. Also, the smaller the ion or molecule, the harder it is, because the
charges can get closer in the ionic bond. In our system, it was considered that Fe(III)
ion coordinated with oxygen atoms of the phenolic groups, giving the formation of
dehydrodimer 4.
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4.4 Theoretical investigation of dehydrodimer for-
mation

In order to gain insights on the formation of the dehydrodimers, DFT calculations
on the formation of the phenoxide radicals from resveratrol, and their dimerization
have been carried out in collaboration with Prof. Nazzareno Re. We first considered
the formation of the two possible phenoxide radicals originating from the oxidation
of the corresponding deprotonated resveratrol anions on the oxygen atom in the 4′or
3 position, respectively (Figure 4.36).

Figure 4.36 – Formation of two possible phenoxide radicals A and B.

Both 4′-O and 3-O resveratrol radicals A and B show several possible resonance
structures, the most significant ones shown in figure 4.36. The importance of these
structures for each of the two radicals can be estimated from the calculated spin
densities, reported in figure 4.37. We see that the most important structures are
those with the unpaired electron localized on the oxygen atom involved in the H-
abstraction and on the ortho and para carbon atoms of the corresponding phenyl
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ring, A1-A4 and B1-B4, and, only for the 4′-O radical, on the distal carbon atom of
the ethylene unit, A5.

Figure 4.37 – Spin densities calculated for the two possible phenoxide radicals, A1
(left) and B1 (right).

Our calculations indicate that the 4′-O anion A− is more stable than the 3-O
anion B−, by 1.1 kcal mol−1 in enthalpy at 298 K, and that the corresponding 4′-O
radical A is also more stable than B by a larger extent, 7.2 kcal mol−1, in agreement
with previous theoretical studies [17–20].

We then considered the thermodynamics of the most plausible mechanisms pro-
posed for the dimerization of the resveratrol to products 3 and 4 (Figure 4.38). The
dehydrodimer 3 is obtained from the coupling reaction of the radical structures A5

and A2 ( or A3), to give an intermediate dimer 5 which then undergoes an intramolec-
ular nucleophilic attack. On the other hand, the dehydrodimer 4 is obtained form the
coupling reaction of the radical structures A5 and B2 (or B4) , to give an interme-
diate dimer 6 which then also undergoes a similar intramolecular nucleophilic attack
(Figure 4.38).

The calculated enthalpies for both reaction paths are reported in Table 4.1. Both
values in gas phase and in water solution are reported and show that the solution
environment do not significantly change the qualitative picture, as expected for rad-
ical reactions, and suggest that the ESI-MS approach is an adequate technique to
investigate the reaction in solution.
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Figure 4.38 – Proposed reaction paths leading to the dehydrodimers 3 and 4 .

Reaction Gas phase Solution

A5 + A2 → 5 -6.5 -3.6
5 → 3 -37.5 -33.2

A5 + B2 → 6 -19.2 -13.7
6 → 4 -29.6 -27.6

A2 + Resveratrol (1) → 7 +25.0 +15.7
A2 + A2 → 8 -5.4 -2.3
A5 + A5 → 8a -10.0 -11.6

Table 4.1 – Reaction enthalpies at 298 K for the paths leading to the dehydrodimers
3 and 4 as illustrated in Figure 4.38.

The results in Table 4.1 indicate that both steps, radical coupling and subsequent
intramolecular nucleophilic attack, are exoergonic for each of the two possible mech-
anisms. It is worth noting that although A is more stable than B (by 7.2 kcal mol−1)
and thus forms more easily, once B is formed, it reacts more favorably with A to give

72



Chapter 4: Results and discussion

the intermediate dimer 6: indeed, while the coupling of A5 and A2 has a reaction
energy of -3.6 kcal mol−1, while that between A5 and B2 has a much higher reaction
energy (-13.7 kcal mol−1). These results explain the contradictory experimental data
according to which either dimer 3 and 4, or both, may form from the oxidation of
resveratrol, depending on the experimental procedure. The subsequent intramolecu-
lar nucleophilic attack, 5 → 3 and 6 → 4 , are both highly exoergonic with similar
reaction energies, respectively –33.2 and –27.6 kcal mol−1.

We also considered (i) the attack of the A2 radical to the ethylene unit of a
neutral resveratrol molecule, which is a statistically more plausible alternative to the
formation of an initial dimer 7 with the same backbone of 5; (ii) the coupling of
two radicals A2 through the formation of a different dimer 8 featuring a C-C bond
between two phenyl rings; (iii) the coupling of two radicals A5 through the formation
of a different dimer 8a featuring a C-C bond between two ethylene units (Figure 4.39).
The thermodynamics of both reactions are also reported in Table 4.1 and indicate:
(i) an endothermic reaction energy for the attack of the A2 radical to a neutral to the
ethylene resveratrol molecule, by 15.7 kcal mol−1; and (ii) a reaction energy for the
the coupling of two radicals A2 through their phenyl ring lower than that between
A2, only -2.3 kcal mol−1, suggesting that these processes are not or less plausible.
The reaction energy for the coupling of two radicals A5 through their ethylene units
has a rather high value , -11.6 kcal mol−1 : this results indicate that this is a plausible
reaction in agreement with experimental studies indicating the formation of different
dehydrodimers, such as pallidol, when resveratrol is treated with peroxidase [14].

We finally considered the oxidation of the 4′-O and 3-O phenoxide anion, A−and
B−, by Cu(II) and Fe(III) ions. The most plausible mechanism for these oxidation
reactions consists of (i) the approach and coordination of the phenoxide oxygen to
the metal ion; (ii) an electron transfer from the organic anion to the metal center
leading to a complex whereby the oxidized phenoxo radical is still coordinated to
the reduced metal ion; and (iii) the detachment of the radical from the reduced
metal ion.An accurate calculation of the intermediates geometry and energies and
of possible energy barriers involved in these processes is a very difficult task and
should be treated by rigorous wave function methods, such as CASSCF and CASPT2,
which are too computationally demanding for the size of the considered systems. For
this reason, we employed an approximate approach in which we limit ourselves to
estimate the relative stabilities of the final products of the oxidation process, i.e.
the complex between the oxidized phenoxo radical and the reduced metal ions, at
DFT level. We assumed the coordination of only one phenoxide anion, and the metal
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coordination was saturated to four, for the Cu(II) ion, and six, for the Fe(III) ion
(based on the most common coordination numbers for these metal ions), with water
molecules (Figure 4.40). Both 4′-O and 3-O phenoxide anions were considered, and we
performed geometry optimization starting from the geometrical parameters expected
for phenoxo radicals and the reduced Cu(I) and Fe(II) ions.

Figure 4.39 – Possible alternative initial reaction paths: (i) the attack of the A2
radical to the ethylene unit of a neutral resveratrol molecule, (ii) the coupling of two
radicals A2 and (iii) the coupling of two radicals A5.
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Figure 4.40 – Considered complexes between the oxidized phenoxo radical and the
reduced copper and iron metal ions.

The analysis of the final optimized geometries and spin densities confirms that in
all considered complexes the electron transfer has occurred. It is worth noting that
the optimization of both the Cu(II) complexes spontaneously leads to the detaching
of two water molecules, giving a dicoordinated species, as expected for a Cu(I) ion,
and confirming once more that the electron transfer has indeed occurred. No such
effects could be observed for the Fe(III) complexes, as the Fe(III) and Fe(II) ions both
prefer hexa coordination.

The results show that while for the Cu(II) ion, the final 4′-O phenoxo radical
complex was lower in energy than the 3-O phenoxo radical complex, by 7.7 kcal
mol−1, for the Fe(III) ion the final 3-O phenoxo radical complex was lower than the
4′-O phenoxo radical complex, by 1.2 kcal mol−1. These results explain why the use
of Cu(II) ion leads to the dehydrodimer 3, involving only the 4′-O radical A, while
the use of Fe(III) ion preferentially leads to the regioisomeric product 4, requiring
the formation of the 3-O radical B.

In conclusion, computational results suggest that dehydrodimers 3 and 4 are
formed by coupling reactions, and subsequent intramolecular nucleophilic attack, of
phenoxide radicals. The latter are produced in the oxidation reaction of phenoxide
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anions by Cu(II) and Fe(III) ions. We find that Cu(II) preferentially produces the
4′-O resveratrol radical A, while Fe(III) produces easier the 3-O resveratrol radical B.
Given that the formation of dehydrodimer 3 requires A radicals as reactants, whereas
that of dehydrodimer 4 needs also B radicals, these computational findings explain
why reactions of resveratrol with Cu and Fe ions eventually result in the production
of species 3 and 4, respectively [119].

4.5 MS analysis for synthetic analogues of resver-
atrol

Due to the well-known antioxidant and cancer chemo-preventive properties, along
with its structural simplicity and lack of toxicity, resveratrol is taking an ideal lead
for development of new bio-active agents. Present work describes an ESI-MS study
on resveratrol analogues that enable us to deduce a structural-activity relationship.
Synthetic hydroxystilbenes 9-13 have been investigated in order to evaluate the role
of number and position of OH groups on the reactivity (Figure 4.41).

Figure 4.41 – Synthetic hydroxystilbene analogues 9-13. Numbering is for conve-
nience.
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4.5.1 (Z)-Isomer of resveratrol

(Z )-Resveratrol (9) obtained by photoisomerisation of the natural compound (Sec-
tion 3.4.2) has been analyzed in presence of copper(II)sulfate under the same con-
ditions adopted for resveratrol investigation. ESI-MS measurements gave signals for
copper complexes at m/z 291, m/z 309, and m/z 519 attributable to [Resv+Cu]+,
[Resv+Cu+H2O]+, and [2Resv+Cu]+ respectively with the presence of signal at m/z
455 attributable to the corresponding dehydrodimer. Most probably, this dehy-
drodimer is isomeric to 3 on the double bond, but MS technique cannot give this
information. Finally, we can conclude that (Z )-isomer show with copper(II)sulfate
the same behavior like resveratrol.

4.5.2 4-Hydroxy-(E)-stilbene

The oxidative product from resveratrol has shown that hydroxyl group at 4′-position
is much easier to undergo oxidation than other hydroxyl groups in meta-positions
on the other aromatic rings. However, in order to understand the role of 4-OH
group in the formation of dehydrodimer, analogue 10 was synthesized (Section 3.4.4),
characterized by NMR and used for ESI-MS/MS study.

Figure 4.42 – Dehydrodimer 14 detected by ESI-MS spectrum obtained by injection
of 1:1 4-HS (10)/CuSO4 solution in CH3CN/H2O (1:1). Numbering is for convenience.

The positive ion mode ESI spectrum of 10 with copper(II)sulfate in acetoni-
trile/water (1:1) is reported in figure 4.43. It shows the signal at m/z 391 and m/z
390 corresponding to [M+H]+ ion and radical cation of dehydrodimer 14, respec-
tively. In addition a signal at m/z 196 is detected, corresponding to the radical
cation of 10. The formation of radical cation in ESI-MS process is in line with
reported data [126,127].
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MS/MS experiments on m/z 390 ion produces intense fragments at m/z 296,
attributable to the loss of a phenol (C6H6O) molecule and at m/z 299, corresponding
to [M-C7H7]+ ion (Figure 4.44).

Figure 4.43 – ESI(+)-MS spectrum obtained by injection of a 1:1 4-HS (10)/CuSO4
solution in CH3CN/H2O (1:1). M is for dehydrodimer 14.

Figure 4.44 – ESI (+) MS/MS spectrum by fragmentation of m/z 390 ion, obtained
for a 1:1 4-HS(10)/CuSO4 solution in CH3CN/H2O (1:1); M is for the dehydrodimer
14.
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ESI(-)MS spectrum of the same solution showed the [M-H]−ion at m/z 389, for the
dehydrodimer 14, together with m/z 195 attributable to the [4-HS-H]−ion. MS/MS
experiment on m/z 389 gave m/z 371 and m/z 295 ions due to the loss of water and
phenol molecules, respectively (Figure 4.45).

Figure 4.45 – ESI(-)MS spectrum by fragmentation experiment on [M-H]− ion at m/z
389, obtained by injection of 1:1 4-HS(10)/CuSO4 solution in CH3CN/H2O (1:1); M is
for the dehydrodimer 14.

Similarly to the procedure adopted for the structural assignment of dehydrodimer
produced from resveratrol (Section 4.2), product 14 was synthesized by reaction of
10 with copper(II)sulfate and its structure characterized by NMR analysis (Section
3.5.2) [32, 138].

In figure 4.46 1H NMR spectrum recorded in acetone-d6 for dehydrodimer 14
is reported. In particular, we obtained characteristics signals of two trans-olefinic
protons (two doublets at 6.98 and 7.13 ppm, with a large coupling constant of 16.4
Hz, H-7’ and H-8’, respectively) and two aliphatic protons (doublets at 4.65 and 5.51
ppm, J = 8.5 Hz, H-8 and H-7, respectively).

Structure assignment has been made on the basis of long range 1H and 13C cor-
relations by HMBC experiments. In details, i) the magnetically equivalent H-2/H-6
protons at 7.19 ppm showed correlation with C-7 at 94.2 ppm, ii) H-10/H-14 pro-
tons at 6.20 ppm correlate with C-8 at 57.1 ppm. iii) a weak correlation between
proton H-7 and C-4′ (Figure 4.47). These correlations allowed us to establish that
4-hydroxybenzyl moiety is linked to C-7 and phenyl ring is linked to C-8 position.
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Figure 4.46 – 1H NMR spectrum, recorded in acetone-d6, for dehydrodimer 14 in
spectral range 7.5:4.5 ppm. Proton numbering according to figure 4.42.

Figure 4.47 – Significant 1H , 13C long range correlations by NMR-HMBC experiments
of dehydrodimer 14, recorded in acetone-d6.

MS analysis carried out in negative ion mode for this synthetic product showed a
pseudomolecular ion at m/z 389. In particular, MS/MS spectra indicated the same
fragmentation as in the case of the dehydrodimer detected in ESI-MS/MS analysis
after injection of 10 with copper(II)sulfate solution.
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4.5.3 4,4′-Dihydroxy-(E)-stilbene

Another analogue taken into account is 4,4′-dihydroxy-(E)-stilbene (4,4′-DHS, 11).
It was obtained by synthesis as reported in section 3.4.3.

Replacing resveratrol with compound 11 in ESI-MS study in presence of cop-
per(II)sulfate a different, peculiar behavior has been observed. No clusters for copper
complexes, in positive ion mode detection, neither signals related to a dehydrodimer
product in negative ion mode were detected. It was instead observed the oxidation
product para-quinone 15 (Figure 4.48), responsible for the yellow color of the solu-
tion after addition of copper(II)sulfate to 11. The structure for compound 15 was
confirmed by UV-visible analysis carried out under the same solvent conditions used
in MS measurement (acetonitrile/water (1:1)) which provided absorption in visible
region at lmax = 430 nm (Figure 4.42) [139].

Figure 4.48 – Synthetic analogue 11 and its para-quinone product 15.

In details, the UV-visible spectrum was recorded for 11 in acetonitrile/water
solution (black curve), and after addition of copper(II)sulfate (red curve) solution
(Section 3.2.3). These results indicated that oxidation of 11 in the presence of
copper(II)sulfate was faster than in the case of resveratrol, and main product was
para-quinone 15 and not the expected dehydrodimer 16 (Figure 4.48).
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Figure 4.49 – UV-Visible spectra of pure 11 (black line) and in the presence of CuSO4
in CH3CN/H2O (1:1) (red line).

4.5.4 3,4-Dihydroxy-(E)-stilbene

Later, we studied resveratrol analogues with two OH group in ortho position as in
compound 12. It was synthesized (Section 3.4.4), structurally characterized by NMR
and latter used for MS study.

In this case dehydrodimer 17a and/or 17b could be possible, together with the
Diels Alder adducts 19a and/or 19b, the latter one reported by Shang et al. [21] by
reaction in the presence of galvinoxyl radical, through the precursor 18 (Figure 4.50).

The negative ion mode mass spectrum of acetonitrile/water (1:1) solution of 12
with copper(II)sulfate (1:1) showed no signals attributable to dehydrodimers 17a
and/or 17b or adducts 19a and/or 19b. Similarly to the behavior of 11, a fast color
change of the solution from colorless to brown was observed by addition of copper salt
before injection in the ion source. Based on reported data, ortho-quinone 18 could
be responsible for the color, but it was not detected in ESI-MS analysis.

By the reaction of 12 in the presence of copper(II)sulfate after stirring 24 hours
at room temperature in dry acetonitrile solution, no any dehydrodimer was obtained
but Diels Alder product was produced and it was characterized by 1H NMR analysis
and comparison with reported data [21].
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Based on the evidences from this bench reaction, ESI-MS spectra of the solution of
12 with copper(II)sulfate were recorded at different time intervals (1h, 3h, 24h), but
no dehydrodimers nor Diels Alder products could be detected. A probable explanation
could be given by a fast production of ortho-quinone 18 by radical mechanism, able
to convert all starting material 12, which was not so available to react with 18 for
the formation of 19a or 19b.

Figure 4.50 – Synthetic analogue 12 and its ortho-quinone product 18, as the only
product by reaction with copper(II)sulfate.

Otherwise, in the positive ion mode spectrum, an intense cluster with the most
intense signal at m/z 483 was detected, attributable to a Cu(I) ion complex involving
two molecules of 18. These isotopic cluster resulted in good agreement with the
simulated cluster for [C28H20CuO4]+, and MS/MS experiments on the selected signal
at m/z 483 gave fragment at m/z 291 attributable to [M+Cu+H2O]+ ion, where M
for 18 , obtained after addition of water in ion trap. This ion as a weak signal was
also present in MS spectrum (Figure 4.51).

In figure 4.52 the minimized structure by molecular mechanics calculations (MM)
of the ion formed by two molecules of 18 and Cu(I) ion detected at m/z 483 is shown.
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Figure 4.51 – ESI(+)-MS spectrum of 12 in the presence of CuSO4 with expanded
region of cluster at m/z 483, corresponding to the [2M+Cu]+ion, M is for 18.

Figure 4.52 – Minimized structure by MM calculations for the [2M+Cu]+ ion with M
is 18 at m/z 483 in ESI(+)MS spectrum.

4.5.5 3,5-Dihydroxy-(E)-stilbene

In order to define relevance of an OH group in para-position, we synthesized analogue
13 (Section 3.4.4) lacking of any para OH groups. After addition of copper(II) sulfate
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to the solution of 13, ESI(-)-MS analysis do not detect any signals corresponding to
any dehydrodimers. No color changes were observed in the solution, because the
position of OH groups in 13 does not allow oxidation to a quinone structure.

In ESI(+)-MS spectrum only weak signals for copper complexes were observed at
m/z 487, 293 and 275 corresponding to [2M+Cu]+, [M+Cu+H2O]+ and [M+Cu]+

ions, respectively (Figure 4.53), where M is for 13.

Figure 4.53 – ESI(+)-MS spectrum of 13 in the presence of CuSO4 with expanded
region of the cluster at m/z 275, corresponding to the [M+Cu]+ ion, M is for 3,5-DHS.

In conclusion five synthetic analogues of resveratrol has been investigated in order
to gain insights on the structure-reactivity relationship. The presence of a hydroxyl
group in para position is essential for the reactivity and formation of dehydrodimers.
These data support the fact that the structure of natural resveratrol is peculiar for
its chemical reactivity and biological behavior.
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Conclusions

This gas phase reactivity of the natural product resveratrol in presence of cop-
per(II)sulfate has been investigated by ESI-MS technique. By injecting equimo-
lar amounts of resveratrol/CuSO4 solutions in CH3CN/H2O into an ESI-MS, we
have detected the formation of the complexes [Resv+Cu]+, [Resv+Cu+H2O]+ and
[2Resv+Cu]+. Only singly charged ions were observed, indicating that in the ESI pro-
cess the reduction of Cu(II) species occurs. B3LYP/6-311G(d) calculations have been
carried out for the detected complexes, with the aim to establish their geometries and
energies. The most stable structures are characterized by interactions between the
copper ion and the carbon atoms in the aromatic ring and/or in the alkenyl group.
Resveratrol has been compared with the synthetic analogue dihydroresveratrol, which
lacks of the alkenyl group between the two aromatic rings. For the latter compound
only the [DHResv+Cu]+ complex has been detected, whose geometry corresponds
to an intramolecular sandwich structure, containing the metal ion between the two
aromatic rings.

Preliminary infrared multiphoton dissociation spectroscopy (IRMPD) experiments
has been performed, which allow to successfully characterize the complexes. This
study is in progress.

ESI-MS spectrum of resveratrol/copper(II)sulfate solution showed additional sig-
nals for a dehydrodimer, whose structure was established by the bench reaction, NMR
analysis and comparison of MS fragmentation spectrum. Dehydrodimer resulted to
be the same product as the one formed in the biological reaction proposed for natural
resveratrol, where copper ions present in living organisms are involved in a prooxidant
process.

Results by time dependent ESI-MS studies indicated that the dehydrodimer for-
mation occurs in gas phase. In addition, the increasing formation of another oxidative
product was detected.
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By replacing Cu(II) with Fe(III) ions, iron complexes were not formed, but an
isomeric dehydrodimer was obtained, whose structure was defined by NMR and MS
comparison with product from the bench reaction. It is noteworthy that Cu- and
Fe-induced dehydrodimers show the same planar structure as the natural products
isolated from grapewine leaves, δ-viniferin and ε-viniferin respectively.

Computational results supported that the two isomeric dehydrodimers were formed
by coupling reactions involving two different phenoxide radicals produced in the re-
action with Cu(II) and Fe(III) ions.

In addition, some synthetic analogues of resveratrol have been studied in similar
ESI-MS experiments in the presence of copper(II)sulfate, in order to gain insights on
the structure-reactivity relationship, useful for designing new antitumor agents. The
results indicate that the presence of a hydroxyl group in para-position is essential for
the formation of dehydrodimers, supporting the peculiarity of the resveratrol structure
for its chemical reactivity and biological behavior.
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Abbreviations

APCI Atmospheric Pressure Chemical Ionization

CE Capillary Electrophoresis

CI Chemical Ionization

CRM Charge Residue Model

CID Collision Induced Dissociation

EI Electron Ionization

ESI Electrospray Ionization

ECP Effective Core-Potential

EDESI-MS Energy-Dependent Electrospray Ionization Mass Spectrometry

FT-ICR Fourier Transform Ion Cyclotron Resonance

GC Gas Chromatography

HPLC High Performance Liquid Chromatography

HSAB Hard and Soft Acids and Bases

HMBC Heteronuclear Multiple Bond Correlation

HOMO Highest Occupied Molecular Orbital

IEM Ion Evaporation Model

IRMPD Infrared Multiple Photodissociation Spectroscopy

LCMS Liquid Chromatography Mass Spectrometry

LUMO Lowest Unoccupied Molecular Orbital
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MS/MS Tandem mass spectrometry

MS Mass Spectrometry

MALDI Matrix Assisted Laser Desorption/Ionization

MM Molecular Mechanics

MW Microwave

NMR Nuclear Magnetic Resonance

NOESY Bidimensional Nuclear Overhauser Effect

PDB Protein Data Bank

PB Poisson-Boltzmann

PAH Polyaromatic Hydrocarbons

PCB Polychlorinated Biphenyls

QIT Quadrupole Ion Trap

RF Radio frequency

ROS/RNS Reactive Oxygen Species/ Reactive Nitrogen Species

SPE Solid Phase Extraction

THF Tetrahydrofuran

TOF Time of Flight

TLC Thin Layer Chromatography

UV Ultraviolet-visible

ZPE Zero-Point Energy
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