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1. Introduction

Chemistry deals with fundamental matter transformations that continuously occur
throughout the Universe and deeply influence the human life. All chemical
reactions are characterized by a sequence of elementary processes where the
product of one reaction is the reactant of the next one, to eventually obtain a
thermodynamically stable compound. In the wusual synthetic laboratory
procedures, the knowledge of the reaction mechanism is crucial to effectively
control the reaction outcome, optimize the product yields and reduce the
formation of side compounds. This goal can be achieved identifying the
intermediates and transition states of the reactions, which can be however a very
difficult task.

First of all, most reactions are a series of multistep and multicomponent
processes that involve a large number of intermediates. Indeed, many different
reactions are frequently used in combination to obtain a designed product and, in
some cases, negative synthesis outcomes can be ascribed to the lack for
mechanistic information. On the other hand, reaction intermediates are usually
high energy and highly-reactive species present at very low concentration in
solution and characterized by very short lifetimes. Therefore, only under
exceptional circumstances these elusive compounds can be isolated from the
reaction mixture and structurally identified. In most cases, the reaction
mechanisms and intermediates can only be hypothesized by theoretical
conjectures and thermochemical arguments.

According to these considerations, the main focus of the present thesis is the
study at the molecular level of important sustainable processes that can contribute
to the development of a “green” industry. In particular, the greatest challenge in
realizing a sustainable future is the control of the energy consumption and the
search for alternative sources of fuels and bulk chemicals.

Energy is essential for all the economic activities aimed at sustaining the
quality of life. During the last years, world energetic needs have increased by
about 60% and are expected to further grow by 50-60% by 2030. This trend is



driven by the population growth and the pursuit of improving living standards as
well as by a global infrastructure that has expanded to a massive scale.

Nowadays, non-renewable fossil fuels still represent the main global source of
energy, and continue to be responsible for pollution and climate change.
Considering only the Italian area, it has been estimated that the number of cars
amounts to around 37 millions, that means one vehicle for less than two people.!?
Because of these environmental problems and the progressive depletion of the
petroleum supply, the transition from carbon resources to renewable bio-resources
has become increasingly urgent. Natural gas such as methane has played a
significant role in supporting the energy request, especially after the energy crisis
of the 1970s that followed the oil embargo of 1973 proclaimed by the
Organization of the Petroleum Exporting Countries (OPEC). In this regard, all the
reactions that lead to the activation of C-H, C-C and C-X (X=F, ClI, Br, 1) bonds
have a great potential in this matter and have been the subject of many studies.
Moreover, the selective conversion of hydrocarbon compounds into more user-
friendly products are among the most exploited reactions in industrial field.

An alternative solution to the diminishing availability of crude oil is
represented by the use of lignocellulosic biomass as a source of energy.
Lignocellulosic biomass represents the main carbon source existing on Earth and
it is available for a direct use as fuel or fuel precursor.2*! Consequently, over the
years, the processes allowing the utilization of carbohydrates from lignocellulosic
biomass have received great attention, and some goals have already been reached
for biomass utilization. For instance, the use of ethanol from sugarcan has greatly
reduced the need for imported oil in Brazil.l”!

Further to this, another important application field of the lignocellulosic
biomass is the chemical industry, where biomass represents a feedstock for
organic compounds and platform molecules. For example, ferrulic acid, a
precursor of numerous aromatic chemicals, is extracted directly from corn
fibres.® Platform chemicals, such as 5-hydroxymethylfuraldehyde (5-HMF) and
2-furaldehyde (2-FA), or simpler molecules such as levulinic acid (LA) and
glyceraldehyde, are the products of the thermal acid-catalysed dehydration of

hexoses and pentoses.#"® These compounds are important sustainable



intermediates in the preparation of a large variety of chemicals, pharmaceuticals
and furan-based polymers.!® In particular, the furan derivatives 5-HMF and 2-FA
are included in the “Top 10+4” list of the bio-based chemicals.***? Interestingly,
50 years ago the world production of 2-FA already ran to the order of 50.000 t per
year, ranking it 67" in annual volume among major organic chemicals.™ Despite
the number of theoretical studies focused on the elucidation of the
monosaccharide dehydration mechanisms, the kinetics and thermodynamics of the
sugar conversion are still unknown. As anticipated, this is due to the intermediacy
of species with a short lifetime that makes difficult to derive a complete and
consistent mechanistic picture.

The experimental study of short-lived species in the condensed phase takes
advantage of spectroscopic techniques such as nuclear magnetic resonance
(NMR), ultraviolet-visible (UV) and infrared (IR) absorption spectroscopies.
Despite the efforts made in recent years to improve the high-speed capability of
these methods,™*® their use is really advantageous only for the analysis of
compounds having light-sensitive chemical groups (chromophores, fluorophores,
ect.). Furthermore, these techniques are all characterized by scarce selectivity and
sensitivity, which prevents the direct identification of intermediates in the reaction
mixture without resorting to time-consuming isolation procedures. The absence of
selectivity causes the problem of band overlapping especially when substrates,
intermediates and products have similar structures. Hence, they cannot be
distinguished and monitored simultaneously. Besides, low sensitive methods
require a large amount of pure samples. In this regard, the high thermochemical
instability of reaction intermediates does not allow one to meet these mass and
purity requirements. Considering the ionic or radical nature of most transient
species, a promising approach is reproducing the reactions in the gas phase by
means of mass spectrometric techniques.

Gas-phase studies have long been devoted to the behaviour of ions and
molecules in the isolated state, providing kinetic, mechanistic and thermochemical
information. In particular, they have largely contributed to understand the
atmospheric composition of planets, satellites and interstellar medium, through

the identification of unknown transient species only observed under particular



conditions of temperature and pressure. Such an approach has also been applied to
the study of the reaction pathways occurring in the Earth’s atmosphere and
responsible for the pollution growth and pollutant formation.

The study of planetary and terrestrial atmospheres is not the only field of
application of gas-phase studies, because they are also largely used to support and
interpret evidence obtained from solution studies, building a bridge between the
gas and condensed phases. The most relevant aspect is the opportunity to study
intrinsic characteristics of charged species, such as structure and reactivity, in the
absence of solvent molecules and counter-ions. The possibility to exclude any
solvent contribution represents a significant achievement, since the reaction
medium is known to affect the substrate reactivity. This advantage also gives the
unique opportunity to compare experimental to theoretical data concerning
structure, reactivity and thermochemistry.

Furthermore, additional efforts made in the gas-phase ion chemistry field have
enabled the study of ionic reactions not only in the isolated state, but also within a
well-designed micro-solvated environment where charged species are coordinated
to a controlled number of solvent molecules (H,O, CH3OH etc.). This approach is
legitimized by the evidence that, in some cases, the reaction occurrence strictly
depends on the presence of the solvent, even if this is represented by a single
molecule or a few molecules. For instance, NO™ ion behaves in the gas phase as a
nitrating agent only in the presence of a single molecule of H,O or CH3;0H,
whereas in the absence of solvent molecules it undergoes charge and oxygen atom
transfer to arenes.™® Finally, the gas phase represents the ideal medium where the
effects of the ionic charge on the reaction can be studied.

Mass spectrometry is the instrumental technique most often employed to
perform gas-phase studies. As shown in Figure 1, a mass spectrometer can be
viewed as a miniaturised laboratory where ionic species are reacted with neutrals
and analysed.

Compared to other analytical techniques, mass spectrometry boasts high-
sensitivity, selectivity and speed, being a more advisable alternative to NMR and

spectroscopy.
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Figure 1: The main components of a mass spectrometer.

As regards the study of reaction mechanisms, these technical features are
essential to isolate and characterize short-lived intermediates, increasing the
throughput and reducing the analysis time. An example of these potentialities is
represented by the experimental detection of the HO;3 radical, long suggested as a
possible sink for O, and OH!" and more recently identified as a key intermediate
in the antibody-catalysed water-oxidation reaction.l® In fact, the HO5- formed
along this pathway shows an oxidant power that increases the efficiency of
bacterial killing. Owing to the short lifetime of this species, its existence has never
been experimentally proved until 1999 when the molecule was finally detected by
means of mass spectrometry in experiments based on neutralization-reionization
and neutralization-reionization/collisionally activated dissociation, starting from
protonated ozone (HOs") as the charged precursor.[*

The great potential of mass spectrometry has been ultimately accepted with the
advent of soft ionization methods, first and foremost the Electrospray lonization
(ESI) technique.” The gentle and efficient manner by which an ESI source can
transfer intact ions from the solution directly to the gas phase has opened the way
to the study of biological macromolecules (proteins, carbohydrates, lipids and
nucleic acids)®! expanding mass spectrometry in the biochemical and medical
field. An additional application of ESI-mass spectrometry (ESI-MS) is indeed the
elucidation of reaction mechanisms occurring in solution. In this respect,
Eberlin® and Santos®® were among the first to employ ESI-MS in the analysis
of the charged compounds at the gas phase/liquid phase interface. The so called



“fishing” technique takes advantage of the ESI capability to rapidly and
efficiently fish ionic reactants, intermediates and products directly from the
solution medium to the gas-phase environment of the mass spectrometer.’?? This
unique feature allows one to control the reactions following the progress of
solution processes as a function of time. Mass and structural variation occurring
along the reaction coordinates can be monitored by sampling at regular intervals
small portion of the reaction mixture (Figure 2). The ultra-high sensitivity and
speed of ESI-MS are essential to detect and characterize even transient
intermediates. This approach has been successfully used to study a number of
unknown reaction mechanisms (organic, inorganic and organometallic).[*?
Several protocols have been recently developed, aimed at the progressive

diffusion of this method in the laboratory practice.”
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Figure 2: Continuous reaction monitoring by ESI-MS.

Due to the undeniable benefits of the gas-phase approach, this was exploited in
the present work to highlight the reaction mechanisms of the carbohydrate
conversion to platform chemicals. Mass spectrometric techniques were employed
to structurally characterize the ionic intermediates and products of the dehydration
reactions involving D-hexose (glucose and fructose) and D-pentose (xylose,
arabinose and ribose) sugars arising from lignocellulosic biomass decomposition.
The knowledge of the sugar degradation pathways on a molecular level is indeed
a pivotal step for the development of a sustainable industry, allowing the design of



new reagents and catalysts that can increase the selectivity towards the formation
of 5-HMF and 2-FA.

The same experimental method was then utilized to study the mechanism of the
reactions involving other sugar substrates and molecules structurally correlated to
carbohydrates. In particular, the decomposition reaction of L-Ascorbic acid
(Vitamin C) has been investigated in order to identify the mechanisms leading to
the formation of furan derivatives in foods. These compounds are supposed to be
carcinogenic to humans,® thus the knowledge of the reaction details could help
keeping the level of these products under the critical threshold, ensuring the
safeguard of the public health. In addition, the carbocationic intermediate formed
along the glycosylation pathway has been structurally characterized. This species
has never been isolated before and its conformational details may confirm a
reaction mechanism only theoretically predicted.

Finally, a part of the work has been devoted to a fundamental issue, the
activation of intrinsically inert bonds.®? In the gas phase, many elementary
reactions of metal-containing ions have been studied as they are good models for
catalytic or biochemical processes occurring at the active sites. In this thesis, an
unprecedented reactivity has been observed with two metal-centered reactants: the
iron-containing cation (1°-CsHs)Fe* has been found to undergo an unusual iron-
atom transfer and C-C coupling reaction; the doubly-charged vanadium hydroxide
anions, H,V,0,* and HNaV,O1,>, have been found to perform unprecedented

bond-forming reactions by activation of V-O bonds.



2. Monosaccharide decomposition reactions

Lignocellulosic biomass is generated through a carbon fixation process that
converts inorganic carbon (CO,) to organic compounds. The primary products
arising from this assimilation reaction are Cg- and Cs-sugars, D-glucose and D-
xylose respectively. Each monosaccharide is the starting reactant unit for
condensation reactions that lead to two polymers, cellulose (obtained by the
polymerization of D-glucose) and hemicellulose (obtained by the polymerization
of D-xylose). Finally, a highly cross-linked polymer composed by substituted
phenols, known as lignin, represents the third component of the wood biomass.
Cellulose, hemicellulose and lignin are important structural components of the

primary cell wall of the green plants, providing the cell with both protection and

tensile strength (Figure 3).
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Figure 3: Main components of the lignocellulosic biomass.

Among all biomass constituents, carbohydrates are a promising feedstock since
they represent a natural source of carbon. In particular, the removal of water,
exemplified by the dehydration of D-glucose (from cellulose) and D- xylose (from
hemicellulose) leads to a wide variety of interesting compounds (Figure 4).
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Figure 4: Schematic picture of the acid-catalysed conversion pathways of the lignocellulosic

biomass to useful chemicals.

One class of dehydration products, the furan compounds, is considered highly
promising for the production of fuels and chemicals. In order to obtain these
products, cellulose extracted from wood biomass can be easily hydrolysed to D-

glucose units through an acid-catalysed decomposition reaction (Scheme 1).1%% 34

%\Ho%m—»m ﬁg,OH—-*HO’éN

Cellulose Cellobiose D-Glucose

Scheme 1: Hydrolysis of cellulose to D-glucose.

Subsequently, the thermal acid-catalysed dehydration of D-glucose leads to 5-
hydroxymethylfuraldehyde (5-HMF) that is a reaction intermediate in the
synthesis of levulinic acid (LA). This important platform chemical is formed
together with formic acid by 5-HMF double hydration (Scheme 2).*! The



apparent simplicity of Scheme 2 is complicated by the formation of side products,

in particular, insoluble polymeric materials named humins.
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Scheme 2: Dehydration pathway of D-glucose leading to 5-HMF and levulinic acid.

Also another monosaccharide, D-fructose, is characterized by the dehydration
route reported for D-glucose. It has been demonstrated that in solution the 5-HMF
yield from the D-fructose dehydration is about 40 times higher than that obtained
from D-glucose (Table 1).*®! A reasonable explanation for the scarce selectivity
found when using D-glucose as starting reactant could be the occurrence of
multiple reaction pathways, such as condensation, mutarotation, isomerization and

dehydration/degradation, that lead to the formation of many by-products.t”

Table 1: D-glucose and D-fructose dehydration to 5-HMF in aqueous system. a) Heating by

microwave irradiation.

Sugar Conc. Catalyst T time Yield Conversion Selectivity
(Wt%) (C%) (%) (%) (%)
Glucose®™ | 2 H;SO, 200° 3-5 2 11 23
50 wt% min
Fructose® | 2 H,SO, 200° 3-5 47 97 48
50 wt% min

Hence, the knowledge of the dehydration mechanism is essential to selectively
address the D-glucose conversion to 5-HMF and improve the final yields.

In the gas phase, a number of computational studies have provided detailed
information on the mechanism, Kkinetics and thermodynamics of sugar
conversion.B*°! Conversely, the lack for experimental data in solution is due to

the short lifetime of the intermediates, which prevents their isolation and
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identification. For this reason the reaction pathways theoretically proposed have
never been confirmed by experimental evidence.

In particular, a debate exists concerning the mechanism of the D-glucose
conversion to 5-HMF. Two different routes have been suggested. The former,
named the “cyclic mechanism”, has been hypothesized by Antal (Scheme 3)!04
and consists in the direct transformation of the D-glucose pyranosic ring to 5-

HMF furanosic ring, without the intermediacy of open-chain structures.

0 0
O WOH o / ) /
HO ; -H,0 HO -2 H,0
2 . HO %Y. Ho \ /
oW “oH
HO
OH
B
D-Glucose Furan aldehyde intermediate 5-HMF

Scheme 3: The cyclic mechanism for the conversion of D-glucose to 5-HMF.

According to this mechanism after the first dehydration step a critical
intermediate, the Furanaldehyde (B), is formed. This species evolves into 5-HMF
through the subsequent release of two water molecules.

The latter alternative route (Scheme 4) has been proposed by Feather and

Harris!*? and is known as the “fructose pathway”.
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Scheme 4: The fructose pathway for the conversion of D-glucose to 5-HMF.
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This mechanism involves the acyclic structure of glucose, which isomerizes to
fructose through a 1,2-enediol intermediate (Scheme 5) and undergoes cyclization
and subsequent dehydration leading to the formation of 5-HMF.

H H H
—o0 OH H—1—OH
o [ on
H H——OH OH =—o0 HO 5
oo HO——H HO——H HO——H " oo
HO — R ~
HO H H——OH H—1—OH H——OH i OH
H OH HO H
" - H——OH H——OH H——OH
CH,0H CH,0H CH,0H
Glucose Glucose 1,2-Enediol Fructose Fructose
(o-pyranose form) (Fischer projection) (Fischer projection)  (o-furanose form)

Scheme 5: glucose/fructose conversion mechanism.

In this regard, the glucose/fructose tautomerization could justify the higher
yields of 5-HMF obtained from fructose. Indeed, the acidic conditions required by
the glucose dehydration process hinder the glucose conversion into fructose, that
is instead promoted by an alkaline pH. The non-occurrence of the tautomerization
reaction may drive the glucose along other decomposition routes, increasing the
formation of side products.

By analogy with cellulose, the acid-catalysed hydrolysis of hemicellulose from
biomass produces the monosaccharide units of D-xylose (Scheme 6).4

OH “OH OH

OH o 5
H o} H o H
ﬂmgo JTon 2, ?'°m/%% _ 0 MR NZ ow
OH
OH
n

Hemicellulose Xylobiose D-Xylose

Scheme 6: Hydrolysis of hemicellulose to D-xylose.
The subsequent thermal acid-catalysed dehydration of D-xylose and isomeric

pentose sugars (D-arabinose and D-ribose) leads to 2-furaldehyde (FA) (Scheme
7)_[9,13]
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Scheme 7: D-pentose sugars dehydration to 2-FA.

Like in the case of D-glucose, a debate exists in literature concerning the real
reaction route. Theoretical calculations also in this case have suggested two main
degradation pathways involving acyclic or cyclic forms of D-xylose. The acyclic
mechanism consists in an open-chain D-xylose tautomerization leading to 1,2-
enediol intermediate that subsequently undergoes three dehydration steps (Scheme
8).[1*%0521 The alternative acid catalysed reaction sequence starts from the
pyranose form of D-xylose and, after protonation and loss of the first water

molecule, leads to a structure that rearranges to a furanose ring.

CHO CHOH
0
H————OH —OH o .
o]
Homw e T T [ -3 H,0 \ /
HO Sy = HO H = _—
——+——0OH H———OH
D-Xylose . 2-Furaldehyde
CH,OH CH,OH

Scheme 8: The acyclic mechanism for the conversion of D-xylose to 2-FA.

The intermediate formed is prompt to release the remaining two water
molecules (Scheme 9, a and b).1373941535%1 anta| et al.* reported that the cyclic

mechanism is the most plausible. Theoretical calculations performed by Nimlost®!
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strongly supported the degradation pathway starting from D-xylose protonated at
C2-OH, whereas C1-OH protonation was excluded on the basis of the high
energetic barrier for the subsequent ring contraction to the furanose intermediate,

estimated to be 39.3 kcal mol™.

(a) + H+
O.__OH O _LOH,* o)
5 AN s 2 O
: b -H,0 N CHO
ooy — SR S el 8
HO" 3; 2'OH HO" “OH HO" “OH g
5 -2H,0
OH OH OH BN e e
~O~_CHOH'
N/

®) 0._OH 0._OH 0.30H ~ewo
L zhg. i — (O CHOH®
HO" 31 2"OH HO" Y %OH,* HO" 2 J

OH OH > OH HO OH

Scheme 9: The cyclic pathways for the conversion of D-xylose to 2-FA starting from C1-OH
protonation a) or C2-OH protonation b).

Owing to the strong impact of the lignocellulosic biomass utilization and the
absence of experimental evidence on this subject, the aim of this thesis has been
the investigation in the gas phase of the thermal dehydration mechanism that starts
from protonated D-hexoses (glucose and fructose) and D-pentoses (xylose,
arabinose and ribose) and leads to 5-HMF, levulinic acid and 2-FA.

In particular, the gas-phase approach has been utilized (i) to identify the ionic
precursors of the reactions, (ii) to structurally characterize the ionic intermediates
and products, (iii) to obtain mechanistic information on the monosaccharide
dehydration reactions with the aim of identifying preferential catalytic pathways.

In order to validate the mechanistic picture arising from the mass spectrometric
results, the collected data were compared with those obtained from quantum

mechanical calculations.
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2.1 Hexose acid-catalysed dehydration

Figure 5 displays the ESI mass spectra of the D-fructose (panel a) and D-glucose
(panel b) H,O (0.1% HCOOH)/MeOH 1:1 solutions.
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Figure 5: Comparison between the full scan mass spectra of 1x10”° M solutions of D-glucose a)

and D-fructose b) both in H,0 (0.1% HCOOH)/MeOH 1:1. In the inset the mass spectrum from

m/z 300 to 350 showing the reversion products.

As illustrated, the ionic population observed in the gas phase in both cases is

dominated by a characteristic peak at m/z 203, corresponding to the sodium

15



adduct (C¢H1,0sNa"). The metal ion Na* is a well-known solution contaminate,
unavoidably present in the gas phase. However, from the analysis of the adduct
fragmentation pattern it was found not to be the precursor of any dehydration
intermediate, thus justifying its high intensity and excluding the possible
interference in the present reaction mechanism study.

The ion at m/z 181, corresponding to the protonated sugar (CgH1206H"), is
characterized by an extremely low intensity, especially if compared with that of
the sodium adduct. This feature could be due to its instability in the gas phase. It
IS reasonable to assume that the energy deriving from its formation process
activates the dehydration reaction that leads to the product ions at m/z 163, 145
and 127. These ionic species in fact correspond to the consecutive losses of one,
two and three water molecules from protonated D-glucose and D-fructose
representing the ionic intermediates (m/z 163 and m/z 145) and product (m/z 127)
of the gas-phase D-hexose dehydration process.

In the high mass range of the spectrum, the ions at m/z 343 and 325
correspond to sugar reversion products. These species are formed by the
combination of a neutral D-glucose or D-fructose molecule and the corresponding
monohydrate intermediate (ion at m/z 343), which in turn can dehydrate giving
rise to the ion at m/z 325. The formation of these side products can prevent the
efficient industrial conversion of the two hexoses to useful chemicals and their
presence in the acidic reaction mixture was previously highlighted.®®

The mass attribution of all the ionic species described was confirmed by exact
mass experiments performed with the ESI/Q-TOF mass spectrometer.

CAD experiments

In order to obtain more information on the hexose dehydration mechanisms, the
starting reactant ions, the intermediates and the final product were isolated and
analysed by CAD. Figure 6 shows the CAD mass spectrum of protonated D-
glucose at m/z 181. The main fragmentation products arising from the parent ion

dissociation effectively represent the dehydration intermediates (m/z 163 and m/z

16



145) and the final product (m/z 127) of the D-glucose acid catalysed

decomposition.
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Figure 6: CAD mass spectrum of protonated D-glucose at m/z 181 recorded at 10 eV collision

energy.

Also the ionic intermediates at m/z 163 and 145 were investigated by CAD

experiments.
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Figure 7: CAD mass spectra of the ionic intermediates at m/z 163 a) and m/z 145 b) arising from

D-glucose, recorded at a collision energy of 5 and 6 eV.

As reported in Figure 7, these ionic species fragment by releasing two and one
water molecules respectively giving rise to the final product ions at m/z 127.
Furthermore, all displayed CAD mass spectra show an intense ionic signal at m/z

17



85, an ionic fragment deriving from a cross ring bond cleavage characteristic of
cyclic carbohydrates.™”!

Other important information can be obtained by the fragment ion at m/z 117
observed in the product ion mass spectrum of the intermediate at m/z 163. This
ion formally corresponds to the protonated levulinic acid, one of the final products
of the D-glucose dehydration reaction. To probe this attribution, the CAD mass
spectrum of the ion at m/z 117 obtained from protonated D-glucose was compared
to that of a commercial levulinc acid sample (Figure 8). As a result, the
fragmentation patterns of the two protonated parent ions are almost
superimposable and hence the formation of this product in the gas phase was also

demonstrated.
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Figure 8: Comparison between the CAD mass spectra of the m/z 117 ion obtained from the m/z
163 D-glucose dehydration intermediate (red bars) and the protonated standard levulinic acid
(blue bars).

In order to analyse the differences existing between the two hexose
dehydration pathways, Table 2 and 3 report the relative intensities of the
fragments arising from protonated D-fructose and D-glucose dehydration
intermediate ions at m/z 163 and 145, respectively. CAD mass spectra were
recorded at a laboratory collision energy of 15 eV using the same ESI mass
spectrometric conditions.

Fragmentation patterns of D-fructose and D-glucose ionic intermediates at m/z

163 are similar, but not completely superimposable. The main differences concern
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the relative abundances of the fragment at m/z 145 obtained from the dehydration
channel and other minor fragments such as the ion at m/z 103, 101 and 69.

Table 2: CAD mass spectra of the ion at m/z 163 derived from protonated D-fructose and D-
glucose. Each reported value was obtained as average of three different analyses with standard

deviations of the fragment ion intensities around +10%.

Parent ion (m/z) D-fructose D-glucose
163 (relative intensity) (relative intensity)
145 22.9 32.0
127 25.3 20.6
117 0.5 2.3
115 4.8 6.8
109 1.4 1.1
103 1.5 4.5
101 6.0 2.5

99 3.2 3.4
97 3.2 3.2
91 0.9 2.1
85 18.9 16.8
73 3.0 3.1
71 1.0 B
69 3.0 1.6
61 1.4 _
57 1.9 _
55 1.1 B

Also the CAD mass spectra of the doubly dehydrated intermediates at m/z 145
highlight slight differences between the two monosaccharides.

Fragmentation channels leading to the ions at m/z 115, 109 and 73 are
observed only for D-fructose, whereas a different intensity of the main products at

m/z 127 emerges from the reported data.
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Table 3: CAD mass spectra of the ion at m/z 145 derived from protonated D-fructose and D-

glucose. Each reported value was obtained as average of three different analyses with standard

deviations of the fragment ion intensities around £10%.

Parent ion (m/z) D-fructose D-glucose
145 (relative intensity) (relative intensity)
127 325 44.8
115 2.5 B
109 1.4 _
99 4.6 6.0
97 35 3.2
85 49.8 41.8
73 1.9 _
69 3.8 4.2

In order to verify the identity of the ion at m/z 127 arising from the dehydration

of protonated D-fructose and D-glucose its CAD mass spectrum was compared

with that of commercial 5-HMF using the same experimental conditions.

1,05E+00
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Relative intensities
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Figure 9: CAD mass spectra of the ions at m/z 127 obtained from the protonation of D-fructose

(red bars), D-glucose (blue bars) and standard 5-HMF (green bars) and recorded at collision

energy of 15 eV.
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Figure 9 shows the comparison between the fragmentation patterns of the ions
at m/z 127 obtained from protonation of commercial 5-HMF and the ions at m/z
127 arising from the dehydration of protonated D-fructose and D-glucose,
respectively.

The main fragmentation channel of protonated 5-HMF (blue bars) is
represented by the ion at m/z 109 corresponding to the loss of a water molecule.
Conversely, the CAD mass spectrum of the ion at m/z 127 generated from
protonated D-glucose shows other significant fragment ions, as those arising from
the loss of CO (ion at m/z 99) and H,CO (ion at m/z 97). These species are absent
in the CAD mass spectrum of standard 5-HMF. In the case of the m/z 127 ions
obtained from protonated D-fructose the fragmentation pattern is dominated by
the ion at m/z 69 and shows minor fragments at m/z 97 and m/z 99. The intense
fragmentation leading to the ion at m/z 69 is peculiar of D-fructose m/z 127
product ion, whereas the relative intensities of the fragment ions at m/z 99 and 97
seem to be comparable to the corresponding fragmentation observed for D-
glucose.

These relevant differences demonstrate that in the gas phase protonated 5-
HMF does not represent the unique ionic product at m/z 127 obtainable from D-
glucose and D-fructose dehydration. It can be hypothesized that different isomers
or protomers of 5-HMF are formed.

To probe the possible formation of different 5-HMF protomers, the CAD
fragmentation pattern of the ions at m/z 127 obtained from protonation of
commercial 5-HMF under chemical ionization (CI) conditions has been analysed.
For this purpose, different protonating agents were selected to gradually increase
the exothermicity of the protonation process (Figure 10).

Under the soft protonating conditions of the HzO" ions obtained from H,O/ClI
(Figure 10 blue bars), the CAD mass spectrum of protonated 5-HMF is
comparable with the spectrum recorded under ESI conditions. Gradually
increasing the proton transfer exothermicity by using CHs™ ions from CH,/CI
(Figure 10 yellow bars) and Hs" from H,/Cl (Figure 10 light blue bars) a new
fragment ion at m/z 97 is observed. Interestingly, the daughter ions at m/z 99 and

m/z 69, observed for the species at m/z 127 obtained under ESI conditions from
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the hexose dehydration, are always absent in the CAD spectra of the
corresponding species generated under CI conditions from commercial 5-HMF.
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Figure 10: CAD mass spectra of protonated 5-HMF generated from different chemical ionization
gases (H,0O; CHy; H,0).

Energy-resolved CAD experiments

Triple quadrupole energy-resolved CAD spectra of D-glucose and D-fructose
dehydration intermediates allow the relative water loss dissociation energies to be
measured.

The measurement of the threshold energy associated to the first water loss was
prevented by the low intensity of the protonated ions at m/z 181.

Figure 11 displays the energy-resolved CAD mass spectra of the ions at m/z
163 deriving from protonated D-fructose (panel a) and D-glucose (panel b)
recorded at collision energies ranging from 0 to 5 eV (centre-of-mass collision
energy).

Focusing on the onset of the cross section curves, the loss of the second water
molecule leading to the ion at m/z 145 arises at collision energies close to the
nominal centre of mass energy of 0 eV. The dehydration of D-fructose is slightly
favoured respect to D-glucose as evidenced by the higher collision cross section

measured.
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Figure 11: Energy-resolved CAD mass spectra of the ions at m/z 163 obtained from protonated D-

fructose a) and protonated D-glucose b). The reported collision cross sections concern only the

dehydration reaction leading to the ion at m/z 145.

The energetics of the third water loss from protonated D-fructose and D-

glucose was also investigated by the energy-resolved CAD mass spectra of the

ions at m/z 145 leading to the product ions at m/z 127 (Figure 12). The third water

loss from D-fructose (panel a) and D-glucose (panel b) is also characterized by a

threshold energy around 0 eV with the dehydration of D-fructose slightly
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favoured respect to that of D-glucose as again evidenced by the higher collision

Cross section measured.
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Figure 12: Energy-resolved CAD mass spectra of the ions at m/z 145 obtained from protonated D-
fructose a) and protonated D-glucose b). The reported collision cross sections concern only the

dehydration reaction leading to the ion at m/z 127.
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H/D exchange experiments

Isotopic labelling experiments allow one to obtain additional evidence on the gas
phase D-glucose and D-fructose dehydration mechanism.

When the two sugars are dissolved in D,O at room temperature, the
replacement of all the hydrogen atoms of the OH groups with deuterium occurs in
several minutes, obtaining the ds-hexose. (Scheme 10, panels a and b). The
deuteronated ESI parent ion shifts from m/z 181 to m/z 187

a)
CH,OH CH,OD
O_OH o. OD
D,0
o 1h;rt. oD
OH oD
OH oD
b)
CH,OH CH,0D
5" of o . OD
HO 1 h; 1t DO
CH,OH CH,OD
OH oD
MW=180 MW=185

Scheme 10: D-glucose a) and D-fructose b) H/D exchange reactions.

This procedure permits to distinguish if the water loss involves the acidic
hydrogen atoms bound to the oxygen atoms or the non-acidic hydrogen atoms
bound to the carbon-ring.

The product ion mass spectrum of the ion at m/z 187 reports the loss of a D,0O
molecule as the main fragmentation channel (Figure 13; panel a) and the same
result emerges from the CAD mass spectrum of the ion at m/z 167 where the D,O
loss leads to the fragment ion at m/z 147 (Figure 13; panel b).

On the contrary, the third dehydration step from the ionic intermediate at m/z

147 involves simultaneously the loss of a D,O and a HDO neutral counterparts

25



giving rise to the isomeric final products at m/z 127 and 128 (Figure 13; panel c).
A superimposable behaviour was observed for both sugars.
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Figure 13: CAD mass spectra of the deuteronated ions at m/z 187 a), m/z 167 b), m/z 147 c).

3-0O-methyl-D-glucose experiments

In order to validate a feasible D-glucose dehydration mechanism leading to 5-
HMF as the main product, the role of an electron-withdrawing group bound at O3
position was investigated. To this end, the ESI mass spectrum of 3-O-methyl-D-
glucose was recorded.

As seen before for protonated D-glucose, also in the full-scan spectrum of 3-O-
methyl-D-glucose the intensity of the protonated ion at m/z 195 is very low.

Despite the presence of a methyl group at O3 position, the first fragmentation
step consists predominantly in a water loss, giving rise to the ion at m/z 177
(Figure 14). On the contrary, the loss of the CH3OH neutral counterpart from the
parent ion at m/z 195 represents a negligible fragmentation channel.
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Figure 14: Product ion mass spectrum of the ion at m/z 195, corresponding to protonated 3-O-

methyl-D-glucose.

The main fragmentation pathway of the ion at m/z 177 leads to the ionic
intermediate at m/z 145 resulting from the loss of methanol, while the ionic
species at m/z 159, resulting from the water loss, represents a secondary fragment.
Finally, as observed for D-glucose, the loss of the last water molecule gives rise to
the ion at m/z 127, also in this case the final product of the dehydration reaction.

The CAD mass spectrum of the ion at m/z 127 was compared to the mass
spectra of protonated standard 5-HMF and the ion at m/z 127 arising from the
protonated D-glucose dehydration (Figure 15).

As reported in Figure 15, the CAD mass spectrum of the m/z 127 dehydration
final product derived from protonated 3-O-methyl-D-glucose (green bars) is more
similar to the standard 5-HMF fragmentation pattern (blue bars) than the CAD
mass spectrum of the same ion derived from protonated D-glucose (red bars).

As in the case of D-glucose, H/D solution exchange experiments have been
performed for 3-O-methyl-D-glucose and the recorded CAD mass spectra show

the loss of D,O, CH3;0D and finally HDO/D,O as main fragmentation channels.
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Figure 15: Comparison between the CAD mass spectra of the ion at m/z 127 derived from
protonated 3-O-methyl-glucose (green bars), standard 5-HMF (blue bars) and D-glucose (red

bars).
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2.2 D-fructose base-assisted dehydration

Figure 16 shows the ESI mass spectrum of a D-fructose solution prepared by
replacing formic acid with NH,4CI.
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Figure 16: ESI mass scan of a 1x10° M solution of D-fructose in H,O (0.1% NH,CI)/MeOH 1:1
(VIV).

The ionic population observed under these conditions drastically differs from
that observed by using formic acid as a protonating agent. The spectrum is
dominated by a peak at m/z 198, corresponding to the ammonium D-fructose
adduct (CsH120sNH,4"), and its dehydrated counterpart at m/z 180. The high NH4"
affinity of D-fructose causes a decrease of the intensity of contaminant metal
adduct (CgH1.0¢Na") reported above for 0.1% HCOOH solutions (Section 2.1,
Figure 5, panel a).

Interestingly, ions corresponding to the intermediates (m/z 163 and 145) and
product (m/z 127) of the D-fructose dehydration are still present, which points to
the possible involvement of the base NHj3 in the activation of the dehydration
process. This hypothesis is reinforced by the absence of protonated D-fructose at
m/z 181. Indeed, it is reasonable to assume that the low-intensity peak at m/z 181
present in the spectrum corresponds to the *C-isotope of the ionic species at m/z

180, as confirmed by analysing the 180/181 ratio.
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Tandem CAD experiments

After verifying that the ion at m/z 198 represents the precursor of the dehydration
product at m/z 180 (Figure 17), the decomposition reaction of the ammonium
adduct was followed step-by-step starting from the species at m/z 180 and
isolating in turn the resulting ionic intermediates. This is possible by performing a

series of tandem CAD experiments in an ion trap mass spectrometer.
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Figure 17: CAD mass spectrum of the ion at m/z 198 recorded at 10 eV collision energy.

The panel a of Figure 18 shows the CAD mass spectrum of the ion at m/z 180
recorded at 10 eV collision energy. Two main fragmentation channels are
evidenced. One starts from the loss of the NH3 neutral counterpart, leading to the
ion at m/z 163 that decomposes by releasing in sequence two water molecules
(Figure 18; panel b). The opposite occurs with the other one, where first two water
molecules and eventually the base are released (Figure 18; panel c). In both cases
the final decomposition product is the ion at m/z 127 that should formally
correspond to the protonated 5-HMF.

The structure of the ions at m/z 127 alternatively formed by the two different
reaction channels was investigated by means of CAD and the resulting mass
spectra were compared to that obtained from protonated standard 5-HMF (Figure
19).

30



As previously observed (Section 2.1), protonated standard 5-HMF mainly
decomposes releasing a water molecule, forming a daughter ion at m/z 109
(Figure 19; panel a).
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Figure 18: a) CAD mass spectrum of the ion at m/z 180; b)Tandem CAD mass spectrum of the
daughter ion at m/z 163 obtained as product of the NH3 loss from the ionic species at m/z 180; c)
Tandem CAD mass spectrum of the daughter ion at m/z 162 obtained as product of the loss of a
water molecule from the ionic species at m/z 180. In order to allow the mass spectrum

comparison, all CAD experiments were performed by applying a 10 eV collision energy.

When the NH3 base loss occurs from the first dehydrated intermediate at m/z
180, the [CegHsO3z]H" ionic population at m/z 127 thus arisen shows a
fragmentation pattern completely different from that obtained from protonated
standard 5-HMF (Figure 19, panel b). Conversely, when the NH3 base loss takes
place as the last reaction event, the ions at m/z 127 decompose by releasing a

water molecule. The CAD mass spectrum thus obtained (Figure 19; panel c) is
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perfectly superimposable to that of protonated 5-HMF, highlighting the key role
played by the base in the dehydration process.
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Figure 19: CAD mass spectra of a) protonated standard 5-HMF, b) ions at m/z 127 obtained after
a premature base loss and c) ions at m/z 127 arising when the base loss occurs as the last reaction
event. In order to allow the mass spectrum comparison, all CAD experiments were performed by

applying a 10 eV collision energy.

An alternative decomposition pathway consists in the loss of a CH,O neutral
counterpart occurring after the dehydration of the intermediate at m/z 162, as
reported in the panel ¢ of Figure 18. The ionic product at m/z 114 derived from
this deformylation process formally corresponds to the adduct between NH,4" and
2-furaldehyde (2-FA). The identity of this ionic complex was confirmed by
comparing the CAD mass spectrum of the isolated ion at m/z 114 to the CAD
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mass spectrum of the corresponding ionic species obtained from a solution of
standard 2-FA added with NH,4CI (Figure 20). Indeed, the strict match between

the two CAD spectra confirms the attribution of the ionic species at m/z 114.
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Figure 20: CAD mass spectra of a) daughter ion at m/z 114 obtained from the fragmentation of
the dehydration intermediate at m/z 162, b) standard 2-FA ammonium adduct. In order to allow
the mass spectrum comparison, all CAD experiments were performed by applying a 10 eV

collision energy.

Isotopic labelling experiments

In order to acquire more information about the deformylation mechanism, *3C1-
labelled D-fructose was analysed by ESI tandem mass spectrometry. As a result of

the isotopic labelling on C1, the m/z ratio of the ammonium D-fructose adduct
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shifts from 198 to 199. Consequently, the m/z ratio of the doubly dehydrated
intermediate (the dehydration/deformylation precursor ion) shifts from 162 to 163.

As displayed in Figure 21 the loss of the CH,O neutral counterpart does not
involve the *C1 that is still present in the 2-FA molecular skeleton. Accordingly,
the deformylation reaction is probably obtained by rearrangement of the
methylenhydroxyl group bound at C5.
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Figure 21: Tandem CAD mass spectrum of the daughter ion at m/z 163 obtained as ionic product

of the two water molecule loss from the ammonium **C1-D-fructose adduct at m/z 199.

Base replacement experiments

The possibility to generalize the decomposition pathways experimentally found
for the ammonium D-fructose adduct was evaluated by replacing NH," with the
conjugate acid of a series of nitrogen-containing bases (Table 4).

Considering that an efficient formation of 5-HMF has been recently obtained in
solution from fructose dehydration by developing a caprolactam hydrogen
sulphate ionic liquid catalyst,”® a set of bases structurally related to caprolactam
(12) was chosen. In particular, bases 2-4 and 8-10 show an amidic group whereas
bases 5,6,8 and 10,11 are characterized by a cyclic structure. Moreover, all these
compounds have proton affinity values in the range of 196.5 kcal mol™ (base 2) to
225.3 kcal mol™ (base 11).
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Table 4: List of nitrogen-containing bases employed as complexation agent. The proton affinity

values are available on http://webbook.nist.gov/chemistry/. *Ref.[59].

Base Chemical Structure  Molecular weight  Proton affinity
(kcal mol™)
1 Ammonia NH, 17 204
2 F id i 45 196.5
ormamide :
H)J\NHZ
3 A id i 9 206
cetamide 5 4
Hsc)J\NHZ
o}
4 Urea 60 208
HzN)J\NHz
5 p-F-aniline Hz“‘@*F 111 208.1
6 Aniline HZNO 93 210.9
(0]
7 Glycine 75 211.9
y HZNQLOH
(o]
8 Benzamide ©)‘\NH2 121 213.2
o]
9 | Methylurea e 74 213.4
z H
10 | d-Valerolactam 99 218.6*
” o
N
11 Imidazole Q 68 225.3
H
12 | e-Caprolactam Q 113 n.d.
N o]
H

When bases 1-4 are employed as complexation agent, the corresponding ionic
adduct, schematically represented as [CsH1206-H-B]", follows the same
decomposition routes previously observed for the ammonium complex. On the
other hand, when a base from 5 to 12 is chosen to form the precursor adduct, only

the first dehydration reaction occurs according to the CAD mass spectrum shown
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in Figure 22. In this case, the main fragmentation channel consists in the loss of
D-fructose as neutral counterpart and the protonated base as the charged product.
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Figure 22: CAD mass spectrum of the ionic adduct [C¢H1,06-H-Aniline]™ recorded at collision

energy of 15 eV.
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2.3 Pentose acid-catalysed dehydration

Figure 23 (panels a-c) displays the full scan mass spectra of D-xylose, D-ribose
and D-arabinose 107 solutions.
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Figure 23: Positive IT ESI-MS spectra of H,0 (0.1% HCOOH)/CH;0OH (1:1, V/V) solutions of D-
xylose a), D-ribose b), D-arabinose c).
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All spectra are characterized by several ions generally observed in
monosaccharide samples and by a dominant peak at m/z 173 corresponding to the
sodium-pentose adduct. Protonated pentose sugars at m/z 151 are present at lower
intensities than the ions at m/z 133, m/z 115 and 97. These ionic species
correspond to the intermediates and the final product of pentose dehydration

reactions.

CAD experiments

Since the ion trap instrumentation allows one to perform MS" experiments,
selected precursor ions were submitted to tandem CAD in order to follow, step by
step, the dehydration process.

The extremely low intensity of the ion at m/z 151 does not allow us to perform
MS" experiments that start from this ion and go to the final product. Nonetheless,
its CAD mass spectrum confirms that it is the precursor of the m/z 133
intermediate, arising from the first water loss (Figure 24). The reported spectrum

IS a representative example for all the three monosaccharides.
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Figure 24: CAD mass spectrum of the ion at m/z 151 corresponding to the protonated pentoses.

Since the subsequent isolation of the ion at m/z 133 was prevented by its low
intensity, the m/z 133 intermediate generated in the source was chosen as the MS"

precursor ion. The spectra recorded for the species at m/z 133 coming from D-
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ribose are reported in Figure 25 (panels a and b), whereas the corresponding data
for D-xylose and D-arabinose are not shown since they give similar results.
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Figure 25: D-ribose MS" spectra of the ion at m/z 133 a) and its product ion at m/z 115 b).

As shown, the first spectrum (Figure 25, panel a) is dominated by the ion at
m/z 115, arising from a water loss from the parent ion at m/z 133. This confirms
that the dehydration process represents the main fragmentation channel. The
product ion at m/z 115, obtained from the m/z 133 intermediate, was in turn
isolated. It mainly decomposes into the ion at m/z 97 (Figure 25, panel b), again
arising from the loss of a water molecule. All these results show that the
consecutive loss of three water molecules from the ion at m/z 151 leads to the
formation of the ion at m/z 97 as the final dehydration product. Its MS" CAD
mass spectrum recorded from the parent ion at m/z 133 is reported in Figure 26

and results perfectly superimposable to the CAD spectrum obtained from a
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standard sample of protonated 2-furaldeyde (2-FA), as also reported in a previous
study undertaken in our laboratories.®”
Triple quadrupole CAD mass spectrometry was used to investigate the

structure of the pentose dehydration intermediates and products generated in the

ESI source.
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Figure 26: Comparison between the MS" CAD mass spectrum of the ion at m/z 97 obtained from
pentose dehydration reactions a) and the CAD mass spectrum of the protonated standard 2-
furaldeyde sample b).

Tables 5, 6 and 7 show the data extrapolated from the triple quadrupole CAD
spectra of the ion at m/z 133, m/z 115 and m/z 97 deriving from the
decomposition of protonated D-ribose, D-arabinose and D-xylose. The product
ion relative intensities were obtained from the average of three different CAD
experiments at nominal collision energy of 10 eV (laboratory frame).

The pentose isomeric ions at m/z 133 and m/z 115 show the same

fragmentation products, with small differences in the relative abundances of some
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fragment ions. CAD mass spectra of monohydrate ions at m/z 133 mainly differ in
the relative intensities of the daughter ions at m/z 73, 57 and 55 (Table 5).
Conversely, the fragment ions at m/z 97, 85, 69 and 55 arising from the
intermediate at m/z 115 (Table 6) show relative intensities quite similar only
between D-ribose and D-arabinose.

Finally, the fragmentation patterns obtained from the ions at m/z 97 reported in
Table 7 are almost superimposable. This evidence confirms the MS" experiment
results, demonstrating that the three sugars dehydrate leading to the formation of

the same final compound corresponding to protonated 2-furaldeyde.

Table 5: CAD mass spectra of the ion at m/z 133 derived from protonated D-arabinose, D-ribose
and D-xylose. Each reported value was obtained as average of three different analyses with

standard deviations of the fragment ion intensities around +10%.

Parent ion (m/z) D-arabinose D-ribose D-xylose
133 (relative intensity) (relative intensity) (relative intensity)
115 2.9 34 2.5
97 2.1 4.1 3.4
87 1.6 2.1 1.3
85 6.5 8.3 8.0
73 50.8 29.5 40.0
71 11 4.0 1.7
69 5.3 9.3 7.6
61 5.3 4.6 4.0
59 3.7 4.6 1.6
57 11.8 15.1 26.2
55 4.8 9.5 0.8
45 2.1 1.8 1.7
43 1.6 2.8 0.8
41 0.5 0.9 0.4
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Table 6: CAD mass spectra of the ion at m/z 115 derived from protonated D-arabinose, D-ribose

and D-xylose. Each reported value was obtained as average of three different analyses with

standard deviations of the fragment ion intensities around +10%.

Parent ion (m/z) D-arabinose D-ribose D-xylose
115 (relative intensity) (relative intensity) (relative intensity)
97 7.7 7.8 13.7
87 9.3 4.3 6.4
85 20.9 13.5 23.7
73 0.7 0.6 1.1
71 4.2 8.7 3.3
69 18.5 15.5 26.6
59 15 2.0 1.7
57 12.1 14.5 10.7
55 20.3 27.4 7.0
43 2.4 3.1 1.9
41 2.4 2.6 3.9

Table 7: CAD mass spectra of the ion at m/z 97 derived from protonated D-arabinose, D-ribose

and D-xylose. Each reported value was obtained as average of three different analyses with

standard deviations of the fragment ion intensities around £10%.

Parent ion (m/z) D-arabinose D-ribose D-xylose
97 (relative intensity) (relative intensity) (relative intensity)
71 3.2 5.3 2.1
69 51.4 50.8 52.5
55 2.2 1.6 1.2
43 5.1 4.8 3.1
41 38.1 37.5 40.1
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Energy resolved CAD mass spectra (ERMS)

Triple quadrupole energy resolved CAD spectra of the ions at m/z 133 and m/z
115 allow one to measure the water loss dissociation energies of the pentose
sugars to be used as relative values to compare the dehydration behaviour of the
three monosaccharides. Also in this case, the very low intensity of the protonated
ions at m/z 151, due to the prompt dehydration under the ESI source conditions,
prevented us from recording the energy resolved CAD mass spectra. As a
consequence, the first dehydration energetic barrier cannot be measured. Figure
27 reports the energy-resolved product ion mass spectra of the ions at m/z 133,
arising from protonated D-ribose and D-arabinose recorded at collision energies
ranging from 0 to 3.8 eV (centre-of-mass).
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Figure 27: D-ribose a) and D-arabinose b) energy resolved CAD mass spectra of the ions at m/z

133 leading to the intermediate at m/z 115.
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The dehydration reaction leading to the ion at m/z 115 is characterized by
threshold energies of about 0.4 for D-ribose and 0.8 eV for D-arabinose.

Interestingly, in a previous work® the same dehydration channel relevant to
D-xylose was found to be characterized by a threshold energy around 0 eV, which
indicates a lower dehydration barrier for the loss of the second water molecule
from protonated D-xylose with respect to the other two pentoses.

The loss of the third water molecule (Figure 28) seems to be slightly easier in
the case of D-arabinose, but in the range of 1.0-1.1 eV for both the sugars. These
values are in agreement with the threshold energy reported for the loss of the third
water molecule from D-xylose.!®%
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Figure 28: D-ribose a) and D-arabinose b) energy resolved CAD mass spectra of the ions at m/z
115 leading to the final dehydration product at m/z 97.
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Theoretical calculations

Computational studies were performed in order to clarify the dehydration
mechanisms of protonated pentoses.

The first dehydration step following protonation on C1-OH moiety of D-xylose
was preliminarily investigated by means of Carlo Parrinello quantum molecular
dynamics simulations, and then by M11/6-311++G(2d,2p) minimized
conformations.

Both approaches have evidenced that protonated a and B-pyranose forms of the
sugar easily evolve into a more stable loosely bound water cluster. As an example,
protonated D-xylose optimized water cluster is more stable than both o and f-
pyranose forms by about 10.0 kcal mol™. An “all equatorial” conformation
characterizes the hydroxyl groups in the protonated [3-D-xylopyranose minimum
structure, whereas the minimization due to the “all axial” conformation leads to
the water removal. Hence, the protonated species obtained from the three
investigated sugars evolve to water adducts as the protonated hydroxyl group on
the anomeric carbon is in the axial position. According to the experimental
evidence, theoretical results confirmed the scarce stability of the protonated
pentose ions at m/z 151, characterized by a weakly bound water cluster structure.
Indeed, C1-OH protonated species lose the first water molecule through a
barrierless process assisted by the emiacetalic oxygen lone pair, which gives to
05-C1 a partial double bond character (bond length = 1.24 A).

The first dehydration step generates an oxonium ion B corresponding to the
ionic intermediate at m/z 133 observed in the ESI mass spectra. Figure 29 displays
the calculated geometry of D-xylose oxonium ion B, denoted as BX, as well as
those obtained for dehydrated intermediates, transition states and final product.

The reaction pathways starting from these species are summarized in the
potential energy surfaces (PES) depicted in Figure 30.

After the first dehydration event, the oxonium ion Bx undergoes isomerization
in the bicyclic ion Cx through the nucleophilic attack of the O4 oxygen to the C1
anomeric carbon. This process is characterized by an energy barrier of 6.9 kcal

mol™ and the isomerization reaction was confirmed by CPMD simulations.
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Figure 29: 3D geometry of dehydrated intermediates, transition states and final product obtained

from protonated D-xylose dehydration calculated at the M11/6-311++G(2d,2p) level of theory.
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A proton shift from O4 to O2 leads to the formation of the ion Dx that is 9.0
kcal mol™ less stable than Cx. NMR in situ spectroscopy of fructose acidic
solutions® has recently demonstrated the existence of neutral intermediates
characterized by a bicyclic structure similar to Cx and Dx.

The emiacetalic O5 oxygen assists a ring contraction leading to the loss of the

second water molecule from C2 and the formation of the intermediate Ex.
The imaginary frequency inspection has indicated that transition state DETSX is
characterized by the simultaneous C2-O2 bond breakage and O5 transposition on
C2. Starting from the oxonium ion Bx the overall barrier relating to the loss of the
second water molecule is calculated to be 19.9 kcal mol™, a lower value than that
previously reported for the dehydration pathway that starts from C1-OH
protonation (39.3 kcal mol™).F8!

The calculated 19.9 kcal mol™ energy barrier does not agree with the
experimental threshold energy of about O eV previously reported.®™® The
discrepancy between experimental and theoretically calculated barriers for the
second water loss of D-xylose could be explained by assuming that the starting
reactant ions at m/z 133 are characterized by the Cx structure. The oxonium ion
Bx, excited by the ESI ionization process, could isomerize to the ionic species Cx
through a process that is characterized by a barrier of only 6.9 kcal mol™. Even if
this species is not trapped in a deep potential well and can back isomerize into the
ion BX, its possible existence in the m/z 133 ionic population cannot be excluded.
The overall energy required for the second water loss starting from Cx is only
13.3 kcal mol™, an internal energy that can be reasonably owned by the ions
transmitted in the triple quadrupole mass spectrometer at nominal collision energy
of 0 eV, and moreover correctly lower than that measured for D-ribose in the
ERMS spectrum.

The bicyclic ion Ex, corresponding to the ionic intermediate at m/z 115,
evolves to the five terms carbocation Fx by breaking the bridged C4-O4 bond.
This rearrangement is assisted by an hydride shift from C5 to C4. The lone pair of
the adjacent heterocyclic oxygen atom stabilizes the carbocation Fx and the
barrier of the entire process is estimated to be 32.7 kcal mol™.
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Finally, the last water molecule is released from Fx as a consequence of the
vicinal proton abstraction by the C3-OH group from C4 and characterized by a
barrier of 31.4 kcal mol™. Hence, the overall energy required for the third
dehydration from the ionic species Ex is 32.7 kcal mol™.

Regarding protonated D-ribose dehydration, the geometries identified for
intermediates, transition states and final product (Figure 31) are similar to those
calculated for D-xylose. A similar dehydration mechanism is summarized in the

potential energy surface (Figure 32).

FGTSr Gr

Figure 31: 3D geometry of dehydrated intermediates, transition states and final product obtained
from protonated D-ribose dehydration calculated at the M11/6-311++G(2d,2p) level of theory.

According to the experimental results, the Br ion, as well as the intermediates
and transition states, are characterized by the same connectivity of the
corresponding species calculated for protonated D-xylose. As in the case of the
corresponding neutral pentose sugars, the only difference between xylose and
ribose concerns the orientation of OH groups.

The activation energy relating to the isomerization of the Br ion into the

bicyclic structure Cr, and the subsequent proton shift leading to Dr, is calculated
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to be only 4.6 kcal mol™. Hence, it is reasonable to suggest that the ions at m/z
133 isolated in the ESI mass spectra assume both the Br and/or Dr conformations.
The PES profile relating to the D-ribose Br—Dr isomerization is lower in energy
than that obtained for D-xylose (Figure 30), and this is probably due to the
different hydroxyl group configurations. In particular, O2 and O3 were found in

cis configuration in D-ribose and in trans configuration in D-xylose.
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Figure 32: Potential energy surfaces and reaction pathway of the unimolecular conversion of C1-
OH protonated D-ribose. The AH,9 energies of minima and transition states were calculated at

the CCSD(T)/cc-pVTZ/IM11/6-311++G(2d,2p) level of theory.

As a consequence, the intramolecular hydrogen bond between O2 and O3

enhances the stability of Cr.
Dr also presents this stabilization because the shifted proton on O2 is again

shared by O2 and O3. The energetic barrier of the second dehydration step from
Br is estimated to be 19.9 kcal mol™, the same value calculated for the second

water loss from Bx. This similar activation energy does not agree with the slightly
different experimental energy threshold measured in the ERMS spectra (0.0 eV

for xylose and 0.4 eV for ribose).
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The ring contraction from Er to Fr occurs following the same mechanism
postulated for D-xylose. A proton abstraction by O3 from C4 promotes the third
water loss from the intermediate Fr. In this case the calculated energy profile
overlaps that of D-xylose and the overall activation barrier of 33.1 kcal mol™ is in
agreement with the similar threshold energy experimentally measured for the last
dehydration of the two sugars.

Figure 33 displays the geometries of the dehydrated intermediates, transition
states and final product obtained from protonated D-arabinose, whereas PES and

hypothesized dehydration route are reported in Figure 34.
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Figure 33: 3D geometry of dehydrated intermediates, transition states and final product obtained
from protonated D-arabinose dehydration calculated at the M11/6-311++G(2d,2p) level of
theory.

The proposed D-arabinose dehydration mechanism differs from the other two
sugar pathways especially for the loss of the second water molecule. The
activation energy relating to the conversion of the arabinose oxonium ion Ba into
the Ca is estimated to be 8.9 kcal mol™.

Concerning the D-arabinose second water loss, the 32.1 kcal mol™ barrier is
higher than the corresponding value obtained for D-xylose and D-ribose, but in
agreement with the threshold energy experimentally measured. Moreover, the 0.4
eV experimental threshold energy difference between D-ribose and D-arabinose
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perfectly agrees with the 12.2 kcal mol™ difference between the calculated

barriers.
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Figure 34: Potential energy surfaces and reaction pathway of the unimolecular conversion of C1-
OH protonated D-arabinose. The 4Hgg energies of minima and transition states were calculated
at the CCSD(T)/cc-pVTZ/IM11/6-311++G(2d,2p) level of theory.

As reported in Figure 34, the second dehydration step occurs in a two sequence
mechanism characterized by two transition states, DD1TSa and D1ErTSa.
Compared to the analogue D-xylose and D-ribose transition states, DD1TSa and
D1ErTSa are endowed with higher energies (32.1 and 30.7 kcal mol™) and are
connected each other by the minimum D1a. This is characterized by an epoxy
function weakly interacting with the leaving water molecule.

The subsequent OS5 transposition to C2 through the transition state D1ErTSa
allows the opening of the epoxy function and the ultimate removal of the water
molecule, as indicated by the calculated imaginary frequency. After the
isomerization of the Dla ionic species into the Er ionic intermediate, the
mechanism follows the same pathway calculated for D-ribose.

Finally, the energy barrier relating to the D-arabinose third dehydration step is

calculated to be 30.8 kcal mol”, in good agreement with the similar
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experimentally measured threshold energies of D-xylose and D-ribose (1.0 and

1.1eV).
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2.4 Discussion

All the experimental and theoretical results aiming to the elucidation of the gas-
phase monosaccharide dehydration mechanisms suggest that protonation of the
sugars is a necessary step to convert them to platform chemicals.

For each monosaccharide analysed, protonated parent ions (m/z 181 for D-
hexoses, m/z 151 for D-pentoses) have been detected only at very low intensity.
On the contrary, the dehydration intermediates and products are always observed
as high-intensity peaks in the ESI mass spectra. It is reasonable to suppose that the
protonation occurs at the most basic site of these monosaccharides and that the
first dehydration barrier is sufficiently low to activate the dehydration process
directly in the mass spectrometer source.

With regard to D-glucose, a gas-phase DFT calculations performed at
B3LYP/6-311 +G(d,p) level of theory*! indicated the O1 as the most favourable
protonation site. The m/z 181 protomer thus obtained can easily head for the first
water molecule elimination leading to the ionic intermediate at m/z 163 as
described in Scheme 11. Therefore, the protonation and dehydration of glucose
C1-OH site result in the formation of a carbocation stabilized by the presence of
the pyranosic oxygen atom. For the reported entire process the associated
energetic barrier is estimated to be approximately 4 kcal mol™, an amount of

excitation energy reasonable owned by the ions in the ESI ionization process.

HO

N
<

MW=180 m/z=181 m/z=163

Scheme 11: D-glucose protonation and first water loss mechanism.
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Also in the case of D-pentoses, the protonated sugars are not observed in the
ESI mass spectrum. Reasonably, these species easily lose the first water molecule,
through the same emiacetalic oxygen-assisted process observed for D-glucose.
Conversely to the theoretical calculations performed by Nimlos®® that predicted a
degradation pathway starting from D-xylose protonated at C2-OH, recent mass
spectrometric experiments® demonstrated that gas phase D-xylose dehydration
reaction involves protonation on the OH group bound at C1 position. This
evidence has been obtained by undergoing CAD experiments on C1-OH and C2-
OH protonation model compounds, such as tetrahydro-2H-pyran-2-ol and
tetrahydro-2H-pyran-3-ol.[!

Considering the small differences in the calculated proton affinity values of D-
xylose OH groups, the initial formation of other OH protonated isomers cannot be
excluded. Nevertheless, the C,.5-OH protonated species are all characterized by
higher first dehydration energies!® and hence should survive to water dissociation
and be observed in the mass spectra.

Concerning D-fructose protonation on the O2H most basic site, theoretical
studiest*#"*8 calculated the first water loss to be only 6.0-8.5 kcal mol™
endothermic.

Protonation at the other OH groups has been excluded since the dehydration
reactions of the corresponding protonated species are characterized by calculated
activation energy in the range of 25-40 kcal mol™. These energetic values are
excessively high to justify the low intensity of the m/z 181 ion observed in the
ESI mass spectrum.

Also in this case, the first water loss occurs in a process mediated by the
furanosic oxygen lone pair (Scheme 12).

As evidenced by Scheme 11 and Scheme 12 and from the full-scan mass
spectra reported in Section 2.1 (Figure 5), ions at m/163 represent the first
dehydration intermediates obtained from protonated D-glucose and D-fructose
conversion. The subsequent loss of an additional water molecule led to the

formation of the ionic intermediate at m/z 145.
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Scheme 12: D-fructose protonation and first water loss mechanism.

Although CAD mass spectra can provide only limited information about the
minute structural details of the isolated ions, fragment at m/z 85 has resulted to be
structurally diagnostic for the characterization of these dehydration intermediates.
As previously reported,” the presence of this fragment, corresponding to the loss
of the C,H4O, neutral counterpart from the ionic intermediate at m/z 145, cannot
be attributed to an open-chain precursor ion but is a peculiar cross ring bond
cleavage of cyclic dehydrated sugars. This evidence confirms a cyclic structure
for the ions at m/z 163 and 145 arisen from the mono- and double-dehydration of
protonated hexose. As a consequence, the differences observed in the product ion
relative abundances between the two sugars cannot be related to a different
cyclic/linear connectivity, but to a different orientation of the diastereomeric
vicinal hydroxyl groups.

Small differences in the daughter ion relative intensities have been reported
also comparing the CAD mass spectra of the pentose ionic intermediates at m/z
133 and 115 (Table 5 and 6). Also in this case these differences can be ascribed to
the orientation of the OH groups, but in general the pentose dehydration
intermediates seem to be characterized by a common structure. This consideration
is reinforced by the intermediate structures predicted by theoretical calculations
and confirmed by the common ionic product obtained from the complete
dehydration of the three sugars. In fact, the loss of the third water molecule from
each ionic intermediate at m/z 115 has led to the daughter ion at m/z 97. This
species is characterized by the same structure for the three sugars and corresponds
to protonated 2-FA as verified by the comparison of the CAD mass spectra

reported in Figure 26. According to the outcome of the decomposition reactions
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performed in solution, also in the gas phase the main product of pentose
dehydration reaction is the platform chemical 2-furaldehyde.

On the contrary, the gas-phase dehydration of D-glucose and D-fructose has
led to the formation of a mixed ionic population at m/z 127 not entirely composed
by protonated 5-HMF.

The main daughter ion at m/z 109 arising upon fragmentation of protonated
standard 5-HMF is also observed in the CAD mass spectra of the m/z 127 ions
obtained from protonated D-glucose and D-fructose. Nevertheless, the presence of
several additional fragment ions at m/z 97, 99 and 69, could account for a parent
ionic population containing a mixture of 5-HMF protomers and isomers. In
particular, daughter ion at m/z 97 can be considered as a diagnostic peak to
demonstrate the existence of different 5-HMF protomers. Indeed, this fragment
was observed when the fragmentation of protonated standard 5-HMF has been
performed under strongly exothermic chemical ionization (CI) conditions (Figure
10). Gradually increasing the proton transfer exothermicity it was possible to
access to energetically less preferred 5-HMF protonation sites leading to the
formation of different protonated species evidenced by the appearance of the ion
atm/z 97.

Moreover, the fragmentation into the ions at m/z 69 and m/z 99, never
observed under CI conditions, clearly points to the formation of isomeric
[CeHsO3]H™ ions with a different structure than 5-HMF. This assumption seems to
be in agreement with the results of a DFT study!® that has predicted the
formation of several dehydration products from C1-OH protonated D-glucose.

CAD mass spectra of the product ions at m/z 127 obtained from the
dehydration of protonated D-glucose and D-fructose are substantially different. In
particular, the CAD mass spectrum of the m/z 127 ion arising from protonated D-
fructose dehydration shows an intense fragment ion at m/z 69. This evidence
seems to confirm that the two sugars decompose following different dehydration
routes. Hence, even if the intermediacy of D-fructose in the D-glucose conversion
has been predicted by the “fructose” pathway,*? the differences experimentally
shown in the CAD mass spectra of the intermediate and product ions indicate that
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the dehydration pathway mediated by the glucose/fructose tautomerization is not
the only mechanism occurring in the gas phase.

Besides, on the basis of the energetic barriers measured by ERMS experiments,
the second and third dehydration steps seem to be always thermodynamically
favoured in the case of D-fructose.

Experimental data discussed above allow us to corroborate the most feasible D-
glucose and D-fructose dehydration mechanisms among those predicted by
theoretical calculations. Furthermore, different catalytic strategies can be
proposed to increase the selectivity of the D-glucose and D-fructose conversion to
5-HMF.

In the case of D-glucose, the reported reaction pathway starting from C1-OH
protonation®® is perfectly in agreement with the results extrapolated from the gas-
phase H/D exchange experiments and can be used to describe the dehydration
mechanism of the 3-O-methyl-D-glucose model compound (Scheme 13). On the
basis of this mechanistic hypothesis, the protonation reaction at O1H position
prompts to lose the first water molecule leading to an oxocarbenium intermediate.
The subsequent O2-O3 proton transfer results in the opening of the cyclic
structure and the formation of a furanosic ring after the elimination of a methanol
molecule. The furanosyl intermediate can subsequently release the last water
molecule giving rise to the protonated 5-HMF by means of a proton transfer from

the ring.
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Scheme 13: Hypothesized dehydration mechanism of 3-O-methyl-D-glucose leading to protonated
5-HMF.

Since the protonated 5-HMF is not the only product ion arising from the gas-

phase D-glucose dehydration, the mechanism proposed by theoretical calculations
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represents one of the several possible routes for the D-glucose decomposition. On
the other hand, the data reported may be useful to clarify the key role performed
by an electron-withdrawing substituent eventually bound at O3 position. In fact,
the results obtained by the CAD mass spectrum of the ion at m/z 127 arising from
the dehydration of protonated 3-O-methyl-D-glucose suggest that the presence of
the methyl group at O3-position favours a specific dehydration mechanism
leading to protonated 5-HMF. This is due to the inductive effect carried out by the
methyl group that increases the O3 basicity and favours the 02-O3 proton
transfer. Although the O3 basicity is increased by the methyl substituent, O1 is
still the most basic site and the protonation reaction occurs at this position. This
hypothesis has been confirmed by the evidence that protonated 3-O-methyl-D-
glucose predominantly fragments by releasing a water molecule rather than a
methanol neutral counterpart (Figure 14). Indeed, the loss of CH3OH occurs only
after the first dehydration step according to the theoretical mechanism proposed.
With regard to D-fructose, the combination of experimental results and
theoretical unimolecolar mechanisms reported in literature!**®! has allowed us to
validate a possible D-fructose dehydration pathway leading to [CeHgO3]H™ ions
not corresponding to 5-HMF protonated at the aldehydic group (Scheme 14-16).
As previously reported, the protonation reaction occurs at the most basic sugar

site that in the case of D-fructose corresponds to the O2H group (Scheme 14).
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Scheme 14: D-fructose gas-phase first dehydration mechanism.

The subsequent loss of a water molecule leading to the m/z 163 intermediate
(2) shows an energetic barrier of only 6.0-8.5 kcal mol™. This intermediate can

release the second water molecule after a proton transfer from the O1 to O3 and
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the subsequent hydride shift from C1 to C2 leading to the species 3. The
calculated barrier for this rearrangement ranges from 29.9 to 31.2 kcal mol™ and
the entire process generates an ionic structure that is prompt to lose the second
water molecule (Scheme 15). According to the theoretical data,*®! the unstable
carbocation 4 can isomerize to the more stable ionic species 5, corresponding to
the ion at m/z 145, by the 1-2 hydride shift from C4 to C3. At this point, the
hemiacetalic oxygen lone pair can assist the hydride shift from C5 to C4 with the
subsequent formation of the ionic species 6 that is the key intermediate for the

loss of the third water molecule.
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Scheme 15: D-fructose gas-phase second dehydration mechanism.

Species 6 can undergo a proton transfer from C3 to O4H arranging the
molecule for the last dehydration step (5—8). This route leads to the ionic species
8 that corresponds to 5-HMF protonated on the ring (Scheme 16, route a). The
overall activation energy for this process was calculated by Caratzoulas et al. to be
31.8 kcal mol™. It is worth of note that the calculated values for the second and
third dehydration steps are similar (31.2 versus 31.8 kcal mol™), in agreement
with the similar activation energy experimentally measured by the energy-
resolved mass spectra.

Furthermore, it can be hypothesized that the third water loss may follow the
alternative pathway 6—11, mechanistically reflecting the 2—3 step, that gives
rise to the formation of the dialdehyde 11, a gas-phase product strictly related to
2,5-diformylfuran, a 5-HMF oxidation product reported in water-free solutions!®”
(Scheme 16, route b). The ionic species 11 represents a good candidate as
precursor of the peculiar fragment ion at m/z 69 observed in the CAD mass

spectrum of the ion at m/z 127. In fact, this fragment can be formed by the
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breakage of the bonds between C2-C3 and C5-O as well as between C4-C5 and

C2-0.
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R m/z 127

6 \‘ H or Y/ o
m/z 145 q 24 /?O/ 5 /\Q-/
}4 $ k"
| )

H——O

H 10 11

m/z 127

Scheme 16: D-fructose gas-phase third dehydration mechanisms.

The proposed dehydration mechanism reflects the results of the isotope-
labelling experiments showing that the first and second water loss involves only
proton bound to the OH groups, whereas the last dehydration reaction can occur in
parallel by shifting an hydrogen atom from the ring or by transferring the proton
between the two remaining OH groups.

Taking into account this evidence, the gas-phase selectivity of the D-fructose
conversion to 5-HMF has been increased by forming an ionic adduct with the
conjugate acid of a nitrogen-containing base. In particular, the ammonium ion,
employed as model acid, shows the unique characteristic to simultaneously act as
a protonating or a coordinating agent.

Experimental results have confirmed that when ammonium acts as a
protonating agent the loss of NH3 neutral counterpart performed by tandem CAD
occurs after the first dehydration step of the ionic adduct. The subsequent loss of
two water molecules leads to a m/z 127 ionic population very similar to that
arising from D-fructose dehydration in acidic medium.

On the other hand, when the ammonium acts as a coordination agent and
remains attached to D-fructose during the three dehydration reactions, the final
ionic population at m/z 127 results to be enriched in protonated 5-HMF (Figure

19). This result seems to account for the existence of a selective and effective
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base-assisted dehydration mechanism that drives the D-fructose conversion to 5-
HMF. Simultaneously, the ammonium can assist also a double dehydration
followed by a deformylation reaction leading to a [2-FA--NH,]" adduct. Hence, it
has been highlighted a novel D-fructose conversion mechanism to 2-FA never
observed in solution.

Replacing ammonia with other nitrogen bases, it has been demonstrated that
the reproducibility of this selective conversion mechanism strictly depends on the
proton affinity difference existing between the chosen base and the most basic site
of D-fructose. In this regard, the O2 proton affinity of D-fructose has been
estimated to be around 195 kcal mol™.*®! Hence, comparing this value with those
of the nitrogen-containing bases reported in Section 2.2 (Table 4) a significant
trend has emerged. When the proton affinity difference ranges between 1.5-13
kcal mol™ (bases 1-4 of Table 4) the chemical behaviour of the ionic adduct is
superimposable to that obtained by employing ammonium as a coordination
agent. On the contrary, when the proton affinity difference exceeds 13 kcal mol™
(bases 5-12 of Table 4) the ionic adduct undergoes a single dehydration upon
fragmentation.

Theoretical calculations are in progress in order to elucidate the structures of
the starting reactant ion, those of the intermediates and to validate feasible

reaction mechanisms.
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3. L-Ascorbic acid decomposition reaction

Furan is a heterocyclic organic molecule, consisting of a five-membered aromatic
ring and characterized by a low boiling point (31 °C). Chemical compounds
containing such rings are also referred to as furans.

Furan products had received increasing attention since 1995 when the
International Agency for Research on Cancer expressed the opinion that “furan
and its derivatives are carcinogenic in rats and mice” and classified them as
“possible carcinogenic to humans”.[*

Although the mechanism of furan’s carcinogenesis is not well-understood,
several studies account for the fact that cis-2-butene-1,4-dial metabolite arising
from furan microsomal oxidation is responsible for the formation of diasteromeric
adducts with DNA.I*!

In 1979 Maga!®! first reported that furan products are present in a number of
foods providing evidence that was confirmed only in 2004 by the European Food
Safety Authority (EFSA)®® and the Food and Drug Administration (FDA).["!
These agencies calculated the average levels of furan considering an enlarged
range of food categories. Amounts over 100 pg/Kg were found especially in
coffee, baby food, sauces and soups.

Some research groups®® ™ have demonstrated that these dangerous compounds
arise by decomposition reactions occurring upon food thermal treatment, such as
extreme thermal process by which glass and metal containers are sterilised.
Nevertheless, also non-thermal processing technologies such as ionizing radiation
can induce furan formation.

Unsaturated lipids, reducing carbohydrates and specific amino acids are
indicated as the main classes of furan precursors in thermally processed food.
Among these molecules L-Ascorbic acid represents one of the major source of
furan derivatives.

L-Ascorbic acid, also known as Vitamin C, is a water-soluble nutrient present
in vegetables and fruits and required as part of the human diet owing to its
protective role in the body. Its reducing properties are used in the pharmaceutical
and food industry to protect foodstuffs against oxidation and prolong the shelf life

of drugs.
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L-Ascorbic acid is very effective as antioxidant because it can be quantitatively
oxidized to dehydroascorbic acid in aqueous solution by different oxidizing agents
(Scheme 17).

On the other hand, the exposure of Vitamin C to oxygen, metals, humidity and

light can produce the degradation of this sensitive molecule.
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Scheme 17: L-Ascorbic acid oxidation to dehydroascorbic acid.

The identification of L-Ascorbic acid degradation products and the knowledge
of the mechanisms through which these products are formed can be useful to
determine optimal storage and processing conditions for foodstuffs containing
vitamin C as preservative.

Considering the genotoxic potential of the furan products, the elucidation of the
pathways by which furan and furan derivatives are produced is a promising
approach for optimizing strategies aiming to control their formation. Indeed, the
safeguard of the public health can be ensured only keeping the level of the furan
products under the critical threshold.

As in the case of the monosaccharide decomposition reactions reported in this
thesis, controversial mechanistic hypotheses have been predicted by theoretical
studies concerning L-Ascorbic acid decomposition reaction. In this regard, Hirst
et al.[”* first reported the formation of furfural (2-furaldehyde) from Vitamin C in
strong acidic media, whereas Mogol et al.["* investigated the effect of oxidizing
and reducing agents on the formation of furan from L-Ascorbic acid degradation
as a function of heating at elevated temperatures (>100 °C). According to this
study, degradation of L-Ascorbic acid has been classified into two types of

reactions (non-oxidative and oxidative) and the main difference is represented by
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the formation of dehydroascorbic acid in the first reaction step due to the
alternative presence of anaerobic or aerobic conditions (Scheme 18).
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Scheme 18: Non-oxidative and oxidative decomposition pathways of L-Ascorbic acid proposed by
Mogol et al. Ref. [74].

Also the non-oxidative degradation mechanism proposed by Kurata™ has
suggested furfural as the main carbonyl product obtained in solution. This work
highlighted that the dehydration reaction of 3-deoxy-L-pentosone (3-D-P)
intermediate to 2-furaldehyde is accelerated by acid catalyst.

Anyway, it should be noted that most of the theoretical mechanisms consider
the bimolecular reaction between protonated L-Ascorbic acid and one or more
surrounding water molecules. On the contrary, the peculiar conditions of the gas-
phase studies allow one to consider only intramolecular processes leading to
charged intermediates in which solvent molecules are never involved. For this
reason, on the basis of our experimental data collected by means of the mass
spectrometric techniques, a new decomposition pathway has been suggested.
Contrary to the monosaccharide sugars previously investigated, no information
about the structure and ion energetics of protonated L-Ascorbic acid is available

in literature. Hence, the first step of the investigation was the measurement of L-
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Ascorbic acid proton affinity (PA) and gas-phase basicity (GB). Subsequently,
starting from the gaseous reactant ions, the reaction intermediates and products
were structurally characterized and the conversion energetic barriers measured.
The whole picture emerging from the experimental and theoretical results allowed

us to draw a gas-phase Vitamin C decomposition reaction mechanism.
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3.1 Protonated L-Ascorbic acid structure and ion energetics

Proton affinity (PA) and Gas Phase Basicity (GB) are two thermochemical
parameters defined as the negative of the standard enthalpy and standard Gibbs

free energy for the protonation reaction (1), respectively :
A+H — AH" (1)

The most common mass spectrometric approaches used to determine proton
affinities are the equilibrium method!"®’"! and bracketing method.!"®"!

Owing to the L-Ascorbic acid low vapour pressure and its pronounced
tendency to decompose at high temperature, the use of the above-mentioned
approaches was prevented. An advisable alternative to obtain this thermochemical

information is represented by the Cooks’s kinetic method.®”

AH® + B
[A = H® - B] __CAD |
Proton- bond dimer s A + BH®
AH®
Relative
abundance
BH®
[A H®-B]

Figure 35: Characteristic fragmentation pathway and CAD mass spectrum of the proton-bond

dimer ions.
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This approach consists in generating a proton-bond dimer between the
molecule of interest (A) and a reference base (B). Upon collisionally activated
dissociation (CAD) the dimers can subsequently fragment into the protonated
reference base or competitively to protonated molecule A (Figure 35).

The ratio of the two product ion abundances allows one to estimate the relative
affinity of both molecules to the H ion.

Thus, the selection of a set of suitable reference bases is a critical step for the
application of the method. First of all, the bases should have self-consistent
thermochemical values and in order to neglect entropic factors they should be
structurally similar to the analyte A. In the case of polydentate molecules, such as
L-Ascorbic acid, the protonation entropy differences existing between the analyte
and any selected reference base are significant, making necessary to apply the
“extended” kinetic method developed by Fenseleau and Wesdemiotis. 5

On the basis of this approach, the PA of L-Ascorbic acid (PAa) can be
calculated using the Equation 1, where [AH']/[B;H"] represents the ratio of the
product ion intensities observed from collisionally activated dissociation of the
proton-bond dimers, PAg; is the PA of each reference base used in the
determination of PAa, PAayg is the average PA of the set of reference bases and
A(AS) is the difference in protonation entropy between L-Ascorbic acid (AA) and

the bases.

+
[AH ] — . PABi-PAavg + PAA_PAan _ A(AS)
[B.H+] RT RT R

In

(1)

eff eff

The GB parameter can be derived from the PAA by using the Gibbs-Helmotz

equation (Equation 2).

GB=PA, - TAS (2)
P

To obtain the PAa value from Equation 1 two plots were constructed. In the

first diagram (Figure 36) the natural log of the experimentally determined
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[AH'J/[BH"] ratio is plotted versus PAgi-PAsg (Where PA,= 867.2 kJ mol™).
Each value of In[AH"]/[BH] is obtained from averaging three different set of data

recorded in the same experimental conditions.

In[(AH'/BH")]
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Figure 36: Plot of the In([AH']/[BH™]) versus PAg-PA,, taken at four different collision

energies (4, 6, 8 and 10 eV).

The reference bases used for the PAa measurement were opportunely chosen

on the basis of their structures; in fact, they are all associated with the L-Ascorbic

acid by the presence of a common carbonyl group. Besides, their thermochemical

parameters are well-known in literature!®! and listed in Table 8.

Table 8: Thermochemical properties of the reference bases used. a) Data taken from Ref. [83].

Reference base Gb* Pa® ASp

(kJ mol™) (kJ mol™) (kJ mol™ K™
Acetylacetone 836.8 873.5 123.1
Acetophenone 829.3 861.1 106.7
Methylbenzoate 819.5 850.5 104.0
Hydroxyacetophenone 851.9 883.7 106.7
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Neglecting the entropic effects and applying directly the “simple” Cooks’s
kinetic method, it is possible to obtain an apparent PAa value of about 874.2 kJ
mol™ from the x-intercept PAgi-PAay,=7.

The standard regression analysis allowed to define the best-fit lines to the data
of the first plot (Figure 36), having slopes (m) corresponding to 1/RTes and y-
intercepts equal to [(PAa-PAavg)/RTer-A(AS)/R].

Table 9 displays the slope m and y-intercept values obtained. Standard

deviations were calculated from the square root of the variance.

Table 9: Values obtained from the standard regression analysis

Collision energies m (1/RTes) y-intercept
(eV)
4.0 0.0763+0.01 0.4048+0.06
6.0 0.1167+0.002 0.7935+0.09
8.0 0.1268+0.02 0.8994+0.05
10.0 0.1645+0.05 1.0845+0.2

On the basis of these data a second diagram can be constructed plotting the m

values against the y-intercept. (Figure 37).
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Figure 37: Plot of m values (1/RT.s) versus the y-intercepts ([(PAa-PAag)l/RTei-4(4S)/R].
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A best-fit line having slope m of 7.7736 corresponding to PAA-PA,4 can be
obtained from the second plot. Hence, the PA of AA can be extrapolate and
estimated to be 875.0 kJ mol™. An uncertainty of +12 kJ mol™ is attributed to the
measured value taking into account the error in the average PA of the reference
bases chosen (+7 kJ mol™) and the uncertainties in the data obtained from the first
diagram.

The y-intercept of the second diagram of Figure 37 corresponds to A(AS)/R
and considering a ASayq value of 110.1 J mol™ K™ for the reference bases, a AS
value for the protonation of AA can be calculated to be 108.9 +2 J mol™® K™,
Thus, a GB of 842.5 +12 kJ mol™ can be estimated at 298 K.

Finally, a standard enthalpy of formation of -509.6 +12 kJ mol™ for protonated
AA was obtained from the measured PA value of AA and its heat of formation,
AH?®, reported by Wilhoit (-1164.6 kJ mol™).®4

Quantum mechanical calculations

A systematic quantum mechanical (QM) study at the B3LYP/6-31 +G(d,p) level
of theory was carried out in order to support the mass spectrometric measurements
and highlight the structures of [CsHgOs]H" ions experimentally investigated.

The first step of this study consisted in evaluating the potential energy surface
of neutral L-AA (CsHgOg) and led to the identification of several low energy
conformers of the considered species. This number of structures is certainly due to
the structural flexibility of the molecule and the possibility to form different intra-
molecular H-bonds. Each conformer was generated and, consequently named, as a
result of the rotation around the C4-C5 bond forming an angle O1-C4-C5-05 of
60°, 180° and 300°, respectively. Starting from these three rotamers, the
subsequent rotation around the C5-C6 bond formed an O5-C5-C6-06 angle of
60°, 180° and 300°, leading to the optimization of nine different conformers
displayed in Figure 38.

These rotamers are characterized by several H-bonds. In particular, all the

rotamers show two H-bonds on the lactone ring (O2-H1 and O3-H2) and two H-
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bonds on the chain and between the chain and the ring; only AA_60_180 forms
one H-bond on the chain.
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Figure 38: Geometries of the optimized conformers of L-AA and their energy difference from the

lowest energy structure.

The formation of each intramolecular H-bond involves an energy gain of about

12.5 kJ mol™ influencing the relative stability of neutral AA.

Figure 39: Geometry of the AA_60_300 lowest energy conformer.
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The evaluation of the energetic contents for each rotamers identifies the
conformer AA_60_300 as the most stable structure (Figure 39). This result is in
agreement with previous theoretical® and experimental studies. "]

Besides, the O1, C4, C5, C6, 06 and H6 atoms of AA 60 300 form a six-
membered ring structure with chair conformation that is absent in the other eight
conformers and accounts for its higher stability. All optimized geometrical

parameters are reported in Table 10.

Table 10: Geometrical parameters of AA_60_300 conformer.

Bond A Dihedral angles Degree Angles Degree

O1-C1 1.379 01-C4-C5-05 -68.157 01-C4-C5 110.163
Ci1-C2 1.458 01-C4-C5-C6 55.909 C4-C5-C6  111.916
C2-C3 1.344 C4-C5-C6-06 -79.013 C5-C6-06  111.261
C3-C4 1.5 C4-C5-05-H5 94.74 C6-06-H6  108.477
C4-01 1.452 C5-C6-06-H6 65.989 06-H6-0O1  126.716
C1-02 1.212 C6-06-H6-01 -38.132 H6-01-C4  102.716
C2-03 1.358 06-H6-01-C4 21.228 01-C4-C3  103.835
C3-04 1.346 01-C4-C3-04 -178.829  C4-C3-C2  109.469

C5-05 1.413 01-C4-C3-C2 1.745 C3-C2-C1  108.748
C6-0O6 1.425 C4-C3-C2-03 179.233 C2-C1-01 108.376
C4-C5 1.544 C4-C3-C2-C1 -0.632

C5-C6 1.54 C4-C3-04-H2 -175.624
0O3-H1 0.971 C3-C2-C1-02 179.504

O4-H2 | 0969  C3-C2-C1-01 -0.812 ~ ~
O5-H5 | 0972  C3-C2-03-H1  -178.718 ~ ~
06-H6 | 0.97 04-C3-C2-03 -0.101 ~
C4-H3 | 1.098  03-C2-C1-02 -0.368 _
C5-H5 | 1.098 ~ ~ ~ ~
C6-H6 | 1.003 ~ ~ ~ ~
C6-H7 | 1.099
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The second step of this QM investigation was the elucidation of the protonated
structures. Since the L-AA shows six basic sites corresponding to the six oxygen
atoms, it was necessary to evaluate the GB and PA for each oxygen atom of the
most stable neutral conformer, obtaining six protomers named accordingly to the
protonated oxygen atom (AA_60_300 catl; AA 60 300 cat2; AA_60_300 cat3;
AA 60 300 cat4; AA_60 300 cat5; AA 60 300 cat6). Among these, four
protomers are characterized by a stable structure, whereas all the optimization
procedures to obtain the lowest energy geometries for cat3 and cat5 led to the
iIsomerization into cat2 and cat6, respectively.

Figure 40 reports the optimized geometries and the relative energies of the four
optimized protomers, whereas in Table 11 the bond lengths of the neutral

AA 60 300 versus the protonated species are listed.
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Figure 40: Optimized geometries and relative energies of the AA protomers.

Analysing the energetic parameters shown in Figure 40, it is clear that the most
stable conformer is AA_60_300_cat2 and consequently the L-AA is preferentially

protonated at the carbonyl oxygen.
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Table 11: Bond lengths (A) of neutral and protonated AA_60_300.

Bond AA 60 300 catl cat2 cat4 cat6
0O1-C1 1.379 1.579 1.312 1.392 1.432
C1-C2 1.458 1.429 1.409 1.477 1.454
C2-C3 1.344 1.359 1.373 1.342 1.349
C3-C4 1.500 1.498 1.498 1.506 1.500
C4-01 1.452 1477 1.467 1.438 1.460
C1-02 1.212 1.180 1.301 1.199 1.196
C2-03 1.358 1.352 1.347 1.338 1.346
C3-04 1.346 1.321 1.313 1.365 1.339

In this regard, Figure 41 displays the optimized structure of this species,
highlighting the intramolecular H-bonds, whereas Table 12 lists its geometrical

parameters.

Figure 41: Optimized geometry of the lowest energy protonated conformer, AA_60_300_cat2.

AA 60 300 cat2 shows a strong electron delocalization on the lactone ring
and on the neighbouring oxygen atoms (02, O3 and O4) that can be justified by
the shortening of 01-Cl1l, C1-C2, C2-O3 and C3-O4 bonds and from the
simultaneous elongation of C1-O2, C2-C3 and C4-O1 bonds respect to neutral
AA 60 _300. Thus, the electronic stabilization is due to the protonation at O2 and
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the consequent formation of a 5-alkyl-substituted 1,2,3-trihydrocyclopentadiene
structure of AA involving a cyclic diene w-electron system. Besides, the greater
stability of AA 60 300 cat2 (Figure 41) can also be attributed to the presence of
three hydrogen bonds (O1-H9, O2-H1 and O3-H2). In this context, comparing the
geometries of all  protomers (AA_60 300 catl, AA_60_300_cat2,
AA 60 300 _cat4 and AA_60_300_cat6), only the conformer AA_60_300_cat2
shows a cage-like structure formed by a five atom ring (O1-C4-C5-C6-06) with a
hydrogen bond (06-H5, 2.13 A) as a bridge.

Table 12: Geometrical parameters of AA_60_300_cat2.

Bond A Dihedral angles Degree Angles Degree
01-C1 1.312 01-C4-C5-05 -58.148 01-C4-C5 110571
Ci1-Cc2 1.409 01-C4-C5-C6 67.74 C4-C5-C6  113.817

C2-C3 1.373 C4-C5-C6-06 -16.777 C5-C6-06 106.75
C3-C4 1.498 C4-C5-05-H5 100.456 C6-06-H6  110.191
C4-01 1.467 C5-C6-06-H6 -162.623  06-H6-0O1
C1-02 1.301 C6-06-H6-01 H6-01-C4

C2-03 1.347 06-H6-01-C4 _ 01-C4-C3  102.526
C3-04 1.313 01-C4-C3-04 -178.766  C4-C3-C2  110.058
C5-05 1.404 01-C4-C3-C2 3.047 C3-C2-C1  104.764
C6-0O6 1.425 C4-C3-C2-03 179.319 C2-C1-01 108.376
C4-C5 1.556 C4-C3-C2-C1 -1.71

C5-C6 1.533 C4-C3-04-H2 -176.426

0O3-H1 0.969 C3-C2-C1-02 179.702

O4-H2 | 0974  C3-C2-C1-01 -0.508 ~ _
O5-H5 | 0972  C3-C2-03-H1  -178.718 ~ _
06-H6 | 0966  04-C3-C2-03 -0.366 _
C4-H3 | 1.094  03-C2-C1-02 -1.409 ~
C5-H5 | 1.098 ~ ~ ~ ~
C6-H6 | 1.096 ~ ~ ~ ~
C6-H7 | 1.098 ~ _ _ _
02-H9 | 0.976
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AA 60 300 cat4 and cat6 are less stable than AA 60 300 cat2 by 73.6 and
36.8 kJ mol™ respectively and retain a furan six-membered ring structure
resembling that of the neutral species. Finally, O1 protonation (AA_60_300_catl)
implicate the ring opening leading to an isomer less stable by 56.8 kJ mol™.

Table 13 reports the computed PA values of all AA 60 300 protomers.
Comparing them, the carbonyl oxygen always results the preferentially protonated
atom and the corresponding structure (AA_60 300 _cat?2) is characterized by a PA
value of 861.6 kJ mol™® and a GB of 833.9 kJ mol™. The inclusion of the
Grimme’s dispersion has not changed the PA value that is in good agreement with

the experimental result.

Table 13: Computed PA and GB of protonated AA_60_300.

PA GB
(kd mol™) (kJ mol™)
AA_60_300_catl 809.7 780.8
AA_60_300 cat2 861.6 833.9
AA_60_300_cat4 789.6 757.4
AA_60_300_cat6 827.3 795.1
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3.2 Protonated L-Ascorbic acid decomposition

Figure 42 shows the full-scan mass spectrum recorded from a solution of L-

Ascorbic acid dissolved in a mixture of water and methanol.
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Figure 42: ESI mass scan of a 1x10 M solution of L-Ascorbic acid in H,O MeOH 1:1 (V/V).

The ionic species at m/z 199 predictably corresponds to the sodium L-Ascorbic
acid adduct, C¢HgOgNa", whereas the protonated form of Vitamin C is detected at
m/z 177.

As in the case of the monosaccharides investigated in the previous Chapter, the
source potentials applied for the ion generation and their transfer into the
instrument analyser can activate the dehydration of the protonated ionic
population. Indeed, the mass spectrum shows two peaks at m/z 159 and m/z 141
corresponding to the ionic intermediates obtained from the loss of one and two
water molecules from the ionic species at m/z 177. In particular, the ion at m/z
159 has a lower intensity compared to that of the second intermediate at m/z 141.

As evidenced by the analysis of its fragmentation pattern, the sodium adduct at
m/z 199 was found not to be the precursor of any other ion, whereas the
protonated species at m/z 177 effectively represents the starting reactant ion of the

L-Ascorbic acid decomposition process.
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CAD experiments

The CAD mass spectrum of the ions at m/z 177 (Figure 43) demonstrates that the
dehydration of protonated L-Ascorbic acid occurs in two consecutive steps

leading to the ionic species at m/z 159 and 141, respectively.
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Figure 43: CAD mass spectrum of the ion at m/z 177.

Moreover, the ionic peak at m/z 95 may formally correspond to the final
product of the L-Ascorbic acid decomposition reaction. This hypothesis has been
confirmed by the CAD mass spectrum of the ionic intermediate at m/z 141

reported in Figure 44.

Inten.
[%]
100

95
80
60

40

20 141

Figure 44: CAD mass spectrum of the ion at m/z 141 obtained from protonated L-Ascorbic acid.
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Indeed, the fragmentation of this ionic species produces a single daughter ion
at m/z 95 following the loss of a formic acid molecule as a neutral counterpart.

Energy resolved CAD experiments

Energy resolved CAD experiments have allowed us to measure the relative water

loss dissociation energies.
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Figure 45: Energy-resolved CAD mass spectra of the ions a) at m/z 177 leading to the ion at m/z
159; b) at m/z 159 leading to the ion at m/z 141; c) at m/z 141 leading to the ion at m/z 95.
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Figure 45 (panel a) shows the ER-mass spectrum of the ions at m/z 177
recorded at collision energies ranging from 0 to 5 eV (centre-of-mass collision
energy). Focusing on the onset of the cross section curves, the loss of the first
water molecule leading to the ion at m/z 159 arises at collision energies close to
the nominal centre of mass energy of 0.8 eV.

The threshold energy relating to the second water loss was also measured and
the energy-resolved CAD mass spectrum of the ions at m/z 159 is displayed in
Figure 45, panel b. The second water loss is activated at a collision energy around
0.6 eV, a lower value if compared to the first water loss.

Finally, panel c of Figure 45 displays the ER-mass spectrum of the ion at m/z
141 leading to the ionic species at m/z 95. As evidenced by the analysis of the
cross section curve onset, the loss of a formic acid molecule as a neutral
counterpart occurs at collision energies close to the nominal centre of mass energy
of 1.2 eV

Isotopic labelling experiments

In order to acquire more information about the reaction mechanism leading to the
ionic species at m/z 95, a tandem CAD analysis has been realized by using L-**C-
Ascorbic acid. As a result of the isotopic labelling on the C2 carbon, the m/z ratio
of protonated L-Ascorbic acid shifts from 177 to 178. Consequently the m/z ratio
of the two dehydration intermediates shift from 159 to 160 and from 141 to 142,
respectively.

Interestingly, following step-by-step the decomposition of labelled L-C -
Ascorbic acid by tandem CAD experiments it is possible to observe that the final
loss of the formic acid molecule obtained from the ionic species at m/z 142
involves the *C carbon atom (Figure 46), an important result that must be
considered in order to validate a possible L-Ascorbic acid decomposition

mechanism.
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Figure 46: Tandem CAD mass spectra of a) protonated L-**C-Ascorbic acid at m/z 178;b)
daughter ion at m/z 160 obtained as ionic product of the first water loss from the ion at m/z 178; c)
daughter ion at m/z 142 obtained as ionic product of the second water loss from the ion at m/z 160

isolated in turn from the starting reactant ion at m/z 178.

Quantum mechanical calculations

Quantum mechanical calculations have allowed us to depict a reaction pathway
which is satisfactorily consistent with the experimental results.

According to the hypothesized mechanism reported in Scheme 19 and the
potential energy surfaces displayed in Figure 47, species 1 corresponding to the L-
Ascorbic acid protonated at O2 (protomer AA60_300 cat2) undergoes a ring
opening following an hydride shift from C6 to C5. This process leads to the
formation of ion 2 and is characterized by an energetic barrier of 20.9 kcal mol™
(AG®(rsy)). The species 2 is 13.0 kcal mol™ more stable than the starting reactant 1
and isomerizes to the ion 3 overcoming a barrier of 72.8 kcal mol™ (AG®(rsy) with

an energetic gain of 197.0 kcal mol™. lon 3 undergoes a cyclization through the
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nucleophilic attack of the O2 oxygen to the C5 carbon. This process leads to the
transition state TS which is prone to release the first water molecule forming the
ion 4. This ionic species formally corresponds to the ionic intermediate at m/z 159
and its formation from protonated L-AA dehydration is characterized by an

energetic barrier of 59.8 kcal mol™.
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Scheme 19: Hypothesized decomposition mechanism of L-Ascorbic acid computed at the
B3LYP/6-31 + G(d,p) level of theory.

lon 4 releases the second water molecule following a proton transfer from C4
to O3H in a process that is characterized by an energetic barrier of 43.5 kcal mol™
(AG®(rs4)). The ion 5 is 15.2 kcal mol™ more stable than the precursor species 4
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and corresponds to the second dehydration intermediate at m/z 141. lon 5
represents a resonant structure of the protonated 5-formyl-2-furoic acid (5bis) and
it can tautomerize into 6 by overcoming an energetic barrier of 64.1 kcal mol™
(AG®(rss)). The species 6 rearranges forming an open structure (TS6) and the
subsequent nucleophilic attack of the O6 oxygen to the C3 carbon produces ion 7.
An energetic barrier of 41.5 kcal mol™ (AG®(rse)) separates 6 from 7, but the
rearrangement 6—7 has an energetic gain of 4.0 kcal mol™. Finally, the ion 7
easily evolves to the species 8 by releasing a formic acid molecule in a 8.7 kcal
mol™ exoergonic process characterized by an energetic barrier of 69.5 kcal mol™.
The loss of formic acid from the ion at m/z 141 is characterized by a barrier of

90.7 kcal mol™.

As a consequence, the hypothesized mechanism of the entire decomposition
reaction results exoergonic by -201.3 kcal mol™.
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Figure 47: Geometries of the minima localized on the AA60_300_cat2 potential energy surface,
optimized at the B3LYP/6-31 + G(d,p) level of theory.
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3.3 Discussion

The knowledge of the proton affinity and gas-phase basicity values of a molecule
in the gas phase is considered an ideal tool to detect its intrinsic molecular
properties in the absence of the solvent.

These thermochemical parameters have been experimentally obtained in this
work for L-Ascorbic acid and they are well comparable with the same values
reported for polyfunctional molecules containing a carbonyl group as the basic
site. As recently reviewed by Bouchoux,'® the proton affinity of unsaturated
lactones is around 840 kJ mol™ and the effect of intramolecular hydrogen bonds
may enhance this value up to 40-50 kJ mol™.

In this regard, the joint application of the Cook’s kinetic method and quantum
mechanical calculations has allowed us to highlight the structure of gaseous
protonated L-Ascorbic acid, identifying the oxygen atom (O2) of the carbonyl
moiety as the most basic site and the AA 60 300 cat2 conformer as the most
stable species. Indeed, the presence of other protomers under the experimental
conditions has been reasonably excluded on the basis of energetic considerations.

The experimental PA value of 875.0 + 12 kJ mol™ results to be in agreement
with the value of 861.6 kJ mol™ computed at the B3LYP/6-31 + G(d,p) level of
theory. Besides, a A,S value of 108.9 + 2 J mol™K™ and a GB of 842.5 + 12 kJ
mol™ at 298 K were also experimentally obtained by using the same approach.
The measurement of these fundamental parameters and the characterization of
protonated AA structure represent the first step towards the elucidation of AA
degradation mechanism to furan compounds in the gas phase.

Similarly to the dehydration of the sugars discussed in Chapter 2, the
protonation of L-Ascorbic acid is a process that activates the decomposition
reaction converting it to furan derivatives. This hypothesis is confirmed by the
presence in the ESI mass spectrum of acidic solution of L-Ascorbic acid of the
protonated ions at m/z 177 together with the ionic intermediates at m/z 159 and
141 arising from the loss of one and two water molecules respectively and a final
product at m/z 95.

Contrary to what was observed in the case of the sugars, protonated L-Ascorbic
acid at m/z 177 is stable and can be detected at sufficiently high intensity,

84



allowing us the characterization of the starting reactant ions by means of CAD
experiments. This evidence can be explained by a higher energetic barrier of the
first dehydration of L-Ascorbic acid compared to that calculated for the first
dehydration of the previously investigated protonated sugars. By analysing the
theoretical data, protonated L-Ascorbic acid loses the first water molecule
following a series of unimolecular rearrangements overcoming an energetic
barrier of 59.8 kcal mol™. As a consequence, the water loss occurs through an
open-chain intermediate resulting from an hydride shift and a subsequent
isomerization. On the contrary, the first dehydration of protonated sugars reported
in Chapter 2 is always assisted by the emiacetalic oxygen atom leading to a
carbocationic intermediate in a process that is only 4-8 kcal mol™ endothermic.

Since protonated L-Ascorbic acid at m/z 177 can survive to the source
conditions, it has been submitted to energy resolved CAD experiments in order to
measure the relative dissociation energies. According to the experimental results,
the first water loss leading to the ionic species at m/z 159 occurs with an energetic
barrier higher than that relating to the second dehydration process forming the ion
at m/z 141 (0.8 eV versus 0.6 eV). This evidence has been confirmed by the
theoretical calculations predicting an energetic barrier of 59.8 kcal mol™ for the
first water loss and 43.5 kcal mol™ for the second dehydration reaction. This trend
reflects the relative ionic abundances observed in the ESI mass spectrum where
the ionic species at m/z 159 is detected at very low intensity whereas the
intermediate at m/z 141 shows a higher ion signal.

The ionic intermediate at m/z 141 decomposes by releasing a formic acid
molecule leading to the final product at m/z 95. The highest energetic barrier of
1.2 eV among those experimentally measured is associated to this last
decomposition event, in excellent agreement with the barrier theoretically
predicted.

Theoretical calculations have suggested that the final loss of a formic acid
molecule may occur from the ionic species at m/z 141 following a tautomerization
process and a subsequent rearrangement through an open structure transition state
(TS6). This mechanism is in good agreement with the results of the isotopic

labelling experiments performed on the L-*3C-Ascorbic acid. According to the
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experimental and theoretical data, the release of a formic acid molecule as a
neutral counterpart involves the *3C carbon and occurs through a proton shift from
C2 to the labelled carbon. The species at m/z 95 thus obtained results to be 201.3
kcal mol™ more stable than the starting reactant ion at m/z 177 and shows a
structure strictly related to furfural.

This ion represents the final product of AA decomposition reaction, but it has
already been detected in the gas phase by Eberlin at al.!®! According to this study,
the ionic species at m/z 95 is the stable product of a carbonylation reaction

between gaseous halocarbonyl cations and furan.
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4. Glycosylation reaction

Chemical glycosylation is a coupling reaction that involves two sugar substrates
forming a new O-linkage, known as “glycosidic” bond.

In a typical glycosylation one building block, named glycosyl donor, is a
mono- or oligo-saccharide equipped with a suitable leaving group (LG) at the
anomeric position, whereas the other building block, termed glycosyl acceptor, is
a mono- or oligo-saccharide having an unprotected hydroxyl group acting as a
nucleophile. Generally, all other functional groups on both glycosyl donor and
acceptor counterparts are masked with temporary protecting groups (P) in order to
increase the chemoselectivity of the reaction.

Schemes 20 and 21 show the general mechanism of the chemical glycosylation.

" 2 PO o PO
PO Activator " > O
PO /LE EET IR PO
oF e PO op PO ’
oP
Glycosyl donor Oxocarbenium ion

Scheme 20: | step: Activation of the glycosyl donor.

The first step consists in the interaction between an activator (or promoter) and
the glycosyl donor resulting in the dissociation of the leaving group and the
formation of a carbocationic intermediate.

The simplest leaving group is the —OH group, naturally found in the
monosaccharides, and requires acid catalysis to be activated in order to promote
the loss of a water molecule from the anomeric position. This specific process is
known as Fischer glycosylation.

More effective leaving groups, such as halides, thioethers or imidates, are
commonly used in the glycosyl donors employed for the synthesis of glycosides.
Moreover, the leaving group needs to be activated by the use of a specific
promoter, as reported in Table 14.

After the formation of the carbocationic intermediate, the glycosyl acceptor can

perform a nucleophilic attack from the top or from the bottom face of the ring
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resulting in the formation of a new stereogenic centre and therefore a mixture of

two compounds, (1,2 cis) a- and (1,2 trans) B-glycosides (Scheme 21).

Table 14: Typical glycosyl donors and respective activators.

Activator
PO
’};’{\ OO
PO
PO
PO p LG PO o wt

Activated species

|

Leaving group Activator (E-Nu)
Hydroxyl -OH H*
Halides -Br; -ClI; -1; -F Silver salts
Thioethers -SPh; -STol N-iodosuccinimide/triflic acid
Imidates cl H*

Cl
R/O Cl
NH

The entire process can be ascribed to a nucleophilic substitution reaction,
following an Sy1-like mechanism where the formation of the oxocarbenium ion
intermediate represents the rate-determining step (slow step) and the generation of
the final products corresponds to the fast step of the reaction. Nevertheless,

examples of Sy2-like mechanism are also reported in literature.**%

o)
Glycosyl acceptor Po%OP
PO

oP

B-glycoside a-glycoside

Scheme 21: 1l step: Nucleophilic attack performed by the glycosyl acceptor.
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Both a- and B-glycosidic residues are equally found in a variety of natural
molecules according to their biological role and the therapeutic potential as lead
compounds for drug and vaccine discovery. Therefore, the study of carbohydrate-
containing chemicals is considerably challenging due to the low availability of
pure sample from natural sources. As a consequence, the only approach to provide
chirally pure material consists in resorting to chemical or enzymatic synthesis that
allow one to obtain either a- and B-glycosides with well-defined stereochemistry.
This represents the main reason why chemical O-glycosylation is still considered
a wide-open field of study in modern synthetic chemistry.

Over the years, it has become clear that the reactivity of the glycosyl donor is
directly correlated to the nature of the protecting groups. The concept of armed
and disarmed glycosyl donors was theorized by Bertram-Fraser Reid®® referring
to the increased reactivity of benzylated (armed) over benzoylated (disarmed)
glycosyl donors. This phenomenon, first observed in 1982, originates from the
greater electron-withdrawing capability of ester blocking groups over other ether
protecting groups. Later, Bols et al.®® have extended this notion to superarmed
glycosyl donor by realising that hydroxylic functional groups of carbohydrates are
less electron-withdrawing toward the anomeric centre when they are in axial
configuration than in equatorial. Hence, glycosyl donor conformers with more
axial function groups are generally more reactive toward the chemical
glycosylation. Figure 48 shows examples of disarmed, armed and superarmed

donors, respectively.

IBSO

AcO BnO
N\ la N LG
AcO BnO
AcO BnO
AcO BnO
: " TBSO  1BSO
Disarmed donor Armed donor Superarmed donor

Figure 48: A series of glycosyl donor types. Ac: Acetyl group; Bn: Benzyl group; TBS: tert-
butyldimethyl silyl group.
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Further achievements in this field concern the possibility to control the
stereochemical outcome of the glycosylation reaction that is strictly correlated to
the nature of the protecting groups, especially that bound at the neighbouring C2-
position.

The employment of a C2-partecipating group, typically equipped with a
carboxylic moiety, predominantly results in the formation of a B-glycosyde

(Scheme 22).
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B-glycoside
Scheme 22: Neighbouring group participation mechanism (ester protecting group at C2).

As previously reported, the first step of glycosylation allows for the
dissociation of the leaving group and the generation of the carbocationic
intermediate, known as the oxocarbenium ion. In the presence of an acetyl

protecting group bound at C2-position, the oxocarbenium ion can evolve to an
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apparently more stable acetoxonium ion® that blocks the attack from the bottom
face of the ring predominantly leading to the formation of the B-glycoside.
Alternatively, the absence of a C2-carboxylic participating group, as in the case
of benzylic blocking group (Scheme 23), allows for either attack from the bottom
or top face of the ring, but the formation of an a-glycoside usually predominates

since this product is favoured by the “anomeric effect”.

PO PO PO
O/) o' 0
PO ‘_l«cnvalov PO PO
PO 0 Lc > PO Y PO +

Oxocarbenium ion

PO PO

a-glycoside
Scheme 23: Glycosylation mechanism in the case of ether protecting group at C2.

This phenomenon, first observed by Edward,®” is crucial for defining the
stereochemistry of processes taking place at the anomeric centre of sugars and
consists in a double stabilizing effect. First of all, the axial orientation of C1-OR
minimizes the repulsive interactions between the lone-pair electrons of the
anomeric substituent (O-1) and those of the ring oxygen (O-5). Secondly, an axial
substituent is stabilized through the hyperconjugation due to the periplanar
orientation existing between the anti-bonding orbital of C-1 and the non-bonding
orbital of O-5. This stabilization effect is absent in the case of p-anomers where
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the two above-mentioned orbitals placed in different planes are unable to interact
(Figure 49).
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Figure 49: The “anomeric effect”, f-anomer versus a-anomer.

Despite the two hypothesized pathways, a complete stereoselectivity control is
difficult to achieve. Although one of the two anomeric products is
thermodynamically favourable, small amounts of the other one are often obtained.
For this reason the structural characterization of the carbocationic intermediate
(oxocarbenium ion or acetoxonium ion) is crucial to confirm the postulated
reaction mechanisms.

As extensively discussed in the Introduction, the short life-time and low
concentration of the reaction intermediates may hinder their isolation and
identification in solution by means of X-ray crystallography, Nuclear Magnetic
Resonance (NMR) and IR spectroscopy techniques. Hence, considering the ionic
nature of the transient carbocationic species under investigation, the “gas-phase”
approach can represent a valid alternative.

The combination of sophisticated gas-phase methods and quantum mechanical
calculations has provided several strategies to study the structures of
carbohydrates in vacuo.

In particular, ion mobility mass spectrometry (IM-MS) and action spectroscopy

are two innovative structure-sensitive gas-phase approaches that can be efficiently
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used to face the difficulties encountered in glycan characterization. Generally, the
structures of saccharides are harder to investigate than other biomolecular
compounds (peptides and oligonucleotides) owing to their complex regio- and
stereochemistry. The information achievable by using conventional mass
spectrometric methods is often limited to carbohydrate composition and
connectivity. Indeed, most sugars show the same elemental composition and they
cannot be distinguished according to their m/z ratio. As a consequence, isomers
only differing in the orientation of chemical substituents at the stereogenic centres
need to be chemically derivatised prior to be analysed.

lon mobility spectrometry (IMS), first introduced by Cohen and Karasek!®®! in
1970 with the original name of plasma chromatography, is an analytical technique
able to highlight the gas-phase conformation of ionic species. In particular, IMS
measures the time that ions propelled by a weak electric field need to traverse a
cell through a counter-flowing neutral gas, such as argon, helium or nitrogen. As a
result, compact ions undergoing fewer collisions with the neutral gas cross the cell
faster than the ions having an extended structure.

This method coupled with mass spectrometry (IM-MS) allows one to
distinguish ions on the basis of their mass-to-charge ratio and subsequently to
separate species sharing the same m/z, but different shapes through the
measurement of their drift time.

Recently, the effectiveness of the IM-MS approach has been probed to
successfully  separate  connectivity and  configurational  isomers  of
carbohydrates,'®® demonstrating high resolution power and sensitivity to small
structural differences.

Another approach to structurally characterize carbohydrates consists in the
employment of laser spectroscopy.

Gas-phase infrared spectroscopic methods couple tandem mass spectrometry
and IR optical spectroscopy in order to investigate specific vibrational modes of a
mass-to-charge selected ion without the occurrence of interferences due to the
solution environment.*%%! |n this regard, action spectroscopy is particularly
advantageous because structural details unavailable from more conventional

MS/MS methodologies can be obtained from an IR-spectrum. Simultaneously,
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biological molecules can be vaporized, ionized and manipulated by using a variety
of effective gas-phase approaches (electrospray ionization-ESI, matrix-assisted
laser desorption ionization-MALDI), as alternatives to the conventional laser
desorption.[**]

The main experimental methods for the investigation of molecular vibration
modes in the gas phase are the messenger technique and the infrared multiple
photon dissociation (IR-MPD) technique, both based on the dissociation of
charged clusters or molecules induced by wavelength-selective absorption of IR
radiation. This phenomenon allows the reconstruction of a “surrogate” IR
spectrum from a series of mass spectra recorded by monitoring the fragmentation
yield as a function of different wavelength radiations emitted from a tunable laser.

The main problem of this strategy is the low energy associated to a single IR
photon, much lower than the threshold dissociation energy commonly reported for
most molecules. Therefore, an IR-photo dissociation spectrum can be recorded
employing two different approaches, by the generation of weakly bound clusters
having bond energies not exceeding a few tens of kJ mol™ (messenger technique)
or by using a laser source sufficiently powerful to emit multiple photons (from ten
to hundreds) all absorbed by a single ion (IR-MPD technique).

The messenger spectroscopy, introduced in the 1980s by Y. T. Lee and co-
workers,™® can be eventually applied to the gas-phase study of biomolecules.
The main limitation of this technique lies in the fact that the supersonic expansion,
needed to achieve ions tagged with a small molecule or rare gas atom, does not
allow for a gently transfer of biological molecules to the gas phase. In fact, the
analytes undergoing this process are typically ionized by electron impact or by a
corona discharge that can damage biomolecules characterized by a fragile
structure. For this reason, IR-MPD technique has predominantly been used to
study the vibrational excitations of biomolecular ions.!*%01%?]

This method allows for the dissociation of covalent bonds within molecules
that can be routinely detected in a tandem mass spectrometer. However, the
requirement of multiple IR photons to activate the dissociation leads to highly
excited species, increasing the number of populated quantum states. The resulting
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broadening and shifts in the position of absorption bands can hinder the
interpretation of the vibrational spectra.

Figure 50 displays the IR-MPD spectra of two monosaccharide epimers
derivatised with a C,H4NH; and a CsHigNH> linker, respectively.

Despite the structural differences existing between the two molecules, both
spectra share a broad absorption band in the range of 1000-1150 cm™ and another
low-intensity absorption band around 1490 cm™. Hence, the general appearance of
the two spectra is very similar, reflecting the limited resolution achievable by
using IR-MPD methods.'®! As a result, the two monosaccharide derivatives are
indistinguishable by their IR signatures preventing the acquisition of clear

information about the structural details of the species under study.
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Figure 50: IR spectrum of a positively charged p-glucose derivative a). IR spectrum of a positively
charged f-galactose derivate b). Both spectra were recorded in the fingerprint region at room
temperature using the IR-MPD technique (data taken and adapted by Ref. [106]).

An effective strategy to overcome the scarce applicability of the IRMPD
technique consists in reducing the energetic contents of the molecules
implementing a cooling down process. This approach allows one to reduce the
number of freedom degrees and simultaneously the number of conformations the
molecules can assume at room temperature. As a consequence, the spectral
congestion is markedly reduced and the sharp absorption lines obtained promote

the unambiguous assignment of the spectral bands.
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In this regard, cryogenic multipole ion traps have paved the way to the gas-
phase investigation of molecular ions at sub-Kelvin temperatures.

According to the Gerlich’s studies,™ jon temperatures around 6 Kelvin can
be reached by coupling an rf ion trap to the head of a closed-cycle He refrigerator.
The cold trap is usually placed between the two quadrupoles of a tandem mass
spectrometer and the ions stored are cooled down by the pulse of Helium gas.
Various action spectroscopy schemes have been designed combining cold ion
traps with tunable UV/vis and IR lasers.['%!

An alternative approach to study “cold” molecular structures in the gas phase is
represented by the employment of superfluid helium droplets as a sort of nano-
cryostats.'%%12 According to this method, the ions of interest, embedded inside
nano droplets consisting of 10°-10%° atoms of superfluid helium, are allowed to
achieve an equilibrium temperature of ~0.37 Kelvin that drastically reduces their
internal energy.

Subsequently, the embedded species can be interrogated by an infrared
radiation and the absorption of resonant laser photons leads to the ejection of the
ions from the helium droplets. Monitoring the ejection yield as a function of the
wave-length of the emitted radiation allows one to obtain well-resolved infrared
spectra of ultra-cold molecules.

Such an apparatus has been developed at the Fritz Haber Institute of Berlin by
G. Von Helden et al.l'*] and it has been recently used to study the charge-
induced unzipping of proteins and to structurally characterize a series of isomeric
oligosaccharide ions."®*™ In both studies the vibrational fingerprint obtained for
these cooled biomolecular ions exhibits well-resolved absorption bands that are
diagnostic for minute structural variations.

In order to exemplify the unequivocal effectiveness of this method, Figure 51
reports the IR spectra of positively charged B-glucose (panel a) and B-galactose
(panel b) derivatives acquired at 0.37 Kelvin by using the helium droplet
approach.

The comparison of these two spectra with those recorded for the same
molecules by using IR-MPD technique (Figure 50) shows that IR spectra with

many well-resolved absorption bands can be obtained only by cooling down the
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ions at sub-Kelvin temperature. In this case (Figure 51) the two monosaccharides
can unambiguously be distinguished by their distinct absorption patterns in the
spectral range between the wavelengths of 950 cm™ and 1700 cm™. In sum, the
unprecedented resolving power of the cold-ion spectroscopy provides a spectral

fingerprint that is unique for each monosaccharide.
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Figure 51: IR spectrum of a positively charged B-glucose derivative a). IR spectrum of a positively
charged p-galactose derivate b). Both spectra were recorded in the fingerprint region at 0.37

Kelvin by using the helium droplet approach (data taken and adapted by Ref. [106]).

These excellent results have also been obtained when glycans only differ in the
stereochemistry at single carbon atoms, highlighting the potential of helium
droplet approach to circumvent the impediments encountered over the years in
saccharide analysis.**”!  Additionally, classic and quantum mechanical
calculations can contribute to assign a precise structural conformation to the
carbohydrates under study through the generation of corresponding theoretical
infrared spectra.

Taking into account the unequivocal advantages of the ion mobility mass

spectrometry and ultra-cold spectroscopy techniques, both methods were applied
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to structurally characterize the carbocationic intermediate arising along the
chemical glycosylation pathway. Owing to its transient nature the oxocarbenium
ion has never been isolated before and considering the key role played for the
positive outcome of the reaction, the investigation of its structural details
represents an extraordinary challenge.

In particular, the conversion of the oxocarbenium ion into the acetoxonium
form when the C2 is masked with a carbonyl-equipped protecting group is a
crucial step to control the glycosylation stereoselectivity and the final yield of the
entire reaction. For this reason, the experimental confirmation of the
oxocarbenium ion structure may contribute to elucidate reaction mechanisms that

to best of our knowledge are only theoretically hypothesized.
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4.1 Structural characterization of the oxocarbenium ion
intermediate

A set of four glycosyl donors derivatised with different protecting groups

displayed in Figure 52 were analysed in this work.
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Figure 52: Glycosyl donors 1) 4-Methylphenyl 2,3-di-O-acetyl-4,6-O-benzylidene-1-thio-f-D-
glucopyranoside; 2) 4-Methylphenyl 6-O-acetyl-2,3,4-tri-O-benzyl-1-thio-D-glucopyranoside; 3)
2,3,4,6-Tetra-O-benzyl-D-glucopyranose; 4) 2,3,4,6-Tetra-O-methyl-D-glucopyranose.

Carbohydrate 1 is a model of glycosyl donors equipped with a C2-carboxylic
participating group owing to the presence of an acetyl group bound at C2 position.
Conversely, glycoside 2 shows a C2-benzylic non-participating group and an
acetyl blocking group at C6 position. This specific compound was chosen in order
to verify the occurrence of a nucleophilic attack between the carbonylic oxygen of
the acetyl group and the C1 anomeric carbon.

Glycoside 3 is characterized by an ether protecting group bound at C6 position
in place of the acetyl group present in glycoside 2. Finally, glycoside 4 was
employed as a non-aromatic reference standard.

The possibility to effectively generate the carbocationic intermediate of interest
in the gas phase was evaluated by choosing samples equipped with different
leaving groups, the 4-methylphenyl thioether group for glycosides 1 and 2 and the
most common hydroxyl group for glycosides 3 and 4.

Figure 53 shows the full-scan mass spectrum obtained from a solution of
glycoside 1. The ionic population is dominated by two characteristic peaks at m/z
481 and 939, corresponding to the [(1)Na]® and [(1);Na]® sodium adducts,
respectively. The analysis of their fragmentation patterns has revealed that they
are not the precursor of any other ion, but all efforts aimed to reduce the sodium

concentration in solution have been proved to be useless.
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Figure 53: nano-ESI mass scan of a 1x10 M solution of sample 1 in H,0 (0.1% HCOOH)/MeOH
1:1 (VIV).

As reported for the monosaccharides discussed in Chapter 2 ion at m/z 459,
corresponding to the protonated glycoside 1, is present at very low intensity. It is
reasonable to suppose that also in this case the energy excess deriving from the
protonation may activate the reaction leading to the ion at m/z 335 that
corresponds to the carbocationic species of interest.

An almost superimposable behaviour has been observed from the analysis of
glycoside 2.

Conversely, the nano-ESI mass spectra of the glycosides 3 and 4 have
highlighted a progressive decrease in the intensity of the corresponding
carbocations, thus proving that the hydroxyl is a worse leaving group than the
thioether one for the gas-phase oxonium ion generation.

After isolating the oxonium ion, its collisional cross section (CCS) was
measured. Table 15 reports the CCS experimentally calculated for each
carbocation derived from the glycosides 1, 2 and 3, respectively. The CCS
measurement of the oxonium ion arising from glycoside 4 has been hindered by
an excessively low intensity under the source conditions.

As expected, the lowest collisional cross section value corresponds to the
oxonium ion obtained from glycoside 1 having the most compact structure. On the

other hand, the carbocationic species arising from glycoside 3 is characterized by
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the highest CCS among the other samples owing to the steric hindrance of four

benzylic blocking groups.

Table 15: Collisional cross section measurements of the carbocationic species arising from each

glycosidic sample.

Glycoside Oxocarbenium ion CCS (A)
1 Ph 108.9
\o
o o]
AcO +
AcO
2 OAc 145.76
BnO— !&U;
BEnO +
BnO
3 OBn 156.55
BnO f’&ol
BnO +
4

Considering the effectiveness of ion mobility instrumentation in successfully

separating connectivity and configurational isomeric carbohydrates, the possibility

to discriminate between the oxocarbenium and the acetoxonium structures has

been probed. Indeed, in the presence of an acetyl protecting group bound at C2-

position, as in the case of glycoside 1, the oxocarbenium ion thus obtained can

evolve to an acetoxonium ion through the nucleophilic attack performed by the

carbonylic oxygen of the acetyl group to the anomeric carbon C1 (Scheme 24).
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Scheme 24: Representation of the oxocarbenium-acetoxonium ion conversion.

Owing to the minute structural differences existing between these isomeric
ions, it wasn’t possible to distinguish the two conformers on the basis of their
arrival time distributions (ATD). As reported in Figure 54, a single drift peak was
derived after the ions at m/z 335 have traversed the ion mobility cell.
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Figure 54: Arrival time distribution of the carbocation at m/z 335 obtained from glycoside 1.

This experimental evidence has also been confirmed by theoretical results that

calculated the same CCS value for both the oxocarbenium and the acetoxonium
structures.
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Since the ion-mobility technique does not seem to have a resolution power
sufficiently high to achieve this specific conformer discrimination, the glycoside 1
has been analysed by means of Ultra-cold helium droplet spectroscopy.

Figure 55 displays the IR spectrum of the oxonium ion at m/z 335 arising from

glycoside 1.

C-O-C stretch
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Figure 55: IR spectrum of the carbocation obtained from glycoside 1 recorded in the wavenumber
range between 950 cm™ and 1800 cm™ at 0.37 Kelvin by using the experimental setup described in
Section 7.6.

The first part of the IR spectrum represents the spectral portion where
vibrational modes of C-O and C-O-C stretch are predominantly observed. As a
consequence, this region is characterized by a series of extremely congested
absorption bands, covering the wavelength range between 950 cm™ and 1250 cm™
1

Conversely, the second part of the spectrum is not affected by congestion
showing distinctive sharp features, such as the narrow band around 1475 cm™ and
two quite well-resolved peaks at 1460 and 1525 cm™. Finally, the spectral region
between 1700 and 1800 cm™ shows some broad and low intensity bands.

Quantum mechanical calculations have been performed in order to obtain the
corresponding theoretical IR spectrum. Owing to the fact that the phenyl group of

glycoside 1 can assume an equatorial or an axial position both isomers should be
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considered in the calculations, but the equatorial isomer was excluded by
calculating the theoretical CCS values. In fact, the theoretical CCS value of 110 A
calculated for the axial isomer is in good agreement with the experimental CCS
value of 108 A whereas is not consistent with the theoretical CCS value of 115 A

obtained for the equatorial isomer.
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Figure 56: Relative energy distribution as a function of the distance from C1 [A] of open-chain
conformers (grey dots), O3-C1 closed conformers (red dots) and O2-C1 closed conformers (blue
dots).

Molecular dynamics approach has been used to find low energy conformers as
possible structure candidates. In particular, the energetic content of the
oxocarbenium structure versus the acetoxonium structure has been calculated.
Concerning the carbocationic species arising from glycoside 1 and having an
additional acetyl protecting group bound at C3 position, it was evaluated the
stability of closed conformers obtained from both the nucleophilic O2-C1 and
03-C1 attacks.
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The diagram displayed in Figure 56 reports the relative energy of all
geometries having an energetic content below 30 kcal mol™ (y-axis) as a function
of the distance from C1 (x-axis).

From the analysis of the geometry distribution it is possible to highlight that
the stability of the conformers strictly depends on the distance from C1. As a
result, when the O2 distance from C1 shifts from 3.5 A to around 1.6 A the
energetic content of the system is drastically reduced. Hence, the O2-C1 ring
conformers are generally more stable than the corresponding open-chain
conformers. Conversely, the same effect is not observed for the O3-C1 ring
conformers having a relative energy comparable to that of the open-chain
structures. Therefore, the O2-C1 nucleophilic attack is thermodynamically
favoured compared to the O3-C1 nucleophilic attack.

Theoretical IR spectra have been calculated for the most stable open-chain and
02-C1 ring conformers (Figure 57) in order to evaluate the match existing
between experimental and theoretical data.

The region between 1400 and 1800 cm™ of the experimental IR spectrum
shows a series of well-resolved and high intensity features that could be
characteristic of a specific conformation. On the contrary, the area between 1000
and 1400 cm™ is less diagnostic owing to the extremely congestion of the
absorption bands.

In particular, the absorption band at 1460 cm™ present in the theoretical
spectrum of the O2-C1 ring conformer 4H5 and the absorption band at 1475 cm™
present in the theoretical spectrum of the O2-CL1 ring conformer E5 are both well-
reproduced by the experimental spectrum. This evidence seems to account for the
existence of a mixed population of conformations predominantly constituted by
closed conformers. Indeed, the simultaneous presence of multiple conformations
is quite common for sugars owing to the flexibility of their structures. Moreover,
the chemical bond O2-C1 of both hypothesized conformers shows a covalent
character. Such a structure has never been predicted and experimentally validate

until now.
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Considering the promising results obtained by using the Ultra-cold
spectroscopy technique, the same approach has been employed to analyse the
carbocation species arising from glycosides 2, 3 and 4.

A good ion signal has been obtained under the source conditions for the
carbocationic species arising from glycoside 2, confirming the easy departure of
the 4-methylphenyl-thioether leaving group. On the other hand, a high level of
fragmentation has been reported after the oxonium ion isolation and its
accumulation into the ion trap, preventing from recording the corresponding IR
spectrum. This is probably due to the collisions with the buffer gas and the long

trapping time.
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Figure 57: Comparison between the experimental IR spectrum obtained from the analysis of the
carbocation at m/z 335 arising from the glycoside 1 (grey) and the theoretical IR spectra (red)
calculated for the most stable open-chain conformer 4E and the two most stable O2-C1 closed
conformers 4H5 and E5. Theoretical spectra were obtained by using the B3LYP functional and
the def2TZVP basis set.
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As expected from the ion mobility data, all attempts to acquire an IR spectrum
of the oxonium ions arising from glycosides 3 and 4 are failed owing to the
presence of the hydroxyl leaving group. The next step of this study will be the
replacement of the hydroxyl with the 4-methylphenyl-thioether leaving group by
the chemical synthesis of custom-made sugars.
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5. Ion-molecule reactions

In the framework of the fundamental studies concerning the activation of inert
bonds, unprecedented reactions of ions containing metals like iron and vanadium
have been investigated. Iron and vanadium are two of the most common and
diffuse transition metals in the Earth’s crust. They play a major role in biology as
active centres of some enzymes. In particular, iron represents the metal ion at the
active site of important redox enzymes dealing with cellular respiration and
oxidation/reduction processes in plants and animals. On the other hand, vanadium
is predominantly present in the bromoperoxidase of ocean algae.™™®

Among the low-valent iron species, ferrocene (n°-CsHs)oFe(ll) is the
prototypical metallocene,**®! a type of organometallic chemical compound
consisting of two cyclopentadienyl rings bound on opposite sides to a central
metal atom (Figure 58).

J

J

Figure 58: Schematic representation (on the left) and ball-and-stick model (on the right) of a

metallocene molecule. The purple ball in the middle represents the metal cation.

Owing to the characteristic position of the metal ion, these organometallic
species are also known as sandwich compounds.?” The excellent redox
properties of ferrocene have paved the way to the use of this compound in several
application fields. As an example, ferrocene has proved useful in the design of
bionsensors, dye-sensitized solar cells and drugs.'"! In particular, the oxidized
charged form (n°-CsHs).Fe® obtained from ferrocenium salt exhibits cytotoxic

properties,'*??! showing a promising activity as antitumor agent.
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On the other hand, vanadium is predominantly employed as steel addictive in
metallurgic industry, whereas vanadium oxides are known to be catalysts of
important non-metallurgical processes, such as the production of sulphuric acid
and the reduction of nitrogen oxides.™® Finally, a novel application of vanadium
hydroxide H,V30g concerns its use as nanowires in Li-ion batteries.™**

Considering the significant potential of ferrocene and vanadium hydroxydes,
the intrinsic features of these compounds and the elementary reactions involved in
the described processes have been extensively investigated in the gas phase at
molecular level.

In order to highlight the characteristics of the ligated iron, both (n°-CsHs).Fe”
and (n°-CsHs)Fe” ions have been the subjects of a number of studies. In particular,
the reactions of (n°-CsHs)Fe* with nucleophile ligands containing halogen atoms,
such as substituted pyridines PyX and methyl halides CH3X (X=F, Cl, Br), lead to
the loss of HX molecules giving rise to species that preserve the (CsHg)Fe
kernel.'?! Generally, the features of the products arising from the reactions of
(n°-CsHs)Fe* demonstrate that the coordination of the iron with the carbon ring is
always preserved. This evidence is not influenced by the coordination site of the
added nucleophile. To the best of our knowledge the unique example of iron
extrusion is given by the reaction of ferrocene and ozone leading to hematite
(Fe,03). This process has been studied by using the so called low-temperature
matrix-isolation/FT-IR techniquel®® consisting in the deposition of the reactant
species onto a cooled Csl window subsequently analysed by infrared irradiation.

On the other hand, examples of C-C bond formation are reported to be
catalysed by iron or bare Fe® and Fe," cations in alkyl halides solution
reactions™™?”) or in hydrocarbon reactions in the gas phase.?!

Passing to vanadium compounds, the ion-molecule reactions (IMR) of several
homonucleart*?! and heteronuclear™® vanadium oxide cations with hydrocarbons
have been studied in order to gain information on reaction paths, cluster size and
ligand effects. In this regard, several studies are available on singly-charged
vanadium anions. For instance, a number of vanadium oxide monoanions have
proved to be reactive with hydrocarbons, water and SO,.**¥ In particular, it has

been demonstrated that the vanadium-oxide kernel of the V4,019 anion can
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effectively incorporated SO,**!¢ leading to a [V4010,S0,]" complex showing a
square pyramidal structure (Figure 59), whereas neutral vanadium oxides only
give association intermediates or oxidation and reduction products by the reaction
with SO,.1%

a) V,0,, +S0, —[V,0,, SO,]

b) n

. _—
3
r
[V,0,,S0,]

Figure 59: Scheme of the reaction of V,0,y" with SO, a); Structure of the inclusion complex

[V4010 SO,] assigned by means of IRMPD experiments and theoretical calculations b).

Conversely, the reactivity of multiply-charged vanadium cluster ions has not
completely unravelled, still representing a field of study only partially explored.
These species were first detected in a Penning trap and then analysed as oxides by
electrospray-ionization mass spectrometry.l**¥ In this regard, positive doubly-
charged species, VO?*, VOH?* and VOH,*, have been reported to be
thermochemically stable and further stabilized by water solvation.**
Additionally, various doubly-charged polyoxovanadate and hydroxide anions
have been produced in the gas phase by electrospray of aqueous solutions of

metavanadate.***
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The  known reactions of dianions are  proton-transfer  and
substitution/elimination (2-3), where the dianion is entirely included in the final
product. In contrast, dications undergo the so-called “bond-forming reactions”
where the simultaneous breakage and formation of chemical bonds give rise to

two singly-charged species and/or a new doubly-charged ion.***!

2- + -
Y + H3O —YH + HZO (2

—>  Br + Z-Y-CH,CH,
Z-Y +CH,CH,Br — )

—  Br + Z-YH+ CH,=CH,

Proton-transfer and substitution/elimination reactions of dianions have been
described in the gas phase™® but no evidence of bond-forming reactions have
been reported for these species.

Mass spectrometric techniques and quantum chemical calculations have
allowed us to study the gas phase reactions of ferrocene and doubly-charged
vanadium (V) anions with dichloromethane and SO, respectively.

Ferrocene reaction led to the formation of ferrous chloride and protonated
benzenium ion, representing an interesting example of gas-phase iron extrusion
process. On the other hand, singly-charged products that do not contain the
reactant have arisen from the vanadium reactions, highlighting a bond-forming

reaction performed by doubly-charged anions in the gas phase.
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5.1 Iron promoted C-C bond formation

Millimolar solutions of ferrocene dissolved in a mixture of acetonitrile and water
were injected into a linear ion-trap mass spectrometer and analysed.

The positively-charged ions detected in the gas phase are the molecular cation
(n°>-CsHs).Fe* (m/z=186), (n°-CsHs)Fe* (m/z=121) and Fe® (m/z=56). All the
reported m/z ratios refer to the most abundant *°Fe isotope among the four iron
isotopic species. Under these experimental conditions, the ionic adducts [(n°-
CsHs)Fe-CHsCN]*  (m/z=162) and [(n°-CsHs)Fe-H,0]" (m/z=139) are also
observed owing to the use of both acetonitrile and water as solvents.

Each ion characterized by the CsHs moiety has been mass-selected and reacted
with CH,Cl, that was separately admitted into the reaction cell of the modified
ion-trap mass spectrometer (for further details see Section 7.3). All the analysed
species are found to be unreactive, apart from (n°-CsHs)Fe® that yields an
abundant ion formally corresponding to C¢H;" (m/z 79) and plausibly formed by
the following reaction:

(n°>-CsHs)Fe*  + CH,Cl, — CgH;" + [Fe, 2Cl] (4)

The kinetic profile of the reaction (4) demonstrates that it is fast and efficient,
but the analysis of the reaction is complicated by the concomitant formation of the
[(n°-CsHs)Fe-H,0]" adduct due to the presence of background water (5). Hence,
an accurate calibration procedure has been performed to subtract the background

water contribution and prevent the precursor ion loss.
(°>-CsHs)Fe*  + H,0 —  [(n>-CsHs)Fe-H,0]" (5)
Except for the formation of the water adduct, the reaction of (n°-CsHs)Fe* with
CH,ClI, gives only one ionic product CgH;". Figure 60 reports the kinetic plot

relating to the formation of CgH;" occurring with a rate constant of k=7,1-10"°

(+ 30%) cm*s™ molecule™ and an efficiency k /kcoi=63% (kcon = collision rate).
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Figure 60: Kinetic plot and best-fit lines of the reaction of thermal (4°-CsHs)Fe* ions with
CH,Cl,. Pressure of CH,Cl,=4,9-10" Torr, * (5°-CsHs)Fe™ (R =0,9996) ™ CgH," (R? =0,9990),
A [(7°-CsHs)Fe-H,0] *(R*=0,9991).

The reaction intermediate [(n°-CsHs)Fe-CH,Cl,]" at m/z 205 can be detected

only under high-pressure conditions. Accordingly, by ionization of a mixture of
ferrocene and CH,Cl, in a ZabSpec mass spectrometer, [(n°>-CsHs)Fe-CH,Cl,]*
has been observed and stabilized. Its structural characterization has been achieved
by recording high-energy (8 kV) collisionally activated dissociation (CAD) mass
spectra of the isolated isotopomers [(n°>-CsHs)Fe-CH,*Cl,]" at m/z 205 and [(n°-
CsHs)Fe-CH,*CI*’CI]* at m/z 207 (Figure 61).
The formation of an intense daughter ion at m/z 79 formally corresponding to
CgH;* points to the intermediacy of the ionic species [(n°-CsHs)Fe-CH.Cl,]* in
the C-C bond formation. On the other hand, the FeCI* ions (m/z 91 or 91-93)
confirm that the iron transfer to chlorine is mediated by the intermediate [(n°-
CsHs)Fe-CH,CI,]". Finally the minor fragments formally corresponding to Fe-
CH,Cl," (m/z 140 or 142) account for the iron transfer from (n°-CsHs)Fe* to
CH,ClI..

113



100 -

156
0, 80 120 160
% 79
121
504
91
167
140
0 o
20 40 60 80 100 120 140 160 180 200

mz ——»

Figure 61: CAD mass spectrum of /(i7°-CsHs)Fe-CH,*Cl,]* ions at m/z 205 with a partial
spectrum of [(n°>-CsHs)Fe-CH,®CI*'CI]* at m/z 207 in the inset.

Other abundant ionic fragments containing the CsHsFe kernel are the ions at
m/z 156 and 121, corresponding to (n°-CsHs)Fe-Cl* and (n°-CsHs)Fe* or its
dissociation product at m/z 167, corresponding to [(C;Hs)Fe-CH,Cl,]*. Minor

peaks at m/z 38, 49, 56, 65, 94 are related to consecutive dissociations of the

CsHsFe, CsHs and CH,Cl, moieties.

None structural information about the neutral products of the reaction can be

obtained by the conventional mass spectrometric approach used. Hence, the

possible reactions leading to the CsH;" ionic species are reported below (6-9).

(n°>-CsHs)Fe*  +  CH.Cl,

(n5-C5H5)Fe+ + CH2C|2

(n°>-CsHs)Fe*  +  CH,Cl,

(n5-C5H5)Fe+ + CH2C|2

—

CeH7"

CeH7'

CeH7"

CeH7*
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+

+

Cl

Cl,

2Cl

(6)
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For this purpose, N:R (Neutral Fragment Reionization) experiments have been
carried out in order to investigate the nature of the neutral species arising from the
carbon-carbon coupling reaction. This technique allows one to analyse the neutral
counterparts of the charged fragments produced from the dissociation of the [(n°-
CsHs)Fe-CH,Cl,]* intermediate.*”) In particular, all neutral species are separated
from the charged fragments and then reionized. The N:R spectra of isolated
isotopomers  [(n°>-CsHs)Fe-CH,*CL,]* and  [(1°-CsHs)Fe-CH,*CIF'CI]"  are
reported in Figure 62.
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Figure 62: NiR spectrum of [(n>-CsHs)Fe-CH,*Cl,]* with the partial NiR spectrum of [(n°-
CsHs)Fe-CH,*CI*'CI]* in the inset.

Both spectra show intense peaks at m/z 126 and 128 that are absent in the CAD
spectra of the ionic intermediate and correspond to the Fe**Cl," and Fe**CI*’CI*,
respectively. These ionic species can only be obtained by reionization of FeCl,,
the neutral counterpart of the C¢H;" ions obtained from the dissociation of the
[(n°-CsHs)Fe-CH,Cl,]* intermediate. According to this result, reaction (6) can be
assigned to the process leading to the CgH;" ions. The other ions observed in the

N¢R spectrum, such as the ionic species at m/z 91, do not account for the reaction
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(7) leading to FeCl and CI as neutral counterparts. Indeed, the ionic fragment
FeCl™ may arise from the dissociation of FeCl, as a consequence of the re-
ionization process. Similarly, reactions (8) and (9) can be excluded because no
signal at m/z 70 corresponding to Cl," were observed in the N{R spectrum.
Finally, low-resolved peaks in the m/z range between 35 and 50 were obtained
from consecutive dissociations of fragments at higher m/z values.

In order to structurally characterize the ionic product at m/z 79 arising from
reaction (6), a series of CAD experiments have been performed.

The ions at m/z 79 may correspond to the bicyclic form of protonated fulvene
[(n°-CsHs)-CH,]" or to protonated benzene CgH-;*. These two isomeric ions have
been distinguished by comparing the CAD mass spectrum of the ion at m/z 79
obtained from the reaction (6) with the CAD mass spectrum of standard

benzenium ion. Protonated benzene has been obtained under chemical ionization

(CI) conditions by using CH, as a protonating agent.[**®
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Figure 63: CAD mass spectra obtained from standard protonated benzene a); product ions at m/z

79 arisen from the reaction (6) b); fragment ions at m/z 79 arisen from the dissociation of the ionic
intermediate /(#°-CsHs)Fe-CH,*Cl,] * c).
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The CAD mass spectra of the ions at m/z 79 are reported in Figure 63 (panel a

and b) and result to be superimposable, highlighting that the product ion at m/z 79
arising from the reaction (6) effectively corresponds to protonated benzene.
An additional confirmation of this hypothesis can be obtained by recording the
MS® CAD spectrum of the fragmet ion at m/z 79 arising from the dissociation of
the ionic intermediate [(n°>-CsHs)Fe-CH,*Cl,]* at m/z 205 (Figure 63; panel c).
Also in this case, the CAD mass spectrum is superimposable to that obtained from
protonated standard benzene.

According to the experimental results, theoretical calculations have identified a
potential energy surface for the reaction (6). The energy profile and the
geometries of the corresponding minima and saddle points are illustrated in Figure

64 and 65, respectively.
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Figure 64: Structures of the minima and saddle points reported on the /(3>-CsHs)Fe-CH,Cl,]*
potential energy surface. Bond length in angstroms and angles in degrees. Energy values relating
to 1 (4H°, 4G®) in kcal mol™.
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As displayed in Figure 65, the barrierless interaction of the iron atom of the
[(n°-CsHs)Fe]* precursor ion with a chlorine atom of CH,Cl, leads to the first
adduct 1 [(n°-CsHs)FeCI-CH,CI]". The positive charge of the ionic species 1 is
predominantly placed on the CH,Cl, moiety (0.72 e) showing a long Fe-Cl bond.
The 1—2 isomerization occurs through the transition state TS; by overcoming a
barrier of 25.8 (AG°=27.3) kcal mol™. This process allows the activation of the

first C-Cl bond and the insertion of the iron atom.
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Figure 65: Schematic energy diagram of the /(#°-CsHs)Fe-CH,Cl,]* potential energy surface.
AH°(4G°) values in kcal mol™. The inset shows the likely rearrangement of protonated fulvene to

the benzenium ion.

In the [(n°-CsHs)Fe-(Cl)"CH,CI]" ion 2 structure, the chlorine atom interacting
with Fe is no longer bound to the CH,CI group, whereas a new Fe-C bond is
formed leading to a three-coordinated iron atom. The ionic species 2 is separated
from the adduct 3 by a barrier of only 6.1 (AG°=7.3) kcal mol™ (TS,). The ion 3
still displays a weak residual interaction between the iron atom and the n°-CsHs,
but in this step the CH, moiety is carried from the iron to the carbon ring and the
new C-C bond is formed. As a result, the Fe-CH, interaction is replaced by an

elongated Fe-Cl bond. Hence, the ion 3 dissociates into FeCl, and [(n’-

118



CsHs)CH,]", the bicyclic form of protonated fulvene. Owing to the exothermicity
of the whole process the [(°>-CsHs)-CH,]" ion can isomerize to the more stable

benzenium ion.*%
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5.2 SOz promoted V-0 activation

Doubly-charged vanadium (V) hydroxoanions H,V,0* and HNaV,0:,> were
obtained in the gas phase by ESI ionization of aqueous NaV O3 solutions and their
reactivity towards sulphur dioxide was investigated by ion-molecule reactions
(IMR).

To this end, H,V,07* and HNaV,0;:,> have been mass-selected and reacted
with SO,, separately flown into the reaction cell of the modified ion-trap mass
spectrometer.

Two reaction channels have been found for the H,V,0;* anion; the major
channel (10) leads to singly-charged H,VO, and VO3SO, product ions whereas
the minor channel (11) produces HV,0¢ and HOSO, .

H2V2072- + SO, — HyVO; + VO350, (10)
H,V,04 + SO, — HV,05 + HOSO, (11)
100 -
20} _+ " H,VO, + V0380,
1 "
“. ”~
60 © £
) o/
X /{T.
= 40-
¢ QH2V20724
4 »
2044 g
| N . HOSO, +HV,0q
Opanseesn= s ° = 5 -8 2 ¥
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Figure 66: Kinetic plot and best fit lines of the reactions of thermal H,V,0-% ions with SO,, P SO,

= 2.7 « 107 Torr, R? (H,V,0;%) = 0.9992, R* (H,VO, + VO550,) = 0.9992, R? (HOSO, +
HV,0¢) = 0.9630.
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The kinetic profile of the HyV,0-* ions is characterized by an overall rate
constant kgy= 1.21 » 10 (= 30%) cm® s molecule™ at 298 K, an efficiency
K(ovy/Keott (Keonn = collision rate) = 93 %, kio/ki1 = 42/1 (Figure 66).

It is remarkable to observe that the reactant ion formally reported as H,V,07*
may include the isomeric [V,0s-H-0]> complex and the pirovanadate form,
abundantly present in the sprayed solution. The ligated ion is the product of a gas-
phase reaction between V,0¢> and H,0.

In order to effectively prove the formation of the ionic [V,0e-H,0]* adduct,
ions at m/z 99 corresponding to V,0¢” have been isolated and reacted with H0,
as shown in Figure 67.
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Figure 67: ITMS spectrum of the reaction of isolated V,0¢% ions (m/z 99) with H,0. P H,0 = 4.8
« 10°° Torr. Isobaric VO5 ions are also present. Observed products: [V,Og-H,0]* at m/z 108 and
[VOs-H,0] at m/z 117. The small signal * corresponds to V,0¢ (m/z 198) from the electron
detachment of V,0¢%.

Although the isobaric VO3 ions have been mass-selected together with the
V,0¢> dianion, the obtained ionic product at m/z 108 confirms the formation of
the [V20¢-H,0]* complex.
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On the other hand, when SO; is admitted into the cell of the ion trap a H,O/SO,
mixture is formed and the abundance of the [V,0-H,0]* adduct at m/z 108
significantly decreases due to the fastest reaction of V,06> with SO, leading to
the [V,06-SO,]* ionic complex (Figure 68). Hence, in the presence of sulphur

dioxide, the ion [V,0s-SO,]* at m/z 131 represents the reaction sink.
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Figure 68: ITMS spectrum of the reaction of isolated V,0¢% ions (m/z 99) with H,0/SO, = 45/1. P
H,O = 4.3 « 10-6 Torr. The small ion * at m/z 262 comes from the reaction of V,0¢ (m/z 198) with
SO,. Magnified kinetic profile at short reaction times is reported in the inset. The V,06>, [V,O¢-
S0,]*and [VO;-H,0] ions are out of scale, V,0¢ is not plotted.

Conversely, the [VO3-H,QO]  ionic adduct at m/z 117 produced from the VO3
ionic species is still abundant in the spectrum owing to the large amount of water
(Figure 68).

The minor product at m/z 163 corresponds to the doubly-charged ion [V,0e-
(SO,),]* obtained from the consecutive reaction of [V,0s-SO,]* with SO,
observed at longer reaction times. This peak has been assigned by the
characteristic sulphur isotopic pattern and by the CAD dissociation into [V20s-
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SO,)* (m/z 131) arising from the loss of the SO, neutral counterpart, as displayed
in Figure 69 (panel a and b).

Low signals are detected at m/z 199 (HV,0s) and m/z 81 (HOSOy).
Therefore, a signature of the reaction of [V,0s-H,0]* with SO, is given by the
kinetic profile of the V,0¢” decay showing, at the shortest times, low abundances
of [V20s-H20]* together with the reaction products HV,0s and HOSO,".
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Figure 69: Isotopic patterns and CAD spectra of the isobaric peaks at m/z 163; a) Expected
isotopic pattern for the doubly-charged [V,06-(SO,),]* ion (m/z 163 ); b) Experimental isotopic
pattern of the ion at m/z 163 formed by reaction of V,0¢> with SO,. In the inset the CAD spectrum
showing the [V,0s-SO,]% fragment (m/z 131); c) Expected isotopic pattern for the singly-charged
VO3S0, ion (m/z 163); d) Experimental isotopic pattern of the ion at m/z 163 formed by the
reaction of H,V,0,* with SO,. In the inset the CAD spectrum showing the VO3 fragment (m/z 99).

Considering the above results, the kjo/ky; value previously measured cannot be
considered indicative of the rate constant of the reaction (11).

Concerning the HNaV,01,” species, this alkali-containing anion reacts with
SO; leading to the NaV40;;” and HOSO;" ionic products (12).
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HNaV,0,> + SO, — NaV,Oun + HOSO, (12)

Figure 70 shows the kinetic profile of the reaction (12) that is characterized by
a rate constant k of 1,05-10° (+ 50%) cm®s™ molecule™ at 298 K and efficiency

ki12/kcon OF 90% . Hence, the reaction (12) is extremely fast and efficient.
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Figure 70: Kinetic plot and best fit lines of the reactions of thermal HNaV,0;,> ions with SO,, P
SO, = 1.4+ 107 Torr, R* (HNaV,0:,%) = 0.9995, R? (HOSO™ + NaV,0y; ) = 0.9995.

According to the experimental results, quantum mechanical calculations have
been employed to validate a feasible reaction mechanism.

Two stable isomers of the pirovanadate anion H,V,0;% have been identified,
1% and 2% (Figure 71) that can easily interconvert each other. The main difference
existing between the two forms consists in the orientation of the OH groups that
are placed on the two vanadium atoms in 1> and on the same vanadium atom in
2%,

Following the reaction with SO,, the V-O-V bridge is weakened and the ionic
intermediate 3% [H,V,07-SO,]* is formed. This species easily evolves to the
product ions H,VO4 and VO3SO,. H,VO, corresponds to vanadic acid anion

whereas VO3S0, is structurally characterized by a heteronuclear four-membered
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ring structure. The entire process is exothermic by 57.9 kcal mol™ and occurs
below the reactant energies. Since it has been experimentally demonstrated that
the H,V,0-> anion is not the precursor ion of the HV,0g and HOSO,™ products,
no pathway starting from 1% and 2% and leading to these species has been found.
On the contrary, theoretical calculations confirmed that the HV,0¢ and HOSO,

ions can be formed by the isomeric [V,06-H,0]* complex.

30.8| |H,VO, + VO,S0,

1.65 \07.2 ¥ 1.91
1.63 ad
113.6 } i 148
e 0.98 1.66
H,VO, VO,;S0,

Figure 71: Geometries of the minima localized on the [H,V,0,-SO,]* potential energy surface,
optimized at the BPW91 level of theory. Bond lengths in A, angles in degrees, 4H values in kcal
mol™ computed at the BPW91 level of theory. 1* and 2* denote the H,V,0- ions, 3% the [H,V,0--
S0O,]* intermediate.

Figure 72 shows the electronic structure calculations of the alkali containing
anion, HNaV,01,"".
As in the previous case, two stable forms quite close in energy, 4> and 5%, have

been identified. The main differences between 4> and 5 consist in the position of
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the OH group and the interaction of the alkali metal. Moreover, 4% is
characterized by two four-membered rings, whereas 5° shows only one ring.
Since the HO group and the metal atom may occupy different positions, other
isomers have been highlighted; however, they have not been taken into account
because less stable and/or characterized by high barriers for the reaction 12.

Both the HNaV,01,> ions have a structure consistent with the experimentally
observed CAD fragmentation into HV;0s and NaV,0s and form two stable
complexes with sulphur dioxide, (6> and 7%) with a comparable energy gain of
ca. 15 kcal mol™ (Figure 73).
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4% (0.0) 0.98 o
1.62 l.96l 160

1.80

6% (0.0)

7* (3.4)

Figure 72: Geometries of the minima localized on the [HNaV,0,,-SO,]* potential energy surface,
optimized at the BPW91 level of theory. Bond lengths in A, 4H values in kcal mol™ computed at
the BPWO1 level of theory. 4% and 5% denote the HNaV,O.,> ions, 6 and 7¥ denote the
[HNaV,0:,50,]* intermediates.
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After the formation of 6% and 7%, the reactions proceed along two pathways
that differ for the intermediate dissociation barriers and for the structure of the
products obtained (8% and 9% - Figure 73).

HNaV4O122‘ (5%) + 302

HNaV,0,,% (4%) + SO, I
1T.7 NaV,04 (9) + HOSO,
15.1 ()
(6%)

91, |NaV,0, (8)+HOSO,

1.61
1.77'_ 1.82 , /' /
1.88 ; 1.81

166 N9 175

~—¢

Figure 73: Schematic energy diagram of the reaction of HNaV,0;,% with SO,. Geometries of the
HOSO?* and NaV,0;; product ions (8 and 9) optimized at the BPW91 level of theory. Bond
lengths in A, AH values in kcal mol™ computed at the BPW91 level of theory.

The reaction of 4% leading to the most stable NaV,O1;* ion 8% is more
exothermic than that obtained from 5% (AH® = -24.2 versus -11.0 kcal mol™); on
the contrary, the reaction of 5% easily occurs below the reactant energy according
to the high efficiency of the process. As a consequence, it is not possible to
experimentally discriminate the two routes, but they are both feasible since the
most exothermic reaction of 4% requires only 6 kcal mol™ of vibrational energy
excess. However, a crucial role is played by the back dissociation in the reaction

of 4% that significantly depletes the intermediate 6%
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5.3 Discussion

Experimental results above reported have highlighted fast and efficient gas phase
chemical reactions.

Thermal (n°-CsHs)Fe® ions have been found to undergo an unprecedented
reaction with CH,Cl, giving rise to FeCl, and CgH-" as exclusive products. On the
other hand, thermal doubly-charged vanadium hydroxoanions easily react with
sulphur dioxide, behaving as effective VO3 and OH™ donors to SO..

In the first reaction a key role is played by the iron atom that promotes the C-C
coupling reaction, whereas in the second system sulphur dioxide effectively
activates the V-O bonds.

Experiments performed by means of a modified ion-trap mass spectrometer
allowed us to measure the kinetic constants of the investigated reactions
demonstrating that all the occurring processes are fast and effective. Conversely,
the employment of a ZabSpec mass spectrometer has been useful to characterize
the ionic (C¢H;") and neutral product (FeCly) and the [(n°-CsHs)Fe-CH,Cl,]* ionic
intermediate of the (n°-CsHs)Fe* reaction with CH,Cl,. Only by using this specific
mass spectrometer it is possible to perform N{R experiments assessing the
intrinsic features of neutral species and creating the high-pressure conditions that
favour the formation of ligated [(n>-CsHs)Fe-L]* ions. It is well-known that (n°-
CsHs)Fe™ ion can rapidly react with various inorganic and organic nucleophiles
(L), whereas the (n®-CsHs),Fe" ionic species was reported to be unreactive.” In
particular, the reactions of (n°-CsHs)Fe® with L invariably lead to the ligated [(n°-
CsHs)Fe-L]" ions showing that the nucleophile is coordinated with the metal
rather than the carbon ring of the reactant; this hypothesis is in agreement to the
widely suggested mechanism. In the present study, the [(n>-CsHs)Fe-CH.Cl,]*
ionic complex easily evolves to the reaction products and it is detected only under
certain conditions. Conversely, the ligated ions [(n°>-CsHs)Fe-CHsCN]* and [(n°-
CsHs)Fe-H,0]", always observed under the experimental conditions, have been
revealed not to be the ionic intermediate of any reaction. In particular, the
structural characterization of the [(n°-CsHs)Fe-CH,Cly]* ionic intermediate

demonstrated its crucial role in the formation of the final products.
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The data obtained from the N{R experiments have confirmed that the neutral
counterpart of the reaction corresponds to FeCl, (Figure 62). This result allowed
us to validate the reaction (6) as the most favourable process leading to the CgH;"
product ion. The other channels from (7) to (9) have been excluded on the basis of
the experimental results and on thermochemical considerations. Reaction (6) is
the only exothermic process (AH=60 kcal mol™), whereas reaction (7), (8) and (9)
are all endothermic (46.7, 65.6 and 107.7 kcal mol™), respectively.

Finally, the structure of the ionic product CgH;" corresponding to protonated
benzene has been confirmed by both CAD mass spectra and quantum mechanical
calculations predicting a thermodynamically-favoured isomerization of the
bicyclic form of protonated fulvene [(n°-CsHs)-CH,]* to the more stable
benzenium ion.

In particular, quantum mechanical calculations depicted a mechanism
satisfactorily in line with the experimental evidence. According to the theoretical
results reported in Figure 65, a stepwise sequence is required for the formation of
the C-C bond and the rearrangement to FeCl,. Although this process is believed to
be entropically demanding, it occurs below the reactants energy leading to the
benzenium ion. The entire reaction has proved to be fast and exoergonic (AG°=-
59.8 kcal mol™). The calculated exothermicity, AH°=-60.5 kcal mol™, has resulted
to be in good agreement with the experimentally derived value, AH°=-61.8 kcal
mol ™. As a consequence, the experimental and theoretical evidence accounts
for the occurrence of an iron-mediated C-C bond formation. The identity of the
ligand strictly influences the nature of the bonding and the multiplicity of L-Fe"
cationic adducts. For instance, (CsHg)Fe® shows three unpaired electrons,
(CsHsN)Fe* is o bound and has five unpaired electrons, whereas (n°-CsHs)Fe" has
four unpaired electrons in its ground state.'*2*%! Hence, (n°-CsHs)Fe* can be
alternatively considered a covalently bound (n°-CsHs)-Fe(I)" ion or a complex
obtained from the electron transfer from Fe(l)* to (n°>-CsHs) and back donation to
the 4s, 4p, or 3d orbitals of Fe(11)*".1**? Consequently, iron results to be three-
coordinated without change of multiplicity as a result of the Lewis acid properties
relating to this iron-containing ion and the spd hybridization (Figure 74).
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Figure 74: Spin density plot a) and doubly occupied frontier molecular orbital (MO) of the

intermediate 2 b).

The interaction with the nucleophile in ion 1 is predominantly electrostatic
whereas in ion 2 the three-coordinated iron represents the carrier of the CH,
moiety from the halomethane to the (n°-CsHs) group. Both ions are more stable
than the reactant species and their presence within the ionic population has been
confirmed by the high-intensity fragment at m/z 156 (or 158) reported in Figure
61 and corresponding to the loss of the CH,Cl radical.

The (n°>-CsHs)Fe* species is not reactive towards CH, demonstrating that the
observed reaction effectively depends on the presence of the chlorine atom.
Interestingly, [Pt(bipy-H)]" and other cyclometalated transition-metal complexes
react with CH,Cl, giving PtCl, loss.!***!

Passing to the doubly-charged vanadium hydroxoanions, H,V,0;* and
HNaV,01,> react with SO, leading to singly-charged products that do not contain
the reactant. These processes represent a new example of bond-forming reactions
performed by doubly-charged anions in the gas phase.

Also in this case mass spectrometry and quantum mechanical calculations have
been combined to obtain a consistent reaction mechanism.

In particular, the experimental and theoretical results above reported demonstrate
that the breakage of VV-O bonds and the formation of new V-O and S-O bonds are
the crucial steps of the bond-forming reactions involving the considered piro- and

polyvanadate dianions. These processes occur through the action of SO, that
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effectively favours the breakage of the stable V,0; kernel of H,V,0;* and the
terminal V-OH bond of HNaV,01,>. As a consequence, H,V,0;* acts as an
effective VO3 donor forming VOsSO,, whereas HNaV401,> behaves as an
effective HO- donor leading to the bisulfite ion HOSO,', respectively.

The structural differences existing between the two reactant ions account for
their different reactivity. For instance, the interaction of SO, with the oxygen
atom is addressed by the HO groups of H,V,0-* involved in hydrogen bonds.
Conversely, the interaction of HNaV401,> with SO is promoted by the HO group
and the alkali metal of the dianion that stabilize the V4011 cage.

Considering that the dissociation of H,V,0;* into VO3 shows a barrier of 36.6
kcal mol™, the formation of the product ion VO3sSO,  is a notable process. To the
best of our knowledge, the VO3S0, anion has never been detected before and it
has been observed for the first time in these experiments; Interestingly, its
calculated structure displayed in Figure 71 resembles that of the neutral VO3S0,
the main product arising from the reaction of neutral vanadium oxide clusters with
sulphur dioxide.**? The CAD spectrum of VO3S0, does not show the SOz
fragment or fragments related to SOz loss (Figure 69, panel d), which exclude the
occurrence of oxidation processes as also reported for neutral VO3SO,
species.t3%!

A charge separation process is involved in the formation of singly-charged
species from doubly-charged ions, causing the release of a large amount of kinetic
energy from Coulomb explosion. This event leads to mass discrimination effects
that however do not influence the results. Although the EA (electron affinity) of
H.V,07 is calculated to be only 0.05 eV (EA of HNaV,0O1," = 1.26 eV), the
charge separation process does not occur by electron transfer to SO, ((EA) = 1.10
eV),['*) as one might suppose. The electron transfer is not even observed within
the intermediate [H2V,0,-SO2]*, where the negative charge is predominantly
placed on the H,V,0; moiety (net charge = 1.70 €). It has been reported™*® that
the factors influencing the stability of solvent-free dianions toward the electron
detachment and the fragmentation into singly-charged ions also govern the
probability of electron transfer from these species. The existence of a repulsive

Coulomb barrier associated with the charge separation process may indeed
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prevent exothermic fragmentation or charge transfer processes.**®! Other factors,
consisting in the spatial separation and delocalization of the excess charge, can
increase the stability of medium- and large- size dianions; indeed the negative
charges of H,V,0;% and HNaV401,> are distributed over all the oxygen atoms, as
emerged from the charge analysis of this two ionic species. Accordingly, the
investigated dianions undergo charge separation exclusively as a result of the
chemical reaction with sulphur dioxide, whereas they are found to be stable
towards the fragmentation, electron detachment and electron transfer. Besides, the
permanent dipole moment of sulphur dioxide plays a crucial role in promoting the
ion-neutral bonding. This is due to the ion-dipole attractive forces that, operating

also at long distances, reduce the probability of electron transfer.[t35¢- 9
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6. Conclusions

In this thesis the uncertain reaction mechanisms of important industrial, food and
synthetic processes were investigated by means of gas-phase studies.

To this end, the effectiveness of mass spectrometric techniques was probed and
the experimental results were compared with the data obtained from quantum
mechanical calculations. The major advantage of this approach has consisted in
the possibility to obtain an environment in which solvent and counter-ion effects
were completely avoided allowing the study of the intramolecular processes
occurring in a gaseous medium. As a consequence, information on the intrinsic
molecular properties of the ionic species involved in the reactions under
investigation was achieved.

On the basis of the results presented in this work a mechanistic picture of D-
hexose (glucose and fructose) and D-pentose (xylose, arabinose and ribose) acid-
catalysed dehydration was outlined.

In particular, the ionic gaseous precursors of the considered reactions were
identified by means of CAD experiments that were performed with electrospray
ionization triple quadrupole (ESI/TQ) and ion trap (ESI/IT) mass spectrometry.
The same techniques were also employed to structurally characterize the ionic
intermediates and products of the decomposition reactions.

Dehydration energetic barriers were measured by means of energy resolved
(ER) CAD experiments and additional mechanistic evidence was obtained by
using model molecules and isotopic labelling experiments.

The D-glucose dehydration picture arising from the experimental observations
resulted to be compatible with the theoretical mechanism proposed in literature
for the C1-OH protonation.*® According to this pathway, a key role was shown to
be played by the group bound at the C3 position. In fact, an increased selectivity
toward the formation of protonated 5-HMF was observed when an electron-
withdrawing group was bound at the C3 carbon of D-glucose.

Furthermore, the first dehydration intermediate obtained from protonated D-
glucose was identified as a possible precursor of protonated levulinic acid through
an alternative formation route other than the generally accepted pathway

involving the double hydration of 5-HMF. In this regard, further studies are in
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progress in our laboratories to investigate the mechanism of this interesting LA
formation pathway.

Subsequently, a possible D-fructose dehydration route was hypothesized on the
basis of the experimental results and following the theoretical unimolecular
mechanisms reported in literature."***®] According to the experimental and
theoretical evidence protonated D-glucose and D-fructose do not follow
superimposable dehydration pathways, but the dehydration of D-fructose is
always slightly favoured respect to that of D-glucose. Anyway, the decomposition
of protonated D-fructose showed a scarce selectivity towards the formation of
protonated 5-HMF.

In order to promote the use of gas-phase studies for planning strategies that
increase the reaction selectivity, a possible base-assisted decomposition process
was proposed for the conversion of D-fructose to 5-HMF and 2-FA. Theoretical
calculations are in progress in order to elucidate the structures of the starting
reactant ion and those of the intermediates and to validate a feasible reaction
mechanism.

The previously reported experimental study®® on protonated D-xylose was
extended to the gas-phase dehydration of D-ribose and D-arabinose. According to
the experimental and theoretical results a new mechanistic hypothesis on the
pentose sugar dehydration was proposed. These routes follow a common reaction
pathway leading to protonated 2-furaldehyde as final product. Interestingly, mass
spectrometric experiments demonstrated that in the gas phase the dehydration
reaction of D-pentoses involves protonation on the OH group bound at CI
position, conversely to the previously reported theoretical evidence.**!

The approach combining mass spectrometry and quantum mechanical
calculations was also employed to investigate the gas-phase decomposition of L-
Ascorbic acid. To this end, the “extended” Cook’s kinetic method allowed us to
determine the unknown proton affinity and gas-phase basicity of L-Ascorbic acid
(AA) and to investigate the structure of gaseous protonated AA. Subsequently, the
decomposition reaction of Vitamin C was studied and a mechanistic pathway was
predicted. According to the hypothesized reaction mechanism the protonated L-

Ascorbic acid decomposes following two consecutive dehydrations and the loss of
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a formic acid molecule as the last reaction event. A final product characterized by
a structure strictly related to furfural was identified.

Considering the increasing importance of mass spectrometric techniques in the
investigation of structural features of charged molecules, two novel structure-
sensitive gas-phase methods were proved to be effective for the structural
elucidation of the never-characterized carbocationic intermediate along the
glycosylation pathway. lon Mobility mass spectrometry was used to obtain
absolute values of collisional cross section, whereas the Ultracold spectroscopy
allowed us to access the minute structural details of the transient intermediate
under investigation. This result represents the first experimental evidence in order
to confirm the glycosylation mechanism that has been supposed by theoretical
studies.

Finally, the reactivity of two model systems, the iron-containing cation (n°-
CsHs).Fe* and doubly-charged hydroxoanions H,V,0;* and HNaV401,> was
probed respectively towards CH,Cl, and SO, by means of ion-molecule reactions.
These experiments were performed by using a modified lon trap that allowed us
to measure the kinetic rate constants of the two processes. As a result, both
reactions resulted to be fast and efficient.

In the first case, the mechanism of the concerted iron extrusion, carbon-
chlorine bond activation and carbon-carbon formation showed the crucial role of
iron. In this regard, N:{R (neutral fragments reionization) experiments have been
carried out allowing the analysis of the species associated with charged fragments
detected in the CAD spectrum of the reaction intermediate.

In the second system, the obtained results highlighted the role of sulphur
dioxide in promoting unprecedented bond-forming reactions that produce singly-

charged products by breaking the V,Oy bone or a terminal V-O bond.
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7. Experimental methods

7.1 Electrospray versus chemical ionization

Mass spectrometers equipped with electrospray ionization (ESI) sources were
predominantly employed in this work.

Since it was introduced in the late 1980s by John B. Fenn, electrospray
ionization technique has become a major tool for producing stable ions from polar
and low-volatility compounds, such as macromolecules. Owing to the capability
to form ionic species in the gas-phase environment without any fragmentation, it
is considered a “soft” ionization method.

The possibility to extract directly from the solution intact ions characterized by
a reduced content of energy is essential to obtain precursor reactants that are
representative of the species in solution. Only in this way it is achieved a
connection between the gas phase and the condensed phase. Also considering the
nature of the molecules analysed in this thesis (carbohydrates and organic
compounds) the choice of this ionization method seemed to be inevitable, but
additional information on the reaction mechanisms under study can be obtained

by using chemical ionization (CI) technique.

pr—

Evaporation
Chamber
Capillary

Figure 75: Schematic representation of an ESI-source.
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The main differences between the two ionization processes are the following.
In the electrospray ionization the analyte dissolved in a polar solvent is sprayed
into a capillary where high voltage is applied with respect to a counter electrode,
known as skimmer (Figure 75).

Conversely, in the chemical ionization technique the pure analyte is introduced
into a low pressure ionization chamber where it interacts with a gaseous reactant

previously ionized by electron impact (Figure 76).
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Figure 76: Schematic representation of a Cl-source.

In both cases, the ionization process usually results in the formation of
protonated ions (MH") with the only difference that by using alternative reactant
gases under chemical ionization conditions (Scheme 25), different amounts of
fragmentation can be observed from the same quasi-molecular ion. Hence,
chemical ionization is usually more energetic if compared to electrospray
ionization and this is because the amount of energy transferred to a sample
molecule on protonation depends on both the proton affinity of the sample and the
acidity of the reactant ion.

When the sample molecule is characterized by a single basic group the excess
energy after the protonation event is dissipated through the fragmentation. On the
contrary, when the molecule shows several basic groups, the energetic surplus
allows one to have access to higher proton affinity basic sites, leading to a mixture

of isomeric protonated ions. This second occurrence was exploited in this work to
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prove the existence of different reaction channels that starting from the same
reactant ion can lead to an isobaric population of several isomeric protonated
products. In this way it was confirmed that the gas-phase dehydration of
protonated sugars (D-glucose and D-fructose) vyields not only 5-
hydroxymethylfuraldehyde (5-HMF) protonated at the most basic site, but also a

series of isomeric products.

Hy+ & — Hy + 2e
Gaseous
reactant

Hy+ H, —» Hy* +H"

Protonating
agent

—

CHy + & —» CHs™ + 2e
Gaseous

Exothermicity reactant

of

protonation
CH;~+CH;— CH;~ + CHy

Protonating
agent

| —
—

H30+ e —> H:O_ + 2e
Gaseous
reactant

H,0*+H,0— H;0- + OH

Protonating
agent

Scheme 25: Protonating agents from different neutral gaseous reactants. The exothermicity of the

protonation reaction increases moving from water to hydrogen.
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7.2 Collisionally activated dissociation

Collisionally Activated Dissociation (CAD) is a mass spectrometric technique
commonly used to obtain qualitative information about the structure of ions
analysed in the gas phase. The method is based on fragmentation processes which
result in chemical bond breakage and the formation of smaller ionic fragments
arising from a precursor molecular ion.

Despite the indisputable advantages of “soft” ionization techniques and their
massive diffusion in modern mass spectrometry, the absence of in-source
fragmentation events, conversely observed with “hard” ionization methods,
prevents from obtaining structural information about the analyte. In this regard, if
fragments are not formed in the source, they can be produced in the analyser
region.

In general, an ionic species is first mass-to-charge selected and then allowed to
collide with neutral molecules (helium, nitrogen, argon) causing the breaking of
chemical bonds (Scheme 26).

AB"+ M —> A + B" + M

Scheme 26: Schematic representation of the reaction occurring in CAD experiments. AB™ is a

generic ion, whereas M represents the neutral reactant gas.

Although the fundamentals of the technique are the same without regard to the
type of mass spectrometer chosen, some important differences in the
fragmentation process depend on the analyser employed. For instance,
collisionally activated dissociation performed by means of a triple-quadrupole
analyser can be considered the result of a single-collision between the precursor
ion and the neutral reactant gas. On the other hand, collisionally activated
dissociation obtained by using an ion trap (IT) analyser is a consequence of
activating and deactivating collisions between the ionic species and the buffer gas
as a function of the rf (radiofrequency) voltage phase that the ion experiences
during the trapping cycle. Anyway, a partial or complete structural
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characterization of the molecular ions can be achieved by performing CAD
experiments.

In the present thesis CAD-mass spectrometry was employed to structurally
characterize the reactant ions, intermediates and final products arising from the D-
hexose, D-pentose and L-Ascorbic acid decomposition reactions.

For this purpose, a comparison between the CAD mass spectrum of the final
product obtained from the process under examination and the CAD mass
spectrum of the postulated product (standard compound) was useful to confirm or

reject a specific reaction mechanism hypothesized by theoretical calculations.

7.2.1 Energy resolved mass spectrometry

Over the years, CAD experiments have also been exploited for quantitative
purposes by measuring the minimum energy necessary for the dissociation of gas-
phase ions, known as critical energy (CE). In this regard, the disappearance of the
molecular ion of interest and appearance of a specific fragment ion is monitored

as a function of the energy required to excite the precursor ion.
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Figure 77: Schematic representation of a triple-quadrupole mass spectrometer.

This technique, named energy-resolved mass spectrometry (ERMS), has been
successfully applied not only for the determination of dissociation critical energies
of water clusters,™*"! metal-containing ions****** and proton-bond dimers,[*** but

also for isomer discriminationt*®! and investigation of gas-phase acidities.!**?
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The instrument of choice for the measurement of critical energies by energy-
resolved collisional activation experiments is the triple-quadrupole mass
spectrometer.

As shown in Figure 77, precursor ions produced by an appropriate ionization
source (ESI, ect.) are mass-to-charge selected by the first quadrupole (Q1) acting
as an ion filter and then accelerated through the collision cell by applying a
constant or variable potential between the entrance and the exit of the second
quadrupole (g2). Subsequently, the kinetic translational energy acquired by the
ions during the acceleration is converted into internal energy as a consequence of
the collision occurring between the ions and a target neutral gas (argon or
nitrogen) previously introduced into the collision cell. Hence, the final event of
this process is the breakage of chemical bonds and the formation of ionic
fragments that are collected and analysed by the third quadrupole (Q3).

The present instrumentation is considered a suitable tool for the estimation of
the critical energy because it allows to control the kinetic energy of the ion beam
and may operate under single-collision conditions. This is a specific feature of
mass spectrometers equipped with analysers that separate and select ions “in
space”. Conversely, “in time” analysers, such as the ion trap (IT), operate in a
dynamic mode submitting ions to continuous acceleration and deceleration events
during the activation period. Thus, they are not able to recreate a single-collision
activation environment that is essential to obtain ions having an uniform
translational energy distribution.

As a result of each energy-resolved collisional activation experiment, a
diagram reporting collision cross section (CCS) versus the centre-of-mass energy
(ECM) is obtained (Figure 78). This graphic is constructed by measuring the
fragmentation of the precursor ion as a function of the progressive increase of its
translational energy, obtained by scanning the potential applied to the collision
cell (g2) from low to high values.

As shown in Figure 78, the centre-of-mass energy represents a measure of the
collision energy (x-axis) and it is calculated from the potential applied to the
quadrupole collision cell and the masses of the colliding species (precursor ions

and neutral gas molecules).
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Figure 78: Typical diagram obtained by elaborating the energy-resolved collisional activation

experiment data.

In this way, the comparison between different precursor masses is possible. On
the other hand, the collision cross section (y-axis) is a parameter that depends on
the relative intensity of a specific product ion, corrected for the number of density
of the neutral gas into the collision cell and the effective gas cell length.

The onset of fragmentation obtained by linear extrapolation of the slope of the
breakdown curve to the baseline provides a relative measure of the energy needed
to break a specific chemical bond and hence the activation energy of that
fragmentation channel.

This method was applied in our studies to measure the threshold energies
associated to the dehydration reactions occurring in the gas phase for protonated
D-hexoses and D-pentoses. In order to obtain absolute fragmentation threshold
energy values, it is necessary to know exactly the ion-beam translational energy
and this goal can be achieved only by using home-built guided ion beam
instrument. On the other hand, our commercial triple quadrupole was used to
measure threshold energies as relative values. In particular, a comparison based on
these relative critical energies was carried out between the D-glucose and D-
fructose and among the three pentoses, D-xylose, D-ribose and D-arabinose.
Then, the same approach was employed to study the decomposition process of

protonated L-Ascorbic acid.
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The knowledge of the dissociation energy barriers relating to the dehydration
reactions studied in this work represents a fundamental result in order to validate

the mechanism predicted by theoretical calculations.

7.2.2 Tandem MS" mass spectrometry

Tandem mass spectrometry, also known as MS", is an experimental technique that
involves multiple steps of ion selection and subsequent fragmentation. Some mass
spectrometers allow one to isolate a fragment ion arising from the first
isolation/fragmentation cycle of the parent species and submit it in turn to CAD
experiments. Supposing to repeat this process in sequence it is possible to follow
step-by-step a specific fragmentation channel, progressively acquiring structural

information about the precursor ion.
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Figure 79: Schematic representation of a quadrupole ion trap mass analyser.

In this contest, triple quadrupole are only able to perform a single
isolation/fragmentation event and this is due to the fact that the present analyser
spatially distinguishes ions. For this reason, a number of separation elements
physically separated and distinct would be required to approach tandem

experiments more than the MS/MS level. Thus, contrary to the energy-resolved
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collisional activation experiments that need to be performed by using “in space”
analysers, the preferred method to carry out a tandem MS experiment is the use of
mass spectrometers equipped with analysers that temporally separate ions, such as
a quadrupole ion trap.

An ion trap is a device that can accumulate ions for an extended period of time
by applying an electric and/or magnetic fields (Figure 79).

Owing to its extraordinary capability to act as an ion store, quadrupole ion trap
has paved the way to modern application of mass spectrometry such as the
infrared multiphoton dissociation (IRMPD) technique.[™!

By performing mass spectrometry in time, the separation is accomplished with
ions trapped in the same place and the multiple separation steps occur over time.
Hence, only by using trapping instruments it is possible to have access to multiple
levels of analysis which are referred to MS".

In this work tandem mass spectrometry was employed to follow step-by-step
the dehydration reactions under investigation.

Starting from a specific reactant ion the identity of the dehydration final
products was proved in respect of the considered fragmentation channel. This
approach was useful to verify the existence of a selective and effective D-fructose
base-assisted decomposition mechanism.
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7.3 lon-trap Kinetic experiments

Chemical kinetics represent the investigation of rates of chemical processes,
including the study of different experimental conditions that may influence the
speed of a reaction. As a result, information about the reaction mechanism and the
structure of transition states can be gained allowing the construction of theoretical
models describing the single elementary steps of the considered process.

The experimental measurement of reaction rate constants (k) is usually
achieved by monitoring the concentration change of reactants and products over
the time. For instance, the concentration of a reactant can be measured by using
spectrophotometric techniques, but such an approach is suitable only for those
analytes having chemical groups that absorb light. Moreover, reactants and
products often share structural features causing band overlapping problems that
are responsible for the scarce selectivity of this method.

When reactions occur between a ionic reactant and a neutral gaseous species
taking at least several seconds, the rate of the process can be measured by means
of mass spectrometric techniques.

Kinetic studies of ion-molecule reactions have originally been performed by
using ion cyclotron resonance mass spectrometers (FT-ICR).

This instrumentation is characterized by a mass analyser that distinguish ions
on the basis of their cyclotron frequency in a fixed magnetic field.™>* In
particular, the ions are stored in a Penning trap by the combination of a
homogeneous axial magnetic field and an inhomogeneous quadrupole electric
field. Subsequently the ionic species are isolated by using the so called “arbitrary
waveform” procedure and transferred to the cell containing the neutral reactant.
Here the ionic intensities of the isolated reactant ion and products are monitored
as a function of the time in order to obtain a diagram where the disappearance of
the reactant ion is directly related to the appearance of the products as shown in
Figure 80. Owing to the excess of neutral reagent compared to the reactant ion the
rate constant can be measured under pseudo-first order conditions, as verified by
the logarithmic plot of the reactant ion concentration versus the time. According
to the kinetic diagram, the reactant ion intensities fit the equation c=cee™™' where

c is the ion intensity at time t and Kqys represents the pseudo-unimolecular decay
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rate constant. On the other hand, the product intensities fit the equation
c=(Ki/Kops)Co(1-€™*™") where ks is the pseudo-unimolecular growth rate constant of
a given product. As a result, the bimolecular rate constants k (cm®s*molecule™)

can be obtained by Kqps (Or Kf) and the neutral reactant density.
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Figure 80: Kinetic diagram and best-fit lines of a model reaction obtained by plotting the ionic
intensities of the reactant ion and products (y-axis) versus the time (x-axis). The measurements

were performed by using an FT-ICR mass spectrometer. m Reactant ion,; ® Product 1; Y Product

2: * product 3.

In this thesis the kinetic measurements of the ion-molecule reactions described
in Chapter 5 were performed by using an lon trap mass spectrometer (IT-MS) that
is considered a device for the storage of charged particles, as well as the FT-ICR.

To this end, the mass spectrometer was partially modified to allow the
introduction of a reagent gas into the vacuum chamber. Hence, the rear plate of
the instrument was replaced by a custom-made plate with a 6.25 mm hole
equipped with a peek tube of 0.75 mm internal diameter (i.d.) (Figure 81). The
peek tube enters the vacuum region and contains two deactivated fused-silica
capillaries of 0.25 mm i.d., through which the neutral gases are separately
introduced. The capillaries are positioned coaxially to the rear hole of the trap.
The pressure of the buffer gas (helium) was measured by a Pirani APGL gauge
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(Edwards), connected to a Teflon tube (4 mm i.d.) that passes through the hole of
the rear plate. The tube is just in contact with the metal plate of the trap, close to

the helium entrance.

Figure 81: Back side of the modified LTQ XL linear quadrupole ion-trap mass spectrometer

(Thermo Fischer Scientific).

The pressure of the neutral gases flowed into the trap is kept constant by a
Granville—Phillips leak valve and measured by a Granville—Phillips Series 370
Stabil lon Vacuum Gauge (accuracy +4% of reading). Owing to the position of the
Pirani gauge, the effective pressure of the neutral gases can be estimated by
calibrating the pressure readings through the known rate constant ion—-molecule
reactions performed by FT-ICR, guided ion beam (GIB), and SIFT mass
spectrometers. The reactions of Pt* (13) and FeO™ (14) with CHy reported below
were used as the reference reactions™™® and the readings are further corrected for

individual response factors of the neutral reactants.!**®!

Pt" + CHs— PtCH," + CH, (13)

FeO" + CH;— Fe" + CHsOH (14)
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In the Kinetic experiments performed by employing the above described
apparatus, the reactions occur in a helium buffer gas that typically ensures
pressures of the order of mTorr.*>! This feature allows us to obtain rate constant
measurements at high pressure conditions that are in good agreement with the
same rate constants measured at the low FT-ICR pressures.

Another important difference between the two approaches consists in the
collision conditions. The rate constants are measured under multiple-collision
conditions by using the modified ion trap compared to the single-collision
condition obtained whit the FT-ICR. Such a difference could be responsible for a
greater collisional stabilization at the high pressure of ITMS. As a result, the
reaction is initiated by the same reactant ions regardless of the method employed,
but possible intermediates formed with excess energy are not effectively cooled in
ICR, whereas the opposite is true in ITMS.

Finally, the loss of some reactant ion can be caused by the water present in the
modified apparatus. Therefore, if the reactant ion reacts with the background

water an accurate calibration procedure is necessary to subtract this contribution.
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7.4 Neutralization-reionization mass spectrometry

In conventional mass spectrometric techniques only charged molecules are
detected. For this reason, the neutral products formed from an ion-molecule
reaction typically represent the “blind” side of the reaction. However, the role of
this neutral counterpart is fundamental because in most cases represents the key
reactive species along the reaction pathway.

In 1966 Lavertu et al.l**® discovered that fast ionic beams can undergo charge
exchange process by colliding with a neutral target gas and forming beams of
neutral molecules. This experimental evidence has paved the way to the study of
neutral species by mass spectrometry.

To this end, the technique of neutralization-reionization mass spectrometry
(NR-MS) has become a powerful tool to generate and identify neutral elusive
species.™ In particular, the potential of the method was probed by the studies of
McLafferty!®®! and others*®* on polyatomic organic intermediates.

In this thesis the nature of the neutral counterpart arising from the carbon
coupling reaction of (n°-CsHs)Fe* with CH,Cl, (Chapter 5) was assessed
performing N:R (neutral fragments reionization) experiments that can be
considered the direct descendant of NR-mass spectrometry. A schematic
representation of this technique is depicted in Figure 82.

According to this approach, the precursor ion of interest is generated in the
instrument source by choosing the appropriate ion preparation methods. The ionic
beam thus obtained is accelerated by applying a potential difference ranging
between 4 and 8 keV. After passing the first electric sector the ionic beam reaches
the magnetic sector where ions are mass-to-charge selected. The isolated ions
enter a first cell where undergo dissociation induced by the collision with a target
gas (such as Xe, Hg, NHs; NO, or organic neutralization agents). As a
consequence, the ions undergo a charge-exchange reaction leading to a mixed
beam of ionic fragments and their neutral counterparts. The neutral and ionic
molecules exit the collision cell and they are separated by charging an electrode
that deflects all ionic species from the mixture. The beam obtained is constituted
only by neutral molecules having the translational energy of their precursor ions.
At this stage, the neutral species enter a second cell where they are reionized
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through a charge exchange process upon collision with an appropriate neutral gas,
such as oxygen. The reionized species are then analysed by using an additional
sector or can be subjected to further structural analysis.

As a whole, the entire process occurs in two collision cells placed along the
optical path, as a result of two in-time and in-space separated events. If, in the
mass spectrum obtained upon reionization of the neutral species, a signal
corresponding to a neutral counterpart is observed, this immediately demonstrates
that the neutral fragment formed upon CAD in the first collision cell remains

intact along the path to the second collision cell where it is reionized.
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Figure 82: Schematic representation of the reaction events typically involved in a N{R experiments

performed by using a Zab Spec-oa-TOF mass spectrometer.
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7.5 lon-mobility mass spectrometry

lon mobility mass spectrometry is a gas-phase analytical technique used to
separate ionized molecules sharing the same mass-to-charge ratio, but different in
size and shape.

The experimental apparatus employed in this work is shown in Figure 83 and it
was specifically developed and commercialized by Waters Coorporation to couple
the main components of a mass spectrometer with a mobility cell. This setup takes
advantage of ion generation and manipulation performed by using mass
spectrometric methods and the possibility to separate different ionic conformers

by using the ion mobility cell.
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Figure 83: Scheme of the Synapt G-2S HDMS by Waters Coorporation.

According to this approach, the ion beam is gently produced from an analyte
solution using a nano-ESI source and collimated through a series of ion guides
after covering a trajectory that resembles a flattened Z-shape. In particular, the n-
ESI represents an evolution of conventional electrospray ionization useful to
reduce the analyte amount needed for the analysis. In this technique, the sample
solution is pumped into a Pt/Pd coated borosilicate needle with a small opening at

the tip. As a result, smaller droplets with a higher charge density can be formed
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allowing for an earlier droplet disintegration and a larger portion of the analyte
molecules available for the MS measurements.

After passing the stepwave ion guide, the ions are selected by a quadrupole ion
filter according to their m/z. This represents the first step of separation before the
ions reach the ion mobility cell where they can be distinguished on the basis of
their shape and size.

The ion mobility cell is mainly constituted of a stainless steel chamber filled
with a counter-flowing buffer gas, such as argon, helium or nitrogen. When a
small voltage difference is applied between the entrance and exit of the chamber,
the ions are propelled through the IM cell and collide with the neutral gas
molecules along the path. As a consequence, ionic species characterized by
compact structures undergo fewer collisions with the buffer gas and traverse the
cell faster than ions showing a more extended conformation (Figure 84). Hence,
the separation of molecules with the same m/z and different shape is achieved.

lon Mobility Cell
F'S /A+ S a - 'S P S PY ” g
.
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Figure 84: Schematic representation of an IM separation. The diagram on the right reports the
measurement of the different times the same m/z ions need to traverse the cell as a function of their

shapes.

From the measurement of the time the ions need to cross the cell (drift time), a
collision cross section (CCS) value can be experimentally derived. CCS
represents a molecular property strictly related to the shape of the ions reflecting
the number of collisions between the ions and the buffer gas.

In this specific setup, the travelling wave IM (TW-IMS) cell commercially

designed for this instrument was replaced by a drift tube IM (DT-IMS) cell to
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obtain CCS values completely independent of instrument parameters and suitable
to be stored in databases.

In the TW-IMS cell an inhomogeneous electric field is applied to the cell and
the ions are propelled through the cell by a traveling voltage wave, allowing a
good ion mobility separation even for short drift cells. However, the main
disadvantage lies in the fact that the CCS cannot be obtained as an absolute value,
but it is only estimated by calibrating the instrument using samples with known
CCS, increasing the propagation of the error associated to the measurement.
Additionally, the nitrogen typically used in standard Synapt instrument as drift gas
cannot be easily changed. Nitrogen is usually employed to provide a better result
in ion separation, but most theoretically CCS values are calculated for helium as
drift gas hindering a direct comparison between the experimental and theoretical
data.

On the contrary, in the DT-IMS the ions traverse the mobility cell under the
influence of a homogeneous electric field (Figure 85). According to this setup, the
voltage difference between the entrance and exit of the mobility cell drops linearly
along the drift tube. Hence, the CCS of an ion is directly obtained by measuring

the drift time as a function of the applied voltage.
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Figure 85: Schematic representation of the voltages applied at the IMS cell. As reported by the

green line, the final voltage gradient linear decreases along the drift cell.
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7.6 Superfluid helium nano-droplet infrared spectroscopy

Helium droplet spectroscopy is an experimental technique taking advantage of the
sub-kelvin temperature cooling process combining a helium droplet source with
mass spectrometry and infrared action spectroscopy. The present apparatus has
been custom-made assembled at the Fritz Haber Institute of Berlin by modifying a

Q-Tof Ultima (Water Corporation) as shown in Figure 86.

Helium droplet source

" . Bender
L
lon gL“des % - “tl- ‘\.:_\Jg] trap
“' A S
ESI S A
e Quadrupole ——e e I o
/ ot :
Electron gun /

Focussing
mirror

accelerator

Undulator

Cavity mirror

Figure 86: Schematic representation of the experimental apparatus. lons are brought into the gas-
phase, mass-to-charge selected and accumulated into the ion trap. Helium droplets can pick up the

ions that are subsequently interrogated by the free-electron laser.

The generated ions are brought into the gas phase by using a nano electrospray
ionization source (Z-spray). A Pd/Pt coated capillary is loaded with the sample
and charged droplets are formed by applying a voltage of around 1 kV to the
capillary tip. After the complete solvent evaporation, the ions cover a Z-shaped
trajectory towards the skimmer and pass into the vacuum region. Here, the ionic
stream is collimated by a series of ion guides driving the ions through two
different pressure stages (from 14 mbar to 1.7 mbar).

lonic species are then mass-to-charge selected by a quadrupole mass filter to

reach an hexapole collision cell. This device, originally installed in the
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commercial Q-Tof instrument, was also kept in the present apparatus with the
only function to increase the ion transmission to a reflectron time-of-flight
analyser that allows for the ion signal monitoring. When the source conditions and
potentials are optimized, the ions can be deflected by 90° through a bender and
accumulated into a linear hexapole ion trap filled with helium buffer gas. The
doping region is the chamber where the ion trap is located and where the
improvement in the vacuum level is fundamental to suppress the unfavourable
formation of ion-water clusters inside the trap. For this reason the ion trap was
placed inside a stainless steel chamber increasing the vacuum level to pressures of
~10® mboar.

In order to achieve longitudinal confinement, the endcap electrodes at the
entrance and exit of the trap are kept at a small voltage over the DC offset.

The incoming ions have a well-defined energy of ~34 eV and during the
accumulation time the excess of kinetic energy is removed by the collisions with
the helium. This process thermalizes their internal energy to the temperature of
the buffer gas atoms. Furthermore, the ionic species can be cooled down to about
80 K because the trap is placed inside a copper housing refrigerated by a flow of
liquid nitrogen. After several seconds, the space-charge limit (10° ions cm™)
inside the trap is achieved and the buffer gas is removed. Typical values of the
accumulation can vary from ~3 s up to ~10 s, depending on the m/z ratio of the
ions and the efficiency of transmission.

The helium clusters are generated by the expansion of highly purified helium
gas from high pressure and low temperature into vacuum.

Compared to all other substances, helium is known to have the lowest boiling
point (4.2 K for *He at atmospheric pressure)!*®? as a consequence of the weak
Van der Walls interactions existing between the atoms. The remarkable absence
of a triple point justifies the failed attempt to produce *He solid and highlights the
extraordinary property of remaining liquid at absolute zero temperature and
ambient pressure. In particular, at the temperature of 2.17 Kelvin the isotope “He
undergoes a unique transition phase, the so called A transition, from the liquid
state named Helium | to the superfluid state known as Helium 11.6%%4] On the
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contrary, *He shows a superfluid behaviour only at much lower temperature (T=
2.6 mK).[H!

Superfluid state is characterized by a series of properties,'*®® such as the
absence of viscosity, an infinite thermal conductivity and the inability to absorb
light from the deep infrared to the far ultraviolet making the helium a suitable
cryogenic matrix for spectroscopic studies.[**”! Besides, these features allow the
superfluid helium to flow without frictions, circulating over the obstruction and
through the pores of containers that hold it.

In this work, superfluid helium nanodroplets are obtained from a source
consisting of a pulsed Even-Lavie valve cooled to temperature of a few kelvin by
a closed-cycle helium cryostat and operating at a repetition rate of 5-20 Hz. The
flux of helium droplets is controlled by the diameter of the orifice employed for
the expansion process, the stagnation pressure (65-68 bars), the opening time (~19
us) and the temperature of the pulsed nozzle. In particular the nozzle temperature
can be changed in the range of 15-25 K, deeply influencing the size of the droplets
(from ~10° to ~10* helium atoms) and consequently the yield of the so called
pick-up process. !

When the valve is accurately aligned, the pulsed beam traverses the ion trap
and the collision occurring between a superfluid helium droplet and a ionic
species can cause the entrapment of the ion inside the nano-droplet.

This phenomenon is known as pick-up process and it can be approximately
described according to the physical model of the inelastic collision, in which the
internal energy (Ein) of the guest particle (dopant) and the collision kinetic energy
are transferred to the droplet. As a consequence, the total energy associated to the
pick-up is obtained from the Equation 3 where m and v are the masses and the

velocities of the dopant and the helium droplet (D), respectively.

2
1 Myopant Mp - (V -v.) +
opan dopant "D Eint (3)

Epick-up: +
2 mdopant nllD
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Since the velocity (20-60 m s™) and the mass of the dopant particle are both
extremely lower compared to the velocity (400-500 m s™) and the mass of the

droplet, Equation 3 can be simplified as follows

1 2

Epick-up= 7 mdopantVD + Eint (4)

After the occurrence of the pick-up, the Epick.up IS dissipated into the helium
medium through the release of helium atoms from the droplet surface in a process
called evaporative cooling. The number of helium atoms released during this
thermalization phenomenon can be estimated to be around 1600 per 1 eV of the
pick-up energy. As a consequence, the starting size of the droplets decreases
reaching an equilibrium temperature that allow to cool down the captured ion to
~0.37 K.

Owing to the high kinetic energy (150-300 eV) associated to the helium
droplets, resulting from their large mass and high velocity, only the ions
embedded inside the nano-droplets can overcome the trapping potentials
achieving the detection region where they are interrogated by an IR radiation.

IR photons are generated in the mid-IR wavelength regime, covering the entire
fingerprint region (from 950 cm™ to 1800 cm™) by a FEL (Free-Electron-Laser).
Such laser system operates according to the principle that accelerated electrons
produce a synchrotron radiation. Basically, the electrons emitted by an electron
gun and accelerated to velocities close to the speed of light are injected into a
magnetic periodic structure named wiggler or undulator (see Figure 86). The
periodic deflection of the electron beam performed by the undulator magnets leads
to the emission of a monochromatic radiation at each turning point in the
sinusoidal trajectory. This radiation is captured and accumulated in a laser cavity.
The interaction between freshly injected electron bunches with the high pulses
circulating in the cavity produces a self-amplification process creating an intensity
gain on each successive pass. Because of their curved trajectory, the electrons

cover a longer distance than the light beam and consequently coherent radiation is
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generated only at specific wavelengths. According to the Equation 5, the
wavelengths observed (Aqps) depend on the undulator period (Ay), the relativistic
energy of the electrons (y) and the deviation of the electron path from the straight

path of the light beam scaling with the magnetic field (K).

2
A= A 1;—? )
From this Equation it is clear that the wavelength can be tuned by changing the
magnetic field strength (K) or the relativist energy of the electrons (y) while A, is
normally fixed since the undulator is constituted by an array of permanent
magnets.
Infrared radiation for analysing carbohydrates embedded inside helium droplets
is produced by the free-electron laser of the Fritz Haber Institute (FEL-FHI).lX%%!
The trigger system setup allows the longitudinal overlapping of the IR laser
beam and the pulsed flux of doped droplets in the detection region. When a
resonant radiation is absorbed, the embedded ions can be ejected from the droplets

as shown in Figure 87.

Figure 87: Schematic representation of the detection chamber. a) Doped helium droplets are
placed between the extraction plates after reaching the detection chamber; b) The IR radiation
overlaps the doped droplet flux; c) The potentials between the extraction plates are activated and
the eventual absorption of a resonant radiation leads to the ejection of ions that are directed

toward the detector.
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The physical principles ruling the ejection phenomenon have not completely
understood, but the process is actually object of further investigation at the FHI
laboratories. Nevertheless, the occurrence of the ejection is favoured by the
weakly interacting forces existing between the embedded ion and the helium
droplet.

The ejected ions are deflected towards a time-of-flight analyser by applying
high potentials to two extraction plates that the doped droplets reach during the
overlap period. As a result, an IR spectrum can be obtained by scanning IR
wavelengths in the range 950 cm™-1800 cm™ and simultaneously monitoring the
ejection yield.

The orientation of a mirror can be modified during the analysis in order to
change the focus of the photon flux towards the doped droplets. This tuning
procedure allows one to obtain a good signal-to-noise ratio, but a photon flux
excessively focused can cause the undesirable fragmentation of the embedded
ions. Considering all the physical processes involved in this novel experimental
approach, Figure 88 well summarizes the main differences existing between the

IRMPD technique and the helium droplet method.

a) IRMPD b) Helium droplets
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Figure 88: Schematic comparison between the fundamental principles of IRMPD and Helium

droplet spectroscopy.

In the IRMPD technique the absorption of resonant photons progressively

increase the internal energy of the ions. Therefore, the achievement of the
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dissociation threshold finally results in the unimolecular fragmentation of the ion.
On the contrary, the energy excess of a ionic species embedded in a helium
droplet is dissipated into the helium medium allowing the ion to relax back into
the ground state and to reach a sub-kelvin temperature. Resonant photons can be
absorbed until the molecule is ejected from the droplet. As a consequence, in the
IRMPD approach the dissociation yield is the property monitored as a function of
the wavelength of the incident radiation, while in the case of helium droplet

method it results to be the ejection yield.
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7.7 Experimental details

ERMS experiments

Energy resolved CAD mass spectra were acquired by means of a TSQ 700 triple
stage quadrupole mass spectrometer from Thermo Finnigan Ltd. Argon was
introduced in the triple quadrupole collision cell as the target gas at pressures of
about 0.1 mTorr. After the isolation, the selected ion was allowed to experience
collision energies values ranging from 0O to 40 eV (laboratory frame). An upper
limit of 2 eV for the kinetic energy of the reactant ion at nominal collision energy
of 0 eV (laboratory frame) and an ion-beam energy spread of about 1 eV were
estimated by using cut-off potentials. For comparison of different precursor
masses the laboratory ion energies (Ejp) were transformed to centre-of-mass
collision energies according to Equation 6, where m and M are the nominal

masses of neutral reactant and the ionic reagent, respectively.

m
Ev™Eiap (M) (6)

Experimental cross sections (o) Were calculated using Equation 7, where Ig is
the intensity of the transmitted ion beam, I is the total intensities, n corresponds
to the number density of the neutral gas (3.5 10** molecule cm™) and | is the

effective gas cell length (12 cm).

o . _Ing) o

tot nl

Individual product cross sections (op) Were determined from the experimental
cross sections by the Equation 8, where |, represents the intensity of the product

ion and Iy the total product ion intensities.

(/1) 8)

G5~ Ot U/ Lotot
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Tandem MS" experiments

Full scan and MS" mass spectra were recorded by using an AmaZon SL ion trap
instrument operating in the positive ion mode and equipped with an ESI source.
Each spectrum is obtained by averaging 50 scans and was obtained by direct
infusion of a fresh solution at a flow rate of 5 pL/min. Nitrogen was used as
nebulisation and desolvation gas at 5.0 psi and 2.5 L/min, respectively. During the
signal optimization procedures the potential applied on the capillary was ranged
between -4000/-4500 V and the plate offset between -400/-450 V. The source
temperature was kept at 200°C for all the experiments.

Mass spectrum acquisition and processing were carried out using the software

Compass DataAnalysis™ version 4.0 supplied with the instrument.

Kinetic experiments

The kinetic experiments were performed on a modified LTQ XL linear ion trap
mass spectrometer and alternatively equipped with an electrospray ionization
(ESI) or an atmospheric pressure chemical ionization (APCI) source.

Sample compounds were dissolved in 1:1 water/acetonitrile and the obtained
10 M solutions were infused at a flow rate of 3-5 pL/min via a syringe pump
directly connected to the source. Nitrogen was used as sheath and auxiliary gas at
flow rate of 15-20 and 5 arbitrary units (a. u.~ 0.37 L/min). Typical experimental
ESI conditions were: source voltage 4-5 kV, capillary and vaporizer temperatures
200 °C and 80 °C, respectively. Concerning APCI source, capillary and vaporizer
temperatures were set to 150 °C and 60 °C respectively and the molecules were
ionized by applying a discharge current of 3-4 pA.

Neutrals were introduced into the trap by a metering valve, and their pressure
was read by a Granville-Philips series 370 Stabil lon Vacuum Gauge, after
readings calibration.'’"? lons under study were generated in the ESI or APCI
source, mass-selected with an isolation window of 1 m/z and reacted with the
neutral of interest (SO,; H,O or CH,ClI,) for different periods of time. Typical

pressures of neutrals ranged from 0.5-10” to 7.0-10” Torr.
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Mass spectra were acquired by using the Xcalibur 2.0.6 software and recorded
for each reaction time using the full scan mode, with an injection time of 200 ms,
normalized energy set to 0 eV and the activation Q value optimized to ensure
stable trapping fields for all the ions. All the spectra are the average of 10 scans.
Rates were measured by varying the time delay between isolation of the reactant
ion and the analysis of its product ions. According to the logarithmic plot of the
reactant ion concentration versus time, all rate constants Koy fit the pseudo-first
order conditions. When a reaction between the reactant ions and the background
water present into the trap was observed, the rate constant of this reaction
Kobs(background) Was measured and subtracted from the Kqps obtained for the reaction
of interest.

Bimolecular rate constants k (cm™ s molecule™) were calculated by dividing
the pseudo-first order rate constant by the concentration of neutral reagent in the
ion-trap. The reaction efficiency, expressed as the ratio of the bimolecular rate
constant k to the collision rate constant, was calculated according to the ADO
theory.™ The bimolecular rate constants k are the average of ca. 30 independent
measurements performed in different days for each precursor ion. All the rates
were measured over 5-fold neutral pressure range, showing linear correlation with
the neutral density. Standard deviations in the absolute rate constant were
typically <10%; however, a conservative estimate of error of 30% is given, due to

the uncertainties that affected the measurement of the neutral pressure.

Neutral fragment-reionization (N:R) experiments

N{R (Re-ionization of Neutral Fragments) and CAD experiments were carried out
by using a modified ZAB Spec-0a-TOF mass spectrometer (VG Micromass)
equipped with a chemical ionization (CI) source and five collision cells. Briefly,
the instrument has a EBE-TOF configuration where E, B stand for electric and
magnetic sectors respectively and TOF for orthogonal time-of-flight analyser.
Sample compounds were directly introduced into the source through a solid probe
whereas the neutral species were allowed to flow through a capillary column of
deactivated silica. Typical operating conditions were: accelerating voltage 8 kV,
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source temperature 400 K, repeller voltage 0 V, emission current 1 mA, nominal
electron energy 50 eV, source pressure 0.05-0.08 Torr, as reported inside the
source block by a Magnehelic differential pressure gauge.

lons of interest were mass-selected by the magnetic sector and CAD mass
spectra were recorded in the gas cell placed after the magnet in the second field-
free region. Helium was used as the target gas in the collision cell and its pressure
was chosen to provide 80% transmittance.

After recording a CAD mass spectrum, charged fragments were all removed at
the exit of the cell by applying a potential of 1 keV on a pair of high voltage
deflecting electrodes. As a result, a beam containing only neutrals reached the
second cell where it was ionized by collision with O, and further analysed in the
TOF sector. No signal was obtained by switching the deflector on in the absence
of the re-ionizing gas. All N¢R spectra were averaged over 200 acquisitions to
improve the signal-to-noise ratio.

MS? spectra were recorded in a gas cell located in the TOF sector, by mass and
energy selection of the daughter ions coming from CAD fragmentations in the
second field-free region. All gases were admitted into the cells at such a pressure

to achieve a beam transmittance of 80%, under near single collision conditions.

IM-MS experiments

Full scan mass spectra were recorded using a modified Synapt G2-S HDMS by
Waters Corporation (Manchester, UK) operating in the positive ion mode and
equipped with a nano-ESI source. The source temperature was kept at 25 °C.
Helium was introduced in the drift tube and used as drift gas. At each helium
gas pressure the drift time (t;) of an ion was measured at seven individual drift
voltages (Vg) in MS/MS-Mode. The ion mobility constant (K) was calculated
according to the Equation (9) where L is the drift tube length and t, is the time

offset.

(= —= + (©)
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By plotting drift times as a function of the quotient of the voltages, time offset
(to) was obtained from the intercept and the mobility constant K from the slope of
the linear function. The constant K was employed to extrapolate the collision
cross section (CCS) through the Mason-Schamp equation (10) where q is the total
charge of the ion, kg is the Boltzmann constant, N is the number density of drift

gas and p is the reduced mass (ion + drift gas molecule).

172
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CCS = (10)

16N K, | pK,T

Ko represents the standard mobility constant and is derived from the calculated
K value by correlating the standard temperature and pressure (To; Po) with the

drift gas temperature and pressure (T; P) according to the Equation 11.

K=———°% K (11)

Mass spectrum acquisition and processing were carried out using MassLynx

software version 4.1 supplied with the instrument and OriginPro 9.0.

Ultra-cold spectroscopy experiments

Infrared spectra of carbohydrate ions were acquired using the experimental setup
described in Section 7.6 and recorded in the wavenumber range from 950 cm™ to
1800 cm™.

Using a variable focusing mirror different photon densities were applied over
the wavenumber range allowing to obtain a good signal for the ion ejection. In
particular, the spectral region between 950-1150 cm™ was scanned by using a low

photon density that is sufficient to access large transition dipole modes, such as
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the C-O stretching. On the other hand, high intensity focus was necessary to
record the wavenumber range between 1150 and 1800 cm™.

A linear correction was performed dividing the absorption signals by the laser
power as a consequence of the fact that the peak intensities are strongly influenced
by the multiple-photon absorption process and the bands do not scale linearly with
the laser power and the absorption cross-section. Conversely, the absorption of
multiple-photon do not influence the band positions.

The shown infrared spectra represent the average of two individual scans
performed in order to minimize the effect of possible fluctuations in laser power
or ion intensity in the trap.

Radiation is emitted in macro and micro pulses by the FHI-FEL with a full
width at half maximum of about 0.3-0.5% of the corresponding wavelength.
Macro pulses have a length of up to 10 ps and contain micro pulses of 0.3 - 5 ps
length, spaced by 1 ns as the total energy can reach 100 mJ.

After the acquisition of each infrared spectrum, the laser power and several
wavelength points were calibrated employing a Cherny-Turner grating

spectrometer.
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